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The design featurcs of the modular high-temperature gas-cooled reactor (MHTGR) 
havc the potential to make it essentially invulnerable to damage from postulated core 
heatup accidents. This report describes thc ORNL MORECA code, which was developcd 
for analyzing postulated long-term corc hcatup scenarios for which active cooling systems 
used to remove afterheat following the accidents can be assumed to bc unavailable. 
Simulations of long-term loss-of-forced-convection accidents, both with and without 
depressurization of the primary coolant, have shown that maximum core temperatures stay 
below the point at which any significant hue1 failures and fission product releases are 
expected. Sensitivity studies also have been done to detcrminc the effects of errors in the 
predictions due both to uncertainties in the modeling and to the assumptions about 
operational parameters. MORECA models the U. S. Department of Energy reference 
design of a standard MHTGR. This program was sponsored by the U.S. Nuclear 
Regulatory Commission to assist in the preliminary determinations of licensability of thc 
reactor design. 
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The MORECA code was devcloped under sponsorship of the U.S. Nuclear 
Regulatory Commission, Office of Nuclear Regulatory Research (NRC-RES). The 
objective of the task was to perform independent analyses of a broad range of long-term 
core heatup accident sccnarios for the modular high-temperature gas-coolcd rcactor 
(MHTGR). The reference design analyzed was the standard commercial plant vcrsion 
sponsored by the U.S. Department of Energy, Office of Nuclear Energy (DOE-NE). 

which was also developcd under NRC sponsorship and which has been in use at ORNL 
and elsewhere since 1975 (Ref. 1). ORECA has been used in accident studies requiring 
core thermal analysis of the Fort St. Vrain (FSV) reactor (Rcfs. 2 and 3 ) ,  the DOE 
2240-MW(t) design (Ref. 4), and several other HTGR designs. ORECA-FSV has been 
partially verified and validated for numerous cases vs FSV data (Ref. 5 )  and General 
Atomics (GA) proprietary codes. Verification of MORECA and other versions oE 
ORECA has been limited to comparisons with GA and Brookhavcn National Laboratory 
(BNL) code calculations. These activities are continuing in order to verify model 
applicability to wider classes of transients and accidcnts. 

MORECA is a Cast-running code, thereby permitting reasonably efficicnt accident 
scenario and parameter sensitivity investigations. There are currently five versions of 
MORECA Simulations of both the commercial and the DOE New Production Rcactor 
(NPR) MHTGRs each have a batch-input serial version (using standard Fortran-77) and a 
parallel version (using Encore parallel Fortran). The batch-input serial codes have been 
run and tested on many different platforms (VAX, IBM, PC, CRAY, and Encore) and are 
therefore readily portable to most installations. The parallel versions interface the ORNL 
Encore Multimax 320 Parallel Processor with a SUN workstation to permit on-line uscr 
interactions, and they can run accident transients at up to 1000 times faster than real timc 
(Ref. 6).  These versions are portablc only to installations having an Encore_and SUN 
workstation network. Recently, the commcrcial plant serial version was adapted to thc 
SUN interface program and can now run "stand-alone" on a SUN workstation. Using the 
SUN SPARCstation-2 workstation, accident transicnts can now be  run with an interactive 
display at up to 1400 times faster than real time. The commercial versions are supported 
by NRC-PES and the NPRs by DOE-NP. Analyses using the commercial MHTGR 
versions were done in support of the NRC Safety Evaluation Report (Ref. 7). 

MORECA is based on the Oak Ridge National Laboratory (ORNL) ORECA codc, 
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'The design features of the DOE-NE Standard Commercial MNTGR are shown in 
Fig. 1. Each of four reactor modules consists of a tall cylindrical ceramic core with a 
thermal power rating of 350 MW, and a single once-through steam generator with a 
superheater to provide high-temperature [53S°C, ( lO0O0F)] steam to a steam header and 
turbine plant common to two or more modules. Design trade studies are currently 
considering other balance-of-plant (BOP) arrangements and higher rated power levels. 
The rated output of the €our-module plant is 540 MW(e), with a net thermal efficiency of 
39%. The high-pressure [6.38 MPa (925 pia)] helium coolant is drivcn downward through 
the core by a single rno tor-driven circulator. A smaller capacity circulator-heat exchanger 
loop, the shutdown cooling system (SCS), is located within the reactor vessel and is  used 
for decay heat removal during maintenance. In cases for which neither the main nor the 
SCS loop is available, arterheat is removed by the passive, safety-grade air-cooled reactor 
cavity cooling system (RCCS), which is in operation at all times and which does not 
require any operator or automatic actuation. There i s  no conventional containment 
building, because the multilayered porous and dense carbon and silicon carbide coatings 
on the microscopic fuel particles are proposed by DOE to be a sufficient fission product 
barrier. 
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Fig. 1. The 350-MW(t) modular high-temperature gascooled reactor module Source: 
U.S. Department of Energy, Licensing Plan for the Standard MIITGR, HTGR-85-001, Rev. 3, 1986 
(this document is classified as "Applied Technology" and is not in the public domain; requests for this 
document should be made through the U.S. Department of Energy, Washington, D.C.). 



Brief descriptions of the models used in the MORECA code are given here. More 
descriptions of the models, with derivations and equations, are in Appendix k 

Input data descriptions and explanations are in Appendix B, and a database identifying all 
program variables, common blocks, arguments, and subroutines is described in 
Appendix C, The database has becn found to be particularly useful for program 
verification and modification tasks, 

The MORECA code model for the core uses a point heat capacity node for each of 
the 66 fuel and 139 reflector elements (vs one node e r  7-element region in QRECA) in 
each of the 14 axial regions. The core is thus represented by (205 x 14 =) 2870 nodes. 
This finer structure was thought to be appropriate becausi: of the high sensitivily of low 
fuel failure rates to tirne-at-temperature transients in the range near 1600°C and because 
it allows for investigations of azimuthal temperature asymmetries for both corc and vessel, 
a feature that other current MMTGR core codes do not yet have. Radial power peaking 
factors are utilized on a per-element basis. 

reference case calculations. These properties are functions of both temperature and 
radiation damage. Fully irradiated thermal properties are used for the fuel, the inner 
reflector, and the ring of outer reflector elements adjacent to the fuel. Currently, the 
MORECA model does not include effects of annealing, which increases the thermal 
conductivity of the fuel and adjacent reflectors as the corc heats up during the 
hypothetical accidents. Thermal conductivities for the core materials differ in the radial 
and axial directions because of graphite's anisotropic properties. 

The Preliminary Safety Information Document (PSID, Ref, 9) function for decay 
heat is used for reference case calculations; it is considerably more conservative than the 
current "best estimate" function (Rcf. 8). The PSIID, best estimate, and FSV Final Safety 
Analysis Report (FSAR) decay heat functions are all available in the code for use in 
sensitivity studies. 

operation and accidents, including pressurized and depressurized (and in between), for 
forced and natural circulation, upflow and downflow, and for turbulent, laminar, and 
transition flow regimes. One-dimensional flow in cach of the fuel elements is modeled 
explicitly. 

in the spaces between blocks, where the initial reflector flows start out as user-input 
fractions of the total forced -circulation flow. Subsequent bypass flows are calculated 
assuming that the effective gap sizes are k e d .  Determination of the actual (nonuniform) 
flow between blocks would depend on the gap size distributions, which are random and 
quite variable, and change both with operating conditions and operating history. 
Sensitivity studies have shown that the at-power core temperature distributions are 
affected significantly by bypass flow assumptions; howevcr, the peak fuel temperatures in 

Variable core thermal properties as supplicd by GA (Ref. 8) were used for 

Coolant flow in the core is inodeled over the RiPl ranges expected in both normal 

Coolant flow in the inner and outer reflectors is assumed to be uniformly distributed 
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the core heatup accidents are not. Changes in direction of the inncr reflector and outer 
reflector flows are also accommodated in the model. 

The manner in which the flow redistributcs itsclf among the fuel clements is 
calculated in subroutine CFLOW. The heat transfer between the core and the helium 
coolant is calculated in subroutine CONVEC. Temperature-variant helium properties are 
accounted for. 

The pressure in the primary loop is calculatcd by using the perfect gas law, assuming 
a constant loop inventory and approximating the average hclium temperature by wcighting 
the average temperatures in five primary loop regions. Currently, the modeling of the 
steam generator cavity gas ternpcratures and their cffect on loop pressure is very much 
simplified by assuming that the helium flow in the steam generator loop approaches zeio 
soon aftcr the initial transient and that the helium temperatures approach (cxponentially) 
a nominal feedwater temperature thercafter. A depressurization option is also built in, 
allowing the loop pressure to decrease at a user-defined rate down to atmospheric after 
having reached the primary system relicf-valvc pressure limit setting. One could also build 
in assumptions of relicf-valve cycling (rather than failing open) at the high-pressure limit. 
Partial depressurization scenarios can also be analyzed. These effects arc modeled in 
subroutinc PRESS. 

3 2  CORE BYPASS FLOW MODELING 

MORECA considers three core bypass paths: (1) a bypass stream hcated by passing 
through the gaps between the reflector blocks, (2) a cold bypass which is assumed to pass 
(unheated) through the core barrel and enter the lower plenum and the steam generators, 
and (3) a cold bypass which avoids the core barrel and the steam generators entirely. The 
cold-flow bypass fractions and the split betwccn the flows that enter and avoid the lower 
plenum are specified at thc start, and the proportionality is assumed to bc fixed 
throughout the run. 

thought to be, the user may want to specify some inputs and havc others calculated. 
Those items that can be optionally specified as input data are 

Depending on the initial conditions specified and how "trustworthy" they are 

1. bypass fractions (initial), 
2. total core power and flow, 
3. radial peaking factors (RPFs) (axial peaking factors arc spccified in a data statement 

in the MAIN program), 
4. initial element outlet temperatures, 
5. entrancehi t  pressure loss or effective orifice coefficients, 
6. initial core pressure drop, and 
7. steam generator helium inlet tempcrature. 

If all of these parameters were input, the initial conditions would be overspecified. 
Therefore, a number of options are included to allow the user some choices. The input 
flags are FSQ (for flow skew) and TRUSTF (flag for "what to trust"). TRUSW is set via 
a data statement in subroutine CFLOW. More details on input instructions for dealing 
with the bypass-flow modeling are given in Appendix B. 
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3 3  PLENUM MODELS 

The plenum models used in the current MQRECA code have evolved from the veiy 
detailed models originally developed in the ORECA code for the upper (core inlet) 
plenum and the lower (core outlet) plenum of both the FSV and large-HTGR designs. In 
uncontrolled core heatup accident (UCHA) transients, radiation heat transfer to the vessel 
is significant, and the variations in temperature between neighboring core regions can be 
large. Thus, a model was used to account for radiant heat exchange between individual 
plenum elements and core support blocks (upper and lower surfaces) and the cover plate 
areas (above or below) associated with individual regions. For example, in the upper 
plenum model, each element's upper surface exchanged heat with all of the opposing 
upper-plcnum cover plates. Cover plates are modeled dyiiamically, that is, with their heat 
capacity included, 

It was determined that radiant heat transfer to the side walls in both the upper and 
lower plenums was also important, so the modeling for radiant heat exchange between the 
plenum element surfaces and an "average-temperature" plenum sidewall was included. In 
this case, however, rather than having each region- to-sidewall heat exchange modeled, a 
weighted average temperature for each ring of elements was used. This approximation 
was justified on the basis that some smearing of the exchange will be done by the control 
rod drive tubes (upper plcnum) or core support posts (lower plenum). The effects of 
these obstructions are not otherwise considered. 

Two alternative models for calculating the radiant heat exchange in the plenums 
were tested in the ORECA code for the 2210-MW(t) HTGR design (Rcf. 4). In the 
reference model, it was assumed that because thc estimated emissivities and absorptivities 
are high (0.8), the effects of interreflected radiation within the chambers on the course of 
the accidents would be negligible (Ref. 10). In a more detailed model, an algorithm was 
used to include the total radiation heat exchange, accounting for the efiects of multiple 
reflections among all surfaces in the plenunis (Ref. 11). This model was also used for 
sensitivity studies involving effects of lower assumed values of emissivity and effects of 
"thermal polishing," in which the loss of the oxide coating on a hot surface can result in a 
significant decrease in emissivity (Ref. 12). Sensitivity tests showed that the differences 
between the two models were insignificant. 

In the MOREC4 code (reference version), furthcr simplifications were made by 
using concentric ring average approximations for radiant heat transfer between upper- 
plenum (and core support-block) surfaces and corresponding ring surfaces above (and 
below). Sensitivity studies using comparisons to the element-level model showed this to 
be a valid approximation. Details are given in Appendix A. 

the lower plenum in BOlTEM. The view factors for radiant heat transfer between the 
rings of elements, the upper and lower plenum surfaces, and the plenum sidewalls are 
generated in WRING. 

The upper-plenum bcat transfer calculations are done in subroutine TOPTEIM and 

3.4 CORE BARRJX * ANJ3 VESSEL MODELS 

The design of an optimum arrangement of heat shields and insulation protecting the 
vessel from the high temperatures of the core and the primary system coolant is  not a 
straightforward optimization problem, and in fact involves several somewhat contradictory 
objectives. First, the insulation (thickness and location) design must account for both 
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operating conditions and accident conditions. Second, insulation should be rcduced 
enough to allow for adequate heat transfer from a hot vessel to the RCCS to provide 
cooling for loss-of-forced-convection (LOFC) accidents, and at the same time it should be 
increased enough to keep the vessel temperatures from closely approaching or exceeding 
code limits. Third, in designing for heatup accident scenarios, there are significant 
differences in the locations of potential vessel hot points if the LOFC is pressurized 
(maximum temperatures in the upper vessel) or depressurized (maximum temperatures 
near the core barrel belt line), or even somewhere in between. Finally, the potential 
problem of vessel embrittkment from neutron bombardment needs to be considered 
because the vessel ductility is dependent on irradiation temperature. Because of all these 
factors, the modeling of the mechanisms contributing to  vessel temperature predictions 
must be of sufficient accuracy to determine whether the design goals noted will be 
satisfied. 

The core barrel and reactor vessel are each represented by 7 axial x 4 radial 
(quadrant) nodes, plus nodcs corresponding to the regions opposite the inlet and outlet 
plenums. The "roof" and "floor" heat shields are each representcd by seven concentric 
ring nodes. This is a simplification of previous (ORECA) reference models in which 
individual upper plenum cover-plate failures were of interest, and the roof modcl had a 
node to correspond to each upper reflector element surface. Cover-plate failure is not an 
issue here because the shields are made of a high-tempcraturc material (Alloy 800) 
instead of carbon steel. Comparisons of heatup transient results using the more detailed 
plenum roof models show insignificant differences in predicted core temperatures. The 
heat transfer through the insulation resistance and radiation shielding of the upper-plenum 
insulation cover is also modeled explicitly. 

35 REACTOR CAVITTY COOLING SYSTEM MODEL 

The Reactor Cavity Cooling System (RCCS) model incorporates detailed heat 
transfer and air natural circulation cooling calculations for panel nodes corresponding to 
adjacent vessel nodes. Independent flow and heat transfer (radiative and convection) 
equations for each of four quadrant pancls allow simulation of the full range of expected 
performance and of dcgraded states including partial and total air passage blockage and 
system failures. A detailed report by J. C. Conklin on the RCCS model and its 
development is given in Ref. 13. In Conklin's report, the analysis and performance of the 
RCCS is decoupled from the reactor behavior by assuming that the reactor vessel node 
temperatures are fmed as boundary conditions. In MORECA, the vessel node 
temperatures are treated as variables dependent on the core and RCCS behavior. The 
current MORECA model simulatcs the PSID-design RCCS. Although design evolutions 
will be incorporated in future models, the performance characteristics of the RCCS (at 
least for air-cooled systems) are not expected to change significantly. 

3.6 SHUTDOWN COOLING SYSTEM MODEL 

The Shutdown Cooling System ( S C S )  consists of an auxiliary circulator and 
pressurized-water heat exchanger used for plant cooldown when the main circulator and 
steam generator are not available. The SCS is currently classified as a non-safety-grade 
system. Use of the SCS model is 01 particular interest for investigating scenarios in which 
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forced circulation flow is restored after long heatup periods during which no circulation 
was available. In some HTGR designs, this can become an operation-limiting situation 
because of the possibility of damage to metallic components downstream of the hot core 
outlet gases. The SCS inlet path has been designed to withstand such high temperatures, 
and MORECA calculations have shown that sufficient safety margins are available €or all 
conceivable scenarios. 

characterization of the auxiliary heat exchanger and a "flow-controlled" circulator model. 
Cooling water inlet temperature and flow are externally defined input €unctions. The 
helium flow rate through the SCS loop is user specified; an exception is that the SCS 
tempcrature control system, which reduces the helium flow if the heat exchanger coolant 
outlet temperature excccds a specified limit, can alter the flow. 

The SCS model in MORECA includes a steady-state thermal-hydraulic 

Currently, the MORECA code has two different fuel failure models built in. The 
first is a simple temperature-only failure dependence model in which the fraction of the 
total fuel that has at any time exceeded a user-specified fuel failure temperature is  printed 
out periodically. A second, more detailed, fuel failure model has also been implemented 
that is based on a report by D. T. Goodin of GA (Ref. 14). T h i s  model predicts 
cumulative fuel failure (CEF) fractions that are dependent on the time the fuel spends at 
a given temperature. The failure rate is a function of two effects, a nonlinear mechanism 
caused by decomposition and diffusion and a linear mechanism caused by corrosion and 
diffusion. Because of the nonlinear dependence of the CET on time at a certain 
temperature, the original Goodin equations had to be approximated by a linear model to 
accommodate effects of time at temperature; it assumes that failures are independent of 
fuel age or burnup. This fuel failure model was developed for the larger XITGRs, which 
did not have the same degree of passive safety as the MHTGR and thus had relatively 
large prcdicted fuel failure fractions for the bcyond-design-basis accidents, where 
maximum fuel tempcratures far exceeded 1600°C. For the accident scenarios covered in 
this report, no fuel failure is reported, because the predicted maximum fuel temperatures 
were not high enough to cause failure fractions above the normal background levels, at 
least for the currently used models. 

provides more accurate results in the lower temperature, lower failure rates regimes, and 
would bc more applicable to the MHI'GR (Ref. 15). Additional fuel failure modeling 
efforts by DOE germane to the MHTGR are currently under way, and updated models 
are expected to be incorporated into MORECA in the near future. 

Another fuel failure model has been developed from later Goodin work, which 



4. SUMMARY OF MOEPJECA RUNS, CAPA.BIUTIES, AND FINDINGS 

There are two general classes of heatup accidents studied using the MORECA code 
in which the RCCS is assumed operational. The first is the rapid depressurization and 
immediate Loss of Forced Circulation (LOFC) with scram, with no subsequent primary 
coolant system forced cooling. This case corresponds to the SRDC-11 case in the PSID. 
In the reference case, depressurized LOFC calculation (Fig. 2), peak temperatures are 
reached after 4-5 days. There is no fucl failure, because the maximum peak fuel 
temperature [1482"C (26WaF)] is well below the 1600°C nominal "limit." The maximum 
vesscl temperature (478°C (893"F)I is below the 538°C (1OOO"F) extended code limit for 
a depressurized vessel. These results are generally in good agreement with PSID values 
except for vessel temperatures, where the PSID's maximum was less than 427°C (800°F). 
Reasons for this discrepancy are being investigated. 

LUFC with scram, which corresponds to the DBE-1 case in the PSID. Results are shown 
in Fig. 3. The maximurn fuel temperatures predicted are cven lower than those in the 
depressurized LOFC case, and conccrn for any he1 damage is nil. The primary concern is 
for vessel temperature [maximum 469OC (876"F)], which exceeds the 427°C (800°F) 
extended code limit for a pressurized vessel. Thc corresponding PSID prediction, using 
the GA PANTHER code, was 400°C (750°F). Some of the discrepancies were found to 
be due to  simplifications in the PANTHER code that GA plans to address in the next 
stages of the design; however, some others have not yet been rcsolved. As in the PSID 
calculation, the MORECA prediction of maximum primary system pressure [7.05 MPa 
(1022 psia)] was not high enough to actuate the relief valve L7.18 MPa (1041 psia)]; 
however, the MURECA assumptions of steam generator cavity temperatures, which havc 
a significant effect on pressure, were quite simplified and arbitrary. The extent of the 
overtemperature at pressure predicted here would not be expected to causc a vessel 
failure; however, considering the uncertainties involved in the temperature predictions, 
means should be provided to depressurize, and vessel temperature monitoring should be 
provided. Monitoring would provide a basis for regulators to judge whether restart 
following an LOFC should be allowed. 

The second class of heatup accident with RCCS operational is the prcssurized 

4.1 ACCIDENT SCENARIO SENSITIVII'Y STUDIES 

Many variations of the two classes of LUFC accidents were studied to observe 
sensitivities of the severity of the predicted results to both parametric (modeling) and 
operational assumptions. 

LOFC cases, three were found to be of major significance in determining the safety- 
related outcome of the predictions: (1) assumptions of fuel and reflector thermal 
conductivities; (2) USC of the conservative (PSID) afterheat relationship vs the "bcst 
estimate" curves; and (3) variations in assumed RCCS performancc including effects of 
assumed emissivity values that have a direct effect on transfcr of heat from the core blocks 
to the RCCS panels. 

The reference case assumption €or reflector conductivity is that only the central 
reflector and first ring of elements surrounding the fuel suffer significant radiation damage 
(along with the fuel itself). However, for the case of relatively unirradiatcd (or annealed) 

Of the many parametric variations in the "reference" depressurized and prcssurized 
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elements, the thermal conductivities would be considerably higher. Data on effective fuel 
and graphite conductivities are typically difficult to quantify bccause of effects of 
impurities, geometries, gaps, thermal radiation effectiveness, and annealing that may take 
place during measurements. Hence, we have assumed that there may be wide variations in 
the core conductivity values, due both to data uncertainties and to actual changes due to 
the operating history. 

Typically, increasing the fuel and outcr rcflector conductivities will enhance heat 
transfer to the RCCS heat sink in LOFC heatup accidents, resulting in lower peak fuel 
temperatures. Results showed that several-hundred-degree variations in peak fuel 
temperatures were possible due to reasonable variations in assumed conductivities. 
Although the "low end" values of core conductivity wcre uscd in the refcrcnce case 
(resulting in acceptable peak fuel temperatures for the limiting-case depressurized LOFC), 
it is seen as essential that the conductivity relationships be carefully verified to provide 
assurance of negligible fuel failure. 

The maximum vessel temperature prediction is also affccted by corc thcrmal 
conductivity assumptions. Although it was expected that incrcased core conductivities 
would result in higher peak vessel temperatures, in fact the opposite was true, at least for 
the cases where the axial conductivity was assumed to increase along with the radial. 
Increased conductivities (favorably) changed the timcs at which the peak temperatures 
occurred and made the core temperatures morc uniform (axially and circumfcrcntially), 
thus reducing the gradients. 

conservative PSID relationship) results in predicted pcak fuel temperaturcs about 150 to 
250°C lower €or the depressurized LOFC (depending on other parameter assumptions). 
There is less of an effect for the pressurized cases. Peak vessel temperatures €or the best 
estimate afterheat cases are typically about 50°C lower. Use of the Fort St. Vrain FSAR 
afterheat curve gives results nearly identical with those that use PSID values. 

Although the performance of the RCCS during postulated heatup accidents has 
relatively little effect on peak fuel temperatures, it can have a significant effect on peak 
vessel temperatures. For example, for a depressurized LOFC in which the RCCS was 
assumed to be failed totally for a one-day period after the LOFC and scram, the maximum 
fuel temperature increase was less than 20°C greater than the case of no RCCS failure. 
Assuming emissivity values of 0.5 (vs 0.8 in the refercnce case) for the RCCS panels and 
vessel walls increases the prcdicted peak fuel tcmperature in depressurized LOFCs by only 
about 30"C, but the peak vessel temperature increases by about 120°C. Hence, it is 
important that the critical emissivity values be maintained in the 0.S range. In 
depressurized LOFCs where air flow in one of the four quadrant RCCS panels is 
substantially blocked (friction factor times 200), the maximum fuel temperature gocs only 
about 10°C higher than without the blockage. The tempcrature of the section of vessel 
opposite the failed panel, however, will exceed its design limit in one to two days. Hence, 
the RCCS pcrformancc monitoring should be able to detect partial RCCS failures 
(especially for pressurized LOFCs) so that suitable corrective actions (such as 
depressurization) could be taken. 

lollowing were studied which were all shown to have only minor effects on the 
safety-related outcome of the accidents. 

Use of the "best cstimate" afterheat curve (vs the reference case, considerably more 

Besides the three most important variations noted, many othcr variations such as the 

1. An arbitrary cooldown period following the scram, which makes the effectivc "initial 
condition" temperatures of the core lower or, conversely, an assumption of arbitrarily 



12 

2. 

3. 

4. 

5. 

6. 

degraded RCCS panel performance for a relatively short period following the scram, 
increasing the "initial" core temperatures. Although these variations had only a 
relatively small effect on maximum fuel .temperatures, localized or intermittent failures 
in the RCCS heat removal function had significant (detrimental) effects on maximum 
vessel temperatures. 

Variation in the assumed initial reflector bypass flow fraction, as noted previously. In 
earlier MORECA calculations of pressurized LOFG in which thermal insulation in 
the upper vessel region was omitted, a largc (-10%) assumed bypass flow resulted in 
significantly higher m mum vessel tempcratures, compared with assuming no bypass 
flow (as is done in the PSTD). However, after adding the insulation, the maximum 
vessel temperatures for the pressurized X,OFC appeared in the area adjacent to the 
fuel, and assumed bypass flow fraction variations had little effect on maximum vessel 
temperature. Maximum fuel temperatures are affected by bypass flow but stay well 
below failure limits in all cases. 

Variation in the assumed initial and shutdown peaking factors, both axially and 
radially. This variation addresses the difference between the power distribution during 
operation (as given in the PSID and as used in the reference calculations even after a 
scram) and the power distribution that is "smeared" out considerably, which more 
realistically models postscram gamma heating. An interesting aspect of this particular 
sensitivity study was that in the pressurized LOFC case where a uniform postscram 
power distribution was assumed, the nonuaiform azimuthal temperatures persisted 
throughout the accident as a result of the initial nonuniform fuel. temperatures and 
natural convection flow patterns set up at the start. 

Variations in RCCS flow loss cocfficients (i.e., for increased frictioii factors or partial 
blockage) and air side heat transfer coefficients. Variations over relatively wide 
ranges had minor effects on RCCS heat removal performance. 

Variations in the correlations used to predict helium-to-fuel hcat transfer. Over the 
uncertainty ranges for these correlations, at-power (turbulent flow) coefficient 
variations have minor effects on fuel temperatures relative to thc (large) margins 
between operating and fuel failure temperatures. For low-flow, shutdown cases 
(laminar and transition regimes), sensitivity studies have shown that maximum 
temperatures are very insensitive to heat transfer coefficient because the gas 
temperatures closely approach the fuel temperatures anyway. 

Variations in outdoor temperature (RCCS inlet air temperature). The reference case 
assumed 29°C (85"F), while the maximum design temperature is 43°C (110°F). 
Peak vessel temperatures increase about one degree for every two-degree rise in 
ambient. 

4.2 COMPLETE RCCS FAILURE 

A "complete" failure of the RCCS is currently seen as a nonmechanistic failure 
because no reasonable total failure mechanism havc been postulated. In the current 
calculation, the RCCS structure with its insulation between the riser and downcomer is  
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assumed to be in place, but there is no air flow. Conduction and thermal radiation to the 
concrete silo is modeled simplistically, and credit is taken for the concrete heat capacity. 
No credit is taken for heat losses to the upper and lower heads. The results are shown in 
Fig. 4. Although the peak fuel tempcrature of 1606°C (2923°F) exceeds the 16OOOC 
"limit," the predicted fuel failure is insignificant. Thc maximum vessel temperature, 
however, exceeds code values in about one day, and reaches dangerously high 
temperatures within two to four days. 

4.3 lNTERACI'IVE WORKSTATION VERSION OF MORECA 

With the SUN workstation version of MORECA, i t  is possible for the 
operator/analyst to have direct on-line involvement with the postulated accident scenarios. 
The workstation display screen (Fig. 5) has a middle section in which the summary status 
of the simulation is presented for the RCCS, vessel, core, and SCS. Along the bottom of 
the screen are the "buttons" (accessed by a mouse) allowing operator intervention 
including control of the simulation speed, control of the SCS parameters, allowance for 
"degrading" the effectiveness of the RCCS, and control of total or partial depressurization 
transients. The maximum vessel and core tcmperatures are displayed at elevations 
corresponding to their occurrence. This display feature is expected to be useful for review 
and confirmation studies of thc safety system design, operator emergency procedures, 
operator training procedures, and postaccident monitoring systems. 

4.4 CONCLUSIONS 

From the LOFC heatup accident analyses, it is evident that the current MHTGR 
design is not susceptible to significant fuel failure from postulatcd accidents even from 
very low probability or even from certain drastic, nonmechanistic events. The ORNL 
results generally corresponded well with independent calculations by DOE contractors and 
by BNL. Considering that these are calculations of some of the most serious types of 
accidents that can be reasonably postulatcd, the fact that therc is such good general 
agreement indicates that the analyses are relatively straightforward and therefore crediblc. 
The one major area of concern was with possible vesscl overheating, and that would not 
be considered an immediate safely concern unless RCCS or partial RCCS failures 
occurred. Sensitivity studies showed that the most crucial safety-related parameter or 
operational uncertainties were the core thermal conductivities, the afterheat function, and 
the elfective RCCS heat removal performance. 
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Appendix A 

DETAIl;ED MODEL DESCRIPTTONS 





A I  FUEL AND REFLECXOR ELEMENT BLOCK CONDUCTION MODELING 

A single-node representation of thc temperature and the energy storage in a large 
hexagonal graphite block fuel element (Fig. k 1) could not accuratcly portray the large 
fuel-to-moderator tempcrature differences that exist at full-power conditions. It would 
also preclude approximating the at-power reactivity fccdback for the neutron kinetics 
equations because the individual effects of fuel and moderator temperature changes arc 
not modeled. However, for studics of shutdown power and flow scenarios, for which 
MQRECA is primarily intended, the radial temperature gradients within the block are 
reduced to small values within a few minutes after shutdown, and the reactivity effects are 
no longer significant after the reactor is scrammed. 

model can be used to prcdict the temperature transients. In gcneral, thc accuracy of any 
finite-differencing scheme for modeling diffusion decreascs as the frequency content of the 
perturbation increases; and, for heat conduction models, the grosser the mesh sizc, thc 
more the transient heat flux between nodes is underestimated (Ref. Al). In most cases, 
an underestimation of heat flux between adjacent elements will yield conscrvativc (is., 
higher-than-actual) hot fuel-elcment temperatures. 

derived by use of a method devcloped by the author (RcC kl) to determine the ratio of 
approximate-to-actual heat flux for slab geometry perturbation frcqucncy. Thc 
dimensionless perturbation frcquency Q is defined by 

The question remains, however, as to how accurately the single-node-per-elem~nt 

A rough approximation of the accuracy of the one-node-per-element mesh can bc 

where 

D, = k/PC, = composite core hcat diffusivity, =0.006 ft2/min; 
o = perturbation frequency, radiansimin; 
k = conductivity, Btu/(h.ftPF); 
p = density, Ib/ft3; 
Cp = specific heat, Btu/(lb"F); 
AX = node thickness, ft. 

To "translate" an accident transient into a perturbation frequency, we note that 
because typical MHTGR loss of forced convection and depressurization accident analyses 
show that peak core temperatures occur in no less than I O  h after the initial failures, a 
complete (sinusoid) cycle would occur in <40 h, so an equivalent maximum perturbation 
frequency would bc 0.025 cycle/h, or -0.003 radianhin. The corresponding Q value 
[Eq. (kl)] is -0.4 which, referred to Fig. 2 of Ref. Al, indicates that the radial heat flux 
between neighboring regions is underestimated by only a few percent at this frequency. In 
other words, one might arbitrarily increase the intcrregion radial conduction by 2-3% to 
obtain more accurate results €or typical heatup accidents. 

Another means of determining the transient accuracy of the finite-difference corc 
conduction model is to compare model transient results with those of finer mesh 
approximations. This was done for the original ORECA modcl, where each node was a 
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seven-element "region" or cluster (Ref. k 2 ) .  In that case, it was concluded that a 50% 
increase in effective radial conductivity would compensate for the large mesh size. Those 
studies also showed that for perturbation frequencies of interest, errors in temperature 
calculations incurred from using one node per fuel element were negligible. 

From the preceding arguments, we concluded that no conductivity enhancement was 
warranted for the MORECA core modeling. 

The effective radial conductancc between elements is accounted for by the 
geometric factor in the conduction equation. This is treated very simply (and arbitrarily) 
in the MORECA code, as it was in ORECA Noting that in hexagonal geometry each 
block has six radial neighbors instead of four, as in slab o r  square-prism geometry, thc 
equivalent slab geometric conductance term G,, needs to be multiplied by 4 6 :  

mean area (A21 - A DL --=-=L , 
Gslab = characteristic length AX D 

where D is the distance across flats of a hexagonal element (1.181 ft), and L .is the length 
of a block (2.602 ft)- 

Therefore, the heat 
blocks with the difference 

transfer rate Q (Btuh) between radially adjacent element 
between mean temperatures AT is determined from 

Q=-Gslnbk'AT 4 , 
6 

(A-3) 

where k' is the effective conductivity, Btu/(h.ft*°F). 
The usual form of the energy balance equation for nodc (i,j) is 

where Ti+li, Ti-lj, etc., are the temperatures of its radial neighbors, O F ;  T,, j+l and Ti, j-l 
are temperatures of its axial neighbors, OF; Q, are the heat inputs to node i from internal 
heat generation and convection, Btu/h; A4 is the mass of the element, lb; i is a subscript 
denoting radial position; and j is a subscript denoting axial position. 

The effective conductivity terms k' and k" are dependent on four different 
parameters: node average tempcrature, type of material (fuel or reflector), geometry and 
orientation (radial or axial), and irradiation history. Conductivities are calculated for each 
node at each time step in function routines RADK (radial) and AXIK (axial). The hcat 
transfer between node (id) and all of its neighbors could be approximated by multiplying 
this value of k' by the summation of the temperature differences; however, because rather 
large differences in neighboring k' values can exist, this would lead to heat-balance errors 
due to significant differences between the calculations of heat transfer in and out. Hencc, 
an average global effective conductivity term for each node is calculated at each time step 
which accounts for its own and all its neighbors' effective conductivities. Then the 
temperature differences between the node and each neighbor are multiplied by the ratio 
of the average k' for those two nodes to the global average. These calculations are done 
in subroutine ALGEN. This technique permits the use of the efficient core heat transfer 
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solution (Sect. A.10) and has been tested and shown to give accurate heat balances for 
conduction-dominated transients. 

FSV-EAR or updated [General Atomics (GA) proprietary] MHTGR values of 
conductivity. The public-domain FSV expressions for conductivity, which are generally 
conservative (low) and do not include differences due to irradiation histories, are simple 
linear functions of temperature, corrected for node geometry differences. 

included as functions of temperature and are calculated in subroutine TPIIOP. Thus, 
strictly speaking, the MC, dTi/dt term in Eq. (A4) should be (M) dhldf, where h is the 
specific enthalpy. However, because Cp is defined (for small changes in temperature) as 
dhldt, the expression for Cp, evaluated at the node temperature, can be used in Eq. (A.4): 
because Cp is defined (for small changes in temperature) as dhldt, the expression for Cp, 
evaluated at the node temperature, can be used in Eq. ( h 4 ) :  

An option flag (KCH) set in routines KWK and AXIK allows the user a choice of 

The specific heat terms for the composite core and reflector elements are also 

Cp[Btul(1b-'F)] = 0.115 +0.34(1.0 (fuel element) , (A51 

where T i s  the core node temperature, O F .  Values of effective Cp for other core elements 
are proportional to those for the fuel elements and account for differences in the 
element's average density and size. 

The internal heat generation Q,, in the refueling region node (ij) is an independent 
input function of time: 

where QMo is the average initial core heat generation rate, QRi is the radial power factor 
for radial position i, &lj is the axial power factor for axial positionj, and Q(t) is the 
fraction of initial power vs time. 

statements and input deck values (respectively) and are assumed constant. QAIo is an 
input number that is determined from the overall core power density. For an example 
calculation of QAIo, consider a case starting from 100% power (350 MW). The average 
core power density is 5.9 kWL, with 99% of the power assumed to be generated in the 
active core and the rest in the reflectors. Hence, the averagc initial power for a fuel 
element column is 

QA; and QRj values, which determinc the power shaping, are input by means of data 

The calculation of average element power generation by the preceding method is  
significantly lower than the average (composite Euel t- moderator) power densities 
typically derived from a single fuel pin (or coolant channel) geometq model (Ref. k 3 ) .  
The reason is that the local geometry in a fuel-coolant reference "cell" is not typical of the 
overall core; in fact, the power density in this cell is -30% higher than thc average power 
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density in a standard fuel element and -34% higher than the active core average. While 
the local cell model is appropriate for high-coolant flow cases (where the heat convection 
term is the dominating heat transfer mechanism), it is not an accurate model for shutdown 
transients where the overall core heat capacity dominates the response. 

Treatment of the reflector blocks is similar to that of the active core block. The 
power fraction vs time in the side reflector blocks, QsR(t), is assumed to have the same 
shape as Q(t) for the core. This is conservative as long as the only induced activity is that 
due to carbon-14. 

A3 CORE coNvEcJrzON HEATTRANSFER MODELJNG 

Because the flow in the coolant channels varies over a wide range in emergency 
cooling situations, it is necessary to consider all three flow regimes (turbulent, transition, 
and laminar) and upflow as well as the normal downflow direction. The "standard" Dittus- 
Boelter heat transfer correlation was approximated for the turbulent regime as follows: 

1. Turbulent (Re L 4000): 

k 
D 

h = (O.O23)(0.88) - (Re)'" , 

where 

(A-7) 

h = heat transfer coefficient from gas to  fuel element block, Btu/(h+ft'+°F); 

(0.88) = approximately the 1/3 power of the Prandtl number for helium in the range 
of interest; 

k = conductivity of helium, Btu/(h.ft"F); 

D = coolant channel diameter, ft; 

Re = Reynolds number, DGIp; 

G = helium mass flow per unit area lb/(€t2-h); 

p = helium viscosity, lb/(ft.h). 

2. Laminar (Re S 2100): 

For laminar flow, the average value for h over the length, L, of a channel was derived 
from Ref. A.4: 
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where 

W = channel flow rate, l bh ,  
Cp = helium specific heat, 1,241 Btu/(lb*°F), 
L = length of channel, Et. 

3. Transition (2f00 < Re < 4000): 

The value of h is computed as a linear function of the Reynolds number between 

The physical properties of helium are approximated by: 
the values of h (laminar) at RE = 2100 and h (turbulent) at Re = 4000. 

k=0.09 + 7 . 6 ~ 0 - 5 ~  , (A91 

and 

=0.054 +4.125x10-5P , (A. 10) 

where, instead of the average helium temperature, the adjacent block temperature T' is 
used as an approximation (T is in O F ) .  As noted in the report (Sect. A l ,  Accident 
Scenario Sensitivity Studies), the safety significance of the results are not sensitive to the 
expected rangc of uncertainties in the heat transfer correlations, including the Reynolds 
number flow regime transition points. 

be approximated in a variety of ways. When the solid is represented as a point mass at 
temperature T, (assumed to be uniform over the node), the heat transferred from solid to 
coolant, Q,, is often calculated by 

The calculation of the heat exchanged between a solid node and a coolant gas can 

Qm=h4(Ts-T) . 

An arithmetic average coolant temperature T'= can be used, that is, 

(A12) 

where Tci and Tco are the coolant inlet and outlet temperatures, and T,, is determined 
from 

a,, = ~cpcq, - T,J - (A131 

However, this approach may seriously overestimate the amount of heat transfer and 
givc values of Tco greater than TS (when the gas is being heatcd), especially at low flow 
rates. It can also result in a "wrong-way" response to rapid changes of the inlet coolant 
temperature. To avoid these (nonphysical) situations, the value of the quantity (MIWC,) 
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must be 52.0. (Rcf. A.1). Because this oftcn cannot be achieved for very low 
dimcnsionless characteristic length flows, the "end point weighing" (EPW), or "well-mixed 
approximation, is somctimes used (such as is assumed in the RECA code, Rcf. A5). In 
the EPW approximation the mean tempcrature of thc coolant is assumed equal to the 
outlct temperature, that is, Tc = T,. This avoids both the overestimation of the heat 
transferred and thc wrong-way rcsponse problem, but in the general case of slug flow, it 
underestimates the heat transfer rates over the entire flow rangc. Also, for initial full- 
power conditions, it ovcrcstimates the stored energy and peak fuel temperatures in the 
core. 

The modcl for heat exchange from the coolant to the adjacent solid node used in 
the MORECA codc is known as the "exponential approach mcthod, where 

This model gives an "exact" solution for the heat transfcr rate for the case wherc 
the solid temperature is assumed to be uniform over the entire length of the node, thc 
coolant transit time is negligible, and the physical properties are constant. It also avoids 
the wrong-way response problem. A comparison or the steady-state values of percent 
approach vs (hAIWC,) for the arithmetic mean, EPW, and exponential approach rnodcls is 
shown in Fig. A.2. 

characterization, is defined as 
The percent approach concept, commonly used in heat exchanger design 

% apProach=100 [:I;) ___--- - 

Figure A2 clearly shows the underestimation of heat transfer by the EPW method 
and the errors incurred from using the arithmetic average. 

A4 mJEL ELEMENT FLOW RA'IE EQUATIONS 

Unlike the Fort St. Vrain reactor and later designs of large HTGRs, MHTGR fuel 
element flows cannot be adjusted by an inlet orifice valve. Hence, the flow distributions 
are governed by the temperature-dependent flow resistance, which in turn depends on 
element peaking factors. Over the operating power and flow range, the element- 
by-element flows are approximately proportional to thc total core flow rate. However, 
with temporary flow stoppages and with low flows typical of emergency cooling situations, 
the region flow distribution becomes quite sensitive to temperature effects, buoyancy 
forces, and other factors and are thus very important in determining maximum fucl 
temperatures. Hence, one must solve for all of thc element flows simultaneously to 
determine any one of them. 

It is a one-dimensional momentum equation for incompressible flow in a channel and is 
applicable to all cases of interest exccpt during periods of very rapid depressurization: 

The elcmenl tlow equation in MORECA is very similar to its counterpart in RECA. 
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where 

AP = core plenum-to-plenum pressure drop, lbAft2; 
Wi = channel i flow rate, Ib,/s; 
R = gas constant for We, 386 ftl(lb,-oR.Ib,); 
g = acceleration due to gravity, 32.2 ft/s2; 
g, =5 conversion factor, 32.2 ft/(lb;s*-lbJ; 
A = fuel element cross section area, ft2; 
P = average channel pressure, IbAft*; 
Ki = lumped resistance coefficient for inlet flow distribution and other restrictions; 
Tip = inlet plenum temperature, OR; 
j = index of axial element; 
NA =? number of axial elements; 
Tq = outlet temperature, element i j ,  OR; 
T,$ = inlet temperature, element q, OR; 
f = Fanning friction factor; 
L = axial element length, ft; 
D = mean hydraulic diameter, ft; 
T’ = average temperature9 element i j ,  OR. 
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The temperaturc difference terms (TGj - TI& account for thc losses due to 
acceleration; the friction factor, f, is a function of flow regime and the summation term on 
thc right-hand side is the buoyanLy, or static head, term. 

The friction factor, f, in the turbulent region (Re > 4291) is approximated by 

f =0.0014 +0.125Re-0.32 (A171 

and in the laminar region (Re 5 1600) by 

f z -  16 
Re 

In bctween these two regions, f is assumed to be constant at 0.01. Sensitivity studies 
to determine the effects of assuming higher friction factors and splitting the entrance and 
exit loss terms (rather than lumping them at thc inlct) show that, in general, thesc 
considerations have little effect on the maximum predictcd temperaturcs. 

and then uses an iterative scheme to find thc "correct" overall core AP to satisfy the total 
flow conditions. 

MORECA assumes that the total core flow EW, is specificd as an input function 

A5 PLENUM MODELS WITH RADIATION IEAT TRANSFER 

While dctailed models were used in the original ORECA models, simplifications 
were introduced (and tested) in the MORECA modeling of radiation heat transfer 
between the upper and lower core surfaces and the vessel thermal shields. Rather than 
calculating radiation heat transfer between each of the 205 fuel element and reflector 
upper surfaces and the 205 surfaces of the vessel thermal shields, a concentric-ring 
approximation was used. Each ring represents a single ring of elements, with a ring of 
corresponding projected area of the thermal shield directly opposite. Hence, 7 rings arc 
used to represent each surface. Equations for ring-to-ring heat transfer were dcrivcd from 
view factor equations for opposing disks given in Ref. A.6. 

length L is: 
The vicw factor F,, for opposing disks 1 and 2, with radii rl and r,, separated by 

F12 ='/2 (X -/- ) , (A191 

where 

x = 1 + (1 + R;)/R; ,  
R, = r,/L 
R, = r2/L 

The vicw factors for concentric disks to rings can be obtained by subtracting out the 
doughnut centers from disk-to-disk view factors. For example, to solve for the view factor 
for ring 2 to disk 3, FB (see Fig. A.3), 
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Disk 3 

(A.21) 

where A,, A, = disk areas and A2 = ring area. 

weighted view factor of a ring to an inner disk from the ring to the outer disk (see 
Likewise, ring-to-ring view factors can be calculated by subtracting out the area- 

Fig. A-3). 
Radiant heat transfer from the upper core surface to the side walls was also found 

to be significant. The view factor for each ring to the side walls i s  simply calculated by 
noting that the sum of the view factors for any ring should be 1.0, so the difference 
between 1.0 and the sum of its view factors to the opposing rings is its side wall. view 
factor. 

subroutine ‘I’OPTEM (upper plenum) and BQ’ITEM (lower plenum). 
View factor calculations are done in subroutine VFWING and employed in 

The nodalization scheme used for the core barrel and vessel accounts for azimuthal 
asymmetries by splitting the fuel and reflector sections into quadiants. Axial noding 
allocates one each to the upper and lower reflector areas and one for evcry two of the ten 
fuel element sections. Hencc, in the fuel-reflcctor region, there are four quadrants times 
seven axial sections or 28 nodes each for the core barrel and vessel. In the uppcr and 
lower plenums, there are one each core barrel and vessel node for the side walls. The 
upper plenum ceiling and lower plenum floor are each represented by seven concentric 
ring nodes as described in the preceding section. The top of the vessel. is  represented by a 
single node. The bottom of the lower plenum f l o ~ r  i s  assumed to be well k d a t e d ,  with 
heat transfer to the lower vessel head neglected. 
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Insulated thermal shields are utilized in various regions to protect the vessel from 
overtemperature; however, the placement of the shields and their thickness are design 
considerations which must account for the fact that the RCCS' heat removal effectiveness 
in a heatup accident requires high vessel temperatures. Insulation design must also 
consider that for pressurized heatup accidents the maximum temperatures occur near the 
top, while for depressurizcd scenarios they are near the vessel midplane. 

In the current MORECA model, thc insulation inside the vessel top head is 
assumed to consist of a thin thermal shield plate plus 1.25 in. of Kaowool. Insulation in 
the upper plenum side wall area and in the region adjacent to the upper reflectors is 
assumed to consist of a shicld plate plus 0.75 in. of Kaowool. Radiation shield plates 
(without Kaowool) are assumed to be used in the lower plenum sidewall region. 

The calculation of heat transfer through a radiation shield with conduction through 
insulation would normally involve iterations needed to determine thc intermediate shield 
temperature. Instead, a straightforward explicit approximation was developed which gives 
good accuracy in the temperature ranges of interest. Equivalent heat transfer (h )  
coefficients (for assumed emissivities of 0.8 Cor the core barrel, shield and vessel surfaces, 
along with unity view factors) are simple functions of thc hot surface temperature T and 
the difference AT between the hot and cold surfaces. Using the conductivity expression 
for Kaowool as 

k=0.2507 + T(1.349E - 4  + 3.496E - 8 T )  , (A-22) 

the approximate h's for the two different insulation thicknesses are 

h1.3 = 0.14 + 0.00231 T - 0.0014 AT 

h,, ir = 0.00375 T - 0.0023 AT, 

where 

T = O F ,  
k = Btu/(h*ft-"F), 
h = Btu/(h.ft2*'F). 

In the model of heat transfer between the core barrel and the vessel in the core 
region, the "view" between the two is -50% obscured by thc rectangular inlet coolant 
ducts, Because a full radiation shield would cut the heat transfer rate by half, it is 
assumed that with 50% or the view obscured the heat transfer rate is reduced by 25%. 

for the upper plenum regions, BO'ITEM for the lower plenum, and CONVEC for the 
middlc vessel regions. 

In response to a review critique, heat conduction betwecn vessel nodes was added 
to the model. This was found to have negligible effects on computed vessel node 
temperatures (- 1°F maximum) during core heatup accident scenarios. The calculations 
(which use temperature dependent steel conductivities) are done in subroutine VESCON. 

Core barrel to vessel heat transfer calculations are made in subroutines TOPTEM 



30 

A7 PRIMARY SYSTEM PRESSURE MODELING 

Changes in primary system pressure are calculated by accounting for changcs in 
primary systcm gas temperatures and inventories. The estimatcd pressure changes are 
strongly dependent on bulk gas temperatures in the steam generator and in relatively 
"dead" spaces, which together account for about 75% of the total mass of the primary 
system gas. Hence, the prcssurc calculated in core heatup transients is "approximate" and 
depends strongly on the details of steam generator cooldown operations. Those 
operations are crucial to the outcome of pressurized core heatup accidents because some 
(unlikely) scenarios could lead to pressures exceeding the relief valves' set point 
(1040 psi). 

The primary system pressure calculation (as a function of temperature) is  
approximated in function PRESS by dividing the gas volume into four regions and solving 
the perfect gas law equation. For a given initial pressure Po (925 psia) and volume 
absolute temperatures for volumes VI-&, the constant M f  for a fixed inventory is 
defined as: 

Subsequently, the priniaiy pressure P is calculated from 

RMT 
F =  VJT, + VJT,'+VJT, + vjTi 

Using the depressurization options, the pressure P can be ramped down to a new level at 
a specified rate, and when that target pressure is reached, RMT is recalculated. 
Thereafter, the new value of RMT corresponding to the reduced inventory is used to 
calculate P. 

The four volumes are associated with the core coolant (560 ft3), core inlet plenum 
(8700 ft3), core outlet plenum (4350 Et3), and steam generator cavity (7390 ft3). For low 
primary system flows through the steam generator (<lo%), it is assumed that the steam 
generator cavity gas temperature approaches the nominal feedwater temperature 
cxponentially (arbitrarily assumed as a 30-min time constant); otherwise, it is computed as 
the average of the core inlet and outlet plenums. 

A8 SIFUTDQWN COOIaING SYSTEM ( S a )  MODEICTNG 

The SCS heat exchanger is a tube-in-shell design with pressurized water coolant in 
the tubes. For heat exchanger modeling, it is convenient to use dimensionless parameters 
and time constants for the heat transfer between each fluid and thc tube (Ref. kl). First, 
we define the "scction length," n, and the time constant based on heat transfer to the 
surface bcing heated or cooled, z: 

hA 
2= 

WC* 

and 



31 

where 

h = fluid-to-surface heat transfer coefficient, Btu/(h.ft2-OF); 
A = surface area of tube, ft2; 
WC, = mass flow rate of the fluid, lbh,  times its specific heat, Btu/(lb.'F); 
t = time constant referenced to tube, h; 
MC, = heat capacity of tube, BtuPF. 

Because the time response of the SCS is fast compared to that of the core in a 
shutdown cooling mode, it is reasonable to employ steady-state solutions and the concept 
of heat exchanger effectiveness. For example, the cooling effectiveness E ,  is defined as 

(A.29) 

where if hot helium outlet temperature THO were equal to the cooling water inlet 
temperature, T,, the device would be 100% effective ( E ,  = 1.0). For a counterflow heat 
exchanger, E, can be calculated explicitly (Ref. A.7) by 

In terms of the quantities defined previously, 

Nl 5"ctclnHTH 

(A-30) 

(A.31) 

N2 = nH/ ( I  -0 + zc/ rH) . (A.32) 

A heat exchanger's heating effectiveness eh can be calculated in a similar fashion. 
These equations are solved in subroutine CAHE, in that for given helium and water flows 
and inlet temperatures, the (steady-state) outlet temperatures can be computed directly. 
The SCS model in MORECA allows (user input) specification of the water and helium 
flows and the water inlet temperature. There is also a built-in automatic control function 
model (corresponding to the process design) which reduces the hot helium flow below the 
user-input value if the cooling water outlet temperature exceeds 400°F (to prevent 
boiling). This model is in the function routine FLOW. 

A9 REACTOR CAVITY COOLING SYSTEM (RCCS) MODELKNG 

For all reactor operating conditions, the reactor vessel (RV) will transfer heat by 
radiation and natural convection through the reactor cavity to the RCCS panels (Fig. A.4), 
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Fig. A4 Passive tem. Source: U.S. Department of Ener 
Preliminary Safety Infomation Donr MTGR-86-024, 
Vols. 1-5, 2986, plus ten amendments through Februa his document i s  
classified as "Applied Technology" and is not in the public domain; requests for this 
document should be made through the U.S. Department of Energy, Washington, B.C.). 
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where the heated air How inside these panels is induced by buoyant forces (the chimney 
effect). The RCCS has no moving parts. 

of approximately 17 m. There also are four inlct/outlet structures with coaxial ducts, 
where the inner duct carries the hotter air from the reactor cavity and the outer duct 
carries the cooler ambient air. The height of interconnecting ducts is approximately 33 m 
above the panels, Redundancy is provided by interconnecting ducts and plenums to 
ensure that a natural convection Row of ambient air is available at all times. 

The dynamic simulation of the RCCS is described in dctail in a companion report 
(Ref. AS). The modcl is implemented in a subroutine RCCS. The equations governing 
the air flow and the air heat transfer in the RCCS are coupled. Further coupling via 
radiation and convection occurs by the transfer of heat from the outer surface of the RV 
to the outer surface of the RCCS panels. For dynamic modeling of the heat transfer 
process, the simpliFying assumption is made that there is negligible thermal and mass 
inertia on the air side relative to the thermal inertia of the metal panels. The use of this 
"quasi-static" assumption greatly simplifies the analysis and can be rigorously justified 
(Ref. k 9 ) .  The same assumption is made for the primary coolant in the core. 

The conservation of energy equation for each of the nine RCCS panel nodes is a 
simple heat balance of the heat transferred by radiation and natural convection from thc 
vessel and the heat convected to the air flowing upward in the channel. The flow of air 
through the RCCS ductwork, including the hot riser section of the panels, is modeled with 
the one-dimensional momentum equation adapted from Ref. A.2 for the core cooling 
channels. The outlet air temperature from cach node is computed by using the 
exponential approach model, which is an exact solution of the differential equation for 
conservation of energy where the panel temperature is uniform over the node length, thc 
air transit time is negligible, and the air thermophysical properties are constant. Thermal 
radiation heat transfer from the front face to the sides or back of the internal hot riscr 
channel is neglected. The convective hcat transfer from the side walls to the flowing air is 
modeled as an extended surface (Ref. A.10). The back face of the panel duct is treated as 
an adiabatic surface. The computed heat transfer to ambient conditions was found to bc 
relatively insensitive to the value of the heat transfer coefficient on the air side of the 
RCCS panels. 

of the R V  to the RCCS hot riser panels consists of natural convection and thermal 
radiation. Participating media thermal radiation heat transfer in the annular space 
between the RV and the RCCS panels is neglected in the analyses presented here but is 
being considered for postulated accidents in which steam or aerosols are present. 

The net heat transfcrred by radiation from the RV to the RCCS panels is modeled 
with the assumption that all surfaces are gray and dilfuse (Le., the emissivities are 
independent of wavelength). Natural convection of heat across the cavity is also rnodcled 
but is much less than the radiant heat transfer across the annulus. 

equations for the fluid are coupled so that simultaneous solution is usually required. 
However, because the dynamics of the RCCS panel are much slower than the dynamics of 
the air, values of the air temperatures and flows will not appreciably change over a 
reasonably short time step. Therefore, panel temperatures from a previous time step are 
used in the equation to compute air flow. 

There are four quadrants of RCCS panels, each with an active heat transfer length 

The heat transfer process inside the reactor cavity from the uninsulated outer wall 

For natural-convection flow analysis, the conservation of energy and momentum 
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A Z O  SPECIAL SOLUTION ' I E C X I N I Q ~  

To avoid the consumption-intcnsive task of solving all of the core heat conduction 
equations as a set of 2870 coupled differential equations, a "component isolation" 
technique was implcmcnted. The basis of this method is the assumption of a model in 
which the component (Le., the fuel element block) sees ncighboring blocks with fixed 
temperatures over the time period ht, the computation time interval. For example, 
consider the coupled equations for node temperatures Ti, where in hex geometry each 
node is coupled to six radial neighbors: 

Ql dT1 

dt McP 

- -6aT, + a(T2 + T3 + T4 4 T, + T, + T7) + - , I__ 

etc., where 

Qi = heat generation rate in node i, Btu/min; 
MC, = heat capacity of node, BtuPF. 

Expressed in matrix form, 

The exact form of a recursive solution to Eq. (A20), assuming .Z, stays constant 
over the time interval At is (Ref. All) 

T(t + At) = eAAtq t )  + (eAAt - T)A -'Zt . (A351 

The isolation technique incorporates the coupling to the adjacent nodes as part of 
the forcing function Z,: 

a(T,+ . . . + T ) + - - -  Q l ]  . (A.36) 
MCp 

-&XI# - 1 
T,(t + At) = e -6aA'T,(t) + 

- 6 t ~  

This method is similar to an Euler explicit solution; the major difference is that the 

Another approximation used in MORECA is the sequential, rather than 
first-order equations are solved exactly. 

simultancous, solution of the conduction and convection cooling equations. The 
dependence of the flow equations on temperature is derived from temperatures calculated 
at the previous time step. This approximation i s  verified by reducing the time interval At 
until there are no further significant changes in the results. 
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The individual fuel element column flow rates are computed at each time step by an 
iterative scheme that was developed by trial and error. The criteria to be satisfied are the 
percentage error of the calculated total flow CWi compared with the specified total flow 
must be less than PERR or the absolute error must be less than AERR (where PERR 
and AERR are input via a DATA statement). Convergence is usually achieved within two 
or three iterations for reference values of PERR and AERR (1% and 1.0 lb/s 
respectively). The iteration scheme is as follows. 

1. For the first try, if the total flow specified (UIT) is equal to the value of WT at the last 
time step, set the overall core AP (DP) equal to the last value of DP; if not, compute 

DP = ( S D P W ~ W T ) ~  - BT , (41) 

where 

BT=summation of all static head terms in Eq. (A.16), 

2. For the second try, compute 

where DPL is the last try value of DP. 

this, a lower limit value of 0.1 is used for (WT/zW;:). Also, if (WT/cWi) < 0, then 
This prediction tends to overreact for fast flow transients; so to compensate for 

DF =DFL +0.7 [SDPW(W-CT.) l2  . (A411 
i 

3. For the third try and thereafter, a linear interpolation scheme is used: 

(A-42) 

where DPI, 2 = two previous try values of DP; and WA1, 2 = two previous try values 
of ET.. 

The program stops if convergence is not attained in MAXIT tries; MAXIT is 
specified in a DATA statement (= 20). 



36 

Currently, MORECA has two different fuel failure models. The first is a simple 
temperature-only failure-dependence model that calculates the fraction of the total fuel 
that has, at any time, exceeded a user-specified "failure temperature." A secomd, more 
detailed model is based on work by D. T. Goodin of GA (Ref. A.12). This model prcdicts 
cumulative fuel failure fractions (CFF) that are dependent: on the time the fuel spends at 
a given temperature. The failure rate is assumed to bc a function of two process: a 
nonlinear mechanism due to decomposition and diffusion and a linear mechanism due to 
corrosion and diffusion. Because or the nonlinear dependence of the CFF on timnc at a 
certain temperature, the original Goodin equations had to be approximated by a linear 
niodcl to accommodate arbitrary fuel temperature histories, Although this model includes 
the effects of time at temperature, it assumes that failures are independent of fuel age or 
burnup. Burnup effects are included in later models, which are not as yet implemented in 
MORECA 

Characterization of the nonlinear decomposition term (the B component of Goodin's 
equation) by the sum of two (linear) exponentials improved the versatility of the model 
and allowed for decreasing temperatures. In thc original model, "self healing" would occur 
(i.e., the fraction of failed fuel would decrease) if the fuel temperature decreased. The 
coefficients in the exponential approximation were delermined by a gradient search 
routine, which found what appeared to be a global optimum set of coefficients. The 
resulting expression is 

The MORECA implementation of the Goodin model is in subroutine GOODVT. 

nent B=~B[C,(1-c-c2*)+(1-C,)(1-e-c3x)] , (A.43) 

where 

FB = Goodin'sf, term for the nonlinear failurc mechanism; 
x = at; 
a = Goodin's a term; 
t = incremental time, h; 
C,, C,, C, p- coeEficients in exponential approximation (= 0.237, 32.8, 1.35). 

The rest of the fuel failure fraction calculation (made for each fuel element node) is 
taken directly from the Goodin reference. 

From sensitivity studies, it was found that fuel failure calculations could use large 
computation time steps (many hours) with little degradation in accuracy, as long as the 
average of the temperature-dependent functions is representative of the true average ( i q  
average values of failure rates are computed by using initial and final values of the 
individual component functions as opposed to using the function values computed at the 
average temperature over the interval). 
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MORECA INPUT VARIABLES 





B.1 SUMMARY OF MORECA INPUT DECK OF SEQUENTIAL DATA FOR 
MHTGR COMMERCIAL DESIGN BATCH-INPUT SERIAL. VERSION' 

ROUTINE CARD VARIABLES 

MAIN 1 

2 QRID, QR (20-85) 

3 PIN 

AL, QZ, DT, ?M, DP, NTP, JSEQ, JPF, FSQ 

INIT 4 TIP, TSGO, FTOTO, QBY, FHBP, FCBP, FBPLP 

5-209 XP (1-205, 1-14) 

220-213 TTOPV, TUVSW, VES (1-4, 1-7), TLVSW 

CFLOW 214-222 CTOR (20-85) 

End of input deck for 1st run. 

MAlN 223 AL, QZ, DT, TM, DP, NTP, JSEQ, JPF, FSQ 

(SET AL = 0.0 TO QUIT) 

B2 ANNOTATED DESCRIPTIONS OF lNPUT VARIABLES 

At, = cz (Eq. A19 in Appendix A) equivalent for hexagonal geometry. 

See Eq. A4 in Appendix A for terminology: 

a =  =O.O03097(min-') , 
MCpAX 

where k' = effective refercnce conductivity corrected for hexagonal geometry 
= 10 Btu/(h.ft-OF) x (4/6) x (1 h/60 min) (see Eq. A3 in Appendix A) 

M = mass = p l r  for hex block, lb, = 282.9 Ib at reference dcnsity @ = 90 lb/ft3); 

AX = characteristic length = 1.181 Et (hex center-to-center); 

A = mean area = AX - L = 3.073 ft2; 

L=block length = 2.602 ft; 

*See alphabetized list of input variables with descriptions, Appendix C. The diskette 
submitted to the National Energy Software Center (NESC) contains the MAIN program 
and 25 subprograms (in Fortran-77), a sample input deck and output file, plus the 
database programs and files (Appendix C). 
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Cp = reference specific heat = 0.33 Btu/(lb"F); 

QZ = Q/A4Cp ("F/min) reference 
= average adiabatic corc heatup rate for 99% of the 350 MW in the annular 

core with 660 fuel elenients 

DT = computation time step, min; 

Notes: DTs of up to 10 min give good accuracy for depressurized LOFC heatup 
accidents; likewise up to 5 min for pressurized LOFCs. For substantial SCS 
flows, 1-2 mill DTs may be needed. For full powedflow (steady state), 
0.5-min DTs are needed. 

TM = maximum (stop) time for computation, min; 

DP = initial guess of core AP at initial flow conditions, psi; 

NTP : printouts occur eveiy NTP computation time steps; 

JSEQ = program control flag: 

= 0 : calculate transient using input initial conditions specieed, 

= 1 : calculate initial conditions and write file for use in subsequent runs, 

= 2 : calculate transient using initial conditions from run 1; 

JPF = flow and AP detail print flag: 

-1 : never, 

0 : only at time = 0, 

1 : print with each output; 

FSQ = core flow distribution flag [see detailed discussion in report (Sect. 3.2, Core 
Bypass Flow)]: 

3 =; using input values of core outlet temperatures [CTOX (20-85)], 
calculate heat balance valuc of cold bypass flow, 

5 = use CTOR values for initial estimates, calculate flows using element 
(fwed) orifice coefficient; 
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QRID = comment line; 

QR (20-85) = radial peaking factors, core element numbers 20-85; 

PI = initial core inlet pressure, psia; 

TIP = initial inlet temperature to vessel, O F ;  

TSGO = initial steam generator outlet temperature, "F; 

PTOTO = initial total helium flow, Ib/min; 

QBY = fraction of total core power not generated in thc fuel elements 

FHBP = fraction of total primary helium flow bypassing the fuel elements and 
cooling the reflector elements (hot bypass); 

FCBP = fraction of primary helium flow bypassing the fuel elements which is not 
heated (cold bypass); 

FBPLP = fraction of cold bypass flow going directly from the vessel inlet to the 
lower plenum. 

The following initial temperatures are calculated by using the JSEQ = 1 option: 

XF' (1-205, 1-14) = core (fuelharget and reflector) elemcnt initial temperatures, O F ;  

TTOPV = initial top vessel temperature, "F; 

T W S W  = initial top sidewall vessel temperature. "F; 

VES (1-4, 1-7) = initial vessel middle temperatures (in quadrants), OF; 

TLVSW = initial bottom sidewall vessel temperature, "F; 

CTOR (20-85) = fuel elements initial outlet temperatures, O F .  





Appendix C 

MORECA PROGRAM DESCRIPTION DATABASES 





C.1. PROGRAM DESCRIPTION DATABASES 

Databases (using dBase-3+ or dBase-4) have been developed to assist MORECA 
code users with program interpretation, verification, and modification. The major 
database file consists of a listing of each program variable plus other essential information 
including a brief description, dimensions, what common block (if any) it appears in, where 
it is defined, and where (else) it is later modified. A flag in thc description field, @, is 
used to denote variables that are read in as part of the input file. Thc virtue in putting all 
this information in a (large) relational database is that cross checking and special listings 
or searches can easily be done by simple dBase commands or programs. Examples are 
givcn in Sect. C.2. This major database file containing all of the program variables is 
called OREVAR, and it is optionally indexed alphabetically with the index file OVAR. 

are in them, and what programs they appear in. This (small) file contains some redundant 
information (with OREVAR) but is useful for cross-checking to ensure that the 
user/checker/modifier is aware of the distribution of common variables. 

The third database file (PROCAL) lists each program with information about what 
programs are called by it, what common blocks are in it, and what variables are in its 
argument list. Each record also has an accompanying Memo file that has a description of 
the function of each routine. This file also contains some redundant information but, 
again, is useful for crosschecking. 

in terms of strict accountability, the use of selected database information in conjunction 
with a cross-reference (XREF) listing of a program facilitates verification of the proper 
placement, use, and spelling of each variable. 

Currently, the variables in two of the programs arc not included in the OREVAR 
database: (1) CAHE, which models the Shutdown Cooling System (SCS); and (2) RCCS 
(and its adjuncts RCCSD, RK4, CP, PRR, RHO, THERMK, and VISC), which models 
the air-cooled Reactor Cavity Cooling System (RCCS). The rationale for this omission is 
that these programs were written "independently" of MORECA and thus contain different 
program structural characteristics and variable naming conventions. They are also 
relatively "detachcd," so their absence is not crucial to checking the overall MORECA 
code. Detailed documentation of the RCCS code(s) is given by J. C. Conklin (Ref. C.1). 

A second database file (ORECOM) lists all of the common blocks, what variables 

Although this collection of databases is "isolated from the actual program, at least 

C.2 EXAMPLE USES OF THE DATABASES 

A simple dBase program OREP (Fig. C.1) can be used to gct selective listings of 
the variables in OREVAR. For example, one can list all of the input variables (and their 
descriptors) by requesting printout of variables with symbol "@" contained in the 
DEScription field (Fig. C.2), which shows the features of the descriptors. The variable 
QR, for example (radial peaking factors, dimensioned 85), is passed between programs via 
an argument list (Arg), is defined (DEF), or in this case read in, in the MAIN program, 
and may be modified in subroutine CFLOW. 

that are in a given common block by requesting the field "com" to bc  searched for (for 
example) "PASS" (Fig. C.3). Note that search strings are case sensitive. 

The example shown in Fig. C.4 can be used to cross-check the summary listing in 
the ORECOM file. Note that all the variables in the ORECOM file for the PASS 

As another example, OREP can also list all the variables in thc OREVAR database 
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orep.prg 03/20/91 

* OREP.PRG - Program to mess with O R E V A R  files 
USE orevar INDEX ovar 
-pquality=. T. 
ACCEPT " Field name to be searched (var des dim com def mod) = " TO fn 
d: Ta get a complete listing, enter " !"  for p h r a s e  
ACCEPT " Phrase to search for = " TO phi- 
? 
? "  VAR DESCRIPTION DIMENS COM DEF YOD" 
? 
G O  TOP 
lctr=O 
t first page line limit = 55 
lctrlim=55 
DO WHILE . ? iOT .  E O F O  
IF phr $ 6fn . O R .  p h r  = " ! "  

? var, des, dim, corn, def, mod 
l c t  r =  l c t  r+  1 
IF lctr = lctrlim 
lctr.0 * line limit a f t e r  first page = 5 8  
lctrlim-53 
S skip 8 lines for total lines/pagc = 6 6  
? 
* 
? 
? 
? 
? 
? 
? 

ENDIF 
SKIP 
ESDDO 
CLOSE DATAB.4SES 

ERD I F 
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. do orep 
Field name to be searched (var des dim corn def mod)  = des 
Phrase to search for = @ 

VAR 

AL 
CTOR 
DP 
DT 
FBPLP 
FCBP 
FHEP 
FSQ 
FTOTO 
JPF 
JSEQ 
NTP 
PIN 
QEY 
QR 
QRID 
QZ 
TIP 
TM 
T S G O  
XP 

DESCRIPTION DIMENS COM 

@Alpha - reference diffusivity 1 
@Core outlet temps - initial 90 
W o r e  pressure drop 1 
@Computation time step (min.) 1 
W o l d  bypass to lower plenum 1 
@Unheated bypass fraction 1 
@Heated bypass fract 1 
@Channel flow distrib flag 1 
@Initial value of total flow 1 
CPrint control flag 1 
@Run control f l a g  1 
*No of time steps between prnt 1 
CCore inlet pressure 1 
@Fract. Q=hot bypass 1 
@Radial peaking factors 85 
@Label for radial peaking fact PO 
*?Full power F/min 1 
@Inlet plenum temperature 1 
FMax time for cnmputation(min) 1 
dStearn gen outlet temp (avg) I 
GFuel/reflectr node temp-saved 206.14 

ArB 
LCSR 
PASS 
PASS 
P.4SS 
Arg 
Arg 
Arg 
Arg 

Ar g 
P A S S  
Arg 

PASS 
LCSR 

-4 r g 
ASg 

DEF 

MAIN 
CFLOW 
M.4 I N 
MAIN 
INIT 
INIT 
INIT 
M A I N  
INIT 
YAIN 
MAIN 
MAIN 
MAIN 
INIT 
MAIN 
?1A I N 
MAIN 
INIT 
MAIN 
IMIT 
INIT 

MOD 

CFLOW 

CFLOW 
CFLOW 
CFLOW 

CFLOW 

CFLOW 
>!A IN 

?1.4IN, CFLOW 
MAIN 

Fig. C2 MORFXA input miabfes. 

. do qrep 
Field name t o  be searched (var des d i m  com def mod) = corn 
Phrase to search for = PASS 

V A R  DESCRIPTION DIMENS COM DEF MOD 

CBFLP 
FBPLP 
FBYP 
FCBP 
FHBP 
QBY 
QC 
QZ 
T 

Split cold bypass - fract-LP 1 
@Cold bypass to lower plenum 1 
Core bypass flow fraction 1 
@Unheated bypass fraction 1 
@Heated bypass fract 1 
erract. Q=hot bypass 1 

@Full power F/min 1 
Time, min 1 

Node convection etc heat out 205,14 

PASS 
PASS 
PASS 
PASS 
PASS 
PASS 
PASS 
PASS 
PASS 

CFLOW 
INIT CFLOW 
INIT CFLOW 
INIT CFLOW 
ISIT CFLOW 
ISIT 
CONVEC TOPTEV,BOTTEM 
M A I N  CFLOW 
MAIfi 

Fig. C3. Listing of variables in common block PASS. 
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. use orecorn 

. list 
Record# COMM C V A R S  

P R O G S  
1 P A S S  T QC QZ Q B Y  F H B P  F C B P  F B Y P  F B P L P  C B F L P  

M A I N  C F L O W  C O N V E C  POW I N I T  R C C S  T O P T E M  BOTTEIJl B U T N O S  FLOW T I N  P R E S S  
2 ORIFIC O R I O P N  D P C O M  

M A I N  C F L O W  C O N V E C  O U T N O S  
3 C A H E V  C O M P  COMT T O P C  COMCO TMMAX HG2 J C A H E  

M A I N  FLOW T I N  P R E S S  O U T N O S  
4 LCSR D T  P I N C  T I P  T O P  

M A I N  C O K V E C  POW I K I T  O U T N O S  R C C S  T O P T E M  B O T T E M  CAWE P R E S S  
5 G B Y E  F V T  N G F A I L  J G O O D  G O O D F F  

M A I N  O U T N O S  
6 L C S  Q L U P G  T C P  T G P  Q L L P G  TC'PSW T L P S W  QLUPT Q L C P S  Q L L P S  Q L L P B  

C O N V E C  O U T N O S  T O P T E M  B O T T E M  
7 V E S R C  B V L R C  Q V R C  Q V C R C  Q V T R C  T P A N E L  HEAT T O U T F  AFOUTE 

C O K V E C  O U T N O S  R C C S  T O P T E M  B O T T E Y  
8 C B V E S  C B  VES T T O P V  TUVSW T L V S W  

O U T N O S  C O N V E C  R C C S  B O T T E M  T O P T E M  

common block are indeed listed in the OREP search (and there i s  a 1-to-1 
correspondence). 

Note also that one can get a partial cross-check on the program listings. In the 
OREP search, the programs CFLOW, INIT, CONVEC, TOPTEM, BQ'T'EM, and MAIN 
are all listed at least once, indicating that one or more variablcs in PASS were defined or 
modified in each of these programs. If one of these programs did not appear in the 
ORECOM list, it would imply an error of omission. The fact that there is not a 1-to-1 
correspondence is not necessarily a problem, however, because some programs use the 
variables without modifying them. 

listing and a program's coding (via a cross-reference or XREF output option in the 
Fortran compilation), OREP can be asked tu look for that program name in both the 
DEFine field and the MODify field. There should be a one-to-one correspondence 
between the OREP listings and the XREF variable lists showing those that are calculated 
(=) and/or defined by DATA statements (D). An example of this application for the 
subroutine BOITTEM is shown in Fig. (2.5. 

character in the OREP program. 

To do a thorough checkout of the correspondence between the OREVAR variable 

A complete listing for all the variables (var) is obtained by using "!" as the search 
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. d o  o r e p  
F i e l d  name t o  b e  s e a r c h e d  ( v a r  d e s  d i m  corn d e f  mod) = d e f  
P h r a s e  t o  s e a r c h  f o r  = BOTTEM 

V A R  DESCRIPTION DIMENS COM DEF MOD 

BOTTEM ASWL Area - v e s s e l  l o w e r  s i d e w a l l  1 
QLLPB Q f r o m  l o w e r  c p ' s  t o  v e s s e l  = O  1 LCS BOTTEM 
QLLPB Q loss from C B s  t o  bo t tom v e s  1 LCS BOTTEM 
QLLPG Q l o s s  from l o w e r  p l e n u m  g a s  1 BOTTEM 
QLLPS Q l o s s ,  1 . p .  l i n e r  t o  v e s s e l  1 LCS BOTTEM 
RVFL R i n g  v i e w  f a c t o r s  f o r  l o w  r e f 1  7 Arg BOTTEM 
SWMCPA S i d e  w a l l  h e a t  c a p a c i t y / f t Z  1 BOTTEM 
TLPSW4 Lower p l e n u m  SW t e m p  * * 4  1 B O T T E 3  
TLPSW4 4 t h  p o w e r  o f  TLPSW 1 DOTTEM 

. d o  o r e p  
F i e l d  name t o  b e  s e a r c h e d  ( v a r  d e s  d i m  com d e f  mod) = mod 
P h r a s e  t o  s e a r c h  f o r  = BOTTEM 

V A R  DESCRIPTION DINENS COM DEF YOD 

AR Top a rea  o f  r e f u e l i n g  r e g i o n  1 
A R E A  I n t e r m e d i a t e  a r e a  hR, ASR f t 2  1 
A R I N G  R e f l e c t o r  r i n g  a r e a s  f t 2  7 
ASR Top a r e a  o f  s i d e  r e f l e c t o r  f t 2  1 
B O L E 8  R o l t z m a n n  c o n s t a n t  * E 8  1 
CPYCPA " c o v e r p l a t e "  h e a t  c a p a c i t y / f t 2  1 
CPSh'MC S i d e w a l l  c o v e r p l a t e  h e a t  t a p a c  1 
E E B O L  E m i s s i v i t y - B o l t z m a n n  f a c t o r  1 
E L  E m i s s i v i t y  o f  l o w e r  s u r f a c e  1 
ES E m i s s i v i t y  o f  s i d e K a l l  s u r f a c e  1 
EU E m i s s i v i t y  o f  u p p e r  s u r f a c e  1 
HT P l e n u m  h e i g h t ,  f t  1 
I C A L L  F i r s t  c a l l  f l a g  ( = 0  a n  f i r s t )  1 
J B  B e g i n n i n g  o f  r i n g  i n d e x  1 
J E  End o f  r i n g  i n d e x  1 
J R B  B e g i n n i n g  i n d e x - r i n g  v i e w f a c t s  7 
J R E  End i n d e x ,  r i n g  v i e w f a c t o r s  7 
X R R I X G  R i n g  c o u n t e r  7 
QC Node c o n v e c t i o n  e t c  h e a t  o u t  2 0 5 , 1 4  
Q G C  I n t e r m e d i a t e  h e a t  t r a n s f e r  1 
QGCP Heat g a i n  b y  c o v e r p l a t e s  7 
QHT4 Tts4 h e a t  t r a n s f e r  i n t e r m e d  ? , 7  
Q L T R  Top r e f l e c t o r  h e a t  t r a n s f e r  2 0 5  
Q L T R R  Top r e f l e c t o r  r i n g  h e a t  x f r  7 
QSW I n t e r m e d i a t e  h e a t  t r a n s f e r  1 
QSWCP Q t o  P l e n u m  s i d e w a l l  l i n e r  1 
QSWPR Q t o  s i d e w a l l  p e r  r i n g  1 
RRMCP R e g i o n  h e a t  c a p a c i t y  1 
SWRF R a d i a n t  h e a t  t r a n s f e r  f a c t o r  1 
T4A I n t e r m e d i a t e  v a r  - Avg t e m p  1 
TC4 4 t h  p o w e r  f a c t o r  f o r  TCP & G 7 
TGP L o w e r  p l e n u m  " c o v e r  p l a t e "  T s  7 
TLPSW L o w e r  p l e n u m  s i d e w a l l  t e m p  1 
TLVSW L o w e r  v e s s e l  s i d e w a l l  t e m p  1 
TR4A 4 t h  p o w e r  r e f l e c t o r  r i n g  t e m p  7 
VESMCA Vessel h e a t  c a p a c i t y  p e r  a r e a  1 

TOFTEM & B O T T E M  
TOPTEM & BOTTEM 
TOPTEM & BOTTEM 
TOPTEY & BOTTEM,  CONVEC 
COSVEC & TOPTEM,BOTTEM 
TOPTEM & BOTTEM 
TOPTEY & B O T T E M  
TOPTEY & R O T T E Y  
TOPTEM b ROTTEM 
TOPTEY & B O T T E M , C O N V E C  
TOPTEM & B O T T E M  
TOPTEH & B O T T E Y  
TOPTEY & B O T T E M , C O N V E C  
TOPTEP-1 & B O T T E W , C O N V E C  
TOPTEM & B O T T E M , C O X V E C  
TOPTEY & BOTTEM 
TOPTEM & B O T T E M  
TOPTEM & B O T T E H  

TOPTEM & BOTTEM 
TOPTEM & B O T T E M  
TOPTEM & B O T T E M  
TOPTEM & B O T T E M  
TOPTEM & BOTTEM 
TOPTEM L B O T T E M  
TOPTEM & BOTTEM 
TOPTEM h B O T T E M  
CONVEC + TOPTEM,BOTTEN 
C O N V E C  h TOPTEM,BOTTEM 
TOPTEM t B O T T E M  
TOPTEM & B O T T E M  

PASS CONVEC TOPTEM, B O T T E Y  

LCS CONVEC B O T T E M  
LCS CONVEC B O T T E M  
CBVES CONVEC BOTTEM 

TOPTEM & BOTTEM 
TOPTEM & BOTTEM 

Fig. C5. Listing of variables defined and modified in subroutine BOTT'EM. 
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Other programs and listings available are the PPCAL program and i ts  product, a listing of 
the PROCAL file. Note that in the PROCAL file, the argument names shown are as they are 
given in that subroutine or function and are not necessarily the same as those in the calling 
program. In running PPCAL, the user has the option of getting a screen display or a printout and 
getting the program descriptions listed, or not, with the other information. Output from a 
printout run of the PPCAL program with the program descriptions i s  shown in Fig. G.6, and a 
listing of PPCAL in Fig. C.7. A third program, DIDMOD (Fig. C.8), can be used (with caution) 
to make global changes to the OREVAR database. 

C3 REFERENCE FOR APPENDIX C 

C.1 J. C. Conklin, Modeling and Performance of the MHTGR Reactor Cavity Cooling System, 
ORNLD+M-11451, Oak Ridge National Laboratory, Oak Ridge, Tenn., 1990. 
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. do ppcal 
Include summary descriptions o f  each routine (Y/N)? y 
Output t o  printer (P) o r  screen (S)? p 

PROCAL LISTIKG 03/20/91 

Program - ALGEN 
Calls = 
Coms = 
Args = KRR I J I 1  I2 I3 I4 15 I6 A L R  A L R U  ALRD SALR XKR SKA 

Subroutine ALGEN generates the average of the diffusivity ratios 
for core nodes neighboring the selected (i,j) node. 

Program - ARIK 
Calls = 
Coms = 
Args = T I J 

Function AXIK computes core node asial conductance a s  a function 
of temperature and material. A flag ( K C H I  can be set to chouse 
between the latest G A  MHTGR correlations or the Fort St. Vrain 
F S A R  correlations. 

Program - BOTTEY 
Calls = VFRING 
Corns LCS LCSR C B P E S  VESRC P A S S  
Args  = 9 

Subroutine B O T T E Y  is gsed t o  calculate heat transfer in the lover 
plenum region, including radiant heat transfer from the core 
support blocks to the floor and side walls using ring nodes ( s e e  
VFRIXG). ?iode temperature averaging t o  obtain an effective ring 
temperature for radiant h e a t  transfer is done on the basis of its 
4th power. A silrple model (with fixed h) is used fur convection 
heat loss t o  the side w a l l  coverplates. Heat transfer from the 
floor to the bottom vessel wall is neglected. Coverplate and 
vessel wall temperature updates are done v i a  Euler 
approximations. 

fig. C& PROCAI, listing, 
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Program - CAHE 
Calls = 
Coms = LCSR 
Args = THI THO TCI TCO h’H WC TYMAX H G 2  

Subroutine CAHE is used to calculate the performance of the 
shutdown cooling system (SCS). I t  makes use of the analytical 
steady-state solution for single-phase counterflow heat exchanger 
behavior given both hot and cold side inlet temperatures and 
flow. The variable helium and coolant water propexties are 
accounted f o r .  .4 single average tube model is used. CAHE takes 
advantage of the fact that the response time of the S C S  heat 
exchanger is much shorter than that of the core it is cooling, 
especially during low-flow “shutdown” conditions. 

Program - CFLOW 
Calls = COXBEC SUMW 
COES = FASS ORIFIC 
Args = X CF FTOT QR PIN DP IC TO T H E V  JSEQ RE FSQ JPF 

Subroutine CFLOW computes the flows in each of the fuel elements 
individually. The flow effective resistance for an element is 
computed using a weighted average accounting f o r  the number and 
differences in the coolant hole sizes. Fuel element b y p a s s  flows 
are also computed based on input values of initial bypass flow 
fractions and thereafter assuming fixed orifice characteristics. 
Flow resistances are Lased on viseosity calculated zt the mean 
channel tenperature, and account for laminar, turbulent, ?.nd 
transition flow regions. Buoyancy forces allow for flow in s o w e  
e l e n e n t s  to be r e  ersrd (up~ard) \t.hile other zre downward, with 
or without forced circulation. .4n iterative scheme is used to 
deterntina a net €1 enum-to-plenum pressure difference Khich 
satisfies the I:et total flow (input j requirement to within 
specified i.inputj error bounds. 

Program - COh’VEC 
Calls = ROTTEY RCCS TOPTEY VESCON 
Coms = PASS ORIFIC LCS LCSR CBVES VESRC 
.4r&s = X CF T O  T R E V  R E  STI SCFX FTOT T S G O  TINP 

Subroutine COh’VEC computes the convection heat transfer in each 
of the fuel elements in the core, accounting for variations in 
both flow regime and direction. An average reflector (or heated 
bypass) flow is used. Average plenum temperatures are calculated 
assuming well-mixed flow-weighted averages of all contributing 
inputs. Approximate heat capacities of t h e  core support posts 
are included in the lower plenum mixed-mean temperature 
calculation. Core barrel and coverplate t o  vessel nodes heat 
transfer is also calculated. The inlet plenum inlet temperature 
is dependent on 3 computed temperature rise across the circulator 
and heat transfer in the (upflow) channels adjacent to the core 
barrel. Calls to the subroutines for reactor cavity cooling 
system performance (RCCS), vessel conduction h e a t  transfer 
(VESCON), and upper and lower plenum heat transfer (TOPTE% a n d  
B O T T E M )  are made from CONVEC. 

fig 626 (continued) 
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Program - CP 
Calls = 
Coms = 
Args = T 

Function CP calculates air specific heat as a function of 
temperature for the RCCS model. 

Program - GOODVT 
Calls = 
Coms = 
Args = TEYPF AP FBP SP FLO SLO D T  FVT 

Subroutine GOODVT implements the Goodin model for fuel failure as 
a function of time and temperature for each fuel element node. 

Program - INIT 
Calls = 
Corns = PASS LCSR 
Args = XP TSGO FTOTO QA 

Subroutine INIT is called in MAIN to input the bulk of the 
initial condition data. In recent revisions, it now reads in all 
of the core nodes and the vessel nodes. 

Program - YAIN 
Calls = A L G E N  AXIK CAHE CFLOW FLOW INIT OGTNOS POW PRESS R A D X  SUES TIN 

Coms = PASS ORIFIC CAHEV L C S R  GBYE 
Args = 

TPROP COWSEC 

YORECA’s MAIN program controls most of the action between 
subroutines, and does some variable initialization, data 
inputting, and calculations. Some of the initialization is done 
by calls to other subroutines, including FLOW, TIN, C I H E ,  I K I T ,  
PRESS, CFLOW, and CONVEC. MAIN contains the main loop which 
controls the progression of the simulation thru the time steps. 
It also computes the 3-D core (solid) node temperatures. The 
temperature-dependent conductance between blocks is obtained from 
calls to functions RADK and AXIK, with effective conductance 
between individual blocks camputed in subroutine ALGEN. For each 
element (node), the neighboring node identifiers are obtained 
from subroutine SUBS. Variable node physical properties and are 
called from subroutine TPROP. Inlet temperature, flow, pressure, 
and afterheat information is obtained vis calls to TIN, FLOW, 
PRESS, and POW, respectively. Detailed and/or summary outputs 
are generated via calls to subroutine OUTNOS. 

Fig. C6 (continued) 
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Program - OUTXOS 
Calls = GOODVT 
Coms = PASS LCS L C S R  CBVES VESRC C A H E V  ORIFIC GBYE 
Args = X A L P H  Q T  F T  CF TREV RE PIN T S G O  

Subroutine QUTNOS provides the output for a variety of options at 
specified intervals, including some post-processing to obtain 
variables that are n o t  needed at each computation time interval. 
The calls to subroutine GOODVT and the accounting needed for fuel 
failure calculations are also done in OUTNOS. 

- - - - -  

Program .- POW 
Calls = 
Coms = PASS L C S R  
A r g s  = I 

Function POW calculates the afterheat, fraction o f  initial p o w e r ,  
using either the MHTCR YSTD correlation, the Y H T C R  "best 
estimate" ( H T G R - 8 6 - 1 0 9 )  or the Fort St. Vrain F S A R  correlation. 

Program - PRESS 
Calls = 
C o r n s  CAAEV L C S R  PASS 
Args = FT TO PO IC 

Function P R E S S  provides a simplified primary system 
constant-inventory pressure calculation based on a detailed 
averaging of gas volume temperatures in t h e  reactor vessel b u t  
o n l y  a cursory approximation in the steam generator. Programmed 
depressurization can be introduced, %here the pressure is r smped 
downward at a specified rate. Full depressurization is s s s u m e d  
to occur if the relief valve limit is reached. I f  
depressurization is to an intermediate pressure, it is computed 
subsequently b a s e d  on constant inventory at t h e  end point; 
otherwise, it stays at atmospheric. .hpproximations to the steam 
generator average gas volume temperature a r e  computed in PRESS. 

Program - PRR 
Calls = C P  THERMK VISC 
Corns = 
A r g s  = T 

Function PRR computes air Prandtl number f r o m  calls to VIS@, CY, 
and THERMK for the RCCS model. 

Fig. @6 (continued) 
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Program - RADK 
Calls = 
Coms = 
Args = T I J 

Function RADK computes core node radial conductance as a function 
of temperature and material. A f l a g  ( K C H )  can be set to choose 
between the latest G A  MHTGR correlations or the Fort St. Vrain 
FSAR correlations. 

Program - R C C S  
C a l l s  = C P  P R R  R C C S D  RHO R K 4  THERMK VISC 
C o r n s  = C B V E S  V E S R C  L C S R  PASS J C C  
Args = TINF 

Subroutine RCCS provides the heat loss terms to the passive, 
air-cooled reactor cavity cooling system (RCCS) from the 
corresponding vesse l  nodes in an array QLOSS. The RCCS m o d e l  is 
divided up i n t o  4 quadrants with 9 axial nodes per quadrant. 
Details are given in J. C .  Conklin’s report ORNL/TM-11151. 

Program - R C C S D  
Calls = CP P R R  RHO THERMIC V I S C  
C o m s  = J C C  
A r g s  = T TP TPDC1T 

Subroutine RCCSD provides detailed calculations o f  R C C S  heat 
transfer for its calling routine, R C C S .  

Program - RHO 
Calls = 
C o r n s  = 
Args = T 

Function RHO computes air density as a function of temperature 
(assuming atmospheric pressure) for the R C C S  model. 

Program - RK4 
C a l l s  = F? 
Coms = 
Args = F Y T DT 

Subroutine RK.3 provides a 4 t h  order Runge-Kutta solution for the 
R C C S  model. 

fig. C6 (continued) 
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Program - SUBS 
Calls = 
Coms = 
Arps = I S R R  I 1  I2 I 3  I? I5 I6 

Subroutine SUBS provides the array indices (subscripts) for 
neighboring nodes of the reference ( i , j )  node. 

Program - SUMW 
Calls = 
Coms = 
Args = 4 B R.4C ?S DP WTA 

Subroutine SU#W is used to sum the individual fuel element flows 
as computed in CFLOW for each iteration in the solution for 
plenum-to-plenum pressure drop. 

Program - T H E R M K  
Calls = 
coins = 
Args T 

Function T H E R M K  calculates air themal conductivity as a function 
of teDperature for the HCCS m o d e l .  

Progrsm - T O P T E W  
C a l l s  = VFRISG 
Cons LCS LCSR ? A S S  C B V E S  VESRC 
Args .Y 

Subroutine TOPTE?! is used to calculate heat transfer in the upper 
plenum region, including radiant heat transfer from the core 
plenum element blocks to the top and s i d e r z a l l .  coverplate ring 
nodes ( s e e  VFRIKG). K o d e  temperature averaging to obtain an 
effective ring temperature for r a d i a n t  h e a t  transfer is d o n e  on 
the b a s i s  of its 4th power. A simple m o d e l  [with fised h )  is 
used for convection heat l o s s  t o  the upper and side wall 
coverplates. Coverplate and vessel wall temperature updates are 
done via Euler approximations. 

Fis CS (continued) 
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Program - TPRQP 
Calls = 
Corns = 
Args = T I J .4LFT QFACT X H R  

Subroutine TPROP calculates the temperature-dependent diffusivity 
for the core nodes, and accounts for the geometry and composition 
differences according to node position. 

Program - VESCON 
Calls = 
Corns C B V E S  
Args = QCOKV 

Subroutine VESCON computes the negligible conduction heat 
transfer between vessel nodes. 

Program - VISC 
C a l l s  = 
Corns = 
Args = T 

Function VISC calculates air viscosity a s  a function of 
temperature for the RCCS model. 



ppcal-prg 03/20/91 

SPPCAL-PRG - Program to print PROCAL listing in readable form 
USE procal INDEX proc 
G Q  TOP 
CLEAR 
S E T  MEMOWIDTH T O  65 
- p 1 in eno = 0 
-pqual i ty=. T. 
splS=SPACE(lS) 
WAIT "Include summary descriptions of each routine (Y/N)? " TO yn 
WAIT "Output to printer (P) or screen ( S ) ?  " TO ps 
I F UPPER I p s ) = " P " 

E X D I F  
? 
? PROCAL LISTING ",DATE() 
? 
? 
DO WHILE .NOT. E O F O  
? "Program - ' I ,  prog 
? "Calls = " ,  calls 
IF calls2fspl5 

? SPACE(8),calls? 
ENDIF 
? "Corns = " .  corn 
? "Args = " ,  args 
? 
IF UPFER(pn)="Y" 

ElVUIF 
IF UPPER(FS)="S" 

S E T  PRINT ON 

? mem 

W A I T  
CLEAR 

ELSE 
? 
? " -  - - - - I ._ .- - - - - - - - - - - - - - - - - - - - - - - - - - - - 1 '  

? 
SET PRIST OFF 
WAIT " IRtn> t o  continue printing " TO ys 
SET FRIXT O X  

ENDIF 
SKIP 
E N D D O  
IF UPPER(ps)="P" 

END IF 
C LO S E D .4 TAB .4 S E S 

SET PRIKT OFF 

Fig. (2.7. PPCAL pro 
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d i d m o d . p r g  03/20/91 

* DIDYOD.PRG - program t o  d i d d l e  w i t h  NOD o r  other f i e l d  e n t r i e s  
USE orevar I N D E X  o v a r  
A C C E P T  " F i e l d  t o  d i d d l e  w i t h  = " TO f d i d  
ACCEPT "String t o  search f o r  = " TO s f i n d  
ACCEPT "String t o  r e p l a c e  i t  w i t h  = " T O  srep 
G O  T O P  
DO WHILE .NOT. E O F O  
I F  s f i n d  $ & f d i d  

R E P L A C E  & f d i d  WITII s r e p  
? v a r ,  & f d i d  

EXDIF 
S K I P  
E N D D O  

Fig. c8 DIDMOD program. 





63 

NuREG/cR-5712 
om-11823 

Dist. Categories R1, R7, R8 

1-5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 

S. J. Ball 
W. P. Barthoid 
H. R. Brashear 
C. R. Brittain 
N. E. Clapp 
J. C. Cleveland 
J. C. ConMin 
B. G. Eads 
D. N. Fry 
S. R. Greene 
E J. Homan 
J. E. Jones, Jr. 
P. R. Kasten 
H. D. Kerr 
T. S. Kress 

20. D. W. McDonald 
21. D. R. Miller 
22. L. C. O a k s  
23. D. L. Moses 

45. 

46. 
47. 

48. 

49. 

50. 
51. 
52. 
53. 

54. 

55. 

56-67. 

68-292. 

24-25. 
26. 
27. 
28. 
29. 
30. 
31. 
32. 
33. 
34. 
35. 
36. 
37. 
38. 
39. 
40. 

4 1-42. 
43. 
44. 

C. E. Pugh 
J. P. Sanders 
0. L. Smith 
0. M, Stansfield 
J. D. White 
R. P. Wichner 
T. L. Wilson 
R. E. Uhrig 
A. Zucker 
J. B. Ball, Advisor 
P. E McCrea, Advisor 
T. B. Sheridan, Advisor 
O W L  Patent Section 
Central Research Library 
Y-12 Technical Reference Section 
Document Reference Section 
Laboratory Records Department 
Laboratory Records (RC) 
I&C Division Publications Office 

Director, Division of Regulatory Applications, Office of Nuclear Regulatory 
Research, US. Nuclear Regulatory Commission, Washington, DC 20555 
F. C. Chen, U.S. Department of Energy, NP-62, Washington, DC 20585 
J. N. Donohew, OEce of Nuclear Reactor Regulation, U.S. Nuclear Regulatory 
Commission, Washington, DC 20555 
E. F. Goodwin, Office of Nuclear Reactor Regulation, U.S. Nuciear Regulatory 
Commission, Washington, DC 20555 
W. 3. Hardin, Division of Regulatory Applications, Office of Nuclear 
Regulatoq Research, U.S. Nuclear Regulatory Commission, NWS-169, 
Washington, DC 20555 
J. M. Kendall, PDCO, MHTGR-NE, P.O.Bm 85608, San Dicgo, CA 92138 
Dr. Peter G. Kroeger, Brookhaven National Laboratory, Upton, NY 11973 
C, Rodriguez, CEGA, MS 37-236, P.O. Box 85608, San Diego, CA 92138-5608 
Dr. Zoltan Rosztoczy, OEfice of Nuclear Regulatory Research, U.S. Nuclear 
Regulatory Commission, Washington, DC 20555 
Dr. Peter M. Williams, Director, Division of HTGRs, NE-451, US. Department 
of Energy, Washington, DC 20585 
Office of Assistant Manager for Energy Research and Development, 
U.S. Department of Energy, Oak Ridge Operations, P.O. Box 2001, Oak Ridge, 

Office of Scientific and Technical Information, U.S. Department of Energy, 
P.O. Box 62, Oak Ridge, TN 37831 
Given distribution as shown in categories R1, R7, and R8 

TN 37831-8600 





. 
NRC FORM 335 US. NUCLEAR REGULATORY COMMISSION 1.  REPORT NUMBER 
12-891 
NRCM 1102. 

fAulgnd bv NRC. Add Vol., Supp.. AN., 
and Addmdurn  numbs^. I f  my.) 

3201. 3202 BIBLIOGRAPHIC DATA SHEET 
NUREG/ CR- 5 7 12 
OKNI,/ TM- 1 182 3 

(See instructions on the reverse) 

2. TITLE AND SUBTITLE 

MORECA: A Computer Code f o r  S i m u l a t i n g  Modular High- 
Temperature Gas-Cooled Reactor  Core Heatup Accidents  3. DATE REPORT PUBLISHED 

MONTH YEAR I 
October  199 1 

4. F I N  OR GRANT NUMBER 

S .  J. B a l l  

Oak Ridge N a t i o n a l  Labora to ry  
Oak Ridge, TN 37831-6285 

(if NRC. vpe ‘Same ai ~boue..; if contractor, pmvide NRC Oivuion. 

D i v i s i o n  o f  Regulatory A p p l i c a t i o n s  

The d e s i g n  f e a t u r e s  of t h e  modular h igh - t empera tu re  gas-cooled r e a c t o r  (MHTGR) have 
t h e  p o t e n t i a l  t o  make i t  e s s e n t i a l l y  i n v u l n e r a b l e  t o  damage from p o s t u l a t e d  c o r e  
hea tup  a c c i d e n t s .  T h i s  r e p o r t  d e s c r i b e s  t h e  ORNL MORECA code, which w a s  developed f o r  
a n a l y z i n g  p o s t u l a t e d  long-term c o r e  hea tup  s c e n a r i o s  f o r  which a c t i v e  c o o l i n g  systems 
used t o  remove a f t e r h e a t  f o l l o w i n g  t h e  a c c i d e n t s  are not  n e c e s s a r i l y  a v a i l . a b l e .  
S i m u l a t i o n s  of long-term los s -o f - fo rced -convec t ion  (LOFC) a c c i d e n t s ,  bo th  w i t h  and 
wi thou t  d e p r e s s u r i z a t i o n  of  t h e  pr imary c o o l a n t ,  have shown t h a t  maximum c o r e  
t e m p e r a t u r e s  s t a y  below t h e  p o i n t  a t  which any s i g n i f i c a n t  f u e l  f a i l u r e s  and f i s s i o n  
p roduc t  releases are  expec ted .  S e n s i t i v i t y  s t u d i e s  a l s o  have been done t o  determine 
t h e  e f f e c t s  of  e r r o r s  i n  t h e  p r e d i c t i o n s  due both t o  u n c e r t a i n t i e s  i n  t h e  modeling 
and t o  t h e  assumptions about  o p e r a t i o n a l  pa rame te r s .  MORECA models t h e  U.S. Departmen 
of  Energy (DOE) r e f e r e n c e  d e s i g n  of a s t a n d a r d  MHTGR. Th i s  program w a s  sponsored by 
t h e  U.S. Nuclear Regu la to ry  Commission (NRC) t o  ass is t  i n  t h e  p r e l i m i n a r y  d e t e r -  
mina t ions  of  l i c e n s a b i l i t y  of  t h e  r e a c t o r  d e s i g n .  

12. KEY WORDSIDESCRIPTORS ILirtwordrorphnaer rhrc wi i iar rkr~ahers in lacar inp therepo~ .J  

modular HTGR 
s a f e t y  a n a l y s i s  
MOKECA computer code 
dynamic s i m u l a t i o n  
lo s s -o f - fo rced -convec t ion  a c c i d e n t s  
d e p r e s s u r i z a t i o n  a c c i d e n t s  

13. AVAILABILITY STATEMENT 

Unlimited 
14. SECURITY CLASSIFICATION 

(This Pawl 

U n c l a s s i f i e d  

U n c l a s s i f i e d  
lThk Report/ 

15. NUMBER OF PAGES 

I 
NRC FORM 335 (289 )  




