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SUMMARY 

A compilation is presented of the current analytical models used to predict the 
performance of coated particles and fuel compacts and the transport of fission products in 
MHTGRS. Both normal operating condition and accident condition models are documented 
and discussed, and the database used in development of these models is documented. The 
models and data documented herein for fissile fuels are based largely on LEU UO, and UC; 
and, to a lesser extent, UCO and HEU fuel particles. This cornpilation prwides: 

(1) a readily available source of models and equations used to predict MHTGR fuel 
performance and fission product transport for use in MHTGR design and scoping 
studies, and 

(2) a working document for evaluation of experimental results from reference MHTGR 
fuels and for future revision of the models to reduce their predictive uncertainty. 

Limited critical assessment of the basis of and assumptions behind the models is also 
provided for perspective on the reliability of the model and insight into potential directions 
for model revision. 

The author of this compilation did not have unlimited access to all relevant documents for 
background material, source data, and model derivations. This author largely relied on those 
documents readily available. This compilation does not therefore represent an independent 
and thorough assessment of the models and database. 

This document was issued as a draft in July 1991, and new information available since then 
has not been incorporated into this revision. Based on this general review and 
documentation of the models, one can conclude that many models are adequate as 
presented for MHTGR design, but that other important models are based on questionable 
assumptions and limited data. Since July 1991, the performance of the irradiation capsules 
HRB-21, NPR-1, NPR-I& and NPR-2 seriously undermines the validity of the fundamental 
models of in-reactor fuel performance presented in s2, and limited heating test data suggest 
that reference accident condition models based on German data are not valid for application 
to reference U.S. fuel. 

Because it is not possible for all involved in the MHTGR effort to thoroughly review a 
document of this size within a finite time, one should not expect all program participants to 
necessarily concur with the evaluations or conclusions presented herein. 
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BBREVIATIOM AND ACRONYMS 

AC 
AERE 
AVR 
BISO 
BNL 
ccm 
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CHST 
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CP 
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CVD 

dPS 
DAN 
DDN 
EFPD 
EOL 
FDDM/C 
FDDMD 
FDDM/E 
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Brookhaven National Laboratory 
Core Conduction Cooldown Test Facility 
Combustion EngineeringlGeneral Atomics NPR design company 
core heatup simulation test 
an2 of geometric surface area (including surface roughness) 
carbon monoxide 
coated particle 
coefficient of thermal expansion 
chemical vapor deposition 
disin tepa t ions per second 
Design Analysis Need 
Design Data Need 
effective full-power days 
end-of-life 
Fuel Design Data Manual, Issue C (Scheffel, 1979) 
Fuel Design Data Manual, Issue D (Kwacs, 1982) 
Fuel Design Data Manual, Issue E (Myers, 1984a), GA Technologies 
proprietary document 
Fuel Design Data Manual, Issue F (Myers, 1987), nonproprietary document 
fuel element 
fission gas(es) 
fissions per initial metal atom 
fission product(s) 
Federal Republic of Germany 



FSV 
GA 
GN 
HEU 
HM 
HRB 
HTGR 
HTI 
HTR 
IMGA 

Ipyc 
KFA 
KMC 
LEU 
LHTGR 
LTI 
LWR 
MEU 
MHTGR 
n 
N.A. 
NOC 
NE-MHTGR 
NP 
NP-MHTGR 

0q.C 
ORNL 
O N  
PC 
PIE 

Fort St. Vrain 
General Atomics 
Goodin-Nabielek 
high-enriched uranium (93% =v> 
heavy metal (thorium and/or Uranium) 
Hochtemperatur-Reaktorbau GmbH 
high-temperature gas-cooled reactor 
high-temperature isotropic 
High-Temperature Reactor 
Irradiated Microsphere Gamma Analyzer 
inner pyrocarbon 
Kernforschungsanlage Jiilich GmbH 
kernel migration coefficient 
low-enriched uranium ( ~ 2 0 %  z"v) 
Large HTGR (2240 MW,) 
low-temperature isotropic 
light-water reactor 
moderate-enriched uranium 
Modular HTGR 
neutron(s) (e.g., n/m2) 
not applicable 

normal operating condition(s) 
Nuclear Engineering (civilian) MHTGR design 
New Production Reactor 
New Production Reactor, MHTGR design 
outer pyrocarbon 
Oak Ridge National Laboratory 
oxygen to uranium atom ratio 
primary circuit 
postirradiation examination 



SG 
Sic 
SiO, 
SR 
ss 
STP 

The, 
crh,u>o* 
TRIGA 
TRISO 

uc2 
UCNI 
uco 
uo2 
uo,* 
USAEC 
USDOE 
UTS 
VI0 
WIO 

zrc 

parts per billion, by volume 
protective pyrocarbon layer 
pressure vessel 
pyrolytic carbon (pyrocarbon) 
quality control 
ideal gas constant (8.314 J mol-' K-', 1.987 cal mol" K-', 
82.06 x 10' m3 atm mol" IC', 8.313 x 10' m3 MPa mol" K-') 
steam generator 
silicon carbide 
silicon dioxide 
shear stress ratio 
stainless steel 
standard temperature and pressure conditions (273 K and 1 atm) 
thorium carbide 
mixed thorium-uranium oxide 
Training, Research, Isotope-production, GA 
tristructural (buffer, Sic, PyC) isotropic coating design 
uranium carbide 
Unclassified Controlled Nuclear Information 
mixture of UO, and UC, 
uranium oxide 
UO, kernel with a ZrC coating 
United States Atomic Energy Commission 
United States Department of Energy 
ultimate tensile strength 
volume percent 
weight percent 
zirconium carbide 





1. INTRODUCI'ION 

1.1 BACKGROUND 

Models for fuel performance and fission product transport have been used in the design 
of high-temperature gas-cooled reactors (HTGRs) in Europe and the United States. The 
models are often simple bounding assumptions or empirical approximations which were not 
always well documented. The most comprehensive documentation of U. S. models was 
carried out by General Atomics in a series of Design Manuals (Scheffel, 1979; Kovacs, 1982; 
Myers, 1984a; Myers, 1987). The models used in the German program were documented 
by Moormann et al. (1987). An update of the German models was issued by Verfondern 
et al. (1993) which also summarized the reference models from other national HTGR 
programs (U.S., Japan, Russia, etc.). 

Significant uncertainty is associated with some current fuel performance and fission 
product (FP) transport models. For example, models with improved accuracy are needed 
so that predictions of fssion gas release can be made with uncertainties s4x and predictions 
of metallic FP release with uncertainties s10x.' Many current models were developed on 
the basis of data from earlier TRISO particle designs and nonreference fuel and core 
materials, and may require revision as data born reference MHTGR fuel and core materials 
become available. 

Existing compilations of the model equations do not provide a review of the database 
and assumptions used in development of these models. A prerequisite to comprehensive 
model evaluation and revision is a technical document which collects the models, information 
on their development, and information on the database used in their development into a 
single source. 

'Although an order-of-magnitude uncertainty implies that significant phenomena or 
mechanisms are not well understood, the planning of single- and multiple-effect experiments 
to reduce the uncertainty can be an expensive proposition and is not always guaranteed of 
success when predicting phenomena which are influenced by many in-reactor variables. A 
more cost-effective approach is to determine model uncertainty levels which are acceptable 
in predicting fission product release for safety analyses, and to concentrate on reducing the 
uncertainty of those models which can have a significant impact on reactor safety design 
margms. 

In the present design philosophy of the US. MHTGR program, much weight is given 
to a predicted result that is nconservative;n i.e., overpredicts what one observes in 
experiment. Often more weight is given to whether a model is conservative than to whether 
it reliably reflects the physical phenomena involved. 
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1 2  OBJEcrxVEs 

This effort represents the initial portion of what was planned as a multiyear project, 
with the goal of improving models to provide better agreement between model predictions 
and experimental performance of proof-test fuel. This portion of the project incorporates 
two primary objectives: 

(1) compilation of the set of analytical models for fuel performance and FP transport to 
be used in MHTGR design until new experimental data from the MHTGR program 
can be analyzed and incorporated into model revisions, and 

(2) documentation of the database used in support of development of these models to 
permit critical assessment and/or validation of model accuracy and relevance to 
MHTGR-specific conditions and as a reference for further model improvement. 

One application of this compilation was envisioned to be the documentation of interim 
models for NP-MHTGR design until further analysis could compare the models to data 
developed from the NP-MHTGR fuel development program and could compare the models 
to the specifics of the NP-MHTGR fuel and core design.' However, this compilation 
discusses the database for both LEU and HEU fissile fuels and for fertile fuels, therefore 
it can be used in support of both NE- and NP-MHTGR programs. 

This compilation is in some ways analogous to the recent revision of General Atomics' 
Fuel Design Data Manual (FDDM) but is more comprehensive in its scope. The FDDM 
presents the analytical equations for models for use by engineers with little discussion of the 
background, data, or assumptions on which the models are based. Thus, the FDDM is not 
constructed in a format amenable to model evaluation and model development. This 
compilation will fulfill the need for such a working document and will provide the basis for 
a technical support document for future issues of model compilations to be used in MHTGR 
core analysis. 

'Subsequent to the drafting of this document, CEGA issued two UCNI documents which 
are intended to address these issues of NPR-specific models and associated background to 
the models: "NP-MHTGR Fuel Design Data Manual," (CEGA-002100, Rev. 0, September 
1992, and "NP-MHTGR Fuel Design Manual Basis Report," CEGA-002322, Rev. 0, 
September 1992. These documents have not been reviewed by this author, therefore the 
degree to which the above Basis Report duplicates the effort represented by this document, 
ORNL,/NPR-91/6, if any, cannot be commented on. 

Only limited data on HEU UCO was available at the time of writing of this document, 
therefore the models documented herein are primarily based on data for LEU UO, UC, 
and, to a limited extent, UCO. Whatever HEU-UCO-specific models have since become 
available should be documented in the two above-mentioned UCNI reports. 
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13 ORGANIZATION 

The first section discusses the fuel particle performance models, i.e., fuel coating 
integrity and failure and its general relation to FP release. Performance models of the fuel 
compact are discussed next, including fuel thermal properties. The following sections on 
gaseous and metallic FP transport present the models in a sequence which approximates the 
transport of the FP: transport starting at the kernel, through the particle coating layers, from 
the particle to the coolant via the fuel compact matrix and graphite, and finally throughout 
the primary circuit. Models for tritium transport and heavy metal transport are presented 
in subsequent chapters. The models for oxidation and hydrolysis of core materials are then 
presented, followed by a chapter which briefly presents background on some nonreference 
materials of current interest to gas-cooled reactor programs. 

The format for presentation of each model is as follows: 

a brief introduction to the model including assessment of its present status and 
uncertainty, and a list of references in approximate order of importance; 
the models for normal operating condition (NOC) and accident condition (AC) regimes 
are presented separately, where appropriate, and include the model equations, range 
of experimental and model validity, list of assumptions used in the development of each 
model, and quantification of the model uncertainty, and 
sections on the model chronology, discussion of the model including theoretical 
background, associated experimental database,- implications of the assumptions used 
and related model shortcomings, general considerations for further model development, 
and finally some presentation of the experimental database not included in the other 
sections. 

This format is organized so that users of the model can obtain concise model equations and 
highlight information from the beginning of the model section, while detailed information 
on model derivation, analysis, and supporting database are provided in the subsequent 
expanded sections. 

Preliminary analysis of the current validity of these models and suggestions for further 
analysis are provided as appropriate. The section on "Additional Considerations for Model 
Development" suggests possible avenues for fruitful study related to model improvement. 
The presentation of assumptions used in development of the model tends to be rigorous to 
provide a sound basis for thorough evaluation and subsequent comparison with alternate 
models. Although listing of some assumptions may appear pedantic, presentation of such 
detailed assumptions does not imply criticism of the model or of the efforts or thoroughness 
of the model developers. 
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It should be emphasized that other MHTGR program participants do not necessarily 
concur with model interpretation and evaluation as presented here. Thorough review of a 
document of this size by all involved was not possble within the finite time available. 

The comments and analysis provided on each model should not be construed as a 
comprehensive and independent reYjew of the model. The author did not have unlimited 
access to all background material, documents, and source data and thus relied on that 
information at hand. A thorough independent review of the models would require greater 
access to this background information. 

Quantities are generally specified in SI units. NonSI units are sometimes presented 
when used by the source references. The list of references for each model is presented in 
a sequence which approximates their relative significance to the model. The model 
uncertainties are presented in terms of the standard deviation of the experimental values or 
of the propagation of errors formulation. As stated in FDDW, the upper and lower 
bounds of a quantity can be calculated from its mean value and standard deviation: 

(1.4.1) 

xi = mean value of the quantity x, 
b 
c 

a 

= upper bound (b = u )  or lower bound (b = I), 
= multiplicative factor for the confidence level desired (often taken to be the 95% 

confidence level), 
= standard deviation of the quantity x or of the natural logarithm of x.  

It should be noted that uncritical use of these models outside the specified range of 
validity may provide unreasonable predictions. 

A general objective of this compilation is its presentation in a format amenable to 
future revision, to incorporate current data analysts and model revisions, and to expand the 
discussion of related topics. A more systematic presentation of the contents of this 
compilation would include explicit discussion of the reactor event cases related to the use 
of these models, more emphasis on the range of operating conditions expected for the 
MHTGR design, detailed discussion of the adsting computer codes used to simulate the 
reactor events, and discussion of the implementation of these models into the codes and 
their relation to the specifics of MHTGR design. The time available for completion of this 
document did not permit comprehensive expansion beyond the original objectives of 
providing detailed compilation and analysis of the models. If a future revision of this 
compilation is mandated, then the contents can be modified to incorporate these 
improvements and additional suggestions. Time restrictions may have also limited some 
inclusions such as the explicit mention of the original sources of data or figures which were 
taken from other documents; future revision should correct any such oversight. 



15 PROGRAMUPDATE, 1993 

This document was drafted before irradiation results became available from the NPR 
irradiation capsules NPR-1, NPR-14 and NPR-2, and the NE capsule HRB-21. This 
document was not updated to incorporate the information obtained from those capsules, 
although final "update" sections were added to each chapter to mention recent and 
upcoming work relevant to the models discussed in that chapter. In reality, the 
disappointing performance of the fuel is not consistent with some of the fundamental models 
presented herein. In particular, the reservations expressed in the analysis of the pressure- 
vessel model (~2 .3)  were more than vindicated, with the preirradiation predictive capability 
in error by nearly two orders of magnitude in relation to the experiments. Limited heating 
data at 1600'C on US. UCO fuel from HRB-17/18 piggyback samples indicated cesium 
release one to two orders of magnitude higher than German fuel under comparable 
conditions. As such, the validity of reference AC models derived from the German database 
is cast in serious doubt. 

This irradiation experience demonstrates the difficulty in deriving models from a 
database representative of earlier vintage and lower-quality fuel than that required by 
current design requirements, or of high-quality fuel based on a different design and 
manufacturing process. By reducing the initial heavy-metal contamination and exposed 
kernel fractions to new lows, one can obsewe failure phenomena which may not be 
characteristic of fuel of poorer initial quality or earlier design. This fact highlights the 
weakness of models designed more for consistency of prediction with previous observations 
than for accurate reflection of underlying physical phenomena, and the questionable 
relevance of such models for modified fuel designs. 
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2 COATED FUELPARTICLE PERFORMANCE MODEIS 

2 1  INTRODUCI'ION 

This chapter discusses the fuel particle performance models (i.e., those related to the 
structural integrity of the particle and coating layers which affect the retention of Fp). A 
combinatorial model is first discussed which algebraically combines the various fractions of 
particles having manufacturing and irradiation-induced defects into generalized equations 
describing the fractions of particles with exposed kernels or with defective Sic layers and 
intact OPyC layers. The pressure-vessel model for particle integrity is then presented, first 
the models described by analytical equations for failure and then the general 
phenomenological model which serves as the basis for the pressure-vessel analysis. Finally 
the models are presented which describe the structural failure of the Sic and OPyC layers, 
including the well-known Sic failure mechanisms of kernel migration, FP corrosion, thermal 
decomposition, and heavy metal dispersion. 

2 2  COMBINATORICS OF COATED PARTICLE FAILURE MODELS 

function Given the various fractions of particles with manufacturing and irradiation- 
induced defects, these equations provide the fractions of panicles with 
exposed kernels and with defective Sic - intact OPyC layers. 

present This model is useful provided the coating failure mechanisms and 
Status manufacturing defect fractions are well defined. With present-day 

uncertainties in both, use of this model is limited to approximations of 
failure probabilities. Actual use of this model appears to be limited. 

model 
uncertainty 

No discussion of the uncertainty of this approach has been presented. 
Considering the present uncertainties in quantifymg the coating failure 
mechanisms and the manufacturing defect fractions, use of this model would 
propagate significant uncertainties in any estimate of failure and FP release 
probabilities. 

references Nabielek (1984); Goodin (1984a); Kovacs (1981) 

INTRODUflION 

If the particle failure mechanisms which enhance FP release are understood, and 
quantification of manufacturing defect fractions is possible, then numerical combination of 
the probabilities of failure are possible using combinatorial methods. This approach 
emphasizes two classes of failure probabilities and modes of FP release from the particle: 
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(1) those that contribute to exposed kernels @e., failure of all coating layers and the direct 
release of fission products from the kernel), and (2) those that contniute to failure of the 
Sic layer while the 0q.C layer remains intact, leading to diffusive release through the Ow. 
The mechanisms which lead to these particle failures are grouped into two categories: failure 
mechanisms occurring in standard, initially intact particles, and failure mechanisms resulting 
from initial manufacturing defects. Although elegant in its analytical approach, literature 
references to the combinatorial method are not common, probably because of the difficulty 
in defining failure and release mechanisms quantitatively and unambiguously. 

NORMAL OPERATING CONDITIONS AND ACCIDENT CONDITIONS 

Model eauations 

The following equations are taken from the source references (Nabielek, 1984; Goodin, 
1984a). The analogous equations presented in FDDM/F use different symbolism and vary 
slightly but are not fundamentally different than those presented below. FDDM/F 
references two internal GA memoranda (in addition to Nabielek, 1984) which have not been 
reviewed by this writer. The formalism and symbolism of the open-literature references is 
retained below. 

2 2 1  PERFORMANCE OF STANDARD PARTICLES 

Standard particles refer to reference fuel particles with initially intact coating layers and 
no manufacturing defects. Defective particles refer to fuel particles with initial 
manufacturing defects. The fraction of standard particles with failed Sic layers (during 
irradiation) and intact OPyC layers, D,, is given by (Nabielek, 1984; Goodin, 1984a): 

and the fraction of nondefective particles with failed SIC and failed OPyC layers, PF, is given 
by: 

X,,, = fraction of particles with manufacturing defects, 
Fop = probability of OPyC failure in intan panicles (Le., intact Sic layer), 
Fsc = probability of chemical failure of the Sic layer (via corrosion, kernel migration, or 

decomposition), 
F, = probability of Sic failure in particles with failed OPyC layers, 
F, = probability of Sic failure in particles with intact OPyC layers. 
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222 PERFORMANCE OF PARTICLES WITH MANUFACI'URING DEFECrS 

The fraction of all particles with manufacturing defects, X', is given by: 

X M  = XHM + xw + xm + xm + xu0 9 (33) 

X ,  = fraction of particles with excessive heavy metal dispersion, 
X ,  = fraction of particles with missing IPyC layers, 
XMs = fraction of particles with initially defective Sic layers, 
X,, = fraction of particles with missing buffer layers, 
XMo = fraction of particles with missing or initially defective OPyC layers. 

The fraction of particles with manufacturing defects which result in Sic failure and 
diffusive FP release through intact OPyC layers, DM, is given by: 

D, = [(XHn + Xw)FHM + XnSl(1 -FJ 9 (224) 

and the fraction of particles with manufacturing defects which result in both SIC and OPyC 
failure (exposed kernels), P,,,, is given by: 

pn = [('m + 'lo) FHM + 'WS] Fo + xMB Fm + xnO cF/ + Fsc) 9 (W 

F, = probability of Sic failure due to excessive heavy metal dispersion, 
F, = probability of OPyC failure on particles with failed Sic layers, 
FMB = probability of SIC and OPyC failure on particles with missing buffer layers, 
F, and Fsc as defined in s2.2.1 above. 

2.23 COMBINEDFUELPERFORMANCE 

The total failure fractions for exposed kernels and for defective SiC/intact OPyC is 
simply given by summing the appropriate terms as given above in ~2.2.1 and 52.2.2. The 
total fraction of particles with defective Sic and intact OPyC layers, D ,  is given by: 

DT = DI + D, (226) 

and the total fraction of particles with exposed kernels, P ,  is given by: 

PT = P,+ Pu , (227) 

with all terms previously defined. 
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RanPe of validity (~2.2.1, ~2.2.2, and 52.2.3) 

The combinatorial formulation gives increasing error for failure probabilities of the 
individual mechanisms above 0.01 (Nabielek, 1984); small failure probabilities are required 
in order to accurately neglect higher-order terms (cross products). The range of validity for 
each individual failure probability is specified elsewhere in this compilation, where the model 
for the failure mechanism is discussed. 

Assumutions 

1. 
2. 

The mechanisms for coating failure are well defined. 
The possible existence of intermediate failure states (Le., gradual loss of coating 
integrity) is not significant with respect to total FP release. III other words, a coating 
is either failed or unfailed, with no significant transition in between. 
No synergistic effects are significant for the different failure mechanisms. The defect 
mechanisms must be mutually exclusive. 
The assumptions relevant for each failure model as specified elsewhere in this 
compilation are valid. 

3. 

4. 

Uncertainty 

The uncertainty of the model includes the uncertainties of quantification of the 
manufacturing defect fractions and of the models for coating layer failure. These 
uncertainties are significant (e.g., see "Discussion" below). 

FDDM/F provides some quantification of the uncertainties in the fuel performance 
models for the general quantities FD and F, "which represent, respectively, (1) the fraction 
of particles with intact OPyC layers, failed Sic layers and implicitly, failed IPyC and buffer 
layers from which fission products are released after diffusion through the intact OPyC layer 
and (2) the fraction of panicles with exposed kernels from which fission products are directly 
released to the exterior of the particle." The standard deviation in In Fi, for i = D or E, is 
given by: 

u (InF,)  = 1.4 . 

MODEL CHRONOLOGY 

The first apparent reference to this combinatorial model was by Kovacs (1981), who 
categorized the pressure-vessel (PV) failure model based on either metallic FP release or 
on gaseous plus metallic release. In 1984 Goodin (1984a) duplicated the model of Kovacs 
(1981) as a part of the PV model, but emphasized the categories of exposed kernels and of 
diffusive release through Ow. 

Nabielek (1984) refined the combinatorial model by adding an explicit term for the 
chemical failure of the Sic layer (corrosion, amoeba, decomposition) and providing a more 
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precise formulation of failure probabilities. The formulation of FDDM/F is similar to but 
not identical with that of Nabielek (1984). 

DISCUSSION 

Predicted FP release using PV coating failure models is usually insignificant compared 
to release attributed to heavy metal contamination or other manufacturing defects. It seems 
likely that this combinatorial approach was pursued as a means of synthesizing the PV and 
manufacturing defect models. However, no detailed discussion of the evolution of or 
background to this model has been located. 

One difficulty of applying this model for reference fuels is that manufacturing defect 
and PV failure fractions are often so low, usually limited by experimental uncertainty, that 
accurate modeling based on this approach is difficult. 

The combinatorial model as presented is only as good as the models of failure fractions 
which provide the numerical input. For example, the fraction of particles with initially 
defective Sic layers, X,,, will strongly impact FP release predictions under normal operating 
conditions. If uncertainty exists in the analytical methods used for quality control (QC) 
determinations of manufacturing defect fractions, that uncertainty is directly transferred to 
the combinatorial model. A discussion by Kovacs et al. (1980) on the dependence of Sic 
manufacturing defect fraction values on the experimental technique used is presented below, 
as an example of the weakness of the combinatorial model. 

Examination of the particle batches used in irradiation capsules GF-1, GF-2, and GF-3 
showed evidence of localized microfissures, which were equated with defective Sic layers and 
'I ... further evaluation of the level of defective Sic layers ... showed that all defective Sic 
layers were not detected by the current QC burn-leach technique. Specifically, the level of 
defective Sic layers determined by radiographic evaluation after mercury intrusion at 
69 MPa ranged from 2.3% to 11.8% ... A large fraction of these defects were Sic layers with 
localized microfissures ... This type of defect would not be readily discernable by the burn- 
leach technique since this method depends on complete burning of the IPyC and leaching 
of the kernel substrate. Microfissures of the type shown ... would restrict oxidation of the 
IPyC layer and fuel kernel leaching. Consequently, the burn-leach technique would tend to 
underestimate the true fraction of defective SIC layers. This result is supported further by 
Cs-137 diffusive release studies, which show that defective Sic layers in GF-1,2,3 fissile 
particles ranged between 0.1% and 3.5% ... The fraction defective Sic layers determined 
radiographically was greater than that determined by G-137 release ...'I 

Thus, depending on the method used for detection of defective Sic from manufacturing 
processes, the combinatorial method might give significantly different results for the same 
phenomenon. The combinatorial method is only as good as its input parameters. 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

As discussed above, too much ambiguity exists in some of the variables used as input 
into the combinatorial model to justify much further effort in refinement of this model. 
Effort is better spent in attempting to reduce the uncertainties in the input parameters. For 
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example, the possibility of diffusive release of metallic fission products through an intact or 
slowly decomposing Sic layer is not considered by this model, although such a phenomenon 
may be important for the low levels of fractional release 'expected under accident conditions. 
Such fundamental phenomena need to be better understood. 

DATABASE USED IN MODEL DEVELOPMENT 

From the available literature, it appears this analytical model is based on logic and 
assumptions of failure mechanisms rather than specific data. Therefore, the only database 
relevant to this model would appear to be the data on which the individual failure 
mechanisms are based, and reference should be made to those specific models within this 
compilation as appropriate. 

2.3 PRESSURE-INDucEn STRUCK?RALFAILURE OFPARTICLE COATINGS 

23.1 INTRODUCX'ION 

The pressure-induced structural failure of particle coatings is commonly referred to as 
PV failure, because of the model upon which the equations are based. Model equations 
have been developed for the failure of standard coated particles, and for coated particles 
with missing buffer layers and failed OPyC layers. Model equations for pressure-induced 
failure of these several particle coating configurations are based on a single equation, with 
the model constants derived for each failure mode. However, derivation of these constants 
is not directly based on experimental results, but rather on the results of a computer code 
designed for PV-model calculations. Pressure-vessel failure of particle coatings has been 
treated as insignificant in AC modeling in the United States (Goodin et al., 1985), although 
it is extended to AC modeling in Germany by incorporating decomposition and thinning of 
the Sic layer (Verfondem et al., 1990). 

All evidence suggests that the model equations in s2.3.2 were designed specifically for 
reference LEU particle designs with maximum burnup of 26% FIMk A phenomenological 
model for PV failure that w a s  suggested for use in NP-MHTGR design is presented in 
s2.3.3. As used below, fissile particles refer to UCO kernels, and fertile particles refer to 
Tho, kernels. 

Goodin et al. (1985) provide a concise summary of the present state of the PV model. 
'This classic fuel failure mechanism has been studied extensively in the past and offered as 
the explanation for fuel failure during normal reactor service and during accidents ... 
However, it has never been particularly successful in predicting fuel particle performance 
or even reproducing the shape of observed performance curves. After careful consideration, 
this failure mechanism is omitted from the present work as being of negligible impact [in 
accident condition modelling). This is not to say that the pressure vessel failure calculations 
and codes are not useful as guidelines in fuel particle design or for making changes in that 
design. However, modem day fuels have been designed not to fail by pressure vessel failure 
and appear from their performance measurements to have achieved this goal." 
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31.2 PRESSUREVESSEL FAILURE OF PARTICLE COATINGS 

function This model determines the pressure-induced failure of the coating layers 
(Sic and OPyC) based on the magnitude of the buildup of internal fission 
gas pressure relative to the strength of the Sic and OPyC layers. 

present 
Status 

The U.S. model considers this contribution to FP release to be insignificant 
for standard particles and only significant for defective particles under NOC, 
and to be insignificant for AC modeling in general. In contrast, PV failure 
has been retained as a dominant feature of German AC models by 
incorporating decomposition and thinning of the Sic layer. 

model 
uncertainty 

For standard particles, the uncertainties are "large but insignificant" for 
modem fuels and present fuel production techniques (Myers, 1988) (Le., 
pressure-induced failure of reference-quality modem fuels is not expected 
to be a concern). The uncertainties for the failure of defective particles are 
of greater significance. The uncertainty inherent in the calculations on 
which the model equations are based has been reported to be +lox (Kovacs 
et al., 1983). Because the model equations are derived from computational 
results rather than experimental results, the inherent uncertainty is at least 
+lox. The somewhat arbitrary choice of a reference value for Sic fracture 
strength compounds the uncertainty. In practice (Le., recent irradiation 
tests) the uncertainty is closer to +lo&. 

references Myers et al. (1985d); FDDME; Kovacs et al. (1983); Goodin et al. (1985) 

NORMAL OPERATING CONDITIONS 

Model eauations 

By combining the concepts of a Weibull failure distribution with the circumferential 
stress in the spherical Sic shell, an approximation for the failure function can be formulated 
as (FDDMF): 

9 
T 
a 
b 
n 
f b  

probability of pressure vessel failure, 
temperature (K), 
constant (K'), 
constant (K2), 
constant (dimensionless), 
fractional burnup of the kernel, that is, 
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F = burnup(%F=), 
F- = maximum burnup (26% FIMA for fissile particles, 7% FIMA for fertile particles). 

Myers et al. (1985d) suggest a slightly different model equation: 

which can be obtained from Eq. (23.2.1) by Taylor series expansion and which is accurate 
for small values of the exponential term. 

In the NP-MHTGR HEU UCO TRISO particle, the Sic tensile stress at the maximum 
burnup of 75% FIMA is similar to that of LEU UCO particles at their maximum burnup 
of 26% FIMA. As a result, Eq. (23.2.1) might be expected to approximate the behavior of 
NP-MHTGR particles if the correct F, of 75% FIMA is used in Eq. (2.3.2.2). For 
confirmation, this assumption must be checked using the CON*STA code. Alternatively, the 
phenomenological pressure-vessel model of ~23.3 can be applied to model the performance 
of NP-MHTGR HEU particles. 

3921 STANDARDPARTICLES 

The PV failure model has been incorporated into the GA code CON*STA (Kovacs 
et al., 1983). Model Eq. (2.3.21) was applied to the CON*STA computational results for 
simulation of standard particle performance (Le., particles with intact coating layers), and 
the following parameters for Eq. (23.21) were obtained [parameter values from F D D W ,  
uncertainties from Myers et al. (1985d)): 

fissile particles: a = 4.0 x lo5, b = 0.0, n = 1.5, rms deviation = 27% 
fertile particles: a = 1.2 x lo5, b = 0.0, n = 2.0, rms deviation = N.A.' 

These parameters are listed in Table 23.1 for all particle configurations. The reported rms 
deviation represents the ability of Eq. ( 3 . 2 3 )  to duplicate the computational results from 
CON'STA, and is not a comparison of prediction with experimental data. Figures 2.3.1 and 
2.3.2 compare the results using Eq. (2.3.23) with the computational data points obtained 
from the CON'STA code. The data points in Figure 2.3.2 represent upper limits. 

The values for a and b reported in FDDM/F and reproduced in Table 2.3.1 are exactly 
40% of those reported by Myers et al. (1985d) for fissile particles and 20% of those reported 
by Myers et al. for fertile particles. The reduction for fissile particles is consistent with the 

~~ ~~ 

'N.A., not available 

2-8 



Table 2.3.1. Values of constants in pressure-vessel failure equation, Eq. (2.3.2.1) [parameter 
values from FDDM/F; uncertainties from Myers et al. (1985d)J 

~~ 

Fissile, intact 

Fertile, intact 

deviation 
n I Particle configuration 

4.0 x lo-’ 0.0 1.5 27% 

1.2 x lo-’ 0.0 2.0 N.A.‘’) 
~ 

Fissile, failed OPyC 3.2 1 0 - ~  

Fertile, failed OPyC -1.0 x 10’ 

Fissile, missing buffer -2.07 x 10” 

Fertile, missing buffer -1.04 x 10” 

2.0 x 10“ 1.5 24% 

2.1 x lo4 2.0 18% 

4.22 x 10‘ 2.0 N.A. 

2.11 x 10‘ 2.0 N.A. 

(a) N.A. = not available. 

assumption of 40% release of fission gas from the kernel (Bramblett, 1990) rather than 
100% release assumed by Myers et al. (1985d). An analogous reduction to 20% gas release 
from the fertile kernels was apparently also implemented into the model. 

23.22 PARTICLES WITH FAILED OPyC LAYERS 

Model equation parameters were obtained using the same approach as for intact 
particles, and the resulting parameters for particles with failed OPyC layers are [parameter 
values from FDDM/F; uncertainties from Myers et al. (1985d)J: 

fissile particles: u = 3.2 x lo’, b = 2.0 x lo“, n = 1.5, rms deviation = 24% 
fertile particles: u = -1.0 x lo-’, b = 2.1 x IO“, n = 2.0, rms deviation = 18% 

Figures 2.3.3 and 2.3.4 compare the results from these model equations with computational 
data points. 

Range of validity (~2.3.2.1 and ~2.3.2.2) 

1. Model equations were calculated in the range from lo00 to 1600.C. They are explicitly 
not valid above 16OO’C, where other failure mechanisms come into play. 

2-9 



e
 I 

0
 

0
 

0
 

0
 

- 
L
I
 

a
*
 - 

D
 

D
 

I
 

I. 
m 6 d D

 
D

 

Y
 

D
 

D
 

D
 

m m Y
 
c
 

m
 

m m
 

e
 

m
 

m
 

e
 

m
 

c
 

Y
 

Y
 
Y
 

0
 

- e
 

Y
 

v
 

m
 

0
 

v
 

m
 

c
)
 

m m e 
m

 
0

 
0
 

- 

E 
b

 0
 

W
 

u 0
 

E
 L
. 

cw 
0
 

n ab 
iz 

m
 

2-10 



4
 

I
 

w
 

l
 

e 
0
 

Y
 

a
 

L
 

4
 

I
 

I 
e
 

0
 

m
 

0
 

I 
0
 

0
 

a
 
e
 

- m
 

0
 

0
 

0
 
e
 

e
 

Y
 

D
 

e
 

e
 

0
 

m
 

a
 

m
 

L
 

b
 

D
 

Y
 

D
 

D
 

D
 

D
 

d D
 

D
 

a a D
 

D 

r m m r # a 1
 

b b b I I I
 

1 I 1 

0
 

0
 

E 
L

 
0

 
m

 
- C

 
e 
- d Y

 
e
 

L
 

Y
 

3
 

Y
 
- m

o
o

 
>

D
b

 
L

L
L

 
0

0
0

 
u
u
u
 

u
u
u
u
 

o
o

o
o

 
m

o
e

e
 

O
O

w
n

 
---- I

:
 

0
1
.
:
 i 
:. 

Q
) 

x
 

Q
 

- u 0
 

a" 
Y

 
u
 
0
 

C
 

Y
 

.- Q
) 

Q
) 

- .- Y L
. 

cr 

E a 
- .- Q

 
cr 

ab 
iz 

2-1 1 



L
I
 

.
Y

 
.. e

 
e

 

.. 
e
 

e
 

0
 

Y
 

0
 

., e
 

e
 

e
 

-. m
 

Y
 
c
 

e
 

e
 

e
 

., a
 

e
 

e
 

c
 

Y
 

.. - 0
 
Y
 

.m
 

e
 - 0 0
 

e
 

0
 

Y
 
e
 

0
 

t- m L
 

4 . 
I
 

. 
a
 

0
 

0
 

0
 

-
 

e
 

. 
e 

tr
 

I 
I
 

n
 

. 
0
 

0
 

0
 

0
 

0
 

I
 

I
 

* 
0
 

c
)
 

0
 

0
 

L
 

0
 

L
 

L
 

L
 

L
 

- 
&
a
-
 

2-12 



a
 

I 

E 
I

2
 

0
 

W
 

2-13 



2. Model equations were derived for reference-design LEU UCO particles, that is, 
(a) burnup 526% FIMA 
(b) kernel diameter ~ 3 5 0  prn 
(c) buffer thickness =100-115 pm 
(d) IPyC thickness =35-50 pm 
(e) Sic thickness ~ 3 5  pm 
( f )  OPyC thickness ~ 4 0  pm 
(g) buffer porosity ~ 5 0 %  
(h) kernel porosity ~ 5 %  

The above particle parameters are estimates of those which were used to derive the 
(1985) model equations. Myers et al. (1985d) does not explicitly state the particle design 
parameters used, thus these dimensions are obtained from comparisons of H. Nabielek’s 
statements in Myers et al. (1985d) with several period references. It seems reasonable to 
assume that the calculations based on this particle design and reported in Myers et al. 
(1985d) also form the basis of the values reported in FDDM/F, with the only change 
resulting from a new less-conservative assumption of the fractional release of fission gas from 
the kernel. Of particular importance to the NP-MHTGR design, FDDM/F explicitly 
confirms that the range of validity of this model is limited to 26% FIMA and is thus not 
directly applicable to NP-MHTGR particle design at high burnup. The same can be said 
of the kernel size. 

Assumutions: suecific (~2.3.21 and ~2.3.22) 

1. 

2. 

3. 
4. 

5. 

For the Weibull failure distribution, a Weibull parameter of M = 5 and a Sic fracture 
strength of 350 MPa are assumed for all calculations and all particle batches. 
These nvo values for the failure distribution constants do not change over time and thus 
are not affected by the irradiation conditions or by subsequent heating. 
Specifically, PV failure is independent of the neutron fast fluence. 
Apparently, 40% gas release from fissile particle kernels is assumed and 20% gas 
release from fertile kernels.’ 
The ideal gas law, or some variation thereof [Le., Redlich-Kwong equation of state 
(Kovacs et a]., 1983)], is applicable and valid in determining the behavior of these 
pressure-related phenomena. 

Assumutions: eeneral 

1. 

2. 

The specific kernel fuel (UO, vs U G  vs UCO) is related to PV failure only by the 
amount of gas it generates during irradiation. 
The PV-failure model accurately represents pressure-induced particle failure and the 
resulting FP release. 

‘These values for fractional release of long-lived fission gases should not be confused 
with those of short-lived gases from exposed kernels, which are usually closer to 1%. 
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3. 

4. 

The assumptions used in developing the CON*STA code are valid for describing the 
pressure-related phenomena and PV-failure mechanisms within particles. 
The CON*STA code is not flawed in its design or implementation. 

Uncertainty 

The uncertainty reported in Table 2.3.1 only represents the difference between the 
results predicted by Eq. (2.3.2.3) and those from the CON*STA code and thus does not 
represent a true model uncertainty. The actual model uncertainty is reported to be +lox 
(Myers et al., 1985d; Kovacs et al., 1983). The uncertainty statement from FDDMF in ~ 2 . 2 ,  
Eq. (2.2.8) is also applicable here. 

31.23 PARTICUES WITH MISSING BUFFER LAYERS 

Model equation parameters are provided by FDDMF for use in Eq. (2.3.2.1) to 
describe the PV failure of particles with missing buffer layers: 

fissile particles: a = -2.07 x lo3, b = 4.22 x lo', n = 2.0, rms deviation = N.A. 
fertile particles: a = -1.04 x b = 2.11 x lo", n = 2.0, rms deviation = N.A. 

These constants were not reported by Myers et al. (19854). Source documents which discuss 
the calculation of these parameters have not been reviewed by this writer, therefore any 
discussion of range of validity, assumptions, etc. is not possible beyond suggesting that the 
statements given in ~2.3.2.1 and ~2.3.2.2 are probably also applicable here. One might note 
that the failure probability for fertile particles with missing buffers is 100 times that of fertile 
particles with failed OPyC layers. Such a direct comparison for fissile particles is not 
possible because of different values of n for failed OPyC layers vs missing buffer layers. 

ACCIDENT CONDITIONS 

Model eauations 

Pressure-vessel modeling is truncated at 1600'C; therefore, PV-induced particle failure 
above 16OO'C would be described by: 

4 (T>1600"C) = $ (T=1600"C) , (3124) 

as defined by the previous equations. 
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Range of vaiiditv 

The model is stated to apply to all temperatures above 16oo'C. The formulation of 
the PV model used in the German program would ,dispute this range of validity. 

Assumutions 

1. 

2. 

Pressure-vessel failure is insignificant at temperatures above 1600'C relative to other 
failure mechanisms. 
High-temperature weakening of the Sic and OPyC layers is not significant with respect 
to PV failure mechanisms. 

The first assumption was concluded from an analysis of high-temperature FP release data 
(Goodin, 1984a), while the second assumption is made tenable by the use of a conservative, 
but constant, value for SIC fracture strength. 

Uncertaintv 

The uncertainty of the model has not been quantified but could be debated. The 
German model simulates PV failure above 1600'C but incorporates Sic decomposition 
mechanisms. The U.S. modeling program considers Sic decomposition separately from the 
PV model. 

MODEL CHRONOLOGY (~23.2.1,  ~2.3.2.2, ~2.3.2.3) 

The model equations presented in ~2.3.2.1 and s2.3.2.2 were based on the work of 
Myers et al. (1985d) but assumed 100% fission gas release from the kernel. Values for the 
model parameters given in Table 2.3.1 were apparently obtained using the assumption of 
40% gas release from fissile kernels and 20% release from fertile kernels (see Bramblett, 
1990 for supporting evidence). Model parameters for particles with missing buffer layers 
were added sometime after 1985. An  earlier model for the failure of particles with missing 
buffer layers can be obtained from Coodin (1984a); the probability of particle failure 
increased linearly from 0% at zero fractional burnup to 100 at 20% fractional burnup. 

Pressure-vessel modeling has a long history of development from early BISO particle 
designs (ca. 1966) through design and modeling of TRISO particles. A brief chronology of 
the development of the PV model is presented by Martin (1990) and the references therein. 

DISCUSSION 

Pressure-vessel modeling has been useful historically for particle design, for qualitative 
understanding of the expected integrity of a pressurized particle with coating layers of 
varying thicknesses. As discussed below, the quantitative predictions of failure are often too 
low to permit either validation of the model or confirmation that the expected failure 
mechanisms are operative in practice. 
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Beginning with the governing equation for a Weibull failure distribution, 

= 1-exp -h2 - I (4ml 
and incorporating the equation for the circumferential (hoop) stress in a spherical shell, 

a = -  rP 
22 ' 

one can obtain an approximation for the failure function in the form of Eq. (2.3.2.1), with 

U = circumferential stress on the Sic layer (MPa), 
UTS = ultimate tensile stress of the Sic layer (MPa), 
m = the Weibull parameter, 
r = radius of the spherical Sic shell (m), 
P = pressure inside the Sic shell (MPa), 
t = thickness of Sic shell (m). 

The ultimate tensile strength (UTS) of the Sic layer is represented by the median Sic 
fracture strength (at 50% failure). The recommended values of 350 MPa for the Sic 
strength and 5 for the Weibull parameter are based on KFA measurements of GA UCO 
particles, which determined UTS to be approximately 600 MPa and rn to be 5 (Myers et al., 
1985d; Kovacs et a]., 1983; KFA, 1982), thus the exponent of 5 in Eq. (2.3.2.1). A more 
conservative value of Sic strength was apparently chosen for calculations, to accomodate 
radiation-induced strength reduction as reported from the German program. General 
Atomics (1989) recommends instead a value of 7 for rn, but does not discuss the origin of 
this value. Kovacs et al. (1983) also mentioned a value of 7 for m in calculations. 

Although PV failure is considered insignificant for modem standard particles (General 
Atomics, 1989), any phenomenon which weakens the Sic layer would be expected to 
enhance the potential for PV failure at AC temperatures. For example, the significant 
thinning of and development of porosity in the Sic layer observed at high temperatures 
would logically be expected to impact the strength of the Sic layer. The FRG approach of 
combining these effects with PV-failure calculations would appear to be more consistent than 
the U.S. approach of terminating all PV model calculations at 1600'C. The U.S. approach 
is based on the observation that the OPyC layer does not fail when the Sic layer undergoes 
mechanical failure at high temperatures. Thermal creep reduces the potential for PV failure 
of the OPyC layer at high temperatures, despite the mechanical failure of the Sic layer. 

Some of the "general assumptions" listed for S2.3.2.1 and S2.3.2.2 may appear pedantic, 
but Goodin in Myers et al. (1985d) discusses some CON'STA calculations which appear to 
raise some concerns about the accuracy of the calculations. Goodin reported variation in 
the computational results up to an order of magnitude when the number of Monte Carlo 
simulations was increased ten-fold and more, although the conditions simulated were 
apparently the same in both cases. An order of magnitude variation in the results with 
variation in the number of simulations would normally not be expected with Monte Carlo 
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simulations and would suggest the need for analysis to resolve this apparent computational 
contradiction. Any error in calculations would impact the reliability and uncertainty of this 
PV modeI.' 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

A determination of whether the apparent calculational discrepancies in the CON*STA 
code results are a concern, as mentioned above, or whether revision of CON*STA has 
eliminated these uncertainties, would be reassuring. The general belief that PV failure was 
not significant for today's standard particles (General Atomics, 1989; Goodin et al., 1985) 
would have suggested that reanalysis of the PV model and supporting data would not be a 
high priority. However, the recent irradiation performance of NPR and NE capsules 
indicated fuel failures as much as two orders of magnitude higher than preirradiation 
predictions based on the PV model. Although larger-than-expected OPyC failure fractions 
may contribute to some enhanced failure, the general validity and reliability of the PV model 
as presently formulated must be seriously questioned. 

DATABASE USED IN MODEL DEVELOPMENT 

The database used in development of the PV model is too extensive for discussion here, 
as this model was used throughout the development of TRISO fuel particles to evaluate the 
irradiation results, but with varying degrees of success. The only database which will be 
presented here is that discussed by Kovacs et al. (1983) in comparing CON*STA code 
calculations with experimental release in several capsule tests.. The experimental tests are 
summarized in Table 2.3.2. In the discussion below, Category I failure refers to failure of 
a standard intact particle and Category XI failure refers to failure of particles With defective 
Sic layers which are incapable of supporting a tensile load. 

For irradiation capsule F-30, Kovacs et al. (1983) comment: 'The measurements show 
a random variation in fuel failure between 0 and 21% with no systematic dependence on 
burnup. If a classical pressure vessel failure mechanism were operating, failure levels would 
increase exponentially with burnup ... This type of expected behavior is defined by a dashed 
line in Fig. [2.3.5] and shows that the observations in capsule F-30 are inconsistent with a 
pressure vessel failure mechanism. The results imply that fuel failure must be attributed to 
some other cause, namely, manufacturing defects in either the OPyC and/or Sic layer 
causing premature coating failure. This position is further supported by out-of-reactor 
temperature ramp tests on irradiated F-30 fuel". 

For irradiation capsule GF-4, Kovacs et al. comment: 'The predicted gaseous release 
values are based exclusively on exposed uranium and thorium contamination and assume no 
contribution from pressure vessel failure during irradiation. This is supported by predicted 

'A conversation with L H. Menke of EG&G Idaho (1992) suggests the random number 
generator used in the original CON'STA code may have in fact generated nonrandom 
numbers, adversely affecting the reliability of the results. 
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Table 2.3.2. Summary of GA irradiation tests supporting TRISO-coated particle pressure-vessel performance models 
(from Kovacs et al., 1983) 

V e r i f y  t h a t  i n - p i l e  
p r e s s u r e  v e s s e l  f a i l u r e  
is c o n s i s t e n t  w i th  
performance model 
p r e d i c t i o n s  

\ 

Category  

Q u a l l f l c a t l o n  
tes t  

Proof  test 

I r r a d l a t i o n  
T e s t  

HT-34 

IIRE- I6 

PI3L 

I I H B - l  2A 

F-30 

GF-4, 
Cell  I1 

TRISO-Coated 
Fuel Types 

Teated 

I r r a d i a t i o n  Cond i t lona  

Tempe ra  t u r e  
( 'C) 

1210 t o  1440 

1140 t o  1250 
I 2 2 0  
1 2 1 5  

1 2 2 5  t o  1275 

I I60 

300 t o  1250 

I020 

6.1 t o  11.7 

3.4 t o  6.0 
5 . 4  
5.0 t o  6.3 

7 .8  

6.5 

3.7 t o  9.4 

9.5 

Burnup 
(% FIMA) 

6.0 t o  13.2 

3.2 t o  7.2 
24.5 
24 t o  27.6 
73 t o  74 

6.3 

1 2  t o  20 
I t o  5.7 
7 7  
4.8 
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Fig. 2.3.5. Estimated fuel failure in F-30 fuel rods vs relative fuel burnup (from Kovacs 
et al., 1983). 
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... pressure vessel failure fractions at end of life of <6 x lo" ... Consequently, pressure vessel 
performance model predictions in cell I1 of GF-4 are consistent with observed failure levels 
based on Kr-85m R/B." These results are summarized in Table 2.3.3. 

The PV-failure predictions for capsule HT-34 are summarized in Table 2.3.4. The large 
FP releases were attributed to chemical attack of the Sic layer rather than PV failure. 
Kovacs et a]. conclude "the [Category I1 pressure vessel failure] predictions are reasonably 
consistent with the observations with the exception of [one] batch". 

The PV failure predictions for capsule HFU3-16 are summarized in Table 2.3.5. Kovacs 
et al. state: "Observed failure fractions exhibited a random fluctuation between 0 and 0.046. 
No systematic increase in failure with burnup was noted for any of the fuel types ... These 
observations imply that fuel failure in HRB-16 loose particle trays must be attributed to 
causes other than pressure vessel failure, possibly manufacturing defects or failure of a small 
fraction of fuel characterized by low Sic fracture strengths ... Capsule HRB-16 demonstrated 
that considerable pressure vessel failure performance margin elrists for fuel containing one 
or more of the following defects: no OpYC layers, defective Sic layers, or faceted particles." 

The PV failure predictions for capsule P13L are summarized in Table 2.3.6. Kovacs 
et al. comment: "Observed failure in this batch was 0.6% versus a predicted value of 14.6%. 
In addition, predicted failure levels for UC, fuel in Table [2.3.6] are systematically greater 
(-20 to 40 times) than observed levels. These disparities may be rationalized on the basis 
of particle size differences (namely, P13L fuel that was produced at the inception of the 
HTGR TRISO-coated fuel program had a nominal particle diameter of -350 pm) ... This 
is less than half the current reference TRISO-coated particle size (BOO pm). The smaller 
P13L fuel size could have a higher median Sic fracture strength due to the reduced Sic 
volume. This would result in lower pressure vessel failure than currently predicted." 

The PV failure predictions for particles from capsule HRB-15A are summarized in 
Table 2.3.7. Kovacs et al. comment: 'These observations are reasonably consistent with 
predictions based on the median fracture strength of 350 MPa ... recommended here." 

Several additional analyses were performed on out-of-reactor heating tests. Some of 
the conclusions were that "the functional form of the failure predictions is not consistent with 
the observed failure ... regardless of the median Sic fracture strength ... This experiment 
cannot be explained on the basis of the pressure vessel performance model utilizing a 
Weibull fracture strength criterion. In order to rationalize this behavior, a bimodal Sic 
fracture strength distribution would need to be assumed ...'I In another test: "Failures at 
such low temperatures [-145O*C] are difficult to rationalize on the basis of an Sic thermal 
decomposition mechanism, even in fuels heated without the OPyC layer. Consequently, 
pressure vessel failure appears to be responsible for this premature failure ... The agreement 
of the model prediction -with the data -is quite good" provided a Sic fracture stiength of 
55 MPa is arbitrarily chosen. 

Kovacs et al.-(1983) summarize the previous discussion in Fig. 2.3.6 and state: 
"Insufficient irradiation data exist to provide high precision in model predictions; however, 
the available data plotted in Fig. I2.3.61 tend to indicate a general correlation between 
predictions and observations." 
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Table 2.3.3. Summary of irradiation test results for capsule GF-4 (cell 2) containing TRISO-coated U V h O 2  fuel 
(from Kovacs et al., 1983) 

UC2 (6l5I-l7-020) 
( HEU 

';J 
i3 

tho2 (6252-03-010) 

( 6 2 5 2-04-0 IO) 

Nominal Partlcle Dfmcnrionr I Number of I 
7 , 500 204 

16,900 529 

528 

Partlcle Type 
(Batch Dcrirnation) I ':::::lea 

(6252-05-010) 519 

buffer 

IO0 

63 

63 

63 

IPyC 

35 
- 

30 

30 

30 - 

SIC OPyC 

Irradiation Conditione 

Ttmpcratutt I I 025 n/m2 Burnup 
Fluence 

Category I 
Predicted 
Pteeeure 

Veeeel Failure 
Fraction 

4 10-9 

6 x 10-7 



Table 2.3.4. Summary of irradiation test results for capsule HT-34 containing TRISO-coated Thoz 
(from Kovacs et al., 1983) 

I I Irradiation Conditions 
Batch 

Designation 
6252- 

16-0261-001 

14-0111-001 

13-0161-001 

15-0161-001 

20-0 I 6 I - 002 
0 1 - 0 2  6 2 - 00 2 
11-0271-001 

I 3-0 I 7 I -00 I 

- 

I I 

4 5 5  
b 5 5  
4 4 7  

4 50 

4 5 2  
449 

40  3 
44 3 

Buffer 

2 7  
35  
5 1  

56 

82 
57 

86 

79 

1 PyC 

3 5  
32 
32 

36 

40 

39 

35 

32 

- 

I_ 

Nomlnnl Partlclc Ollcnslonr 

Kernel SIC 

35 
35 
4 3  

38 
35 
37 
38 

4 3  

- 

- 

_I 

40 
6 1  

' 48 

65 
6 5  

4 1  
45  

49 - 

I 2 2 0  

I250 
1430 

1430 
1440  

6.1 

6.7 

7 .o 
7.7 

9.2 

9.4 
9.7 

10.2 

10.5 

11.6 

12.7 

(a) 

(b) 

(C) 

(d) 

Rased on ( R / B ) f  for failed fuel of (R/B)f - 0.0013 + 0.0018 ( %  PI HA)^.^. 
Based on low Cs-137/2r-95 ration detcrmlned by gamma spectroscopy. 

SJC defect fraction equivalent to fraction Cs-137 release. 

Determined by visual examination. 

Fa1 lure 

Determined By 
Fractions( 

Cs-137 
Re lease( b, 

5.3 
5.3 

21.0 

7 .O 

91.5 

95.0 

100 

94 

Predicted Pressure Vessel 
Failure Fractions 

Category 1 1  Category II(C) 
7 10-3 
5 w 10-3 

2 w 10-2 
<IO-3 

I I  x 10-2 

30 x 10-2 
1.6 x 10-2 

1 5  x 10-2 



Table 2.3.5. Summary of irradiation results for loose particle tests in capsule HRB-16 

Loore 
Part i c l c  
Tray No. 

2 

3 

9 

IO 

I I  

12 

I5 

I6 

17 

22 

23 

TR I SO- 
Coated 
Kernel 

Batch 
Derignation 

6155-01-030 

6155-01-030 

6152-04-010 

6155-01-030 

b155-01-030 

b155-01-030 

b157- l l -010 

b157-11-010 

6157-11-010 

6157-11-010 

6157-11-010 

(from Kovacs et al., 1983) 

Fuel Description 

OP~C(~); no 
SIC defects 

No OPyC with SIC 
dcf ccta(b) 
No OPyC 

Parent batch 
mater 1 a1  

No OPyC; no SIC 
defect6 

No. OPyC with Sic 
dcf ecta 

Parent batch 
arterial 

No OPyC* mort 
face tedtc) 

No OPyC; 
nonfaceted 

No OPyC; most 
f m e t e d  

No OPyC; 
nonfaceted 

Irradiation Conditions 

Temp 
('C) 

I140 

1140 

1223 

1235 

- 

1251 

1251 

1283 

1284 

I 2 8 4  

1274 

1274 

Burnup 
( %  FIHA) 

3.2 

3.2 

2'4.5 

6.7 

1 .2  

7.2 

27.6 

27.4 

27.4 

24.1 

24.1 

3.4 

3.4 

5 . 4  

5.7 

6.0 

6.0 

6.3 

6 .2  

6.2 

5.0 

5.0 

Visually 
Determined 
Particle 
Failure 
Fraction 

0.046 

0.037 

0.000 

0.010 

0.038 

0.037 . 
0.010 

0.010 

0.036 

0 .019  

0.010 

Category I 
Predicted 
Pressure 
Vessel 

Fa1 lure 
Fraction 

4 10-13 

4 10-13 

6 x 10-6 

I x 10-8 

1 10-5 

I 10-5 

5 10-5 

7 10-4 

7 10-4 

1 x 10-4 

I 10-4 

(a) 

(b) 

( C )  

OPyC layer burned off of parent batch prior to irradiation. 

Detected by mercury intrusion at 69 HPa (10 ksi) 
Characterized by particle anpect ratio (maxlmum/mlnlmum particle diameter) 2 1.20. 



Table 2.3.6. Summary description of TRISO-coated fissile particles tested in capsule P13L (from Kovacs et ai., 1983) 

Oat ch 
Ocalgnatlon 

4403- I 4 3  

4 4 1 3 - 5  
4413-21 
441 3-7 
3516-39 
44 13-61 

Fuel Kernel 

IIC2 112 

uc2 1 1 1  
UC2 109 

UC2 106 

UC2 1 1 3  
U02 1 1 7  

48 

19  
48 
43 

56 
4 3  

I nne r 
trot cop1 c 

Thlcknerr(b) 
(urn) 

24 

24 

21 
I 4  
16 
22 

23 

23 

21 

19 

23  
23 

28 
24 

2 0  
22 

20 

2 3  

lrradlation Conditions 

Temp 
('C) 

1250 
I250  
I250  
I200  

1225 
1275 

- ~ 

7.8 
7.8 
7.8 
7.B 
7.8 
7.8 

Burnup 
( %  FIHA) 

73 
14 
73 
73 

7 3  
74 

( a )  

(b) 

( C )  

(d)88% of the hlgh-temperature leotropic (HTI) outer PyC layera had failed at end of life. 

Batch mean dlmeneione. 

All carbon layers were low-temperature ieotropic ( L T I )  except am noted in (d). 

Heaeured percent fnilure wae obtained from examination of 2000 to 4000 particlea per batch. 

sic 
Failure 
Due to 

Preeeure 
Veeeel 

Ef fecte(c) 
( X I  

0 .  I 
0 .  I 
0 . 2  
3.7 
4 .O(d) 
0.6 

- 

Category I 
Predlcted 
Preeeure 
Veseel 
Failure 

( X I  

3 . 7 6  

3.19 

4 . 0 6  
4 . 2 0  
I .  30(d) 
14.60  



Table 2.3.7. Summary description of TRISO-coated Tho, fuel produced with smooth IPyC layers and tested 
in capsule HRB-15A (from Kovacs et al., 1983) 

X r r n d i r t l o n  Condi t ion@ 
Bntch N o r l n r l  P r r t l c l c  Proper t ies  (urn) Flucnce 

6252- D l r w t e r  Thlcknerr  Thlcknerr Thlckncrr  l'hlckncss ('C) (E > 29 fJ)HTCR) (% F I W )  
D e s l g n r t l o n  Kernel  B u f f e r  I PyC S I C  OPyC temp n/n2 Burnup 

24-010 593 56 19 38 39 I I60 6.5 6.2 

25-010 59 I 52 31 36 40 I160 6.5 6.3 

Category I 
Observed Pred ic ted  
Failure F n i l u r e  

FrnctLon(a) 

1.9 10-2 I 10-3 

0 1.5 x 10-2 

( a )  

( b) 
Virurlly d e t e r d n c d  from loorr p a r t i c l e  bed of approximate ly  50 p r r t l c l e r .  

Bared on r r d l r n  SIC f r n c t u r c  of 350 HPa ( 5 1  kri). 
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Fig. 2.3.6. Category I predicted vs observed pressure vessel failure fractions 
(from Kovacs et a]., 1983). 
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In analyzing the results of Kovacs et al. (1983), the following statements appear valid. 
PV failure is predicted to be insignificant in modem reference fuel particles relative to 
other modes of FP release. 
PV failure models are useful for qualitative scoping studies, but do not appear to be 
reliable for quantitative predictions of FP release. 

1. 

2. 

2.33 ALTERNATIVE PHENOMENOLXxiICALMODEL 

function 

present 
Status 

This simplified PV model permits quick semiquantitative analytical 
predictions of particle performance without the need of computer codes or 
detailed analysis. 

This simple model incorporates the same governing phenomena that the 
computer code CON'STA employs in the calculations of ~2.3.2,  but average 
values are used for layer thicknesses, Sic strength, etc. rather than the 
variable distniutions used by CON*STA Simple analytical equations are 
obtained which should approximate the more refined calculations, especially 
at significant failure levels. 

model 
uncertainty 

In general, the model uncertainties should be analogous to those mentioned 
in ~2.3.2, but somewhat larger due to the simplified model used with no 
consideration of coating and strength distniutions. 

references General Atomics (1989); Bramblett (1990); Myers et al. (1985d) 

INTRODUCTION 

This phenomenological model for pressure-vessel failure of standard (nondefective) 
particles is very useful for providing quick approximations of internal particle pressures and 
the likelihood of particle failure under given irradiation conditions. The model would not 
be as detailed as CON'STA for calculating very small failure probabilities. For estimations 
of standard particle integrity under a variety of conditions and for comparisons between 
different particle designs and kernel materials, the model provides useful approximations of 
particle behavior. 

This model has recently been recommended for general particle design and analysis, 
including the NP-MHTGR design (General Atomics, 1989). As stated by T. E. Serafin in 
Bramblett (1990), the Monte Carlo calculations of the CON*STA code can be time 
consuming and costly, thus the use of these simple approximations is often useful. 

An additional Consideration for the NP-MHTGR design may be the inapplicability of 
the analytical equations as presented in s2.3.2 above. The model equations as derived from 
CON'STA results are specific to the NE-MHTGR program particle design. The different 
kernel and coating dimensions might affect the pressure-vessel behavior of NP-MHTGR 
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particles. CON*STA calculations for the NP-MHTGR particle desi& have apparently not 
appeared in the open literature, thus this simple phenomenological model may be used in 
its place.’ 

NORMAL OPERATING CONDITIONS AND ACCIDENT CONDITIONS 

Model eauations 

The gas pressure inside the intact Sic layer is first calculated, which gives the resulting 
hoop stress on the Sic layer and finally the failure fraction as based on a Weibull strength 
distribution. The gas pressure, P, is given by the ideal gas equation: 

p = - ,  n R T  
V” 

(233.1) 

n 
T = temperature (K), 
V,, = void volume (m’) [Eq. (2.3.3.2) below]. 
R 

= number of moles of gas produced during fission [Eq. (2.3.3.4) below], 

= ideal gas constant (8.313 x lod m3 MPa mol-’ P). 

The void volume includes contributions from the kernel, Vw,k, and the buffer, Vw,,: 

i k  = kernel radius (m), 
rb = buffer layer thickness (m), 
p; = fractional porosity of zone i (i = k or b for kernel or buffer, respectively). 

Values commonly used for fractional porosity are 5% for the kernel and 50% for the buffer 
layer. In terms of the density, p, of the kernel and buffer layer, the fractional porosity can 
be defined as: 

p, = density ofzonei, 
phi = theoretical density of the material in zone i. 

(2333) 

‘Subsequent to this writing, effort at EG&G Idaho was devoted to providing an 
improved computer code for PV modeling of NP-MHTGR particles to replace CON*STA. 
See, e.g., Bennett (1991). 
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The number of moles of gas produced is given by: 

(233.4) 

fi 
F = fractional burnup (FIMA), 
V, = kernel volume (m3), 
V, 

= fractional release of gas atoms per fission of kernel material [Es. (2.3.3.5) below), 

= molar volume of heavy metal in the kernel (m3 mol") [Eq. (2.3.3.6) below]. 

The fractional release of gas atoms can be represented as: 

fr = r,, fg + A.0 fo ' (2335) 

frj 
fi  = fractional yield per fission of speciesj. 

= fractional release of atoms of species j per fission of kernel material, where j = g 
for noble gas atoms (Kr, Xe) and j = o for oxygenated gases (CO), 

The value off, is typically on the order of 0.29 (General Atomics, 1989), whilef, is assumed 
to be zero for UCO fuels or approximately 0.13 for oxide fuels (Homan et al., 1978). The 
exact value of f, may be as high as 0.4 depending on the thermodynamic calculations. For 
more information on the variation in value of 6, one can refer to Homan et al. (1977) or, 
for more experimental detail, to the work of Proksch and Strigl(l982). The values offrJ and 
f,, are conservatively assumed to be 1 (General Atomics, 1989), although Serafin in 
Bramblett (1990) recommends a value of 0.40 forfr, 

The molar volume of heavy metal in the kernel can be calculated from: 

V I , = - ,  4 
P k  

(33.6) 

M, = molecular weight of the kernel material (g mol-'). 

Equation (2.3.3.6) is accurate for typical MHTGR kernel materials such as UCO and UO, 
in which one mole of kernel material provides one mole of heavy metal atoms. With the 
kernel material represented as UC,O,, the value of Mk can be calculated from: 

Mk = Mu + 12x + 16y , (33-7) 

in-which the molecular weight of the heavy metal, M,,, can be calculated as a function of the 
='U enrichment fraction, f,: 
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M, = 235f, + 238 (1 -fJ ; (334 

After calculation of the gas pressure from the above equations, the hoop stress, a, on 
the Sic layer is calculated from: 

a = -  'sic (33.9) 

2tSic ' 

Q = stress on the Sic layer (MPa), 
P 
rsic = inner radius of the Sic layer (m), 
f,, = thickness of the Sic layer (m). 

= gas pressure inside the Sic layer (MPa) [from Eq. (2.3.3.1) above], 

The particle failure fraction, 9, can then be calculated assuming a Weibull distribution, 
as discussed previously: 

(33- 10) 

UTS 
m = Weibull parameter. 

= median ultimate tensile strength of the Sic layer ( m a ) ,  

The values recommended for calculations (Bramblett, 1990) are 350 MPa for the Sic 
strength and 5 for the Weibull parameter. 

Ranee of validity 

The range of validity of this phenomenological model has not been analyzed although 
the model in principle can be applied throughout the expected range of temperatures 
encountered by the fuel, except when Sic structural deterioration is expected (in the range 
of 1600'C after hundreds of hours, or at higher temperatures after shorter times). 

AssumDtions 

In general, the same assumptions hold as those presented in ~2.3.2 ("Normal Operating 
Conditions") except for those assumptions specifically related to the CON*STA code. 

Uncertainty 

The uncertainty has not been evaluated. As the uncertainty in the CON*STA code 
calculations has been given as klOx, the uncertainty for this model can be considered to be 
11OX. 
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MODEL CHRONOLOGY 

The basic principles of this model have been around for many years. The more 
detailed computational format presented by Kovacs et al. (1983) dominated PV modelling 
until the simpler methodology presented here was reevaluated by Myers et al. (1985d). This 
model was recently restated in this form and recommended for use in calculations by 
General Atomics (1989) and Bramblett (1990). 

DISCUSSION 

The model equations presented above are very similar to, but not identical with, the 
equations presented in the references, and some related model equations were added here 
for completeness. A few minor errors in definition of terms were discovered in the 
references, and the presentation above attempts to avoid any such possible confusion. 

No consideration of the effect of the OPyC layer in reducing the stress on the Sic layer 
is considered by this model, although this effect is discussed in other references. 

In theory, this phenomenological model should also be applicable to particles with 
manufacturing defects, if the resulting effects (change in void volume, layer radii and 
thicknesses, UTS of Sic, etc.) are included in the governing equations. No discussion of this 
application of the model to manufacturing defects has been located. 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

The statements made in ~23.2 related to "Discussion", "Additional Considerations ...'I, 
and "Database ...I' are in general applicable to this phenomenological model and are not 
repeated here. 

DATABASE USED IN MODEL DEVELOPMENT 

The summary statements in ~2.3.2, "Database ...'I are also generally applicable to this 
phenomenological model. 
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2 4  FUNCTTONAL FAILURE OF THE Sic IAYER 

24.1 INTRODUCI'ION 

Four mechanisms are known which cause the structural deterioration of the Sic layer 
and result in enhanced FP release. High-temperature thermal decomposition of the Sic is 
not postulated to be affected by the nuclear environment, while the other three are nuclear- 
specific: corrosion by interaction with FP, breaching by contact with a migrating kernel (also 
called the "amoeba" effect), and degradation by the fissioning of heavy-metal atoms 
dispersed throughout the interior of the particle. High-quality fuels reduce concerns about 
the last mechanism, and both corrosion and kernel migration are believed to be of little 
significance for the temperatures and thermal gradients expected in the MHTGR core. 
Reduction of these concerns has been accompanied by the increasing relative importance 
of thermal decomposition for Sic failure. Another mechanism for Sic corrosion in oxide 
fuels has been sporadically mentioned over the years (e.g., Homan et al., 1978): the reaction 
of Sic with CO gas produced during fissioning of the kernel. However, this mechanism has 
not been seriously considered since the 1970s and does not enter into existing fuel 
performance models. The effects of fast neutron damage on Sic have received limited 
analysis and as a result such effects are not explicitly considered in Sic failure models. 

2 4 2  KERNELMIGRATION 

function 

present 
status 

model 
uncertainty 

references 

This model calculates the distance the kernel migrates within the particle as 
a function of kernel material, temperature, and thermal gradient across the 
particle, and the probability of Sic failure due to contact with the kernel. 

This fuel failure mechanism was well studied throughout the 1970s and the 
model parameters derived for most kernel types at that time. Data for UC, 
kernels are applied to modeling of UCO. Present MHTGR core designs 
are expected to reduce this mechanism to negligible levels at the 
temperatures and temperature gradients involved. 

'The uncertainty for this process is known but the process is insignificant in 
UCO particles and is therefore of little concern" (Myers, 1988). 

FDDMF. Kovacs (1981); Lindemer et al. (1977); C. L Smith (1977); Smith 
(1974); Gulden (1972) 
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NORMAL OPERATING CONDITIONS AND ACCIDENT CONDITIONS 

Model eauations: general theory 

The following model equations for probability calculations are taken from FDDM/F. 
The equations for kernel migration coefficients are available from several references. The 
probability of Sic failure due to kernel migration is calculated from (FDDM): 

r 

(2421) 

P,&) 

X = migration distance of the kernel (m), 
m 

U 

= probability that the migrating kernel comes into contact with the Sic layer 
(with instantaneous Sic failure upon contact), 

= mean value of the (normally distributed) combined thickness of the buffer and 

= standard deviation of the normal distribution of buffer/IPyC thickness around 
the mean m (m). 

rpyc layers (m), 

F D D W  provides the following values of rn and a for reference LEU UCO fissile particles: 

m = 150 pm 
Q = 20.4 pm 

and for reference Tho, fertile particles: 

m = 115 pm 
u = 14.8 pm. 

FDDME then comments that the "function P ( x )  is normally tabulated in computer 
library routines and can, therefore, be evaluated. If the tabulation is based only on positive 
values for the argument of P, then:" 
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'The kernel migration distance is generally small; to avoid possible numerical difficulties in 
this case, the following approximate expression can be used:" 

x = I C 1  3 

a ,  = 0.43618, 

u3 = 0.93730, 
b = 0.33267. 

a, = -0.12017, 

The model equation for kernel migration distance is given by (FDDW; Kovacs, 1981): 

X O )  = total migration distance at time f (m), 
K,IXr) = 
d T ( ~ ) / d x  = 
T(T) = average particle temperature at time T (K), 
f = total time for particle irradiationheating conditions (s). 

kernel migration coefficient as a function of temperature (m2 K s-'), 
temperature gradient across the particle at time T (K m-'), 

The evaluation of the kernel migration coefficient is specific to the kernel material. 

Model equations: fissile ~anicles 

The expression for LEU UCO fuel is assumed to be (Kovacs, 1981): 

K,XT) = kernel migration coefficient (m' K s-I), 
T = temperature (K), 
R = ideal gas constant (8.314 J mol'' K').  
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Model eauations: fertile Darticles 

Tho, kernels in TRISO particles are assumed to migrate in agreement with the data 
derived for Thoz BISO particles. An incubation time, 8, has been observed during which 
no migration occurs (KMC = 0) if (Kovacs, 1981; C. L Smith, 1977): 

kernel burnup is less than 2% FIMA, and 

incubation time at temperature T (s), 
time interval at temperature (s), 
temperature (K). 

The incubation time at temperature T is calculated from: 

3.16 x Id e, = 4.7xio4 -( RT, ) . 

(2429) 

( 2 4 2  10) 

all variables defined as above. 

After the incubation time the Thoz kernel migration coefficient is calculated from 
(C. L. Smith, 1977): 

2.96 x Id 
K,,(T) = 0 . 3 9 4 -  RT ) # 

(24211) 

all variables defined as above. 

Ranee of validity 

The model is assumed to apply to all reactor operating conditions. Apparently the 
migration of UCO kernels has not been quantified from experimental data as "migration has 
not been observed for UCO ..." (FDDM/F). The experimental data used in modelling the 
migration of UCO kernels was apparently obtained for HEU UC, kernels, and the data used 
in modelling the migration of Tho2 kernels was apparently obtained for Tho, kernels in 
BISO particles. 

AssurnDt ions 

1. 
2. 
3. 

The Sic fails instantaneously upon contact with the migrating kernel. 
No failure of the OPyC layer by the migrating kernel is considered. 
The expression for KMc for LEU UCO kernels is assumed to be the same as that for 
LEU U G  kernels. 
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4. 

5. 

6. 

The expression for KMc for LEU UC, kernels is assumed to be the same as that for 
HEU UC, kernels. 
Tho, kernels in TRISO particles are assumed to migrate at rates comparable to the 
measured rates for Tho, kernels in BISO particles. 
The combined thickness of the buffer and IPyc layers is assumed to be normally 
distributed around the mean combined thickness. 

Uncertainty 

FDDM/F states that the uncertainty for the fraction of particles, Fo, "with intact OPyC 
layers, failed Sic layers and implicitly, failed IPyC and buffer layers" is given by the standard 
deviation of In F': 

a(InF,) = 1.4 . (24.212) 

In practice, if kernel migration is not believed to be significant for the MHTGR then the 
uncertainty in the model is not of practical significance. 

MODEL CHRONOLOGY 

Kernel migration has long been recognized to be a serious concern for fuel particles 
exposed to large thermal gradients. C. L Smith (1974) reports that kernel migration has 
been recognized in UC, fuel since the early 1960s. The use of UC, in the Fort St. Vrain 
reactor and the large thermal gradients inherent in the LHTGR core designs stimulated the 
analysis and modeling of kernel migration. By the late 1970s model equations had been 
developed for kernel migration of the common fuels, based on averaging of the available test 
data to obtain a temperature- and gradient-normalized gross transport parameter called the 
kernel migration coefficient. As HTGR designs became smaller and predicted thermal 
gradients decreased, both experiments and models suggested kernel migration should be 
insignificant for the current reference designs for the MHTGR. 

Equations (2.4.27) through (24.2.1 1) are well established in the literature, but 
Eqs. (2.4.2.1) through (24.26) apparently originate in an internal GA memorandum 
referenced by FDDM/F. 

DISCUSS ION 

Heating of BISO and TRISO particles at high temperatures in a thermal gradient 
stimulates gross transport of the kernel up the temperature gradient, depositing carbon in 
its wake on the colder side. This kernel migration mechanism (often called the "amoeba" 
effect) has long been known to limit fuel integrity by kernel penetration through the coating 
layers, resulting in the loss of FP containment. The mechanism for kernel migration of 
carbide fuels is known to involve the thermal-gradient-induced solid-state diffusion of carbon 
down the temperature gradient and through the kernel (Gulden, 1972). The mechanism for 
kernel migration in oxide fuels is not as certain, although the final result of mass transport 
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of carbon to the cool side of the kernel is the same. A detailed discussion of the proposed 
mechanisms for kernel migration in oxide fuels is given by Iindemer et al. (1977) and will 
not be repeated here. Lowering the oxygen potential of the fuel by adding oxygen getters 
or buffers is known to reduce the migration of oxide kernels (Homan et al., 1978), but the 
specific mechanism by which oxygen enhances migration can only be speculated on beyond 
being a solid-state diffusion process and related to oxygen exchange between CO and CO,. 

A recent summary of fuel performance models relevant to the NP-MHTGR design 
(General Atomics, 1989) states: "For the time and temperature conditions of the NPR fuel, 
the kernel migration coefficient (KMC) is calculated to be: 

KMC = 6.0~10'" m2 Ks" , 

for oxide fuel and 

KMC = 9 .17~10- '~  mi Ks" , 

(24213) 

(24214) 

for carbide fuel [refemng to UO, and UC, respectively]. The UCO particle exhibits 
migration at least as slow as UC, fuel. In fact, the UCO kernels have shown no measurable 
migration in tests comparable to MHTGR service conditions ... The calculations indicate that 
particle failure by kernel migration is negligible (<<lo") and is not a factor for the in- 
reactor or accident condition performance of the NPR driver fuel." No further details are 
provided for these calculations. Although no equation for the kernel migration coefficient 
of UO, is given by FDDM/F, an equation is given by Kovacs (1981) which may have been 
used to calculate Eq. (2.4.2.13). 

Figure 2.4.2.1 (from Stansfield et al., 1983) indicates the relative insignificance of kernel 
migration for present MHTGR designs. 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

If all analyses suggest that kernel migration is insignificant for modem fuels under 
MHTGR-like conditions and that "UCO kernels have shown no measurable migration in 
tests comparable to MHTGR service conditions," then further analysis of this model is not 
warranted without evidence to the contrary. 

DATABASE USED IN MODEL DEVELOPMENT 

Gulden (1972) derived the theoretical model for kernel migration and presented 
experimental data for the migration of U G  disks coated with PyC. C. L Smith (1974) 
summarized the in-pile and out-of-pile data on the migration of UC, kernels (Fig. 2.4.2.2), 
and C. L Smith (1977) reponed analogous experiments for the migration of Tho, kernels 
(Figs. 2.4.23 through 2.4.2.5). Lindemcr et al. (1977) summarized similar work on fissile 
oxide kernels through 1977 (mostly mixed thorium-uranium oxides and some carbide data). 
Figure 2.4.2.6 shows data for the migration of UO, kernels (Kovacs, 1981). 
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Fig. 2.4.2.1. Thermal design basis for kernel migration (from Stansfield et al., 1983). 
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Fig. 2.4.2.2. Kernel migration coefficient vs inverse temperature determined from out-of-pile 
thermal gradient testing of irradiated and unirradiated UC, fuel particles 

' (from Smith, 1974). 
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Fig. 2.4.2.3. Variation in kernel migration coefficient with 1K for Thoz kernels having 
burnups in the range 0.9 to 5.8% FIMA (from C. L Smith, 1977). 

Fig. 2.4.2.4. Comparison of in-pile and out-of-pile Thoz data (from C. L. Smith, 1977). 
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243 FISSION PRODUCT CORROSION 

function This model calculates the probability of Sic layer failure due to corrosion 
by fission products as a function of thermal and irradiation conditions. 

presen 
stam 

It This model is ambiguous in its relevance for MHTGR modeling, as most 
corrosion data are not relevant to MHTGR conditions (i.e., obtained under 
large thermal gradients). The model presented here was derived for an AC 
model in 1985, but a 1989 revision of this AC model dropped consideration 
of corrosion as a Sic failure mechanism at AC temperatures. The 1985 
model parameters have been retained by F D D W  and are presented 
below. Despite the ambiguity of the model, the reduced significance of the 
model should make further model revision a low priority. 

model 
uncertainty 

'The uncertainties associated with these processes are large and the 
mechanisms of them are poorly known for the structural environment and 
imposed conditions of interest" (Myers, 1988). 

references FDDM/F; Goodin et al. (1985); Montgomery et al. (1982b) 

NORMAL OPERATING CONDITIONS AND ACCIDENT CONDITIONS 

Model equations 

The model for calculating the probability of Sic failure, Pm resulting from FP-induced 
corrosion incorporates the Weibull parameter and a kinetic term for the frequency of SiC/FP 
reaction [FDDW, T. E. Serafin in Bramblett (1990)): 

PM' 1 - 2 *  , 

X = ( - A s R ) *  , 

m, = 
k, = 
T =  
t =  
T =  

Weibull parameter (dimensionless), 
frequency factor of SiCm reactions (he'), 
temperature (K), 
time interval for irradiation or heating (h), 
time variable (h). 

(243.1) 

(2432) 

(2433) 
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The frequency factor is given by: 

b 1 
1 + (0.01 a)" s(Q) = 1 + - [ - a  (0  - Qrrrr)] ' 

(243.4) 

(2435) 

(243.6) 

n = thermal gradient across the coated fuel particle d), 
ninir 
Tb = irradiation temperature (K), 
fsic 

Q 
R 
T(T) = temperature (K), 
a = constant (m K'), 
ASR 
G,, n, b, a, 6 

= thermal gradient at (G, + G,)/2 (IC m"); i.e., an approximation for 
the average gradient across the particle during the irradiation, 

= fission density within the volume enclosed by the Sic layer 

= activation energy (J mol-'), 
= ideal gas constant (8.314 J mol" K-'), 

(fissions rn-7, 

= constant [(K- (fissions m-')+], 
= constants (dimensionless). 

FDDM/F presents Eq. (24.3.6) incorrectly due to a transcription error; see Martin (1993) 
for discussion. 

FDDM/F goes on to state: "During a sequence in which an accident is preceded by a 
period of normal operation, the total probability is calculated, using Eqs. [2.4.3.1] through 
(2.4.3.71, as the sum of (1) PsR for the period of normal operation and (2) Pm for the period 
during which an accident has been in progress. For the period of normal operation, set T ( 7 )  
= 7'' and choose the appropriate value of n and for the accident period, choose the 
appropriate value of T ( T )  and set n = 0. When n = 0, the second term of Eq. [2.4.3.5] is 
negligible in comparison with the first term, G , [ ~ T ) ,  I]." 

The values of the model parameters are as follows: 

msR = 1.6 
A, = 7.24 x lo3 K3 (fissions m-3).1 for UCO and UC, 

= 1.07 x loa K3 (fissions m")" for Tho2 
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3.0 
1.0 
2.52 x I d  J mol" 
2.2 x lo4 m K" 
10.0 
1.49 x lo' 
1.3 
1.0 x lo' K m" 

Ranee of validity 

Although the model is stated to apply to both normal and accident conditions 
(FDDM/F), the model parameters were specifically derived for an AC model (Goodin et al., 
1985). Refer to Tables 2.4.3.1 through 2.4.3.2 from Goodin et al. (1985) for the 
experimental range of the source data used in the derivation of the model. Goodin et al. 
(1985) indicate that only isothermal heating data were used in the model derivation rather 
than the more abundant data for thermal gradient tests. The data were separated into 
categories based on oxide vs carbide fuels and the fission density was used as a variable for 
normalization of the different particle dimensions. The use of these model equations is 
recommended for the range offsc between 0.1 x lot7 and 2.0 x lof7 fissions mS and for the 
irradiation temperature range of 700 to lS00'C. 

Goodin (1989) concludes that this model may not be applicable at temperatures above 
1600'C, a regime in which thermal decomposition of the Sic is now believed to be the 
dominant Sic failure mechanism. 

Assumutions 

1. 
2. 

3. 

The measured cesium release is assumed to be identical to the Sic failure fraction. 
The above statement implies an assumption that cesium does not diffuse in significant 
amounts through intact Sic, even at AC temperatures. 
As no separate model is presented for FP corrosion in fertile particles, one might 
tentatively assume the model is valid for both fissile and fertile particles. 

Uncertainty 

FDDM/F states that the uncertainty for the fraction of particles, F' 'tvith intact OPyC 
layers, failed Sic layers and implicitly, failed IPyC and buffer layers" is given by the standard 
deviation of In F,: 

o(InF,)  = 1.4 . (243.8) 
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Table 2.4.3.1. Description of oxide TRISO fuel samples used for Sic  corrosion study (from Goodin et al., 1985) 

Irradlstion Condltlona 
~~~~~~ ~ 

log k 
Srople K e r n e l  Average Exposure (h-1) Fitted 

NO. Type (urn) Lacrtion ('C) EYPO (E > 29 fJ) ( X  P I H A )  ( l o z 7  m - 3 )  Experiment) ( h - 1 )  

EO 1674 (Th U)02 496 12-KI  3/ I I170 5 1 1  8.3 10.3 0 . 6 8  3.68 2.34 
AVR 70 /26  (Til. u IO2 500 . AVR 15 700 590 I . 2  8 .2  0 .s2  <I.  16") 2.7 I 
AVR 70/7 (Th,U)02 SOU AVR I5 700 5 20 I .o 7.3 0 .46  <4 .25(b)  2.66 
AVR 7 0 / 1 5  (Thlu)02 500 AVR 15 700 505 1 .o 7 .  I 0.45 <4.4 2.65 
AVR 6 9 / 1 3  (Th , U IO2 500 A V R  I5 100 610 I . 2  8 . 6  0 . 5 4  <3.87(') 2 . 7 3  
Bullock data U02 300 IIRB- I 5 B 915 I 6 9  4 . 5  22 0.80 3.27 3 .  I 6  

Identification D 1 m e t  e r Temperature Time ( 1 0 2 5  n/m') Burnup Dene i ty (From log t o  

N 

4 
b 

EUO 2308 uo, 497 IIFR-KI/  I I175 359 3.9 7.9 0 .52  3 .OO 3.23 ' 
__ ~ 

b'ltted 
exprerrlon 

log ko (h") - -32 .97  t 3.0 log Tirr ( K )  t log f s i c  

n - 3 . 3  

("Upper llnlts not used in fttting. 



Table 2.4.3.2. Description of carbide TRISO fuel samples used for Sic corrosion study (from Goodin et al., 1985) 

Irrsdlatlon Condltlone 

log k 
Samp 1 e Ke rne 1 Average Expoeure F leeton (h-l) Fitted 

NO Type (pa)  Lacstlon (*C) eFrD (e > 29 f J )  ( X  PIHA) (1027 m-3) experlaent) ( h - 1 )  

fS I 

Identlf lcstlon Dlsme t e r Temperature Tlmc ( 1025 n/a2) Burnup Denelty (From log k, 

1600'C heatlng 

4161-01-032-02 UCz 213 FIIP I 3 5 0  20 I 6. I G I  I .9 3.91 3.77 
4 I 6  1-0 I -034-2 UCz 116 P I ~ P  1 4 2 0  20 I 6.0 60 1.2 3.62 3 . 6 3  

203 PTC- I 4  IO00 3 7 1  1.2 23 0.6 <3.54( '  2.95 4 I6 1-0 1-030 

1800*C heatlng 
uc2 

20 3 FTE-14 IO00 311 1.2 23 0.6 <2.92(*) 2.95 
uc2 233 P13P I350 20 I 6. I 61 1.9 3 .45  3.11 

4161-01-030 
4161-01-032-02 UC2 

2000.C hcrt Lng 

20 3 FTE- I 4  IO00 311 1.2 23 0.6 2.95 2.95 '" 176 P13P I 4 2 0  20 I 6.0 60 1.2 3.88 3.62 
4 I6 1-0 1-030 
4 I 6  1-01 -034 -2  UC2 

Fltted 
expreeelon 

lag  ko (h-')  - -33 .14  + 3.0  log Tlrr (K) t log fSIC 

n - 3 . 3  

("Upper llmlts not ueed In flttlng. 



MODEL CHRONOLOGY 

The most recent model incorporating a Sic corrosion mechanism is provided by the 
1985 U S m G  model (Goodin et a]., 1985), and this model is presented above. An earlier 
model derived reaction rates for the thinning of the Sic layer by palladium and assumed Sic 
failure when reaction had progressed through one-half the thickness of the Sic layer. These 
models will not be djscussed, but can be pursued using the summary provided by Stansfield 
et al. (1983b). 

Although this model was specifically developed as an AC model in 1985, the 1989 
US/FRG model revision dropped corrosion as a significant Sic failure mechanism at AC 
temperatures, leaving the model in an ambiguous state. FDDM/F also references a 
document by B. F. Myers ("Update of Accident Condition Models," General Atomic 
Document No. 908776/1, 1986) which may be the source of Eqs. (2.4.3.5) and (2.4.3.6). 

DISCUSSION 

Backmound 

Fissioning of uranium and plutonium produces FP which can attack and corrode the 
Sic layer, with loss of integrity under appropriate conditions of temperature, thermal 
gradient, and burnup. Of greatest concern are lanthanide and palladium FP. Carbide fuels 
readily release lanthanides, enhancing Sic corrosion. The oxide fuels retain the lanthanides 
in the kernel in the form of oxides, thus reducing Sic corrosion. Palladium is readily 
released from these fuels, resulting in Sic corrosion in all types of fuels (General Atomics, 
1989). Corrosion by Pd is a greater concern in LEU fuel than in HEU fuel because the 
larger fraction of Pu fissions in LEU fuel generates more Pd atoms per fission, which can 
then concentrate into nodules and attack the Sic. The thermal gradient affects corrosion 
by preferential directional transport and concentration of Fp species at the Sic surface, 
rather than random transport to the Sic. 

Myers (1988) comments on the mechanisms of the FP-Sic interaction, 'This consists 
of the reaction of fission products with the Sic and of the decomposition of Sic. The 
uncertainties associated with these processes are large and the mechanisms of them are 
poorly known for the structural environment and imposed conditions of interest. In the 
former case, a rate expression, meant to descn'be the reaction of the Sic, is based only on 
measurements, and in a selected plane at that, of the reduction in thickness of the SJC 
layer." 

Model development 

Stansfield et ai. (1983b) present details of the corrosion process and presented an 
equation for the rate of corrosion across the Sic layer as obtained by Montgomery et al. 
(1982b): 
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f = 2.613xld exp (- 2-:z;!] ' 
(243.9) 

rate of advance of the corrosion zone across the Sic layer (pm/h), 
temperature (K). 

The activation energy for corrosion in Eq. (2.4.3.9) is the same as that recommended for use 
in Eq. (2.4.3.4). 

In the 1985 US/FRG AC fuel performance model (Goodin et al., 1985) the measured 
cesium release is assumed to be identical to the Sic failure fraction, 9. This failure fraction 
is equated to the compound distribution of Sic layer thickness and Sic degradation rate 
using the Weibull distribution: 

(243.10) 

k = corrosion frequency factor (h-I), 
t = heating time (h), 
m = Weibull parameter. 

The value m = 3.3 is used for single test batches of particles, and m = 1.6 is recommended 
when considering corrosion data from all the available test batches. This latter value of m 
corresponds to that recommended by F D D W .  The frequency factor is represented by an 
Arrhenius-type equation: 

(243.1 1) 

k, = pre-exponential constant (h-I), 
Q = activation energy for corrosion (J mol"), 
T = temperature (K), 
R = ideal gas constant (8.314 J mol'' IC'). 

The detailed equation for the frequency factor is given by (Goodin et al., 1985): 

A = (10" -T', o f s c )  e-(-?) , (243.12) 

T, = irradiation temperature (K), 
T = heating temperature (K), 
fsc = fission density (fissions m'' inside the Sic layer), 
A = 32.97 for oxide fuel, 33.14 for carbide fuel. 
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The values of the parameters in the equation above are identical with the model parameters 
presented previously for Eqs. (2.4.3.1) through (2.4.3.7). Significant extrapolation is required 
to obtain k, from the available range of Cs release data available. An introduction to the 
methodology used to derive the model parameters by Goodin et al. (1985) can be obtained 
from inspection of Fig. 2.4.3.1. 

General Atomics (1989) comments on the relevance of FP corrosion as a failure 
mechanism for the NP-MHTGR design: "Sic corrosion distances may be estimated ... Even 
if the thermal gradient is assumed to be 200*C/cm, the calculated failure fraction is still 
quite small (<1 x 105)." Additional information on the declining importance of FP 
corrosion as an AC mechanism for Sic failure can be obtained from ~2.4.4.  

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

With F'P corrosion not predicted to be a significant concern for MHTGR conditions, 
further evaluation of this model does not appear to warrant high priority. The limited 
understanding of the reaction mechanisms involved would make any effort at model revision 
more difficult. The lack of attention to the potential effects of oxygen activity on the 
reactivity of FP and Sic is not reassuring, as several statements on the significance of the 
effects of oxygen and of oxygen-enhanced corrosion can be found in the literature. 

DATABASE USED IN MODEL DEVELOPMENT 

Much of the database used in derivation of the model is presented in Tables 24.3.1 
through 2.4.3.2. The data used to derive the rate of corrosion of Eq. (2.4.3.9) are shown in 
Fig. 2.4.3.2 (from Montgomery et al., 1982b). Additional corrosion rate data are presented 
in Fig. 2.4.3.3 (General Atomic, 1979). 

24.4 Sic THERMAL DECOMPOSITION 

function 

present 
Status 

model 
U D C d Z l b t y  

This model calculates the time-dependent high-temperature failure of the 
Sic layer as a function of temperature and irradiation conditions. 

This mechanism is dominant for Sic failure under high-temperature accident 
conditions, and was recently postulated to dominate at temperatures down 
to 1600'C. The model is based on an activation energy for vaporization of 
the silicon, with kinetic factors introduced empirically. The state of 
experimental knowledge and level of uncertainty for this important AC 
mechanism is wanting. 

"mhe loss of Sic from exposed surfaces has been measured but the 
conditions of interest have not been addressed. Within a particle, the 
decomposition of Sic involves not only the process of decomposition but 
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Fig. 2.4.3.1. Example of simultaneous least squares curve fitting with two GA and two KFA 
fuel testing results. The fitting is designed to provide a single best value of 
slope (m) and a best value for k, for each test (from Goodin et al., 1985). 
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Fig. 2.4.3.3. Variation in Sic - fission product reaction rate with inverse temperature 
assumed for TRISO MEU UC, (from General Atomic, 1979). 
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also the transport of the decomposition products away from the site; thus 
carbon and silicon transport in the Sic and surrounding coatings is 
important. There is little hope that a better understanding of these 
processes will be obtained" (Myers, 1988). That is, unless additional 
experimental and modelling effort is made toward this understanding, 

references Goodin (1989); Goodin et al. (1985); Bern (1982) 

NORMAL OPERATING CONDITIONS AND ACCIDENT CONDITIONS 

Model eauations 

In particle heating tests, the measured cesium release is assumed to be identical to the 
Sic failure fraction, 9. This failure fraction is equated to the compound distribution of Sic 
layer thickness and Sic degradation rate using a Weibull distriiution (Goodin, 1989): 

(24.4.1) 

k = decomposition frequency factor (h-'), 
t = heating time (h), 
M = Wel'bull parameter. 

The value M = 2 is used for calculations involving heating tests, while m = 1.7 is 
recommended for predicting overall core performance. The frequency factor is represented 
by the Arrhenius equation: 

k = ko e-Qlxr , (24.42) 

k, = pre-exponential constant (h.'), 
Q = activation energy for corrosion (J mol-'), 
T = temperature (K), 
R = ideal gas constant (8.314 J mol-' IC'). 

The frequency factor is calculated using the expression: 

fsc 
T, = irradiation temperature (K), 

= fission density (104 fissions m" inside the Sic layer), 

2-55 



r = fast fluence (lp n m-*, E > 0.1 MeV).' 

The max in Eq. (2.4.4.3) specifies the use of the maximum of the two terms within the 
parentheses. If the heating temperature varies, the product kr in Eq. (2.4.4.1) is replaced 
by: 

r 

kt - I k[T(T ,  t ) ]  * d r  
0 

(24.4.4) 

t = time interval for heating (h), 
T = timevariable (h). 

Ranee of validity 

Although the model is derived from data obtained only at 1600'C and above, the 
model could be considered applicable also at NOC temperatures because the temperature 
dependence will render the model insignificant at lower temperatures. Also, F D D W  does 
not explicitly limit the range of validity of an earlier model derived using the same 
methodology. 

The above equations are derived using Cs release data from particles with UOz kernels. 
The activation energy for thermal decomposition used in Eq. (2.4.4.2) is derived from the 
data of Benz (1982) for heating of unirradiated particles with oxide kernels but with the 
OPyC layer removed. 

Assumutions 

1. 
2. 

3. 
4. 

5. 

6. 

7. 

The measured cesium release is assumed to be identical to the Sic failure fraction. 
The above statement implies an assumption that cesium does not diffuse in significant 
amounts through intact Sic, even at AC temperatures. 
Sic corrosion by FP is insignificant relative to thermal decomposition above 1600'C. 
The activation energy for thermal decomposition of bare Sic (no OPyC layer) is 
representative of that for sealed Sic in intact particles. 
The activation energy for thermal decomposition of irradiated Sic should not change 
from that of unirradiated Sic. 
The kinetics of SIC decomposition are independent of the kernel type and of the 
oxygen potential within the particle. 
Oxygen-enhanced Sic decomposition at temperatures below 1600'C is not significant. 

'This 0.1 MeV cutoff energy for evaluating fast neutron fluence is standard for the 
German program, but a 0.18 MeV (29 fJ) cutoff is used as a standard by the U.S. program. 
For a given reactor, the fast fluence based on 0.10 MeV is a factor of approximately 1.15 
larger than that based on 0.18 MeV (Myers, 19%). 
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Uncertainty 

The uncertainty of the model is stated in terms of the standard deviation of the 
logarithm of the Sic failure, F (Goodin, 1989): 

(24.45) 0 (logF) = 0.64 . 

However, this uncertainty analysis assumes that the postulated functional dependencies and 
activation energies are correct, based on the results of a data fit. The methodology used to 
convert sphere release data to particle release data also introduces a significant level of 
uncertainty, and the actual irradiation temperatures are often highly variable compared to 
those assumed in calculations. As a result, the stated value for model uncertainty must be 
considered to be overly optimistic. 

MODEL CHRONOLOGY 

FDDM/F presents the same model equations but different model parameter values 
than those presented above. The values presented here are based on a more recent A c  
model revision (Goodin, 1989) with a much larger database than that used in the derivation 
of the model referenced by F D D W  (Goodin et al., 1985). 

It is interesting to note that the thermal decomposition mechanism for SIC failure was 
rarely mentioned until the early 1980s. For example, C. L. Smith (1977) attributed Sic 
decomposition at 2OOO'C to FP corrosion. Stansfield et al. (1983a) did not discuss a thermal 
decomposition mechanism in 1983 but did in 1985 (Stansfield et al., 1985). References to 
this decomposition mechanism within the U.S. program prior to Goodin (1983) are not 
common. 

DISCUSSION 

The modeling approach to Sic thermal decomposition is similar to that of Sic corrosion 
as presented in the 1985 US/FRG AC fuel performance model (Goodin et al., 1985) (see 
s2.4.3). The 1989 US/FRG model revision assumed that Sic corrosion is insignificant 
relative to thermal decomposition at AC temperatures and rederived the coefficients for the 
governing equations. The 1985 version of this model (Goodin et al., 1985) considered two 
mechanisms for Sic failure: (1) corrosion of Sic by FP and (2) high-temperature thermal 
decomposition of Sic. Above 2000.C thermal decomposition was known to be the 
dominant mechanism for Sic failure, but at the lower AC temperatures characteristic of the 
MHTGR (-1600'C) and in the range 1600 to 2000'C Sic corrosion was believed to be the 
primary limiting mechanism for fuel integrity. 

As pointed out in D. T. Goodin's 1987 reevaluation of the model (Goodin, 1987), the 
assumption of the corrosion model was based on earlier corrosion studies of U.S. TRISO 
particles which employed large thermal gradients (Montgomery, 1981a). Earlier U.S. designs 
for the 2240-MW(t) LHTGR included significant thermal gradients across the fuel, and the 
large thermal gradients chosen for the corrosion tests accelerated the F'P attack on SIC and 
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reduced the times required for corrosion experiments. According to Goodin (1987), during 
derivation of the 1985 version of the US/FRG model the magnitude of corrosion was 
decreased to better approximate the reduced maximum temperatures expected in the 
MHTGR, but the activation energy for corrosion obtained from the earlier thermal gradient 
tests was retained in the model. 

Subsequent to the 1985 version of the US/FRG model, newly-available AC simulation 
heating data on reference FRG fuels became available. In rederiving the model parameters 
to approximate these new data, the 1989 version of the US/FRG model determined an 
activation energy for thermal decomposition very close to that obtained experimentally by 
Benz (1982) and reported by Nabielek et al. (1989) (see Fig. 2.4.4.1). In addition, recent 
metallography of reference FRG fuels heated to 1600'C for extended times (Schenk et a]., 
1988) did not show significant corrosion similar to the earlier U.S. tests (C. L Smith, 1977), 
but rather showed development of porosity which is more characteristic of Sic 
decomposition (Goodin, 1987). 

As a result of these considerations, the US/FRG model (1989) concluded that Sic 
thermal decomposition is the dominant Sic degradation mechanism throughout the 
temperature range of 16OO'C and above and gave no further consideration to FP-induced 
corrosion of Sic  as an important mechanism in AC modeling of the performance of modem 
TRISO fuels. 

ADDITIONAL, CONSIDERATIONS FOR MODEL DEVELOPMENT 

The activation energy for Sic thermal decomposition was determined by Benz (1982) 
using particles without an OPyC layer. A Sic layer which is sealed by surrounding PyC 
layers is known to decompose more slowly than one which is exposed to the atmosphere. 
A question naturally arises as to how well the results obtained by Benz actually reflect the 
reality of an intact particle with unexposed Sic. 

Goodin (1989) places great emphasis on the agreement of his derived activation energy 
with that obtained experimentally by Benz (1982). However, the use of a single activation 
energy for a complex reaction is not necessarily valid. For example, G. W. Castellan 
(Physical Chemistry, 2d ed., Addison-Wesley, 1971, pp. 758-759) comments that a multi-step 
process may need to incorporate the activation energies of each step into a net activation 
energy, with pre-exponential factors similarly combined. In such a situation, the 
understanding of the mechanisms involved in a reaction then becomes important. An 
assumption that a single activation energy can be used to represent a reaction over all 
conditions is not necessarily justified. 

Any future experimental examination of the effects of heating and irradiation on the 
Sic microstructure would be very helpful in formulating a refined kinetic model of Sic 
decomposition which might consider the applicability of nucleation theory and of the 
extensive non-HTGR scientific literature on Sic. The potential effects of oxygen on Sic 
decomposition might be considered as briefly discussed in s11.3 and in more detail by 
Martin (1990). 

A comment by Myers (1986) that a Weibull distribution can also be used to model 
chemical reactions raises the possibility of coupling the kinetics of Sic decomposition with 

2-58 



W
 

m
 

B
 

s tr a b
u
 
0
 

2-59 



the Weibull formulation already used in this model. Such an approach holds promise for 
a more mechanistic and phenomenological approach to modelling Sic microstructural 
evolution than a failure model based only on Sic strength considerations. 

DATABASE USED IN MODEL DEVELOPMENT 

Table 2.4.4.1 presents the Sic thermal decomposition data of Benz (1982) as reported 
by Nabielek et al. (1989), and Fig. 2.4.4.2 represents the derivation of the experimental 
activation energy for SIC decomposition. Tables 24.4.2 through 2.4.4.4 represent the 
database used in the derivation of the model presented here. 

2 4 5  HEAVY-MEI'AL DISPERSION 

function 

present 
Status 

model 
uncertainty 

references 

This model attempts to quantify in a simplistic way the enhanced particle 
failure observed for particles with fissionable material dispersed between the 
kernel and Sic layer, often associated with defective IPyC layers. 

The existing model for failure of the Sic layer from excessive heavy-metal 
dispersion is very approximate, with failure related to nonquantitative 
radiographic observations of dispersion (i.e., excessive heavy-metal 
dispersion is either present or it is not present). Present fuel production 
methods have reduced dispersion to a level of minor concern for the 
performance of reference fuel particles. 

The magnitudes of heavy-metal dispersion involved have not been quantified. 
Although the uncertainties are large, the "dispersion of uranium and thorium 
is not of significance in particles fabricated in present production facilities" 
(Myers, 1988). 

Kovacs (1981); Stansfield et al. (1983a); Goodin (1984a) 

NORMAL OPERATING CONDITIONS AND ACCIDENT CONDITIONS 

Model eauations 

The probability of Sic failure due to excessive heavy-metal dispersion, Pm, is given by 
(Kovacs, 1981; Goodin, 1984a): 

PBW = 0-5 f, s (245.1) 
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Table 2.4.4.1. Determination of Sic skcture and Sic layer thinning due to thermal 
decomposition on unirradiated coated particles €tom a large number of 
coating batches (Ow layer removed) (from Nabielek et al., 1989) 

157-1 1-010 1650 0.26 C --- 0.24 f 0.05 --- --- 157- I 1-020 I650 0.25 C FTr  0.31 2 0.04 
252- I2T-04-4 I650 0.33 C F t r  0.22 e 0.06 --- 
252-12T-OJB I650 0.33 C FTr 0.24 2 0.05 0.74 & 0.18 
!52-12T-Comp. 1650 0.32 C FTr 0.21 2 0.05 --- 

Panicle 
Designation 

1.6 -e 0.2 
1.8 2 0.1 
1.7 f 0.1 
1.8 -+ 0.4 
1.6 z 0.2 

EO 249-51 
EO 403-5 
DO 474 k 
DO 475 k 
DO 576-8 
EO 740-1 
EO 819-20 
EC 1338-9 
ECO 1541 
EUO 1551 
EO 1607 
EO 1674 

SF.A?UASiCsO 
2277 
2278 
22i9 
2260 
2282 
2263 
2269 
2290 

Sic Coating 
Process Data 1 Sic Thinning Rate (prnlh) 

Deposition 

1550 
1505 
1400 
1400 
1300 
1300 
1500 
1560 

Secondary 

HOBEG Panicles 

C 
L 
C 
C 
L 
C 
C 
C 
C 
C 
C 
C 

0.13 5 0.04 
0.25 k 0.13 
0.10 i 0.02 
0.24 ~ t ,  0.06 
0.28 -t 0.04 
0.14 2 0.02 
0.13 f 0.02 
0.31 f 0.10 
0.12 f 0.05 
0.40 f 0.10 
0.15 f 0.03 
0.29 = 0.08 

KFA lnstitut fur Reaktor~verkstoffe Particles 

0.50 
0.54 
0.42 
0.45 
0.46 
0.38 
0.50 
0.54 

C 
C 
C 
C 
FG 
L 
C 
C 

0.62 0.12 
0.67 ~ t ,  0.12 
0.43 f 0.07 
0.77 f 0.07 

0.85 k 0.14 

0.72 f 0.02 
1.3 f 0.3 
1.7 f 0.1 
0.62 5 0.1 I 
1.2 f 0.2 

--- 
--- 

0.39 2 0.06 
0.30 0.05 
0.15 d 0.03 
0.23 d 0.03 
0.26 f 0.05 

0.22 f 0.04 
0.50 f 0.61 

--- 

1.7 2 0.3 
1.8 f 0.2 
1.5 d 0.2 
1.2 5 0.3 
0.85 2 0.03 
1.3 2 0.2 
1.8 2 0.1 
2.0 It 0.1 

2.0 f 0.8 
1.6 f 0.5 
1.4 i 0.6 
3.0 2 0.6 

3.3 i 0.7 

3.7 f 0.7 
2.2 * 1.0 
4.6 & 0.3 
1.7 It 0.5 
2.7 f 0.5 

--- 
--- 

4.2 f 0.3 
4.1 2 0.2 
3.6 0.8 
4.0 2 0.4 
3.3 2 0.5 
3.5 = 0.4 
3.3 2 0.4 
2.4 f 0.6 

'In this column C = columnar microstructure. L = laminar microstruc~ure, and FG = fine grains too small to identify any 
grain habit optically. 

bRcflections from a disordered component located near the stronges! reflections of &Sic are described as TTr for a faint 
trace diffuse film darkening, Tr for a greater trace of d:ffure darkening, W for a still greater diffuse darkening, and Mod 
for the iden~ification of additional reflectronr asrocratcd u ith a-Sic. 

2-61 



1 O-€ 

1 o-s 

1 o - ’ O  

lo-” 

1 0-l2 
1 I I I 

2200 2100 2000 1900 
Temperature (OC) 

. -  

Fig. 2.4.4.2. The Sic removal rate from TRISO-coated particles follows an Arrhenius 
temperature dependence. Experiments at KFA Jiilich were performed with 
unirradiated particles after the OPyC layer had been burned off (from Nabielek 
et al., 1989). 
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Table 2.4.4.2. Comparison of observed and calculated k values for spheres irradiated in the 
AVR (from Goodin, 1989) 

~ 

Fission Irradiation 
AVR Density Fluence Temperature k-Value k-Value 

Sphere No. ( x  €26) ( x  n/m2) (K) Observed Calculated 
~~ 

70133 

71/7 

731 12 

74/10 

74/11 

761 18 

80 122 

821 20 

8219 

1.1 

1.2 

2.1 

3.8 

4.3 

4.9 

6.3 

5.9 

6.1 

0.2 

0.2 

0.4 

0.8 

0.9 

1.9 

2.4 

2.2 

2.3 

1.29€+11 

3.40€+10 

1.30E+ll 

6.45€+11 

3.98€+10 

1.48E+ll 

2.57€+11 

3.3 1E+11 

2.62€+11 
_ _  -~ ~ ~ 

( a)Irradiation temperature are calculated from the AVR sphere 
heating results and the fitted model, these calculated temperatures 
were unreasonably high and indicate either in-reactor failure or tem- 
perature exposures outside of the usable range of the fitted model. 

(b)The observed k-values are used to determine the irradiation 
temperature and thus the calculated values fit the observed values 
exactly, the minimum k-value allowed by the model i s  1.38€+11. 
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Table 2.4.4.3. Comparison of observed and calculated k values for spheres and compacts 
irradiated in capsules (from Goodin, 1989) 

F i s s i o n  Irrad ia t ion  
Sphere or Density Fluence Temperature k-Value k - Va l u e  

Compact No. ( x  E26) ( x  n/m2) (K) Observed ( a )  Calculated 

HFRP4 1/12 7.3 5.5 1173 1.76E+ll 1.74€+11 

H F W 4  1/8 9.1 7.2 1173 2.82€+11 2.80E+11 

HFRP4 2/8 9.5 7.2 1173 2.73E+11 3.06E+ll 

HFRP4 317 9.2 7.5 1323 4.47E+11 4.72€+11 

HFRP4 3/12 7.9 5.5 1323- 3.73€+11 3.39E+11 

HFRK3 / 3 6.7 6.0 1273 2.33E+ll 2.05E+11 

FRJ2K13 / 4 5.0 0.1 1373 1.08E+ll 1.29E+ll 

R2K13 / 1 6.8 8.3 1373 2.40E+11 2.946+11 

FRJ2K13 / 2 5.3 0.1 1473 2.17E+ll 1.95E+11 

( a ) k  P 5.029E-04 em65540/TK fsic2.09 flue0.041 Ti(K)4.14. 
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Table 2.4.4.4. Irradiation and particle parameters for spheres irradiated in capsules and used in model revision 
(from Goodin, 1989) 

1uf I r r  I ? I C  S I C  oryc . Irradlatlon Condltloni ---- -- Karnrl  
?act lcJ .  - 

1rraJI . t  Ion ? a r t l c l a  B a t c h  D lamatar  D r n i l t r  Tl i lch O a n r l t r  Tl i lch O - i i a I t ~  T l i l c l  Uaiimltr l l i l c h  Uoaa l t r  1~111iip I a w t  I l u r n c a  Temprratura 
C.pa1 1-.1,t l r p r  I). . t p )  ~MI/J) t p )  tnti-)i tp-) IHKI-~) tc-) (HE/-’) tc-) t H t / m l )  ( t  rim) (a/-*, E 0.1 H ~ V )  (*c) 

f 1 J t - R t 1 / 4  W2 11110 CW-1101 49) 10.11 94 1.0 4 1  -. >b 1.10 4 0  1.111 1 . b  0.1 I 1015 IO00 t o  2000 

l l f l - K 1 / 1  Wz TI110 tW-1101 491 10.11 94 1.0 4 1  - -  
I l fR.K1/1 W2 TIIJO CUO-I101 49)  10.11 94 1.0 4 1  -- 
st.- r I , b  w)* 11lJO tuo-I)oa 4 0  10.11 94 1.0 4 1  _ -  1b 1.10 40 1.11 10.1 

~L-?I,lO w)) 11110 tw-2101 49)  10.11 94 1.0 4 1  _ _  
i i rn-r4, i .a  uo, TRISO tvd-2101 4 9 )  10.11 94  1.0 4 1  - -  1b 1.10 4 0  1.111 11.8 1 . 2  I 101s 900 

1000 t o  I200 0 . 1  n 101s r R J Z - K I l / t  WI T81SO LW-)101 491 10.11 94 1.0 4 1  _ -  lb 1.20 40 1.11 1.0 

I6 1.10 40 1.11 1.1 1.9 I 101s 1000 t o  1100 

J6 1.10 40 1.11 10.2 4.0 I 101s 100 t o  IO00 

b.l I I O z s  190 

1b 1.10 4 0  1.81 IO. J b.0 a IOzs 190 

T o t a l  CI-I11 
Intatratlon 
Ouar Spbmra 

Volume 

- -  
1 . 4  I 10-1 

6 . 1  I 1 0 - 4  

4 . 1  I 10-1 
-- 
-- 
- -  Jb 1.10  40 1.11 1 1 . 1  S . 5  n IOzs 900 I I ~ R - ~ ~ , I . I ~  uo2 TRISO tuo-tiot 4 9 )  10.11 94 1.0 4 1  -- 

iitn-r4,i.1 uo2 t i l i o  LW-IIOI 491 10.11 94 1.0 4 1  -- 11 1.10 40 1.11 11.9 1.1 x 102s 1030 -- 
l I f R - ? 4 , 1 . 1 1  uo2 TIIS0 tw-2101 491 10.11 94 1.0 4 1  -- 36 1.20 4 0  1.11 12.0 S . 5  I 102s I050 -- 
I I V R - ~ ~ , Z . B  uo2 tils0 C U O - Z I O ~  0 1  10.11 9 1  1.00 11 -_  
R 2 - K l 1 / l  vO2 T R I S O  CW-lb)l 49b 10.10 19 1.Ob 1) 1.90 3 1  1.19 19 1.90 I O .  1 8 . 1  s 1015 1200 1.1 a 10-1 

-- SI 1.20 I1 1.1) 1J.B 1 . 2  n 1025 900 



(2452) 

fb = fractionalburnup, 
F = burnup(%-), 
F,, = maximumburnup. 

For fissile particles, F,, = 26% FIMA. For fertile particles, F,, = 7% FIMA. 

The probability of Sic failure as given by this model is shown in Figure 2.4.5.1, taken from 
Stansfield et al. (1983a). This model is reproduced in FDDM/F. 

Range of validity 

The model as stated is applicable for fissile fuel burnups 126% FIMA and fertile fuel 
burnups 17% FIMA and is therefore applicable only for low-enriched fissile fuels. The 
model is applicable to those particles with "significant" heavy-metal dispersion, although this 
criterion has not been quantified. The experimental range of the data relevant to this model 
is unknown. 

AssumDtions 

1. 

2. 

3. 

4. 

One is able to specify what constitutes "excessive" HM dispersion (i.e., the threshold for 
"excessive"). 
Failure due to Hh4 dispersion has no significant dependence on temperature or other 
irradiation conditions. 
Failure due to HM dispersion has no significant quantitative dependence on the 
concentration of chlorine inside the Sic layer. 
The model was apparently derived for non-UCO fuels; therefore, one must assume the 
effects of HM dispersion do not significantly vary with type of fuel or kernel behavior 
under manufacture or irradiation. 

Uncertainty 

The uncertainty inherent in this model has not been quantified. Quantification of 
"significant" HM dispersion has not been stated, which introduces significant uncertainty into 
the model. The general uncertainty statement of FDDM/F is applicable here: the 
uncertainty for the fraction of particles, F, "with intact OPyC layers, failed Sic layers and 
implicitly, failed PyC and buffer layers" is given by the standard deviation of In F,: 

o ( h F , )  = 1.4 . (2453) 

2-66 



1
 1 09
 5’
 

g 2
 c 

FR
AC

TI
ON

 D
EF

EC
TI

VE
 C

OM
PO

NE
NT

 F
AI

LE
D 

z
i

=
E

$
E

g
z

E
c

 d
 

I 
I 

I 
I 

I 
I 

I 
I 

I 

I
 

e
 

-c
 
3
 

D
 

f- 0
 F 3
 ’\ 

I 



MODEL CHRONOLOGY 

Kovacs (1981) presented Eq. (2.4.5.1) in its present form as valid for LEU fissile fuels 
up to 26% bumup. Stansfield et ai. (1983a) presented missing/defective IPyC layers and 
excessive HM dispersion as two separate categories, but considered both to lead to identical 
failure probabilities (i.e., both fail linearly with increasing bumup to a maximum of 50% 
failure for maximum bumup). Goodin (1984a) extended the model of Eq. (2.4.5.1) to fertile 
fuels by using a value of 7% FIMA for F,, in Eq. (2.4.5.2). F D D W  restates the model 
without change. The origin of the model prior to Kovacs (1981) is unknown to th is  writer. 

DISCUSSION 

Excessive HM dispersion desmies the transport of fissionable HM atoms (uranium and 
thorium) into the buffer and Ipyc layers during particle fabrication. Heavy-metal dispersion 
is sometimes correlated with missing IPyC layers during the manufacturing process. The 
IPyC layers prevent the intrusion of chlorine into the kernel and buffer regions during the 
chemical vapor deposition (CVD) of the Sic layer. The presence of chlorine at the kernel 
is believed to enhance the chemical reactivity of the kernel material and increase the 
dispersion of the kernel material outward toward the Sic layer. Heavy-metal dispersion has 
two deleterious effects on Sic layer integrity: (1) any generated FP are transported rapidly 
to the inner Sic surface, thus increasing the active FP concentration at the Sic (Le., 
enhancing FP corrosion of the Sic), and (2) FP recoil atoms from the fissioning of HM 
atoms near the Sic can be very damaging to the Sic microstructure. With Sic integrity 
compromised, further fissioning of the dispersed HM acts to enhance %r release relative 
to that of a simple exposed kernel. 

Heavy-metal dispersion falls under the category of "missing or defective" coatings, and 
should be distinguished from HM contamination which is considered to occur by damage to 
the coatings during coating and fuel compact manufacturing which exposes the kernels and 
disperses HM contaminant mer the surfaces of particles and the fuel compact matrix. 
Heavy-metal dispersion and HM contamination can be distinguished as HM impurities inside 
vs HM impurities outside the SIC layer of the fuel particles, respectively, or as undamaged 
vs damaged Sic layers prior to irradiation. Heavy-metal dispersion does not initially degrade 
fuel performance, but it results in premature failure of the Sic layer during the operating 
lifetime of the fuel. 

Because the projected effect of HM dispersion is so severe for particle failure under 
NOC (Le., 50% failure at end-of-life), any additional AC effects would be insignificant by 
comparison. No discussion of HM dispersion in relation to AC modeling has been located. 

General Atomics (1989) does not mention Hh4 dispersion as a failure mechanism for 
the NP-MHTGR program, but Serafin in Bramblett (1990) does mention this mechanism 
in relation to the NE-MHTGR program. 

This writer does not know where this model actually came from or from what 
irradiation data or capsule tests it was developed. None of the references mentioned above 
provide any further reference on the origin of this model, thus any range of validity or 
estimate of uncertainty is impossible to determine beyond that presented above, and detailed 
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analysis of the model is impossible. Because of the simple linear relationship on burnup and 
the maximum failure probability of 50% postulated for both fssile and fertile fuels and the 
failure to provide any quantification of HM dispersion, it appears likely that a very 
approximate model was developed to account for greatly enhanced failure in particles 
lacking an intact Ipyc layer or those whose radiographs &%it poor retention of HM atoms 
within the kernel before the start of irradiation. 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

Lacking information on the database used in the derivation of this model, some 
questions arise. Was the relevant data obtained under conditions of significant thermal 
gradients representative of LHTGR simulations and if so, would these conditions enhance 
the Sic failure relative to the smaller thermal gradients representative of MHTGR 
conditions? Was any data obtained from fertile fuel particles, or was the model assumed 
to apply to both fissile and fertile particles in iieu of available data? 

In general, the database used in the derivation of this HM dispersion model needs to 
be located and evaluated to better assess the validity of this model and the conditions under 
which the data were obtained. However, significant effort on evaluation of this model 
cannot be justified unless there is some evidence that HM dispersion will be a concern for 
MHTGR fuels. 

DATABASE USED IN MODEL-DEVELOPMENT 

The database used in the development of this model is unknown. 

35 IRRADIATION-INDUCED STRUCI'URAL FAILURE OF THE OPyC LAYER 

function This model attempts to quantify in a simplistic way the observed irradiation- 
induced failure of the OPyC layers as a function of fast neutron fluence. 

present 
Stat l lS 

Althoua the model states an upper limit for the PyC failure fraction, the 
interpolation used to approach that limit appears to be open to question. 
The accuracy of the model with respect to modem fuels is not known from 
the available evidence. 

model 
uncertainty 

The current model assumes failure occurs with increasing fast fluence only 
until exposure to a specified value of fast fluence, with no subsequent failure 
beyond that value. It seems reasonable that "those OPyC layers which do 
not fail are surely also affected by the irradiation and presumably become 
more porous ... Clearly a large uncertainty exists here ...I' (Myers, 1988). 
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references Kovacs et al. (1985); Goodin (1984a); Kovacs et al. (1980); Harmon et a]. 
(1975) 

NORMAL OPERATING CONDITIONS AND ACCIDENT CONDITIONS 

Model eauations 

For standard TRISO particle designs, the maximum OPyC failure fraction is assumed 
to be 0.03 (Kovacs et al., 1985; Myers, 1988). The failure is assumed to occur early in the 
irradiation cycle, with failure complete when the fast fluence reaches 2.0 x 1025 n m". 
Available references indicate some debate over the nature of the failure function up to this 
maximum, but FDDM/F recommends a model which assumes a linear increase in the failure 
fraction: 'The probability of failure of the OPyC layer in particles with or without Sic layers 
by irradiation-induced effects, Pop, is given by": 

Pop = 0.015 y, , y 2.0~1025 n m-' (E  > 29 fJ) H7GR ' (25-1) 

Pop = 0.03 , y > 2.Oxlp n m-' (E > 29 fJ) H7GR ' (S2) 

y 
y. = normalized fast neutron fluence ( y / l p ,  dimensionless). 

= fast neutron fluence [n m-', (E > 29 U)mJ, 

Ranee of validity 

The model is assumed to apply over the entire range of reactor operating conditions. 
The experimental range of some of the associated data is mentioned in "Discussion" below. 

AssumDtions 

1. 

2. 

3. 

4. 

The maximum failure fraction for the 0q.C layer under all irradiation conditions is 
0.03. 
The failure fraction increases linearly from 0% failure at the beginning of irradiation 
to 3% failure at a fast neutron fluence of 2.0 x lp n mS2 (E > 29 fJ)mR. 
The accumulation of fast neutron fluence above 2.0 x 1 p  n me' (E > 29 ff)mR has 
no effect on OPyC failure. 
The irradiation temperature has no significant effect on the rate or magnitude of OPyC 
failure. 

Uncertainty 

FDDM/F makes no statement of uncertainty applicable to this model. Myers (1988) 
suggests a large uncertainty exists for this model. 
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MODEL CHRONOLOGY 

This model has been stated in several forms with different values of maximum failure 
and different postulated dependencies of failure on fast neutron fluence, but the maximum 
failure is never postulated to exceed a few percent. 

DISCUSSION 

Irradiation-induced failure of the OPyC layer has been observed during normal 
irradiation and is believed to be due to the effects of the fast fluence. Because of the high- 
temperature stability of the PyC layers, no additional contribution to OPyC failure from this 
mechanism is postulated under AC, thus no separate AC model is presented. 

Hamon et al. (1975) and Kovacs et al. (1985) provide some detailed discussion of the 
effects of microporosity, particle size, and increasing anisotropy during irradiation which 
induces greater strain within the OPyC structure. These references can be reviewed for the 
theory relevant to this model. 

The maximum failure fraction is typically stated to be 3%, although others (Goodin, 
1984a; Stansfield et al., 1983b) have stated the maximum failure fraction to be on the order 
of 1%. Different formulations of the failure function have been advocated. Goodin (1984a) 
gives an analytical expression exponentially dependent on temperature and linearly 
dependent on burnup and also makes reference to a previous analysis which assumed OPyC 
failure to be independent of temperature. Goodin (1984a) states: Yhe present data base is 
insufficient to determine the functional relationship [of failure to burnup]. Since most of the 
data has been acquired at high burnups, the linear assumption is more conservative than an 
exponential assumption in the intermediate burnup range." 

Kovacs et al. (1980) comment on some of the relevant data: "[Capsule] GF-2 results 
imply that OPyC failures occur early in life at fluences <2.8xlP m-2 (E > 29 fJ)mR. This 
observation is consistent with a much larger base of empirical data ... The impact of 
temperature on OPyC failures has been documented for other capsules ... and the general 
trend appears to be a marked increase in OPyC failure between 1000 and 1350 C for a given 
fast fluence exposure ... One batch exhibited a correlation between OPyC failure and 
fluence. This correlation, which is summarized in Fig. 2.5.1, shows OPyC failure increasing 
linearly with fluence ... OPyC failures occur early in life ... This is attributed to peak 
irradiation-induced stresses that develop in the pyrocarbon layer due to rapid densification 
and strain anisotropy." Kovacs et al. (1980) describe the OPyC failure in each of the 
capsules GF-1, GF-2, and GF-3, with OPyC failure as high as 40% in one of the capsules. 

Kovacs (1981) comments: "The fraction of fuel with irradiation induced failed OPyC 
layers is independent of fluence above 2.0x10r m-* (E > 20 fJ)mR [sic] and increases 
linearly from zero to the maximum X, value of 0.01 ... with fluences between 0 and 
2.Ox1P m-2.1' 

For capsule HRB-14, Young (1980) commented that the fissile particles exhibited good 
OPyC performance (0 to 4.6% failure) but that the fertile particles exhibited 1.5 to 29.1% 
failure, and that "failure was generally higher for the samples exposed to the higher 
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Fig. 2.5.1. Correlation between OPyC failure (determined visually) and fluence for TRISO- 
coated loose particle batch 6155-00-010 (from Kovacs et al., 1980). 
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temperatures and fluences." Inert particles used in the capsule experiments exhibited very 
high failures, from 28 to 100%. 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

This writer has not evaluated the data in sufficient detail to suggest possible refinement 
of the model. As the OPyC failure fractions sometimes vary significantly between different 
experiments, the maximum failure fraction postulated by this model should be confirmed 
using MHTGR-specific data. Temperature-dependent data could also be considered for the 
effects of irradiation temperature on OPyC failure, as mentioned above. 

DATABASE USED IN MODEL DEVELOPMENT 

Some of the relevant database was discussed above, such as that presented in Fig. 2.5.1. 
The references mentioned above should be reviewed for more detailed information on the 
relevant database. 

2 6  UPDAE 

Several references have been suggested whose contents would be relevant to this 
chapter, in particular with regard to the Japanese approach to and models of fuel 
performance. These references have not been reviewed by this writer and are mentioned 
for informational purposes and as relevant to future document revision. 

Benz, R., R. FOrthmann, H. Grilbmeier, and k Naoumidis, Tission-Product Behavior in 
irradiated HTR Fissile Particles at High Temperature," IAEA-SM-236/19, IAEA 
Symposium on Thermodynamics of Nuclear Materials, Jiilich, FXG, Jan. 29 - Feb. 2, 
1979, pp. 565-585. 

Goodin, D. T., "Accident Condition Performance of Fuels for High-Temperature Gas-Cooled 
Reactors," J .  Am Cemm Soc., 65 (1982) 238242 

Kovacs, W. J., "Gaseous Fission Product Release Predictions in TRISO HTGR Fuel 
Particles," J .  Am Caom Stx., 65 (1982) 154-157. 

Fukuda, IC., and IC. Iwamoto, "Diffusion and Evaporation of Fission Products in Coated Fuel 
Particles," J.  NUCL Sci Technof, 12 (1975) 181-189. 

Kikuchi, T., T., Tobita, and I. Kauuichi, "Uranium Contamination in Coating and in Matrix 
Material of Unirradiated Coated Particle Fuel," J. NucL Sci. TechnoL, 21 (1984) 233- 
242 
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Fukuda, K, K Minato, and K Ikawa, "Coating Failure of VHTR Reference Fuel by 
Irradiation," J. NucL Sci TechnoL, 20 (1983) 584-592. 

Ogawa, T., and K. Fukuda, Terformance of the Model Fuel Pin of the Very High- 
Temperature Gas-Cooled Reactor at Temperature Above 2000'C," Nucl. Eng. Design, 
92 (1986) 15-26. 

Minato, K, and K. Fukuda, "Structure of chemically vapour deposited silicon carbide for 
coated fuel particles," J. Mater. ScL, 23 (1988) 699-706. 

Minato, K, and K Fukuda, "Chemical Vapor Deposition of Silicon Carbide for Coated Fuel 
Particles,'' J.  N u l  Mater., 149 (1987) 233-246. 

A summary of models used by Japan and other members of the international HTGR 
community can be obtained from Verfondern et al. (1993). 

The fractional OPyC failure observed in NPR and HRB-21 irradiation capsules was 
unexpectedly large (typically >SO%) and bore no resemblance to the reference model of 3%. 
The explanation suggested is that cracks from the PPyC and seal coat layers propagated into 
the OPyC layer, although this is contrary to the assumptions initially used to justiQ the 
deposition of a seal coat between the OPyC and PPyC layers. 

The stoichiometry of NPR UCO kernels has been observed to vary from all UOz to all 
UC, Kernels with UO, ratios above the nominal value Will generate CO gas at some point 
during capsule irradiation, in contradiction to the assumptions of the PV model for fuel with 
nominal UCO stoichiometry. 

"Gold spots" have been observed at the percent level in Sic layers which are attriiuted 
to free silicon "soot" deposited during coating. The reference Sic decomposition model 
should not be valid for these particles because of enhanced vaporization of silicon at high 
temperatures. 

Although refined PV code were developed at EG&G Idaho as part of the NP- 
MHTGR program (Bennett, 1991), the four recent irradiation capsule results, with fuel 
failure fractions orders of magnitude larger than predicted, brings serious doubt on the 
reliable use of the reference fuel performance models. The final data and analysis of the 
PIE results for NPR and HRB-21 capsules will be relevant for further analysis. 

Another effort at refined PV failure approximations was undertaken at EG&G Idaho 
as pan of the codc/model validation effort. This effort by C. Lee and W. D. Wagner 
included some analysis related to the assumption of a rigid Sic layer. Whether this analysis 
was completed or documented is unknown to this writer. 

The derivation of models for Sic corrosion and thermal decomposition from, primarily, 
German fuel data raises questions as to the appropriateness of the use of these models for 
U.S. fuel, considering the significant differences observed in Cs retention at 1600' for the 
two fuels (Martin, 1493a). 
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3. FUEL CDMPAC" DESIGN AND PERFORMANCE MODELS 

3.1 INTRODUCTION 

No accident-condition-specific models have been developed to describe the 
performance of the fuel compacts, thus one model descn%es compact performance under 
both NOC and AC.' Most compact performance models were originally developed by the 
mid-1970s on the basis of UC;-fueled particles. Many of the recent model equation revisions 
presented here are discussed in internal GA memoranda which have not been reviewed; 
therefore, comment on some of these model derivations is limited. Most of these revisions 
appear to be based on numerical approximations of the data using polynomial series; 
therefore, the writer assumes that many of these recent model revisions are based on the 
original 1970s-era data and that comments on the original model derivations are generally 
applicable to the recent model revisions. 

The volumetric and dimensional changes of the fuel compact are a concern in relation 
to their interaction with the surrounding graphite block, both mechanically and thermally. 
If the graphite block shrinks more than the fuel compacts, compression of the compacts 
could result in the possibility of crumbling of the compacts and loss of structural integrity. 
The relative shrinkage of the compacts and the graphite block can also vary the size of the 
gap between them, thus affecting the thermal transport properties across the fuel hole gap. 
Previous discussion (Scott et al., 1977) of relative shrinkage of compact vs. core graphite 
suggests that compact dimensional changes should not be a mechanical concern, with 
compact shrinkage greater than the core graphite shrinkage, although the change in the 
initial gap dimensions may be a thermal concern. 

As an historical note, the HTGR literature used the terminology of fuel rod in 
reference to what is now called the fuel compact. For example, the 1985 report on 
irradiation capsule R2-Kl3 (Myers et al., 1985c) discussed the irradiation performance of 
fuel rods. The terminology of fuel compact was introduced within the last decade to 
differentiate the MHTGR fuel element design from that of the light-water reactors. 

'No information on the effect of moisture ingress on fuel compact mechanical and 
thermal properties has been located except the limited information presented in sll on 
hydrolysis and oxidation of the bulk material. 
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3 2  FUEL COMPACT VOLUMETRIC AND DIMENSIONAL CHANGES 

3 2 1  FUEL COMPA VOL-C CHANGE 

function This model calculates the compact’s volumetric change as a function of 
temperature, fast neutron fluence, and graphite shim content. The result is 
used to determine the compact’s dimensional changes (~3.2.2). 

present 
Status 

A recent model revision appears to apply linear interpolation and 
extrapolation to 1970s-era data at two temperatures and two shim contents, 
obtaining analytical equations covering temperature and shim content ranges 
not included in the original data sets. 

model 
uncertainty 

Quantification of the uncertainty is not presented in the open-literature 
discussions of this model, and apparently has not been determined at this 
time. An unknown degree of uncertainty arises from the smaller diameters 
of the NP-MHTGR fuel particles relative to those in the compacts from 
which the data was obtained, and from the limited experimental 
temperature range (950 to 12SO’C) relative to NP-MHTGR conditions. 

references FDDM/F, Kovacs (1981); General Atomic (1977a) 

Model equations 

The volumetric change of the fuel compact during irradiation, is defined as the 
relative change in volume: 

P(%) = 7 AV . (321.1) 

AV = change in compact volume (arbitrary units), 
V = original compact volume (units consistent with A?. 

The model equation for percent volumetric change as a function of fast neutron fluence, 
graphite shim content, and temperature is given in FDDM/F as: 

S” 
T 
Y 

= volume fraction of graphite shim in the compact, 
= temperature (K), 
= fast neutron fluence [lor n m.’, (E > 29 fJ)mR], 

(3212) 
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ai, Bi, 6, = constants, for i = 1, 2, 3, 4. 

1 i = 4  Coefficient i = l  i = 2  i = 3  
I 

ai -0.3930 - 1.769 0.3334 -0.01500 

4 1.35 1 11.09 -2.263 0.1221 

6i -5.556 x lo' -8.678 x lo3 1.678 x lo3 -8.889 x lo" 

The values €or the coefficients are given in Table 3.2.1.1, taken from FDDM/F. The source 
reference given in FDDM/F for this model is an internal GA memorandum which has not 
been reviewed by this writer. 

RanPe of validity 

FDDM/F does not mention any limitation on the use of this model, but only states that 
the model equation "represents a linear interpolation and extrapolation based on volumetric 
changes corresponding to the three sets of S, and T values" (i.e., 30% shim at 950 and 
125O'C, and 0% shim at 950'C). An earlier model presented by Kovacs (1981) is based 
on data representing the same experimental parameters, therefore likely the same data as 
that used in the model revision. Kovacs also states that the 1981 model equations can be 
used to extrapolate over the full range of core conditions, based on the assumptions given 
below. Of particular relevance to the NP-MHTGR design is Kovacs' statement that the "fuel 
[compact] dimensional change in an HTGR core containing TRISO coated fissile and fertile 
fuel nominally 800 pm in diameter with a 40 pm thick OPyC layer is presented.'' According 
to General Atomics (1989), the NPR driver particle will have a nominal diameter of 635 pm 
(725 pm if the low-density outer protective layer is included). As stated, the model equation 
given above is therefore not directly applicable to NP-MHTGR compacts without further 
analysis. FDDM/F, in discussing dimensional changes in fuel particles, refers to a 635 pm 
particle, but such particles would induce volumetric changes in a compact different from that 
by particles with low-density PPyC coatings. 

AssumDtions 

Assumptions 1 through 3 are explicitly stated by Kovacs (1981) and are probably 
applicable to the recent model revision which also "represents a linear interpolation and 
extrapolation based on volumetric changes corresponding to the three sets of S, and T 
values," which are identical to the values presented by Kovacs. 

Table 3.2.1.1. Coefficients for use in the model equation for the volumetric change in fuel 
compacts under irradiation, Eq. (3.21.2) (from FDDM/F) 
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1. 

2. 

3. 

The volumetrjc change for fuel compacts without graphite shim particles has no 
dependence on temperature. 
The temperature dependence of volumetric swelling for compacts with 30 v/o shim is 
obtained by interpolation between the cumes for ~ 9 5 0  and 1250.C. 
The dependence of volumetric swelling on .shim content between 0 and 30 v/o 
(volume %) is obtained by interpolation between the respective curves for 1950.C. 

Application of the model equation to NP-MHTGR fuel compacts introduces another 
important assumption: use of different-sized particles in NP-MHTGR compacts (and NP- 
MHTGR-specific particle loadings) will not quantitatively affect the dimensional change of 
the compacts. 

Uncertainty 

Apparently no determination of the uncertainty has been made for the fuel compact 
dimensional change model, as none is mentioned in FDDM/F. 

MODEL CHRONOLOGY 

As stated, the recent model revision explicitly extends the ranges of temperature and 
graphite shim content beyond those of the experimental data. The earlier model presented 
by Kovacs (1981) only provides analytical equations for the three data sets, without 
interpolation and extrapolation. This earlier model is presented below. 

DISCUSSION 

The existing model for the volumetric change of the fuel compacts during irradiation 
is an extension of the previous model (Kovacs, 1981) of three polynomial equations given 
for different fuel to shim volumetric ratios and different temperatures. The volumetric 
change for compacts with 28 v/o fuel and 30 v/o shim, at temperatures s950*C, was given 
as (Kovacs, 1981): 

= -0.008 - 1 . 6 2 6 ~  + 0 . 2 7 ~ ~  - 0.011 y3 , (3213) 

for compacts with 28 v/o fuel and 30 v/o shim at 1250.C: 

(311.4) V = - 0.013 - 2.407 + 0.421 y2 - 0.019 y3 , 
and for compacts with 58 v/o fuel and no shim, at temperatures s95O.C: 

V = - 0.02 - 2.09 y + 0.41 y2 - 0.022 y3 , (3215) 

k 
y 

= relative volumetric change of the fuel compact during irradiation, 
= fast neutron fluence [loz.' n m.', E > 29 €Qrnd. 
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The parametric cuwes for this older model, as given by Eqs. (3.2.1.3), (3.2.1.4), and (3.2.1.5), 
are shown in Figure 3.2.1.1, taken from Kovacs (1981). Note the representation of the fast 
neutron fluence by the symbol 4 in this older figure. 

More recent data on dimensional changes of fuel compacts were obtained from Capsule 
R2-Kl3 (Myers et al., 198%). These data were compared to predictions based on the model 
presented in Kovacs (1981), Eqs. (3.2.1.3) through (3.2.1.5), and the results presented in 
Fig. 3.2.1.2. Better agreement was obtained for the radial dimensional change for cell 3 than 
for cell 2. The poorer agreement for the axial dimensional change was attributed to the 
failure to measure the compact lengths after curing and before irradiation, thus requiring 
estimation of their initial lengths. 

The concern was mentioned in "Range of validity" that the diameters of NP-MHTGR 
particles are expected to vary from those on which the model equations were based. 
General Atomic (1977a) discusses the dimensional changes of fuel particles during 
irradiation, and comments that the "diameter change of TRISO coated fissile fuel as a 
function of fast neutron exposure is dependent exclusively on the dimensional change of the 
OPyC layer; ;.e., the Sic layer is assumed to be dimensionally stable during irradiation ... 
Density changes in the OPyC layer are assumed to be independent of temperature ... .I' 

Another area of uncertainty is the relatively limited temperature range over which the 
experimental data was obtained (approximately 950 to 1250.C) compared to that over which 
the NP-MHTGR compacts will be exposed. 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

From the preceding statement, one might compare the total volume fraction occupied 
by the OPyC layers within the NP-MHTGR fuel compact (and the respective volumetric 
change during irradiation) to that upon which the model equation is based, to determine 
whether any revision of the above model equation may be justified to reflect the size of NP- 
MHTGR particles. If the only change in particle size is that due to the OPyC layer 
dimensional/volumetric change, one might normalize the above model equation with respect 
to relative OPyC volumetric change within NP-MHTGR compacts vs that in the non-NP 
compacts. Equations are available for prediction of OPyC dimensional changes during 
irradiation (General Atomic, 1977a; FDDMF) to expedite these calculations. The fuel 
particle fraction in NP-MHTGR compacts vs that in the standard commercial compact 
design needs to be considered. The effect of the low-density PPyC layer on the overall fuel 
compact volumetric change must be considered. 

Compact manufacturing techniques have probably not changed so much since the 
model equations were developed as to cast doubt on the accuracy of the results, although 
this should be verified. 

DATABASE USED IN MODEL DEVELOPMENT 

The compact dimensional change data from several capsule tests was tabulated by 
General Atomic (1977a) along with predictions of dimensional change using a computer 
code called SHRINK. This tabulation is reproduced in Table 3.2.1.2. Data for the 
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Table 3.2.1.2. Comparison between measured and predicted HTGR fuel compact 
dimensional change (from General Atomic, 1977a) 
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Table 3.2.1.2 (continued) 

I r r a d i a t i o n  Conditions 
Dimensional Chanse F U C  

F once, n u a u r e d  Colculaced P A C C i C h  
Sample Packing (lotY nlm' )  Tmp. DIDo(') D/Do(b) Pc rcendc )  

Capaule Poairlon Ftactton (E > 29 fJ)HTCR ( ' c )  i z )  (2 )  Dlffercnce  

P13S I A  7 . 0  965 -1.18 -2.58 - 5 4 . 3  
18 7 . 7  925 -1.26 -2 .50 -49.6 
1c 8.5 950 -1.04 -2.11 -55.0 
1D 9.1 965 -0.20 -2.00 -90.0 
1 E  9.6 980 -0.25 - I  .89 -86.8 
2A 11.5 970 -0.27(d) ( e )  
26 
2c 

12.0 920 +0.28(d) (e) 2D 
2E 12.1 910 4. I (e )  
SA 3.2 1330 -1.66 -2.73 -39.9 
56 8. 7 1290 - 1 . 1 7  -2.66 -59.1 

7.9 1280 -1.36 -1 .98 - 5 4 .  4 
129s -1.63 -2.95 44.7 

5.3  1050 -2.03 -2 .n4  -28.5 b A  
..A 1010 - 1 . 5 2  - 1 . 3 3  -34.8 

6C -.. 1020 -2.30 -2.72 -14.0 
68 

6D 3.9 90s -2.05 -2.63 -22.1 
6E 3.5 965 -1.55 -2.u -36.5 

2A 0.565 8 .9  12SO -1.A9 -1.19 -65.3 

11 .7  905 +o.&a(d) (e )  - 
11.9 915 +0.09(d) ( e )  -- - - 

' 3c 8.4 1'85 -1.58 - 2 . 7 7  43.0 

. -  
r . J  ! ;; 
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2c 0.S76 3.8 12SO -2 .L8  ' -3.73 -33.5 
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CC 0.604 2.6 12SO -2.61 -3.69 -29.3 

HRB6 3 0.550 
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24.1 50.1s 
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dimensional changes in the fuel compacts irradiated in capsule R2-Kl3 are presented in 
Tables 3.2.1.3 and 3.2.1.4 (Myers et al., 198%). 

3.2.2 FUEL COMPACT DIMENSIONAL CHANGE 

function This model calculates the axial and radial dimensional change of the fuel 
compact during irradiation as a fundon of the volumetric change (s3.2.1) 
and the fast neutron fluence. 

present 
Sta tus  

The irradiation-induced compact dimensional changes appear to be based 
on a standard formulation. The origin for the model equation of strain 
anisotropy as a function of fluence is unknown. 

model 
uncertainty 

The model uncertainty is quantified below. Uncertainties resulting from the 
dependency on the compact volumetric change (~3.2.1) also apply here. 

references FDDM/F; KO-= (1981) 

Model equations 

The irradiation-induced relative dimensional changes of the fuel compact in the axial 
and radial directions can be calculated as a function of the relative compact volumetric 
change, and the strain anisotropy, A&: 

(y) = i ( P - 2 A e )  , 

Ae = 0.115 y , ( 3 D )  

( A e / e )  = axial dimensional change of the compact of length e (%), 
(Atlr) = radial dimensional change of the compact of radius r (%), 
V .  = volumetric change of the compact (%), 
A t  = strain anisotropy (%), 
Y = fast neutron fluence [lor n m-*, (E > 29 fJ)mR]. 

The compact volumetric change can be calculated using Eq. (3.2.1.2). These model 
equations are presented in the same form in both FDDM/F and Kovacs (1981). 
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Table 3.2.1.3. Dimensional measurement of fuel compacts: cell 2 of capsule R2-Kl3 (from Myers et al., 198%) 
(Measuring instrument: dial gauges; accuracy of measurement: f 0.01 mm) 

C .  e- 
- 

Change I n  Change I n  
c1 r Caprule R o d  ?r.lrradlrtlon(') ? o r t l r r a d l r t l o n  Dlameter X Change I n  P r a l r r a d l 8 t l 0 n ( ~ )  P o r t l r r a d l a t l o n  Length X Change 
cr No. No. 0 1 8 w t e r  (I) D l r u t r r  (m) (-1 Diameter Length (m) Length (I) (me) I n  Length - 

2 2Al 12.48 Upper 12.38 12.35 0.12 0.92 25.512 25.30 25.36 0.21 0.83 
Hlddle 12.31 12.31 0.11 0.88 
Love r 12.38 12.36 0.11 0.88 

Hlddle 12.31 12.39 0.10 0.80 
2A2 12.18 Upper 12 .38  12.39 0.10 0.16 25.623 0.28 1.10 25.31  25.31 

0.81 - - Lower 12.36 12.39 0.11 

Average 0.135 Average 0.97 

2 211 12.18 Upper 12.35 12.36 0.13 I .oo 25.27 25.21 0.18 0.71 25.452 
Hlddle 12.36 12.31 0.12 0.92 
Lowe r 12.35 12.39 0.11 0. 88 

fl lddle 12.38 12.36 0.11 0 .  ea 
212 12.68 Upper 12.38 12.37 0.11 0. 8h 25.613 25.31 25.21 0.37 1.43 

0.84 - - Lover 12.38 12.31 0.11 

Aver 8ga 0.89 Average I .08 

(a)Determlncd from QC f u e l  rodr durlng rod manufacture. 



Table 3.2.1.4. Dimensional measurement of fuel compacts: cell 3 of capsule R2-Kl3 (from Myers et al., 1985~)  
(Measuring instrument: dial gauges; accuracy of measurement: & 0.01 mm) 

-. -.- e@-. 
Changr tn Change In 

Crprulr Rod lrrlrradlrtlon(') lortlrrrdlrtlon DlaMtOr X Chang8 In lrrlrrrdlatlon(') Portlrrrdlatlon Length % Change 
r 4  No. No. D l r M t O r  (I) Dlrrtrr  (I) (-1 Dl rme t o r  Length (m) Length (m) (m) In Length c1 

3 ) A I  12.48 Upprr 
Hlddlr 
Lowe r 

3A2 12.48 Upprr 
Hlddlr 
Lower 

3 3111 12.18 Upper 
Hlddle 
Lower 

3112 12.18 Upper 
Hlddle 
Lower 

12.36 12.31 
12.31 12.41 
12.38 12.38 

12.38 12.39 
12.39 12.31 
12.40 12.39 

12.35 12.36 
12.34 12.38 
12.36 12.37 

12.31 12.31 
12.39 12.41 
12.39 12.39 

0.12 
0.09 
0. IO 

0. IO 
0. IO 
0.09 

Average 

0.13 
0.12 
0.  I2 
0.11 
0.08 
0.09 

Ave r age 

0.92 25.482 25.36 25.28 0.16 0.64 
0.12 
0.80 

0.10 25.874 25.61 25.60 0.21 I .04 
0.68 
0.68 

0.18 Average 0.84 

I .oo 25.633 25.46 25.16 0.11 0.67 
0.96 
0.92 
0.80 25.513 25.31 25.3 I 0.21 0.91 
0.64 
0.12 

0.85 Average 0.19 

- - 

- - 

(a)Uetcrcllned from c)c fuel rodr durlng rod manufacture. 



Range of validity 

Neither Kovacs (1981) nor FDDM/F discusses the range of validity or experimental 
basis of this model. Apparently the model can be assumed to apply over all irradiation 
conditions. The experimental range of the data upon which this model is based is unknown. 

AssumDtions 

Neither Kovacs (1981) nor FDDM/F discusses the assumptions relevant to derivation 
of this model. 

Uncertainty 

FDDM/F states that the standard deviation in the strain anisotropy is given by: 

Q (A&) = 0.34 . (3224) 

MODEL CHRONOLOGY 

These model equations originated from studies of dimensional changes of fuel compacts 
in accelerated irradiation capsules, before data from Fort St. Vrain fuel compacts became 
available. The source reference for this model has not been determined. 

DISCUSSION 

The experimental data for strain anisotropy upon which Eq. (3.2.2.3) is based are shown 
in Figure 3.2.2.1, taken from Kovacs (1981). The source reference for this data is unknown. 
The discussion in s3.2.1 regarding the difference in particle size between NF-MHTGR 
particles and those upon which this data is based may also be relevant to the model equation 
for strain anisotropy, Eq. (3.22.3). 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

As additional data become available for NP-MHTGR-design compacts, that data should 
be compared to Eq. (3.2.2.3) to verify the equation’s accuracy. 

DATABASE USED IN MODEL DEVELOPMENT 

. Refer to Figure 3.2.2.1 for data on the fuel compact strain anisotropy as a function of 
fast hence. 
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3 3  FUEL COMPACI' MECHANICAL PROPERTIES 

function The models for the modulus of elasticity under compression, ultimate 
compressive strength, and ultimate tensile strength for the fuel compact are 
given as functions of the volume fraction of graphite shim in the compact. 

present 
Status 

Absolute values for ultimate tensile strength, ultimate compressive strength, 
and modulus of elasticity were obtained from Fort St. Vrain-vintage fuel 
compacts. Recent model revisions determine polynomial approximations of 
these data as a function of the volume fraction of graphite shim in the fuel 
compact. 

model 
uncertainty 

The available data was taken on unirradiated compacts typical of 1976 
vintage fuel compacts. The experimental uncertainty is given below with the 
experimental values. The actual uncertainty with respect to modem 
compacts is unknown. 

references FDDM/F, General Atomic (1976b) 

MODULUS OF ELASTICITY UNDER COMPRESSION: model eauation 

The model equation for the elastic modulus in compression of the fuel compact is given 
in FDDM/F as: 

E = el + e2 S, + c3 s,2 , (33.1) 

E = elastic modulus in compression (GPa), 
S, = volume fraction of graphite shim in the compact, 
e, = constants, for i = 1, 2, 3. 

Values for the coefficients are given in Table 3.3.1. The source references for this model 
equation are given in F D D W  as General Atomic (1976b) and an internal GA 
memorandum which has not been reviewed by this writer. 

ULTIMATE COMPRESSIVE STRENGTH: model eauation 

The model equation for the ultimate compressive strength of the fuel compact is given 
in FDDM/F as: 

UCS = U ,  + 6, S, , (332) 

UCS = ultimate compressive strength (MPa), 
s v  = volume fraction of graphite shim in the compact, 
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u,, b, = constants. 

Values for the coefficients are given in Table 3.3.1. The source references for this model 
equation are given in FDDM/F as General Atomic (1976b) and an internal GA 
memorandum which has not been reviewed by this writer. 

Ultimate tensile strength 

ULTIMATE TENSILE STRENGTH: model eauation 

a2 MPa 0.8700 
I 1  

b2 -0.9300 

The model equation for the ultimate tensile strength of the fuel compact is given in 
FDDM/F as: 

U7S= % + b,S, , (333) 

L 

UTS = ultimate tensile strength ( m a ) ,  
S" = volume fraction of graphite shim in the compact, 
a, b, = constants. 

Values for the coefficients are given in Table 3.3.1. The source references for this model 
equation are given in FDDM/F as General Atomic (1976b) and an internal GA 
memorandum which has not been reviewed by this writer. 

Table 3.3.1. Coefficients for use in the model equations for the elastic modulus under 
compression, ultimate compressive strength, and ultimate tensile strength, 
Eqs. (3.3.1) through (3.3.3) (from FDDM/F) 
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Ranee of validity 

Due to the limited database, these models must be considered applicable to all 
conditions, by necessity. Experimentally, measurements were performed on compacts with 
shim volume fractions of 0, 23, and 36%. 

AssumDtions 

1. 

2. 

The mechanical properties of unirradiated compacts should approximate those of 
irradiated compacts. 
The "prototype" fuel compacts used for these measurements are representative of the 
behavior of modem reference compacts. 

Uncertainty 

Values for the mechanical property uncertainties are given in FDDM/F in terms of the 
standard deviation in the property: 

a(E) = 1.0 GPa , (33.4) 

. cr(UCS) = 1.1 MPa , (335) 

a ( m  = 0.17 MPa , (33-6) 

E = elastic modulus in compression (GPa), 
UCS = ultimate compressive strength (MPa), 
UTS = ultimate tensile strength (MPa). 

MODEL CHRONOLOGY 

The original model equations recommended a single value for each property for both 
shimmed and unshimmed compacts, apparently based on a single set of experiments in the 
mid-1970s. Rather than including the data for all shimmed compacts in a single average 
value, the recent model revision developed polynomial approximations to descnie the 
original data as a function of the volume fraction of graphite shim 

DISCUSSION 

The original design values for the mechanical properties of fuel compacts were obtained 
by averaging the data obtained for unshimmed and for shimmed compacts. These earlier 
design values are presented in Table 3.3.2 (General Atomic, 1976b). 

3-17 



Table 3.3.2. Mechanical properties of fuel compacts @om General Atomic, 1976b) 

- 

Modulus of elasticity 
under compression (GPa) 

Ultimate compressive 
strength ( m a )  

Ultimate tensile strength 
( m a )  

Mechanical property Unshimmed compacts Compacts With 23 to 36 v/o(') I I Shim 

0.813 f 0.063 

6.54 2 0.91 

0.86 f 0.21 
(0.93 f 0.35)@) 

0.385 2 0.123 

4.75 2 1.38 

0.60 f 0.16 

(a) v/o = volume %. 
(b) Result calculated from raw data. 

Analysis of the data presented by General Atomic (1976b) provides a different average 
value for the UTS of unshimmed compacts than the value specified by General Atomic 
(1976b) and given in Table 33.1. However, the average UTS of 0.86 MPa is mentioned 
twice by General Atomic (1976b); therefore, we must-assume that to be the correct average. 

General Atomic (1976b) mentions that failure of compacts under compressive loads is 
reflected by slow crumbling of the compact at the fracture surface rather than brittle 
fracture, and that the compacts could support loads at 40% of ultimate compressive strain 
up to compressive strains of 2 to 3 times that at failure. This reference also speculates that 
the decrease in strength and modulus of elasticity of shimmed compacts may result from 
either: (1) the matrix pitch may not be properly wetting the shim, resulting in poor bond 
strength, or (2) the compact matrix is weakened by absorption of matrix pitch binder by the 
shim particles. 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

Due to the limited data available, model revision cannot be pursued until NP-MHTGR- 
specific data has been obtained and compared to these model equations. 

DATABASE USED IN MODEL DEVELOPMENT 

The data upon which the model equations are based are given in Table 3.3.3, taken 
from General Atomic (1976b). 
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3.4 FUEL CDMPACI' THERMAL PROPERTIES 

3.4.1 FUEL a M P A a  THERMAL CONDUCITVITY 

function This model calculates the compact's thermal conductivity as a function of 
irradiation temperature, fast neutron fluence, and the volume fraction of 
graphite shim and weight fraction of coke in the compact. 

present 
Status 

A recursive relation has been derived to include the effects of fast fluence 
and temperature on the thermal conductivity over time. This model is 
probably based on data from the early to mid-1970s. 

model The uncertainty of this model has not been evaluated (FDDMF). 
uncertainly 

references FDDM/F; Harmon et al. (1975); Shenoy et al. (1974) 

Model equations 

The model equation for the thermal conductivity of the fuel compact is given in 
FDDM/F, in a form that is "calculated incrementally in n time steps by using the following 
recursive relation": 

(3.4.13) 

A Y ,  = Y ,  - Y,,) 9 (3.4.15) 

A(ti) 
A(r,, T )  = thermal conductivity isotherm (W m-' IC'), 
4 = time at the ith time step (arbitrary units), 

= thermal conductivity at ith time step (W m-' IC'), 
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Yi 
Ti = temperature at the ith time step (K), 
0 = constant [ ( I F  n m-*)-'], 
ai, B~ 

= fast neutron fluence at the ith time step [lp n m-*, (E > 29 fJ)m,J, 

= coefficients (W m" IC*) for j  = 1, 2, given by: 

a1 = C, + CzSv + C3Cw , 

$1 = c5 + c,sv + c*cw + c& , 

(3.4.1.6) 

(3.4.1.7) 

(3.4.1.8) 

(3.4.1.9) 

s v  = volume fraction of graphite shim in the compact, 
cw = weight fraction of coke in the compact, 
ci = coefficients (W m-' IC'), 
7 = constant [(IF n m")-']. 

Values for the coefficients and constants are given in-Table 3.4.1.1. The source references 
for this model equation are given in FDDM/F as a GA document (J. W. Ketterer, 
"Reference HTGR Fuel Compact Thermal Conductivity Data Base and Model," GA 
Document 907591/A, 1986) and an internal GA memorandum which have not been reviewed 
by this writer. 

Range of validity 

The model equation can model both constant and changing temperature conditions, but 
temperature variations must be approximated as a series of step changes. The model 
equation can be applied to both NOC and AC regimes but requires the assumption that no 
annealing of irradiation damage occurs during AC transients (FDDMF). 

The source data have not been evaluated in detail but are reported (Harmon et al., 
1975) to encompass the temperature range of 950 to 125O'C and a fractional shim content 
of 0 to 36 40. Experimental determinations of the effect .of irradiation on thermal 
conductivity had not been conducted as of 1975. 

Assumutions 

The assumptions which were employed in the derivation of the model equations may 
be stated explicitly in the source documents, but they are unknown to this writer except for 
Assumption 1. Whether Assumption 2 was employed for the model equations is uncertain. 
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Table 3.4.1.1. Coefficients for use in the model equations for the thermal conductivity of 
the fuel compact, Eqs. (3.4.1.1) through (3.4.1.7) (from F'DDW) 

Coefficient Units Value 
I 

0 (1025 n rn-7-l 6.0 

7 ( I F  n m-3" 0.50 

c, 
cz 
c3 
c, 
cs 

W m" K-' 0.70083 26 

W m" IC1 10.91361 

W m" K-' -9.103535 

W m" IC' 0.005334483 
W m" K' 17.28523 

C6 W m-* K-' -0.0087609808 
c, W m" IC1 -16.363 12 
G W m" K" 5.67 1053 

6 1 .O4872 W m" K-' - G 
CIO 
c, 1 

~ 

W uil K1 0.0236 1024 

W m" K-l -0.07228171 

1. 
2. 

Irradiation damage will not anneal out during high-temperature accident conditions. 
Estimating the effect of irradiation on compact thermal conductivity based on the 
effects of irradiation on the individual components (Harmon et al., 1975) provides an 
acceptable approximation. 

Uncertainty 

The uncertainty for these model equations has not been evaluated (FDDMF). 

MODEL CHRONOLOGY 

During the 1970s a single constant value of the thermal conductivity was recommended 
for use in design calculations. Information on the development of the model equations 
presented here is unknown to this writer, but the source data are probably the same as that 
referred to by Shenoy et al. (1974) and Harmon et al. (1975) and presented in Fig. 3.4.1.1. 
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DISCUSSION 

Shenoy et al. (1974) and Harmon et al. (1975) both suggest the use of a conservative 
value for thermal conductivity of 4.0 Btu/hr-ft-'F (6.9 W/m-K) for all compact and 
irradiation conditions and temperatures. The following discussion will be limited to the 
information on thermal conductivity which is available in the open literature, from the mid- 
1970s. 

The most detailed data available for the thermal conductivity of fuel compacts 
apparently was presented by Johnson (1974) as reported by Shenoy et al. (1974) and 
Harmon et al. (1975). Some of the data obtained by Johnson is presented in Figure 3.4.1.1, 
taken from Shenoy et al. (1974). As the contents of Johnson (1974) have not been 
evaluated, the conclusions paraphrased in Harmon et a]. (1975) will be quoted below. 

'The thermal conductivity of four types of unirradiated prototype LHTGR fuel 
[compacts] containing different fuel and shim particle compositions was measured in the 
temperature range 950 to 1250.C ... The thermal conductivity values ranged from 9.8 Btu/ft- 
hr-'F at 975'C for the [compacts] containing 36 vol % shim particles to 4.0 Btu/ft-hr-'F at 
125O.C for unshimmed fuel [compacts]. The lowest thermal conductivity observed for the 
[compact] containing 23 vol % shim particles, which is representative of the "average" 
composition of LHTGR fuel [compacts], was about 6.0 Btu/ft-hr-'F at 1250'C. The data 
indicated that fuel [compact] thermal conductivity increased with increasing shim content and 
decreased with increasing temperature. 

'The effect of irradiation on the thermal conductivity of fuel [compacts] has not been 
experimentally determined; however, an estimate of the effects of irradiation was made by 
evaluating thermal conductjvjty changes of fuel [compact] components ... Based on the 
changes in thermal conductivity of each component, the thermal conductivity of fuel 
[compacts] may be expected to decrease with irradiation in the low temperature range 600 
to loOO'C) and to increase or remain constant in the higher temperature range (lo00 to 
1400'C) of operation." 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

Little justification exists for refining the existing model unless data from NP-MHTGR- 
design compacts becomes available. 

DATABASE USED IN MODEL DEVELOPMENT 

Refer to Figure 3.4.1.1. 
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3.42 FUEL COMPACT THERMAL EXPANSION 

function This model calculates the compact's thermal expansion during irradiation as 
a function of the unirradiated coefficient of thermal expansion and the fast 
neutron fluence. 

present 
Status 

A polynomial approximation is derived from the results of a mid-1970s 
capsule irradiation to incorporate the dependency on fast fluence. Little 
variation in the thermal expansion was observed for a variety of compacts 
and fabrication techniques, although the particle loading volume fractions 
were limited to the range 33 to 39 v/o. No temperature-dependence is 
incorporated into the model. 

model 
uncertainty 

Although the experimental uncertainty based on the results from twelve 
compacts is not large, the model uncertainty in using data from Fort St. 
Vrain-vintage compacts relative to NP-MHTGR-design compacts should be 
determined. 

references FDDM/F; General Atomic (1976d) 

Model eauations 

The model equation for the thermal expansion of the fuel compact is given in FDDM/F 
as: 

ai = (1  + o y  + b y 2  + cy3)  a, , (3.421) 

a, = coefficient of thermal expansion for irradiated compacts (K'), 
a0 = coefficient of thermal expansion for unirradiated compacts (K'), 
Y = fast neutron fluence [ l p  n m-', (E > 29 U)mlJ, 
a, b, c = coefficients (units given in Table 3.4.2.1). 

Values for the model parameters are given in Table 3.4.2.1. The source reference for this 
model equation is given in FDDMF as an internal GA memorandum which has not been 
reviewed by this writer. 

Ranee of validity 

The model equation can be applied to both NOC and AC regimes, but requires the 
assumption that no annealing of irradiation damage occurs during AC transients. The 
equation is also stated to apply "to both the axial and radial components of thermal 
expansion ... for all temperatures of interest for fast neutron fluences up to 8.0 x lp n/ma' 
(FDDMF). 
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Table 3.4.2.1. Parameters for use in the model equation for the coefficient of thermal 
expansion of the fuel compact, Eq. (3.4.2.1) (from FDDM/F) 

~~ 

Qo 

a 
b 

C 

0, 

I Parameter I Units I Value 

4.85 x 10" IC-' 
(IF n m-')" -0.1384516 

(1025 n m-2)-2 0.02080897 
( I F  n m-79 -0.001020047 

Dimensionless 0.900 

The irradiated compacts in the P13Q capsule irradiation were subjected to fast neutron 
fluences of 4.2 to 9.4 x 1021 n rn-' (E > 29 fJ)m,, at irradiation temperatures of 860 to 
1160.C. The particle loading volume fractions ranged from 33 to 39 40. The compacts 
were fabricated by injection molding and by admix compaction, and they were cured by 
cured-in-place and packed-bed methods. Measurements of the coefficient of thermal 
expansion (CE) were conducted between room temperature and 800'C. 

Assumutions 

1. 
2. 

3. 

4. 

Irradiation damage will not anneal out during high-temperature accident conditions. 
The particle loading volume fractions of the compacts used for measurements of the 
CTE are comparable to those of NP-MHTGR-design compacts. 
The values for the CTE are applicable to irradiation temperatures outside those at 
which the experiments were conducted. 
Compacts containing UCO fuel should exhibit comparable thermal expansion as those 
containing UC, fuel. 

Uncertainty 

The uncertainty in the CTE is given as (FDDM/F): 

a ( a i )  = a,(1 + o y  + b y 2  + cy') , (3.422) 

o(ai) = standard deviation in the CIE, a,, 
=a0 

Y 
u, b, c = coefficients (units given in Table 3.4.2.1). 

= standard deviation in the CTE for unirradiated compacts, a,, 
= fast neutron flucnce [ l p  n m-', (E > 29 fJ)mR], 

The values for oa0, u, b, and c are given in Table 3.4.2.1. 
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MODEL CHRONOLOGY 

The only referenced experiments for determination of the C E  values were conducted 
as part of the P13Q capsule irradiation in the mid-1970s. Earlier models recommended 
using two constant values for the thermal conductivity, one for unirradiated compacts and 
another for irradiated compacts. The recent model revision employs a polynomial 
approximation to incorporate the fast fluence dependence of the data into the model 
equation. 

DISCUSSION 

In the P13Q capsule irradiation, six fuel compacts fabricated by several methods were 
irradiated, and their postirradiation thermal expansion compared to six companion 
unirradiated compacts. The mean CE from room temperature to 800'C was found to be 
independent of relative fuel/inert particle fractions and compact fabrication and curing 
technique (General Atomic, 1976d). The decrease in thermal expansivity with irradiation 
(approximately 30%) was found to be independent of total neutron fluence and irradiation 
temperature (suggesting a saturation effect for the neutron fluence). In the 1970s the 
recommended values for the CI'E within the range of room temperature to 800'C were 
stated to be: 

unirradiated compacts: 
irradiated compacts: 

4.86 k 0.21 x lod K1 
3.44 f 0.15 x lod K1 

The experimental results for irradiation-induced thermal expansion are summarized in 
Fig. 3.4.2.1. 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

Confirmation should be made that the particle volume fractions upon which the data 
is based (33 to 39 v/o) is typical of that for NP-MHTGR compacts. The model should be 
compared to any data which might become available for compacts of NP-MHTGR design. 

DATABASE USED IN MODEL DEVELOPMENT 

Details of the fuel compacts used in the P13Q capsule test are given in Table 3.4.2.2, 
and the CIE data are given in Table 3.4.2.3 (both taken from General Atomic, 1976d). 

3-27 



.- 
.--f 

I 

I 
I 

I 
I 

c
)
 

h
 

N
 

- 
0
 

N
 

* 
n

 
b
n
 

(,,O
lm

 
‘NO

ISNVdX3 lVCYLI3W
l 

3-28 

- Y
 

W
 

E
 
3
 

c
 

U
 

- a
 

W
 

0
 

3 c 

0” 
E 0

 

.LI 

d &
 

E
 

Q
) 
E 
.
e
 

&
 

E Q) v
) 

0
 

cp 
c
,
 

8 (
u
 

0
 



Table 3.4.2.2. Thermal expansivity specimens from capsule Pl3Q fuel compacts (from General Atomic, 19764) 

Average 
I trad.  
Temp. 

toca t ion  
~~ ~ 

, 1435 
1380 
1180 
1155 
1155 
1130 

TotaL 
Neutron Flucnce 

(1025 n / d )  

9 . 4  
9 .o 
7 . 2  
5 .6  
5.6 
4 . 2  

~ ~~~ 

Volumc Frsc t lon  P a r t i c l c  Loadings (2) 

F e r t i l e  

2 

2 

2 
3 
3 - (d 1 

Fissile 

6 
7 

10 
15 
15 
- 

Inert  DISO 

19 
I7 

13 
8 
8 
- ' .  

Iner t  YRISO 

12 

9 

8 
8 

8 
- 

("Fabrication eymbols: 
(b)Curing symbols: C - cured-in-pl'ace, P - packed bed. 
("Fired et 1 7 7 3  K .  
(d)Thermocouple rod; 

I - i n j e c t i o n  molded, C - admix compaction 

r e l a t i v e  volume f r a c t i o n  unknown. 

(a) Fabr ica t ion  (b) Curing 

C 

P 
C 

C 
,(c) 

C 



Table 3.4.2.3. Thermal expansivity of HTGR fuel compacts in capsule P13Q 
(from General Atomic, 1976d) 

- 
Rod Type 

~ 1 - 1 B  
G1-2A 

G2-1A 

G3-1B 

C3-2B 

G3-3A 

Yean 
Srd. dev. 

- 
(298-1073) a 

( K-l) 

Unirrad . 
5.05 
4.87 
4 S O  
5 .06  
4 .75  
4 .95  

4 .86  
0.21 

- 

Irrad. 

3.42  
3.44 
3.17 
3.54 
3.58 
3.51 

3.44  
0.15 

- 

-3 2 

-2 9 
-30 
-30 
-25 
-29 

-2 9 
- 

2 .3  

- 
' ( 2 9 8 - 7 7 3 )  
( K-') 

Unirrad . 
4 .60  
4 .48  
3 .95  
4 .63  
4 . 3 1  
4 .44  

4 .40  
0 .25  

- 

~ 

2 . 9 8  

3 .04  
2 . 4 6  
2 . 9 6  

2 . 8 5  
2 . 8 9  

2 . 8 6  
0 . 2 1  

- 

- 
bii 
(XI 

-35 
-3 2 
-38 
-36 
-34 
-35 

-35 
2 

- 

- 

- 
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3.43 FUEL COMPACT SPECIFIC HEAT CAPACITY 

function This model calculates the compact's specific heat capacity as a function of 
temperature and the volume fraction of graphite shim in the compact. 

present 
Status 

Apparently, data for the specific heat capacity do not exist, rather the model 
is based on a mid-1970s approach which sums the specific heats for the 
individual components of the fuel compact. The model equation is 
expressed as a polynomial approximation with dependencies on temperature 
and shim volume fraction. 

model 
uncertainty 

According to FDDM/F, the uncertainty of the model equation has not been 
evaluated. In practice, some uncertainty is known to exist in the material 
parameters used as input to the model, for both uninadiated and irradiated 
conditions (Shenoy et al., 1974, Amendment 1). 

references Shenoy et al. (1974), and Amendment 1 

Model eauations 

The model equation for the specific heat capacity of the fuel compact is given in 
F D D W  as: 

(3.43.1) cp = c, + cz s, + c3 T + c, s,l + cs (1 + SJ r1 + c6 T* + c, r3 , 

C,, = specific heat capacity (lv J kg" K'), 
S, = volume fraction of graphite shim in the compact, 
T = temperature (K), 
C, = coefficients (units given in Table 3.4.3.1). 

Values for the coefficients are given in Table 3.4.3.1. The source reference for this model 
equation is given in FDDM/F as Shenoy et a!. (1974), plus an internal GA memorandum 
which has not been reviewed by this writer. 

Rawe of validity 

According to FDDM/F, the model equation is applicable at temperatures greater than 
327°C. As of 1976, no program to measure the specific heat of fuel compacts was planned, 
thus Kopp's additivity rule (see "Discussion" below) must be assumed to be valid over the 
range of reactor conditions encountered. Based on the application of Kopp's rule to 
experimental determinations of specific heat of cermet samples, the model can be considered 
to be generally valid (Shenoy et al., 1974, Amendment 1). 
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Table 3.4.3.1. Coefficients for use in the model equation for the specific heat capacity of 
the fuel compact, Eq. (3.4.3.1) (from F D D W )  

Cl 

c, 
G 
c4 

cs 
C6 

c, 

I Coefficient I Units I Value 

1d J kg" K-' 1.003910 

Id J kg-' K-' 1.106288 

ld J kg-' K-* 
ld J kg" K-' 0.6052790 

6.494645 x lo-' 

ld J kg-' K-2 - 1.182767 
Id J kg" K-3 614.9928 

ld J kg-' K" -7.025196 x lo7 

Assumptions 

As the model equations are apparently formulated based on the model presented by 
Shenoy et al. (1974), the model assumptions as stated in or deduced from Shenoy et al. are 
presented below. 

1. Kopp's additivity rule (Darken et al, 1953) is approximately valid for representing the 
total compact specific heat as the sum of its parts (Le., each component contributes 
independently to the total specific heat). 
The specific heats of the pyrocarbon, compact matrix material, and graphite shim are 
the same as that of the graphite. 
All compact components are assumed to be at the same temperature in calculating the 
compact specific heat as a function of temperature. 
Use of specific heat values for unirradiated materials is conservative (i.e., the specific 
heats of Sic, UC, and Tho., are expected to increase with irradiation analogous to that 
of graphite). 
The specific heat of UCO approximates that of UC, and Tho, and the total volume 
fraction of UCO in modem compacts approximates that of UC, and Tho, in the 
calculations, or else any difference is negligible with respect to the non-kernel volume 
fraction within the compact. 

2. 

3. 

4. 

5. 

Uncertainty 

The uncertainty for the specific heat capacity has not been evaluated (FDDM/F). 
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MODEL CHRONOLOGY 

Figure 3.4.3.1 is presented in Shenoy et al. (1974) as the result from application of their 
model. F D D W  presents a similar figure but based on the above model equation, with 
results portrayed at the same shim contents as Fig. 3.4.3.1 (i.e., 0, 11, 23, and 36 40). One 
can conclude the FDDM/F model is developed from that presented by Shenoy et al. (1974) 
but with more detailed numerical approximation for intermediate values of shim content. 

DISCUSSION 

Model equations per se have not been presented prior to FDDM/F in the open 
literature. Apparently, the only relevant information was a figure presented by Shenoy et 
al. (1974), which shows the calculated specific heat of a compact as a function of 
temperature and shim content, and reproduced as Fig. 3.4.3.1. This figure is calculated "by 
summing the contnibutions of individual fuel [compact] components (matrix, Sic, Pyc, etc.) 
according to Kopp's additivity rule". The values of specific heat used for Sic, UC, and 
Tho, were obtained from Touloukian (1970, vol. S), and those for the carbonaceous 
materials were obtained from Butland et al. (1973). Values of compact specific heat for 
shim contents other than those in Figure 3.4.3.1 were obtained by extrapolation. 

As no measurements were reported of the specific heat of fuel compacts through 1976, 
some justification of the use of Kopp's additivity rule was given by comparison of predictions 
with the measured specific heat of several cennets (see Table 3.4.3.2), with variations of less 
than 10% (Shenoy et al., 1974, Amendment 1). 

The results of a sensitivity study presented by Shenoy et al. (1974, Amendment 1) on 
the relative effect of each component on total compact specific heat are shown in 
Table 3.4.3.3. These results show the presence of Tho, makes a significant contribution to 
the compact specific heat. Use of the model equations represented by Figure 3.4.3.1 may 
require consideration of the actual shim content and the presence or absence of Tho, in the 
compact for realistic specific heats. 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

The design curves of Figure 3.4.3.1 could be recalculated using the parameters of the 
modem compacts, particularly the actual shim content and the relative volume fraction of 
fissile vs. fertile kernels. Data on the specific heat of UC, vs UO, should be considered, and 
modified to reflect the carbon-to-oxygen ratio in the UCO kernel. If possible, more accurate 
data on the specific heat of PyC, H-451 graphite, etc. should be considered rather than a 
single average value. The expectation that irradiation should increase the specific heat of 
the nongraphitic components should be confirmed, if possible. 

DATABASE USED IN MODEL DEVELOPMENT 

Refer to Tables 3.4.3.2 and 3.4.3.3. 
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Fig. 3.4.3.1. Specific heat of graphite and fuel compacts as a function of temperature 
(from Shenoy et al., 1974). 

3-34 



Table 3.4.3.2. Comparison of calculated and experimental values for the specific heat of 
cermets (from Shenoy et al., 1974, Amendment 1) 

CERMET SPEC I F I C HEAT (ca 1 /grn-oK) 
( COHPONENTS EXPER I MENTAL CALCULATED 
IN WT %) 373OK 1073OK 373OK 1073OK 

78% Sic/ 0% C/1% Sic/ 
1 %  other ?b) o.297 0.323 0.198-0.204 0.289-0.312 

50% SiC/46% C/4% S i  (b) 0.207 0.373 0.205-0.217 0.330-0 353 

43% sic/57% c ( ~ )  0.206 0.365 0.207-0.221 0.361 -0.371 

23% SiC/7F C(') 0.230 0.398 0.211-0.231 0.380-0.400 

57.5% 8&/42.4% 0.188 0.285 - 0.195-0.202 0.290-0.307 

(a) Calculatedfrom components using Kopp's law. Component data from Touloukian 
(1970), vol. 5 (Sic C, and BeO), vol. 4 (Si and Mo). 

(b) Data from Touloukian (1970), vol. 5. 

( c )  Data from Touloukian (1970), vol. 5. 

(d) Data from Touloukian (1970), vol. 5. 
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Table 3.4.3.3. Relative effect of fuel compact component specific heats on total 
(calculated) fuel compact specific heat (from Shenoy et al., 1974, 
Amendment 1) 

CONTRIBUTION OF COMPONENT SPECIFIC HEAT TO 
Temperature Shim Content TOTAL FUEL ROD SPECIFIC HEAT (d )  

(OC 1 (vol %) Pyrocarbon + Matrix 
+ Shim Sic "C2 Tho2 

200 0 

200 0 

2 00 23 

200 36 

74.9 4.5 0.8 19.8 
80.3 3.5 0.6 15.6 
85.6 2.6 0 . 5  11.3 
91.1 1.6 0.3 7.0 

500 0 

500 0 

500 23 

500 36 

79.2 4.0 0.7 16.1 
83.9 3.1 0.5 12.5 

88.3 2.3 0.2 9.2 
92.8 1.4 0 . 3  5.5 

1000 0 

1000 0 

1000 23 
1000 36 

~~ 

80.2 4.0 0.6 15.2 

84.7 3 .0  0.5 11.8 
89.0 2.2 0.3 8.5 
93.2 1.4 0.2 5.2 

1800 0 

1800 0 

1800 23 

1800 36 

80.1 4.1 0.6 
84.6 3.1 0.5 

88.9 2.4 0 . 3  
93.2 1.4 0.2 

15.2 

11.8 
8.4 
5.2 
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3.4.4 FUEL COMPA E M I S S M T Y  

function This model provides a value for the thermal emissivity of the fuel compact 
to be used in heat transfer calculations. 

present 
Status 

No data for the thermal emissivity of the fuel compact is presented in 
FDDM/F. Although this potential mechanism of heat transfer from the 
compact to the graphite was presented by Shenoy et al. (1974), its relevance 
to present methods of thermal analysis is not known to this writer. This 
model is presented here for the sake of completeness. 

model 
uncertainty 

As discussed below, the uncertainty in the recommended design value for 
the emissivity is approximately 10 to 15% that of the experimental values. 
The significance of this uncertainty to overall core design and modelling is 
unknown to this writer. 

references Shenoy et al. (1974) 

Model equations 

Shenoy et al. (1974) state that the spectral emissivities from the compact surface have 
been measured in the range of 0.86 to 0.92. A design value of 0.8 is recommended as a 
conservative value over the life of the compact. 

Ranee - of validity 

The original data upon which this design value is based have not been reviewed, nor 
have the experimental conditions under which the data were obtained. 

Assummion 

The emissivity of the compact will change little over the lifetime of the compact. 

Uncertainty 

The experimental values are reported to vary 10 to 15% from the recommended design 
value. 

MODEL CHRONOLOGY 

FDDM/F presents no discussion of the emissivity of fuel compacts. The only apparent 
reference to this data is that by Shenoy et al. (1974), who reference Johnson (1974) as 
providing the source data. 
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DISCUSSION 

This writer is unaware whether thermal emissivity is considered si@cant for current 
core thermal design methods. This mechanism for heat transfer was considered relevant in 
1974 and was included in core thermal design calculations. If the compact shrinkage is 
greater than the core graphite shrinkage, then consideration of thermal emissivity from the 
compact should be justified. 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

Deemphasis of this thermal property in FDDM/F suggests that further analysis and 
development of this model is not justified. If relevant, the source data reported to be in 
Johnson (1974) should be reviewed. 

DATABASE USED IN MODEL DEVELOPMENT 

The source data is reported to be in Johnson (1974). This reference has not been 
reviewed by this writer. 

3.45 PARTICLE KERNEL, AND COATING THERMAL CONDUCTMTES 

function These values for the thermal conductivity of the fuel particle materials are 
taken from published reports and are listed here for informational purposes. 

present 
Status 

No reference is made to these thermal properties in FDDM/F. These values 
as reported in the early 1980s are included for reference with minimal 
discussion. 

model Some reported values for thermal conductivity vary by factors of two to four. 
uncertainty 

references McElmuxy et al. (1975a); Myers (1981a); Becker et al. (1983) 

Model equations 

Values for the thermal conductivities of kernel materials and particle coatings as given 
by Becker et al. (1983) and others are listed in Table 3.4.5.1. The thermal conductivities are 
employed in standard heat transfer and temperature distribution calculations. No 
temperature dependence of the thermal conductivities was presented or discussed. 
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Table 3.4.5.1. Thermal conductivities of fuel particle components 

Thermal 

(W rn-' IC1) 
Material conductivity Reference Source reference 

I ' Kernel: 

uo2 3.0 Becker et a]. (1983) Touloukian (1970, vol. 2) 

UC, 13.8 Becker et al. (1983) McElmury et al. (1975) 

uco 3.0'" Becker et a]. (1983) Montgomery (1983) 

2.5 Myers (1981a) McElmury (1975b) Tho* 

Coating: 

buffer 2.3 Becker et al. (1983) Myers (1981a) 

Pyc 9.1 Becker et al. (1983) Myers (1981a) 

Sic 8.4 Becker et al. (1983) Myers (1981a) 

Buffer-IPyC gap 0.024@) McElmuxy et al. Cook (1961) 
(1975a) 

(a) Assumed to be the same as UO, (Le., the final kernel material after burnup of the 

(b) Value for 100% xenon in gap. 
UG). 

Ranee of validity 

No discussion of the range of vaIidity is given in the main references. Values may 
represent room-temperature conditions. Any variation as a function of temperature is 
unknown to this writer except for Sic (discussed below). 

Assumutions 

The only assumptions known to this writer are the following. 

1. 
2. 

The thermal conductivity of UCO is assumed to be the same as that of UO, 
The value for the buffer-TPyC gap with 100% xenon in the gap is also representative 
for helium. 
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Uncertainties 

Some reported values of thermal conductivity vary as much as a factor of four. The 
dependence of the non-Sic values in Table 3.4.5.1 on temperature is unknown to this writer. 

MODEL CHRONOLOGY 

Most of the values for thermal conductivity have been taken from source data, with 
some values approximated. The values have changed little from McElmury et al. (1975a), 
except Myers (1981a) averaged some of the reported values to obtain new values. 

DISCUSSION 

As the most recent source among the references presented, Becker et al. (1983) must 
be considered to provide the reference values until more recent values are located. Becker 
et a]. (1983) obtained the values for the particle coatings from Myers (1981a). The table 
from Myers (1981a) is presented as Table 3.4.5.2, which indicates the averaging or selecting 
of values to obtain a reference value. Most of the values attributed to McElmury (1975b) 
in Table 3.4.5.2 (a GA Technologies internal document) are also presented in McElmury et 
al. (1975a). Two sets of values are given by McElmury et a]. (1975a): one set reported to 
be the "more recent values", based on data from the particle components and used for most 
of the calculations in that report; and the second set used in calculational comparisons of 
"single-particle" and "two-particle" models. These two sets of values are listed in 
Tables 3.4.5.3(a) and 3.4.5.3@). Comparison with Table 3.4.5.2 shows that Myers selected 
the values used for the calculational comparisons rather than the values reported to be 
"more recent." The rationale in determining which reference values were chosen is not 
stated. 

Use of a single value for the thermal conductivity also introduces uncertainty. 
Figures 3.4.5.1 and 3.4.5.2 are taken from publications of R. J. Price (1977 and 1973, 
respectively), and show significant variation of thermal conductivity with irradiation and 
irradiation temperature. The data shown in Fig. 3.4.5.2 indicate the thermal conductivity of 
Sic irradiated at temperatures above lO00'C can vary significantly from the value reported 
by Myers. One might expect the other materials to also exhibit a temperature-dependent 
thermal conductivity. 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

This summary provides a cursory review of the thermal conductivity data for the 
particle as provided by the major references. Further investigation into the original data and 
references would be required for reevaluation of the values suggested by Becker et a]. 
(1983). In the case of Sic, Figures 3.4.5.1 and 3.4.5.2 suggest a dependence of the thermal 
conductivity on fast neutron fluencc and on irradiation temperature. Refinement of the 
reference value for Sic might need to take these dependencies into consideration. Such 

3-40 



Table 3.4.5.2. Thennal conductivities for fuel particle materials (from Myers, 1981a) 

Material 

Tho2 

Buffer 

PYC 

S i c  

Thermal Conductivity (W/m-K) 
Selected 

Ref. (a) Ref. (b) Ref. (c) Value 

2.5 -_ -- 2.5 

2.1 2.5 -- 2.3 

3.56 14.6' 8.4 9.1 

18.8 8.4 8.4 8.4 

5 .  McElmury, "The Effect o f  Uncertainty and Known 
Variations in Coating Dimensions and Properties on Temperatures 
in Coated Fuel Particles," SSM:020:FMB:75, 27 May 1975. 

(b)S. S. McElmury and 0. M. Stansfield, "An Analysis of 
the Effect o f  Buffer-IPyC Coating Separation on the Temperature 
Distribution in TRISO UC2 Fuel Particles ,I1 GU-A13500, General 
Atomic Company, December 1, 1975. 

('1,. b a e ,  private comnunication. 
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Table 3.4.5.3.a. Thermal conductivity of particle components (from McElmury et al., 
1975a) 

Particle 
Component 

Kernel 

Buffer 

Gap (100% Xe) 

Inner pyrocarbon 
(IPYC) 

S iC 

Outer pyrocarbon 
(OPYC 1 

Model 
Nomenclature 

Thermal 
Conductivity 

(tal/ sec-cm- * C 

0.033 

0.005 

0.000058 

0.018 

0.045 

0.018 

Table 3.4.5.3.b. Particle dimension and component thermal conductivity used for 
comparing single-particle and two-particle models @om McElmury et al., 
1975a) 

Model 
Nomenclature 

~~ 

a 

b 

C 

d 

e 

Particle 
Component 

Kernel 

Buffer 

IPyC 

sic 

1 so 
170 

190 

Thermal 
Conductivity 
(cal/cm-sec-"C) 

0.0529 

0.0060 

0.0350 

0.0200 

0.0350 

(a)Thermal conductivity values vere approximations derived from unpub- 
lished data. 
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Fig. 3.4.5.1. Thermal conductivity of unirradiated Sic and irradiated Sic at the irradiation 
temperature as a function of temperature (fluences between 1025 and 
loa6 n m-7 (from Price, 1977). 
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dependencies might also be expected for the other materials within the particle, provided 
data exist which could provide information on such dependencies. 

DATABASE USED IN MODEL DEVELOPMENT 

Some of the database for Sic is indicated in Figures 3.4.5.1 and 3.4.5.2. Additional 
information on the database can be obtained from the references listed in the tables and in 
the figure captions. 

35 UPDATE 

The following references have been suggested as providing information on the Japanese 
program relevant to this chapter. 

Minato, IC, and K. Fukuda, "Strength and Young's modulus of silicon carbide layers of 
HTGR fuel particles at high temperatures,"J. NucL Mater., 182 (1991) 6-10. 

Minato, IC, K. Fukuda, and K. Ikawa, "Strength of Silicon Carbide Coating Layers of Fuel 
Particles for High Temperature Gas-Cooled Reactors,"J. NUL Sci. TechnoL, 19 (1982) 
69-77. 

T. D. Burchell et al. at ORNL have used a laser flash method to obtain thermal 
conductivity data on NPR fuel compacts. The reported results were not consistent with the 
reference models, particularly with respect to the temperature dependence of the thermal 
conductivity. This work is expected to be documented in a final report. 

Other PIE data and analysis of the NPR and HRB-21 irradiation capsules should be 
reviewed as appropriate. 
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4. FISSION GAS TRANSPORT WITHIN THE FUEL PARTXCLE 

4.1 INTRODUCDON 

Analyses of fission gas release focus on the short-lived isotopes of krypton and xenon. 
Iodine is also a concern, and is typically included as a fission gas because of the similarity 
of its release profiles from the particle with that of Xe. These three elements are the 
greatest contributors to the activity levels in the primary coolant (Nabielek et al., 1982). 
Although fission gas release from intact particles is insignificant, release from failed particles 
(typically referred to as "exposed kernels") and from heavy-metal contamination (57) are of 
significant concern. Analyses of fission gas behavior generally assume that iodine and 
tellurium release is similar to xenon, and selenium and bromine release is similar to krypton. 
Existing data supports the analogy between iodine and xenon, although the analogy weakens 
for transport through graphitic components of the reactor core. 

The only barriers to fission gas release considered by reference models are the kernel 
and the Sic and OPyC layers. The buffer and IPyC layers sometimes provide resistance to 
gas release, as discussed below, but normally are not considered in safety calculations. An 
intact Sic layer is considered to be impermeable to most fission products except for some 
metallic species at high temperatures. Fission gases are assumed to diffuse through the 
OPyC layer after Sic failure. 

Exposed kernels are particles whose coating layers are no longer intact and provide no 
effective resistance to gas release from the kernel. Data on gas release from exposed 
kernels is normally obtained from laser-failed particles; ;.e., particles which have been laser- 
drilled to the surface of the kernel, leaving a hole through the coating layers of 
approximately 10 pm diameter. Laser-failed particles are used as the reference for exposed 
kernels, although the relationship of their F'P release to particles which may have 
interconnected porosity through coating layers of submicron dimensions has not been well 
defined. 

Normal oDeratine conditions 

Several processes are involved in the release of fission gas from kernels: the gas atoms 
diffuse to the grain surfaces, where they accumulate in the porosity and form bubbles, and 
are finally released by bubble migration and interconnection of the porosity. According to 
Myers (1988) the predominant mechanisms of gas atom transport within the grains are: 
(1) athermal, neutron-irradiation-enhanced diffusion (at temperatures below 600.C); 
(2) diffusion enhanced by the neutron-generated vacancies (between 600 and 1OOO'C); and 
(3)' thermally-induced gas atom diffusion (above lOOO'C). 
Additional mechanisms for release are recoil of fission fragments from the near-surface 
region of the kernel, and knockout of FP atoms from the surface by collisions with fission 
fragments and reactor radiation. 

The model developed for NOC fission gas release is semi-empirical and largely based 
on TRIGA reactor experiments, although the model is supported by other reactor 
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experiments (Myers, 1988). The model must simulate the release of both diffusing and of 
stored (Le., trapped) gas from the kernel. A similar model format is employed for all NOC 
scenarios of gas release. The general NOC model equations are presented below, followed 
by the specific models. 

Accident conditions 

All NOC models (hydrolyzed and nonhydrolyzed kernels) simulate steady-state release 
of fission gas from the kernels. Transient release is simulated by the applicable AC models. 
A fundamental distinction between NOC and AC models is the absence of a neutron flux 
under AC which removes an important mechanism for athermal enhancement of diffusion, 
as well as limiting the gas release to that previously stored in the kernel structure during 
irradiation.' Accident condition models consider much shorter time scales than those 
considered for steady-state NOC release. Unlike the NOC models, the AC models for 
hydrolyzing vs nonhydrolyzing conditions are quite different. 

Hvdrolvsis and oxidation 

Hydrolysis describes the reaction of the particle and core materials with water vapor, 
while oxidation descnies their reaction with molecular oxygen (FDDW). The mechanisms 
of reaction are not completely independent, as water has some oxidizing effect due to the 
inherent presence of oxygen. Oxygen and water are always present as impurities in the 
helium coolant. Nominal impurity levels have been given as 126 patm of water and 
~ 6 3 0  patm of all oxidants (0, CO, CO,) (CEGA, 1990). Myers (1986) quotes 
R. D. Burnette for a NOC oxygen concentration on the order of lo9 (Le., 1 ppbv). The 
possible large-scale ingress of water and steam during an accident raise much more serious 
concerns than the ambient impurity levels. 

Only exposed kernels are considered in these models for hydrolysis and oxidation. 
Hydrolysis- and oxjdation-induced failure of defective particles is not considered. 
Both hydrolysis and oxidation result in enhanced release of fission gas from the exposed 
kernel. The NOC models for hydrolyzing conditions presented below apply to gas release 
from completely hydrolyzed kernels. The AC models consider the transient effects induced 
by both gradual hydrolysis of the fuel kernel and by the sudden ingress of water or oxidant 
under accident conditions. A small but steady influx of water vapor results in an equilibrium 
enhancement of fission gas release, while a large influx induces rapid release of fission gas. 
For reference UCO fuel, the U G  portion of the kernel hydrolyzes quickly to form UO, 
while the original UO, component of the fuel hydrolyzes slowly. The fertile Tho, fuel only 
hydrolyzes if it has previously been converted to the carbide at high temperatures. Oxidation 
of the carbide component of UCO progresses more rapidly than does the oxide component. 

~~ 

'In MHTGR AC modeling, accident conditions are considered to be synonymous with 
reactor shutdown (zero flux). As such, transient overpower events are not analyzed in the 
context of AC modeling. 
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General model eauations 

The NOC model equations for steady-state short-lived' fission gas release fiom exposed 
kernels under both nonhydrolyzing and hydrolyzing conditions are similar and differ only in 
an additional multiplicative parameter used for hydrolyzing conditions. The governing 
equation has the functional form (Myers, 1985b, 1983b, 1981d): 

with the functional parameters defined to be: 

av- r.1 f* = e 

For unhydrolyzed fuel: 

while for completely hydrolyzed fuel: 

= 0.5 , 

(4.1.1) 

(4.12) 

(4.1.4) 

(4-15) 

, (4.1.6) 

'For discussion of models relevant to kernel release of stable fission gases see Nabielek 
et al. (1982) and Myers et al. (1977). Also, Myers (1985b) briefly discusses such a model. 
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(4.1.7) 

steady-state fractional release for fuel type k, short-lived isotope i of 
element j ,  under hydrolysis H at temperature T and burnup F, 
steady-state fractional release at the reference temperature (To = 1373 K) 
and negligible burnup, 
same definition as for (RIB)@; above, 
steady-state fractional release at temperature T, 
steady-state fractional release at burnup F, 
curve-fitting parameter, 
some function of the variable x, where x = H, I;  or F. 
temperature (K), 
burnup (% FIMA). 
hydrolyzing conditions, 
factor related to structural changes in the fuel at high temperatures, 
reduced diffusion coefficient for element j in fuel type k (s-'), 
radioactive decay constant of isotope i of element j (s-'), 
activation energy for steady-state fission gas release (J mol-'), 
ideal gas constant (8.314 J mol-' IC'), 
reference temperature for steady-state fractional release (1373 K), 
reference temperature for structural changes in the fuel (~1750 K), 
constant (IC'), 
constant (% FIMA)".', 
constants (dimensionless). 

(RIB), and (RIB), appear to be identical terms (Myers, 1983b). For 
nonhydrolyzing conditions, the parameter f (H)  is not included in Eq. (4.1.1) which then 
defines the term 

General assumptions 

1. 

2. 

3. 

The model equations are specified to be valid for short-lived fission gases only, not for 
long-lived gaseous species. 
Release of iodine and tellurium isotopes from exposed kernels can be modelled using 
the model parameters for xenon. 
Release of bromine and selenium isotopes from exposed kernels can be modelled using 
the model parameters for krypton. 

Discussion of model equations 

This modelling approach takes the data for experimental gas release at 1lOO'C as the 
reference, and then attaches multiplicative terms to account for gas release dependencies 
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on temperature, burnup, and hydrolysis. Myers (1988) describes the model as containing "a 
diffusion parameter [ (R /B)4 ,  multiplicative temperature v(r)] and burnup If(F)] functions 
and an ad hoc factor V;]. The function containing the diffusion parameter comes from a 
solution to the difision equation for release from a sphere. Very roughly, one might 
consider the diffusion parameter to account for the vacancy motion, the temperature 
function for the athermal mechanism as well as the overall temperature dependence, the 
bumup function for the developing pore structure and the ad hoc factor for the high 
temperature diffusion of gas atoms in grains as well as any bubble diffusion contribution at 
the highest temperatures of interest under normal operating conditions. This mishmash 
model is based mainly on TRIGA reactor experiments but has been roughly confirmed in 
other reactor experiments, the latest being HRB-17/18." According to Myers (1983b), the 
bumup-dependent term is considered to include irradiation effects in genera1 and to 
subsume the effects .of, for example, fission fragments and fast neutrons. 

The reference fractional release curves, (R/B),+, for 1 l00.C and insignificant burnup 
(F = 0) are given in Fig. 4.1.1, as calculated from Eq. (4.1.2) (reference parameter values 
will be provided in s4.1.2 below). In Fig. 4.1.1, steady-state fractional gas release is shown 
to be a function of the kernel material, and the lower release curves of "as-manufactured 
fuel" (intact particles) represent release observed from fuels in the early 1970s and attributed 
to heavy-metal contamination (Haire et al., 1974). 

A temperature-dependent term is combined with the reference fractional steady-state 
release according to (Myers, 1981d): 

(4.1.8) 

with the multiplicative temperature-dependent function (Eq. (4.1.3)] described by Fig. 4.1.2 
(reproduced from Myers, 1981d). Likewise, the dependence on burnup can be represented 
by: 

(4.19) 

with t,,e multiplicative bumup-dependent function [(Eq. (4.1.6), described by Fig. 4.1.3 
(Myers, 1981d). For hydrolyzed kernels, the corresponding temperature- and burnup- 
dependencies are represented by Figs. 4.1.4 and 4.1.5, respectively (Myers, 1981d). The 
effect of hydrolysis on the reference fractional steady-state release can be represented as 
(R/B),+" and defined analogously to Eqs. (4.1.8) and (4.1.9) by applying Eq. 4.1.4. 
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Fig. 4.1.1. Fission gas release curves at 11OO’C for fuel particles with failed coatings (upper 
curves) and for as-manufactured fuel (lower two curves). Solid curves are for 
krypton, and dashed curves are for xenon (from Myers, 1981d). U02* refers to 
a U02 kernel with a ZrC coating. 
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Fig. 4.1.2. Temperature dependence of normalized fractional release, (R/B)d(R/B),, for 
fission gas products from nonhydrolyzed as-manufactured fuel and fuel with failed 
coatings (from Myers, 1981d). 
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Burnup ( %  F E W )  

Fig. 4.1.3. Burnup factors for laser-failed panicles as a function of burnup at 11OO'C (from 
Myers, 1981d). 
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Fig. 4.1.4. Temperature dependence of normalized fractional release, (R/13),4(R/B)e, for 
fission gas release from hydrolyzed, laser-failed fuel particles (from Myers, 
198 1 d). 
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Fig. 4.1.5. Burnup factors for hydrolyzed, laser-failed particles as a function of burnup at 
1lOO'C (from Myers, 1981d). 
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4 2  RELEASE FROM EXPOSED KERNELS: NORMAL OPERATING CONDITIONS, 
NO HYDROLYSIS 

function 

present 
status 

This model calculates the steady-state fission gas release from exposed 
kernels during irradiation as a function of temperature, kernel material and 
burnup, and isotope half-life. 

Although the model is semi-empirical, combining several assumed functional 
parameters and based mostly on results obtained from "RIGA reactor 
irradiations, predictions of gas release from kernels appear to be acceptable 
(Myers, 1988). 

model 
uncertainty 

Although significant uncertainty exists in one of the assumed functional 
parameters and in the diffusion coefficients of the gases in the kernel, the 
overall accuracy of the predictions are reasonable, and ''the R/B values have 
not differed by more than, and in many cases, have differed by less than a 
factor of two" (Myers, 1988). 

references Myers (1985b, 1983b, 1981d) 

Model eauations 

The model for fractional steady-state fission gas release from exposed kernels under 
nonhydrolyzing conditions is given by Eqs. (4.1.1) through (4.1.6) in s4.1, except the 
hydrolysis term, f(H), is not included. Equation (4.1.1) thus takes the general form: 

= (;)&,,*m -f(n + r; (421) 
1 + f i  9 

and the detailed form: 

with all parameters and variables as defined in S4.l. 

The parameters for krypton and xenon release for use in Eq. (4.2.2) are listed in Table 4.2.1. 
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Table 4.2.1. Parameters for use in the design equation for fission gas release from unhydrolyzed exposed kernels, Eq. (4.2.2) 

UCO,,"' I Tho, I U C p  Parameter I 

Kr K r l  K r I  Xe 

uo,'" 
Kr Xe 

3.90 4.02 
x10" X 1 0 l 2  

0.073 0.21 

53.1 45.2 

0.17 0.17 

u(d) U(4 

UV) UW 

1373 1 1373 

UC( 

Kr 

1.62 
XlO'O 

0.073 

- - 
- 
- 
53.1 

(4 
.1 - 
Xe 

1.67 
x10" 

0.21 

- 
45.2 

0.0 

1373 - 

Ref. - 
Myers 

(1981d) 

Myers 
(1981d) 

Myers 
(1981d) 

Myers 
(1981d) 

Myers 
(1985 b) 

Myers 
(1985b) 

Myers 
(1981d) - 

(a) Parameters given here for ucOl.6 are used for the reference UCO fuel in FDDM/F. 
(b) FDDM/F states that parameter values for UC, also apply to (Th,U)C, and ThC, kernels. 
(c) Kernel materials not presented by FDDM/F or Myers (1985b). 
(d) U = unknown, i.e., no parameters found in the literature; values for ucOl.6 might be used as an approximation. 



This model is applicable to steady-state release under NOC (in the presence of a 
neutron flux) throughout the operating temperature range of the reactor. The model 
considers only short-lived fission gases (half-life 4 . 3  d) in its derivation (Myers, 1981d). 
[Refer to Nabielek et al. (1982) and Myers et al. (1977) for discussion of a model relevant 
to kernel release of stable fission gases. Also, Myers (1985b) seems to imply that the model 
for release of the short-lived gases can also be applied to model release of long-lived gases 
by incorporation into the model equation recommended by Haire et al. (1974) for fractional 
release of radionuclides; however, th is  implication is not stated unambiguously.]' 

The experimental conditions under which the data used in model development were 
obtained are listed in Table 4.2.2 (Myers, 198ld) and compared to expected in-reactor 
conditions. The data were obtained from individual laser-failed particles @e., a hole burned 
through all coating layers using a laser). Data for gas release from fuel compacts was 
excluded because it was unexpectedly higher than that for the loose particles (Myers, 1981d). 
Most of the experimental data has been obtained at llOO'C, but some data has been 
obtained over the temperature range of 600 to 1300.C and a few data points near room 
temperature. Most of the data is obtained for burnups under 10% FIMA, with additional 
data up to 30% FIMA and a few data up to 60% FIMA. Gas release data was obtained 
from both BISO and TRISO particles for a variety of kernel materials P O ,  (8Th,U)O, 
(Th,U)C, UO, UC, and UCO]. The gas release data obtained from the TRIGA 
irradiations does not truly represent steady-state release (Myers, 1981d). 

AssumDtions 

1. 

2. 

3. 

4. 
5. 

6. 

7. 

Release of iodine and tellurium isotopes from exposed kernels can be modelled using 
the model parameters for xenon. 
Release of bromine and selenium isotopes from exposed kernels can be modelled using 
the model parameters for krypton. 
Fission gas release from laser-failed particles is comparable to release from particles 
with failed Sic, PyC, and buffer coating layers. 
Fission gas release is a function of only temperature, burnup, and kernel material. 
The burnup factor is independent of temperature (Myers, 1983b), and no synergism 
exists between the temperature and burnup dependencies of fission gas release. 
The non-steady-state release of fission gas from TRIGA irradiations can be used to 
simulate steady-state release by the use of a constant correction factor (Myers, 1981d). 
In Eq. (4.1.2) the exponent n is a constant of value 0.5 and remains constant for all 
irradiation and heating conditions. 

'In review, B. F. Myers comments that the reference formulation does account for both 
short- and long-lived isotopes, and that the other model for long-lived isotopes is not used 
at present. 
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Table 4.2.2. Comparison of TRIGA-test and reactor normal operating conditions 
(from Myers, 1981d) 

Pressure (MPa) 

Temperature (OC) 

Temp. Gradient 

Configuration 

Irradiation dam- 
age-annealing 
interaction 

Time 

Neutron Flux 

Gas 

Failure 

TRIGA Test 
. ~ .__-_. _ _ .  - --- 

0.24 

1100 

No 

Loose, laser-failed 
par ti cl es 

No 

Non-steady state (a) 
(short time) 

Low 

'Static 

Laser Hole 

Reactor NOC - 
5 . 0  

700 to 1400 

Yes 

Particles failed in 
f u e l  rods in graphite 
core 

Yes 

Steady state (long 
time) 

Normal 

Flowing 

Particle and fuel rod 
cracking,induced por- 
osi ty 
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Uncertainties 

Paramete?) Kxypton 

The uncertainties in the model parameters are given in terms of the standard deviation 
of the natural logarithm of the parameter. The values as given by Myers (198ld) and 
FDDMF are listed in Table 4.2.3. 

Xenon 

MODEL CHRONOLOGY 

L 
€ 0.94 1.40 

Q 0.20 0.35 

f(F) 0.5 0.5 
1 

An early analytical model was presented for fission gas release by Hake et al. (1974), 
which included the term (IUB),,. Myers et al. (1977) developed th is  model in more detail, 
but the modem version of this model did not appear until 1981 (Myers, 198ld). The only 
modification to the 1981 model was the introduction of the structure term (Myers, 1985b) 
to better simulate the enhanced gas release above 1lOO'C. 

DISCUSSION 

According to CEGA (1990), the current database relevant to this model for gas release 
from failed particles is derived primarily from the above-mentioned "'RIGA measurements 
on laser-failed fuel particles. Although the results for gas release from unhydrolyzed fuel 
in the recently-completed HFR-B1 capsule should also be relevant to this model, analysis 
of that data has not yet been reported. 

In comparison with Myers (1981d), it appears the parameters specified for UCO fuel 
in F D D W  are actually based on calculations for UCOIe6 rather than the reference UCO,, 
fuel. In "Assumptions" above, reference is made to the use of two correction factors in using 
TRIGA data to simulate HTGR-like steady-state release. Reference should be made to 
Myers (1981d) for further discussion of the derivation and use of these correction factors. 
The need to use these correction factors introduces some uncertainty in using this TRIGA 
data for model development. 

Table 4.2.3. Uncertainties in the parameters for NOC fission gas release from exposed 
kernels, no hydrolysis, Eq. (4.22) 

(a) Uncertainty given in terms of the standard deviation of the natural logarithm of the 
parameter. 
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Other models for gas release used in the FRG and Great Britain are qualitatively 
described and contrasted with this GA model by Myers (1983b). Myers (1985b) desmies 
differences in experimental gas release between GA and FRG data, some of which he 
ascnies to intact buffer layers on the FRG particles. Myers (1983b) states that the 
difference between laser-failed FRG and U.S. particles is that the buffer layers remain intact 
on the FRG particles but the hole is drilled to the kernel surface in the U.S. particles. If 
buffer layers do in fact remain intact on particles with failed Sic and OPyC layers within the 
reactor, the question then arises whether gas release from laser-failed particles will 
accurately represent what one would see under reactor conditions. This buffer effect is 
discussed in more detail in s4.8.2. 

Another unresolved question in this model is the actual value of the exponent n in 
Eq. (4.1.2). A value of 0.5 is typical of diffusive release while a value of 1.0 is indicative of 
the release of stored gas (Myers, 1985b). Because some data provide a value of n = 0.5, the 
assumption is made that n = 0.5 under all conditions. The data do not unequivocally 
support th is  assumption. Myers (1981d) comments that for some data "the exponent n is 
found to be closer to 0.35 than 0.5. However, mechanisms leading to a lower value of n are 
not well established so that no generally acceptable expression for R/B incorporating such 
mechanisms is available. Therefore, the square root relation (n = 0.5) is used in the 
absence of any other." Myers (1981d) also comments that "the half-life dependence becomes 
weaker with increasing bumup, i.e., the value of n decreases. This can be shown by the data 
in Table f4.2.41. A description of these data can be roughly given by the relation 
n = 4.76/(14 + F) where F is in 96 FlMk The form of this relation also fits data from 
long-term "RIGA experiments on laser-failed Tho, fuel ... although here the absolute values 
of n are lower at a given burnup as shown in Table [4.2.4]." Other data relevant to this issue 
is provided by Fig. 4.2.1 (from Myers, 1985b) which indicates a temperature-dependence of 
n, and it "is the change in n values in going from 1lOO'C to 1300'C that is the indicator of 
the release of stored gas [rather than a value of n close to one]. Unfortunately, there is no 
theoretical framework to quantitatively account for the specific n values found." 

Thus, the square root dependence for (RIB)4i is actually an experimental parameter 
which is assumed to be 0.5 in agreement with the analytical model. FDDM/F gives the 
uncertainty of this value of n in terms of the standard deviation of In n. For Kr: 

o(lnn) = 0.19 , 

and for Xe: 

o ( h n ) = 0 2 4  . 

(423) 

(424) 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

A general question raised above is whether the gas release from laser-failed particles 
is the same as from particles with defective outer layers but intact buffer layers. Indications 
that densification of an intact buffer layer can have a significant effect on kernel gas release 
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Table 4.2.4. Dependence of the exponent ra on burnup for unhydrolyzed laser-failed 
particles at 11OO'C (from Myers, 1981d) 

ucol . 6 
uo2 

u02 

Tho2 

Tho2 

Tho2 

0.34 

0.34 I 
0.33 ! 

! 0.36 I 

! - 

0.11 

0.15 

0.07 

0.13 

0.23 

0.16 

0.098 

Irradiated 

% FIMA I 
28 

22 

18 

1.2 

6 

11.7 
I 
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will be presented in ~4.8.2. This question is irrelevant if the buffer layers of NP-MHTGR 
particles fail during irradiation, but if they remain intact th is  issue should be kept in mind 
in model analysis and revision. 

From the above discussion, it is apparent that not all the questions about gas release 
from the kernel have been answered by the model. Myers (1981d) mentioned an effort to 
develop a better model and references several internal GA memoranda which were to be 
issued in a GA document (B. F. Myers, Tission Gas Release Model," GA Document No. 
906036). This document has not been reviewed by this writer and might be considered for 
its approach to revising the models for gas release from exposed kernels. 

The existing data for gas release from exposed kernels has been analyzed in detail in 
derivation of this reference model, and the fact that predictions of gas release from kernels 
appear to be acceptable (Myers, 1988) suggests that further detailed analysis of the existing 
data may not be justified. However, CEGA (1990) states: 'I... the temperature dependence 
of gas release from both unhydrolyzed and hydrolyzed fuel has been addressed in the 
recently completed HFR B1 test, test results from these experiments are still being 
evaluated." The analysis of gas release from this experiment should be reviewed as it 
becomes available to determine its consistency with this existing model. 

DATABASE USED IN MODEL DEVELOPMENT 

Much of the database used in the model development is given by Myers (1981d, 1985b) 
with earlier data compilation by Myers et al. (1977). Figure 4.22 (Haire et al., 1974) shows 
some of the data used in early calculations of fractional kernel release vs nuclide half-life, 
which formed the basis of Fig. 4.1.1. Figure 4.23 (Myers et al., 1977) shows the effect of 
burnup on the reduced diffusion coefficient in Tho, kernels, while Table 4.2.5 (Myers, 
1981d) also provides data on the burnup dependence for several kernel materials. 
Figure 4.2.4 (Myers et al., 1977) shows the temperature dependence of (RIB) for "'Kr in 
a Fort St. Vrain-type fuel compact, while Fig. 4.2.5 (Myers et al., 1977) contrasts (RIB) for 
UO, vs (Th,U)C, as a function of temperature. Figure 4.26 (Myers, 1983b) gives (RIB) data 
as a function of temperature and burnup for ".Kr release from TRISO Tho, and 
(8Th,U)02 particles. Figure 4.27 (Myers, 1985b) shows data for the temperature 
dependence of (RIB) for hKr release from laser-failed UCO fuel particles. Figure 4.2.8 
(Myers, 1983b) shows (RIB) for rrmKr at 1lOO'C as a function of burnup for several kernel 
materials. Table 4.2.6 (Myers, 1981d) tabulates (RIB) data for ='Kr release from laser-failed 
UC, particles at 1100'C as a function of burnup, while Table 4.2.7 (Myers, 198ld) calculates 
the burnup parameter, S, for several kernel materials and several fission gas isotopes. 

In addition to Myers et a]. (1977), other references for source data are Montgomery 
et a]. (19th)  and Burnette et al. (1981). Montgomery et a]. (1982a) provide data 
specifically for gas release from UCO fuel. Refer to these sources for more experimental 
detail and source data. 
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Table 4.2.5. Calculated diffusion parameters for uninadiated, loose, laser-failed particles at 
1373 K (from Myers, 1981d; references available therein) 

-88 
4 

uc2 ‘Kr85m 

uc2 Kr85m 
1 

I Kr87 

Kr88 

Kt89 

uc01,l Kr85m 

Kr87 

Kr88 

Rr69 

~ 0 1 . 6  Kr85m 

Kr 87 

Kr88 

Kr89 

t‘o 2 Kr85m 

Kr87 

€ 3 8 8  

Kr89 

U02* Kr85m 

Kr 87 

Kr88 

Kt89 

Tho2 Kr85m 

I 

0.60*0.18 

1. OOfO .5  

0.87f0.4 

0 A4f0.6 

0.70f0.3 

0.69(e) 

0.64 

0.61 

0.57 

0.62 ( f )  

0.55 

0.59 

0.41 

0.34f0.02 

0.28f0.02 

0.27f0.03 

0.24t0 .05  

0.084f0.043 

0.063f0.435 

0.056f0.044 

0.063*0.034 

0.96 

1.60 

0.78 

1.08 

0.3s 

1.10 

0.58 

0.79 

0.29 

0.99 

0 S O  

0.74 

0.21 

0.54 

0.25 

0.35 

0.12 

0.134 

0.057 

0.072 

0.032 

0.13(9) 

i 4.3 5 ( -5) 

4.35 ( -5  1 

1.52 (-4) 

6.90 ( - 5 )  

3.63(-3) 

4.35(-5) 

1.52(-4) 

6.90(-5) 

3.63(-3) 

4.35 ( -5 1 

1.52 (-4 1 

6.90 ( -5 

3.63(-3) 

4.35 (-5) 

1.52 (-4) 

6.90 (-5) 

3.63 (-3) 

4.35 ( -5 1 

1.52 (-4) 

6.90 ( -5) 

3.63(-3) 

4.45 ( -1 0 1 

1.24(-9) 

1.02 (-9) 

8.94 (-10) 

4.94 (-9) 

5.85 (-10) 

5.68(-10) 

4.78 (-10) 

3.39 (-9) 

4.74 (-10) 

4.22 ( -10 1 

4.20(-10) 

1.78 (-9 1 

1.41 (-101 

1.06 (-10) 

9.39(-11) 

S.80(-10) 

8.68(-12) 

5.49 1-12) 

3.97 (-12) 

4.13 (-111 
I 

4.35(-5) I 8.17 (-12) 

I 

-4 0 

-46 

-6 0 

-9 I 

-41 

-47 

-9 0 
-6 1 
-112 

(a)The original computer calculations of R/B used different intensity 



Table 4.2.5 (continued) 

f a c t o r s  f o r  t h e  Kr88 spectral  peak i n  d e t e r m i n i n g  t h e  d i s i n t e g r a -  
t ions / rn inute  (DPM) f o r  t h e  sample ( c o r r e c t 1 y ) a n d  t h e  DPM f o r  t h e  r e f -  
e r e n c e  s t ea ra t e  sample ( i n c o r r e c t l y ) .  The Kr88 d a t a  i n  t h e  t a b l e s  Gf 
t h i s  memorandum as well  as i n  Ref.  2 have been  c o r r e c t e d  (by hand)  by 
d i v i d i n g  t h e  R/B v a l u e s  based on t h e  o r i g i n a l  computer c a l c u l a t i o n s  
by 1 . 4 4 .  The v a l u e  1 . 4 4  r e p r e s e n t s  t h e  r a t i o  of t h e  o l d  i n t e n s i t y  
f a c t o r  t o  t h e  new one (see T a b l e  of I s o t o p e s ,  s e v e n t h  e d i t i o n .  John 
Wiley, 1978, p 331; new v e l u e  of i n t e n s i t y  a t  0.196320 MeV is  26.3% 
of t o t a l  emiss ion . )  

(b)Column 3 m u l t i p l i e d  by 1 /2  e r f  v’AT, t = 1800s. 

( ‘ ) i k j  = a(%R/Bl2/9.1O4. 

(d )Ref .  11, see t e k t .  

( e l o n l y  one run.  

( f ) O n e  of two runs ;  the  other r u n  has R/B f a c t o r s  of 50 t o  60  smaller,  and  

( 9 ) R e f .  3 ,  t h i s  v a l u e  r e p r e s e n t s  long-term run d a t a  and no c o r r e c ’ t i o n  a s  

t h e  p a r t i c l e s  used are t hough t  t o  be imprope r ly  f a i l e d .  

i n  ( a )  above needed t o  be a p p l i e d .  
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Fig. 4.2.5. Comparison of temperature profiles of WB for ='Kr between matrix-dispersed 
bare kernels of (Th,U)C, and U02 (from Myers et al. 1977). 



Fig. 4.2.6. Fission gas (*Kr) release mcasurcmenu from laser-failed, TRISO-coated Tho, 
and (8Th,U)O, particles at 600 (Q), 1050 (a), and 1250.C (a) as a function of 
(a) burnup and (b) temperature (from Myers, 1983b). 
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A 
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A 

Fig. 4.2.7. R/B vs 10'F for &Kr in failed UCO fuel particles (from Myers, 1985b; 
references available therein). 
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Fig. 4.2.8. The dependence of RIB on burnup for Th,O, (8Th,U)OB (2Th,U)Oa and UC, 
laser-failed fuel particles (from Myers, 1983b). 
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Fig. 4.2.8 (continued) 
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Table 4.2.6. RIB data on laser-failed UC, fuel particles for ssmKr at 11OO'C 
(from Myers, 1981d) 

-_- ...-. . -- -- 
0.005 ThC2 ! 

_-,_._...____-- -.- 
1.6 

I 1.2 
0.014* ! 

I 

0.008 I 1.8 

ThC2 

ThC2 

I 
I 

0 uc2 ! 
0.0048 

, 
0.0056 I 63 uc2 

I 
0.0066 I 8 uc2 

0 . 0042 21 uc2 

0.0057 30 uc2 

0.0026 25 uc2 

0.0038 30 uc2 

0.0072 54 uc2 

0.015* 0 "C2 

0.005 0 uc2 

0.005 28 uc2 

-_ 
0.0069 28 uc2 

.-. . - .-- - ---- -... - ---- -. - - .-- - - -.- - . 

With all data: 
R/B = 0 . 0 0 7 8  - 5.89 F 

0.00318 (0,1065 - 0.0055 F + 1.59 F2) SR/B = 
Without data : 

R/B = 0.0060 - 1.38 F 
SR/B = 0.00169 (0.134 - 0.0069 F + 1.77 F2) 

where R/B is f o r  Kr85m a t  llOO°C and F is burnup in % FIMA. 
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Table 4.2.7. Calculated coefficients of burnup for burnup dependence of RIB 
(from Myers, 1981d; references available therein) 

uc2/28 Kr85m 

Kr87 
Kr88 

i Kr89 ' 
UCOl .1/- ( f 1' 

I 
! 
* Kr85m 
Kr87 

9 Kr88 
Kr89 

. Kr85m 
Kr 87 

' Kr88 
Kr89 

Kr85m 
Kr87 
Kr88 
Kr89 

- 

I 
I 
I 0.60i0.10 

0.49iO . 07 I 0.44iO .04 
: i 0.29f0.01 

I 

0 -53 
0.49 
0.40 
0.33 

0.97iO . 18 
0.85*0 -16 
0 .74iO -96 
0 . 83iO . 16 
0.82kO. 09 
0 . 81iO .17 
0.61f0 -12 
0.51kO .06 

- 

I 

I 

I 
I -143 

i 0.96 0.0 

0 -96 (dl 

! 0.15 (dl 

! 0.57 (6) 

0.85 -o.o(g) I 

-0.0 
0.44 
0 -52 
0.17 -0.0 

1.55 0.14 -76 
0.15 -87 0.77 

0.13 0.13 -115 

0.42 0.26 

1.31 0.52 
0.73 , 0.70 
0.79 0.59 
0.26 0.52 

-114 

.(a) SD = standard deviation: no value indicates only one measurement 
was made. 

Column 3 multiplied by 1/2 erf r t  I t = 1800s. (b) 
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Table 4.2.7 (continued) 

d ) See d i s c u s s i o n  i n  S e c t i o n  3.1-1. The d a t a  of Ref .  2 a l o n e  a r e  
n o t  adequa te  t o  d e t e r m i n e  t h e  c o e f f i c i e n t  of burnup so t h a t  all 
data  a v a i l a b l e  on carbide k e r n e l s  were used  t o  d e t e r m i n e  t h e  
burnup dependence.  

( e )  See S e c t i o n  3.1.5. 

( f )  

(9) See d i s c u s s i o n  i n  S e c t i o n  3.1.5. 

( h )  S d e t e i m i n e d  i n  Ref .  3 -  

The datum for UCO1.1 has a v e r y  l a r g e  v a l u e  and  i s  suspect. 
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4 3  RELEASE FROM EXPOSED KERNEIS: NORMAL OPERATING 
CONDITIONS, COMPLEE HYDROLXSIS 

function This model calculates the steady-state fission gas release from exposed 
kernels during irradiation after complete hydrolysis of the kernel, as a 
function of temperature, kernel material and burnup, and isotope half-life. 

present 
Status 

The model for NOC release after complete hydrolysis of the kernel differs 
from the model for norhydrolyzing conditions only in having an additional 
multiplicative hydrolysis factor and in modified values for some of the 
model parameters. Recent and current analyses of the data from the 
HRB-17/18 and HFR-B1 irradiation experiments will be relevant to this 
model. 

model 
uncertainty 

The uncertainty in the hydrolysis factor employed by the model is given a 
value of 3.4 (Myers, 1988) and is attributed to potential changes in kernel 
configuration under hydrolysis (swelling, cracking, etc.). 

Myers (1981d, 1983b); Myers et al. (1977); Montgomery et al. (1982a) references 

Model eauations 

The model for fractional steady-state fission gas release from exposed and completely 
hydrolyzed kernels, (R/B)+-, is described by Eq. (4.1.1) in ~4 .1 :  

= (;g;f(n *fH -f(H) + 

(43.1) 
('IkjiHTFS 1 +f, 9 

which takes the detailed form: 

with parameters as defined in s4.1. This model equation differs from that for unhydrolyzed 
fuel only in having an additional hydrolysis factor,f(H), and a modified burnup parameter, 
f#). The parameters for krypton and xenon release for use in Eq. (4.3.2) are listed in 
Table 4.3.1. The values for the variables th, P ,  T' and T, are the same for both hydrolyzed 
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Table 4.3.1. Parameters for use in design equation for gaseous release from exposed kernels with complete hydrolysis, 
Eq. (4.3.2) 

I u co , ,p Tho,@' U C p  
Parameter 

Kr I Xe K r I  Xe K r I  Xe 

uop  

x10" xlo-'2 8 
uco 1. X I  Ref. 

1.62 1 1.67 1 (i) 
x1O-l0 x10" 

U U 

1373 I 1373 I :; 
4.9" 4.qh' 

Parameters given here for UCOI6 are used for the reference UCO fuel in FDDMF. 
Parameters for Tho, are given by Myers (1981d), but FDDM/F states that hydrolysis of Tho, does not occur unless it has 
first been converted into ThC, after which parameters for UC, hydrolysis should be used. 
FDDM/F states that parameter values for UC, also apply to (Th,U)C, and ThC, kernels. 
Kernel materials not presented in FDDMF or Myers (1985b). 
Values reported by Myers (1985b) for nonhydrolyzed kernels, and used in FDDMF for hydrolyzed kernel gas release. 
U = unknown (i.e., no parameters found in the literature); values for UCO,, might be used as an approximation. 
Value from FDDMF, and different from that given by Myers (1981d). 
Myers (1981d) also mentions a value of 24. 
Myers (1981d). 
Myers (1985b). 



and unhydrolyzed conditions, but all other parameters are different from the unhydrolyzed 
case. 

Ranee of validity 

As in ~4.2, the model is applicable to steady-state NOC gas release throughout the 
operating temperature range of the reactor. The model considers only short-lived fission 
gases (half-life 4 . 3  d) in its derivation (Myers, 1981d). In addition, the model is valid for 
completely hydrolyzed kernels only. 

The experimental range of validity for UC, kernels as reported by Myers et al. (1977) 
includes heating temperatures from 300 to 900.C and 100 ppm water vapor pressure. The 
experimental range of validity for UCOI4 kernels as reported by Montgomery et al. (198h) 
includes temperatures of 850 to 1300'C, for burnups of 18.5 and 24.5% FIMA. 

AssumDtions 

The same assumptions apply as are listed in ~4.2. In addition, the hydrolysis factor is 
assumed to be a constant independent of irradiation or heating conditions, with no synergism 
between the temperature, burnup, and hydrolysis dependencies of fission gas release. 
Apparently the hydrolysis factor for UO, kernels is assumed to apply to all kernel materials 
(see Table 4.3.2). 

Uncertainties 

The uncertainties in the model parameters are given in terms of the standard deviation 
of the natural logarithm of the parameter. The values as given by FDDM/F are listed in 
Table 4.3.3. 

MODEL CHRONOLOGY 

The model presented here was developed by Myers (1981d) and is present in largely 
the same form in FDDM/F except for the introduction of the high-temperature structure 
factor (Myers, 1985b). 

DISCUSSION 

Table 4.3.2 lists experimental hydrolysis factors for several kernel materials. The value 
for UO, is applied to all kernel materials by the model (Table 4.3.1). CEGA (1990) states 
that this model is derived from a database consisting of laboratory measurements and short- 
term TRIGA tests, and that isothermal, in-pile hydrolysis tests were conducted on reference 
UCO fuel in the HRB-17/18 capsule tests and that data from hydrolyzed fuel is also 
available from the recently completed HFR-B1 capsule test. 
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Table 4.3.2. Hydrolysis factors for unirradiated, loose, laser-failed particles at 1373 K 
(from Myers, 1981d; references available therein) 

I 

I Kr89 0.29 i ! ( f )  I 

i 
: Kr85m 

I Kr87 

' Kr88 

Kr89 

0.99 

0.50 

0.74 

0 .21  

4.9 

3 .7  

4.6 

2.8 

! 

1-105 

' 24 

i 
u02 Kr85m 0.54 0.49 ! 1 . 7 ( h )  / -104 1 ' 

Kr87 0.25 0.42 

Kr88 0.35 0.59 

Kr89 0.12 0.44 

uo2 * Kr85m 0.134 0 . 1 9 ( i )  2.0 [ -106 1 Kr87 0.057 0.14 

Kr88 0.072 0.17 

Kr89 0.032 0.13 

Tho2 Kr85m 0.13 - i . o W  
---._ ._- - -- ---.-.- -- 

( a )  T h e s e  d a t a  a r e  t a k e n  f r o m  T a b l e  1 6 .  

(b) T h e s e  da t a  a re  t a k e n  from Ref .  2; no s t e a d y - s t a t e  c o r r e c t i o n  
h a s  b e e n  a p p l i e d .  

( c )  

( d )  

( e )  T h i s  va lue  is  t a k e n  f r o m  Refs.  1 9  a n d  2 0 .  

T h e s e  r u n  numbers r e f e r  t o  t h e  e x p e r i m e n t s  l i s t e d  i n  R e f .  2 .  

C a l c u l a t e d  from t h e  r a t i o  { ( % R / B ) h / ( % R / B ) u } 2  f o r  Kr85m. 
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Table 4.3.2 (continued) 

(f) No da ta  on hydrolyzed, u n i r r a d i a t e d ,  l o o s e ,  
UC01.1 f u e l  p a r t i c l e s  i n  R e f .  2. 

laser-failed 

( g )  Based on Kr85m; i n  accordance w i t h  procedure described i n  
Sect ion 3.1.1. 

(h) Averaged over t h e  H values  for Kr85rn, Kr87, and Kr88. 

(i) These values  d i f f e r  from those  i n  R e f .  2 ,  Table 1 s i n c e  here, 
as stated a t  t h e  beginning of Sec t ion  3 ,  data on f u e l  rods 
a r e  not  used. 

(1) Assumed t o  be 1 . 0  i n  t h e  absence of data f o r  t h e  case of 
hydrolysis .  
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Table 4.3.3. Uncertainties in the parameters for NOC fission gas release from exposed 
kernels, complete hydrolysis, Eq. (4.3.2) 

€ 
Q 

f4F) 
f(H)@) 

n'c) 

I Parameter'" I Krypton I Xenon 

0.94 1.40 

0.78 0.78 

0.5 0.5 

0.63 0.63 

0.19 0.24 

(a) Uncertainty given in terms of the standard deviation of the natural logarithm of the 

(b) Values differ from those given by Myers (1981d). 
(c) Although n [Eq. (4.1.2)] is assumed to be a constant (n = 0.5), n was found to vary in 

parameter (FDDW). 

experiment; refer to "Discussion" in s4.2. 

Myers (1988) discusses this model and these experiments h more detail. He states that 
most of the uncertainty in the model "arises from the possible change in particle 
configuration during hydrolysis. If the hydrolysis occurs rapidly, the kernel expands and 
could possibly enlarge the pore or cracks through which the water vapor reached the kernel. 
This matter can be addressed more thoroughly after completion of the detailed analysis of 
the HRB-17/18 experiment and related data ... Also, when the HFR-B1 experiment and the 
analysis are completed, the description of hydrolysis on smaller time scales will be possible. 
The data derived from these two reactor experiments cover the temperature range between 
700 and ll00'C and the water vapor concentration range is adequate for application of the 
model to normal operating conditions but for water vapor concentrations, extrapolation to 
lower levels is required and this introduces some uncertainty." 

Myers et al. (1977) analyzed the gas release from hydrolyzed UC, kernels. The data 
is presented in Table 4.3.4. Some of the conclusions of Myers et al. are quoted here. 
"Hydrolysis tests on unirradiated [i.e., very lightly irradiated], exposed carbide particles in 
fuel rods and slightly irradiated compact material show that FUB initially increases to 20% 
to 60%, then declines to approximately 10% after about 1200 h of annealing. In one 
hydrolysis test on an irradiated fuel rod, the apparent R/B of hydrolyzed carbide particles 
was estimated to be 1.35%. The recommended R/B for Kr-85m at 1lOO'C for failed, 
hydrolyzed carbide particles in fuel rods is 10% f 4%. This value is based on data from the 
unirradiated fuel rods ... The large values for WB encountered during fuel hydrolysis indicate 
a change in the mechanism of release for the short-lived isotopes as compared with the 
recoil-type release deduced for the case of unhydrolyzed failed fuel in fuel rods ... Diffusive 

4-38 



Table 4.3.4. R/B(') vs hydrolysis time for UC, particles in compacts exposed to 100 ppm H,O 
in helium @om Myers et al., 1977) 

- 
T L r  

( h  - 

1( 

l !  

20 

30 
50 
60 
90 

100 
110 

200 

JOO 

LOO 

L 5 5  

560 

6 30 
6 70 

780 

I i a s  
1216 

1226 

1292 
1315 
- 

300.C 

Laser- 
Dr i l l + d c b  

0.8 

1 . 5  

1.2 

2.7 

1 .: 

21 .o 

(d 1 12.6 

Bare 
Kcrnc 1 

1.5 

3.2 

7 .O 

16.0 

39 .O 

23 .O 

(d 1 1.2 

L0O.C - 
Laser- 
D r l l l e c  - 
I .5 

6.6 

b .6 

b.2 

9.9 

12.0 

b.5(d' 

- 

- 
Bare 

Kernel 

(d 1.7 

7 

16.0 

11 .o 

L5 .o 

19.0 

17.0 

($1 8.6 

- 

Laaer- 
Drilled 

0.7 

I .5 

1 . k  

3.6 

6.3 

10.0 

(d)  3 .1  

h r e  
Kernel 

2.2 
- 

11.0 

I 9  .o 

29.0 

21.0 

IZ.0 

- 

7c 
laser- 
Drilled 

- 
0 .3  

2 - 5  

3 .1  
2.;. 

- 2 .  I 

6.1 

18 .o 
32 .O 

25 .o 

16.0 

10.0 

C 

Bare 
Kernel 

2.9 

- 
- 

24 .o 

13.0 
24 .o 

33.0 

42 .0  

35 .o 
17.0 

22.0 

12.0 

- 

800.C - 
Laser- 
Drilled 

0 . 2  
- 

6 . 7  

9.6 

0.7 

11 .o 
18.0 
25 .o 
27 .o 

27.0 

30 .O 

13.0 - 

- 
Bare 

Le m e  : 

L . l  

- 

31 .O 

36 .O 

1 3 . 0  

L 2  -0 

LI.0 

IL  .o 
11 .o 

12 .o 

32 .O 

16.0 - 

900'C 

Laser- 
Drilled 

0.2 

2 . 1  

- 

1.5 

11.0 

11.0 

lL.O 

5.7 
4.5 

0.3  

9.1 

4 - 2  - 

h r e  
Kernel 

5 .6  
23.0 

50 .o 

63.0 

12.0 

14 .o 
l L . 0  

26 .O 

1 1  .o 

2 1  .o 

10.0 

( a ) K r 8 5 m  RIB values (percent) ec 11OO'C. corrected fo r  s c e a b  acate (1.e.. multiplied by 1-91. 
(b)Fual rods prepared from h a e r d r l l l e d  UC2 TRISO-coered part i c l e s  . 
('.)Fuel rodr prepared from bate & r a d  U t z  parc lc ler .  
(d)~veragc of two succearivr n a s u r m n t i .  
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release from the hydrolyzed fuel during the peak release is apparently contributing 
significantly to release. This can be understood on the basis of a greatly reduced diffusion 
distance for the hydrolyzed fuel, which is in a powder form; thus, the short-lived isotopes as 
well as the long-lived and stable isotopes diffusively escape before they decay. Also, as a 
result of the change in structure of the fuel during hydrolysis, the recoil fraction may be 
expected to increase. The relative changes in recoil and diffusive release as a function of 
annealing time are not known. However, with increased annealing time and possibly the 
onset of a slow sintering process, the fraction release, R/B decreases." 

Montgomery et al. (1982b) analyzed the fission gas release from hydrolyzed UCO,, 
kernels. Their results are summarized in Table 4.3.5 and the data tabulated in Table 4.3.6. 
They summarize their data as follows. "At 85O'C the increase caused by hydrolysis of 
U&O,, irradiated to 18.5% FIMA is -6. When the sample is irradiated to 24.5% FIMA, 
the ratio of the fractional release from hydrolyzed fuel to that from unhydrolyzed fuel is 
-4.0." Additional interpretation of the results with respect to release mechanisms is 
provided. 

The model equations simulate gas release from completely hydrolyzed kernels. No 
discussion is presented of release for partially hydrolyzed kernels or the presence of small 
concentrations of water. No model is presented to consider release for intermediate 
conditions of hydrolysis. One would assume that insufficient data exist to consider this 
regime. 

ADDITIONAL CONSIDERATIONS FOR- MODEL DEVELOPMENT 

The "Additional Considerations" mentioned in ~ 4 . 2  are also relevant here. In particular, 
the data from the HRB-17/18 and HFR-B1 experiments must be evaluated and compared 
to this model for consistency. 

If a model for gas release from incompletely hydrolyzed kernels would be useful for 
expected NP-MHTGR conditions, such a model might be developed by interpolation 
between the models of S4.2 and S4.3 (Le., between no kernel hydrolysis and total hydrolysis). 

DATABASE USED IN MODEL DEVELOPMENT 

Some of the relevant database was presented above in Tables 4.3.2 and 4.3.4 through 
4.3.6. In addition, experimentally determined values of n, Q, and S, for hydrolyzed kernels 
are presented in Tabies 4.3.7, 4.3.8, and 4.3.9, respectively (taken from Myers, 1981d). 
Myers (1981d) makes reference to additional General Atomic documents which contain gas 
release data used in the model development, but these documents have not been reviewed 
for inclusion here. 
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Table 4.3.5. Summary table of results from 28-hour irradiation of failed Si-BISO UC,,O,, (from Montgomery et al., 1982a) 

t x p e r  Imenta  I Oliuervnt I o n  

f l n e  f o r  
Ur-85. t o  Kr-85a 

Reach C o r r c c t l o n  
P - q i i l l l b r l o m  Fac to r  a t  Decry  C o n e t r n t  t empera tu re  Poeelhle 

F u e l  C a n d l t l o n  st  1150'C 850*C(a) Dependence ncpendence(b) Mec l isn len  Remark a 

U n l r r a d l a t e d /  2-4 Iir 1.9 Amblcnt-850°C: i0 .3  Expected  Reco l  1 111gli A dependence s t  1100*-1300'C eugl:eete 
u n l i y d r o l  y t e d  d l f f u e l o n  but n o t  cornpat lb le  ultli s l i o r t  

equ t 11 b r l u m  t Ime. 'If fue'oii' 
r e c o l l  

110O0-1300'C: 0.5 Expected  

U n l r r a d l s t c d /  > I 6  Iir 
l i yd  ro  I y zed 

3 I~O~-I~OO*C: 0.37- Expected  Peeudo F l r a t  t l m e  t l i a t  tlrne dependent r e l e a e e  
0.45  r e c u l  I! obuerved I n  f a l l e d  h y d r o l y z e d  f u e l .  

d t f f r i e l o n  A c t l v a t l o n  energy  p r o b a h l y  t o o  low fur hulk 
d l f f u e l o n .  
Pseudo r e c o t l  necl ianlsm q u e s t l o n o b l e .  

1111:Ii r e l e u e e  a t  1300.C diie t o  s t o r e d  

A c t l v a t l o n  energy  t o  low f o r  I u l k  d l f f u a l o n .  
I r r e v e r e l b l e  e t r u c t u r s l  change s t  13OO'C. 

I r r s d l a t e d l  6-8 1.3-1.5 850*-1300'C: 0.13- Expected  Pauedo I.ou A dependence n o t  compe t tb le  utt l i  t l m e  
h y d r o l y z e d  0.23 r e c o l l  dependent r e l e o a e  and b u l k  d l f f u a l o n  

n e c o i  I I r r m J I a t e i I l  0.5-2 Iir 1.2-1.4 A~blen t -110O*C:  <0.3 Expected  
un l r yd ro l  y t e d  1I0OoC: 0.5 Uiiexpected(C) ~ c c o i  1 f l U U I O t 1  Rae. 

mecliantsm. 
Peciido r e c o l l  mecl iuntsn q t tes t l onsb le .  

(')Not the uame f a c t o r  ueed t o  c o r r e c t  a t s n d s r d  11OO'C THICA t c e t  (STT) f o r  a t e a d y - e t a t c ,  u l n c e  STT c o l l e c t e  Ron f o r  a d d l t t o n o l  

(b )Expected  r e f e r e  t o  tempera ture  dependence r e p o r t e d  i n  F u e l  Dee lgn  Data  Manual;  s ' f a c t o r  o f  2-3 f o r  t empera tu re  Jump o f  -2OO'C 

(c )Unexpected  r e f e r e  t o  an spps rcn t  t nc resee  l n  R/B of >10 between 1100' and 1300'C. 

I5 m l n  a f t e r  r e a c t o r  scram. 

be tuecn  800*-I3OO'C. 



Table 4.3.6. Summary of krypton isotope release from failed Si-BISO LEU UC,,,O,, during 
28-hour irradiation tests (from Montgomery et al., 198%) 

Sample 

Nonirradiated 

Nonhydr olyzed 
8489-28 

I r r ad i  a t  ed 
18.5% F E U  

Nonhydrolyzed 
8489-34 

I r r a d i a t e d  
24.52 F I N  
Nonhydrolyzed 
848 9-4 6 

Nonlrradiated 
Hydrolyzed 
8489-30 

I r r a d i a t e d  
18.5% FIX4 
Hydrolyzed 
8489-3 6 

I r r a d i a t e d  
2 4 . X  FIXA 

Hydrolyzed 
8489-68 

Tempera t u t  e 
("C)  
~~- 

R.T. 

850 
1100 
1300 

R.T . 
850 

1100 
1300 

R.T . 
850 

1100 
1300 

850 
1100 

1300 

850 
1100 
1300 

850 
1100 

1300 

Kr-85m 

0.066 

0.4 
2.1 

5.4 

0.067 
0.3 
0.4 
15 . l (a )  

0.16 
0.7 

1.3 
25.4(a) 

4.0 

9.5 
16.0 

1.6 
2.3 
2.6 

2.9 
5.0 

9.1 

R / B  x 10' 
Kr-88 

0.055 
0.3 
1.8 
4.8 

0.056 

0.2 
0.4 
11.0(a) 

0.15 
0.6 
1.1 
18.8(a) 

3.1 

7.5 
13.0 

1.3 
2.0 

2.3 

2.5 
1 . 4  

8.0 

-~ ~ 

Kr-87 

0.052 

0.3 
1.4 
3.7 

0.059 
0.2 

0.5 
8 . 3(a)  

0.14 
0.6 

0.9 
14.0(a) 

2.3 
5.6 
10.8 

1.3 
1.7 
2.0 

2.6 
4.1 

6.8 

Kr-89 

0.023 
0.1 

0.3 

0.7 

0.028 
0.1 
0.2 
1. 5(a)  

0.062 
0.3 
0.4 
2 . w  

0.8 

1.3 
2.8 

0.8 
1.0 

1.0 

1.6 
2.4 

3.2 

(a)These va lues  are inf luenced  by r e l e a s e  of s t o r e d  f i s s i o n  gas and a r e  
not  equ i l ib r ium R / B  va lues :  see Discussion 6.1.3 "Temperature Dependence." 
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Table 4.3.7. Values of the exponent n for unirradiated and irradiated hydrolyzed laser-failed 
particles at 1lOO'C (from Myers, 1981d) 

I 

1988 1871 

Unirradiated Irradiated 
n. % FINA 

1930 

0.10 i 0.13 22 

18 1 O . O 8  i 0.06 

i 0*09 

0.09 

I 

23 

Table 4.3.8. Activation energies for the temperature dependence of RIB for hydrolyzed fuel 
(from Myers, 1981d) 

Isotope 

Kr85m 

Kr87 

Kr88 

Kr89 

Aver age 

Xe135 

Xe138 

Xe139 

Average 

2493 

3750 

2275 

1083 

2400 
! 

I 
I 3949 

1561 

I 453 

2483 

2555 

3776 

2258 

1346 

1 2443 

3650 

1531 

433 

f972 

i1533 

(b) Determined from R/B values relative to stearate R/B values 

(c) Average overall data with standard deviation. 
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Table 4.3.9. Calculated coefficients of burnup for burnup dependence of RIB in hydrolyzed 
fuels (from Myers, 1981d; references available therein) 

U C O l . l /  - ( f )  

ucol . 6/22 

I i 
I 1 2.7 -0.47 I 

2.4 -0.37 1 4.9 
3.7 

Kr85m 
Kr87 i Kr88 
Kr89 

I Kr85m 1 Kr87 
I Kr88 

Kr89 

u 0 2 / l 8  

1 

( b )  ( % R / B ) F = F  = the p e r c e n t  R/B a t  b u r n u p  F (F-given i n  Column 1) 

I 1 . 9  -0.41 I 3.2 
2.8 

0.49 
0.42 
0 .41  
0.44 

i 
0-19 i 

1.9  I -0.34 I 
2.9 ' 5.2 

! 2.5 ' 5.2 
2.4 1 5.0 

! 

I 

! 

( d )  Run Nos. f o r  da t a  i n  Column 4. 

( e )  

( f )  

The v a l u e s  o f  ( % R / B )  were t a k e n  from Refs .  1 9  a n d  20.  

No d a t a  on UCO1.1 f o r  t h e  b u r n u p  d e p e n d e n c e  of R/B; assume 
v a l u e s  t o  be t h e  same as  f o r  UC01.6. 

No d a t a  on Tho2 f u e l :  assume no burnup  d e p e n d e n c e  f o r  R/B of 
h y d r o l y z e d  f u e l .  

(9) 

Tho2 (31 
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. 

4.4 RELEASE FROM EXPOSED KERNELS: ACCIDENT CONDITIONS, 
NO HYDROLYSIS 

function 

present 
Status 

model 
uncertainty 

references 

This model calculates the timedependent fission gas release from exposed 
kernels during accident conditions (no neutron flux) with no water vapor 
present, as a function of gas species, kernel material and burnup, and 
temperature. 

The analytical framework of the model is well established using data for UC, 
and Tho, but the database for fission gas release from UCO consists of 
only two experiments (Myers, 1988)' 

"No uncertainty analysis has been performed but an estimate of the 
uncertainty is less than a factor of 2 except for the UCO case where 3 is 
more appropriate" (Myers, 1988). 

Myers et al. (1980); Myers (1988) 

Model eauations 

The time-dependent fractional release of fission gas from exposed kernels under 
nonhydrolyzing accident conditions (no neutron flux present) is given by (Myers et al., 1980; 
FDDMF): 

f ( 0  = fa ( f p ,  + f p , )  + s * t s 

1 - c  fPI=m * 

(4.4.1) 

(4.42) 

(4.43) 

(4.4.4) 

'B. F. Myers comments that the model has also been successfully applied to German 
data. 



6, = W[P, (+ - %)I ’ i = l , 2  

fP, 

fP1 + fP2 ’ 
g, = 

(4.45) 

(4.4.6) 

(4.4.7) 

(4.48) 

transient fractional gas release, no hydrolysis, 
temperature (K), 
time (h), for t I (1 - fal - fh)/S, 
burnup-dependent parameters, i = 1, 2 (dimensionless), 
bumup-dependent parameters, i = 1, 2 (h-’), 
bumup-dependent parameters, i = 1, 2 (IC’). 
burnup-dependent parameter (K), 
constants (K). 

Combination of Eqs. (4.4.1) through (4.4.8) gives the overall model equation: 

f ( t )  = SOe-u’T(I  -fpl -fpz) t + (4.4.9) 

CfP, +fP2) 1 1 .  - - 
fP1 +fPZ 4, +fP2 

For those parameters which vary linearly with burnup, the following form for the functional 
dependence is used: 

(4.4.10) p = c + d F ,  

P 
F = burnup (% FIMA), 
c, d = constants. 

= general parameter representing a,, ab C, B,, 7a1, and T%, 

The parameter 3’ varies nonlinearly with bumup, and the following equations are used to 
represent this dependence: 
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so = soo 9 Fe1 .0  , (4.4.11) 

S o = S : F *  , F L 1.0 , (4.4.12) 

g, n = constants. 

Values for the above parameters for UC, and Tho, kernels and krypton and xenon isotopes 
are given in Table 4.4.1, taken from Myers et al. (1980). These values are identical to those 
given in FDDM/F, the only difference being that Myers et al. (1980) represented the 
parameter u3 as a2. 

FDDM/F recommends using the same parameters for UCO that are given in Table 4.4.1 
for Tho,. FDDM/F also recommends that iodine and tellurium release be modelled 
identically to that for xenon, except that the parameter values u, = a, = 10 and u3 = 0 be 
used for tellurium instead of those for xenon. 

Ranee - of validity 

The model is applicable for nonhydrolyzing conditions, in the absence of a neutron flux. 
Myers et al. (1980) state that the model was derived from Fp release data from "laser-failed 
BISO Tho, and highly enriched (HEW) TRISO UC, particles that had been irradiated to 
a range of kernel burnups. The burnups were 0.25,1.4, and 15.7% FIMA for Tho, particles 
and 23.5 and 74% FIMA for UC, particles ... Fission product release was measured in 
isothermal and temperature rise experiments. The range of the temperatures was from 
1200. to 2300'C. In the temperature rise experiments, the heating rates were between 50' 
and 450'C/h." 

Assumptions 

1. The model parameters for Tho, can also be used to represent fission gas release from 
exposed UCO kernels. 

2. The model parameters for Xe can also be used to model the release of Te and I from 
exposed kernels (except for modification in the values of a,, a= and u3. 

3. The model derived from data for HEU kernels is also applicable to LEU kernel 
materials. 

Uncertainties 

According to FDDM/F, the uncertainties for fission gas release from exposed kernels 
have not been quantified. The only quantification is that provided by Myers (1988) and 
quoted above in "model uncertainty". 
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Table 4.4.1. Recommended values of the model parameters for fission gas release from exposed kernels 
under accident conditions, no hydrolysis (from Myers et  al., 1980) 

8 3  

$2 
Q 

I Tho2 I uc2 

2.96(4) (a) 2.91 (4) 5.59 (4) (b) 5.37 (4) 
11.81 11.81 10.3 10.3 
3.44(4) 4.08 (4)  4.92(4) 5.84(4) 

4.97 (-2) 
3.34 (9) (c )  

- 1  .O(-4) 
-8.91 (-3) 

4.16(-2) , 1.19(-3) 

a 1  
a 2  

$1 

I82 

C 

1 

0.403 
0.0 
0.99 
1.39 
6.00 
5.32 

2.13 
3.33(5) 
0.9968 
1.23 
4.68 
4.49 

5.56 (-2)( 
1.84 (10) 
0.0 

1.41 (2) 
- 3 96 (-3) 

1.19(-3) 

0.169 
3.94 (4) - 2.52 (- 3) 

-4.20 (- 2) 
3.15(-2) 
4.90(-3) 

Non-l inear ly  dependent on burnup so ID 

3.26(8) 

0.403 
1.93(5) 

-3.62(-3) 
-2.10(-2) 

7.13(-2) 
1.26(-2) 

0.860 1.51(11) 0.862 . 

1.31 
5.02(5) 
0.980 
1.56 
5.31 
4.58 

I s :  I I s :  I 
I I I 

SO 8.42(3) I 1.38 I 3.82(6) I 0.298 

0.402 . 

6.15(10) 
0.987 
1.46 
6.54 
5.38 

(a)2.96(4) = 2.96 x lo4. 

(b)Average of va lues  g iven  i n  Table  6-1. 
("The v a l u e  OP a2 a t  23.5% FIMA has  been inc reased  t o  avoid  o b t a i n i n g  n e g a t i v e  numbers wi th  t h e  

recommended f u n c t i o n  f o r  p (i.e.,  a2) .  



MODEL CHRONOLOGY 

The model as presented in FDDM/F is virtually identical to that presented by Myers 
et al. (1980). The values of the model parameters given in Table 4.4.1, taken from Myers 
et a]. (1980), are the same as those given in FDDM/F. The model of Myers et al. (1980) 
was published earlier with the same model parameters in Myers et al. (1978). 

DE CUSSION 

Myers et al. (1980) states: 'The central feature of the release model is a fractional 
release function which descnies the release as a function of time, temperature, and burnup. 
This function was formulated as semiempirical but, for specific conditions, was shown to be 
equivalent to a corresponding function derivable from a diffusion equation which accounts 
for trapping ... The releases predicted with the model and the observed releases were in 
agreement. In the case of xenon and krypton nuclides, the predicted and observed releases 
differed by less than 18%, well within the associated uncertainties. Iodine and tellurium 
nuclides were found to behave like xenon nuclides except in a few instances." 

Figures 4.4.1 and 4.4.2 (from Myers et al., 1980) show the relationship of the model to 
the measured Xe and Kr releases, respectively. Figure 4.4.3 indicates the similarity of 
release of Xe and I. Figure 4.4.4 indicates one instance in which the release of Xe and I are 
not similar, with the explanation that "the mechanism of release for iodine in UC, at high 
burnup is clearly different from that for xenon.'' 

For detailed discussion of the derivation and logic of the model, one should refer to 
Myers et al. (1980). Details of the model and the physical interpretation of the model 
parameters will not be discussed here. In lieu of analysis, the general discussion of the 
model and some of the relevant data by Myers (1988) will be presented. 'The US model 
... is fairly well established, having also been used successfully by the Germans. The model 
involves a diffusion-trapping mechanism which is applied to gas atom migration at 
temperatures below the range 1700 to 2000 K and to gas bubble migration above this range, 
the particular temperature depending on the composition of the kernel. The parameters of 
the model have been determined mainly for Tho, and UC, and only two experiments have 
been conducted with the reference fissile fuel, UCO ... For the important case of iodine, US 
experiments have shown that above 1200'C, it can be treated as xenon, except in carbide 
kernels at temperatures of 1740.C and higher. Furthermore, there are German data on the 
release of iodine that we in the US have not yet incorporated into our data base. The US 
experiments also show that tellurium can be treated as xenon above 120°C.'' 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

Myers (1988) suggests incorporation of the German data for fission gas release from 
exposed kernels into the US database. Analysis of this German data for its relevance to 
model revision should be considered. Specifically, the recent work of W. Schenk and 
coworkers in the FRG should be reviewed (e.g., Schenk and Nabielek, 1988). 
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Fig. 4.4.1. Comparison of measured and calculated cumulative number of xenon atoms 
released in temperature rise experiments (from Myers et al., 1980). 
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Fig. 4.4.2. Comparison of measured and calculated cumulative number of krypton (uSrKr, 
"Kr, and %) atoms released in temperature rise experiments (from Myers et 
al., 1980). 
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FRACTIONAL RELEASE O F  XENON NUCLIOES 

Fig. 4.4.3. Comparison of fractional release of xenon and iodine nuclides between 
1200 and 2300'C (from Myers et al., 1980). 
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Fig. 4.4.4. Fractional release curves for xenon and iodine in Exp. 7240-92 at 2013 M with 
laser-failed UC, particles at 74% FIMA (from Myers et al., 1980). 
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Myers et al. (1980) comment that "model parameters that will conservatively predict 
release of fission products from the kernels of failed LEU fissile particles are developed 
from the HEU UC, data" in their work, and that the "model parameters will be confirmed 
when irradiated LEU particles become available." If relevant data exist, confirmation should 
be made that the release from LEU kernels does in fact confm the validity of this model. 

DATABASE USED IN MODEL DEVELOPMENT 

Much of the database relevant to the derivation of this model is represented by 
Figs. 4.4.1 through 4.4.4. In addition, Table 4.4.2 provides data on the fractional release of 
I and Te isotopes during the temperature rise experiments. Additional details of the 
database can be obtained from Myers et al. (1980). 

4 5  RELEASE FROM EXPOSED KERNEZS: ACCIDENT CONDITIONS, 
WITH HYDROLYSIS 

function This model calculates the time-dependent fission gas release from exposed 
kernels during accident conditions (no neutron flux) in the presence of 
water vapor, as a function of initial UOflC, ratio, burnup, temperature, 
and water vapor pressure. 

present 
Status 

The presence of water increases the release of fission gas. For UCO fuel 
the "mechanisms have been established ... and the model is in good 
agreement with the available data in the range of temperatures 700 to 
9OO'C for hydrolysis." However, data for UC, must be used for higher and 
lower temperatures, for the dependence of the hydrolysis rate coefficient on 
water vapor pressure, and for the retention of iodine from 300 to 800'C 
(Myers, 1988). The model should be reconsidered based on the recently 
published analysis of the HRB-17/18 irradiation capsule data (Myers, 1991). 
Additional details on the model for hydrolysis of kernel materials can be 
obtained in s11.2. 

model 
uncertainty 

"No uncertainty analysis of the total model has been made, but uncertainties, 
between 5 and 10 cannot be ruled out without some further analysis" 
(Myers, 1988). 

references Myers (1986, 1988) 
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Table 4.4.2. Fractional release of I 3 ’ I ,  133J,  I3’I, and I3?e in temperature rise experiments (from Myers et al., 1980) 

Exp. No. 

7240- 108 

7240- 76 

1240- 78 

7260- 106 

7 240- 80 

7240- I10 

1 2  70- 
2250 

1 250- 
2280 

1250- 
2240 

1250- 
2280 

1270- 
2280 

1270- 
2250 

Uiiriiiip 
( X  FlNA)  

1 . 4  
1 . 4  
1 .4  

1 . 4  

15. 7 
IS. 7 
1 5 . 7  
I S .  1 
1 5 . 1  

2 3 . 5  
2 3 . 5  
2 3 . 5  

74.0 
7 4 . 0  
7 4 . 0  

3.  ’15 
4 . 4 3  
4 . 4 3  tlU(b) 

4 . 4 3  

2 . 1 3  
4 . 8 3  
4 . 8 3  M U  

4 . 6 3  
4 . 6 3  N U  

1 . 9 3  
4 . 3 7  
4 . 3 7  M U  

3 . 3 3  
4 . 5 5  
4 . 5 5  HI1 

1 - 1 3 1  

Fract lonil 1 Helcase 

I-  135 

1 . 0 ( - 2 )  
4 . 5 ( - 1 )  
5 . 1 ( - 1 )  

(C) 

1 . 3 ( - 2 )  
7 . 2  (- 1) 
9 . 3 ( - 1 )  
7 . 5 ( - 1 )  
9 . 3 ( - 1 )  

3 . 3 ( - 2 )  
8 . 6 ( -  1 )  

(I) 

(6)  
(6 )  
(6) 

Tc- 132 

3 . 4 ( - 2 )  
7 . 8 ( - 2 )  
7 . 7 ( - 1 )  

9 . 0 ( - 1 )  

1 . 1 ( - 1 )  
2 . 0 ( - 1 )  
9 . 7 ( - 1 )  

3 . 7 ( - 1 )  
9 . 6 ( - 1 )  

6 . 1 ( - 2 )  
6 . 0 ( - 1 )  
9 . 6 ( - 1 )  

1 . 1 ( - 1 )  
1 . 6 ( - 1 )  
5 . 6 ( -  1) 

I ( - 2 )  - 1 . 1  x l o - 2 .  

(b)bto represents mass balance; the f rac t iona l  re lease  e n t r i e s  i n  t l i ls  row have been obtalncrl 

(C)btcasuremcnts not madc i n  l a t t e r  par t  o~ r u n .  
(d)tlcasuremcnt oii i n i t i a l  particle inventory not available. 

( c ) E I ~ ~ ~  bahncc  111 cccor b y  fac tor  of two. 

(f)k,easurcmcnL oii f i n a l  p a r t i c l c  invcntory not a v a ~ ~ o b l c .  

from mcasuremcnts of the pa r t i c l e  a c t i v i t y  before and a f t c r  the cxperlment. 

( g ) ~  vcry large unccrtalnty i n  i i i l t i a l  p a r t i c l e  a c t i v i t y  measiircmcnts makcs r e l casc  C ~ I ~ C I J ~ ~ I L ~ O I ~ S  

(‘I’Analysis incomplete. 

t o t a l l y  unrel iable .  



Model eauations: fissile uarticle under isothermal conditions 

Accident conditions imply the absence of a neutron flux, therefore any fission gas release 
from exposed kernels represents release of stored gas only. For isothermal conditions, the 
fraction of gaseous inventory released due to hydrolysis, h(f), is given by Myers (1986): 

(45.1) 

fractional release of fission gas inventory from the hydrolyzed kernel, 
time (h), 
c for U& or o for UO, 
Kronecker delta, with 6,, = 1 if the gas (g) released is iodine or 6,., = 0 for 
other gases (Kr, Xe, etc.), 
lo'/?- - lo'& (Kl) ,  

10'm - loway (Kl) ,  
temperature (K), 
constants (K), 
twice the as-manufactured molar fraction of Uq in the UCO kernel,' 
burnup (% FIMA), 
constant (h-'), 
water vapor pressure at the kernel (Pa), 
temperature coefficients (K), 
activation energy (J mol"), 
ideal gas constant (8.314 J mol" K.'), 
constant (Pa"), 

'Myers (1986) defines X to be the "as manufactured molar fraction of UC, in the UCO 
kernel. 
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b, d = constants (K), 
co, c2 = constants (dimensionless), 
c, = constant (% FIMA-'), 
c3 = constant (IC'), 
c = dummy variable. 

Values for the parameters are given in Table 4.5.1 (reproduced from Myers, 1986). 

Model equations: fissile Darticles under nonisothermal conditions 

If the fuel temperatures vary with time, Eq. (4.5.2) becomes: 

(45.4) 

the temperature in Eq. (4.5.3) also becomes dependent on the time, and the other model 
equations remain valid for short time increments over which the temperature remains 
approximately constant. Equation (4.5.1) can then be expressed in the general form (Myers, 
1986): 

A p  = au+1) - a.0, 
i 
a c )  

= index for the time interval, 
= 1 - exp [-A:o)J. 

Transient evaluations require solution of Eq. (4.5.6) over each of these short-time 
increments, and the fractional release over each of these increments is summed to give the 
total fractional release as a function of time. Myers (1986) provides details for such 
transient calculations and recommends approximations for the numerical evaluation of 
specific situations. This discussion should be referred to for relevant information on the 
computational implementation of the model into design codes. 
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Table 4.5.1. Values of the model parameters for fission gas release from exposed UCO 
kernels under accident conditions, with hydrolysis (from Myers, 1986) 

Value 
Ccmposition Composition Dependent 

Par meter Independent uc, UOZ 

b 1.46 

X 

d 

cO 

a (t /Pa)  

0.3 

0.09 

NA 

NA 

NA 

236. 

5.99(-3) 

4371 . 
14.1 

1382. 

0.0443 

41 3. 

1.51 

943. 

0.045 

3.33 

3.55 ( -3 1 

4371. 

14.1 

1382. 

0.0443 

41 3. 
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Model eauations: fertile Darticles 

Tho, is not susceptible to hydrolysis and oxidation unless it first undergoes carbothermic 
reduction to thorium carbide. Such reduction will only take place at temperatures above 
1400'C and under conditions which promote carbothermic reduction. Hydrolysis and 
oxidation of the carbide is modelled identically to that of UC, (Myers, 1986). Model 
equations for UC, hydrolysis and oxjdation can be obtained in ~11.2.5. 

Ranee of validitv 

The model is valid in the absence of a neutron flux. According to Myers (1988) the 
available data for the hydrolysis of UCO is limited to the temperature range of 700 to 
9OO'C, but data for UC, has been obtained at higher temperatures. Details on the range 
of validity of the models for hydrolysis of kernel materials can be obtained in s11.2.3. 

AssumDtions 

1. 
2. 

3. 
4. 

5. 

6. 

7. 

The next seven assumptions are stated explicitly by Myers (1986). 
The partial pressure of water vapor at the kernel can be accurately approximated. 
Effects of the graphite and fuel compact matrix on the mass transfer of water vapor to 
the kernel are not significant. 
The response of the UC, and UO, portions of the UCO kernel to hydrolysis are distinct. 
Hydrolysis of the UC, portion of the UCO nears completion before hydrolysis of UO, 
begins. 
Complete release of the fission gas stored in the UC, portion of the UCO is concurrent 
with the complete hydrolysis of the UC, portion. 
For complete hydrolysis of the UO, portion of the UCO kernel, the release of the stored 
fission gas is dependent on the temperature. 
The significant variables in AC gas release during hydrolysis are the water vapor 
pressure, temperature, and time of hydrolysis; any effects due to previous irradiation are 
insignificant. 

In addition, the following assumptions are stated in FDDM/F. 

8. In Table 4.5.1, the values of the parameters QIR, QYR, C, C,, and Td for UO, are 
assumed to be the same as for UC, due to the lack of data. 

9. The parameters of Table 4.5.1 are assumed to be valid for all common fission gases (Kr, 
Xe, I, Te). 

Uncertainties 

According to FDDM/F and Myers (1988) no uncertainty analysis of this model has been 
performed. Myers (1988) estimates that "uncertainties, between 5 and 10 cannot be ruled 
out without some further analysis." 
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MODEL CHRONOLOGY 

The same model and parameter values are given in both F D D W  and Myers (1986). 
The existence of any related model prior to 1986 is unknown. 

DISCUSSION 

The original definition ofX as noted in the footnote above appears to be an error, which 
was subsequently corrected in FDDM/F. Equation (4.5.1) represents the summation of two 
terms which reflect the fractional hydrolysis of the carbide and oxide portions of the kernel. 
More information on the kinetics and mechanisms of kernel hydrolysis can be obtained in 
s11.2. 

Myers (1988) comments on this model for gas release during kernel hydrolysis. 'The 
models are based on studies of the hydrolysis of UC, UO, and UCO ... The mechanisms 
have been established for the reference fissile particle and the model is in good agreement 
with the available data in the range of temperatures 700 to 900.C for hydrolysis ... 
However, in extending the results to lower temperatures in the case of hydrolysis, only data 
for UC, are available and the uncertainty associated with their use is unknown. Also, in 
accounting for (1) the retention of iodine by the reacting fuel over the range 300 to 800.C 
and (2) the dependence of the rate coefficient for hydrolysis on the water vapor pressure, 
data for UC, have to be used. The extrapolation of the model for hydrolysis and oxidation 
to temperatures above 9oo'C introduces an additional uncertainty of unknown magnitude." 

A simplified approach to gas release during hydrolysis is presented by General Atomics 
(1989): hydrolysis of UCO kernels is assumed to result in the rapid release of 6% of the 
stored gases, hydrolysis of UO, kernels results in no rapid release, and hydrolysis of UC, 
results in the rapid release of 100% of the stored gases. 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

Myers (1986) states the assumption that this model "will be coupled with other models 
which account for the interactions of the oxidants with graphite and fuel [compact] matrix 
material." Whether this coupling has in fact been made in the relevant computer codes 
should be determined. If not implemented, such a coupling should be significant for the 
analysis of data from, for example, capsule HFR-B1. 

Myers (1986) presents a model to take into account the effects of partial hydrolysis 
during NOC on the subsequent AC release. This model could be considered for refinement 
of the AC models and coupling with the previous NOC fuel environment. 

Myers (1988) makes an interesting comparison of the NOC and AC models for fission 
gas release under hydrolysis. 'The model for normal operating conditions describes the 
steady-state release whereas the model for accident conditions describes the transient release 
of fission gas. The former model is applied to large time scale events in the presence of a 
neutron field and the latter to small time scale events in the absence of a neutron field ... 
the two models must be related in the sense that as the time scale is reduced or the 
resolution increased under normal operating conditions, the transient behavior becomes 
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evident and has to be taken into account in a complete description." Whether this linkage 
between the two models has been achieved is doubtful. 

Extensive analysis of the hydrolysis data from irradiation capsules HRB-17 and -18 was 
recently published (Myers, 1991a). The reference model given above should be revised to 
include this data from representative UCO kernels and the resulting changes in the 
mechanistic understanding of the hydrolysis process. 

DATABASE USED IN MODEL DEVELOPMENT 

The database for gas release has not been reviewed in detail. Figures 4.5.1 and 4.5.2 
(from Myers, 1986) represent some of the data relevant to this model. The database 
relevant to the model for fractional hydrolysis of the kernel materials is presented in s11.2. 
The hydrolysis data from the HFU3-17/18 irradiation capsules represent an expansion of the 
relevant database. 

4.6 RELEASEFROMEXPOSEDKERNELS:ACCIDENTCONDITIONS,TRANS~ON 
FROM HYDROLXZING To NONHYDROLYZING CONDITIONS 

function This model amends the previous AC hydrolysis model to consider gas 
release from exposed kernels under partially hydrolyzing conditions, as a 
function of fractional kernel hydrolysis as well as initial UOflC, ratio, 
burnup, temperature, and water vapor pressure. 

present 
Status 

This model considers an accident with limited water ingress which only 
partially hydrolyzes the exposed kernels before the water is depleted. This 
model is presented only in Myers (1986) and is not included in FDDM/F. 
It is included here for the sake of completeness. 

model The uncertainty of this component of the gas release model is not discussed. 
uncertainty 

references Myers (1986) 

Model eauations 

An additional term is added to the time-dependent model equation for AC gas release 
from exposed kernels during hydrolysis, Eq. (4.5.9, to treat the gas release from the 
nonhydrolyzed portion of the fuel kernel during and after hydrolysis as the water vapor is 
depleted: 

(4.6.1) 
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So = Soo F" , (4-64 

a = temperature coefficient (K), 
Tj 
Afj  = time intervalj (h), 

f H  
F = burnup (% FIMA), 
So, n = constants. 

= temperature (constant) over time intervalj (K), 

= fraction of fuel hydrolyzed, 

This modification converts Eq. (4.5.5) into the form: 

with Ajflh(r)j defined by Eq. (4.5.6) and all terms defined as in s4.5. The fraction of fuel 
hydrolyzed, f,,, can be calculated using the model equations of s11.2.3. Values for the 
constants are given in Table 4.6.1, as provided by Myers (1986). Calculations involving 
Eq. (4.6.3) should be performed as discussed in ~4.5.  

RanPe of validity 

Refer to Assumption 3 below for the model's range of validity. The experimental data 
are those of xenon and are the same data as those used to derive the model parameters of 
s4.4. Refer to ~ 4 . 4  for additional experimental details. 

AssumDtions 

Myers (1986) states the following assumptions. 
1. The gas release under hydrolysis conditions is more rapid than the f,-release (see 

"Discussion" below). 

Table 4.6.1. Parameters for calculation of release of fission gas from the nonhydrolyzed 
portion of the exposed UCO kernel, Eq. (4.6.1) 

1 Parameter I Units I Value I 

s,o h-' 8.42 x Id I 
n 1.38 
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2. The S-release is not retarded by a hydrolyzed surface layer of fuel material (see 
"Discussion" below). 

3. Extrapolation of the linear time dependence of release beyond the range of times 
involved in the experiments on which this dependence is based, is conservative. 

In addition, the assumptions stated in ~4.4 are also applicable here. 

Uncertainties 

The uncertainty of this model is not discussed in Myers (1986). 

MODEL CHRONOLOGY 

All information on this model is taken from Myers (1986). This model is not mentioned 
in FDDM/F and is probably not discussed elsewhere. 

DISCUSSION 

The values in Table 4.6.1 are taken from Myers et al. (1978) and are the same as those 
listed for Xe in Table 4.4.1 of ~4.4. The termsf, and S mentioned in "Assumptions" are 
explained by reference to Fig. 4.6.1, taken from Myers et a]. (1978): fB represents the y-axis 
intercept of the extrapolated linear portion of the c w e ,  while S represents the slope of the 
linear portion of the curve. Myers (1986) states that Eq. (4.6.1) is added to the model 
equation for AC hydrolysis gas release to "treat the release of fission gas from the non- 
hydrolyzed portion of the exposed fuel kernel during and after hydrolysis," which seems to 
indicate Eq. (4.6.3) could also be used prior to termination of the water ingress into the fuel. 
This point is not discussed further. 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

To evaluate this model further, data relevant to the situation would be required for 
comparison. The analysis of the HRB-17/18 capsule hydrolysis data may be relevant here 
(Myers, 1991a). 

DATABASE USED IN MODEL DEVELOPMENT 

The database used in deriving the model parameters of Table 4.6.1 is the same as that 
discussed in S4.4 for Xe. 
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Fig. 4.6.1. Fractional release profile for *35Xe at 1430.C from laser-failed Tho, particle with 
0.25% FIMA (from Myers et al., 1978). 
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function This model calculates the time-dependent fission gas release from exposed 
kernels during accident conditions (no neutron flux) in the presence of free 
oxygen, as a function of oxygen vapor pressure and temperature. 

present 
stam 

For UCO fuel the "mechanisms have been established ... and the model is 
in good agreement with the available data ... in the range 500 to 800.C for 
oxidation." However, data for UC, must be used for higher temperatures 
and for the retention of iodine from 300 to 800.C (Myers, 1988). 

model 
uncertainty 

"No uncertainty analysis of the total model has been made, but uncertainties 
between 5 and 10 cannot be ruled out without some further analysis" 
(Myers, 1988). 

references Myers (1986, 1988) 

Model eauations 

The model for the oxidation of the UCO fuel kernel in the absence of a neutron flux is 
given by Myers (1986): 

fractional release of fission gas inventory from the oxidized kernel, 
time (h), 

(4.7.1) 

(4.72) 

(4.7.3) 

(4.7.4) 
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Values for 

Kronecker delta, with 6,.1 = 1 if the gas (g) released is iodine 
or 

temperature (K), 
constant (K), 
constant (h-I), 
oxygen vapor pressure at the kernel (Pa), 
temperature coefficient (K), 
activation energy (J mol-'), 
ideal gas constant (8.314 J mol'' IC'), 
constants (Pa"), 
constant (K), 
constant (h), 
dummy variable. 

= 0 for other gases (Kr, Xe, etc.), 
IO'/T - lO'/Z" (IC-'), 

the parameters are given in Table 4.7.1, taken from Myers (1986). 

Ranee of validitv 

No limitations of the applicability of the model are stated by Myers (1986). 
Experimentally, data for UCO are limited to the temperature range of 500 to 800'C and 
data for UC, must be used outside that range (Myers, 1988). 

AssumDtions 

The following model assumptions are stated in Myers (1986). 

1. No distinction needs to be made between the UC, and UO, components of the fuel. 
2. The oxidation rates of UC, and UO, are comparable. 
3. The rate of kernel oxidation can be described by first order kinetics. 
4. The release of stored gas is complete upon complete oxidation of UO, and UC, 

Uncertainties 

No uncertainty analysis has been performed for this model (Myers, 1986; FDDM/F). 
According to Myers (1988), the "extrapolation of the model for ... oxidation to temperatures 
above 900.C introduces an additional uncertainty of unknown magnitude ... uncertainties 
between 5 and 10 cannot be ruled out without some further analysis." 

MODEL CHRONOLOGY 

This model was presented by Myers (1986) and incorporated into FDDM/F. Values for 
the model parameters are the same in both references. 
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Table 4.7.1. Values of the model parameters for fission gas release from exposed UCO 
kernels under accident conditions, with oxidation (from Myers, 1986) 

Parameter 

b 

Q " / R ( K )  

Value 

1.46 

943 

9.96 (6) 

2.07 ( - 3 )  

1.08 (4) 

9.51 (-5) 
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DISCUSSION 

The model equations presented above are similar to those of kernel hydrolysis, except 
that oxidation is considered to proceed rapidly and at comparable rates for the carbide and 
oxide portions of the UCO kernel. The kernel can therefore be considered as a single 
material. The model incorporates the expression for the fractional oxidation of the UCO 
kernel in ~11.2.4; reference can be made to that section for additional information on the 
oxidation mechanism. 

Myers (1986) comments on the oxygen concentrations to which the fuel might be 
exposed. 'The oxygen concentrations during accident conditions are expected to be very low, 
although no specification is available. Under normal reactor operating conditions, the 
estimated concentration ... is of the order of lo-' (1 ppbv). Under these conditions ... the 
oxidation of UCO can be neglected. Not until the pressure of oxygen is greater than 0.1 Pa 
does the induction period [for oxidation] become much less than 100 h." Additional 
information on the model derivation can be obtained from Myers (1986). 

Information on the oxidation of UO, kernels and the associated release of FP can be 
obtained from Wood et al. (1985). 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

Myers (1991) comments on some FRG calculations for UO, kernels "which show that, 
at temperatures greater than 700'C, the H2 generated by the oxidation of graphite retards 
the oxidation of UO, leading to the deduction that fission product release is thereby 
excluded. This calculation also depends on the questionable assumption of a linear relation 
between the fission gas release and the stoichiometry of uranium dioxide. However, recent 
experiments in the U.S., experiments HRB-17 and -18, demonstrate that only a small degree 
of oxidation (<lo') is required to promote the release of significant amounts of fission 
gases, albeit under irradiation conditions ...'I If further investigation supports this suggestion 
that graphite oxidation may slow the oxidation of UO, then this interrelationship might be 
considered in the future. 

DATABASE USED IN MODEL DEVELOPMENT 

Refer to 511.2.4 for information on the database for fractional oxidation of kernel 
material. Information on FP release from oxidized UO, kernels is available from Wood 
et a]. (1985). The database for fission gas release used in the derivation of this model has 
not been reviewed in detail. 
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4.8 FISSION GAS TRANSPORT IN THE PARTICLE COATING LAYERS 

4.8.1 INTRODUCI'ION 

The diffusive model is assumed to apply to the transport of fission gas only through the 
OPyC layer. The buffer layer is assumed to have no effect on retention of fission gas, the 
IPyC layer is assumed to fail during irradiation, and the SIC layer is assumed to be 
impermeable to fission gas until some mechanical failure of the Sic occurs @e., via particle 
or Sic failure as discussed in s2). 

No effects due to sorption or other trapping effects within the layers are considered. 
The partition coefficients between layers are "assumed to be unity" due to the "lack of data" 
(Acharya, 1984). In other words, FT concentration profiles are continuous across the 
interfaces between layers, and no layer exhibits preferential retention of the FP. Partition 
coefficients are discussed in more detail in S5.3 with respect to transport of metallic FF 
across the coating layers. 

For diffusive FP transport in PyC, the dependence of transport on temperature is implicit 
in the model, and no data exist which would just@ a separate AC transport model. The 
same lack of data apply to AC transport through the other coating layers; therefore, the 
models presented below are assumed to apply to both NOC and AC. 

Design Data Need 11.47 (CEGA, 1990) comments on the present limitations of the 
database relevant to the following models. 'The present data base resulted largely from 
diffusivity measurements for various fission products in Sic and pyrocarbon coatings in a 
laboratory environment ... There are limited and highly variable data on the diffusive release 
of fission gases from BISO particles, but the relevance of these data to the transport of gases 
in the OpVC coatings of TRISO particles is questionable ... The effective diffusivities of key 
radionuclides in particle coatings are needed as a function of temperature and, as required, 
of fluence, irradiation history, and as-manufactured coating attributes for normal operation 
and for core conduction cooldown conditions; specifically ... the diffusivities of key fission 
gases (Kr, Xe, I, and Te) in pyrocarbon coatings." 

4.82 FISSION GAS TRANSPORT IN THE BUFFER LAYER 

function This model provides a simpIified analysis of fission gas transport through 
the buffer, with no functional dependencies. 

present 
Status 

The buffer layer is presently assumed to provide no retention of fission gas 
@e., transport through the buffer is instantaneous upon release from the 
kernel) (Myers, 1988). Although a conservative oversimplification, the 
effects of the buffer are insignificant relative to the influence of the Sic 
coating layer on gas transport and release. 

4-71 



model 
uncertainty 

'The uncertainty associated with the transport in and release from the buffer 
of fission products is veryslarge but is not significant for core calculations" 
(Myers, 1988). 

references Myers (1988); FDDM/F; EG&G (1992); Myers (1983b) 

NORMAL OPERATING CONDITIONS AND ACCIDENT CONDITIONS 

Model eauations 

Transport from the kernel to the IPyC layer (or vice versa) is considered to be 
instantaneous (Myers, 1988). This model is stated in a different form by EG&G (1992): 
"Fission products released from the kernel are assumed to be uniformly distriiuted 
throughout the buffer." In effect, the buffer is not considered in transport considerations, 
and only the void volume it contnhtes for the storage of fission gas is considered significant 
in relation to particle performance models (~2.3). 

Provided fission gas can readily escape from the particle (;.e., failed coating layers), a 
model equation for release of fission gas from the buffer can be postulated as: 

f = l . O  at t = O  , (4J3-21) 

f 

t 

= fractional release of fission gas from the buffer with respect to that released from the 

= time after fission gas release from the kernel (arbitrary units). 
kernel at t = 0, 

If gas transport through the particle coatings is modelled using a diffusional approach, 
the equation for the diffusion coefficient: 

can be simplified to (FDDM/F): 

D = = ,  

D = diffusion coefficient of fission gas in the buffer layer (m' s-I), 
D, = pre-exponential factor (m' s-'), 
Q = activation energy (J mol-'), 
T = temperature (K), 
R = ideal gas constant (8.314 J mol'' K').  

However, if the panicle coating layers are intact an equilibrium pressure will be 
maintained inside the particle and the fission gas will not be immediately transported 
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through the buffer. Such an equili'brium situation requires a model equation consistent with 
the above statement by EG&G (1992): 

C(r) = C , (4824) - 

C(r) c 
= concentration of fission gas at radial position r within the buffer (arbitrary units), 
= average concentration of fission gas throughout the buffer (arbitrary units). 

Range of validity 

The model is considered valid over all temperatures and all conditions. Apparently some 
experimental data relevant to this model exist (Myers, 1988) but details of these experiments 
are unknown to this writer. 

AssurnDtions 

1. The buffer provides no significant retention of any gaseous F'P (Kr, Xe, I, Te, Br, Se). 
2. The porous buffer structure has no effect on mass transfer. 
3. Densification of the buffer under irradiation has no significant effect on FP retention. 

MODEL CHRONOLOGY 

No background to the model is presented in the references. Source data used in 
development of this model have not been located. 

DISCUSSION 

In practical terms, the model is satisfactory because the delay of fission gas transport by 
the buffer layer is insignificant with respect to the delay by the PyC and Sic layers. Fission 
gases would be expected to encounter little resistance to mass transport across a porous 
layer. In fact, Myers (1988) comments on "data showing that rsmKr passes through a buffer 
layer without decay of activity, although this is not a stringent test." The origin of this data 
is not stated and remains unknown to this writer. 

With respect to the physical integrity of the buffer layer, Myers (1988) states: "If the 
buffer densifies without fracture so that the density is greater than 1.5 g/cm3, then fssion 
product gases as well as metals are retained as demonstrated by experiments. If the buffer 
densifies and fractures, the void volume thereby created contri'butes to a reduction in the 
release of the short-lived fission gases. Advantage cannot be taken of the retentive 
possibilities since no model exists to predict the behavior of the buffer under irradiation." 
Again, no reference is made to the experiments from which this observation was made. The 
corollary effect would be higher retention of fission gases and greater inventory available for 
release during accident conditions. 

The previous statement by Myers is apparently referring to the GA data represented by 
Fig. 4.8.2.1 (from Myers, 1983b). Myers (1983b) comments on these results: "[Buffer] 
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Fig. 4.8.2.1. Dependence of RIB for '%r at 1lOO'C on buffer density (from Myers, 1983b; 
attributed to N. L Baldwin of GA). 
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densification occurs during irradiation as a result of irradiation damage and kernel swelling. 
The densification would be expected to reduce fission gas release and thereby compensate 
for an increase in release fkom the kernel due to bumup. Indeed, a reduction in release is 
demonstrated in Fig. [4.8.2.1] by GA measurements ... Here kernels of UC, coated with 
buffer layers of varying densities, show the consequent reduction in R/B as the density 
increases. Note that when the buffer is unirradiated, the R/B for laser-failed particles with 
holes extending to the buffer surface and to the kernel surface is the same ... Thus the 
unirradiated buffer is no barrier to fission gas release." However, Myers points out that 
contradictory data exist. "Another difficulty with the buffer densification hypothesis is 
encountered at temperatures between lo00 and 1500'C where enhanced fission gas release 
[from exposed kernels] occurs ... The magnitude of the fractional release becomes too large 
there to be compatible with the restrictions on release imposed by a densified buffer. This 
raises the question of how the enhanced fission gas release occurred ... did the buffers 
undergo structural changes associated with pore opening or microcracking?" 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

With the buffer hypothesized to play at most a minor role in fission gas release from the 
particle, significant effort in modelling of transport in the buffer layer is not justified. 
However, the above discussion suggests that densification and cracking of the buffer layer 
might be considered with respect to the added retentivity of fission gases and to the void 
volume available to distribute the gas pressure within the particle (~2.3). Such consideration 
presupposes the availability of sufficient information to analyze this phenomenon, which may 
not be the case. 

DATABASE USED IN MODEL DEVELOPMENT 

The source of the "data showing that amKr passes through a buffer layer without decay 
Fig. 4.8.2.1 represents data which might be of activity" (Myers, 1988) is not known. 

considered for future model revision. 

4.83 FISSION GAS TRANSPORT IN THE PyC LAYERS 

function This model calculates the diffusion of fission gases through intact PyC layers 
using a diffusion coefficient for krypton. 

present 
S t a W  

Parameters for fission gas diffusion in PyC layers are derived predominantly 
from heating ramp tests to temperatures well above 2000'C. Diffusion data 
for only krypton has been obtained. 'There are limited and highly variable 
data on the diffusive release of fission gases from BISO particles, but the 
relevance of these data to the transport of gases in the OPyC coatings of 
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TRISO particles is questionable" (CEGA, 1990). 
normally assumed to faileduring irradiation (Goodin et al., 1985). 

The IPyC layer is 

model 
uncertainty 

For krypton, the "uncertainty associated with the derived diffusion coefficient 
is large, being loo" (Myers, 1988). The transport of the other gaseous 
species such as iodine is at least as uncertain due to lack of data. 

references Goodin et al. (1985); Goodin (1984a) 

NORMAL OPERATING CONDITIONS AND ACCIDENT CONDITIONS 

Model eauations: PyC laver 

Like the buffer, the "IPyC layer is assumed to fail during irradiation" (Goodin et al., 
1985). If one needs to consider the transport of fission gas through a failed IPyC layer, one 
should apply the model for transport in the buffer layer, fi4.8.2. If one assumes the IPyC 
layer is intact, then transport should be treated the same as for the OPyC layer (see below). 
The assumption of IPyC failure provides conservatism in modeling. 

Model equations: OPvC laver 

Fission gas transport through the OPyC layer (LTI structure) is modeIled using the 
diffusive approach, with the diffusion coefficient given by: 

- Q l R r  D = D o c  Y 
(4JL3.1) 

D = diffusion coefficient of fission gas in the OPyC layer (m2 s-'), 
Do = pre-exponential factor (m2 s-'), 
Q = activation energy (J mol"), 
T = temperature (K), 
R = ideal gas constant (8.314 J mol" K-'). 

FDDM/F recommends the use of Eq. (4.8.3.1) with the parameters for krypton gas: 

De = 2.90 x lo4 m2 s-l, 
Q = 2.91 x 10s J mol-'. 

An alternative model equation for the diffusion coefficient has been recommended more 
recently by Goodin (1989): 

D,, 
Q, 

= 2.90 x lp m2 sal, 
= 2.91 x Id J mol-', 
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D ,  = 2.02 x m2 s-', 
Q2 = 9.23 x 105 J mol". 

These parameters were also recommended by Goodin et al. (1985) and by the FRG program 
(Moormann et al., 1987). Note that the parameters used in the first part of Eq. (4.8.3.2) are 
the same as those recommended for Eq. (4.8.3.1). 

The parameters for Kr diffusion are also assumed to apply to the other gaseous FP (i.e., 
Xe, I, Te, Br, Se). 

Ranee - of validity 

These parameters for the diffusion coefficient are apparently considered valid for any 
temperatures or reactor conditions. With respect to the experimental range of validity, the 
original source references for the data have not been reviewed by this writer. Goodin et al. 
(1985) state that the parameters "are based on the GA ramp heating release data, the GA 
ramphold heating data and only limited FRG tests at 1600.C." The GA ramp heating tests 
were generally continued until temperatures well above 2000'C were obtained (as much as 
2300 to 2S00'C). A statement by Myers (1986) suggests these parameters are valid for 
temperatures up to 2200.C. 

Because of the high temperature range in which most of the data were apparently 
obtained, it is likely that the range of validity for these reference diffusion parameters may 
be well outside the range of temperatures under which the NP-MH7'GR will operate. 

Assummiom 

1. The diffusive behavior of krypton can be used to predict the transport of other gaseous 
fission products (Xe, I, Te, Br, Se). 

2. The PyC layer is conservatively assumed to fail during irradiation, with no retention of 
fission gas. 

3. The diffusion coefficient is not a function of irradiation conditions (e.g., temperature or 
fast neutron fluence) or of heating conditions (e.g., temperatures and heating ramps). 
a. The diffusive behavior of krypton at extreme temperatures (well above 2000'C) can 

be extrapolated to model Kr diffusion at typical MHTGR temperatures. 
b. The diffusion coefficients derived from ramp heatup tests at heatup rates several 

times greater than expected for NP-MHTGR accident conditions will accurately 
describe the gas diffusion under NP-MHTGR conditions. 

c. The ramp heating tests at the given ramp rates can accurately approximate 
equilibrium diffusion conditions with respect to thermal, chemical, and transport 
properties. 

d. Very high temperatures will not modify the diffusive mechanisms for Kr (Le., 
temperatures well above 2000'C will have no significant structural effect on the PyC 
layers or microstructure). 

4. No transport of fission gas through the OPyC layer occurs until mechanical failure of the 
Sic layer. 
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5. The retention capabilities of the Sic layer for fission gas quickly goes from complete 
retention to zero retention upon mechanical failure. 

Uncertainties 

Myers (1988) has stated that the uncertainty associated with the diffusion coefficient of 
%.r is large, ~100. FDDM/F quantifies this uncertainty as: 

a ( h D )  = 2.4 , (4833) 

o(ln D) = standard deviation of In D, Eq. (4.8.3.1). 

With regard to the model for the lpyc layer, delamination and cracking of the IPyC layers 
are often observed in ceramographs of particles, but not always. Although the model is 
conservative, the model uncertainty is not significant relative to the importance of OPyC or 
Sic failure estimates. 

MODEL CHRONOLOGY 

Although a diffusive mechanism for transport in PyC is commonly accepted, the 
reference diffusion parameters for Kr in PyC have changed several times over the past 
decade. Goodin (1984a) presented a value for the diffusion coefficient, but many 
assumptions were used in the derivation. Goodin et al. (1985) presented a revised diffusion 
coefficient in the form of a summation of two terms (Eq. (4.8.3.2)) The parameters in one 
of the terms are the same as those presented by Myers (1986) and FDDM/F, but neither of 
those references mentions the second term. Goodin (1989) continues to recommend the 
two-term model. The reason for this difference is not discussed by any of the references. 

DISCUSSION 

Lacking the source references for the experimental data, the most comprehensive 
statement regarding this model and derivation appears to be that of Goodin et a]. (1985). 
"Based on heating results from testing programs at both GA and KF'A, the OPyC layers of 
particles that have failed Sic layers are expected to remain intact. Thus, it becomes 
necessary to provide a description of the diffusive release of fission products through the 
remaining OPyC ... In the present work, data from the following samples are analyzed to 
provide diffusion coefficients for Kr in Pyc: 
1. GA TRISO fuel core heatup simulation test data ... 
2. GA ramphold isothermal heating data ... 
3. KF'A TRISO fuel sphere data from ramps and isothermal heating ... 
"Failure of the Sic is indicated by Cs-137 release. The appropriate corrections for the 
continuously increasing Sic failure during a heating ramp are made in each case ... 

"Evaluation of the data from large HTGR accident simulation tests (diffusion at 
temperatures of 23OO'C to 25oo'C) reveals no systematic dependence of diffusion in 

4-78 



pyrocarbon on prior irradiation exposure. While surprising at first, this observation should 
not be unexpected given that the Sic failure does not normally OCCUT in such ramp tests until 
temperatures are well in excess of 2000'C and the opportunity for significant annealing (or 
repair) of the earlier irradiation damage in the PyC is great. Thus, in effect, the PyC would 
lose its memory of the earlier irradiation exposure. The limited data available from modular 
reactor transient simulations (i.e., 1600'C) are not yet sufficient to define a dependence on 
irradiation exposure ... As additional data at temperatures of -1600'C and various 
irradiation conditions become available, an irradiation exposure dependence for gaseous 
diffusion in pyrocarbon is expected to become evident." Figure 4.8.3.1 shows the derived 
diffusion coefficients referred to by Goodin et al. (1985). 

The above statements by Goodin et al. (1985) seem to indicate the model parameters 
are based more on TRISO than on BISO particles, but insufficient information is provided 
for a definitive statement on this matter. This inference is in contradiction to the statements 
by CEGA (1990) (see "present status'' above) and Myers (1988), who states: 'The diffusion 
of "Kr through the PyC coatings has been measured at high temperatures with BISO 
particles and the results have been confirmed in core heatup experiments although the 
interpretation of the latter tests is ambiguous." With BISO particles often coated with HTI 
PyC and TRISO particles coated with LTI PyC, the diffusion coefficient derived by Goodin 
et al. (1985) is not unambiguously based only on LTI PyC coatings. Review of the source 
references mentioned by Goodin et al. (1985) could clarify this matter.' 

EG&G (1992) also states that measurements of noble gas transport in both LTI and HTI 
PyC have been made. Although HTI PyC is a better-FP diffusion barrier than LTI PyC, the 
latter is used in TRISO particles because of its better resistance to irradiation. Shepherd 
et al. (1982) descnie the two structures as "that derived from methane at relatively high 
temperatures 1700'C - 2000'C (HTI - PyC); the other derived from higher hydrocarbons 
at lower furnace temperatures (1200'C - 1400'C), in particular from propene (LTI - PyC). 
The latter class possesses a higher degree of initial isotropy than the former, and its 
properties are less sensitive to variations in coating furnace conditions." 

With the lack of detailed information in Goodin et al. (1985) on the derivation of the 
latest model parameters, it seems likely that the same methodology was used to calculate 
the experimental diffusion coefficients as was used for previous calculations (Goodin, 1984a) 
involving similar ramp heating tests. If so, the following additional assumptions in model 
development should be stated. 
1. SIC defect levels can be determined by inspection of the %r release profiles obtained 

from high-temperature ramp heating tests (Le., by an inflection in the release vs 
temperature curve). 

2. Kernel retention of the long-lived =Kr is negligible (not necessarily a true assumption; 
dependent on conditions). 

'B. F. Myers comments that these data were in fact obtained from BISO particles coated 
with LTI PyC. 

4-79 



T E M P E R A T U R E  ( O C )  

10-10 

10-12 

\ 10-14 
N 
E - 
0 

10-16 

10-18 

500 2500 2000 1500 1000 700 600 

I i 1 I I 1 1 

I 1 1 I I 1 I 

Kr D l F F U S l d N  IN P Y R O C A R B O N  \ 
GA CHST D A T A  

G A  LEU 2050°C T E S T S  

/RZ-K13 KFA - \  -HFR-K3 1 S P H E R E S  

- 
D(rn2/s) = 2.90 (-8) EXP (-35000rT(K) + 2.02 (4) EXP (-1 llOOOn(K) 

I 1 I 1 1 
4 6 8 10 12 14 

1 0 4 n  (K) 

Fig. 4.8.3.1. Diffusion coefficients of Kr in PyC resulting from analysis of heating data 
(from Goodin et al., 1985). 

4-80 



3. The validity of the previous assumptions allows the DIFSHL computer code to 
accurately reproduce the temperature-dependent diffusion coefficients for the ramp 
heating tests. 

Goodin et al. (1985) state: "Failure of the SIC is indicated by (3-137 release. The 
appropriate corrections for the continuously increasing Sic failure during a heating ramp are 
made in each case." One cannot unambiguously state whether these corrections correspond 
to the methodology used by Goodin (1984a). 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

Although transport in the IPyC layer could be modelled assuming diffusion, the cracking 
or delamination of the IPyC layer often observed during irradiation encourages the 
assumption that all IPyC layers are effectively failed during irradiation. Some quantification 
of this IPyC failure fraction from ceramographs, if possible, might be considered. 

Analysis of the model for diffusion in Ow requires more rigorous evaluation of the 
source data and computational methodology. The references provided by Goodin et al. 
(1985) should be reviewed. The use of data from TRISO vs BISO particles (and LTI vs HTI 
PyC) should be clarified. The calculation of the diffusion coefficients from the experimental 
data should be reviewed, especially the assumptions used with respect to Sic failure and how 
that failure was approximated from the data [Le., were the same approximations and 
approach used by Goodin et al. (1985) as were used by Goodin (1984a)?]. Unless these 
concerns are addressed, one cannot have a great deal of confidence in using the reference 
diffusion coefficient for Kr in PyC. 

DATABASE USED IN MODEL DEVELOPMENT 

The database for this model is represented by Fig. 4.8.3.1. Source data may be available 
in the following references provided by Goodin et al. (1985): 

Smith, C. L (1980), "HTGR Fuel Development Department Technical Status Report for the 
Period Ending June 20, 1980," General Atomic Document No. 904907/A. 

Smith, C. L (1980), 'TRISO Tho, CHST Data Compilation," General Atomic Document 
No. 905061/1. 

Goodin, D. T. (1981), "Candidate LEU Fissile Fuel CHST Data," General Atomic Document 
No. 905182/3. 
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4.84 FISSION 

function 

present 
S t a t u s  

model 
uncertainty 

references 

GAS TRANSPORT IN THE Sic IAYER 

This model assumes complete gas retention by an intact Sic layer, and no 
resistance to gas transport after Sic failure. 

For standard particles, the model assumes no transport of fission gas 
through an intact Sic layer. All gas retention is lost upon failure of the Sic 
as predicted by particle performance models. 

The transport of fission gas through high-quality Sic is known to be 
negligibly small. Although the uncertainty in this model is small, the major 
uncertainty arises from attempts to specify the point at which the Sic fails 
as opposed to considering a more gradual evolution of SIC permeability to 
gas transport. 

Goodin et al. (1985); Schenk et al. (1988) 

NORMAL OPERATING CONDITIONS AND ACCIDENT CONDITIONS 

Model eauation: intact Sic 

As long as the Sic layer remains intact, no fission gas enters or goes through the Sic 
layer. Using the diffusional methodology, this behavior can be represented by (FDDMF): 

D = 0.0 , 

D = diffusion coefficient of fission gas in intact Sic (m' s-I). 

Model equation: failed Sic 

After the Sic fails, no resistance is offered to gas transport: 

D = - .  

Ranee of validity 

(4.8.4.1) 

(4.8.42) 

This model is assumed to hold in general for nondefective Sic under all reactor 
conditions. The model is a logical extension of the experimental database for fission gas 
release from TRISO particles. Lacking detailed experiments which could confirm that no 
gas enters the SIC structure at any temperature, one must assume the experimental range 
of validity encompasses the wide range of particle release data. 
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Assumutions 

1. No significant amount of fission gas enters the Sic structure via a diffusional or other 
process. 

2. The ability of the Sic layer to retain fission gas is represented as a step function from 
complete retention to no retention, without temporal or microstructural dependence and 
without any transitional regime of increasing permeability. 

Uncertain ties 

The significant uncertainty is not in the assumption of no transport under most 
conditions, but in the model assumption of abrupt mechanical failure of the Sic layer. 
Ceramographs (Schenk et al., 1988) usually show gradual deterioration of the Sic layer at 
high temperatures. As pores in the Sic form, grow, and become interlinked, the small 
tortuous pathways for gas release which evolve would not be expected to suddenly release 
the entire gas inventory within the particle (Myers, 1989). By not considering more realistic 
phenomena the model introduces inherent uncertainty, but quantification of this uncertainty 
has not been stated. 

MODEL CHRONOLOGY 

The good retention capability of the Sic layer has long been recognized. Voice (1968) 
stated that Sic  'lis highly resistant chemically, can sustain high temperatures for long periods 
and in theory has a compact isodesmic structure making it practically impermeable by 
diffusion." The assumption of impermeability until structural failure has been retained to 
the present as an essential component of the pressure-vessel model for simulation of fission 
gas release, as stated explicitly in the US/FRG accident condition model (Goodin et al., 
1985). 

DISCUSSION 

The measured fission gas release from intact TRISO particles is negligible unless 
temperatures well above 16OO'C are applied to modem particles for extended periods of 
time. For the temperatures characteristic of the NP-MHTGR, typical release is too small 
to obtain a meaningful diffusion coefficient, thus D E 0 in reality. 

Release from uarticles without OPvC lavers 

A FP release measurement which would appear to provide strong evidence for a Sic 
failure model for gas release is provided by Fig. 4.8.4.1, taken from Nabielek et al. (1987) 
which shows that Kr and Cs release are virtually identical from a particle without an OPyC 
layer during a high-temperature ramp test. As Nabielek et al. (1986) state: "With particles 
where the outer pyrocarbon has artificially been removed, krypton is released at the same 
rate as cesium. From intact particles, however, Kr 85 release is further delayed by diffusion 
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Fig. 4.8.4.1. GA measurements during temperature ramps using irradiated particles without 
OPyC layers (from Nabielek et al., 1987). 
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through the outer PyC layer." Figure 4.8.4.2 indicates the effect of the presence of the Ow 
layer. Obviously one mechanism dominates the release of both metal and gas when the 
OPyC cannot delay the Kr release, as in Fig. 4.8.4.1. One weakness of this argument is the 
very high temperatures to which the OPyC-less particle was subjected. Thermal 
decomposition of a bare Sic layer will be very rapid above 2000'C without a protective 
OPyC layer, and one could expect rapid mechanical failure followed by release of all mobile 
FP. Such evidence for mechanical failure of the Sic layer would be more convincing at 
lower temperatures where thermal decomposition of the Sic would not overwhelm all other 
related phenomena. If Kr and Cs release profiles were identical at temperatures of 1600.C 
and below in a similar experiment, the argument for mechanical failure of the Sic prior to 
release of all FP would be more convincing (note that in ~ 5 . 6  this same model is also 
advocated by some for the release of metallic FP from Sic). 

CeramoeraDhic results 

Evidence for a refined Sic failure mechanism is provided by the ceramographic results 
obtained by Schenk et al. (1989, 1990) for FRG particles annealed at high temperatures. 
Figure 4.8.4.3 shows the distinct development of porosity in the Sic layer at 1600'C as a 
function of both heating time and irradiation conditions. Figure 4.8.4.4 shows the qualitative 
change in Sic decomposition mechanisms as temperatures exceed 2000*C, with rapid gross 
deterioration of the Sic structure. A Sic failure mechanism for gas release is reasonable 
for temperatures such as those in Figs. 4.8.4.1 and 4.8.4.2, but a gradual deterioration of the 
Sic layer with slow development of porosity through the Sic structure is typical at more 
reasonable AC temperatures (- 1600'C). 

The ceramographs of Schenk et al. are supportive of an analysis by Myers (1989) which 
considered the potential effect of pores through the Sic structure on Sic defect 
characterization and fission gas release. Myers comments that: "Analysis of fission gas 
release under normal conditions in the presence of larger-radius pores (>50 nm) when 
particle interior and exterior gas pressures are equalized shows that ... stable fission gas 
release from the particles is the same as the release from the kernel ... The steady-state 
fission gas release from a small-radius pore (<25 nm) is negligible compared with that from 
a larger-radius pore but, given the distribution of pore radii, the contribution of a collection 
of small-radius pores to the total steady-state fission gas release cannot be neglected. Under 
accident simulation conditions and with goodquality particles, the gas release may be 
governed by transport through small-radius pores as demonstrated with sphere 1 of the 
German capsule in reactor experiment R2-Kl3. For cesium release under these conditions, 
the small-radius pores may also contribute significantly to release." 

Diffusion models 

In contrast to the Sic failure methodology for fission gas release, diffusion coefficients 
of fission gases in Sic have been reported in the scientific literature. Fukuda et al. (1982) 
recommends a diffusion coefficient for k in Sic which is based on earlier data for Xe 
diffusion in Sic. However, Martin (1990) reported that use of this diffusion coefficient 
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would underpredict the release of Kr from FRG fuel spheres in postirradiation heating. 
Additional experiments and discussion of Xe diffusion coefficients can be found in Fukuda 
et al. (1976, 1978). Modelling attempts using a diffusional approach to fission gas release 
from Sic are not common. Apparently only Fukuda et al. (1982) and Martin (1990) have 
considered the methodology of bulk diffusion, while Myers (1989) considered diffusion in 
pores. 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

Refinement of the present model should focus on a better understanding of the 
microstructural evolution of the Sic layer as it deteriorates. The absolute impermeability 
of the Sic layer to fission gas transport up to the point of failure could be considered an 
oversimplification. A more realistic model for gas release mechanisms might consider a 
gradual increase in the permeability of the Sic layer. A model such as this is analogous to 
a modified diffusion model, similar to that considered by Fulcuda et al. and Martin. Detailed 
consideration of the report by Myers (1989) has the potential to develop into a modified 
diffusion/permeation model more logkally consistent with the ceramographic results of 
Schenk et al. With the maximum NP-MHTGR AC temperatures much lower than those at 
which the Sic failure model is clearly valid, the consideration of a more realistic and 
evolutionary model for enhancement of Sic permeability to fission gas over time may be 
needed. 

DATABASE USED IN MODEL DEVELOPMENT 

Figures 4.8.4.1 and 4.8.4.2 can be considered part of the database for this model. Fission 
gas release measurements in general can be considered part of the database, although 
assumptions about the influence of the OPyC layer on gas release and Sic  integrity during 
heating blur the direct applicability of the data to the model. The ceramographs shown in 
Figs. 4.8.4.3 and 4.8.4.4 might be considered part of the database relevant to model 
evaluation and possible revision. 

4.9 UPDATE 

The following reference has been suggested for additional relevant information. 

Horsley, G. W., G. J. Weldrick, J. A. Turnbull, and R. Shipp, "Influence of Irradiation 
Temperature, Burnup, and Fuel Composition on Gas Pressure (Xe, Kr, CO, CO,) in 
Coated Particle Fuels," J. Am Ceram Soc., 59 (1976) 1-4. 

The analysis of the HRB-17/18 moisture injection tests was recently published (Myers, 
1991a) as well as comparable preliminary data on the HFR-B1 capsule. Both experiments 
contained UCO kernels, and the data should be reviewed for relevance to model revision. 
High-temperature heating tests of German fuel in the presence of moisture are also planned 
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to continue in Germany under W. Schenk. That data should also be evaluated for its 
relevance to these models when published. 

The on-line gas release data for NPR and HRB-21 capsules are available in the 
irradiation reports, and some analysis has been performed to extract particle failure and gas 
release information from the on-line recording of ionization chamber spikes. TRIGA (RIB) 
data are also available for compacts containing failed fuel particles. The relevance of this 
information to model evaluation must be determined, although preliminary correlation of 
NPR (RIB) data with the approximate number of ionization chamber spikes suggests a 
greater steady-state fractional release of fission gas per failed HEU particle than existing 
models for LEU UCO fuel would indicate. 

4-90 



5. MEMLLIC FISSION PRODUCT TRANSPORT WITHIN THE FUEL PARTICLE 

5.1 INTRODUCTION 

The standard assumption of simple diffusive transport is employed for modelling of 
metallic FP transport throughout the particle. The diffusion coefficients in the coating layers 
are dependent on temperature only. Diffusion coefficients for the kernel also explicitiy 
depend on the burnup (55.2). The buffer layer is assumed to have no effect on retention 
of FP; the diffusive model simulates this by assuming a very large diffusion coefficient (55.4). 
Although transport in the IPyC layer can be modelled assuming diffusion, cracking, or 
delamination of the IPyC layer introduces ambiguity into this approach ( ~ 5 . 5 ) .  Apparently, 
the IPyC is usually ignored as a barrier to transport and only retention by the OPyC (and 
Sic) layers are considered. 

No effects due to sorption or other trapping effects within the layers are considered. 
The partition coefficients between layers are "assumed to be unity'' due to the 'lack of data" 
(Acharya, 1984) [Le., fission product concentrations are continuous across the interfaces 
between layers, and no layer exhibits a preferential retention of the Fp (55.3)) 

The temperature-dependency of transport is implicit is the diffusive model, and no data 
exist which would justify a separate AC transport model. The models presented below are 
assumed to apply to both NOC and AC. 

5 2  MEI'ALLIC FISSION PRODUCT TRANSPORT IN THE FUEL KERNEL 

function 

present 
status 

This model provides metallic FP diffusion coefficients in the kernel as a 
function of kernel material, burnup, and temperature. , 

The diffusion coefficients for FP atoms in the fuel kernel were largely 
derived from Tho, data and accelerated test data, assume only temperature 
and burnup effects but no fluence or sorption effects and do not account for 
the significant difference in release from bare kernels vs kernels in intact 
particles. Few data at AC temperatures were considered in deriving the 
model parameters. Recent fuel performance and transport data should be 
used to update the model, and transport in HEU UCO kernels needs to be 
characterized (CEGA, 1990). 

model The uncertainties in metallic FP diffusion coefficients in kernels are 
uncertainty "exceedingly large" (Myers, 1988) due to extrapolation of diffusion data in 

Tho, and lack of data on burnup and fluence effects. Accident condition 
models are extrapolated from NOC models and data, and the uncertainty 
"is unknown but is probably not significant" (Myers, 1988). 

5- 1 



references Myers (1981b, 1981d, 1985e, 1988); General Atomic (197%); 
Acharya (1984, 1987) 

NORMAL OPERATING CONDITIONS AND ACCIDENT CONDITIONS 

Model eauations 

The effective homogeneous diffusion coefficient is given by (Myers, 1981d; Acharya, 
1987): 

D = D'r' , 

with the reduced diffusion coefficient in the kernel prior to irradiation given by: 

D' = 0: ..p(-g) , 
RT 

D = effective homogeneous diffusion coefficient (m' s-') 
D' = reduced diffusion coefficient (s-') 
r = kernel radius (m) 
D: = pre-exponential factor (s-') 
Q = activation energy (J mol-') 
R = ideal gas constant (8.314 J mol" IC') 
T = temperature (K). 

During irradiation, the reduced diffusion coefficient changes with burnup according to: 

DL = C, (1  + (1 + n) c2 F"] 

F = burnup (% FIMA) 
CI = constant (s-') 
C, n = dimensionless constants. 

Given the parameters C,, C, n, and 0, the reduced diffusion coefficient can be calculated 
as a function of temperature and burnup. Values for C,, n, and Q are given in 
Table 5.2.1 for the common metallic FP. 

Ranee of validity 

According to FDDM/F, this model applies to both NOC and AC regimes, therefore the 
range of validity of this model must be considered to include all temperature regimes 
representative of NOC and AC. The data relevant to metallic FP diffusion in kernels is 
chronicled in Myers (1981~); reference should be made to this document for the specifics 
of the experiments for each FP metal. 
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Table 5.2.1. Parameters for calculation of metallic fission product diffusion coefficients in 
kernels, Eqs. (5.2.2) and (5.2.3) 

uco Ag 8.2 x lo4 

( UG.4°1.6)(*) cs 1.6 x lO'O@) 
Rb 1.6 x 10""@" 

Sr 1.1 x 109 

Eu 1.1 x 109 

Ce 1.1 x io9 

Kernel material I F'P I C, (s-*) I C, I n I Q (J mol-') I Ref. 

0.0104 3 174,200 (9 
0.164 4 77,800 (g) 
0.164 4 77,800(') (h) 

0.0197 4 594,000 (9 
0.0197 4 594,000 (f,O 
0.0197 4 594,000 (0 

~~ 

Sm 1.1 x 109 

Ba 1.2 x l@ 
0.0197 4 594,000 (9 
0.0197 4 556,600 (0 

(a) Myers (1981d) provided values specifically for UC,,40,b; see "Discussion". 
(b) Myers (1981d) recommended a value of 1.6 x s-'. 
(c) General Atomic (197%) recommended a value of 22,820 J mol". 
(d) Values for UO, are assumed to be the same as those for Tho,. 
(e) No retention of metallic FP by UC, or ThC, is assumed. 
References: 
( f )  Myers (1981d). 
(g) Acharya (1984). 
(h) FDDME. 
(i) General Atomic (197%). 

5-3 



Assumutions 

1. 
2. 

3. 

4. 
5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

Carbide fuels do not retain metallic fission products (Myers, 1981d). 
The diffusion coefficient for each metallic FP in UO, kernels is the same as that in 
Tho, kernels (Myers, 1981d). 
The diffusion coefficient of any metallic FP in UCXOy is derived from that in UO, by 
multiplication by the factor [l + (2 - y)/2J2, to incorporate the assumption that no 
retention in the UC, portion of the UGO, fuel occurs (Myers, 1981d). 
The kernel material is homogeneous (FDDW). 
The burnup dependence for all metallic FP except for that for Ag is assumed to be the 
same as that for Cs (Le., n = 4). 
The diffusion coefficients of Eu, Ce, and Sm in oxide and UCO kernels are the same 
as that of Sr. 
The diffusion coefficient of Rb can be related to that of Cs using a simple analytical 
expression; likewise Ba can be related to Sr (see "Discussion" below). 
The dominant process in metallic FP release from the kernel is, in fact, diffusion 
(Myers, 1988).' 
Distinction between surface and bulk diffusion is not needed (i.e., a single diffusion 
coefficient is sufficient) (Myers, 1988).' 
Vaporization of the FP from the surface of the kernel does not govern the rate of FP 
transport into the buffer (Myers, 1988).' 
Thermodynamic considerations (e.g., equilibrium between the kernel and the 
surrounding coating layers) are not important (Myers, 1988).' 
The same transport mechanisms are predominant at AC temperatures as at NOC 
temperatures, thus the models and data relevant to NOC simulations are also relevant 
to AC. 

Uncertainties 

FDDM/F reports the standard deviation in the natural logarithm of the diffusion 
coefficients as follows. The standard deviations represent diffusion in both UCO and Tho, 
as diffusion is assumed to be comparable in both. For Cs: 

o(InD,) = 2.6 , (524) 

with the same value assumed to apply to Rb. For Sr: 

~ 

'The relevance of these assumptions to the model as presented is discussed or inferred 
by Myers (1988). This is not to say that Myers (1988) supports or justifies the use of these 
assumptions; in fact, the opposite is sometimes the case. 
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with the same value assumed to apply to Ba, Eu, Ce, and Sm. For Ag: 
a(InDAS) = 1.6 . ( 5 3 . l  

General Atomic (197%) also provides equations for the standard deviation of In D ', 
but in the more generalized temperature-dependent form: 

for constants u, b, and c. The values for u given by General Atomic (1977b) do not 
correspond with Eqs. (5.2.4) through (5.2.6). B. F. Myers (1993) comments that the use of 
these temperature-dependent uncertainties is a refinement not justified by the accuracy of 
the uncertainty estimate. 

MODEL CHRONOLOGY 

General Atomic (1977b) provides the most comprehensive collection of parameters for 
metallic FP diffusion in kernels up to that time. However, the model equations presented 
in 1977 were of the standard form for the diffusion coefficient, without any burnup 
dependence. Myers (1981d) developed the model equations presented above which 
incorporate the bumup-dependent term. No significant development of the diffusion model 
equations or enhancement of the experimental database since 1981 is apparent. 

It is not apparent why the value of C1 for Cs was changed by a factor of 10 from Myers 
(1981d) to Acharya (1984, 1987) and FDDM/F. The value of Q for Rb was modified from 
that in General Atomic (197%) to agree with the value for Cs (refer to Table 5.2.1). 

DISCUSSION 

The conservative assumption that carbide fuels do not retain metallic Fp is related to 
their low oxygen potential; metals are not bound up as oxides as in UO, and are therefore 
capable of rapid diffusion and release at high temperatures. 

CEGA (1990) summarizes the current database as it relates to DDN 11.46. 'The 
present data base is derived primarily from measurement on particles irradiated in 
accelerated test capsules. There are some FRG data for Cs, Sr, and Ag in oxide kernels of 
intact particles which were irradiated under near real-time conditions as well as limited 
laboratory data on Cs release from Tho, kernels." The release characteristics could 
potentially vary for slow and fast burnup rates due to the time required to establish 
equilibrium in FP profiles between the kernel and surrounding layers. 
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The current model assumes simple diffusive transport from the point of Fp atom recoil 
to the surface of the kernel and continuous transport across the kernenuffer interface. The 
"effective homogeneous diffusion coefficient" as defined in FDDM/F is that average diffusion 
coefficient which, when used in computer codes for Fp transport, will predict the same 
fractional release from the fuel kernel as that observed experimentally. This approach does 
not consider details of transport mechanisms or the possibility of inhomogeneities in kernel 
composition. 

Most of the model parameters used for diffusion in UCO kernels as listed in 
Table 5.2.1 represent extrapolation for UG,O,, kernels (Myers, 1981d). Parameters for 
UC,,,O,, kernels probably require an adjustment as indicated in the @lASsumptions" section 
above. 

The lack of data for diffusion of Eu, Ce, and Sm require the assumption of comparable 
behavior of these isotopes with that of Sr (General Atomic, 197%). Comparison of the data 
for the diffusion coefficient of Ba in oxide kernels to that of Sr provides the ratio (General 
Atomic, 1977b): 

D L  = 0.11 euwDL , 

which was used to obtain the parameters for Ba in Table 5.2.1. No data were available for 
Rb diffusion in oxide kernels, thus a comparison of bond strengths between rubidium and 
cesium oxides provided the ratio (General Atomic, 1977b): 

which was used to give the parameter for Rb mentioned in the footnote of Table 5.2.1. 
Myers (1981d) discusses some of the assumptions used in developing the model for 

metallic diffusion as presented above. The form used in Eq. (5.2.3) was found to fit the Cs 
release data well and was found to also be applicable to Ag and Pu transport. However, an 
integer value of n in Eq. (5.23) is used, whereas the data is more representative of non- 
integer values of n. In fact, Becker et al. (1983) comment that a 1978 analysis by 
B. F. Myers indicated that n vanes from 6 to 7 for carbide kernels, in contrast to the present 
model assumption that carbide kernels d.0 not retain metallic FP. 

Myers (1988) discusses some weaknesses in the model: 'The fraction of a fission 
product released from the kernel differs significantly for exposed kernels and for intact 
particles as demonstrated in the R2-Kl3 experiment. This difference has heretofore not 
been recognized ... As a consequence of the system interior to the Sic  being closed in intact 
particles, the processes in the kernel and contiguous material, which operate oppositely, 
come into balance, Le., an equilibrium or quasi-equilibrium is established so that the quantity 
of fission product released from the kernel is determined by thermodynamic considerations 
and not kinetic ones as assumed in the current models." In other words, use of diffusion 
coefficients derived from release data from exposed kernels may not be directly applicable 
to modelling of transport in and release from kernels in intact particles. 

Myers (1988) also points out that desorption from the kernel surface has only been 
analyzed for plutonium release from oxide and carbide kernels, and in this case has been 
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found to be significant. For AC, Myers (1988) suggests that " ... in view of information 
developed more recently, the interpretation of the tests [of Cs release from bare Tho, 
kernels] can be regarded as questionable." 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

According to Myers (1981d) the parameters for UCO in Table 5.2.1 are for UG,40,, 
rather than the reference UcoJO1.,. If so, one should determine whether an adjustment in 
the parameters according to Assumption 3 might be justified. For example, such an 
adjustment would give a value for Cs of C, = 1.45 x 10- s- rather than the value of 1.6 x 
10" s-* in Table 5.2.1. However, such a change of 10% does not appear significant relative 
to the overall uncertainty. 

Myers (1988) suggests several issues which should be considered for further model 
development. Unanalyzed data from both the US and FRG programs should be considered 
in model revision (e.g., data for Cs, Ag, Sr, Ce, and Eu), which might reduce the model 
uncertainties significantly (see, e.g., Myers, 1985e). Better understanding of kernel transport 
might be obtained by detailed consideration of kernel transport as a function of neutron flux 
and/or fluence and consideration of the effect of vaporization from the kernel surface on 
transport in and release from the kernel. The issue of differential kernel release for intact 
and failed particles should be considered; i.e., thermodynamic vs kinetic release factors 
(Myers, 1985e). Myers (1981e) provides the best starting point for a detailed analysis such 
as this. Other data from the scientific literature might aid such an analysis, although the 
lower burnups typical of non-MHTGR fuels may limit the applicability of this data. 

10 1 

DATABASE USED IN MODEL DEVELOPMENT 

Myers (l981e) represents the most comprehensive compilation of the database relevant 
to kernel diffusion of metallic FP as of 1981, and should be referenced for the background 
data to these models. The number of relevant graphs of the diffusion coefficient data for 
the various isotopes is too large to include here. Myers (1985e) provides additional relevant 
data, including some for UCO kernels. 

53 PARTITION COEFFIcIEN?s BElWEEN KERNEL AND COATINGS 

function The issue of partition coefficients at interfaces is presently not considered 
by the reference models. Partition coefficients reflect a preferential 
distribution of FP species in one material over an adjacent material. 

present 
Status 

Present assumptions of partition coefficient values equal to one eliminate 
the need for explicit consideration of this model for the transport of metallic 
FPs within the particle. Although seldom discussed, modelers should be 
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aware of this assumption as data exist which raise questions about its 
accuracy. 

model 
uncertainty 

Data for evaluation of partition coefficients is limited, but numerical studies 
have used values ranging from 1 to 10. Myers (1988) states that partition 
coefficients "are poorly known and nowadays, are not taken into account ... 
The error introduced by neglecting them is unknown." 

references Myers (1981a); Becker et a]. (1983); Goodin (1983) 

NORMAL OPERATING CONDITIONS AND ACCIDENT CONDITIONS 

Model eauations 

The partition coefficient, rp, is defined to be the ratio of the Fp concentration at the 
outer boundary of a kernel or particle coating to the concentration at the inner boundary 
of an outer, adjacent coating (Myers, 1981a). For the transport of metallic FPs through the 
particle, the standard assumption is that: 

9 = 1  s (53.1) 

rp = partition coefficient (dimensionless). 

RanPe of validity 

Considerations of partition coefficient values have apparently not been discussed since 
the early 1980s; therefore, the model must be applied to all reactor conditions. 
Experimental data are too limited to permit determination of an experimental range of 
validity. 

Assumptions 

Differences in the sorptive and solubility properties of kernel and coating layers do not 
introduce a discontinuity in FP concentration across any interfaces within the particle. 

Uncertainty 

Goodin (1983) reports a reasonable range of 9 from 0.3 to 3.0. Myers (1981a) and 
others report assuming a variation in 9 from 1 to 3. Myers (1988) states that "the error 
introduced by [assuming tp = 11 is unknown." 
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MODEL CHRONOLOGY 

No mention of this model is made in FDDM/F, and current references to the partition 
coefficient with respect to in-particle transport are not common. More discussion of in- 
particle partition coefficients is apparent during the early 1980s. Interest in values of the 
partition coefficients from the kernel through, the coating layers was expressed as early as 
the 1960s by Walther (1968). 

DISCUSSION 

In principle, partition coefficients are important for FP transport across an interface 
(diffusion, sorption, and solubility effects). Partition coefficients within the particle are 
typically discussed with respect to metallic FPs. Compared to the metallic FPs, inert gases 
such as Kr and Xe exhibit negligible sorptive and solubility properties, although this may not 
be as true for iodine (~6.6) .  The concept of partition coefficients is discussed again in ~ 6 . 7  
with respect to the fuel compacdgraphite interface, where differences in metallic F'P 
sorptivity are known to introduce discontinuities into the concentration profile. 

Simulations 

An analytical discussion of partition coefficients was presented in some detail by 
Walther (1968) and incorporated into a computer code to calculate the diffusive transport 
and release of FPs from coated particles. This early analysis was limited by the lack of 
experimental data for FP transport phenomena. 

In the early 1980s some metallic FP diffusion calculations used values of t$ between 1 
and 3. Myers (1981a) specified that t$ values of either 3 or 1 were used in the diffusion code 
IPRE to represent the buffer-PyC or the PyC-Sic interfaces and stated that these values 
were consistent with experimental data (StOver et al., 1976; Fukuda et al., 1977). Becker 
et al. (1983) also used the IPRE code to simulate Ag transport within the particle and 
assumed a 9 value of 3 at the inner surface of the Sic layer. 

Goodin (1983) used the DIFSHL code to simulate Cs and Ag transport in the particle. 
For the inner surface of the Sic layer, Goodin states the "value of t$ is not known but is 
assumed, as is often done, to be one" and then justifies the assumption as follows. "Varying 
the value of 9 over a reasonable range (ix., 0.3 to 3.0) may result in a change in the derived 
values for diffusion coefficients by as much as a factor of three. The following points should 
be emphasized ... The large observed variation in measured or calculated diffusion 
coefficients ... indicate that determination of an absolute value for a diffusion coefficient 
within a factor of three is consistent with the experimental uncertainty." 

Acharya (1984) employed the COPAR code for particle FP release calculations. "Due 
to lack of data, the partition coefficients are assumed to be unity, thus assuring that 
concentrations are continuous at the interface between two layers." No further discussion 
of these in-particle partition coefficients is apparent after this 1984 work, thus it seems 
apparent that the standard model employed to date assumes that t$ = 1. 

. 
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Emerimental information 

Myers (1981a) mentioned two sources of experimental data on partition coefficients 
within the particle. For the PyC-Sic interface, reference is made to Fukuda et al. (1977). 
For the buffer-PyC interface, reference is made to Stover et aI. (1976). Figures 5.3.l(a) and 
5.3.l(b) are taken from Stljver et a]. and show discontinuous concentration profiles within 
BISO particles for Cs between the buffer and LTI-pyC and HTI-PyC layers, respectively. 
The concentration profiles appear to vary by factors of three to ten at the interface. The 
data presented by Fukuda et al. (1977) vary widely, possfily due to the poor spatial 
resolution of their etching method. 

Information on partition coefficients can be obtained from microprobe data of Fp 
concentrations across the particle such as those in Figures 53.2 through 5.3.4 (Schenk et al., 
1989). These microprobe experiments were obtained by E R E  using FRG particles from 
capsule irradiation tests HFR-K3/1 and HFR-I(3/3. The concentrations of several Fps are 
apparently not continuous across the inner Sic interface. The buildup of Pd at the inner 
surface of the Sic is most obvious, although similar tendencies are apparent for Ba and Ru. 
A discontinuity is also apparent in the concentration profile for Cs across the buffer-IPyC 
interface in Fig. 5.3.4 and possibly in Fig. 5.3.2, with a partition coefficient on the order of 
10. This discontinuity is qualitatively and quantitatively similar to those in Figs. 5.3.l(a) and 
5.3.l(b). Schenk and Nabielek (1991) schematically portray this microprobe data in terms 
of the fraction of 19Cs, %r, and 'lop& in kernel and each coating layer; strontium also 
shows evidence of preferential residence in PyC rather than Sic, but silver content is more 
continuous across the interfaces. This evidence suggests that surface and/or interface effects 
do play some part in metallic FP transport through the particle. 

Summary 

Myers (1988) summarizes the present state of understanding of and interest in partition 
coefficients. "Partition coefficients are a function of material, temperature, element and 
irradiation damage. They are poorly known and nowadays, are not taken into account; this 
desuetude would surely surprise early workers in fission product transport. The error 
introduced by neglecting them is unknown. However, in interpreting experiments on the 
release of fission products from intact panicles or particles with two or three coatings intact, 
the distributions between contiguous coatings are important in correctly deducing diffusion 
coefficients for transport in them. 

'The transport of fission products from one coating to another is by desorption from 
one surface and adsorption on the facing surface. The desorption step ... may govern the 
release from the surface in those particles where the distribution is not established. Thus 
as the temperature is raised, as in accident simulation tests, the transport processes may 
become too rapid to permit the establishment of a distribution and desorption may come 
to govern release of the ffision products from the coating layer. There are no studies of the 
desorption of fission products from particle coating materials and one is presently stuck with 
the ubiquitous, possibly fictional diffusion coefficient to describe the release." 
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Fig. 5.3.1.a. Measured profile of BISO-LTI coated particle annealed 2 h at 1300.C (post 
irradiation); line calculated with AND1 (from Stover et al., 1976). 
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Fig. 5.3.1.b. Measured profile of BISO-HTI coated particle annealed 97.5 h at 1407C (post 
irradiation); line calculated with ANDILOK (from Stover et al., 1976). 
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Fig. 5.3.2. Microprobe profiles of fission product elements through coatings of particles: Cs, 
I, Pd profiles in a particle from sphere HFR-K3/1 after 1600.C test (from Schenk 
et al., 1990). 
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Fig. 5.3.3. Microprobe profiles of fission product elements through coatings of particles: Ba, 
Ru, Ag profiles in a particle with 78% Cs loss from sphere HFR-K3/3 after 
1800'C test (from Schenk et al., 1990). 

Fig. 5.3.4. Microprobe profiles of fission product elements through coatings of particles: Cs, 
I, _ _ _  Pd profiles from sphere HFR-K3/3 after 18OO'C test (from Schenk et al., 
1990). 
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ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

The database presented above should be considered with respect to the accuracy of the 
assumption that t# = 1. If the assumption that t# = 1 is not generally valid, then the 
relevance for and impact on diffusive models of FP transport within the particle should be 
considered. Of particular significance is the possibility that calculated diffusion coefficients 
for coating layers may have an additional source of inherent uncertainty that is rarely 
recognized. 

DATABASE USED IN MODEL DEVELOPMENT 

The database provided by Stbver et al. (1976) and Schenk et al. (1989) was presented 
above in Figures 5.3.1 through 5.3.4. The data reported by Fukuda et al. (1977) show 
significant variations between five samples and are therefore not presented here. 

5.4 METAILlC FISSION PRODUCI‘ TRANSPORT IN THE BUFEER LAYER 

function 

present 
Status 

This model provides an analytical format for diffusive transport consistent 
with the other coating layers but with no effective FP retention by the buffer 
by recommending a constant, large diffusion coefficient. 

The buffer layer is presently assumed to exert no influence on the transport 
of fission products (Le., transport throughout the buffer is either 
instantaneous upon release from the kernel or the diffusion coefficients are 
assumed to be very large). Although an oversimplification, the effects of the 
buffer on FP transport and release are insignificant relative to the effects of 
the other coating layers. 

model 
uncertainty 

‘The uncertainty associated with the transport in and release from the buffer 
of fission products is very large but is not significant for core calculations” 
(Myers, 1988). 

references Myers (1985e, 1988); Acharya (1984) 

NORMAL OPERATING CONDITIONS AND ACCIDENT CONDITIONS 

Transport throughout the buffer layer from the kernel is considered to be 
instantaneous. In effect, the buffer is not considered in transport considerations, and only 
the void volume it contributes to FP storage is considered significant in relation to particle 
performance models. 

In practice, for compatibility with code usage, the buffer’s presence is taken into 
account but the diffusion coefficient for all metallic FP is assumed to be so large that no 
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effective retention by the buffer occurs. The standard diffusion coefficient equation is 
employed: 

D =  
Do = 

T =  
R =  

Q =  

D = D , q ( - % )  

effective diffusion coefficient (rn' s-'), 
pre-exponential factor (m' s-'), 
activation energy (J mol-'), 
temperature (K), 
ideal gas constant (8.314 J mol-' K'). 

(5.4.1) 

Achaxya (1984) recommends values of Do = 1U'O m2 s-' and Q = 0 for the fission products 
13'Cs, llomAg, and !%r. In effect, the model equation for the diffusion coefficients of metallic 
FP becomes: 

D = D, = 1.0 x 10"~ m2 s-' . (5.42) 

Range of validity 

The model is considered valid over all temperatures and all conditions. Experimentally, 
transport within the buffer layer has not been studied in detail, and the actual range of 
validity of the model cannot be commented upon. 

Assumutions 

1. 
2. 
3. 

No significant sorption or other trapping effects occur within the buffer. 
The porous buffer structure has no effect on m a s  transfer. 
Densification of the buffer under irradiation has no significant effect on FP retention. 

MODEL CHRONOLOGY 

No background to the model is presented in the references. Achaxya (1984) states that 
the assumption of rapid diffusion through the buffer layer "is justified on the basis of past 
experience" but does not discuss this further. F D D W  only states, without comment, that 
upon kernel release the FT are instantly and homogeneously distributed throughout the 
buffer. Based on this very limited information, no chronology can be presented for this 
model. 

DISCUSSION 

The diffusion coefficient given by Eq. (5.4.2) is significantly larger than the diffusion 
coefficients expected for the other particle coating layers at typical temperatures, up to 
approximately 2000'C. The effect of the buffer layer on F'P retention by the particle as 
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predicted by this model is relatively unimportant below those extreme temperatures. In 
practical terns, the model would be expected to be more physically realistic at AC 
temperatures, with mass transport accelerated and the significance of any sorptive effects 
reduced. 

With respect to the physical integrity of the buffer layer, Myers (1988) states: "If the 
buffer densifies without fracture so that the density is greater than 1.5 g/cm3, then fission 
product gases as well as metals are retained as demonstrated by experiments ... no model 
exists to predict the behavior of the buffer under irradiation." Experimental data on buffer 
retentivity can be obtained from Myers (1985e). 

Logically, some effect of the buffer layer on metallic release would be expected. Fission 
gases would be expected to encounter little resistance to mass transport across a porous 
layer, but metallic transport frequently occurs by surface diffusion. Likewise, recoil of 
metallic FP into the buffer layer would require bulk diffusion of the FP to the surfaces of 
the buffer material prior to release. 

An observation made by Stover et a]. (1976) provides more detailed information on 
transport across the buffer. I' ... we investigated the mobility of cesium within the buffer 
layer. Some examples are shown in Fig. [5.4.1]. Here are presented profiles in propene- 
derived [LTI] coatings of particles which were irradiated in the FRJ-2 Juelich. The post- 
irradiation profile has a maximum near the boundary between buffer and LTI-layer. This 
profile can be flattened by a short-time anneal at 1OOO'C. Aftewards cesium is nearly 
homogenously distributed in kernel and buffer layer. We found that a considerable fraction 
of the cesium returned from the buffer to the kernel. From this we conclude that some 
portion of the Cs in the buffer is mobile like a gas. Another part is less mobile. The 
distribution between the two phases depends on irradiation temperature. The driving force 
for diffusion into the outer layer is mainly determined by the mobile cesium fraction within 
the buffer." These results suggest sorption-like behavior. 

The microprobe data presented previously in Figs. 5.3.2 through 5.3.4 of 55.3 also 
provides some information on the distribution of F'P across the buffer after annealing at 
1600' (HFR-K3/1) and 1800'C (HFR-K3/3) for hundreds of hours. The profiles of Cs, Ba, 
and I appear to be approximately constant across the buffer for the HFR-K3/3 particles in 
Figs. 5.3.3 and 5.3.4. Figure 5.3.2 shows a discontinuity in Cs and I profiles within the buffer. 
If the location of the buffer/LTI-PyC interface is correctly portrayed, then one might 
conclude that the FP profiles are in fact not constant across the buffer layer after heating 
at 1600'C but are constant after heating at 1800'C. Additional microprobe data such as 
this could provide detailed information on the accuracy of this model. 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 
. 

With the buffer expected to play at most a minor role in FP release from the particle, 
significant effort in modelling of transport in the buffer layer is not justified. Considerations 
of densification and cracking of the buffer layer and sorption of metallic FP might be 
considered in further analysis, and microprobe data such as that presented in 55.3 might also 
prove informative. A corollary issue is that any FP retention by the buffer could effectively 
increase the F'P inventory available for release during accidents. 
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Fig. 5.4.1. Mobility of cesium in buffer layers of LTI-particles (from Stover et al., 1976). 
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DATABASE USED IN MODEL DEVELOPMENT 

Myers (1985e) presents data and compares metallic F'P release from laser-drilled 
particles with exposed kernels and with exposed buffer layers. Figure 5.4.1 provides some 
data obtained during the 1970s. Microprobe data of FP concentration profiles across the 
particles was presented in ~5.3. 

5.5 MEI'ALUC FISSION PRODUC" TRANSPORT IN THE PyC LAYERS 

function This model provides a diffusion coeffjcient with only temperature- 
dependence for transport through intact PyC layers. Failed PyC layers are 
assumed to provide no FP retention capability. 

present 
Status 

With Sic the main bamer to FP transport, models for metallic FP transport 
are not significant unless the Sic layers are defective or have become 
permeable. Determinations of diffusion coefficients often rely on BISO 
particle data, and dependencies on burnup and surface concentration have 
not been accounted for by the model equations. 

model 
uncertainty 

Although extensive data exist for a variety of metallic FP, the variation of 
diffusion coefficients with burnup can introduce significant uncertainties 
(Myers, 1988). These uncertainties may be due in part to the structural 
evolution of the PyC during irradiation, with increased porosity and 
permeability. As an example, Myers (1988) states the uncertainty in the 
diffusion of Cs at 850'C is a factor of 23. 

references General Atomic (197%); Myers et al. (1974, 1979); Amian et al. (1982) 

NORMAL OPERATING CONDITIONS AND ACCIDENT CONDlTIONS 

Model equations 

Transport of metaIIic FP through the OpYC layer is defined by the traditional diffusion 
equation, with diffusion coefficients given by (Acharya, 1987): 

D = D , + p ( - S )  (55.1) 

D = effective diffusion coefficient (m2 s-'), 
D, = pre-exponential factor (m' s-I), 
Q = activation energy (J mol"), 
T = temperature (K), 
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R = ideal gas constant (8.314 J mol-1 K-1). 

Fission Do Q a(') b(') c(.) Reference 
product (m2 SI) (J mol-') 

~ c s  5.00 x lo5@) 318,000@) 2.26 -0.349 0.0306 Myers et al. (1979) 

4 5.30 x l o g  154,000 1.00 (c) (c) Amian et al. (1982) 
Ba 2.10 x lo7 181,000 1.40 -0.211 0.0167 General Atomic 

Eu 1.3 x 10" 68,OOO 1.52 (c) (c) General Atomic 

Sm (c) (c) General Atomic 

Ce (c) (c) General Atomic 

Rb 5.5 x lo4 334,000 2.37 -0.282 0.025 General Atomic 

Sr 2.30 x lo4 197,000 2.71 -050 0.04 Myers et al. (1974) 

(197%) 

(197%) 

(197%) 

(197%) 

(197%) 

II 11 11 

It  It 11 

Values for 
IPyC layer 
irradiation 

D, and Q are given in Table 5.5.1. Although the diffusion coefficients for the 
are the same in unirradiated particles, the IPyC layer is assumed to fail during 
(Goodin et al., 1985) with no FP retention capability. 

Ranee - of validity 

The model is assumed to apply over all reactor conditions as long as the OPyC layer 
remains intact. 

The experimental parameters for the diffusion of Ba, Eu, Ce, Sm, and Rb are discussed 
in General Atomic (197%). Diffusion data for Ba were obtained for temperatures from 

Table 5.5.1. Parameters for calculation of metallic FP diffusion coefficients and 
uncertainties in PyC layers, Eqs. (5.5.1) and (5.5.2) 

(a) All values for calculating uncertainties are taken from FDDM/F; different values of a, 
6, and c are reponed in General Atomic (197%). 

(b) Amian et al. (1982) recommend values of Do = 1.88 x lo4 m2 s-' and Q = 
254,000 J mol-'. 

(c) Values only listed for P ,  none for b or c. 
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lo00 to 1700'C and source concentrations of l o 2  to lo5 g-Ba/(g-carbon), although data from 
the larger source concentrations were not used in derivation of the reference diffusion 
coefficient. Diffusion data for Eu were obtained for temperatures from 800 to 125O'C and 
source concentrations of 1.9 x lo3 and 6.0 x lo-' g-Eu/(g-carbon), although data from the 
larger source concentrations were not used in derivation of the reference diffusion 
coefficient. The reference diffusion coefficient for E u  was derived from only two data, at 
1000 and 1250.C. Only a single datum is reported for Ce diffusion in Pyc at 1150'C in LTI 
PyC. As of 1977, no diffusion data for Sm or Rb were available. The data for Ba and Eu 
were obtained during the late 1960s and early 1970s and were therefore probably obtained 
using BISO particles and either LTI or HTI PyC.' 

The data for Sr diffusion is discussed in Myers et al. (1974), and the reference diffusion 
coefficient was obtained using data for both LTI and HTI PyC. The experimental range of 
irradiation and anneaIing temperatures and kernel burnup can be determined from 
Table 5.5.2 (from Myers et a]., 1974). 

The data for Cs diffusion is discussed in Myers et al. (1979) and was obtained from 
BISO particles with LTI FyC coatings. The experimental range of irradiation conditions and 
annealing temperatures can be determined from Tables 5.5.3 and 5.5.4 (from Myers et al., 

For Ag diffusion data, the experimental parameters mentioned in general by Amian 
et al. (1982) are fast fluences 10.7 x lp n m-* (E > 0.1 MeV), kernel burnups of either 7 
to 11% FIMA or 30% FIMA, and anneaIing temperatures of 1050 to 1250'C. Detailed 
source data for Ag are not discussed. 

1979). 

Assumutions 

1. 

2. 

3. 
4. 

5. 

6. 
7. 

8. 

Data derived from source concentrations significantly higher than those expected in 
irradiated particles should not be used in deriving diffusion coefficients. 
For europium, two data points for low source concentrations provide an accurate 
diffusion coefficient. 
The diffusive behavior of samarium and cerium should approximate that of europium. 
The relative diffusive behavior of rubidium to cesium is the same as that of strontium 
to barium. 
Data from irradiated and unirradiated transport experiments are comparable and can 
be used interchangeably in deriving diffusion coefficients. 
The diffusion coefficients are constant from beginning to end of irradiation. 
Temperature is the only significant variable affecting diffusive transport at AC 
temperatures. 
The oxidative character of the environment (kernel, CO gas, etc.) is not considered in 
evaluating diffusion through the PyC layer. 

'B. F. Myers (1993) comments that data from HTI-PyC BISO particles were not used 
for model derivation. The reference diffusion data were obtained during the period when 
HTI PyC was under consideration for use. 
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Table 5.5.2. Diffusion coefficients for strontium in pyrocarbon (from Myers et al., 1974) 

Coating 
TY Pe 

1.T I 
LT I 
1.T I 
1.T I 

IIT I 
!IT I 
IIT I 
llT I 
IIT I 
llTI 
IIT I 
IIT 1 
IlTI 

t" 
E 

Postlrradlatlon Anneal Neasrrrements Using BISO-Coated Particles 

Coating 
Thlckneea (Iim) 

57 
58 
58 -- 
68  
68 
68 
98 
98  
68 
68  
68 -- 

Irradiation 
Temp. ("C) 

890 
975 
975 - < 800 

685 
685 
685 
9 50 
950 
900 
900 
900 

d 800 

FIMA ( X )  

2.3 
1 . 3  
1 . 3  
3 

5 . 7  
5.7 
5.7 
1.5 
1 . 5  
2.3 
2.3 
2.3 
3 

Anneal 
Temp. ("C) 

1200 
1400 
1550 
1400 

1400 
1500 
1650 
1400 
1550 
1200 
1400 
1550 
1400 

Diffusion in Unirradiated (Wafer) Samples (Coating Type - HTI) 
Anneal Temp. ("C) 

1000 
1100 
1200 
1300 
1400 
1500 
1700 

D (cm 2 /sec) (non-loaded) 

-- 
-10 8.0 x 

3 .7  x 

2.3 x 
4 . 4  x 10 

1.0 x IO-* 

-- 

2D (cm /set) 

3 . 0  x 101; 
3.0 x 
9 . 0  x 
4.0 x 10 

-9  2.7 x 
5.2 x 
1.3 x 10 
4 . 4  x 
5 .3  x 
6.1 x 
2.0 x 
4.8 x 
9 . 0  x 10 

-9 

2 
1) (cni /sec) (pre-loaded) 

- 1  1 8.5 x 
1.5 x 10 

-- 
7.8 I O - ~  -- 

-8  4.4 x 
3.5 x 10 



Table 5.5.3. Data from GA measurements of cesium migration in LTI pyrocarbon coatings using BISO-type particles 
(from Myers et al., (1979) 

-- 

Samp I e 
Ident .  

4000-632 

4000-660 

is 4000- 323 

4000- 3 34 

4000- 3 39 

4000-339 

4413-75 

4503-53  

4 503-53 

4 503- 5 3 

4503-53 

-. -- - - - 
I t t a d .  
Temp. 
("C) 

1310 

--- 

8 90 

975 

1350 

1050 

7 50 

1050 

1325 

999 

1100 

97 1 

1500 

-- 

x 
I.' IMA 

5.7 

23 

13 

3.5 

10 

10.5 

10.7 

7 

8.26 

10.6 

19.4 

1 . 4  

Faet 
F luenc e 

(1025 n / d )  

2.1 

6.4 

2.5 

6.5 

8.0 

8.0 

8.0 

7.0 

1.4 

0.9 

1 . 4  

__-. 

I r tad . 
1' 1 m e  
(d 1 

87 

--- 

174 

1 7 4  

2 70 

93 

93 

93 

232 

39 

57 

58 

67 

61 

81 

81 

85  

124 

124 

1 2 4  

~~ 

Coat i n  
Dens i ryes ) 

(Mg/m3) 

2.03 

2.01 

1.66 

1.84 

1.90 

1 . 7 8  

1.78 

1.89 

Anneal 
Temp. 

("C)  

1200 
1750 
1850 
1200 
1400 
1550 
1650 
1750 
1400 
1550 
1650 
1750 
1500 
1650 
1750 
1500 
1650 
1750 
1500 
1650 
1750 
1500 
1750 
1500 
1650 
1500 
1650 
1500 
1650 
1500 
1650 
1380 

D 
(m2Is) 

9.0(-17) 
5.8(-13) 
5.7(-13) 
4.2(-16) 
3.6 (-1 3) 
3.2(-13) 
1.5(-12) 
8 .9  (-1 2) 
1.65(-15) 
3.9 (-1 4 )  
1 . O ( - 1 3 )  
2.4(-13) 
4 .N-15)  
2.65(-14) 
2.1(-13) 
5.7 (-1 5)  
1.9(-14) 
6.7(-14) 
7.5(-14) 
1 3 - 1 4 )  
8 . 4 ( - 1 3 )  
3.4 (- 1 4 )  
1.05(-13] 
1.15(-15] 
3.7  (-1 4) 
l . l ( -14 )  
1,7(-14) 
7.4 (-1 5 )  
1 3 - 1 4 )  
9.4 (-1 5) 
1.45(-14: 
6.6 (-1 6)  -- 

I o4 IT 
(r') 
6.79 
4.94 
4.71 
6.79 
5.98 
5.49 
5.20 
4.94 
5.98 
5.49 
5.20 * 

4.94 
5.64 
5.20 
4.94 
5.64 
5.20 
4.94 
5.64 
5.20 
4.94 
5 . 6 4  
4.94 
5.64 
5.20 
5.64 
5.20 
5.64 
5.20 
5.64 
5.20 
6.05 

re frr ad l a  t Ion va lues .  
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9. The IPyC layer is assumed to fail during irradiation, with no retention of FP. 

Uncertaintv 

An expression for the uncertainty in the values of the diffusion coefficients is given by 
FDDM/F as the standard deviation, u, of In D: 

a, b, c = constants. 

The values for a, b, and c recommended by FDDM/F are given in Table 5.5.1. These values 
differ from those recommended in General Atomic (1977b). 

MODEL CHRONOLOGY 

General Atomic (1977b) is the best source for discussion of the diffusion coefficients 
in PyC layers for most of the metallic FP. The only reported addition to the diffusion model 
equations after the 1970s was that for Ag by Amian et al. (1982). 

DISCUSSION 

Fission product transport in pyrocarbon layers occurs via diffusion along grain 
boundaries, in pores, or along pore surfaces (Myers, 1988). Myers (1988) comments on the 
significant uncertainty arising from the dependence of diffusion coefficient on burnup and 
the possibility that this dependence relates to increasing porosity of the O Q C  layer. 
General Atomic (197%) specifically mentions the variation in the bulk diffusion coefficient 
as a function of FP surface concentration. The impact of this variable on diffusion data is 
rarely discussed or considered in MHTGR transport calculations. 

The effect of LTI vs HTI PyC on diffusion data is represented by Fig. 5.5.1 from Stover 
et al. (1976), which suggests that careful attention should be paid to any models derived 
from data using HTI-PyC BISO particles, if any. 

In practice, FP release based on the assumption of 3% maximum OPyC failure during 
irradiation (~2 .5)  will dominate any diffusive release through intact OPyC layers. Diffusive 
release from the OPyC layer is significant for fuel with a significant fraction of defective or 
failed Sic layers; e.g., Sic degradation and FP diffusion through OPyC during accident 
conditions and heating tests. 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

If gradual deterioration of the PyC layers can be expected over time (e.g., increased 
permeability under irradiation), then such effects may vary the effective diffusion coefficient 
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Fig. 5.5.1. Arrhenius plot of cesium diffusion in LTI and HTI pyrocarbon 
(from Stover et al., 1976). 
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during the lifetime of the fuel. A better understanding of th is  effect, if it exists, would be 
useful. 

The surface-concentration effect on measured diffusion coefficients may be an 
important parameter in evaluating diffusion data for PyC layers. Based on the comments 
by Myers (1988) that the diffusion coefficients are burnupdependent, one must wonder if 
this dependence on burnup might be related to the increasing surface concentration of the 
metallic FP over the lifetime of the fuel. 

Some data for large source concentrations are available. If sufficient data exist, the 
available diffusion data might be evaluated to determine the feasibility of an expression for 
the diffusion coefficient which vanes as a function of burnup/source concentration over the 
lifetime of the fuel.' 

Microprobe data on particles which have been irradiated but not subjected to 
postirradiation heating would provide information on the assumption that the IPyC layer 
provides no resistance to metallic FP transport. ' 

DATABASE USED IN MODEL DEVELOPMENT 

The database for Sr diffusion in PyC was presented in Table 5.5.2. The data points are 
plotted in Fig. 5.5.2 (from Myers et al., 1974). The database for Cs diffusion was presented 
in Tables 5.5.3 and 5.5.4. The data points are plotted in Fig. 5.5.3 (from Myers et al., 1979). 
The database for Ag diffusion is not presented by Amian et al. (1982). The data points for 
Ba diffusion in PyC are plotted in Fig. 5.5.4 (from General Atomic, 1977b). The database 
used in deriving the diffusion coefficient for Eu consists of "two data ... for the lower source 
concentration: 6.0 x lo'" [m' s"] at 1523 K and 2.1 x lo" [m' s"] at 1273 K" (General 
Atomic, 1977b). The available database for Ce diffusion is given by General Atomic 
(1977b): "Apparently, only one diffusion coefficient value for cerium in pyrocarbon is 
available. This value, -3.2 x 10'' m2/s, was obtained in a postirradiation anneal test at 
1423 K on a pyrocarbon (LTI type) coated UC, panicle irradiated to 13% FIMA." General 
Atomic (1977b) refers to two source references for additional details of the data for Ba, Eu, 
and Ce diffusion: Gulf General Atomic (HTGR Base Program Quanerly Rogress Repon for 
the Pen'od Ending May 31, 1968, USAEC Report GA-8662, June 28, 1968); and 
M. T. Morgan, H. J. deNordwall, and R. L Towns (Release of Fission Roducts fiom 
Pyrocarbon-Coated HTGR Fuel Panicles Dwing Postitradiation Annealr, USAEC Report 
ORNL-TM-4539, December 1974). 

'B. F. Myers (1993) comments that a burnupdependent diffusion coefficient for metallic 
FP in PyC was derived in the past, but the reference for this has not been determined. 
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Fig. 5.5.2. Diffusion coefficients for strontium in pyrocarbon (from Myers et al., 1974). 
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Fig. 5.5.3. Diffusion coefficients for cesium in LTI pyrocarbon (from Myers et al., 1979). 
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Fig. 5.5.4. Diffusion coefficients for barium in pyrocarbon (from General Atomic, 197%; 
references available therein). 
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5.6 METALLIC FISSION PRODUCT TRANSPORT IN THE Sic IAYER 

function This model provides a diffusion coefficient with only temperature- 
dependence for transport through intact Sic layers of Cs, Sr, and Ag. 
Failed Sic layers are assumed to provide no FP retention capability.' 

present 
Status 

Until recently the reference model was the Goodin-Nabielek (GN) model 
(~2.4.4), which assumed no metallic FP transport in Sic (except for Ag) 
prior to Sic failure, followed by complete loss of Sic retention. Recently 
a diffusion model has again been recommended for Cs, Sr, and Ag transport 
through Sic, while other metallic FP are assumed to have insignificant 
diffusion prior to Sic failure. This diffusion model is presented here as the 
reference model in conjunction with the models for evaluation of Sic failure 
presented in ~ 2 . 4 .  

model 
uncertainty 

The transport of metallic FP in Sic is affected by the structure and the 
chemical behavior of the SIC (Myers, 1988). The Sic  structure is dependent 
on the coating process parameters, on the irradiation and thermal history, 
and on the structural deterioration at high temperatures. These variables 
introduce significant uncertainty into experimental diffusion coefficient 
determinations and into models of transport through Sic, and this 
uncertainty needs to be reduced to less than an order of magnitude between 
predicted and measured metallic FP release (CEGA, 1990). 

references Verfondern et al. (1993); Myers (1984c, 1988); Martin (1993a); 
Goodin (1983) 

NORMAL OPERATING CONDITIONS AND ACCIDENT CONDITIONS 

Model eauations 

Transport of Cs, Sr, and Ag in the Sic layer is defined by the traditional diffusion 
equation, with diffusion coefficients given by: 

'Apparently the release of silver remains governed by its diffusion coefficient in Sic even 
after Sic failure. Although the reference documents do not discuss this matter explicitly, it 
may not be significant as the fractional Ag release is typically greater than estimates of 
fractional failure. 
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(5.61) 

Fission product D,' 
(rn's") 

cs 6.7 1014 

Sr 1.2 x 10.' 

Ag 3.6 IO-' 

Ba, Eu, Ce, Sm, Rb@) 0.0 

D = diffusion coefficient (m' s-') 
D , ,  = pre-exponential factor (m2 s-') 
Qi = activation energy (J mol-') 
T = temperature (K), 
R = ideal gas constant (8.314 J mol-' K-*. 

Ql Do2 Q2 
(W mol-') (m' s-') (kJ mol-') 

106 1.1 x lo4 437 

205 1.8 x 106 791 
215 - - 
0.0 - - 

The diffusion coefficients for Cs and Sr include two terms in the summation, while that for 
Ag contains only one term. Values for Do and Q are given in Table 5.6.1. 

The diffusion coefficients in intact Sic for all metallic FP except Cs, Sr, and Ag are 
assumed to be zero; upon Sic failure (as determined in ~2.4), the transport of all metallic 
FP (except Ag) through the Sic layer becomes instantaneous. 

RanPe of validity 

The diffusion model is assumed to be valid throughout the operating temperature range 
of the MHTGR. The Sic failure models are assumed valid until the SIC "fails" as defined 
by the model equations of ~ 2 . 4  (see "Range of validity" for specific models in that section). 
The problem with the Sic failure mode1 under accident conditions (GN model) is that it is 
derived solely on data from German fuel. Results from a recent heating test on U.S. UCO 
fuel suggests that this model may not be valid in describing the FP release from U.S. fuel 
(Martin, 1993a). 

Table 5.6.1. Parameters for calculation of metallic FP diffusion coefficients in Sic, 
Eq. (5.6.1)") 

(a) Reference: Verfondern et al. (1993). 
(b) No diffusion through intact Sic is assumed. 
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The specification of an experimental range of validity for the reference diffusion 
coefficients requires analysis of the source data and conditions under which the diffusion 
coefficients were determined, with emphasis on temperatures, irradiation or nonirradiation 
conditions, annealing, etc. The database is extensive, especially for 0, and a review of the 
existing data would be a study in itself. Myers (1984c) analyzes the experimental data for 
Cs diffusion upon which his derived diffusion coefficients are based, and should be referred 
to for a summary of the experimental conditions. Source data through 1984 for the metallic 
F'P are presented by Myers (1984d). Additional source references can be obtained from 
Goodin (1983). 

Assumutions 

1. 

2. 

3. 

4. 

5. 

6. 
7. 

8. 

Unlike Cs and Sr, the diffusive transport and release of Ag from Sic does not change 
with the failure of the Sic layer. 
The Sic failure models of ~ 2 . 4  are accurate. Specifically, the GN model is applicable 
to U.S. fuel. 
Temperature is the only significant variable affecting diffusive transport in Sic, at both 
normal and accident conditions. 
The diffusion coefficients do not vary significantly with irradiation conditions such as 
neutron fluence and irradiation temperature. 
The diffusion coefficients do not vary significantly with varying source concentrations 
of the FP on the Sic surface. 
Any FP solubility within the Sic is insignificant. 
The diffusion coefficients do not vary with kernel material; specifically, the oxygen 
potential within the particle does not affect transport into the SIC layer. 
The reference diffusion coefficient for Cs in Sic is assumed to be that derived by Myers 
(1984~) from the data for laminar Sic structures. This diffusion coefficient is assumed 
to accurately represent the retentiveness of (columnar) Sic in U.S. fuel for Cs. 

Uncertainty 

FDDM/F presents an uncertainty equation analogous to that used previously for 
diffusion in the PyC layers [Eq. (5.5.2)], but provides uncertainty parameters for only Ag 
diffusion: 

o & D )  = a  + b($ )  + c [ $ r  , 

o = 1.51, 
b = 0.0900, 
c = 0.00666. 
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FDDM/E provides uncertainty values with respect to some of the pre-exponential factors 
and activation energies listed in Table 5.6.1. However, the source of these uncertainty values 
are not referenced and therefore are not presented here. 

Recent results from heating of U.S. UCO fuel particles indicate an uncertainty of 
metallic FP release significantly >1oX relative to the reference models (Martin, 1993a). 
Significant uncertainty in the GN Sic failure model results from its derivation from German- 
fuel-specific data rather than U.S. fuel data. 

MODEL CHRONOLOGY 

Only silver transport has been consistently treated using the diffusive model. Although 
transport of the other metallic FP can also be assumed to occur by diffusion, an alternative 
model defines fractions of particles whose Sic layer is permeable to the metallic F'P 
(Nabielek et al., 1982), analogous to the approach used in ~ 2 . 4  for Sic failure probabilities. 
This controversy is most pronounced for cesium transport, with the diffusive model 
represented by the work of Myers (1984~) and the failure model represented by the GN 
model (Goodin et al., 1985; Goodin, 1989), in which 'ICs release is a direct indicator of Sic 
failure." 

The published diffusion coefficients vary from study to study. These considerations 
suggest the model for metallic FP transport in Sic remains in a state of evolution, with the 
current reference diffusion coefficients subject to change at the next model analysis or the 
next experimental determination of diffusion coefficients. For example, although FDDM/F 
recommends a model of no transport until Sic failure for all metals except Ag, it also 
recommends a diffusion coefficient for Cs (Christ, 1985) in those situations where a nonzero 
diffusion coefficient is required for calculations and suggests using this diffusion coefficient 
for all metallic FP except Ag. 

DISCUSSION 

Diffusion data 

Values for 0, and Q as given in FDDM/F and elsewhere are presented in Table 5.6.2 
for the common metallic FP species. The recommended model diffusion coefficient for Cs 
is that presented by Myers (19%) for diffusion through Sic structures characterized as 
laminar. 

Much of the existing data for diffusion of metallic FP in Sic is summarized in several 
figures. Figure 5.6.1 is taken from Amian et al. (1983) and represents a literature review 
of published values for diffusion coefficients (references to the data can be obtained from 
Arnian et al., 1983). Figures 5.6.2 and 5.6.3 are taken from Goodin (1983) and show the 
HTGR data for diffusion of Cs and Ag (references can be obtained from Goodin, 1983). 
Myers (19%) analyzed the data portrayed in Fig. 5.6.2 and extracted those data which were 
consistent to obtain Cs diffusion coefficients in both columnar and laminar Sic structures. 
A study by Verfondern et a]. (1989) on Cs release from postirradiation heating of FRG fuel 
spheres determined effective diffusion coefficients for Cs in Sic which were comparable to 
Myers' (1984~) diffusion coefficient for laminar Sic structures (see Fig. 5.6.4). An 
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independent study by R. C. Martin (1990) of the same data arrived at the same conclusion. 
On this basis Myers' diffusion coefficient for laminar Sic structure is recommended for 
design calculations. 

Myers (1986) discusses a HRB model attniuted to Christ (1985) which explicitly 
incorporates a fast-fluence-dependent diffusion coefficient for Cs in Sic  for calculations of 

Ag 
Q'" 

Table 5.6.2. Parameters for calculation of metallic FP diffusion coefficients in Sic, as 
presented in F D D W  and in other sources, Eq. (5.6.1) 

5.3 10-9 154,000 F D D W  
0.0 - F D D W ,  

Goodin et al. (1985) 

Reference 

Sr(') 

Ba. Eu. Ce. Sm. Rb") 

0.0 0.0 FDDMF 
0.0 0.0 F D D W  

Cs (i = I)(''') 
Cs (i = 2)@) 

6.68 x 10" 106,000 Myers (1984~) 

1.12 x lo4 437,000 Myers (1984~) 

Cs (i = 1)'" 

Cs (i = 2)") 

6.68 x 10'" 

237 x 10' 

106,000 Myers (1984~) 

481,000 Myers (1984~) 

(a) F D D W  model assumes no diffusion through intact Sic. 
(b) Diffusion coefficient representative of a laminar Sic structure; this diffusion coefficient 

represents the recommended diffusion coefficient for Cs in Sic. 
(c) Diffusion coefficient representative of a columnar Sic structure. 

cs 
cs 
cs 
Ag 

As 
Sr 

Sr 
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6.68 x lo'" 106,000 Achaxya (1987) 

1.74 x 10" 176,000 Myers (1984d) 
3.5 x 10.9 236,600 Arnian et a]. (1983) 

4.95 x 1O-l0 182,000 Myers (1984d) 

4.5 io9 2 17,700 Amian et aI. (1983) 

7.90 x 10"O 210,Ooo Achaxya (1984) 

1-03 1045 43,000 Myers (1984d) 
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Fig. 5.6.1. Literature review on diffusion data in Sic  single crystals compared to results on 
pyrolytically deposited Sic coatings (from Amian et al., 1983). 
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Fig. 5.6.2. Comparison of diffusion coefficient data for I3’Cs in S ic  (from Goodin, 1983). 
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Fig. 5.6.3. Comparison of diffusion coefficient data for "OPAg in Sic (from Goodin, 1983). 

5-38 
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Fig. 5.6.4. Comparison between optimized diffusion coefficients (symbols) and the 
recommendation (solid line) as the result from the investigation presented by 
Verfondern et al. (1989) (from Verfondern et al., 1989). 
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in-reactor release (Fig. 5.6.5). Christ's expression for the diffusion coefficient of Cs in Sic 
is given by: 

Do = 5.5 x lo-'' m2 s-', 
Q = 125,500 J mol-', 
9, 
9 = neutron fluence (n m"). 

= 5 x 1025 n m-2 (E > 0.1 MeV), 

(5.64) 

This diffusion coefficient was incorporated into a two-term diffusion coefficient [as in 
Eq. (5.6.1)] for use as the FRG reference model for cesium transport in Sic  (Verfondern 
et al., 1993). 

The diffusive model is limited by the significant variation in experimental diffusion 
coefficients as a function of Sic deposition and irradiation conditions and the very low 
diffusion coefficients measured for high-quality Sic  over most of the temperature range 
experienced by the fuel. Several factors introduce uncertainty in comparisons of diffusion 
data from different experiments: the variation in Sic  microstructure from experiment to 
experiment due to different deposition conditions, the effect of irradiation on diffusion in 
irradiated vs nonirradiated samples, and the microstructural evolution of the Sic under 
irradiation and at high temperatures. An example of this uncertainty is provided by Fig. 
5.6.2, in which the in-reactor diffusion coefficients are significantly lower than those for out- 
of-reactor heating at the same temperatures. 

Barthold (1993) points out that the potential presence of a-Sic within the &Sic 
structure could have significant effects on the diffusion of FP species, with diffusion 
coefficients varying by orders of magnitude for Sic deposited at different temperatures. This 
concern is consistent with the microscopic obsemations of Lauf and Braski (1981) of 
localized heavily-faulted regions within the &Sic with d i k e  characteristics. 

Other variables may come into play that the diffusion model does not take into account. 
An earlier model for Ag transport proposed by Homan et al. (1978) suggested that a critical 
concentration of Ag on the Sic surface was required before a breakthrough transport 
mechanism was activated. In a study by van Opdorp (1971) of aluminum diffusion into Sic, 
striking but unexplainable differences were seen in the diffusion profiles if the AI was 
introduced from a gas-phase source or from diffusion across a solid interface. In s5.5 
evidence was presented that diffusion coefficients in PyC will vary according to the source 
concentration. Surface effects are rarely considered in analyzing diffusion data. 

Diffusion vs Sic failure 

This experimental variability provides strong motivation to the proponents of the Sic 
failure model. One sometimes encounters their argument that each particle in a FRG fuel 
sphere would release the same fraction of Cs inventory if the diffusion model was valid 
(Goodin, 1987). This argument is strongly challenged by R. C. Martin (1990). However, 

5-40 



\ 

25 7 8-10 n/m I 

o-20 
1 1  10 4 5 6 7 8 9 

I O ~ ~ T ( K )  

Fig. 5.6.5. Temperature and fluence dependence of the HRB Model and temperature 
dependence of the FDDM Model for diffusion of cesium through Sic layers 
(from Myers, 1986). 

5-41 



even the proponents of the failure model recognize the deficiencies of their model and 
periodically suggest modifications which represent a compromise between the two modelling 
approaches in the hope of obtaining better agreement between model and experiment. 
Specific comments in this regard are provided by Goodin (1987) and J. L Martin et al. 
(1988). Specifically, the Martin-Goodin-Nabielek model (J. L Martin et al., 1988) 
hypothesized that Cs transport in Sic can be represented by two significantly different 
diffusion coefficients, with a failure-like mechanism during heating which initiates transport 
characterized by the larger diffusion coefficient. 

Myers (1988) cuts to the heart of the failure model. "While the current [failure] model 
is based on the assumption of fission product-Sic attack [see s2.4.31 at lower temperatures 
as the only effect leading to transport of fission products through Sic, there is very little 
demonstrable justification for this. It should be noted that evidence for chemical attack of 
the Sic in many cases consists in a raggedness of the inner boundary of the Sic  layer as seen 
in metallographic mounts and by no means is proof of enhanced transport of fission products 
through the Sic layer; thus the underlying assumption of the current model which attributes 
to chemical attack the onus of Sic 'failure' is, for practical purposes, pure hypothesis." 

Myers (1988) goes on to summarize the failings of the GN model assumptions. "Recent 
results from Seibersdorf demonstrate that [the claim that Cs does not diffuse through SIC] 
is incorrect and they support a recent review of data in which diffusion in Sic is treated as 
a real phenomenon. Extensive studies on (1) the physical characterization and (2) the 
measurement of transport have been conducted at WA. The characterization has not led 
to an understanding of transport in Sic which is not surprising given the lack of a theoretical 
framework in which to relate transport and structure. Surely of comparable importance with 
static physical properties would be the changes induced in the Sic by irradiation and 
annealing; about these changes there is presently little knowledge." The variation between 
in-reactor and out-of-reactor data for Cs diffusion (Fig. 5.6.2) is relevant to these comments. 

Recently RUllig (1991) demonstrated that the range of 13'Cs release from particles in 
FRG fuel sphere R2-K13/1 after heating at 1600'C could be reproduced by assuming a log- 
normal distribution of diffusion coefficients for Cs in Sic. The concept of a particle-to- 
particle distribution of diffusion coefficients partially resolves some of the perceived 
weaknesses of a diffusive approach to release while better simulating the effects of 
manufacturing- and irradiation-induced variations in Sic microstructure on FP diffusion. 

Fission uroduct inventorv in Sic 

Myers et al. (1986) present some interesting data of measured FP inventories in Sic 
at the end of irradiation. Figures 5.6.6 and 5.6.7 present evidence that the FP inventories 
within the Sic layer may vary as a function of the accumulated fast neutron fluence. Initial 
particle release profiles during AC-like heatup (Figure 5.6.8; from Myers, 1986) also show 
evidence that the initial Ag release is a function of the fast neutron fluence, and an analytical 
model is proposed to predict this initial Ag release as a function of the fluence. Additional 
details are presented by Myers (1986) and Myers et al. (1986) which provide useful 
information for microstructural considerations of FP transport through Sic. 
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Fig. 5.6.6. The dependence of the cesium content of the Sic layer on fast neutron fluence 
for different irradiation times (from Myers et al., 1986). 
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Update 

To avoid comparing apples and oranges, diffusion coefficients need to be measured for 
comparable particles manufactured by consistent methods rather than comparing results 
from different batches with unknown structural etc. variations between them and irradiated 
and heated under varying conditions. 

The recent results on heating unbonded U.S. TRISO HEU UCO particles irradiated 
in capsules HRB-17 and HRB-18 illustrates this point (Moms et al., 1992). Out of 80 
particles heated to 1600’C for 100 h, four particles showed significant but highly variable 
Cs release (2%, 6%, 35%, and 60% for each particle). Europium loss was also significant 
for these particles. The recommended diffusion coefficient for Cs in Table 5.6.1 
underestimates the average Cs loss of the 80 particles (1.2%) by several orders of magnitude 
(Martin, 1993a). In comparison, Myers’ (19%) diffusion coefficient for columnar Sic 
overestimates the average Cs release by less than a factor of six. 

With this the only AC data for modem U.S. UCO fuels, Martin (1993a) recommended 
Myers’ columnar Sic diffusion coefficient for design calculations until new heating data is 
obtained, despite its adverse effect on safety margins for FP release during accidents. These 
heating results are consistent, however, with the Sic grain structure in recent U.S. fuel: large 
columnar grains across the Sic layer. The German Sic layers are not laminar but they are 
characterized by smaller grains and a more polycrystalline structure, which may explain the 
correlation of their Cs retentiveness with Myers’ diffusion coefficient for laminar Sic 
structures. 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

ROllig’s (1991) approach of using a distribution of particle-to-particle diffusion 
coefficients for transport in Sic is the most promising approach to more accurately 
reproducing the particle-to-particle distribution of FP release. This approach is conceptually 
consistent in relating variations in Sic microstructure before and after irradiation and 
heating to Fp transport. Martin (1993a, 1993b) discusses the concept of time-dependent 
diffusion Coefficients during irradiation and heating such as that suggested by Christ’s (1985) 
fast-fluence-dependent diffusion coefficient, and suggests other approaches for refining the 
existing models for metallic Fp transport in Sic. 

The recent FRG AVR data provide the first extensive database using a standardized 
particle manufacturing process. The recent heating data obtained by Moms et al. (1992) 
disprove the hypothesis that the U.S. program can assume its Sic  product will perform as 
well as the German product despite significant structural differences. Until new heating tests 
are conducted on modem U.S. fuel with the latest variations in Sic  deposition conditions, 
only a very conservative and pessimistic model can be considered to reliably predict metallic 
FP transport through Sic. Such a model is represented by Myers’ (1984~) diffusion 
coefficient for Sic with columnar grain structures. 

Until FP release data is obtained from the latest fuel variant, model refinement can 
consider the existing data as a function of experimental conditions and irradiation 
parameters similar to that of Myers (1984~). The FP inventory data in Sic presented by 
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Myers et al. (1986) should be considered as well as suggestions made by R. C. Martin (1990) 
of possible irradiation and heating effects on the Sic structure and FP transport. In-reactor 
vs out-of-reactor diffusion data in the temperature range of 1250 to 1500'C should be 
compared with respect to neutron damage and annealing effects and any related effects on 
the thermal stability of the Sic layer. Iikewise, the irradiation history of the particles should 
be considered in 'comparing the higher-temperature diffusion data (1 15oO'C). 

The issue of surface effects on diffusion is rarely considered. Not only might the 
surface concentration of Fp quantitatively affect the calculated diffusion coefficients, but a 
larger unknown arises when considering the possibility of oxygen or CO reaction with the 
Sic to form a surface.layer of SO, a process very favorable thermodynamically. Not only 
is this process of SiO, formation well studied for silicon substrates, but the nature of such 
layers as diffusion barriers for metallic atom transport are known and information has been 
obtained for phenomena such as Cs pileup at the interface of SiO, layers on silicon. Surface 
oxidation is known to strongly affect Fp behavior for graphite and primary circuit alloys, and 
analogous effects for Fp transport through Sic have apparently not been previously 
considered in diffusion modelling. A statement by Price (1977) is relevant: "In many cases, 
the diffusion profiles [in semiconductor-grade Sic] deviated from Fick's Law, indicating 
different diffusion coefficients near the surface or in the low-concentration tails. Effective 
diffusion coefficients also were strongly influenced by the presence of a second dopant." 

DATABASE USED IN MODEL DEVELOPMENT 

Some of the database relevant to the existing diffusion model is represented by 
Figs. 5.6.2 and 5.6.3. Many of the other figures provide data which could be considered in 
model revision. Additional detail on the data and relevant experimental conditions can be 
obtained from the previously-mentioned references and from additional references 
mentioned therein. 

5.7 UPDATE 

The following references have been suggested for additional relevant information. 

Brown, P., and R. L Faircloth, "Metal Fission Product Behavior in High Temperature 
Reactors-UO, Coated Particle Fuel," J. Nucf Marer., 59 (1976) 29-41. 

Minato, IC., T. Ogawa, S. Kashimura, and IC. Fukuda, "Fission Product Palladium-Silicon 
Carbide Interaction in HTGR Fuel Particles,"/. NucL Mater., 172 (1990) 184-196. 

The recent observation that NPR UCO kernels vary in stoichiometry from U02 to UC, 
requires consideration of the effect of stoichiometry distribution on the kernel diffusion 
coefficients of metallic FP. The observation of percent-level "gold spots" in the Sic layers 
of NPR particles (Le., inclusions of silicon "soot" within the Sic deposited during the coating 
process) is not believed to seriously impact NOC fuel performance, but no mention of the 
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potential AC effects has been made. Free silicon will vaporize at AC temperatures, and the 
relative diffusion of metallic FP through gold spot inclusions has not been discussed. 

The heating tests mentioned in S5.6 on U.S. UCO HEU fuel from HRB-17/18 
piggyback samples were augmented by an additional loo0 h heating test at 1600'C on 25 
particles. The measured cesium release was an order of magnitude higher than the release 
from German particles in fuel sphere R2-K13/1 with a similar time-at-temperature heating 
profile. 

A reasonable conclusion from the above is that the U.S. MHTGR program does not 
know how the latest fuel design will perform at accident temperatures near 1600'C and that 
important reference AC models are not valid for predicting fuel performance. 

When a reference U.S. fuel design is used to obtain reproducible heating test results 
and IMGA data on individual particles, the approach used by RUllig (1991) should be 
applied to determine a representative distniution of diffusion coefficients of metallic FP in 
Sic for use in model revision. 
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6. FISSION PRODUCT TRANSPORT FROM PARTICIS TO COOLANT 

6.1 INTRODUCTION 

Transport mechanisms 

Fission product transport from particle to coolant involves both diffusion through and 
sorption on the graphitic structures. Diffusion represents transport through the bulk or 
along the surface of the material structure, while sorption represents the gas-phase 
equilibrium with the surface concentration of the diffusing species. Diffusion in graphite has 
been studied in detail, and more complicated models (based on diffusion plus trapping) have 
been found to apply than the standard Fickian diffusion model. Diffusion in the compact 
matrix material has not been studied experimentally. 

The transport of fission gas is known to be very rapid from particle release to 
entrainment by the coolant. One estimate (Myers et al., 1977) suggests a time of one second 
from gas escape into the compact/graphite gap to gas entrance into the main coolant stream. 
Holdup of fission gas by the compact and graphite structure is sufficiently insignificant that 
little modelling effort is devoted to this regime of gas transport. However, transport of 
metallic FP through the compact and graphite structure is quite important as significant 
retention on the graphitic structures is known to occur via sorption. As the graphitic 
structures act as a secondary barrier to metallic FP release to the coolant and thus reduce 
the mobile source term available during accidents, most of this chapter is devoted to the 
transport of metallic species through the fuel compact and graphite. 

A model is presented for metallic FP transport across the compactlgraphite interface 
which uses sorption isotherms to calculate an effective partition coefficient across the 
interface analogous to the partition coefficients discussed in s5.3. An evaporation-like 
model is also presented for metallic Fp release from the surface of the graphite into the 
coolant, which combines mass transfer considerations with the sorption isotherm at the 
surface. 

Somtion isotherms 

Sorption involves the attraction and holding of atoms and molecules (the sorbate) by the 
surface of a solid body (the sorbent) with which they are in contact. Sorption can represent 
both adsorption (adhesion to the surface of the solid) and absorption into the solid. 
MHTGR design is concerned with sorption of FP atoms at the surfaces of the compact 
matrix material ( ~ 6 . 5 ) ,  the graphite structure ( ~ 6 . 6 ) ,  and the metallic alloys within the 
primary circuit (~8.4). Sorption can occur by either a relatively weak physical attraction 
between the surface and the sorbate, or by the stronger chemisorption which involves 
chemical reaction between the sorbate and the sorbent. Sorption of inert fission gases is of 
little concern because of their unreactive behavior. Sorption of metallic FP and of iodine 
are greatest interest in MHTGR design. 



The capacity of a sorbate for FP sorption is typically characterized by the sorption 
isotherm, which gives the relationship between the external pressure of the species and its 
concentration within the sorbate. The standard approach to Fp sorption considers the 
separate contributions to sorbate concentration by the high- and low-sorbate concentration 
regimes, as represented by the Freundlich and Henrian isotherms, respectively (Myers, 
1981~). In general, the same governing equations apply to sorption in the fuel compact and 
in the structural graphite. 

These isotherms represent the expected behavior of fission products in their elemental 
form. The potential existence of some fission products as chemical compounds and the 
resulting effect on sorption is often uncertain. The application of isotherms derived from 
equilibrium data to transient conditions is also open to question. 

Fuel comDact and PraDhite materials 

The fuel compact has the shape of a small solid cylinder and contains a mixture of fuel 
particles and small pieces of H-451 graphite (called "shim" particles) embedded in a 
carbonaceous matrix consisting of petroleum pitch and graphite powder (EG&G, 1992). 
During fabrication, the compact is heated to high temperatures to carbonize the matrix. The 
fuel compact contains significant porosity. As a historical note, the fuel compact was usually 
referred to as a fuel rod until recent years (see, e.g., GA Technologies, 1986). 

The core graphite employed in the U.S. design for MHTGRs is H-451 graphite, 
produced from petroleum coke filler and pitch binder and highly graphitized by baking at 
temperatures approaching 3000'C (EG&G, 1992). This manufacturing process produces 
a graphite structure with a combination of large and small pores. H-451 replaced H-327 
graphite during the 1970s as the HTGR structural graphite because of its better strength, 
heat transfer, and dimensional change characteristics. As a historical note, the internal 
graphite structure was often referred to as the "graphite web" in the transport of FP (see, 
e.g., Myers et al., 1977). 

Normal vs accident conditions 

For each of the models presented in this chapter, only a single model is used to simulate 
both normal and accident conditions. The effect of temperature is explicitly included in 
those models for which temperature effects are significant. The temperature dependencies 
of sorption isotherms are explicitly expressed in the governing equations; therefore, the 
treatment of sorption under accident conditions is identical to that under normal operating 
conditions, provided the sorption isotherms are valid throughout the temperature range 
experienced by the fuel. The equations for sorption on graphite were modified in recent 
years to include a fast-flucnce-dependent term as well as a temperature-dependent term 
which takes into account annealing effects at higher temperatures, effectively bridging the 
gap between NOC and AC. 
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6 2  FISSION GAS TRANSPORT IN TH35 FUEL, COMPACT AND GRAPHITE 

function This model provides a simplified model for rapid release of fission gases 
without any functional dependencies specified. 

present 
Status 

Although the transport model is conservative in postulating instantaneous gas 
release from the fuel compact and graphite, the consequences of this 
conservatism should not be significant. 

model 
uncertainty 

For the fuel compact, the consequence of the transport model "is negligible 
and the uncertainty is therefore unimportant'' (Myers, 1988). The same 
conclusion can be applied to the model for transport through the graphite. 

references Myers et al. (1977); Myers (1988); EG&G (1992) 

NORMAL OPERATING CONDlTIONS AND ACCIDENT CONDITIONS 

Model eauations 

The fission gases are instantaneously transported through the fuel compact matrix 
material upon release from the fuel particles (Myers, 1988). Likewise, release to the primary 
circuit is not delayed by the graphite (EG&G, 1992). Therefore, release of gaseous fission 
products from the particle is synonymous with release into the coolant without any time 
delay. This model can be expressed as: 

f = l  at 2 - 0 ,  (6-21) 

f 

r 

= the fractional fission gas release from the core graphite with respect to that released 

= time after fission gas release from the particle to the compact matrix material 
from the particle at r = 0, 

(arbi traxy units). 

Ranee of validity 

This model is assumed to apply under all temperatures and operating conditions 
experienced by the reactor. 

Assummions 

1. Neither the fuel compact material nor the graphite structure pose any effective resistance 

2. No trapping of gas occurs within the compact or graphite. 
to gas transport. 
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3. Sorption of fission gas on the graphite and carbonaceous structures does not occur or is 
not significant at MHTGR temperatures. 

Uncertainty 

The uncertainty has not been quantified but is considered to be unimportant (Myers, 
1988). Myers et al. (1977) report an estimate by Mysels and Rovner that the time delay 
between gas release to the compact/graphite interface and release to the coolant is 
approximately one second ("in the absence of adsorption"). 

MODEL CHRONOLOGY 

FDDM/F mentions this model in relation to gas release from the fuel compact, but does 
not mention this model in relation to release from the graphite. The model as stated above 
has not changed since its presentation by Schwartz et al. (1974). Myers et al. (1977) 
reported an approximate quantification to the holdup time of fission gases by the graphite 
structure. 

DISCUSSION 

The porosity of the fuel compact matrix material can approach 50% (EG&G, 1992). 
This large porosity would be expected to expedite rapid release of inert gases. Although the 
porosity of the graphite would be marginal in comparison, apparently any delay in gas 
transport by the graphite is not expected to be significant. This assumption was stated 
explicitly by Schwartz et al. (1974): the noble gases "are conservatively assumed to become 
gasborne immediately upon being released from the fuel particles." 

Myers et al. (1977) perhaps provide the most detailed discussion of this model (refer to 
~6.1, "Fuel compact and graphite materials", regarding the terminology used). 'The fission 
product gases which are released from the fuel rods are transported through the graphite 
web by two mechanisms: (1) transverse flow of the helium coolant and (2) diffusion. The 
time delay in this transport governs the decay of fission gas nuclides during passage through 
the graphite web. 

'Transverse flow is the process in which helium coolant flows through the graphite web 
surrounding the upper part of the fuel rod stack, into and along the gap between the fuel 
rods and graphite, and back through the graphite web surrounding the lower part of the fuel 
rod stack to the main helium coolant stream. The fission gases in the gap and the graphite 
are entrained by the helium undergoing transverse flow and are swept into the main helium 
coolant stream. In unpublished work at GA, Mysels and Rovner have estimated the possible 
effects of transverse flow on the transport of fission products through the graphite web. 
They concluded that in the absence of adsorption, the gaseous fission products entrained by 
the helium in the gap will be delivered to the circulating mainstream in times of the order 
of 1 s." They then report the estimate for diffusive delay time to be beween 250 and 300 s, 
indicating that transverse helium flow will dominate fission gas transport to the coolant. 



Sorption of fission gas by the carbonaceous structures should not occur at reactor operating 
temperatures. 

Although models of the release of gaseous fission products from heavy metal 
contamination do not predict instantaneous release, such a difference may not be significant 
as the gas atoms produced during fission of the contaminant should implant into the 
carbonaceous matrix, and thus require solid-state diffusion back to the surface of the 
porosity prior to gas-phase release. 

For more detailed discussion of gas transport mechanisms through graphitic structures, 
one can refer to ROllig (1977) although the difference in structural graphite used in their 
analysis should be kept in mind. 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

As this model is not expected to be significant in terms of overall gas release from the 
core, further consideration of this model is not warranted unless additional information 
suggests a reexamination is justified. One potential area for investigation is confirmation 
that transverse flow along the compact/graphite interface is the dominant pathway for fission 
gas release to the coolant. 

DATABASE USED IN MODEL DEVELOPMENT 

No experimental data upon which to base this model were mentioned in the references, 
thus any database relevant to this model is unknown at this time. In lieu of experimental 
data, the calculations mentioned by Myers et al. (1977) might be considered as supporting 
evidence for the model. 

63 MEI'ALLJC FISSION PRODUCI' TRANSPORT IN THE FUEL COMPAm 

function This model provides a simple approximation for rapid distribution of FP 
metals within the compact without any functional dependencies specified. 

present 
Status 

Although the model is very simple and conservative, the consequences are 
not expected to be significant because the transport of metallic FP in the 
compact is not the rate-limiting step for release from the core. 

model No data exist for transport of metallic FP in the fuel compact matrix 
uncertainty material, thus the model uncertainty is large. However, "the effects are 

regarded as negligible" (Myers, 1988). 

references Alberstein et al. (1975); Myers (1988); EG&G (1992) 
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NORMAL OPERATING CONDITIONS AND ACCIDENT CONDITIONS 

Model eauations 

Any quantity of metallic FP entering the compact matrix material is assumed to 
instantaneously distriiute itself homogeneously throughout the matrix material (Myers, 1988). 
This model can be expressed as: 

(63-1) 
- 

C ( x ) = C  a t r = O ,  

C(x) = metallic FP concentration at position x within the fuel compact (arbitrary units), 
C = average metallic FP concentration throughout the compact matrix material 

t = time after metallic FP release from the particle to the compact matrix material 
(arbj trary units), 

(arbitrary units). 

The subsequent release from the fuel compact is governed by sorption effects ( ~ 6 . 5 )  
(EG&G, 1992). 

Ranee of validity 

This model is considered valid for both normal and accident conditions, and under all 
reactor operating conditions. Apparently no data exist (EG&G, 1992) with which to limit 
this assumed range of validity. 

Assumptions 

1. Mass transfer and diffusion of metallic Fp within the fuel compact are not rate-limiting. 
2. The dispersion of metallic FP throughout the fuel compact has no significant dependence 

on temperature, fast fluence, or any other variable. 

Uncertainty 

The uncertainty of this model has not been estimated but should be insignificant relative 
to overall FP release from the core. 

MODEL CHRONOLOGY 

FDDM/F presents this model in comparable form. The references listed above only 
briefly discuss this model. The model as stated above has not changed since its presentation 
by Alberstein et al. (1975). 
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DISCUSSION 

The statement by Alberstein et al. (1975) also summarizes the state of the model at the 
present time. "Diffusion of metallic fission products in the porous fuel rod matrix material 
is presently assumed to be sufficiently rapid that the fission product atoms would be, in the 
absence of thermal diffusion, spread uniformly throughout the fuel rod. Hence, any holdup 
of metallic fission products due to diffusion in a concentration gradient is conservatively 
neglected. Thermal diffusion could, however, produce a nonuniform distrt'bution of fission 
products in the fuel rod, although no experimental evidence of this phenomenon exists at 
this time." 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

Refinement of this model would require some kinetic considerations of the rate of 
dispersal of the metallic FP throughout the fuel compact as they are released from the 
particle. This effect would only be significant in initial transient releases to the graphite, 
thus refinement of this model is not a high priority. 

DATABASE USED IN MODEL DEVELOPMENT 

No data is available for metallic FP transport in the fuel compact (Myers, 1988; EG&G, 
1992), thus no database presently exists upon which to evaluate this model. 

6.4 METALLIC FISSION PRODUCT DIFFUSION IN GRAPHITE 

function 

present 
Status 

model 
uncertainty 

This model provides diffusion coefficients for FP metals in graphite as a 
function of temperature and fractional graphite oxidation. 

The diffusion coefficients are based on data from the early to middle 1970s 
and do not take into account all the important variables which impact diffusion 
in graphite. The model itself (Fickian diffusion) is an oversimplification of the 
actual transpon mechanisms, which are known to include both diffusion and 
trapping (Myers, 1988). 

Because of the lack of model dependency on such variables as neutron fluence, 
oxidation of the graphite, helium pressure, and FP source concentration, and 
because of the use of the simplified model, the uncertainty is considered to be 
"much larger than a factor of lo" and "the uncertainty associated with Ag 
diffusion in graphite is enormous, being estimated to be a factor of 2000" 
(Myers, 1988). 



references FDDM/F; General Atomic (197%); Myers et al. (1974, 1979); 
Myers (1983a, 1988) 

NORMAL OPERATING CONDITIONS AND ACCIDENT CONDITIONS 

Model eauations 

The standard Fick's law diffusion coefficient is typically used to model the diffusion of 
metallic Fp in H-451 graphite: 

(6.4.1) 

D = effective diffusion coefficient (m2 s-'), 
Do = pre-exponential factor (m2 s-'), 
Q = activation energy (J mol-'), 
T = temperature (K), 
R = ideal gas constant (8.314 J mol" IC'). 

A recent refinement of the model incorporates the effects of graphite oxidation on diffusion 
(FDDMF): 

D = Do [1  + do( ]  -e-')] , 

B = weight percent burnoff (Le., extent of graphite oxidation), 
do = constant (dimensionless), 

all other terms as defined above. 

Values for the parameters De, Q, and do for diffusion in H-451 graphite are given in 
Table 6.4.1. 

Range of validity 

Although no limitations of the model are mentioned in FDDMF, in fact the source 
references clearly state limitations on the range of validity of these reference diffusion 
coefficients. For Cs, the reference parameters are valid at surface concentrations less than 
0.2 (pmol Cs)/(g graphite), and the model is valid at steady-state but not for the approach 
to steady-state. For Sr, the reference parameters are valid only for surface concentrations 
5 0.7 (pmol Sr)/(g graphite). 
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Table 6.4.1. Parameters for calculation of metallic fission product diffusion coefficients in 
graphite and the uncertainties, Eqs.  (6.4.2) and (6.4.3) 

(a) 
(b) 
(c) 
(d) Myers et a]. (1974). 
(e) General Atomic (197%). 
( f )  Myers et al. (1979). 
(g) FDDMF. 

Value for do based on data from strontium (FDDM/F). 
All uncertainty parameters taken from FDDM/F. 
The diffusion of Rb is assumed to be ten times faster than that of Cs. 

AssumDtions 

1. None of the following experimental variables significantly affect the diffusion of metallic 
FP in graphite: the concentration of the diffusing FP, irradiation effects and annealing 
of the graphite, the ambient helium pressure, or any mixed isotope effect due to the 
presence of other Fp. 

2. The value of do determined from Sr data is applicable to the other metallic Fp. 
3. Parameters for the diffusion of Sr in graphite can also be used to describe the diffusion 

of Ce, Eu, and Sm. 
4. The diffusion of Rb is assumed to be ten times faster than that of Cs. 

Uncertainty 

An expression for the uncertainty in the values of the diffusion coefficients is given by 
FDDM/F as the standard deviation, u, of In D: 

6-9 



T = temperature (K), 
a = constant (dimensionless), 
b = constant (K), 
c = constant (K2). 

Values for a, b, and c are reproduced from FDDM/F in Table 6.4.1. 

MODEL CHRONOLOGY 

Equation (6.4.2) is apparently from an internal GA memorandum which has not been 
reviewed by this writer. 

DISCUSSION 

Desirm Data Need 11.57 

Several comments in CEGA (1990) specific to DDN 11.57 are pertinent here, with 
emphasis added by this writer. 'The validity of the methods for predicting fission metal 
release during normal operation have been assessed by applying them to predict the 
observed metal release in operating HTGRs ... and in irradiation capsules and in-pile 
loops ... Most of the available data are for the Cs isotopes with a small amount of Ag and 
Sr data. In general, the releases of fission metals were underpredicted bv factors of several 
and, in some cases, bv more than an order of magnitude. The cause of the underpredictions 
is ambiguous because the Sic defect fractions and the particle failure fractions are typically 
not well known; however, there is strong circumstantial evidence suggesting that the 
transport across the fuel compact/fuel element gap and the transport in the eraDhite web are 
not DroDerlv modelled ... The validity of the methods for predicting fission metal release 
during core conduction cooldown transients have not been assessed systematically." 

DDN 11.57 then goes on to suggest an approach to correct these deficiencies. "An 
experimental data base is needed to validate the integrated models and core-survey codes 
used to predict fission metal release from the core ... Particular attention must be given to 
the effects of irradiation and environment on the transport of fission metals in core 
graphite." 

Barthold (1993) also points out the strong effect that the uncertainty in the calculated 
temperature profile across the graphite can have on, for example, Cs-137 release, and that 
existing codes model the graphite web as a slab rather than in two dimensions. 

- 



Mvers' analvsis 

The best recent discussion of this model is provided by Myers (1988) and will be quoted 
here. 'The transport of fission product metals in polycrystalline graphite depends on the 
type and nature of the graphite, the structure of the graphite, the temperature, concentration 
of diffusant, extent of irradiation damage, state of oxidation, ambient pressure of gas (He) 
and any interaction of different diffusants. Given H-451 graphite, the important vanabies 
are the temperature, irradiation damage, oxidation state and the pressure for HTGR 
conditions. The present model does not account for all these important variables and is 
based mainly on older reactor data for which the dependence of the diffusion on these 
variables is not explicit, except for temperature. Significant experiments have been 
conducted since the model was formulated and the parameters evaluated. The uncertainty 
for the diffusion of Cs and Sr is a factor of 10 based on a statistical analysis of the older 
reactor data; however, this uncertainty poorly represents the actual state of affairs since the 
range of the variables implicit in the reactor data is smaller than that of interest except, 
again, for the temperature. Furthermore, the older reactor data represent averages over the 
ranges of some variables. The presently used model does not take into account the effects 
of irradiation damage and pressure for which some data exist. The incorporation of these 
effects would, in general, reduce the calculated release of Cs and Sr from the graphite 
except, perhaps, for neutron fluence less than half the maximum value accumulated in the 
fuel element in its reactor lifetime. There is . a  vague perception circulating that 
incorporating these effects would only exacerbate the problem of underprediction of Cs 
release in core calculations. 

"More fundamentally, the model, based on Fickian diffusion, couples the loading of the 
graphite and diffusion through it. Careful experiments demonstrate that the Fickian model 
does not apply to H-451 graphite (and also not to A-3 matrix graphite). These experiments 
demonstrate that a diffusion trapping model more accurately predicts the concentration- 
distance profiles obsemed. In diffusion trapping models, the loading and diffusion are 
decoupled. Superficial examination of observed and calculated profiles for R2-Kl3 data 
indicate that, for Cs, the measured and calculated profiles have the same shape but that the 
calculated profile is a factor of about 5 lower in concentration. The diffusion trapping 
model, applied to the R2-KI3 data, would result in agreement of the measured and 
calculated profiles; whether the adjustment of parameters needed to do so would be 
acceptable would be another matter to be resolved. The diffusion-trapping model tends to 
the Fickian model as temperature declines; at 800'C the models are the same for H-451 
graphite but abwe 900'C, the models become quite different. 

"Considering the omission of fluence and pressure effects and the use of an inaccurate 
model in treating diffusion of fission products in graphite, one sees that the uncertainty is 
much larger than a factor of 10. Correcting these deficiencies will remove this large 
increment in uncertainty and probably reduce the uncertainty below the factor of 10 ... A 
detailed review of the available data, models and core calculations is necessary to begin to 
reduce this uncertainty; PIE and analysis of capsule A of the HFR-Bl experiment will also 
help considerably." 
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Alternative models 

Some of the alternative diffusion models which can be considered besides Fickian 
diffusion are: 

1. diffusion-trapping model, 
2. two-path coupled diffusion model, 
3. diffusion-sorption models, 
4. grain-boundary diffusion model. 

Myers (1983a) and Myers et al. (1979) discuss these transport models in more detail. 
Application of the diffusion-trapping model to Cs diffusion is discussed in Hill et al. (1983). 
Figure 6.4.1 suggests this model provides better agreement with experiment than does the 
Fickian diffusion model. 

General model information 

Figure 6.4.2 is also taken from Hill et al. (1983) and indicates the effect of ambient 
helium pressure on the diffusion of Cs in graphite. Figure 6.4.3 (from Myers et al., 1974) 
shows the dependence of the Sr diffusion coefficient in graphite on the Sr concentration. 
Myers et al. (1974) also discuss evidence of the significance of the mixed isotope effect. This 
evidence tends to contradict several of the assumptions on which the reference Fickian 
model is based. 

Some limited information on the diffusivity of Ag in graphite is provided by Myers 
(1981e). Whether this information was used to derive the reference diffusion coefficient for 
Ag is uncertain. Acharya (1987) attempted to reproduce experimental concentration profiles 
for Ag in graphite with only limited success, and concluded that the diffusion coefficient for 
Ag in graphite "appears to be at fault". However, he provides few details of his calculations. 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

Statements that Cs release from the core can be significantly underpredicted raise 
concerns about the reference models for metallic FP transport in graphite. Underpredictions 
of release run counter to the philosophy of conservatism in predicting FP release. 

To resolve this underprediction and refine the existing models, one should refer to 
Myers' (1988) comments quoted above for considerations in transport modelling in graphite. 
The suggestions related to reconsideration of the available data and application of non- 
Fickian models for diffusive transport appear more realistic than the present simple diffusion 
model. 

DATABASE USED IN MODEL DEVELOPMENT 

Figure 6.4.4 shows the range of expenmental diffusion coefficients used to derive the 
reference diffusion coefficient for Sr in graphite, and Fig. 6.4.5 shows the same for Cs. 
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Fig. 6.4.1. Comparison of model cesium profiles with experimental profile (82-VEA) 
(from Hill et al., 1983). 
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Fig. 6.4.2. Dependence of the cesium diffusion profile on pressure (from Hill et al., 1983). 
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Fig. 6.4.3. Variation of the diffusion coefficient with concentration of strontium in A.G.L9 
graphite at IOOO'C [from Myers et al., 1974; data taken from Sandalls and 
Walford, J. NucL Murer., 62 ( 1976) 265-2721. 
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Strontium diffusion coefficients in graphite (from Myers et al., 1974; references 
available therein). 
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Fig. 6.4.5. Diffusion coefficients for cesium in graphite (from Myers et al., 1979; references 
available therein). 



Detailed information on the experimental data for Sr can be obtained from Myers et al. 
(1974) and that for Cs from Myers et al. (1979). The range of experimental data for Ba 
diffusion is shown in Fig. 6.4.6 (from General Atomic, 1977b). Comparison of the relative 
diffusivity of Ce and Sr is given by Fig. 6.4.7. However, as a conservative approximation the 
diffusivities of Ce, Eu, and Sm are assumed to be the same as that of Sr; the logic of this 
choice is discussed in General Atomic (197%). 

65 METALLIC FISSION PRODUCT SORPTION IN THE FUEL =WAC" 

function 

present 
S t a t u s  

model 
uncertainty 

references 

This model uses sorption isotherms to calculate the partial pressure of F'P 
metals in the gas phase from their concentration in the compact matrix 
material as a function of temperature. 

The sorption isotherms for the common metallic FP are considered adequate 
except for Sr and Ag, which suffer from a lack of data. The greatest 
unknown in the model equations may be the effects of oxidation on the 
sorptivity of the compact matrix material. 

'The sorption isotherms for Cs, Sr and Rb on fuel compact matrix material 
have uncertainties which are large only for Sr ... For Ag, the uncertainties 
are very large and there are no reliable data" (Myers, 1988). Lack of data 
on the mixed isotope effect for multi-species sorption and on the reduced 
sorptivity of oxidized graphitic materials introduces additional uncertainty. 

Myers et al. (1974, 1979); FDDM/F; General Atomic (197%); 
Myers (1981~) 

NORMAL OPERATING CONDITIONS AND ACCIDENT CONDITIONS 

Model eauations 

The FP concentration sorbed on the compact matrix material is in equilibrium with the 
partial vapor pressure, P, of that FP species. The partial vapor pressure is assumed to 
consist of contributions from both the Freundlich (PF) and Henrian (P,,) isotherms (Myers, 
1981 c) : 

P =  P F + P H  , (a4 
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Fig. 6.4.7. Comparison of diffusion coefficients for cerium and strontium in graphite 
(from General Atomic, 197%; references available therein). 
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l n P F = ( A + f ) + ( D + q ) l n c  9 

PF = Freundlich isotherm vapor pressure (Pa), 
PH = Henrian isotherm vapor pressure (Pa), 
T = temperature (IC), 
C 
c, 
A, D, d,  = constants (dimensionless), 
B, E = constants (K), 
4 = constant (IC'). 

= 
= 

concentration of sorbate species (mmol kg-' of fuel compact material), 
transition concentration between the two sorption isotherms (mmol kg-I), 

The constants are obtained by fitting Eq. (6.5.2) to experimental data obtained within the 
Freundlich regime, and by fitting Eq. (6.5.3) to data obtained within the Henrian regime. 
Constants appropriate for several FP species are provided in Table 6.5.1 for sorption on the 
fuel compact matrix material. 

Ranee of validity 

The range of validity of the model is assumed to encompass both NOC and AC. In 
fact, the experimental range of validity only covers NOC @e., equilibrium nontransient 
conditions). The application of the sorption isotherms to AC depends on the relaxation time 
to equilibrium, which is an open question. The experimental data for Sr were obtained for 
Sr concentrations above 30 pmol g-' and temperatures above 1027'C. For Cs, sorptivity was 
measured from 700 to 1300.C and the effects of irradiation on sorptivity were measured up 
to fluences of 4 x IF n m-t 

Assumptions 

1. 

2. 

3. 

The sorption isotherm for Sr can be used to represent the sorption of all other common 
metallic FP except G, Ag, and Rb. 
The effect of inadiation on the sorption of Cs is representative of the effect of 
irradiation on the sorption of the other metallic FP. 
Considerations of the effects of neutron irradiation, oxidation of the fuel compact 
matrix material, and the mixed isotope effect should not significantly affect the 
reference sorption isotherms. 
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Table 6.5.1. Parameters for calculation of metallic fission product sorption in the fuel compact matrix material and 
uncertainties, Eqs. (6.5.1) through (6.5.6) 

Element 

cs 
Ag 
Rb 

Sr 

Ba, Ce, 
Eu, Sm 

others(*) 

0 (In Pi) 
I 

A B D E d, d* PF PH Reference Data'') 

19.33 -4.729 x lo' 1.518 4338 3.397 6.15 x lo4 0.65 0.87 ( f )  Yes 

19.3 -4.73 x lo4 1.51 4340 3.40 6.15 x lo4 (b) - 2.65 (g) No 

Graphite 
only 

54.3"' -1.49 x Id -8.52 2.85 x lo' 3.13 0.0 2.14 2.14 (9 Yes 

54.3") -1.49 x lo' -8.52 2.85 x lo' 3.13 0.0 (d) (4 (h) No 

54.3") -1.4Y x 10' -8.52 2.85 x lo4 3.13 0.0 (dl (4 (h) No 

22.1 -4.47 x lo' 4.53 68.0 3.40 6.15 x lo4 0.92 1.23 (h) 

(a) Indicates whether experimental data exists for sorption of the FP within the fuel compact. 
(b) No value given by FDDMF. 
(c) Value recommended by FDDMF; Myers et al. (1974) recommend a value of 42.8. 
(d) The isotherm equations represent approximate upper limits for vapor pressure; the actual uncertainties are unknown. 
(e) Zr, Nb, Mo, Tc, Pm, Nd, Pr, Y, Pd, Sn, La, Ru, Rh. 
(9 Myers et al. (1979). 
(g) FDDMF. 
(h) General Atomic (1977b). 
(i) Myers et al. (1974). 



4. 

5. 

The model can be applied to the transient conditions encountered during accident 
conditions. 
The relative sorptivities of Rb and Cs in graphite can be used to approximate Rb 
sorptivity on the compact matrix material based on the experimental sorptivity of Cs 
on the matrix material. 
For Sr, the transition to Henrian sorption behavior is assumed to occur at Sr 
concentrations below 22.8 pmol (g matrix material)" and the transition concentration 
is assumed to be independent of temperature (Myers et al, 1974). 

. 

6. 

Uncertainty 

The uncertainty is given in terms of the standard deviation of the natural logarithm of 
the vapor pressure Pi, for i = F (Freundlich regime) or i = H (Henrian regime). Because 
the dependence of the uncertainty on the temperature is less signifcant than the dependence 
on the concentration, the temperature dependence is disregarded in the following 
formulation for the uncertainty (FDDW): 

a(ln Pi) 
C 
dli, d,, = constants, for i = F, H (dimensionless). 

= 
= 

standard deviation of Zn Pi, for i = F, H, 
concentration of sorbate species (mmol kg-' of fuel compact material), 

In fact, FDDM/F only provides nonzero values for dli, thus Eq. (6.5.5) reduces to: 

with no effective dependence on either concentration or temperature (perhaps due to 
limited data for the concentration dependence of the sorption isotherm). The value of the 
uncertainty for each metallic Fp in Freundlich and Henrian regimes is given in Table 6.5.1, 
as recommended by FDDM/F. FDDM/F also states that the upper and lower bounds for 
the vapor pressure at one standard deviation can be calculated from: 

lnP" = l n P  + { d ( i n P F )  + a2(lnP,) , (U-7) 

P,, P, 
all other terms as defined previously. 

= upper and lower bounds for the vapor pressure P, respectively, Eq. (6.5.1), 

6-23 



MODEL CHRONOLOGY 

The model parameters were derived from experimental data of Sr and Cs sorption in 
fuel compacts during the 1970s. No revision of the compact sorption model has occurred 
since then. 

DISCUSSION 

Model derivation 

For background to the theory of sorption, one can refer to Myers et al. (1974). For 
implementation of the model equations into a computational format, one should refer to the 
description of the TRAFIC code by P. D. Smith (1978). In the model, the term C, 
represents the transition concentration above which the Freundlich isotherm accurately 
portrays the sorption data, and below which the Henrian isotherm is appropriate to describe 
the data. Although the model is assumed to be applicable to transient AC simulations, the 
only available data is based on steady-state equilibria between the vapor phase and the solid 
surface. 

Based on the experimental data for Cs sorption, no significant effect of fast neutron 
fluence on the sorption properties of the compact matrix material is apparent. This lack of 
irradiation effects probably results from the porous and disordered nature of the material 
at the start of irradiation, in contrast to the effects on the structural graphite (56.6). 
Experimental data only exist for Cs and Sr sorption on fuel compact matrix material. No 
data exist for Rb sorption on the compact material, so the Rb sorption isotherm was derived 
from the data for Cs by analogy with their relative sorptivities on graphite. 

A relevant point for AC modelling is made by General Atomic (197%): ''Under 
temperature transient conditions, the mobility of certain fission product metallic elements, 
which are normally immobile, must be considered. These elements are cerium, europium, 
samarium, zirconium ... There are no sorption data for these elements, and they are assumed 
to have the same sorption isotherms as strontium." This statement indicates a potential 
weakness in application of data representative of NOC to model AC behavior. 

Model analvsis 

Myers (1988) summarizes the existing model and database for metallic FP sorption on 
the fuel compact matrix material. The large uncertainties for Sr exist because there are "no 
measurements in the Henrian region, the region of primary interest ... Measurements have 
shown that the sorptivity of Cs on matrix material is insensitive to the effects of neutron 
fluence; the assumption of a similar independence for Sr sorptivity also contributes to the 
larger uncertainty in the Sr case. For Ag, the uncertainties are very large and there are no 
reliable data. This uncertainty represents the second most important contrilmion to the 
overall uncertainty of Ag release from the core. Data to be obtained during the PIE of 
cell A of HFR-B1 and of the encapsulated samples in the forthcoming HRB-21 irradiation 
capsule will be the only source of information on the sorptivity of Ag on matrix material ... 
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The effect of oxidation on the sorptivity of the matrix material is unknown and will not be 
measured unless experiments beyond -21 are completed. It is likely that the effect of 
oxidation on matrix material is small." 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

Apparently no data relevant to this model have been obtained since the 1970s. 
Improvement of this model would be difticult without new data (such as that expected from 
HRB-21). One consideration relevant to model refinement would be whether oxidation of 
the compact matrix material would have significant effects on sorptivity of metallic Ep. 

DATABASE USED IN MODEL DEVELOPMENT 

The experimental data for Sr sorption are presented in Fig. 6.5.1, taken from Myers 
et al. (1974). The experimental data for Cs sorption on irradiated and unirradiated fuel 
compact matrix material are presented in Fig. 6.5.2, taken from Myers et al. (1979). Refer 
to these references for additional experimental details. 

6.6 METALLIC FISSION PRODUCT SORPTION IN GRAPHITE 

function 

present 
status 

model 
uncertainly 

references 

This model uses sorption isotherms to calculate the partial pressure of FP 
metals in the gas phase from their concentration in graphite (or vice versa) 
as a function of temperature and fast neutron fluence. 

The current sorption isotherms are derived from data for both irradiated and 
unirradiated graphite and are acceptable for modelling purposes. A 
significant unknown is the effect of oxidation on the sorption isotherms, with 
an expected decrease in sorptivity (Myers, 1988). 

For graphite, the uncertainties associated with the sorption isotherms for Cs 
and Sr are relatively small, but the uncertainty for Ag is large due to lack 
of data. The uncertainty associated with the oxidation of graphite and its 
effect on sorption may be significant (Myers, 1988). Lack of data on the 
mixed isotope effect for multi-species sorption introduces additional 
uncertainty. 

Myers et a]. (1979); General Atomic (1977b); Myers (1981~) 

6-25 



I 

I 
I 

00 
F S V  

I I 
I I 

I I I 1  I I I t  I I l l  I I I I  I I 

IO0 IO1 I O2 10- I 

Fig. 6.5.1. Isotherms for strontium on fuel compact matrix and graphite at 1500 K 
(from Myers et al., 1974). 
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Fig. 6.5.2. Comparison of sorption data for cesium sorption on irradiated and unirradiated 
fuel compact matrix material (M-205) (from Myers et al., 1979). 
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NORMAL OPERATING CONDITIONS AND ACCIDENT CONDITIONS 

Model eauations 

For unirradiated graphite, the same model equations apply to metallic FP sorption on 
graphite as apply to sorption on the fuel compact matrix material (~6.5). The partial vapor 
pressure, P, of gaseous FP species in equilibrium with the sorbed concentration is given by 
Myers (1981~): 

P =  P F + P ,  , 

Freundlich isotherm vapor pressure (Pa), 
Henrian isotherm vapor pressure (Pa), 
temperature (K), 
concentration of sorbed species (mmol (kg-graphite)"], 
transition concentration between the two isotherms (mmol kg-'), 
constants (dimensionless), 
constants (K), 
constant (IC'). 

The constants appropriate for several FP species are provided in Table 6.6.1 for sorption 
on unirradiated graphite and at the beginning of irradiation. 

The sorptivity of the graphite will increase with exposure to fast neutron irradiation. 
Equations (6.6.1) to (6.6.4) remain valid, but a modified value of C must be used in these 
equations to represent the increased Fp concentration on the graphite (General Atomic, 
197%; Myers et al., 1979): 
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Table 6.6.1. Parameters for calculation of metallic fission product sorption on graphite and uncertainties, Eqs. (6.6.1) through - 
D - 

-1.561 

(6.6.4) 

~ 0.426 

I -0.324 

Element A B 

~~ 

Ce, ELI 19.38 I -40,090 
Sm 

E 

Otherdd) I 19.38 I -40,090 

u2 (In Pi) 
d, d2 1-1 Reference Data‘’) 

6,123 

6,120 - 1.56 

(e) H-45 1 2.035 1.786 x 10” 0.79’” 1.12(”) 
1.48(’) 1.48“) 

2.04 1.79 x lo3 (b) 7.00 (f) No 
- 1.56 Ag 

Rb 0.938 

0.56 -1,571 

24.39 -30,949 

Ba 

Sr -0.324 
19.37 -47,313 

19.38 -40,OW 

-0.324 

3,728 

4,088 

4,088 

(h) H-45 1 

(h) H-45 1 

-2.12 0.0 1.48 1.48 

-2.12 0.0 1.48 1.48 

-2.12 0.0 (c) 6)  (h) No 

2,664 I 2.04 I 1.79 x lo3 I 1.48 I 1.48 I (h) I TS-688 

4,088 I -2.12 I 0.0 I (c) I (c) I (h) I No 

Indicates whether experimental data exists for sorption of the FP in graphite, and the type of graphite. 
Value not given. 
The isotherm equations represent approximate upper limits for vapor pressure; the actual uncertainties are unknown. 
Zr, Nb, Mo, Tc, Pm, Nd, Pr, Y, Pd, Sn, La, Ru, Rh. 
Myers et  al. (1979). 
FDDMF. 
Acharya (1987). 
General Atomic (1977b). 
Irradiated. 
Unirradiated. 



i = F , H ,  

sorbate concentration appropriate to the isotherm i, with i = F for the 
Freundlich regime and i = H for the Henrian regime (mmol per kg of 
graphite), 
concentration of sorbate on the irradiated graphite (mmol per kg of 
graphite), 
fast neutron fluence [n m-*, (E > 29 fJ)mFJ, 
temperature (K), 
annealing factor (dimensionless), 
constants, for i = F, H (dimensionless), 
constants (K), 
constants (K2), 
constant (IC'). 

Values of the model parameters for irradiated graphite are given in Table 6.6.2. The values 
calculated for C, and C, above are applied to Eqs. (6.6.2) and (6.6.3), respectively, to 
determine the total equilibrium vapor pressure of the FP species. 

Ranee of validity 

. The model is applied to both NOC and AC situations. However, the experimental data 
cover only equilibrium conditions, with no data available to interpret transient conditions. 
In addition, no data is available to provide information on the effect of oxidizing conditions 
on the sorption isotherms. Experimentally, sorption of Cs on unirradiated H-451 graphite 
has been measured for temperatures from 700 to 1100'C and concentrations from 
approximately 0.3 to 7 mmol Cs per kg graphite. Data for Cs sorption on irradiated H-451 
graphite has been obtained for neutron fluences up to 3.4 x lp n m-2 at temperatures from 
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Table 6.6.2. Parameters for calculation of metallic fission product sorption on irradiated graphite, Eqs. (6.6.5) through (6.6.9) 

Element 

17 2.584 1.025 0.04394 
c~ 1 1 1 x10.3' 1 
Ag I 17 I 2.58 I 1.03 I 0.0439 

10.31 

2.58 0.0439 

13 1.745 1.434 0.0439 
Eu. Sm I I 1 x1@31 1 

13 1.745 1.434 0.0439 
others'd' I I I x1031 I 

Freundlich regime 

6.55 I 21,800 I 9.87 I 3.66 I 11,100 I 4.94 
x l o m  xlo6 xlo6 

6.55 I 21,830 1 ::$ 1 3.663 1 11,140 I 4.937 
x xlo6 

5.133 1 13,890 I 6.094 xlo6 I -0.976 1 -3,273 I -4.358 
xlomm xlo6 

- 
Data") - 
H-45 1 

No 

No 

H-45 1 

No 

r 
(a) Indicates whether experimental data exists for sorption of the FP in irradiated graphite, and the type of graphite. 
(b) Value may be in error: FDDMF suggests a value of 11,100 and General Atomic (1977b) suggests a value of 11,140. 
(c) Value may be in error: FDDMF and General Atomic (1977b) suggest a value of +4.94 x lo6. 
(d) Zr, Nb, Mo, Tc, Pm, Nd, Pr, Y, Pd, Sn, La, Ru, Rh. 
(e) Myers et al. (1979). 
( f )  FDDMF. 
(g) General Atomic (1977b). 



700 to 1300.C and concentrations from 0.1 to 10 m o l  kg-'. Data for Sr sorption on 
unirradiated H-451 graphite were obtained for temperatures from 800 to 1600'C and Sr 
concentrations of approximately 0.15 to nearly 100 m o l  kg-'. Data for Sr sorption on 
irradiated H-451 graphite were obtained for temperatures from 1100 to 1600'C and 
concentrations from approximately 1.3 to 50 m o l  kg". 

Assumptions 

1. 

2. 

3. 
4. 

The sorption of Ag and Rb is similar to that of Cs, while the sorption of Ba, Ce, Eu, 
Sm, and other metallic F'P is similar to that of Sr. 
The model obtained under conditions corresponding to NOC can also be applied as an 
AC model. 
Effects due to oxidation or the presence of mixed isotopes are insignificant. 
No chemical reaction of the FP or other nonsorptive phenomena are significant. 

Uncertainty 

The uncertainty equations and comments in ~6.5 for sorption on the fuel compact 
material are also applicable to sorption on graphite. The values for uncertainty @en in 
FDDM/F for sorption on graphite are constants, without dependence on either temperature 
or concentration. Although the uncertainty is expressed. as the standard deviation, a, values 
for c2 are reported in Table 6.6.1 for consistency between FDDM/F and Myers et al. (1979). 

MODEL CHRONOLOGY 

The model for metallic FP sorption on irradiated and unirradiated graphite was 
developed in the 1970s and presented by General Atomic (197%). The current model has 
not been revised from that presented by General Atomic and used by Myers et al. (1979). 

DISCUSSION 

Model derivation 

Myers et a]. (1985~) discuss the "annealing" model for sorptivity represented by 
Eqs. (6.6.5) through (6.6.9), in which the "irradiation damage in graphite is removed by 
annealing at temperatures above 1350 K." According to FDDM/F, the value of 1423 in Eq. 
(6.6.7) represents the "temperature [IC] at which half the sorptivity increase resulting from 
irradiation has been nullified by annealing." 

Although FDDM/F applies the model parameters for Cs to the sorption of Ag, Acharya 
(1987) recommended other values for the model parameters for Ag on unirradiated graphite 
as indicated in Table 6.6.1. The derivation of model parameters for Ag and the assumptions 
used in the derivation are unknown. FDDM/F apparently assumes that sorption of Ag is 
similar to sorption of Cs. 



Desim Data Needs 

CEGA (1990) comments on the existing data relevant to this model in DDN 11.48. 
'The correlations for Cs, Sr, and Pu sorptivities on graphite are derived largely from 
measurements on unirradiated graphites, but there are limited data for Cs and Sr on 
irradiated graphite and irradiated fuel compact matrix material. The available data indicate 
that the transport of Cs, Sr, and Ag in graphite is strongly affected by neutron irradiation. 
There are limited laboratory data that indicate the vapor pressure of Cs over graphite 
increases in the presence of coolant impurities and as a consequence of partial graphite 
oxidation. Ag transport through graphite may be reduced by elevated system pressures." 

In DDN 11.57 the underprediction of experimental Cs release is commented upon, and 
"there is strong circumstantial evidence suggesting that the transport across the fuel 
compact/fuel element gap and the transport in the graphite web are not properly modelled." 
However, DDN 11.57 does not comment whether the effects of sorptivity on transport may 
be a concern here. 

General comments 

Myers (1988) summarizes the current state of the models for metallic F'P sorption on 
graphite. 'The sorption of fission products on graphite is dependent on the type and 
structure of the graphite, the temperature, extent of irradiation damage (mainly for highly 
graphitized graphites), state of oxidation and the partial pressure of the sorbate (an expected 
decrease in sorptivity), the current sorption isotherms for Cs and Sr account for the 
dependencies; the associated uncertainties are relatively small and unlikely to be reduced. 
However, the uncertainty associated with oxidation and in fact with knowledge of the state 
of oxidation of the core graphite increases the total uncertainty to an unknown but 
presumably significant extent. Experiments in capsule HRB-21 are designed to obtain 
information on the effect of oxidation on sorptivity ... The uncertainty in the sorptivity of Ag 
is quite large for lack of data. The uncertainty is expected to be reduced significantly ... 
when the HRB-21 sorptivity experiments are completed. Additional data on the effect 
of neutron fluence on sorptivity art anticipated following completion of HRB-21 and 

Additional evidence that sorption isotherms may not be the only consideration in FP 
release from graphite is provided in a recent Foreign Trip Report by B. F. Myers (1991), 
in which he comments on KFA work on iodine sorption in graphite. In reacting graphite 
powder with iodine vapor, after a time the activity of the iodine sorbed on the graphite 
began to decrease although the iodine partial pressure was held constant. This change in 
sorbate concentration was attributed to reaction of the iodine with the metallic impurities 
in the graphite to form volatile metallic iodides. The initial sorption on the graphite was 
reported to be 700 to lo00 nmol of iodine per kg of graphite. Use of very pure graphite 
reduced the sorptivity to the range of 1 to 2 nmol per kg of graphite, nearly three orders of 
magnitude difference from that of impure graphite. The potential of this nonsorptive release 
mechanism could be significant if verified by additional experiments. 

HFR-B1 ...'I 
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The proceedings of the conference edited by Hoinkis (1983) contains much information 
on the phenomena relevant to F'P behavior in graphite and should be referred to for 
additional information. 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

If relevant data could be obtained, the signrficance of oxidation of the graphite on 
sorption isotherms should be determined. The results from the HRB-21 and HFR-B1 
experiments should be evaluated for their relevance to this model, as suggested by Myers 
(1988). Additional information on the release of metallic iodides due to graphite impurities 
should be obtained if possible. Whether equilibrium sorption models can be accurately 
applied to model transient conditions should be evaluated. 

The conclusion of DDN 11.57 that transport from fuel compact through graphite may 
not be accurately modelled is a cause for concern. The impact of these uncertainties on 
release estimates should be evaluated to determine whether significant effort in improved 
understanding of these phenomena is needed. 

DATABASE USED IN MODEL DEVELOPMENT 

Myers et al. (1974) presented data for Sr sorption on nonreference graphites, mostly 
H-327. General Atomic (197%) presented additional data for Sr sorption on irradiated and 
unirradiated H-451 graphite. Figure 6.6.1 compared the data for Sr sorption on H-451 
graphite with the isotherms for H-327 graphite. Figure 6.6.2 shows the Sr sorption data on 
irradiated H-451 graphite, and Fig. 6.6.3 compares the sorption isotherms of Sr and Ba on 
unirradiated H-451 graphite. Myers et al. (1979) analyzed the sorption data for Cs on 
irradiated and unirradiated H-451 graphite. Figure 6.6.4 shows the Cs sorption data for 
unirradiated H-451 graphite, Fig. 6.6.5 shows the data for irradiated H-451 graphite, and 
Fig. 6.6.6 compares the sorptivities for irradiated and unirradiated graphite, showing the 
significant increase of sorptivity with irradiation. Details of the experiments and the data 
shown in Figs. 6.6.1 through 6.6.6 can be found in General Atomic (197%) and Myers et al. 
(1979). 
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Fig. 6.6.1. Comparison of strontium data for H-451 graphite with isotherms for H-327 
graphite (from General Atomic, 197%). 
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Fig. 6.6.2. Data and least-squares fit for strontium sorption on irradiated H-451 graphite 
(from General Atomic, 197%). 



Fig. 6.6.3. Comparison of strontium and barium isotherms for sorption on H-451 graphite 
(unirradiated) (from General Atomic, 197%). 
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Fig. 6.6.4. Sorption isotherms for cesium on unirradiated H-451 graphite 
(from Myers et al., 1979). 
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6.7 MEI'ALLIC FISSION PRODUm TRANSPORT ACROSS THE 
COMPACX"/GWHlTE INTERFACE 

function Given the metallic F'P concentration at the compact surface, this model uses 
the sorption isotherms for compact and graphite to calculate the Fp 
concentration at the graphite surface. 

present 
Status 

The existing model is based on the sorption isotherms for the fuel compact 
and graphite and has been shown to provide reasonable estimates of 
transport across the interface (Myers et al., 1985c), although CEGA (1990) 
is less confident. The model is limited by the accuracy of the sorption 
isotherms used for calculations. 

model 
uncertainty 

This model incorporates the uncertainties in the compact and graphite 
sorption isotherms ( ~ 6 . 5  and 6.6) and includes additional uncertainties 
arising from the temperature drop across the interface from surface effects 
of sorption by graphite (Myers et al., 1985c) and from the possibility of 
transverse flow along the fuel compact surface (Myers, 1988). 

references Alberstein et al. (1975); Myers et al. (198%); General Atomic (1976d) 

NORMAL OPERATING CONDITIONS AND ACCIDENT CONDITIONS 

Model equations 

Given a known temperature and concentration of metallic F'P at the fuel compact 
surface, one can calculate the equilibrium vapor pressure of the FP at the compact surface. 
Equations (6.5.1) to (6.5.4) of s6.5 are used for this calculation and will not be repeated 

Knowing the equilibrium pressure at the compact/graphite interface and the 
temperature distribution across the interface, the FP concentration at the graphite surface, 
C, can be calculated from the isotherm equations for sorption on graphite (~6.6). The 
following equation can be derived from Eqs. (6.6.1) to (6.6.3), but the exact solution in terms 
of the concentration may require numerical evaluation: 

, here. 

P = C'(C' + c:-'c) , (67.1) 

B 
T 

% = A + - ,  
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y = D + - ,  E 
T 

(673) 

with the transition concentration, Cn given by: 
(67.4) 

P 
C 
c, = transition concentration between the two isotherms [mmol (kg-graphite)-*], 
T = temperature at the graphite surface (K), 
A, D, d,  = constants (dimensionless), 
B, E = constants (IC), 
d2 = constant ( K l ) .  

= 
= 

equilibrium FP vapor pressure at the compact/graphite interface (Pa), 
FP Concentration at the graphite surface region [mmol (kg-graphite)"], 

The constants required for these calculations are listed in ~ 6 . 5  and s6.6, Tables 6.5.1, 6.6.1, 
and 6.6.2. P. D. Smith (1978) desmies the numerical solution of Eq. (6.7.1) within the 
TRAFIC code. 

An approximate analytical solutjon, accurate when the sorbate concentration differs 
significantly from the transition concentration, can be calculated by the following sequence 
of calculations (Alberstein et al., 1975). 

1. 
2. 

3. 

4. 

Calculate the transition concentration using Eq. (6.7.4). 
Calculate the transition pressure, P, corresponding to C,: 

InP,  = ( A + ' T ) + ( D + ~ ) h C ,  . 

Freundlich regime: If P > P, (or alternatively C > C,), the FP concentration on the 
graphite surface is approximated from Eq. (6.6.2): 

l n c = [ D + $ ] * [ I n P - ( A + $ ) l  . 

Henrian regime: If P < P, (or C c C,), the FP concentration on the graphite surface 
is approximated from Eq. (6.6.3): 

inc = InP,  - (A + $) + (D- 1 + ;)In,, . 

During irradiation, the concentration calculated using Eqs. (6.7. l), (6.7.5), or (6.7.6) 
must be modified to represent the concentration sorbed on irradiated graphite. For this, 
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Eq. (6.6.5) is used if the pressure is in the Freundlich sorption regime or Eq. (6.6.6) is used 
if in the Henrian regime (~6.6) .  

The resulting concentration distn’bution between compact and graphite is often defined 
in terms of a temperaturedependent ratio called the partition coefficient, 9: 

concentration of FP on fuel compact suvace 
concentration of FP on graphite s u ~ a c c  4 =  

Calculations of FP distributions normally determine 9 from the sorption isotherms rather 
than using a specified value of C#I under given isothermal conditions. Any specified value of 
C#I needs to take into account the temperature drop across the compact/graphite gap and the 
relative volumes of the contiguous compact and graphite regions (Myers et al., 1979). 

The graphite surface concentration is subsequently used as a source term to the 
diffusion equations for calculation of FP transport through the graphite block (Alberstein 
et al., 1975), in conjunction with the diffusion parameters listed in S6.4. 

Ranee of validity 

The range of experimental and model validity is based on the sorption isotherms used 
in calculations. Reference should be made to the statements in ~ 6 . 5  and ~ 6 . 6 .  

AssumDtions 

Most of the following assumptions are taken from Alberstein et al. (1975). 

1. 
2. 

3. 
4. 

5. 

6. 

7. 

8. 

The concentration of metallic FP is uniform throughout the compact (S6.3). 
Transport of FP atom within the compact matrix material is rapid with respect to 
diffusion in graphite. 
The Fp vapor pressure is uniform across the compact/graphite gap. 
The vapor pressure is accurately represented by the sorption isotherms for the fuel 
compact material, using compact surface concentration and temperature as input. 
The concentration at the graphite surface is accurately represented by the sorption 
isotherms for graphite, using the equilibrium vapor pressure and the graphite surface 
temperature as input. 
Transport across the interface is not limited by kinetic considerations (e.g., by atomic 
evaporation from the compact surface). 
The temperature profile across the compact/graphite interface can be reasonably 
approximated. 
The change of gap width during irradiation is not significant with respect to the 
transport processes @e., kinetic effects in gas-phase transport are not significant). 
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Uncertainty 

The uncertainty of this model has not been quantified. Refer to "model uncertainty" 
above for a qualitative discussion. 

MODEL CHRONOLOGY 

No model specific to this interface transport is presented in FDDW, as this model is 
subsumed by the combined sorption models for compact and graphite. This model was 
presented by Alberstein et al. (1975) and updated by P. D. Smith (1978) as discussed above. 

DISCUSSION 

Barthold (1993) points out that the assumptions stated above are consistent with the 
assumption that the temperature distribution in the compact is axisymmetnc. However, veIy 
large radial gradients exist in the reactor which change with t h e ,  and the effect of 
asymmetries in temperature distniutions on transport across the gap should be assessed. 

CEGA (1990) comments on this model in the discussion of DDN 11.57. 'The validity 
of the methods for predicting fission metal release during normal operation have been 
assessed by applying them to predict the obsexved metal release in operating HTGRs ... and 
in irradiation capsules and in-pile loops ... In general, the releases of fission metals were 
underpredicted by factors of several and, in some cases, by more than an order of 
magnitude. The cause of the underpredictions is ambiguous ... however, there is strong 
circumstantial evidence suggesting that the transport across the fuel compact/fuel element 
gap and the transport in the graphite web are not properly modelled." CEGA (1990) does 
not discuss further the suspected problems in the compact/graphite interface transport 
model. 

Transverse flow 

Myers (1988) mentions the possibility of transverse flow along the interface in 
perturbing the steady-state FP distribution across the gap which this model represents, and 
indicates that studies of this flow have been conducted. Alberstein et al. (1975) also mention 
this possibility as a potential release pathway, although they consider this transport pathway 
to be of secondary importance, and state: "Transverse flow refers to convection of the 
metallic fission product in the helium which circulates through the graphite web and the fuel 
rod - graphite gap. This transport mechanism is significant only for the very volatile species 
at high concentrations in the graphite." Neither Myers nor Alberstein et al. discuss this 
further, and references for the studies referred to by Myers (1988) have not been located. 

Earlv studies 

Figure 6.7.1, taken from Albentein et al. (1979, shows the typical variation in sorption 
isotherms between fuel compact and graphite. The compact tends to be significantly more 
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graphite at 1OOO'C (from Albcrstein et al., 1975). 
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sorptive of metallic FP. As a result, for a given equilibrium vapor pressure across the gap 
the compact surface concentration will tend to be significantly larger than that of the 
graphite, and the partition coefficient defined by Eq. (6.7.8) will be greater than one. 

As of 1976, only one set of measurements of Cs sorption on reference (M-205) fuel 
compact matrix material was reported (General Atomic, 1976d). This data was used to 
calculate approximate partition coefficients with H-327 graphite, as listed in Table 6.7.1. For 
these calculations, an assumption was made that the partition coefficient is independent of 
sorbate concentration and temperature. No reference or additional information was 
provided by General Atomic (1976d) for this data. 

Causule R2-Kl3: Mvers et al. 

Detailed data on fission product distri'butions between the fuel compact and the H-451 
graphite body was obtained from irradiation capsule R2-Kl3 (Myers et al., 1985c), from 
which partition coefficients were calculated for Cs, Ag, and Mn isotopes. The experimental 
partition coefficients for 'vCs and 13'Cs were then compared to calculated coefficients based 
on the model for graphite sorption presented in fi6.6 (Myers et al., 1979). Calculations were 
performed using the models for both irradiated and unirradiated graphite. The comparison 
of the data to the models is shown in Fig. 6.7.2. The "imadiation-nonannealing" calculation 
in Fig. 6.7.2 did not employ the annealing coefficient of Eq. 6.6.7. Nominal irradiation 
temperatures were 1200'C for cell 2 and 1OOO'C for cell 3, with the fast fluence 
approximately 7.6 x lp n m-* (E > 29 fJ)m,. 

The agreement between model and experiment is quite good when the effects of 
irradiation are considered in the model. The horizontal bars of Fig. 6.7.2 represent the 
uncertainty in the temperature at the compact/graphite interface. A variation of 40 K in the 
temperature drop would change the partition coefficient by approximately a factor of two 
(Myers et al., 1985~). Figure 6.7.3 shows the effect of this uncertainty in temperature drop 
on the calculated partition coefficients. Comparison of Figs. 6.7.1 and 6.7.2 indicates 
comparable values of partition coefficients for unirradiated graphites in the two experiments. 

These experimental partition coefficients and data upon which they are based are 
presented below in the "Database" section. Several practical comments and observations are 
provided by Myers et al. (1985~): 

1. 

2. 

The observed Cs concentration within the compact matrix material is well within the 
Henrian regime of vapor pressures. 
The graphite sorptivity is known to be much greater at the surface, to a depth of 
perhaps several hundred micrometers (Myers et al., 1985c), attributed to the machining 
of the surface and the presence of graphite dust with large surface areas. This 
enhanced sorptivity results in a steep initial FP concentration profile at the surface, 
which then declines more gradually into the bulk (Myers, 1983a). 
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Table 6.7.1. Analysis of sorption ratio data for cesium: sorption ratios relative to H-327 
graphite (from General Atomic, 1976d) 

Material 
~~ 

M-205 

x-205 

Psv(c) 
Fsv(c) 
FSV(C) 

X-155 

M-156 

M-266 
M-259 

A-240 

B-018 

M-224 
Calcined petro- 
leum coke 
Calcined petro- 
leum coke 
Calcined petro- 
leum coke 
Calcined petro- 
leum coke 

(a) 

P.  p i t c h  
P .  p i t ch  
c. p i t ch  
C.  p i t ch  

c. pi tch  

Binder 

C. p i t ch  
C. p i t ch  
P .  p i t ch  
P .  p i t ch  
P .  p i t ch  
P .  p i t ch  
C.  p i t c h  
c. p i t ch  

C.  p i t ch  

C.  p i tch  

C .  p i t ch  

T(*C) 

1200 

1200 

1200 

1200 

1200 

1200 

1200 

1200 

1200 

1200 

1200 

1200 

1202 

963 

1057 

954 

Matrix 
Concentration 

(Wl@/d 
Isotherm 
26 

21 

33 

38 

24 

23 

27 

33 

46 

10 

30 

G.98 

3.8 

3.8 

0.02 

9 - 
18 

10 

15 
12 

14 

17 
16 

10 

1 1  

12 

21 

13 

20,lO 

10,20 

5,lO 

14,ll 

Ms 
Anneal 

Anneal 

Anneal 
Anneal 
h e a l  
Anneal 

Apneal 
h e a l  

Anneal 

Anneal 

Anneal 

FrE 

FTE 

R E - P  

("P. pitch = petroleum pi tch;  C .  p i t c h  - coal tar pitch. 

= mass spectrometer; F E  = Peach Bottom fuel test element diffusion 
sample; FTE-P = Peach Bottom fuel t e s t  element particle sample. 

(c)FSV - Fort St. Vrain. 
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Ca~sule R2-Kl3: Acharva 

Acharya (1987) used the COPAR code for FP release from particles in conjunction with 
the TRAMP code to calculate the fractional release of lnCs and ''OpAg from cells 2 and 3 
of the R2-Kl3 capsule. The calculations also provided concentration profiles across the fuel 
compact and graphite body, from which approximate partition coefficients at the 
compact/graphite interfaces could be determined. The results are shown and compared to 
the measured concentration profiles in Figs. 6.7.4 through 6.7.7. The partition coefficient 
is determined by the ratio of the FP concentration on either side of the discontinuity at the 
interface. For 13'Cs, Acharya concludes for cell 2 (Fig. 6.7.4) that the "measured and 
calculated partition coefficients are almost equal ... ," although this statement appears to be 
more accurate for cell 3 (Fig. 6.7.5). 

Agreement with experiment was poorer for "''''Ag partition coefficients. Figure 6.7.6 
shows that, for cell 2, the "measured and predicted partition coefficients are significantly 
different. The measured profile in the graphite displays a steep concentration gradient 
indicating that the transport in graphite was not properly modeled. The diffusion coefficient 
for silver in graphite appears to be at fault in this case ... [however,] the material property 
data base for silver, i.e., diffusion coefficients and sorption isotherms were based on a 
meager data base." For cell 3 (Fig. 6.7.7) the "measured and predicted partition coefficients 
are significantly different indicating problems with the sorption isotherms used in the 
analysis." Unfortunately, Acharya (1987) does not discuss the modeling of the fuel compact, 
but from the reference to FDDM/E one must assume that models similar to those of ~ 6 . 5  
were employed for sorption on the compact. Although the isotherm for sorption on graphite 
is presented, no terms for the effects of irradiation are discussed and thus may not have 
been included in the analysis. 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

Myers et al. (1985~) have shown the model results to be reasonable, therefore further 
model development should focus on the sorption isotherms used as input to the model, as 
discussed in ~ 6 . 5  and ~ 6 . 6 .  As one example, the mixed isotope effect might be considered 
for inclusion in the model. The negative commentary on this model by CEGA (1990) is 
troubling; but as details are not provided, the source of the uncertainty cannot be evaluated. 

Acharya's (1987) results for Ag are not very good, indicating the sorption model used 
may not be accurate. According to Myers (1983a) the diffusion of Sr, Ba, and Eu  in 
graphite are adequately described by classical Fickian diffusion but that the diffusion of Ag 
was better described by a diffusion-sorption model in AGLS graphite. As the same model 
is used for diffusion of all metallic FP in graphite (s6.4), a different model for Ag diffusion 
in graphite and fuel compact might be considered in light of the poor predictions of Figs. 
6.7.6 and 6.7.7. 

Myers (1988) states that data exist related to transverse flow within the 
compact/graphite gap. If the source of this data is determined, this release pathway could 
be evaluated to determine whether or not it is significant. 



Fig. 6.7.4. Capsule E X 1 3  cell 2 analysis: lnCs concentration profile (from Acharya, 1987). 
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Fig. 6.7.7. Capsule R2-Kl3 cell 3 analysis: lloPAg concentration profile 
(from Acharya, 1987). 
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Barthold (1993) recommends that the effect of asymmetries in thermal gradients on FP 
transport across the gap should be evaluated. 

The potential effects of oxidation on sorption, diffusion, and transport across the 
interface have apparently received little attention. Some consideration might be justified in 
the event of water ingress during AC and the subsequent effects on F'P transport. 

DATABASE USED IN MODEL DEVELOPMENT 

The database appropriate to the sorption of metaUjc fission products in the fuel 
compact and graphite ( ~ 6 . 5  and 6.6) is also appropriate to this section and should be 
referred to. 

The experimental partition coefficients obtained from the E X 1 3  capsule for Cs were 
presented in Fig. 6.7.2. These partition coefficients for IwCs and 13'Cs, plus those of ' l0lAg 
and %4n, are tabulated in Table 6.7.2. The measured concentration profiles from which the 
partition coefficients were determined are shown in Figs. 6.7.8 through 6.7.11. The 
references to inside and outside profiles refer to the spatial relationship of the 
compact/graphite interface to the external surface of the graphite fuel body, as can be seen 
from the diagram depicting the locations of graphite samples for FP concentration 
determinations (Fig. 6.7.12). Table 6.7.3 gives the raw data for these FP concentrations in 
graphite, and Table 6.7.4 gives the corresponding data for the fuel compact matrix material. 

6.8 METALLIC FISSION PRODUCI' TRANSPORT ACROSS THE 
GRAPHITEICOOIANTINTERFACE 

function 

present 
Status 

model 
Uncertainty 

references 

This model calculates the metallic Fp mass flux from the graphite to the 
coolant given the FT concentration gradient across the graphite/coolant 
boundary layer, the convective m a s  transfer coefficient, and the 
temperature. 

The model is based on existing equations for mass transport across a 
solid/gas interface and assumes the distribution between surface and gas is 
based on the sorption isotherms for graphite. The actual distn'bution of the 
FP between surface and gas (Le., equilibrium or nonequilibrium) remains a 
question (Myers, 1988). 

The uncertainty of the existing model is based on the uncertainty of the 
graphite sorption isotherms (see ~ 6 . 6 ) .  Additional uncertainty exists if the 
FP are not released to the coolant via single-atom transport mechanisms 
(Le., molecular transport, dust effects, etc. as discussed in ~ 8 ) .  

P. D. Smith (1978); Alberstein et al. (1975); Acharya (1987); Myers (1988) 
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Table 6.7.2. Measured and predicted partition coefficients (@) at the fuel compact - graphite 
boundary for cell 2 and cell 3 of capsule R2-Kl3 (from Myers et al., 1985c) 

Concentration In fuel rod at surface 
Concentration in graphite at surface + 

Cell 2 Cell 3 

Measured 0 Measured 41 
Isotope Inner Outer Mean Inner Outer Mean 

Cs-134 1.15 0.52 0.84 0.30(a) 0.74 0.52 
Cs-137 1.5 0.72 1.1 0.62"' 1.4 1.0 

Mn-54 0.06 0.21 0.14 2.3(a) (b) 2.3 

1.1 (a) Ag-llh 0.81 0.06 0.44 0.57(a) 1.7 

(a)Unreliable extrapolation. 

(b)No measurements close enough to fuel rod boundary. 
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Fig. 6.7.8. Fuel compact and graphite fission product concentration profiles for cell 2 of 
capsule R2-Kl3 (inside profile) (from Myers et al., 1985~). 
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Fig. 6.7.9. Fuel compact and graphite fssion product concentration profiles for cell 2 of 
capsule R2-Kl3 (outside profile) (from Myers et al., 1985~). 

6-58 



16 10 

’O” 

13 
l o  

10l2 

1 1  
10 

AglIOm 

t 

Cs137 

I 

- 
Cs13L 

- 
- 
. 
c 

i o  

~ n 5 4  - 
- 

- 
- 

I I 1 I I I I 

3od 3-B2 inner 
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Fig. 6.7.12. Sampling plan for graphite discs from cells 2 and 3 of capsule R2-Kl3 
(from Myers et al., 1985; Achaxya, 1987). 
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Table 6.7.3. Gamma spectrometry and weighmg of drilling samples (discs) from graphite 
bodies position 2-B-1 (cell 2) and 3-B-2 (cell 3) of capsule R2-Kl3 (from Myers 
et al., 1985~) 

Cell 2: 
position 2-61: 
- 
Disc NO. 1. inner 

2. - 1, = - 4, - 5, - s, - 
7, 

Olrc NO. 1. wtir - 2. 
3. 
4,  

1. = 
6, 

Cell 2: 
position 3 4 2 :  
0Isc IO. 1. inner 

- 
2. - - 1. - 
4 ,  - 
1. 
1. 
7. 

Disc 30. 1. wcir 
2. - 
3.  
4.  - 5. 
s. 

u. ip t  (9) 

0.1OI 
0,lYS 
0.169 
0.162 
0.158 
O.l?5 

* 0.2- 

0.:w 
0.1u 
o.;u 
0 .:ma 
o.1n 
0.271 

0 . X  
0.175 

O.?M 
0.166 
0.:1 

o m  

0.2:a 

*.:a6 
0.14i 
0.q. 
0. l t t l  
0,:s 
0.240 

nn $4 

1.8-13 
S.4-11 
S.9-11 

1.5-11 
6.0-11 
1.9-12 

- 

- 
0 

0 - 
6.1-11 
4 2-11 

1.7.12 
4.6-11 
32-11 
3.7.11 

1.4-11 
S . l - ~ I  

. 

4.1-11 

3.1-11 

1.2-12 

- 
- 

au ics 

1.2-13 - 
0 - 

2.:-13 
1.6-12 - 

0 - . - . - 

hq 114. 

1.2-14 
2.0-14 
1.744 
1 .l-M 
5.2-13 
2.2-u 
I. I42 

1.2.1s 
1.1-15 
2 . 9 4 4  
6.6-13 
? . Z - l t  

* 

Cs 174 

1.0.14 
2.7-14 
2 . 2 4 4  
2.0.14 
1.6-14 
1.2.14 
a.3*13 

7.2-14 
?,le14 
5.2-14 
4.344 
3.344 
1.244 

1.2-15 
3.4*14 
2.444 
1.9-14 
1.5-14 
9.7-13 
4 . 1 4 3  

a,B-id 

6.1-14 
4.s-14 
1 ,:-I4 
2.3-14 
1.5-13 

Cs 1?7 

2.2-15 
1.9-15 
1.S.IS 
1.5-15 
1.2-1s 
Y.7-14 
S.8-14 

S.5-15 
S.Z*IS 
1.9-is 
3.2-15 
2.2-15 
9.2014 

t.2-i~ 
2.4-15 
1.7-15 
1.2-1s 
1.3-15 
6.4-14 
2.744 

6,:-15 
4 ,  J-1s 
l J - \ S  
9.9-14 
1 .?-lS 
2.7-14 
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Table 6.7.4. Results of gamma spectrometric analyses from fuel compact matrix pieces of 
capsule R2-Kf3 (from Myers et al., 198%) 

2 3 

0 . 030 0.019 

Fuel Body 
2-B- 1 3-B-2 Rod NO. 

Sample Weight (g) 

Inventories (a)  g Graphite kg(b) g Graphite 
J n n O l /  Atoms/ smol/ 

kg (b) 
Atoms/ 

Yn-54 6.0E+12( 1.02-5 7.4E+12 1.2E-5 

8.86+12 1.5E-5 1.2E+13 2.OE-5 Zr-95 
3 . 7E+ 1 3 6.lE-5 4.1€+13 6 . 8E-5 Ru-106 

Xg-llOm 7.3E+13 1 . 2f-4 1,7E+13 2.8E-5 

CS-134 4.OE+14 6.6E-4 7 AE+14 1.2E-3 

CS-137 4.0E+15 6.6E-3 1 .OE+16 1 . 7E-2 
Eu-154 2.5E+14 I. ZE-5 5 . 3E+13 8 8E-5 

("Inventories calculated back t o  end of irradiation. 

(b)This unit is convenient for the discussion of sorptivity in 

(')6.OE+12 denotes 6.0 x 10 

Section 5.6.1. 
12 . 
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NORMAL OPERATING CONDITIONS AND ACCIDENT CONDITIONS 

Model eauations 

The transport of metallic F'P atoms across the graphite/coolant interface at the coolant 
hole is given by a mass transport equation which relates the mass flux into the coolant hole 
to the concentration gradient across the boundary layer and the FP desorption behavior at 
the graphite surface (Alberstein et al., 1975; P. D. Smith, 1978). The general mass flux 
equation is given by: 

J L  
H = convective mass transfer coefficient (cm s-'), 
C,, 
C, 

= mass flux of metallic F'P atoms (pmol an-* s-'), 

= FP concentration in the coolant inside the boundary layer (pmol cme3), 
= FP concentration in the coolant free stream (pmol cm">. 

Applying the appropriate assumptions, the following equation is obtained: 

P 
R = ideal gas constant (82.06 cm3 atm mol" K'), 
TL = graphite wall temperature (K). 

= Fp vapor pressure in equilibrium with the coolant hole surface concentration (atm), 

The equilibrium vapor pressure, P, is calculated by coupling the appropriate equation for 
the FP sorption isotherm (~6.6) and the surface concentration resulting from FP diffusion 
through the graphite (~6.4). Refer to P. D. Smith (1978) for discussion of the numerical 
approach to obtaining the surface concentration at the coolant hole. The convective mass 
transfer coefficient, H, is computed from standard empirical correlations, as presented in 
~ 8 . 3  below. 

For time-dependent calculations, Eq. (6.8.2) takes the form (Alberstein et al., 1975): 

x(r )  = variable dependence on the time, r ,  for x = J,, H, P. 

The ability of the TRAFIC code to also consider the time-dependence of the coolant 
temperature, TL, has not been determined. The formulation for this process in TRAMP is 
not known, but is likely similar to that of W I C .  
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Range of validity 

1. 
2. 

The model formulation is assumed valid for all reactor conditions. 
The formulation is valid provided the correct mass transfer coefficient is used for the 
specified flow conditions. 

Assumptions 

1. 

2. 

An equilibrium distribution is established between the FP concentration in the graphite 
and in the coolant (i.e., kinetic considerations of release are not significant). 
The effects of dust etc. are not significant in enhancing removal of F'P atoms from the 
surface of the graphite Over that predicted by equibrium sorption isotherms (e.g., by 
sorption of the FP from the graphite surface into the dust itself). 
Any operative mixed isotope effect will not significantly affect the predictions of the 
model. 
Consideration of the effects of graphite oxidation will not significantly affect the 
predictions of the model. 

3. 

4. 

Uncertaintv 

The uncertainty of this model has not been quantified. Refer to "model uncertainty" 
above for a qualitative discussion. 

MODEL CHRONOLOGY 

As this model is based on standard solid/gas transport considerations, no explicit model 
for this transport step is specified in FDDM/F. Alberstein et al. (1975) presented this model 
as used in the W I C  code (P. D. Smith, 1978), and this model has apparently been 
retained to the present without changes. This model represents an improvement over an 
earlier simpler model (Schwartz et al., 1974) which decoupled the processes of diffusion in 
and vaporization from the graphite. 

DISCUSSION 

The transition from Eq. (6.8.1) to Eq. (6.8.2) is obtained by assuming C, = 0, 
manipulating the ideal gas equation into the form: 

C, = FP concentration inside the boundary layer (pmol ~ m - ~ ) ,  
n = amount of Fp in the boundary layer (mol), 
V = volume of the boundary layer (cm'), 
P, R, TL as previously defined. 
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m e  factor 106 converts the concentration from ~ O ~ / C I I I ~  to pmo~cm~. 
The Fp atoms which accumulate at the graphite coolant hole surface must cross the 

coolant boundary layer to enter the coolant stream. Two effects are h & e d  in this 
transport (AIberstein et al., 1975): desorption of the atoms from the Surface and the mass 
transport characteristics of the boundary layer. Transport from the surface is modelled as 
a desorption effect, and the assumptions inherent in the use of sorption isotherms for 
calculation of gas phase pressure come into play. Myers (1988) raises the question of 
whether the sorption distribution is in fact established, or whether kinetic considerations 
might come into play which could enhance the FP removal from the surface above that 
which would be desorbed. Relevant to th is  issue is the underprediction of Cs release 
commonly encountered in simulation of release from the core (Myers, 1988). If kinetic 
effects must be considered in modelling release from graphite, then the mathematical model 
reported to have been developed by Gaus for such a process might be applicable (Myers, 

Barthold (1993) comments that any equilibrium, if established, between the graphite 
and boundary layer would be a dynamic equilibrium, and the lack of an established 
equilibrium would result in enhanced removal from the surface that is not governed by the 
reference isotherms. He also comments that, rather than a single boundary layer, a series 
of boundary layers must be traversed by a FP species, and the use of a single boundary layer 
implies an assumption that only a single layer need be considered for accurate modelling. 

Other evidence that non-sorption considerations might be relevant is the release of 
iodine in the form of volatile metal iodides from impure graphite, as discussed in ~ 6 . 6 .  
Significant release of metal iodides would alter model predictions of iodine release based on 
the sorption isotherms, as these iodides would not be expected to exhibit the same behavior 
as pure iodine. If kinetic or chemical phenomena exist which can enhance the release over 
that predicted by the sorption isotherms, then the existing release model might not be as 
conservative as is usually desired. Relevant to this concern is the lack of a model for 
oxidation effects on FP transport and release from graphite. 

One simulation of Cs and Ag release from graphite fuel bodies is provided by Acharya's 
(1987) simulation of release during the R2-Kl3 capsule test (discussed in ~ 6 . 7  with respect 
to experimental partition coefficients at the compact/graphite interface). Acharya used the 
COPAR code for release from the particles and the TRAMP code for overall release. The 
results for Ag will not be discussed, as experimental problems with the mass balance were 
encountered. For Cs release from cell 2, the "total predicted release is identical to the 
measured fractional release of about 6 x IOa ... (However] this could be fortuitous, simply 
because numerous assumptions have been made to simplify the analysis process." For cell 3, 
the "predicted release fraction of 1.7 x 10- is low as compared to the measured release of 
6 x loanl' (by a factor of 35). As uncertainties in predictions of release from the particles 
enter into the uncertainty in release from the graphite, one cannot make definitive 
statements regarding such predictions, especially without knowing what "numerous 
aSSumptions" were used to obtain such good agreement for cell 2. The results for cell 3 may 
support Myers' statement regarding common underprediction of Cs release from graphite, 
in addition to the statement by Acharya (1987) that it is "also possible (likely) that the 
holdup in the graphite is overpredicted." 

1988). 
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ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

The model's failure to consider the effects of oxidation on graphite sorption is a 
limitation, especially for accident conditions involving air or water ingress. Oxidation would 
be expected to increase release to the coolant just as it is expected to decrease sorptivity. 
Oxidation effects, if significant, need to be included in the model. Such inclusion might take 
the form of modified sorption isotherms, perhaps related to the existing model for oxidation 
of graphite, ~11.6.4. 

The evidence that iodine reacts with metallic impurities in the graphite to be released 
as metallic iodides should be considered further. Release of such species will not adhere to 
the sorption isotherm for iodine as is presently assumed. The potential for reaction of 
iodine with metallic FP species sorbed on the graphite could also modify metallic release 
characteristics from those predicted by the sorption isotherms for pure metallic species. 
Future results from these experiments at KFA should be noted. 

The assumption that an equiliirium distriiution at the interface can be used to 
accurately model FP transport should be evaluated, as a dynamic equilibrium or non- 
equilibrium situation could enhance FP release from the surface over that predicted using 
the reference sorption isotherms. 

DATABASE USED IN MODEL DEVELOPMENT 

Except for the experiments and simulations noted in the ''Discussiont1 section, the 
appropriate database has been presented in s6.6 for metallic sorption in graphite. 

6.9 UPDATE 

The following references have been suggested for information relevant to the Japanese 
program. 

Sawa, K, S. Shiozawa, K. Fukuda, and Y. Ichihashi, "Verification of Fission Product Release 
Model From High Temperature Engineering Test Reactor Fuel," J.  NUL Sci. TechnoL, 
29 (1992) 842-850. 

Minato, K, T. Ogawa, S. Kashimura, K Fukuda, M. Shimizu, Y. Tayama, and I. Takahashi, 
"Metallic impurities-silicon carbide interaction in HTGR fuel particles,"J. NucL Mater., 
175 (1990) 14-19. 

Hayashi, K, E Kobayashi, K Minato, K Ikawa, and K Fukuda, "In-Pile Release Behavior 
of Metallic Fission Products in Graphite Materials of an HTGR Fuel Assembly," 
J .  NUL Mater., 149 (1987) 57-68. 
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Fukuda, K., T. Ogawa, S. Kashimura, K. Ikawa, K Iwamoto, K. Yamamoto, T. Itoh, and H. 
Matsushima, "Release Behavior of Fission Gas from Coated Fuel Particles under 
Irradiation," J. NucL Sci TechnoL, 19 (1982) 889-902. 

This writer is not aware of the recent generation of additional data relevant to the 
contents of this chapter except possibly the timedependent release of metallic FP surface 
contamination during heating at 1400' and 1600'C of HFU3-17/18 piggyback particles. 
Graphite sorption specimens which were included in HRB-21 piggyback samples shouid 
provide relevant data if and when they are analyzed. The HFR-B1 experiment should 
provide relevant PIE data on F'P sorption on and transport in graphite; it is expected that 
this PIE will be performed in the future. 



7. FISSION PRODUCT RELEASE FROM HEAVY-mAL CONTAhlINATION 

7.1 INTRODUCTION 

The term "heavy metal" is used to refer to uranium and thorium atoms. Heavy-metal 
(HM) contamination has two sources: HM impurities within the graphite and fuel compact 
matrix material, and HM atoms distributed over particle surfaces and throughout the fuel 
compact matrix from exposed kernels during fuel compact manufacturing and the subsequent 
processing steps. The greatest concern is HM contamination from exposed kernels; i.e., 
from damage to the coatings during coating or fuel compact manufacturing. The models for 
gaseous FP release from HM contamination under NOC and AC are an extension of the 
model equations for gas release from exposed kernels (s4). No data exist for release of 
metallic FP from contamination, thus the same simple model is used as that developed for 
FP transport through the compact material. 

Heavy-metal Contamination should not be confused with HM dispersion (discussed in 
S2.4.5). However, HM contamination is sometimes confused with the presence of defective 
particles and exposed kernels within the compact, because the quality control technique used 
to measure HM contarnination (i.e., leaching of the compact) cannot distinguish between the 
presence of HM contamination and that of exposed kernels. However, such a categorization 
would not justify separate models for gas release from exposed kernels and HM 
contamination as presented in FDDM/F. 

Heavy-metal contamination is often the largest fission gas source term to the coolant 
because of the rapid gas release (Stansfield et al., 1983); metallic FP from contamination is 
largely retained by sorption on graphite. Because this contamination resides outside the 
primary containment structure of the particles (Le., outside the Sic layer), only the 
secondary containment effects of the fuel compact matrix and the core graphite can delay 
release of these FP to the coolant circuit. 

7.2 FISSION GAS REZEASE UNDER NORMAL OPERATING CONDITIONS 

function This model calculates the fractional steady-state isotopic gas release from 
HM contamination as a function of fractional contamination, temperature, 
and isotope half-life. 

present 
Status 

Two models exist for steady-state fission gas release from HM 
contamination: one used in core calculations and another more detailed 
model which distinguishes release from the amorphous and graphitic 
components of the matrix material (Myers, 1988). The model used in core 
calculations and described below is an adaptation of the model used for gas 
release from exposed kernels. 
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model 
uncertainty 

Although the uncertainty is small (''less than 1.4") for model predictions of 
gas release at llOO'C, the assumption of the same temperature dependence 
of gas release as that for exposed kernels introduces greater uncertainty 
(Myers, 1988). The greatest uncertainty exists for iodine and tellurium 
release from HM contamination, as no data exists for temperatures below 
1200'C. 

references FDDW,  Myers (1985a); EG&G (1992) 

Model eauations 

The model for steady-state fission gas release from uranium or thorium HM 
contamination during normal operating conditions is given in FDDW: 

with the functional parameters defined to be: 

(')kji = 4: ' 

steady-state fractional release for fuel type k, isotope i of element j ,  due to 
HM contamination C at temperature T, 
fractional HM contamination, 
steady-state fractional release at temperature T, 
steady-state fractional release at the reference temperature (To = 1373 K), 
curve-fitting parameter, 
temperature (K), 
reference temperature for steady-state fractional release (1373 K), 
reduced diffusion coefficient for element j in fuel type k (s"), 
radioactive decay constant of isotope i of element j (s-I), 

activation energy for steady-state fission gas release (J mol-'), 
ideal gas constant (8.314 J mol-' K-'). 

Combination of the above equations gives the complete model equation: 
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Values for the parameters as suggested by F D D W  are listed in Table 7.2.1. The format 
of the above equations is similar to that used in ~ 4 . 2 2  for steady-state gas release from 
exposed kernels under NOC. 

Ranee of validity 

The validity of the model is assumed to extend over the range of normal operating 
conditions. The validity of this model under hydrolyzing conditions is limited (see ~ 7 . 4  
below). 

Experimentally, data was obtained for the steady-state release of Kr and Xe isotopes 
from fuel compacts without graphite shim particles (a "one-component" system) with the 
contaminated compacts inserted into a furnace at 1lOO'C and irradiated in the TRIGA 
reactor (Myers, 1985a). The test procedure is descn'bed by Myers et al. (1977). According 

Table 7.2.1. Parameters for use in the model equation for fractional steady-state fission gas 
release from heavy-metal contamination (U, Th) under normal operating 
conditions, Eq. (7.2.4), and the associated uncertainty (from F D D W )  

Parameter 

Q 

Units 1 Krypton 

S-' 1 1.09 x lo' I 0.30 

Dimensionless 0.0730 

J mol-' 53,100 
1373 

Xenon 

~ ~~ ~ 

9.81 x lo9 1 0.30 

0.210 I (b) 

45,200 I 0.35 

1373 I - 

(a) 

(b) 

The uncertainty is given as the standard deviation in the natural logarithm of the 
parameter. 
FDDME does not explicitly provide a value for the uncertainty of this parameter; it 
does however provide a value for a parameter "n" which does not appear in this 
model. The uncertainty in the natural logarithm for "n" is given as 0.19 for Kr and 
0.24 for Kr. Perhaps this unknown parameter was mistakenly inserted in place of 
(R/B),,J(R/B),,, in which case these values may be valid for inclusion in this table. 
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to Myers et al. (1977), the samples are irradiated to produce approxhately lo" fissions. 
No additional information on these experiments has been obtained although a reference 
document not reviewed by this writer should be helpful @. T. Goodin, 1984b, "Test Report 
on Transient Release from Matrix Contamination," GA Technologies Document 
No. 907629). 

Assurnutions 

1. 

2. 

3. 

4. 

The same activation energies for gas release from exposed kernels can be used to model 
gas release from HM contamination. 
The release of iodine and tellurium at temperatures below 1200'C is assumed to be the 
same as at 1200'C. 
The effect of multipje components (amorphous and graphitic) within the compact matrix 
material can be disregarded (Le., a single activation energy can be used for release from 
these components). 
The rate of fission gas release from thorium contamination is similar to that from 
uranium. 

Uncertainty 

The uncertainties in the values of the model parameters are presented in FDDM/F as 
the standard deviation in the natural logarithm of the parameter. These uncertainties are 
given above in Table 7.2.1. Some question exists as to the uncertainty in (RIB)J(RIB),; refer 
to footnote @) of Table 7.2.1. 

MODEL CHRONOLOGY 

This model is presented in FDDM/F without reference. Although apparently derived as 
an offshoot of the model used for gas release from exposed kernels and based on the data 
presented in Goodin (1984b), no detailed discussion of the derivation of the model 
parameters has been located. Whether the model is discussed in Goodin (1984b) is 
unknown to this writer. The only references to this model which have been reviewed are 
the summaries presented in Myers (1985a, 1988) and EG&G (1992). 

DISCUSSION 

FDDM/F includes this model under the heading of release of F'P gas from exposed 
kernels. Although the model formulations are very similar, technically the release from HM 
contamination occurs either outside the particles or from the exterior surface of the particles. 
Therefore, this model is included in a separate section in this compilation devoted exclusively 
to FP release from HM contamination. 

Two models exist for steady-state fission gas release from HM contamination: one used 
in core calculations which assumes comparable rates of release of fission gas from the 
amorphous and graphitic components of the matrix material, and another more detailed 
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model which distinguishes release from the two components (Myers, 1985a). Additional 
background to the two component release model can be obtained from RUllig (1977). 

The most detailed statement on th is  model which has been located is that presented in 
Myers (1988) and will be quoted in detail. "From recent measurements of the steady-state 
fission gas release from U contamination in the matrix material, the values of the diffusion 
parameter at 1lOO'C [Eq. (7.2.2)] were determined with a small uncertainty of less than 1.4. 
The largest uncertainty contributing to the steady-state fission gas release arises from the 
temperature dependence which is assumed to be the same as for steady-state fission gas 
release from exposed kernels. Activation energies derived from the detailed model for 
release from HM contamination (not used in core calculations) have values between 1 and 
1.25 times the values assumed for Kr from the exposed kernel data and between 0.6 and 1.6 
times those for Xe, depending on the nuclide. The activation energy vanes with nuclide as 
a result of two or more processes contniuting to release; this is taken into account in the 
detailed model. The reduction in uncertainty obtained by using the detailed model and the 
derived activation energies would probably be not more than a factor 1.5. The greatest 
uncertainty associated with release from HM contamination is that for release of iodine and 
tellurium. These fission products are known to be retained in the matrix matenal at 
temperatures below 1200'C; but there are no data on these elements below 1200.C and the 
conservative assumption is made that the release below 12OO'C is the same as at 1ZOO'C 
... What has been stated above for the release from U contamination is assumed to apply 
to Th contamination. Since the grains of contamination are small and the fission fragments 
leave them by recoil, this assumption should introduce no error." This writer is not aware 
of source documentation which provides the quantification of this detailed model mentioned 
above. 

EG&G (1992) comments that the graphite shim is more retentive of FP than the rest of 
the fuel compact matrix material. Because these experimental compacts contained no shim 
particles, actual in-reactor release could be expected to be smaller than that predicted by 
the model. 

Some fraction of the fission gas generated is released during steady-state operation. 
After reactor shutdown, the remaining short-lived isotopes will decay but the longer-lived 
isotopes will persist. The existing model does not indicate how much of this inventory would 
be expected to remain within the fuel compact in relation to processing, waste handling, and 
treatment. 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

Myers (1985a) develops a modified model for steady-state gas release from HM 
contamination in the compact which is more consistent with the transient AC formulation 
(discussed below in ~7.3). Although not incorporated into F D D W  and not investigated 
here, this model could be evaluated for its relevance to future model revisions. 

The contents of Goodin (1984b) should be reviewed and the database and any relevant 
comments contained therein should be considered. 
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DATABASE USED IN MODEL DEVELOPMENT 

Myers (1985a) only presents that data from Goodin (1984b) relevant to the transient 
model. That data is presented in S7.3 below. This writer has not reviewed Goodin (1984b) 
and therefore can only comment that the database associated with this model should be 
available in that document and should be relevant for inclusion in this section. 

Earlier measurements on simulated contamination are reported in Myers et al. (1977). 
As these data were obtained for nonreference compact materials and manufacturing 
processes and were apparently not used in model derivation, the data will not be presented 
here but can be reviewed in the source document. 

Related FRG data for gas release from compacts obtained during the 1970s can be 
located in R6Ug (1977). As these data were not used in the quantitative development of 
this model, they will not be presented here but can be referenced for additional background. 

73 FISSION GAS RELEASE UNDER DRY ACCIDENT CONDITIONS 

function This model calculates the transient fractional fission gas release from HM 
contamination as a function of temperature and isotope. 

present 
Status 

The model is a derivative of that used for gas release from exposed kernels 
under accident conditions. The model reproduces well the available data, 
but is limited by lack of data for krypton release and for iodine and 
tellurium release at temperatures below 1200'C (Myers, 1988). 

model 
uncertainty 

The uncertainties are small except in those cases where data are lacking, as 
mentioned above. Lack of data for Kr release introduces a factor of 3 
uncertainty in predictions of Kr release (Myers, 1988). 

references Myers (1985a, 1988); FDDM/F 

Model equations 

The model for transient fission gas release from uranium or thorium HM contamination 
under nonhydrolyzing accident conditions was presented by Myers (1985a) using an approach 
similar to that used for gas release from exposed kernels under accident conditions but with 
modified coefficients. Hydrolyzing conditions are considered in ~ 7 . 4  below. FDDMF uses 
this model with only minor changes in the format of the model equations from that of Myers 
(1985a). The model equations, as given in FDDM/F, are as follows: 
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fa, = Jc7 9 
i = 1, 2, 

1 - C  
f P l = q  ' 

c 
fP2 = I.a, ' 

, i = 1, 2, a, (r - b,)]-l a ,  = [I  + e 

9 i = 1, 2, 3, i , (r  - r.,) ai = e 

fractional release of fission gas from HM contamination, 
time (h), 
temperature (K), 
parameters (h-I), 
constant (K), 
constants (K'), 
constant (K' h-I), 
parameters (dimensionless). 

- 

(73.1) 

(734 

(733) 

(73-4) 

(735) 

(73-6) 

(73.7) 

(738) 

(73-9) 
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Values for the above parameters for Xe, I, and Te are given in Table 7.3.1 as presented 
in FDDM/F. Values for the Kr release parameters are assumed to be the same as those for 
Xe. 

Several of the values differ between FDDM/F and Myers (1985a), for unknown reasons; 
most of the differences are in the values for Xe. The units given in FDDM/F for the 
constants a; and bj appear to be in error, and the consistency of units in Eq. (7.3.5) is unclear 
@e., combination of dimensional and dimensionless units). 

Ranee of validitv 

The model was developed for transient fission gas release in the absence of a neutron 
flux (nonhydrolyzing conditions). The model does not consider accident conditions involving 
overpower transients. No other specific limitations on the applicability of the model are 
mentioned. 

Experimentally, fuel compacts containing uranium contamination but no graphite shim 
particles were irradiated at low temperatures (lOO'C) to approximately lo" fissions 
(Myers et al., 1977), following by measurement of the transient release of Xe, I, and Te in 
the temperature range of 1200 to 16OO'C in the absence of a neutron flux (Myers, 1985a). 
No measurements of Kr release were performed. Additional information on the 
experimental range of validity may be available in Goodin (1984b). 

AssumDtions 

1. 
2. 

3. 

4. 

5. 

The release of Kr is comparable to that of Xe under all relevant accident conditions. 
The release of Te and I at temperatures below 1200'C is conservatively assumed to 
equal that at 1200'C. 
For Te and I, the release at temperatures between 1200 and 1400'C is better modelled 
using the data taken at 1200 and 1400'C, and excluding the 1600'C data. 
For Te and I, the release at temperatures between 1400 and 1600'C is better modelled 
using the data taken at 1400 and 1600'C, and excluding the 1200'C data. 
The rate of fission gas release from thorium contamination is comparable to that from 
uranium contamination. 

Assumptions 3 and 4 are discussed in Myers (1985a) as well as additional detailed 
assumptions related to numerical derivation of the model. 

Uncertainty 

According to FDDM/F the uncertainty for this model has not been established. 
Reference should be made to the statements in "present status" and "model uncertainty" 
above. 
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Table 7.3.1. Parameters for use in the model equations for fission gas release from heavy- 
metal contamination under accident conditions, Eqs. (7.3.1) through (7.3.9) 
(from FDDM/F) 

d3 

fl 

f2 

g1 

g2 

T O ,  

TO, 

TO, 

Parameter Units Xe Kr'" I" Te 

(E1) (h) (h) -4.00 x 102 -4.00 x 10, 

6.44 x 10'' 6.44 x lo-' -2.20 x lo3 -2.20 io9 (h-9 
(h-? 0.0 0.0 5.48 x lo-' 5.60 x lp 

(K-' h-') 5.00 x I&' 5.00 x lo7 2.15 x lod 2.15 x lod 
(K-1  h') 0.0 0.0 0.0 0.0 

(W 1670") 1670 1650 2360@ 

(K) 0.0 0.0 (E) 2760 

(K) (k) (k) 1570 1770 

Kr release is assumed to duplicate that of Xe. 
For temperatures below 1473 K, f(t) is assumed to equal that at 1473 K. 
Myers (1985a) suggests a value of 3.85 x lo4. 
Myers (1985a) suggests a value of 2833. 
Myers (1985a) suggests a value of -5.81 x 10". 
Myers (1985a) suggests a value of -2.51. 
Here 6, is a constant, independent of temperature, and given by (1 + 
Here C = 0.0 in Eqs. (7.3.3) and (7.3.4). 
Myers (1985a) suggests a value of 1627. 
Myers (1985a) suggests a value of 1874. 
Here C = 0.0 in Eq. (7.3.8). 

= 0.09. 
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MODEL CHRONOLOGY 

This model was presented by Myers (1985a) and was adapted with insignifcant changes 
in FDDM/F. 

DISCUSSION 

Comparison of the above equations with those in S4.4 for fission gas release from 
exposed kernels under nonhydrolyzing accident conditions shows a similar equation format. 
The main differences are the following: 

1. the termf' in Eq. (4.4.1) is broken up into two terms in Eq. (7.3.1)¶ 
2. the term S in Eq. (7.3.5) is more complex and includes the additional parameter yi, 
3. the definition for the term iTj has been modified, and 
4. the term C is now a variable, whereas in ~ 4 . 4  it was a constant. 

Except for the differing parameter values for Xe, the only significant difference between 
F D D W  and Myers (1985a) is in the representation of the term C. What appears as C in 
FDDM/F is represented by (1 - C) in Myers (1985a), but the formulation of the equations 
is unchanged. 

The theory and background to the derivation of the model equations and parameters are 
given in considerable detail in Myers (1985a) with reference to Myers et al. (1978). In 
addition, Myers (1985a) presents quantitative comparisons and discussions of the one- 
component vs two-component models for compact structure (see ~7.2) with respect to this 
transient release model. Use of the one-component model is found to be acceptable for Xe, 
but the data for I at 1200'C and that for Te at 1200 and 1400'C are better reproduced 
using the two-component model (or "mixing model"). This detailed theory will not be 
reviewed here. The effort required for such a review can be pursued if additional data 
becomes available or more refined extrapolation is required into those regimes where data 
is presently lacking (Le., Kr release or I and Te release at temperatures below 1200'C). 
The data and general model derivation will be briefly presented. 

Some of the experimental data attributed to Goodin (1984b) is presented in Myers 
(1985a) and reproduced here. Experimental data was obtained at temperatures of 1200, 
1400, and 1600'C for the isotopes '"Xe, I3'I, and I3Te. These data are given in Figs. 7.3.1 
through 7.3.3 (from Myers, 1985a). Myers determined that the single component model 
[i = 1 in Eqs. (7.3.1) through (7.3.9)] could reasonably reproduce the experimental data at 
the three temperatures (see Fig. 7.3.1). However, a two-component model was required to 
reproduce the I and Te data and to provide reasonable interpolation at temperatures 
intermediate between 1200, 1400, and 1600'C (model results compared to the data in 
Figures 7.3.2 and 7.3.3). 

The release curves for Xe and I (Figures 7.3.1 and 7.3.2) are compared in Fig. 7.3.4. The 
release behavior of iodine is obviously different from that of Xe at 1200*C, and Myers states 
"the deviation of the release profile at 1200'C from the expected behavior based on the 
release profiles at 1400 and 16OO'C ... is probably due to the increased interaction of iodine 
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with the fuel [compact] matrix components at temperatures below 1400'C." Likewise, for 
Te "the expected chemical interaction with the fuel rod components appears to be stronger 
than in the case of iodine, persisting to at least 1400'C." This observation suggests that the 
commonly held assumption of the transport behavior of I and Te being comparable to that 
of Xe may require some qualification, at least with regard to their behavior within the fuel 
compact. 

EG&G (1992) comments that the graphite shim is more retentive of FP than the rest of 
the fuel compact matrix material. Because these experimental compacts contained no shim 
particles, actual in-reactor release could be expected to be smaller than that predicted by 
the model. 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

Sufficient detail presently exists in the model that the time required for further model 
development appears unwarranted, with the possible exception of those regimes mentioned 
above for which data are not available. For completeness, the information in Goodin 
(1984b) could be reviewed for possible inclusion in this section in the future. Several values 
of model parameters as recommended in FDDM/F vary from those presented by Myers 
(1985a), as documented in Table 7.3.1. As the differences are not insignificant, some 
determination of the logic behind the apparently revised values used in FDDM/F would be 
helpful. 

DATABASE USED IN MODEL DEVELOPMENT 

The database for transient release attributed to Goodin (1984b) and presented by Myers 
(1985a) was reproduced in Figs. 7.3.1 through 7.3.3 for the isotopes I3Xe, I3'I, and 13?e 
respectively. 

7.4 FISSION GAS RELEASE UNDER HYDROLYZING CONDITIONS 

function This model calculates the fractional release of fission gas inventory from HM 
contamination within the fuel compact as a function of the time-dependent 
hydrolysis of graphite under similar conditions (partial pressure of water 
vapor, temperature, graphite burnoff and impurity concentration). 

present 
S t a t t S  

A simple model of gas release from HM contamination under hydrolyzing 
conditions has been presented by Myers (1986), with a recommendation to 
evaluate this release mechanism further. 

model 
uncertainty 

This model requires the rate coefficient for the reaction of water with 
matrix material. The hydrolysis rate is approximated from data on the 
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hydrolysis of H-451 graphite. An uncertainty analysis for this approximation 
has not been performed (FDDW). 

references Myers (1986, 1988) 

NORMAL OPERATING CONDITIONS AND ACCIDENT CONDITIONS 

Model eauations 

Myers (1986) presents a simple model for evaluating the fractional release of the fission 
gas which is generated from HM contamination and resides in the fuel compact matrix 
material. The "fraction of gaseous fission products released during reaction of fuel 
[compact] matrix material with water is identical to the fraction of the fuel [compact] matrix 
material reacted." This model can be represented by the equation: 

(7.4.1) 

fractional release of the fission gas inventory within the compact matrix material 
generated from HM contamination at time t, 
fraction of the fuel compact matrix material reacting with water up to time f ,  
rate of hydrolysis of the compact matrix material (mass fraction reacting per unit 
time), 
time (arbitrary units). 

In practice, evaluation of Xc(f) requires information on the rate of reaction between water 
and compact matrix material. Myers (1986) comments that the rate coefficients for this 
reaction are 5 to 10 times larger that those for the reaction of water with graphite. 
However, the model presented in ~11.4 suggests a rate 20 times that of graphite, and this 
rate will be recommended here until additional information is available: 

Re& = 20 R*& s (7.42) 

RJt) = rate of hydrolysis of the compact matrix material (mass fraction reacting per unit 

R&) = rate of hydrolysis of H-451 graphite (mass fraction reacting per unit time). 
time), 

The equation for RL, is presented in s11.6.3 and will not be repeated here. 

Ranee of validity 

The statements presented in s11.4 and ~11.6.3 for "Range of validity" are applicable 
here. 
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AssumDtions 

1. Release of fission gas inventory within the compact matrix material is instantaneous upon 
hydrolysis of that material. 

2. The assumptions stated in ~ 1 1 . 4  and S11.6.3 are applicable here. 

Uncertainty 

No estimate of the uncertainty of this model has been made (FDDW). 

MODEL CHRONOLOGY 

No model for the effect of hydrolysis on fission gas release from HM contamination is 
presented in F D D W .  Apparently, the only discussion of this release mechanism to date 
was that by Myers (1986). 

DISCUSSION 

No comparable model has been presented for oxidizing conditions such as air ingress. 
If needed, such a model could be derived as a function of graphite oxidation, analogous to 
this hydrolysis model. 

To be precise, one would think this model should explicitly differentiate between the 
hydrolysis of the fuel compact matrix material and the hydrolysis of the graphite shim, 
similar to the model presented in ~11.5. Although the matrix material will react at a rate 
approximately twenty times that of H-451 graphite shim particles, ~ 7 . 3  commented that the 
graphite shim should be more retentive of gaseous FP than the matrix material. As a first 
approximation and lacking additional data, a uniform concentration of FP in both shim and 
matrix material could be assumed; and the mass fraction of each component could be 
combined with the rate of hydrolysis of each component to give a modified equation 
analogous to that in ~11.5: 

f = z X i R i t  i , 

X, = mass fraction of component i, 
R, = rate of hydrolysis of component i (mass fraction per unit time), 
f = time (arbitrary units), 
i = rn (matrix material) or g (graphite). 

(7-43) 

According to FDDM/F the mass fraction of matrix material is a constant 0.42 for the 
MHTGR, while the mass fraction of the graphite shim panicles will vary according to the 
fuel particle loading within the compact. 

Myers (1986) suggests that the requisite rate coefficients for reaction of water with fuel 
and compact matrix material were measured in 1986 but are not openly available. Myers 
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(1988) comments on the hydrolysis of the compact matrix material as follows: 'The 
uncertainty of the limited data on the hydrolysis of fuel compact matrix material is difficult 
to estimate. Recent observations in experiment HFR-B1 indicate that for a reactor-relevant, 
fuel element configuration, the rate of hydrolysis decreases significantly after the exposed 
matrix material surface becomes saturated with adsorbed H,O or its dissociation products. 
Clearly our current modeling of the hydrolysis is incorrect and after completion of the 
HF'R-Bl experiment and analysis, a large reduction in uncertainty can be expected." 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

Data analysis of the HFR-Bl experiment is ongoing at present. As those results become 
available, they should be evaluated as to their relevance for or justification of the above 
model. This model as stated does not explicitly introduce the initial fission gas inventory 
within the fuel compact material into the calculations. The appropriate model equations 
from ~ 7 . 2  and s7.3 could be incorporated to provide some initial condition for fission gas 
inventory at the onset of hydrolysis. 

DATABASE USED IN MODEL DEVELOPMENT 

The database discussions in ~ 1 1 . 4  and s11.6.3 are relevant to this section. 

75 ME'I'ALLIC FISSION PRODUa RELEASE FROM HEAW-MEX'AL 
CONTAMINATION 

function 

present 
Status 

model 
uncertainty 

references 

This model provides a simple approximation for the concentration of 
metallic FP from HM contamination within the fuel compact, without 
functional dependencies. 

Due to lack of data, the simple model developed previously for metallic FP 
transport through the fuel compact is also assumed to apply for metallic FP 
release resulting from HM contamination. 

Without relevant data, the uncertainty of this model cannot be determined, 
but the level of uncertainty should not be significant with respect to core 
release predictions. 
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NORMAL OPERATING CONDITIONS AND ACCIDENT CONDITIONS 

Model eauatjons 

Because of the lack of data relevant to metallic FP release from the fuel compact due 
to HM contamination, FDDM/F recommends.using the same model of transport through 
the compact matrix material as is used for metallic FP transport from the particle to the 
graphite. This model was presented previously in s6.3 and suggests that a source of metallic 
FP from HM contamination will instantaneously distniute itself homogeneously throughout 
the matrix material. This model can be represented as: - 

C(x) = c , 

C(x) = concentration of HM-contamination-generated metallic FP at position x within the 

= average concentration of metallic FP throughout the compact matrix material 
fuel compact (arbitrary Units), 

(arbitrary units). 

The subsequent release from the fuel compact iS governed by sorption effects ( ~ 6 . 5 ) .  

Ranee of validity 

The model is applicable to all reactor conditions. Data do not exist upon which to base 
an experimental range of validity. 

AssumDtions 

1. Mass transfer and diffusion of metallic FP within the fuel compact are not rate-limiting. 
2. The dispersion of metallic FP throughout the fuel compact has no significant dependence 

on temperature, fast fluence, or other variable. 
3. Metallic FP release due to thorium contamination behaves similarly to that from uranium 

contamination. 

Uncertainty 

Lacking experimental data, the uncertainty of this model cannot be determined. 

MODEL CHRONOLOGY 

According to FDDM/F and Myers (1988), no data exist for this process. No other 
references for this release mechanism are known, thus any chronology for this model is 
unknown. 
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DISCUSSION 

According to Myers (1988), the "assumption is made that all the formed fission product 
metals are released from the fuel compact matrix material" for both uranium and thorium 
contaminants. This statement appears to imply that metallic FP transport to the outer 
surface of the fuel compact is instantaneous upon fissioning of the HM contaminant atom, 
with no role played by sorption within the compact. The model advanced by FDDM/F is 
more realistic in considering the effects of sorption in release from the compact. 

In reality, fission recoil would implant the metallic FP atoms into the compact matrix 
material, followed by diffusive transport to the surface porosity prior to release. Whether 
the time required for this diffusion process would be significant relative to the rate of release 
from the compact has not been evaluated. 

Barthold (1993) points out the lack of information or models on the effect of hydrolyzing 
or oxidizing conditions on metallic FP release under either NOC or AC, neglecting a 
potentially significant source of enhanced metallic FP release from HM contamination under 
off-normal conditions. 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

The comments of s6.3 are relevant here. Refinement of the model would require kinetic 
considerations of the rate of dispersal of the metallic FP atoms throughout the fuel compact 
after they are generated by fissioning of the HM contaminant atoms. Diffusive release of 
atoms implanted into the matrix material might be considered. In terms of the uncertainty 
of total FP release from the core, refinement of this model is not a high priority relative to 
other models. 

DATABASE USED IN MODEL DEVELOPMENT 

Apparently no data exist with which to analyze this release mechanism; therefore, no 
database relevant to development of this model can be presented. 

7.6 UPDATE 

No data relevant to the models in this chapter have been recently generated in the 
MHTGR program to this writer's knowledge. Analysis of the HFR-Bl experiment, 
specifically the effect of graphite and fuel compact hydrolysis on fission gas release, may be 
relevant to ~ 7 . 4 .  
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8. FISSION PRODUCT TRANSPORT WITHIN THE PRIMARY CIRCUIT 

8.1 INTRODUCI'ION 

This chapter covers the transport of metallic FP within the coolant and primary circuit 
after desorption from the graphite surface (s6.8) and subsequent interactions with the 
primary circuit alloys. The first two models presented (gas phase diffusivity and mass 
transfer coefficients) also apply to the transport of fission gases within the coolant; but the 
primary concern for coolant circuit models is the plateout of metallic FP on the primary 
circuit (PC) alloys, the resulting radiological hazard for reactor maintenance, and the 
potential radiological source term during AC depressurization or moisture ingress. The 
models presented in this chapter relate to DDNs 11.50, 11.51, 11.52, and 11.53 of the NP- 
MHTGR program (CEGA, 1990). 

The model equation for the gas phase diffusivity of F'P species is presented first, to be 
used as input into the calculation of mass transfer coefficients. Mechanisms for metallic FP 
interaction with the PC alloys are then discussed, followed by mechanisms for reentrainment 
of the FP into the coolant circuit. 

8.2 GASPHASEDIFFUSIVITY 

funcb'on 

present 
Status 

model 
uncertainty 

references 

This model calculates the gas phase diffusivity of FP atoms as a function of 
mass, temperature, and coolant pressure. 

The simple assumption of atomic gas phase transport via diffusion remains 
the dominant model, without consideration or analysis of particulate or 
molecular transport. 

Lack of consideration of the possibility of non-atomic FP transport 
within the coolant circuit (Le., molecular or particulate transport) introduces 
phenomenological uncertainty into this model of diffusive gas-phase 
transport of individual Fp atoms. According to Myers (1988) the chemical 
state of the circulating fission products has not been analyzed. With respect 
to the intrinsic uncertainty of the model, General Atomic (1976a) states: 
"Because of very limited experimental data, the gaseous diffusivity of 
radionuclides in helium is quite uncertain." This combined uncertainty may 
not be insignificant. 

FDDM/F; Becker (1981); Busch (1966) 
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NORMAL OPERATING CONDITIONS AND ACCIDENT CONDITIONS 

Model eauations 

The latest model equation presented in FDDM/F is given in the form: 

Di 
T = temperature of coolant (K), 
P = total pressure of coolant (MPa), 
pi 
Mi 
A = constant, of value 8.45 x MPa mz s-'. 

= diffusion coefficient for FP species i in helium (m2 s-'), 

= reduced mass of the F'Phelium system for fission product i (g), 
= atomic weight of species j ,  where j = i or j = He (g mol-'), 

An internal GA memorandum by B. F. Myers is mentioned as the source reference for this 
model. Gas phase atomic diffusivity is directly dependent on temperature and gas pressure; 
therefore, the NOC formulation is also applicable to AC. 

Ranee of validity 

The model is applied over all reactor conditions. Reference experimental data was 
obtained by Busch (1966) using in-pile diffusion tubes with coolant flow rates of 4.34 cm3 s-', 
coolant pressures of 350 psia, probe temperatures of approximately 510, 330, and 170'C, 
and 13'Cs partial pressures of approximately 6 x atm (lower pressures for other FP 
experiments). 

Assumutions 

The assumptions which are used to derive the model equation have not been reviewed 
in detail. Reference should be made to Busch (1966) and to the source reference of Reid 
et al. (1977, and earlier editions), which has not been reviewed by this writer. 

Uncertain ties 

No quantification of the uncertainty of this model has been presented. Qualitative 
uncertainty concerns were discussed above. 
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MODEL CHRONOLOGY 

Equation (8.2.1) is a simplified form of the classical equation for binary gas phase 
diffusion, with the constantA apparently derived from reference Cs gas-phase diffusivity data 
obtained by Busch (1966). The formulation of.the model equation has not changed 
significantly since presented in the 1970s, only the value of the constant has changed slightly 
( ~ 6 % )  from that presented by Hudritsch et al. (1977) and Becker (1981). The reason for 
this change is unknown, although the previously-mentioned GA internal memo has not been 
reviewed by this writer. 

DISCUSSION 

An expression was presented by Becker (1981) for the diffusion coefficient of gaseous 
species in helium, which was attriiuted to FDDM/C (1979): 

i o  

D = diffusion coefficient (cm' s-I), 
T = coolant temperature (K), 
P = total pressure (atm), 
M = molecular weight (g mol-'). 

= subscripts denoting ith species and a reference species under reference conditions, 
respectively, 

The notation T. and Pi is confusing and should refer to the coolant temperature and total 
pressure, therefore the removal of the subscript i from these variables is recommended. The 
reference conditions chosen are for I3'Cs diffusing in helium, which provide the following 
reference values: 

Do = 0.1682 cm2 s-', 
To = looOK, 
P, = 23.83 atm, 
Mo = 137 g mol-'. 

Use of the above values in Eq. (8.2.3) and conversion to units consistent with Eq. (8.2.1) 
gives the result: 

8.98 x TIDa m2 

in P S 
- -  D, = 

P i  



which vanes approximately 6% from Eq. (8.2.1). Hudritsch et al. (1977) present an equation 
which provides a result identical to that of Eq. (8.2.4). 

Becker indicates Cs is used as the reference for transport and plateout calculations 
involving Cs, I, and Sr. For plateout of Ag, Becker (1981) used Ag as the reference species, 
with data derived from Dragon plateout experiments. 

Earlier formulations of this model equation were comparable except for inclusion of 
the reduced mass term within the value for Do, see e.g., P. D. Smith (1978). More details 
of the theoretical origin of these model equations can be obtained from Bird et al. (1960) 
or Reid et al. (1977). 

A statement by Myers (1988) is relevant to this model for gas-phase transport. 
"Currently fission products are assumed to be transported in the form of gas phase atoms 
by the circulating He coolant. This assumption could be incorrect in two ways: the fission 
products could circulate as molecular species or as sorbates on particulate matter. ... There 
are essentially no measurements on the chemical state of the circulating fission products ...'I 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

The potential for particulate transport of Fp is discussed in ~8.7 below. An observation 
relevant to the transport of iodine in the coolant circuit was mentioned by Myers (1991) in 
relation to the reaction of iodine With metallic impurities in the graphite: 'I... iodine released 
from the particles and the core, in the case of the prismatic HTR, will enter the primary 
circuit as metallic iodides and be distniuted accordingly ... The possl'bility of iodine being 
released from the core as metallic iodides has not been considered in safety calculations in 
the US." The significance of these non-atomistic transport modes in F'P plateout and 
reentrainment will need to be evaluated. 

DATABASE USED IN MODEL DEVELOPMENT 

The reference diffusivities are derived primarily from diffusion tube experiments in the 
GAIL IV in-pile loop (Hanson, 1977). The source data from which the reference values for 
Cs diffusivity were calculated are presented in Figs. 8.2.1 and 8.2.2, taken from Busch (1966). 

Experimental information on the interdiffusion of Kr and Xe in helium can be obtained 
from Campana et al. (1979). 

function This model provides values for the mass transfer coefficient of Fp atoms in 
the coolant as a function of the Reynolds and Schmidt numbers, flow 
geometry, and gas-phase diffusivity (s8.2), for input into calculations of Fp 
m a s  flow into the coolant (~6.8). 
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present The model for mass transfer across a solid/gas boundary layer has long 
Status been established in classical transport theory. However, "the 

appropriateness of the empirical coefficients is uncertain given HTGR 
operating conditions and complex geometry'' (General Atomic, 1976a). 

model 
uncertainty 

The model uncertainty is that related to classical transport theory, and 
will not be evaluated here. The uncertainty inherent in the application of 
this model to mass transport into the coolant of a MHTGR (~6.8) is of 
greater concern, but has not been quantified. 

Hudritsch et al. (1977); Treybal (1980); Bird et al. (1960) references 

NORMAL OPERATING CONDITIONS AND ACCIDENT CONDITIONS 

Model equations 

Expressions for the mass transfer coefficient within three forced convection regimes are 
commonly used, two for the laminar flow regime (Reynolds number < 2100) and one for 
the turbulent flow regime (Reynolds number 2 2100) (FDDW, Hudritsch et al., 1977): 

D, Hi = 3.66 - 
d 

Hi = 0.023 [:) S C ' . ~  for Re L 2100, 

= mass transfer coefficient for W species i (m s-I), 
= diffusion coefficient for species i in helium (m2 s"), 

Hi 
0, 
d = hydraulic diameter of conduit (m), 
L = hydrodynamic entry length (m), 
Re = Reynolds number, 
Sc = Schmidt number. 

(833) 

Di is calculated as discussed in 93.2 above, and the Reynolds and Schmidt numbers are 
determined from their classical definitions. Equations for these dimensionless parameters 
will be provided in the "Discussion" section below. Equation (8.3.3) is usually employed in 

(1) this value may be 0.07; see "Discussion." 
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simulations for the turbulent coolant flow typical under normal operating conditions (e.g., 
Hanson, 1977). 

Ranee of validity 

The above equations are valid for the forced convection regime for annular flow in a 
tube of constant cross-sectional area. Equations (8.3.1) and (8.3.2) are valid for laminar 
flow, Eq. (8.3.3) for turbulent flow. For other geometries and for the free convection 
regime, other sets of equations are valid as presented in the "Discussion" section. 

The Reynolds number regime appropriate for the NP-MHTGR design is stated to be 
>5000 (CEGA, 1990). In contrast, Wichner (1991) mentions a typical MHTGR value of 
180,000. The correlation given by Eq. (8.3.3) is stated to be applicable for Reynolds 
numbers between 2000 and 35,000 (General Atomic, 1976a; Treybal (1980). If Wichner's 
value is accurate, typical MHTGR conditions may fall outside the range of validity of 
Eq. (8.3.3). 

Assumutions 

The above equations are based on classical mass transfer considerations. The 
assumptions which go into their development and derivation are not considered here but can 
be determined from standard references (Treybal, 1980; Bird et al., 1960). 

Uncertainty 

The uncertainty of this model has not been quantified. A qualitative statement 
regarding the uncertainty is provided by General Atomic (1976a): 'The convective mass 
transport process occurring in the primary coolant circuit is believed to be quite complex. 
However ... the process is simplistically modeled by use of an empirically determined 
correlation which gives a mass transfer coefficient analogous to a film heat transfer 
coefficient." 

MODEL CHRONOLOGY 

The model equations are available in standard mass transport references such as 
Treybal (1980), Bird et al. (1960)' and others. Hudritsch et al. (1977) also refer to 
unpublished GA data, but the significance of this data is unknown. The formulation 
presented in FDDM/F is almost identical to that presented in Appendix A of Hudritsch 
et al. (1977). 

DISCUSSION 

Table 8.3.1 is taken from Appendix A of Hudritsch et al. (1977). In addition to flow 
in a tube as represented by the above equations, Table 8.3.1 also provides parameters for 
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evaluating mass transfer coefficients in tube bundles and across flat plates. The parameters 
a1 through as are applied to the general governing equation: 

c 1 

x = L for flat plates, 
x = d for other geometries, 
all other variables as defined previously. 

Application of the parameters in Table 8.3.1 for annular flow in a tube to Eq. (8.3.4) will 
reproduce Eqs. (8.3.1) and (8.3.2). Rather than Eq. (8.3.3), Table 8.3.1 provides the 
following equation: 

Hi = 0.023 Reo*m [:) SC033 for Re 2 2100 . 

Treybal (1980) states that the tern Sc0." in Eq. (8.3.3) provides better correlations for gas 
data than does the term Scou in Eq. (8.35). In addition, both Hudritsch et al. (1977) and 
Schwartz et al. (1974) specify the criteria for choosing between Eqs. (8.3.1) and (8.3.2) in 
the laminar flow regime as: 

- 0.07 , L 
d Re sc 

rather than the value 0.7 as specified in FDDM/F. The reason for this discrepancy is 
unknown, and whether any of these represents a misprint is unknown at this time. 

For those situations in which free convection should be considered, Table 8.3.2 is 
presented from Hudritsch et al. (1977). The governing equation in which the parameters 
of Table 8.3.2 should be used is (Hudritsch et al., 1977): 

Gr = Grashof number (defined below), 
all other variables as defined previously. 

Acharya (1984) presents mass transfer coefficiens appropria..: to simulations of pebble- 
bed reactors. He presents a coefficient for forced convection around a sphere of diameter 
D, referenced to a 1966 edition of Bird et a]. (1960): 
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Table 8.3.2. KGN and R values for free convection (from Hudritsch et al., 1977) 

Caorc t r y  

Flou I n  tube and 
annular flow 

Vart i c la  t i h a  brilks 
and vertlcol f l a t  
plate,  (KCNPI'-l) 

l l o r l  tontal  tuba bsnke 
and hor izonta l  t l o t  
p l a t e s  (KCNFP-1) 

- 
KCN 

1 

2 

3 

01 
6 
1 .78  

1 .235  
0.59 
0.33 

0.4 
1 .362  
0.53 
0 . 1 3  

02  
0 
0.357 

~ 

0 
0 
0 

0 
0 
0 
0 

0 
0 .357  

~~~~ ~ 

0.1646 
0 . 2 5  
0.13 

0 
0 .1381  
0 . 2 5  
0 .33  

1 

0.357 I o  0 
0 

0.1646 
0 . 2 5  
0 . 3 3  

0 
0 .1381  
0 . 2 5  
0 . 3 3  

0 
0 k 0 



Di [2.0 + 6.0 Reo’ Sco3’] 
Hi = -5 

although inspection of the 1960 edition suggests the coefficient 6.0 in the above equation 
should actually be 0.60. Acharya also mentions the HRB organization uses a different 
equation for pebble bed mass transfer coefficients: 

Hi = [:] 0.58 Reos Sco3’ , (83-9) 

although he indicates this correlation would probably be inappropriate for core heatup 
conditions. 

The dimensionless flow parameters are defined in Schwartz et al. (1974) and in 
Appendix A of Hudritsch et al. (1977) as follows. The Reynolds number is defined as: 

V P d  (83.10) 
c1 

v = average coolant velocity (cm s-’), 
p = helium density (g an”), 
p = dynamic viscosity of helium (g cm“ s”), 
d = coolant channel diameter (cm). 

The Schmidt number is defined as: 

CI s c = - .  
P Di 

The Grashof number is defined as: 

index rn = mixture of FP and helium coolant, 
(pm)- = average density in the free stream (g ~ m - ~ ) ,  
g = acceleration due to gravity (cm s j ) .  

(83.11) 

(83.12) 

Additional detail and interpretation of these parameters is given by Bird et al. (1960), 
Treybal (1980), and other reference works. 

In some representations (General Atomic, 1976a; Treybal, 1980) Eq. (8.3.3) is defined 
in terms of a Shenvood number, Sh, rather than a mass transfer coefficient: 
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(83.13) 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

The expected regime for Reynolds number in MHTGR design should be verified with 
respect to the range of validity of Eq. (8.3.3). The value of 0.7 stated as a criterion in the 
use of Eqs. (8.3.1) and (8.3.2) should be verified with respect to the value of 0.07 mentioned 
in the footnote to those equations. 

DATABASE USED IN MODEL DEVELOPMENT 

Apparently, experiments have not been conducted to confirm the validity of the 
correlations which are assumed to apply to MHTGR conditions. The database relevant to 
the diffusivity Di which enters into calculations was discussed in 58.2 above. 

8.4 SORPTION ON PRIMARY CIRCUIT ALLDYS 

function This model uses sorption isotherms to calculate the equilibrium FP surface 
concentration on metallic surfaces as a function of the FP partial pressure 
(or vice versa), temperature, metal, and oxidation state of the metal surface. 

present 
Status 

Model equations have been derived for Cs, Ag, and 1. Sorption of other 
FP has not been measured, so metallic surfaces are assumed to act as 
perfect sinks for these species. The available sorption data are well studied, 
but all model equations require significant extrapolation. Existing data were 
usually obtained at pressures significantly higher than those expected in 
MHTGRs (=lo" Pa), and sorption data on non-MHTGR metals are 
frequently used in extrapolations. Data have not been obtained at the 
lowest expected coolant and alloy temperatures. Effects of surface 
conditions on sorption are not well known. 

model 
unCertainty 

Although the many assumptions used in deriving sorption isotherms 
could lead to uncertainties greater than l@, actual comparison of sorption 
predictions with experiment provides uncertainties in the range of 25 to 50 
(Myers, 1988). The differences between test conditions and reactor 
conditions introduce additional uncertainty due to the possible sorption 
effects of dust and aerosols within the coolant loop. One effort at 
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numerically simulating a plateout experiment concluded that "our data base 
and/or methodology appear to be grossly inadequate" (Acharya et a]., 1984). 

reference Myers (1984b); FDDM/F 

INTRODUCTION 

Refer to ~ 6 . 1  for a general introduction to sorption theory. Fission product sorption 
data on metals is available only for Cs, Ag, and I, at pressures typically orders of magnitude 
larger than those expected within the MHTGR coolant circuit. The only metals studied 
were tungsten and the alloys Incoloy 800, Hastelloy B, Hastelloy X, T-22 low chromium steel, 
SS-304, and INOX 347. According to Myers (1984b) the primary alloys of interest for 
MHTGR technology are Incoloy 800, Hastelloy X, T-22, SS-304, and the carbon steel SA-36. 
Sorption on several of the alloys was studied for both oxidized and unoxidized surfaces. 
Sorption data is available over only limited temperature and pressure ranges. The available 
data for sorption isotherms is summarized in Table 8.4.1, from Myers (1984b). Sorption of 
Cs and I is considered only for their elemental forms; any existence as chemical compounds 
would negate the accuracy of using these sorption models. 

The PC alloys specified for use in NP-MHTGR design are Alloy 800H (temperature 
range of 400 to 700*C), 2-1/4% Cr-1% Mo (200 to 450*C), and SA-533 (300 to 400.C 
under NOC, 300 to 550'C under AC). Alloy 2-1/4% Cr-1% Mo is also referred to as either 
T-22 or SA-387 alloy (CEGA, 1990; FDDM/F); the label T-22 will be used here for 
consistency with Myers (1984b). AUoy 800H is the same as Incoloy 800 (FDDMF); the 
label Incoloy 800 will be used here. 

Coolant NOC temperatures are expected to range from 300 to 700'C although AC 
temperatures may extend beyond this range. Accident condition temperatures of the PC 
alloys are not expected to differ significantly from the predicted NOC maxima except for 
SA-533. The temperature and pressure dependencies of sorption isotherms are included in 
the NOC formulation, therefore the sorption isotherms as given for NOC are also valid for 
AC. 

NORMAL OPERATING CONDITIONS AND ACCIDENT CONDITIONS 

Model equations 

Either of two expressions for the isotherm equation can be used, depending on 
applicability. One expression is based on the Langmuir isotherm equation: 

C P' =*w* -0 * (84.1) 
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Table 8.4.1. Source data for model development: sorption on metals and alloys (from Myers, 1984b) 

800- 10oO 

400 - 800 

Fission product Metal or alloy I 

Ionov et al. (1975) U 

Osborne et al. (1982) UP0 

cs I SS-304 I 2x10.' - 5x10'' 

lncoloy 800@), 
INOX 347, 10-5 - 104 

Tungsten 5x10" - 5 ~ 1 0 ~  

I I lo6- 
T-22 IOW I chromium steel'') 

I Temperature range 
('C) 

Reference Oxidation state(') I 
~~ 

527 - 927 I Taylor et al. (1933) I U 

800 Gas Turbine 1 (1976a, 1976b) 

I 345 - 735 I Milstead et al. (1966) I us0 

400-600 Abassin et al. (1976) 

(a) U = unoxidized surface. 
0 = oxidized surface. 

(b) Also referred to as Alloy 800H. 
(c) Also referred to as SA-387 and as 2-114% Cr-1% Mo. 



while the other takes the form: 

p = b,C+b2C'+b3C% 9 

P =  
c =  
Qi = 
R =  
0; = 

K1 = 
ni = 

bg = 

b, = b;-p(-") RT 
i =  1,2,3 , 

partial pressure of the fission product species (Pa), 
surface concentration of the fission product species (pg/cm*-geom), 
activation energy, i = 1, 2, 3 (J mol-'), 
ideal gas constant (8.314 J mol'' IC'), 
constant (Pa"), 
constant, i = 1, 2, 3 (Pa pg-' cm2-geom), 
constant ( pg/cm2-geom), 
constant, i = 1, 2, 3 (dimensionless). 

(a4.4) 

A correction for the surface roughness factor, 6, is appropriate when the geometric 
surface area of the alloy under study is different from that of the specimen used to derive 
the sorption isotherms. A correction is made to the concentration as given by: 

with the primed quantities referring to the test surface and the unpnmed quantities referring 
to the reference experimental conditions. 

Parameters for the sorption isotherm equations for unoxidized PC alloys are given in 
Table 8.4.2, and for oxidized alloys in Table 8.43 (Myers, 1984b). 

Ranee of validity 

The experimental data were obtained under equilibrium conditions, thus the model 
given above is valid for steady-state and near-steady-state conditions. Specifically, Eq. (8.4.1) 
is not valid whenever the denominator is l t s s  than or equal to zero. This problem has been 
reported for calculations which use large time steps (Jovanovic, 1988). The validity of 
Eq. (8.4.3) weakens as pressures increase above approximately 1 Pa. 

The experimental range of validity of the data was reviewed in Table 8.4.1. Data for 
Cs and I have been obtained over most of the temperature range expected to be 
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Table 8.4.2. Parameters for use in the design equations for fission product sorption isotherms on unoxidized primary circuit 
alloys, Eqs. (8.4.1) through (8.4.4) (from Myers, 1984b) 

Alloy 
KP I a: @) 

6, 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

- 
2.65 
x 1 o ' O  

SA-36 
carbon steel 

262,000 216,000 3 8 
273,000 I I I I 1.57 

x 1015 
1.25 
x lop 

T-22'" 2.65 
x 10'O 

1.57 
x 1015 

1.25 
x lop  

273,000 1 262,000 I 216,000 I 3 1 8 

lncoloy 800 2.65 
x loto 

1.57 
xi015 

1.25 
x IOzz 

Hastelloy X 2.65 
x 10'O 

1.57 
x lo1s 

1.25 
x lop 

ss-304 5.31 
x 10" - - 

1.26 
X1Ot6 

262,000 216,000 3 8 
273,000 I I I I 

SA-36 
carbon steel 

T-22'" 

Incoloy 800 

0.20 5.22~10' + 0.10 522x10' 

-254,000 - - 1 - 1 -  Hastelloy X 
SS-304 



Table 8.4.2, continued 

Element Alloy K 1 (a) 80 1 @) bo I (e) b; (e) b: (e) Ql(') QJd) QId) n, n3 6, 

I SA-36 3.0 3.49~ 10" - - - -111,000 - - - - 7  

T-22'" 3.0 3.49~10' - - - -1 11,000 - - - - 7  

Incoloy 800 3.0 3.49~10' - - - -1 11,Ooo - - - - 7  

Hastelloy X 3.0 3.49~10' - - - -1 11,000 - - - - 7  

carbon steel 

I 

(a) Units of pg/cm2-geom. 
(b) Units of Pa". 
(c) Units of Pa pg-' cm2-geom. 
(d) Units of J mol". 
(e) FDDMF also recommends the use of these parameters for sorption on SA-533 alloy. 
( f )  FDDM/F recommends a value of 3.26 x loa. 



Table 8.4.3. Parameters for use in the design equations for fission product sorption isotherms on oxidized primary circuit alloys, 
Eqs. (8.4.1) through (8.4.4) (from Myers, 1984b) 

Kl(') 

- 
- 

- 

- 

2.0 

2.0 

1.0 

1.0 

1.0 
s 

Element I Alloy 80 1 (SI by (C) b; (C) bf (C) Ql(') QJd) QJd) nz n3 6:) 

- 2.65 1.57 1.25 273,000 262,000 216,000 3 8 7 

- 2.65 1.57 1.25 273,000 262,000 216,000 3 8 7 

- 5.31 1.26 3.19 273,000 262,000 216,000 3 8 7 

- 5.31 1.26 3.19 273,000 262,000 216,000 3 8 7 

- 5.31 1.26 3.19 273,000 262,000 216,000 3 8 7 

5.22~10' - - - -254,000 - - - - 7  

5 .22~  10.' - - - -254,000(') - - - - 7  

5.22~10' - - - -254,000'" - - - - 7  

5.22~10' - - - -25 4,000(') - - - - 7  

5.22~10' - - - -25 4,000") - - - - 7  

x 1 ~ 9  xi012 xi014 

xi09 xiol* x1014 

x109 x1013 x i o 1 6  

X1o9 xi013 xi016 

xi09 xi013 xi016 

cs I carbon SA-36 steel 

I T-22'o 
Incoloy 800 I 
Hastelloy X I I SS-304 

SA-36 
carbon steel 

4 

~-22(9 

Incoloy 800 

SS-304 



Table 8.4.3, continued 

(a) Units of pg/cm*-geom. 
(b) Units of Pa.'. 
(c) Units of Pa pgs' cm2-geom. 
(d) Units of J mol". 
(e) FDDM/F recommends the assumption that 6' = 6; Myers (1984b) recommends using the same factor as for unoxidized 

surfaces. 
(f) FDDM/F also recommends the use of these parameters for sorption on SA-533 alloy. 
(g) FDDM/F recommends a value of -215,000. 



encountered within the coolant and PC alloys. However, no sorption data have been 
obtained for Cs below 345*C, I below 400*C, or Ag below 800'C, although coolant and 
alloy temperatures decrease to 300'C and lower. With sorption often pronounced at colder 
temperatures and the limited range of pressures and metallic samples tested, the potential 
exists for significant uncertainties in the use of these model equations. Because of the 
paucity of comparative data, these model equations can be considered valid throughout the 
range of expected reactor conditions but with the proviso that significant uncertainty exists 
for predictions obtained using these equations. The model equations for Ag must be 
considered the most questionable as data were obtained beyond both temperature and 
pressure ranges of interest for the MHTGR, and without the use of metallic samples of 
interest to MHTGR design. 

AssumDtions: general - 

1. 

2. 

3. 

4. 

5. 

6. 

Because the use of either the simple Langmuir isotherm or a modified Langmuir 
isotherm can be used to represent the available sorption data, it is assumed that this 
formulation is valid for describing the sorption behavior in temperature and pressure 
ranges outside those used in the reference experiments. 
Isotherms are derived for the sorption of single species only. Synergistic effects are not 
considered, although these effects may not be important for the low FP pressures 
expected within the MHTGR. 
The effect of possible sorption by dust and aerosols within the coolant on the sorption 
behavior of the metallic surface is not considered. 
No chemical reactions of the fission products within the coolant or on the metallic 
surface which could alter sorption behavior are considered. 
Equilibrium conditions exist at the interface such that FP plateout on the surface can 
be accurately modelled using these sorption isotherms. 
Parameter values for sorption on T-22 (SA-387) alloy can also be used to model 
sorption on SA-533 alloy (FDDW).  

Assurnmions: unoxidized allovs 

1. 

2. 

3. 

4. 

5. 

The sorptivity of any FP is the same for carbon steel SA-36, low-chromium T-22, 
Incoloy 800, and Hastelloy X, but differs for SS-304. 
The sorptivities of Cs and Ag are the same on carbon steel SA-36, low-chromium T-22, 
Incoloy 800, and Hastelloy X as on tungsten. 
The sorptivity of Cs on unoxidized SS-304 is about a factor of two smaller than on 
tungsten. This factor of two is assumed to also apply for Ag, and for I on unoxidized 
T-22. 
The data on which Ag sorption isotherms are based are assumed to apply to an 
unoxidized surface. 
The surface roughness factor as determined for T-22 is assumed to be the same for all 
alloys. 
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Myers (1984b) suggests that assumption 3 is supported by experimental data. 
Experimental support for the other assumptions is less clear. 

AssumDtions: oxidized allovs 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

Cesium sorptivity is increased by a factor of five on unoxidized surfaces relative to 
oxidized surfaces for the alloys Hastelloy X and Incoloy 800. 
The increased sorptivity of Cs on oxidized surfaces of carbon steel SA-36 and low- 
chromium T-22 is the same as that for SS-304. 
Cesium sorptivity is increased by a factor of ten on oxidized SS-304 relative to 
unoxidized SS-304 for MHTGR conditions. 
On any specific alloy, the sorp~ty of Ag increases on oxidized surfaces to the same 
extent as Cs. 
The sorptivity of I decreases by a factor of ten on oxidized T-22 relatke to unoxidized 
T-22. 
The relative sorptivities of I on any oxidized vs. unoxidized surfaces is the same as for 
T-22. 
The surface roughness factors for oxidized and unoxidized surfaces are the same. 

Myers (1984b) suggests that assumptions 1, 3, and 5 are supported by experimental 
data. Experimental support for assumption 2 is less clear. Apparently experimental data 
relating to assumptions 4, 6, and 7 are not available. 

Uncertaintv 

The uncertainties in sorption are given by (Myers, 1984b): 

in which N = 3 for SS-304 and N = 2 for all other alloys. This equation suggests 
uncertainties in sorption predictions on the order of l@ for MHTGR conditions. 

MODEL CHRONOLOGY 

Isotherm equations presented in open-literature sources prior to Myers (1984b) were 
based on Freundlich and Hcnrian isotherm formulations, unlike the Langmuir isotherm 
formulation employed by Myers. According to Myers (1984b) FDDM/D contained no data 
on sorption of fission products on metallic alloys, and the sorption isotherms presented by 
Myers (1984b) were to replace those in FDDME The sorption isotherms and parameter 
values presented in FDDMIF arc largely identical to those presented in Myers (1984b) 
except in some minor details as noted in Tables 8.42 and 8.4.3. 



DISCUSSION 

Lanmuir isotherm 

The Langmuir isotherm is used to describe most of these isotherm equations because 
it adequately fits the experimental data. The applicability of other forms of the isotherm 
equations under MHTGR-specific conditions cannot be ruled out. In fact, earlier isotherm 
model equations derived from the same data were based on a combined Freundlich and 
Henrian isotherm formulation until replaced by this Langmuir formulation (Myers, 1981~). 

The typical form for the Langmuir isotherm is: 

with 8 the fractional surface coverage, u the temperature-dependent constant, and p the 
pressure. The fractional surface coverage is related to the surface concentration by a 
constant K: 

C = K 8 ,  @ 4 4  

and combination with Eq. (8.4.7) gives: 

c = - .  KaP 
1 + u p  

(R4.9) 

Equation (8.4.1) can be obtained from this equation. More information on the Langmuir 
isotherm and sorption theory can be obtained from Osborne et al. (1982). 

Acharya et al. (1984) comment that at the low pressures used in MHTGR simulations, 
all the isotherms derived from experimental data tend to exhibit perfect sink behavior (i-e., 
desorption is insignificant). This observation suggests that any sorptive effects by the dust 
present in the coolant circuit could be significant. Hanson (1977) comments on experimental 
evidence that volatile metal iodides might form with the sorption of iodine on metals, which 
could affect iodine sorptivity. In a related comment, Myers (1991) notes evidence that 
iodine reacts with metallic impurities in the graphite and 'bill enter the primary circuit as 
metallic iodides and be distriiuted accordingly." 

Cesium 

The Langmuir isotherm assumes the heat of adsorption is independent of surface 
coverage. The available data indicate this assumption is not correct in the case of Cs. To 
accurately represent the Cs sorption data, another form for the isotherm equation was 
chosen [Eq. (8.4.3)]. However, this representation of the Cs data will give increasing error 
at pressures above 1 Pa, although that should not be a concern for MHTGR conditions. 
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In 1933, Taylor et al. (1933) obtained detailed data for Cs sorption on tungsten. Myers 
(1984b) fit these data to Eq. (8.4.3) and obtained the calculated results shown in Figure 8.4.1 
for unoxidized surfaces. These results are assumed to accurately desm'be Cs sorption on all 
other alloys except SS-304. The sorptivity on unoxidizcd SS-304 was found to be a factor 
of two smaller than on tungsten. Cesium sorptivity on oxidized surfaces was found to be five 
times that of unolcidized surfaces for Hastelloy X and Incoloy 800 (Gas Turbine, 1976a; 
Abassin et al., 1976). Cesium sorptiVity on oxidized SS-304 is a factor of 10 higher than on 
unoxidized SS-304 at pressures of 10" to 10" Pa, and a factor of 100 higher at pressures 
of 1 Pa. This information was used to obtain the Cs isotherm parameters of Tables 8.4.2 
and 8.4.3 as discussed under "Assumptions" above. Table 8.4.1 shows that the only sorption 
data within the range of expected MHTGR conditions (zlO'*o Pa) was obtained with 
tungsten. Data was obtained on MHTGR-relevant alloys at much higher pressures. 

- Silver 

The only reported data for Ag sorption were obtained using tungsten (Ionov et al., 
1975). Myers (1984b) fit the data using Eq. (8.4.1), with the calculated results shown in 
Figure 8.4.2, and states that the data are assumed to apply to unoxidized surfaces. These 
results are assumed to accurately descnie Ag sorption on all other alloys except SS-304. 
The sorptivity on unoxidized SS-304 is assumed to be a factor of two smaller than on 
tungsten, the same as Cs. Silver sorptivity on oxidized surfaces is assumed to increase 
analogously to that of Cs. 

Table 8.4.1 shows that the silver on tungsten data were obtained at pressures orders of 
magnitude greater than that expected for MHTGRs, on a surface whose oxidation state may 
not have been well characterized. Extrapolation of this one set of data to MHTGR 
conditions and alloys can introduce significant uncertainty. 

- Iodine 

Data for iodine sorption on T-22 low chromium steel was obtained in by Osborne et al. 
(1 982). Some debate exists Over which sorption isotherm (Langmuir, Freundlich, Temkin) 
best represents the data. The Langmuir isotherm was used by Myers (1984b), and the 
results for unoxidized T-22 are shown in Figure 8.4.3(a). Data were also obtained for 
oxidized T-22, and the calculated isotherms are shown in Figure 8.4.3(b). These results are 
assumed to accurately describe I sorption on all other alloys except SS-304. The sorptivity 
on unoxidized SS-304 is assumed to be a factor of two smaller than the other alloys. The 
sorptivity on oxidized T-22 is assumed to be ten times smaller than on unoxidized T-22, and 
this ratio is assumed to apply for all other oxidized vs unoxidized alloys. The combination 
of these assumptions with the use of pressures significantly larger than expected for 
MHTGR conditions introduces significant uncertainty into the model sorption isotherms for 
iodine. 
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Fig. 8.4.3.a. Sorption isotherms for iodine on unoxidized T-22. Solid curves represent fits to the data, symbols represent 
experimental data (from Myers, 1984b). 
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ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

The statement by Acharya et al. (1984) that "our data base and/or methodology appear 
to be grossly inadequate" for accurate plateout calculations suggests further model 
development would be helpful. They then review some of the limitations of the database 
for sorption on PC alloys, similar to those discussed above. 

Acharya et al. (1984) and Jovanovic (1988) comment on the possible significance on 
the effects of dust and aerosols within the coolant on the concentration of FP sorbed on the 
metallic surfaces, and the existence of some experimental data which indicates iodine may 
chemically react with a metallic surface. The possibility of iodine circulation and retention 
in the form of metallic iodides has been previously mentioned. The potential effects of these 
factors on the sorption by PC alloy surfaces might be considered in more detail. 

Tritium penneation into metals and alloys has been well studied in relation to 
engineering of fusion reactors, including the effects of surface conditions and oxidation on 
permeation rates (see ~9 .7 ) .  Available literature might provide insight into the effects of 
surface conditions on FP sorption on PC alloys. 

The scientific literature in general has likely not been reviewed in recent years for new 
sorption data or phenomenological understanding. Such a review might be in order, 
although MHTGR-specific data might not be located. Relevant MHTGR-specific data is 
expected from the COMEDIE series of plateout/liftoff tests. COMEDIE involves several 
integral tests designed to validate the MHTGR design methodology and computer codes for 
plateoutfliftoff calculations. The apparent contradiction of performing integral validation 
tests while questions remain unanswered such as those by Acharya et al. (1984) will not be 
commented on here. 

DATABASE USED IN MODEL DEVELOPMENT 

Table 8.4.1 is located within the text. Figures 8.4.1 through 8.4.3 are presented below. 

85 DIFFUSION IN PRIMARY CIRCUITALIDYS 

function 

present 
S t a t u s  

This model provides diffusion coefficients for Cs and Ag in primary circuit 
alloys as a function of temperature and oxidation state of the alloy surface. 

'The current data base is inadequate to estimate the importance of diffusion 
of deposited radionuclides into the interior of structural metals ..." (CEGA, 
1990). Data for only Cs and Ag diffusion in nonreference alloys are 
available upon which to base models. The effect of surface oxidation of the 
alloys on indiffusion is largely unknown. 
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model 
uncertainty 

For Cs, the uncertainty "is estimated to be 9 x lp' (Myers, 1988). The 
uncertainty for Ag i n m i o n  is comparable. The potential effects of 
surface oxidation on indiffusion also introduce uncertainty. 

Iniotakis et al. (1984); Chawla et a]. (1981) references 

NORMAL OPERATING CONDITIONS AND ACCIDENT CONDITIONS 

Model eauations 

Transport of metallic FP in the PC alloys is defined by the traditional diffusion 
equation: 

D = D , q ( - S )  

D = diffusion coefficient (m' s-I), 

D, = pre-exponential factor (m' s-I), 

Q = activation energy (J moI"), 
T = temperature (K), 
R = ideal gas constant (8.314 J mol" IC'). 

Values for D, and Q have been determined for Cs and Ag in several alloys. These values 
are listed in Table 8.5.1. F D D W  recommends using the values presented in Table 8.5.1 
for Cs sorption on oxidized and unoxidized alloys and for Ag sorption on all alloys and 
surface conditions. 

Ranee of validity 

For lack of additional data, the parameters given in Table 8.5.1 are assumed to hold 
over all reactor operating conditions and temperatures. 

Experimentally, the data for Ag indiffusion of Chawla et al. (1981) was obtained using 
the nickel-based alloys Rene 100 and Inconel 713C in the temperature range of 600 to 
800.C for annealing times from 600 to 2760 h. The initial Ag surface concentration is 
represented by a deposited surface layer of Ag. The surface condition of the alloys (Le., 
oxidized vs. unoxidized) is not commented upon in Chawla et al. (1981). 

The data for Cs indiffusion is based on a loop experiment for Cs deposition on 
Nimocast 713 LC alloy "in the temperature range from 800.C to 90'C under turbulent gas 
flow conditions." However, the derived diffusion coefficient may be applicable over a much 
smaller temperature range for the alloy structure into which the Cs is diffusing. For 
example, analysis of Fig. 8.5.1 (from Iniotakis et al., 1984) suggests a relevant temperature 
range of 650 to 750'C. No other discussion of experimental conditions is available from 
Iniotakis et al. (1984). 
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Table 8.5.1. Parameters for calculation of metallic fission product diffusion coefficients in 
primary circuit alloys, Eq. (8.5.1) 

Fission 
product 

cs 

cs 

Ag 

Alloy Surface(') Do Q Temp. range Ref. 

Nimocast Unox. 2.1 x 69,000@) 650-750''' Iniotakis 
713 LC et al. 

Nimocast ox. 8.4 x 10'" 11O,OOO@) 650-750(') Iniotakis 
713 LC et al. 

Rene 100 Unox., 2.5 x lo-'' 137,000 600-800 Chawla 

(1981) 

(m' s-I) (J mol-') CC) 

(1984) 

(1984) 

OX.(*) et al. 

(a) Unox. = unoxidized surface, 
Ox. = oxidized surface. 

(b) Iniotakis et al. (1984) give different values for Q, but do not specify the units; if given 
in cal mol", conversion to J mol" gives the above values which appear in FDDM/F. 

(c) Estimated temperature range determined from Fig. 8.5.1 (from Iniotakis et al., 1984). 
(d) F D D W  states that these diffusion parameters are applicable for both oxidized and 

unoxidized surface conditions; Chawla et al. (1981) do not comment on the state of the 
alloy surfaces. 

AssumDtions 

1. 

2. 

3. 
4. 

5. 

Diffusion data for these alloys is representative of that expected for the reference alloys 
[SOOH, 2-1/4% Cr-1% Mo, SA-533 (CEGA, 199O)J to be used in the MHTGR PC. 
This diffusion data can be accurately extrapolated to temperature ranges outside those 
of the experiments. 
Diffusion of Ag into PC alloys is the same for oxidized and unoxidized alloy surfaces. 
The diffusion coefficient will not vary as a function of surface concentration of diffusant 
(specifically, a thin layer of Ag on the surface is assumed to provide diffusion data 
representative of that from the lower surface concentrations expected under realistic 
MHTGR operating conditions). 
The theoretical model used by Iniotakis et a]. (1984) to approximate Cs deposition, 
diffusion into the alloy, growth of the surface oxide layer, and effect of the oxide layer 
on diffusion is sufficiently accurate to provide a reliable diffusion coefficient for Cs in 
Nimocast 713 LC. 
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Fig. 8.5.1. Saphir 11: deposition of 13’Cs and *%Cs along the tube of experiment Pegase 11 
(from Iniotakis et al., 1984). 
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Uncertainty 

For both Cs and Ag, the standard deviation in the natural logarithm of the diffusion 
coefficient is given by (FDDW): 

o @ID) = 6.9 . (=a 

MODEL CHRONOLOGY 

The model equations for Cs and Ag indiffusion into PC alloys are taken directly from 
the source references, therefore no model development exists per se. 

DISCUSSION 

Potential diffusion of F'P metals from the surface into the bulk of the primary circuit 
alloys as well as their incorporation into surface oxide layers could be significant in reducing 
the surface inventory available for resuspension during liftoff, as well as altering the 
boundary conditions of surface concentration under which the equilibrium sorption isotherms 
are evaluated. 

Table 8.5.2 expands Table 8.5.1 to include additional diffusion information beyond that 
listed in FDDM/F, specifically diffusion coefficients for Ag in two other nickel-based alloys. 
Two quotes are appropriate here. In reference to DDN 11.50, CEGA (1990) states that the 
"diffusivities of cesium in primary-circuit metals are needed under normal operating 
conditions, with special attention to the effects of surface films, in order to determine 
whether or not indiffusion must be explicitly modeled under MHTGR operating conditions." 
Myers (1988) states: Terhaps of more importance than diffusion of fission products in 
primary circuit alloys is their diffusion and incorporation in the oxide layers of the alloys 
formed during normal operation and in the oxide layers as restructured during reactor 
shutdown. Here again, a whole field of work has been neglected; a literature search and 
analysis would improve the state of local knowledge drastically ... The diffusion and 
incorporation of fission products in the oxide layers of the primary circuit alloys is directly 
connected to the sorption process and perhaps to the isotherms. If diffusion and 
incorporation do occur in oxide layers to an enhanced degree, the distribution of the fission 
products between the vapor and solid phases will be altered in a way not now taken into 
account." 

Indiffusion of silver 

. The only data presently available for FP indiffusion into alloys relevant to gas-cooled 
reactors is given in two references, Chawla et al. (1981) and Iniotakis et al. (1984). Chawla 
et al. measured the diffusion of Ag into the nickel-based high-temperature alloys Rene 100 
and Inconel 713C between 600 and 800'C. In addition, they report the diffusion coefficient 
for Ag in Inconel 713C at BOO'C. Although experiments for Cs diffusion were also 
attempted, Chawla et al. report only limited success, largely due to "the weak specific activity 
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Table 8.5.2. Additional parameters for calculation of metallic fission product diffusion 
coefficients in primary circuit, alloys 

65 0-75 0") 

Fission 
product 

cs 
1 

cs 

Ag 

Ag 

Ag 

Inio t akis 
et al. 

(1984) 

Alloy - 
Nimocast 
713 LC 

600-800 

Nimocast 
713 LC 

Chawla 
et al. 

(1981) 

~ 

Rene 100 

600-800 

800 

Inconel 
713C 

Chawla 
et al. 

(1981) 

Chawla 
et al. 

(1981) 

~~ ~~ 

Inconel 
738 

4.75 x 10' 

Surface(') 

203,000 

Unox. 

1.3 x 

ox. 

(d) 

U 

U 

U 

2.1 io-" 69,000@) I 
2.5 x 10" 137,000 

~~ I 

et al. 

(a) Unox. = unoxidized surface; 
ox. = oxidized surface; and 
U = unknown. 

(b) Iniotakis et al. (1984) give different values for Q, but do not specify the units; if given 
in cal mol-', conversion to J mol" gives the above values which appear in FDDMF. 

(c) Estimated temperature range determined from Fig. 8.5.1 (from Iniotakis et al., 1984). 
(d) Diffusion coefficient was only measured at 1800'C, therefore D E 0,. 

of Cs-137." The motivation for these experiments was to obtain data relevant to FP 
diffusion in turbine-like alloys for direct-cycle gas-turbine HTGRs. The experiment involved 
the deposition of a very thin layer of Ag metal (containing "OIAg) on the surface of the alloy 
(semi-infinite specimen geometry), followed by a high-temperature anneal, after which 
surface layers were removed by grinding ( 2  0.5 pm accuracy) and gamma-counted for "O'Ag 
activity. Calculation of the diffusion coefficient from these results is described in Chawla 
et al. (1981). The individual diffusion coefficients measured at each temperature are given 
in Table 8.5.3 [refer to Chawla et al. (1981) for the raw data used to derive these diffusion 
coefficients], and these results are plotted in Fig. 8.5.2. The diffusion parameters listed in 
Tables 8.5.1 and 8.5.2 were obtained from the data of Fig. 8.5.2 using least squares analysis. 
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Table 8.5.3. Summary of data on silver diffusion experiments (from Chawla et al., 1981) 

I 

Run 
No. 
3 
4A 
46 
5A 
58 
8A 
86 
9A 
96 

1 OA 
1 OB 
4A 
46 
SA 
5B 
7A 
78 

1 OA 
1 06 

- 

7.2( -18) 
2.1(-18) 
3.8( -18) 
9 .8( - 20) 
2.1(-19) 
%7.9( - 19 ) 
a5.9 ( -20) 
1.1(-19) 
1.1 (-19) 

Tern 

800 
800 
800 
800 
800 
600 
600 
600 
600 
600 
600 
800 
800 
800 
800 
700 
700 
600 
600 

- ( O C P  

4.2( -18) 
1.4(-17) 
3.8( -1 8) 
3 . 9 (  -19) 
9.0( -19) 

( a )  

1003. 
714. 
714. 
337. 
337. 
2690. 
2690. 
2760. 
2760. 
816. 
816. 
714. 
714. 
337. 
337. 
600. 
600. 
816. 
816. 

(a) Fluctuations in data prevent estimate of diffusion coefficient. 
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Fig. 8.5.2. Dependence of the diffusion coefficients for Rene 100 (0) and Inconel 713C (A)  
on temperature (from Chawla et al., 1981). 
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Chawla et al. give the uncertainty for Ag diffusion in the form: 

a(1n 0) = standard deviation in the natural logarithm of the diffusion coefficient, 
T = temperature (K). 

For Rene 100: 

a = 7.468, 

c = 0.066. 
b = -1.395, 

For Inconel 713C: 

a = 26.742, 

c = 0.287. 
b = -5.533, 

The uncertainty expression for Rene 100 differs from that recommended in FDDM/F (see 
"Uncertainty" above). The reason for this difference is unknown. Although Chawla et al. 
state that the dashed lines in Fig. 8.5.1 were obtained using Eq. 8.5.3 and represent 95% 
confidence bounds, it is obvious that two data points for Rene 100 lie well outside these 
confidence bounds. The larger uncertainty recommended by FDDM/F might better include 
these data points within the confidence bounds. 

It should be noted that FDDM/F recommends using the diffusion parameters for the 
alloy Rene 100 in MHTGR design, rather than those reported for Incoloy 713C. The 
chemical composition of these two alloys is unknown to this writer, therefore the reason for 
the preference for Rene 100 data is unknown. 

Indiffusion of cesium 

The data for Cs indiffusion is based on results from the Saphir 11 loop experiment in 
the Pkgase reactor in Cadarache. This loop experiment included stainless steels 4541 and 
4961, Inconel 625, and Nimocast 713 LC. The plateout model described in Iniotakis et ai. 
(1984) was used to predict deposition on the metallic surfaces and subsequent indiffusion 
of Cs into the Nimocast 713 LC alloy. Detailed discussion is not provided for the 
experimental conditions, the expenmental Cs indiffusion data, or the methodology with 
which plateout, oxide layer growth, and indiffusion into the alloy were calculated. The 
results of the analysis are summarized in Fig. 8.5.3 and compared to the experimental 
results. By coupling an equation for the timedependent growth of the oxide layer, a 
parametric evaluation of approximate diffusion coefficients, and comparison of these results 
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Fig. 8.5.3. Saphir 11: diffusion profile of lnCs in Nimocast 713 LC 
(from Iniotakis et al., 1984). 
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to the experimental data (Fig. 8.5.3), Iniotakis et al. (1984) were able to determine diffusion 
coefficients which provided agreement between their model and the experimental results. 
They comment that the "influence of the oxide layer, and consequently, of the oxidation rate, 
is important for the Cs diffusion. A compact oxide layer creates a considerable ciif€usion 
barrier for Cs. The destruction of the oxide layer (e.g., by erosion) reduces its protection 
effect against Cs diffusion." 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

Both Myers (1988) and Iniotakis et al. (1984) comment on the significance that 
formation of an oxide layer can have on the diffusion of FP metals into the PC alloy 
structure. This phenomenon should be investigated and understood in more detail, 
beginning with the literature survey recommended by Myers. 

The possible effect of surface concentration on diffusion should be considered for the 
Ag data (Le., diffusion from a thin deposited layer vs diffusion from a surface concentration 
on the order of a monolayer). The additional uncertainty introduced by the lack of 
information on the surface state of the alloys used for the Ag diffusion measurements might 
also be considered, if possible. 

A general review of the scientific literature for additional diffusion data of FP elements 
in structural alloys might expand the database beyond Cs and Ag and provide more 
information on the surface effects mentioned above. 

DATABASE USED IN MODEL DEVELOPMENT 

For Ag, the database is represented by Table 8.5.3 and Fig. 8.5.2 (from Chawla et al., 
1981). The database for Cs consists of Fig. 8.5.3, with background information from 
Fig. 8.5.1 (from Iniotakis et al., 1984). 

8.6 REMOVAL OF DEPOSITED FISSION PRODUCE FROM PFUMARY CIRCUIT 
W Y S  

8.6.1 INTRODUCI'ION 

Depressurization of and water ingress to the primary circuit are important accident 
scenarios for the MHTGR (Myers, 1986). A significant coolant leak would disturb the 
coolant flow patterns (blowdown) and the resultant shear stresses at the walls with the 
potential for blowing deposited fission and activation products off the PC piping surfaces 
(liftoff) and generating a significant AC source term. Likewise, water ingress in the form 
of steam (steamoff) or liquid water (washoff) could wash the radioactive species from the 
surfaces and induce their subsequent transport. Although liftoff occurs to some extent under 
NOC, the magnitude is small and the steady-state relationship between plateout and liftoff 
mitigates concern over NOC liftoff. According to the reference model, liftoff becomes a 
concern under AC when the shear stress on the deposited activation products exceeds that 
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under NOC. Alternative models exist for plateoutfliftoff phenomena such as the turbulent 
burst model (Wichner, 1991), with kinetic processes at the surface dominated by occasional 
turbulent bursts within the laminar sublayer. Steamoff and washoff can only occur under AC 
conditions in a helium-cooled system. 

As discussed below, the data on which to base models for these phenomena is quite 
limited. Hanson (1983) recognized that the "most pressing fuel performance Design Data 
Need for the [MHTGR] appears to be defensible liftoff data" such as that envisaged by the 
current COMEDIE loop experiment (although that experiment is designed to validate 
existing models and codes rather than to develop improved models). 

Sections 8.6.2, 8.6.3 and 8.6.4 will present the current reference models for liftoff, 
steamoff, and washoff as presented by Myers (1986) and incorporated into FDDM/F. Myers 
(1986) lists several phenomena relevant to liftoff and water ingress events: particle 
entrainment, desorption, diffusion, solution, vaporization, and aerosol formation, with 
particulates discussed in greatest detail. The relevance of particulates to liftoff and related 
modes of FP transport will be briefly presented in ~8.7. 

862 LIFIOFF 

function This model calculates the AC fractional liftoff of FP deposited on PC alloy 
.surfaces as a function of the coolant shear stress along the surfaces. 

present 
Status 

The present model is limited by large scatter in the available data and by 
the current limited understanding of the phenomena which may play a role 
in liftoff of deposited FP from primary circuit alloys. 

model 
uncertainty 

Because of the scatter in the data, only one data set is used to derive the 
current model (Myers, 1988), resulting in a very large uncertainty. The 
potential significance of release by liftoff during accident conditions 
mandates further analysis and experimentation. 

references Myers (1986, 1988); Hanson (1983); CEGA (1990); Wichner (1991) 

ACCIDENT CONDITIONS 

Model eauations 

The model equations for liftoff are given by (Myers, 1986; FDDM/F): 

L = L , + A L ,  



100 m (SR - 1) 
100 + m (SR - 1) 

A L  = ’ 

L = fractional liftoff (%), 
Lo = fractional liftoff for SR I 1.0, based on experimental data (%), 
AL = incremental increase in liftoff for SR > 1.0 (%), 
SR = ratio of shear stress during blowdown to that during NOC (dimensionless), 
rn = constant (dimensionless). 

Values for Lo and rn are given in Table 8.6.2.1. The incremental liftoff values for I3’Cs and 
%r as calculated from the above equations are shown in Fig. 8.6.2.1 (taken from Myers, 
1986) as a function of the shear stress ratio. 

Ranee of validity 

1. 

2. 

3. 

This model is assumed to be valid for all shear stress ratios which may be experienced 
under accident conditions (SR > 1.0). 
The model only considers liftoff from the reactor surfaces. The fraction of mobile 
activated species which actually escapes the reactor is not considered by this model. 
This model should be used only under dry conditions. In the presence of steam or 
water, the models in ~8.6.3 and s8.6.4 should be used. 

AssurnDtions 

The following assumptions are obtained from Myers (1986).’ 

1. 

2. 
3. 

4. 

5. 

6. 

The available experimental data are adequate for providing, at least, a minimum value 
of liftoff. 
All available liftoff data are considered equally valid for model development. 
The experimental values of liftoff at SR = 1 for the out-of-reactor tests are attniuted 
to the effects of sample handling. 
The slope of each experimental cume of liftoff vs shear stress ratio at SR = 1 is 
assumed to represent the actual relationship of liftoff to SR in the absence of handling 
effects. 
Data from the single in-pile experiment are assumed to represent the true liftoff for 
SR E 1. 
100% of the deposited FP can be removed by liftoff if SR is sufficiently large. 

‘The relevance of these assumptions to the model as presented is discussed or inferred 
by Myers (1986). This is not to say that Myen (1986) supports or justifies the use of these 
assumptions. 
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Table 8.6.2.1. Constants for use in the model equations for fission product liftoff from 
primary circuit alloys, Eqs. (8.6.2.1) through (8.6.23) (from FDDM/F) 

I I I I I 0.09 1.2 18 65 I 
In addition: 

7. Liftoff from all alloy surfaces can be represented by the same model and model 
parameters (Table 8.6.21) for each isotope. 

Uncertainty 

The upper limit for liftoff obsexved during the experiments is given by Myers (1986): 

(loo - tl) SR 
Ld = t* + 

pZ + SR t 

Ld = experimental upper limit of liftoff (%), 
e,, t2  = constants (dimensionless). 

Values for t ,  and t ,  are given in Table 8.6.2.1. The upper limit liftoff values for lnCs and 
90Sr as calculated from Eq. (8.6.2.3) are shown in Fig. 8.6.21 as a function of the shear stress 
ratio. Equation (8.6.2.3) represents the upper 95% confidence limit. 

MODEL CHRONOLOGY 

In past years GA typically used an assumption of 1% for fractional liftoff (Hanson, 
1983). This assumption was only justifiable if it were assumed that all out-of-pile 
experiments are invalid, although such an assumption restricts model development to a single 
"valid" experiment (Myers, 1988). The current model was developed from all available data, 
presented by Myers (1986), and adopted by FDDM/F. 
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Fig. 8.6.2.1. Net nominal [AL(%)] and upper limit (ul) liftoff values for 13'Cs and !"'Sr as a function of the shear stress ratio 
(from Myers, 1986). 



DISCUSSION 

Design Data Needs 

CEGA (1990) discusses some of requirements for model development in DDN 11.51, 
"Radionuclide Reentrainment Characteristics for Dry Depressurization." "Correlations are 
required which give the fractional liftoff of the radiologically important radionuclides I, Sr, 
and Cs as a function of the controlling system parameters. Test variables which must be 
investigated include shear ratio, absolute wall shear stress, blowdown duration, temperature, 
humidity, and surface oxidation state ...'I 

Database available for model develo~ment 

CEGA (1990) goes on to summarize the current database for liftoff models. 'The 
present data base for the validation of radionuclide liftoff methods is extremely limited and 
does not explicitly account for the effects of dust. In the single in situ blowdown test of the 
CPL 2/4 in-pile loop, ~ 0 . 5 %  liftoff of the plateout activity was observed. However, the 
maximum shear ratio realized in the CPL 2/4 blowdown was only 1.08 so these data do not 
provide a comprehensive test of a candidate liftoff model. Moreover, the CPL 2/4 loop was 
known to contain an inordinate amount of metal oxide aerosol; consequently, the CPL U4 
data are likely to be biased high. 

"Despite their limitations, the CPL 2/4 data do provide reason to believe that the 
release from the primary circuit due to liftoff will be ~ 1 %  for the design basis events 
involving rapid depressurization. However, the existence of questionable ex situ blowdown 
data showing much higher liftoff ... and no comprehensive independent data base to refute 
these results have led to a liftoff model with excessive uncertainty and perhaps excessive 
conservatism for use in the analysis of depressurization transients." 

Much of the experimental liftoff database is summarized in Table 8.6.2.2, taken from 
Myers (1986). In this table, the liftoff at SR = 1 is represented by "%I." Reference is made 
by Myers (1986) to a 1985 report by K. Downey ("Summary of Fission Product Liftoff Data 
Base," GA Technologies Document No. 908332/0) which probably provides a more complete 
compilation, but which has not been obtained by this writer for analysis. 

Hanson (1983) provides more detai1 on the state of the liftoff database as of 1983: 'f... 
the current liftoff data base is badly scattered and contradictory ... The most extensive set 
of liftoff tests were the CPL 2 liftoff tests performed by the CEA ... The CPL 2 results were 
also badly scattered but generally indicate liftoff fractions an order of magnitude higher than 
the [earlier GAJ reference 1% assumption" (Le., 5 to 30% liftoff). 

"With one exception all existing liftoff data are inherently flawed because they resulted 
from so-called 'out-of-pile' liftoff tests. In other words, the fission product activity was 
deposited in an inpile loop, and then sections of contaminated piping or heat exchanger 
tubes were mechanically cut out of the loop and blown down in an out-of-pile test rig. Not 
only could the cutting and handling operations compromise the test specimens but also 
exposure to ambient air may alter the chemical state of the deposited fission products and/or 



Table 8.6.2.2. Analysis of experimental liftoff data in terms of the normal dependence of liftoff 
on the shear stress ratio (slope) and of the absolute liftoff (%I) (from Myers, 1986) 

Ce-137 1-131 Sr-90, -85 

Source Metal S lope(a)  X L ( b )  Metal Slope(") %I(b) Metal S lope(a)  XI(b) 

3.75 0.0 G A I L  IV 0.31 0.0 

DBP LOOP 4 0 002 0.02 (100~3)  0.06 0.22 ( 1 0 0 ~ 5 )  2.80 23 .O 

CPL 211 0.75 10.5 '0.27 29.4 4.21 23.7 

CPL 213 Inc8OO 0.58 2 00 Inc800 1.33 2.3 IncbOO 3.30 20.8 

CPL 2/3 T22 0.56 0.5 T22 'I 0.7 

-- -- -- 

CPL 214 IncOOO 0.80 7.6 Inca00 1.23 7.6 
CPL 214 Inc800 0.65 8.6 Inc8OO 1.05 19.0 
CPL 214 Hart. B 0.03 7.7 Hart .  B 2.50 31 .O 

CPL 214 S S 4 1 0  0.05 7.8 SS410 0.10 5.3 

CPL 2/4 T22 0.04 2.4 T22 0.0 1.9 

CPL 214 ss347 kO.00 16.9 SS347 4.25 31.5 
CPL 2/1 BIS 0.29 2.2 
P.B. Inc8OO 0.65 0.7 
P.B. Carbon Carbon 

r 
VI 

-- -- _- 
Inc800 0.93 0.0 

S t e e l  0.86 3.1 

AVERAGE 0.40 5 . w  1.20 12.9 2.64 14.1 - + SD LO . 33 2 4.9 +I .40 213.4 21 043 211.6 

-- -- -- 
-- -- S t e e l  0.92 4.5 -- 

( a )  Slope i n  % l i f t o f f / S R  
( b )  X I  is i n t e r c e p t e d  S r = l  in percen t  
(c )  GAIL IV d a t a  exlcuded because of f u l l  f low f i l t e r  i n  c i r c u i t  



the plateout surfaces. The effects on the liftoff behavior is unknown, but the attendant 
results have been advertised as conservative. 

'The above limitations in the liftoff data base have long been recognized, and a series 
of in situ liftoff tests were planned as part of the CPL 2/4 test [in the Pegase reactor in 
Cadarache, France] ... fission products were to be deposited in an inpile loop, and then the 
entire loop was to be subjected to a series of blowdowns at successively higher shear ratios. 
( ... intuitively, no liftoff should occur if the SR 1.0). The first of the planned CPL 2/4 - in 
- situ blowdowns, at the shear ratio of -1.0, was completed, and the results were encouraging: 
the measured liftoff fractions for Sr-90 and 1-131 were 0.5% and OX%, respectively, at a 
maximum SR = 1.02. Unfortunately, equipment failure prevented further blowdowns at 
higher shear ratios so no liftoff correlation resulted." 

Myers (1986) recognizes the likelihood of the explanation presented above for the high 
liftoff values of the out-of-pile experiments, but also postulates the possibility that ?he large 
liftoff values are intrinsic to the constant liftoff and redeposition of large particles occurring 
during loop or reactor operations" rather than arising from an inherent flaw of the 
experiments. This hypothesis can be supported as follows. "For the ex situ tests, the 
particulates removed during the blowdown tests were collected immediately down stream so 
that removal of larger particulates prior to reaching the collector was improbable. During 
the in situ test, the particulates made about 15 trips around the circuit before collection ... 
thus, large particulates would have been redeposited ... and would not have been collected. 
Contributing to this possible behavior was the decreasing flow speed during blowdown." 
Another point is made that "[aJnother difficulty with the first hypothesis is the absence of 
a large initial liftoff, generally, in the GAIL N and GA Deposition Loops [see Table 8.6.221. 
Were the samples from these loops treated differently?" Additional discussion is provided 
by Myers (1986). 

Model develoDment 

The reference assumption of 1% for fractional liftoff used by GA in the early 1980s 
became untenable in light of the data mentioned above. As stated in "Assumptions" above, 
the experimental values of liftoff at SR = 1 for the out-of-reactor tests are attributed to the 
effects of sample handling, while the slope of each experimental curve of liftoff vs SR at 
SR = 1 is assumed to represent the actual relationship of liftoff to SR in the absence of 
handling effects. These values are listed in Table 8.6.2.2 for each experiment. According 
to Myers (1986), the slope and liftoff at SR = 1 increase in the series Cs < I < Sr. 

The general form of an ideal liftoff curve is shown in Fig. 8.6.2.2, taken from Myers 
(1986). For SR s 4, the experimental data is cast in the form: 

L = a  + b ( S R -  1) , (R6-24) 

L = fractional liftoff (%), 
SR = ratio of shear stress during blowdown to that during NOC (dimensionless), 
a, b = constants (%), 



Lif to f f  

0 1 
Shear Stress Ratio 

Fig. 8.6.2.2. Idealized experimental liftoff profile for the ex situ experiments 
(from Myers, 1986). 
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and plotted in Fig. 8.6.2.3 for Cs, I, and Sr (from Myers, 1986). To develop a model which 
predicts 100% liftoff at very large values of SR, the incremental component of Eq. (8.6.2.4) 
was recast in the form of equation (8.6.22), which extended the model to the SR values 
shown in Fig. 8.6.21. Myers (1986) reports that use of Eq. (8.6.22) rather than Eq. (8.6.2.4) 
"entails an error of 10% or less for the isotopes listed in Table [8.6.2.1] at shear ratios of 10 
or less except for Sr-90 where the error is 23% or less." 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

Several phenomena are recommended (Myers, 1988) for consideration in evaluating 
future liftoff experiments and data: spallation of surface layers and scales from the primary 
circuit alloys during reactor shutdown, cyclic redeposition and liftoff of particulate matter 
during NOC, the behavior of particulate matter in general (composition, formation, and 
distribution), and the sources of particulate matter (oxide layers, carbon dust from the core 
graphite, and clustering of FP and alloy atoms). Myers (1986) discusses these 
recommendations in more detail. Particulate phenomena are discussed further in ~ 8 . 7 .  

If the large liftoff values from the out-of-pile blowdown tests result from constant liftoff 
and redeposition of large particles, as postulated by Myers (1986), then these large particles 
have the potential of quickly settling out rather than enhancing dispersal of the radioactive 
species from the reactor as the large liftoff values would suggest. 

A comprehensive review on plateout and liftoff in MHTGR systems has recently been 
completed by R. P. Wichner (1991). This review has not yet been incorporated into this 
compilation but should be referred to for detailed discussion of suggestions and approaches 
to model development. 

DATABASE USED IN MODEL DEVELOPMENT 

The existing liftoff database is indicated by Table 8.6.2.2, although not all the source 
data is provided by this table. More detailed presentation of the database would be 
expected in the document by K. Downey referenced above. 

8.63 SIEAMOFF 

function This model provides a value for fractional removal by steam of FP 
deposited on PC alloy surfaces, without functional dependencies. 

present 
Status 

The present model for steamoff is based on one experiment for the 
fractional removal of iodine, the results of which varied widely. No other 
fission products have been evaluated, and the resulting model is very 
approximate. 
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model 
uncertainty (Myers, 1988). 

The uncertainty is very large and has been stated to range from 0 to 1 

references Myers (1986, 1991) 

ACCIDENT CONDITIONS 

Model eauations 

The fractional removal of FP from PC alloy surfaces by steam is assumed to be (Myers, 
1986): 

S = 6 0 % ,  (-4 

S = fractional steamoff (%). 

This 60% removal rate is assumed to hold for all FP, due to lack of data. 

Ranee - of validity 

The model is assumed to be valid under all conditions. In the experiment, the initial 
iodine loading on one-inch tubes of T-22 alloy (also referred to as SA-387 alloy or 
2-1/4% Cr-1% Mo) by approximately 0.11 Pa iodine was approximately 10 pg/cm2 of 
geometric surface area at 310*C, followed by steamoff at 200.C with steam flowing at the 
rate of 7.1 L m i d  (STP) from 400 ml of water. Visual inspection after loading suggested 
the presence of oxidation on the T-22 surface. 

AssumDtions 

1. 
2. 

3. 
4. 

Steamoff of all FP will be comparable to that of iodine. 
Steamoff from the surface of T-22 alloy is characteristic of steamoff from other PC 
alloys. 
Kinetic effects of the steamoff process are not significant. 
The experimental conditions provide results characteristic of in-reactor conditions. 

Uncertainty 

The uncertainty is assumed to range from 0 to 100% (Myers, 1986). 

MODEL CHRONOLOGY 

The current model for steamoff was presented by Myers (1986) and incorporated into 
FDDM/F. 



DISCUSSION 

This steam-induced removal has also been referred to as steam cleaning (Myers, 1986). 
Steamoff was previously subsumed as a subcategory of washoff, but steamoff is now 
frequently differentiated from washoff, reportedly on the basis of a recommendation by 
R. P. Wichner of ORNL (Myers, 1986) [although CEGA (1990) still categorizes washoff as 
including steamoffl. 

Model develoumen t 

The only data available with which to develop a model for steamoff are reported 
(Myers, 1986) to be from a scoping study to determine an approximate value for the fraction 
of sorbed iodine removed from the surface of T-22 alloy by steam. This experiment is 
attniuted to F. C. Montgomery and K. E. Partain, but no references are given. Details of 
the experiment are presented by Myers (1986) and are briefly summarized above in 'Range 
of validity." Analysis of the sorbate indicated that no molecular iodine was sorbed (Le., only 
iodide w a s  sorbed). The experimental data is given in Table 8.6.3.1 (from Myers, 1986). 
Two tests were conducted, with the first test showing 60% removal of the sorbed iodide and 
the second test showing no iodide removal. However, the second test was considered 
uncharacteristic and was not considered in development of the model. The T-22 specimens 
in this second test were soaked in an acidic solution for 1.5 h followed by "active scrubbing" 
of the surfaces to remove oxide layers. After treatment with steam, the surfaces of these 
specimens were visually different from those of the first test (see Fig. 8.6.3.1). The 
conditions under which the first test were conducted are considered to be more typical of 
in-reactor conditions that those of the second test, thus only the first test results were 
considered in development of the model (Myers, 1986). 

Several other observations are made by Myers (1986) that might be relevant for a 
steamoff model. 

1. In the first test, of the total iodide removed by the steam, only 13% was found in the 
water condensate. Most of the iodide must have escaped as a vapor. The question then 
arises, could redeposition of these gaseous iodine species within the PC reduce the steamoff 
fraction available for release from the reactor under actual conditions? 
2. The observation is made that "the amount of iodide removed is roughly linearly 
proportional to the amount of steam passing the surface up to the point where steam no 
longer removes iodide." Thus the fractional steamoff may be a function of the exposure 
conditions to the steam, rather than a constant value as the model suggests. 
3. The concentration of sorbed iodide exceeds the maximum predicted (0.4 pg/cm*-geom) 
using the model equations for sorption provided in FDDM/E (Myers, 1986). The model 
equations were modified in F D D W  in such a way that results are invalid for concentrations 
greater than 0.4 pg/cm*-geom (refer to ~8.4). This large experimental concentration may 
be due to (Myers, 1986): (1) a large surface roughness factor for the oxide surface (see ~8.4) 
or (2) the possible formation of FeI, on the surface due to the large iodine vapor pressure. 
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Table 8.6.3.1. Summary of experimental results on iodine loading and steam cleaning 
experiments (from Myers, 1986) 

A .  Iodine Loading Experiments ( 3 1 O 0 C >  

~ ~~~ ~ 
~ ~~ 

Geometric 
Total Iodide Surf ace Test Sample Total Iodine 

No. No. Loading (ug) Loading (ug) Conc. ( ug/cm2 1 

1 1 0 
2 0 

2 1 0 
2 ( a )  0 

440 
420 
350 
525 

9 . 9  
9 . 5  
7.9 

11.8 

B. Steam Cleaning Experiments (200OC) 

Loading of Loading of Condensate Fraction 
Test Canpani on T e s t  Sample I odi de 
No. Sample (ug) After (ug)(b) No. Vol ( m l )  Conc. (ug) 

18 
5 
0 
0 

100 
100 
200 
400 

176 1 
2 
3 

2 350 -525 1 

1 430 f 10 

(a)Data for  t h i s  sample are post steam-cleaning values. 
(b)Loading of t e s t  sample a f t e r  c a p l e t i o n  of the  steam cleaning 

experiment. 
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(A) FIRST TEST SAMPLE AFTER STEAM 
CLEAN1NG;THE GREY SCALE HAS 
BEEN REMOVED FROM THE NARROW, 
VERTICAL DARK REGION. 

(E) THE FIRST TEST SAMPLE A MONTH 

SUBSEQUENT EXPOSURE TO AIR AT 
ROOM TEMPERATURE; THE SURFACE 
HAS EXTENSIVELY RUSTED. 

AFTER POST-TEST ANALYSIS AND 

THE SECOND TEST SAMPLE A MONTH 

SUBSEQUENT EXPOSURE TO AIR AT 
ROOM TEMPERATURE: A THIN GREY 
SCALE (DARKER REGION) AN0 THE 
EXPOSED ALLOY SURFACE WITHOUT 
VISIBLE SCALE (LIGHTER STRIP AT 
BO7TOM) ARE EVIDENT. 

AFTER POST-TEST ANALYSIS AN0 

Fig. 8.6.3.1. Surface condition of T-22 test samples from steam cleaning experiments 
(from Myers, 1986). 

8-53 



Additional database available for model develoDment 

CEGA (1990) states that few measurements are available relevant to development of 
this model, but does mention additional sources for this limited database. "KFA has 
reportedly investigated the effects of water ingress on Cs plateout in the SMOC loop, but 
the data are not currently available to the U.S. program. Hochtemperatur Reaktorbau 
(HRB) has measured the washoff of Cs from test specimens removed from the LAMINAR 
plateout loop. 

"Scoping Steam Induced Vaporization (STV) measurements for iodine on 2-1/4% Cr - 
1% Mo chromalloy steel were made at GA in 1985. However, only a limited number of 
data were obtained at low pressures and temperatures during these tests. Some LWR data 
on the behavior of radionuclides in a steadquid water system may be relevant to HTGRs." 
The GA scoping data on 2-1/4% Cr-1% Mo is probably the same as that discussed in detail 
above. 

In a recent foreign travel report B. F. Myers (1991) comments on ongoing work in 
Germany as follows. "Experiments on the steam-induced removal of cesium from stainless 
steel at ZO'C gave rates of removal 4 to 5 orders of magnitude higher than earlier studies 
at ORNL on removal of cesium from Incoloy 800 at water vapor pressures 3 to 14 times 
higher. The rates of removal in the case of stainless steel were in the range 10' to 10% 
under turbulent flow conditions. An experimental and theoretical program was begun on 
the basis of the large difference of the two experimental results." 

Information on th is  previous work at ORNL and on the previous and ongoing work in 
Germany on steamoff of cesium should be pursued as a potential enhancement of the 
steamoff database. Hopefully more detailed information may be available for model 
development from these sources than that reported by Myers (1986) for iodine steamoff. 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

Several points are raised by Myers (1986) which raise questions, two specific to the 
model and two relating to the general phenomena governing sorption and washoff. The 
statement that "the amount of iodide removed is roughly linearly proportional to the amount 
of steam passing the surface ..." implies that the steam environment and kinetics of steamoff 
need to be considered in a more detailed model. The fact that most of the iodide must have 
escaped as a vapor raises questions on the possibility of redeposition within the PC under 
actual reactor conditions. 

General issues which require consideration are (1) a measured sorption concentration 
much higher than that predicted by the existing model equations for iodine sorption and 
(2) very different steamoff fractions for the two differently prepared surfaces of the alloy 
(Le., test 1 vs test 2). 

The most promising avenue for near-term model refinement could be provided by the 
ORNL and German data on cesium steamoff, which were not presently available for 
inclusion in this database and analysis. The possible relevance of LWR data should also be 
considered. 



DATABASE USED IN MODEL DEVELOPMENT 

Until more information is obtained on the ORNL and German work on cesium 
steamoff, the present database used in development of the steamoff model consists of that 
presented in Table 8.6.3.1. 

8.6.4 WASHOFF 

function This model provides a value for fractional removal by condensed water of 
FP deposited on PC alloy surfaces, without functional dependencies. 

present 
Status 

The model is based on one experiment for cesium washoff. The model is 
reasonable for cesium, but its validity for other fission products is unknown. 

model 
uncertainty 

The uncertainty in the model for Cs is small, and stated to be about a factor 
of 1.3 (Myers, 1988). Due to lack of data, the uncertainty for the other 
fission products is very large, with a recommended uncertainty range from 
0 to 1 (Myers, 1986). 

references Myers (1986); RUllig et ai. (1985) 

ACCIDENT CONDITIONS 

Model equations 

The fractional removal of fission products from PC alloy surfaces by the flow of water 
(droplets or bulk liquid) is assumed to be (Myers, 1986): 

W=50% , (U4.1) 

W = fractional washoff (%). 

This 50% removal rate is assumed to hoid for all FP due to lack of data. 

Range of validity 

. The model is assumed to be valid under all reactor conditions. The experiments were 
conducted using Cs vapor in helium, tubes made of Incoloy 800 and Inconel 617, 
temperatures of 600 to W'C, and times from 20 to 60 d, followed by leaching of the tube 
surfaces with water at SO'C. 



Assumutions 

1. 
2. 

3. 

4. 

Washoff of all FP will be comparable to that of cesium. 
Washoff from PC metalk surfaces will be comparable to that from Incoloy 800 and 
Inconel 617. 
Leaching of the metallic surfaces by water at 80'C is representative of washoff within 
the reactor. 
Washoff throughout the range of reactor conditions will be approximately constant. 

Uncertainty 

The uncertainty for Cs washoff is reported to be a factor of 1.3 (Myers, 1988). The 
uncertainty for all other isotopes is assumed to range from 0 to 100% (Myers, 1986). 

MODEL CHRONOLOGY 

The model for washoff is presented by Myers (1986) based on data presented by RUlIig 
et al. (1985) and incorporated into FDDW. 

DISCUSSION 

The only data available was obtained for washoff of Cs by RUllig et al. (1985) under 
the conditions specified in "Range of validity" above. Leaching of the metallic surfaces by 
water at a temperature of 80'C is assumed to provide results representathe of washoff 
under reactor conditions. The leach results as a function of the wall temperature of the 
sample tubes are plotted in Fig. 8.6.4.1. The data for leaching of the two alloys is m e n  in 
Tables 8.6.4.1 and 8.6.4.2. 

The results for leaching of Incoloy 800 in Fig. 8.6.4.1 suggest a decrease in washoff with 
increasing temperature, which is explained using Fig. 8.6.4.2 which gives the surface oxide 
layer thickness as a function of temperature. As temperature increases, the oxide layer 
thickness increases, and thus "the leachable cesium in the water leach experiments is 
inversely proportional to the oxide layer thickness suggesting that only a portion of the layer, 
that nearest to the surface, is accessible by water and that the cesium has been deposited 
as the oxide layer was growing" (Myers, 1986). 

The results for Inconel 617 are more variable, with only a few percent of the Cs 
leached at 800.C but more typical amounts leached at the other temperatures. An 
explanation is proposed that at 800'C the oxide layers were strongly fissured, possibly 
exposing stronger binding sites for the Cs and preventing their washoff, but at 900'C the 
oxide layer was apparently degraded with possible implications for the increased washoff. 

Additional experiments are obviously required to reduce the uncertainties and 
determine the dominant variables which affect washoff. Experiments using FP other than 
Cs would also be recommended. 
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Fig. 8.6.4.1. The percent water leaching of cesium sorbed on oxidized surfaces of the alloys Incoloy 800 and Inconel 617 
(from Myers, 1986; attributed to Rollig et al., 1985). 



Table 8.6.4.1. Water leach experiments on lncoloy 800 with sorbed cesium (from Myers, 
1986; attributed to RUllig et al., 1985) 

620-590 627 -605 600 3.4(-7) 23 

6 97 -707 706-668 700 1.6(-6) 50 
693 -70 4 720-698 700 1.3(-6) 50 
800-750 854-758 775 1.1(-7) 27 

61 8-590 62 8-6 00 600 4.1(-7) 43 

1 8 - 20 48-64 1-2 N A ( ~ )  
2 4 - 14 40-54 1-2 NA 
3 2 - 4.5 19-22 2-4 NA 
4 0.7-1.5 38-41 2-4 NA 
5 0.03-0.08 22-40 10-20 20 

(a)T3: 
(b)TG:  inlet-out le t  gas temperature (OC). 
(c)Pcs- p a r t i a l  pressure of cesium (Pa) 
(d)A3 - Cs-134 a c t i v i t y  a t  end of experiment (nCi /cm2);  (Cs-133/Cs-134 - 
k1Fraction of A, accessible to a n d  soluble in water a t  80°C. 

( f  )Oxi de layer above 1 n i  t i  tal surface of alloy. 

w a l l  temperature at i n l e t  and ou t l e t  of sample tubes ("C). 

8000 t o  12000) 

(g)Oxide layer below 1 nltital surface of alloy. 

(h)NA 9 not avai lable .  
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Table 8.6.4.2. Water leach experiments on Inconel 617 with sorbed cesium (from Myers, 
1986; attriiuted to RUllig et al., 1985) 

Test No. 

725-691 700 NA 22 

8 808-804 823-785 800 1.4(-6) 31 

10 906-902 893 -88 1 900 2.1(-6) 35 

2.4 
4 6  

60 

6 A  700 
6B 800 81 8-784 800 NA 
7 71 0-694 71 0-692 7 00 I .  4(-6) 

803-799 81 1-793 800 4.0 (-6) 9 

Z H,O(') Oxide Layer Thickness (urn) 
Test No. (nCi/an2) Lead External(f) Internalh)  

( d )  
As 

6 A  0.3-0.7 NA NAW NA 
68 0.1-0.2 1-4 NA NA 
7 5 -9 41 NA NA 

9 10-25 3 -5 4-10( i )  15 
8 1-2 NA 2 - 5 ( i )  10 

10 3-4 40-60 NA(J 20 
~~ 

( a ) ,  (b), ( c ) ,  ( d ) ,  ( e ) ,  ( I ) ,  ( g ) ,  ( h ) :  See corresponding footnote i n  
Table 4-2; 
except for  t e s t  No. 6 where the rat io  w a s  7000. 

?i)The oxide layers hat strongly fi3sured outer contour w i t h  some 
isolated protrusforu. 

(J  )The outer oxf de layer had a degraded appearance. 

note that for footnote ( d )  here Cs-133/Cs-134 - 700 t o  1000 



600 700 800 

Fig. 8.6.4.2. The thickness of the external oxide layer on Incoloy 800 as a function of 
temperature (from Myers, 1986). 
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ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

The original source of the reported data (RNl ig  et al., 1985) has not been reviewed by 
this author, thus it is assumed that the salient features of this experiment have been reported 
by Myers (1986). The existence of a single data set hinders further development of this 
model. Without additional data, refhement of the model can only be pursued using 
analogies available from the scientific literature (e.g., sorption of Cs on oxide layers, the 
distn’bution of implanted Cs within oxide layers, the effects of high-temperature exposure 
of water to the oxide layers on metallic surfaces, the structural integrity of these oxide layers, 
etc). However, such analogies cannot guarantee accuracy of a model under reactor-specific 
conditions and events. 

DATABASE USED IN MODEL DEVELOPMENT 

The available database is apparently limited to that reported by Rallig et al. (1985). 
This data, as presented by Myers (1986), has been presented above in Figures 8.6.4.1 and 
8.6.4.2, and in Tables 8.6.4.1 and 8.6.4.2. 

87  TRANSPORT BY DUST AND AEROSOLS 

function 

present 
Status 

model 
uncertainty 

references 

No model is presently employed to simulate FP transport by dust and 
aerosols within the primary circuit for MHTGR design calculations. 

Current models assume that FP are transported within the coolant as gas 
atoms (Myers, 1988). As such, no models for FP transport by dust or 
aerosols within the primary circuit are presently used in U.S. design 
calculations. A German model has been developed for the effects of dust 
on FP transport. 

The effects of dust and aerosols are frequently mentioned as a potentially 
significant source of uncertainty in estimations of FP plateout and liftoff 
within the primary circuit (CEGA, 1990). This uncertainty remains 
unquantified because of the limited reactor-relevant data available. 

Wichner (1991); von der Deckcn et al. (1980); IAEA (1985); Craig (1975) 

DISCUSSION 

This discussion considers FP transpon by dust and aerosols within the coolant and 
primary circuit only. Models for transport within the reactor building are not considered 
here. 



Because no models of F'P transport by dust or aerosols within the primary circuit are 
presently used in design calculations in the U.S., a detailed exposition of the governing 
equations or phenomena involved will not be presented here. Rather, a brief introduction 
is provided to the source references which can serve as a starting point in future model 
development and data analysis. CEGA (1990) summarizes DDN 11.53 as follows. 'The 
presence of circulating and/or deposited particulate matter in the primary circuit of an 
HTGR may alter the plateout distributions in the primaxy circuit during normal operation 
and may increase the extent to which condensible radionuclides are released from the 
primary circuit during dry and wet depressurization transients. Consequently, the effects of 
dust on the transport of condensible radionuclides in the primary coolant circuit must be 
characterized ..." 
Database available for model development 

CEGA (1990) continues with a discussion of the current database. 'The available data 
on the effects of dust on radionuclide transport in the primary coolant circuit are largely 
from reactor surveillance measurements made at Peach Bottom, Dragon and AVR. 
However, the particulate matter in the primary circuits of the PB and AVR reactors is 
mainly carbonaceous so the relevance of these data is questionable for the MHTGR-NPR 
wherein a metal-oxide aerosol is more likely ..." 

'There are also British data on the transport of metal-oxide aerosols in AGRs, but no 
data on the effects of such aerosols on radionuclide transport. 

'Limited data are also available from the GA deposition loop program. In one test, 
a quantity of graphite powder was added to the out-of-pile loop, and the result was to alter 
the plateout distribution of the Cs-137 and Sr-90 and to increase significantly (>lox) the 
amount of liftoff observed in ex situ blowdown tests. 

"Finally, there is an extensive amount of open-literature data related to aerosol 
formation, transport, deposition, and reentrainment, but none relates directly to the 
conditions expected in the primary circuit of the MHTGR-NPR." 

Although the phenomena relevant to FP transport via dust and aerosols in the PC are 
known, major uncertainties arise from the lack of information on the quantities of dust and 
the particle size distnhtion expected in the MHTGR. Wichner (1991) has recently 
provided a comprehensive review of data and phenomena relevant to FP plateout and liftoff 
in the MHTGR PC system, and states that: "there is only sparse information available on 
dust types, quantities and other characterization data representative of real HTGR dust. 
Therefore, a fairly heavy reliance is placed here on the relatively comprehensive dust 
examinations conducted in the Peach Bottom, Core 2 Surveillance Program. Peach Bottom 
HTGR dust data tend to be discounted due to the sporadic lubricating oil ingresses during 
the early stages of Core 2 operation. However, dust formation mechanisms generally 
expected in HTGRs operated as well in Peach Bottom, and the oil ingress events are not 
sufficiently significant to warrant discarding the information, especially since there is very 
little else." Wichner also mentions dust data from the German AVR program, but that the 
dust levels arising from this pebble-bed design are much larger than expected for the 
prismatic MHTGR design. 



Myers (1991) comments briefly on ongoing work in the FRG: "In the evaluation of the 
AVR dust experiments, the activity of iodine on dust was found to be relatively high; iodine 
preferred to deposit on the readily mobilized dust." Information on the analysis of dust 
taken from the Fort St. Vrain HTGR is given in a report by Sparks et al. (1990). Craig 
(1975) provided a review of particulate behavior and relevant phenomena within HTGR 
primary coolant systems but did not address the associated FP transport. Additional non- 
HTGR information is available on the general behavior of dust and aerosols and the 
attachment of radionuclides. Wichner (1991) mentions safety studies in the LMFBR and 
LWR programs which consider FP transport via aerosols. In nonreactor applications, the 
increasing interest in radon as a radiological hazard has generated studies of the attachment 
of radon daughters to particles and aerosols. 

Several papers presented at the 1985 IAEA Specialists' Meeting on Fission Product 
Release and Transport in Gas-Cooled Reactors are relevant to dust and aerosol behavior. 
Garland et al. (1985) presented a paper entitled "Behaviour of Particles in a Commercial 
Advanced Gas-Cooled Reactor." Reed et al. (1985) presented a paper entitled 'The 
Variation of Particle Gas-Borne Concentration with Time in a Gas Cooled Reactor." 
Skyrme (1985) presented a paper entitled "Attachment of Gaseous Fission Products to 
Aerosols." 

Model develoument 

Wichner (1991) summarizes the current state of aerosol liftoff models as follows. 
"Particle liftoff has been one of the traditional difficult areas of 5uid mechanics for at least 
the past 50 years ... However, HTGR liftoff presents a unique set of circumstances which 
precludes a direct carryover from published studies. The HTGR situation is unique in that 
liftoff flows act on particles plated out under the high surface shear conditions existing 
during normal operation. In contrast, most studies involve either quiescently deposited 
particles or deposits formed under unspecified conditions." 

A brief but useful introduction to relevant phenomena and modelling of FP/dust 
behavior in HTGRs is given by von der Decken et al. (1980). hiotakis et al. (1984) 
implement this model into the FRG codes PATRAS and P A W - S ,  and some 
computational results for the influence of dust are presented in Figure 8.7.1. Iniotakis et al. 
(1984) summarize this study as follows. "Cuxve 1 refers to the case without dust, curve 2 to 
the case with dust. Curve 3 represents the amount of Cs-137 which is sticking on the dust 
particles which are themselves deposited on the surfaces. An adhesional distance yo = 300 
A and a particle radius of rp = 1 pm had been chosen. The circuit contamination in low 
temperature regions is significantly reduced through the presence of dust. This is due on 
one hand to a quasi-decontamination of the surface due to dust desorption and on the other 
hand through the binding of the depositable atomic cesium on dust in the gas phase. The 
overall influence of dust on the deposition of fission products is very complex. In addition 
to the size spectrum and nature of the dust particles, the mass flow and temperature 
dependences as well as the composition and morphology of the wall surface play an 
important part." 



Position in [ml d 

Fig. 8.7.1. Influence of dust on deposition of lnCs (PNP-500, HKV-loop, operation time 30 
years) (from Iniotakis et al., 1984). 
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ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

A program of model development would first consider the modelling approach 
employed by Iniotakis et al. (1984) and discussed in more detail in von der Decken et a]. 
(1980). This approach should then be compared to the discussion and analysis presented 
by Wichner (1991) and the references therein. The other references mentioned above can 
be reviewed for supplementary information. 

As of 1991, the codes TDAC and MELCOR were under consideration for modelling 
aerosol transport within the containment building. The modelling methodology used by 
these codes could be evaluated with respect to its relevance for aerosol behavior within the 
primary circuit.' 

DATABASE USED IN MODEL DEVELOPMENT 

The database relevant to model development can be obtained from the above- 
mentioned references and from additional references mentioned therein. 

8.8 UPDATE 

Preliminary testing of washoff of iodine from 2 1/4 Cr-1 Mo was performed and 
documented in the following report: 

Beahm, E. C., and W. E. Shockley (1991), "Fission Product Washoff from Structural Alloys: 
Preliminary Tests," Oak Ridge National Laboratory Report O R W R - 9 0 / 4 5 .  

This report should be reviewed for consistency with the contents of ~8.6. 
Very useful data will be obtained from the completion of the initial COMEDIE 

plateout and liftoff test. Those data have yet to be reported in detail, and the PIE of the 
loop and fuel components has yet to be completed. Although this test was designed as an 
integral validation test, it will provide valuable information on the accuracy of the 
plateoutniftoff modeis used for design purposes. Unfortunately, the COMEDIE experiments 
planned for validation of design methods for steamoff and dust effects will probably not be 
completed. 

~ 

'Barthold (1993) comments that the TDAC code does not model the formation and 
behavior of dust and aerosols, but requires a particle size to be input for the calculation of 
settling losses in the containment building. Additional depletion mechanisms are 
condensation and plateout in the building. TDAC converts all depletion processes into 
equivalent filter efficiencies. 





9.1 INTRODUCI'ION 

Because tritium is often more mobile and &%its behavior different than other fission 
products, tritium transport is often modelled differently. As an example, tritium can be 
produced through neutron capture by several materials other than fissile and fertile fuels, 
and only tritium raises concerns of escape by permeation through the primary circuit alloys 
during normal reactor operations. Sorption of tritium on graphite is modelled using an 
equation unlike that of other sorption model equations for fission products. For these 
reasons, and because of the importance of tritium behavior specific to the NP-MHTGR 
program, modelling of tritium behavior is included as a separate chapter of this compilation. 
Although tritium transport in target particles is of great relevance to the NP-MHTGR 
program, the associated models have not been presented in the open literature and are 
therefore not discussed here. 

Tritium can by produced by several neutron interactions, the predominant mechanisms 
being (Yang et ai., 1977): 

(1) ternary fission of the fuel, 
(2) neutron capture by 'He present within the helium coolant, 
(3) neutron capture by 6Li and 'Li present as impurities within the graphite or within target 

materials, and 
(4) neutron capture by '% present as control material. 

Gainey (1976) discusses in some detail each source of tritium. If target materials are not 
present, the largest source of tritium is the ternary fission of fissile materials. The fractional 
yield of tritium per fission has been estimated to be on the order of 1.0 x lo4 (Acharya, 
1988). Barthold (1993) comments that the tritium activity from these sources is low and the 
dose consequences even lower, impacting the requirements for tritium model accuracy. 

Because of the previous lack of emphasis on modeling of tritium behavior in the 
MHTGR, the following sections include much of the available data on tritium behavior as 
presented in the references. This inclusion should facilitate future model development and 
refinement. 

9.2 TRITIUM TRANSPORT IN INTACT FUEL PARTICLES 

function This model provides permeation coefficients for the transport of tritium 
through the kernel and coating layers, with the only temperature 
dependence for transport through Sic. 
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D = D o ~ ( - S )  

Particle component K, 
(m' s-') 

1 

Kernel 1.0 x lod 
Buffer 1.0 x lo4 

PyC layers 1.0 x lod 
Sic 4.7 x 1 o l S  

Do 
Q 
T = temperature (K), 
R 

= pre-exponential diffusion factor (m2 s-'), 
= activation energy (J mol-'), 

= ideal gas constant (8.314 J mol" K-'). 

Q 
(J mol-') 

0.0 

0.0 

0.0 

76,500 

The ratio Q/R is sometimes included as a single term in this equation. 

permeation coefficient: 
For tritium, FDDM/F recommends an analogous formulation for the effective 

K = KO e-QIRT (922) 

K 
KO 
Q = activation energy (J mol-'), 
R, T = defined as above. 

= effective permeation coefficient (m' s-'), 
= pre-exponential permeation factor (m' s-'), 

Permeation coefficients are often used to include any solubility effects in the diffusion-like 
formulation. Recommended values for KO and Q in the kernel and coating layers as 
recommended by FDDM/F are given in Table 9.21. FDDM/F comments that the "quantity 
K may be used in place of the diffusion coefficient in codes [COPAR] which use solutions 
of the classical diffusion equation to calculate transport." 

Table 9.2.1. Parameters for calculation of tritium permeation coefficients in particle kernel 
and coating layers, Eq. (9.2.2) (from FDDM/F) 
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Ranee - of validity 

The model is assumed to apply to all reactor temperatures and conditions. 
Experimentally, tritium retention was measured after 900 to 1400'C anneals on particles 
with burnups of 12 to 75% FIMA at irradiation temperatures of 850 to 1575'C, for kernels 
of UO, UC, and (Th,U)G. 

Assumutions 

FDDM/F references internal GA memoranda for these model parameters; therefore, 
only the following general assumptions can be inferred. 

1. 

2. 

The effects of the kernel and the buffer and PyC layers on tritium transport is 
insignrficant with respect to those of the Sic layer. 
The quantitative effects of neutron irradiation and in-reactor conditions on tritium 
transport are unknown; therefore, the transport parameters must be assumed to be 
independent of the irradiation and reactor conditions. 
Apparently the tritium transport experiments were conducted no later than the 1970s; 
therefore, the coating deposition techniques used in the 1970s must be assumed to 
result in diffusion coefficients and solubilities which approximate those of modem 
coatings. 

3. 

Uncertaintv 

The standard deviation in the release is stated to be 0.55 (FDDM/F). 

MODEL CHRONOLOGY 

FDDM/F references internal GA memoranda as the source for the model parameters 
listed in Table 9.2.1. These memoranda have not been reviewed by this writer; therefore, 
the logic and database used in the development of this model are unclear. F D D m  
presented a cuwe for experimental tritium retention in TRISO particles at the end of 
irradiation as a function of irradiation temperature, with Gainey (1976) mentioned as the 
reference. However, the data presented by Gainey is the same as that presented by General 
Atomic (1972). Thus, it seems conceivable that the model developed for FDDM/F may be 
based on a computational fit of an effective permeation coefficient through the Sic layer to 
this experimental retention curve based on early 1970s data, with the assumption that all 
other particle Components do not significantly affect the release of tritium. 

DISCUSSION 

Although the model presented in FDDM/F disregards the effects of the kernel and PyC 
layers on tritium transport, data does exist for the tritium diffusion coefficient through these 
components. In addition, independent measurements of tritium diffusivity and solubility in 
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Sic do exist. These data will be presented below to pennit future comparison with the 
reference model. 

Diffusion in UO, kernels 

Gainey (1976) reports a diffusion coefficient for tritium in UO,: 

72Wi450) T 
Dm2 (m2/s) = 3.7 x lod exp (- (923)  

Wheeler (1971) determined this diffusion coefficient by using single crystal U02 in the 
temperature range 500 to lOOO'C, and he reported the solubility of hydrogen in U02 to vary 
from 0.03 to 0.4 pg per gram of UOi the solubility of tritium should approximate that of 
hydrogen. With UCO predominantly composed of UO, one could assume the same 
diffusion coefficient in UCO as in UO, in approximating tritium diffusion in UCO kernels. 

Myers (1988) justifies the approach used by F'DDMIF for kernel release as follows. "All 
tritium formed in the kernel is assumed to be immediately released. This assumption is 
acceptable in regard to the regulatory limits on tritium release from the core since the 
fraction of exposed kernels is sufficiently small so that the absolute quantity of tritium 
escaping from the core in this manner does not exceed the limit or contri'bute to exceeding 
the limit." Whether t h i s  approach is too conservative for the specifics of the NP-MHTGR 
design is a question for future analysis. 

Diffusion in PvC lavers 

Gainey (1976) also reports a diffusion coefficient for tritium in pyrolytic carbon: 

Dryc (m*/s) = (0.07 i 0.058) exp ( - 3 8 7 )  # (924) 

but he mentions that PyC layers can be very effective in trapping tritium, apparently by 
chemisorption. 

Causey et al. (1979) irradiated lithium-coated PyC with neutrons, and the resulting 
tritons recoiled into the PyC for subsequent diffusion anneals. They report the diffusion 
coefficient for tritium in LTI PyC (obtained from General Atomic Co.) but note distinctly 
different results if hydrogen is added to the sweep gas. For pure helium, the diffusion 
coefficient is given by: 

134,OOO -(- RT ) ' DM (m2/s) = 4.4 x 10"O 

R = 8.314 J mol-' K'. 

However, with hydrogen added to the helium the diffusion coefficient became: 



These differing results "appeared to be caused by rate controlled tritium desorption from 
radial pores throughout the material. When tritium is recoiled into the samples, many of 
the tritons would be stopped on or very near pore surfaces. The diffusion coefficients 
measured when hydrogen was used in the sweep gas is postulated to be controlled by the 
isotopic exchange rate of hydrogen for tritium atoms chemisorbed on the carbon pore 
surfaces ... When hydrogen was not used in the sweep gas, the tritium release was controlled 
by the desorption rate of tritium atoms from the chemisorption sites ... It must be noted that 
because of these pores, neither of the Arrhenius relations for LTI pyrolytic carbon 
represents a true diffusion coefficient because tritium release may be controlled by the 
ambient surface conditions .'I 

Although the implantation of tritium into PyC in this experiment may affect the 
experimental diffusion coefficients compared to MHTGR conditions, the pronounced effects 
of surface conditions (oxidizing vs reducing atmosphere) is a variable relevant to tritium 
transport through the carbonaceous materials in the MHTGR core. Causey et al. (1979) 
also provide data on the solubility of hydrogenic species in laminar PyC, but the direct 
quantitative applicability of this data to LTI PyC is uncertain. In summary, the "solubility 
of deuterium in the laminar pyrolytic carbon was surprisingly high and showed a negative 
heat of solution ... The square root of pressure dependence for the solubility implies that the 
deuterium molecules dissociate as they enter the pyrolytic carbon." 

A suggestion from M. L Russell (1991) may provide additional information on the 
transport of tritium in PyC. Specific references are made to the work of R. A. Causey et 
al. (Eighth International Conference on Plasma-Surface Interactions, Jiilich, Germany, May 
1988; and articles in the Jomal of Nuclear MutenuLr) and to H. Atsumi et al. (articles in the 
Journal of Nuclear Materials). This work has not been reviewed by this writer, but future 
model evaluation should consider this additional information. 

Diffusion and solubilitv in the Sic laver 

Causey et al. (1978) measured the diffusion coefficient and solubility of tritium, 
deuterium, and hydrogen in several typcs of Sic. The Sic samples were recoil-injected with 
tritons, followed by isothermal anneals. For vapor-deposited &Sic samples (obtained from 
General Atomic Co.), the diffusion coefficient of tritium was reported to be: 

R = ideal gas constant (8.314 J mol" IC'). 

Here Causey et al. report an upper value of 3.41 x lo4 m2/s for the D, term in Eq. (9.2.7) 
and a lower value of 0.73 x lo4 m'/s, as determined by the standard deviation of In Do. 



Causey et al. (1978) also determined the solubility of deuterium in vapor-deposited B-Sic 
using the governing equation: 

with the result: 
S = 8.77~10'~ exp (~ 1559mR>149m) p0.61 (929)  

S = solubility (deuterium atoms per silicon atom), 
s o  = pre-exponential solubility factor (deuterium atoms per silicon atom), 
P = deuterium pressure (atm), 
a = exponential constant, 
Q* = heat of solution (J mol"), 
R, T = defined as above. 

In Eq. (9.2.9) the upper and lower limits on S, were reported to be 2.71 x 10' and 
2.85 x lo", respectively. The negative heat of solution results in reduced solubility of 
deuterium in SIC as the temperature increases. With respect to the range of validity of 
Eq. (6), the values of S,, and Q were determined for a deuterium pressure of 1 am, at 
temperatures from lo00 to 1400'C, and the exponent a was determined at 1200'C, using 
pressures from 0.02 to 1 atrn. The solubility of tritium can be expected to approximate that 
of deuterium, as their chemical behavior should not significantly differ. 

If surface effects are not rate-limiting for transport, the permeability, P, of tritium 
through the Sic layer can calculated as the product of the solubility and the diffusivity 
(Causey et al., 1978): 

P = DoSoexp[-  + Q, ] p0.61 . 
RT 

(9210) 

The pre-exponential terms are commonly combined into a single pre-exponential permeation 
factor, Po: 

Po = DOSO . (9211) 

To calculate the permeability in common units (atoms cm-' s-'), S, should be converted into 
units of tritium atoms cm-'. The rate of tritium permeation escaping the Sic layer is then 
given by: 

J = - ,  P 
d 

(9212) 

J = rate of mass transfer across the Sic surface (tritium atoms cm'* s-l), 
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d = thickness of the SIC layer (cm). 

Whether injection of tritium by recoil into the Sic affects subsequent measurements of 
diffusion (relative to reactor-like transport) is unknown. It should be noted that the 
experimental results for tritium diffusion and permeability discussed above do not appear 
to correlate with the model parameters for the tritium permeation coefficient in Sic as given 
in Table 9.2.1. As mentioned previously, this fact suggests that the model permeation 
coefficient in Sic may not be based on experimental data for transport in Sic but may 
instead be based on tritium release profiles from TRISO particles. 

Measurements of tritium release from TRISO Darticles 

The available data on tritium retention in the early TRISO particles at the end of 
irradiation is presented in Table 9.2.2, taken from General Atomic (1972). Figures 9.2.1 and 
9.2.2 show the tritium release from UO, and UC, particles during postirradiation anneals. 
In general, tritium retention decreases with higher irradiation and annealing temperatures 
and higher bumups, although quantitative models are difficult to derive because of the 
limited data available. Gainey (1976) summarizes the TRISO results: 

(1) UO, and UC, particles were only studied at high bumup (>60% FIMA) while 
(Th,U)C, particles were studied at low burnup (<2!5% FIMA), 

(2) tritium release exhiiited dependencies on burnup and irradiation temperature, and 
(3) tritium release is greatest for UO, intermediate for UC, and least for ("h,U)G 

(although inspection of the data would suggest that Gainey was here referring to 
retention rather than release). 

The qualitative conclusions which can be drawn from Table 9.2.1 and Figures 9.2.1 and 9.2.2 
will be quoted directly from General Atomic (1972) below. 

In the end-of-irradiation retention measurements, "the mIS0 coated ("h,u)q 
panicles, irradiated to 12 to 26% FIMA burnup, retained essentially all the tritium at 950°C, 
and the percentage of tritium retained decreased with fuel (irradiation) temperature. The 
TRISO coated UO, particles, irradiated to 60 to 75% burnup, showed similar behavior, [Le., 
high retention at low temperature (around 9oo'C) and decreasing retention with increasing 
temperature]. By comparison, the TRISO coated UC, particles appeared to be less effective 
in retaining tritium. 

"In general, the retention data ... indicate that tritium is highly retained in fuel material, 
even in fuel compacts containing failed particles, during irradiation to high burnup for up 
to 450 days at temperatures around W'C, and that the retention decreases with increasing 
temperature. inadiation, by the creation of sorption sites, may account, in part, for the high 
retention of tritium. 

T h e  total percentage releases of tritium from the TRISO UC, and TRISO UO, 
particles during the anneal experiments were 44 and 29%, respectively ... These release 
values, obtained in short-term experiments, are relatively high and would appear to be 
inconsistent with the low release (high retention) values observed for similar particles in the 
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Fig. 9.2.1. Release of tritium during anneal of TRISO-coated UO, particles 
(from General Atomic, 1972). 
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Fig. 9.2.2. Release of tritium during anneal of TRISO-coated UC, particles 
(from General Atomic, 1972). 
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long-term capsule tests ... The high release in the anneal tests suggests that the coatings were 
permeable to tritium. The irradiation effect, mentioned above, may account in part for the 
relatively low in-pile release." Not much can be added to this discussion until additional data 
become available on modem particles. 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

Predictions of tritium release using the model equation should be compared with 
predictions which use the experimental diffusion and solubility coefficients for kernel and 
coatings as presented in "Discussion" above. These results should be compared with the 
General Atomic (1972) data presented in "Database ..." below to determine whether the two 
approaches show any consistency. 

The data presented here should be scrutinized to determine if any approximate 
dependencies can be determined for irradiation temperature vs burnup effects on end-of- 
irradiation tritium retention, and if any approximate model can be developed for tritium 
release during postirradiation annealing as a function of annealing temperature and 
irradiation conditions. 

With this tritium transport data developed during the 197Os, a search of the scientific 
literature for newer data on tritium transport in kernel and coating materials and the effects 
of irradiation might be useful. Specifically, the recent references mentioned above for 
tritium transport in PyC should be evaluated. The greatest need is in experimental 
confirmation that tritium transport in present-day particles can be described by models 
derived from 20-year-old particles. 

DATABASE USED IN MODEL DEVELOPMENT 

Refer to Table 9.22 and Figures 9.2.1 and 9.2.2. 

93 TRITIUM RELEASE FROM FUNCTIONALLY FAILED PARTICES 

function This model provides a simple conservative estimate for fractional tritium 
release from particles with nonintact Sic layers, without functional 
dependencies. 

present 
Status 

Apparently a very conservative model is employed for tritium release from 
defective particles. Little is known about the origin or justification for this 
model. 

model 
uncertainty 

The source of the model is unknown, and whether any data exist relevant 
for model comparisons is unknown; therefore, the model uncertainty 
cannot be commented upon. 
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references Acharya (1978); Gainey (1976); General Atomic (1972) 

NORMAL OPERATING CONDITIONS AND ACCIDENT CONDITIONS 

Model eauations 

Acharya (1988) states that tritium is "completely released from failed particles and 
from particles with Sic coating defects. From this a model equation for tritium release from 
particles with failed or defective Sic layers under all irradiation and heating conditions is 
given as (FDDMF): 

(93.1) f = 1 . 0  , 

f = fractional release of tritium. 

Range of validitv 

The model is assumed to apply to all fuel temperatures and reactor conditions. No 
experimental range of validity for this equation can be presented without knowledge of what, 
if any, data exist upon which this model is based (see "Discussion" below). 

Assumntion 

The SIC layer is the only significant barrier to tritium release (i.e., no significant kernel 
retention, tritium solubility, PyC sorption or chemisorption occurs). 

Uncertainty 

There are "insufficient data to estimate the uncertainty in this value" (FDDM/F). 

MODEL CHRONOLOGY 

No historical development of this model is known, therefore it appears to be a 
deliberately overconservative prediction of tritium release based on limited data. 

DISCUSSION 

The only apparent data relating to tritium release from failed particles is reported by 
General Atomic (1972) and restated by Gainey (1976). A compact irradiated in fuel 
element D13-05 of the Peach Bottom HTGR core was measured for tritium retention. 
Apparently these "pyrolytic-carbon coated (Th,U)C, particles" were BISO particles, not 
TRISO panicles. These particles were determined to be 80 to 100% failed, but only 20 to 
30% of the tritium was released from the compacts. This retention data is given in 
Table 9.3.1, taken from General Atomic (1972). Irradiation conditions for this compact were 
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Table 9.3.1. Retention of tritium in Peach Bottom Compact No. 18, irradiated in fuel 
element D13-05 (from General Atomic, 1972) 

Sample 
Location 

Ru-106 T r i t i u m  T r i t i u m  Tritium 
Found Found Calculated Retained 

(8 1 (dp) (dPd (XI 

Upper middle 

Lower middle 

B o t t w  

9-14 

70 

74 

80 

1.8 x loo7 1 .4  lo7  2.0 10 7 

2.4 x lo’’ 2.0 x lo7  2.7 x 10 7 

1 . 3  loo7 1 . 2  lo7 1 . 5  10 7 



reported to be an irradiation time of 450 EFPD at an average temperature of 980'C, with 
a burnup of 40% and a thorium burnup of 2 to 3% (total % FIMA was not reported). 
As compact retention is not a direct measure of release from the Wed particles, a model 
suggesting 100% release may have been chosen to overcompensate for the lack of data. 

If this model is incorporated into any computer code, that code would be TRITGO. 
Achaxya (1988) comments on complete tritium release from failed particles, but notes that 
'Ithe contribution from the failed particles (5 x lo') and from Sic defects (5 x lo') is 
negligible as compared to the diffusive release of -5% from intact particles." From this it 
cannot be inferred that the model is formally incorporated into TRITGO. 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

The significance of tritium solubility in kernel and Sic and sorption on the PyC layers, 
as discussed in ~9.2, would need to be considered for a more realistic assessment of tritium 
retention in failed particles. 

DATABASE USED IN MODEL DEVELOPMENT 

Refer to Table 9.3.1. 

9.4 TRITIUM FROM B,C CONTROL MATERIAL 

function This model calculates the fractional release of tritium from B,C pellets as 
a function of temperature. 

present 
Status 

Data exists for tritium release from B,C pellets over a specific temperature 
range. The model equation approximates this data and extrapolates to 
100% release beyond the experimental range. 

model 
uncertainty 

The uncertainty of this model is quantified below, but requires comparison 
of the physical characteristics of modem B,C pellets with those used in the 
1970s. 

references Gainey (1976); Acharya (1988); Pitner et al. (1973) 

NORMAL OPERATING CONDITIONS A N D  ACCIDENT CONDITIONS 

Model eauations 

The fractional release of tritium formed in B,C is given by (FDDM/F): 
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(9.4.1) 

- 

Parameter Units Value Standard deviation 

a1 K 1  0.65 0.050 

a2 K1 -6.26 0.26 

10X31 K 11.6 0.60 

1@fL2 IC 8.87 0.10 
L 

i = l , 2  , (9.42) 

f 
a, = constant (IC'), 
T = temperature (K), 
T' 

= fractional release of tritium from B4C, 

= reference temperature, i = 1, 2 (K). 

Values for the parameters are given in Table 9.4.1. 

Ranee of validity 

Measurements of tritium release were made between 593 and 871'C. At those 
temperatures, release was above 80%. The release behavior at temperatures significantly 
outside that range has not been measured. Due to the limited data, the range of validity of 
the model must be assumed to cover all reactor temperatures and conditions. 

Assumutions 

1. The physical form of the experimental samples (B,C pellets) used in !he tritium 
release experiments is comparable to the form used in the MHTGR. 
2. The operating temperature range of B,C control material within the MHTGR 

approximates that of the experimental temperature range. 
3. The possible existence of a significant retentive regime for tritium in B,C at 

Table 9.4.1. Parameters for calculation of fractional release of tritium from B,C and 
uncertainties in the parameters [Eqs. (9.4.1) and (9.4.2)J (from F D D W )  

9-16 



temperatures below 593'C is not si@cant for the operating temperatures within the 
reactor. 

Uncertainty 

The uncertainty of the model is represented by the standard deviation in each of the 
model parameters as given in Table 9.4.1. The equivalence of the physical characteristics 
of modem B4C pellets with those used for model derivation in the 1970s has not been 
determined and could impact model uncertainty. 

MODEL CHRONOLOGY 

Models for tritium release from B4C control material are apparently based on the same 
data set [i.e., that reported by Gainey (1976)J. Although the model presented above is more 
detailed than that presented previously in FDDM/E, a source document which discusses 
derivation of this model is not referenced in FDDM/F. 

DISCUSSION 

Data presented by Gainey (1976) for tritium release from B,C pellets shows a minimum 
tritium fractional release of about 20% at approximately 760*C, with increasing release at 
hotter and colder temperatures. Tritium release between 80 and 85% was measured at 
temperatures of 593 and 871'C 

Details of the physical characteristics of the B,C pellets used in these experiments have 
not been determined at this time. The source reference for these experiments is Pitner et al. 
(1973). Determination of the similarity of these B4C samples to those used in the MHTGR 
should be made to assure the direct applicability of the experimental results. 

The experimental results from Pitner et al. (1973) as reported by Gainey (1976) are 
shown in Figure 9.4.1. The apparent temperature dependence of tritium retention in B4C 
pellets as determined by Pitner et al. (1973) is shown in Figure 9.4.2. 

Gainey (1976) summarizes the experimental results from Pitner et al. (1973): 'The 
results ... show between 20 and 80% of the tritium produced by the '%(n,2t~)~H reaction is 
retained, the amount being dependent upon a complex function of irradiation temperature 
but not the burnup level. This retention effect was thought to be due to the way in which 
tritium combined chemically with the B,C Annealing at temperatures well above the 
irradiation temperature was necessary to release tritium from the B4C pellets." 

Myers et al. (1985~)  mentioned the irradiation and inspection of wafers containing 
BISO-coated B4C particles. Only structural integrity of the particles was examined, and no 
information is presented relevant to this model for tritium release. 

Ln his analysis of tritium distribution in the MHTGR, Acharya (1988) mentions that in 
using "the FDDM correlation ... an estimate of about 5% release from intact particles can 
be arrived and was used in the analysis." 
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ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

The only data used in the development of this model was reported in 1973. The 
scientific literature should be reviewed to determine whether additional information on 
tritium behavior in B,C might be available. Confirmation should be made that modem B,C 
pellets are the same as those from which data was obtained. 

DATABASE USED IN MODEL DEVELOPMENT 

Refer to Figures 9.4.1 and 9.4.2. 

95 TRITIUM SORPTION ON THE COMPACT MATRIX MATE€WL 
AND GRAPHITE 

function 

present 
Status 

model 
Uncertainty 

references 

This model calculates the concentration of sorbed tritium on graphite 
above 650'C as a function of temperature, hydrogenhritium partial 
pressure, and fast neutron fluence. Below 650'C no tritium is sorbed. 

One model for tritium sorption on graphite has been presented without 
discussion. Apparently no model for tritium sorption on the fuel compact 
matrix material has been presented. As a first approximation, the model 
for sorption on graphite can also be applied to sorption on the compact 
matrix material. 

No discussion of the model is presented. The only statement regarding the 
uncertainty is that by Acharya (1988): 'The uncertainty in the sorption 
isotherms is expected to be large, since it is based on very meager data 
base." The model as presented applies to graphite, thus its application to 
the fuel compact matrix material may introduce significant additional 
uncertainty. 

Achaxya (1988); Gainey (1976); General Atomic (1972) 

NORMAL OPERATING AND ACCIDENT CONDITIONS 

Model equations 

Apparently the only model for tritium sorption on graphite that has appeared in the 
open literature is one presented by Acharya (1988) and attributed to B. F. Myers. No model 
for tritium sorption on the fuel compact matrix material has been located in the open 
literature. As a first approximation, the model for sorption on graphite can be assumed to 
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also apply to sorption in the fuel compact. Existing data which qualitatively Justify such an 
approximation are presented in "Discussion" below. 

Acharya (1988) presents the model equation for tritium sorption on graphite as: 
c * = o ,  T <  650°C , (95.1) 

Cj 
f 
P 
T 
T, 
u 
A, 
B = 2.6 x loB, 
yH 

= sorbate concentration in irradiated graphite (Units not stated, see below), 
= fast fluence (n m-9, 
= partial pressure of hydrogen and tritium (Units not stated, see below), 
= temperature (units not stated, see below), 
= reference temperature (value and Units not stated, see below), 
= constant (value and units not stated, see below), 
= 1.38 x 1d ~ ~ ' ( s T P )  m-* torr", 

= annealing factor (dimensionless), given by: 

1 - 
Y E  - O.W39(T- 1423) l + c  

(953) 

The unit of temperature for Tin Eqs. (9.5.1) and (9.5.2) is not stated by Acharya (1988), but 
it can be assumed to be Kelvin by standard usage (and thus the constant u would have units 
of IC'). The unit of pressure is not stated by Acharya (1988), but can be inferred to be torr. 
The unit of concentration is also not stated; the units for A, would suggest the tritium 
concentration is given in cm3(STP) of tritium gas per m2 of surface area, but this inference 
needs to be verified. No values for T, or u in Eq. (95.1) are given by Acharya (1988). 
Approximate values might be inferred from the statement that one expects the "onset of 
desorption at about 1500 IC." In addition, the similarity of form between Eq. (9.5.3) and the 
denominator of Eq. (9.5.2) suggest the value of 1423 K might be appropriate for T,. 
Whether a value of 0.0439 K 1  can be ascnied to CI will not be speculated upon until this 
model equation and related data have been evaluated in more detail. 

Ranee of validity 

Without analysis of the source data, no experimental range of validity can be ascnied 
to this equation. Lack of information on the model requires an assumption that the model 
is applicable over all reactor temperatures and conditions. 
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Assumutions 

As stated by Acharya (1988), the following assumptions were used in the derivation of 
this model: 

1. 
2. 
3. 
4. 

No tritium sorption on graphite ocms below 650.C. 
Temperature-dependent sorption occurs above 650'C. 
Sorption is a function of the fast fluence, with sorption increasing with fluence. 
Desorption comes into play at about 1223'C. 

In addition: 

5. Tritium sorption in the fuel compact matrix material will approximate that in the 
graphite. 

MODEL CHRONOLOGY 

No model of this effect has been located in any open-literature reference prior to 
Acharya (1988). Acharya provides no firm reference upon which the above model is based, 
thus its development cannot be commented upon. FDDME suggests a very simple and 
conservative model equation for tritium release from graphite with none of the dependencies 
suggested in the above model, and does not discuss tritium sorption on the compact matrix 
material. FDDMF does not comment on or present a model for tritium sorption on 
graphite or compact material. 

DISCUSSION 

Model discussion 

The only statement regarding this model is given by Acharya (1988) and is quoted 
below in full: 'This isotherm developed by Myers, assumes no sorption at temperatures 
below 650*C, fluence dependence of sorption, with sorption increasing with increase in 
fluence and onset of desorption at about 1500 K Because of the last assumption no 
desorption will take place in the MHTGR, since graphite component temperatures will not 
exceed 1500 K during normal operation. In other words once H-3 (tritium] is sorbed on to 
the graphite surface, it will not desorb even if the temperatures change in the graphite 
components during normal operation of the MHTGR." 

Tritium release from erauhite and comuact materials 

To compare the model equation for sorption in graphite to experimental data of 
sorption in the fuel compact material, reference must be made to the results of tritium 
release from fuel element D13-05 irradiated in the Peach Bottom HTGR core (Gainey, 
1976). This compact apparently contained BISO (Th,U)C, particles which were 80 to 100% 
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failed. Measurements indicated only 20 to 30% of the tritium was released from the 
compacts. This data was given previously in Table 9.3.1. The compact was irradiated at an 
average fuel temperature of 980'C. 

Another statement which might provide information against which this model could be 
compared was provided by Gainey (1976), based on unpublished work by T. S. Elleman: 
"Elleman's results ... indicate that about 20% of the tritium produced could be permanently 
held in the graphite structure." Gainey goes on to discuss other work in tritium retention 
and release from graphite. He mentions work at KFA and HRB, and that 'XFA explained 
their results by assuming that a combined diffusion/desorption mechanism was responsible 
for the release. They considered chemisorption and molecule dissociation at the graphite 
surface and absorption and diffusion into the graphite bulk." Results from this work are 
presented in Figure 9.5.1, taken from Gainey (1976). Other results for hydrogen desorption 
from another type of graphite are presented in Figure 95.2, again taken from Gainey (1976). 
Gainey also speculates that the known reaction of graphite with hydrogen could provide an 
additional retention mechanism for tritium in HTGRs (although gaseous methane is stated 
to be the principal product). 

Chemisomtion on PraDhite 

In another section Gainey (1976) discusses tritium removal from the coolant system by 
chemisorption on graphite, and presents the available data as of 1976. The following quotes, 
figures, and tables are taken from Gainey (1976). 

"It is known that both tritium and hydrogen can be chemisorbed onto graphite at high 
temperatures. However, only one set of measurements has been made in the temperature 
range of interest for HTGR operation. No information is available on the influence of 
neutron flux and irradiation upon the sorption properties of tritium on graphite ... it might 
be expected that a radiation field would ... increase the amount of chemisorption. 

"Out-of-pile measurements made on A-3 graphite at HRB showed that tritium 
chemisorption increases with temperature and time. Further, the BET surface of the 
graphite also gradually increased [Table 95.1 from Gainey (1976)) The temperature 
dependency of tritium chemisorption is shown in Fig. 9.5.3 (Gaincy, 1976). In another test, 
a 6-cm graphite 'pebble' was equilibrated at 873'K for 100 hr with helium containing 570 
dps/cm' (STP) helium (1.54 x lo-* pCi tritium/cm3 (STP) helium]. The tritium concentration 
profile through the graphite sphere is shown in Fig. [9.5.4]. A comparison of these results 
with the tritium concentration observed in graphite balls from the [German] AVR indicates 
that a much larger chemisorption of tritium occurs at reactor operating conditions ... 

*'Measurements made on Graphon, a graphitized carbon black, and on nuclear-grade 
graphite type TSP are given in Figures [9.5.5] and (9.5.61. The results are limited to below 
873'K and a pressure of 67 Pa (6.7 x lo4 aun). It is important to notice that tritium and 
hydrogen chemisorption both increase with temperature. 

'The kinetics of chemisorption of hydrogen on carbon and graphites is complex. Barrer 
and Rideal ... established that at about 873'K the rate of chemisorption of hydrogen on 
carbon changed from an exponential dependence upon temperature to a square root 
temperature dependence. This indicates that the diffusion of hydrogen to inner graphite 
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Fig. 9.5.2. Elovich plot of hydrogen desorption from nuclear graphite (TSP) at different 
temperatures (from Gainey, 1976). 
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Table 9.5.1. Tritium sorption on A-3 graphite at 873 and 1073 K (from Gainey, 1976) 

Adsorbed Exposure 
Timc Temp Amount 
(hr) (OK) (MW g 1 
0 873 0.47 
4 0.63 

0.87 
12.5 973 1.2s 

1.41 

24 873 1.44 
1.55 

I! 7 873 1.76 
2.67 

96.5 8 73 2.57 
2.93 

168 87 3 4.12 

190 873 5.2 
6.42 

333 873 10.0 
20.6 
23.3 
24.3 

10 1073 ' 1.7 
1.8 

24 1073 2.2 
2.2 

49.5 1073 3.6 
4.4 

120 1073 5.1 
5.2 

300 1073 11.5 

B f i  After 
Loading 
(m2/g) 

0.85 

1 . 1-1.5 
2.1 

6-8 

1 .a 

1.8 

1.7 

2.4 
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Fig. 95.3. Temperature dependence of tritium sorption on A-3 graphite 
(from Gainey, 1976). 
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Fig. 9.5.4. Tritium concentration profile through an AVR graphite sphere 
(from Gainey, 1976). 
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Fig. 9.5.6. Sorption of hydrogen on TSP nuclear graphite between 1100 and 1770 K 
(born Gaincy, 1976). 
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surfaces is slower than the rate of chemisorption and therefore is rate limiting in this 
temperature region. 

"In summary, the mechanisms by which tritium is held in graphite are poorly 
understood. Unfortunately, because so little information is available, it is not possible to 
incorporate tritium retention by graphite (or control materials) into model calculations. 
However, graphite could prove to be a very significant sink for tritium under reactor 
operating conditions ...I1 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

More hard data needs to be located, if possible, for the sorption of tritium on graphite 
to permit comparison with the quantitative predictions of the model, and to confirm an 
approximate value for a in Eq. (9.5.2). For present purposes, the data presented in Figures 
9.5.5 and 9.5.6, might be compared to the model to test their consistency, as well as verifying 
the inferred units of sorbed concentration in Eqs. (9.5.1) and (9.5.2). 

After an appropriate value for a is determined, the Peach Bottom compact retention 
data can be compared to model predictions for the sorption of tritium on the compact 
matrix material and to determine the validity of applying the graphite model to the compact 
matrix material. 

No comprehensive review of tritium behavior has apparently been undertaken since 
Gainey's report in 1976. Some review of the scientific literature with respect to tritium 
behavior in graphites might provide data not presently assimilated into the MHTGR 
database. Specifically, a suggestion from M. L Russell (1991) may provide additional 
information on the interaction of tritium with graphite. Specific references are made to the 
work of R. A. Causey et al. (Eighth International Conference on Plasma-Surface 
Interactions, Jiilich, Germany, May 1988; and articles in the J o m Z  of Nuclear Maferiak) 
and to H. Atsumi et al. (articles in the J o m Z  of NuCrear Materials). This work has not been 
reviewed by this writer, but future model evaluation should consider this additional 
information. 

DATABASE USED IN MODEL DEVELOPMENT 

Refer to Table 9.5.1 and Figures 9.5.1 through 9.5.6. 

9.6 TRITIUM TRANSPORT IN THE COMPAa MATRIX MATERIAL 
AND GRAPHITE 

function This model provides a simple approximation for the rapid distribution of 
tritium within the fuel compact and graphite without functional 
dependencies. 
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present 
status 

Apparently only a very simple model for tritium transport in graphite has 
been previously presented (FDDM/E), and no model has been presented 
for transport in the compact matrix material. A model can be suggested 
here in analogy with the model for metallic FP transport through the 
compact and graphite, consistent with d t h g  computational methodology. 

model 
uncertainty 

Because this trmsport model depends on the model for sorption on 
graphite whose level of uncertainty is expected to be large, the uncertainty 
of th is  transport model must also be considered significant. 

references Acharya (1988) 

NORMAL OPERATING AND ACCIDENT CONDITIONS 

Model eauations 

Because only limited data is available for tritium behavior in the compact matrix 
material and graphite, a simple model can be postulated which assumes rapid and uniform 
dispersion of the tritium throughout the compact and graphite structure at all times: 

C(x) 

E 
= tritium concentration at position x within the fuel compact and/or graphite 

structures (arbitrary units), 
= average tritium concentration throughout the fuel compact and graphite 

structures (arbitrary units). 

By assuming this concentration to represent the surface concentration at the graphite/coolant 
interface, the sorption isotherm presented in ~ 9 . 5  can be adapted to the methodology 
presented in ~ 6 . 8  for transport across the interface into the coolant. The time-dependent 
balance between this rate of tritium loss to the coolant and the tritium source term within 
the core materials will provide the time-dependent average concentration throughout the 
compact/graphite structure. Because of the assumption of identical sorption isotherms for 
compact matrix material and graphite, tritium flow across the compact/graphite interface 
does not require calculation. 

For example, at coolant interface temperatures above 650'C some fraction of tritium 
will be sorbed (S9.5) and the vapor pressure at the interface will determine the rate of 
tritium flow into the coolant. At temperatures less than 650'C the tritium should be rapidly 
released into the coolant. 
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Ranee of validity 

This model is assumed to be valid Over the range of the sorption model presented in 
~ 9 . 5  (i.e., over all reactor temperatures). The lack of experimental data prevents a more 
realistic range of validity based on experimental results. 

AssumDtions 

The assumptions listed in ~ 9 . 5  and S6.8 apply to this model. In addition: 

1. 
2. 

3. 

The sorption isotherm presented in s9.5 is accurate. 
Diffusion of tritium within the compact matrix material and graphite structures is 
insignificant. 
The average tritium concentration throughout the compact/graphite structure is 
representative of that at the coolant interface. 

Uncertainty 

The uncertainty in the model cannot be quantified due to lack of data. Refer to the 
comments in "model uncertainty" above. 

MODEL CHRONOLOGY 

The statement of "Model Chronology" in s9.5 is applicable here. 

DISCUSSION 

This model is presented as a simple approximation to provide some modelling approach 
where little or none previously existed. This model should be analyzed and refined in the 
future as needed. The limited data on tritium release from graphite presented in S9.5 
should be analyzed with respect to the sorption model. Such an analysis might allow 
information on the transport process itself to be inferred (e.g., diffusive transport vs 
instantaneous release). The only statement located which directly reflects on the method 
of transport is given by Gaincy (1976): data for tritium release from lithium-containing 
graphite as a function of temperature "imply that tritium release from graphite is a diffusion- 
limited process since the release is proportional to the square root of time." These results 
are shown in Figure 9.6.1, taken from Gaincy (1976). For tritium which is produced from 
lithium impurities within the graphite, the fission recoil would be expected to implant the 
tritium atoms into the graphite structure, and subsequent diffusive release would be required. 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

The considerations mentioned above in s9.5 also apply here. Modelling of tritium 
release from graphite and fuel compacts analogous to that for metallic FP seems reasonable 
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Fig. 9.6.1. Tritium release isotherms from annealed/irradiated graphite probes 
(from Gainey, 1976). 
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(i.e., representation of transport phenomena as a combination of sorptive and diffusive 
mechanisms). Some quantitative separation of the effects of sorption and transport are 
required, if such insight is possible from the limited database. For example, is the 
assumption of instantaneous transport of tritium throughout the compacts and graphite 
reasonable? Such questions may be difficult to answer considering the available data. 

DATABASE USED IN MODEL DEVELOPMENT 

Refer to, Figure 9.6.1. 

9.7 TRITIUM PERMEATION IN S E A M  GENERATOR TUBES 

function This model calculates the rate of tritium permeation through steam 
generator tube alloys as a function of the tritium concentration in the 
coolant, concentration gradient across the tube, tube wall thickness, and 
temperature. 

present 
StatllS 

'The present data base on tritium permeation is incomplete and shows a 
pressure dependence and a strong effect of surface films that are not 
understood" (CEGA, 1990). 'The effects of impurities in the coolant and 
of an uxide layer on the coolant side of the tubes have not been 
determined" (Myers, 1988). There is "relatively little information available 
on the temperature and pressure region of interest for HTGRs" (Gainey, 
1976). However, considerable data and theory exist which have not been 
considered for model development, including that for hydrogen and 
deuterium permeation. 

model 'The uncertainty is estimated to be 6" (Myers 1988). 
uncertainty 

references Yang et al. (1977); F D D W ,  Gainey (1976); Le Claire (1981-1983) 

NORMAL OPERATING CONDITIONS AND ACCIDENT CONDITIONS 

Model eauations 

The tritium permeation rate through steam generator (SG) tubes is described by the 
model equation (FDDW): 

(9.7.1) 
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(9.72) 

Alloy 

Incoloy 800 

T-22 (SA-387) 

tritium permeation rate (pCi mT2 h-') 
constant (m mm h-'), 
tritium concentration on coolant side of tube (pCi m-3, at STP), 
reference tritium concentration on coolant side of tube (pCi m-3, at STP), 
tritium concentration gradient across the tube wall (pCi ms mm"), 
wall thickness of the SG tube (mm), 
activation energies (J mol"), 
temperature (K), 
ideal gas constant (8.314 J mol-' IC'), 
constant (dimensionless). 

P O  cr, n0 Q QO 

(J mol") (J mol-') (m mm h-') (pCi m", SIT)' ' )  
1 

9.10 600 0.935 53,500 2,290 
1.42 600 0.935 42,000 2,290 

Values of the parameters to be used for calculations of tritium permeation through 
Incoloy 800 and T-22 alloys are given in Table 9.7.1, as listed in FDDM/F. Note that T-22 
alloy is also referred to as SA-387, and these labels can be used interchangeably; T-22/SA- 
387 is generally represented as 2-1/4 Cr-1 Mo alloy (Gainey, 1976). 

Ranee of validity 

Based on the limited database, the model is assumed to apply over all expected 
operating conditions of the reactor. The experimental data were obtained using Incoloy 800 
and low carbon steel alloys with oxide layers on the steam side of the tubes and tritium 
source concentrations of 600 pCi/m3 and 10' pCi/m3 (STP) in helium with impurity 
concentrations listed in Table 9.7.2. (The impurity concentrations referred to in F D D M  
correspond to those for the lo' pCi mm3 tritium source in Table 9.7.2.) The Incoloy 800 had 
a tube wall thicknesses of 3.175 mm and permeation was measured from 400 to 700'C. The 

Table 9.7.1. Parameters for calculation of tritium permeation in steam generator tubes, 
Eq. (9.7.1) (from FDDM/F) 

(a) FDDM/F mentions units of pCi/cm3; comparison with Yang et a]. (1977) indicates units 
of pCi/m3 are correct. 
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Table 9.7.2. Characteristics of the tritium sources used in tritium permeation tests on Peach Bottom steam generator tubes 
(from Yang et al., 1977) 

Tritium e p e c i f i c  a c t i v i t y  
(uti /m3) \e w 

4 Impuritiee (0,101 Pa or 
m icroa tm) 

"2 

N2 

C H 4  
co 

c02 

H2° 

O 2  

~~~~ ~ ~ 

Simulation O F  Peach Bottom 
Coolant 

In Reactor a t  
2 . 3 3 0  x lo6 Pa 
or 23 atm 

Operating Pressure 
2 5.8 x 10 

2 30 

23 

23 

12 

2.3 

0.23 

0 

Source 
Prepared 

2 6 x 10 

200 

27 

22 

1 1  

2.7 

c1 

< O .  5 

- 
Simulation of Large IlTGR 

Coolant 

In  Reactor a t  
5.065 x lo6 Pa 

or 50 atm 
Operating Pressure 

4 1 x 10 

1500 

50 

50 

50 

5 

5 

0 

Source 
Pr e par ed 

4 1 x 10 

1450 

54 

50 

48 

5 

5 

c0 .5  



low carbon steel alloys had tube thicknesses of 3.15 mm and permeation was measured from 
221 to 352'C. 

Assumutions 

1. 

2. 
3. 
4. 

Tritium permeation through T-22 alloy is comparable to that measured through the low 
carbon steel. 
The tritium permeation rate varies linearly with the source concentration. 
The tritium concentration on the steam side of the tubes is assumed to be zero. 
Variations in the impurity contents of the reactor coolant from those of the 
experiments will not significantly affect the tritium permeation rate. 

Uncertainty 

The uncertainty is presented in FDDM/F as the standard deviation in the natural 
logarithm of the permeation rate. The reported uncertainty values are the same for both 
Incoloy 800 and T-22: 

a(iIlP> = 1.1 . (9.73) 

MODEL CHRONOLOGY 

FDDM/E used the phenomenological model equation and parameter values as provided 
by Yang et al. (1977) (see "Discussion" below). FDDM/F revised this model equation to 
incorporate additional experimental variables and detail, but the revision is apparently also 
based on the original data of Yang et al. (1977). FDDM/F lists the source reference for this 
revision as an internal GA memo which has not been reviewed by this writer. 

DISCUSSION 

The design needs for this model parallel the data needs as summarized in DDN 11.54 
of CEGA (1990): "Correlations describing the permeation of tritium through Alloy 8OOH and 
T22 (2-1/4% Cr 1% Mo steel) as a function of temperature, H' partial pressure, system 
pressure, coolant impurity concentrations and tube surface state. The effects of thermal 
cycling ... also must be determined." 

The model equation provided in F D D W  provides more detailed dependencies of 
tritium permeation on experimental parameters than that suggested in the reference 
document of Yang et al. (1977). For analysis of their data, Yang et al. used the 
phenomenological permeation equation: 

p = p e , - Q / R T  , (9.73) 

P 
P, 

= tritium permeation rate (pCi m-2 h-'), 
= pre-exponential factor (pCi m-2 h-'), 
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and all other terms defined as above. 

Although more detailed, the FDDM/F model equation includes dependencies for only 
temperature and tritium concentration in the coolant. The effects of coolant impurity 
concentration, tube surface state, and thermal cycling are not considered by the model 
equations. 

One limitation of the data is the low level of impurity concentrations in the experiments 
(Table 9.7.2) compared to those expected in the MHTGR. The coolant impurity levels 
listed in CEGA (1990) are 126 patm H,O, 315 patm CO, 126 patm CO, and 630 patm H2 
Except for Ha these impurity concentrations are one to two orders of magnitude greater 
than those listed in Table 9.7.2. 

The permeation data presented by Yang et al. (1977) is summarized in Tables 9.73 
through 9.7.5. In these tables, the Incoloy 800 samples are identified by the prefix SU under 
Sample Designation and the low carbon steel alloys are identified by the prefix EC. Details 
on the two simulated helium coolants (Peach Bottom and Large HTGR) were presented in 
Table 9.7.2. Figures 9.7.1 and 9.7.2 (from Yang et al., 1977) are graphs of the data for the 
low carbon steel alloy for different surface conditions (tritium source of 600 pCi m-3 STP). 
Figures 9.7.3 and 9.7.4 (Yang et al., 1977) are graphs of the data for the Incoloy 800 alloy 
for different surface conditions (tritium source of 600 pCi m" STP), while Figures 9.7.5 and 
9.7.6 (Yang et al., 1977) show the effect from two different tritium source concentrations for 
various surface conditions. 

Gainey (1976) shows additional data for the effects of temperature and hydrogen 
pressures on hydrogen permeation through low carbon steel and T-22 from work by Yang 
and coworkers, which is reproduced in Fig. 9.7.7, and comparable data for hydrogen 
permeation through Incoloy 800 as shown in Fig. 9.7.8. Analogous data obtained by 
H. D. RUhrig and coworkers for Incoloy 800 are presented by Gainey (1976) are reproduced 
in Fig. 9.7.9. Gainey compares the work of Yang et al. with that of Rahrig et al. and 
comments that where "a comparison of these results is possible (873' and 973'K), good 
agreement is observed at hydrogen pressures below 133 Pa (1 torr). Above this pressure, 
the Germans report higher permeation rates." 

Gainey (1976) presents additional ORNL data (attriiuted to R. A. Strehlow and 
H. C. Savage, NKCL TechnoL 22 (1974) 127) for deuterium permeation through several 
unoxidized and oxidized metals and alloys including Incoloy 800 and T-22; this data is 
reproduced in Table 9.7.6. Gaincy also presents information and figures descniing the 
effects of oxidation and coating thickness for hydrogen and tritium permeation through 
Incoloy 800. Figure 9.7.10 is attniuted to unpublished data of T. S. Elleman at GA, and 
Figs. 9.7.11 and 9.7.12 are attniuted to H. D. Rahrig et al. Finally, Gainey comments on 
the variation of tritium concentration in the helium coolant with respect to the background 
hydrogen, water, and methane concentrations in the Dragon, Peach Bottom, and AVR 
reactors. More discussion can be obtained in Gainey (1976) for consideration in model 
evaluation. 

A very useful compilation of data and theory for the permeation of hydrogen and its 
isotopes was written by Le Claire (1981, 1982, 1983). Briefly, Table 9.7.7 summarizes other 
permeation data for Incoloy 800, and Table 9.7.8 summarizes data for several ferritic alloys. 
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Table 9.7.3. Tritium permeation rates of as-received Peach Bottom samples(') 
(from Yang et al., 1977) * 

T e s t  
No. 

3 
4 
5 
6 
8 
9 

10 
11 

15 
16 
17 

18 
19 
20 
21 

22 
23 
24 
25 
26 

Sample 
Designation 

SU- 1-6 

SU-0-6 

EC- 1-87 

EC-O- 7 6 

Ev- -2 

Tempera t u r  e 
(K) 

673 
773 
873 
973 
67 3 
773 
873 
973 
4 94 
564 
625 

493 
566 
563 
623 

563 
5 23 
573 
634 
694 

~~ 

(b) T r i t i u m  Permeation Rate 
(uCi / rnZ .  h r  1 

( a ) A l l  tests vere c a r r i e d  ou t  wi th  simulated Peach Bottom 
helium coolant  o u t s i d e  t h e  tubular  sample ( t o t a l  p re s su re  = 
1.013 x 105 Pa o r  1 atm) and helium-steam mixture  i n s i d e  ( t o t a l  
pressure - 1.013 x lo5 Pa o r  1 am, steam pressu re  = 6.66 - 
8.00 x l o 4  Pa or  500 - 600 t o r r ) .  
coolant has a tritium a c t i v i t y  of 6 x 102 uCi/Std m3 and 
impurity p a r t i a l  p re s su res  ( I n  0.101 Pa o r  microatm) of H2 
200, CO 11, N 2  27, C02 2.7, CH4 22, H20 <1, 02 < 0 . 5 .  

of the  e f f e c t i v e  su r face  area of t h e  sample. 
parentheses r ep resen t  a n  exponent of 10. 

extended tritium c o l l e c t i o n  t h e  (16 hours versus  2 hours 
for  the  o the r  measurements). 

The simulated Peach Bottom 

(b)The tritium permeation rate is ca lcu la t ed  on t h e  b a s i s  
The numbers i n  

("The t h i r d  measurement was ca r r i ed  out  by using an  
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Table 9.7.4. Effect of surface films on tritium permeation rates of Peach Bottom steam generator samples(’) 
(from Yang et al., 1977) 

Test 
No. 

27 
28  
29 
30 

31 

32 

c. 33 

37 

38 

39 

4 0  

4 1  
49 

50 
51 

62 

63 

Sample 
Designation 

EC-0- 7 6 

EC-0- 7 6 

EV-1-2 7 

EV- 1-26 

EV-1-26 

EV- I- 26 

Surface Condition 

Coolant-side f i lm removed 

Coolant-side and steam-side f i lms  both 
removed 

Coolant-side and steam-side f i lms  both  
removed 

Steam-side f i lm restored 

Coolant-side surface cleaned further by 
polishing; steam-side f i lm i n t a c t  

Coolant-side surface  removed 1 m i l  
mechanically; steam-side f i l m  i n t a c t  

Temperature 
(K) 

493 

493 

563 
630 

51 3 

562 

628 
631 

692 

693 

69 3 
63 3 
633 

693 

57 3 
57 3 

69 3 

Tritium Permeation Rate 
(Wi/m2 hr) 

2.06 (01, 1.92 (0) 

6.32 (-2)* 9.09 (-2) 

8.6’3 (-2). 9.28 ( -2)  

2.64 (-2)* 2.66 (-2) 

2.53 (-2),  2.83 (-2) 



Table 9.7.4. (continued) 

T e a t  
NO 

5 2  
5 2 8  

5 3  

5 4  
5 5  rD 

w A 

56 
57 

Sanp 1 e 
D c m l g n a t t o n  

SU-1-6 

- 6  

SU-1-6 

su- 

S u r f a c e  C o n d f t l o n  

C o o l a n t - s i d e  f i l m  removed 

3e and  s t e a m - s i d e  f i l m s  bo Coo lan t - e  
removed 

h 

Steam-s ide  E i l m  r e s t o r e d  

Tempera tu re  
(K) 

7 7 3  

7 7 3  

87 1 

97 3 

67 3 

87 3 

87 3 

f r i t i r i m  P e r m e a t i o n  Rate 
(pc i /m2,  Iir) 

6.63 ( -1 ) .  6 . 3 3  (-1) 

2.92 ( -2) ,  2.64 (-2) 

(a )Measurements  were made w i t h  t h e  same s i m u l a t e d  Peach  Bottom h e l i u m  c o o l a n t  o u t s i d e  t h e  
t u b u l a r  s a m p l e  (a t  1.013 x lo5 Pa or 1 atm p r e s s u r e )  a s  t h a t  u sed  f o r  t h e  ineasurements  shown i n  
T a b l e  5-1. For cases where o n l y  t h e  h e l i u m - c o o l a n t - s i d e  f i l m  was removed,  t h e  i n s i d e  of t h e  
sample  war exposed  t o  a m i x t u r e  of h e l i u m  p l u s  steam ( t o t a l  p r e s s u r e  = 1.013 x 105 Pa or 1 atm, 
steam p r e s s u r e  = 6.66 - 8.00 x 104 Pa or  500 - 600 t o r r ) .  For cases where  b o t h  t h e  c o o l a n t -  
s i d e  f i l m  and  t h e  s t e a m - s i d e  f i l m  were removed, t h e  i n s i d e  of t h e  sample  was exposed  o n l y  to  
lie1 ium.  

v e r s u s  2 h o u r a  €01: t h e  o t h e r  measu remen t s ) .  
(b )The  m e a s u r i n g  was c a r r i e d  o u t  by u s i n g  a n  e x t e n d e d  t r i t i u m  c o l l e c t i o n  time (16 h o u r s  



Table 9.7.5. Tritium permeation rate of Peach Bottom superheater samples from LHTGR helium coolant(') 
(from Yang et al., 1977) 

T e s t  
No. 

4 2  

4 3  
44 

4 2  
w P 46 

58 

59 

60 

61 

~~~~ ~ 

Sampl e 
D e s i g n a t i o n  

SU-0-6 

SU-1-6 

S u r f a c e  C o n d i t i o n  

As-received,  a f t e r  
T e s t  No, 11 

C o o l a n t - s i d e  f i l m  
removed, a f t e r  
Test No. 57 

Temper a t u t  e 
0;) 

67 3 

773 

873 

973 

97 3 
673 

773 

87 3 

97 3 

T r i t i u m  Pe rmea t ion  Rate 
(uCi/m2, tir) 

6.20 ( - 1 ) .  6.62 ( -1 )  

2.89 ( 0 ) .  2.94 ( 0 )  

9.23 ( O ) ,  9.23 ( 0 )  

1 . 4 2  (11, 1.57 ( 1 )  

1.84 (1). 1.32 ('1) 

8.92 ( -2 ) .  1.00 (-1) 

1.91 (-1), 2 .24  (-1) 

3.09 (-11, 4.15 ( - 1 )  

1.20 ( 0 ) .  1.24  (0) 

(a)Measurements were made w i t h  s i m u l a t e d  large HTCR he l ium c o o l a n t  o u t s i d e  t h e  t u b u l a r  
sample a t  (1.013 x 10 5 Pa or 1 atm p r e s s u r e )  and he l ium p l u s  steam ( t o t a l  p r e s s u r e  - 
1.013 x 105 Pa or 1 atm, steam p r e s s u r e  - 500 - 600 t o r r ) .  
c o o l a n t  has  a t r i t i u m  a c t i v i t y  o l  1 x l o4  p C i / s t d  m3 and i m p u r i t y  p a r t i a l  p r e s s u r e s  ( i n  
0.101 Pa or microatm) of H2 1450, N 2  54, CI14 50, CO 50, C 0 2  50, 1120 5 ,  0 2  c0.5. 

The s i m u l a t e d  l a r g e  HTGR 



TRITIUM ACTIVITY = 6 X 10' uWST0 m3 

0 Et-4-87 
n EC-0-76 

I I I I I I 

103nr 

Fig. 9.7.1. Tritium permeation rates of as-received Peach Bottom economizer samples (low 
carbon steel) (horn Yang et al., 1977). 



TRITIUM ACTIVITY 6 X lo2 rCJST0 m3 

0 HELIUM COOLANT SlOE FILM REMOVE0 

DEOTW HELIUM COOLANT-SIDE AN0 STEAM-SIOE FILMS 
REuOvEO 

I .I 1.9 2 .o 2.1 2.2 
10-3 L I I I 1 I I 

1.5 I .I 1.7 

Fig. 9.7.2. Efect of Surface films on tritium permeation rates of Peach Bottom economizer 
sample EC-0-76 (low carbon steel) (from Yang et al., 1977). 
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- 

c 

P = 1 72 X IO3 1x0 1-6.44 X 103m 

TRITIUM ACTIVITY * 6 X lo2 rWSTD m3 

0 SU-1-6 

0 SU-0-6 

10-2 I I I I I I I 
~ 

a9 1 .o 1 1  12 1 .I 1 4  I 5  1 6  

103nt 

Fig. 9.7.3. Tritium permeation rates of as-received Peach Bottom superheater samples 
(Incoloy 800) (from Yang et al., 1977). 
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10-2 

TRITIUM ACTIVITY . 6 X lo2 UCiiSTD m3 

OHELIUM COOLANT-SIOE FILM REMOVED 

OBOlH HELIUM COOLANT-SIDE AN0 STEAM-SIDE FILMS 
REMOVE0 

ASTEAM-SIDE FILM RESTORED 

0.9 1.0 1.1 If 1.3 1 .I IS 1 6  

idm 

Fig. 9.7.4. Effect of surface films on tritium permeation rates of Peach Bottom superheater 
sample SU-1-6 (Incoloy SOO) (from Yang et al., 1977). 
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10-2 
0.9 

Fig. 9.75. Effect of tritium concentration on tritium permeation rate of Peach Bottom 
superheater sample SU-Id after the removal of the surface deposit on the helium 
coolant side (Incoloy 800) (from Yang et al., 1977). 

I I I I \ I I 
1.2 I .3 I .4 1.5 1.6 1 .a 1.1 
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10' 

0.9 I1 I .I 1.4 I .5 1 5  

lolnr 

Fig. 9.7.6. Effect of tritium concentration on tritium permeation rate of as-received Peach 
Bottom superheater sample SU-O-6 (Incoloy 800) (from Yang et al., 1977). 
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1 .z 

TEMPERATURE (OK) 

800 700 600 550 

I I I I 

1.4 1.6 
1 

- X  1s (OK) 
I 

1 .e 1.9 

Fig. 9.7.7. Hydrogen permeability through T-22 and low carbon steel at various 
temperatures (from Gainey, 1976). 
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1 I - - 
- 

1 .o 

760 TORR 

100 TORR 

10 TORR 

1.1 1.2 1.3 

X 1s (OK) 1 

1.4 

Fig. 9.7.8. Permeation of hydrogen through Incoloy 800 (from Gainey, 1976). 
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102 

10’ 

1 

INCOLOY 800 
TUBE SPECIMEN 
[WALL = 3 3 M M )  
T = 873OK 

(a) NEARLY CLEAN SURFACE 
(b) AFTER INADVERTENT OXIDATION 

10-3 10-2 10-1 100 10’ 

H2 PARTIAL PRESSURE (BAR) 

Fig. 9.7.11. Influence of oxide film on hydrogen permeation (from Gainey, 1976). 
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TEMPERATURE (OK) 

104 

103 

1 02 

Fig. 9.7.12 

REDUCING ATM 
INCOLOY 800 
P = 021 BAR 

WALL = 3 3 M M  
"2 

10 - 
111 - - 
- 

1 '  I I I I I I I I 
7 8 9 10 11 12 13 14 

OXlOlZlNG ATM: PH o/PH = 1.1 
2 2  --- 

RESTART 

0 = 36.4 KJ/MOL %- SHUTDOWN -+. 

Hydrogen permeation vs 1Tr for a clean oxide surface (from Gainey, 1976). 
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Table 9.7.7. Permeation constant measurements for hydrogen and isotopes in high nickel 
alloy steels (from Le Claire, 1983; references available therein) 

I 

5 

P, - P,* exp(-Qp/ZT) ccs.H2(STP) c o ' L s ' ~ a t d  

Unless ocherdisc s t a t e d :  ( t )  Pm* and Qpm a r e  €or hydrogen. 
(11) f o r  age hardenable a l l o y s ,  r e s u l t s  a r e  f o r  alloys fn t he  

rolucion created condi t ion.  

3.61 

9.42 

I 
Incoloy 800 

1 

2 

3 

I 

5 

6 

7 

8 

9 

LO 

L I  

12 

7.49 

1.76 

7.58 

40.3 

4 .06 

s .96 
6.78 

6.03 

0.2k 

0.2s 

2.60 

1.69 

17.7 

15 .3 

16.8 

20.58 

1s .SI 
1 

15 .s 1 

16 .S 

16.6 

13.1) 
1 

10.1) 

16.12) 
1 

15.61) 

15 .2 

15 .2 

17 .a 

Temp. 
range 
('C) 

600-950 

700-950 

760-960 

600- 1 OSC 

650-950 

800- 1000 

500-1000 

300-600 

3 50- 7 50 

0 5 0- 9 50 

LSO-950 

~00-L000 

Input 
Pressure range 
(atm. 1 

5 .10-s-o.5 

1-5 

1 

1-10 

5- 10 

1 

0.13-0.8 

( C )  

5- 10 

i-IO 

Authors 

Rohrig et d (1970) 

Xori & Nakada (1974) 

Tanabe (1974) 

Nari ta  (1977) 

Buchkreaer et al (1978) 

!lard et al (1979) 

ranate et d (1979) 

Bell. Reban 6 Bitcner  (1980) 

luchkrener et  al (1978) 

I 
fasui (1978) 
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Table 9.7.8. Permeation constant measurements for hydrogen and isotopes in femtic FeCr 
alloys (from Le Claire, 1982; references available therein) 

0 -1 ,-lam? P,,, = Pm e x p q  pm /RT ccs (S.T.P.)  an 

(The Pmo and Qpm a r e  for hydrogen unless otherwise  i n d i c a t e d ) .  

Q Authors NO TYPe C r  Ma C Others  ( b, lo3 . x  '," ( k e d s  mol-' 

4130 0.7 

4130 

- 1.38 

- 0.3 0.2 Ho 2.08 

2.1 

9.49 

9 .o 

9 -25 

Nelson & 
S t e i n  (1973) 

Louthan e t  a1 
(1976) 

Chang 6r 
Bennet t  
(1 952) 

Bell e t  a1 
(1979) 

0.33 Si 

Croloy 2 

Croloy 2 

1 H o  
-3 Ni 

(1) 3.95 

(1) 2.45 

11.21 

9.35 

4 

5 

- - 
0.4 -08 1 M o  

-12 Ni 
-14 Si 

Rennet & 
Raue (1979) 

- 2.51 0.57 .04 037 si 14 74 I (a) 10.25 Chang i 
Bennett  

Chang d 
Bennett  
(1952) 

( 1.952 ) 

6 

10.30 7 - 4.25 0.53 -05 -25 Si 

8 

9 

406 13 

430 15.6 

(1) 4.78 

1.16 

12.20 

11.44 

Bell et a1 
(1979) 

Rudd & 
Ve t r a n o  
(1 960) 

f l i n t  (1951) 

Bell et al 
(1979) 

Geller 6, Sun 
(1950) 

10 

11 

430 16 

E.Brite 26 

1 .o 
(T) 7.6 

11.2 

12.3 

- 
1 Ho - - 

0.2 -06 12 - 27.3 0.47 Si 1.85 12.97 

Notes on T a b l e  

( a )  Square b r a c k e t s  i n d i c a t e  t h a t  ormetical va lues  were n o t  e x p l i c i t l y  repor ted  
by t h e  a u t h o r s .  Values quoted :or PmO were c a l c u l a t e d  from tabula ted  
Qpm and graphs  of  Pm. 

(b) Alloy c o n t e n t s  i n  vt.%. Balance Fc, a l though a u t h o r s  do not always r e p o r t  
d e t a i l e d  ana lyses .  



Comparison of the alloy constituents in Table 9.7.8 with that of T-22 in Table 9.7.9 (taken 
from Gainey, 1976) shows that the data for some alloys could be compared with that for 
T-22 and the low carbon steels used by Yang et al. Future model analysis should consider 
the data and theory provided by this compilation by Le Claire. 

Acharya (1988) employs the present model equations to calculate the tritium 
distriiution throughout the W G R ,  including permeation through the SG tubes. His 
conclusion may be pertinent to further model analysb: tritium "permeation through the 
steam generator tubes is predicted to be less than 4 curies during the life of the plant. 
Compared to other permeation analysis results, this number appears to be very low and 
suggests that the permeation data given in the Fuel Design Data Manual which was used in 
this analysis should be re-evaluated." Acharya then used older permeation data and 
calculated a tritium permeation of approximately 250 Ci over the lifetime of the plant. 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

From the above presentation, it would appear that significant data exist for the 
permeation of hydrogenic isotopes through Incolay 800 and T-22 under a e e t y  of 
experimental conditions which could be incorporated into a more detailed model. The 
compilations of Le Claire and Gainey represent an excellent starting point. More recent 
data may have been produced by the fusion energy program which shares comparable 
concerns for tritium permeation through metals and alloys; review of the scientific literature 
of the past decade could be promising. 

The larger database for permeation of hydrogen and deuterium should be compared 
to that of tritium and incorporated into the model. In general, the permeation data should 
not be expected to vary by more than some constant, and the general dependencies of 
permeation with respect to experimental variables should be the same (with very similar 
chemical behavior of the isotopes, the main difference is their relative atomic weights). 

Acharya's statement questioning the reliability of the model equations for tritium 
permeation are a concern. Perhaps comparison of the existing model equations with the 
expanded database recommended above might provide some insight into this issue. 

DATABASE USED IN MODEL DEVELOPMENT 

The database used in the development of the model equations presented in FDDM/F 
was taken from Yang et al. (1977) and is represented by Tables 9.7.2 through 9.7.5 and 
Figures 9.7.1 through 9.7.6 in "Discussion" above. Although apparently not considered in the 
development of these model equations, the data represented by Figures 9.7.7 through 9.7.12 
and Tables 9.7.6 through 9.7.8 could be considered for future incorporation into the database 
during evaluation and revision of the existing model. 
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Table 9.7.9. Materials used in permeation studies (from Gainey, 1976) 

Material 

Nickel, ASlW B-161, 
Grade A 

304L stainless steel 

406 stainless steel 

Incoloy 800 

Hastelloy N 

T9, ASTM A-213-19 

T-22, ASP1 A-213-122 

(a> Nominal Composition 
(2) 

Ni; 0.25 max. Cu; 0.40 max. Fe; 
0.35 max. Mn; 0.35 m a x .  Si; 
0.15 max. C; 0.01 m a x .  S 

Fe; 18 to 20 Cr; 8 to 12 Ni; 
2.00 max. Mn; 1.00 max. si; 
0.045 max. P; 0.030 m a x .  S; 
0.03 max. C 

Fe; 14 Cr; 3.9 Al; 0.4 Ni; 
0.4 Mn; 0.4 Si; 0.3 Ti; 0.08 C 

Fe; 32.0 Ni; 20.5 Cr; 0.35 Si; 
0.75 Mn; 0.30 Cu; 0.04 C 

Ni; 15 to 18 Mo; 6 to 8 Cr; 4 Fe; 
0.04 to 0.08 C; 0.5 Al; 0.01 B 

Fc; 8 to  10 Cr; 0 . 9  to 1 . 1  Mo; 
0.30  to 0.60 Mn; 0.25 to 1.00 Si; 
0.15 max. C; 0.03 m a x .  P; 
0.03 max. S 

Fe; 1.9 to 2.6 Cr; 0.87 to 1.3 Mo; 
0.30  to 0.60 Mn; 0.5 max. Si; 
0.15 max. C; 0.03 max. P; 
0.03 m a x .  S 

(a)Comporirion given is that supplied by the manufacturer 
or obtained from the handbooks. 



9.8 TRITIUM TRANSPORT IN TARGET PARTICLES 

function The transport of tritium from its generation in the target kernel material through 
the TRISO coating layers and release from the particle must be calculated for 
NP-MHTGR target particles. . 

present 
S t a t u s  

The models used to descn'be this transport are presently unknown to this writer. 
Future inclusion of such models in a revision of this compilation would be 
appropriate. 

9.9 UPDATE 

Although sigmficant data on tritium transport were obtained as part of the NP- 
MHTGR target program, apparently those data have not been made available to the 
MHTGR fuel program. Therefore, the only ncw data relevant to this chapter might be the 
irradiation performance of the B,C coated particles included in HRB-21 piggyback samples, 
provided PIE is performed on those samples. 
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10.1 

10. HEAVY-MEI'AL TRANSPORT THROUGH THE CORE MATERIALS 

INTRODUC'I'ION 

The models for transport of heavy-metal atoms are similar to those of metallic FP in 
most cases. Other compilations (e.g., FDDM/F) often include HM transport as a subset of 
metallic FP transport models. Heavy-metal transport models are included here as a separate 
section for ease of analysis of HM-specific models. CEGA (1990) does not present any 
Design Data Needs which discuss HM transport in the core; therefore, these models and 
available data will only be briefly presented for reference. 

No models for HM transport within the fuel compact are stated explicitly in FDDW.  
One can reasonably assume that HM transport in the compact would be modelled 
analogously to that of metallic F'P (~6.3); i.e., establishment of an instantaneous average 
concentration throughout the compact upon release from the particles. For lack of 
information, one might assume that HM release from the compact surface might follow 
sorption isotherms such as suggested in ~10.5 below for graphite. However, this is nowhere 
discussed explicitly and can only be inferred. As such, HM transport in the fuel compact will 
not be discussed further. 

Homan et al. (1978) comment on the potential importance of Pu transport and release 
from an HTGR system. Tu-238, which is derived from U-235, represents a potential 
radiological hazard if it is released in significant quantities to the primary circuit. Since the 
U-235 inventory in a LEU/MEU core is approximately the same as that in a HEU core, 
plutonium release is important to both LEU/MEU and HEU systems" although the yield of 
Pu is higher in LEU than in HEU fuel. "Plutonium release from intact TRISO particles is 
probably negligible at typical HTGR operating temperatures. For failed particles, the 
release should vary with the composition of the phases in the kernel ..." 

General Atomic (1979) comments that Tlutonium migrates at a higher rate than 
uranium and thorium, and the tolerable release of plutonium into an HTGR primary circuit 
is small, mainly because Pu-238 has such a high bone inhalation effectivity (rem/Ci, about 
500 times that of Sr-W)." As a footnote, this report discusses a MEU program with a stated 
uranium enrichment of about 20%, which corresponds to the present definition of LEU fuel. 

An estimate of the amount of Pu which could be released into the primary circuit of 
a LHTGR was reported by K. J. Mysels in General Atomic (1978). The motivation of the 
estimate was "intended to show that even if, contrary to evidence, the transport through 
graphite was in no way limiting, the rate of evaporation of the plutonium into the helium 
would be sufficiently slow to reduce the release to an acceptable level." 

Fellows et al. (1987) have conducted a more recent estimate. 'The transport pathway 
of plutonium, generated from in-core conversion of tramp uranium in the fuel rods, through 
the HTR core and coolant system, has been examined in order to approximate the degree 
of plutonium holdup in the graphite. Estimates suggest that only about 2.9 x lo4% of this 
plutonium transmuted from the uranium outside of the fuel Will be transported out of the 
core graphite during the lifetime of the HTR fuel elements in the reactor core. The 
remainder is held as chemisorbed or dissolved species in the graphite." Details of these 
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estimates will not be presented here, but can be referred to for useful insight into model 
approximations for Pu transport throughout the reactor core. 

10.2 HEAVY-METa TRANSPORT IN THE FUEL KERNEL 

function This model provides a diffusion coefficient for Pu in the kernel as a function 
of kernel material, burnup, and temperature. 

present 
Status 

"he reference diffusion coefficients for Pu in several kernel materials are 
the same as those given for Sr. Preliminary analysis of the data which exist 
for Pu suggested different values for the model parameters, but the Sr 
model is apparently used for convenience. Transport of Am and Pm are 
also briefly discussed. 

model The uncertainties in metallic F'P diffusion coefficients in kernels are 
uncertainty "exceedingly large" (Myers, 1988) due to extrapolation of diffusion data in 

Tho, and lack of data on bumup and fluence effects. The same can be said 
for HM diffusion as parameters for Sr are applied directly to Pu transport. 

references F D D W ,  Myers (1981b, 19814 1981e) 

NORMAL OPERATING CONDITIONS AND ACCIDENT CONDITIONS 

Model equations 

The effective homogeneous diffusion coefficient is given by (Myers, 1981d): 
D = D'r' , (1021) 

with the reduced diffusion coefficient in the kernel prior to irradiation given by: 

D =  

r =  
0,' = 

T =  
R =  

D' = 

Q =  

D' = DL c x p ( - g )  , 
RT 

effective homogeneous diffusion coefficient (m' s-I), 
reduced diffusion coefficient (s-I), 
kernel radius (m), 
pre-exponential factor (s-'), 
activation energy (J mol"), 
temperature (K), 
ideal gas constant (8.314 J mol-' K').  



During irradiation, the reduced diffusion coefficient changes with burnup according to: 

Kernel material 

UCO (UG,,O,,)@) 
Tho, uo,'" 

uc, 

F = burnup (% FIMA), 
c, = constant (s-l), 
C, n = constants (dimensionless). 

c, (s")'" . GC) n(') 1 Q (J mol-')(') Ref. 

1.1 x lo9 0.0197 4 593,600 F D D W  
7.6 x l@ 0.0197 4 593,600 F D D W  

( 4  ( 4  (d) (d) Myers (1981d) 

Given the parameters C1, C, n, and Q, the reduced diffusion coefficient can be calculated 
as a function of temperature and burnup. Values for C,, C, It, and Q are given in 
Table 10.2.1 for Pu in several kernel materials. 

Ranee of vaIidity 

The range of validity of this model must be considered to include all temperature 
regimes representative of NOC and AC and to apply to all reactor operating regimes in 
general. As the reference model is apparently based on Sr data rather than the existing Pu 
data, one might conclude that there is no experimental range of validity as such. 

AssumDtions 

As the model parameter values for Pu and Sr are identical, most of the assumptions 
listed in s5.2 are applicable and will not be repeated here. Only Pu-specific assumptions 
are stated below. 

Table 10.2.1. Parameters for calculation of plutonium diffusion coefficients in kernels, 
Eqs. (10.2.2) and (10.2.3) 

All values the same as those for Sr (see Table 5.2.1). 
Myers (1981d) provided these values specifically for UC&O,, for Sr (see ~5.2). 
Values for UO, are assumed to be the same as those for Tho,. 
No retention by UC, or ThC, is assumed. 
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1. 
2. 
3. 
4. 
5. 

Plutonium transport is analogous to Sr transport within kernel materials. 
The burnup dependence for Pu is assumed to be the Same as that for Cs @e., n = 4). 
Carbide fuels do not retain Pu. 
The diffusion coefficient for Pu in UO, kernels is the same as that in Tho, kernels. 
The diffusion coefficient of any metallic FT (and Pu) in UqOy is derived from that in 
U02 by multiplication by the factor [ l  + (2 - y)/2I2, to incorporate the assumption that 
no retention in the UC, portion of the UcOy fuel occurs (Myers, 1981d). 

Uncertainties 

FDDM/F reports the standard deviation in the natural logarithm of the diffusion 
coefficients as follows. For diffusion in UCO and Tho, kernels, the standard deviation is 
given as: 

o ( I n D )  = 5.7 . (lQ-24) 

This value is the same as that reported for Sr diffusion. 

MODEL CHRONOLOGY 

Myers (198ld) developed the model equations presented above. Myers (1981b) began 
deriving Pu-specific values for the model parameters and Myers (1981e) applied a different 
model formulation to the data. For some reason, this work is not considered by the present 
model which simply applies the Sr parameters to Pu. 

DISCUSSION 

This model is presented in a format identical to that of the metallic FP in ~ 5 . 2  Homan 
et al. (1978) provides a rcview of the available data and analyses for Pu transport in kernel 
materials as of 1978. 

Statements provided by Myers (1981b) are interesting in comparison with the 
recommended diffusion coeffjcients of Table 10.21. "Data on in-pile release of Pu from 
(Th,U)C, have been obtained by Buaelli ... and preliminary, out-of-pile data on Pu release 
from UC, by Sterling ... The former data apply to burnups of 1418% FIMA, the latter to 
a burnup of 60% FIMk The reduced diffusion coefficient of [General Atomic Report 
GA-A14953, June 19781 for 1200'C is plotted in Fig. [10.2.l] along with the value of the 
reduced diffusion coefficient calculated from a fit to the data of [General Atomic Report 
GA-A14863, March 19781 ... the data are represented by 

Thus, the reduced diffusion coefficients are found to depend on the 6.9 th power of the 
burnup experienced, i.e., n = 6.9. In treating the Pu data of Fig. [ 10.211, kernel composition 



BUFLIWP ( 5  FI!IA) 

Fig. 10.2.1. Burnup dependence of reduced diffusion coefficients for Cs and Pu in 
(Th,U)C, and ThC, kernels (from Myers, 1981b). 



differences have been neglected." These statements are considerably different than the 
reference model presented above. 

A more detailed analysis of the Pu release data is provided by Myers (1981e) and is 
summarized as follows. "A preliminary analysis of plutonium release data has been made 
with the following results and conclusions: 

1. The release of plutonium from the ke.rnels of laser-failed particles is controlled by 
the process of evaporation at 1050' and 1200'C for particles with WAR and UO, kernels 
and at lOSO'C also for particles with UC, and (Th,U)O, kernels, 

2. The release of plutonium from the kernels of laser-failed particles at 1200'C is 
controlled by diffusion for particles with UC, and (Th,U)O, kernels, 

3. An expression for the rate of evaporation has been derived, 
4. The reduced diffusion coefficients for plutonium in UC, and (Th,U)O, at 1200'C 

5. A discussion is  presented on important factors which are not operative in the 
have been evaluated and 

plutonium release experiments." 

In addition, a diffusion coefficient for Pu in mU)C, is given as: 

D = diffusion coefficient (m2 s-'), 
T = temperature (K), 
R = ideal gas constant (8314 J mol" XC'). 

This expression was stated to be applicable for bwnups from 14 to 18% FIh4A. Additional 
details on this analysis can be obtained from Myers (1981e). The database for this analysis 
is presented in Table 10.22. These calculations for release from carbide kernels do not 
appear to be consistent with the assumption of no retention by carbide kernels. 

Mehner et al. (1982) analyzed the transport of Pu and Am within fuel particles. 'The 
transport behaviour of the transuranium elements plutonium and americium in low enriched 
coated particle fuel at high irradiation temperatures was investigated by means of mechanical 
separation of kernel and coating after irradiation ... The main results of the 
alphaspectrometxy measurements are plotted in Fig. (10.22). The observed scatter is not 
caused by the method of Pu and Am determination but is due to the inhomogeneous 
temperature distniution in the irradiation capsule. The diagram shows clearly, that there 
is no diffusion of transuranium elements from UO, kernels, the amount of Pu and Am found 
in the coating was formed directly by the uranium contamination. Diffusion of both 
transuranium elements was observed from all carbide-containing kernels where the release 
of americium was always higher than that of plutonium. This can be explained by the higher 
vapour pressure of americium compared with plutonium over the carbide." 

Chernikov et al. (1982) analyzed the transport of several metallic FP and of 
promethium within fuel particles. "Diffusion mobility of promethium in uranium dioxide with 
atomic ratio O/U = 2001 and in the oxide, alloyed by imitators of fission products (rare- 
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Fig. 10.22. Fraction of Pu (0) and Am (0) in the coatings of 30 irradiated LEU fuel 
particles (from Mehner et al., 1982). 



earth metals, Y, Zr) is practically the same and near the value of uranium atomic mobility 
in UO, ... that is, probably, connected with alloyed admixture diffusion due to uranium 
dioxide lattice defects diffusion playing the main role in atom migration.” The diffusion 
coefficient for ‘“Pm in UO, is given by: 

D =  
T =  
R =  

D = 2.00 10-7 exp - - ( *i?) ’ 

diffusion coefficient of “ ’~m in UO, (m’ s-’), 
temperature (K), 
ideal gas constant (not stated, but appears to be 1.987 cal mol-’ K-’). 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

If the need arises in the MHTGR program for refinement of HM transport models, the 
work reported by Myers (1981b, 1981e) can be reviewed in detail. The work by Myers 
(1981e) represented significant effort toward providing a more detailed release model, and 
can be reviewed for its validity in relation to newer data, if any exist. 

DATABASE USED IN MODEL DEVELOPMENT 

Table 10.22 represents the available database as of 1981 as presented by Myers 
(1981e). Data from two additional experiments are reported by Myers (1981e) and can be 
reviewed in that reference. 

103 HEAVY-METAL TRANSPORT IN THE PARTICLE COATING LAYERS 

function 

present 
Status 

model 
uncertainty 

references 

This model provides a diffusion coefficient for Pu in PyC layers as a 
function of temperature. No diffusion of HM atoms through intact Sic 
layers is assumed. 

The reference diffusion coefficient for Pu in PyC was obtained using 
unirradiated and nonreference HTI PyC. No diffusion through the Sic is 
assumed. Transport of U, Th, Am, and Pm in PyC is also briefly discussed. 

Although a value for the uncertainty of the diffusion coefficient of Pu in PyC 
is given in F D D W ,  the use of a diffusion coefficient obtained using 
unirradiated nonreference HTI PyC must introduce significant uncertainty. 
No uncertainty for the Sic transport model is stated. 

Baldwin et al. (1978); Homan et al. (1978) 

10-9 



NORMAL OPERATING CONDITIONS AND ACCIDENT CONDITIONS 

Model eauations 

Transport of heavy-metal atoms through PyC is modelled using the traditional 
formulation for the diffusion coefficient: 

(103.1) 

D = diffusion coefficient (m's-'), . 

0, = pre-exponential factor (m2 s-'), 
Q = activation energy (J mol-'), 
T = temperature (K), 
R = ideal gas constant (8.314 J mol-' IC'). 

For Pu in PyC, values for Do and Q as determined by Baldwin et al. (1978) are: 

Do = 4.47 x 10' m2 s-', 
Q = 230,OOO J mol-'. 

No diffusion of HM atoms is assumed to take place in intact Sic layers: 

Dx = 0.0 . (10321 

Ranee of validity 

The model is assumed to apply over all reactor conditions. Experimentally, the data 
was obtained from approximately lo00 to 18OO'C, using HTI PyC deposited onto graphite 
disks and a source solution of plutonium oxide dried onto the surface of the P y C  

AssumDtions 

1. 
2. 

3. 
4. 

Data for Pu diffusion in HTI PyC can be used to represent diffusion in LTI PyC. 
Data for Pu diffusion in unirradiated PyC can be used to represent diffusion in 
irradiated PyC. 
Temperature is the only significant variable affecting diffusive transport of Pu in PyC. 
No significant diffusion of HM atoms t a k a  place in intact Sic. 

Uncertainty 

The uncertainty in the diffusion coefficient of Pu in PyC is given by F D D W  as the 
standard deviation, Q, of In D: 
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0 &ID) = 0.40 . 

MODEL CHRONOLOGY 

(1033) 

The only detailed study for the transport of Pu in PyC is that presented by Baldwin et 
al. (1978). Confirmatory experiments were also performed by Mehner et al. (1982). Earlier 
data exist for the diffusion of U and Th in PyC, as discussed below. For HM transport 
through Sic, the early belief that intact Sic would prevent release of Pu has not changed. 

DISCUSSION 

Homan et al. (1978) comment on the results of Baldwin et al. (1978): 'The D values 
for plutonium are about an order of magnitude higher than those of uranium in isotropic 
pyrolytic carbon and two orders of magnitude higher than those of thorium. It would be 
highly desirable to extend these measurements to low-temperature-isotropic (LTI) coatings." 
Apparently this hope remains unfulfilled to the present. Homan et al. also comment that 
a "BISO coating is not a good bamer for plutonium release, but a TRISO coating retains 
plutonium." 

These qualitative comments on Pu, U, and Th diffusion in PyC are quantified in a 
figure from Baldwin et al. (1978), reproduced as Fig. 10.3.1. The references for the Th and 
U data are given below in "Database." 

Mehner et al. (1982) determined the range of diffusion coeficients for Pu and Am in 
PyC from the data presented in Fig. 10.2.2, previously shown in ~10.2.  "Diffusion 
coefficients of plutonium and americium in the pyrocarbon coating of the UG-BISO 
particles were obtained from the particle release in the range 

5.6 x 10l6 < D,Jm*s" < 2.5 x lo'', 
7.4 x < D,Jm*s" 7.1 x 10". 

These data agree with diffusion coefficients of plutonium in pyrocarbon coatings given by 
Baldwin, Winchell, and Langer" (1978). 

The existence of detailed experiments to study the transport of Pu or other HM species 
in Sic has not been determined. The reference model for nonexistent transport in Sic is 
probably derived from experiments such as the following, quoted from Homan et al. (1978). 
'The effectiveness of Sic as a diffusion bamer for plutonium has been demonstrated in 
other high temperature irradiation experiments. For instance, TRISO coated plutonium 
oxide particles ... were irradiated in Studsvik to 20% F F A  [fissions per initial fissile atom] 
at 2123 K ... No evidence of plutonium release from the coated particles was detected by 
gamma-ray spectrometry." The reference provided for this data is P. Barr et a]. ("High 
Temperature Irradiation Experiments on Plutonium-Bearing Coated Particle Fuel," 
Plutonium as a Reactor Fuel, International Atomic Energy Agency, Vienna, 1967). 
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Fig. 10.3.1. Diffusion coefficients of plutonium in isotropic pyrolytic carbon 
(from Baidwin et al, 1978). 



ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

Any consideration of model refinement is limited by the available data. One cannot 
consider refinement of the model to consider, for example, transport through LTI PyC or 
the effects of irradiation on transport without additional experiments or data. The same is 
true for considerations of transport in Sic, although this model as it exists should have less 
uncertainty than the PyC transport model. 

DATABASE USED IN MODEL DEVELOPMENT 

The database used to derive the model parameters of Eq. (10.3.1) for Pu diffusion in 
PyC is presented in Table 10.3.1, taken from Baldwin et al. (1978). For the database related 
to diffusion of Th and U in PyC as presented in Fig. 10.3.1, Baldwin et al. (1978) provide 
the following references: 

H. K. Lonsdale and J. N. Graves (1967), J.  AppL Phys. 34 3620. 
L R. Zumwalt and J. N. Graves (1970), General Atomic Co., Private Communication. 

For the database related to Pu transport through Sic, one can refer to the reference of Barr 
et al. (1967) quoted by Homan et al. (1978) above. Homan et al. (1978) also present some 
data on release of Pu, U, and Th from loose, intact, BXSO and TRISO irradiated particles 
which was attributed to a private communication with G. Buzzelli (1977). 

10.4 HEAVY-METAL TRANSPORT IN GRAPHITE 

function This model provides a diffusion coefficient for Pu in graphite as a function 
of temperature and fractional graphite oxidation. 

present 
Status 

The model for diffusion of metallic FP in graphite (~6.4) is applied to the 
diffusion of plutonium in graphite. Refer to ~ 6 . 4  for more detailed 
information on this model. 

model 
uncertainty 

Although the uncertainty of this model for Pu transport is presented 
quantitatively in FDDM/F, insufficient information is available for a 
qualitative statement on the uncenainty of the model. 

referenas F D D W ,  Fellows et a]. (1987); Tallent et al. (1985) 
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Table 10.3.1. Results of plutonium diffusion in isotropic pyrolytic carbon 
(from Baldwin et al., 1978) 

Diffusion Diffusion 
Tim e Temperature 

(h) (K) 

1002.0 - 1260 
1002 .o 1260 
102.0 1445 
102.0 1445 
40.5 1645 
40.5 1645 

1 .o 1815 

0.1 2050 
1 .o 1815 

0.1 2050 

Diffusion 
Coefficient 
(m 2 i s )  

7.79 x 10-l8 
1.91 x io-” 
3.79 x 10-l6 
2.68 X lomi6 
2.28 X lo-’’ 
3.09 X 
1.49 x 1 0 - l ~  

6.12 x 1 0 - l ~  
1.15 x 1 0 - l ~  

6.64 X 
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NORMAL OPERATING CONDITIONS AND ACCIDENT CONDITIONS 

Model eauations 

The standard Fick's law diffusion coefficient is used to model the diffusion of metallic 
Fp in the structural graphite, H-451: 

D = D o c x p ( - S )  (10.4.1) 

D = effective diffusion coefficient (m2 s-'), 
Do = pre-exponential factor (m' s-'), 
Q = activation energy (J mol"), 
T = temperature (K), 
R = ideal gas constant (8.314 J mol" K'). 

A recent refinement of the model considers the effect of graphite oxidation on diffusion 
(FDDMF): 

D = Do [l + do(l -c",] exp(-s) , (10.42) 

B = weight percent burnoff (extent of graphite oxidation), 
do = constant. 

This model has also been applied to the diffusion of plutonium in H-451 graphite, with the 
model parameters given by: 

Do = 4.36 x lo" m2 s-', 
Q = 172,000 J mol-', 
do = 3.0. 

Ranee of validity 

The model is assumed to apply over all reactor conditions. Refer to Fellows et al. 
(1987) for discussion of the experimental range of validity. 

Assumntions 

With respect to model assumptions, an internal GA memorandum is referenced which 
has not been reviewed by this writer. Only one model assumption is obvious: the value for 
do obtained for strontium can also be applied to Pu transport (FDDMF). Reference can 
be made to Fellows et al. (1987) for assumptions which went into derivation of the diffusion 
coefficients from the experimental data. 
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Uncertainty 

The uncertainty is expressed in FDDM/F as the standard deviation, 0, of In D: 
o ( InD)  = 1.10 . (10-43) 

MODEL CHRONOLOGY 

A diffusion coefficient for Pu in H-451 graphite was presented by Fellows et al. (1987) 
in the form of Eq. (10.4.1). The data presented in this reference was apparently applied to 
the model of ~6.4, but the reference for this analysis has not been reviewed by this wrjter. 
The reference values for Do and Q listed above are not the same as those presented by 
Fellows et al. (1987). The reason for this difference is unknown. 

DISCUSSION 

The data used in the determination of the diffusion coefficient of Pu in H-451 graphite 
are presented in Fig. 10.4.1, taken from Fellows et al. (1987). A model which assumed 
constant surface concentration was considered to be applicable to the experhental 
conditions, and the resulting diffusion coefficient for Pu was reported to be: 

D = 2.02 x 10" exp (- 'z) m2 s-1 , (l(L4.4) 

with all terms as defined previously. As this diffusion coefficient is different from the non- 
burnoff portion of Eq. (10.4.2), no additional analysis of this model is possible at this time. 
Experimental details and the data and models used to obtain Eq. (10.4.4) can be obtained 
from Fellows et al. (1987). 

Tallent et al. (1985) reported diffusion coefficients for uranium in H-451 graphite. The 
data points and derived diffusion coefficients m e n  in units of cm2 s-') are presented in 
Fig. 10.4.2. Different diffusion coefficients were calculated for an initial source of UC, vs 
UO, The data were obtained between 900 and 14OO'C. Additional details can be obtained 
from Tallent et al. (1985). 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

Lacking information on the derivation of the reference model and parameters for 
Eq. (10.4.2), model refinement would be limited to review of the references mentioned 
above. 
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DATABASE USED IN MODEL DEVELOPMENT 

The experimental database is available from Fellows et al. (1987) and Tallent et al. 
(1985). The data used to determine the value of do for Sr must also be considered part of 
the model database. 

105 HEAVY-METAL SORPTION IN GRAPHITE 

function No analytical model is presented here for HM sorption on graphite. 
Instead, relevant data for Pu sorption on graphite is presented. 

present 
Status 

No model for heavy-metal sorption in graphite is presented in FDDM/F. 
Fellows et a]. (1987) have analyzed the measurements of Tallent et al. 
(1984) for the vapor pressure of Pu over H-451 graphite and derived a 
sorption isotherm from which a model could be developed. 

model 
uncertainty "Discussion." 

The uncertainty of the derived sorption isotherm is presented below in 

references Fellows et al. (1987); Tallent et al. (1984) 

DISCUSSION 

As no reference model for HM sorption on graphite has apparently been advanced, the 
relevant information from Fellows et a]. (1987) will be quoted in full and can be used to 
develop a model as required. 

'I... The vapor pressure's dependency on the adsorbed plutonium concentration at 
1673 K is strongly suggestive of a Langmuir isotherm relationship. This is helpful in that it 
offers a mechanistic framework for a vapor pressure correlation using the available data. 
The Langmuir isotherm has the form 

k L P  
1 + k P  ' 

where 
C, = plutonium surface concentration, pmoI/m', 
P . = plutonium vapor pressure, Pa, 
k 
L = concentration of surface adsorption sites, pmoI/m2. 

= equilibrium constant for the adsorption reaction (see below), Pa-', 

(105.1) 

'The equilibrium constant, k, is defined by the adsorption reaction: 
Pu (vapor) + active sites = Pu (adsorbed) , 
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for which 

C (1052) 

'Tallent, et al. [I9841 have determined the concentration of active adsorption sites, L, 
to be 3.27 pmol/m2. Their procedure uses the measured heat of vaporization as a function 
of surface concentration and extrapolates to the concentration yielding the heat of 
vaporization of Pu&, the likely plutonium species formed at coverages of a monolayer and 
greater. 

'The data listed in Table [10.5.1] were used to determine the variation of the 
equilibrium constant with temperature, using the value L = 3.27 pmols/m2. The following 
relationship was obtained: 

22780 log k = - - 5.5102 
T 

. (1053) 

'The standard deviation of the plutonium surface concentration, Cs, using the above 

More information on the above discussion and relevant experimental details can be 
correlation is 0.41 for 11 of the 12 data points in Table [lO.S.l]." 

obtained from Fellows et a]. (1987) and Tallent et al. (1984). 

DATABASE USED IN MODEL DEVELOPMENT 

The data in Table 10.5.1 are plotted as a function of temperature in Fig. 10.5.1 and as 
a function of surface concentration in Fig. 10.5.2 (taken from Tallent et al., 1984). 

10.6 UPDATE 

No data relevant to the contents of this chapter have been generated by the MHTGR 
program in recent years. 
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Table 10.5.1. Plutonium vapor pressure measurements over graphite 
(from Fellows et al., 1987) 

Temper at ure Surface concentration 
( K) ( pmol/m2 

Vapor pressure 
(Pa) 

1273 

1473 

1673 

0.138 
0.690 
1.159 

0.0193 
0.7176 
0.9108 

0.110 
1.270 
1.325 
1.408 
1.79A 
2.070 

1.05 x io++ 
9.77 x 10-14 
6.31 x 10-14 

9.77 x 10-12 
4.16 x 10-11 
7.58 x 10-11 

3.47 x 10-10 
1.23 x 10-9 
1.41 X 10-9 
1.73 x 10-9 
4.68 x 10-9 
4.07 x 10-9 

Source: 0. K. Tallent, R. P. Uichner, R. L. Towns, and 
T. T. Godsey, Vapor Pressure of Plutonium Carbide Adsorbed on CraDhite, 
ORXLITH-9161, September 1984. 
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11. HYDROLYSIS AND OXIDATION OF CORE MATERIAIS 

11.1 INTRODUCIION 

Hydrolysis descn'bes the reaction of the particle and core materials with water, while 
oxidation describes their reaction with molecular oxygen (FDDM/F). The mechanisms of 
reaction are not completely independent, as water has some oxidizing effect due to the 
inherent presence of oxygen. In fact, at times the terms "oxidation" and "hydrolysis" are used 
interchangeably [e.g., Velasquez et al. (1978) discuss the "oxidation of H-451 graphite by 
steam'']. 

Oxygen and water are always present as impurities in the helium coolant. Nominal 
impurity levels have been given as 126 patm of water and <630 patm of all oxidants (0, 
CO, CO,) (CEGA, 1990). The typical oxygen impurity concentration in the helium coolant 
has been stated to be approximately 1 ppbv [R. D. Burnette, quoted by Myers (1986)l. The 
possible large-scale ingress of water and steam during an accident raise a much more serious 
concern than the ambient impurity levels. Air ingress into the reactor core is also a concern 
due to the presence of oxygen. 

The models presented below are used in conjunction with the models on fission gas 
release from kernels (s4) and HM contamination ( ~ 7 ) .  This section discusses the models 
and mechanisms of hydrolysis and oxidation independently of their effect on FP release. 

Panicle coatings 

Although the PyC layers can react with water or oxygen, the ability of the Sic layer to 
form a protective SiO, layer upon contact with oxidizing conditions mitigates concerns for 
release of F'P from intact particles (assuming the conditions are conducive to passive 
oxidation of Sic rather than active oxidation; see s11.3). However, the lack of detailed data 
on the effect of oxidation and hydrolysis on intact and defective particles and coating layers 
does not permit one to unambiguously rule out the potential for induced particle failures 
from airhater ingress. The effect of OPyC (and potential Sic) degradation on pressure- 
vessel failure as well as anecdotal evidence of UC, particle "popping" during wet heating 
tests would suggest otherwise. 

Fuel kernels 

Both hydrolysis and oxidation result in enhanced release of fission gas from the kernel. 
Hydrolysis-enhanced fission gas release during NOC is described by steady-state release 
models, while the AC models describe the transient release of stored fission gas in the 
absence of a neutron flux. Models for the effects of hydrolysis and oxidation on fractional 
fission gas release from the kernel were presented and discussed in ~ 4 .  Only the general 
mechanisms of kernel oxidation and hydrolysis will be discussed here. Reference should be 
made to s4 for information on the relation to fission gas release. 
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Fuel cornDact and eraDhite 

Although the fuel compact matrix material and the core graphite can both react with 
oxygen and water, the compact is significantly more reactive. However, Myers (1988) 
suggests that the rate of hydrolysis of the fuel compact matrix "decreases significantly after 
the exposed matrix material surface becomes saturated with adsorbed H,O or its dissociation 
products." For graphite, Myers (1988) comments: "During hydrolysis and oxidation, the 
binder of the graphite, wherein resides the sorbed fission products, are preferentially 
removed. Thus the fission products in the graphite could be nearly completely released at 
very small burnoffs (small degrees of hydrolysis or oxidation) ...'I Any air or moisture ingress 
into the core will first cause reaction of the core graphite. Any reaction of the fuel compacts 
or particles will be delayed by the resistance of the graphite to the inward flow of oxidizing 
species into the core. More information on the reactions of the fuel compact and graphite 
with oxidizing species and the safety significance of such reactions are provided by GA 
Technologies (1986). 

112 HYDROLYSIS AND OXIDATION OF FUEL KERNEls 

11.2.1 INTRODUCI'ION 

This section presents the model equations for the bumup-induced compositional change 
of the UCO kernel (ratio of UC, to UO,) and for the fractional oxidation and hydrolysis of 
fuel kernels. The equations for fractional hydrolysis and oxidation are also incorporated into 
the models for enhanced fission gas release from kernels in s4.5 and s4.7. Refer to s4 for 
discussion of the practical significance of kernel hydrolysis and oxidation with respect to Fp 
transport and release. 

11.22 COMPOSITIONAL CHANGE OF UCO KERNEL WITH BURNUP 

function This model calculates the fraction of UC, remaining in the UCO kernel as 
a function of burnup and initial UC, fraction. 

present 
Status 

This model is probably accurate in predicting the UcJu02 ratio during 
bumup, but no clear statement of its origin or derivation has been located. 

model 
uncertainty 

The uncertainty inherent in this model is unknown. The variation in the as- 
manufactured UCJU02 ratio is probably greater than the uncertainty in the 
model itself. 

references FDDM/F; Scheffel et al. (1989); Homan et al. (1977) 
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NORMAL OPERATING CONDITIONS 

Model eauations 

The UCO kernel is considered to consist of distinct UC, and UO, components. Due to 
thermodynamic considerations, the ratio of UC, to UO, changes with burnup because of the 
change in oxygen potential with bumup (Le., some of the oxygen released from UO, fission 
reacts with the UC, to form UOa thus UC, is removed both chemically and by neutron 
capture). The composition of the UCO kernel at any point during the irradiation lifetime 
of the fuel is given by FDDME 

M =  Me - 0.625F , M 2 0 ,  (11221) 

M = fraction of UC, in the UCO kernel (mole percent), 
M, = initial manufactured fraction of UC, in the UCO kernel (mole percent), 
F = burnup (% FIMA). 

Range of validitv 

This model equation is valid until UC, is completely removed from the kernel (Le., until 
M = 0). 

AssumDtions 

The assumptions required for this model derivation are unknown, as source references 
have not been reviewed. The assumptions are likely related to thermodynamic 
considerations such as those used by Homan et al. (1977). The effect of temperature on 
U W O ,  thermodynamic equilibrium must be assumed to be insignificant; the validity of this 
assumption is nowhere discussed. 

Uncertainty 

The uncertainty in this model is unknown. It should be noted that, although the nominal 
UCO composition is given as UG30,,, (technically a composition by weight; the nominal 
molar composition is approximately U&,O,.m), the manufacturing tolerance capabilities on 
carbon variation is stated to be UC,,0,,6 (Scheffel et al., 1989). The tolerance for minimum 
carbon content is not stated. This upper tolerance level represents a 33% variation from 
the nominal UC, composition, which in practice probably renders the uncertainty of the 
model to a secondary status. 

MODEL CHRONOLOGY 

The chronology of the development of this model is unknown, as source references have 
not been reviewed. 
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DISCUSSION 

This model is not relevant to accident conditions (no change in burnup) except in 
predicting the kernel composition at the time of the accident for AC models which are 
composition-dependent. For example, the kernel composition is relevant for AC gas release 
under hydrolyzing conditions because the rate. of UC, hydrolysis is significantly greater than 
that of UO, (Myers, 1986). As the rates of oxidation of UC, and UO, are believed to be 
similar (Myers, 1986), no such distinction between UC, and UO, compositions is required 
for modelling of oxidation-enhanced fission gas release. 

Two references for this model are mentioned in FDDM/F, one an internal GA memo 
and the second a proprietary GA document'. However, a newer version of the proprietary 
document (Scheffel et al., 1989) has been distributed on a nonproprietary basis. Scheffel 
et al. (1989) do not present Eq. (11.2.2.1), but they do present a figure showing the 
calculated UC, content in UCO kernels as a function of initial UCO composition and 
burnup. This figure is reproduced as Fig. 11.22.1. It appears that this figure was likely 
calculated on the basis of Eq. (11.2.2.1). 

Another reference for this UC,-content dependence on burnup is provided by Homan 
et al. (1977). Thermodynamic calculations were performed to estimate the removal of UC, 
from the UCO kernel during irradiation as a function of burnup and initial UC, content: 
"For example, consider the results at an initial 20% UC, content. Both UC, and UO, are 
initially present and these phases establish the p [chemical potential of oxygen] up to 
-34% FIMA ... Once burnup exceeds -34% FM%C, has disappeared ..." For complete 
removal of UC, at 34% FIMA, Eq. (11.221) predicts an initial UC, molar content of 
21.25% (initial content by weight of 20.74%). These values for initial UC, content are very 
close to the stated value of 20% by Homan et al. (1977) which suggests that: 

(1) 

(2) 

(3) 

for this initial UC, content the model is consistent with the calculations of Homan et 
al. (1977), 
Eq. (11.2.2.1) was likely derived based on themodynamic considerations such as those 
employed by Homan et al. (1977), and 
if necessary, the derivation of Eq. (11.2.2.1) could probably be reproduced by 
employing the methodology stated by Homan et al. (1977). 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

Although detailed information on this model is limited, the model as stated is probably 
adequate because of the larger uncertainty in the as-manufactured UC,/UO, ratio in UCO 
kernels. It might be interesting to speculate on potential effects of as-manufactured 
variation in the initial UC, content. An upper tolerance limit on initial UC, content is 
specified as UC,,,O,, by Scheffel et al. (1989), but no lower tolerance limit is given. If the 

'W. J. Scheffel, 'Technical Support Document for Issue E of the HTGR Fuel Product 
Specification," GA Document 903728/C, July 1986. 
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compositional distribution around the nominal value is symmetric, then a lower limit for the 
initial UC, content would be closer to U&O,,. For such a UCO composition, Fig. 11.2.2.2 
(taken from Homan et al., 1977) suggests that CO formation could occur above 
approximately 53% FIMk The design value for maximum fissile particle burnup in the 
NP-MHTGR is 75% FIMA (CEGA, 1990). It is generally assumed that CO production is 
not a concern for UCO particle integrity in the MHTGR with respect to pressure-vessel 
model calculations (General Atomics, 1989). Although the limited production of CO 
suggested here should not have a significant effect on fuel performance, the assumption that 
no CO is produced within MHTGR fuel may not be strictly true. 

DATABASE USED IN MODEL DEVELOPMENT 

Lacking review of the original references to the model, the database, if any, used in 
deriving Eq. (11.2.2.1) is unknown. If direct experimental evidence is not available, 
Fig. 11.2.2.2 might be considered part of the database for this model although based on a 
thermodynamic rather than experimental analysis. 

11.23 F O N A L  HYDROLYSIS OF FISSILE FUEL KERNELS 

function 

present 
Status 

model 
uncertainly 

references 

This model calculates the time-dependent fractional hydrolysis of the UCO 
kernel as a function of temperature and water vapor pressure. 

The hydrolysis of UCO kernels is modelled by considering the hydrolysis of 
the UO, and UC, portions of the kernel separately. Functional 
dependencies on temperature and water vapor pressure are derived from the 
experimental data and incorporated into classical nucleation theory. 

The model uncertainty has not been determined. 

Myers (1986); Montgomery (1980, 1981b) 

NORMAL OPERATING CONDITIONS AND ACCIDENT CONDITIONS 

Model eauations 

.The fraction of UCO hydrolyzed after the time t is given by Myers (1986):' 

'It appears the following equation should have a term related to the relative UC4U0, 
composition within the UCO kernel, othewise the value for fractional hydrolysis could be 
as high as two. This is not discussed in the references. 
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Fig. 11.2.2.2. Phases present below 1800 K in a fully enriched (zuU/total U = 0.93) U0,- 
UC, kernel as a function of burnup and initial UC, content. The 
EuOL5-EuC, system is not shown because it has a small (<1%) yield. 
However, its chemical behavior is different from yttrium and the other 
lanthanides (RE), and it converts from the carbide to the oxide at about the 
same burnup as the strontium system (from Homan et al., 1977). 
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-A: ai(?) = 1 - e  , 

(1 1-3-1) 

(1 1-32) 

(11.233) 

(1 123.4) 

fractional hydrolysis of the UCO kernel, 
fractional hydrolysis of component i, where i = c (UCJ or i = o (UO,), 
time (s), 
constant, for i = c, o (s"), 
water vapor pressure at the kernel (Pa), 
temperature (K), 
constant (K), 
temperature coefficients (K), 
activation energy (J mol-'), 
ideal gas constant (8.314 J mol" IC'), 
constant (Pa-'), 
constant (dimensionless), 
constant (IC'), 
dummy variable. 

These equations are also incorporated into the model for fission gas release from 
exposed kernels under hydrolyzing accident conditions, ~ 4 . 5 .  The values for the model 
parameters are listed in Table 11.23.1. These values are the same as those listed in 
Table 4.5.1 of ~4.5 .  

Ranee of validity 

Limitations on the range of validity of the model are not specified by Myers (1986). 
Some of the experimental ranges are indicated by Table 11.2.3.2 (irradiation conditions; from 
Montgomery, 1981b), Fig. 11.23.1 (UC, hydrolysis; from Myers, 1986), and Table 11.2.3.3 
(UCO and UO, hydrolysis; from Myers, 1986). As stated by Myers (1986), the "rate 
coefficient for hydrolysis has been measured for UC, over a range of temperatures [60 to 
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Table 11.2.3.1. Parameters in the reaction rate coefficient expression for kernel hydrolysis 
(from Myers, 1986) 

Parameter 

Values For 

UC, (in UCO) uo 2 

6.55 ( - 2 )  9.39 (-4) 

5.99 (-3) 3.65 (-3) 

4371. 4371. 

14.1 14.1 

1382. 1382 

0.0443 0.0443 

41 3. 41 3. 

11-9 



C
 

Q
 

G
 

z 

cu 
0
 

-
 
n

 
a
 

W
 

d
 

I 
0
 

c
-
 

=
o
 

0
0
 

W
O

 
-

1
 

a
-
 

I
V

 
--*

 
W

r
o

 

(Y
rr 

U
 
a
-
 

9
 

C
N

 
9

1
 

0
4
 

u
o
 

0
 

0
0

 
v

3
I

 
r

m
 

P
U

 
I
U
 

-
9
 

W
 Y
 

n
o

 

a
i

 

.
d

 

n
 

a
 
e, 
-

1
 

U
 

-
0
 

.
(
Y

 
(
Y

-
 

h
 

?
2

 
N

I
 

U
 

11-10 



10 14 18 22 26 30 34 6 

1 Ob/T (K)  

Fig. 11.2.3.1. Reaction rate of UC, with water vapor vs reciprocal temperature 
(horn Myers, 1986). 
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Table 11.2.3.3. Reaction rate coefficient data for hydrolysis of UCO and U02 
(from Myers, 1986) 

Fuel Composition Ten? ( O C )  Pressure (Pa) k ( l i s )  

uc0.3601 .64 71 6 7 200 8.12 (-4) 

720 1300 1.15 ( - 5 )  

800 18 1.14 ( - 4 )  

u02 

“0.3 ‘1.7 
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637C] and partial water vapor pressures but only at a few temperatures for UO, and 
UCO." 

Assumptions 

1. The nucleation theory applied to the data assumes the reaction sites are spherical, which 
leads to the functional form of Eq. (11.2.3.2). 

2. To represent the dependence of hydrolysis on temperature and water vapor pressure, 
the following general functional form is applied to the data: 

Q = fraction of fuel hydrolyzed, 
t = time (s), 
T = temperature (K), 
P = water vapor pressure (Pa), 
k'(T) = rate coefficient for hydrolysis (s-'), 
g@) = some function of the water vapor pressure, 
f ( a )  = some function of a which reduces to k = k'(T) g@) for constant T and p. 

3. To represent the dependence of hydrolysis on water vapor pressure, g@), the following 
functional form is assumed: 

u = constant (Pa"). 

Additional details of the nucleation theory and associated assumptions applied to the analysis 
of the data may be available from the work of Montgomery (1980, 1981b). These 
documents have not been reviewed in detail by this writer. 

Uncertainty 

The uncertainty of the model has not been quantified. 

MODEL CHRONOLOGY 

The model is based on the experimental work of Montgomery (1981b) and presented in 
its current form by Myers (1986). 
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DISCUSSION 

The model presented in this section forms an integral part of the model of S4.5 for AC 
release of fission gas from exposed kernels undergoing hydrolysis. The UC, portion of the 
UCO kernel undergoes hydrolysis significantly faster than the U0, portion. As a first 
approximation, the hydrolysis of the UC, portion can be considered complete before 
significant hydrolysis of the UO, portion occurs. 

A summary of the nucleation mechanisms and phenomena are presented by Myers 
(1986): 'The mechanisms of hydrolysis have been discussed by Montgomery [1981b]. For 
UO, and UCO where the amount of carbide is less than 20%, a nucleation and growth 
mechanism applies. In this mechanism, the limiting process is growth of the reactant sites. 
As the reactant sites become larger, their growth declines when they begin to merge. If the 
reaction sites are configurationally treated as spheres, the time dependence of the fraction 
of fuel hydrolyzed is given [in the form of Eq. (11.23.2), which is] formally identical to a 
Weibull distribution function; that such a distriibution function can describe heterogeneous 
reactions is well known ... 

"For UC, at high temperature, a phase boundary process controls the rate of hydrolysis 
and at low temperatures (approximately 200'C), the hydrolysis is controlled by diffusion. 
In the former mechanism, the rate of reaction is proportional to the unreacted fuel and in 
the latter to the rate at which reactants amve at or leave the reaction site. 

'The difference in reaction mechanisms between UCO and UC, needs to be clarified in 
view of the distinction made above between the UC, and UO, portions of the UCO kernel. 
In the experiments (Montgomery, 1981bl on the basis of which the reaction mechanisms 
were deduced, the UC, portion of the UCO kernel was that portion whose hydrolysis was 
measured; yet the mechanism deduced was different from that deduced from similar 
experiments with UC, kernels. The difference lies in the distriiution of the carbide and 
oxide portion of the UCO kernel. The carbide portion is dispersed so that water has access 
to a large number of reaction sites. If the carbide were concentrated, say within a spherical 
volume, access to the interior would become difficult after the surface has been hydrolyzed 
and converted to oxide since water would have to diffuse through the effect of the oxide 
layer. With dispersal of the carbide portion, the oxide bamer to reaction is greatly 
mitigated, and the mechanism of reaction is changed ... 

"... The relation between the rate [of UC, hydrolysis] and temperature is that described 
by an Arrhenius expression for temperatures above 300.C; below 300'C the rate rises to 
a maximum at l00.C and declines at lower temperatures [see Fig. 11.2.3.11. At 
temperatures below 300.C the sorptivity of water on the fuel apparently increases 
significantly, resulting in a corresponding increase in the reaction rate. At temperatures 
below 100'C the availability of water is not limiting, and the reaction rate declines with 
further lowering of the temperature [Montgomery, 1981bJ. To represent this behavior ..." 
Q. (11.2.3.5) is used, in which the "complex temperature dependence is abstracted into 
k'(T)." 

"The reaction rate increases with increasing water vapor pressure until pressures above 
1 kPa are reached [Montgomery, 19801; independence of the reaction rate on water vapor 
pressure is observed ... at pressures of the order of 10 e a .  In the absence of acceptable 
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data on this dependence in the process of hydrolysis" the dependence of Eq. (11.2.3.6) is 
assumed. To evaluate the parameters keb and u in Eq. (11.23.4), "singular data for UCO 
and UO, obtained in tests at GA ... and presented in Table [11.2.3.3] are used." 

Additional details on the model derivation are provided by Myers (1986) and should be 
referred to for further information. 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

As mentioned initially, the absence of a term in the governing equations related to 
UCJJ02 composition within the UCO kernel should be considered. 

In Fig. 11.2.3.2 Myers (1986) presents three data points obtained from the HRB-17/18 
and related experiments. An analytical expression is also derived and presented in 
Fig. 11.2.3.2 to approximate the data points cfm represents the maximum fraction of gas 
released based on the mechanism of nucleation and growth). Myers (1986) comments on 
this data: 'The mechanism responsible for the limitation on the extent of hydrolysis of the 
carbide fraction remains to be established; however, one interpretation is as follows. The 
initial hydrolysis of the carbide portion of the UCO kernel proceeds according to a 
nucleation and growth mechanism ... In this mechanism reaction sites on the surfaces of the 
UC, grow until a merging results in covering the carbide particle surface with an oxide layer. 
At this point, water can no longer easily reach the carbide; the mechanism of reaction 
changes and the rate of reaction slows. This accounts for the decreased reaction rate 
observed ... After the slowing, a diffusion mechanism, as observed for UC, fuel ... probably 
governs the reaction. The nature of the diffusion is unknown; carbon could be diffusing 
through the oxide layer to react with water at the surface, water or oxygen could be diffusing 
into the layer to reach the carbon, or water, trapped in the oxide layer, could be diffusing 
to the carbide and reacting." 

This information and related data from the HRB-17/18 and HFR-B1 capsules should be 
considered in future evaluation of this model. 

DATABASE USED IN MODEL DEVELOPMENT 

Much of the database relevant to this model is presented by Montgomery (1980, 1981b), 
some of which is presented in Tables 11.2.3.2 and 11.2.3.3 and Fig. 11.2.3.1. Another 
document by F. C. Montgomery ("Hydrolysis of Failed, Unirradiated UCO in HRB 17/18 
Fuel Rods," GA Technologies Document No. 907258/0, ca. 1986) is referenced by Myers 
(1986) but has not been reviewed by this writer. Figures 11.2.3.3 and 11.2.3.4 are taken from 
Montgomery (1981b) and represent some of the work done in determining the dominant 
mechanism of kernel hydrolysis. Reference should be made to Montgomery (1980, 1981b) 
for additional details and related database. 
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Fig. 11.2.3.2. Extent of hydrolysis of the carbide portion of UCO as a function of the water vapor pressure and concentration 
by the mechanism of nucleation and growth at 800'C (from Myers, 1986). 
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1124 FRAcLloNAL OXIDATION OF FISSILE FUEL KERNEIS 

function This model calculates the time-dependent fractional oxidation of UCO for 
air ingress events as a function of temperature and oxygen vapor pressure. 

present 
Status 

The model assumes comparable oxidation rates of the UC, and UO, portions 
of the UCO kernel, based on "very limited data" (Myers, 1986). No 
distinction is made between the UC, and UO, portions of the kernel. The 
model is based on first-order reaction kinetics. 

model The model uncertainty has not been determined. 
uncertainty 

references Myers (1986); Wood et al. (1985) 

NORMAL OPERATING CONDITIONS AND ACCIDENT CONDITIONS 

Model eauations 

The fraction of UCO oxidized after the time t is given by Myers (1986): 

fractional oxidation of the UCO kernel, 
time (h), 
constant (h-I), 
oxygen vapor pressure at the kernel (Pa), 
temperature (K), 
temperature coefficient (K), 

(1124.1) 

(1 1 2 4 4  

(1 1 2 4 3 )  

(1 124-4) 
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e *' 
R 
u,, 0,  = constants (Pa"), 
4 = constant (h), 
c = dummy variable. 

The values for the model parameters are listed in Table 11.2.4.1. These equations were also 
incorporated into the model for fission gas release from exposed kernels under oxidizing 
accident conditions, ~4.7.  The values listed in Table 11.2.4.1 are the same as those used in 

= activation energy (J mol-'), 
= ideal gas constant (8.314 J mol" IC'), 

s4.7. 

Ranee of validity 

No limitation to the range of model applicability is explicitly stated by Myers (1986), 
therefore the model is assumed to be applicable over the range of expected MHTGR 
conditions. Apparently data has not been obtained for the oxidation of UG; data for UC 
is used to approximate the oxidation response of UG. Data for the oxidation of UO, and 
UCO were reported for oxygen partial pressures of 0.2, 0.3, and 20 Wa and temperatures 
between approximately 200 and 500.C. 

AssumDtjons 

1. The rates of oxidation of UO, and UC are equal. 
2. The rate of oxidation of UC can be used to represent that of UG. 
3. The same temperature dependence as determined from the time to completion of 

oxidation can be applied to the induction time for oxidation. 
4. The pressure dependencies of the induction and reaction times take the functional form: 

g@) = 1 - =€)(-a, P,) 9 (11245) 

u1 = constant (Pa"). 

5. A fractional oxidation value of 0.99 was assumed in the determination of values for kqo 
and u p  

Uncertainty 

The uncertainty of the model has not been quantified. 

MODEL CHRONOLOGY 

This model was presented by Myers (1986) and based on data obtained from Wood et al. 
(1985) and Montgomery et al. (1983). This model is reproduced in FDDME. 
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Table 11.2.4.1. Values of the model parameters and constants for oxidation of UCO kernels 
(from Myers, 1986) 

Parameter Value 

( l / h )  9.96 (6) ox.0 k 

a2 ( 1  /Pa) 2.07 ( - 3 )  

ti (h) 3.03 ( - 8 )  
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DISCUSSION 

These model equations are used as the basis of the gas release model during AC 
oxidation (~4.7). As both UC, and UO, components of the UCO kernel are believed to 
oxidize at comparable rates, the kernel is treated as a single material unlike the case for 
hydrolysis. Myers (1986) comments that: "In determining rate coefficient expressions for 
oxidation, data from fuel initially containing qarbon has been used. This can be justified on 
the basis of a comparison of data on the oxidation of UO, and of UC ... The value for UC 
is larger than for UO, and the use of data for fuel initially containing carbon ought to be 
conservative. Therefore, the assumption of equal rates of oxidation for UO, and UC, and 
by assumption for UC, is adopted here." 

Myers (1986) describes the derivation of the model. 'The mechanism of air oxidation 
of UO, is determined from data [Wood et al., (1985)l recently reported. From the data ... 
given in Table [11.2.4.2], as plotted in Fig. I11.2.4.11, the mechanism is deduced to involve 
a first order reaction based on the linearity of the data in a semi-logarithmic plot. The 
mechanisms pontgomery, 1981bl involving diffusion controlled reactions, phase boundary 
reactions, and nucleation and growth are not appropriate. Consequently, the time 
dependence of the fraction of fuel oxidized is given by [an equation in the form of 
Eq. (11.2.4.1)). Comparable data on the oxidation of UC, are not available. 

'To derive a rate expression for the oxidation of UO, use is made of [Eq. (11.2.4.1)], the 
observation, evident in Fig. [11.2.4.1], that there is an induction period preceding the onset 
of the first order kinetic regime and measured times to complete oxidation [Wood et al., 
1985; Montgomery et al., 19831. Then 

2, = tr + tR , (1 124.6) 

where ti = completion time (i = c), induction time (i = I) and reaction time (i = R). The 
completion times, t, determined experimentally are plotted in Fig. [11.2.4.2] for the data on 
the air oxidation of UO, at po, = 20 kPa and on the oxidation of UCO at po, = 0.2 to 
0.3 kPa." Equations were then derived to approximate the experimental data, as given in 
Fig. 11.2.4.2. 'With the information presented on completion and induction times, 
expressions for the induction time and the reaction rate coefficient can be derived, taking 
into account dependencies on temperature and the partial pressure of 02." This induction 
time is incorporated into the model as the lower limit of the integral of Eq. (11.2.4.2). 

Myers (1986) then discusses in detail the derivation of the model parameters of 
Table 11.2.4.1 and provides the results of the analyses of induction and completion times for 
oxidation in Table 11.2.4.3. Finally, comparison between the model and the experimental 
data for the "time dependence of weight gain upon oxidation of UO, at SOO'C' is shown in 
Fig. 11.2.4.3. Reference should be made to Myers (1986) for additional details of the 
derivation of the model and parameters. 
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Table 11.2.4.2. The fractional oxidation of U02 by air at SOO'C (from Wood et al., 1985; 
as reported by Myers, 1986) . 

Frac t ion  
Oxid ized  (a )  

Ccmplcment of 
Frzction O x i d i z e d  

200 

300 

400 

50 0 

600 

700 

800 

900 

1000 

1100 

1200 

1300 

1400 

1500 

1600 

0.0436 

0.196 

0.407 

0.572 

0.676 

0.749 

0.807 

0.851 

0.887 

0.91 2 

0.935 

0.949 

0.964 

0.975 

0.933 

0.956 

0.804 

0.593 

0. G28 

0.324 

0.251 

0.193 

0.149 

0.113 

0.088 

0.065 

0.051 

0.036 

0.025 

0.017 
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Fig. 11.2.4.1. Test of mechanisms in the oxidation of UO,; (o), nucleation and growth; (a, 
first order; (a), diffusion controlled; (A), phase boundary (from Myers, 
1986). 
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Fig. 11.2.4.2. The temperature dependence of times to complete oxidation 
(from Myen, 1986). 
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Table 11.2.4.3. Completion and induction times in the oxidation of UO, and UCO 
(from Myers, 1986) 

Original Data 

T( O C  1 t c ( h )  TI(h) - 
5.83 ( - 1 )  4.17 ( -2)  500 

270. 1.40 (2 )  305 

Temperature Corrected Data 

64.78 4.63 305 29 

270. 140. 305 0.3 
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Fig. 11.2.4.3. Comparison between the calculated and observed fractional oxidation of 
UO, at SOO'C in air (from Myers, 1986). 
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ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

Model revision would be difficult without additional data on the oxidation of UCO, UO, 
or UG. Specifically, any data on UC, oxidation would be very relevant to validation of this 
model. An additional consideration which was mentioned in s4.7 relates to German 
calculations which suggest that hydrogen gas generated by oxidation of graphite might retard 
the oxidation of UO, at temperatures above 700.C. However, this possibility is questioned 
for reasons given in "Additional Considerations" of ~ 4 . 7  which will not be repeated here. 

DATABASE USED IN MODEL DEVELOPMENT 

Additional details on the database for oxidation of U02 can be obtained from Wood 
et al. (1985). Myers (1986) also presents data from Montgomery et al. (1983) and refers to 
data for the oxidation of UC attributed to IL k Peakall and J. E. Antill (Oxidation of 
Uranium Monocarbide, Atomic Energy Research Establishment Report AERE-R3844, 
Hawell, UK, 1961). The last two references have not been reviewed by this writer. 

112.5 HYDROLYSIS AND OXIDATION OF FERTILE FUEL KERNELS 

function This model calculates the time-dependent fractional hydrolysis and oxidation 
of Tho, only after it has undergone carbothermic reduction to ThC, as a 
function of temperature and water/oxygen vapor pressure. 

present 
Status 

"In the case of Tho, fuel, hydrolysis and oxidation are only of interest if 
the exposed kernels have been subjected to high temperatures (>1400'C) 
and conditions which promote carbothermic reduction. In this case, the now 
carbide kernels would be treated as UC, (The detailed treatment of this 
case has not been developed.)" (Myers, 1986). 

model The model uncertainty h& not been determined. 
uncertainty 

references Myers (1986) 

ACCIDENT CONDITIONS 

Model equations: oxidation 

Oxidation of ThC, is treated identically to that of UG. As the oxidation of UC, and 
UOz is believed to be similar, the fractional oxidation of ThC, can be modelled using 
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Eqs. (11.2.4.1) through (11.2.4.4) of s11.2.4, using the parameter values provided in 
Table 11.2.4.1. 

Model eauations: hvdrolvsis 

Rates of hydrolysis for UC, and UO, are different, thus the fractional hydrolysis of ThC, 
is modelled using Eqs. (11.2.3.1) through (11.23.4) of s11.2.3, except that the oxide 
component a&) of Eq. (11.2.3.1) is not included. The fractional hydrolysis of Thq is then 
given by: 

ah@) = a,(?) = 1 - e -A: , (1 13.1) 

(11252) 

(1 1253) 

with all terms as defined in s11.2.3 and the parameter values given in Table 11.2.3.1 for 
U G  

Ranee - of validity 

The nature of the "conditions which promote carbothermic reduction" and the 
experimental data relevant to this process are unknown to this writer and therefore no 
statements related to the range of validity can be made. The statements of 511.23 and 
s11.2.4 regarding the experimental range of validity of the data for UC, are appropriate 
here. 

Assumutions 

1. 
2. 

3. 

Oxidation of Tho, is insignificant under reactor conditions. 
-The hydrolysis and oxidation of Thq can be described by the same model as that used 
for UC, 
Under appropriate conditions of carbothermic reduction, the conversion of Tho, to ThC, 
can be considered complete. 

11-29 



Uncertaintv 

The uncertainty of this model has not been quantified. 

MODEL CHRONOLOGY 

This model was presented by Myers (1986) and reproduced in FDDM/F. Any statements 
relevant to this model prior to Myers (1986) are unknown. 

DISCUSSION 

The most detailed statement related to this model is that quoted above in "present 
status" from Myers (1986). No additional information on this model can be provided beyond 
that stated for the hydrolysis and oxidation of UC, kernels in $11.2.3 and $11.2.4. 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

Additional information is required for the reaction of Tho, to ThC, and the related 
mechanisms. Any data for the oxidation or hydrolysis of ThC, would be important for 
comparison with UC, data. 

DATABASE USED IN MODEL DEVELOPMENT 

The database relevant to conversion of Tho2 to ThC, is unknown. Reference should be 
made to ~11.2.3 and $11.2.4 for discussion of the database relevant to hydrolysis and 
oxidation, respectively, of UG. 

113 HYDROLYSIS AND OXIDATION OF PARTICLE COATINGS 

function This model correlates the rate of hydrolysis and oxidation of the buffer layer 
with that of the fuel compact matrix material (S11.4) and the PyC layers 
with that of graphite (S 11.6.3), using the same functional dependencies. The 
Sic layer is assumed not to react. 

present 
Status 

In the absence of data for the hydrolysis and oxidation of buffer, PyC, and 
Sic coating layers, simple approximations are made for the reactions or lack 
of reaction. 

model The model uncertainty cannot be quantified due to lack of data. 
uncertainty 

references FDDME, Myers (1988) 
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NORMAL OPEUTING CONDITIONS AND ACCIDENT CONDITIONS 

Model eauations: buffer laver 

In the presence of water or oxidant, the buffer layer is assumed to react at a rate equal 
to that of the fuel compact matrix material (FDDW): 

(113.1) 

Rb = rate of hydrolysis or oxidation of the buffer layer (mass fraction reacting per unit 

R, = rate of hydrolysis or oxidation of the compact matrix material (mass fraction reacting 
time), 

per unit time). 

The model equation for R, is given in S11.4 below. 

Model eauations: PvC lavers 

In the presence of water or oxidant, the PyC layers are assumed to react at a multiple 
of the rate of H-451 graphite (FDDMF): 

Rpyc = 2.5 RI , (1132) 

R, = rate of hydrolysis or oxidation of the PyC layers (mass fraction reacting per unit 

Rg = rate of hydrolysis or oxidation of H-45 1 graphite (mass fraction reacting per unit time). 
time), 

Model equations for RI are given below in 511.6.3 (hydrolysis) and ~11.6.4 (oxidation). 

Model eauations: Sic laver 

In the presence of water or oxidant, the Sic layer is assumed to form a protective SO, 
layer which prevents further reaction (FDDW): 

R,, = rate of hydrolysis 
time). 

Range of validity 

(1133) 

or oxidation of the Sic layer (mass fraction reacting per unit 

1. Lacking further information, the range of validity of the models for buffer and PyC layers 
must be based on the range of validity of the source models in ~11.4, ~11.6.3, and 
s 11.6.4 below. 
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2. The SiOz surface layers protect the Sic over most core temperatures. As temperatures 
exceed lSOO'C, the SiOz becomes more volatile (Martin, 1990). However, direct 
reaction of flowing water vapor with (nonreference) Sic samples is known to result in 
significant Sic weight loss at temperatures above 1200'C. A maximum temperature will 
not be specified here for the experimental range of validity of this model without further 
analysis, but one should realize that the rationale for this model for Sic hydrolysis 
becomes weaker at maximum AC temperatures under hydrolyzing conditions. 

AssumDtions 

Each model represents an assumption. Apparently only Eq. (11.3.3) can be reliably 
based on pextinent data. 

Uncertainty 

No attempt has been made to quantify the level of uncertainty for each model. 

MODEL CHRONOLOGY 

The development of this model is unknown. The only source referenced by FDDM/F 
is a GA internal memorandum by R. D. Burnette. 

DISCUSSION 

Although the same model is used for both NOC and AC regimes, only during significant 
oxidant ingress to the reactor system during accident conditions would these reactions 
become a concern. 

The ability of Sic to form a protective surface layer of SiOz under oxidizing conditions 
at elevated temperatures is well known, but if temperatures approach 1600'C that layer 
becomes more volatile and can decompose along with the Sic substrate, forming gaseous 
SiO. An introductoIy discussion of this decomposition mechanism is provided by Martin 
(1990). Data specific to the reaction of Sic with H,O at elevated temperatures can be 
obtained from Antill et al. (1971). Additional information on the reaction of buffer and PyC 
layers with oxidants has not been obtained by this writer. 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

If water ingress accidents could bring the Sic layers in contact with water for extended 
periods of time at maximum AC temperatures, the potential for destructive oxidation of the 
Sic increases. If the Sic is not exposed to flowing water vapor, the actual consequences of 
such a water ingress accident may not be significant. The potential effect of significant 
oxidation of the Sic on its subsequent high-temperature stability should be kept in mind (Le., 
enhanced vaporization of SiO, as temperatures approach 1600.C). 
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Further development of the models for buffer and PyC reaction cannot be suggested 
without more background to the origin of these models and their assumptions. A review of 
the scientific literature may provide more relevant data than is apparent from the HTGR 
literature base. 

DATABASE USED IN MODEL DEVELOPMENT 

Data for the reaction of Sic with flowing water vapor at 1000 and 1200'C are presented 
in Figs. 11.3.1 and 11.3.2, respectively (Antill et al., 1971). The Sic samples used were those 
of nuclear fuel particles without the OPyC layers. These figures indicate that Sic weight loss 
can be significant at temperatures within the range of MHTGR conditions. However, these 
figures do not directly indicate a problem for MHTGR operation under accident conditions 
unless further analysis indicates the flow of the water vapor in the experiments has some 
analogy to conditions expected in the MHTGR. 

Apparently no database exists for the reaction of buffer and PyC layers with water or 
oxidizing agents (Myers, 1988). 

11.4 HYDROLYSIS AND OXIDATION OF FUEL COMPACT MATRIX MATERIAL 

function This model correlates the rate of hydrolysis and oxidation of the fuel 
compact matrix material with that of graphite (s11.6.3), using the same 
functional dependencies. 

present The model for hydrolysis is based upon limited data, within a limited range 
Status of experimental conditions. According to Myers (1988), "our current 

modeling of the hydrolysis is incorrect ...I' The model for oxidation is taken 
directly from that for hydrolysis due to lack of data. 

model 
uncertainty 

The uncertainty of the models has not been quantified, as the "uncertainty 
of the limited data on the hydrolysis of fuel compact matrix material is 
difficult to estimate" (Myers, 1988). 

references General Atomic (1974); FDDME; Myers (1988) 

NORMAL OPERATING CONDITIONS AND ACCIDENT CONDITIONS 

Model eauations 

According to General Atomic (1974), exposure to steam indicates Yhe matrix material 
is about 20 times more reactive than H-451 graphite at comparable burnoffs" which gives 
the model equation: 
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Weight change vs time graph for lOOO'C with a varying pressure of H,O vapor 
(from Antill et al., 1971). 
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Fig. 11.3.2. Weight change vs time graph for 1200'C with a vaxying pressure of H20 vapor 
(from Antill et al., 1971). 
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R4 = 20 RgA , (1 1.4.1) 

R, 

R8* 

= rate of hydrolysis of the compact matrix material (mass fraction reacting per unit 

= rate of hydrolysis of H-451 graphite (mass fraction reacting per unit time). 
time), 

A comparable model is assumed to represent the rate of oxidation of the fuel compact 
matrix material (FDDM/F): 

(1 1.42) 

Etso1 

Etg= 

= rate of oxidation of the compact matrix material (mass fraction reacting per unit 

= rate of oxidation of H-451 graphite (mass fraction reacting per unit time). 
time), 

Model equations for Rd and Rl= are given below in s11.6.3 and 11.6.4, respectively. 

RanPe of validitv 

The model is assumed to be valid over the entire range of reactor conditions. 
Experimentally, the range of validity is limited to a steam pressure of 0.03 atm at 
temperatures from 800 to 95OoC, matrix material samples of size 0.75 x 0.25 x 0.125 in., 
with the results "normalized to 1% burnoff (no discussion is provided as to how this 
normalization w a s  carried out, therefore the actual burnoff is unknown). 

Assumutions 

1. 

2. 

3. 

4. 

5. 

The relative rate of hydrolysis of graphite to compact matrix material at a single value 
of burnoff (normalized to 1%) provides a constant ratio which will not change over the 
entire range of potential burnoff €tactions within the reactor. 
The relative rate of hydrolysis of graphite to compact matrix between 800 and 950'C will 
not change significantly for reactor operating temperatures outside that range. 
The relative rate of hydrolysis of graphite to compact matrix at a steam pressure of 
0.03 atm will not change significantly for other pressures of steam. 
The experimental conditions for the steam flow at the sample surface in this experiment 
is typical of that expected within the reactor under accident conditions; otherwise, the 
steam flow conditions must be assumed to be insignificant. 
The rates of oxidation of graphite and compact matrix material over the entire range of 
reactor conditions occur in the same proportion as that of the hydrolysis experiment. 
Specifically, reaction rates are not a function of irradiation. 
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Uncertainty 

The uncertainty of these models has not been quantified, but should be considered 
significant. 

MODEL CHRONOLOGY 

This model for hydrolysis of the compact matrix material as stated by General Atoniic 
(1974) has remained unchanged to the present. The model for oxidation of the compact 
matrix material was added at some later date, in a form analogous to that of the hydrolysis 
model. 

DISCUSSION 

Although the same model is used for both NOC and AC regimes, only during significant 
oxidant ingress to the reactor system under accident conditions would these reactions 
become a concern. 

The extent of knowledge related to th is  model can apparently be encompassed by two 
quotes. General Atomic (1974) provides the following discussion of experimental results. 
"A preliminary study was performed on fuel rod matrix material to measure steam oxidation 
reaction rates. Thin slab samples (0.125 in. thick) were machined from fired rods of matrix 
material. The results for a single sample exposed to 0.03-atm steam at temperatures 
between 800' and 95O'C, normalized to 1% burnoff, are shown in Fig. (11.4.11. The data 
show that the matrix material is about 20 times more reactbe than H-451 graphite at 
comparable burnoffs ... It is felt that this relatively high reactivity is the result of the high 
impurity content and the high porosity of the matrix material. It is reasoned that the highly 
reactive matrix material would be sacrificially protective to PyC coated fuel particles, should 
water vapor diffuse or permeate graphite webs and contact fuel rod materials during normal 
reactor operation." The factor of 20 was determined by comparison to similar experiments 
performed on H-451 graphite which are represented by Fig. 11.4.2. 

Myers (1988) comments: 'The uncertainty of the limited data on the hydrolysis of fuel 
compact matrix material is difficult to estimate. Recent observations in experiment HFR-B1 
indicate that for a reactor-relevant, fuel element configuration, the rate of hydrolysis 
decreases significantly after the exposed matrix material surface becomes saturated with 
adsorbed H20 or its dissociation products. Clearly our current modeling of the hydrolysis 
is incorrect and after completion of the HFR-B1 experiment and analysis, a large reduction 
in uncertainty can be expected." 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

The paucity of experimental data seriously hinders further model development. Myers' 
(1988) comment on data from the HFR-BI experiment encourages review of this data and 
analysis as soon as it becomes available. In lieu of new data, model revision would be 
limited to review of the scientific literature for information on the oxidation and hydrolysis 
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Fig. 11.4.1. Reaction rate of fuel compact matrix material (PH9 = 0.03 atm,-normalized to 
1% burnoff, sample size = 0.75 in. by 0.25 in. by 0.125 in.) (from General 
Atomic, 1974). 
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of porous materials and/or graphitic and carbonaceous materials, in an attempt to draw 
analogies with MHTGR conditions. 

DATABASE USED IN MODEL DEVELOPMENT 

Figures 11.4.1 and 11.4.2 apparently summarize the entire database used in the 
development of this model. 

115 HYDROLYSIS AND OXIDATION OF FUEL COMPACIS 

function This model correlates the rate of hydrolysis and oxidation of the fuel 
compact to the rates for the compact components (matrix material, graphite 
shim, OPyC layers) as a function of the mass fraction of each component. 

present 
Status 

This model is based on a summation of the rates of hydrolysis/oxidation for 
each component of the fuel compact. 

model The uncertainty of this model is dependent on the uncertainty of the models 
uncertainty for hydrolysis/oxidation of the compact components. As such, the 

uncertainty has not been quantified. 

references FDDMF 

NORMAL OPERATING CONDITIONS AND ACCIDENT CONDITIONS 

Model equations 

This model is taken directly from FDDM/F. The mass fraction of the fuel compact 
which has reacted via hydrolysis or oxidation at time t is given by: 

f m = C X i R i t  , 
1 

(1 15.1) 

fm = xi = 
1; = 
t =  
I =  

mass fraction of fuel compact reacted, 
mass fraction of component i, 
rate of fractional mass reaction of component i (d), 
time (s), 
c (compact), rn (compact matrix material), g (graphite shim), op (Ow layer), or pi 
(region of the coated fuel particle interior to the OPyC layer). 

Values for the parameters and expressions required for the calculation of the mass fractions 
of the compact components are given in Table 11.5.1, taken from FDDM/F. The quantities 
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Table 11.5.1. Values of the mass fractions of fuel compact components and their reaction 
rates under hydrolysis and oxidation conditions (from FDDM/F) 

Reaction Rate 
Hass Fraction 

Fuel 3od Component (Xi 1 Bydrolysis Oxidation 

Fael rod natrix material 0.42/Svp ra = 20 rg rD = 20 rg 

E-451 graphite s h i n  
OPyC 

(1.003 t o  1.73 vp)lSVp rg r13 

Fissile parric le  0.508 V?/SVP - 2.5 rg rOp - 2.5 fg 

Fert i l e  par t i c l e  0.465 v?/Svp :op = 2.5 rg rop = 2.5 rg 
?ar t i c l e  inter ior  to  
03yc 

-. 
:-ssile 7arrfc le  2.13 v,/Svp r?i  = 0 riJi = 0 - 

r?i * 0 2.90 v?/S.,p r?i = O . I =c-. --:-e 1 ? a r t i c l e  

sVP 

1.429 + 0.91 v3 

1.423 + 1.63 v? 

-. r iss i le  p r r i c l e  
Fer t i l e  parz ic le  
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Xi are stated to be given in terms of the volume fraction, vp, of coated particles in the 
compact (apparently the volume fraction is represented by vp in Table 11.5.1). The reaction 
rates listed in Table 11.5.1 are the same as those given in S11.3 and 511.4. 

Range - of validitv 

Equation (11.5.1) is valid only in the range: 

T i t S l  . (1 152) 

For the compact design current to FDDW, the volume fraction of particles plus graphite 
shim is given as 0.58 and that of the fuel compact matrix material given as 0.42. Although 
the particlelshim volume fraction of 058 remains constant throughout the core, the relative 
particle-to-shim volume fractions may vary. Application of Eq. (11.5.1) to fuel compacts with 
matrix material mass fractions other than 0.42 would require different calculations for Xi 
than those listed in Table 11.5.1. 

AssumDtions 

1. The assumptions stated in ~ 1 1 . 3  and ~ 1 1 . 4  for the reaction rates of particle coatings and 
compact matrix material are applicable here. 

2. The particle components interior to the OPyC layer do not react (see 511.3 with respect 
to Sic). 

3. As the kernel material can also hydrolyze and oxidize, assumption 2 must imply that the 
reaction is assumed to terminate at the Sic layer (consistent with ~11.3). 

4. The fraction of fuel compact reacted can be accurately represented by a linear 
combination of the reactivities of its components. 

5. The reactivity of each component of the compact does not change over the time of 
exposure to the water or oxidant until all the component material has reacted. 

Uncertainty 

Until the uncertainties of the models for hydrolysis and oxidation of the compact 
components have been quantified (511.3 and S11.4), the uncertainty of this model cannot 
be quantified. 

MODEL CHRONOLOGY 

-Discussion of this model other than in F D D W  has not been observed. Reference is 
made by FDDM/F to what appears to be an internal GA memorandum which has not been 
reviewed by this writer. 
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DISCUSSION 

Equation (11.5.1) assumes the reactivity of the compact is expressible as a linear 
combination of the reactivities and mass fractions of its components: 

rc = xi ri , 
i 

(1153) 

with all terms defined previously. The reaction rates given in Table 11.5.1 are consistent 
with those stated in ~11.3 and s 11.4. Any variation of the mass fraction of the fuel compact 
matrix material from the reference value of 0.42 would require modification of the 
coefficients for X, and S,, in Table 11.5.1. The coefficients for Xj for the particle 
components in Table 11.5.1 are probably determined from the density and the fractional 
volume of the component within the particle. 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

This writer has not confirmed that the NP-MHTGR reference value for the mass fraction 
of the compact matrix material is 0.42. If this value is different, the expressions for X, and 
S,, must be adjusted accordingly. The expression for Xg should also be confumed by 
comparison with the planned particle-to-shim volume ratio in the NP-MHTGR design. The 
"Additional Considerations" listed in s 11.3 and s 11.4 are also relevant here. 

DATABASE USED IN MODEL DEVELOPMENT 

Refer to the database discussed in S11.3 and 511.4. 

11.6 HYDROLYSIS AND OXIDATION OF GRAPHITE 

11.6.1 INTRODUCTION 

The state of modelling and related experimentation for graphite hydrolysis and oxidation 
is well stated by Myers (1988): 'The rate of hydrolysis of graphite has been studied as a 
function of the partial pressures of H,O and H, the temperature, burnoff and the 
concentrations of the catalysts Ba and Sr. The uncertainty is small. The rate of oxidation 
of graphite has been studied as a function of the partial pressure of oxygen and the 
temperature; the uncertainty at 9OO'C is also small." 
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11.62 TRANSPORT OF WATER VAPOR 

function This model calculates the diffusion coefficient of water vapor (and other gas 
species) in helium as a function of temperature and total pressure, and the 
permeation coefficient in graphite without functional dependencies. 

present 
Status 

'The parameters used to describe the transport of H20, H2, CO and 0, 
through graphite are regarded as adequately known ...'I (Myers, 1988). 

model 
uncertainty 

The uncertainties of gaseous transport through the graphite ''are considered 
to be negligible" (Myers, 1988). 

references FDDM/F 

NORMAL OPERATING CONDITIONS AND ACCIDENT CONDITIONS 

Model equations 

The effective diffusion coefficient through the graphite structure of water vapor in helium 
carrier gas is given by F D D W :  

(1 1.6.21) 

DHa.Hc = effective diffusion coefficient through graphite of water vapor in helium (m2 s-I), 
P -  = total pressure (Pa), 
T = temperature (K). 

The corresponding effective diffusion coefficients for oxygen and carbon monoxide are 
reported (FDDME) to be the same as that for water vapor, while that for H, is reported 
to be twice that of water vapor. 

A permeation model is applied to the transport of water vapor by convection, with the 
permeability coefficients in graphite given by FDDME 

K, = 1.55 x 10-13 , (11.622) 

K p  = 9.20 x lo-'' , ( 1 1 . a )  

K, = permeability coefficient of water vapor in graphite, for i = I or P (m'), 
I = "interior region consisting of a hexagonal block having an area in the plane of the 

hexagon one-seventh of the corresponding area of the entire block," 
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P = "periphery region consisting of the entire hexagonal block minus the interior region." 

Ranee of validity 

Without additional information, the model equations must be assumed to apply to all 
reactor operating conditions. The only experimental range of validity known to this writer 
is that the data on which K, and Kp are based were obtained using H-327 graphite. The 
model is assumed to apply to both H-327 and H-451 graphite. 

AssumDtions 

The only assumptions in the derivation of this model that are known to this writer are 
the following. 

1. Transport of gaseous species is the same in H-451 graphite as that in H-327 graphite. 
2. Apparently the transport of O2 and CO is assumed to be the same as that for water 

vapor under identical conditions of temperature and pressure, and the transport of H2 
assumed to be twice that of water vapor. 

Uncertainty 

The uncertainties are "considered to be negligible" (Myers, 1988). According to 
FDDM/F, uncertainty analysis has been performed only for the graphite permeability, with 
the uncertainty in the permeability coefficient given by: 

a @ K J  = 1.1 , . (1 1.624) 

o(ln Kj) = standard deviation of In K,, for i = I or P (defined above). 

MODEL CHRONOLOGY 

These model equations are taken directly from F D D W .  Reference is made in 
FDDM/F to an internal GA memorandum and to a GA document by R. J. Price ("Graphite 
Design Data Manual," GA Document No. 906374/A, September 1984), neither of which have 
been reviewed by this writer. The chronology of this model is therefore unknown. 

DISCUSSION 

As stated above, the contents of the source references indicated in F D D W  are 
unknown to this writer and cannot be commented upon here. No other information on 
these model equations has been located. 
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ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

According to Myers (1988), the uncertainties of this model are small; therefore, 
significant effort in further model development is not warranted. To be thorough, the 
above-mentioned document by R. J. Price could be reviewed for additional information. 

DATABASE USED IN MODEL DEVELOPMENT 

The database used in the development of this model is unknown to this writer. 

11.63 HYDROLYSIS OF GRAPHITE 

function This model calculates the equilibrium rate of hydrolysis of H-451 graphite 
by steam as a function of temperature, partial vapor pressure of water and 
hydrogen, fraction of graphite burnoff, and concentration of impurity 
catalysts. 

present 
S t a t u s  

The experimental rate of graphite hydrolysis has been determined as a 
function of the significant experimental variables. The model is considered 
adequate in its present form, although greater uncertainty exkts for transient 
conditions. 

model According to Myers (1988), the uncertainty of the model is small. 
uncertainty 

references Velasquez et al. (1978); General Atomic (1976~) 

NORMAL OPERATING CONDITIONS AND ACCIDENT CONDITIONS 

Model eauations 

The rate of hydrolysis of H-451 graphite by steam is given by (Velasquez et al., 1978; 
FDDMF): 

(11.63.1) 

(1 1-632) 
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(11.633) 

Fc = 1 + (CBo + 0.2 cs,) a - d T  
Y 

(1 1.63.4) 

= rate of graphite hydrolysis (mass fraction of graphite s-I), 

= rate constant, for i = 1, 2, 3 (see footnote to Table 11.6.3.1 for units), 
= pre-exponential factor, for i = 1, 2, 3 (see footnote to Table 11.6.3.1 for units), 
= partial vapor pressure of speciesj, fo r j  = H,O or H, (Pa), 
= parameters to correct for the effects of burnoff 0' = b) and catalysis by inorganic 

= activation energy, for i = 1, 2, 3 (J mol-'), 
= temperature (K), 
= graphite burnoff (weight %), 
= concentration of impurity catalysts, for i = Ba or Sr [mg (g graphite)-'], 
= ideal gas constant (8.314 J mol'' K-I), 
= constants (dimensionless), 
= constant (K-*), 
= coefficients, for t = 1 to 8. 

impurities 0' = c) (dimensionless), 

Values for the model parameters are given in Table 11.6.3.1, taken from FDDM/F and 
Velasquez et a]. (1978). 

Range of validity 

The model is apparently applied over all reactor conditions; although for water vapor 
pressures above 3000 Pa, the model may be used but "with less confidence" (Velasquez 
et al., 1978). Application of this model to transient conditions increases the uncertainty of 
the model because "hydrogen sorption on graphite is relatively slow and has a profound 
effect on the apparent oxidation rate" (Velasquez et a]., 1978). 

The experimental range reported by General Atomic (1976~) for the reaction of water 
vapor with H-451 graphite includes water partial pressures from 45 to 3000 Pa, hydrogen 
partial pressures from 0 to 1OOO Pa, and temperatures from 820 to 98O'C. The experiments 
of Velasquez et ai. (1978) covered the temperature range of 820 to 98O'C, water vapor 
pressures from approximately 45 to 3550 Pa, hydrogen pressures from 0 to 3000 Pa, graphite 
burnoffs from approximately 0.8 to 9.7%, and a linear flow velocity of carrier gas and water 
vapor of 1.6 cm s-' at 11 73 K. 
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Table 11.6.3.1. Parameters for the model for hydrolysis of H-451 graphite, Qs. (11.6.3.1) 
through (11.6.3.4) 

(a) Units for KY = Pa-' s-'; 
units for K; = Pa""; and 
units for Ki = Pa-'. 
Value from FDDW, Velasquez et al. (1978) state a value of 74,660 J mol-'. 
Value from FDDMP, Velasquez et al. (1978) state a value of 95,850 J mol-'. 

(b) 
(c) 

Assumutions 

The derivation of the model is discussed in detail in Velasquez et al. (1978). This 
document should be reviewed for the assumptions required for derivation of the model. The 
model assumes no effect of irradiation on hydrolysis rate. 

Uncertainty 

According to FDDMF, the uncertainty in the rate of hydrolysis is given by: 
a (h I$,,) = 0.45 , (1 1.635) 

a(ln RJ = standard deviation of In R& as defined above. 
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MODEL CHRONOLOGY 

Preliminary data on the hydrolysis of H-451 graphite was presented by General Atomic 
(1974) and more detailed data by General Atomic (1976~). Much of the data presented by 
General Atomic (1976~) is included in the report by Velasquez (1978). AU model 
parameters for Eqs. (11.6.3.1) and (11.6.3.2) were derived by Velasquez et al. (1978) and 
incorporated into FDDM/F. The source of the model parameters for Eqs. (11.6.3.3) and 
(11.6.3.4) are not known to this writer, but may originate in a reference mentioned m 
FDDM/F (R. J. Price, "Graphite Design Data Manual," General Atomic Document No. 
906374/& 1984). 

DISCUSSION 

FDDMjF comments that Fb = 1.0 at 1 w/o burnoff and that Fb,13 = Fb-13. The hydrolysis 
of graphite will not be significant under NOC (in the presence of water vapor impurity in 
helium). Myers (1988) comments that the "rate of hydrolysis of graphite has been studied 
as a function of the partial pressures of H,O and Ha the temperature, burnoff and the 
concentrations of the catalysts Ba and Sr. The uncertainty is small." 

Complete details of the experimental data and theory used in derivation of this model 
are contained in Velasquez et al. (1978) and will not be discussed in detail here. The effect 
of the catalysts Ba and Sr are not discussed by Velasquez et al. (1978). As stated by 
Velasquez et al. (1978), the rate of reaction of graphite with water vapor is typically 
described by the Langmuir-Hinshelwood equation which takes the form of Eq. (1 1.6.34, and 
that the "theoretical basis for a Langmuir-Hinshelwood equation of this type is that the 
chemical reaction of water vapor with graphite is dependent on three distinct processes: (a) 
sorption of water molecules on active carbon sites, (b) chemical reaction of the sorbed water 
to form H, and CO, and (c) inhibition of water sorption by competitive sorption of H, 
molecules." Velasquez et a]. then go on to describe the derivation of Eq. (11.6.3.1). 

Velasquez et a]. (1978) summarize their work as follows: "It was found that an apparent 
transition in the reaction mechanism occurred at about 300 Pa (3000 patm) H,O. This was 
analyzed by calculating two unique sets of rate constants for two regimes of water vapor 
pressure. A third, composite set of constants is also submitted which approximately 
describes the oxidation rate over the entire range of P H p  The composite set is 
recommended for computer (or other) calculations should the use of two separate sets prove 
cumbersome. The three sets of reaction rate constants are listed" in Table 11.6.3.2. 
Comparison of Tables 11.6.3.1 and 11.6.3.2 indicates that FDDM/F recommends the use of 
this composite model, although a factor of 10 difference in stated values for Q, and Q3 exists 
between FDDM/F and Velasquez et al. (1978). The reason for this discrepancy has not 
been determined. 

Velasquez et a]. (1978) also comment that: "It is hypothesized that the transition in 
apparent rate ... is due to a change in mechanism of the rate determinin8 step. At low water 
vapor concentrations, adsorption of water on active sites is rate determining, whereas at high 
water vapor concentrations desorption of product becomes the rate-determining step. As 
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Table 11.6.3.2. Rate constants for Langmuir-Hinshelwood equation for hydrolysis of H-451 
graphite (from Velasquez et al., 1978) 

Use 

Low water regime 
0<PH2,(Pa) 5 300 

High water regime 
300<P (Pa) 5 3500 

H2° 

(a) 

O<PH ,(Pa) L 3500 
Composite regime 

2 

Units 

3 2.0 x 10 
exp (-274000/RT) 

1.1 x 10’’ 
ucp (- 19500/RT) 

9.0 x 10 2 
exp (-274000/RT) 

Pa/s” 

2 1.1 x 10 
up (-74660/RT) 

7.9 x lo-8 
ucp (1 19700/RT) 

2 1.1 x 10 
ucp (-74660/RT) 

-0.75 Pa 

2 2.0 x 10 
exp (-95850/RT) 

1.3 
exp (131LOOIRT) 

1 3.0 x 10 
exp (-95850/RT) 

Pa” 

(”The pooled standard deviation on reaction rates using the composite 
constants is a factor of 2 . A .  for 1 signa or 952 confidence. To obtain the 
upper bound, the 3e.n rate is nultiplicd by 2.A. 
obtained by dividing the mean rate by 2.A. 

The lover bound is 
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a consequence, it is noted that the reactivity of the specimen per unit water concentration 
decreased at concentrations greater than 300 Pa H,O ... 

'me second important factor discovered in this study is that hydrogen sorption on 
graphite is relatively slow and has a profound effect on the apparent oxidation rate ... In the 
case of normal reactor operation, water vapor concentrations up to 10 Pa and hydrogen 
concentrations up to 500 Pa are anticipated, and, because of the long times involved, 
equilibration of hydrogen sorption is expected. Under these conditions, one would expect 
relatively low oxidation rates as described by the low water or composite rate constants in 
Table [11.6.3.2]. In the case of transient steam-leak accident, the core is rapidly subjected 
to high water concentrations. Under these conditions, one would expect the rate of graphite 
oxidation to start off relatively low and then slowly increase as hydrogen desorption and 
water adsorption occurs. Accurate assessment of the oxidation rate may be difficult because 
the rate continuously increases as H, is desorbed. During large water ingress events, 
however, the reactor is automatically shut down, and graphite temperatures drop several 
hundred degrees in less than 10 min. Under such transient conditions, the long term effects 
of H2 equilibration observed in this study would have considerable effect on the overall 
oxidation rates due to the inhibiting effect of hydrogen in long term equilibrium with the 
core graphite." Although the transient reactor conditions described above may be 
quantitatively representative of LHTGRs rather than MHTGRs, the point that hydrolysis 
rates may change with time is pertinent to MHTGR transient conditions. The model 
equations as presented represent a constant rate of hydrolysis and do not take into account 
the transient effects described above. 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

The reason for the discrepancy in the values of Q2 and Q3 stated by FDDM/F and 
Velasquez et al. (1978) should be determined. Sufficient experimental data has been 
evaluated such that significant effort in further model development does not appear to be 
warranted without additional relevant data. A recent report by Fuller et al. (1990) presents 
data on the reaction of water with H-451 graphite at 800'C. This report has not been 
evaluated by this writer but should be compared to the existing model equations for 
consistency. 

One conclusion stated by Velasquez et al. (1978) should be kept in mind for transient 
simulations: "Long times (>48 hours) are required to achieve equilibrium in a hydrogen- 
steam-graphite system at one atmosphere and reactor temperatures." The significance of 
these transient effects on the rate of graphite hydrolysis were discussed above. The validity 
of applying equilibrium models to transient conditions should be considered if sufficient data 
exist for analysis. 

DATABASE USED IN MODEL DEVELOPMENT 

Most of the database relevant to this model can be obtained from Velasquez et al. 
(1978). Representative figures from this reference are presented here. Figure 11.6.3.1 
shows the data for the rate of oxidation of H-451 graphite as a function of water vapor 
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pressure at 980'C with no hydrogen present; additional figures provide similar infomation 
at temperatures of 900 and 820'C. Figure 11.6.3.2 indicates the data used in the 
determination of the value of Q, and Fig. 11.6.3.3 shows the same for Q2 and Q3. 
Figures 11.6.3.4 through 11.6.3.6 indicate the effect of varying the hydrogen partial pressure 
from 0 to 507 Pa on the rate of graphite hydrolysis at 980.C; additional figures provide 
similar information at temperatures of 930,900, and SSO'C. Figure 11.6.3.7 shows the effect 
of graphite burnoff on the relative reaction rate at 820.C; additional figures provide similar 
information at temperatures of 900 and 980'C. Figure 11.6.3.8 shows the data used in the 
determination of the value of the exponent n. Refer to Velasquez et al. (1978) for 
additional information. 

11.6.4 OXIDATION OF GRAPHITE 

function This model calculates the rate of H-451 graphite oxidation as a function of 
temperature and oxygen partial pressure. 

present 
Status 

Although the uncertainty of the existing model at 900.C is stated to be small, 
the model parameters were derived from experiments on H-327 graphite 
rather than the reference H-451 graphite. Ongoing experiments will permit 
more detailed evaluation of model accuracy. 

model According to Myers (1988), the model uncertainty is small at 900.C. 
uncertainty 

references Jensen et al. (1973); F D D W ,  Hagrman et al. (1991) 

NORMAL OPERATING CONDITIONS AND ACCIDENT CONDITIONS 

Model eauations 

The rate of oxidation of H-451 graphite is given by (Jensen et al., 1973; J?DDM/F): 

(1 1.64.1) = ~p e-QIRr 
Rg.m 0 2  

RCa 
K = constant (d Pa"), 

Q 
T = temperature (K), 
R 

= rate of graphite oxidation (mass fraction of graphite s-'), 

= partial pressure of oxygen (Pa), 
= activation energy (J mol"), 

= ideal gas constant (8.314 J mol-' K'). 

p% 

Values for K and Q are given as (FDDMF): 
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Fig. 11.6.3.2. Arrhenius plot of Lanpuir-Hinshelwood rate constant 
(from Velasquez et al., 1978). 
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Fig. 11.6.3.4. H-451 graphite isothermal rate of oxidation vs P,, in helium-steam mixtures 
at one atmosphere at 1253 K (from Velasquez et al., 1978). 
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Fig. 11.6.3.5. H-451 graphite isothermal rate of oxidation vs P,, in helium-hydrogen- 
steam mixtures at one atmosphere at 1253 K, P,, = 101 Pa (from Velasquez 
et al., 1978). 

11-56 



w 
c 
U c 

10-3 
I I 1 1  I I I I 1  I I 

to’ 102 103 

PH20 (PA) 

Fig. 11.6.3.6. H-451 graphite isothermal rate of oxidation vs P, in helium-hydrogen- 
steam mixtures at one atmosphere at 1253 K, P,, = Po7 Pa (from Velasquez 
et al., 1978). 
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Values for K and Q are given as (FDDW): 

K = 0.79 s-* Pa" , 

Q = 1.7 x Id J mol" . 

(1 1h42) 

(11.6443) 

Ranee of validity 

The model range of validity is apparently assumed to apply for all reactor conditions. 
However, H a p a n  et al. (1991) comment that the model equation recommended by Jensen 
et al. (1973) "is valid only for the case in which the carbon-oxygen reaction at a microscopic 
graphite surface is rate limiting (low temperature, high surface/volume)." 

For the experimental range of validity (Jensen et al., 1973), the oxidation of H-327 
graphite by air was measured from 385 to 566'C for both irradiated and unirradiated 
graphite and in the presence of a gamma flw of 106 rad h-'. 

AssumDtions 

1. The oxidation behavior of H-451 graphite is comparable to that of H-327 graphite. 
2. The only significant variables affecting the rate of graphite oxidation are the oxygen 

partial pressure and the temperature. 

Uncertainty 

The uncertainty in the oxidation of H-451 graphite is given by FDDM/F: 

~ ( h  Rm) = 0.551 - 0.0722 (1;) - + 0 . W 2 5 p y  , (1 1.64.4) 

u(ln R,) = standard deviation of In R, 
T = temperature (K). 

MODEL CHRONOLOGY 

This model is based on the experiments of Jensen et a]. (1973) for the oxidation of H-327 
graphite by air. The value of Q [Eq. ( 1  1.6.4.3)] reported by Jensen et al. (1973) is the same 
as that of F D D W ,  however, the value of K [Eq. (1 1.6.4.2)] reported by Jensen et al. (1973) 
appears to vary by a factor of 100 from that of FDDM/F. FDDMF also references a 
document by R. J. Price ("Graphite Design Data Manual," General Atomic Document No. 
906374/A, 1984) which has not been reviewed by this writer but which might shed light on 
this difference. 
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DISCUSSION 

For an oxygen partial pressure of 0.21 atm (21,300 Pa), Jensen et al. (1973) @e a value 
ofK = 77 s-' Pa-' which varies from that @en in Eq. (11.6.4.3) by two orders of magnitude. 
As stated above, the reason for this vanation is not clear. Jensen et al. (1973) also state the 
standard error (in terms of log Ra) to be 0.266. 

ada t ion  of the graphite structure should not be signxficant under NOC in the presence 
of background levels of oxidizing impurities in the helium coolant. Myers (1988) comments 
that: 'The rate of oxidation of graphite has been studied as a function of the partial pressure 
of oxygen and the temperature; the uncertainty at 900.C is also small." As the data of 
Jensen et al. (1973) do not extend to the temperature range of 9OO'C, one again wonders 
whether the above-mentioned reference of Price (1984) contains additional data or 
information not presented elsewhere. 

The results of the reaction of air with graphite at elevated temperatures is summarized 
by Jensen et al. (1973), with "the reaction rate increasing from 2.5 x lo4% graphite oxidized 
per hour at 385' to 0.22% graphite oxidized per hour at 566'C. Gamma fluxes of 
lo6 rad/hr did not bring about any significant change in the reaction rate within the 
temperature range studied. In addition, variation of surface-to-volume ratios for the graphite 
samples had no measureable effect on the reaction rate in the temperature range 
investigated." 

Additional experiments on graphite oxidation are currently in progress (Hagrman et al., 
1991). The draft document by Hagrman et al. (1991) presents much more detailed 
theoretical background than that presented by Jensen et ai. (1973) and comments that 
Jensen et al. "employ an equation which is valid only for the case in which the carbon-oxygen 
reaction at a microscopic graphite surface is rate limiting (low temperature, high 
surface/volume) ... The[ir] oxidation rate information ... has several limitations. w e i r  
equation is not] based on data from H-451 graphite. This limitation is most important at 
temperatures where porosity variations between grades may affect the in-pore diffusion and 
this step may be rate controlling. Second, [their model cannot] be used to find the depth 
of the reaction zone. The low temperature equation assumes oxygen diffuses into the entire 
sample, a fact that is true only up to some maximum graphite thickness, even at the 
temperatures of the correlation's data base ..." Hagrman et al. (1991) continue with a 
discussion of German data and model equations for graphite oxidation. 

ADDITIONAL CONSIDERATIONS FOR MODEL DEVELOPMENT 

With ongoing experiments on the oxidation of H-451 graphite (Hagrman et al., 1991), 
these data should be evaluated as they become available and compared to the model 
equations. Such a comparison should provide information on the need for model revision. 
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DATABASE USED IN MODEL DEVELOPMENT 

The database reported by Jensen et al. (1973) is tabulated in Table 11.6.4.1 and plotted 
in Figure 11.6.4.1. Whether additional relevant data is available fkom, for example, the 1984 
document by Price mentioned above is unknown to this writer. 

11.7 UPDATE 

The significant variation in UCO kernel stoichiometry (from UO, to UG) obsemed 
recently must be considered by models of hydrolysis and oxidation of kernel material. The 
assumption of an average stoichiometry to descriie the fuel is not realistic. 

In addition to the mentioned report by Fuller et al. (1990) on the reaction of water with 
H-451 graphite, Fuller et al. recently issued a report on H-451 graphite corrosion by coolant 
impurities: 

Fuller, E. L, Jr., 0. C. Kopp, T. D. Burchell, and k D. Underwood (1992), 
"Microgravimetric Analysis of Corrosion of H-451 Graphite by Coolant Impurities: 
Preliminary Report of Kinetics and Mechanisms," USDOE Report DOE-HTGR-88526, 
OWGCR-90/3, Oak Ridge National Laboratory. 

These two reports should be reviewed for their relevance to the models listed herein. 
This writer is not aware of data reported from the work mentioned previously on the 

oxidation of H-451 graphite by Hagrman et al. (lWl), and does not know whether this work 
was completed. The analysis of the HRB-17/18 moisture ingress tests (Myers, 1991a) and 
the ongoing analysis and upcoming PIE of the HFR-B1 moisture ingress tests will provide 
important data relevant to the models presented in this chapter. 
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Table 11.6.4.1. Measured oxidation rates for reaction of air with H-327 graphite (from 
Jensen et al., 1973) 
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Fig. 11.6.4.1. Least-squares plot of log percent weight loss of H-327 graphite vs inverse 
temperature (from Jensen et al., 1973). 
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12 ADVANCEDMATERTALS 

12.1 INTRODUcLlON 

Some materials have been considered for advanced MHTGR applications but which 
are not discussed in existing model compilations. For example, zirconium carbide has been 
considered as a high-temperature replacement for Sic in the MHTGR program in Japan. 
The possible use of neptunium oxide as a kernel material for special applications of the NP- 
MHTGR has been discussed. As MHTGR-specific models for such materials have not been 
presented, development of such models is premature at this time. However, some literature 
references related to these advanced topics have been located and these references will be 
briefly presented and suggested as a source for those interested in pursuing analysis of these 
materials. 

12.2 ZrC PARTICLE COATING LAYER 

Zirconium carbide has been considered as a particle coating material since at least the 
mid-1970s because of its refractory character and its potential as a diffusion barrier. 
Presently, the MHTGR program in Japan is actively considering ZrC as a coating layer 
(Shiozawa, 1990). Zirconium carbide layers were tested for early TRISO particle designs 
during the 1970s in the U.S. program (Homan et al., 1985), and a serious effort was devoted 
to exploring the potential of kernel doping with ZrC to act as an oxygen getter (Bullock 
et al., 1982). Experimental data has also been obtained on the performance and FP 
retention characteristics of ZrC layers in the Japanese and Soviet programs. 

Homan and Kania (1985) summarize the irradiation experience with ZrC-containing 
particles within the U.S. program during the 1970s and 1980s. They provide a listing of all 
U.S. irradiation tests on ZrC-coated and 2s-gettered particles. The results are summarized 
as follows. 'The testing done to date on HTGR fuel particles with ZrC coatings has been 
very limited compared with the testing done on the Triso particle design ... Fission product 
retentiveness of particles with ZrC coatings has generally been inferior to that of similar 
particles with the Triso design, but it is emphasized that the fabrication of ZrC coatings has 
not been optimized to nearly the extent of that of Sic coatings." 

Bullock and Kaae (1982) considered the performance of particles with ZrC addition to 
the kernel to act as an oxygen getter and thus reduce kernel migration of UO, kernels. The 
kernel was either doped with ZrC or overcoated with an intact ZrC layer. They analyzed 
both the irradiation performance and the FP retention characteristics during heating and 
found that during postirradiation annealing "no fission products were released during testing 
for ... 10,OOO h at 1SOO'C'. Specifically, no release of Ag or Eu was detected, thus the Ag 
retention is apparently superior to that of Sic. 

Ogawa and Ikawa (1982) analyzed the diffusion of several FP species through ZrC (Sr, 
Ba, Nb, Ru), calculated approximate diffusion coefficients, and found that their diffusion 
coefficients for Ba and Sr in ZrC were lower than reported diffusion coefficients in Sic. 
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"Though further experiments are needed before making conclusive remarks, the present 
results on ZrC,, could be considered promising." References are provided for other 
diffusion data for ZrC. In an earlier paper Fukuda et al. (1979) studied the diffusion of Cs, 
Sr, and Ce in ZrC-coated particles. 

Ogawa and Ikawa (1981b) heated UO, TRISO particles with a ZrC coating layer in 
place of the Sic layer at temperatures between 1900 and WOO'C and observed pressure- 
vessel-type failure of some particles at high temperatures. They also discuss the internal CO 
pressure buildup and the thermodynamics of ZrC and metallic FP. 'The high-temperature 
durability of the advanced Triso-coated UO, particles with ZrC as the third layer has been 
demonstrated. The particles in unimadiated conditions could withstand the heating at 
2723 K for 1 h." Ogawa and ikawa (1981a) also compared the crushing strengths of Sic- 
and ZrC-coated TRISO particles. 

In the Soviet HTGR program, Chernikov et al. (1985) reported diffusion coefficients 
for Ag, Ba, Ce, and Pm in ZrC. 

The possible use of neptunium oxide as a kernel material in the NP-MHTGR has been 
discussed. A quick review of the scientific literature provided several references which might 
prove useful should models of NpO, and Np physical properties and transport behavior 
within the MHTGR be required. None of these references were reviewed in detail, but the 
previous work on these topics will be briefly mentioned here and a few references provided 
for further analysis. 

As a product of neutron capture by uranium, the chemical properties of Np are well- 
studied in relation to fuel reprocessing. Because of its radiological hazard, studies of Np 
with respect to nuclear waste and management are common. Several reviews of the 
chemical and physical properties of Np and its compounds are available. C. Keller (me 
Chemirny of the Tramumnium Elements, Verlag Chemie GmbH, WeinheimBergstr., 
Germany, 1971) discusses the properties of Np and its compounds, with emphasis on fuel 
reprocessing considerations. In 1979 R. E. Mosley ("Neptunium: A Bibliographic 
Reference," Environmental Monitoring Support Laboratory Report EMSGLV-0539-29, 
EPA, Las Vegas, Nev.) presented a comprehensive bibliography of the literature on Np 
through 1975. In 1978 0. L Keller, Jr. ('The Chemistry of Protactinium, Neptunium, 
Americium, and Curium in the Nuclear Fuel Cycle," Radiochim. Acta 25,211-223) presented 
a review of the chemistry of Np and other actinides with emphasis on the nuclear fuel cycle. 

Previous HTGR-specific analyses have concentrated on Np as a byproduct of the he2 
cycle and its effect on fuel bumup and management. Investigations into the production and 
transmutation of actinides in pebble-bed HTGRs was reported by H. Schaal et al. of KFA 
Jiilich in 1980. Detailed core calculations for the HTR-2OOO pebble bed reactor were 
reported in 1989 by F. Thomas of KFA Jillich. In 1978 P. Wydler et al. of Switzerland 
considered Np recycling in the gas-coolcd fast breeder reactor with respect to reactivity 
coefficients during steam penetration. In the U.S. the isothermal, fuel, and moderator 
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temperature coefficients for the LHTGR were calculated in 1977 by P. G. Bailey of 
U s  Alamos National Laboratory. 

The use of Np as a target material was discussed in the U.S. by G. F. O'Neill in 1982 
("Additional Plutonium-238 Production," Du Pont de Nemours Report DPST-82-839, m e n ,  
S.C.) and in the USSR by V. S. Valyavkin et al. in 1981 ("Some Methods for Preparing and 
Calibrating Targets of Fissionable Radionuclides," AiW Yad S'hsk 10, 102-108, in 
Russian). 

The release of Np from nuclear fuel has been primarily studied in relation to light 
water reactors. For example, studies of release by annealing and melting of LWR fuel pins 
in air and steam was reported in Germany in 1981, and studies of release from defective fuel 
elements and radionuclide deposition within the heat-transport system and on piping surfaces 
was reported in Canada in 1986. 

Several publications are reported on the interaction of Np with metallic surfaces. In 
1986 B. L Zhuikov et al. ("Sublimation and Thermochromatrography of Lower Actinide and 
Lanthanide Oxides," Radiokhimju 28, 26252,  in Russian) studied the high-temperature 
sublimation of Np oxides from the surfaces of several metals into streams of helium and 
hydrogen. In 1970 R. Haulet et al. rPlate-out of Radioactive Products in (Turbulent Flow) 
Pipes. Theoretical Aspects and Experimental Verifications," Congr. Int. Dim. prod FirSon, 
Acta 1969, 159-189, in French] published their experimental and modelling work on the 
plateout of Np and several FP on steel and graphite in an out-of-pile loop cooled by Cot. 
An empirical model was reported by B. Eichler et al. of Germany in 1985 for the adsorption 
of actinides on metallic surfaces, and D. H. Smith reported on an experimental investigation 
of the desorption of Np and other actinides from hot tungsten in his 1970 dissertation. 

Literature references for the physical properties of Np and NpO, are numerous. 
Information is readily available on such topics as the evaporization behavior, thermal 
expansion, and heat capacity of NpO, and the vapor pressure of Np, among others. Other 
reported references discuss the radiation chemistry and fuel chemistry of Np, the sorption 
of Np in concrete, the transport of Np by aerosols during accident conditions, and the 
leachability of Np from coated-particle fuels by brines. 

This cursory review of the literature indicates that sufficient information exists for some 
model development related to the use of NpO, in coated fuel particles. Although more 
detailed literature review and appropriate experiments would be required for refinement of 
the models, at first glance such a modelling effort appears feasible. 

124 UPDATE 

The Japanese work on ZrC coating layers continues with some recent publications. The 
use of NpO, kernels has not been recently discussed, but greater interest in the use of PuO, 
kernels has recently surfaced. A draft report on irradiation data of PuO, TRISO particles 
was written several years back by T. N. Tiegs at ORNL Other irradiation data on PuO, 
fuels should be readily available in the literature. 
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13. CONQLUSIONS 

This chapter first addresses specific issues relevant to model content and revision, then 
critically addresses the present state of the MHTGR modelling effort in relation to recent 
experimental results. 

This compilation should provide a good foundation for model development and for 
analysis of experimental results obtained from the MHTGR program. Incorporation of 
model revisions into a future revision of this compilation can provide an up-to-date working 
document for the MHTGR program. The utility of this document can be enhanced by 
integration of the operating conditions and design basis events predicted for the MHTGR 
into the analysis of the models and their general applicability to the specifics of the MHTGR 
design. Incorporation of future suggestions and comments on this document should also 
enhance the content of this compilation. 

This compilation is based on documents available to the author and does not represent 
a complete or independent review of the models and their derivation. Any future revision 
of this document would be improved by greater accessibility to source documents which 
discuss the derivation of specific models. 

General revision of models should not be pursued apart from the ongoing experimental 
efforts of the MHTGR program and recently completed NP-MHTGR work. The evaluation 
of new data in relation to existing models should be considered a priority effort, as such data 
provides the best opportunity for validation of the existing MHTGR models relative to 
current MHTGR design and fuel. The general evaluation of existing models using new 
hypotheses or consideration of non-MHTGR scientific literature can be pursued as a 
secondary priority relative to the analysis of MHTGR data. 

Some of the experiments from which significant new data relevant to the MHTGR 
program have or will become available in the near future include the capsule experiments 
HRB-17/18 and HFR-Bl, the graphite oxidation tests discussed by Hagrman et al. (1991), 
the COMEDIE liftoff experiments, and the fuel particle performance and F'P release tests 
using the Core Conduction Cooldown Test Facility (CCCF) at Oak Ridge National 
Laboratory. 

In the course of assembling this document, several modelling topics appeared to this 
writer to be potentially fruitful for further analysis. These topics will be briefly presented 
below. Analysis of these models is not suggested as a programmatic outline, but as interim 
suggestions of areas which might prove fruitful with some investment of effort. 

The tritium transport models will likely take on greater significance for the NP- 
MHTGR program and justify further analysis than has been undertaken by the general 
MHTGR program. As mentioned in 59, significant information on tritium transport has not 
been incorporated into MHTGR modelling efforts. Specifically, a great deal of information 
has become available from the fusion energy program on tritium transport; and as 
mentioned in 59.7, much information has been compiled on tritium permeation through 
metallic structures that has apparently not been considered by the MHTGR model. This 
information can be evaluated with respect to revision of the existing models for tritium 
transport. Design Data Need 11.49 is relevant to this suggestion. 
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As discussed in ~2.3, the pressure-vessel model now predicts insignificant failure levels 
of standard particles such that the validation of this model becomes impractical. However, 
pressure-vessel effects could be expected to have much greater significance in the 
performance of the target particles for the NP-MHTGR. If data on the performance of the 
target particles were provided to the MHTGR fuel program, the results might provide a 
useful quantitative test of the validity of the pressure-vessel model. Such a quantitative test 
has been difficult with the variable and non-reference fuel particle designs over past years, 
and the availability of experimental results from highquality coatings and particles with 
significant internal pressures could be quite fortuitous. The fuel failure observed in recent 
U.S. irradiation capsules presently leaves the PV model in a state of unknown validity or 
applicability. 

With the Sic failure mechanisms of kernel migration and FP corrosion predicted to 
have minor or insignificant effects on the performance of the Sic layer, more detailed 
modelling effort on the high-temperature behavior of the Sic layer and its microstructural 
evolution during thermal decomposition may prove beneficial. The limitations of our 
phenomenological understanding of the high-temperature evolution of the Sic layer under 
accident conditions were mentioned in s2.4.4. Significant information is presently available 
in the non-MHTGR scientific literature which might permit formulation of more refined 
models of Sic behavior at AC temperatures rather than the existing model which is limited 
to the dichotomy of intact vs failed Sic layers, with no transitional regime or consideration 
of an increase in permeability due to the development of internal porosity as the silicon is 
vaporized. The observation by Myers (1986) that the rate equation for hydrolytic reaction 
of the kernel material is "formally identical to a Weiiull distniution function" and that "such 
a distniution function can desmie heterogeneous reactions" is interesting in this regard. 
The Weibull distribution has been successfully used to approximate FP release from fuel 
particles but under the assumption that the relevance of the distriiution function is limited 
to the strength of the Sic layer. The possibility that a Weibull-like formulation might also 
be applied to the decomposition of the Sic layer at high temperatures may permit a more 
mechanistic hypothesis of Sic decomposition to be developed, rather than relying on the 
unproven assumption of sudden SIC failure. 

A related issue is the debate mer the transport or nontransport of metallic FP through 
an intact Sic layer. Although diffusion data has been obtained from numerous experiments, 
the variability in the results has encouraged some to deny the existence of transport through 
intact Sic. Some effort at more detailed analysis of the existing diffusion data and 
particularly its relation to irradiation conditions would be fruitful if some consistency in the 
interpretation of the experimental results could be achieved. However, any consideration 
of the transport of metallic FP through the Sic layer cannot be divorced from considerations 
of the microstructural evolution of the Sic layer at high temperatures because of the 
synergism between the two phenomena. Design Data Need 11.47 is directly pertinent to 
these considerations of Sic model analysis. The recently observed microstructural 
differences of Sic from the U.S. and German programs and their relation to the superior 
fuel performance and FP retention of the German program requires serious consideration 
in this regard. 
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Accident analyses and fuel performance modelling are usually tied to specific accidents. 
a result, fuel performance in the temperature range of 1250' to 16OO'C is ambiguously 

covered by existing models whose applicability or accuracy is uncertain. Other examples are 
the neglect of accidents during reactor operation (e.g., overpower transients) and synergistic 
effects such as might be induced by limited moisture ingress during reactor operation. 

In s6 it was noted that Cs release from the core is sometimes significantly 
underpredicted. This nonconservatism in prediction of FP release raises concerns for the 
reliability of the models used. The application of Fickian models of diffusion to the 
transport of some metallic FP species is known to be an oversimplification. The existing 
data on diffusion and sorption of metallic FP in graphite might be reconsidered with respect 
to non-Fickian models of diffusion or the coupling of the phenomena of diffusion and 
sorption in graphite. Such an analysis would be directly pertinent to DDN 11.48. 

The effects of surface oxidation and the presence of surface oxide layers on the 
sorption and transport of FP appear to be relevant for several core components (primary 
circuit alloys, graphite, and perhaps the particle coating layers). Although analogies exist 
between the effects of oxidation on FP transport for several reactor components, this writer 
has not seen a good discussion on the general theory and available data on the effects of 
surface oxidation on FP transport and the interaction of FP with surface oxide layers. Such 
a general evaluation may provide qualitative insight into the effects of water and air ingress 
on the transient transport and release of FP under accident conditions and subsequent 
modification of the transport processes through oxidized materials. 

The availability of non-MHTGR-specific information relevant to these models within 
the scientific literature should be considered. In many cases literature reviews have 
apparently not been conducted since the models were proposed years ago. In situations 
where few data exist or the data are contradictory, reference to the scientific literature may 
provide more certainty as to dominant phenomena or in some cases may provide relevant 
quantitative information. Models such as Sic microstructural evolution, tritium transport, 
interaction of FP with metallic structures and oxidized surfaces, and possibly liftoff and 
washoff models and others might benefit from such an analysis. For those models which 
may require revision and for which no new data are forthcoming, the scientific literature may 
provide the best opportunity for improvement of such models. 

Summation 

Fuel design and fabrication, quality control, specifications, and performance are closely 
linked. Models and model parameters derived for earlier fuel designs are not necessarily 
applicable to the specific MHTGR fuel designs recently irradiated. Existing U.S. models for 
MHTGR fuel and FP analysis is based on the performance of fuel with significantly lower 
as-manufactured fuel quality than recently fabricated. Conceivably the important 
phenomena governing the performance of high-quality fuel may not be significant in 
modelling lower-quality fuel performance, and the use of questionable or erroneous models 
may be acceptable for poorer fuel but unacceptable for higher-quality fuel. Models which 
are based on curve fits to existing data rather than understanding the underlying phenomena 
cannot adapt to unexpected fuel performance results resulting from changes in design. 
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Specific models can be singled out which require further analysis or revision: PV model 
of fuel performance, Sic and OPyC layer. performance, metallic FP transport in graphite, 
and plateoutfliftoff models. The derivation of these models and assumptions used range 
from questionable to wrong. 

The recently observed manufacturing "surprises" such as Sic gold spots, extreme 
variation in UCO stoichiometry, and concave surfaces on HRB-21 fertile particles bode ill 
for the accuracy of fuel performance models. Such defects have been observed on the 
percent level, and even if they do not affect NOC fuel performance, the relevance of AC 
models to particles with these anomalies is unexplored. 

The failure of the MHTGR program to devise singleeffects tests to confirm the 
appropriateness of important models leaves many unanswered questions. The uncertainty 
in the relation of gas to metal release from Sic layers as a measure of Sic failure, and the 
lack of definitive evaluation of this question by coupling IMGA and particle gas analysis 
measurements, is unacceptable. The reliance on the PV model because it provides a warm 
and coy semblance of understanding could only recently be evaluated from the HRB-21 
piggyback samples which contained missing coating layers. Those samples remain 
unanalyzed to date. The MHTGR modelling philosophy is too often not whether a model 
is based on a sound phenomenological or theoretical framework but simply whether the 
calculations come close enough to experimental data, and if they are off by orders of 
magnitude they should at least be "conservative." 

The fundamental model for in-reactor fuel performance, PV failure, has been 
demonstrated to be wrong in four recent irradiation capsules. The fundamental assumption 
that U.S. Sic will be as retentive for FP as German Sic appears to be significantly in error 
based on recent CCCr'F tests. The fundamental assumption that high-quality U.S. MHTGR 
fuel can be produced because the Germans produced it appears groundless. 

Existing approaches to MHTGR fuel performance and FP analysis have not been the 
beneficiary of independent analysis in recent times. As observed by Martin (1990), the 
independent assessment by Tokar (1976) of deficiencies in HTGR fuel performance models 
remains as valid today as when it was written nearly twenty years ago. As of 1993, the 
MHTGR fuel performance and FP modelling effort is sorely in need of independent 
assessment. 
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