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ABSTRACT 
The I-ligh-P'lux Isotope Reactor is a flux-trap reactor containing aluminurri,clad fully enriched fix1 

plates and light-water coolant and moderator. At its maximuin steady-state power level of 100 Mw the 
peak thermal-neutron flux in the flux trap is 5.5 X neutrons/cm2.scc. It is in the trap region tliat 
242Pu arid heavier recycle material is irradiated to produce 252Cf and lighter transplutoniuin isotopes. 
Nuincrous other experimental facilities are available and are presently bring used for experiments 
requiring strong beam currents and high notlthermal tluxes. The pcak total nonthermal flux in the 
reactor is 4.0 x 10'5 neutrons/crn2.sec. 

In the process of designing the veiy high-perforrriance H l I K  core, several critical expzriinents a n d  
numerous other experiments pertaining to heat removal and structural integrity were conducted to 
insure satisfactory operation. Since the time that full power was first acliirved (September 1966) 54 
core loadings (as of October 1970) have been used with no fuel clement damage or other serious 
problems. The fuel-cycle time at full power is 23 days (somewhat greater than was expected), and 
preliminay measiireiiients indicate that the rieutron fluxes over most of the core are ebscntially the 
same as predicted. 

Modified core loadings for achieving longer fuel cycles have been investigated, and it appears that 
within the limitations imposed by fabrication and perforrriance restrictions, 50% longer cycles could 
probably be obtained. 

Keywords: IWIR, research reactors, isotope production, reactor core design, critical esperinicnts 
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HFIR CORE NUCLEAK DESIGN 

I<. D. Cheverton T. PI. Sirns 

1. SUMMARY 

The HFIR was designed priniarily for producing 
tiansplutonium isotopes by using 242Pu dnd eventually 
he:ivier recycle material ;IS feed. The reactor has now 
been operating at full power for about four years and 
has performed essentjally as expected. wiili one tiotable 
exception: the fuel-cycle time is about 40% longer than 
calculated. 

In ordei to achieve econumriically the high thermal 
flux iequiied for tiansplutonium pioduction i t  was 
necessary to desrgrr a very high-perfortnance cure, and 
flux-trdp geometry wah selected because of its ability to 
poduce a high r:itio of thernxil flux to power. 
Suirouiiding the flux trap are two concentric annular 
friel elements containing highly enriched Uj On -Al, 
aluni~ num-clad, involute-geometry fuel plates. The side 
reflector is beryllium, and it IS sepaiafed radially from 
the fuel region by a thin annular control rzgiori. All 
components are cooled with light water, which is also 
the prinuiy moderator 

In ihe process of designing the HFIK core, several 
critical experiments were conducted. The first was a 
solution critical experiment, and this was followed by 
t h e e  expeninents with actual HF1R-type fuel elements. 
The last of these latter threr: experiments was con- 
ducted in the actual ITFIR facility, while all the others 

were conducted i n  a separate critical facility. Power- 
distribution data from these experiments were used in 
conjuncticsn with one-dimensional fuel-cycle calcula- 
tions to predict two-dimensicma1 power distributions 
throughout a fuel cycle. 

Because the core opemtes at very high power density 
i t i c  fast-neutron flux is also quite high, :md on a snlall 
scale (because iif space limitations) i t  is proving very 
useful for niaterials-i rradiation-damage st iitlies in c(ii1- 
juriction with advanced power reactor prograrns. Even 
the horizontal beam tubes, which  we^: added almost as 
an aftertliought, are producing very high and very 
w f u l  neutron currents. 

A scliernatic representation of the core is depicted in 
Fig. 1.1, and typical radial flux distributions arc show-n 
io Fig. 1.2. Other pertinent core characteristics are 
given iii Table I .1. 

The present HFIR design, although quite advanced in 
tcrins of neutron fluxes and heat-removal capbility, 
does not necessarily represent ari optimum or ultimate 
design within present technology or 3 small exlrapola- 
tion thereof. One modification that i s  being pursued a1 
the present time is an increase in fuel and burnable- 
poison loadings to achieve a longer fuel cycle. It appears 
at present that  a 50% longer fuel cycle can tie achieved 
before encounlering power-distributiun, ruechanical- 
integrity, fabrication, and radiation-datnage limitations. 
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Table 9 . 1 .  Summary of HFlR Civmcteristics 
-. ..... . . . ~. .............................. . . . . . . . . , . . . . .- 
Reactor power levels, hlw 

Steady-state operating 
Minimurn cteady-state incipient boiling 

Thermal 
Neutron fluxes at 100-Mw operation, neutrons/cni2.sec 

Maximum unperturbed in island 
Average in typical 300-g 242Pu  island target 
Maximum unperturbed in Be reflector 

Beginning of fuel cycle 
End of fuel cycle 

Beginning of fuel cycle 
End of fuel cycle 

Average in fuel region 
Beginning of cycle 
End of fuel cycle 

Average in island target 
Maximum in fuel region 

Beginning of cycle 
End of cycle 

Maximum unperturbed at Be-N20 reflector interface 

l’otal nonthermal 

Prompt-neutron lifetime, jrrec 

Effective delayed-neutron fraction 
Length of typical fuel cycle, days 
Reactor materials 

Fuel plate 

Weight of 2 3 s U  per plate in inner fuel element, g 
Weight of 3 s  U per plate in outer fuel element, g 
2 3 5 ~  enricliment, % 
Total loading of 2 3 s  U, kg 
rota1 burnable-poison loading (‘OB in inner 
fuel-element plates only), g 

Coolant 
Island moderator 
Side reflector 

Removable 
Permanent 

Black region 
Gray region 
White region 

Shim, safety and regulating plates 

Plutonium target rods 

Core geometry 
Fuel-element geometry 

Number of fuel elements per loading 
Core dimensions 

Flux-trap diameter, in. 
Inner fuel-element diameters, in. 

Side plates 
ID 
OD 

ID 
OD 

Active elements 

Outer fuel-element diameters, in 
Side plates 

ID 
OD 

100 
130 

5.5 x 1015 
2.0 x 1015 

1.1 x 1015 
1.6 x i o L 5  

1.4 2: l o L 4  
1.7 x 1014 

3.3 x 1 0 ’ ~  
4.5 x 1014 

2.4 X 10’’ 
4.0 X 10” 

35 
70 
0.007 1 
23 

U308-Al cermet with 

15.18 * 1% 
18.44 f 1% 
-93 
9.40 
2.8 

AI  cladding 

Eu203 + AI 
l’a + A I  
AI 
PuO2-.41 cermet with 

Cylindrical flux trap 
Cylindrical annulus with 

AI  cladding 

involute-shaped fuel 
plater 

2 

5.067 

5.067 
10.590 

5.623 
9.920 

11.250 
17.134 



... 

3 

Table 1.1 (continued) 

Aciivt. elements 
I r> 
0 1) 

Fuel-region height (active), in. 
luel-region volume (active), liters 
Con?rol-region diameters, in. 

ID  
0 U 

Iieight 
Reriiavahle-reflector ID 
Keiiiovable-reflector 011 
Yt.rriianent-reflectur OD 
Pressure-vessel ID 

Sidc-reflector djniensions, in. 

Fuel-plate thickness, in. 
Fuel-plate total length, in. 
Fuel-plate heat transfer surface area (total), f t2  
Coolnnt-chaiinel thickness. in. 

F:uel-plale heat load, Mw 
Powrv density (av), Mw/liter 

Heat flux (hot spot), Ktu/hr.ft2 
Coohnt  velocity, ft/sec 
'Temperatures, " F 

Heat transfer data 

IJWt flus (dv), 8tu/hr-ft2 

Coularit irilrt 
Coolant outlet (nomind1 mix) 
Oxide-water inteiface (riorriinal inax) 
hletd-oxide intzrface (nominal maxj 
Fuel-plate center line (nominal maxj 

Experimental facilities (other than flux trap) 
1.5 84-in.-diarn vertical facilities in permanent reflector 
Niimber 
Loention (radial distance), in. 

11 holes at 
5 holes at 

2.8 34-in.-diaineter vertical facilities in pernianent reflector 
Number 
Location (radial distance), in. 

0.50L"-in.-diametcr vertical facilities in shim 

O~O~-in.-diameter  vertical facilities" in outer 

Horizontal beam tubes 

access plugs 

ring of removable reflector 

Number 
L o cat io n 

Type 

Engineering facilities 
Number 
Location 

11.913 
16.483 
20.0 
5 0.50 

1'7.134 
18.872 

24 
18.872 
2 3. '7 5 6 
43.0 
94 
0.050 
24.0 
428.8 
0.050 

91.5 
1.93 
0.776 X lo6 
1.97 X lo6 
51 

120 
196 
269 
303 
325 

16 

15.438 
17.344 

6 
18.219 
8 

8 

3 
Horizontal rnidpliine; 

terminate -3 in. frorri 
f11e1 

through 
Radial, tangential, and 

4 
Approximately 

tangent to outer 
wrface of beryl- 
lium reflectar. 4 1" to 
vel tical 

"Ihm~eters o f  four of these facdities were recently enlarged to 1.4 in. 
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ORNL-DWG 63-8100R 

Pig. I . I .  Schematic Representation of HFIR Core. 



5 

... 
1 

5 

2 

Pig. 1.2. Typical ‘lliernial and Total Nontliermal Radial Flux Lhstribnttons at Horimntal Midplane of HFIK for 100-Mw 
Opein trori. 
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The design of the High-Flux Isotope Reactor (HFIK) 
was undertaken with essentially a single purpose in 
mind - the production of transplutonium isotopes, siich 
as '5'Cf, at a rate of milligrams per ycar. Feed nlaterial 
for the production of the heavy isotopes was to be 
242Pu and evenlually recycle material, and the heaviest 
isotope to be considered for design optimization pur- 
poses was ' "Cf, since heavier isotopes have much 
lower production rates (very short half-lives). 

A flux-trap type of reactor design was desired for the 
HFIR because of its relatively large ratio of peak 
thermal-neutron flux to total power (@/PI. Survey 
studies of flux-trap reactors conducted during the 
period 1956 to 1958 not only disclosed the character- 
istically large value of @/P but also indicated that the 
desired quantities of the heavy isotopes could be 
produced at a reasonable power level (-100 M v / ) . ' - ~  

Beginning in 1958, preliminary IIFIR design studies 
were undertaken, and the first HFIR physics report5 
was issued in 1960. Solution critical experiments,'-8 
which generally validated the calculational methods, 
were conducted early in 1960 and were followed 'Oy 
two critical experiments employing prototype PIFIR 
fuel elements and control rods.'-' These latter experi- 
ments, along with later calculations, were used to 
complete the core design and to provide operational 
data. 

This report briefly discusses many of the factors 
involved in the optimization of the core design and 
provides detailed information on neutron fluxes, power 
distributions, fuel-core fission densities and tempera- 
tures, control-rod worths, reactivities associated with 
experimental facilities, various reactivity coefficients, 
and fuel-cycle characteristics. Since it appeared th.at it 
would be possible to  significantly increase the fuel-cycle 
time over that of the present core, a brief discussion of 
rnethods by which this might be done is also included. 
Detailed analysis of flux-trap-void and niaterial effects 
and of reactor fast transients are available in separate 
reports,l 4,1 The core heat transfer analysis,' which 
of course was an important part of the optimization 
study, and specific reactor safety studies are also 
reported separately.' A fiiactjonal description of the 
overall HFIR facility is presented in Ref, 18. 

Construction of the reactor facility was complet'ed in 
1864, and criticality wds first achieved August 25, 
1965. For the next four months, numerous hydraulic 
and nuclear experiments were conducted without sig- 
nificant difficulties being discovered. Low-power opera- 
tion began in January 1966, and full power (100 Mw) 
war achieved in September 1966. At the time of this 
writing (October 1970) approximately 126,000 Mwd of 
fiull-power operation has accumulated without nuclear 
difficulties. However, a discrepancy does e x i s t  between 
the calculated a11d actual fuel-cycle time. The actual 
time is 23 days, which i s  significantly longer than 
predicted. 



7 

3.  BRIEF DESCRIPTION OF HFIK 

The HFIR is a litgldy enriched (-93%) 21 'U-fueled 
;ilurriirium-clad system that is cooled and nwderated 
with piessurized light water, which disslpates its heat 
through heat excliangt-rs to a cooling tower. The core 
consists of. two concentric fuel annuli with a cylindrical 
cavity (flux trap) at the center and a beryllium-water 
side reflector, which is separated mdially fiom the 
Lylinctrical Fuel region by a thin annular control region, 
a b  \hewn sclietnaticdlly in Fig. 1 . I .  71ie 1 wo fuel annuli 
consti1 utz two fuel eleinents, each contairlirlg unvolute- 
shaped fuel plates that are held in place with two 
cyliridiical side plates. In the annular control region are 
two concentiic cylindrical control rods, with the inner 

constituting 3 coritiri iiuiis cylindrical sutfiice and the 
outer being divided into quadrants, each with i t s  own 
drive mechanism. 

In  addition to the ceiitral tlux trap, which at present 
is used prinnrily for production of transplutonium 
botopes, there are several other experitnental facilities, 
all of whicli are located i.n the beryllittrrl side reflector. 
As shown in Figs. 3.1 and 3.2, these facilities include 
three horizontal beam holes at the horizoii tal  midplane 
of the core and numerous vertical hcilities plus four 
slant facilities adjacent to the side of  the beryllium 
reflector. 

Diniensional, material, and functional characteristics 
o f  the reactor are listed ill Table 1 .l .  

Pig. 3.1. HFIR Cross Section a t  Horizontal Midplane. 
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‘ INNER CONTROL D R I V E  

Fig. 3.2. Vertical Section of HFIK Vessel and Cme. 
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4. REVIEW OF DESIGN CONSIDERATIONS 

'The dzsigii of thc CIFTIi core represents an effot t to 
achieve the rnaxinrum possible production rate of 
'"Cf with a specified quantity o f Z y 2 P u  feed niaterial 
and a reisonable power level. For expediency this had 
tu be done witfiiri the frarnewoik of eartirig o r  slightly 
extrapolated technology and available informat ion on 
iiansplutonium production consfarits. Even as the core 
was bzirip designed and fabrkated, new basic data 
became available that could have resulted in improve- 
ments but which arrived too late; Thus it cannot lie said 
that the HFIR core repiesents iui optimum design; f o r  
~nstance, the optinifurn flux-trap diameter foi a 300-g 
L 4 2  PII taiget is probably winewhat greater f tian the 
present diametcr. At the time the flux-trap diameter 
was established the amount of plutonium fked material 
available Ai r  irradiation in the flux trap was sig- 
rufrmntly less than at present, arid significant variatioris 
in reported neution cross sections f o r  rtlariy of the 
heavy isotopes have occuired. 

4.1 SelectiorI of Reactor Type 
and Materials 

Flux-trap geornetry was selected f o r  Itie HFiK be- 
cause it results in d high value of  thernial-neutron flux 
per unit of power, and the peak thermal flux exists i n  a 
region external to the fuel, that is, the central moder- 
ato1 region or flux h a p .  Cylindrical geumeiiy and ;i 

symtnetrtcal reflector control system were spectfked 
because they bvtti helped to flat ten the power distrihu- 
lion and thus contributed to higher average powei 
dennty operation. In this regard a further significant 
improvement was achieved by varying the fuel conceii- 
tration in the radid diiection. Water was selected for 
the moderatoi in the flux trap because it results in a 
higher peak flux than can be achieved with other 
pract im1 moderatoi s. 

The fuel region, which surrounds the flux trap, 
contains two annular fuel eleinents that contain iti- 
voluteshaped alununun>clad fuel plates. Water was 
specified as the coolant and moderator, even though 
heavy water would have provided somewhat better 
leakage ch:iracteristics, because of the greater simplicity 
in overall design and the lower cost A l ~ ~ n i i i u ~ ~ i  was 
selected as ttie fuel cladding inaterial because, compared 

with other cladding materials, such ;E. stainless steel, 
nickel, and zirconium, i t  results in much lower fabrica- 
tion and reprocessing cosfs. Furthermorc, with the 
exception of the very expensive zirconium, alunlirr unl 
results in significantly lower parasitic neutron absorp- 
tion and thus lower fuel loading and smaller core size. It 
also appeared that the strength and corrosion resistance 
of aluminum were quite satisfactory for the intended 
service. 

Because of the expected requirement for high fuel 
concentrxtion in the fuel plate a dispersion o f  U308 in 
aluntinum powder was selected, instead of a uranium- 
alurninom alloy, to prevent excessive fuel segregation. 
Furthermore, more uniform burnable-poison loadings 
are achieved with cermets that1 wi th  alloys. Fuel plates, 
rather than wires and tubes, were selected f o r  t h e  heat 
trmsfer surf ice configuration, because for practical 
plate a n d  wjre dimensions, the phte provides sig- 
nificantly more heat transfer. area pcr unit vidume; 
furthermore, ;I plate provides more surface area per 
individual unit, and thus fewer units are reqiiired per 
total fuel loading. Involute geometry for the fuel plate 
was specified for several reasons: it provided a u n i f w m  
metal-to-water ratio; the fuel elements could be nude  in 
the shape of circular annuli with only two annuli being 
required; only two slightly different types of fuel p l a ~ e s  
were required; it provided a means for varying the fuel 
concentration in the radial direction (variable-ttiicktiess 
fuel and poison core dong the involute arc); a ~ ~ l  i t  
permitted the use of :I plate that was not significantly 
different in size and shape than those already being 
satisfactorily produced for other reactors. In addition 
the curved shape, iri contrast to  a Flat plate, teritls to 
riliniinize mechanical irrstability problem. 

Surrounding the fuel region is an zinnular control 
region containing two thin-walled ('4-in.j concentric 
cylindrical control elements. The inner cylinder, which 
is used for both shim arid regulation arid which is 
referred to as the shim-regulating rod, has a sir& drive 
rod with a duplex drive niecfianisni that supei-imposes 
the regulating motion on the shim niotion. This rod 
1110ves upward to insert poison. Thc outer control 
cylinder is divided into qiiadrants, each having its own 
drive and safety release mech:mism. These rods, referred 
to as the shim-safety rods, are used for both shim arid 
safety and are moved downward into the core to  add 
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poison. Normally the shim-safety rods are moved as if 
ganged together, and this gang and the shim-regulating 
rod are maintained symmetrical about the horizontal 
midplane of the core to maintain symmetry in the 
power distribution. 

Each control rod contains three longitudinal regions: 
a black region containing europium, a gray region 
containing tantalum, and a white region containing 
aluminum. The europium (Eu,O,) and tantalum are 
dispersed in and are clad with aluminum so that a 
control rod is essentially an aluminum plate or cylinder 
Containing black and gray cores. Aluminum was 
selected because of its relatively low material density 
(which results in low heat-generation rates and low 
acceleration forces), good thermal conductivity, low 
neutron-scattering cross section (important in the black 
and gray regions), low neutron-absorption cross section 
(important in the white region), and the relative 
simplicity with which a sufficiently strong aluminum- 
base rod can be fabricated to very close dimensional 
tolerances. 

Europium was selected as the black absorber pri- 
inarily because of the deficiencies of other more widely 
used absorbers. For instance, boron suffers excessive 
radiation damage; cadmium has too low a melting 
temperature and epithermal cross section; hafnium and 
silver have excessively low cross sections for inclusion as 
dispersions and create severe design problems if in- 
cluded as discrete sections of the rod; gadolinium has 
too low an epithermal cross section; and dysprosium 
han a rather low absorption cross section and a high 
scattering cross section. Europium, on the other hand, 
has adequately high thernilil and epithermal cross 
sections, is metallurgically compatible with aluminum 
(in the oxide form), and because of its high-cross- 
section daughter products has a relatively long cross- 
section lifetime. 

Tantalum was selected as the gray-rcgion material 
because of its appropriate absorption cross section and 
its compatibility with aluminum. Also ORNL had had 
some successful fabrication experience with it. A later 
requirement for the gray material was that it should 
have good corrosion resistance in reactor water when 
coupled with alunlirium; tantalum also satisfied this 
requirement. 

Surrounding the control region is the beryllium 
reflector. The nlaterials considered for the reflector 
were beryllium, heavy water, a mixture of heavy and 
light water, and graphite. Graphite would have required 
canning, and this appeared to be irripractical for a 
reflector containing many experimental facilities. Heavy 

water or mixtures of heavy and light water had several 
advantages relative to the control concept and reflector 
experimental facilities; however, the disadvantages as- 
sociated with maintaining separation of the light- and 
heavy-water regions of the core and with the main- 
tenance of a heavy-water cleanup system outweighed 
the advantages. Thus, beryllium was selected. To 
accommodate the radiation-damage problem in beryl- 
lium, the reflector was divided into radial regions so 
that the innermost regions could he replaced period- 
ically. 

‘Ihe entire core is surrounded by enough water to 
prevent significant radiation damage and heating in the 
pressure vessel and to provide adequate shielding for 
component handling. 

4.2 Calculational Parameter Study 

‘I’he thermal flux in the flux trap results priruarily 
from leakage of nonthesmal neutrons from the fuel 
region into the flux trap and from their suhsequent 
moderation therein. ‘rhus, the flux that can be achieved 
in a function of the leakage characteristics of the fuel 
region, the moderating characteristics of the flux trap, 
and the power. 

An optimum flux-trap diameter exists because total 
leakage into the trap is essentially independent of trap 
diameter (for the diameter range of interest), modera- 
tion increascs and becomes asymptotic to a maximum 
as the diameter increases, and neutron density per 
neutron increases as the diameter (volume ) decreases. 
The optimum diameter is smaller for moderators having 
small values of neutron age, and thus water results in 
the smallest trap diameter and thc highest therrnal flux. 
The relatively small high-flux voliime obtained with 
water appeared to be quite adequate for the originally 
anticipated amount of plutonium feed material (100 to 
200 g 242Pu). Calculations made to determine the 
optimum trap diameter indicated a negligible difference 
between optimum diameters with and without the 
target . 

Since the time that the target diameter was specified 
the available feed material and the amount of target 
structural and heat-removal material has increased. 
Recent calculations indicate that a 10% increase in 
thermal flux could be achieved by increasing the trap 
diameter from 14 to 18 cm, while maintaining the same 
core cross-sectional area and power level. 

‘Total neutron leakage from the fuel region to the flux 
trap is influenced by the following fuel-region param- 
eters: metal-to-water ratio, length-to-diameter ratio, 



11 

. . ... . 

neutron cross section, powci distribution, and power 
density Increasing the melal-to-water ratio, power, arid 
power clensaty and decreasing the neutron cross section 
tends to increase leakage, whde an optimum length-to- 
dianieter ratio exists. A further increase in leakage (for 
a given power level) can be xliieved by peaking thc 
power derisily next to the flux trap. Othei pdr;iriieterr 
that ciiter the picture because of their influence on the 
fuel-legion parameters dre heat transfer, mechanical 
considerations, and fuel loading (fuel-cycle time). The 
result of coiisidenng all these pdrarneters sirnul- 
tancously w a s  that the nlet'il-to-water ratio was de- 
termined primarily by the need tu achieve the maxi- 
inurn prdctical heat transki surface area per unit 
volume, and this wa5 limited by nieckdnical and 
1Bbric;ition corisiderdtions. The power dist ribution, in- 
stcad of being peaked, \NJS made rieaily flat (by varying 
the fuel distribution in the radial direction) in order to 
raise the  aveiage power density rls tnucti as possible. 
?his reduced the island Jlux p r  unit power by a fcw 
percent but increased the permissible dvei age power 
deiisily d r i d  thus the total leakage by nearly d factor of 
2. Ilie power level was established in a very early 
coriceptual design 011 thc basis uf satisfying the desired 
trarisplutontuni-prc,c?uctlon rates arid on the basir of 
available capital funds In order to arrive ai the 
rtuniinuin pernussible active co) e volunie, emsting cor- 
ielations fix burnout lieat flux and prelimnary data CJn 

powel distribution, tolerances, and unceitdinties were 
iued i o  estinmtc a pernnssible averdge power derisity 
Finally, ;I fuel loading was qpecified primarily on the 
bas~s of providmg a reasonable fuel-cycle time, although 
~irnmtd!ions were imposed by reactivity, metdllurgical 
propel ties, radiation danmge, arid corrosion. fortunately 
tlie criteria and Iiimiiitions were compatible. 

It sliould be dpparent from the above description of 
how the design W ~ S  pieced together that i t  dues not 
necessdrily repieseiit an optimum design; in fact inuch 
of the valid experinierital data was obtained after the 
desigii was established. This left roum for impi oveinent, 
but the HF[R is satisfying the original objectives 

4 3 Experimental Programs 

Since the conceptual design of the HFlR called for a 
v e ~ y  high per forinance ddvaticed core and required 
extrapolation of existing technoloby io some dreas, 
many of the design parameters were investigated expei I- 
mentally. Some early nuclear experiments wrth flux- 
tiap cores were conducted in Russia and were ieported 
at 1 h e  Second United N;itims lnternatioid Conference 
on the Peaceful Uses of Atuinic Energy4 The data 

indicated that the opl imuin trap didineter with riuthirlg 
but water in the trap was about 12 cm, wllich agreed 
quite well with OKNL calculdtions Thercfore no 
further experiinrntal uptimiz.ation of the trap diameter 
was pioposcd tiowevrr, many other nuciedi parameters 
were investigated at OKNL 111 critic :[I experiments 
conducted specifically f o r  the Hk IK (see Appendix A) 

Shortly after estahlistii~ig thc 11bIR coriceptuI de- 
rign, a solution criticd experiment (IWIKCE-l) was 
proposed for establishing 1 h e  accuracy with which 
critical inass. power distrib~hon, and flux levels could 
be calcddted These data were then used to help firm 
up the design so that d critical experiment (1IFLKCE-2) 
could be conducicd with actual fuel elements, control 
rods, and berylliuni reflector 

The IIFIKCE-2 ccxe was essentially idcntrcal to the 
present design except that the fuel eletneii tr cuntained 
only 8.01 kg 2 3 5  LJ and 1 7 g "E, diid t h e  di<inbutions 
of these nlaterialx were different Further more, two sets 
o f  control rods, each different from the present dcsign, 
were used 'The first set Iud a silver-copper black region, 
a nickel gray region, arid an dl~lrntilun1 white region, 

pioposed nickel-clad silver, nickel, aluiizinum design, 
which was finally rejected becaiise ot faOriiation and 
design difficulties and becduse of tlic detrirnental 
effects of the rather large scattzririg c r o b b  section of the 
nickel The second sei of tods simulated the p iewi t  rod 
design with silver-Lopper black regiun, .I 5-in -long 
silver-;ili~ni~rium giay region, and dr i  a1 ununuin white 
region. 

Results from the IIklKCE-2 experinients and new 
infurination on reactivity toterdnces and control-rod 
and fuel-element fabiicatioil problerns indica tetl that 
ttie fuel loading sliould be mcreawd froin 8 0 to 9 4 kg 

* U, the burndble-poison Ionding xhoiild be increased 
from 1 7 to 2.12 g 'OB, arid the distributmn ot both 
fuel and burnable poirori should be changed. Thus a 
third critical expeamen I was planned 

Experiments conducted 111 the HFIKCE-3 series were 
eqsentinlly the smie ~5 in ttie [iFIRCF-2 series The 
control rods used for the ini t ia l  HFJKC'l3-3 experirneiits 
were those that simulated t h e  present E L I ~ O ~ - T ~ - A I  
rods, that is, the silver-coppzr-alunntiuni rod,  Results 
fioni these experiment\ .init still furthci inkornution on 
reactivity tolerances indicdted that  he " B  Ioading 
should be incieared f rom 2 I ?  g to 3 60 g (Because ot 
the lead time required foi fuzl-element f;ibiicdtion the 
l q e i  loading was specified for the first set of IIFIK 
procluction fuel elenients ) Wien the firsi set c ~ t  dctrial 
ELI, O3 -Ta-AI rods finally became available and were 

With each region 'Ibout 20 Ill .  long. Thrs s. 
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used in the experiments, it was determined that these 
rods were worth considerably more than the silver- 
copper-aluminum rods. Therefore, the ’ O B  loading for 
subsequent cores was reduced; the new loading is 
2.80 g. 

After the PIFIR facjlity became available, a number of 
experiments were performed in it with the HFIRCE-3 
core and the HFTRCE-3 Eu203-Ta-M control rods. 
These experiments, referred t o  as the MFIRCE-4 experi- 
ments, were performed to ( 1 )  investigate sinal1 dif- 
ferences in the HFIRCE-3 and I-IFIR overall core 
assemblies, (2) obtain more detailed power-distribution 
data, ( 3 )  calibrate the control rods. and (4) investigate 
i’nore thoroughly the question of reproducibility. 

Thermal, hydraulic, and mechanical design features 
were also analyzed with the aid of experimental 
programs. 3eat transfer tests were conducted with 
electrically heated, simulated fuel-plate asseinblies to 
determine burnout and incipient-boiling heat fluxes, 
fluid-film heat transfer coefficients, and friction factors 
specifically for HFM operating conditions.’ Corrosion 
experiments were conducted with similar equipment to 
investigate and to obtain correlations for the rate of 
oxide growth, which is important in the calculation of 
the very significant temperature drop across the low- 
thermal-conductivity oxide.’ ’ Much tlevelopinent ef- 
fort was required to perfect the techniques for making 
contoured fuel-plate and burnable-poison cores 
(method for varying fuel concentration in radial direc- 
tion) and to determine the expected distribution 
tolerances.’ Assembly dimensional tolerances were 
also important in the design analysis and thus had to be 
studied by fabricating entire fuel elements. A study of 
the compatibility of control rod materials was also 
quite important. Early in the design effort there were 
indications that Euz03  and tantalum were not stable in 
aluminum. Because of this and the high cost of Eu’O3 
it was decided to switch to the less desirable silver- 
nickel-aluminum combination. Unsuccessful attempts 
to clad silver with nickel and to obtain a satisfactory 
union of the gray and white regions, and continued 
efforts to achieve compatibility between the more 
desirable control-rod materials, finally resulted in a 
decision to revert to the Eu, O 3  -Ta-AI rods. 

Experiments were also conducted to investigate the 
mechanical stabilily and deflection characteristics of 
the fuel plates when subjected to thermal differential 
expansion and hydraulic loads2’ and to obtain informa- 
tion on fuel-plate and control-rod radiation damage. 
The fuel-plate radiation-damage studies were conducted 
at the E7‘R in conjunction with the ATR and I’IFIIS 

programs.’ Information from these experinlents was 
not really incorporated in the design because the data 
were only recently made available. However, the data 
indicated that there would be no radiation-dar-nage 
problems with HFIK fuel plates, and actual HFIR 
operation has proved this to be the case. 

4.4 Design Limitations 

There are a number of design features in the fuel 
elements that relate to limitations ihat are not as 
obvious as those associated with heat transfer, radiat,ion 
damge,  dir-nensional tolerances, strength, etc. One of 
these concerns the increase in fuel segregation as the 
contour of  the fuel distribution is rnadc steeper. 
Because of this effect it was necessary to add a water 
region between the two fuel elenients to flatten the 
thernral flux and thus the fuel distribution; un- 
fortunately this was done at the expense of decreasing 
neutron leakage to the flux trap by a few percent. 

Fuel-cycle time can of course be limited by radiation 
damage, but perhaps some not so apparent. limitations 
are those associated with the limited worth of a 
reflector control system, the detrimental effects of 
increased burnablepoison loading on power distribu- 
tion and the flux-trap flux, and the effect of increased 
fuel loading on fuel scgregation. These limitations are a 
function of type of materials, location of specific 
materials within the core, and method of fabrication. 
For the present HFIR design it was believed that these 
limits had been nearly reached. However, as discussed in 
Chapter 11, recent developments might permit a sig- 
nificant extension of fuel-cycle time. 

Since an attempt was being rriade to achievc the 
highest possible performance in the HFIR fuel element, 
it was necessary to consider individual tolerances and 
uncertainties, and of course it was important that none 
be overlooked. The list incliided categories such as 
reactor-instrumentation and recorder inaccuracies, fab- 
rication tolerances, uncertainties associated with cal- 
culational models, and inaccuracies in experimental 
data and resultant correlations. In the case of the € V I R  
these factors are very important in achieving not only 
adequate heat transfer but also adequate reactivity 
shutdown margins. Since an arbitrarily “large” safety 
factor does not exist, it is important that specified 
tolerances be adhered to. In at least one case it is 
probably not reasonable to entirely trust the usual 
inspection techniques; this involves the reactivity worth 
of the fuel elements. Since the addition of only oile 
element to the core could make the core supercritical, if 
for instance the burnable poison had accidentally been 
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lett out, and a few other things were out oi‘specifica- 
trvn, it was decided to devise a technique f o r  checking 
the r2activity of a fuel element assembly under condi- 
i ions that provided considerably more reactivity control 
Ibaa ~ . ~ ~ i I a b l e  in the reactor fiicility. Such a check is 
applied to each new pair of fuel elements i n  a special 
critical facility. 

4.5 Design Philosophy Reg:rrding Core 
Performance Capability 

A review of the tlesigns ;md opeiating histories of 
pre-HEIR era iesearch arid ~ e s t i n g  reactors mdicales 
that these reactors were mtially designed wth what i s  
now considered to b e  very large margins o f  safety 
ins)ku as lieat iemoval is concerned. At least in some o f  
these cases the “necessity” for tlir large margin was 
mociaied with a lack of reliable destgn d.tta in 
relatively new scientific fields. Folluwing initial opera- 
tion, dnd as mote information became available, the 
power levels of these reactois were gradually incieascd 
by suhitantial amounts 

The situation for The IfFI1C was intended to be 
different, that  IS, no arbctrary safety factois were 
rdricled, and no additiorial operating capacity was 
deqyied into dny stgnificant cuinponent of the heat- 
remov.11 system. One redson fot this approach was that 
~t was clewed to nchizve tlic highest neutron fluxes 
Dossible with the funds that wcre avdildbk Of coiilse 
even \\tth t lFlR there were some fin;il data that did not 
become dvailable until afiei the dzsigil was fro7en. 
IJowever, the most iecent an;ilysis o f  pertnissible powei 
b e l  b w d  on the certified design ciiteria di?d the most 
reccnt ddtJ.  :is of October 1970, ititlicaies that the 
perrmssible inaxrmuin nominal stendy-stdte power level 
tor the preseiil fuel dement CdpJbihtieS is 100 bfw ‘ ~ h i S  

D consibtent with the advertised power level capability 
hut i s  soinewhat lower than the previously published 
value 

Sincs the tinic IIFIR first opeiated for ‘I coniplete 
fuel cycle dt full power, there lids been ihe inevitable 
desire to rither raise the power level oi degrade the 
specifications, either of which would in piinciple ieduce 
the COSI u f  a neutrori (thr going rate is about 1 X IF’ 
dollars per neutron dbsorbed 111 the plutonium teed 
niaterlal). Of coiirse simply bilcause the fuel elemenls 
perform saiirfactorily d t  design conditions IS no reason 
to suspect that they are “oveidesiped.” In fact 1x1 most 
uses i f  any degrdtidtioris are pernutted with the present 
ciite design, the best estimate of the pertniwble power 
level will (]TOP below 100 Mw. On the other h,md theie 
are aieas in which further research and developnient 

work codd lead to ;I new core design that would permit 
somewhat higher powei levels. In view of this situatiun 
and in defense o f  whdt was corisiclered to be d 

reasondble design approach, the design criteria, methods 
of analysis, and possible areas for improvement are 
biietly reviewed here. 

Early 111 the HFlR project it was necessary to  
establish ii maximum normnal steady-state power level 
And a nomtial pedk power level at which rhe ultimate 
scram would be set. Propel selection of  the latter powei 
level IS very unportant for two reasons if set too low 
ttie ieactor will bcrnrti on “iioiAe,” and if set tuo high 
the perl-oinnnce capability wll be  jeopardited (iediiced 
noimd operatirig power level). After much considera- 
tion of these two factors, 1305h of tivrmal full power 
was selected lor the ultinute scram point. The pos- 
sibility of  luwering t h i s  limit c,in probably be in- 
vestigated dunng reactor operation. 

It IS pussible, though riol veiy probable, that t he  
power level codd wandei up to nearly 130 Mw for ii 
brief period o f  time, arid of couise it i s  possible t h x  a 
relatively Tr i \ i  transient could also result 111 130 Mw 
being achieved. It was decided that 1be probability of 
such occuirences during the reactor facility’s liletmr: 
was high eiioiigh that core damage sl-iwdd not be 
peinutted during brief periods of time (a few Iiouis) at 
130 Mw. 

Iri the piocess of designi~ig the core i t  was riecessary 
to creatr :in analytical model ior  considenng dli the 
tabi icdtion and oper‘itional advcrsities and technical 
uncerlainties Insofar as their effects on heat-reriiuval 
capacity and radiation damage di e concerned Afirr 
examining the vdrious probabtlities dssocidted w t h  
frequency of  occurrencz and considering the vxiuus 
methods ot inspection th9t might he used, it was 
coricluded that d satisfad ory model would permit 311 
;idversitie> d i i d  uncer tdui ties tc 1 uccur Timul taneo udy , 
consistent with physically realrrable situ,itions Illis 
approach has been viewed by some as oveily con- 
servative. however, continuing suivedlance uf inspection 
techiiiyues arid recoids and of operatiotial inethods 
indicates to the designers that the model IS still 
justified I f ,  on the other h a n d ,  i m r e  sophisticated 
inspection techntqiies were used, such ds digitdl lather 
than analog retrieval md analysis of fuel-distributiou 
data, i t  would probably be possible to upgrade the 
power rating on at least some 01 the fuel elements 24 
Of couise other core and heaL-iemoval componeri tr 
weie desigiird for the same lirrutirig power level as the 
fuel elements; that IS. 100 M w  

Arlo the1 design approach that irught be ch:inged iis a 
result o f  ,idditional experimentation i s  that o f  using the 
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incipient boiling point rather than burnout as a limiting 
condition at 130% nominal power. Because of possible 
parallel-channel hydraulic instabilities (boiling disease) 
and narrow-channel effects (channel dimension ap- 
proaches buhhle size) the burrlout power level tends to 
approach the incipient-boiling power level. The experi- 
mental program did not provide all the data desired in 
these areas, and until appropriate experiments are 
conducted, there is no choice other than to select 
incipient boiling as the liniiting condition. 

Successful operation of the HFIR core at 100 M w  
does not necessarily imply that the core is adequately 
designed. The reason for this is that the actual degree of 
perversity of a particiilar core loading is not known 
(with current inspection techniques), and the core is 
not necessarily subjected to liniiting operational condi- 
tions. Thus unless a “maximiim permissible preversity ” 
core is purposely hbricated, the degree of perversity i s  

established, and that core is subjected to the ap- 
propriate limiting abnormal operating conditions to 
establish its adequacy, it is necessary to rely on the 
calculations. I t  is important that this he understood 
because it effectively negates the possibility of simply 
raising the pover level of a typical fuel loading to 
detcrinirie its upper steady-state limit. ’lhis same reason- 
ing also applies to degrading of the fuelelement 
spccifications while holding the power level constant. 

Because of the strong dependence on calciilations and 
laboratory experimental data it is important that the 
criteria, methods of analysis, and application of experi- 
mental data be thoroughly understood before attempt- 
ing to reduce fabrication and opeiating costs at the 
expense of a reduced margin of safety. T’ne relatively 
large margins associated with previous research reactors 
do not exist in the HFIR. 
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5 .  NEUTRON FLUXES 

An <ittempt is nude i n  this chapter to provide neutron 
flux itifornlattot~ that will be o f  use to prospective 
I1FJR useis. Most of the flux vdties were obtained from 
calculdtions; however, there are some experirnental data 
dvai1at)le that can be used for mating the accuracy 
of tIi2 calculated values arid I ~ U I  nialiAmg them. Kegard- 
irip the accuracy of the calculated values, It can be gen- 
erdly stjted that in regions away from 1 he control rods 
and the ends of the fuel elements, the cdculatecl un- 
perturbed thermal tlluxes are within about &lo% of the 
a ~ l u a l  values. Calculated thermal fluxei for the “s~and- 
ard” flux-trap targets sfiuuld also have an accuracy of 
abhvut ?. 10%. 

Recently there has been mueased intzrest 111 epi- 
therm1 and fast-flux irradiations in the I W K .  Thus 
sume nonthernial flux information, both calculated and 
measured, IS included. It is of interest to note that the 
xiwxirnum fast fluxes avddabk for experiments also 
occur i n  the flux tiap, and thus thernlal- and fast-flux 
experimentb must compete for the peak flux space. 

Fig. 5.1. 

Much experimental flux-related information was ob- 
tained from the fuel regions in connection with the 
po~ver-clistribution tneasurements. Such iriforrna tion has 
been useful iii predicting the ~ccuracy with which 
power dhtnbutions can be calculated, but no further 
reduction of the data has been attempted. However, 
there is liitle likeliliood that experiments will be 
placed within the bounds of the fuel regions. 

The methods used for calculating the fluxes 3re 
described in Appendix B. It is sufficient to say here that 
one-dimensional 33-group diffusion-theoiy nwthods 
were used most exten$ively, with il sprinkling o f  
two-dimensional few-group diffusion calculatioils. 
Typical radial flux distribut tons from the one- 
dimensional calculations ate shown irr Fig. 5.1. Two- 
dimensional results for the HFIRCE-4 core in the clean 
condition with 300-g plutonium target are shown in 
Figs. 5.2 tbmugh 5 .S . For the fully poisoned condition 
(iods out and soluble poison in the moderator) with no 
target, the results are shown i n  Figs. 5.6 through 5.9. 
The fully poisoned condition 11s not ieally typical of ;in 
operating core, hut the curves do show to sonle extent 

ORNL.-DWG 70--’149113 ....,. ~...~ ......... . .  1 ~ ...3 ~ ~ - .  . . ,. . . .. . . . . . .. .. - 

Typical Kadinl Neutron Flux Distr~butions at Core Horizontal Midplane with Reactor Operating at 100 Mw. 
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the effect of withdrawing the rods and also show flux 
distributions in the flux trap without, a target. 

As indicated in Fig. 5.1 the thermal flux in the flux 
trap changes very little with time in the fuel cycle, 
whereas the peak thermal flux in the bcryllium reflector 
increases (according to this calculation) by about 80% 
from beginning to ead of cycle. The big change is the 
result of control rod withdrawal. 

Typical 33-group fluxes from a one-dimensional 
calculation are tabulated in Appendix C ,  along with 
factors for normalizing the computer output: In the 
following paragraphs flux characteristics in specific 
regions are discussed. 

, 

5.1 F~PIIX-TPZ~P R ~ @ o ~ I  

'The thermal flux in the flux trap results primarily 
from the moderation in the trap of high-energy 
neutrons that leak out of the fuel region. Because of the 
large absorption cross section in the fuel region, 
relatively few low-energy neutrons leak from the fuel 
region to the flux trap. Thus, the thermal flux in the 
trap is reasonably independent of changes in the fuel 
region during a fuel cycle. Of greater importance are the 
number of neutrons produced (power density), the 
diameter of the trap (slowing-down distance and 
volume), and the moderating and absorption character- 
istics of the trap contents. Selection of trap size and 
moderator are disciissed elsewhefe in the report, but it 
i s  important to understand what changes in flux will 
occur as a result of changes in the target. It is also of 
interest to noie the change in flux in the trap that is 
associated with a change in power distribution aild 
absorption cross section in the fuel region. Such 
changes are shown in Fjg. 5.1 0. 

Curve 1 in Fig. 5.10 is a typical thermal-flux radial 
distribution in the flux trap without a target and with 
the core in the clean condition. If enough poison is 
uniformly added to the fuel region so that the reactor is 
critical with the rods fully withdrawn (curve 2), the 
increased fuel-region absorption and the change in 
power distribution decrease the peak thermal flux by 
only 10%. ?he insertion into the trap of an aluminum 
target without the feed material (curve 3 )  rediuces the 
peak thermal flux by 2,7547, and the addition of the feed 
material (curve 4) subtracts another 21 %(total of48%). 

The displacement of water by the target reduces 
moderation in the trap and thus reduces the thermal 
flux and increases the nonthermal flux. Curve 5 in Fig. 
5.1 0 indicates what happeiis when the aluminum-to- 
water ratio in the trap is increased to 4.0 (the present 
target design has a metal-to-water ratio of 0.75). The 

decrease in peak thermal flux, coinpared with no target, 
i s  78%; and the increase in total nontherml flux i s  
about 30%. Figures 5.1 1 and 5.12 show in greatcr detail 
the effect that increasing the aluminum-to-water ratio 
has on increasing the nonthermal fluxes. 

With the 300-g plutonium target installed there is not 
much space left in the flux trap for other experimental 
assemblies. However, the "optimum-diamete1" target 
does leave a nairow water annulus between the target 
and the inner fuel elenrent that is being considered for 
materials irradiation. The effect of imiforndy dis- 
tributed void and absorber in this region on the average 
thernial flux in the plutonium taigst is shown in Fig. 
5.13. Figure 5.14 shows how six experimental as- 
semblies might actually be added to  the narrow 
annulus. The numbers in the symmetrical segment 
indicate the thermal-flux perturbations resulting from 
the addition of the six m.~ierials-irradiation rods. 

h s  indicated in Fig. 5.1, the variation in flux levels in 
the flux trap during a fuel cycle is not very large. Figure 
5.15 shows in greater detail the variations in the peak 
thermal and total nontherml fluxes as a function of 
time. 'The initial drop in fluxes reflects the buildup of 
xenon and the resultant shift in power distribution, 
both of which tend to reduce the flux trap thermal 
flux. The subsequent increase in thermal flux reflects 
the increase in fuel-region flux with fuel burnup. As 
explaincd in Chapter 8 the 23-day fuel-cycle calcula- 
tions did not include long-lived fission-product buildup, 
and thus the calculated increase in flux-trap thermal 
flux is soiilewhat greater than would probably actually 
exist. Further details of the time dependence of 
neutron fluxes in the flux trap are given in Tables 5.1 
through 5.5. 

Table 5.1. Htsrizoatal Midplane Therms1 
Neutron Fluxes at  LOO Mw in the HFIR F?ux Trap 

with Standard 300-g Plutonium 'Target Installed 
............... - .... 

Neutron Fluxes as a Function of Time 
in ~ : ~ ~ l  cycle  (neutrons/cm~ .set) 

Days Day Days Days 

Radial Distance from 
Reactor Longitudinal 

Center Line (cm) 0 1 I 1  21 

0 
1 
2 
3 
4 
5 
5.7 
6.4 

x 1015 

2.82 
2.81 
2.78 
2.72 
2.63 
2.49 
2.07 
1.27 

x i o I 5  ~ 1 0 ' ~  ~ 1 0 ' ~  

2.75 2.89 2.91 
2.74 2.88 2.91 
2.71 2.86 2.90 
2.66 2.82 2.87 
2.57 2.76 2.83 
2.43 2.63 2.75 
2.04 2.28 2.43 
1.25 1.53 1.75 
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1 I - I F I R C L - 3  FUEL. ELEMENT (9.4 k g  235U, 2.12 g '"a), NO TARGET, NO 
SOLUBLE. HORON IN FUEL-REGION MODERATOR. ROOM IkMPEKATUHE,  
k = 1.000 

1.35 g / l i t e r  SOLUBLE N A l ~ U I I A L  BORON I N  FIJEL -.l?E.<il0N MODERATOR, 
FiOOM 7EMPERATURE,  k=1.000 

2 tI i : IRCE--3 FUEL ELEMEN1 (9.4 k y  2 3 5 U ,  2.12g '"131, NO TARGET, 

3 FlJEL ELEMENT VATH 9.1 kg 235U AND 2.8 g '%, DLJFAMY FLOW TEST 
TARGET, ( H O D S  CONTAIN ONLY ALUMIN!JM, AI.1JMINUM- IO- WA1ER 
V0I_UbIlt R A l  IO ~ 0 . 7 5  ), ROOM TEMPERATURE, k = 1.000 

4 FUEL. ELEMENl  WITH 5.4 k g  2351J AND 

235U AND 
UNIFORM MIXT!JRE OF ALUlvlINUM AND WATER (&LU&l INUM-TO- -WATER 
VOLUME R A T l O - 4 . 0 ) ,  k=1.000 

2.8 y " 8 ,  STANDAf?U 1WRGET 
( M A X I M U M  POISON CONDITION),  k=! .OOO,  100 M w ,  S S b R T  OF FUEL. CYCLE 

2.e g "E, FLUX-TRAP CONTalNS 5 FUEL I U E M E N T  WITki 9.4 k g  

7 ,,,, ...... 

25 k ........... 2 

..... 
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Fig. 5.1 0. Relative Thermal-Neutron bluu in HFlK Flux Trap for Vdrious Flux Trap Conditions. All  curves from one-diinen\ional 
3 3-group ditfusion-theory calculalwn\ 
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Fig. 5.1 1. Epithermal Flux (0.414 ev < E > 101 ev) in Flux 
h a y  at Horizontal Midplane with Reactor Operating at 100 
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Fig. 5.12. Integral Fluxes in Flux Trap (r = 5 em) at Hori- 
zontal Midplane with Reactor Operating at  108 Mw. 

Calculated axial thermal-flux shapes in the flux-trap 
region are shown in Figs. 5.16 and 5.17 for two critical 
experiment conditions: a clean core with the simulated 
3008  plutonium target, and the fully poisoned core 
(rods out) with no target. Nontliermal axial distribu- 
tions for the clean core condition are shown in Fig. 
5.18. 

Several experiments were performed for the purpose 
of measuring the fluxes in the flux trap. During some of 
the early critical experiments, ' U and gold foils were 
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Fig. 5.1 3. Volume Averaged Thermal-Neutron Flux in 300-2 
Plutonium Target Versus I / v  Absorber Content and Void 
Volume in Surrounding Water Region (r = 5.0 + 6.4 cm). 

'I'able 5.2. Horizontal Midplane Flus of 
Neutrons Having Energies Between 0.4 I4 and I O  1 

ev at  100 Mav in the PIFIR Flux Trap with Standard 
300-g Plutonirim Target Installed 

.......l. ~ ...... lll_ 

Neutron Fluxes as a Function of Time 
in Fuel Cycle (nentrons/cm2 -set) Radial Distance from 

Reactor ......----........._I ~~ 

0 I 11 21 
Days Day Day@ Days 

Center Line (cm) 

0 
1 
2 
3 
4 
5 
5 .1  
6.4 

~ 1 0 ' ~  ~ 1 0 ' ~  x1014 ~ 1 0 ' ~  

5.61 5.46 5.55 5.40 
5.63 5.48 5 .51  5.42 
5.69 5.54 5.63 5.49 
5.19 5.64 5.74 5.60 
5.94 5.19 5.90 5.11 
6.16 6.01 6.14 6.02 
6.32 6.11 6.32 6.23 
6.30 6.11 6.35 6.30 

irradiated in the flux trap without a target. Agreement 
between calculated and measured vilues was p o d ,  but 
those values have not been recalculated with the most 
recent methods. Measurcments were made more 
recently in the HFIR facility, in which case the ability 
to go to elevated power improved the experimental 
accuracy. In one particular experiment' the flux trap 
contained a target consisting of 30 rods and the nuclear 
equivalent of 240 g of 242Pu. Cobalt flux wires were 
inserted and removed by means of the hydraulic rabbit, 
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NUMBERS IN SYMMkTRICAL SEOMEN r INDICATE 
1 HERMAL --FLUX PERTURBATIONS CAUSED BY 
ADDITION OF SIX hlATERlALS-IRRADIATION RODS 

CONTENT OF TYPICAL EXPERIMENTAL PSSEMBLY 
(OVER PO-in ACTIVE CORE LEYdGTH ) ,  
EXCLUSIVE OF He0 

CONTENT OVER 20 - in  
LENGTH ( g )  

ALUMINUM 
(INCLUDING ZOO 
Sl-IROlJO TUBE 1 

TYPE 3 0 4 L  74 .2  
STAINLESS STEEL 

IRON 4.w 

M C K E L  9 9  

IARGEI  RODS (3'1) 

-ALUMINUM TARGET HOLDER 

\ 

'' INNER EDGE, INNER ELEMENT, INNER SIDE PLATE 

Fig. 5.14. Ratio of Thermal Flux in Plutonium Target with Six Mnterials-Testing Rods t o  That in the Standard Plutonium Target. 

Table 5.3. Horizontal Midplane Flux of 
Neutrons Having Icnergies Between 101 ev and 
0.183 Mev at 1 0 0  Mw iri the HFIK Flux Trap 

with Standard 300-g Plutonium Tnrget 
Installed 

Neutron I~ luses  as a Function of'firne ,,, ~~~~1 cycle (neutronslcmz .set) 

0 1 I 1  21 
Days Day Days !days 

Radial Distance from 
Reac!or Longitudinal 

Center Line (cm) 

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

x 1014 
0 9.08 
1 9.13 
2 9.3 1 
3 9.56 
4 9.93 
5 10.3 
5.7 10.8 
6.4 11.4 

X IO'" 

8.81 
8 87 
9.02 
9.27 
0.64 

10.1 
10.5 
11.1 

x 1014 

8.95 
9.00 
9.16 
9.43 
9.77 

10.2 
10.7 
11.3 

x 1 0 1 ~  

8.64 
8.70 
8.85 
9.10 
9.47 
9.85 

10 4 
11 0 

Table 5.4. Worimntal Midplane Flux of 
Neutrons Having Energies Between 0.1 83 and 
0.821 Mev at  100 Mw in the HFIR Plux Trap 

with Standard 300-g Plutonium Target 
Installed - ._.__.I_ 

Initial Ncutrori Flux 
( neutrons/cni2 .set) 

Radial Distance i'rorri 
Reactor Longitudinal 

Center Line (cm) 

0 
1 
2 
3 
4 
5 
5.7 
6.4 

4 1 0  
4.14 
4.23 
4.JS 
4 43 
4.68 
5.40 
5.04 
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Pig. 5.15. Calculated Peak Neutann Fluxes in IWIR Target Versus Time in Fswl Cycle for lOC&Mw Operation with Maximum 
Poison Target. 
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Pig. 5.1 6. I'hesmal-Flux Axial Profile in Flux Trap wit la  300-g Blutoniarn~ ' h g e t  and Clean Core Condition, HFIRCE-Q. 
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Fig. 5.17. Thermal-Flux Axial Profile in Flux Trap Without Target, Rods Out, and 1.35 g Rinter in Moderator, HFIKCE-4. 
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rable 5.5. Horizontal Midplane FBux of 
Neutrons Ilaving Energies Greater than 0.82 I 

Mcv at 100 Miv in the HbiM Flux Trap 
with Standard 300-g Plutnninm 7 arge: 

Installed 

Initial Neutron Flux Radial Distance from 
Reactor Longitudinal 

Center Line (cm) 
( neutrons/crn2.scc) 

0 
1 
2 
3 
4 
5 
5.7 
6.4 

x 1014 

7.05 
7.11 
7.30 
7.62 
8.08 
8.69 
9.38 

10.30 

which is on the core vertical center line. The peak 
thermal flux at 100 Mui was determined t o  be 3.5 X 
10’ neutrons crnZ.sec + I O % ;  thc corresponding cal- 
culated value was 3.1 X 10’’ neutrons/cm2.sec. 

Several oilier measurements were made to obtain 
axial profiles, in which case both thermal and some 
highei energy fluxes were determined. Comparisons 
between calculated and measured axial flux shapes are 
shown in Figs. 5.19 through 5.22. 

5.2 Beryllium-Reflector Region 

‘Thermal fluxes in the beryllium reflector have about 
the same intrinsic sensitivity t o  core variation$ as do the 
flux-trap thermal fluxes. However, there is an additional 
and relatively large effect that results from niovement 
of the control rods. The calculated effect for typical 
IIFIK conditions is showii in Fig. 5.1 and also in Tables 
5.6 through 5.10, which list thermal and nonthermal 
fluxes at  the centers of the vertical experimental 
facilities (VXF) at different times in a fuel cycle. 
Calculated axial flux plots arc shown in Figs. 5.23 
through 5.29, and horizontal midplane (:IMP> integral 
nonthermal fluxes are shown in Fig. 5.30. These latter 
fluxes correspond to typical HFlR operating condi- 
tions, while the data in Figs. 5.23 through 5.29 
correspond t o  HFIRCE4 conditions, with the excep- 
tions that full-power temperatures and densities were 
used. ‘The beginning-of-cycle core included a typical 
flux-trap target, and the end-of-cycle core had soluble 
poison in the fuel region and no target in the flux trap. 
Actually, reasonable variations in flux-trap content and 
fuel-region soluble-poison content have little effect on 
reflector fluxes. 

Thc exact locations of the experimental facilitiec are 
diown in Figs. 3.1 and 3.2. and pertinent dimensions 
and other related information are given in Table 5.1 1 .  
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Pig. 5.19. Comparison of Cobalt and Goold Foil Data with Calculated Axial Distribution of Thesllial Flux in IWIR Target Region. 
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Pig. 5.20. Comparison of 5xNi(n,p)58Co Data with Calculated Axial Distribution of Flux Having Energies 
Mev in HFIR Flux Trap. 
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Fig. 5.26. Nonthermal-Flux Axial Profiles in Control Rad "access Plug Experiment Facilities (I = 32.3 cm) at 100 Mw. 
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Fig. 5.28. Monthermal-Flux Axial Profiles in Outer Small Vertical Experiment Facilities (r = 44. i urn) st I O 0  Mw. 
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Fig., 5.29. Nonthermal-Flux Axial Profiles in Large Vertical Experiment Facilities (r = 46.3 cni) at 1 0 0  Mw.  
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Table 5.6. Time-Dependent Horizontal Midplane Thermal-Neutron Fluxes at 100 Mw at the 
Center Line of the Vertical Experinmntnl Facilities (VXF) in the Beryllium Reflector 

Facility 

Radial Distance 
Between Rcactor 
Center Line and 0 1 11 21 

Neutron Fluxes as a Function of 'Time 
in F U ~ I  Cycle (neutrons/cm'.sec) ................ . 

Facility Canter Line (cm) Days Day Days Days 

Large and small removahle-beryllium facilities 27.3 I .22 1.42 1.51 1.74 
Control-rod access-plug facilities 32.3 1.1s 1.28 1.33 1.47 
Inner small V X F  39.2 0.79 0.87 0.89 0.97 
Outer small VXF 44.1 0.55 0.60 0.62 0.66 
Large VXF 46.3 0.47 0.5 1 0.52 0.56 
.̂... .................... .................... .................... .................... ................... .... 

Table 5.7. Time-Dependent Horizontal Midplane Flux of Neutrons Having Energies 
Between 0.414 and 101 ev at 100 Mw at tile Center Lines of the Vertical Experimental 

Facilities (VXF) in the Berjilium Reflector 

Facjlity 

Radial Distance 
Between Reactor 

Neutron Fluxes as a Function of Time 
in Fuel Cycle (neutrons/cm2.sec) 

............. ........ 
Center Line and 0 1 11 21 

Fncihty Center Line (crn) Days Day Days Days 

Large and small removable-beryllium facilities 27.3 3.96 4.01 4.03 4.14 
Control-rod access-plug facilities 32.3 2.38 2.46 2.44 2.48 
Inner small VXk 39.2 1.02 1.04 1.03 1 .os 
Outer small VXF 44.1 0.47 0.48 0.48 0.48 
Large V X F  46.3 0.33 0.34 0.34 0.34 

Table 5.8. Time-Dependent Horizontal Midplane Flux of Neutrons Having Energies 
Between 101 ev and 0.183 Mev at 100 haw at  the Center Lines; of the Veltical 

Expehimental Facilities W F )  in the Berylliiiin Reflector 

Facility 

Radial Distance 
Between ReXtoi 
Center Line and 

Neutron Fluxes as a Function of Time 
in Fuel Cycle (neutrons/cm2 .set) 

0 1 11 21 
.................... ............ _ _  

Facility Center Line (cm) Pays Day Days Days 

~ 1 0 ' ~  x10l4 ~ 1 0 ' ~  x 1014 

Large and small removable-beryllium facilities 27.3 6.31 6.59 6.53 6.62 
Contiol-rod access-plug facilities 32.3 3.23 3.32 3.28 3.34 
Inner >mall V X F  39.2 1.12 1.15 1.14 1.16 
Outer small VXF 44.1 0.45 0.47 0.46 0.47 
Large VXI: 46.3 0.31 0.3% 0.31 0.32 

......... ......... ......... .- .................... ................... .... 
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'Table 5.9. Horizontal Midpiane Flux for Neutrons Having Energies Between 
0.183 and 0.821 Mev at 100 Mw at the Center Lines of the Vertical Experimental 

Facilities (VXF) in the Beryllium Reflector 

Facility 
Radial Distance 

Between Reactor ('enter I m e  and 
E acility Ceritcr Line (cm) 

Initial Neutron Flux 
(neutrons/cm'-sec) 

Large and small removable-berylhum facilities 27 3 2 16 

inner wid1 VXt 39.2 0 221 
Outer ma l l  VXL 44.1 (3 0858 
Large V X  46.3 0 0578 

Control-rod access-plug fdcilitws 32.3 0 801 

-- - -_I -- 

Table 5.10. Horizontal Midplane Flux for Neutrons Waving Energies Between 
0.821 and 10 Mev at 100 Mw a t  the Center Lines of the Vertical bxperimentd 

Facilities (VXF) in the Beryllium Reflector 

Facility 
Radial Distdnce 

Between Reactor Center Line and 
Facllity Centt-r Lme (cm) 

Initial Neutron Eluv 
(neutronr/cm2 .szcj 

x 1014 

Large and small reniovdble~,erylliuia fnditlzs 27 3 7 Y L  
C ontrokod .~cces-plup faulities 32 3 101 
Inner wid11 VXk 39 2 r j  180 
Outer m d l l  VXF 44 1 o l o 5  

0 0704 
. _- _ _ _  Large VXJ 46 3 

- _I -- 

Table 5.1 1. Location of Vertical Experiment Facilities (VXF) in HPlR 
Beryllium Reflector 

I .__I_ 

€acility 

Radial DistanLe 
F acihty Designdtion4 Totdl Number Betwacn Reactor 

of Facilities Center 1 me and 
E acilily Center Line (cin) of 7 1-11\ r y p e  (see Fig 3.1) 

Large removdble-b,erylliuin f a d t i e s  KB-1, -3, -5, -7 4 27.3 
Small removable-berylliuiu. 1 acilltlea KB-2, -4, -6. -8 4 27.3 

Inner mAl VXF VXI - l , -3 , -5 , -7 ,  11 79 2 

Outer small VXI: VXb-2, -4, -8, 5 44.1 

Control-rod access-plug Dclhtles CR-1 through -8 8 32 3 

-9,-11,-13, 1 5 ,  
-18, -LO, -22 

-10, -12 

-17, -19, -21 
Lxge VXb VXP-6, -14, -16, 6 16 3 

- II_ 
_I- 
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Fig. 5.30. Integral I;luxes in Beryllium Experiniental Facili- 
ties in Horizontal Midplane at  100 M w .  

The accuracy of calculated flux values in the beryl- 
lium reflector is not expected to be so good as that in 
the flux trap, particularly when the facilities contain 
experiments. Some experimental data from early 
critical experiments indicated that with the control rods 
out the agreement between emerimental and calculated 
fluxes at the outer beryllium-water interface was good 
(*I 0%). However, based on comparisons of calculated 
and measured power densities next to the control 
regions, i t  is expected that with the rods partially 
inserted the calculated fluxes in the reflector close to 
the control region would be less accurate. At the 
present time there arc not enough good measurements 
with which to make a meaningful comparison of 
absolute values. 

The variation in reflector peak thermal flux shown in 
Fig. 5.1 is probably greater than actually exists. The 
reason for this i s  that the one-dimensional calculation 
does not account for the window peaking effect * when 
the control rods are partially withdrawn, such as at the 
beginning of a cycle. This effcct tends to boost the 

*As indicated in Fig. 1.1, withdrawal of the control rods 
creates a neutron window in the control region at  the horizontal 
midplane. 

thermal-flux peak at the horizontal midplane at the 
beginning of the cycle. (This is important from the 
standpoint of achieving nearly constant currents in the 
horizontal bcan-i tuhes.) To check on this, axial trav- 
erses of reflector thermal fluxes were obtained with a 
self-powered rhodium detector in one of the YXI; 
facilities (see Fig. 3.1). The results of these experiments 
are shown in Fig. 5.31. A s  indicated the inaximum 
change in horizontal midplane thermal flux was only 
about 5%. In this particular case the first traverse was 
made just after achieving equilihriurii xenon; therefore 
the complete change was not recorded. However, a 
comparison with the one-dimensional calculation of 
flux versus t h e  (see Table 5.6) indicates the actual 
change to be much less than that calculated. 

5.3 Beam-Hole Fluxes 

During the early operational phases of the HFIM, 
preliminary exploratory neutron-flux and neutron and 
gamma-ray spectra rneasuremelits were made in beam 
holes HB-2. (radial beam tube) and HE-3 (tangential 
beam tube). The results have been reported in detail by 
Blosser and Thomas' and are briefly summarized here. 

Figure 5.32 shows the orientation of the beam tubes 
with respect to  the reactor core at the horimrital 
midplane. 'The shutter and collimator arrangement used 
in the experiments is shown in Fig. 5.33. The col- 
limators were designed so that they would fit either 
beam tube, which allowed a given collimator-shutter 
opening arrangement to be used as the experiment 
required. For the high-intensity beam, which was used 
in  measuring the emergent neutron fluxes, the shuttei- 
opening was 3.5 in. in diameter; the length of the beam 
tube from the shutter to the detector position vias 6 ft, 
and an air gap of 6 in. existed between the shutter and 
the leading edge of the beam. 

Results of the thermal -flux measurements are sum- 
marized in Table 5.12. The experimenters estimated the 
total accumulated error for both the thermal- and 
nontiiermal-flux incasurcnients io be approximately 
.!-14%. The results of the epithermal flux measurements- 
are given in' Table 5.13 in t e r m  of flux per unit 
lethargy per unit power and flux per unit energy per 
unit power veisus energy in the epithermal region. 

The results of fast-flux rneasiirernents made with 
32s ,  24Mg, and 27AJ detectors are summarized in 
Table 5.14. 

The above measurements were made at a specific time 
in a fucl cycle (about midway) and thus do not reflect 
the variation of beam current with time. A time- 
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Fig. 5.31. Avial ThermaI Fiux Shapes at r = 44.1 cm for Various Symmetrical Rod Positions. Ffuses measured with self-energizing chamber. 
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Table 5.12. Thermal Flux Per Unit Power and 
Cadmium Ratios of the Various Detectors Used in 

Beam Tubes HR-2 and WB-3 

1 hemal  Flux 

(neutrons/cm2 .set) 

Bedm Cross Section Cadmiurn 
Tube Used (b) Foil Per Unit Power Ratio 

IJB-2 1 9 7 A ~  
3Cu 

5 9 ~ 0  

6 3 c u  
I i s i n  
5 9 ~ 0  

24Na 
€15-3 1 9 7 A ~  

24Na 

96.0 
4.3 

155.0 
37.0 

0.536 
96.0 

4.3 
155.0 
37.0 

0.536 

x lo7 

7.633 
7.779 
7.765 
7.487 
7.6 
6.912a 
6.890 
6.489 
6.987 
6.938 

3.0846 

2.983 
2273.7 

18.63 
31.87 

3.050a 

3.025 
3119.0 

19.98 
41.59 

aAverage of two measurements. 

I'ahlle 5.13. Flux Per Unit Lethargy Per 
Unit Power and Flux Per Unit Energy Par 

Unit Power Emerging from HB-2 and 
HB-3 as a Function of Energy in 

the Epitlierrnal Region 
_. .... ..._ .. ... . . . . . . . . . . . . .. . ..... 

E: @(E)/P, Flux @(E)/P, Flux 

(neutrons/cm2 .In E.MW) (neutrons/cm2.1n E . ' M ~ )  

Per Unit Lethargy Per Unit Energy 
Detector Per Unit Power Per Unit Pov~er 

Energy 
(ev) 

111111111 ........................ 

HB-2 HB-3 HH-2 HB-3 

1.46 '''In 2.534 X lo6 2.072 X lo6 1.735 X l o6  1.42 X lo6 
4.9 197Au 2.485 X lo6 2.258 X lo6 5.07 X lo5 4.61 X lo5 
132 59Co 2.583 X lo6 2.256 X lo6 1.92 X lo4 1.67 X lo4 

2850 23Na 2.949 X lo6 2.049 X lo6 1.04 X IO3 7.19 X 10' 

Table 5.14. Emergent Integral Flrax Above Energy 
E Per Unit Power for HB-2 and IIB-3 

1 I" 

HB-2 HR-3 

2.9 3 2  ~ ( n , p ) ~ Z  3.72 X lo6 7.93 x io5 4.70 

8.1 7~~(n,01p4~a 2.04 x io5 2.62 x io4 7.66 
6.3 24 Mg(n,p) Na 1.25 X lo6 1.23 x io5 10.22 
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dependent rneawretnent was later made a t  IIB-I for 
average neutron energieb of 0.07 arid 0.14 ev. The re- 
sults are Sliiuwn cn Fig. 5.34. As indicated the flux in- 
creaseb about 7%) during the fiist day, whde the rods 

are being withdrawn to co~npensate for xenon. For sev- 
erdl days thereafter the flux is nearly constant and then 
steadily rises to a total increase of approximately 20% 
by the end of the cycle. 

ORNL- DWG 63-4084R2 

Fig. S . 3 2 .  Cross Section of Reactor Core at Horizontal Midplane Showing Orientation of Beam Tubes in Reactor Core. 
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6. REACTIVITY CONTROL 

An effort was inade during the design of the HFJR to 
discover all the significant reactivlty perturbations so 
that n large, aibitrary control margirl would not be 
required. 'This was an inipoitant feature because, 
geneially speaking, the greater the control recpn einent 
the lowei the reactor performance in  terms of available 
tliernlal-neutron fluxes. (The maximum-to-average 
power-density ratio increases with increasing control 
arid thus requires a reduction in average power density.) 
An analysis of both transient and steady-state reactivity 
control requirements is presented in a separate 
report.' Ilowever, more recent data on reactivity 
accountabd ity make it desriablc to include a discussion 
on steadystate requirements here. 

6.1 Reactivity Accountability 

A suiniiiaiy of reactivity accountability for :I cole 
loading built to the secund production core specifica- 
tions" is given in Table 6.1 The target referred to in  

Table h.1 1s the target that was  used in the HFlR 
critical experiment<. 11 contains 8 35 g 235tJ, 127.9 g 
' "U, and 107 6 g Ag, the metal-to-water ratio (by 
volume) ic  0.75 over the active length of the target 
Rased on a recent set of heavy-element cross sections, 
this target corresponds to an initial 2 4  2Pu loading of 
300 to 480 g, with the largest value being the most 
probable, and the smaller value being the most con- 
servative insofar as positive reactivity arid heat removal 
are concerned. At about 0.4 year of irradiation,? the 
plutonium target will have its niaxlmum concentration 
of 2 4  ?Cni and thus its maximum positive reactivity 
effect o n  the core. If the initial target loadmg contairis 
3 g 239Pu and 3 g 2 4 1 P u  in addition to the 242t'1u 

(anticipated i'eed material composition for 300-g plu- 

-- -- 

*l'lwse specificitions art: consistent with the fuel element 

+Based on early calculations and cross-section sets. 
design presently being used. 

tonium loading), the react ivlty effect of the clean target 
will be the same as that of the above 0.4-year target. 

Another time-dependent variable that will affect 
reactivity and which was investigated is the coiiceritra- 
tion of the high-cross-section nuclides Li and tle in 
the beryllium reflector. T h e  reaction paths for thc 
production of these poisons are 

12.3  y 311------3 3He -t p-  
barly in the HFIR prugiam, C'laibornc,' using pre- 

liniiriary HFIR design data, calculated a decrease i n  

reactivity, attributed to 6 L i  arid 311e, OF 1 3>! Ak/k in 
0 2 yr and 1.7% Ak/k in five years, both of which apply 
to end-o f-fuel -cycle conditions However, recent cal- 
culations have shown the reactivity effect to be riic)ie 
like 0.4% Ak/k, and abuut 80% of  this WJS achieved 
wrthin the first fuel cycle The cAculations also showed 
that for clean core conditions the woi th of equilibrium 

Li was only 0 2% &/k, with the reduced woi tli bcing 
a result of the reduced contribution ut the berylliiirn 
retlectiu w t h  the roda partially inserted 7 1 u x  amount 
of reactivity is about equal to the nornlal varialion in 
fuuzl loading and target worth, and thus i t  1s difficult lo 
differentiate between them at the time whep new fuel 
elements are 1u:ided. Operation of the reactor for about 
20 fuel cycles has gwen no c h r  indication o f  a change 
m reaclivlty due to buildup or 'h i n  the berylhum. 
However, no concentrated effort has been made to 
accurately separate the various reactivities Based on 
what h ~ s  been done to  date, it appears that the 
poisoning et'fcct i s  small enough not to warrant chang- 
ing the rernovdble beryllium for this reasoil alone Of 
course, if the puison nearly saturates within ,i single fuel 
cycle, theie would be no advdntage in changing the 
bcrylliurn. 
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Table 6.1. Summary of Reactivity Accountability 
for the Second Production Core 

Reactivity (Ak) as a Function 
of Time in Cycle 

Pararne ter 
ODays 2Days  14Days  

Fuel worth with following core conditions: 

no beryllium poisoning; zero power at 
70°F 

N o  boron burnable poison; no target; 

Boron burnable poison 
‘Temperature deficit (evaluated with the 

HFIRCE-3 targetb zero power at 70°F to  
100 Mw) 

HFI RCE-3 targetb 
Maximum (time zzro and again at 0.4 year) 
Minimuiii (0.1 year) 

Simulated plutonium target, based on 

I3’xe + ’ 4 9 ~ m  (at power) 
All fission products 
Beryllium poison (6Li+  3He) ,. I ime zero 

23 days 
1 year 

Beam-tube flooding 
Fuel-loading tolerance (t 1%) 
Boron-loading tolerance (i 10%) 
Fuel-distribution toleraiice (+ 10%) 
Boron-distribution tolerance (2 35%) 
Metal-to-water ratio tolerance (kO.001 in.)c 
Minirnuni keff - 1 (clean core, 100 M w ) ~  
Typical nominal keff - 1 (clean core, 70°F) 
Maximum kefT . 1 (clean core, 70’F) 

0.135a 

--O.OSOa --0.037 -0.009 
-0.004 

+0.007a 
4 .002  
0 -.0.049 4 . 0 5 3  
0 -0.053 ---0.086 

Oa 
4 . 0 0 3  
-0.004 
-0 
?O.OO 15 
20.0038 
+0.0054 
k0.0023 
k0.005 
0.057 
0.092 
0.110 

aThese reactivities used for typical nominal case. 
bsee text for description of target. 
‘Tolerance on  fuel-plate thickness. 
%nc-yeax-old beryllium reflector. 

6.2 Shutdown Margin 

The term “shutdown margin” refers here t o  the 
amount of reactivity that exists for a specified core 
condition, regardless of whether the particular condi- 
tion is considered normal or otherwise. Thus for all 
credible core conditions the shutdown margin must be 
negative. In the design and analysis of the HFIR, the 
worst (most reactive) credible core conditions were 
specified. Therefore the absolute valiie of the shutdown 
margin is not  important insofar as steady-state re- 
activity control is concerned; the margin rnust simply 
be less than zeio. This approach is in a sense different 
than that used in the design of several o.ther reactors, 
including the ORR, for which a somewliat arbitrary 
shiutdown margin was specified on the basis of the 

normal clean core condition.* Such an approach has 
been satisfactory for marry relatively low-performance 
reactors that have several dollars in reactivity associated 
with the worth of  the fuel. However, this simplified 
system for arriving at  desired control-rod worth can 
break down for iwo extreme conditions: ( I )  when the  
worth of the fuel is very small, and (2) when excessive 
shutdown margin is obtained at  the expense of a 
reduced fuel-cycle time or reduced reactor performance 

*In its practical application the specification amounts to a 
requirement that the rods be a t  least one-half wjthdrawn when 
criticality is achieved. In its literal sense the specification 
amounts to  a requirsmeni that the rods be worth twice the 
worth of the fuel for normal clean core conditions. 
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..... 
(increases in mximum-to-average power density, per- 
turbation of experimental fluxes, etc.) o r  both. The 
HFIK Palls into the Litter category. 

The € F I R  control regiori was located outside the fuel 
region in order to have the least effect on the flux in 
the target region and on the fuel-region power distribu- 
tion. Since the worth of the I-FIR rods is largely 
dependent on reflected neutrons, it has defmite limita- 
tions; in fact, the worth of the rods must l x  sup- 
plemented by a burnable poison. The limitations on the 
butnahlc-poison ’ U) content are associated with 
power distribution, core lifetime, flux-trap neutron 
flux, arid radiation damage. From an operating 
ecnnoniy point of view the fuel-cycle time should be as 
long as possible; however, there are nietallurgical 
limitations on the ;imount of fuel that can be included 
in the fuel plates. Thus the conclusion is that the 
shuidvwri margin must be minimized in order t o  
achieve the desired high thermal flux in the flux trap 
arid also an economically feasible fuel-cycle time .* 

In order to minimize the shutdown margin it was 
rtecess;iry to consider all credible reactivity variations. 
These included tolerances on fuel atid burnable-poison 
loading arid distribution, reactivity variations associated 
with experiments (primarily the plutonium target in the 
flux trap), the beryllium reflector, unusual control-rod 
positions (run-away rads and rod testing), arid reactivity 
variations associated with moderator density changes 
(primarily flux-trap voids). Burnup of the black region 
of ihe rods falls into a somewhat different category 
because considerable burnup can be tolerated before a 
significant change in worth is observed; the same 
reasoning also applies to control-rod poison-loading 
tolerances. Thus, no allowance has been made for 
varjalions in the worth of the rods, which are calibrated 
periodically to insure adequate worth. 

Another point to be considered is that the HFIR 
coritajtis only two fuel elements, and there are no 
provisions for inserting more than this. Furthertnore, 
these two elements are subjected to a reactivity check 
under safe conditions to assure that the reactivity is 

... 

*The above discussiori is not intended to imply that the 
prescrit corc design (9.4 kg 235U, 2.8 g ‘OB) represents the 
ultimate that can be achieved in terms of’ core life consistent 
with desired performance; it simply represents the best that 
could he achieved with the existing technology and a reasonable 
schedule. A longer life fuel loading is presently being designed. 
A combination of two burnable poisons (boron and cadmium) 
is being considered for use in such a way that performance will 
not be sacrificed. .... .. ... 

within the specified tolerances. Thus, it i s  not necessary 
to provide sufficient control-rod worth to accom- 
niodate unexpected fuel and poison loadings outside 
the allowable variations cited in Table 6.1. 

6.2.1 Coinbinations of Reactivity Variations Coir 
sidered Credible. In all cases the most reactive corn- 
binations of fuel arid burnablepoison loading and 
distributions within specified manufacturing tolerances 
were considered; tlie plutoniurn target was assumed LO 
be in its most reactive state; and the berylliuni was 
considered to be clean. However, it was assumed that 
the simultaneous occurrence of two “accidental” re- 
activity additions was incredible. The accidental re- 
activity additions considered are listed below: 

1.  optimum void in the flux trap without a target - worth 

2. optimum void in the flux trap with the target - -  Worth about 

3. runaway control rods -- 

about 0.032 Ak/k; 

0.01 5 Ak/k; 

a. one shimsafety rod fully withdrawn; the other three 
safety rods scranimcd; shim-regulating rod motion 
stopped; 

b. Shim-regulating rod rully withdrawn; 311 four safety rods 
scrammed. 

Another postulate 15 that in the event of a scram only 
one of the five rods (or its equivalent tn terms of 
reactivity) will f a i l  to insert, in whidi cii\e the terrnina- 
tioti of the shin-regulating rod motion during a 
runaway-rod accident IS considered to be a scram or 
safely device 

In addition, provisions were made To1 withdiawiiig 
m y  one rod completely with all other rods fully 
inserted. This facilitates the testing of rod motion prior 
to operation. 

From the above list of events, four reactor conditioris 
can be derived for which the reactor must be shut 
down. They are listed in Table 6.2 

Case 1 provides j-or refuelmg, at which time the target 
must be removed witti tlie fuel elements i n  place, case I1 
provides for rod testmg, case 111 corrcsporids to a scratii 
resulting from void insertions; and case IV corresponds 
to the runaway-rod accident. 

Another case of interest irivolves a fully wthdrawn 
rod, as i n  cases IT, 111, and IV, which cannot be inserted 
before removing the fuel. In order to rernove the fuel it 
is first necessary to lemove the targrt, and theirfore 
this case IS  sirnilar tu case I, exccpt that one rod, 
piesumably the shim-regulating rod, IS fully withdrawn. 
If necessary, additional shutdown rrwrgm for thib fift ti 
case could be achieved by other poisoning techniques 
(poison strips, soluble poison, etc.), and therefore it has 
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Table 4.2. Cases f o ~  Which Core Must We Srrhcriticd 

Case ControCRod Positions I.’lux-Trap Condition 

1 
I 1  

All rods fully insertcd 
Four rods insertcd; one rod 

fully withdrawn 

Optimum void; no target 
Optinium void; with target 

111 Ihrcc-out-of-four rods scrammed from Optimuni void; with target 

IV ‘1-hree-out-of-four rods scrammcd; one No void; with target 
symmetrical. critical condition 

shim-safety fuliy withdrawn 
................... ... ........ ... 

Table 6.3. Shutdown Margins for Variow Cores 
and Conditions 

Shutdown Margin ( Ak/k) 

case Critical HFIKCE-3 First Production Second Prodiuction 
Experiment Core Core (3.6 g ‘ O B )  Core (2.8 g ‘OB) 
HFlRC6-3 in HFIR in HFIR in HFIR 

I 0.05 13 0.0513 0.0538 0.0464% 
I1 0.0363 0.0226 0.025 1 0.0121 
111 0.0235 0.0167 0.0192 0.0042 
IV 0.0167 0.0099 0.0124 -0.0006 
V 0.0260 0.0123 0.0148 0.0018 

.......... .................... 

not been listed as a required case in Table 6.2. However, 
shutdi>wn margins for this case without “additional” 
poisons have been listed in Table 6.3 (case V). 

6.2.2 Determination of Shutdown Margin. Control- 
rod worths and shutdown margins for the I-IFIR were 
initially extrapolated for design purposes from a series 
of critical experiments (HFIRCE-2 and -3) performed at 
a critical facility. In the most recent of these experi- 
ments the control rods were identical with those 
proposed for the reactor, and the only difference in the 
fuel element was in the burnable-poison loading, which 
was slightly less in the HFIRCE-3 core than finally 
specified for the production cores. In these experiments 
pulsed-neutron techniques were used for measuring the 
shutdown nul-gins for‘the four cases specified in Table 
6.2. 

When the HFIR facility became available, the shut- 
down margin for case IV was checked with the 
HFIRCE-3 core and the HFIRCE-3 Eu?, O3 -Ta-AI con- 
trol rods. In these experiments negative reactivities were 
determined with a Rhoette.” 

*Analog computer for calculating reaclivity from flux versus 
time input. 

When applying the above data it was assumed that the 
IIFBRCE-3 core was in the least reactive state consistent 
with permissible tolerances and with the few inspec.- 
tions that could be made during fabrication. For 
purposes of extrapolating to an actual production core, 
it was assumed that the latter core would at some time 
be in its most reactive condition, consistent with 
permissible tolerances. After determining the re- 
activities associated with the core tolelances and meas- 
uring the shutdown margins for the HFIRCE-3 core 
with the Eu203-Ta-Al control rods, it was possible to 
determine the necessary final burnable-poison loading 
for the production cores. 

Once a productjon core was available it was possible 
to measure the shutdown margin for case IV. E’ Lowever, 
it is never entirely clcar what actual concentrations, 
distributions, etc., exist in a particular core. Thus it is 
not possible to make a general check on the adequacy 
of the nominal specifications. It is possible, however, to 
check each individual core when installed in the reactor 
if variable reactivities associated with experiments are 
either understood or small. 

A useful precaution to prevent installation of ab- 
normally reactive cores is to compare the reactivity of 



each new core against ii standard. If the standard were 
the HFIKCE-3 coie, in principle the only remaining 
unknown would be the reactivity status of experiment 
fixturer and materials, control rods, and reflector. At 
the present tinie each new core loading is being checked 
indirectly against the IWIKCE-3 cole in a special 
critical facility. 

UIiszd on the shutdown measurements nude t n  the 
critical experiments and in the HFIR facility with the 
HFIRCE-3 core and with the HFIKCE-3 Eu2 Q3 -Ta-Al 
control rods, the shutdown margins for the four 
specified cases (plus one additional case) under the 
rmximum reactivity conditions (as defined in Table 6.2 
and the preceding paragraphs) were estimated to be as 
shown in Table 6.3. The “first production core” 
referred to in this table contained 3.6 g ‘ ( ’R burnablz 
poison and the “second production core” and sub- 
sequent cores contained 2.8 g ‘ O B .  Further details of 
the actual experiments are discussed in Appendix A. 

6.3 Differential Rod Worth 

i>ifferential rod wort tis were deternliried experi- 
mentally for the ganged salety rvds and the shini- 
regulating rod using the rod bump technique. Two 
different core conditions were considered: (1) criti- 
cality maintained with the rods arid (2) criticality 
maintained with soluble poison in the moderator and 
the rods maintained symmetrical. Curves of’ differential 
worth versus rod position are shown in Figs. 6.1 and 
6.2. 

In Fig. 6.2 the abrupt change io differential worth is a 
result of the gray sections of the rods overlapping. The 
boron concentration shown in Fig. 6.2 is for boron in 
the moderator that is contained cmly in the two fuel 
miiuli and the annular gap between the two annuli. 

‘The significance of these differential r o d  worths in 
connection with transients is discussed in Ref. 15. 

6.4 Transmutation of Control-Rod Poisons 

Thc poison cuiitent of the Eu203 section of the 
control rods was deugned to provide essentially UTI- 

changed shutdown nlargitl (with rods fully inserted) for 
at least six months of full-power opciation. The rods 
;Ire not actually black to neutrons because many of  the 
neutrons reflected by the beryllium reflector retuiii 
wtth epithernnl and  higher energies. Europium and 
some of its daughter products have reasonably good 
iesonance cross sections that contribute significantly to 
llie worth of the rods. However, these cross sections 
and the available volutne ale riot hrge enough to 
provide significant sel fshielduzg in t tie epithermal 
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range. On the other hand, since only the tip of the 
Eu203 region sees the very high flux, and since the tips 
of the shirn-regulating rod and the shirn-safety rods, 
wheii inserted, are overlapped by relatively unburrred 
portions of the black regions, it was expected that the 
change in worth in six months would be very small. 
Furthermorc, a late change in design provided an 
additional 2 in. of safety-rod travel and black-region 
length that allowed the safety-rod black tips to be 
pushed out the end of the core. Thus it was expected 
that from the standpoint of shutdown margin the rods 
would last significantly in excess of six months. 

In the gray region the situation is somewhat different, 
although the expected life was about the same as that 
for the black region. 'Tantalum tends to burn out 
steadily, but only after the daughter p[oduct, ' 82'1'a, 
which has an 8000-b cross section and a 115-d half-life, 
satiirates. The effect of the ' 8 2 T a  is to increase the 

total c~oss  section of the gray region by a r a c i ~ r  of 
about 2 once equilibrium has been reached. At full- 
power fluxes the peak value of the iiucroscopic cross 
section is reached in a few days. 

Burnout of the tantalum tends to reduce the shut- 
down margin for cases in which the gray region plugs an 
opening in the rods, such as when a safety iod fails to  
scram. Since it is assumed that only one rod will fail to 
scram, the effect of gray-region buinup on shutdown 
margin will be small. It is possible to check on the 
extent of the effect by periodically checking the 
shutdown margin for case 111. 

'The life of the gray region, in terms of neutron- 
absorption requirements, will probably be determined 
by the gray-region effect oil minimum differential rod 
worth rather than on shutdown margin. The minimum 
permissible differential worth i s  associated with 
transient behavior and is discussed in Kef 1 5. 
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7. POWER DISTRIBUTIONS 

The HFlW core had to  h e  designed for a very high 
average power density t o  achieve t t ie desired high 
neutron fluxes. Since the average power density is 
limited by burnout at the tiot s p o t ,  it was beneficial to 
reduce the nla?ririiuni-to-averagt. power density ratio 
((lmax/qavg) as much ;IS possible. Several design 
features wzre included specifically for this purpose: 
cylindrical geometry, bidirectional reflector control, 
flux suppressors at the ends of the core, restrictions on 
proximity of reflector cxperimen t s  t o  fuel regiori, 
inclusion of a water channel between the two annular 
fuel elemenis, and notiuniform radial distribution of 
fuel and b.urnable poison. The resultant nominal value 
o i  (qmtix/qavg) is about 1 .5, and it stays nearly 
constant all 1hroiig11 a normal fuel cycle. Basic details 
associated with these features are discussed in Kef. S 
and are reviewed brjefly here in light of 1 tie final design. 

The current general radial shapes of the fuel and 
buriiable-poison distributions are shown in Fig. 7.1 , and 
the method by which the distributions are actually 
achieved is indicated in Fig. '7.2. Since the filler and fuel 
sections are separate, it is physically possit)le to achieve 
a wide range o f  burnat,le-poison distributions f o ~  a 
given fuel distribution and still tmintain the overall 

.... .. . 

iNNER ELEMFNT PLATE 

rectangdar shape of the composite fuel-plate core. 
However, by concentrating ttie burriable poison in i.he 
Iiigh-therina.l-flux regions the flux was flatteiizd some- 
what, thus reducing the necessary fuel gradient. Of 
course a strong absorber close to the flux trap reduces 
the therinal flux in the flux trap, but f tiere is a practical 
liinit io  ihe fuel gradient that can b e  achieved phys- 
ically. The steeper the gradient [lie tliiririer 1 lie thin 
edge of the fuel core relative to fuel-particle size, and 
thus the greater the variation in local irrel density in the 
thin edge of the fuel core. This increases (.qmax/qavgj.* 

The appropriate fuel and burnable-poison disl ritm- 
tions were tleternljried by an iterative process in which 
the fuel concentration in each radial fuel region was 
adjusted to produce a prescribed radiai power distrihu- 
iion by using t!ie flux distribution from the previous 
iteration. Since the flux shapes were riot very sensitive 
to fuel distribution, only a few iterations were required. 

Havihg acliieved the prescribed f u e l  distribution as 
described at)ove, a fuel-cycle calculation was rnade to 
obtain power distribution as a function of burnup. 

T h i s  latrer difficulty could be reduced by tiecreasing the size 
of the fuel particles, but then fission gas rctention would be 
reduced. 

3 0.4 0.8 1.2 1.6 2.0 2.4 2.8  3.2 
INVOLlJlC ARC L t N L l H  hn.) 

Fig. 7.1. Distribution of Fuel and Burnable Poison Across Width of Involute Fuel Plate. 



Fig. 7.2. Method of Achieving Radial Distribution of Fuel and Burnable Poison. 
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...... 
From this step a new prescribed initial power distribu- 
tion could be obtained. By repeating this process, 
(qma.x/qavg) was minimized. 

Most of these power-distribution calculations were 
one-dimensional, but a few two-dimensional calcula- 
tions were niade for specific cases to obtain axial values 
of (qlr,a~y/q2vg). Relatively large uncertain1 ies in power. 
cljstribution close to the coni rol region were accorn- 
xnodated in the distribution of the fuel. 

E a I 1 y critical -e xperi men t results (H FI RC E -2) were 
used i o  check on the general procedure for obtaining 
t,he initial power distribution, arid using this procedure, 
wifli a few modifications, tlie second critical- 
experiment core (HF’IKCE-3) was designed. This core 
had the same fuel loading and the same fuel and 
burnable-poison distributions as the present production 
cores. The poison loading was eventually changed in 
accordance with more recent reactivicy control informa- 
tion. 

The final distributions that were specified for the 
HFIR production cores are given in Figs. A.8 and A.0 
(App. A). These were also the distributions used in the 
I-IFlRCE-3 fuel elements. The only difference between 
the I-XFXlWE-3 elements, the first production core 
elenierits, and the second production core elements was 
in the tola1 loading of burnable poison. The loadings 
were 2.12, 3.60, and 11.80 g ’ U,  respectively. 

‘Ihe HFIRCE-3 experiments, which indicated that the 
power distributions were satisfactory, were followed by 
a set of experiments (HFIRCE4) conducted in the 
actual IIFIR facility. Power distributions from these 
experiments were used to normalize the most recent 
calculated values for all times in the fuel cycle. This 
information, along with appropriate uncertainties, was 
used in a final heat transfer analysis‘ to determine ttie 
allowable steady-state power level for the fuel elements. 

Experimentally deterrriined power distributions are 
presented in Figs. 7.3 through 7.8 for various concen- 
trations of soluble poison in the moderator. Figures 7.9 
through 7.14 show comparisons between one- 
diriensional calculations and the axially averaged ex- 
perimental results. 

Figures 7.15 and 7.16 show the effect on power 
clislribution of opening a white window between the 
g a y  regions of tlie shim-safety and shim-repkiting rod 
banks. This effect, wliicli is referred to as “window 
peaking,” produces :I rrlaxiinum axial (qrrlax/qavg) for 
an intermediate position of tbe control rods. With ihe 
rods fully withdrawn, (qmas/qavg)axial is essentially 
independent of radial position, having a value of about 

... 1.3. With the rods partially inserted the windorv- 

.. ..... -. 

.... .. . 

peaking effect increases the :ixial power density 
adjacent to the control region to a maxiniurn of about 
1.86. However, during normal steady-state operation it 
does not. contribute significantly to the limiting liot- 
spot condition because the corresponding to1 a1 power 
density is less than 1.5. 

The several sets o f  curves in Figs. 7.9 tfirougli 7.14 
show that the agreement between ttie onedimensional 
calculation and the axially averaged experirneritiil values 
was quite good over the extreme range of control-rod 
positions, being within about 575, except near the 
control region when ttie rods were partially inserted. 
The generally good agreement was an important feature 
of the analytical procedure, since a detailed knowledge 
of axial distributions (ftom experinients) for varicius 
rod positicins, coupled with the onz-dirnetisional fuel- 
cycle calculations, made it possible, through an ap- 
propriate normalization procedure, t o  obcain two- 
dimensional power distributions for various t i m e s  in the 
fuel cycle. This method neglects the axial noriuiii- 
f‘ormiiy of fuel butnup, but the actual effect. or1 power 
peaking was estimated to be quite small, ar id  what 
d l c t  there is tends l.o flatten the power distribution. 

‘The effect o f  a ilux-trap target on the power 
distribul ion can be determined from a comparison of 
Figs. 7.9 and 7.14. ‘These results indicate that removal 
of the target would increase the peak horizontal 
midplane power derisjty by about 1 1%. The particular 
target usecl in this cornparison was the simulated 300-g 
zJ2Pu rnaxinium fission target. Since the total cross 
section and the JTli:till-tO-Wdter ratio o f  the target are 
about the same for all practical targels, the above 
differences in power distribution are expected to apply 
for all presently proposed targets. If the target composi- 
tion were changed radically, i r  would be necessary to 
consider the change in power density in a reevaluation 
of core heat renioval. 

At the present time an iictual IWIK production core 
is slightly different than the tiF1RCE-3 core in that the 
production core has 2.8 g ‘13 burnable poison, as 
compared wi1.h 2.12 g ‘ O B  for the critical experiment 
core. Correcting for this dif-ference and the difference in 
temperatures between critical experirnen t conditions 
and full-power operating conditions reduced the 
nominal peak power density me:isured in the experi- 
ments f iuni  abour 1.68 to 1.56. The complete predicted 
power-distribution nnps fo r  an HFIK production core 
at full power (100 Mw) are shown in Table 7.1. 

Power distributions f o r  other than clean core condi- 
tions were obtained by adjusting the one-dimensional 
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Table 7.1. Power Densities in the HPiR Fuel Elements 
Reactor power level: 100 M w  

Core life: 2500 Mw-days 
--- .--__I_ 

Relative Power Density 

Distance from Core Center Line (ern) 
l_-...____..l__ ___ Distance 

from Core 
Midplane Inner Fuel Element 

(cm) 

___._ I------___.____ __.___ 

Outer Fuel Element 
__I-_____ 

7.14 8.00 9.00 10.00 11.00 12.00 12.60 15.15 16.00 17.00 18.00 19.00 20.00 21.00 
____I_ 

25 4 
24 
22 
20 
18 
16 
14 
I L  
10 
8 
6 
4 
2 
0 
2 
4 

-6 
8 

-10 
-12 
-14 

16 
-18 
-20 
22 

- 24 
25 4 

25 4 
24 
22 
20 
18 
I6 
14 
12 
10 
8 
6 

4 

0 
2 

-4 
6 
8 

10 
12 
14 

7 
Y 

0.678 
0.722 
0.815 
0.924 
1.03 1 
1 130 
1.227 
1.312 
1.387 
1.447 
1.493 
1.520 
1.532 
1.533 
1 .S23 
1.494 
1.448 
1.384 
1.312 
I .235 
1.148 
1050 
0.944 
0.8 19 
0 709 
0.706 
0.703 

0.616 
0.655 
0.733 
0.853 
0.956 
l .os4 
1 .I47 
1.230 
1.305 
1.369 
1.424 
1.459 
1.478 
1.482 
1.469 
1.443 
1.395 
1.323 
1.246 
1.165 
1.077 

1.109 
0.741 
0.753 
0.848 
0.952 
1.043 
1126 
1.198 
1.264 
1.322 
1.372 
1.398 
1.408 
1403 
1.393 
1.368 
1.324 
I .264 
1.195 
1.120 
1.039 
0.952 
0.859 
0.762 
0.668 
0.678 
1.028 

1.000 
0.678 
0.688 
0.792 
0.904 
1.003 
1.093 
1.168 
1.233 
1.285 
1.329 
1.362 
1.380 
1.385 
1.373 
1.347 
1.302 
1.746 
1.180 
1.105 
1.023 

1.379 1.515 
0.738 0771 
0.738 0.767 
0.810 0.821 
0.904 0917 
0990 1 007 
1068 1.089 
1.137 1.163 
1.?00 1233 
1.255 1.285 
1.306 1332 
1.338 1369 
1.350 1.386 
1.349 1.386 
1335 1.372 
1.305 1.342 

1.193 1.221 
1.127 I150  
1.057 1077 
0.982 1.000 
0903 0920 
0820  OS39 
0.735 0.755 
0.667 0.698 
0680 0.713 
1231 1.342 

1.256 1.289 

1230 1.339 
0.685 0 707 
0.682 0703 
0.746 0.771 
0.861 0 873 
0963 0970 
1.050 1.058 
1.122 1.138 
1.181 1.207 
1.230 1.269 
1.271 1.320 
1.302 1.351 
1.321 1.370 
1.326 1.372 
1.313 1.360 
1.285 1.333 
1.242 1.286 
1.190 1.218 
1.12X 1.147 
1058 1.068 
0.978 0.987 

Time: 0 days = 0 hr 

1.470 1.344 1.186 1.580 
0.809 0.830 0.837 0.970 
0.802 0.830 0.824 0.943 
0.850 0.889 0.893 0.961 
0.939 0.980 0.988 1.043 
1.027 1.067 1.077 1.146 
1.107 1.146 1.162 1.239 
1.179 1.217 1.241 1.320 
1.241 1.280 1.316 1.388 
1.294 1.334 1.383 1.448 
1.339 1.380 1.445 1.499 
1.372 1.410 1.478 1.539 
1.388 L.422 1.490 1.558 
1.388 1.420 1.485 1.559 
1.375 1.418 1.464 1.543 
1.345 1.380 1.425 1.510 
1.295 1.330 1.372 1.448 
1.235 1.283 1.312 1.379 
1.167 1.212 1.248 1.303 
1.097 1.144 1.117 1.222 

0.945 0.988 1.011 1.044 

0.783 0.816 0.812 0.545 
0.735 0.762 0.753 0.741 
0.749 0.760 0.762 0.744 
1.319 1.216 1.078 1.342 

Time: 1.014 days = 24.33 hr 

1.281 1.163 1.036 1.343 
0.708 0.717 0.719 0.854 
0.714 0.732 0.751 0.850 
0.797 0.831 0.856 0.895 
0.895 0.928 0.956 l.O(J1 
0.989 1.022 1.049 1.125 
1.074 1.109 1.138 1.224 
1.152 1.188 1.221 1.306 
1.219 1.258 1.294 1.371 
1.279 1.319 1.3.59 1.425 
1.329 1.371 1.418 1.468 
1.361 1.40c) 1.465 1.505 
1.372 1.411 1.490 1.537 
1.372 1.410 1.491 1.548 
1.358 1.399 1.471 1.538 
1.332 1.373 1.430 1.510 
1.292 1.329 1.380 1.451 
1.229 1.268 1.319 1.369 
1.160 1.199 1.251 1.281 
1.087 1.115 1.172 1.191 
1.008 1.045 1.08.5 1.095 

1.023 l.iJh9 1.098 1.135 

0.864 0.904 0.916 0.951 

1512 
0 934 
0.860 
0.885 
0.978 
1.075 
1.165 
1.241 
1.319 
1382 
1437 
I480  
1.500 
1.500 
1.483 
1.448 
1.387 
1311 
1.232 
1149 
1060 
0 969 
0.876 
0.783 
0.700 
0 695 
1 294 

1293 
0.789 
0 784 
0 828 
0 924 
1.038 
1137 
1222 
1.295 
1.354 
1.404 
1.444 
1.477 
1492 
1480 
1445 
1380 
1.296 
t.208 
1116 
1.017 

1.394 
0.770 
0.758 
0.796 
0.88 1 
0.977 
1.064 
1.143 
1.214 
1.279 
1.337 
1.382 
1.404 
1.405 
1.389 
1.353 
1.286 
1.209 
1.129 
1.04.5 
0.957 
0.865 
0.770 
0.675 
0.616 
0.613 
1.173 

1.197 
0.697 
0.692 
0.737 
0.835 
0.940 
1.039 
1.125 
1.202 
1.268 
1.323 
1.366 
1.408 
1.418 
1.403 
1.367 
1.297 
1.208 
1.120 
I .(I 3 0 
0.93s 

1.254 
0 660 
0.650 
0.69 1 
0 781 
0 878 
0.904 
I 045 
1.117 
1180 
1 239 
1284 
1.306 
1.306 
1.291 
1.255 
1.190 
I . l I  L 
B 030 
0 944 
0.854 
0 760 
0.662 
0.567 
0.5 1 7 
il521 
1 Ob6 

1068 
0 600 
0.597 
0 651 
0.758 
0 S62 
0.958 
1.047 
1.123 
1.193 
1.252 
1 302 
1341 
J .347 
1.334 
1 297 
1221 
1136 
1048 
10.955 
0 860 

1.119 
0.542 
O S 3 3  
0.578 
0.669 
0.769 
0.864 
0.946 
1.027 
1.101 
1 .l68 
1.222 
1.242 
1.242 
1 .?.22 
1.174 
1.101 
1.021 
0.9 37 
0.846 
0.750 
0.649 
0.544 
0.449 
0.403 
0.420 
0.848 

0,933 
0.494 
0.494 

O.6X3 
0.789 
0.887 
0.980 
1.068 
1.149 
1.221 
1.281 
1.315 
1.324 
1.309 
1.260 
1.174 
1.083 
0.988 
0.892 
0.792 

0.577 

0.719 
0.442 
0.425 
0.467 
0.562 
0.669 
0.775 
0.875 
0.Y73 
1.073 
1.169 
1.246 
1.285 
1.285 
1.237 
1.150 
1.067 
0.968 
0.868 
0.767 
0.662 
0.552 
0.433 
0.321 
0.282 
0.296 
0.45 1 

0.587 
0.368 
0.414 
0.516 
0.62 1 
0.727 

0.945 
1.058 
1.173 
1.293 
1.363 
1.397 
1.406 
I .380 
1.332 
1.209 
1 .ox5 
0.96’7 
0.85 1 
0.737 

0.836 

0.298 
0 293 
0.291 
0.323 
0.429 
0.552 
0.670 
0.787 
0.898 
1.019 
1. I27 
1.224 
1.308 
1.308 
1.225 
1.1 17 
0 998 
0 882 
0.769 
0.66 1 
0.555 
0.438 
0.304 
0.114 
0.138 
0.1 12 
0.034 

0.234 
0.258 
0 297 
0.416 
0.535 
0.650 
0.768 

1.035 
1.183 
1.360 
1.482 
1520 
1.527 
1.501 
1.406 
I .221 
I 063 
0.922 
0.790 
0.661 

0.898 
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Table 7.1 (continued) 
-l 

Relative Power Density 

Distance from Core Center Line (cm) 
Distance ...~ 

from Core 
-. . ._. . . . . . . . .......... 

Outer Fuel Element 
.. 

Midplane Inner Fuel Element (cm) 
7.14 8.00 9.00 10.00 11.00 12.00 12.60 15.15 16.00 17.00 18.00 19.00 20.00 21.00 ___  ____ . . . . . . . . . . . . . . . . . _- -. . . . . . . . . . . . . . . . . _II.. . . . . . . . ... . . ... 

-16 
-18 
- 20 
-22 

24 
25.4 

25.4 
24 
22 
20 
18 
16 
14 
12 
10 
8 
6 
4 
2 
0 
2 

-4 
-6 

8 
-10 
- 12 
-14 
-16 

18 
-20 
-22 

24 
25.4 

25 4 
24 
22 
20 
1.8 
16 
14 
1 2  
10 
8 
6 
4 
2 
0 
2 
4 

0.988 
0.894 
0.799 
0.700 
0.65 1 
0.598 

0.504 
0.545 
0.575 
0.685 
0.818 
0.903 
0.979 
1.045 
1.105 
1.155 
1.191 
1.214 
1.228 
1.239 
1.230 
1.219 
1.197 
1.161 
1.108 
1.032 
0.948 
0.863 
0.783 
0.689 
0.569 
0.540 
0.49 1 

0.379 
0.403 
0.460 
0.547 
0.624 
0.688 
0.742 
0.788 
0.824 
0.857 
0.887 
0.914 
0.940 
0.962 
0.95 1 
0.934 

0.933 
0.837 
0.735 
0.649 
0.642 
0.929 

0.947 
0.669 
0.669 
0.769 
0.872 
0.965 
1.052 
1.130 
1.200 
1.259 
1.306 
1.339 
1.359 
1.365 
1.354 
1.329 
1.289 
1.237 
1.176 
1.106 
1.028 
0.943 
0.85 1 
0.745 
0.653 
0.661 
0.926 

0.874 
0.594 
0.599 
0.659 
0.759 
0.847 
0.927 
0.998 
1.055 
1.103 
1.143 
1.177 
1.203 
1.224 
1.210 
1.182 

0.892 
0.799 
0.701 
0.638 
0.644 
1.119 

1.181 
0.709 
0.688 
0.75 1 
0.836 
0.928 
1.016 
1.095 
1.169 
1.230 
1.281 
1.314 
1.335 
1.342 
1.329 
1.299 
1.249 
1.198 
1.140 
1.079 
0.999 
0.911 
0.819 
0.736 
0.673 
0.694 
1.150 

1.183 
0.695 
0.675 
0.707 
0.790 
0.833 
0.969 
1.046 
1.1 15 
1.176 
1.225 
1.261 
1.281 
1.286 
1.275 
1.248 

0.897 
0.813 
0.724 
0.655 
0.660 
1.205 

1.258 
0.723 
0.689 
0.75 1 
0.839 
0.932 
1.019 
1.095 
1.169 
1.232 
1.288 
1.329 
1.350 
1.352 
1.334 
1.300 
1.256 
1.206 
1.146 
1.079 
1.003 
0.918 
0.826 
0.738 
0.676 
0.716 
1.221 

1.276 
0.7 11 
0.707 
0.749 
0.835 
0.923 
1.006 
1.081 
1.150 
1.209 
1.260 
1.298 
1.315 
1.315 
1.301 
1.276 

0.926 0.963 0.990 0.999 
0.841 0.874 0.893 0.906 
0.753 0.785 0.788 0.815 
0.666 0.691 0.681 0.744 
0.653 0.655 0.652 0.736 
1.149 1.036 0.915 1.136 

Time: 11.57 day-s = 211.1 hr 

1.211 
0.718 
0.707 
0.785 
0.860 
0.932 
1.004 
1.078 
1.157 
1.232 
1.293 
1.331 
1.346 
1.346 
1.339 
1.310 
1.265 
1.202 
1.136 
1.065 
0.996 
0.928 
0.848 
0.766 
0.679 
0.720 
1.168 

1.090 
0.731 
0.705 
0.785 
0.893 
0.981 
1.063 
1.137 
1.203 
1.262 
1.305 
1.334 
1.351 
1.358 
1.345 
1.315 
1.274 
1.223 
1.170 
1.110 
1.044 
0.965 
0.872 
0.760 
0.677 
0.684 
1.041 

0.950 
0.700 
0.694 
0.791 
0.881 
0.967 
1.061 
1.159 
1.252 
1.329 
1.376 
1.399 
1.405 
1.405 
1.397 
1.370 
1.326 
1.264 
1.196 
1.125 
1.045 
0.956 
0.861 
0.762 
0.659 
0.669 
0.899 

1.289 
0.802 
0.768 
0.825 
0.917 
1.007 

1.162 
1.225 
1.276 
1.325 
1.366 
1.400 
1.415 
1.400 
1.362 
1.312 
1.254 
1.189 
1.122 
1.044 
0.960 
0.864 
0.775 
0.722 
0.742 
1.1 11 

1.088 

Time: 22.72 days = 545.3 hr 

1.218 
0.706 
0.705 
0.757 
0.845 
0.926 
1.003 
1.074 
1.139 
1.197 
1.246 
1.282 
1.296 
1.297 
1.284 
1.256 

1.053 
0.67 I 
0.677 
0.752 
0.836 
0.914 
0.987 
1.054 
1.116 
1.171 
1.219 
1.251 
1.266 
1.268 
1.254 
1.232 

0.874 
0.624 
0.632 
0.714 
0.806 
0.890 
0.966 
1.034 
1.091 
1.139 
1.177 
1.210 
1.233 
1.243 
1.234 
1.207 

1.120 
0.725 
0.722 
0.757 
0.826 
0.901 
0.970 
1.034 
1.090 
1.141 
1.184 
1.219 
1.250 
1.264 
1.249 
1.214 

0.921 
0.830 
0.742 
0.677 
0.677 
1.095 

1.281 
0.777 
0.743 

0.892 
0.981 
1.069 
1.155 
1.234 
1,306 
1.366 
1.412 
1.438 
1.449 
1.435 
1.405 
1.355 
1.286 
1.204 
1.113 
1.017 
0.921 
0.830 
0.748 
0.693 
0.713 
1.107 

0.806 

1.244 
0.740 
0.740 
0.799 
0.895 
0.984 
1.067 
1.139 
1.202 
1.256 
1.300 
1.338 
1.367 
1.377 
1.359 
1.328 

0.841 
0.746 
0.650 
0.590 
0.588 
1 .oo 1 

1.199 
0.720 
0.670 
0.74 1 
0.824 
0.912 
1.004 
1.097 
1.186 
1.260 
1.315 
1.355 
1.379 
1.391 
1.385 
1.358 
1.305 
1.235 
1.146 
1.049 
0.950 
0.858 
0.769 
0.681 
0.614 
0.644 
1.032 

1.226 
0.695 
0.691 
0.767 
0.870 
0.965 
1.049 
1.123 
1.187 
1.242 
1.285 
1.323 
1.349 
1.349 
1.330 
1.304 

0.764 
0.667 
0.569 
0.491 
0.49 1 
0.872 

1.082 
0.652 
0.608 
0.689 
0.772 
0.863 
0.95 1 
1.033 
1.112 
1.189 
1.252 
1.292 
1.316 
1.325 
1.314 
1.287 
1.244 
1.171 
1.077 
0.984 
0.891 
0.795 
0.710 
0.624 
0.542 
0.578 
0.920 

1.165 
0.65 1 
0.646 
0.731 
0.837 
0.934 
1.018 
1.092 
1.150 
1.199 
1.240 
1.272 
1.297 
1.301 
1.284 
1.260 

0.690 
0.589 
0.485 
0.390 
0.386 
0.737 

0.950 
0.569 
0.540 
0.631 
0.722 
0.814 
0.906 
0.999 
1.095 
1.185 
1.251 
1.291 
1.313 
1.322 
1.310 
1.284 
1.239 
1.156 
1.045 
0.933 
0.834 
0.743 
0.6.56 
0.567 
0.476 
OR89 
0.788 

1.050 
0.601 
0.607 
0.710 
0.826 
0.925 
1.013 
1.088 
1.154 
1.208 
1.251 
1.286 
1.300 
1.299 
1.280 
1.253 

0.625 
0.515 
0.407 
0.303 
0.2.58 
0.378 

0.607 
0.482 
0.459 
0.560 
0.715 
0.880 
0.989 
1.079 
1.165 
1.243 
1.308 
1.352 
1.370 
1.370 
1.364 
1.342 
1.291 
1.194 
1.062 
0.925 
0.813 
0.709 
0.609 
0.5 17 
0.424 
0.369 
0.453 

0.709 
0.534 
0.565 
0.705 
0.821 
0.923 
1.015 
1.094 
1.160 
1.214 
1.259 
1.289 
1.302 
1.303 
1.292 
1.269 

0.537 
0.416 
0.296 
0.178 
0.087 
0.024 

0.253 
0.310 
0.376 
0.486 
0.585 
0.685 
0.794 
0.908 
1.035 
1.176 
1.281 
1.341 
1.373 
1.386 
1.372 
1.331 
1.259 
1.141 
0.965 
0.812 
0.712 
0.6 17 
0.527 
0.439 
0.344 
0.2 11 
0.125 

0.327 
0.352 
0.43 1 
0.549 
0.648 
0.735 
0.813 
0.880 
0.936 
0.984 
1.021 
1.052 
1.072 
1.072 
1.048 
1.023 
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Table 7.1 (continued) 

I 

Distance 
from Core 
Midplane 

(crn) 

-6  
-8 
10 
12 

-14 
-16 
-18 

20 
-22 
- 24 
-25.4 

25 4 
24 
22 
20 
18 
I6 
14 
12 
10 
8 
6 
4 

0 
-2 
-4 
-6 

8 
- 1 0  

1 2  
- 14 
16 

-18 
20 

- 22 
~ 24 

? 

2.5 4 

f uel-cycle 

_____II.__ ..-- 
Relative Power Density 

Distance from Core Centet Line (cm) 
Outer ~ u e ~  Element--- - Inner Foe1 Element 

7.14 8.00 9.00 10.00 11.00 12.00 12.60 15.15 16.00 17.00 18.00 19.00 20.0i) 2 1  00 

0.911 
0.880 
0.844 
0.798 
0.744 
0.680 
0.607 
0.526 
0.437 
0.407 
0.379 

0.358 
0.363 
0.422 
0.497 
0.568 
0.629 
0.684 
0.730 
0.768 
0 801 
0 826 
0.848 
0.866 
0.877 
0.868 
0.854 
0.833 
0.809 
0 778 
0.74 1 
0 692 
0.631 
0.552 
0.452 
0 395 
0.392 
0.356 _-- 

B.145 
1.102 
1.050 
0.988 
0.9 16 
0.832 
0.737 
0.637 
0.589 
0.589 
0.866 

0.850 
0.558 
0,571 
0.648 
0.735 
0.814 
0.886 
0.950 
1.006 
1.054 
1.094 
1.126 
1.145 
1.147 
1.134 
1.114 
1.087 
1.054 
1.012 
0.960 
0.895 
0.813 
0.707 
0.595 
0.552 
0.557 
0.829 

1.207 
1.159 
1.100 
1.031 
0.9.54 
0.869 
0.776 
0.694 
0.656 
0.663 
1.165 

1.170 
0.634 
0.633 
0.688 
0.772 
0.853 
0.929 
0.999 
1.065 
1.124 
1176 
1213 
1231 
1.234 
1.229 
1.211) 
1.176 
1.132 
1.079 
1.014 
0.943 
0.861 
0.770 
0.677 
0.626 
0.635 
1.129 

1.236 
1.189 
1.1 31 
1.066 
0.990 
0.910 
0.822 
0.728 
0.680 
0.682 
1.251 

1.265 
0.654 
0.6.57 
0.725 
0.808 
0.885 
0.955 
1.032 
1.099 
1.160 
1.21s 
1.246 
1.263 
1,269 
1.261 
1.242 
1.208 
1.166 
1.112 
1.052 
0.983 
0.906 
0.821 
0.731 
0.67 1 
0 665 
1.217 

1.218 
1.174 
1.120 
1.059 
0.990 
0.915 
0.833 
0.748 
0.678 
0.674 
1.191 

Time 

1.198 
0.662 
0.665 
0.733 
0.821 
0.898 
0.973 

1.100 
1.152 
1.198 
1.228 
1.243 
1.248 
1.242 
1.222 
1.190 
1.1.53 
1.108 
1.053 
0.991 
0.918 
0.836 
0.746 
0.676 
0.668 
1.145 

1.041 

1 1 Y 3  1.172 1.172 
1.147 1.127 1.125 
1.094 1.074 1.072 
1.035 1.015 1.011 
0.969 0.950 0.947 
0.900 0.879 0.877 
0.825 0.804 0.804 
0.746 0.722 0.729 
0.664 0.627 0.688 
0.638 0590 0.686 
1.027 0 849 I 016 

:: 25.00 days = 600.00 lir 

1.019 
0.645 
0. b5 7 
0.727 
0.815 
0.894 
0.966 
1.029 
1.083 
1.129 
1.166 
1.195 
1211 
1.215 
1.21 0 
1.193 
1.167 
1.133 
1.092 
I.043 
0.983 
0.913 
0.831 
0.738 
0.662 
0.647 
0.971 

0.824 
0.592 
0.609 
0.685 
0.766 
0.842 
0.909 
0.970 
1.024 
1.069 
1.108 
1.1 39 
1.159 
1168 
1168 
L.159 
1.139 
1.093 
1.044 
0.987 
0.924 
0.852 
0. 7 74 
0.689 
0.610 
0.593 
0 780 

1.131 
0.746 
0.718 
0.739 
0.808 
0.883 
0.9.5 1 
1.011 
1064 
1.110 
1.147 
1.172 
1185 
1189 
1186 
1.173 
1.152 
1.117 
1.075 
1 .024 
0.965 
0.896 
0.818 
0 750 
0.724 
0.738 
1090 

1.288 
1.242 
J.187 
1.121 
1.045 
0.961 
0.867 
0.764 
0.704 
0.703 
1.150 

1.294 
0.757 
0.759 
0.808 
0.896 
CJ 980 
1057 
1124 
1183 
1.236 
1.275 
I 2 9 9  
1.312 
1.316 
I ,312 
1.299 
1.276 
1.239 
1190 
1.131 
1.062 
0.986 
0 896 
0.81 1 
0.767 
0.766 
1.245 
__I_ 

1.269 
1.225 
1.175 
1.113 
1.038 
0.949 
0.847 
0.731 
0.657 
0.659 
1.120 

1.284 
0.723 
0.722 
0.794 
0.884 
0.967 
1.043 
1.111 
1.170 
1220 
1.259 
1.283 
1.294 
1.295 
1.294 
1.284 
1.264 
1.223 
1.174 
1.114 
1.092 
0.965 
0.875 
0.778 
0.728 
0.732 
1.21 I 

1.228 1.221 
1189 1.181 
1.139 1.133 
1.080 1.076 
1.008 1.007 
0 919 8.917 
0.813 0.802 
0.692 0.653 
0.614 0.575 
0.618 0.5'72 
1.054 0.950 

1.243 1.141 
0704 0690 
0709 0702 
0.785 0786 
0.877 0.867 
0.959 0.943 
1034 I015  
1 101 1.078 
1 159 1 136 
1208 I 185 
I t 4 9  1224 

1277 1243 
1 2 7 8  1 2 4 3  
1277 1243 
I 268 1240 
1246 1222 
1.210 1186 
1.162 1139 
1 102 1081 
1033 1014 
0954  0938 
0862 0849 
0 764 0 7.52 
0714 0702 
0.724 0700 
1 189 1086 

1.270 1.241 

- - 

1.237 
1.196 
1.148 
I .089 
1.014 
0.914 
0.783 
0 612 
U.SI4 
0.510 
0.627 

0.993 
0.961 
0.922 
0.875 
0.808 
0.718 
0.599 
0.468 
0.381 
0.324 
0.281 

0.805 0.415 
0.643 0.439 
0.693 0.495 
0.791 0.586 
0.879 0.664 
0.957 0.729 
I.02b 0.787 
1.087 0.838 
1.142 0.883 
1.191 0.923 
1.232 0.951 
1.243 0.963 
1.243 0.965 
1.243 0.966 
1.243 0.965 
1.241 0.965 
1.236 0.956 
1.200 1J.930 
1.152 0.891 
J.095 0.846 
1.030 0.796 
0.958 0.741 
0.874 0.677 
0.786 0.603 
0.686 0.513 
0.653 0.414 
0.739 0.350 

calculatioti results with the critical- concentration was obtained froin one-dimensional cal- 

- 

experiment data t u  obtain a norrnalited two- culations of the expeiiinental cores. A curw repre- 
diniensiorial power distribution. In order to match a sentjng the reldtiondup used IS shown i n  Fig 7.17 This 
calculated partrally depleted core with a partially technique does not consider the differerit ieldtionship 
poisoned (moderator soluble polson) critical- that woiiltl be obtained if calculations were nude fot 
experitiierit core, an appropnate relationship between actual partially burned cores containing tionuniformly 
control-rod position and control-region smeaied-poison dictributed fission products and iionumifor mly depleted 
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_I^_ P O I r )  f PD (CORF AVERAGE). HMP, TWO-DIMENSIONAL 

------- P D ( r )  t PO (CORE AVERAGE), HMP, LXPERIMENTAL, 
k = 1.000 

--e-- P D ( r )  f PD (CORE AVERAGE), AXIAL AVERAGE, 
EXPERIMENTAL, k = 1.000 
P D ( r )  i PD (CORE AVERAGE), ONE-DIMENSIOND'L, 

FOUR--GROUP CALCULAl lON, k = 1.006 ( R Z )  

33 -GROUP CAl.CIJLATION, k = 1.000 

k = 4.000 
-a---PD(rl, HMP t P D ( r l .  AXIAL AVERAGE, EXPERIMENTAL, 

PD = POWER DENSITY HMP = HORIZONTAL MI0PI.ANE 
j . . . . . . , . . . . . . . . ~ ..... ~~ ......... r .  r -.---- . . . . . . . . . . . . . 1.6 

I 

c -3 
0 

1.4 
L 

II 
n 

3 
5 1.2 

2 
5 1.0 
+ 
J w 
a 

R 1 I I I J 0.8 1 
9 4 4  13 15 17 19 21 7 

r, RADIAL DISTANCE FROM LONGITUDINhl 
CENTER LINE OF REArTOR (tin) 

Fig. 7.13. Calculated and Mcasured Radial Power Ihstn- 
butnon with 1.35 g B/hter in Moderator, No Target, and Rods 
Out. 

fuel. In an effort to determine the magnitude of the 
error involved, reactivity perturbations were introduced 
in the critical experiments in at least two different ways 
to achieve the sal-ne control-rod positions. Calculations 
of these cases indicated that the calculated control- 
region smeared-poison concentration was sufficiently 
insensitive to the associated redistribution of neutron 
flux to warrant the above procedure for determining 
rod position. 

'Two-dimensional calkulations were not relied iipon 
for predicting power distributions. However, a few such 
calculations were made to determilie how well the 
power distribution could be estimated in this manner. 
Differences betweeri the calculated and measured values 
are shown in Tables 7.2 and 7.3 for the "end" and 
beginning-of-cycle conditions. Referring to the rods-out 
caw (Table 73) ,  it i 5  observed that the agreement i s  
very good except near the ends of the core. In these 
areas the calculation tends to underestimate the end 
peaking, although near the flux trap it overestimates the 
end peaking. It is also observed that the calculated 
neutron multiplication factor is within 0.6% Ak/k of 
unity. 

--- P D ( r )  :- PD (CORE AVER*GEI, HMP, TWO-DIMENSIONAL 

_-1--- P D ( r )  f PD (CORE AVERAGFI, HMP, EXPERIMENTAL, 
FOUR-GROUP CALCULATION, k = 0.96 

k = 4.000 
P D ( r )  f PD (CORE AVERAGE), AXIAI. AVERAGE, 
EXPERIMENT4L,  k = 4.000 
P D ( r )  f PD (CORE AVERAGE), ONE DIMENSIONAL, 
33-GROUP CALCULATION, k = 1.000 

-B-PD(r), HMP I PDLrI, AXIAL AVERaGE, EXPERIMENTaL, 
k = j.000 

PD = POWER DENSITY HMP = HORIZONT4L MIDPLANE 
1.8 

1.6 

z 
0 

2 

lr 

i- 1.4 

io 

2 1.2 

Y 
g 1.0 

(r 

w 

+- 
1Ll 
a 

? 
3 0.8 

0.6 

0.4 
7 9 11 13 45 17 19 24 

r, RADIAL DISTANCE FROM ILONGITUDINAL 
CENTER L I N k  OF REACTOR (cm) 

Pig. 7.14. Caleiilated and Meamred Radial Power Bhtra- 
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For the clean core condition the two-dimensional 
calculation is less accurate because of difficulties in 
establishing appropriate selfshielding factors for the 
control rods. In this particular calculation no self- 
shielding factors were wed. It m y  be observed in Table 
'7.3 that the calculation overestinuted the worth of the 
rods (k = 0.96) and underestimated the power densities 
adjacent to the control region. Next to and near the 
ends of the flux trap, the discrepancy is also greater 
than for the rods-withdrawn case; this is probably due 
to the fact that the latter core flux trap did not contain 
a target and the clean core flux trap did. 

The above power distributions apply to steady-state 
operation only. Calculat.ions were also made for specific 
transient cases. During a xenon transient in the early 
part of a fuel cycle, power densities adjacent to the 



61 

1.9 

>- 
u, 

0 

W 

t 
5 4.9 

2 
a 
3 

w 1.7 
0 

cc w 
2 
J 

X 
4 4.6 
a 
P 

I: 4.5 
LIJ 
E 

a 
E 
2 
_I s 
B 1.4 
N 
0 
cc 

L L  
0 
1.3 

cl LT 

1 7  

OANL- D W G  70-44'349 
................. ................ -.I .............. ,.... ~ I' .--.- 

0 RODS AT 266m., NO TARGET, 1.359 B/Iiter IN FUEL-REGION 
MOOER4TOR 
RODS AT 24.3 in., NO TARGET, 1.25 g 8/l;ter IN FUEL-  REGION 
MODERATOR 
RODS AT 24.3 in., NO TARGEI, 0.94 g R/liter IN FUEL-- REGION 
MODERATOR 
RODS AT 19.4 in., NO TARGET, 0.527 g B/liter IN FUEL- -  REGION 
MODERATOR 
RODS AT 47.5 in., NO TARGET, NO BORON IN FUEL--REGION 
MODERATOR 
RODS AT 16.6 in., CRITICAL EXPERIMENT TARGET, NO BORON 
IN FUEL-REGION MODERATOR 

I I ............ 

1 
__.. .......... .................. 

7 9 I 4  43 45 17 49 21 
b T - @ - - L d  

f ,  RACIAL DISTANCE FROM REACTOR CENTER LINE (crnl 

..... Fig. 7.15. Ratio of Horizontal Midplane t o  Axial Average Power Density Versus Radial Distance from Reactor Center Line for 
Various Symtnetricnl Critical Control Rod Positions. Experimental Data ohtilined from HFIRCF-4 core. 

ORNL- DWG 70- I4950 

4.3 

1.2 
16 !8 70 22 24 26 28 

SYMMETRICAL ROD POSITION (in. withdrawn) 

Fig. 7.16. Ratio of Horizontal Midplane to Axial Average 
Power Density for Several Radii as a Function of Critical 

...... .... Control Rod Position. Data from HFIRCE-4 experirrlents. 

control region can be highel than the peak power 
derisily at any time during a nornd steady-state fuel 
cycle. This results f rom the window-peaking effect 
awciated with withdrawdl of the control rods (refei to 
Fig. 7.1 6 )  and with the lack of nonuniform burnup uf 
the fuel early in the cycle. The rmxitnum window- 
peaking effect occurs for an mtermedtate positivi1 of 
the contiol rods, and the associated peak power density 
IS at the horimntal midplane Compared with the 
riurinal steady-stale hot-spot condition the ti ansient hot 
spot is less severe because the foitiier is :it the outlet 
(high bulk water tetnperatuie) arid the latter is up- 
stieam from thdt point. Also the t rans ie~~t  hut spot does 
not have as large an accumulation of dumnum oxide 
and thus does not experiencc as much plate warpage 
and loss of strength. Thus it is coiicluded that the most 
serious hoi spo t  condition occurs during normal 
steady-state conditions. 

All the power distributions discussed 1 lius Far apply tu  
the rioininal core condition. ]It 15 neccssary, of  couise, 
to consider the effects of vanations in fuel and 



Table 7.2. Difference D(r,z) Between Measured and Two-Dimensional 
Pour-Group Calculated Power Distributions for HFIRCE4 Core with 

1.35 g B/liteh in Moderator, No Target, and Rods Out 
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burnable-poison loadings and distributions and in 
metal-to-water ratio within the spccificd fabrication 
tolerances. Minimum and xniiximum reactivity cores 
were defined within these tolerances, and appropriate 
one-dimensional calculations were made. Radial power 
distributions obtained from such calculations are shown 
in Figs. 7.18, 7.19, and 7.20 for the noniinal, minimurn, 
and maximin* reactivity cores at various times in. the 
fuel cycle. As may be observed the maximum reactivity 
core produces a peak power density about 20% greater 
than nominal, and the minimum reactivity core 
produces a 10% increase over nominal. 

*The powel-distribution discontinuities shown in Figs. 7.19 
and 7.20 result from assumed discontinuities in radial fuel 
distributions that u e  consistent with peimissiblc tolerances. 
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Table 7.3. Difference D(x,z) Between Measured and Two-Dimensional 
Four-Group Calculated Power i)i5trhItlOnS for HPIKCE-4 Core in Clean 

Condition with 300-g Pu Target 
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Fig. 7.1%. Calculated Radial Power Distributions for Pro- 
duction Core with Nominal Core Conditions and Maximum 
Poison Target (16-Day Cycle). 

Pig. 7.19. Calculated Radial Power Distributions for Pro- 
duction Core with Minimum Reactivity Core Conditions and 
Maximum Poison Target (10.5-Day Cycle). ... ...... 
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Malrinrunr Reac tivity Target (1 8.5-lhy Cycle). 

Another fabrication tolerance that must be con- 
sidered is the dimensional tolerance at the ends and 
edges of the fuel plate fuel core. It is possible for a 
single Euel core to extend radially and axially beyond 
the others and thus expose its protruding edges to 
higher neutron fluxes than the rest of fuel cores are 
exposed to. The calculated radial power density 
gradients for the inner and outer edges of the inner and 
outer elements are 60, 40, 50, and 35%/cm, respcc- 
tively, wi th  the latter value applicable only within the 
gray and white window regions. Axial gradients at the 
ends of the fuel cores were deternGnsd experimentally 
and are shown in Fig. 7.21 as a function of radial 
position. These measiiremeilts were made for the 
beginning-of-cycle conditions. Gradients at later times 
are somewhat less. 

'lhe present dimensional tolerances on the relative 
positions of fuel cores permit radial protrusions of 
about 0.20, 0.10, 0.16, and 0.12 cm (going from inner 
to outer edges) and axial protrusions of about 1.34 cm. 
Thus the possible increases in local power densities 
associated with fuel-core edge-position. tolerances are 
12, 4, 8, and 4% for the radial edges and as much as 
50% for the ends. 

A s  will be discussed in Chapter 8 the calculated length 
of the fuel cycle for a nominal core was about 16 days, 
whereas the actual fuel-cycle time for the HFllR has 
consistently been 23 days. Since the discrepancy is too 
large to be explained by fabrication tolerances and 
Liaccuracies in measuring power level, it was desirable 
to manipulate the calculation in siich a way as to 
produce a calculated cycle of 23 days for the purpose 

of examining the power distribution. The details o f  how 
this was done are explained in Chapter 8, but the 
power-distribution results are showii in Fig. 7.22. A 
comparison of this figure with Fig. 7.18 shows that the 
extended fuel cycle iiicreases the peak-to-average power 
density ratio about 5%. 
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8 .  FUEL-GYCLE CALCULATIONS 

Fuel-cycle calculations were inade by using a one- 
dimensional 33-group 25-region diffusion code. As 
discussed in Appendix B the cross sections were 
obtained with THERMOS and CAM-I for a core that 
was about half depleted. This set of cross sections was 
ilsed all through the fuel cycle without otherwise 
accounting for changes associated with burnup. In the 
THERMOS calculation the entire core was considered 
to be a unit cell, and thus it was possible to calculate 
t he rnd  cross sections as a function of radial position. 

‘The use of 25 radial regions, 16 of which were in the 
fuel region, permitted detailed consideration of nommi- 
form radial depletion and fission-product buildup. An 
estinnte of nonuniformities in the axial direction 
indicated that the effect was sinal1 on both power 
distribution and reactivity and that the resull was 
flattening of the power distribution and a decrease in 

‘The axial buckling was assumed to be independent of 
burnup, radial position, and neutron energy. A single 
value was obtained by performing a buckling search on 
the HFII<CiE-3 core in the HFIR facility with the rods 
out and criticality maintained with boron in the 
moderator (fuel regions only). This value was used in all 
the fuel -cycl e calculations. 

As discussed it] detail in Appendix B the fission 
products were divided into two categories: those with 
short hdli‘-llVeS or large cross sections or both and those 
with relatively long half-lives and small cross sections. 
The latter fission products were lumped into 3 single 
itcrn, while the others were treated sep 
their appropriate chajm. 

At each of the time steps in a fuel-cycle calculation, 
criticality was iicliieved by adjusting the poison coricen- 
tration in the annular, homogenized control region. The 
adequacy of this procedure from the standpoint of 
predicting power distributions was discussed,in Chapter 
7. 

A reasonable fuel -cycle time originally consitlered for 
the HFIR was about ten days. As the design progressed 
i t  became apparent that a 14-day cycle could probably 
be achieved without exceeding limitations associated 
with reactivity control, fuel-plate metallurgical con- 
siderations, and neutron fluxes in experimental 

......... reactivity. 

..... . . .  

facilities Final fuel-cycle calculations for the HFIR 
uidicated that the nominal fuel-cycle time for a core 
containing 1 tie rilaxlinuni poison flux-trap target arid 
having d clean beryllium reflector would be about I6 
days. 

Significant variations In fuel-cyde time can occur as a 
result of deviations from normnal in fuel and burnable- 
poison loadings and distributions, metal-to-water rat io 
in the rue1 elements, flux-trap target contents, and 
beiyllium-reflector irtipuriiy conient. Of course experi- 
ments other than that in the flux trap can also have ;in 
effect, but the original intent was that they be located 
so as to have essentially no  effect. Vsriatmns in 
fuel-cycle time associated with deviations of fuel and 
burnable-pvison concentrations and of metal-to-water 
ratio from nominal values were iritended to tie limited 
by specified fabrication tolerances. This was also 1 rue t o  
some extent foi the herylliuni reflector 

The reactivity span associated wtth exlieme devia- 
tions within tolerance i$ about 0.04 Ak/k if the 
flux-trap target initially contains 300 g 242Pu.  Fuel- 
cycle calculations foi these cases indicated a range in 

fuel-cycle lime from about 1 I to about 19 days. Curves 
of kzff versus time for the rninitnurn, nominal, and 
nlaximrirn ieactivity cases are shown in Fig 8.1. 

Keactivities assom ted with xenon, sa m m u m ,  the 
lumped nomaturatmg fission products arid the boron 
burnable poison are shown in Fig. 8.2 as a function of  
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Fig. 8.1. Neutron Multiplication Factor During Fuel Cycle 
for Nominal, Maximum, and Minimum Reactivity Conditions. 
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Pig 8.2. Reactivity Variation4 with lhrse Associated with 
Xenon, Samarium, Long-Lived Fission Products, and Boron 
Diaxing Normal Fuel Cycle. 

time for the nominal core under steady-state condi- 
tions. Of particular interest is the boron curve because 
it shows that at the end of the calculated fuel cycle the 
remaining boron is worih about 0.01 Ak/k, which is 
equivalent to about two days of core lifetime. ‘ h e  
combined use of cadmium and boron was considered 
for the burnable poison because it could significantly 
reduce the loss in core lifetime. However, the prelim- 
inary investigations indicated that the much more 
i-apidly burning cadmium introduced undesirable power 
distribution and reactivity characteristics in the early 
part of the cycle, and thus cadmium was dropped from 
further consideration for this particular core design. 

The fuel-cycle analysis techniques were also used for 
looking at various slow transients. Figure 8.3 shows keff 

Fig. 8.3. Effect of Maxiinurn Samarirrm Poisoning After 
Rearbor Shutdown at Various Tiriles in Cycle. 

for a core assumed to be shut down from full power at 
time, t, and allowed to remain down long enough for 
essentially all the xenon to decay (-10 days). As 
indicated, a core less than seven days old gains 
reactivity ‘relative to the steady-state conditions, but 
after seven days there is a loss. A 13-day-old core is the 
oldest core that could be “started” again without 
auxiliary reactivity. ‘This permanent loss of reactivity is 
due to the decay of I4’Prn into stable ‘49Sm. 

Inmediately following a shutdown the temporary 
buildup of xenon imposes a restriction on permissible 
short-term down time or reduced-power time or both. 
A family of curves reflecting this limitation is shown in 
Figs. 8.4 and 8.5. The reduced power levels shown on 
these curves are fission power rather than total power. 
lrnrnediately following a large reduction in powei (z.g., 
from 100 to 10 Mw) a large fraction of the total power 
is afterheat and does not contribute to the production 
or destruction of xenon. For the curves to be applicable 
the fission heat must be known. 

After the xenon poisoning reaches a peak following a 
shutdown, there is a time when the combined poisoning 
effect of xenon, which is decaying, and samarium, 
which is building up, reaches a minimum between the 
peak xenon and the final samarium. As shown in Fig. 
8.6 the minirnum occurs at about four or f i x  days after 
shutdown, and the difference in reactivity between this 
minimum point and an “infinite” decay time point for 
an 1 1-day-old core i s  about 0.01 Ak/k. T ~ I J S  if a 13- to 
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15-day-old core is shut down and caught by the 
relatively fast xenon buildup, the core could be saved 
by restarting after about four days but would be lost if 
delayed much longer than that. 
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All the preceding discussion pertains quarititdtively to 
the present production coie, which contains 9 4 kg 
2 3 5 U  and 2.8 g "13. The very first production core 
contained the same fuel loading but had a burnable- 
poison loading of 3.6 instead of 2 8 g ' O B  [The larger 
boron loading WJS based on criticd experitneii ts 
employing a set of contiol rods (Ag black region, Ag-AI 
gray region) that proved lo be worth less than the 
actual Eu203-Ta-tZ1 rods, which were not available at 
the time.] This particdar core had a calculated normnal 
lifetime of 14 days, a mtnitnum of two d'iys, atid a 
nmxiinum of 16 days The very short minimum lifetime 
indicates the effect of not being able tu burn out the 
burnable poison. 

Since several HFIR cores have now been rut] to  
completion at full power, it i s  possible to make a 
comparison between calculated and obseived fuel-cycle 
times and reldted perfuirmince c h d c t e i  islics. Ijowever, 
befoie making such comparisons i t  must be recognized 
that the actual detailed initial conditions of a fuel 
eleriieut in t e r m  ot fuel and poison loadings and 
distributions and metal-to-winter mtio are not known, 
except that they are within the specified permissible 
lirmts. AI1 elements are inspected to assure compliance 
with these hrruts, dnd a final reactivtty check IS made, 
but detailed information associated w t h  a precise 
prediction of lifetime 15 not obtained. 

OKNI: 70- 14952 
............... ~.- ~ r _  ~. .................... , -  

Fig. 8.6. Neutron Multiplication Pacror Versus Time After Shutdown for Various Times in Cycle and Nominal Core Condilions. 
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The above uncertainties make it difficult to compare 
predicted and actual fuel-cycle times. However, it is not 
believed that the urrcertainties are as great as the 
observed difference between the predicted nominal core 
fuel-cycle time and the appaxent actual fuel-cycle time. 
For each of tlic cores operated so far, including the one 
containing 3.6 g ' O B ,  the actual fuel-cycle time has 
been veiy close to 2300 Mwd, as compared with a 
predicted range of 1100 to 1900 Mwd for the core 
containing 2.8 g O B. 

A detailed analysis o f  fucl and boron loadings and 
distributions within typical HFIR fuel plates indicates a 
tendency toward low reactivity and thus short fuel 
cycle. -1 hus the discrepalicy appears to be sornething~ 
basic in the model. One immediately suspected quantity 
was the lumped fission-product cross section, but 
complete renioval of this fission product was required 
t o  achieve the actual fuel-cycle time. This certainly does 
not appear to bc reasonable. 

Present plans for investigating the fuel-cycle time 
discrepancy include a two-dimensional depletion calcu- 
lation with several thermal groups. THERMOS- and 
CAMcalculated cross sections will be used, and some of 
these have been changed since the one-dimensional 
calculaiions were made. There is no clear indication, 
however, that this nicthod will give better results. 

In an effort to determine what effect the longer fuel 
cycle night have on powc:' distribution and xenon 
transients, the lumped fission-product group was set 
equal to zero. No particular significance is attached to 
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LT 

P 
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z e 0 0 4  

0.74 

0.70 

this other than it just happens to produce a nomiual 
core fucl cycle of 2300 Mwd. f i e  instantaneous effect 
of removing the lumped fission product in the computa. 
tion is to increase the calculated peak power density. 
lhus this approach appeaied to be conservative. Data 
on burnable-poison biirnup and xenon-transient condi- 
tions for the longer fuel cycle are given in Figs. 8.7 
through 8.10. Results from the steady-state portion of 
the calculation indicate that the residual poisoning due 

80 

70 

60 

- 50 

E 
I 

111 40 z 
30 

20 10 

0 

ORNL-OWG 70-14963 

0 2 4 6 8 10 I2  14 I6 i8  20 22 24 
TIME IN CYCLE ( d a y s )  

Pig. 8.7. 'Time Rcquire6 to Redme keff to 1 .OO Versus Tima 
in Cycle a t  LOO MIV Prior to Power Reduction. Nominal core 
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Fig. 8.8. Neu tmn Multiplication Factor Versus Time After Shutdown for Various 'Timcs in Fuel Cycle. Nominal core conditions 
and %day cycle. 
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to  boron is essentially gone by the end of 2300 Mwd. 
This appears to  be the explatlatior1 for the flrsi 

production core (3.6 g 'OB) lasting as long as the 
subsequent cores (2.8 g log). 
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Fig. 8.9. Effect of Maximum Saniarium Poisoning After 
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Pig. 8.10. Reactivity Variation with Time Associated with 
Boron During Nornial Fuel Cycle. Nominal core conditions and 
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9. REACTIVITY COEFFlClENTS 

Many of the reactivity coefficients were determined 
experimentally during the HFIK critical experiments. In 
some cases, however, it was necessary to rely on 
calculations because measurements were not practical. 
The results of both experiments and calculations are 
summarized here. More detail concerning the experi- 
mental work is included in Appendix A, and Ref. 14 
presents a supplementary discussion on flux-trap void 
coefficients. 

9.1 Temperature Coefficients 

Overall core isothermal Coefficients and fuel-region 
coefficients were meaxired in the HFIRCE-2 expen- 
menis. The flux-trap coefficients were determined by 

O I N L - D W G  70-14361 

U 

FUEL-REGION TEMPERATURE ( " C i  

Fig. 9.1. Reactivity Versris Change Fn Fuel Region and 
Isothermal Temperatures. 

taking the difference between the overall and fuel- 
region coefficients and making a small calculated 
correciion for the control- and beryllium-reflector- 
region coefficients. Changes in reactivity as a function 
of isothermal and fuel-region temperature are shown in 
Fig. 9.1, and the corresponding coefficients are shown 
in Fig. 9 2 ,  These coefficients are strictly applicahle to 
the clean core condition only. However, with the 
exception of the coefficient for the fuel region, they are 
also reasonably accurate for all stages of burnup. 
Calculations indicate that at the end of a fuel cycle the 
fuel-region coefficient, which is sensitive to control-rod 
position, should be one-half that for a clean core. 

It may be observed in Fig. 9.2 that without the target 
in the flux trap the isothermal coefficient is positive up 
to about 1 10°F and negative for higher temperatures. 

ORNL-DWG 70- 14968 

Fig. 9.2. Temperatuie Coefficients of Reactivity. 
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.. .._ . . 
The positive value is of little consequence, since the 
tmximum positive reactivity addition is ixily 0.0005 
Ak/k, and the fuel-region coefficient, which is relat.ively 
prompt during a transient, is quite negative for all 
temperatures of interest. 

'The ~sott~ermnal temperature coefficient measured in 
the actual reactor facility (with the target in the flux 
trap) was slightly positive in the temperature range 80 
to 120"F, with the imximum reactivity addition being 
ahout 0.0007 Ak/k. The difference in the two measured 
i so thernu1 coefficients is attributed primarily to a 
differelice in the control-rod drive mechanisms in the 
HFIK facility and (.lie critical-experiment fiiciliLy. This 
difference resulted in somewhat different differential 
therm1 expiinsion between tlie fuel elements, the 
control rods, and the conlrol-rod position indicator. 

Y .2 Void Coefficients 

Con'siderable emphasis was placed on investigation of 
the tlux-trap void coefficient because displacement of 

wdter from this region can add significanl amounts of 
positive reactivity. Void efrects wele investigated 111 

detail in the 1IFIRCE-1 and -2 experiments, arid checks 
ori the worth of the optimum volds { i .e . ,  the void 
fractioii producing the maxrniurn positive reactivity) 
were made in tlie HFIRCE-3 and 4 experiments. 

The first HFLR critical experirnenls were performed 
with a solution fuel [D2 0 + H, 0 + UO2 (NOj j2 1 and a 
L)? 0 outer reflector; the DL 0 concentration in the fuel 
region was adjusted to produce dbout the came slow- 
ing-down and leakage characteristics as an AI + F120 + 
0 system. In thcse experiments6 '4 -111 -diam air-filled 
plastic lubes were added to an all-water flux tiap to 
deteiinine the void effect. The result? of these expeii- 
iiients are shown in Fig. 9.3. Also shown HI this figure is 
1 he reactivity eifect of additig I-in.-drdin alurmriurn rods 
to tlie water-filled flux trap. It is o f  iriterest to note in 

the case of h u e  voids that with the flux tiap completely 
voided the critical moderator hrigiit w a b  about the s a m  
a> foi no void&. 
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Fig. 9.3. Critical Height as a Function of Reduction in Hydrogen Density of Region I in HFIR Solution Critictll Experiments 
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Keactivities associated with the optimum voids in Fig. 
9.3 were somewhat greater than measured in later 
critical experiments with actual fuel elements. This js 
attributed to greater neutron leakage to the flux trap of 
the solution critical experiments and thus greater 
reactivity dependence on the flux trap. Even so, the 
results of these experiments should be of some interest 
in evaluating future modifications to flux-trap loadings, 
particularly since calculations have not predicted flux- 
trap void effects veiy accurately. 

In the HFIl<CE-2 experiments, Styrofoam cylinders of 
increasing diameter were added to the center of the 
waler-filled flux trap to obtain the curve of Ak versus 
reduction in average water density, as shown in Fig. 9.4. 
As indicated, the optimum void was 72% of the 

[ OF ISLAND (EXPERIMENTAI.) 

/ 

0 { O  20 30 40 50 60 70 80 90 
REDUCTION IN WATER DENSITY (70) 

Pig. 9.4. Change in Neutron Multiplication Factor Attributed 
to Voids in lsland (No Target). 

flux-trap volume, the corresponding positive reactivity 
addition was 3.2%, and the void coefficient for small 
void additions was about 0.06 (Ak/k)/(AV/v). 

With the 300-g plutonium simulated target in the 
flux-trap, voids were added uniformly througliout the 
target volume to achieve the optimum void. These 
results are shown in Fig. 9.5. Since the aluniinum target 
constitutes a near void, the optimum void fraciiun with 
the target in place is only 42%, and the corresponding 
positive reactivity addition is only 1.5% &/k. For small 
void additions the void coefficient is about 0.045 

For the I-1FIKCE-3 and 4 experiments, flux-trap 
plastic inserts were made that contained the optimum 
voids determined in the MFIRCE-2 experiments. The 
associated positive reactivity additions were found to be 
the same as measured in the IWIKCE-2 experiments. 

Void coefficients for the fuel region were determined 
experimentally by replacing a few fuel plates with 
aluminum plates and then replacing the latter plates 
with water. By making a small correction for the 
absorption in the aluminum the aluminum coefficients 
were converted Lo void coefficients. Results from the 
I-IFIRCb4 experiments are given below (the volumes 
refer to water): 

(Wk)/(AV/V). 

Fuel 
Elernen t 

Inner 
Outer 

-0.080 
-0.170 
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Fig. 9.5. Change in Neutron Multiplication Factor Attributcd to Uniform Reduction in Water \>en$ity Over Entire Island, 
Including Plutonium Target. 
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The r a d d  variation of void coeft”lcien1 within the fuel 
region was estimated with a one-dimensional calculation 
and is shown in Fig. 9.6. Close tu the inner and outer 
reflector regions the coefficients are very close to zero. 

Void coefficients in the coritrol and bzrylliurn re- 
flector regtons were not deterrmr~ed experimentally, but 
calculations indicate that the average coefficienl for the 
two regions combined is positive up to a water 
displaczmerit of 60%. The positive reactivity addition 
associated with the optimum void is 0.005 Ak/k, arid 
the coefficient for slnall void fractions is 0.02 
(AklkM Avlv) 

6 8 tZ) 12 ... 
ReOlbL DIS14NLE FHfJM ILObGITUDIFIAl. CENTCR LINE OF KEACTOH b:mI 

...... 

Pig. 9.6. Void Coefficient in tIFlR for Uniform Local Void 
Distribulioti., 

9.3 Fuel, Fuel-Plate, Aluminum, and Boron 
Coefficients for Fuel Kegion 

Results from the HFlKCE4 experiments pertairling 
to the fuel, fuel-plate, and ;tlurritmm-plate coefficients 
are given 111 Table 9.1. The coefficients were oblained 
by replacing as mtiy as six fuel plates m each elenierit 
with aluminum plates or water. It nlay be seen that 
replacement of a fuel plate with water adds positive 
reactivity. Calculations werr nude to deteimine at what 
point the coefficient would change from positive to 
negdtive. The results are shown in Fig. 9.7. As 
indicated, the coefficient becomes zero when about 
30% of the fuel plates have been replaced (unifornlly 
~ C K O S S  1 he core) with wdter. The corresponding increase 
in reactivity is ahout 0.0.3 Akjk 

The 4ueI-plate coefficients determined for the 
HFLKCE-3 core are slightly different than for a rcgulnr 
I-IFIR production core because of the different boron 
burnable-poison loading (2.1 2 g OB for HFIRCE-3 

Table 9.1. Fuel, Fuel-Plate, and 
Aluminum-Plate Coefficients 

Coefficient Item 

h e l a  
Inner elerrren t 

Outer element 

Total average 

Inner element 
~ u e ~  plsteb 

Outer element 

Aluminurn plateC 
Inner element 

Outer element 

3.7 X 10.’ (Ak/k)/gZ3’U 
0.09 7 (Ak/k)/(Am/m) 
1.OY X (Ak/k) /gZ3’U 
0.074 (Ak/k)/tAm/m) 
0.1 71 (Ak/k]/(Ain/ni) 

---0.05 8 (A k/k)/(AV/V) 
--1.10 x 10.‘ ( .&k/k)/ir~.~ 

-11.6 X ( A k / k ) / h 3  
-0.113 (hk/k)/(AV/V) 

-0.104 (akikj/iaV/V) 
-16.7 X ( A k / k ) / i r ~ . ~  
-2.3 X 10-3(Ak/k)/mil 
- 4 . 1 8 8  (Ak/k)/(AV/V) 
-1S.9 X 1 O-’ (Ak/k)/ ix3 
4 . 1  X tAk/k)/mil 

am refers to weight of fuel Ln bpecified element 
“V iefeis to x t i v e  volume of fuel pldte. 
“V refer5 to thc entire volume oE tucl plate. 
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core arid 2.80 g ' O R  for NPIR production core). The 
coefficients given in Table 9.1 were corrected to be 
consisteni with the HFIR production cores, and the 
curve in Fig. 9.7 applies to the core with 2.8 g 'OB. It 
should also be remembered that these values apply to a 
clean core. Fuel-plate coefficients are quite sensitive to 
fuel and 1,urnable-poison burnup and io the variations 
in fission-product concentrations. 

The aluminum-plate coefficient is of some interest 
because of the reactivity effect associated with tol- 
erances on fuel-plate thickncss. II? Table 9.1 the 
aluminum-plate coefficients presented as (Ak/k)/mil 
represent the positive reactivity addition associated 
with rzmoval of 0.001 in. of plate thickness from each 
plate in the specified element. 

Burnable-poison (' B) coefficients were not de- 
termined experimentally but were calculated on the 
basis of complete removal of boron, with the specified 
radial distribution, from the inner element of the 
IWIRCE-3 core. The resulting coefficient was 4 .018  
(Ak/k)/g B. 

9.4 Boron-Stainless Steel Pokw Strips 

Undei certain emcrgency conditions it might be 
desirable to poison the fuel elements with poison strips 
fitted between the fuel plates. For this purpose boron- 
stainless steel strips were proposed, and their w o r t h  
were experimentnlly determined. The results are dis- 
cussed in Ref. 28. 
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10. FISSION DENSITIES AND PLATE 
TEMPERATURE DATA ASSOCIATED WITH 

RADIATION DAMAGE 

The degree of radiation damage in the HFIK fuel 
plates appears to be dependent on the concentration of 
fission-gas atoms generated in the fuel and on the 
temperature of the fuel. Results from preliminary 
radiation-damage experiments29 associated with the 
IIkIK aiid ATR programs indicated that the WFIK 
design and operating conditions are close to those that 
could result in significant radiation damage. Additiondl 
experimen ts were therefore conducted to obtain more 
applicable data,3’ and a detailed computation of fission 
densities and temperatures in the HFIR fuel plates was 
ma de 

In ordei to evaluate radiation dainage in teims of 
fuel-plate mechanical integrity and heat-rernoval 
capabilities, several factors must be considered. Among 
the more obvious are (1) the effective areas assvciated 
with the hotspot and hot-plate conditions and (2) tlie 
loca~ion of the thermal hotspot and hot-plate condi- 
tions relative to the fission-density distribution. A 
derailed discussion of the effects of these and other 
factors i n  the overall evaluation of HFIR fuel-plate 
radiation damage is outside the scope of this report, 
howevei , basic information concerning the possible 
fuel-plat e surface areas covered by the hot-spot and 
hotplate conditions and the fission densities and 
tempera1 ures that occur in these areas is given here. 
Critena governing the acceptable extent uf radiation 
(barnage by the end of d fuel cycle from the standpoint 
of heat rerinoval are the following’ (1) plate swelling no 
greater than 4% for hot-streak conditions and 5% for 
hot-spot conditions, (2) no blisters or nonbonds greater 
than 0.06 in. in diameter. 

10.1 Analysis of the Nominal Core 

The total number of fission-gas atoms generated per 
unit volume at a particular location in the fuel over a 
specified period of time was assumed to  be directly 
proportional to the time-integrated power density at 
that point. One-dimensional HFIR fuel-cycle cilcula- 
tiuns arid two-dinieosional conection factors were used 
to obtain the time-integrated fission derisity (hence- 

forth referred to as “f>ssion density”) foi d typical 
23-day HFIK core as a function of space and time. The 
results ale shown in Figs. 10.1 thiough 10.5. 

The fission densities in Figs. 10.1 and 10.2 are 
expressed in terms of averages over the volume of a unit 
cell in the fuel region. These curves were then multi- 
plied by the rativ of unit-cell thickness to fuelplate fuel 
core thickness to obtain fissions per unit volume of 
fuel-plate fuel core. The latter curves, which are useful 
in estimating the degree of radiation damage, ale shown 
in Figs. 10.3 through 10.5. It is interesting to note in 
these figures that the peak fission densities occur 
adjacent to the four side plates instead of at the centers 
of the fuel annuli, where the “homogenized” fission 
densities peak. ‘The reason for this is that next to the 
side plates the thicknesses of  the fuel-plate fuel cores 
are one-half to one-third the t tiicktiesses of the cores at  
the radial centei of the annuli (see Figs. 7.1 and 7.2). 

In the longitudinal direction there are three peaks in 
the fission densiiy : one at tlie horizontal rmdl,lane and 
one at each end of the core. Sirice there is no variation 
in nondnal fuel-core thickness in the longitudinal 
direction, the peaks result only from the neution flux 
distribution. 
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Pig. 10.3. Total Number of Fissions Per Unit Volume of 
Fuel-Hate Fuel Core After 15 Days of Operation at  100 Mw. 

Fuel-plate temperature distributions after 15 and 23 
days of operation at 100 Mw are shown in Figs. 10.6 
through 10.10. As indicated, the maximum tempera- 
tures near the end of a fuel cycle occur in regions of 
low fission density, a condition that is advantageous 
from a radiation damage point of view. 

The variation in fuel temperature with time, shown in 
Figs. 10.1 1 and 10.12, results from the variation in the 
relative power distribution and from an inciease in the 
fuel-plate aluminum oxide thickness. It is not known at 
this time whether the time dependence of fuel tempera- 
ture has a significant effect on radiation damage. 

When calculating the fuel-plate temperatures re- 
poited, the most recent out-of-pilc cxperimental data' o 
were used for the rate of aluminum oxide buildup and 
for the oxide thermal resistance. It is possible of course 
that under reactor operating conditions the oxide fihn 
characteristics are significantly different. However, ex- 
periments in the ETR indicate that the in-pile and 
out-of-pile oxide films are about the same 3' 
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Fig. 10.4. at 100 Mw. 

Fig. 10.5. Total Number of Pisions Per Unit Volume of Fuel-Plate Fuel Core After 23 Days of Operation at 100 hfw. Axkd profile 
f a  two r ~ d i a l  locationi. 
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10.2 Hot-Spot and Hot-Plate Conditions 

The hot-spot and hot-plate conditions define various 
combinations of deviations from the nominal core 
clesign and operatirig conditions and niust be used when 
analyzing the heat removal from the core. It i s  also 
necessary to consider these conditions in connection 
witti radiation damage because they affect both fission 
densilies aad temperatures. 

To evaluate the possible radiation-damage problem at 
the hot-spot and hot-plate locations, it will be necessary 
to consider the effect these locations have on fission 
demit y and temperature distribution. One important 
consideratioti i n  this regard is tlie amount of fiiel-plate 
area that can be covered by lhe hot-spot and hot-plate 
conditions (Le., what size area can have a fuel-surface 
density 10% greater than nominal, etc.). From an 
analytical point of view the hotspot and hot-plate areas 
are defined in t e r m  of the fabrication specifications 
arid 1.he particular met hods of inspection used. In the 
actual case, of coIprse, the areas might be signiiicantly 
less. However, until such data are made available, it 
seems prudent to consider the conditioris defined by 
the present specifications.:’ Corresponding typical 
hot-spot and hot-plate cotitli tions considered herein for 
determining the maximum fission derisities are i l -  

... ... .. lustrated graphically in Figs. 10.13 and 10.14. I t  is 
evident that the specifications and the present methods 

of inspection permit about half the plate to h ~ ~ e  fuel- 
surface densities that are 109 greater than the specified 
~iorninal values The niaxinium hot-spot area IS con- 
siderably less, but several hot $pots can exist on the 
satnc plate if they ale separated longitudinally by about 
‘I2 111. 

The hut-spot and hot-plate conditions shown 111 Figs. 
10.13 and 10.14 refer only to increases in local power 
densities that iesult t iom excessive fuel concentrdtiuns. 
The total hotspot arid hol -plnte factors cunsist of the 
severdl individual ldctors rridicdted in the followng 
equatlolls 

Ilotspot facto1 = fuel-segregation factor X 
flux-distribution factor X cole-vulume 
hc tor  X power-level hctor X axial- 
position factor = 1 .SO X 1.10 >( 1 .OS X 
1.02 X E(r) = 1.53 X E(r) 

Hot-plate factor = fuel-distrhutiun factor X 
flux-distribution factor X core-volume 
factor X power-level facto1 = 1.10 X 1.10 
X 1.05 X 1.02 = 1.30 

It IS assunied that the flux-distribution arid core-volume 
factors cover tlie entile fuel .plate area; therefore, the 
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L0.42 in. ‘-0.25in. 1 

Fig. 10.1 3. Percentage Ucviations from Specified Nominal Fuel Concentration and Typical Hot-Spot Conditions at Four 
Particular Locations. 

diagram in Figs. 10.13 and 10.14 qualitatively rep- 
resent a superposition of the fuel..segregation and 
fuel-distribution factors on the other two factors. ‘To 
obtain the approximate corresponding hotspot and 
hot-plate fission densities, the curves in Figs. 10.1 
through 10.5 should be multiplied by the above total 
factors, which take into account the restricted area 
coverage indicated in Figs. 10.13 and 10.14. 

The quantity B(r) in the hot-spot factor equation 
accounts for axial extension o f  the fuel into the steep 
thermal flux gradient. This factor is a function of radial 
position and is plotted accordingly in Fig. 10.15. It 
should be noted that the factors in this figure apply 
only at the outlet end of the core. The inlet end of the 
core is considerably cooler than the outlet, and thus i t  
constitutes a less severe case insofar as radiation damage 
is concerned. 

In the above treatment of the hot spot it was assumed 
that the fuel. in the hotspot area was distributed 
uniformly over the area defined by the inspection head 
(sensing area of inspection device). However, i t  is 
possible for the fuel to be segregated within this area to 
an extent limited by the maximuin packing fraction of 
the U 3 0 8  particles and the effective diameter of the 
inspection head. Typical permissible configurations, 
including unbonded areas of the maximum permissible 
diameter, are shown in Fig. 10.16. In all cases a packing 
fraction of 0.74, an effective inspection head diameter 
0.078 in., and a maximum nonbond diameter of 0.063 
in. were considered. 

The configuration in Fig. 10.16 can quite obviously 
result in much higher, though more localized, fission 
densities and fuel temperatures than the case discussed 
in the above paragraph. For instance, the area ratio of 
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detector liead tu fully concentrated fuel IS about l O : l ,  
whicii means that the local fission density could be ten 
tirnes that indicated by the inspection device. Tempera- 
tures corresponding to these cases are shown 111 Fig. 
10.1?;32 as indicated, fuel temperatures as high as 
120OoF can exist. Theie are other permissible, though 

less likely, combinations of segiegations and blisters 
that can resull in even higher temperatuies. 

At thc prehent ti me theic IS probably no accurate 
method with which to correlate these extreme cases 
with the ETR experlmntal results because these 
burnups and temperatures were not achieved on a 
nominal basis, and the degree of perveisity that actually 
existed in the experinier~tal-progiani~~~~~ sariiple plates 
is not known. It is of interest to note, however, that dl l  
HFIR cores opeialed thus fa1 have shown no signs of 
significant radiation darmage (no detectable f ? ~ ( i i i -  

product release)." Of course, as was the case with the 
experiments, knowledge of the degree uf  peiversity that 
exists is lacking. 

10.3 Summary of Results 

'The niaxitnum tirne-integrated fission density in the 
fuel-plate fuel core at the end of a 23-day fuel cycle 

*Two spent I-IIFIR fuel elements have undcrgonc detailed 
hot-cell examinations, and no indications of blisters have been 
o b ~ e r v e d . ~  
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oLciirs at thc horitorital midplane of the fuel elenwrit 
adj:icerit 1 o the control region. The fission densities and 
temperatureb at  this point tor the nomnal, hot-plate, 
and hot-spot conditions are listed in Table 10.1 

The inaxiniutn fuel temperature a t  tfie end of  the fuel 
cycle occurs at the outlef end of the core near the radial 
center o f  each fuel annulus. However, the fission 
densities at these locations are about a factor uf 2 oi 3 
less than the nuximum. Typical fission densities arid 
temperatures a1 1111s location in  the outer fuel annulus 
aie also gwen in Table I O .  I . 

Sitice iadiation damage appears to be a function o f  
both fission density and tempera1 ure, i t  is quite possible 
that the data in 'Fable 10.1 do not represent the worst 
combmation of ttie two parameters. The curves in Figs. 
10.1 through 10.12 can be used I-or a more detajled 
x~alysi:, wlien inole experimental data are :wailable. 

Wtien using the fission density arid temperature data 
to evaluate the extent of radiation damage in ternis of 
fuel-plate meclianical integiity and heat-removdl capa- 
bilities, the tlistributions of the fission density and 
temperalure must be considered. For instance, the 
maximum hot-spot fission density (see Table 10.1) 
exis ts  only at ;i point. A short distance dowtistreani 
from this point, both the temperature and fission 
density are only slightly less. Moving radially inward, 
however, the fission density decreases by a factor of 
about 2.5 in 1.4 in., while the teniperalure increases a 
few degrees. Starting at the outlet and near the radial 
center o f  the oufer fuel annulus ani1 niovlng up, the 
fission density decreases by a factor OF 2.0 in 1.2 in., 
while the hot-spot temperature decreases by about 
270°F. Thus it becornes apparent that determining the 
extent of radiation damage m y  be very difficult unless 
experiments simulating the above and sirnilai conditions 
are conducted. 

Table 10.1. Fission Densities and Temperatures 
in Fuel-Plate Fuel Core After 23  Days a t  100 hlw 

I-Ioriznntal Midplane Adjacent 
to Control Region 

Radial Center at  Outlet 
End of Outer Fuel Element 

....... .- -.~ _I__ 

Condition 
Fission Density Temperature tission rknsity Temperature 
(fissions/cni3 C'P) (fissioas/cm3) C F j  

Nominal 1.9 I84 0.7 300 

Hot spot 2.8 -350 1.0 -600 
Hot plate 2.4 2.50 0.9 485 
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11. MODIFIED COKE DESIGN FOR 
LONGER LXFE 

The present design of the HFIR core does not 
necessarily yield the longest fuel-cycle time that can be 
achieved with a core of thjs size. During the early design 
stages the desired fuel-cycle time of 15 days required 
significant extrapolations in several areas of fuel and 
fuel-plate performance. As the design and research and 
development efforts progressed, limits that appeared to 
be realistic werc applied to each parameter. It is now 
believed that several of these limits can he extended and 
thus contribute to the achievement of a longer fuel 
cycle. The major factors of concern are fuel-plate 
fabricability, fuel segregation, radiation damagt, alumi- 
num oxide buildup, corrosion, preservation of the high 
thermal-neutron fluxes in experimeiital facilities, and 
power-distribution and reactivity control. 

Further addition of fuel to a fuel plate i s  eventuilUy 
limited by increased fuel segregation; destruction of the 
continuous aluriiirium matrix in the compact by unac- 
ceptable cracking during fabrication; illcreased radiation 
damage; aiid steeper thermal flux gradients, which 
require more severe fuel gradicnts and in turn lead to 
greater fuel segregation. Of course the increased fuel 
loading extends the fuel-cycle time, and this increases 
radiation damage, oxide buildup, and corrosion. The 
oxide layer may increase in thickness to the point 
where it begins to slough off and introduce still further 
problems. 

Without at  first becoming concerned with the ma- 
terials problems, fuel-cycle calculations were made with 
a 12-kg 2 3 5 U  loading and with additional burnable 
poison in the form of a cadmium cylinder located 
between the twc fuel annuli. The results of these 
calculations indicated a substantial increase in fuel-cycle 
time (-5O%), a satisfactory power distribution, only 
slightly reduced thermal fluxes, and adequate reactivity 
control during normal operation. On the other hand the 
addition of more burnable poison, and particularly of a 
faster burriing poison like cadmium, tended to came an 
initial reactivity increase with time in the absence of 
xenon, as indicated in Fig. 1 1.1. Thus a paitially burned 
core could be more reactive than a clean core and 
require modifications in the present shutdown criteria. 
It does not appear that this will constitute a serious 
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Fig. 1 I . I .  Neiatarsn Multiplication Factor V ~ ~ W S  Time i w  Fuel 
cycle for a Core Containing Cadmium Burnable Poison. 

problem, but it might on occasion require the use of the 
standby soluble-poison systerii. 

For the above calculations the iadniium buriiable 
poison was smeared over the aluminurn-water region 
between the two fuel annuli and thus was quite dilute. 
In actual practice it might be possible to lump the 
poison to prevent its buiriing out so rapidly during the 
early part of the cycle. This would tend io alleviate the 
peak reactivity condition mentioned above. 

Several positions other than the position between the 
fuel annuli were considered for the additional burnable 
poison. If the poison were placed in the outer fuel ele- 
ment, the control-rod worth would be reduced; if it 
were placed in tiit: inner element, the flux-trap thermal 
flux would be depressed by a few percent. 

More recent extended-life fue!-cycle calculations 
indicate that because of the longer fuel cycle actually 
achieved in operation of the reactor (23 days instead of 
the predicted 16 days) it should be possible to use 
slower buriring boron instead of cadmium as thc 
additional burnable poison. 'Lie earlier calculatioiis, 
which predicted shorter fuel-cycle times, indicated 
excessive loss in fuel-cycle time due to nonbumed 
boron. This is not the case with the longer cycles. 
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Prelitninary investigations of the materials problems 
itidicate that fIom a fabrication point of view it will 
probably be possible to increase the total ' IJ loading 
from 9.4 to 12 kg; radiation damage will probably not 
be a probleni; but the increase in degree of segregation 
is as yet unknown. Oxide buildup and corrosioii have 
the same origin but are considered separately because 
the oxide film constitutes a significant thermal resist - 
ance and corrosion can lead to  fission-product release. 
The available data2' show that when the oxide thick- 
ness approaches about 2 mils arid the heat flux is close 
to I .5 X 10G Btu/hr ft2,  the oxide will begin t o  slough 
off and thus reduce the ttiermal resistance. The empir- 
ical correlation relating the inore significant parameters 
is 

where 

X = o . ~ d e  thickness in rnils, 
0 time in hours, 
R = oxide-water interface temperature in "R. 

A plot o f  the correlation for ;I range of ternpemtutes 
and times o f  interest to the fiFlR i s  shown in Fig. 11.2. 

When the oxide sloughs off, the corrosion rate 
appears to accelerate, and there is some indication that 
severe pitting will take place. However, there is not 
mough daia 1-ollowirig the initiation of sloughitig to 
predict just how severe the situation might be. Another 
cornplica tion associated with sloughing is the resultant 
variation in plate temperature patterns arid the effect 
this will have on plate deflections and thus heat 
removal. 

Returning to Fig. 11.2, it may be observed that if the 
surface temperatures are below about 31 O"F, exposure 
times of about 40 days would be required to initiate 
sloughing. This time is probably consisten! with a 12-kg 
loading, arid it is not expected that hot-plate surface 

..... . .  
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Fig. 11.2. Aluminum Oxide Buildup in pR 5.0 Water. 

temperatures will be significantly higher than 31 0°F 
However, hot-spot and other localized and sinal1 areas 
are likely to  experience coiisic1etal)ly higher surfxe 
temperatures (-400°F) This would not be troubks 1 ome 
from 1 he standpoint of plate thernial def'lecimns, but 
excessive localized corrosion could be serious. ?'hs will 
have to be investigated further. 

A possible remedy for a serious aluminurn oxlde and 
corrosion problem is the use of an electroless nickel 
coating on the aluminum-clad fuel plates. Kecent 
developmental ~ f f ~ o r t s ~ ~  i n  t tiis area indicate that 0.5 
mils of electroless nickel on aluminum in a deionized- 
wtiter environment will provide satisfactory piotectisn 
and prevent the growth of aluminum oxide. 

Anolher advanced design feature that terids to  al- 
levidte problems with the oxide IS the incorporation of 
longit udinal spacers in the coolant channels between 
the fuel plates. Studies35 conducted for the HFIK 
indicate that the mole uniform charinel thicknesses 
obtained with spacers result i t i  lower temperatures and 
thus less oxide Furthermore, the substantial increase in 
fuel-plate support permits higtier plate temperalures 
and greatei variations in temperature between adjacent 
plates. 
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APPENDICES 

Appendix A 

CRITICAL EXPERIMENT DATA 

Foui sets of critical experiments were conducted in 
connection with the HFIR The first was a solution 
critical that was used to explorc basic characteristlcs of 
?he flux trap geometry. The second (HFIKCE-2) was ,I 

complete mockup of the core essentials, including the 
rue1 element. Very extensive tests were conducted on 

nibly. At the conclusion of these tests the fuel 
loading was increased from 8 0 to 9.4 kg ' j 5  u, and the 
radial di5tt ibutions of the fuel and burnable poison 
were changed to some extent. These changes were 
recluiied because of deficiencies in the calculational 
techniques and because of changes in criteria The 
control rod design was also changed following the 
IIFIRCE-2 experiments because of undesirable re- 
activity characteristics and fdbricatio~l difficulties 

Because I J ~  some concern over the abiliry to extra- 
polate with sufficient accuracy from the HFIRCE-2 
conditions to the final design, a third set of critical 
experiments (HFIRCb-3) was conducted. With the 
exception of the boion loading and the tenlporary use 
oi J simulated final conlrol-iod design the €iFII<CF-3 
components weie essentially exact duplicates of the 
present f1FI K production components. 

Fiom the HFIIXE-2 and - 3  experiments the follow- 
ing type5 of infornution were obtained 

Series of 
Esperimen ts 

Power distributions I-IFIRCE-2 xnd -3 
Con trol-rod integral arid diffrtrciltial I-IF'IRCE-2 and -3 

Shutdown rnugins HFTKCE-2 and -3 
worths 

'Temperature and void reactivity IJFIKCE2 
coefficients 

Fuel reactivity coefficients 
Neutron lifetimes 
Wortlir of simulated plutonium 

HFIKCE-2 and -3  
ItF IKCE-2 atid -3 
IWIRCE-2 and - 3  

cargets (tlux trap) 
J h x  dibtrihutions HFIKCE-2 and -3 
Worth of beam-tube flooding 

.... tlFIRC'k:-2 . .  

A fourth set o f  experiments was finally conducted 
with the HFIRCE-3 fuel elements arid Eu2 O3 -Ta-Al 
control rods in the HFIK facility These tests were 
included i n  the program because of a change i n  
control-region dimensions, to till gaps in the pievious 
experimental data, and to veiify that adequate simula- 
tion between cit(i~a1 facility and reactor facility really 
e,xisted. No changes resulted from these experirrieills 

Duiing the latter experirneii ts, power distributions, 
control-rod differential and integral worths, shutdown 
margins, several ieactivity coetfiLients, and miulated- 
plutonium-target wortlis were obtdined In addition 
there were many other cxperirnents more closely 
associated with rex tur  startup, however, tiizy will riot 
be cliscussed here 

Results from the fust  three ci iticdl experiments have 
been published,'-' and as iniliuted above, these 
expeiiments were duplicated to a l q e  extent in the 
final set of experiments Foi these leasons onlv the 
IIFIKCF4 expeiiments are discussed i i i  detail heie. 

In the IIFlKCE-2, -3 ,  and 4 experiments a flux-trap 
target siinulating a 300-9 plutoi~ium target with 
rnaxlrnum reactivlty effect was used f o ~  deterrruniiig the 
effect of the target on reactivities and power distribu- 
tions. The 1 arget consisted of alurmnum tubes bundled 
togethei with the p r o p  metal-to-wdter ratio, sorile 
contained ii mixture of 2 3 5 U ,  23x1J,  silver, and 
alumnuin, and some weie open ended Foi the 
HFIRCF;-2 ,ind -3 experirnmt, (pel formed i n  the 
critical facility) this target was used uncaoned, but in 
the IIF1KCE-4 experiments the target was canned in a 
plastic cylinder that provided the optimum void space, 
which could be filled with water o r  an The plastic 
cylinder just fit the flux trap SCI that no srgnificmt voids 
could enter the trap region Since i t  wds also impai tdnt 
that voids not enter the flux trap in an uncontrolled 
manner without the target in phce, ,i plastic cylinder 
without the target w'is also fabricated. It contained 
space for the optimum void ,issoci;ited \mvlrh no taiget. 
Thus there were four basic types of flux tldpS con- 
sidered in the HFIRCE4 expeiiments. [n the tollowing 
discussions they are referred to as the plastic: isbnd 
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filled with water (Pl+W), the  plastic island with 
optimum void (PI+V), the plastic target filled with 
water (PTtW), and the plastic target with optimum void 
pr+ V). 

A.l  Power Distributions 

Because of the symmetry of the HFLR core it was a 
relatively simple matter t o  obtain power distributions 
by exposing fuel foils that were previoiisly piinched 
from and reinserted into a few of the fuel plates. These 
special plates, which wete removable, are shown in 
detail in Figs. A.l and A.2. In order to  obtain more 
detail than provided by the punched foils, several 
0.002-in.-thick ’/, 6-in.-diam 3 5  U foils were taped to 
the surface of the plates near the plate ends. The 
locations of these foils are shown in the above figures. 

Before being exposed, each of the fuel. foils was 
carefully counted in a scintillation counter to  determine 
the weight of ’’ U in each. After exposure, the foils 
were counted in a large (4-531) higli-pressure well-type 8 

gamma-ionization chamber in which the count rate was 
essentially independent of  foil orientation in tlie 
chamber and power distribution within the foil. 
Relative power distributions were obtained by cornpar- 
ing the total gamma activity of each foil with the 
time-interpolated activity of a normalizing foil that had 
bcen irradiated at  the same time and was counted 
periodically during the counting of the other foils. A 
plot of norrnalizing foil data as a function of time 
indicated a counting accuracy (reproducibility) of 
ahout .?:I%. 

All the  fuel plates in both the inner and outer 
IWII<CE-3 fuel elements wcre removable; howevcr, 
because of the high degree of symmetry, as fow as three 
positions in each eleiirient would give satisfactory 
power-distribution data. I n  the critical facility, as irall)l 

as six positions in each elerrleiit were used. ‘These 
positions are shown in Fig. A.3. They were selected t o  
look a t  possible perturbations associated with the  
beam-tube facilities and with the longitudinal gaps in 
the conti-ol rods, as well as t o  look at the typical core. 
Results from the 12 positions indicated that  the beam 
tubes have essentially n o  effect on power distribution 
and that plate positions la, 37a, 97a, Ib, 78b, and 207b 
were sufficient for predicting power-distribution data. 
Thus these positions were used in the HFIR facility 
experiments. The circumferential location represented 
by positions 97a and 207b constituted the best average 
core position, aild therefore all foils in these two plates 
were counted. In the other four plates, only the 
horizontal midplane foils were counted. 

Power distributions were obtained for the clean core 
condition and for several different poisoned-moderator 
conditions, including the fully withdrawn rod condi- 
tion; in all cases the rods were symmetrical. Keproduc- 
ibility was investigated for the clean core and the fully 
poisoned conditinns. 

Three clean core power-distribution experiments were 
conducted grioi to the time boron was used in the 
moderator (with the exception of that used in the 
HFIRCE-3 critical facility), and another was conducted 
after the boric acid rod-calibration experiments. Im- 
mediately following the rod-calibration tests and prior 
to the latter clean core power-distribution experiment, 
the fuel element was washed successively with 0.4% 
HN03,  0.8% HN03 ~ arnuioniurn hydroxide (pH lo), 
and finally 35% I-IN03. Only the latter was effective in 
removing the retained boron. 

Since the boron retention following the rod-calibra- 
tion tests appeared t o  be  considerably in excess of that 
experienced during the picvious critical expcrirnents, 
borax (Na2R4O7.10H2O), which was used in the 
MFIRcE-3 experiments, was substituted for boric acid 
in the reminder  of  tlie power -distrib ut ion experirue n t  s. 
IIowevcr, therc was still a problem with boron reten- 
tion, and thus the HN03 rinses were continued. For 
this reason there was always S O I I I ~  question regarding 
the actual value of the metal-to-water ratio, since the 
rinses removed pari of the aluminum cladding. At the 
completion of the experiments and after a final rinse, 
several fuel plates wcre removed and their thicknesses 
measured. ‘1 he result3 indicated a reduction in plate 
thickness of about 0.001 in., leaving a plate thickness 
just within niinirnum thickness specifications. The 
effect of the changing metal-to-water ratio on the 
power distributions is discussed in the following para- 
graphs. 

The results from the reproducibility experimziits were 
very encouraging, indicating that the overall accuracy of 
the relative power distiibution was about +5% (97% of 
the points agree within 2.5%). There were a few 
scattercd points that dcviated by  more than this, but in 
ihese cases it appeared obvious that the difference was 
due t o  incorrcct foil weights, a change in rod position, 
or incorrect hot-fuil activity measurements, or combi- 
nations of these. 

For the clean core condition, five separate experi- 
ments with the same island condition (PI-fW) were 
conducted. The first three were conducted before the 
fiist application of boron to the moderator; the fourth 
followed the  acid rinse after the boric acid rod- 
calibration experiments; and the f i f th  followed the final 
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QiiNI.-DWG 63- 8 4 3 4 R A  

RAIIIBL. I)ISTANCES TO FOll 
CENTERS FROM CORF AXIS 

FOIL ~ ( I c . )  
1 1.708 
2 3.3'38 
3 3..708 
4 4.108 
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6 4.900 
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Fig. A.1. Location of Foils in Removabte Fuel Plate from Inner Annulus of HFIRCE-3 Core. 
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!;Et-: NOTES IN FIG. 4. 4 
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................. 
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~ ........ ~ ...... ...... __ ....... n,nno 

t OF SYMtdFl-H'I 

Fig. A.2. Location of Poils in Removable Fuel Plate from Outer Annulus of HFIRCE-3 Core. 
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... ..... 
acid rime. A surnrilary of typical point values arid a 
siinple comparison between sets o f  data are given in 
Table 11.1. 'Uie data of September 8 ,  1965, had a 
negative bias because of a high-reading normalizing foil. 
'The dala taken on October 21, 1965, showed a negative 
bias for foil positions 3, 4, 5 ,  and 6-OE because 
between September 39, 1965, and October 31, 1965, 
several acid rinses chariged the clean core syriirnetrical 

1 I f  
2 
3 
4 

6 

I-Ll 

3 
4 
5 
6 

1-11. 
7 

3 

4 
5 
5 

18 
4B 
6B 
1C 
4C 
GC 

ID 
41) 
6 D  

I E 
4F 
hL: 

IF 
41 
6b 

1G 
4G 
6G 

4A 
4A 4 
4H 
4HF1 

L; 

7 

rod position significantly a i d  required further insertion 
of the rods. 

Keproducib~lity was also checked on the f d l y  
poisoried core (rods essentially fully withdrawn). Two 
experiments were conducted; the first W:IS on October .5 
and the second on October 13, with the first being 
followed by several applications of boiori  Arid several 
acid rinses before the second was conducted. These 

Table A I .  Cumyarisun of Sets of Power Distribution D;LU fur the Clean Core Condition and a (PI+'N) Target 

Relative 
Power 

Density 
Position 

011 91 1 0/hS 

l a  

37a 

97a 

1.27 
1.11 
1.03 
1.04 
1.04 
1.10 

1.28 
1.15 
1.06 
1.02 
1.03 
1 .IO 

1.27 
1.09 
1.00 
1.00 
1.01 
1.09 

0.826 
0.641 
0.706 

109  
0.532 
0.9 12 

1.25 
1.00 
1.06 

1.20 
0.920 
1.01 

1.01 
0.777 
0.857 

0.748 
0.58 I 
0.650 

0.860 
0.588 
0.710 
0.52s 

Deviation from Yowcr Dmsity 
of 911 0/0S (%) 

9/8/65 9/9/65 9/29/65 10/21/65 
-_ 

-3  
6 
5 
8 
5 

- 4  

-3 
9 
6 
3 

-5  

-2  

+2 
+L 
+4 
+2 
+ I  
+2 

1 
+2 

0 

-2 
+2 

0 

+2 
0 

+I  

0 
k4 
r-2 

-I 
+I  
+ I  

4 
+I 
+1 

+2 
-4 
+1 
+ 3  

+5 

+3 
+3 

0 
+1 
4 3  

+3  
2 

-1 
+I 
+4 
+1 

+S 

+ ?  
+2 

0 
7 

+2 
+2 
+2 

+2 
+1 

0 

+2 
+3 
+ 2  

+3 
4 3  

0 

+3 
2 
0 

44 
42 
0 
0 
0 

+2 
+2 

1 3  

12 
1-2 
+3 
+1 
+ 1 

0 

-4 
-3 

-3 
2 

I-OE 
2 
3 
4 
5 
6 

1-Of< 
2 
3 
4 
5 

6 

1 -0E 
2 
3 
4 
5 
6 

1 1i 
4R 
6B 

IC 
4(' 
6(3 

If) 
4 I> 
6D 

If? 
4 1: 
6 li 

11: 
4E' 
66' 

I c; 
4 c  
6c; 

4 A 
4AA 
4 ti 
4N 1-1 

.......____. . 

I b  1.12 
1.04 
0958  
0.581 
0.854 
0.847 

78b 1.11 
1.06 
0.969 
U.918 
0.894 
0.92Y 

207b 1.10 
1.03 
0.941 
0.865 
0.%11 
0.836 

0.701 
0.459 
0.25 1 

0.909 
0.662 
0.507 

I .Oh 
0.813 
0.715 

1.02 
0.762 
0.63.5 

0.861 
0.5Rh 
0.4 (8  

0.639 
0.363 
0.141 

0.6 14 
0.37.5 
0.437 
0.294 

- -4  
- -3  
-4 
- 2  
- 3  
- - I  

-4 
-3  

2 
.. 2 

- 1  
--4 

+ I  
+ I  
+3 
4-3  
..6 

+2 

+4 
+2 
+1 

+1 
+4 
+3 

-+ 1 
+3 
+2 

t.2 
14 
+-3 

0 
1 3  

+10 

+2 
+3 
+- 5 

+4 
+1 
+8 
- 2  

+ 2 
0 

0 
- 2  
.- 2 

- 4  

+3 
+1 
+2 
0 
- 2  
-5 

4.4 + 2  

+2 0 
+ 2 - -  I 

0 - 4  
-9 --16 
- -1  ~ - 1 5  

+ I  
0 

t l  

$4 
.- I 

0 

+3 
+I 
-t 2 

+2 
t 2  
t l  

-1 
0 

--3 

+1 
+ 3 

+ I 3  

+6 --4 
3- 1 -- 3 
t.2 - 1  

+2 -3  
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results are compared in Table A.2. A negative bias is 
obs:rvrd in the outer elemerlt that is greater at the ends 
than at  the middle and greater a t  the lower end than at  

the upper. 'This presumably results from the rods being 
further inserted during the October 13, 1965, experi- 
ment. 

Table A.2. Cornpalison of Sets of PQWX Distribution Data 
for the Fully Poisoned Condition and a (PI+W) Tznget 

Foil Position 

Relative Deviation on 
Power 10/13/65 from 

Density Power Ikns i ty  
on 10/5/65 on 10/5/65 (s%, 

1-Ih l a  
2 
3 
4 
5 

6 

1-IE 
2 
3 
4 
5 

6 

1-IE 
2 
3 
4 
5 
6 

1B 
4B 
68  

IC 
4C 
6C 

1D 
4D 
6 0  

1E 
4E 
6E 

It: 
4 F  
6F 

1G 
IG  
6G 

4A 
4Ah 
411 
4HH 

37a 

97a 

1.27 
1.08 
1.02 
1.02 
1.04 
1.10 

1.22 
1.05 
0.99 
1.00 
1.02 
1.09 

1.28 
1.06 
1.00 
1.01 
1 .oo 
1.08 

0.7 7 
0.61 
0.67 

1.05 
0.8 1 
0.69 

1.22 
0.96 
1.03 

1.22 
0.96 
1.05 

1.06 
0.83 
0.9 1 

0.73 
0.6 3 
0.68 

0.67 
0.5 1 
0.6 1 

0 
22 

0 
+1 

1 
+1 

+2 
0 

+1 
+1 
+2 
t 2  

0 
0 

+1 
-1  
+ 1  

0 

+1 
+3 
+3 
-1 

0 
0 

-3  
0 
0 

2 
-1 
1 

-1 
-1 
-2 

-2 
0 

+2 

-3 
+4 
+5 

- 

Relative 
Power 

Density Position 

on 10/5/65 

Deviation on 
10/13/65 from 
Power Density 
on 10/5/65 (%) 

1-OE 
2 
3 
4 
5 
6 

1-OE 
2 
3 
4 
5 
6 

I-OE 
2 
3 
4 
5 
6 

1B 
4B 
6B 

1c 
4C 
6C 

1D 
4D 
6D 

1E 
I E  

6E 

1F 
4t: 
6F 

1G 
4G 
6G 

4A 
4AA 

4IIII  
4 n  

?8b 

207h 

l h  1.14 
1.13 
1.11 
1.09 
1.15 
1.32 

1.15 
1.16 
1.14 
1.13 
1.21 
1.38 

1.13 
1.14 
1.12 
1.10 
1.16 
1.31 

0.76 
0.74 
0.89 

0.98 
0.9s 
1.15 

1.12 
1 .O? 
1.32 

1.12 
1.09 
1.33 

0.99 
0.95 
1.16 

0.78 
0.73 
0.91 

0.80 
0.59 
0.73 
0.57 

4-1 
0 

-1 
0 
0 

-1 

0 
-1 
-1 
- 1  

2 
2 

0 
-2 
-1 
-2 

3 
-1 

? 
-7 
-9 

5 
-6 
-8 

a 
-5 
6 

-4 
-5 
-6 

-6 
5 

-7 

11 
11 

-10 

-8 
-9 

-12 
-12 
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All but one of the power distribution experirnents 
was conducted with the (PItVv) target in the island. To 
obtain J comparison between target and no target, one 
cleaii core experiment wa> conducted with the (PT+W) 
targel 

A lew general coimtients can be made regarding 
dmxuthal arid longitudinal symmetry A comparison or 
6.OE foils for platc postlroiis l b ,  7Xb, and 207b 
mdlcate, that there IS essentially no ettect of beam 
holes on power distribution but that the window 
bztweeri control-rod position quadrants arid tile greatzr 
water concentration in that area increases the local 
power density by as much ;is 25% dnd by no less than 
5% The latter value exlsts with the rods fully with- 
drawn, in which case the peaking presunlably re\ults 
from the greater water concentration associated with 
the staliunaiy divider strip between the safety rods The 
largest peaking occurs with the rods in their iiinermosi 
critical position (clean core plus nmanium fission 
target). These effects will have to be considered when 
evaluating the oveiall window peaking problem for 
futuie cores However, the present core design has 
sufficient margin in 1tie area ol interest to accom- 
tiiodate thex  local peaks, since they are no different 
i lian observed in pievious experiments 

la the long~tudinal direction there is a tendency foi 
the power density to be gicater at the inlet end than ,it 
the outlet because o f  the slight lnngitudirid asymmetry 
assocuted with the radral dirplaceinent of the safety 
rods ielative to the reguldtltig iod. The effect 1s more 
pionocmced tor the clean core condition than for the 
fully withdrawn-iod condition because as the rods are 
withdtawn the “reflector’ asynmietry decreases. An 
analysis of the data indicates that for the clean core 
p(u5 symmetrical rod condition the power density at 
the outlet end of the core is approxiinalely 17% less 
than at the Inlet end for the inner element dnd about 
28% less for the outer element. When the rods are tully 
wltlidiawn, the corresponding values are about 3 and 
1 1 % .  These values agree reasonably well wth previous 
data, m d  even afiei m h n g  a correct~on tor inac- 
curacies they indicate a yignificant impiovement in heat 
removal (compared with a completely symmetrical 
car) in the early pa1 t of a fuel cycle 

Figures A. I  and A 2 show uranium foils located 
beyond the lower end of the fuel core (311 the removable 
fuel pldteS These foils were used for delerimning flux 
gradients, which were helptul in extrapolating the otlier 
foil data to the ends ot the fuel cores. Ttiese data were 
also useful i n  tleterrmning end-peaking effects as- 
sociated with relative axial locations of adjacent fuel 
cuies Fabrication tolerances were such that single 

fuel core could extend beyorld the others by i\’i much as 
1.34 cm. The power density at the end of Ihis core 
would be considerably greater than for the other5 
Figure A 4 shows {lie 2 3 5 U  fission densities a t  the 
indicated cricul‘ir-foil locations relative to lhe values at 
the nonunal position of the end of the fuel core. It nuy 
he observed that for a 1.34-cm protrusion thc increase 
in cuieedge density, ielahve t o  the iiominal core, 
would be L9 to SO%, depending on the radial position 

4.6 

1 4  

0.6 

Fig. A.4. Fission Flux Relative to Axid Distributions at 

bottom of Core for Clean Core Condition. 

A .2 Moderator-Poison Data 

Since the power-distrihution d:tta were to  be used for 
obtaining correction factors for calculated rksults, it 
was necessary that tile experiments be calcillated 
accurately; that IS,  calculated with accurate coticent ra- 
tlons, etc. Because the boron would tend to plate out 
on tile fuel plates and precipitate out with the 
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aluminum hydroxide that was some times present, there 
was some question regarding the accuracy with which 
the actual effective concentration could be determicied. 
An accurate account of the weights of rniilerial used t o  
nuke  up a solution and the application of correction 
factors based on the difference in rod position before 
and after an experiment resulted in a comparison 
between the boric acid concentrations and the borax 
concenications that is very close. The data are sum- 
marired in Fig. A S .  It is believed that these data were 
quite satisfactory for their intended purpose. 

CRNL- DWG 70-!4388 
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Fig. A S .  Boron Concentration in Moderator Versus Symmet- 
rical Rod Position; HFIKCE-3 Core and Rods in I lFIK Facility 
with (PI-+W) Flux Tray. 

A.3 Symmetrical Rod Positions in 
Clean Core 

It is of some interest to discuss the symmetrical rod 
positions in the clean core for the HFIRCE-3 element 
and rods as a function of time because it sheds some 
light on reproducibility, target worths, boron retention, 
and effect of source. In many cases the so-called critical 
position was obtained with the source remaining in the 
reflector. On August 27, 1965, the power level at 
“criticality” was increased in iiicrements to determine 

what level was rcquired to make the source negligible in 
terms of rod position at “criticality.” The minimum 
levcl corresponded to a reading of about 1 X lo-’ on 
the micromicroammeter (ion-chamber output). In other 
experiments the source was rernovcd. 

Table A.3 lists the rod positions considered to be of 
particular interest. Reproducibility of rod position at 
criticality was very good if the fuel element was not 
removed from the core. For instance, rod position 
reproducibility was investigated without removing the 
fuel elemerii on August 3 1 ,  September 13, September 
15, and September 16; the rod positions checked within 
2 or 3 mils after extensive scrai-nnling and fast run- 
downs. However, the symmetrical rod positions 
achieved after removal and reinstal!ation of the eiement 
varied from 17.520 to  17.54’1, which amounts to about 
8 cents in reactivity. From August 25 through Sep- 
tember 16 the trend seemed to be toward a decreasing 
rod position, although rnaximurri aird minimum posi- 
tions occurred on September 8 and September 9, 
respectivcly. 

The above variations can be attributed to many 
things: ( I  ) criticality not actually achieved, (2) 
tolerances in rod-position indicators, ( 3 )  element posi- 
tioning witkill the core, (4) exchange of removable fuel 
plates, (5) temperature, (6) radial positioning of control 
rods, (7) bubbles on the metallic surfaces, and (8) a 
void trapped under the element. Based on observations 
of power-versus-time curves (ion-clwnl>er output re- 
cordings) during the experiments, it is concluded that 
item 1 would generally account for no m o r e  than 3 
mils. The good reproducibility obtained following 
considerable roc1 movement but without removing the 
element indicates that items 2 and 6 would also account 
for no more than 3 mils total. It does not seem 
reasonable that item 3 would amount to  anything 
because of the tight positioning toleraimcs and the 
Circumferential symmetry, which negates radial- 
displacement effects; in addition, the element was 
always located in the same relative circumferential 
position. This leaves items 4,  5,7, and 8 as the possible 
significant contributors. 

The exchange of removable fuel plates should not 
account for more than about 0.034 in. (equivalent t o  
10 cents), based on the permissible variation in fuel and 
burnable-poison loadings and distributions. Fuel-plate 
inspection records indicate that there was not nearly 
this difference in the fuel plates. The biggest difference 
in rod position was observed on September 8 and 
September 9 (0.027 in.). In that case only two 
removable plates were exchanged (one inner and one 
outer). Therefore the maximum change in rod position 
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Table A.3. Symmetrical Rod Positionb for HFIRCE-3 
Clean Core and Rods in thw HFiK Facility 

- ....... ___ ___ ___ l_l_ ___ 111-----1------ 

Date 
in 

1965 

8/25 

8/27 
8/31 
8/31 

813 i 

9 /2  
9 B b  

918 

919 

9/10 

9/13 

9/13 

9 /  1.1 
9/15 
9/15 
9/15 
9/15 
9/ 16 

91 1. 6 
9/16 
9/16 

9/22 

9/21 
9/23 

91'23 

9/23 

9/23 

Conditions 
l_l ........ ___ 

lon- Indicated 
Chamber Moderator 

Output  Tampcrutu re 

Syinrnetrical Rod 

(in.) 
(:oiiiiiients Position Target 

( a w )  (" C) ___ .....___I_ __I ___ l__-i_ ___ ....... 

17.536 

17.535 
17.528 
17.530 

17.529 

16.777 
17.510 

17.547 

17.520 

17.534 

17.197 

17.197 

16.345 
15.850 
15.847 
15.8454 
15.849 
17.520 

17.522 
17.520 
11.522 

17.722 

17.718 
17.677 

17.636 

11.623 

1'1.020 

1 . 2 ~  

4.9 x 10-7 
I x 

2.0 x 

2.0 x 

2.0 x 1 0 . ~  
1 x 10-8 

1 x  l o - 6  

1 x 10 -6 

1 x 

2 %  

8 X  N7 

I X  1 0 . ~  
2~ IO-' 

8 %  10-I 
x x  

8 x 

x x 10r7 

s x  

2~ 

2~ 
2 x  

2 %  

2~ 

2 x lo-.' 

8 X I C 7  

27.2 

28 2 
29 
29.6 

3 0  0 

28.5 
31 

30.9 

30 8 

28.6 

3 3  

33.4 

32.9 
3 3  
33 
33 
33 
30 

30 
31) 
3(1 

28.5 

I'irst syrnmctricdl 
critical experiment 

Check after considerablr 

Ctrcck sfter consideidble 

ORNL first ptoducrioii  me 
F1I;lRCE-3 elzirient rein- 

stalled; conrained four 
punched plates with 24 
fuel (oils and 88 aluiiiiiiurn 
fo1ls 

Sourcc rernovzd at  
"criticality " 

HkIKC'E-3 e:ement rcin- 
stalled; contained two 
punched plates with ail 
fucl foils 

11FIlWI:-3 e!ement rein- 
atallcd; mntained six 
plates with dl fuel 
foils 

stalled; no punched 

rod mnrcment 

rod movement 

HFIRCE-3 element rem- 

plates 
Check after :&vera1 

scrams 

Check after scram 
Check alter scram 
Check after last rundown 
HFIKCE-3 clement rrin- 

rtdlled after drilling 
vent hole 

C l i c k  alter si'rdrn 
(:hack after x i a m  
Check after scram; last 
of  the prepoison cxperi- 
rnenls 

boric acid exyerimcnts; two 
water rinscs 

First "clean cox'' sitice 

Two ! i i ~ f i  water rinses 
After 0.4% H N 0 3  rinse 

After 0.85 HNO? rinse 
in situ 

iii situ 

riwe in situ 

rinse in situ 

After N1f;iCJI-l (pH 10.4) 

After NH40H 1p€1 10.6) 

... 

"(s) means S O I I ~ C ' C  in; (&S) means source out. 
bOn 9/1/65 the drain plug in the hottoin of the Hl:IKCE-3 element was installed. Prior to  this time the vessel and elcnlent water 

were coiiimon. After this time a void was possibly present under the ~.lement. On 9/16/65. a vellt hole was drilled to clirrliriate 
pussitla voids. 



'l'able A 3  (rwntinued) 

9/24 17 392 tPI+CV)(S) ? X  

9/29 17 340 ( PI+\VXS ) I x 10-8 24 .o 
af te r  furtlirr w.itci 

rinse: six punched 
p l a t s .  all fucl Soils 

9\29 
9/29 
9/30 

17.371 
17.371 
17.437 

24 0 
24 8 

Aftcr  water rinse fol- 
lowing frilly poiwned 
iiioderntor (Siisi use of 
Naz 13407) 

Ai'tcr 1';  ) I N 0 3  r inse 
in situ 

After I ?  HNO, rm\c 
in \it11 Ibllowing fully 
poisoned modcr.itor 

after water rinw And 
tu l ly  poiwncd Inoderator 

af.ter 10':. H N 0 3  rinse 

.ifter 2 1% HYO.< rinsc 

~ f f e r  water rinse t'ol- 
lowing particilly poi- 
\uncd r1ioder;ltnr 

Rcin\t;illed cicnii:nt 
af te r  water .in\e Tol- 
lowing p a t i a l l y  poi- 
soned modciator 

I~cii i~tallcd .:lcincnt 

Rciiiitalled clement 

Kein\t;llled rleincnt 

Reinstalled elcnicnt 

Rein\falled rlcli irnt 

after 21#  IlNOj iiuw 
After watcr riiisr in situ 

following pxt ia l ly  poi- 
\omd lilcJ,Jcrator 

Reinytollcd elciiie,it 
after 2 1%- HNOJ rinse 

Aftcr w u c r  rinse in situ 
rollowing 1.iiIly poiwnrtd 

10/1 

1014 

17.432 

17.451 

1 x 

1 x lo-x 24.0 

I x IO-' 10,'s 17.6111 

1 x 

1 x 10-3 

I x 

10/6 

1016 

10/7 

17.535 

17.431 

17.611 24.0 

25.2  1018 17.663 I x (PI+W)(NS) 

7.265 (PI+\V)(NS) 

7 555 (PI +W) ( N S) 

7.200 (PI+W)(NS) 

7.335 (PI< W(hTS) 

x 1 0 P  

x 10-8 

x 

x 1 0 P  

l O / l l  

10/1 I 

l 0 / l 2  

10112 

inodzrator 

after 21% HNO3 rinse 
following lirlly poisoned 
moderator 

(PI+\V)(NS) 1 x 10-8 ?? (1 Rcinrtalled elrmciri 10114' 16.988 

10114 16.599 (PT+W)INS) 1 x 10-8 23.0 
10/15 15.090 (Pi+V)INS) 1 x 10-8 2 3 . 3  Reinstdlled clement 

10120 16.959 (PI+W?(S) 4 x  Kein\ ta l lcd  cleiiierit 

1012 1 16.939 (PI+NXNS) io x 24.6 Kein\t:illed Plement 

10122 18.788 (PI+W)(S) 4 x  24.2 ORNL h r h t  production core 

'On 10113, f o l l w i n g  the power distribution r u n  with a fully poisoned modeiatoi, the drain plug w a \  removed and l i f t  out for 

l0/20 16.987 (PI+CY)(S) 2 x  t r 7  

Lifter u'atcr {inv 

(24 circuliir foils) 

.... -- -  .... __ __ ~ _.___ ~~ _x 

the Test of the experirneiits. 
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associated with this change would be 0.034/6 z 0.006 
in., and as mentioned it is expected that it ~tiould 
actually be significantly less than this. 

Differences associated with temperature variations 
cannot be accurately accounted for because sufficient 
temperature data were not obtained. The only tempera- 
lure recorded before the poisoned-moderator experi- 
ments was the water ternperaturz just above the top  of 
the fuel plates. Other important temperatures are those 
i n  the island and in the reflector. Since the island 
consisted of a water-filled plastic container, the ef -  
fective island temperature was not necessarily the same 
as the vessel water or the fuel-element water tempzra- 
t u x .  

Maxl mum effects from temperature variations were 
estinn l e d  to be tlie iollowing: 

Change in Rod  
Position 
(in./"P) 

1 SI and 0.004 
1. url +0.003 
1 uel and island -0 001 

In tern% of the observed and postulated temperature 
changes and differences, the above coefficients are not 
negligible. However, the inability to apply this informa- 
tion under the circurtistances is illustrated by a compari- 
son of rod positions achieved with the ONNL first 
produciirjn element on September 2 and October 22.  
The rod positions were only 1 mil different, :ind yel. the 
element temperature was different by about 4°C. 

The only clue to  the possible existence of bubbles on 
the surfaces of the various components comes froni [tie 
results obtained with the HFIRCE-2 element at  the 
critical facility. After experiencing inability to achieve 
i he smie rod positiun following lowering and raising of 
the water 1t:vel in  all regions o f  the core, a very small 
amount of wetting agent w;is added to the water, 
presunubly to  eliminate a bubble problem. I1 was 
decided not to use a wetting agent in the HFIK facility 
experjrrients unless theie was some further indication 
that it was needed. Appropriate tests were not con- 
ducted for isolating tlie bubble variable, and thus it 
remained at large. 

An01 her possible bubble problem was associated with 
a cavity foi-ined by the fuel-element grid ring and the 
bottom of  the FIFTKCE-3 fuel element. Originally there 
was no positive provision for venting ttlis cavity unless 
the drain plug jn tlie bottom of the HFIRCE-3 fuel 
element was removed. On August 24, when the vessel 
was first filled with water for the purpose of achieving 

.. .... .. 

criticality, it was discovered that the bottom of the 
element was vented, since water entered the element 
unexpectedly. It was later discovered that the drain 
plug had been inadvertently left out. On September 1 
the plug was replaced, and following this it was 
observed that the ratio of ion-chamber output to 
fission-chamber output had changed, indicating tlie 
presence o f  a void under the element. This condition 
existed until Septeniber 16, at which time a vent hole 
was drilled in t.lie bottom flange of the element in such 
a way that the cavity could be vented around, not 
through, the element. Thus during the period Sep- 
tember 1 to September 16 there was presumably a void 
of unknown size and effect under ihe element. Al- 
though the maximum possible size of [.tie void can be 
estitnated, the actual size is not known because some 
venting iniglit have occurred at  the element-grid inter- 
face. Reactivity effects of voids in this area have never 
been determined, but the coefficient is probably very 
close to zero. 

The tentative coriclusiort drawn from this brief 
discussion and analysis of rod-position reproducibility is 
that the variations observed were quite small jn terms of 
reactivity (8 cents) arid appeared to be within limits 
associated wit ti known tolerances. 

Following September 16, boron was used as a poison 
in the fuel-element moderator, and in several instances 
rei.airied boron was removed by removing the aluminum 
oxide with f iN03 solutions. This reduced the metal-tci- 
water rat jo slightly and at  ftie sariie time prubably did 
no1 cornpletely remove all the boron; the two condi- 
tions therefore tended to compensate for each other. In 
acldition, {.he apparent fimmtion of a very loosely 
adherent aluminum hydroxide powder, following the 
HN03 rinses, conip1ic;ited acliieving a supposedly pre- 
dictable rod position because the powder, which was 
known by chenlical analysis t o  retain some of the 
boron, could not always be t.horoughly washed out of 
the element. Thus, checks on symmetrical rod-position 
reproducibility in the clean core after September I6 
were not vzry meaningful for the HFIKCE-3 fuel 
element . 

It is of interest, however, to note that after the boric 
acid rod-calibration experj rnents (first poison experi- 
rnerits in the HFIK faci1it.y) anti tliz HNO3 rinse on 
September 24, the rod position decreased to 17.392 
from the previous values of 17.520. The solid residue 
(aluminum oxide) was analyzed and found 1.0 contain a 
relatively high perceniage of borori. '1:hese resd ts 
indiciite that there must have been a significant amoun& 
of retained boron in the core at the end of thz 
HFIKCE-3 critical experiments. 
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The change in conti-ol-rod position associated with 
boron retention appears t o  be easily distinguishable 
from the apparent random variation discussed above 
because it i s  considerably greater. Between September 
1 6  and September 22 the rod position changed from 
approximately 17.522 to  17.722 (boric acid experi- 
ments); between September 29  and October 5 the rod 
position changed from 17.371 t o  1’7.601 (first borax 
experiments); between October 6 and October 7 the 
rod position changed from 17.431 t o  17.61 I ;  between 
October 7 and October 8 the rod position changed from 
17.61 1 to  17.633; and on October 11 the rod positiori 
changed from 17.265 t o  17.555. In the first two cases 
the fully poisoned boron solution was in and out of the 
element over a several-day period. In the third, fourth, 
and fifth cases the boron concentrations in the solution 
were in decreasing order, and the solutions werc in the 
element for only a brief period of time (-2 hr). 
Between the third and fourth cases, no acid rinse was 
used. It appeaIs from these result5 that the boron 
retention tends t o  saturate, but tiine in the element and 
the range of concentrations used seemed to have little 
predictable effect. However, this is just an observation 
and has little bearing on the results of interest. 

A.4. Shistdown Margins 

As discussed jxi tlie text the reactor must be sub- 
critical for four specific combinations of conditions. In 
the MFYRCE-2 and -3 critical experiments, shutdown 
margins for these and other cases were measured 
directly by  the pulsed-neutron technique. These data 
were then extrapolated t o  the actual F’IFLR conditions. 
Of course the real proof of  shutdown margin adequacy 
was obtained from the HFlKCE4 experiments in the 
actual IIFIR facility. These results are discussed below. 

Even in the actual reactor facility there are problems 
associated with extrapolation to  the most reactive 
combination o f  conditions and tolerances. In this 
particn!ar situation it was possible t o  “measure” the 
shutdown margin for the nominally niost reactive case 
(case l V j ,  but there was still some question regarding 
the effect of boron retention and acid rjnses. 

The change in reactivity of the HFIRCE-3 clement as 
a result of  exposure lo the boric acid and borax 
solutions and the nitric acid rinses while in the HFIR 
facility was about 

$ (17.530 - 16.959) in. X 2.90 7 
in. 

Ak 
s X 0.0071 = O S 7 1  in .  X 0.0206 Ak/in. 

= +0.012 Ak. 

The first nitric acjd rinse increased the neutron multipli- 
cation factor by about 

(17.530 - 17.371) X 2.90 X 0.0071 

Ak 
= 0.159 in. X 0.0206 - 

in. 

= t0.003 Ak . 

If it is assumed that the latter rinse removed essentially 
all the retained boron accumulated up until that time, 
the difference betweeri 0.012 Ak and 0.003 Ak would 
be attributed t o  a decrease in the metal-to-water ratio. 
The “void” coefficierit that corresponds t o  the uniform 
renioval of small amounts of aluminum from the fuel 
element is  1.6 X ~ I k / i n . ~ .  T o  account for tlie 
0.012 - 0.003 = 0.009 i lk9  0.009 Aki1.6 X 
A k / i r ~ . ~  5 6  in.3 of aluminum w o d d  have t o  be 
removed. This amounts to  (56 in.3 X 16.4 ~ m ~ / i n . ~ / 2 . 5  
X lo3 cm3) X 0.050 in. = 8.0018 in. of fuel-plate 
thickncss, which appears quite reasonable in view of the 
oxide thickness. It is krrown from observations that 
most of the oxide was removed during some of the 
rinses and reformed afterward. In addition, an amount 
of solids was collected which, when roughly extra- 
polated to include the solids that were not collected, 
appeared t o  be consistent with the above calculated 
volume. 

To check on the change in plate thickness several o f  
the permanent fuel plates were removed on Noveinber 2 
for thickness measurements. ‘The results indicate that 
the plaJes are still within the specified tolerances (0.50 
t 0.001 in.) bu t  that the average thickness was 
decreased from 0.0505 t o  0.0495 in. This is about 56% 
of the above predicted change based on the change in 
control-rod position. The discrepancy is piobably as- 
sociated with the fact that no means was available for 
making a precise check o n  the  change in average 
fuel-plate thickness. Thus it appeared that froin the 
standpoint of metal -to-water ratio the “cleaned” 
IWIi<C‘E-3 element represented the most reactive state 
permissible within specified fuel-plate thickness 
tolerances. 

The only shuttluwn margin of the four cases actually 
measured was that for case IV, which is the most 
reactive case for which the reactor must be subcritical. 
In this case the reactor should be subcritical with the 
regulating rod at the symmetrical, clean core, critical 
position, with one of the safety rods fully withdrawn, 
the other three safety rods fully inserted, and the 
niaxirnurn fission target (containing no voids) in thc 
island. Rased on  previous experiments and on  analysis 
of tolerance reactivity effects, it was determined that 
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the shutdown ia rg i t i  fur the HFIRCE-3 element in the 
HFIR tacility should be about 0.022 Ak with noonnal 
fuel-plate iliicknes and aboul 0 (I10 Ak with riiinimuni 
fuel-pl,itz thickness. Since the worth of the optlinuni 
volt1 i n  rhe t,irget was known to be 0 01 5 Ak, i i  waf 
decided TO add the optiinuni void to cdxe 1v d a  a first 
check ou shut down capability Uridei chese contlitions 
the ie;tctvi was rubcjitical, m d  the zxtenr of hub- 
ciiticdlity was determined through the use of the 
r&oette to be 1 04$ X 0.0071 ilk/$ = 0.007 Ak rhus 
the “measured” shutdown margin for the HFIRCh-3 
elernelit in the HFlR lacility wag 0.015 + 0.007 = 0.022 
Ak f u r  c ~ s e  121. 

As indicated above, the differelice in control-rod 
position before and after the acid rinses was equivalent 
to a reactivity addition of about 0.012 Ak. Thus the 
“cleaned” core would have the desired minimurn 
shutdown margin of 0.010 ilk. This was verified by a 
Lthoette reading taken after the final rinse that in- 
dicated a shutdown niargin of about 0.013 Ak/k for 
case 1v. 

The rcactivity difference between the HFIKCE-3 core 
when considered as being a nearly minimurn reactivity 
core arid a simili~r maxinium reactivity core is 0.0215 
Ak/k. Thus an actual production core would have to 
have 0.0215 . -~ 0.010 = 0.01 15 Ak/k more in negative 
reactivity to assure a shutdown margin for case 1V. 7‘his 
was provided by adding 0.68 g more ’OB to the 
burnable poison, making a total ‘ O B  loading of 2.80 g 
for the produclion cores. Under these emct conditions 
a production core exposed to c;ise 1V would have 
cxactly zero shutdown margin. However, because of the 
conservatism associated with the specified tolerances, it 
is expecied that the margin will always be significsntly 
greater than zero. As an example, the first. production 
corz (containing 2.8 g ‘OB) was installed with the 
HFIKCE3 modified Eu2 O 3  -Ta-AI control rods. and the 
case I V  shutdown margin was determined, with the 
Khoette, to be ;ihout 0.021 Ak/k. Of all the cores 
fabricated i.o date arid reactivity-checked against a 
staiidard in a special critical facility (about 56 cores) 
the first was the least reactive. However, the most 
reactive W;IS more reactive than the first by only 0.006 
Ak/k. If a core should liappen to be out of tolerance 
with respect to reactivity, the preoperational criticality 
check would presumably identify it as such, in which 
case the core would be rejected or used with :in 
acceptably lower reactivity assembly. 

.... 

A S  Control-Rod Differential Worth 

Differentid worth of the control rods was determined 
for different rod positions by maintaining criticality 
with the rods (asymmetrical rods) and also by sup- 
plementing the control with bor!m in the confined 
moderator (approximately syrninetrical rods). The 
former type of rod calibration was performed at the 
FIFIK faci1ii.y before any of the boron experiments 
were conducted. Therefore these experiments provided 
data with which to compare the reactive state of the 
HFIRCE-3 arid HFlK facilities. A summary of these 
data is presented in Fig. 6.1. As indicated, the agree- 
ment between the results for tlie two facilities is very 
good. A comparison of the dashed curves, representing 
the WFIRCE-3 data, with the solid curves presumably 
shows the elTect of the differeot coolant channels j n  the 
control regions of the two facilities. As was expected, 
this difference [.ended to reduce the worth of the safety 
rods in the IlFLK facility. The differetices observed in 
the differential worth CIII’VCS are probably within the 
degree of accuracy associated w1.t h the experiments; 
however, the rod-position data should be accurate 
enough to  indicate a real difference 

At symmetrical criticality the rod positions in the 
1iFI.KCE-3 were 15.68, and in tlie HFIR they were 
17.53 1. To compare these positions the HFlR value 
should be decreased by 2.000 in. because of tlie bias in 
the rod position indicators, and i t  should be increased 
by 0.155 in .  to correct fo r  dimensional changes 
associated with [he modification of the HFIKCE-3 rods 
for flFlR use. Thus, for comparison the HFIR rod 
positions should be 15.69, which indicates satisfactory 
agreement with the HFIRCE-3 rod positions. 

Differential rod-worth data obtained for syrnmetrical 
rod positions with boron in the moderator as a 
supplenieritary poison are shown in Fig. 6.2. It may be 
observed that with the rods withtlrawn to 27.00 in. the 
differential worth of the safety rods is 12 cents/in., 
which is the d u e  assumed in t.he HFIR analog transient 
analysis. The slope of the right-kand portion of the 
curve in Fig. 6.2 is significantly greater than assumed in 
the transient analysis, and thus at least for a new set of 
rods the actual available rod worth during a traruieot 
will be greater than used in the calculations. 

It is of some interest to compare tlie above cuives 
with the results obtained at the I-IFJRCE-3 facility with 
the same element and rods. Results from the latter are 
shown in Fig. A.6. It may be noted that for the fully 
withdrawn rod position (25 .00 in.) the safety-rod 
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differential worth is 15 cents/in. instead of 12 cents/in. 
Assuming that the accnracy of the results permits, the 
difference i s  attributed to the difference in control- 
region coolant gaps and water content, and this is at 
least consistent with the predicted trends. 

A.6 Worth of 'Target and Voids 
in the Island 

The reactivily worths of voids and the HFIRCE-3 
target in the island can be derived from the information 
in Table A.3 and Fig. 6.2 and are summarized in Table 
A.4. The worih of the (PT+W) target relative to the 
(PI-+W) target is obtained from two sets of data 
(September IO-September 13 and October 14): 

$ (17.534 - 17.097) in. X 2.80 :- 
In. 

Ak 
$ 

X 0.0071 - =0.0067 Ak , 

(16.988 ~~ 16.599) X 2.54 X 0.0071 = 0.0070 Ak . 
I h e  experinent of September 10-September 13 in- 
volved replacement of the element and six reniovable 

Table h.4. Summary of Reartivity Worths 
and Coeft'icienh 

(PT+\I') - (PI+W) 
(PT+V) - (P'1+1V) 
(PI+V) (PI+\\') 
Fuel coefficient" 

lniicr elcmen t 

Ou tc r  e lement  

To ta l  averagc 

Inner  e lement  
1:ueI-pl:ite coefficientb 

Outcr clement  

Fuel-region aluminuni  coefficient' 
Inner element  

Ou te r  e lement  

E:nel-region void cozfficisnt'  
Inner e lemcnt  
Ou te r  elrnlcilt 

+O.Q070 Ak/k  
+O.O I S  b k / k  
+0.032 a k / k  

+3.72 x IO- '  ( A k / k ) / g 2 3 5 U  
+O.Q966 (ak /k) / (nm/m)  
+1.09 x I O  3 ( A k / k ) / g 2 3 s U  
+0.0714 ( a k / k ) / ( A m / m )  
+O. I 7 1  (Ak/k)/(Ain/m) 

0.0458 (Ak/k ) / (AV/V)  
- 4 . 7 2  X I O - '  ( A k / k ) / h 3  
-0.1 13 (Ak/k)/(AV/V) 
-11.6 X IO-' ( A k / k ) / i ~ ~ . ~  

0.104 (Ak /k ) / (AV/V)  
-16.7 X l O ~ '  ( A k / k ) / ~ n . ~  
-0. I88 (Ak/k)/(AV/V) 
- 15.9 X lo-' ( A k / k ) / i s ~ . ~  

-0.080 (Ak/kI/(AV/V) 
-0 .170  (Ak /k ) / (AV/V)  - 

refers to weight of fuel in specified region 
"V rcfers to active vo~urlie of fuel plate. 
"V refers t o  the ent i re  voluiiie GI' fuel plate. 
'V refers to t t ie  volutne of water. 

fuel plates, whereas the October 14 experiment did not. 
The October 14 value is the same as measured in the 
HFIRCE-3 critical oxperirnents. 

The worth of the void in the target was obtained from 
the September 13-September I4  data set: 

(17.197 16.345)X 2.52 X 0.0071 =0.015 i l k ,  

which is the same as obtained in the IIFIRCE-3 critical 
experimnts. 

I'he worth of the void in the island without the target 
was obtained from the September 15 Septeiniiei 1 6  
and October 15-October 20 data sets: 

(17.520 - 15.850) X 2.56 X 0.0071 = 0.030 Ak , 

(16.987 - 15.090)X 2.34 X 0.0071 =0.032 Ak 

The value obtained from the HFIRCE-3 critical experi- 
ments was 0.031 hk. 

A.7 Worlli of Fuel Plates, Aluminum Plates, 
and Fuel in the Fuel E:lsment 

A summary of the worths and associated coefficients 
is presented in Table A.4.  The removal of the six fuel 
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plates from the inner fuel element resulted in ;I 

reactivity addition of 0.0377 dullar per plate, while the 
six removed from the outer element added 0.0433 
dollai pet plale. Rernovd of six aluminum plates from 
the inner elemcnt added 0.0860 dollar per plate, while 
three aluminum plates removed from the outer element 
Added 0 0717 dollar per plate. Therefore in the inner 
element thc fuel and boron alone are worth 

s Ak 
0.0860) -- X 0.0071 - (0.0377 

plate rs 
= 0.000343 Ak per plate . 

The worth of the boron was calcdated to be 

Ak 1 X I O 2 % B  0.000.38 - ---- 
5% B 171 plate 

= 0.000222 A k per plate . 

Thus, the fuel worth is 

0.000343 + 0.000222 = 0.000565 i lk  per plate 

Ak plate 
plate 15.18g 

0.000565 - X - r 3 s U = 3 . 7 2  

X 10 -’ (Ak/k)/g ’ IJ 
o r  

Ak 
0.000565 ---- X 17 1 plates = 0.0966 

plate 

X (Ak/k)/(Am/m) . 

For the outer element the correspontling values are 

(0.0433 - -  0.0717) X 0.0071/18.44 = 1.09 

or 

1.09 X X 18.44 X 369 = 0.0744 (Ak/k)/(Am/m) . 

Therefore, the total average coefficient for the coie 
(both elements) is 

The calculated value was 0 15, and i h e  value de- 
iermned in the fiFLRCE-2 ciitical expmments (8-kg 
coie) was 0.1 67 (Ak/k)/(Am/ni). 

Foi purpuses of evdudtiiig rzactivily ,iccidenl> a+ 
sociated with fuel-plate melting, fuel-plate coefficients 
can be obtained directly fioni llie dbove data The 
following coefficients are based on the active volume of 
the plates 

Inner element, 

s Ak/k 
0.0377 -----I X 0.007 1 --I X 171 platza 

plate $ 

= --0.045X (Ak/k)/(AV/v> 

or 

plare 
0.0377 X 0.0071 X ~ = ---X.72 

3.07 in.3 

X 10 (Ak/k)/in:’ . 

Outer element, 

0.0433 X 0.0071 X 269 = 0.1 1.3 (Ak/k)/(AV/V) 

or 

plate 0.0433 x 0.007 1 x --------: = ---  1 L .h 
2.60 in.” 

X (Ak/k)/in.’ . 

I t  should be pointed out that according to calcula- 
tions these la1 ter coefficients become positive after 
about 2.5% Ak has been added by uniform removal of 
fuel plates. The bolunie associaled with the 2.5% Ak is 
about 30%. 

Alumiiium coefficients, which are nearly the same as 
void coefficients, are the following: 

Inner element, 

X I 7  1 plates 
Aklk 

X 0.0071 - 0.0860 - 
!$ 

plate $ 

= -0.104 (Ak/k)/(AV/V) 
o r  

plate 
0.0860 X 0.0071 X = - -  16.7 

3.63 in. 

0.0966 + 0.0744 = 0.1 7 I (Ak/k)/(Am/m) . X lo-’ (Ak/k) / i r~ .~  . 
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Outer element, 

0.0717 X 0.0071 X 369 = -0.188 (Ak/k)/(AV/V) 

or 

1 
3.21 

0.0717 X 0.0071 X = -15.9 X (Ak/k)/in.3 . 

To convert these to void coefficients a correction 
should be made for the absorption in aluniinum. This 
can he estimated from the following: 

Inner element, 

(0.0301 at./bmn) X 0.150 b 
... = tQ.024 (Ak/k)/(AV/V) 

0 .  

Outer element, 

0.0301 X 0.150 
0.25 

= Nl.018 (Ak/k)/(AV/v) 

After nxiking these corrections, the void coefficients 
become the following: 

Inner element, 

-0.104 t- 0.024 = 0.080 (Ak/k)/(AV/v) . 

Outer element, 

-0.188 t-0.018 = 0.170 (Ak/k)/(AV/V) , 

where V refers to the volume of water. If the 
coefficients are to be based on total region volume 
(plate t water), these values should be multiplied by 
2.0. 

A.  8 'Temperature C oef€k rents 

Temperature coefficients wcre measured in the 
HFIKCE-2 experiments only, with the exception of an 
isothermal measurement in the reactor facility. 'The 
HFBRCE-2 experimental apparatus was set up in such a 
way that the moderator within the bounds of the outer 
side plate of the outer element and the inner side plate 
of the inner element and a bottom blind flange could be 
circulated separately from the water in the island, 
control region, and external reflector regions, all of 
which had a conirnon circulating system. 'The two side 

plates mentioned above were each composed of two 
concentric cylinders that were separated by a narrow air 
gap. The air gaps provided thermal insulation, and tire 
separate circiilating systems iiiade it possible to heat or 
cool the fuel- and reflector-region coolants separately. 
Thus it was possible to maintain different temperatures 
in the fuel and reflector regions. 

'The temperature-coefficient experiments consisted of 
heating the fuel region a few degrees above the 
reflector-region temperature and then allowing the 
reflector-region temperature to rise to the same as the 
fuel-region temperature. Changes in reactivity were 
determined from critical control-rod positions. Results 
obtained from these experiments with and without the 
target in the island are shown in Figs. 9.1 and 9.2. 

The source of error in an experiment of this type is 
the difference in differential expansion of core support 
and control-rod drive mechanisms between the critical 
facility and the actual reactor. The effect of such 
differences had been estimated to be quite small, and 
the isothermal experiments in the reactor confirmed the 
estinxite. In the range 80 to 120°F the HFIRCE-2 
isothermal coefficient war ---1.2 X to -2.2 X 
IO-' (Ak/k)/"F, whereas in the reactor facility the 
change in reactivity over the same temperature range 
appeared to be essentially zero or perhaps slightly 
positive. Of course a slightly positive isothermal coef- 
ficient is not troublesome because the fuel-region 
coefficient, which is relatively prompt, is quite negative. 

These experiments were conduckd for clean core 
conditions only and thus did not provide information 
for latcr tim-es in the fuel cycle. It was necessary to 
resort to calculations for this type of information, and 
it was believed that the calculated difference in coef- 
ficients between clean and spent core was reasonably 
accurate. The calculations indicated that the fuel-region 
negative coefficient at the end of the fuel. cycle was 
about one half that a t  the beginning of the fuel cyde. 

A.9 Neutron Lifetime and Effst ive 
Delayed-Neutron Fraction 

The prompt neutron lifetime was deterrnincd with the 
aid of results from the HFIRCE-2 piilsed-neutron 
experiments. For a critical system the following rela- 
tionship is obtained for the neutron-density decay rate 
following a neutron pulse, provided the relativeljr 
short-term higher modes of decay are insignificant: 

= P,,flQ > 
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wlicre A10 Description of HFIRCE-4 
Physical Characteristics 

h = decay constant, 
Oeff  = effective delayed-neutron frac! ion, 

Q = neutron lifetime. 

Since considerable effort was expended in obtaining 
useful and accurate experimental data from the I-fFIR 
critical experirnenis, it is possible that others will be 
interested in trying their calculational tectiniques on. 
HFIR. For  this reason a detailed dimensional and 
nlriterial description of the HFIRC1E4 experimental 
core is given herein. Figure A.8 shows the dimensions of 
the “microscopic” regions used in most o f  the calcula- 
tions; Figs. A.9 and A.10 show the specified nominal 
radial fuel and burnable-poison distributions; and Table 
A.6 gives the material densities for the regions specified 
in Fig. A.8. 

‘Ihe value of X was determined from the slope of the 
decay curve, and Peff was calculated. Measured values 
of X are shown in Fig. A.6 for different positions of the 
control rods. For comparisou, calculated values of X are 
also shown in Fig. A.7. Calculated and “measured” 
values of Peff and R are shown in Table A.5. 

Table A S .  Calculated and “Measured” 
Values of Rand Oeff 

X Measured Pelf P “Measured” Q Calculated 
(ser - I )  Calculated (fisec) (I*=) 

Control-Rod Condition 

Black ( P ~ l l y  inserted) 0.00629 35 
Gray (clean critical) 213 0.00704 33  38 
Wiiite (fully withdrawn, 98.5 0.00714 14 76 

poironed moderator) 

O 3 10 15 20  25 30 3 5  40 45 

SYMMETRICAL CONTROL. PLATE POSITION ( i n  ) 

Fig. A.7. Calculated and Experimental Values of the Decay Constant at Criticality. 
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CONCAVE SURFACE 
OF F09MED FLATE 

ORNL-DWG 70-\4YY4 
COCRDINATES 

X Y Z 
0.060 0.389 4.06 
0.100 0.411 3.35 
0.123 0,423 3.80 
0.200 0.455 3.68 
0.300 0.518 3.41 
0.400 0.570 3.j5 
C.50C 0.620 2.90 
0.600 0.668 2.56 
0.700 O.T i4  2.43 

0.900 0.799 2.01 
1.000 0.637 ! .82 
1.100 0.872 r.6Q 

1.300 C.931 1.35 
i.400 0.055 1.23 
1.500 0.374 f.13 
1.6OC 0.988 1.06 
'i.700 0.997 "02 
1.809 !.COO 1.00 
!.9CG 0.998 l .Oi 
2.000 0.993 1.04 
2.100 0.984 1.08 
2.200 0.072 1.44 
2.300 0.957 1.22 
2.4GO 0.939 1.31 
2.500 0.9\9 1.41 

2.700 0.873 !.64 
2.800 0.647 1.77 

2.900 O.e l9  1.91 
3.000 0.790 2.05 
3,400 0.760 2.20 
3.127 0.752 2.24 
3.190 0.732 2.34 

0 . 8 0 ~  c.758 2.21 

! . Z O O  0.903 1.49 

2 . 6 ~ 0  0.897 j.52 

Fig. A.9. Fuei and Burnable-Poison Distributions in Inner Elcnient of HFLKCE-3 and ProduLtiun Cores. 



IXSER 
O F  PL 

0.1',6 
E3GE - , .  ORIGIN OF INVOLdTE 

! I  I L  

CONVEX SUSFACE 
0' F0SME3 PLATE, 

OC'C M N. 
( AVE 9AG E I - 

SURFACE 3ENSITY :g/crn2) = 
00633 x Y FOR 235U h1 HFISCE-3 AhlD D R 3 D U C T , 0 N  CORES COhCAVE SURFACE 

OF FORMED P L A T E  

ORUL- DWG 70-  14992 
COCRDISATES 

X Y 
0.060 0.553 
0.085 0.572 
O.',OE 0.569 
0. $ 6 5  0.645 
0.265 0.715 
0.365 0.762 
0.485 0.844 
0.565 0.695 
0.685 0.942 
0.785 0.973 

1.306 1.000 
1.085 0.997 
! . { e 5  0.584 
1.265 0.963 

CI 
1.385 0.935 
(.485 0.903 CI 

0 1.535 0.867 
1.685 0.828 
1.785 0.787 
t.665 0.744 
1.985 0.700 
2.085 0.656 
2.:65 0.612 
2.265 0.569 
2.365 0.527 
2.465 0.486 
2.565 0.447 
2.685 (2.410 
2.765 0.376 
2.822 0.364 

0.885 0.993 

2.870 0.349 

Fig. A.10. Paid Distriburion in Outer Element of HFBRCE-3 and Production Cores. 
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Tdble A.6. Material Densities and Dimensions of Regions in Fig. A.8 
.- 

-A___- 

1 ocation ot Upper Cornposition 
and Lower Region 

TWo-DltnenSiOildl Model One- Dimensional Model Outside Boundaries Relative 
Radius to Horizontal Concentration Concentration 

Region 
Number 

(at ./ h- cm) blernent 
( df ./b Cfll) 

(cm) Midpldne (cm) blemen t 

1 5 .o 25.4 -25.4 H 
0 

2 6.4 

3 7.14 

4 7.5 

5 8.0 

6 8.5 

25.4 

A1 
‘ O f 3  

“ H  
Ag 109 

235” 

2 3 8 ~  

H 
0 
1-1 
0 
A 1 

25.4 -25 4 I1 
0 
A1 
‘On 
“ H  

236U 

2 3 4 ~  
23Su 

2 3 8 ~  

25 4 E1 
0 
A1 
‘ O B  
“ B  
254 
2 3 5 u  

2 3 6 ~  

23H1J 
I1 
0 
A1 
’OB 
“ B  
234u  

235U 
2 3 6 U  
2 3 8 ~  

II 
0 
AI 

OB 
“ B  
2 3 4 “  
23.5” 

2 3 6 ~  

2 3 8 ~  

25.4 

7 9.5 25.4 

- 25.4 

--25.4 

3.83 X Same as two- 
1.92 X 10.” dimensional rnodel 

through region 21 2.36 X lo-’ 
1.184X 
4.8 X 
7.32 X IO-’ 
5.361 X 
8.25 x 
6.854 X lo-’ 
3.427 X lo-’ 
1.074 X lo-’ 

4.8 x 
3.333 x 
1.667 X IO-’ 
3.01 X loe2 
1.5448 X lo-’ 
6.257 X 
2.207 X 10” 

5.37 x to-? 

2.057 x IO+ 
8.82 x 
1.192 X 
3.333 X 

1.667 X lo-’ 
3.01 X IO-’ 

5.429 X lo-’ 
2.693 X 155 
2.51 x 10 
1.077 X 
1.454 X lo-’ 
3.333 x 
J.661 X lo-’ 

1.1117 X loe5 
4.503 X 10.’’ 
3.252 X 
3.031 X lo4  
1.30 X 10” 
1.156 X 
3.333 x 
1.667 X 10“ 
3.01 X lo-’ 
7.847 X 

4.04 x 
3.765 X 104 
1.615 X 
2.181 X 

1.3404 x 

3.01 x 10” 

3.178 x 
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Tabb A.6 (continued) 
~ . . . - . . . I _  ___ ............ .... ............. - II_ ._ 

Lmcation of Upper 
and Lower Region 

Boundaries Relative 

Midplane (cm) 

Composition 

Two-Dimensional Model One-Dimensional Model 
........ lll_. -...--I_ ........ 

Outside 
Radius 

Region 
Number .......... (cm) to Horizontal ........ __ 

Concentration Concentration 
(a  t.(b.cmi (at. ib-crnl 

Element Elernriit -.-......I. 

...... Upper . ~ .  _........I_ 

8 10.5 2.5.4 

9 11.5 25.4 

10 12.0 25.4 

11 12.6 25.4 

0. 12 15.15 8 

13 15.5 25.4 

14 16.0 25.4 

Lower 
........ ........ - ..-_-. ......... ~ _ I I  .- I__ .... 

-25.4 H 
0 
A I  
'OB 
"€3 
234u  

235u  
236u  

2381J 
-25.4 H 

0 
A1 
'OB 

[ B  
234" 

23SU 
236u  
23EU 

-25.4 H 
0 
A1 
'OE 

'B  
2 3 4 u  
23SU 
236" 

23SU 

-25.4 H 
0 
AI 
'OB 

B 1 1  

2 3 4 U  

23SU 
2 3 6 U  
23BU 

-30.48 1% 
0 
AI 

--25.4 H 
0 
AI 
234u  

235" 
236u  
2 3 S U  

-25.4 H 
0 
AI 
234u  

23SU 
2 3 t U  
238u 

3.333 x 10-2 
1.667 X IO-' 
3.01 x lo-' 
4.658 X 
1.887 X lo-' 
4.807 X 

1.922 X 
4.48 x 10-4 

2.596 x 1 0 - ~  
3.333 x 10-2 

4.373 x 10-6 

4.545 x 1 0 - ~  

3.333 x 10-2 

1.667 X lo-' 
3.01 x 

1.771 X 
4.877 X lo-" 

1.95 X 
2.633 X lo-' 

1.667 x lo-' 
3.01 x lo-' 
6.089 X IO-' 
2.466 x 1 0 - ~  
4.475 x 10-6 
4.171 x 1 0  
1.789 x lo-' 
2.417 x 1 0 - ~ ~  
3.333 x 10-2 

1.667 X lo-' 
3.01 X lo-' 
8.051 x 

3.989 x 

1.595 x 
2.154 x  IO-^ 
2.75 x 
1.375 x lo-' 
3.534 x 10-2 
3.333 x 10-2 

3.261 x 1 0 - ~  

3.718 X 

1.667 X lo-' 
3.01 X IO-' 
4.528 x 
4.22 X 10- 
1.81 X 
2.445 x 1 0 - ~  
3.333 x 10-2 
1.667 X IO-' 
3.01 X lo-' 
5.422 X 
5.053 X I O 4  
2.168 X 
2.928 X 
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Tnble A 6  (continued) 

I - 
Location of Upper Composrtron 

Outstde and Lower Kegon 
Kadtua 
(cm) 

Boundaries Relative 'l 'wo-l~~rnen~~oridl Model Unr-DImenFtondl Model 
___I_ 

Region 
huiriber 

Conccn tranon Concentration to HoriZOntdl 
Midplme (un) Flernen t Elernen t (at /b.cm) 

(dt./b-crn) -- 
Upper Lower 

15 16 5 25.4 .. 25.4 €I 
0 
A1 
234u 
2351~ 
236" 

238" 

16 17.5 25 .4 -25.4 

17 18.5 25.4 -25.4 

18 1915 2.5.4 -25.4 

AI 
2 3 4 ~  

235[J 
236u 
238" 

H 
0 
I t  1 
2.34u 

2361J 

2 ' S U  

2 3 R U  

€1 
0 
AI 
2 3 4 u  
2 3 5 ~  
23rju 

15) 20.0 25.4 -25.4 

20 20.5 25.4 ---25.4 

23Xu 

H 
0 
AI 
2341~ 
2 3 S u  
2 3 6 ~  

2381J 
H 
0 
AI 
2 3 4 u  

236" 
238u  

2 3 S U  

21 21.0 25.4 -25.4 I3 
0 
AI 
234-0 
2 3 5 ~  
2 3 6 ~  
238" 

3.333 x 10- 
1.667 X loa2 
3.01 X IO-' 
6.375 X 10IG 

2.549 X 
3.442 X I O u 5  

l.h61 X 
3.01 x 
7.24 x 
6.747 X lo4 
2.894 X I O w 6  

3.333 x 
1.667 X loA2 
3.01 X lo--' 
6.975 X 

2.27 X IO-' 
3.066 X 

1.661 X lo-' 
3.01 X lo-' 
5.678 X 

2.27 X 1CJ"6 
3.066 X lo-' 
3.333 X 
1.667 X lo-' 
3.0i x 10" 
4.448 x 1 6  
4.145 X 
1.778 X 
2.402 X 

5.941 x lo+ 

3.333 X 10-2 

3.909 x 1 0 ' ~  

6.50 x 

3.333 x 10- 

5.292 x IO-' 

3.333 x 10- 
1.667 x i r ) P  

3.387 x 

3.01 x 
3.634 X 

1.453 X 
1.962 X IOds 
3.333 x 
1.667 X 
3.01 x 
2.895 X IO-' 
2.698 X lo4 
1.157 X 
J.563 x 
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Region 
Numbci 

.--I_.. 

22-1 

23-1 

24-1 

22-0 

23-0 

24-0 

25 

26 

27 

28 

29 

30 

31 

L_I__ Is__ ......... ~ _ _ _ -  .......... 

...... 

Table A h  (continued) 

Location of Upper 
0 ut side and Lowei Region 
Radius Boundaries Relative 
(cm ) to  IIorizontal 

hlidplanc (mi) 

Upper Lower 
-..I.I_ .... 

22.8 

22.8 

22.8 

24.15 

24.15 

24.15 

33.0 

54.0 

5.0 

12.6 

21.0 

21.0 

Variahle 

Vaiiable 

(Length is 5 inches) 
Variable 

Variable 

Variable 

(Length is 5 inchcs) 
Vavrable 

30.48 -30.48 

30.48 30.48 

40.0 2.5.4 

30.48 25.4 

30.48 25.4 

30.48 

......l___l_l_........I_ ____I ........ II_ 
......... 

-I ..... ____I_ Composition ~ ______ .- ........... ~ ..... 
One-Dimensiondl Model Two-l)irnensio!ial Model 

- 

Element 

H 
0 
AI 
II 
0 
AI 

H 
0 
AI 

Ta 181. 

‘OB 

M 
0 
AI 
H 
0 
A1 
181T, 

w 

‘OB 

0 
AI 

I3 
0 
AI 
Be 
I4 
0 
AI 
Be 
B.I..* 
H 
0 
I1 
0 
AI 
II 
0 
Al 
I1 
0 
41 
H 
0 

Conccmiration 
(at./b.cm) 

Concentration 
(at./b-cm) 

Element 

2.047 X 
1.033 X 
4.237 X 
2.0b7 x 
1.033 X lo-’ 
3.617 X lo-.’ 

1.956 X 
5.683 x 

9.78 x 1 0 - ~  
4.337 x lo--’ 
2.632 X 

2.783 X lo-’ 
1.391 X lo-’ 
3.404 X lo-’ 
2.783 X lo-’ 
1.391 X lo-’ 
2.601 X lo-’ 
7.708X 
2.645 X lo-’ 
1.3225 X 
3.528 X lo-’ 
3.394 x 1 0 - ~  
3.28 x 1 0 - ~  
1.64 x 10.“ 

9.94 x 104 
4.97 x m4 

1.ooox 100 

3.333 x 10-2 

5.52 X lo4  
1.167 X lo-’ 

5.6 X 10.” 
1.208 X lo-’ 

6.666 X lo-’ 

3.83 X IO--’ 
1.92 X IO-’ 
2.36 X 
3.333 x 
1.667 X lo-’ 
3.01 X lo-’ 
3.333 x 
1.667 X lo-’ 
3.01 X 10” 
6.666 X 
3.333 x 10-2 

For regions 22-1 
through 24-0 

I1 2.38 X lo-’ 
0 
AI Variable 
18‘Ta Variable 

1.19 X 

Same as two- 
dimcnsional model 
rhroiugh region 27 

Not applicable 
through region 3 1 
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Appendix B 

NUCLEAR CALCULATION TECHNIQUES 

During [lie early phases of the HFlR design, many 
nuclear parameter studies were conducted, and most of 
the calculations were made with a two-group one- 
dimensional diffusion code. In order to assess the 
accuracy of a particular code prior to the time that 
HFIR critical experiment data became available, more 
sophaticated codes were used in a few cases, and 
Russim flux-trap criticals were also examined. All this 
work is discussed in detail in Ref. 5 

Mote recently IVIODRIC~~ and MODBURN37 were 
adopted as the "work-horse" codes. They are multi- 
group one-dimensional diffusion codes, with MODBURN 
being the depletion version of MODKiC. Considerable 
emphasis was placed on the one-dime tisional code 
because two-dimensional depletion calculations in suf- 
ficient space detail to account for nonuniform burnup 
were economically unattractive As explained in 
Chaplers 7 and 8, axial power distributions during a 
fuel cycle were estimated with the aid of critical- 
experi metit data. Of' course a few two-dimensional 
calculations were made, and in most of these cases 
EXTERMINATOR: ' a multigroupiliffusion code, was 
used. As discussed in Chapter 7 reasonably good results 
in terms of power distribution and neutron multiphca- 
tion were achieved with these techniques. 

B. 1 Depletion and Fission-Product 
Chains in MODBURN 

'The model used for calculation of the I-IFIR fuel 
cycle included two fissile, four fission-product, and otie 
burnable-puison chain. The fissile chains considered 
weie 

and 

The fission-product chains considered were 

and 

where LLFP is long-lived fission products. 
The burnable-poison chain used was 

3 Loss . 10B IT, 

Chain number 4 i s  for the nonsaturating fission 
products. One such atom was born per fission and was 
not destroyed. 

B.2 Cross Sections 

For the MODRIC and MODBURN calculations, 32 
nonther rilal and one thernul group of neutrons were 
used, with the thermal-group upper energy being 0.414 
ev. The nonthermnal group cross sections were calculated 
with GAM-139 and the ltiermal cross sections with 
T11EKMOS.4" The axial buckling was determined from 
a calculation of an fIFIR critical assembly wLth the rods 
out and with criticality maintained with soluble poison 
in the moderatoi. It was assumed that the axial 
buckling was independent of energy, radial position, 
and time in the fuel cycle. 

When nuking the THERMOS calculations, the core 
geometric-region division was as shown in Fig. B.1. In 
this particular case the entiie core was treated as a unit 
cell t u  rnake i t  possible to  calculate the thermal 
spectiuni m d  thus thernlal cross sections as a function 
of radial position. For the GAM calcdalions a single 
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I ' BOUNDARY CONDITION 
V Z E R O  FLUX SLOPE 

I ........ -I ......... I L I  ......... ' ......... L .... ].-I 
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RADIAL  DISTANCE FROM REACTOR CENTFR I.INE (cin) 

Fig. B.P. Core Ckwrnetric Region Division Used in THERMOS Calculations. 

region (point calculation with provision for buckling 
addition) having the composition of the fuel annuli was 
used. Nontherml cross sections for all regions were 
based on this spectrum. The finegroup structure used 
in GAM and the condensed group structure used in 
MQDRIC and MODBUKN are given in 'Table B . l .  

The particular version of THERMOS used for the 
HFIR calculations provided 38 neutron groups, 25 
space points, and 7 mixtures. The scattering models 
used were the Brown and St. John form of the freegas 
kerne141 for everything but water and the Nelkin4' 
bound-proton scattering kernel for water. 

When preparjng cross sections for MODRIC it was 
assumed that the only microscopic cross sections that 
varied radially within a fuel annulus were those for 
235U, ' O B ,  and I3'Xe. Typical radial variations 
calculated with TIIEILMQS are shown in Figs. B.2, B.3, 
and B.4. Thermal cross sections for the other materials 
were averaged over spectrums corresponding to each of 
the other regions and to each of the two fuel annuli. 

'The thermal group taansport cross sections for all 
material but water were obtained from 

where us and u, are the scattering and absorption cross 
sections from TIIEKhfOS. For water it was found that 
much better agreement between calculated and 
measured power distributions was obtained if ut* was 
assumed equal to os. Thus this deviation from the usual 
prcsciiption was used in most of the calculations. 

Input microscopic cross sections for the THERMOS 
calculations were taken from several sources. Most of 
the I /v  cross sections (H20, B, 2 3 6 U ,  238U9 AI, Be, 
I8'Ta, '''Ag) were obtained from Ref. 43; '47Pnn 
and 8Ym were also assumed to be l /v ,  and their cross 
sections were fabricated from data given in Kef. 44; 
235U cross sections were taken from Ref. -10, and the 
remaining non-l/v cross sections (234U, '49Sm, 

Xe) were obtained from Ref. 45. A cross 
section of 40 b was estimated for the lumped non- 
saturating fission products, primarily on the basis of 
data given in Ref. 46. 

Most of the cross sections used in thc GAM-I 
calculation were those already in the 6M-I l i b r a r ~ . ~  
These cross sections, as well as those used in 'L'IERMOS 
were reviewed and updated48 several times by OIWL 
during the design arid analysis of the IIFIR. When 
revised cross-section compilations became available they 
were used. However, thesc revisions made little dif- 
ference in the results of the reactor calculations. 

In the course of these studies, five different sets of 
TI-IklWOS cross sections and two sets of GAM cross 
sections were calculated. Four of the THERMOS and 
one of the GAM sets were for the room-temperature 
critical experiments, in which case different moderator 
soluble-poison concentrations required different 
thermal sets. The other TIIERMOS arid GAM sets were 
calculated for a partially burned (9-day-old) core at 100 
Mw. These cross sections were used for the fuel-cycle 
calculations without fui-ther consideration for variation 
in cross sections with time in the cycle. 

' Sm, ' 
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Table B.1. Comparison of GAM-1 and Modtic-Modburn Neutron-Energy Group Structure 

Modnc-Modhurn GAM4 u,  Lethargy h, Energy 
Group Group (Lower) (Lower) (ev) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

I 1  

12 

13 

14 

15 

16 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 

2 r  

0.25 
0.50 
0.75 
1 .oo 
1.25 
1.50 
1.75 
2.00 
2.25 
2.50 
2.15 
3.00 
3.25 
3.50 
3.75 
4.00 
4.25 
4.50 
4.75 
5 .oo 
5.25 
5.50 
5.75 
6.00 
6.25 
6.50 
6.75 
7.00 
7.25 
7.50 
7.75 
8.00 
8.25 
8.50 
8.75 
9.00 

7.79 x lo6 
6.07 X lo6 
4.72 X lo6 
3.68 X lo6 
2.87 X I O 6  
2.23 X IO6 
1.74 X lo6 
1.35 X J06 
1.05 X lo6 
8.21 x io5 
6.39 x i o5  
4.98 x lo5 
3.88 x lo5 
3.02 x lo5 

1.83 x 105 
1.43 x io5 
1.11 x i o5  

6.74 x lo4 

4 09 x lo4 
3.18 x io4 
2.48 x lo4 

1.50 x to4 

9.12 x io3 
7 10 x 103 
5 5 3  x lo3 
4.31 x io3 
3 36 x io3 

1.59 x io3 

2.35 X 10’ 

8.65 Y IO4 

5 25 X J04 

1.93 X lo4 

1.17 X J04 

2.61 X I O 3  
2.04 Y l o3  

I 2 3  X 103 

Modric-Modhurn 
Group 

17 

18 

19 

20 

2 1  

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

GAM4 f i ,  Letharm E, Energy 
Group (Lower) (Lower) (ev) 

37 9.25 96 1 
38 9.50 748 
39 9.75 583 
4 0 10.00 454 
41 10.25 354 
42 10.50 275 
43 10.75 215 
44 I1.00 167 
45 11.25 130 
46 11.50 1 0 1  
47 11.75 78.9 
48 12.00 61.4 
49 12.25 47.9 
50 J 2.50 37.3 
51  12.75 29.0 
52 13.00 22.6 
53 13.25 17.6 
54 13.50 13.7 
55 13.75 J 0.68 
56 J 4.00 8.32 
57 14.25 6.48 
58 14.50 5 . CJ4 
59 14.75 3.93 
60 15.00 3.06 
61  15.25 2.38 
62 15.50 1.86 
63  15.75 I .44 
64 16.00 1.1 25 
65 16.25 0.876 
66 16.50 0.683 
67 16.75 0.532 
68 17.00 0.414 

Thermal Group 

The two-dimensional calculations were nude with 
four groups of neutrons, and the cross secliotis were 
generated with cylindrical and slab MODRIC calcula- 
tions. No attempt was made to obtain appropriate 
self-shielding factors for the black portion of the 
control rods that extended into the core region. This 
apparently accounts for the relatively poor agreement 
between calculated arid measured power distributions 
near the control rods, particularly in the core outer 
co I ne rs . 

Self shielding of the fuel and burnable poison in the 
fuei plates was investigated early in the studies with 
SWAI?3? a one-dimensional slab-geometry transport 
code. The results of these calculations for the thickest 
section of fuel are sliowri in Fig. B.S. As indicated the 

moderato1 average flux is only 5%) gre:iter than the fuel 
average tlux. Everywhere else along the length of the 
involute plates the ratio is even smaller because of the 
thinnei sections of fuel. Thus the self shielding in the 
fuel plates was neglected. 

B.3 Temperature-Coefficient Calculations 

Early attempts to calculate the temperatuie coef- 
ficients are discussed in Kef. 5. Because of difficulties in 
obtaining consistent sets of data on microscopic cross 
section versus energy the resdts of the calculations left 
much to be desired. For this reason the emphasis was 
placed on measuiing the coefficients in the HFIR 
critical experinients. The most recent data on cross 
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Fig. B.2. 2 3 5 U  Microscopic l’hesmd-Groap Absorption and Fission Cross Sections in the NFBR. 
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Fig. B.4. Xe Microscopic Thermal-Group Absorption Cross Sections in HFIR. 
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Fig. 3.5. Thermal-Flux Variation in Fuel-Plate Coolant-Channel Cell. 
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sections would probably facilitate a more accurate 
calculational estimate, but this has not as yet been 
at tempted . 

the prompt-neutron lifetime. Values were also obtained 
from the critical experiments by using the pulsed- 
neutron technique. Under appropriate conditions the 
slope of the decay curve after pdsing a critical assembly 
is equal to /3,&. The effective delayed-neutron frac- 
tion, Peff, was calculated by the method proposed by 
Kapldii and IIenry .’ Agreement between calculated 
and “measured” prompt-neutron lifetime was satis- 
factory. 

B.4 Prompt-Neutron Lifetime and Effective 
Delayed-Neutron Fraction Calculations 

As discussed in Ref. 5, both the period method and 
first-order perturbation theory were used to calculate 
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Appendix C 

SPACE-, TIME-, AND ENERGY-DEPENDENT 
FLUXES FROM ONE-DIMENSIONAL 

33-GROt.JP DIFFUSION-THEORY 
CALCULATIONS 

An attempt was made in Chapter 5 to provide most of 
the neutron flux information of interest to prospective 
users of the reactor but, recognizing that users may 
desire flux information in even greater detail than is 
presented there, the computer output fluxes from the 

one-dimensional 33-group diffusion-theory cdlculations 
for several times in the fuel cycle are given in Tables C . 3  
through C.6,* which fojlow Tables C 1 and C 2, which 
gve the radial locations of the me41 points showti in 
Tables C.3  through (2.6 (Table C.1) and the neutron- 
group structuie applicable to Tables C.3 through C.6 
(Table C.2). 
- - __I__ 

*In all these calculations the flux trap contdined the standard 
transplutonium target bundle containing 100 g 24 2Pu. A 5  
dircuised in Chapter 5 ,  flux level5 In the flux Irnp are influemed 
by its content 

Table C.1. Mesh Point 1,ocations for Tables C.3 
Through C.6 

Radial Loc ation r)iS tdllce 
Region Bound- of J h w n  Bound- Region Between 

Region Region a r y  Mesh YolJ?tT aV Mesh Pomts Thickness Mesh Points 
Number Dexcription (cm) Within Relative to 

Inner Outer Reactor Vertical Region 
Center Line (cm) ( c  in) 
Inner Outer 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

13 
14 
15 
16 
17 
18 
19 
2 0 
21 
22  
23 
24 
25 

Target 
Water gap 
Side plate 
Fuel 
Fuel 
Fuel 
Fuel 
Fuel 
Fuel 
Fuel 
b uel 
Watergap 

Fuel 
Fuel 
Fuel 
Fuel 
Fuel 
I uel 
Fuel 
Fuel 
Fuel 
Control 
Be reflector 
Be reflector 
Water 

Yide-pldte region 

1 
12 
17 
22 
27 
32 
37 
42 
47 
52 
57 
62 

75 
80 
85 
90 
95 

100 
105 
110 
115 
120 
136 
152 
174 

11 
16 
21 
26 
3 1  
36 
41 
46 
51 
56 
61 
74 

79 
84 
89 
94 
99 

104 
109 
114 
119 
135 
15 1 
173 
180 

0 
5.0 
6.4 
7.14 
I .5 
8.0 
8.5 
9.5 

10.5 
11.5 
12.0 
12.6 

15.15 
15.5 
16.0 
16.5 
17.5 
18.5 
19.5 
20.0 
20.5 
21.0 
24.15 
33.0 
54.0 

5 .o 5 .0 
6.4 1.4 
7.14 0.74 
7.5 0.36 
8.0 0.5 
8.5 0.5 
9.5 1.0 

10.5 1 .0 
11.5 I .0 
12.0 0.5 
12.6 0.6 
15.5 2.55 

16.0 0.35 
16.0 0.5 
16.5 0.5 
17.5  1 .0 
18.5 1 0  
19.5 1 .0 
20.0 0.5 
20 5 0.5 
21.0 0.5 
24.15 3.15 
33.0 8.85 
54.0 21.0 
60.0 6 0  

0.5 
0.35 
0.185 
0.09 
0.125 
0.1 25 
0.25 
0.25 
0.25 
0.125 
0.15 
0.2125 

0.0875 
0.125 
0.125 
0.250 
0.250 
0.250 
0.125 
0.1 25 
0.125 
0.21 
0.59 
1.0 
1.0 
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Table c.2. Neutron Group Structure Applicable 
to l’ables C.3 Through C.6 

~ . . . . -  

g. Neutron Lower Energy 
Group Boundary (ev) 

--..___ ---.---...--__l..l~ ...... 

1 3.68 X I O 6  
2 1.35 X I O 6  
3 8.21 X 10’ 
4 4.98 x lo5 
5 3.02 x lo5 
6 1.83 x io5 
7 1.11 x lo5 
8 6.74 x lo4 

4.09 x l o4  
10 2.48 x lo4 
11 1.50 x lo4 

13 5.53 x lo3 
14 3.36 x lo3 
15 2.04 x io3 
16 1.23 x lo3 

9 

12 9.12 X lo3 

748 
454 
275 
167 
101 

17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 (therriial group) 

61.4 
37.3 
22.6 
13.7 
8.32 
5.04 
3.06 
1.86 
1.125 
0.683 
0.414 

Conversion of the computer output group fluxes to 
absolute group flux per unit power ( i t . ,  neutrons/ 
cm2 .secMw) can be made as follows : 

1 .  For the reactor horizontal midplane, 

and 

g=3,4 ,  ... 31,  o r  3 2  ’ 

where 

= group g neutron flux per unit power at 
- g the horizontal midplane at a radial 

distance r from the reactor vertical 
center line in neutrons/cm2 .sec-hfw, 

Qocompj -;group g computer output flux from 
Tables C.3 through C.6. 

2 .  For axially averaged flux values, 

and 

=0.75 x 10’2 
?1g,=3,4, ... 31,  or 32 

where 

31 ,  or 3 2  ’ 

s] = group g axially averaged (over the length of 
the fuel core, 20 in.) neutron flux per unit 
power at a radial distance r from the 
reactor vertical center line in neutrons/ 
cm2 .sec-Mw. 

g 
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140. 1.9 sa 53E-0 1 
141 1.7516YE-01 
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167 1.87623E-03 

- IQZ 5.46871i--03_ 

i ,29882E-02- 
1.04562:-02 

190 9.55373E-04 
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-l.__l_--- 
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____ 6.2796 4E -41- 
6.4301 5E-01 



176 

.... 
w

j
 wlw

 m
 

N
 i"
 

9
 

5
- i
 a
/
*
 .
i
 





178 

N
N

N
N

 
o
,
a
 

0
 0
 

I
l

l
 I 

I 
w

w
w

w
 

rn
m

h
le

 
.
i)

d
b

N
 

. .I. ./. .. 
, dim 0

 m
 

m
lN

 



4 5.71366E-01 5.75339E-31- 
5 5.75879E-01 4.79628E-01 
-- 6 5 4 I p 5 8  3 E -Q3--5.%5 0 41- I 

7 5.8840ZE-Ql 5.91503E-61 
8 -%. 96244E-OJ -f1%912E-01 
9 6.04996E-01 6.07175E-01 

5.76743EyOJ 5.79592E-01 
5.82825E-01 5.8348bE-Of 
5 * 8793 4E -3 1 
5.94lf5E-Dl 

6.08 966E -0 1 
- 6.17480E-Oi - - 
6.26495E-01 

b.0 112 5_E -or 

22 6.78542E-01 6.73358E-01 6s68500E-01 6.63412E-01 6,4825QE-01 6.36953E-01 6.27611E-01 6.11422E~Ol 5*89813E-01 
23 6.8006SE-01 6.74628E-01 6.69849E-01 6.6429DE-31 6 . 4 8 7 Q O E ~ 6 . 3 7 0 5 2 E - O I  6,27558E-Of 6.10912E-01 5.89593E-01 
2 4  6.8L566E-01 6.75876E-01 6*-70872F-01 6*6515_0E:91 6.49132E-01 6.33133E-01 6r27490E-01 6.1038EE-01 5.89340E-01 
2 5 6 1) 830 4 33 3 1 -6 e 77 1 0 2 E-0 1 -6 * 7 1 8 R 3 F-0 1 6 65 9 89 E- 0 1 6 a 49 5 4 3 E-0 17-mqm 1 5 89 05 4E-U 1 
2 6 5.844 9 5  e0 1 6 7 5302 E-0 1-2 s 738 65E-41 6 a 6 6807 E-0 1 6.4993OE-0 1 6 e 3 72 30 € 4 1  5 * 88 734E-0 I 

- ___I _-- 

6 t 2 3 4 6 m 6 . 0  98 45 E-01 
6 * 27 297E-3 1 6 092 81 E - 0 1  
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98- $.4249_9€-01_ 
99  6.37277E-01 

6 -  43457E-01 
6 5 8605E-01 
6 -5-35 24E-51 
6.48562E-01 
6.435352-5J 
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6.38627E-01 
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-. 6. Z 8922&$1. 
6.24165E-01 
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6 , 3 5 3  3 E s -  

6.30953E-01 
6.26249E-3 1 
6.21 642E-0 1 
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- __ __- 

LOO 6.3727fE-Ol 6.24165E-01 6.12776E-01 6 .02935E~Ot  5.727965-01 2 , 4 9 0 3 5 € ? ~ 1  555829€---1 5mU2999E-01 4.92490E-61 
101 6.37014E-01 6 .19493E-01  6.08545F-01 5.98462E-01 5.69944E-01 5.47025F-01 5.34032E-01 5.02428E-01 4.9173LE-01 

1 (f 8 
f 0 9  6.055LSE-01 5.96031E-01 5,87714E-01 5.79607E-01 5.57339E-01 5.39547E-01 5.27878E-01-5~03797E-01 4.9237ZE-01 

6.0 81 9 1 E -0 1 5.9 83 77E- 01 5.89 777E -0 1 5 .8  1 5 2QE-01 5.5 851 4E-(3 1 5.401 69E-0 k__,* 2 8 3 6 z - 0  1 5 * 0 3458kQl. 592052E-OL 

120 ~ . ~ ~ o ~ I E - o I  
1 2 1  5,80528E-01 
122 5*77@?1E-C1 
123 5.73537E-01 
1_24-5--7005JE~~J 
1 2 5  5,66579E-01 
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127 5.59696E-OI 

129 5.52919E-01 

131 5.46266.E-01 
132 5.42990E-01 
1 3 3  5.39747E-01 

128 5.56293E-01 

130 1 .49576E-p l  

5.77328E-01 
5.1389fiE-Pl 
5 .7C)736€-0t 
5.67554E-CI 

5 a 61 3 =$:@I 
5.5794?E-O1 
5.54744E-QL 
5.51549E-01 
5 -48365F-01 

5.42043E-C1 
5.38'?09E-01 
5.35796E-01 

5.64357~-01 

5 45 126 E - 0 1 

5.70899E -0 1 
5.68099E-01 
5.65 2 55E-0 1 
5.62361E-01 
5.5944OE-61 
5 56 4 9 3E -0 3 
5.53528E-61 
5 . 5 6 5 4 8 E - 3 l  
5.47561E-31 
5.4457nE-C 1 
5.41580E-Of 
5.3859 3E-6 1 
5.356lZf-E 1 
5.3264LE-01 
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90 00 
91  5-22197E-01 5.17843E-01 5.03352E-01 4.7435LE-01 4.43668E-OL 2.09016E 00  
9 2 
9 3  5.13b77E-01 5.10069E-01 4.958146-01 4.66835E-01 4e36478E-01 1.97305E 00 

5 52 708 6 E y O  1 -552 2 1 87 E-0 I 

'5 * 17 7 2 2 5-0 1 

5 096 5 2E-0 1 

5 13 7 97 E-0 1 -4.99404E-0 f 

4.7 5 86lE=O1 

4 s 70 346 f?OJ-- 4.3 9 80 I E-OJ 

4.4 809 8 E-Jl-__-Z LO9 K3E 

2201 2 B O €  90 . 
_. 9 4  - - 5.10069E-01 - - __ __ __ 5.0657lE-01- -4.92569E-91 4.62500>--01 4.23&F7E-01 1.96667E 0 0  

9 5 5.10f69E -0 1 -5.066 7 1 E-0 1 4 92 5 89 E -0 1 -4 6 38 08 E-0 1- -4.3%6%7E-O 1 1 9 68r7g OO-. 
-96  5.06895E-01 5.03609E-01 4.89726E-01 4.6/251E-01 4.31437E-01 L e99b92E OD 

9 8 4 * 8 5 0 ~ B E ~ O J  - 4 * 57429E-6 1 4 282 5 8 E-0 1 2 e 151 92 E 00 
9 9  4.99780E-01 4.96313E-01 4.83168E-01 4.56176E-01 4.27436E-01 2.28697E 00 

97 5.04128~-01 -5.00867~-0i 4.81203~-01 4 . 5 9 1 2 3 ~ - 0 1  4.29596~-01 2 . 0 5 6 9 2 ~  00 
5 0 1 760E-0 1 4 9 84 3 BE-0 1 

-I . __ - - __ ___ 

10 0 4-27 40 f €4 1 --2-%2 c6!_l_rOO 
101 4.98130E-01 4.94459E-01 4.81607E-01 4.55274E-01 4.26925E-01 2.45509E 00 

4 e9978 OE -0 1 -4.9 6 3 1 3 E- 0 I 4 8 3 168 E-0 1 4 s 5 6 1 76 E-Fl-_ 

102 4,96696E-0 _ -_ - 1 -__ 4.92799E-5i __ 4.80232E-D 1 4.54%?6€-01 4.2bbb_fE-J1 2.651 93E 00- 
t 0 3  4.95462E-01 4.91317E-01 4.79039E-01 4*54100E-01 4.26656E-01 2.08584E 00 
104 4.944lOE-01 4.899EIE-Oi 4.78023E-01 4*53966€-01 4,25922E-01 ,26669E 00 

106 4.93936E-01 
107 4.93469E-01 
10-%4,93P0_4j;01 
109 4.9254tE-01 

__ - -. . _ _  
4.89961E-01- 

4.88756E-01 
4.881 bOE--Ol 
4.875 72E-01 

-~ 4 * 8 9 3 6 2 € - 0 L -  

123- 4 ~ 9 1 4 1 E - 0 1  
l l t  4,92071E-01 

113 4.91056E-01 
112 4.91576E-01 

I 1 4  4.90505E:Ol 

4.5-5 72_E-0_1 
4.6498bE-01 
4.84391E-01 
4. R5785E-01 
4.85165E-01 

4 .?8023E--ol -4,53666€-01 
4.7757lE-Of ~~ 4.53819E-01 
4*77130€-01 4.53782E-01 
4,76700E-01 Jt15375bE-0f 
4.76279E-01 4.53746E-01 

4 rJ6 2f9E-02-2 .-53f46€-0J 

4 s 7 54 3 5 E 4 s 5 3 7 f 2 E yo1 
4,74998E-01 4r53678E-01 
4.745LSiE-01 4.53636E-01 

4.75862E-Dl 4.53736E-01 
0 1 

4,271 29E-OL- 
4.27348E-C)l 
4 2 7 5  84E-01 
4.27642E-01 

- I___ 4*27842€-0> 
4.28099E-01 
4,2 E 34 6 E -02 
4.28587E-01 
-- 4.28 82 bE-3 1 

3.166693- 
3.3240bE ._ 
3.48955E 

3 I 850 30E 
3 9 664_4fl_E 

00 
00 
00 
00 
00 

_- 

3 .85030E 
4 04396E 

4.45235E 
-~ 4.66969E 

_. 4 e24422E 

_. . 
11 5 4.90 50 5E;611--4T 8-5 ISE-Q 1 4, %55-1~-% i 4.5 3 636~:Clf T Z F e 2 6 G i o  I--&Z696 SE -00- 
115 4 ,  e9 9 1 9 ~  -0 1 4.1345 2 8 E-c 1 4 7408 BE -0 1 4.535 75 E-01 4 2 9 ~ 0 6  E -0 1 4.8 9 3 47E-09. 
117 4.89280E-01 4.83863E-01 4,73598E-01 4.53481F-01 4.23236EF0~- 5.12252E DO 
LL  8 4.8 8 5 84E -0 1 
119 4.87629E-01 4.82440E-01 Ce72536E-01 4.53208E-31 4.29552E-01 5.60114E 00 

4 e 831 6 BE-0 1 4 73 08 I E -0 1 4.533 5 8E- &L 4,2940 5E-0 1 5 3 580JE-_OO- 

- - . _.._ - _ _  - - ._ __ __ __ - - -______ 

120 4.67629E-61 4.82640E-01 4.P2536E-OK 4.53203E-Ot -4?1_2P352E-Of 5.60lJ4E 00 
121 4.86780E-01 4.81449E-Gl 4.717806-01 4.52944E-01 4.2'96bPE-01 5,91905E 00 

123 4.M575E-01 4.79297E-Gl 4,70059E-01 5.52092E-01 &;29578E-01 
124 4.83408E-01 4.7813LE-01 4.69096E-01 4.51517E-01 4.29389E-21 

126 4s8F929E-31 4.7561CE-01 4.66975E-01 4,50090E-01 4,26755E-01 7.22976E 00 
i 2  7 4 796 14E-5 I 4.742 55 E- C 1 4.65% 22E -0 1 4.4 926 5 E201 4.2 8 341'f! -3-1 7 441 65E-m- 
128 4,78248E-01 4.72635E-01 4.64608E-01 4.48359Ey01 4.27871E-01 7.63844E 00- 
129 4 76 0 3 2E - 0 1 4 7 13 40E -0 1 4 63 3 3 9E-0 1 4 473 82 E-01 7 X 3 7 5 F - 0 0  
130 4,753b6E-t l  4.6980tE-01 4.62014E-01 4.46342E-01 4.26774E-01 7.98917E 00 
13 I 4.73 853E-0 1 4.6 8 187E-01 6 60639E-0 I 4 * 45 2 42 E-01 ~ ~ ~ & ~ ? ~ E ~ 6  1 ~ 1 % ~ ~  
132 4.72294E-01 4.66509E-01 4.59215E-61 4.44087E-01 
I 3 3  4 .TO69  1E-01 4.64 767E-C 1 4 t 57 745E-0 1 4.428 82 E-51 

122 4. ~ 5 6 4 8 ~ - ~ . 1  4 , a 0 4 ~ 3 ~ - 0 1  ~.POW+E-CI 4 .s t f706-0 i  4 . 2 9 6 7 5 ~ - o j  

12 5 4 a2 1 3 3 ~  -I) I 4 .-s&v~~E--cI I 4.6ao758E-6 1 -4.5 OB m G O ~ i i ~  ~TE-o~ 
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