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Kigh Flux Isotope Reackor physics slxxdies w e r e  conducted to e s t a  l i s h  a core 
design t h a t  rmuld permit Yne at2-t;tajanent; of about 5 x l d 5  neutTons/cn>-& impertrarbed 
%hemal. flux at a power level. of 100 Mw. 
t r a p  reactor, having R Light-water island. sun'omCied by a fuel annulus containing 
f u l l y  enriched wanium, water, and duns im.  A vertical-plate control syskem separates 
the -fuel region from the water-coolea beryllium side reflector. The islad. d i a m e t e r  i s  
14. cm, t he  f~fixel-~annulus outer diameter 38 cm, 'md t he  act ive core length 43.7 cm, It 
i s  estim&e& t h a t  t h i s  core, w2th enovgh &el. f o r  10 da s of operatti n at 100 Mw, ~;riLl. 

t h e r n d  f lux  of 3.7 x 1d.5 i n  a 290-g sample of JAI-242. 
flux w a s  e s t h a t e d  t o  be 1.6 x loo Btu,/hr-ft2 for a fuel element containing O,O?O-in.- 
th ick  plates and 0,050-in. - thick coolant channels. 

The proposed reactor  i:; a cyl indr ica l  flux- 

produce a m a x i i m n  unpertuqbed thermal flu o f  6.6 x Id- 3 -  neul,rono/c~r?-scc and an average 
 lie corresponding msuimfi lieat 

i i i  
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Specifications for  the  High Flux Isotope Reactor KFTK) c a l l  for a maximum un- 
perturbed tharmal-neutron f l u x  of 5 x Id-? neutrons/cm&-sec a t  a nominal. operating power 
level of 100 Mw. "lie reactor  proposed t o  meet these specif icat ions i s  a cyl indrical  
flux-trap type consisting of a light-water i s l a d  t h a t  i s  surrounded by an %nndar fuel 
region containing f u l l y  enriched uranium, aluminum fuel. p la tes ,  md Light-water coolant 
m d  moderator A light-water-cooled beryllium side r e f l ec to r  i s  separated from the  fuel 
region by an annular  control region, 

?"ne purpose of t he  prelirnbary physics s tudies  w a s  t o  determine R combination of 
reactor  paraneters t h a t  would result i n  the attainment of t h e  desired neutron flux: level 
vithout exceeding the  permissible heat flux. Parameters considered i n  the  :;tudies w e r e  
island. diameter, length and thickness of t he  fuel amiLus, fuel loading,* radial distri- 
bu%ion of fue l  i n  the  fuel a,nnulus, burnable poison concentration i n  the  fuel,  control 
surface effects ,  metal-to-water r a t io ,  weight  and s i ze  of  a 231-2112 feed-material t a rge t  
t o  be inser ted i n  t h e  water island, a d  a few others. The s tudies  d s u  included fuel- 
cycle mj lys 'Ls ,  invest igat ion of xenon instabj-lity, and the  e&cul;zi;ion of r eac t iv i ty  
coeff ic ients  and neutron lifetime, 

fl%e resillts of the  s tudies  indicate  t h a t  a core having rt 14-cm-diameter island, IZ 
h e 1  m n d u c .  45.7 em long and 1 2  cm th i ck  containing r ad ia l ly  graded h e 1  and. burnable 
poison, an& containing enough fuel for a 10-day cycle can achieve 5 mzx3.m.m thermal f lux  
in t he  island o f  6.6 IC Id-5 neutrons/em2-sec at a pover l eve l  of 100 Mw, 
spond-ing maximum heat flux i s  estimated t o  be 1.6 x lo4 Bku/hr-fi2 for a fuel. element 
conkaining 0.030-ine-thick coolant chamiels and O.O'jO-in.-Lhick fie1 p la t e s ,  
~"uel cycle t he  maximum power density i s  essent ia l ly  constant, while t he  thermal f lux  i n  
the  i s land  decreases by about 2$. 

'Be corre- 

During %he 

For several  calcuJ-a%ions a q u a n t i t y  of Fb-2112, which i s  t o  be i r rad ia ted  i n  the  WIR 
f o r  the  purpose of producing transplutonium isotopes, was  included i n  the  is land region 
i n  order t o  detemine the  weight of PLI-242 an& t he  size o f  the  t a rge t  t h a t  would result 
in  the maximm production of Cf-252 i n  a. one-yeas period. Using a homogenized. taxget 
consisting o f  water, durainum matrix and cladding material ,  and plutonium, the optimzun 
weight and d l m e t e r  (for a core-length taJrget) were determined t o  be about 3GO g and 
10-6 ca, respectively.  The corresponding volume-pveraged thcrmd flux and the  maxirmun 
heat generation r a t e  i n  the  t a rge t  were 3.3 x Id-) neutrons/ern2-sec and 7'0 kw, respec- 
t i ve ly .  
rake of 9 0  kw, i s  t en ta t ive ly  being proposed for the  HFIR. 

A 200-g ta rge t ,  having a corresponding f lux of 3.7 x ld-5 and n heat generation 

The control system selected for  t he  1-m is a mecfianical system consistLng of two 
t h i n  (approxisnately 1 em t h i ck )  concentric cylinders located i n  tihe annulas space between 
the m e 1  annulus and. side re f lec tor .  
made up of th ree  equa-l.-length v e r t i c a l  sections: 
$0-m, a '$rqr'' region fo r  shim and regulation, and a "white" region. 
progresses) t h e  control cylinders are withdrawn i n  opposite direct ions SO as t o  maintain 

Both cylinders me th ree  core lelyrths long, being 
a '%lack" sect,ion for  emergency shut- 

As a fuel cycle 

1 



2 

sylmetry about the longitudinal axis  and the  hori.zcmtal midplane. 
fuel cycle does this  method of control r e s u l t  i n  excessive power-density peaking. 

A t  no -t:i.rne during the  

Temperatwe coeff ic ients  of r eac t iv i ty  were calculated for  the  eoniposite core, 
assinming a l l  regions t o  be a t  the  same temperature, and a lso  for t he  waAer  island and 
fuel region sepwatcly.  The ca.lcula,tional a d  l imited experimental results iad-lcate that  
below about 110'E' the over-d.l coeff ic ient  (8.3-3. regions a t  the  same tenperaturc) is  posi- 
t i v e  wi.t;h a maxiiuwn posi t ive zenct ivi ty  addition of abaut 0.2% when Yne temperature i s  
incresscd above '/O°F. The c a l c ~ ~ l ~ a t e d  room-temperature coef.fieients fo r  t he  island a d  
f i r e l  region separately are + l . O  x LO-'' and -0.8 x lo-'' Ak/k/*F, respectively.  
avemge operating temperature of about 1?O0F, the  over-all  coefficient; :i.s approximahely 
-leO x lo-'!' hk/k/'F a t  the  beg:i.xxning of" the  fue l  cycle and -0.2 x lo-'.' Ak/li/'F near the 
end of the  cycle, 

A t  an 

Void. coeff ic ients  of r eac t iv i ty  were cal.culated for  the eoniposite core, assuming 

Void coeff ic ients  wera also calculated for cy.l.indi-ical voids 
For the  case of a cyliiidxica.1 void i n  the  i s land .  equal. t o  

all regions t o  contain the  same void fraction, and f o r  %he all-water is7.md region tmd 
the fuel region separa.te1y. 
i n  t he  center of t'ne island. 
.I;ne act ive length of t he  core and. re f lec ted  on the ends by wzter the coefficien'k was  
positive? up t o  a, cylinL-ical void diameter of about 9 err? i n  a 14-crn-dimeter i s land-  
The corresponding m a s i ~ m  change i n  k 7#7as ahoirt +1.2$. In the case of uniform voids 
the over-all  and. fuel-i-egion coeff ic ients  were negative, w h i l e  tize alJ.-water is land 
coeff ic ient  w a s  posit;iv-e up t o  43% voids v i t h  a maximum posi t ive r eac t iv i ty  a~.&it ion 
of 2.5%. 

The prompt-neutron 1i.Yetiiiie w a s  cdcula-Led for  Vne begimiing of the f ie1 cycle with 
L;he shirn co~ i t ro l  p la tes  f'u1.1.y inserted,  and. for the  end of the fiiel cycle w i t h  the  s h b  
control  plates completely withdrawn. The l i fe t imes  were 50 and 100 psec, respectively.  

Xenon i n s t a b i l i t y  was investigated by bot'n d ig i td l  m d  mali~ag~~ computer techniques. 
Step changes i n  r e s c t i v i t y  up t o  2$ mrc introduced i n  %lie fora  o f  l oca l  peL%urbatlonst 
and these did not cause s igni f icant  osc i l la t ions  i n  power dis t r ibut ion.  

F'igm-e 1. i s  a schemstic rcpresentation of t hc  HFJR showing typical. ~ I I X  d is t r ibu-  
tions. PertinenL charac te r i s t ics  of the  core are  l i s t e d  i n  Table 1, 

Table 1. € F I R  Characterist ics 

Nuclear 

Heacto~ power, Mw 
Neiitron fluxes, izeutrons/cm -sec 2 

I4aximiim imperturbed thermal flux i n  t he  islavlii 

blaximm t o t a l  Pas t  flux i n  f'uel region 
Maximum unperturbed the-mal f lux in beryllium 

side ret 'lector 

Beginning of  cycle 
End OS cycle 

1.00 

6.6 x 10'"' 
13 5.7 x 10 

1.5 
15 

1.0 x 10- 
2.0 x 10- 
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Table L . (Continued) 

Average thermal f lux  i n  island target 
(200 g of Fu-242) 

Temperature coeff ic ient  of r eac t iv i ty  (na t a rge t  in islana), 
Ak/k/*F 

3.7 x L015 

Average core temperature, O F  70 3-50 
Beginning of cycle 

-4 
-4 
-4 

-4 

Water is land +l .O +1.1 x 1 0  
Fuel annulus -0,8 x lom4 -2.0 x 10 
Over-all - t-0.8  LO-^ "1.0 x 10 

End of cycle 

Over-all - -0.3 x i o  
Void coeff ic ient  of r eac t iv i ty  (no t a rge t  In  

island; voids confined t o  volume within 
act ive core Length) 

Cylindrical  void In  island, (Ak/ll)/(Rv./HI) 

'U&form voids (beginning of cycle), (Ak/k)/(Ap/p) 

< +0.002 at %/RI = 0 

MCu Ak/k = +0.012 a t  Hv/RI = 0.6 

Island +o.& at ~ p / p  = o 

f i e 1  -0.4 at  Ap/p = 0 

Over-aJl -0.3 at; Ap/p = 0 

M a x  Ak/k = 40.025 at; Ap/p I 0.45 

Prcmpt-neutron l i fe t ime,  psec 

%ginning of cycle 
End of cycle 

Length of fuel cycle, days 
Heat Removal  

Fuel-plate thickness, in .  

Power density (97.5 MW i n  core), l ,m/li ter 

Average 

0.040 

2.18 

Maximum 3.90 

5 Average 7.89 x 10 
6 M a x i m  1.41 x 10 

2 Heat f lux  (97.9 Mw removed f ' r o m  p la tes ) ,  Btu/hr-ft 

RatYo of maximum-to-average power clensity 1.79 

50 

100 

10 

0.050 

2 .I8 

3.90 



2 Burnout heat flux, B%u/hr-fk 

Nominal 

Minimuii 
Ihu-nou-L-heat-x'lux reduction factor  

'Iemperahires, OF 

Coolant i u l e t  

Coolaat O l i t l e - t  

Maxirnm surface 

Drop across aluminum oxide film 

Maximum r e t  8.1. 

~001m.i; velocity, f t /sec 

Pressire b o p  acposs core, p s i  

System pressure a t  pump tiischarge, p s i  

Core Design and Size 

Type of' core 

Q-pe o f  f'uel elements 

Fuel-plate thickness, in .  

Coolant-channel thickness, i n .  
Lei3E;th of fuel pla-txs, i n .  
LengtA of  active core, in .  
Inside diameter of PueJ. ainulus, i n .  

Outside dizneter of f'uel annulus, in. 

Volunie i n  f u e l  annd-u.s (act ive portioxi), l i t e r s  
Outside diaiieter of s i d e  ref lector ,  in .  

Core Materials 

li'ud 

Fuel. I-oading, kg of U 

Coolmt 
Island moderat o r  -refle c t or 

Side r e f l ec to r  

235 

- 

0.06 0.86 

120 

184 
343 
47 

399 
40 
6 7  

500 

120 

192 
365 

52 

430 
14-0 

67 

500 

C y l h d r i c a l  annillus, flux t rap 

Aluminmu plakes, involute 
geometry 

0.040 01" 0.050 

0.030 

24 
18 

5* 5 
14.9 
l4J-C .8 
41 
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Code calculation, GNU 
Cross-section s e t ,  GNU 34 groups (ORNL revised se t )  

Active core leng:ti?, 43.72 c m  
Axid  bucUing, OS0O2391 cm-2 

!he-m& temperature, 8o0C kef*' 0.993 

15 

Region 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
I 0 
I. 1 
12 
13 
1 4  
15 
16 
17 

19 
l a  

8.5 
9 
9.5 
10 
11 
12 
1 3  
15 
16 
17 
17.5 
18 

18.03 
u.60 
25.53 
29 * 97- 
34.4 3 

47.75 
9t .30 
60.00 
37.72 
9.88 
46.02 
41.13 
35.97 

39.12 

31 -13 
200 

L 

RADIAL DISTANCE (cm) 

Fig. 1. Radial Flux Distribution at Horizontal Mid- 
plane of Clean H F l R  Core. 



INTRODUCTION 

'The primary purpose o f  t he  High Klux Isotope Reactor (HFL?) i s  t o  produce mi.l.l.igram 
q u a t  i.ties of amzricium, curium, berkelium, and californium by 1965, the  quant i t ies  and 
date  being consisten.1; with projected needs f o r  basic  research. Considering the  time 
required for  design and constmctlori of t h e  reactor,  t h e  t i m e  available for i r rad ia t ion  
of the feed m a t e r i d  and t he  subsequent produetiof1 of the  transplutoniun iso-topes i s  
about one year. 
neiil;roi? f . l . 1 ~ ~  of about 5 x loll neutrons/crn*-sec tha t  can be used f o r  i r rad ia t ion  and 
production of o ther  speclal  isotopes. 

A secondary gurpose of  t he  iiFli? i s  t o  produce an unpertwbed thermal- 

The possible feed materials t o  be used for tne  production of the tr.msplu'kanium 
elernents are PII-242, amc-riciim, and curium, t h e i r  use depending on how much of Each 
one i s  available aid w1k.t end product i s  desired. For these studies Pu-242 w a s  speci- 
fied. as the  feed. materi<d m.d Cf-252 as the  desired end product. 
probably t he  h i ~ h e s t - a t o m i c - n u . ~ ~ ~ ~ ~  element and Cf-232 i t s  heaviest isotope that can be 
produced i n  signifi.cant quantity i n  reactors  operating: a t  €lux l eve l s  less than l&7 nv 
because of t h e  very short ha l f  Lives of  the  heavier nuclides. A s  shown by the  iso-bope 
chain i n  F i g .  2, t e n  successive neL7tron captures are reqilired bo tmnsiiiute Pu-242 t o  
Cf-252, indieatling t h a t  for a specified i r rad ia t ion  pei-iod Cf-252 pi-odixtion has a 
str0ii.g dependence on thermal flux. Sol.ixtion o f  t he  isotope equations indicates  tha% 
the tobal  production f o r  a oiie-year period is proportional t o  abou"c -the t h i r d  po7we~ of 
the theriilal f lux  f o r  flux l eve l s  between l x 
a flux leve l  of 3 x 
for each 100 

* (CaliToruiwn i s  

and 5 x l $ - 5  neutrons/cm2-see; and a t  
about 30 mg of  Cf-2>2 would be produced i n  R one-year period 

of Pu-242 feed material. Assuming t h a t  a 100-6 quantity of feed material 

++ 
The r e su l t s  o f  the  parameter s tudics  reported herein indicate  t h a t  the  basic  optimum 

core ilesign would not  be significarntl-y d i f fe ren t  with difrercnk h-avy-isotope feed 
matcriols yielding the desired cnd products. 

UNCLASSIFIED 
ORNL-LR-DWG 50301 

5.0 h 11 h 4 4  d 
\ \ \ 

~ " 2 4 2  - pu243 ..... pu244 - pu245 .-+ Pu246 

Fig. 2. 
from Pu24', 

Reaction Paths in the Production of Cf252 
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would depress the the& flux by no more thasi about 405, it w a s  concluded t h a t  a maxi- 
mum unperturbed thermal f lux  of 5 x loss woUlLc1. be ad.equate for  the  JB'IRe 

Tne HPLK requirement of high thermal flux but small i r rad ia t ion  space i n  the  high- 
flux region (by comparison t o  general research and materials t e s t ing  reactors  ) suggested 
.Yne luse of a flux-trap-type reactor  which provides i3 high thermal f lux i n  3. central  
mod.erator-re~lector region outside of the fuel region. 
core designs1 indicated t'lat a maximum t h e m t  f lux  per m5.t of power equal t o  about 
2.5 x ld-3  neuI ; rons /cm~-sec-~~~ could be achieved i n  a cy l inck icd  DzO f lux-trap re-  

could produce a maximum thermal f lux  of about 5 x 1 6 3  iieutrons/ciii2-sec-Mw.5., Corre- 
sponding flux values for  the  Materials Testing Reactor (IvlYR), Engineeri?g 'rest Reactor 
(ETR), and Oak Ridge Research Reactor (Om) m e  1.23 x 1$3, 0.40 x I-d.3, and 2.0 x 1 6 3 ,  
respectively.  A further comparison between f lux-trap peaking and s ide-ref lector  peak- 
ing w a s  made i n  the  course of t h e  KFlli s tudies  (refer t o  Appendix 2 ) .  %ne r e su l t s  in-  
dicated t h a t  for t he  same powe~ and average power density a f lux-trap reactor could. 
pro3uce a t'nermal flux i n  a light-water is . laid three  times greater  than i n  the  beryllium 
side reflectoi. of a s i r n i l a r  core trithout the  central  wster j-sland. Thus, i n  the  in- 
t e r e s t  of minimizing cap i t a l  and operating costs,  it was conclucled. t h a t  Yne HFLli should 
be a l-Lght-w:zter-islmd, flux-trap-type reactor.  

A rev:iew of previous i?lux-trzp 

actor;'J39'+ the  same type of reactor,  containing IT20 instead of D20 i n  the i s  tan*, 

Cylindrical  geometry as opposed t o  rectangular wanetry was selected for  the  HFIR 
on the  bas i s  of experhento.2.. work done by Feinberg, t which indicated tha t  the cylin- 
d r i ca l  geometry would r e s u l t  i n  a 3576 lower m , u r h u m  power density fo r  the same m a x i m u m  
neutron flux and t o t a l  power. 
water coolant were selected i n  keeping with the des i re  t o  minimize costs.  Light-wa;ter- 
cooled beryl.liwrt w a s  selected f o r  t he  s ide r e f l ec to r  to eliminate the need for  D20 

7 
anyUhere i n  khe reactor .  
because of i t s  compa,ratively lwge  absorption cross sectLon. ) A s  indicated by Fowler, 
the  use of &0 instead of I320 as the  coolant-Inod.erat;or i n  a f ie1 'zI111u111s containing a 
solut ion fuel results i n  a peak tizerm;zl-flux Loss of about 14$, when .L?E coriipiwison i s  
mde on the  basis of equal power dens i t ies .  This loss, TEii-iieh would  be everi less wiYh 
about 505 of Yne fue l  annulus volume occupied with cladding m a t ; t e r i 8 1 . ,  ms considered 
insuf f ic ien t  t o  warrmt the  use of DzO and the  addition& separate cooling systeia. 

For the fuel aanuluo, .dUniinwn fuel  p la tes  and l i g h t -  

(Light water <alone i s  not a sa t i s fac tory  side r e f l ec to r  

,The previous flux-trap-reactor design s tudies  referred. .to above indicated t h a t  n 
power l e v e l  of 100 Mw would be required t o  achieve the desired theml- f lux  l e v e l  of  
5 i: lo"5 neutrons/cm2-sec. Since the estimated cost of such a reactor  was consistent 
with the  mount of f inds expected t o  be available,  100 Mw was specified as t he  maximum 
normal operating power l eve l  fo r  the 1-FIR. 

With t h i s  mc'n of tlne HFIR aesign t en ta t ive ly  specified, t he  preliminary physics 
!;tudiei., reported herein were conducted t o  determine a su i tak le  combination of dimensions 
an1 inaterials t h a t  would result i n  sa t i s fac tory  values of neutron flux an? heat flux. 
The neutron fluxes of  gmateot in t e re s t  were the  rnnximua unperturbed thermal f lux  i n  
the water island., @ , a i d  the volume-averqed thermal flux, jdz, i n  the  hotnogenized 
heavy-isotope t a r g e t  located i n  the  center of the  water island. 
paiwueter s k & y  was concerned with determining the  optini-m diameter of t h e  -r<ater island. 
Once JChis w a s  done, the  length and thickness of the  fuel cannd.us were adjusted t o  ob- 
t a i n  the  minirmm power density for given values of  1113~2iriu11~ tlzermd f lux  and totaL re- 
actor power. 
i n  t i e  cent ra l  experimental region.) On the basis of these studies a typ ica l  XFZK core 
design was selected for  fhrtlie:r detai led m;iLysis I Some of t he  paraneters considered 
i n  the detai led a n a l y s i s  were r ad ia l  and axid. power di:;tribution, control-surface con- 
figurations,  fuel loading, burnable-poicon concentrations, metd..-to-wa--tes ra t io ,  plu- 
toniiia feed-materid weight, and s i ze  of plutonium taxget 

9ie first par t  of  the 

(These ca.lculations were made &%ti?_ .and without the  plutonium feed material  
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The K1;’LI stud-ies a l so  includ-ed the  ana&jsis of different  types of cofltrol systems 
i n  order to determine their r e a c t i v i t y  worth and ef f ee t  on m a x i m u m  power density. 
iifter t h e  control scheme w a s  selectcd, fliel-cycle-t:i.n:e calculations were made t o  d.eter- 
mine the  core l i f e  for a par t icular  loading and t o  determine how neulxon f L u x  and maxi- 
muifi powcr densi‘iy varied w t t h  tlime. 

Cnlculations were made t o  d-eterrzine the  temperature and void coeff ic ients  of r e -  
a c t i v i t y  and the prompt neutron lifctiine. A study w a s  also made of xenon i n s t a b i l i t y .  

In  t h e  process of nakiQq the  numerous HFLR calculations, several sirnpl.iTyiiw 
assmptions rrere made regarding the  island and. s ide ref lector ,  targets ,  and  experiments. 
Assuming t h a t  t h e  beryllium side-reflector rabbi t  tubes, beam holes, and associated 
experiments would represent about -2$ 3.n react ivi ty ,  an approximately equivdent 
anount of t1ierlna.l absorber (absorption cross section of 0.002 cn1-l) w a s  added t o  t h e  
beryll i ixi  CTOSS section for all calcu.!.ations. For t i e  i s l aad  region it was necessary 
t o  know how production, cross section, an3 heat seneration varied wt.th neutron flux, 
time, rm-d. type of feed material  i n  order t o  include -the heavy-is@ope-bearPing t a rge t  
i n  t h e  reactor study. 
Chethm-St;rodel2 indicated khat heavy -i sot; ope experiments c o i l d  be adequate1.y repre - 
sented by considering only tfierilial i r r ad ia t ion  of Rx-242, having Cf-252 as a f i n d  
produ.ct . Claiborne‘s estimate of t h e  theimnLl cross section of Ihe heavy-isotope feed 
material  as a fllnction o f  thermal-neutron exyosure (assmi% constant T2.ux l eve l )  was 
used .to obtain time-averaged and flux-time-product averaged cross sections e (The t i m e -  
averqed  ciwss sections were somewhat dependent on the  absolute .T l i a  l eve l ,  whereas tne  
cross sections averaged over products o f  flux and ti.me were e s s c n t h l l y  independent of 
flux. Actua.l-I.y, t he  differences i n  t‘ne two types of cross sections for  the range of 
c,xposure times and fluxes considered w2re sma1.l enough t o  be considered negligible.  
Therefore only one value of the feed-material cross section w a s  used i n  the  parameter 
studies.  ) 

The r e s u l t s  of studies made by Claiborne, jg,” Zrgen.,ll and 

Another simplifying condi-Lion imposed on many of i;1w pa-ametric calculations was 

(This included enough r eac t iv i ty  for a 
t h e  omission of control s i r faces .  Most of t he  cores were compared on . t i e  basis  of 
keff = 
proposed fuc l  cycle of about t e n  days. ) 
e f fec t s  of control surfaces and rue1 burnup were considered. 

1.20 with tile core cLem and a t  80”~. 
After a typical core design was selected, the 

It should be emphasized t h a t  t h e  studies reported herein are of a prelim.inary 
nature, having been made t o  demonstrate t h e  f e a s i b i l i t y  of t he  FLFW am3 t o  es tabl ish 
a tyl3ical core design. 
one-djmensional, mdtiregion, difrfusion-theory reactor  codes i n  orde-r t o  reduce t o  
p r a c t i c a l  proportions .the t h e  and money required f o r  the very extensive parameter 
study thal; was undertaken. A t  various tiriies t h e  resul.ts for  pwticul-a.r cases were 
checked with more sophisticated methods such as two-group, two-dimensional, i i i u l t i -  

yegion, diffiision theol-y; thirty-four-grodp, one-diinensional., niultiregion, d i f f i s i o n  
theory ernployimg t h e  Selengut -Goerbzel term for neutron slowing-down by hydrogen; 
thirty-four-groiup, one-dimensional., mull.tii-eeion, consistent theory employing 
hydrogen-like slowing-dowa for four elements j and mil.t;rj.group, one -dimensional, mu1. t i -  
region, ti-ansport theory. Provided tha.t spectrum-averaged fast-group coi~stai~.t,s were 
uszd, the tvo-groiip resu.1.ts compared favorably with mu1:t:igroup diffhsion- and transport-  
theory r e su l t s .  Therefore most of t he  res71J-t;~ reported are  considered t o  he s a t i s -  
Tactory for a t  l e a s t  t he  preliiiiinarry m.a.l.ysis, 
based on the  calculational model that most ilc*lj-ly reproduces the  r e s u l t s  obtained .f’ro~a 
HFXK critical-i.ty experiments. 

The majority of t he  calculations were made using two-group; 

The f i n a l  EiFlli nuclear design will be 
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In  t h e  in i t i a l .  parameter studies,  it w a s  assuraed t h a t  Kne maximum neutron 
flu was l imited only by the  m a i m  permissible power density aid by t'ne speci:Ked 
nomind power leve l .  'Rius the  quant i t ies  of par t icu lar  i n t e re s t  were the flux per 
-mdt of m ~ ~ i m u m  power density, $/(P/V)lIl, and f lux  per u n i t  of ~ O W C Y ~  $/P, where the 
T3u.x  i n  .f;i.iis case w a s  e i t he r  t he  mrrUi.mum unperturbed theTmaL flux i n  the island, $m.I. 
o r  the volunie-avercaged thermal flux i n  the  i s l a d  t a rge t  (Pu-242 taxget) ,  $E. 
core-volume limits of i n t e re s t  fo r  tlne KFLil, decreasing the  s ize  of  the  fuel mnulu.s 
(wjiile mmintaining a constan-t  slam^ diameter ) t o  increase $/P resti~_.ts i n  a decrease 
i n  @/(P/V)m since the  decrease i n  volume more t h a n  offset:; tlne increase i n  @/P. 
i n  the clesign of. the I-1FIR core, it w a s  necessary t o  corripromlse between the  m a x i m  
achievable values of $/P and O/(P/V),,, taking in to  consideration <dl the  practic,d 
aspects of reactor  design. 

Within 

Trilus, 

Die genera l  parmeter' s tudies  d e d t  mainly with t h e  op+,imiza.t;ion of t h e  ls land 
diameter, the  invest igat ion of beryllium as an a l t e rna te  or supplementary moderating 
meteric22 for the  island., and t'ne select ion of appropriate t'nickness and height dimen- 
sions for  t he  f i e 1  annulus. N.11 cores used i n  the  calculations here contained enough 
fue l  fo r  kerf = 1.20 with t h e  core clean and a t  80*C,  the  file1 being dis-t;ributed uni- 
forntly throughout t he  fier annulus; no control poisons were included i n  any of t h e  
region:;. Results from n lesser number of ca-lculutions, which included suf f ic ien t  
control poison t o  make k.eff = 1.0, indicated t h a t  the  exclusion of t'ne control surfaces 
w o u l d  not significant.ly change the  optimum core dimensions. 

A schcrcatic representation of a typ ica l  cyl indrical  core used i n  t;he general 
parameter s tudies  i s  presented i n  Fig. 3. Tne f igure a l s o  incl-udes .t;wo-group neutron 
flux dis t r ibu t ions  for a core contairdng no islcud t=wget and no control surfaces. 

Island Dia;meter 

'The fllnction of the central  water island i s  t o  s l o w  dom. t o  thcrmc.LL energies 
nonthermd neutrons leaking from the  fixel O ~ L L L U S  i n to  tie island ana t o  r e t a in  them 
fo r  some t h e  so as t o  build up t h e i r  density. 
i n  a non-fuel-bearing region s igni f icant ly  higher than  i n  the  he]. region aJnd the  
s ide-ref lector  region. For a given current and spectrum of  neutrons i n t o  the  is land 
region, t he  magnitude of the  peak theritlal flux i s  determined by .the moderating propcr- 
t ies  of the  is land and therefore the  size of the is:Lmd, imd t h e  neutron slotriiy,-down 
and absorbing charac te r i s t ics  of the mfxr.i.tal i n  the isLarid. If the is land diameter 
is  too s m a l l ,  insuf f ic ien t  motl.eration will take place, thus resulting i n  a i;nernml- 
neutron tlensity Ynat i s  l.esrj than thc  maximum achievGbbie for t h e  p w t i c u l m  entering 
current;. If the  i s l a a d .  d ianeter  i s  too large,  absorption i n  the mod.c?rzt;tor and the  
increased. ra-Li.0 of volunie t o  neutroIn-emitting surface area 1d.11. depres:; t'ne thwrnd. 
flluc. ' I l k  ef':fect of charigbg core poJ.aile-t;ers out:;ia.e the  inland. region, such as tnick- 
ness and height of t h e  fuel. anndusl  i s  t o  change the  energy spectrum of the  nonthermal 
current entering t'ne island, a d  t o  change the  distance a neutron m s t  t r ave l  through 
the  fuel. t o  reach the  Lslarrde Cnanges i n  t he  energy spec-tmx change tine e f fec t ive  
neutron slowing-clown and absorption properties of t he  isJ.a.nd. modem-kor, and <also change 
the  probabi l i ty  of  a neutron leaking ou t  o f  the  file1 :region Into -the isl'md. 
optptimizing the island diameter an t h e  basis of Q/P, severd f i l e l - m d u s  thiclaesses 
vere considered. 

Such a scheme provides thermal flluxes 

'Thus, in 

9 
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WEFACE TABLE FOB FIG. 3 

Code calculation, Wanda 
Cross-section set, NO. 2 (GNU averaged two-group) 
nermd. temperature, 8 0 " ~  keff, 1.20 

Active cor? length, 45.72 cm 
Axia.1. bixkfi.ingJ 0.002591 cm-* 

5 Region Outer T i 2 ?  x 10 
N o ,  Radius (en) Composition (atom/barn-cm) 

...._-1___11__ - 
1 7 HE0 

3 '4 3 Be + 5$ H20 + Em 
2 J- 9 u-235 -t H.+ + AL, M/W = 1 25 

Fig, 3- One-Dimensional Schematic Representation of 
the #FIR Cylindrical Core Showing Typical Two-Group 
Flux Distributions. 

Figures 4 and 5 show t n e  r e s u 3 . t ~  0.P t he  calculations m a d e  to determine Yne 
optimum radius o f  a w a b e r  i s land containing a 2-cm-radius h-242 t a rge t .  As indicated, 
the optimum island radius w a s  essentia.l.1.y iiidependen'c of I?~.el.-annulus thiclmess far 
t he  par t icu lar  cores investigated and it, was assmmd .Lo also be essent ia l ly  i.nd.ependent 
of core heishts  considered f o r  the  €ETR. 
greater  l;'nan t h a t  based on O/P, because increasing the  island. radius of a fixed- 
thickness fuel annu1.iis increases the  amlulus volume s u f f i c k n t l y ,  over a s m a l l  rmgc 
of raSci.l., t o  m r e  than of fse t  t h e  decrease i n  O/P and the  increase in t he  r a t i o  of  
max imum t o  average rMia.1. power density, (qmax/qa.i)H. men both the power average 
power density and therefare  the voliirne of the reactor  w e  specified, a curve of f lux 
vs isJ..a.ird radius should be plotted. wi~th  f'uel.-anruil.us vollulile rat;her than f'uel-amulus 
thickness as a. constant. A s  sh.own l.n Kbg. 6, such a p.lot p-odirces ari optimim island 

The optiraura radius based on $/(P/V)rfl w a s  
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i FEEFACE TABLES FOR FIGS. 4, 3, 6, AND 8 

Region 
No. 

1 
2" 
3 
4 
5 

Code calculation, Wanda 
Cross-section set ,  No, 1 (two-group) 
meriixd. temperature, 80"c 

Outer 
Radius (cm) 

2 

r4 + w 

Active core length, 30.5 cm 
Axial buckling, OqOC4568 cm'2 
kefp' 1-10 

ic 
The dashed curves i n  Figs. 4 and 5 represent cores containing t h e  optbiwn amount of 
beryllium i n  region 2 (as deterroined from Fig. 8,) 
so l id  c w w s  in a g s .  4 and 5 used -Qo i n  regions 2 and 3. 

The cores represented by Ybe 

- 
UNCLASSIFIED 

ORkL-LR-OWG 50306 

5-- 

- - 
L 

n 

z 

1 

E 3  

g 

n 2  

INSIDE RADIUS OF FUEL ANNULUS ( c m )  

Fig. 4. Average Thermal Flux in Target per Unit  
Maximum Power Density and per Unit  Power, aqd UZ35 
Concentration vs Inside Radius and Thickness of Fuel 
Annulus. 

UNbL ASSIFICU 
O W L - L R - D W G  5031 . . .. .. ..-. '7 I 

2 4 6 8 In 12 

INSIQE RADIUS OF FUEL ANNUI.US (cml 

Fig. 5. Average Thermal Flux in Target per Uni t  
Average Power Density, and Ratio of Radial Moximum- 
to-Average Power Density vs Inside Radius and Thick- 
ness of Fuel  Annulus. 
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1 

U N C L A S S I F I E D  
ORNL-LR-DWG 50308 

1 1 .........._I 

Fig. 6. Average Therrriul Flux in Experiment per Unit  
Power vs Inside Radius and Volume of Fuel Annulus. 

radius equal t o  about 6.5 cm" as compare; Lo .values o f  5.7 and 7.0 cm obtained by 
p lo t t i ng  @ d P  and Qd(P/V)n3 respectLvely, using constant-f'uel-annulus thiclmess as a 
pmameter. 
specified, t h e  optimm r d i u s  could be d.ifferent yet ,  However, as indicated by t h e  
curves i n  Fig. 5, (ql,lax/qav)R i s  very nearly constant for  -islami radii i n  t h e  range 
of 6 t o  1.0 cm and f o r  tihe fuel-region volumes considered. 'Therefore -the optimum radii 
based on avc-.ra.ge and maximurrr power densi t ies  would be e s sen t i a l ly  the  scam. 

If tile iiiaximum power density instead o f  t'ne average power density i s  

I n  select ing the  is land radius for  tile HE'D?, t w o  other factors  were considered: 
e f f ec t  of t he  pcl-242 t a rge t  size, and. t he  e f f ec t s  of noriuniforrn fuel burrii~p and i n i t i a l  
radial firel dis t r ibut ion.  
vol-ume of the associated dlUrainum matrix and cladding n%kerial and decreases t h e  volume 
of water i n  t h e  is1ar .d . -  The r e su l t an t  Ciecrease i n  is land mod.eration and Z;'nel-mal f l u x  
can be partia2J.y cornpensatet3 for  by i.ncreasing the diameter of t he  island as the  s i ze  
of tine t a rge t  is  increased-, although t h i s  would resul'i. i n  a lower uqeyturbed is land 
thermal flux. 

Increasing t h e  ,mount o f  rPu-2'+2 i n  t'ne tarrget increases the  

Variations i n  (%aax/qav)R also have an ef fec t  on t h e  optirnrum diameter of t h e  island, 
thus requiring consideration of  the Ln5.tia.l fie.7. distyibution and uniformity o f  fie]. 
burnup. 
the is land t'nan those born f a r the r  out i n  t h e  fuel amulus ,  increasing (%ax 9;tv)H in- 
creases @/P, provided t h a t  t h e  maxi ram power density always remains a t  .the island-fuel 

Since neutrons born cl-ose t o  the  island h a w  a greater  probabili ty of  entering 

-)t 

%ne v a l i d i t y  of t h i s  vdl.ue w a s  substai t ia ted t o  soia& ext.ent by c r i t i c a l  experiments 
conducted on f iu- t rap- type  cores by Peinbeug e t  al, The cores consisted of a 
square w a t e r  island sirrrounded by a squaze fkel annulus tliat was l J k  cm th i ck  and 
contained fid1.y enriched U-233 (U 0 ), hydrogen (polyetlnylene), a1u.i aluniinum. The 
fie1 annulirs was 23 ern long and was silrrounded by a beryllium oxlde reflector. Of 
d1 the va-iatLous of urani1.m-water- cores investigated, a water cavity 10.6 by 1.0.6 CIL~ 
proved t o  be t h e  best; from t h e  viewpoint o r  c r i t i c a l  dLmensi.ons and. re1.ati-w neutron 
densiky ti2 the center of t h e  isLmzili. 
can be derived s d e l y  on t'ne basis of eipivd.erk areas, a n  optirnurn cyl.indi-ical isl.and 
mdius  would be 6.0 cm. 
standpoint o f  both peak flux and mjninnun c r i t i c a l  ~mss .  

3 5  

Assuming that a n  equivdent  circu1.w radiizs 

T h i s  agrees very w e l l  % ~ t b  t h e  mIR c d c u l a t i o n s  e o m  'che 
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in te r face ,  'Therefore, with reference t o  Fig. 3, it might be suspected t h a t  t he  in- 
creasing value of (qraq/qav)H with increasing island diameter had the e f f ec t  of nialcing 
the  optknum is land radius l a rge r  than t h a t  which would have been obtained with alz the  
radial power dis t r ibu t ions  the  same. 
t i a l l y  uniform in i t i a l .  radial power d is t r ibu t ion  i s  desirable  i n  the  HFIB. 
o p t i m  i s l a i d  diameter associated with the beginning of t he  h e 1  cycle i s  somewhat 
s m a l l e r  than predicted by Fig. 6. Even i f  the  i n i t i d  values of (qma/qav& are as 
shom rn Fig. 5, the  opthum diameter associated with a the-averaged v d u e  of 
(qmM,/q w i l l  be less, since nonuniform burnup o f  t h e  fuel tends t o  Flat ten the  
power d?: e t r ibu t ion  f o r  all cores. 

For reasons t h a t  are discussed later> an essen- 
Thus t h e  

) 

The above (pm.litiitive analysis implies t h a t  i n  order t o  obtain the  maximum un- 
perturbed thermal Elflux per un i t  of power the  is land diameter should be l e s s  than t h a t  
indicated i n  Fig. 6, whereas l a rge r  diameters are required fo r  maximum Cf-232 pro- 
duction. 
t he  inside diameter selected fo r  the  actual  f'uel-bearing annular area w a s  14  em. 
Mu.lowing about 1 em for  a non-fuel-bearing inner cylindrical. s ide plate ,  t he  water- 
is land diameter w a s  13 cm. 

Considering californlum production t o  be of grea tes t  importance i n i t i a l l y ,  

Is land Composition 

In  comparison with other moderatoi*s, &O has a l a rge  absorption cross section 
awc short  neutron-slowing-down distance, thus resu l t ing  i n  a comparatively smal l  
o p t i m  island diameter, Should the  water is land be smaller than desirable,  t h e  
optirmm diameter can be increased by replacing some or dl of the  water wiyn a d i f f e r -  
ent moderator such as beryllium. 
formed t o  iieLermine the  opthum diameter of a so l id  beryllium cylinder inser ted i n  t h e  
rniddJ-e of a f ixeddiameter  water island. This w a s  done for several  islmii. radii a 
fixed fuc l -anulus  thickness. A s  shown i n  Fig. 7, t he  optimum r a t i o  of beryllium- 
cylinder diameter t o  is land diameter ranges from zero for is land radii l e s s  than about 
'7 cin t o  u n i t y  for islard radii i n  excess of about 16 cm. 
was obtained with the  optimum-diameter is land t h a t  contained no bcryllium. 
the  residts i n  Fig. 7 indicate  t h a t  t h e  use of beryllium i n  the  w a t e r  i s land tends to 
''roaden G'ne range of e s sen t i a l ly  optimum island. radii. 
point, beryllium cylinders of varying diameters w e r e  placed i n  the  center of one of 
t he  cores associated with Mgs, 4 and 5. 
a beryllima cylinder placed i n  the  center of a 10-cm-radius water island was about 6 em. 
'me r e su l t s  of these calculations determined the dashed curves i n  Figs. 4 and 5 and 
illustrated t h a t  by making use of beryllium i n  the  island, it i s  possible t o  increase 
the  is land radius from say 7 c m  t o  10  cm with only about a 5% decrease i n  @/(P/V)m, 
although the]-e i s  a 205 decrease i n  @/P. 
thickness i s  retained. 
approximatcly the  same fue l  volume will decrease @/(P/V)m some more but  w i l l .  increase 

To invest igate  t h i s  aspect, calculations were per- 

Tine g rea tes t  thermal flux 
However, 

To fur ther  i l l u s t r a t e  t h i s  

As shown i n  Fig. 8, the  optimum radius for  

This assumes t h a t  t he  same i'uel-annulus 
Decreasing the  fuel-annulus thickness i n  order t o  maintain 

@/P . 
The r e s i d t s  presented i n  Fig. 9 indicate  t h a t  d l  cores containing the  optimum- 

s i z e  beryllium hser-t  have 8pproxFnately the  same value of ( ~ = / q ~ ~ ) ~ .  
of the  beryllium apparently i s  not responsible for t h i s  since, as shown i n  Fig. 5, 
cores containing no beryllium and having water-island r a d i i  i n  excess of 6 cm, also 
have nearly equal values of (amax/%v)R. 
beryllium-cylinder diameters determined using uniform Fuel dis t r ibu t ion  i n  the  fuel 
anmilus are the  same as would be obtained using e s s e n t i d l y  uniform radial power 
d is t r ibu t ion ,  as proposed. for t he  KFLR, 

The presence 

Jt i s  concluded, therefore,  t h a t  t h e  optimum 
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Region 
No. 

1 
2 

- 

PREPACE TABLE FW FIGS;, 7 AND 9 

Code c aleulat ion, Wanda. Active core leogth,  45,72 cm 
Cross-section se t ,  No. 1 (two-group) Axial buckling, 0.002591 cm" 
T'nelmal temperature, 8ooc i n  fuel, l.OO°C elsewhere k e f f y  1.20 

Outer 
Radius (cm) -.-. .I . Composition 

U N C L A S S I F I E D  
OPNL LA-D#G 50310 

-1 ,- --- 
"i- I 

IJNCLASSIFIZD - ORNL-LR-DING 5030 ....... 

BERYLLIUM RADIUS ( c m )  

Fig.  7. Maximum Thermal Flux in Island per Unit  
Maximum Power Density and per Unit  Power vs lslond 
Radius and Radius of Cylindrical Beryllium Insert in 
Wafer Island. 

2 4 6 8 10 
OUTER DIAMETER OF BERYLLIUM INSERT (cm) 

Fig.  8. Average Thermal Flux in Target p e r  Unit 
Maximum Power Density and per Unit  Power; Ratio of 
Maximum-to-Average Power Density in Radial Direc- 
tion; and UZ3' Concentration vs Outer Diameter of 
Beryllium Insert in Island. (Preface table same as for 
Fig. 4.) 

Poi- f ixed values of  power and power density, vmia%,tions i n  the  thickness and 
length Gf the fuel aniiulus affect the  nmbe-i- of neutrons Icaking into the  island.. If 
only tile power density i s  fixed, the maxijnilm leak  rate i n t o  the is3.and per m i i t  length 
of t h e  core is obtained wikh an animlus h f i n i t e  i n  height and outer diameter and w i t h  
miform po3~er dis t r ibut ion.  The por~ei-, of coi~ i 'se,  would be i n f in i t e .  

_-  



15 

0 2 4 6 8 10 12 14 tG 
BERYLLlbM RADllJS (cm) 

Fig.  9. Maximum Thermal Flux in Island per Unit 
Average Power Density, and Ratio of Maxirnum-to- 
Average Power Density in Radial Direction vs Island 
Radius and Radius of Cylindrical Beryllium Insert in 
Water Island. (Preface table same as for Fig. 7.) 

Neutrons t h a t  m e  born more than 3, few migration l e m h s  *om the  is land make a 
r e l a t ive ly  srmXL contribution t o  the island Rw, and therefore O/P can be increased 
without signi.ficant3-y decreasing O/(P/V) by reducing the  thickness of the fuel annulus 
from many t o  a f e w  migraLion lengths.  
$/P continues t o  increase, prirriarily as a r e s d t  of a increase i n  ~ i ? e  fkel-region 
nonthermal flux. (For some f l u - t r a p  core der;igns a maximum value for  @/P i s  eventually 
achieved;3J7 however, as shown i n  Fig. 10, if a m u x i m  ex i s t s  for the IIFTn-type cores, 
t he  corresponding f’uel-annulus thickness i s  probably less  than 9 em.) 
111s t h i c h e s s ,  decreasing the  length of the  core w i l l  also increase O/P u n t i l  the  in- 
crease i n  fie1 concentration and the increstse in neutron leakage f r u r n t h e  enas o f  t he  
care of fse t  t he  decrease i n  volume. %e lengths and thickncsses t h a t  r5sull.t i n  m a x i -  
mum values for  @/P arc? generally too small for  p rac t i ca l  consideration, rc uiring ex- 
tremely high fie1 concentrations and resu l t ing  i n  very l o w  values f o r  @/(P?V). There- 
fore, it i s  necessary t o  compromise between @/P and @/(P/V). 

A s  t he  annuLus thickness i s  reduced fur ther ,  

For :x given EUVLU- 

When values fo r  both O and P are specified,  t h e  desirable  combhation of fiel- 
annulus thickness and height is t h a t  which results i n  the  lowest power density. 
Suppose t h a t  both length md thickness of t h e  &el annzllus itre varied shul taneous ly  
EQ t h a t  t he  same values of O and P, and therefore  Q/P, m e  obtained for  each coxe. 
If it were also possible for t he  power density t o  be the s m e  i n  each core, then the  
volume of each core would be the samel md the  integrated neutron source per uni t  
length of the  core w o u l d  increase k%th decreasing core length. However, the neutron 
source i n  a very short, lmge-radius core is, on the  average, f?wther frm Chc i s l a n d  
so that by conpaxison t o  a longer, equd-volurce core the  probabi l i ty  of a neutron 
leaking out t he  ends before resehirg .Yhe island is @?eater. To obtain the s m e  S, and 
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PREFACE 'TABLE FOR FIG. 10 

Code calculation, GNU 
Cross-section set ,  GNU 34 g-oup (ORMI  revised s e t )  

Active core lengih, J~3.72 em9 
Axial buclrlri.ng, 0.002591 cmaL 

TheimLL tcmperatue, 80"c keff' 1.00 

Region 
No. 

1 
2 

3 
4 

Outer 
Radius (cm) 

7 

20 
0 

Compos it ion 

I%O 
HzO 4- A l  t U-235, bI/w = 1 
Be 
Be 

70 

60 

50 - 
8 

J 40 

I 

X 
3 

u. 

W 2 3 0  

2 

W 
[r 

L - 
2 0  

10 

0 

UNCLASSIFIED 
O R N L  LR-DWC 50312 

~ ---- - 

0 1 2 3 4 5 6 
FUEL-ANNULUS THICKNESS ( c m )  

Fig.  10. increase in Neutron Fluxes and Fuel  Con- 
centration wi th  Decrease in Fuel Annulus Thickness. 

P as i n  t h e  longer core, it i s  necessary t o  increase t h e  power density aid, fo r  a given 
lengt'n core, decrease the  thickness of t he  flmel annulus. 73-rus, if @/P i s  maintained 
const-vt as the  length of t h e  core i s  increased from a very short  core, O/(P/V) w i l l  
increase and the  fuel. concealimtion w i l l  decrease, FOP a very I.ong, t h i n  annular core 
the neutron path length to tlne is land i s  short. However, by comparison t o  a shoyter, 
equal-vol.me core, t h e  Aiel concentration is  hi@-> and, f o r  t h e  same powsr density, 
volume, and power, t h e  integrsted neutron soiirce per unit length of .t;iie core i s  less.  
Therefore t h e  peak thei-mal f lux  i n  the horizontal  midplane i s  less but; can be increased 
by increasing the power density, although t h e  volume must be reduced t o  keep the  power 
t h e  same. Thus, if Q/P i s  maintxiined constant 2s t h e  leng'ih of t h e  core i s  decreased 
from a very long core, O/(?/V) m d  t h e  voluiie w.iA.1 increase mid t h e  fuel concentration 
will decrease, On the  basis  of t h i s  q u d i t a t i v e  arbunent it was concluded. tiiat there  
m u s t  be .zn optimum combination of l e w h  and thtclmecc of the fuel annulus k h a t  re- 
sults i n  a m a x i m  v a ~ m  o - ~  ~J / (P /v )  for  a given Q/P o r  a iaaxirmm v d u e  of +/P for a 
given o/(P/v). 
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To determine the proper dimerisions of the  fie1 region, a study w a s  conducted on 
CL core with a fixed water-island radius, coilsidering the  core length and outer radius, 
t<arget weight, t a rge t  diameter and length, and f'ucl concentration as parmeters .  ??he 
Iengbh of the  t a rge t  vas i n  rill. cases equal. t o  the  length of the  core, and .the fue l  
concentration (which was uniform throughout t he  cznnulus) w a s  adjusted so thq t  l+ff = 
1,20. 'Three bas ic  cases were considered: a core witin no ta rge t ,  a 100-g t a rge t ,  or 
a 200-g taxget i n  tjne center of t h e  water island. 
matcrial to plut,onium feed material  w a s  maintained constant, a d  for comparison pw- 
poses the  ta rge t  diameter was adjusted i n  each core t o  produce t h e  ~ u a x i m u m  thermal. 
flux. Die inclusion of a t a rge t  i n  the is land i n  the  manner described above in t ro-  
duced another var iable  a f fec t ing  the optimum combina-tion of core length and width, 
since increasing the  length of t h e  t a rge t  region decreased the  macroscopic absorption 
cross section, thus resu l t ing  i n  less Klflluoc: perturbation within the  ta rge t .  The re- 
sultant greatex integrated f l ax  would tend t o  increase the  length o€ the  optimum core 
as the tczrget weight increased. 

The r a t i o  of .duminu?l m a t r i x  

'Be r e s u l t s  of t h e  ealcul-ations for  the  no-target and 200-g t a rge t  cases me 
presented in  f i g .  11. A s  indicated by t h e  d-hed curves, which represent t he  locus 
of points fo r  @/P = gj x ld -3  nv/Mw ( 5  x ld.5 at 100 Mw) i n  t he  core with no ta rge t ,  
thcre  i s  a com'oination of length arid fiel--annulus thickness t h a t  results i n  a maxirmun 
v d x e  o f  @/(P/V)m fo r  the  core with no ta rge t ,  and another combination t h a t  yields  a 
raaxj.mm @/(P/V), for t he  core with the  200-g t w g e t ,  
t a rge t  case appears t o  be a l i t t l e  over 46 cm; for t he  200-g t a rge t  case it i s  about 
60 cm, 
case (or values o f  @/(P/V), f o r  e i the r  case), t h e  o p t i m  cornbirmtion of djmensions 
comes out t o  be about the same, although the  lower the  required v d u e  of 9/P, t he  
longer and thicker  t h e  fue l  amdus -trill be. Since it was desired to obtain an mi- 
perturbed m a x i m  thel-nal flux of  a t  least 5 x ld-? i n  the IIPJCTI, <and since the corre- 
sponding @/(P/V), curves .are nearly f la t  between b6 and 60 an, 45.7'2 cm (18 in. ) and 
12 cm (4.72 in .  ) were selected for  the f~ le l -af inulus length and thickacss, respectively.  
(%le shorter  length core was i n  p w t  selected because it would result i n  a smaller 
pressure &op across the  core.) 

The core lengkh f o r  the no- 

If one chooses t o  specify a p d l - t i c d a  value or Q/P for the  200-g t a rge t  

If it i s  desired to use uniform power d is t r ibu t ion  rarner  than uniform f ue l  
dis t r ibu t ion  i n  the f'u.el. m i u l u s ,  t he  r e s u l t s  would be s l i g h t l y  d i f f e ren t  from those 
presented i n  ??ig. 11. For the  case of unifom fuel eoncentrat-ion .%lie ra2ii.o of radial 
ulainrum-to-average power density decreases as the core length is increased for all 
cmes  represented by the  dashed curves. 
sane for dl cmes, the  optimum-Len&? core would be expected t o  be somewhat shorter  
than predicted by Fig. 11. 
decrease i n  (qmax/qiiv)E which tends t o  increase the  optimum core length. 
la t ter  e f f ec t s  appeared t o  be srrlalLl, it was asswnecl that the  results i n  Fig. ll were 
adequate .for determining the  optimum core dimensions for  boYl the  uniform-fuel- 
dis t r ibu t ion  core and the  uniform-po~rer-aistri?,i.tt;ion core. 

I%ere.fore, i f  the power d.istribution were the  

Hovevex, there  is  a decrease in Q/P associated wjth a 
Since these 
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PREFACE TABT,F: FOR P I G .  11 

Code calculat ion,  Wanda Active core length, var iab le  
Cross-section se t ,  140. 2 (GNU averaged two-group) 
mema.1. tempsratu-e, 80"c ac t ive  core length + 16 cm 

Extrapolated core 1 ength, 

keff' 1-20 

Region 
No. 

P 
2 
3 
4 

Outer 
Radius (cm) 

Optimum 

7 

1- + 30 
3 

* 
Cores represented by so l id  cu:cvcs contained only H20 i n  region 1. 
Note: Flux2s normalized assuming 3.3 x 10" fissions/w-sec. 
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Fig. 11. Thermal Flux in Island per Unit Maximum 
Power Density and per Uni t  Power \IS Length  and Thick-  
ness of Fuel Annulus for a Particular Island Radius. 



FURTI-W STUDIES 017 A CLFXN CORE: 

Several. pazameters t h a t  were assumed t o  have s n i d l  and/or. predictable e f f ec t s  on 
the  select ion of the  iiFrci core dimensions were considered i n  d e t a i l  i n  the study of 
on ly  a lirnited number of cores. 
arid ax ia l  power d is t r ibu t ions  , control-surface e f fec ts ,  fie1 concentration and 'ournabLe 
poisons as r e l a t ed  t o  power-distribution control =and &el cycle time, metal-to-w,-~rLer 
r a t i o  i n  the  fue l  region, Pu-24-2 t a rge t  s ize ,  :md others.  Some of -the paraine-ters con- 
sidered. here i n  d e t a i l  were discussed very b r i e f l y  i n  t h e  preceding section i n  connec- 
t i o n  with the  select ion of the core dimensions. I n  t h i s  section the pxrmeters a re  
discussed i n  a specif ic  order, dthaugh it i s  necessary, at times, t o  include one or 
more parameters i n  the  iiiscussion of mother  r e l a t ed  parameter. The re su l t s  of tliese 
s tudies  indicated t h a t  no major changes were required i n  tne  previously selected core 
diaensions . 

Tne parameters t rea ted  i n  t h i s  mnruler included r ad ia l  

R a d i a l .  Power Distribution (RarJ.5.d Fuel Distr ibut ion)  

Typical two-group flux a d  power d is t r ibu t ions  i n  a fuel  ar~ul11.s cotitaining a 
uniform fue l  d i s t r ibu t ion  a re  shotm i n  Fig. 12- I f  Yne inaxinium permissible power 
densi ty  i s  t h e  main limitatiovl on i s l r n d .  neutron flux, it i s  appa,reiit t h a t  f la t ten ing  
of Yne power d is t r ibu t ion  i n  the radial d i rec t ion  so as t o  make the  average po-rqer 
density esseritia3ly equal t o  the i x i ~ ~ i m x ~ i  power density w i l l  increase @/ (P/V)me 
ever, the  increased number of neutrons 'being born f a r t h e r  froin the is:Land do not 
contribute t o  the  i s l a &  proportionately as much as those closer t o  the i s land  because 
of' t h e i r  reduced probabi l i ty  o:E leuwe in to  the island. Th.erel'ore it would be cx- 
pected t h a t  f la t ten iug  of t he  power d is t r ibu t ion  w o u l d  reduce a/?. 
offse t  somewhat by m increase i n  the  leakage probabi l i ty  for  neutrons near the  inner 
edge of the  fuel miulus. 'This i s  u. r e su l t  of reducing the fue l  cosueiitration near 
t he  edges of t he  fue l  amulus i n  order t o  obtain the  uniform radi<d. power dis t r ibu t ion .  
(As a first approximation the  i i is t r ibut ion o f  f'uel f o r  producirig wi.i.foi-ri.i : m i l i d  power 
i s  the  mirror i m g e  of  the  power distributLon eurve obtainetf. w i t h  uniform rzidial f'ud 
dis t r ibu t ion  because the  shape of the f'lux causing f i s s ion  changes very l i t t l e  with 
ci-langes i n  fuel distri 'oution.)  TO sixudate varying degrees of lmiforrriity I n  r a d i o 1  
polder dis t r ibut ion,  the fuel annulus vas divided in to  one, two, f ive,  twelve, and 
seventeen radial -fluel regions, %he A%el cuncentrations being a,d,just;ed. so as t o  nmke 
t ne  peak power dens i t ies  about the  sane i n  ,dl regions, Although t h i s  g o d  was not 
achieved i n  cdI cases, it was the  bas i s  on which the  compari:jon was rfiade. 
the  calculations are presented i n  Table 2. 

Bow- 

The e f fec t  i s  

Results of 

For t he  two- and twelve-region cores the  :he1  nnnuLus w a s  divided into equnlly 
th ick  regions. 
4-em-thick region next t o  t he  island, leaving a fif t 'n region 8 em thick.  
region annulu.s was essen t i a l ly  e q u d l y  divided. 'Be rnaxi inurn poxer density i n  the  one- 
region annulus was at the  inner surface o f  t he  annulus. 
the  m a x i m  power dens i t ies  were a t  the  inner and outer surfaces of the co.tq)osite fid. 
atuiul.us, t h e  two values being so nearly equal t o  each other t h a t  for  th i s  type of 
compa.rLson the  v d u e s  l i s t e d  i n  'Table 2 for the  two-region aryluLiis were considered 
"exact." 
five-region ~ ~ L I J - U S  were not all the sime, &though the maxi_mum of the values 
occurred. essent ia l ly  3k the inner surface. "lie :$erne so r t  of "inexactne:;s" was also 
obtained for the twelve- and seventeen-region wxlli, al-t;izough not t o  the t;mie degree, 

I n  the  five-region annulus, four of the  regions were grouped i n  a 
The seventeen- 

For tile two-region m u l u s  

A s  shown i n  Fig. 13, the individual region raax i imm p0we.r dens i t ies  for  the 

19 
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PREFACE TABLE FOR FIG. 1 2  

Code c alculat i on, Wanda 
Cross-section se t ,  No. 2 (GNU averaged two-group) Axid buckling, 0.002591 

Active core length, 45.72 cm 

'i?lermd temperature , 80 'C kef?, 1.x 

Region Outei. NP5 x l o 5  
Composition (atom/barn-cm ) .- Radius ( e m )  

I 

No. 

1 7 H 2 0  

3 49 Be + 5% H20 + Exp 
2 19 U-235 + H;?O + Al, M/W = 1 25 

UWCLASSlFlED 
ORNL-LR-DWG 50314 

I 
Q 

0 5 io (5 20 25 30 35 
RADIAL DISrANCE (cml 

- 

Fig. 12. 
in the HFIR. 

Typical Neutron Flux and Power Distribution 

'This e,upl.alns, i n  part ,  why some of t h e  va;lu.es i n  Table 2 do not appear to be con- 
s i s t en t ;  f o r  example, @/P fos t he  five- twelve- and seventeen-region aimuli should 
be less tlniln for tine two-region annuli (assuming each rU.el annulus t o  be divided i n t o  
equal-thickness f i e 1  regions.) 
region core ca.1.culated would not be as s m a l l  as would be expected w.i.th all regions 
being of equal thickness. ) 
by plot t ing t h e  data i n  Table 2 against  the nurnber of d i sc re t e  fuel regions. 
t h a t  t h e  variables must be smooth flunetions of t h i s  parame-ter (with each fuel annulus 
divided i n t o  equaL-width regions) m d  furthei- assuming t h a t  values for t he  one- and 
two-region annuli were "exact," t he  climes i n  Fig. 14 were obiiained. 
proportioning of t he  fuel among t h e  various regions, t h e  r a t i o  of maximum-to-average 
power density could be reduced i n  the  ann1il.i whose points do not fa l l  on t h e  curves. 

(Iiowever, t he  value of O/P f o r  t h e  par t icular  five- 

A more meaningful comparison o f  t h e  resu3:ts was obtained 
Assuming 

(By more precise 



Table 2. Reactor Character is t ics  as a Function 
of Radial Power Distribution 

Number of Fuel Regions 
1 2 5 12 17 

2.080 1.450 1.42 1.17 1.11 

1.205 1.205 1.203 1.205 1.205 

CP/P ( r e l a t ive  v d u e s )  

o / ( P / v ) ~  ( r e l a t ive  v d u e s )  

4.735 4.50 4 .@ 4.35 4.50 

0.6279 0.8312 0.90 1.08 1.15 

The per cent reduction i n  CP/P would be small i n  comparison with t h i  per cent decrease 
i n  (qm/Qv), while t he  per cent increase i n  @/(P/V)m would be nearly equal t o  the  
decrease i n  (qm/qav).) 
be obtained by changing from one region t o  an i n f i n i t e  number, while losing only about 

These r e su l t s  indicate  tha t  a 9O$ increase i n  CP/(P/V)m c.m 

Sp in Q/P. 

There a r e ,  of course, a few prac t ica l  considerations associated w i t h  obtaining a 
prescribed, continuously varying fuel concentration across a fuel plate .  
the  use of j u s t  two d iscre te  regions i n  two separate a n n u l i  or possibly thee regions 
i n  three  separate annuli  ( i n  which case a sir@.e fuel-bearing p l a t e  would contain a 
unifoxm fue l  concentration) would require essent ia l ly  no development of fabr icat ion 
techniques. However, because ole the  very sLrong dependence of transplutonium isotope 
production on neutron flax, it was ten ta t ive ly  concluded that the  27 t o  50$ ef fec t ive  
loss o.f fi/(P/V)m could not be tolerated,  provided t h a t  there  were a l t e r n  R t’ ives. 
The next b ig  s tep  f’rom the  standpoint of p l a t e  fabr icat ion was t o  incorporate two 
or moxe d i sc re t e  f ie1 regions i n  a s ingle  plate .  Assuming a three-region p l a t e  and 
kwo s e p z a t c  &el annuli t o  be a prac t ica l  l i m i t ,  thus proviaing s i x  regions of fiel, 
t he  e f fec t ive  loss i n  P(/(P/V)m would be about lyb. 

By conpaxison, 

(There i s  another advantage associated with Yne use of continuousljr-varying- 
concentration plates .  A t  present it i s  visurzlized t h a t  the p la tes  will be positioned 
radid.ly; thus, as shown i n  Fig. 13, t he  radial pover-density gradients i n  p la tes  

. containing several  d i scre te  fuel regions would be qui te  steep. Since there  fs l i t t l e  
conduction of heat i n  the  p l a t e  pa ra l l e l  t o  the  surface of  t he  plate ,  t he  r a d i a l  
temperature d is t r ibu t ion  i n  the  p l a t e  TIrill be er ;sent i j l ly  t he  same :2s the  power dis- 
t r ibu t ion .  73.m the  thermal st resses ,  which i n  t h i s  case would tend t o  buckle the  
plates, could l i m i t  reactor  pouer. 
with continuously varying fue l  concentration because of nonuniforia fue l  burnup and 
control-plate movement. However, burnable poison can be used within l imi ta t ions  
t o  reduce the  required r eac t iv i ty  worth of t he  control p la tes  ,and therefore  the  
temperatxre gradients i n  the v i c in i ty  of the  control region. 
also be used t o  some extent t o  control nonuniform A i e l  ’uurnup. 

Tinis problem w i l l  also ex i s t  t o  some extent 

Biwnahle poison can 

The preceding cornparison w a s  made on thc basic  o f  equal-width fue l  regions and 
equal maxi rmun power dens i t ies  i n  each region3 tiiere m e  many other combinations 
one might stuciy. Ho~rever, t he  re:;ults i n  Table 2 and Fig. 1 4  indleate t h a t  the  
neutrons born deep .in the rUcl annulus contribute s ign i f icant ly  t o  -the flux i n  the  
w‘zter isltmcl.; thus it nppelrs t h a t  t he  curves i n  Fig. 14 would not change s ign i f i -  
cantly.  
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In contrast  t o  reducing /cQR t o  fmprove the reactor performame, a case 
was considered i n  which ( (9 “5 w a s  made comparatively large by using uniform 
fie1 distri’aution t h r o u g h k t h $ v i % e l  annulus and- by removing tlle side re f lec tor .  
The objective was t o  obtain a large increase i n  @/P art; the expense of a comparatively 
s m a l l  decrease i n  $/(P/V)m. Resul’cs *om the  study indicate  t h a t  a re f lec ted  core 

PREFACE TABLE FOR FIGS. 13 mm 14 

Code calculat ion,  Wanda 
Cross-section se t ,  No. 2 (GNU aversaged two-group) 
‘l”nerma3. temperature, 80”c 

Region 
NO. 

Outer 
Radius (cm) 

1 
2 
3 

1 
2 
3 
4 

1 
2 
3 
4 
5 
6 
7 

1 
2 

7 
19 
49 

7 
1 3  
19 
49 

7 
8 
9 
10 
11 
19 
49 

7 
8 

3 to 13 9 to 1 9  
(1. -cm 
increments ) 

14 49 

1 7 
2 to 7 7.5 to 10 

8 to 14 1.7 t o  17 

(1/2-cm 
increments ) 

(1. -cm 
increments ) 

15 17.5 
16 18 
17 18*5 
18 19 
19 49 

Composition 
Ix___I_ 

One Fuel Region 

H;IO 

Be + 5;’. H20 + Flxp 
U-235 + Al. -t 320, M/’d = 1 

Two Fuel Regions 

H20 
U-235 -I Al + HzO, M/W 
Same as  above 
He + 35 HzO -t Exp 

1- 

Five Fuel Re- 

Hz@ 
U-235 f Al. + b o ,  M/w = 1 

- 

1 
Be + 5;; HzO + Exp 

Twelve Fuel Regions 

b o  
U-235 + AI. + €120, PI/% = 1 
Same as above 

Seventeen Fuel Regions 

HzO 
u-235 1- Al -+ 320, n/w = 1 

Active core length,  45.72 crn 
A x i a l  buckling, 0.002591 cm-2 
k e f p  1 3 205 

N25 x 10 5 
(atom/barn-cm ) 

25 

1 5  
35 

-1 5 
-23.8 
-31.3 
-36.0 
-25.3 

N25 not determined 
spec i f i ca l ly  fo r  
keff = 1.205; raxges_ 
IYom about 1 2  x lo-> 
to 38 10-5 

See remarks above 
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Fig.  13. Radial Power Distribution in a Fuel  Annulus 
Containing F i v e  Discrete Fuel  Regions. 
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Fig. 14. Maxiinum Thermal Flux in Island per Unit  
Maximum Power Density and per Unit  Power, and Ratio 
of Maximum-to-Average Power Density in the Radial 
Direction vs Number of Discrete Fuel  Regions in the 
Fuel  Annulus. 

with essentitall.y uniform power d is t r ibu t ion  produces a more favorable combination 
of fl/P and. fl/(P/V)m than t h e  m e f l e e t e d  cores. 
Appendix 1. 

Details of t h i s  study axe given i n  

Al.1 the  comparisons above were m d e  with k = 1.2 and Wit11 no control surfaces ef  f present. 
the fuel annulus and the beryllium side re f l ec to r  (the control-region Location specified 
for t he  WIR) increases ( /q ) i n  all cores t h a t  i n i t i a l l y  have r11mWn power 
dens i t ies  a t  the  islad.-&%in%rkce, and during the h e 1  cycle, nonuniform burnup 
or  the  fuel ana vasiat ions i n  control poison &so c h i i e  (+/qav)x. 'Elerefore i n  a 
prac t ica l  sense it i s  not possible t o  maintain uniform radk power dis t r ibu t ion  over 
a core l i fe t ime.  However, with proper i n i t i a l  d i s t r ibu t ion  of fuel ad. buwnable 
poison it i s  possible t o  maintain (q&qav) a t  or below about 1.2; i n  comparison t o  
a core with uniform f u e l  dis t r ibu t ion  and wi% an equivalent control system the  gain 
i n  $/(P/V)m is  s t i l l  about go$* 

The inkroduction of control poison i n  a 2-cm-thick annulax region between 

Axial Power Distribution 

Within l imitat ions,  p e W n g  of t he  power a t  the  horizontal  midplane o f  Yne core 
(P/V) . Wth uniform increases fl /P s igni f icant ly  without appreciably decreasing 

f'uel d i s t r i t u t i o n  i n  Yne long i tud ind  direction, power peaking o f  th?s type generally 
occws.  
annulus tenas t o  r e s u l t  i n  even greater  peaking of the  thermal f lux  (and thus power 
densi ty)  at t he  longitudinal extremetles; of t he  m e l  zone, resu l t ing  i n  a signifj.c:mt 
decrease i n  $rn/(P/V)m. 
power density of :tbout I .'7 at Yne ends, as compared t o  a maximum or" 7. .2 a% the hori-  
zontal midplane, assLming an essent ia l ly  Ilniforrn radical po-we1" d is t r ibu t ion  a t  th.e 
iiorizontcil midpl.mct e 

Howwer, the  presence of a lig&t-watcr end r e f l ec to r  aboyre a id  bel.ow the fie1 

Results from two-dirnensional calculations predicted. z r e l a t ive  

RLthoiagh a t  I A i s  time there  .2y"e no intention:; of (3.e7-.IberaLd.y 
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increasing power peaking a t  the  horizontal  midplane, it i s  desirable t o  reduce &he 
peaking at  the  ends t o  a vzlue eqixL1 t o  or less t h a n  khat a t  t h e  center. 

Fur-thcr investigations of end peaking were m a d e  using a one-dimensional, slab- 
geometry core with a light-water end r e f l ec to r .  One proposed method f o r  controll ing 
t h e  end peaking was t o  extend the  alwninwn portion of Yne fuel plate  beyond. t k e  f i e 1  
zone so as t o  increase t h e  effective neutron age i n  t h e  region adjacent t o  t h e  aiel. 
I f  necessary, a smd.1 amount o f  poi-son could. be added t o  the  extension t o  reduce the  
f l u x  fbr ther .  Results of t h e  caJ.cula‘iiuns are p:resented i n  Fig. 15. It i s  o’oserved 

Code calculation, Wanda Gcometi-y, f i n i t e  slab 
Cross-section set, NO. 2 (GW averaged, tqo-group) 
i‘hcrmd ternperatme. 80”c 48 cm 

Extrapolaieri height a id  width, 

‘Transverse buckling 
(.“/a2 + 8/b2), O.O&w( 

Region 
No. Composition 

I 

Oliter Boundary Dimension from Midplane (em) 
.._I___ 

I. 2lt u-2 + Al + G O ,  Ml’d = I, 
N’Z = 23 x 10-5 atorn/barn-cm 

2 30 (A) H20j ( B )  A i  c H20, M/W = I; 
( C )  Al i H20 .! Cp = 0.01, M/W = 1 

ath I 3  60 H20 

UNCLASSIFIED 
ORNL-LR-DWG 50317 

I .2 

f . l  

B 
0 

a 

111 lx 

0.7 

0.6 
0 

Fig. 15 

BUFFER REGION CONTAINS H20 
kerf = I 0772 

BUFFER REGION CONTAINS AI + H 
PA / W = 1 ,  kerf = 1.0768 

BUFFER REGION CONTAINS A I  + H ~ O  + z p  = 0.01 cm-1, 

L ~~ .... I--_ ...;--I- i 
M / W = t ,  ke f f= ( .0726  ‘lh 

4 8 I 2  16 20 21 
DISTANCE THROUGH SLAB (crn) 

. Power Distribution in a Water-Reflected 
Slabt- Using a Buffer  Region Between Fuel and Re- 
flector. 
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... 

t h a t  for  the  s lab core with no p la t e  extension the  power-density peak a t  the  end i s  
only abuut 3% higher than the value a t  the  center of the slab. 
obtained from t h i s  calculation, as compared t o  t h a t  obtained with the two-dimensional 
calculation, i s  a t t r ibu ted  pa r t ly  t o  the difference i n  fuel. concentration fo r  t he  two 
calculations.  (The fue l  concentration i n  the  one-dimensional s lab calculat ion was 
about one-half t h a t  i n  the  e a r l i e r  two-dimensional calculat ion since l a t e r  calculations 
indicated t h a t  t he  smifier value was  more representative of the  concentration for Yne 
typica l  HFIR.) Even so, it w a s  assumed t h a t  the  power density at the ends w o u l d  have 
t o  be reduced by about 20s. 
p la t e s  reduced the peak by about 20% while increasing the  power density a t  the  center 
by only 2$ a d  decreasing kefr by only 0.04%. 
extension did not appear t o  be required. 

The lower peaking value 

A s  indicated i n  Fig. 13, e 6-crn extension of the  aLuiiinum 

The use of a neutron poison i n  the 

The use of t he  unpoisoned 6-cm extencion vas investigated f i r t he r ,  using a two- 
Since these calcu- dimensional calculat ion and t h e  l a t e s t  typ ica l  €€FIR core design. 

l a t ions  were made i n  conjunction with the  fuel-cycle studies,  the  detai led r e su l t s  
a re  discussed under t h a t  top ic  heading. It suf f ices  t o  say here t h a t  t he  two- 
dimensional calculations indicate  tha t  t he  power density a t  the  ends o:C t he  core wi l l  
not exceed 8076 of the  maximum power density i n  the  core a t  any t i m e  during the  fue l  
cycle. 
an extension i s  required for establ ishing hydrodynamic s t a b i l i t y  of t he  coolant and 
since manufacturing tolerances on the  length of t he  f'uel zone will perni t  some fue l  t o  
extend i n t o  the high f lux  regions a t  tne ends, the  6-cm extension was ten ta t ive ly  
specified for  the  KFIR core. 

Thus t he  length of t he  extension could probabljr be reduced some; however, 

Control-Surface Effects 

A s  mentioned i n  the  introduction, most of the calculat ions performed in the 
general parameter study were based on a core navinb = 1.20 with no r eac t iv i ty  
controls present.  Introduction of the  control s u x ~ a k ~ f w i l l  of" course perturb %he 
fluxes throughout t he  core and will r e s u l t  i n  red is t r ibu t ion  of the  power i n  Yne fuel 
annululj. 
imde without r eac t iv i ty  control i n  the  core, it i s  of i n t e re s t  t o  compare the  r e su l t s  
obtained fo r  %he supercr i t ica l  and c r i t i c a l  reactors .  

Since the  "optimum" core design was selected on the  bas i s  of calculations 

I n  the  solution of the  steady-state reactor  equations f o r  a "noncrFtica+lfl core, 
t he  par t icu lar  calculationrzl methods used i n  the  HFIR studies  employed a n d t i p l i e r ,  
A, on the  neutron f i s s ion  source i n  order t o  balance t h e  equations, or, i n  a sense, t o  
make the  noncr i t ica l  reactor  c r i t i c&.  T!us, i f  one considers h .to be a mult ipl ier  on 
only the  fuel concentration, t he  'snoncriticaJ-l' reac-bor can be interpreted. as a c r i t i c a l  
reactor  with f i e 1  concentration equrzl t o  Ni*? (where N25 Ls t h e  original. U-235 concen- 
t r a t i o n )  and wita suf f ic ien t  nonfuel poison i n  t h e  %uel region t o  mizke the  rnacroscopic 
absorption cross sections equal t o  the  or ig ina l  values. (Except for  having no f i s s ion  
cross section, t h i s  poison has the pertinent nuclear charac te r i s t ics  of the  fue l .  1 
It i s  apparent then t h a t  a comparison o f  the  supercr i t ica l  (keff = 1.20 = l / A )  reactor  
~ d t h  the  c r i t i c a l  reactor  containing r eac t iv i ty  control surfaces i s  r e a l l y  a comparison 
of a c r i t i c a l  r e a p o r  having N23 = XN25 (ORIGINAL) and & = (O.RIGINAL):, with a 
reactor  having N2) = N25 (ORIGIHAL), Ca = 2& (ORIGINAL), md containing control surfaces 
A comparison of t h i s  type w a s  made using a fixed value OS N23 (ORIGINAL) and with 
varying amounts of poison i n  an annular control region located between the  fue l  annulus 
and outer beryllium ref lec tor .  Using one-dimension&, rd t ig roup ,  difLbsion theory, 
it was found t h a t  increasing the  control-region poison concentr:d;ion increased &,/P 
and (qllax/cl;t >ii and decreased $n/(P/V)3na The increase i n  &/P i s  x t t r ibu ted  Lo the  
increase i n  ~ ~ m / c & ~ v ) l l  and. t o  a hardening of t he  neutron energy s:pectmm, both o f  
which increase neutron leakage f r o m  the fuel region since the  &sorption cross sections 
are  t he  s<me I n  a l l  cases, 
3-3s by mwms of control-poison addition i s  accompr-unied- by a 13% increase i n  jdm/P, s.rhile 

A s  shown i n  Fig. 16, m increase i n  (%ax/q,a3-)R of about 
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according t o  M g .  14 8 35% increase i n  (qmax/qav)R by means o r  r a d i a l  fuel d i s t r ibu t ion  
results i n  only a J+ t o  5% increase i n  flm/P. 
associated with the  increase i n  control-region poison accomts fo r  about a 3 0% increasr 
i n  &/P. (Tne change i n  spectrum as determined from t h e  rmrl-tigrouy, calculations is  
shown i n  Figs. l7> 78, and 19. 
control region when the  control poison i s  inserted, hardening does take Glace through- 
out t h e  annulus.) 

Thus it appecw-s {;hat spectrum hardening 

Altnough the spectrum i s  hardened much more n e w  tile 

The above r e s u l t s  tend t o  imply t h a t  increasing t h e  file1 concentration and com- 
penr,ating f o r  t h e  additional r eac t iv i ty  by means of increasing t h e  poison concentration 
i n  the  miular contl-ol region w i l l  r e s u l t  i n  an increase i n  fll,l/P. 
however, that i n  these particulaz calculations a nonfuel absorber w a s  removed fl-oni t h e  
fue l  region as t h e  f'uel concentration w a s  e f f ec t ive ly  increased-, As will. be discussed 
la ter  under the  subject heading "Fuel Concentration, ' I  an increase i n  fuel  concentration 
i n  the  normal sense w i l l  decrease flln/P. 

It mst be remembered, 

I n  view of t he  r e s u l t s  obtained fYom the  above cornpasison c d c u l a t ~ ~ o n s ,  it w a s  
concluded t h a t  t h e  "optirnuni" core design t h a t  w a s  selected on t h e  basis  of Gff = 1.20 
would be e s sen t i a l ly  unchanged had t h e  calculations considered a core with a conti*ol 
poison, t he  sane fuel  loading, and keff = l .0.  

Fuel Concentration 

iis w i l l  be demonstrated l a t e r ,  increasing t h e  fie1 concentration i n  a par"bicula,r 
core decreases the  thermal-neutron flux i n  t h e  island, Thus, increasing the  fbel-cycle 
l i f e t ime  by increasing t h e  loading results :i.n a lower time-integrated f l iuc f o r  tne 
actual operating t i m e ,  but l e s s  down time per u n i t  operating time. Therefore, From 
t h e  standpoint of isotope production there  would be some optimum loading mlil associated 
i"ue1-cycle tirne. However, based somewhat on t h e  desired unperturbed flux level. f o r  
t h e  clean core, and on ea r ly  evidence t h a t  [;he core l i f e  might be .li.mit;ed by corrosion, 
a Fuel-cycle time of t e n  days w a s  t en t a t ive ly  selected fo r  t h e  HFIB. Asswni.ng about 
5% Ak/k for  xenon and saiazium, 4% fo r  other fission-product poisoning, and 7.5 x 10-5 
U-233 atom/bazn-cm fo r  t e n  days' burnup, t h e  required kef? was estimated from Fig. 20 
t o  be about 1.18 (with no r e a c t i v i t y  compensation by the  control systeiii). %ne calcu- 
l a t i o n s  w e r e  f o r  a reactor  which contained a 100-g plutoniim t a rge t  i n  is land 
and experiment:; i n  t h e  outer beryllium refl.ector amounting tts about 276 In reac t iv i ty .  

A s  shown i n  Fig. 21, t h e  addition of fuel t o  t he  firel. region ( i n  a uniform 
r m n e r )  decreases j!&,/P even though (qTa/q.av)R i s  increased and t he  neutron energy 
spectiurn i s  hardened. some. This paY-ticular .type of compa.rl.sori, however, may not 
be r e a l i s t i c  since i n  a c t u a l i t y  t h e  addition of fuel requii-es the addition of imre 
cont;rol, and it has already been determined t h a t  t he  addition of control between 
the  fie1 and outer r e f l ec to r  hardens the  spectivfi su f r i c i en t ly  t o  increase fl/P* 
Thus, if the  cores having d i f f e ren t  fuel 1-oadings arre cornpaxed on t h e  basis  oil having 
t h e  s a m e  &ff and s i m i l a r  control schemes, a different  rel.at:ionship than indicated 
by Fig. 21 i s  obtained. 

To investigate t h i s  problem, two-group calculations wcre performed on two eores 
having d i f f e ren t  f ie1 concentrations. Rotn corea w e r e  geometrically identical ,  being 
made up of l'r f u e l  regions with the  Afuel so dis t r ibuted as t o  protluce reasonably f la t  
power distrLbutions consisterit with nonuniforcrii fie1 bunup during a fuel cycle Both 
cores contained a uniformly dis t r ibuted burnable poison i n  t h e  fuel region so t h a t  
keff without any poison i n  t h e  control region betveen t h e  fue l  annulus and t h e  outer 
,reflector would be approximately Yne snme for  the S,WI co1pes. As R result t h e  poison 
concentrations in the coiitrol region were about t h e  same far kcff eq i ia l  t o  unity.  
This was also a prac t i ca l  consideration having t o  do with t he  miount of poison t h a t  
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PREFACE TABLE FOR FIGS. 16, 17, 18, AND 1-9 

Code cdculation, GNU Active core length, 45.72 cm 
Cross-section set, GNU 34 groups (ORNL revised s e t )  Axial. buckling, 0.002591 ern-2 

0.gW for Figs. 17, 18, ThermjL temperature, 80°C k€?ff' 
ana. 19 

Core snme as that; associated w;lZ;h Fig. 1 except 'chat fo r  Fig. 16 the boron concentration in 
the control region i s  a variable and for 'Figs. 17, 18, and 13 the control region contained 
either 200 x 10-5 atorn/barn-cm of natural boron o r  contained no boron. 

1.16 

1.12 

I .> 1-08 

1.04 

1.00 

0.96 I I-- 1.1 ..... 

0 40 EO 120 160 ZOO 

NR X 1u5 (o toms/barn  -cm) 

Fig. 16. Maximum Thermal F lux  per Uni t  Maximum 
Power Density and per Unit Power, Ratio of  Maximum- 
to-Average Power Density in  the Radial Direction, and 
Reactivi ty vs Poison Concentration in Control Region 
Between Fuel and Outer Reflector. 
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Fig. 18. F lux  Energy Spectrum a t  t h e  Midpoint of i h e  
Fuel Annulus. (Normalized to thermal f lux at same 
space point.) 
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Fig. 17. F lux  Energy Spectrum at Inside Surface of 
Fuel Annulus. (Normalized to thermal f lux at 5ame 
space point.) 
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Fig. 19. F lux Energy Spectrum at the Outside Surface 
(Noriiialized to thetmal f l u x  at satme of  Fuel Annulus. 

Space point.) 
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i PREFACE T m E  FOR FIG. 20 

Code calculat ion,  Wanda 
Cross-section set, No. 2 (GNU averdged two-group) 
%'herma temperature; 80"c 

Active corc lengtn, 1+5,''(2 cm 
h i d  buckling, 0.002931 cmWa 

Region Outer 
Radius (cni) Compos it ion  

~ 1 1 1 - - 1 1  

2 100 g Pil-242 k Al + H20, M , h  - 1 
7 Ii-9 0 
19 U-235 i Al + H20, N,h' = 1 

4 h9 Be + 5$ H-90 + Exp 

can 

UNCLASSI  F I E D  
O R N L - L R - D W G  5 0 3 2 2  

1.4 

1.3 

1.2 

I 

QJ * 

Fig. 20. Reactivi ty vs U235 Concentration for Typ i -  
cal HFIR Core. 

be added to such a control. region without resu l t ing  i n  excessive dl.stortion of 
the power d.Ls Lributi.cn cii~riiig tlie fuel. cycle. However, for flinrther comparison, t h i s  
p rac t i ca l  aspect of the core iiesitp TTHS disregarded, and the cores were also ca.lcula,ted 
wiLh no burnable poison bixl; with sufficient poison in t ire control region t o  give "ihe 
same value o f  k,ff. 

%e res-dts of bine above crt3.cul.a-tions are presented i n  Table 3. A compai-ison 
of cd.uJmls 2 and 3, t h e  i i ~ o  corer, having biiri?abl.e poison i n  the &el, shows -that the 
core Wi2i the greek E V ~ . ~ I  i f  it 
i s  a,ssuned t h z t  .the r a t i o  o f  r a a x i r m m - t o - a v e r ~ ~ ~  power density in.  ihe iu01-c heavily 
loaded co re  can be reduced to the  same lower  value i n  the l e s s  heavily l.oaded core 
without appreciabsy reducing $/P, the  va1.1~ of @/(P/V) i.n colurnn 3 w i l l  s t U 1  be 

file1 load.ing has lover values of $/r and $ / ( P / V ) ~ ~ .  

111 
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i I 33E.FAFACE TABLE FOR PIG. ill 

Code calculation, GNU 
Cross-section set, GNU 311- group (ORNL revised. set) 
TlicrmaJ. temperature, 8 0 " ~  

Active core length, 45.72 cm 
Axial buekiling, 0.002>91 emm2 

%her dimensions ctrrd region conpositions .we t he  s m e  as Indicated for  the 12-reglon fie1 an- 
nulus associated with Figs. 13  and. lj+. I 

UNCI. A S S I F I E D  
ORNL -LR-DING 5 0 3 2 3  

10 2 0  3 0  40 50  

M 2 5  x I O 5  ( a t o i i s  / ba rn  - c m  I 

Fig. 21. Maximum Thermal Flux per Unit  Mcximum 
Power Density and per Unit Power, Ratio of Maximum- 
to-Average Power Density in the Radial Direction, and 
Reactivity vs Average Fuel Concentration for a 12- 
Region Fuel Annulus. 

less. A comparison of 
columns 1 and 4 with 2 and 3 indicates that t he  ddi t i ion o f  the burnable poison i n  
the &el region decreases jd/P and $/(P/V) . T'hus, in general, an increase in fie1 
concentration decreases tne performaace o!? t he  reactor at the beginning of t he  f ie1 
cycle. 
$/P sad remain essent ia l ly  constant during the  iXe!.. cye3.e of t h e  proposed 
BFIR; therefore  it i s  con.cluded thxt :XI iiicr.ezse .in :c%e?. concentrsition . w i l l  a l s o  
decrease t"e time-integrated themd-nc:w-tron f1.u~ i n  the is la ,nd of tne  IPLR, -&ere 
t ine i s  interpreted :LE actmal operatZng .i;ime I 

%is 9s &so t rue  of a comparison between columns 1 and 4. 

As w i l l  be discussed later under the  subgect heading Fuel-Cycle Pn~Lysis, 
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Table 3. Effect of $bel Lgading on @/I? and @/(P/V), 

N25 x 10 5 , atom/barn-cm 23 .&-( 2 3 I 47 145.26 45.26 

-Burnable poison No Y e s  Yes NO 

C (contro~- region), ern 0.321 0.137 0.289 3.00 -1 
P 

keff (c ;= 0 )  1 J798 1. e l.rr-( I .121.7 l J 2 0 7  

keff (Xp f 0) 1.000 1 .ooo 1 .ooo 1.000 

($/PI x I.o-~', nv/rvlw 5 973 5.601 5.120 5.565 

(Rlax/qav )R 

73 

1.348 1.184 1.313 1. e 9 9  

B~wnab1-e - Po i son E f  f e e t  s - 
The use o f  a burnable poison i n  -LIE HFLR has been considered f o r  power- 

d i s t r ibu t ion  control and Tor reducing the  r eac t iv i ty  requirements of  the control 
systeiji. E'rom a nuclear aspect, however, there  i s  i n  a sense a l i m i t  -do how much 
should be added. 
'L'ab1.e 3,  tlne addition of biimabie poison t o  tiie fuel rcg.i.on can decrease $/I' a t  the 
beginning of the  cycle. To investigate t h i s  effect  furtheiP, varying a n a n t s  of  
bu-nable poison were added t o  t h e  core d~escribzd i n  c o l m  I of Tab1.e 3, and 
poison i n  the  control region w a s  reguIa.ted t o  make 
The burnahl-e poison w a s  added uniformly in density t b  on ly  t h e  inner half  of the f u e l  
annulus for tiie purpose of f l a t t en ing  t h e  power i n  .the radial direction. Figure 22 
shows t h e  r e l a t i v e  radical power disti-ibution i n  the core with and without t%le burnable 
poison. 

A s  indicated by a co-rciparison of col.unms 1 and 4 w i t h  2 and 3 i n  

equal t o  uni ty  i n  each case. knff 

Whcri 11mnabl.e poison i s  added t o  a core, con-irol poison must he removed fcorii t he  
control region t o  maintain tile s m e  r eac t iv i ty .  This w i l l  have some e f f ec t  on bhe 
neutron energy spec-t,z.riiii and thus on nct1itro.n leakage. 
from t he  control region 'io tlne fuel region tends t o  erect  a neutron ba r r i e r  between 
t h e  i s l and  on& souice. The net  e f f ec t s  on $/P am3 @/(P/V) f o r  a core vith a fixed 
fue l  dlstr ' ibution and loading are shown i n  Fig. 23. 
t o  the  Riel. decreases p/P; t h e  increase i n  ,d/(F/V)m r e s u l t s  froin t h e  refiuction of 
(Tnac/qa &. di.s-tribu.xion would eventually cause (q 
expected khat both $/P an& @/(P/V)  Suppose, however, t h a t  f o r  each 
poison ad.ditioii t o  'iiie fuel t h e  .PL& dist r%bution is chaixcci to maintain a specified 

EWhe.moi*e, n o v i n ~  the  poison 

?"le d d i t i o n  of burnable poison 

E'urther addition of poison t o  t h e  core i n  %'ii:. 23 without h e 1  re-- 
/q& $0 increase, i r i  which case it i s  

wo%% decrease. 

specified p o ~ e r  d i s t r i b u t i r n  would result iii a smaller u e c r  e i n  @/P as poison ris 
addccl t o  thc  fliel. 
of t h e  J@Ui f'uel. cycle (see Fuel-Cyc1.e Analysis) -indi.c;ttes thaL the i n i t i a l  adverse 

Of course $ I / ( F / V ) ~ ~  would then deci-easr the saae as $/?. .'hi anaJ-ysis 
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PREFACE TAE&E F03 FIGS. 22 A” 23 

Co&e calculation, Wmda 
Cross-section se t ,  NO. 2 (GW averaged two-group) 
‘lkermd temperature, 8 0 ° C  

Region Outer 
NO. Radius (cm) Composition 

-GO u-235 + ~l + x20 1 7 
2 7.> 

4 8.5 
3 9 
e; 9.5 
‘7 10 
0 11 
9 12 
10 1 3  
11 14 
12 1 5  
13 16 
14 1-7 
sg 17.5 
16 18 
17 18.5 
]-a 19 

3 8 + B- 1, M/W = 1 

1-9 21. Be + 545 ;r;?O + Fap + Control 

20 51 Same as above 
Poison 

IT*? 105 
(atom/bwn-cm) 

10 
11-52? 
13.18 
1.4 I 93 
16.77 
18.64 
20.74 
23 099 
26.86 
28.90 
30.03 
29-03 
27.08 
25.79 
24.32 
22.73 
23. (I OJC 

S a m  i n  regions 
2 through 10 

1 0 

UNCLASSIFIED 
ORNL-LR-DWG 50324 

i .4 

1.2 

, 
-2 

1 i.0 
;i- 5 
<.. 1 0 . 8  
9. 
‘. - 

0.6 

0.4 
6 0 10 12 14 46 18 20 

RADIAL DISTANCE (cm) 

Fig. 22. Radial Power Distribution for Different 
Amounts of B’O Poison in Inner Regions of Fuel 
Annu I us. 
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ORNI. -1.R-OWG 50325 
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NB”x I O 5  (cltvns / b a r n - c r n )  

Fig. 23. Maximum Thermal Flux per Unit Maximurri 
Power Density and per Unit  Power, and Ratio of Maxi- 
mum-to-Average Power Density in  the Radial  Direction 
vs B” Concentration in Inner Regions of Fuel Annulus. 
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effecL of a small amoilnt of 'ownable poison in t h e  f b ~ l  region i s  more thaa  o f f se t  by 
the t ine-integrated gains i n  ,d/(P/V) 
density control.  

whicved tlu-ough ihe  use of the pojson f o r  powcr- 
Q t i ~ s  t 3c   UT;^ of a f?urnable poison i n  t he  KFLR a p p e a s  desirab.53.e. 

Meta.I.-Lo-Uater RaLio .......... - 
T%e metd-to-watei- r a t i o  i n  the  f'uel amulus has an effect  on the  flux i n  the 

islaxid, since E a s t  leakage from t'ne aanizlus i s  dependent on the  r a t i o  of fuel-to- 
moderai;or at0r.i density. 
agc i n  alumi.nim-:~rater mixtwes and. -therefore increases Lhe probabili ty o f  neutron 
leakage i n t o  the  i s l a n d " .  Tnere misl;, of course, be an increase i n  fuel concentration 
t o  compensa,te f o r  t'ne increased leakage from t h e  fie1 aixiulus. 
made t o  determine the  r n z i t u d e  o:P t he  effec.1; show t h a i  increasing -tie metjL-.Lo-water 
raLio from 0.8 t o  1 .0  increases $/I? by about 3$. (Botn cores used i n  t'ne calculation 
had. essen t i a l ly  uniform poTnrer dis t r ibut ion a.s a r e s u l t  of usring 17 discrete  I%el 
regions.  or a single-fieI.-region core ( q,naa/qav)R would bz a l i t t l e  greaiiei- Yor tne  
core wi-th :;he larger metal-to-water r a t i o .  nder such circuiistances the  increase Ln 
@/IJ would be expected t o  be a l i t t l e  l a rge r  thm t h e  3$.) 

Increasing -tne netal.-i;o-water r a t i o  increases t h e  effect ive 

Results of calculations 

Because of heat removal. requirements t he  larges-i; metctl -to-water ratio considered 
Poi- t h e  3TJ3 was l .0. Lben tnough t h e  thermal-neutron flux i n  t h e  is1a.n.d i s  hi.@er 
for t he  la.rger metal.-,i;o--water r a t io s ,  it may be necessary, after considering the 
practica.1- aspects of fliel-element Pabrication m d  t h e i r  e f f ec t s  on t h e  hot-spot and 
boL-chmnel factors,  t o  use a metal-to-water ra'tiio l e s s  than unity. 

R method considered fo r  decl-easing the effect ive ine-tal-to-waLer ratio, a d  tnus 
the  f ie1 concentra-t:i.an, without decreasing reactor performance provided a w a t e r  arnulus 
between. -two annuli of fuel, each : h e 1  a i i ~ ~ J - u s  having a meLd-to-water r a t i o  02 1. 
the  thickness of t he  water m i i L u s  was increased, the thickness of t he  outer fue l  m u -  
lus w a s  held constant so t'nat t he  f ie1 volume increased. Thus, i f  t he  addition of tine 
wakei- annulus had no e f f e c t  other than .to increase the  fuel-region volume, I:t; vould 
be expected t h a t  #/P would decrease and- @/(P/V) 
region -volimie as  shown i n  Fig. 3.1. 
i s  an optimm water-mnu1.u~ thickiiess fYom the  standpoint of mi.nimum f'unl concentration 
and. t h a t  both @/P and. fi/ ( P / V h  decrease wi th  increasing wa;Lex.-a.nnulus t h i c  -ness. 
in i t ia l .  2$ increase i n  @/(P/v& results from t n e  lower value of (q  /q ) associated 

m w  wit'n IAne introduc-Lion of the water annulus; however, a comparison 01 co?xsRon a uniform 
power ralkier them uniform i'uel.-distribution basis  would not r e s u l t  i n  t he  2$ adxmtage. 
Thus the presence of  a d i sc re t e  wa-ter mnulus 5.11 t'ne fue l  region w i l l ,  i n  effect ,  re- 
duce ncutron leakage f r o m  t he  ~"uel. i n to  the waLer island. 

As 

would increase .rsi"r,i increasing Diel- 
The resiill;.'npresented i n  Fig. 211. show t h a t  there  

The 

Pi-ac'c:i.c:al Core -De s ign Consider &;ions 
-I_- ......I._.. * 

One of t'ne fbe?.-derIent designs proposcci f o r  t he  IWLR consists essemtially of  an 
annulus ( the  i'uel ,wzfii*J.us ) containing near ly  rad.ia.1 p l a t e s  (involute plates  3 .  
liminary cdcula t ions  indicabe Ynat i n  order for  the  plates  t o  be su f f i c i en t ly  r i g i d  
the width of -(;he p la t e s  or tiiiclsneas of the  atmulus mmst be no greater than aboui; 3 tin. 

Si.nce t h e  proposed 1fi'U-i core had a 12-cm-'~hick fuel annulus, it was decided t o  invest i -  
gate cores navj.ng u file1 region t h a t  was d-iv5ch.l  i n t o  three f i ~ l  annuli ,  each separated 
by 1-aa-th-i.ck mntrlus contarining aluminum and water but no fuel. 

*e- 

I n  order t o  generate the  s m e  niliiiber of neukrons per un i t  of core length i n  tlne 
fie]. r-gion:; of the three concentric annmuli w'.thoiiL exceeding Gie iilaxkm pemiissible 
powm- dens'ity, it 57.2s necessary t o  increase t h e  over-zll fuel-rznnulus thtckness . The 
greater  neutron path l engYl  'GO t he  i s l and  mean.t, i.css l e a k q e  j,nl;o the island. Iii ai 
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TABLE FOR FIG. 24 

Cad:: calculation, Uaida  Active core IzqTth, 45.72 cn! 
Cross-sections set, Nu. 2 (GNU avercxed two-group) &id buc?ding, 0.002~91 cm-2 
TIierrntA. temperature, 80"c kefI", 1.205 

Gut er 
Radius (cm ) 

7 
1- 3 

r3 + 6 
rli. + 30 

1.1 

(I) 
LI1 3 

2 1.0 
w 

$ 

-.-I<< 
J 

0.9 
F 

alQ. 0.8 

0.7 
0 I 2 3 

DISTANCE BE-r'NEEFJ FUEL ANNULI I c m )  

Fig. 24. Thermal Flux per Unit Maximum Power 
Density and per Uni t  Power, and U235 Concentration 
v s  Thickness of Water Annulus Separating the Two Fuel 
annuli. 

e f f o r t  -to compensate fo r  the greater  path length, t he  inetal.-i;o-witer ratio i n  "ckc 
cen"cra3 fie1 amidus was red-uced EO as t o  reduce the  fuel loading and thereby increase 
the  leakage probabi l i ty  "clro~@~ the  tvo outer fuel nnriuli. 
For 8 fixed minimum p la t e  thickness, decreasing Yle mcl;ctl.--to-w:2-ter r a t i o  s & i l u  1-e- 
t a in ing  p la tes  o f  the  s'mc thickness decrezses the  Izeat; trmsfer surface .area so that 
the imxirnun permissible power densiky i n  the cen tmi  annulus must be mxluced pro- 
portionately,  thus requiring a fbrther increase i n  fi~.d.-anw..l-us .thickness i n  order 
to product? t h e  same number" of neu-trons . 'ibe reduced ~ ~ ~ t d l . - k o - ~ ~ ~ k r  ratio, d-ong witti 
t h e  added coolcm% maker d i v i d i n g  the centrcd i;mii.Lus f i 'wm the  o t h z  tt?o, reduces 11m- 

l;herrfl,rtl neutron l.epAage* Tnese effects, however, tend to bc: con;pensn.ted by the  lower 

TWO diflf icii l t ies arise: 
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*%el concentration i n  the centraJ. region, which maintains the proper d is t r ibu t ion  
of power i n  the three annuiii. 
aiie shown i n  Table 4, 
centi*d fuel an.ilulns has essent ia l ly  no effect on @/I?. However, since %he region 
with th? lower metal-to-water r a t i o  must oper2te a t  a proportionately lower power 
density than the  other fuel- regions, the r a t i o  of maximiua-to-average power densl."iy- 
increases with decreasing metal-to-water r a t io ,  thus i-esultiq jn a lower value o f  

$/(P/V,,. 
metal.--t,o-vater ratin in each of the fuel annuli. 

The net results and. a br ie f  descrlption of t he  core 
A s  indicated, decreasing the metal-to-water ratio i n  the 

Therefore, it appeared desirable t o  desiai  the HFW core w i t h  the same 

Table 4. Compa~*ison of Cores Which Conh in  ' Ibee  Separate b e l  Annuli 
and Six  Discrete fiel.. Regtons, on the Basis of Dj-frerent 

Mct~KL-to-hrater Ratios ia tine Central libel hau-lus  

Hegion Outer 
Compos 3.t i o n  .- .-. ...-. .- ...-.- ..__ ......-- . . . . .I--._____C_L 

Radius (em) 
.---.1111 

Mo . ------. 
1 7 

2 8 u235 + E20 3. a, ( I q w  = 1) 

3 

4 

5 

6 

9 

LO 

11 

12 H20 + AX, (MJW x 1) 

7 17 

8 18 

9 21 

10 51 

M/%/ (region ) 
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A comparison of t h i s  l a t t e r  type core w i t h  Cores containing only one fuel 
annulus w a s  made on the  basis of equal-length cores, equal fuel-region volumes, ma 
essen t i a l ly  uniform radial. power d is t r ibu t ion ,  the  l a t t e r  requirement being accom- 
plished through the  use of 12  t o  17 d iscre te  fue l  regions o,cross tine en t i r e  fuel. 
annulus. 
t h e  same, miring it necessazy t o  compare only values of @ /P. 

!Thus for a given power level t he  average and maxirrrmn power dens i t ies  were 
m 

Since the  two water annul i  i n  the  “prac t ica l“  core design stand as a ba r r i e r  to 
norithermal neutron leakage into the island, it appeared t h a t  there  would be some 
ailvantage i n  moving t he  water anmzuli as far t o  the  outer edge of  the e n t i r e  fuel 
m u l u s  as the  r i g i d i t y  of t he  involute fue l  p la tes  w o u l d  permit. Therefore, i n  
addition t o  making calculations for  equ<d-thic’kness fuel annuliJ calcilla.t;ions were 
also &e for a case I n  which the  outermost Puel a,mulus was  considerably thinner  
than Vhe other two equal-thickness fuel. annuli. 
concerning the  cores calculated i s  presented i n  Table 5a, 

-her descr ipt ive information 

‘The r e s u l t s  of t he  above s tudies  w e  presented i n  Table 5. Since the past;icu.Lar 
cores calculabed did not have exact ly  tize same volumes, tihe appropriate cuves in 
fig. KL were used t o  make the  necessary extrapolations.  
t h e  presence o f  t he  two 1-cm-thick aldnum-water annuli i n  the  fie1 region decreases 
fim/P by about 9%. Moving t h e  radial posi t ion of the  two duminUm- er annuli, with- 
i n  the  l i m i t s  indicated i n  Table 2a, had no s igni f icant  e f f ec t  on 

The r e su l t s  indicate  that; 

Table 5. Camparrison of Cores with One and Three Fael Annuli 

Core Identification-X- 
A* P c+ w 

nzel region M/W: 

Number of fue l  annuli: 

1.0 1.0 0.8 0.8 

1 3 3 3 

Core volumes (fuel regions): 

For calculation, l i t e rs  44.8 48.3 48.3 41.5 

Extrapolated t o  44.8 44.8 44.8 44.8 

(%ax/%J )R 1 .loo 1.155 1.125 1. .132 

p6/~, r e l a t ive  1.0 0.91 0.80 0.88 

* 
See Table ’ja fo r  detailed descr ipt ion of cores. 
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14 to 18 U-235 -1 A1 -C 1 5 9 ;  M/W = 0.8 
(I-cm 
increrrent s ) 

1.9 
19.5 

A 1  + H$, IbT/ /w = 1.0 
U-235 + A1 + Ha, M/W = 0.8 

20 S a n ~  as above 

Table 5a. Heactor Cha.racteristics for  Cores with Gne anll Three Fuel Annuli 

, 

Code calculat ion,  WAnDA Active core length, 45.72 c1.1 
Cross-seciion set, N o .  2 (GNU-avcrnged, two-group) 
rl%crmd teiupe-patine, 80°C 

A x i a l  buckliing, O.OO239l cn-’ 

Region Outer 
N o .  Radius (cm) ____ ...........- 

1. 
P t o  7 

8 to 14 

1 5  
16 
l-[ 
18 
19 

1 
2 
3 
1.F 

5 
6 
7 
8 
9 
10 
11. 
12 
13 
lk 
1 5  
3.6 

D. 

1 
2 t o  10 

11 
12 to 16 

1.7 
1.8 
1.9 
20 

7 
7.5 to 2 0  

(1/2-crn 
iacrements ) 
11 t o  I.’-{ 

(I-cm 

17.5 
18 
18.5 
19 
49 

increuieij%s ) 

7 
8 
9 
10 
11 
12 
13 
lb 
15 
16 
17 
18 
1.9 
20 
21. 
51 

,25 Composition __ .._..I__ 

A. One FLEL Annulus (M/W--z-1) -...._.. ~ ....... _... 

H.20 
U-235 + Al .!- H20, M/W = 1 Distr ibut ion not 

1 determined spec i r i -  

‘8. Tnree Equal3.y ‘Ibiek FU.gl--nuli (M/W = &.I, 
H20 

U-233 -t U 4 H20, M/W = I. Distr ibut ion not 
1 de terniined spec i f  1 - 
k 

U + bo, M/W = 1 
U-235 + AI. + Hz0, M/W = I 

Al -+ QO, M/w -- 1 
U-235 + /il + H20, M/W = I. 

ca l ly  for  kef1 = 1.20 

C. Three Equally Thick Fuel AnniiJ-i. lM/W = 0.8). . . . . . ._ ...... 1---_ ......II.___II. 
S&i?%as above except t h e  metal-to-water ratio i n  the 
fuel regions was 0.8 i n s t e d  of 1.0. 
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Berylliwn Side-Reflector Thicknesc 

me thickness of Yke light-water-cooled beryllium side r e f l ec to r  selected for  
the  € F I R  w a s  based on r eac t iv i ty  requirements an& a?railabilif;y of space for. e q e  i- 
nients requiring unperturbed thermal-neutron f l u x c ~  i n  the  range of about 2 x ld. 
1 x l$? neutrons/crn2-sec a Calculations for determining the  r e f l ec to r  thickness were 
m a d e  assuming t h a t  the  beryllium contained 576 by volume o f  light wa%er and suf f ic ien t  
thermstl poison t o  represent experiments worth 2% i n  reac t iv i ty .  
beryllium w a s  surrounded on i t s  outer periphery by an essent ia l ly  i n f i n i t e  secon&ary 
r e f l ec to r  of water. '&he r e su l t s  of the ca.lmilations me presented i n  Fig. 25. A? 
indicated, a 20- t o  25-cm-thick beryllium refleckor results i n  a neutron m d t i p l i c a t i o r  
f se ta r  abaut O.l$ L e n s  than w a s  ob tabed  w i t h  iwz In f in i t e  thickness of beryllium, 
EEowwer, a portion of the  beryllium reflecbor vo.l.ume i s  t o  be occupied by beam and 
rabbit tubes, so a greater  thickness was considered desirable. 
t h a t  the ms~iclmm Lherma.1 flux i n  the side r e f l ec to r  w a s  obtained with only l i g h t  
water i n  the r e f l ec to r  region. For beryllium thLcknesses greater  than about 10 crn 
W e  m a x i m  flu i n  the  r e f l ec to r  was essenCia1ly cons-tmt and abmt 50% less than 
fur the m-water re f lec tor .  ActuXLly, the var ia t ion  i n  f l u x  shown i n  Mg. 25 i s  

E 'Lo 

In  a l l  cases the  

Figwe 25 a l s o  shows 

Code c31cul  ation, Kmda 
Cross-section s e t ,  No. I 
mermd t ertrperatrr e ,  80" c 

Region Outer 
No. ~ a d i u s  (cm) 

1. 2 

2 7 
3 18 

4 
5 68 

Active core len@h, 30.5 em 
Axial buckling, 0.004$8 

THICKNFSS OF 8ElWLLll jM SIDE REFI-ECTOR (cm) 

Fig. 25. Per Cent Change in  Reactivity and Maximum 
Thermal Flux in Beryllium-Water Side Reflector per 
Unit of Pvwer v s  Thickness o f  Beryllium in Reflector. 
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somewhat exaggerated s i n c e  t h e  Puel concentra-t;:i.ons w e r e  t i t i e  S . ~ E  L n  a1 I c;al.eulatioiis; 
as indicated previously, increasjng the  fuel concentration, as would be necessary for 
tlne cores hav-iiis thinner beryl l iun ref lectors ,  decreases neutron leakage Prom t h e  fuel 
region and. therefore decreases t h e  thermal f l u x  i n  the r e f l ec to r s  I 
comparison o f  .thermal f l u x e s  iiitegyated over a volume extending 50 cm r ad ia l ly  beyand 
t h e  jhel  region indicates t h a t  t h e  volume-averaged tiie:rn;al. fluxes a;re appoxirnately 
Yize same rega;r’&Less of  the beryllium thickness. Thus a 30-cm-thick beryllium s ide  
refJ-ector was t en t a t ive ly  specified f o r  the WIR. 

FmAhelmore, a 

The ~ila;rimUm amount of Cf,-252 i s  produced i n  a given p e r i d .  o f  tiriie when. the volime- 
integrated product of neutron flux auld density of &-2Jk2 i n  t h e  target i s  a m a x h u m .  
Increasing t h e  weight of plutonium i n  the t a rge t  w i l l  reduce the average thermal flux 
i n  the  twge’i;; t hus  t he re  i s  ai optiuium weight of PU-21-12 associated vtYi-1 a given s i ze  
t a rge t .  
optirmn diameter for t‘ne t a r g e t  since concentrating t h e  p1.ut;oniu.m a t  t h e  cewLer de- 
presses t h e  therma.1. f lux severely, while d i lu t ion  (of t he  given weight of feed material 
by increasing t h e  targei; diamc?ter eventually ex te ids  t h e  o u t w  portions of t h e  tarrget 
i n t o  the  coniparatively low thermal-flux regions of the isla;rd near the lhel ar?rz?iLus e 

For a given weight of kb-2b2 3rd a given length -Laget,, thei-e i o  also an 

I n  order t o  provide adequzk heat t rznsfer  surfa.ce =ea. f o r  t he  target ,  tba 
plutoniwa oxide feed m a t e r i d  was homogenized w i t h  rfiujilinurn. 
t a r g e t  used in the calculations contained water as coolant md moderator, aluminm, 
and plutonium oxide, t he  volume r a t i o  of alumin-urn t o  plu-tczuiun oxide being maintained 
zi; 1-9. 

!thus t h e  homogenized 

Before determining t h e  optimum weight of Pu-2k2 f o r  a paxticular core3, it ims 
necessary t o  calculate  t he  optirmun t a rge t  diameters fur sever& weights of h-242. 
Figure 26 shows the r e s u l t s  obtained for  a reaci;oi- having an act ive coi-e l eng th  axid 
a tag& length of 45.72 em, a fuel-annulus tizickness r>f 12 cm, and an islaad radius 
o f  7 en. For . th i s  pa r t i cu la r  case the optiimm target i-ari iu.~ ranged. Prom 3.3 cm for  
50 g of F‘u-242 to 3.3 cm fo r  300 g. (Optimum t a r g e t  diameters were a l s o  determined 
f o r  several o.t;her combinations of plutonium weight, core diariletecers, and core l e~g ths ,  
as indicated previously under the t op ic  heading “F’u.el-.hiAlus ‘Thickness a id  Length; I t  

t h e  r e s u l t s  weye then used i n  the calculat:i.ons t h a t  l e d  t o  the curves i n  Fig. 11). 
Knowing t h e  average thermal. flu.x associated w:i.tii a pajeticulm weight a n d  s i z e  target ,  
i t  vas then p w s i b l z  t o  estiinate Cf-252 pi-oductioa as a f’unction of EZ1-2j-r-2 weight; 
Pig.  27 shows t h e  t o t a l  production of Cf-232 f o r  one-year exposures a t  flilx Levels 
determined &*om Fig. 26 assuming a power l e v e l  of 100 MW. 

When m a k i ~ g  .the above cal.culations, it was assumed that t h e  plutonium plus t h e  
subsequent transplutonium isotopes ha.?. an average microscopic cross sectdon of 60 bairns 
and. an effect ive atomic rmss of 242 anme 
t a rge t  changes with .tirue a.nd i s  R f m c t i o n  of t h e  therxflal-flux level, (Berefore, when 
optimizing the  weight of t h e  plutonium feed inaterial and tine aimensions of t h e  target 
on the  basis of raaxirmun t o t a l  prodaction of Cf-252 i n  a given period ol” time, it i s  
desirable t o  use a time-averaged cross section i n  t h e  calculations.  The curve i n  
Fig. 30j which neglects noritherma?. i.rradi.a’iioi? effects ,  implies t h a t  %he production 
of Cf-252 from Pu-242 i s  dependent C I ~  t he  product of neutron flux a n d  .t:irrie r a the r  
than on jus% the f lux.  If it i s  assumed thart; t he  optimm irradia”iion period i s  &so 
dependent on gk, Liien t h e  average cross section of  tne t a g &  shoirld be based on t h e  
pari;icular val.ue of #G ra ther  thaai 011 t i m e  d o n e .  
stan-taueous, time-averaged, and flux-time -aver.aged thermal cross sections f o r  tile 
pJ.1>.toni.uill reed rnatm-id (iiegI.ecting nonthemial. i r r ad ia t ion )  as a m i c t i o n  of time and 

Actually, t he  them<& cross section 09 t n e  

Figa-e 28 gives effect ive in-  
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ITSETACE TABLE FOR P I G .  26 

Code c-dculation, Wmda .ktive core length, h.5.72 cm 
Cross-section set, No. 2 (GNU averaged two-group) 
'memad temperature, 8 0 " ~  keff, -1.20 

Axial buclding, 0. CO239l ern-2 

Region Outer 
No. Radius (em) 
1 
2 7 
3 13 

4 49 

3.6 

3.4 

3.2 

3 5 3.0 
> c - 

'0 
'9 2.0 
x 

-2lk 
2.6 

2.4 

2 .2  

U N C L A S S I F I E D  
0HNi- I .R-DWG 50328 

70 

60 

,-. 
? - 
5 50 w 
t 
1.1 
z 0 

G 
N 40 
c 
V 

0 1 2 3 4 5 6 
RADIUS OF TARGE-r ( c m )  

Fig. 26. Average Thermal Flux in the Central Target 
Y S  Weight of Pu242 Feed Material and Radius of Target. 

2 0  

10 
50 4 00  4 50 200 250 3C0 

WEIGHT OF Pu242 Ik  W'TIMUIUl DIAMETER TfiRGET (g)  

Fig. 27. Production of  Cf252 from Pu242 for a Bne- 
Year Period vs Weight of PuZd2 Feed Material, 

f l u x  level. .  Assuming a t a rge t  exposure of about 3 x Id-? nv-yz, the tirr,e-Etverag@. 
cross sectzon appears t o  be about 56 barns for flux l eve l s  ranging from 1.5 x ld5 
t o  3 x ld.5 nv, 
independent of %he flux l eve l .  

Therefore t he  optinnun t a rge t  s i z e  shom in Pig, 26 EihoU1.d be 1zear1-y 

Tlie rIiethod of determining the optimm weight of the  Ri-242 feed. mfiterid i s  some- 
what ambi,g~ous because i n  general it requires detailed. and necurste informa%ion con- 
cerning the time- and space-averaged neutron f.Lux~:s and the producti.on rates of Cf-272 
frillin Pu-242, both of which are int,erre~.ated and uncertain. 
es- t imte of -the opti3num veig11t~ it w a s  assumed that only t h e  Y h x m d  f lux  eon-tribwted 
s igni f icant ly  l;o c d i . f o r n i m  production., md thak  the appropriate average fluxel; vere 
-t;hose given in Fig. 26 for  the  op'cimfl tearget diaiieters. 

I n  nrd.er to obtain an 

'1.e production of C f - 2 3 2  
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from Pu-242 feed material can then b- estimated from figs. 29 and 30. 
i n  preference t o  Fig. 29, 
300 Q, as indicated by curve R Ln Fig. 27. If t h e  shape of t h e  curve i n  Fig. 30 i s  
reasonahl-y correct, and since it i s  nearly a s t r a igh t  l i n e  i n  t h e  region of Interest ,  
the optimum weight wmiLd be insensi t ive t o  variations i o  the  khermal-flux level ,  thus 
al leviat ing t o  some exLent t h e  need for  a i  activate determination of t he  effec-tjve 
average flux during targe’i exposure. 

Using Fig. 30 * t h e  optinurn weight of  Pu-211.2 w a s  estimateil t o  be a b m t  

I n  the above analysis only therinal i r r sd i a t ion  of t h e  plutonium Jkx?. material w a s  
considered. 
nonthcmal neutron i r rndi  a t inn  to transplutonium isotupe pr.oduction. Under cei-tain 
conditions the coi?-tribution i s  de f in i t e ly  s ignif icant .  Therefore 1Lu.thher studies might 
possibly indicate a d i f f e ren t  optbiun weight., depending on t h e  ra%io of theuraal t o  
nontheniial f lux i n  tile target .  

Recently, a report’* has been issued which discusses t h e  contribution of 

The above values of optiurum diameter and weight of the t a rge t  were based on an 
island radius o f  ‘7 cm ( tha t  psopased f o r  -the IFFIR). 
island would rrsult i n  greater californium prodaction, since increasing t h e  island 
dianeter tends Lo maintain adequate neutron rrrocleration a s  t he  weight and therefore 
vol.ume of the target i s  increased. Of couxse t h i s  would result i n  a decrease i n  the 

T t  is  possible t h a t  a larger 

.11_- 

x 
‘l%e r e s u l t s  i n  fig. 29 represent; an e,zrly e s tha t t e  of californium production and 

m e  now considered Less accurate than those i n  Fig, 30. Since t h c  la t ter  resul.f;s 
were not available u n t i l  after the  pasmeter studies were made, ai effect ive op.t;im.m 
weight of 200 g, as dctemlncd from curve A i n  f i g .  27, was used i n  t h e  pazaaeter 
studies and t a rge t  heat t ransfer  studies.  Curve B, however, indicates a signif icant  
increaae i n  production i f  a 700-g target is  used. 
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Fig. 28, Instantaneous Effective Microscopic Thermal 
cross Section of ~ a r g e t  \%en Starting with P U ’ ‘ ~  v s  
Thermal-Neutron Exposure Time and Thermal-Flux 
Level .  (Extracted from supplementary data to ORNL 
c F-59-8- 125.) 
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UNCLASSIF IED 
0RNI.-LR-DWG 50331 
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THERMAL.-NEUTRON F-LIJX x TIME x (nv y r )  

Fig. 30, Production of Cf252 from Pu242 vs Product 
of  Thermal Flux and Time. (Extracted hom supplemen- 
ta ry  data to ORNL CF-59-8-125.) 

unperturbed thermal f lux  i n  the  island, and therefore it is not p.l.anned a t  present t o  
increase the is land radius.  

When select ing the weight o f  plutonium t o  be i r radiated,  it i s  a l so  necessary t o  
consider the  problem of heat removal. Several of the  isotopes i n  Yhe chain connecting 
Tu-242 and Cf-252 are fissionable,  requiring t h a t  provisions be mafie for removing 
appreciable amounts of heat fYom the  t a rge t  material  e The estimated heat; generation 
rate i n  the  feed mteri8.l as it function of time and average the:rmzl.-flinx l eve l  i s  shown 
i n  Figs. 31 and. 32. With the  reactor operating a t  100 Mw, Yine t a rge t  containing 200 g 
of fi-242 feed material, and assuming t h a t  the  maxirmun thermal f lux (Fig. 2 6 )  and the  
mxiiizm heat generation r a t e  (Fig. 32 ) o c c w  simull%aneously, the volume-averaged maxi- 
m heat generation rate i n  the  feed material ,  during the  one-year i r r ad ia t ion  cycle, 
w a s  about 4-60 kw, The va l id i ty  of the  assumption i n  connection with the time-wise 
occilrrence o f  the  maximum f lux  and ta rge t  power can be substantiated by superimposixg 
t h e  cross-section c ~ m e s  i n  Fig. ‘28 on -the he& generation C L Z S V ~ S  i n  Fig. 31, and ob- 
serving t h a t  f o r  each f l u  l e v e l  the  instantaneous cross sect ion t h a t  occ~ws s h u l -  
tmeously wiSh the rrwr imurn  heat generation r a t e  i s  about 60 barns. Since the  ci~mes i n  
Fig. 26 a re  based on n 60-barn cross section, the method of arr iving a t  the 460-kw he& 
genei-a;tim r a t e  should be reasonab3.y tiCc12ri3;te. However, tinis value i s  based on Glie 
assumption t h a t  tine taq& i s  exposed. -to a constant flux l eve l  at least up t o  the time 
the  rnmb~~m heat generation r a t e  i s  reached.. Since t h e  reactor  wi1.l probably be q p e r -  
ated at  constant power, m d  since for iz given cross section i n  the  feed rr~aterisll the 
f1ax i n  Llie t a g e t  does n& change zppreciably ~5th time, t he  flx.x i n  .the actusl “c::.rget 
wi7 .1  ch%mge d . th  t l m e  i n  accordance with the change i n  fe&-materi:&l cross section. 
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Level .  

ducti  !&e effect  t h i s  has on hea-z-t generation and pr 

0 1 2 3 4 5 
THERMAL-NEUTRON FLUX x 1 0 - l ~  ( n v ~  

Fig. 32. Maximum Heat Generation Rate in  Target, 
When Stortiny with P3,242 Feed Material and Considering 
Only Thermal-Neutron Irradiation Y S  Thermal-Flux 

n has not yet been studied in 
deta i l .  However, it i s  in t e re s t ing  t o  note t h a t  dividing the  nlaxirfmi heat generation 
r a t e  for  each f lux l e v d  by the corresponding flux l eve l  gives e s sen t i a l ly  the same 
effect ive macroscopic f i s s ion  cross  section. 
t o t a l  cross sections are &so about t he  same. T h i s  tends t o  indicate t h a t  small 
vaziations i n  f lux with time w i l l  not significantly a f f e c t  t h e  ma.ximim heat generation 
rate as determined from Figs. 31 a n d  32. 

A s  indicated by Fig- 28, the  maximum 

The k6O-kw heat generation rate obtained from t h e  above analysis vas somewha% 
greater  -than estimated a t  t h e  t i m e  t h e  volume r a t i o  of aluSnini~in t o  plixtnnium oxide was 
selected as 19. 
value of 1 x lo6 Etu/hr-ft2, t he  volume r a t i o  of aluminum Lo plutoniurn oxide vas in- 
creased from 19 t o  about 26. ?"ae r e sd tan t ,  increased displacement of vater from the 
target i n  t he  island w i l l  hcwden t h e  neutron energy s p e c i ; ~ ~  and thus decrease the heaL 
generation s l igh t ly .  !&e nei; e f f ec t  on Cf-252 produc-tion, considering t h e  non-therral 
contribution, has not yet been determined. 

In order t o  reduce t h e  m a x i m u m  heat f lux  t o  a t en ta t ive ly  acceptable 

In estimating -the target; heat generation rates, the neutron f lux  values (Fig. 26) 
werct detenniiiecl by a two-group dif.i'usion calculation; these fluxes are  about 20% lower 
than those predicted by a more sophisticated ml t igroup calcirlakion. Assuming t h e  
l a t t e r  ca,l.cul.ation t o  be more accurate, the heak generation r a t e  i n  a 200-g tazget 
would be abiboii'b %O kw. 
would. be about TjltO kw. 

For t h e  3 O O - g  .target the  corresponding heat generation r a t e  
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The h i g h  power densi t les  associated with t h e  opti-mv3u-size t a rge t s  introdnces a 
problem i n  connection with t h e  select ion o f  t he  t a r g e t  cladding and matrix materials. 
The optimum diameter of the experiment i s  such t h a t  i d th  200 g of  feed material  and 
an ~u_iiinu-nu-nu-nu-nu-nu-nu-nu-to-~lutonizllli-oxide voluine r a t i o  of 26 t h e  nietd.-to-.rrdter r a t i o  i s  0nl.y 
about 0.3.  Therefore, nuclearwise the re  i s  not much difference between -Lbe use of 
:dxrninum, bery l l iwa ,  mi6 zircorrlurn for .%lie t a rge t  matrix znd cladding rnzxtesii73.. 
Rowever, the thermal. conductivity of aliuninwa i s  about three times t h a t  of beryllium 
and twenty-three kimes t h a t  of zirconium. 
matrix rod, Yne m w i m m  temperature drop i n  the rod would be about h3OP as compased. 
t o  124'E' for  a beryllium rod and LOOOOF Tor a zirconium rod" 

U s i n g  a solid 3/8-in. -d imeter  dlunrrinum 



COiTTROI, STUDIES 

Y’he m a x i r m n  achievable neutron flux i n  the 1IF:I.H i s  l imited by tine niax5mi.m per*- 
missib1.e heat flux; and, generally speaking, the cl.oser .tire core-averaged heat f lux  
t o  the max:i.muni heat fl.ii>x, -the higher the island neutron flux w i l l  he. ‘Thus a prime 
requiremeni fo r  the  HFLH w a s  that the  control. system shoi*lti not increase -the r a t i o  
of maxim-m-to-average power density above a cerbain specified value during fW.I-power 
operation of t h e  reactor .  
specifted; instead, several. control schemes wzre studied i n  order t o  determine pract.i.cal 
l imits  fo r  power-dis.tri~lli;jon control. In these s tudies  Lile e f f ec t s  of nonuniform f h l  
buriiup, time-wise distor’cion of power dis t r ibu t ion  resid-ting from possible xenon in.- 
s t ab i l i t y ,  and flux var ia t ions due t o  experinients were considei-ed i n  ad.dition to t h e  
charac te r i s t ics  of t he  par t icu lar  conttrol system. 

Actually, a raaximum value of (qm,x/qav) w a s  not i.nf.tial.1y 

‘l’wo basic  types of control systems were considered. for  the WTR: (I) a solublc- 
Tbe soluble- poison system aid ( 2 )  t he  more conventional- meclianicaL con-i;rol system. 

poison syst,em had t l e  ailvantage of being able t o  maihtai.n uni.form distr?’.b!i.tj.on of 
poison i n  a par t icu lar  region, but had the  imedl.ate disadvantage of  not having an 
exterisive backlog of prac t ica l  application i n  reactor  control.  Various rnechan3.ca.l. 
control systems are  also capab1.e of maintaining symmetry- to some ~ x t e n b ;  however, {;he 
more conventioiial systeiiis cause very s ignif icant  vmiaL.lons i n  power d is t r ibu t ion .  
Therefore it w a s  necessary t o  investi.ga.Le advanced control-scheme concepts fo r  the  
liPIE(, and. t h e  decision w a s  made to study both the soluble-poison and mechanical systems. 

A s  the  studLes of t he  soluble-polson cm.d mechan:i.cal sys tem p-i-ogyessed simultam- 
ously, it becam apparent t h a t  a reasonably conventional. mechanical system could be 
designed fop t h e  HFIR t h a t  would provide adequate control oi: i-ea.ctivity and power 
d is t r ibu t ion ,  
duced d i f f i c u l t  problems such as gas formation i n  the  solution and radiat ion effects  
on solubi l i ty ,  fo r  which l i t t l e  experience exis ts ,  biat that  it w a s  a l s o  suf f ic ien t ly  
slow acting to require a supplemeiltary mechanical control systeru f o r  emergency shutdown 
m d  possibly fo r  f ine  control. YXus the  conki.01 studies indicated t h a t  an al l -mechmicd 
system sh0d.d be used i.a .bile KFLti. iiltb.ough the  following discussion on cont.rol.s in-  
cludes on ly  -the par t icu lar  system presently propose6 f o r  t he  HFIR, a discussion of 
other control sys tem t h a t  were studied i n  some d e t a i l  i s  incl.iided i n  Appendix 3. 

It a l s o  becnme apparrent t h a t  -the soluble-poison system not  only intro- 

Resu l t s  from ’die various contxol-scheme studies  i t ldkated t h a t  Yne p r o ~ i -  locat ion 
for  .the control. regiim was a narrow a.nnul-ar space between t h e  fue l  annulus and the 
beryll.ium side re f lec tor .  
l a t i ons  for  a core having soluble poison i n  th2.s mmlus, it became appazeot t h a t  it 
would be necessary, even with a. so.7.ubie poison system, to t o l e re t e  a s ign i f icant  de- 
pi*ession i n  power density close t o  ’ihe col l t rol  regton. at t h e  beginning o f  the  fuel 
cycle. ‘Thus, during the ear ly  part, o f  a Puel cycle, a l imited amount of circumferential. 
a~cj/o-i. axial power d is tor t ion  i n  tfia;t, v i c in l i ;~ ,  resu l t ing  ~Yom %he use of  p la te  o r  
closely-spaced rod-type control  elements as opposed t o  the soluble poison, coi1l.d be 
toll.eraLed without exceeding t h e  maximum permissible power &ensi.’cy. 

After completing preliminary nonixniform-~el-buirmlp cal.cu- 

ik t he  end of tlie fuel cycle i s  approached, <;tic? power density nertr t h e  cofltrol 
region iilcrenses toi\iai-d, and perhaps beyond, the average ‘i‘lierefore d-isturbames 
caused by the  conti-ol elements wou3.d have t o  diilliiiish si if i i i : iei~%ly by the  end of‘ the 
fue l  cycle to m a i . i n t a i i l  the  power derlsity wtthin a1.l.owa’ui.e Iiiriits . It zppeared t h a t  

44 
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i t  w0ul.d be possible t o  achieve t h i s  goal through .the use  of a control plate tha t  would 
completely surround the  %el-region outer circumference, an& t h a t  woifid ?fiend the  full 
length of t he  1Xe1 region with the core clean and c r i t i c a l .  DE coiiventional method of  
withdrming the  controls from only one end of the core r e su l t s  i n  an axial maximn-to- 
average paver density r a t i o  t h a t  i s  of the  order o f  two or th ree  t o  one. I f ,  however, 
the  cylindzical control p l a t e  i s  s p l i t  a t  the  horizont-zl. mitlplesne and each half  with- 
drawn from i t s  respective end of the  core, the  vari.&ion in power d is t r ibu t ion  i s  -much 
less. A Purther improvement i s  made by extending each ha l f  she l l  over the full leng4h 
of the  core so t lmt  a t  the  beginnkg of t he  fie1 cycle the  control region consis ts  of 
two th in ,  concentric cylinders, each extend.ing the  core lengLh or a l i t t l e  more when 
c r i t i c < d i t y  i s  reached. 
control p la tes  a r e  end t o  end, forming a coinplete a d  unifori!lly Yhick cylinder around 
t he  core. To eliminate the of f - se t  vacancies t h a t  would f i l l  with water and cause power- 
density peaking, core-length extensions of beryll i lai  or zirconi-uii would be aaded t o  the  
ap.propriate end of each cylinder. A t  t he  other end of each cylinder an emergency shut- 
down ("black") section would be attached.. Thus each of -the two control p la tes  would be 
about th ree  core 1enej;hs long and t a d d  consist  of three  equcal-lerngth v e r t i c a l  sections: 
black, gray, and white. A schematic representation of t h i s  control scheme i s  shown 
i n  Fig, 33. 

After about half  of t he  r eac t iv i ty  has been burned up, the  

A t  the  beginning and, of course, a t  the  end o f  a f i e 1  cycle the  above control 
scheme would sa t i s fy  the  requirement of minimum axia l  and circumferential  power- 
d i s t r ibu t ion  disturbances. However, as the  rods are  withdrawn t o  conipensate for  Diel 
bu-mup, a s tep  appeass i n  t he  total .  thickness of t i e  gray p la tes  and renlains u n t i l  
the  ends of the  gray p la tes  meet. Beyond t h i s  point another s tep  appeazs, leaving a 
neutron window a t  the  center o:f the  core, Ilkus a =*her improvement i n  power- 
d i s t r ibu t ion  control could be achieved by gradually varying Vie poison concentration 
i n  each p l a t e  from one end t o  the other, the  .length of the poison taper  being su f f i -  
c ien t  t o  maintain power-density peaking within to le rab le  l i m i t s .  
of the  p la tes  would depend t o  a large e;r"Lent on how _much r eac t iv i ty  must be contn.olledj 
thus the  use of a burnable poison i n  the  fuel region would reduce the  lengi;h of, and 
possibly a l l ev ia t e  the  need for, the  tapered design. 

The necessary length 

A s  a first; step i n  the  detai led investigation of the plate-type control system, 
tTm-dimensional fiel-cycle-time calculations (which included nonuniform burnup of  the  
rUd)  were aade for a typica l  H F I R  core equipped with the  untapered plakes (as shown 
i n  Fig,  33). 
heading "Fuel-Cycle Andlysis." In  sulnmasy, the  r e su l t s  show t h a t  for a ten-day core 

The r e su l t s  of these calculations a re  discussed i n  d e t a i l  under t'ne topic  
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DAY LATER MID C Y C L E  END OF CYCLE SHUT DOWN COLD C L E A N  
CRIT ICAL  EGIJIILIRRIUM Xe 

Fig. 33. H F l R  Control-Scheme Schematic Diagram. 
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i n i t i aL ly  having about 13% r e a c t i v i t y  (with burnable poisons present)  t ne  m a x i m  
power density a t  no t i m e  exceeds t h e  permissible value. ‘Therefore it appeared t h a t  
-tapering of the poison was unnecessary. 

Further control-system studfes were concerned with t h e  r eac t iv i ty  worth of t11.e 
gray and black regions o f  the control p l a t e s  and t h e  select ion of inaterials fo r  $he 
neutron absorbers 
coatrol  p l a t e s  a thermal absorption cross section o f  about 0.3 cm-l wcjuld be required 
f o r  t h e  gray sections. Comparatively-low-cross-section materials such as Li’canim, 
nickel, and pcxsibly a s t a in l e s s  steel alloyed with manganese appear sati.s:ea&al-y 
for t h i s  appli.c.ai;ion. S m a l l  moi in ts  of high-cross-section m a k e r i d s  should not, be used 
i n  t h e  gray p l a t e s  because they w i l l  bu-n out ‘coo rapidly.  
icant  poison isotope for  each element and no successive production of s ignif icant  
poison isotopes 
mining a t  the 
determined Worn N 
icant  isotopic 
I t s  conceitration i s  reduced by about 20$ i i z  one year when exposed t o  a thei-mal f l u  
of 3 x 1014 neutrons/cm -set, IYom a p rac t i ca l  poini; o f  view it would appem t h a t  a 
i-easonable lirnii; on cross secLj.cm would be about 20 barns. For a 1 0 O - b a r  cross sect : i im 
only 20% of t h e  poison would be left, aj’ter a one-year exposure a t  3 x l&’ flux, 

Fuel-cyele-+ime calculations indicate& t h a t  f o r  l / b i n .  -tl”iek 

(Assuming only one s ignif-  

2 

The desired r e a c t i v i t y  worth of Lite black seckions of t h e  control pla-ks depends 
upon t h e  type of r e a c t i v i t y  accidents t h a t  might o c c ~ r ~  how f a s t  t h e  pldtes c m  be 
inserted, and upon what fractdon of t h e  contxul surface area can always be inserted.  
In  khis pa r t i cu la r  sLiidy o n l y  Uie s t a t i c s  of the HFLH cmtrol  sysbem were csnsidered. 

I n  the event of  an emergency shutdown of t h e  EFIR only t h e  upper con.trol cylinder, 
which i s  accelerated by both gravi ty  and coolant Plow, ~ L l l  be actuated rapidly.  To 
:?ux%her improve -the reliab.bl.lity of t h e  emergency system, t;he upper cyli.nder r s i l l  be 
d-ivided i n t o  four segaents si.nce it i s  more l l .kely t h a t  three out of four pla%es d 2 . 1 .  
drop du-ing an emergency shukdown than one out  of one. Chmi.ng the control-system 
studies it was assumed t h a t  the  lower coiitrol. cylinder was a l so  divided i n l x  PCXW s e p  
ments, and. t h a t  the lower and upper segments overlapped each o.t;her i n  t h e  ciramfer- 
e n t i a l  direct ion by 45 degrees. ( A t  tne  time t h e  calculations were being performed, 
t h i s  scheme w a s  in keeping wi.th p rac t i ca l  design considertitions. ) 

Usually during a scram onJ-y s m a l l  amounts of r e a c t i v i t y  are involved, so t h a t  very 
l i t t l e  iiisertion of t h e  control p l a t e s  i s  required t o  compensate f o r  the r e a c t i v i t y  
addition. However, incidents could. occur which involve l a rge r  r eac t iv i ty  additions. 
For %he purpose of estimating the  required reactivity- worth of  t h e  black plates,  ‘two 
specif ic  accidents were considered: 
a tiev cure, and (2)  a t  t h e  beginxiiix of a cycle one of t h e  Pour lowsr secto,rs falls, 
3.eaving a white sector i n  the  core as shown i n  Fig. 3b. In ,tihe case of t h e  f i r s t  
accident, it was assumed t h a t  bo-Lh black cylj.nd.ex would be i7Ll.l~ inserted a t  the  
time -the fie1 w a s  placed i n  t h e  core. Under these ciremstances Vie reactivi.t;y’ worth 
of the control region i n  a typical FF6K core can be e s t i m a t e d .  f r o m  Fig. 35, vhlch gives 
keff as a function of boron o r  cadmium coi-ieecl 
region. 
de t a i l  i n  Appendix 3 . )  For boron, these r e s u l t s  indicate  t h a t  i n  order t o  mi.iltaCxr. 
t h e  r-ac”Gor subc r i t i ca l  under the conditions of  no burnable poison in the core, t i i t :  

mirhmx required therinaJ- cross section for -two 1,h-in. --i;hick p1ati.s wou3.d be approxi- 

(1- 1 i nad.ver2.en.t exclusion of burnable poison f a o m  

t i on  i n  a 2-cm-Wiick amu1.m control 
(Figures 36 and 37 are supplementary c ~ m e s  t h a t  w i l l  be di.scussed i n  greater 

mately 3 cm-1. 
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Fig. 34. Circumferential Position of Control-Plate 
Sectors When One of the Fow Bottom Sectors Falls Out 
and Only Three of the Four Top BIack Sectors Insert. 

To invest igate  the  second ant ic ipated accident, a two-dhensioml. calculat ion i n  
r, 0 geometry was made using an absorption cross sect ion of abouk 3 tin"' i n  the 1/4-in,- 
t h i ck  black regions and 0.4 cm-l i n  the  gray regions, 
uniforj.nly bo the  f i e 1  region t o  reduce &pf from 2.22 t o  1.15. 
poison i n  %he Fuel, 611 the  black p la tes  ixiserted reduced kerf from 1.22 t o  0 $3; l a t h  
the  burnable poison in, kerf was reduced t o  0.92. 
cribed by accident ( 2 ) ,  Gff ms reduced. f r o m  1-13 t o  0.96. 
control p la tes  described above w i l l  have adequate r eac t iv i ty  worth for Yne IlFLK. 

A burnable poison was added 
Without the  bumable 

For the particmlzr sibuatfon des- 
Thus it appeass t h a t  the 

An absorprtion cross sect ion of 3 cine’ i n  t he  black contro3 plates does not, how- 
ever, leave much allowance fo r  poison burnup. To coinpensate for  boron b u r n q  during it 
one-year exposure a t  an average thermal f lux  of l d - 3  neutrons/@m*-sec, the i n i t i a l  ab- 
sorptiion cross sect ion would have to be increased to approximately 10 ern-1. About the  
only prac t ica l  method of obtaining t h i s  high a cross section i n  a structural inaterid 
i s  by kcorporat ing,  by some means, a small amount OS a comparcatively-hi~h-cross-sectian 
element i n  t h e  st%uc%wra.l material. !The convenkional absorbers, boron and. cadmium, have 
cer ta in  disadvantages t h a t  make t h e i r  use Fn the RFlR questionable, 
centrat ion of boron-10 i n  a boron-Zircaloy a l l o y  would be i3;boue 0.7 7Jt; $, thus probably 
reqxiring t h e  use of enriched boron, since alloying i s  limited to about 2 Wt dp.13 
Guring normal operation o f  the HFUR, the  therma.l. nvf. accumulated i n  one yepa by the end 
of the  black rod i s  apyroximately 3 x 

s t e e l  a l l o y  the  w e i  t per cents and a t m  per cent bumups a re  somewhat @eater. 
cording $0 Dunning,% these boron d l o y s  are 1intit;ed $0 about 2 a t .  $ burnup, and, 
fw-t;hermore, the  corrosion resis tance of i r rad ia te& boron alloys i n  zirconium or 
Zircaloy-2 i s  such t h a t  exposure o f  t h e  meat a l l o y  t o  hQ$h-tE?mperatue water would 
cause a catastrophic f a i l u r e ”  

The require& con- 

This results i n  about “O$O bumup o f  %he 
atoms or 7 at .  $ (0.5 wb %) of the  d l o y .  For boron-titanium and boron-stainless 

Ac- 
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PREFACE TABLE FOR FIGS. 35, 36, AND 3'7 

Code calculat ion,  GNU 
Cross-section s e t ,  GNU 34 grmps (ORNL yevised set) 
'I"ilerrn<d temperature, 80"c 

Active core lengfh, 45.72 em 
Axial. buckling, 0.002591 ~111-2 

Other dimensions and composltlons are the sms as on preface f,a,blble for Fig. 12 except t ha t  
region 1-8; for  f igs.  35, 36, and 37 contained vazying amoimts of either naturaJ- boron or 
cadmium. 

_--- ..l....l-. --1__. 

0 50 400 I53 200 250 
ATOM CONCENTRATION OF NATURAL ELEMENT x io5 (ntoms/barn-crn) 

I 

MACROSCOPIC i H t H M A L  C?OSS SECTION ( c m - ' )  

Fig. 35. Reactivity Worth of Natura! Baron and 
cadmium in the Annwlur Control Region of the WFIR. 

Fig. 36. Reactivity vs Macroscopic Thermal Goss 
Section of Annular Control Region for Naturnl Boron 
and Cadmium Poisons, 

The use of boron carbide has been considered for  reactor coiitrol applications 
because of i t s  a b i l i t y  t o  r e t a i n  a s ignif icant  portion of helium. i n  t h e  BbC l a t t i c e  
~Lructui-e. BarneyJ4 reports 50$ 
wiYnmt dimensional i n s t ab i l i t y .  
However, it was generally concluded l;h&;t; i t  would be necessary t o  provide a ven&ng 
system f o r  the helium t h a t  i s  not retained Fn t h e  B C o r  matrix; this could lend t,o 
undesirable design comp-l.icahions and reduced r e l i a b i l i t y .  

bux-rmp for  2.43 wb '$J B4C dispersed i n  zimoniuin 
S i m i . l a r  results w e r e  reported for  Sj+C in ALe0 

4 

The use of a so l id  cadmium p la t e  clad with Zircaloy Oi- s t a in l e s s  stcel was con- 
sidered as a possibLLi:ty f o r  the HFIR; however, i n  addition t o  having poor resonance 
capture, cadmium has ;2 comparatively high isotopic absorption cross section t h a t  could 
result i.n excessively fast 'ournup. 
burnup of the absorbing ~Lotns. ) 

(A t h e r m  n-rt o f  3 x 1020 results ?.n about 98% 
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Fig. 37. Fast-Group (5.5 KT to IO7 ev) Microscopic 
Cross Sections of Natural Boron and Cadmium vs Their 
Concentration in the Annular Control Region. 

One poison material  t h a t  looks promising f o r  t he  black regioil i s  Eu203. Eh~opium 
has a good resonmce s t ruc ture  end has a successive capture scheme that prolongs i t s  
L i f e  beyond thGt of both boron imd cadmium, The react ion patiis of importance for  cap- 
t u r e ,  when s t a r t i ng  with elemental. europium, m e  shown in Fig. 38. Consider? only 
t he  tl?ermal cross sections and a time-averaged thermal-neutron flux of 1 x ld at the  
black-gray intersect ion of t he  control rod, solution of  Yne necessaxy the-dependent 
isotope equations reveals t h a t  t he  mcr'oijcopic absorption CTOGS section would be re- 
duced by about 69$ by the  end 01 one yms.  The var ia t ion  of the cross sect ion with 
time up t o  one year i s  shown i n  Fig. 39. To em-pensate for  burnup of the  europium 
chain t o  t h e  extent of providing an acceptable cross section after an accurflulation of  
3 x lo2' nvt, it would be necessary t o  s tm- t  with approximtely three  t imes the  a n m t  
required to pravide the  above minimum acceptable cross section. If cdmiwn were uses, 
fii'ty times the  mlnimun mount would be required in i t ; id ly .  

O f  course, the  l i f e  of a poison region can be extended by making t he  region thicker  
and thus by taking advantage of  self-shielaing. One .importan% Liniitation on t h i s  scheme 
i s  heat removal From t h e  control  plates .  
annulus, t he  neubron and gamma heating W i l l  be very high. 

Since the  p la tes  are very close t o  t ne  fue l  

A possible a l te rna t ive  o r  supplementary method for  re?t;nining suf f ic ien t  poison 
(:TOSS section i n  the 3lack regions v o d d  be to provide a r;cp;l?ate xzeutron shi.eld above 
and below the  @ore t o  reduce the  them& flux i n  the black region when Lhe core i s  zt  
powr ,  A prclirninmy anal.ysis not rcported herein Indic~itcs t h a t  even wLthoir-k the 
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Fig. 38. Reaction Paths for fliropiim. 
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Fig. 39. Variation o f  Europium Thermal Cross Section 
with T i m e  at +,,, = 1 x 1013 nv. 

shield the aeeessary amourit of  Eu203 can be ineorporated in a l/b-in.-thick p2.n-h of 
conventional reactor s t m c t u d  rriateria.2. such as a zirconium alloy. 

On the bases of the calculations and results described herein, it i s  tentactively 
concluded t h a t  the plate-tyye control system as described. will be sat isfactory f o r  the  
WIK. I.!? one assumes t h a t  adequate protection against accideuital excessive r -ac t iv i ty  
addition ca.n be achieved through the use of traverse skops or  simi1a.r  devices, then 
t h e  corposiLe p l a t e  system c d d  be used for  rt-e&ai;i.on as well as shim and safety 
cnntrcl . .  This i s  p r ~ - ~  LuLn”i.y being proposed f o r  the HFIR. 



FUEL-CYCLE ANALYSIS 

From the viewpoint of isotope production tine LQ?J3 core l i f e  should be t h a t  which 
produces a product such as californiim a t  the  lowest possible cos t ,  consistent T t c i t h  

t he  time allowed for  t he  proctuction of a desired quantity of the product. 
o f  the  f i e 1  cycle on t h i s  bas i s  requires d.etafl.ed .and. accurate Infox-mation on production 
and processing schemes fo r  t he  par t icu lar  isotopes and information an refuel ing down 
time, Increasing the  le@h of the  cycle w i l l  decrease the  t o t a l  down time per year; 
howeverp the  associated increase l o  file1 loading would resill% i n  a lower thermal flux 
i n  the  i s land  t a rge t  and an increase i n  r eac t iv i ty  w r i t r o l  requiremnts .  
the  waount o f  control poison t o  compensate fo r  the  zd-ditionaJ, r eac t iv i ty  wouZct R;t.so 
ccsntribute t o  a -flux reduction, as a resul-b o f  an associated increase i n  the  r a t i o  of 
winnun-to-average power density i f  the poison i s  adcled t o  the  annular control region, 
011" as a. r e su l t  o f  a decrease i n  neutron leakage fYom the  f'uel regien t o  t he  i s la id  i f  
the poison i s  added t o  the  f ie1 region as a burnable poison. 
other considerations -there ex i s t s  a fuel-cycle t k e  Tor m a x i m  t o t a l  isotope production 
oy6er a speciPied period of t h e  md mother  fuel-cycle t h e  for minimum isotope un i t  
production cost .  

Optimization 

Increasing 

Tnus, independent of 

Ahother  important considerat onp a f f e c t i q  the core l i f e  i s  fuel-plrxte corrosion. 
J n f o m t i o n  avai lable  t,o date  2 9  "v1{ ixld:icates t h a t  under the  proposed € F I X  operat ip!  
conditions t-i 10-day cycle may approach the prac t ica l  duration for alxminum plates .  
&5m an opera t iond  point o f  view? a I-4-day cycle appems grefer'able, :znd perhaps 
later studies wi l l  reveal- condi%ions tha t  wi l l  pemdt the  longer cycle. 
the basis  of present corrosion data and on the  premise tli& the optirmn fuel-cycle 
times associated with isotope production w e  greater  than 10 days, it w a s  concluded t h a t  
the first ilFIx core shtruld be designed &or a 10-day cycle. 
i n  a sa t i s fac tory  unperturbed themal-fLux l eve l  (about 5 x I d - 7  nv) i n  t i e  is land and 
i n  the  pxoductian of rear;onabbie quanbilies of Cf-252. 

Eowever, on 

bkc$ a design w i l l  r e su l t  

During the ear ly  stages of  the reactor  cdcuJ-ations it was estimated, using two- 
group resu l t s ,  t h a t  a core i n i t i a l l y  having 18$ r eac t iv i ty  (with 311 co i t ro l  poisons 
rcmoved) would have a 10-day i'uel cycle and would produce an unperturbed t h e m a  f l u  
i n  the  island of about 5 x 1 6 5  at 100 Mw. 
l a t i o n s  performed i n  the  parameter studies w e r e  baaed on &ff = 1.20 ~ : i t h  no controls 
present. 
fuel-cycle-time cdcul&ions  were mad-e using a. two-group, one-dimensional model ., The 
core t h a t  was selected haad. a f u d  annulus thai; was divided inLo 17 i . e l  regions, %lie 
w o s e  being t o  simulate a continuous radial RneZ d is t r ibu t ion ,  'The 1 a g e  number o.C 
region6 also f a c i l i t a t e d  consideration of nonuniform fud burnup i n  t;he r a d i d  direct ion.  
Reactivity was  controlled by a uniform poison region between the f i e 1  mlIUsus and the  
outer re f lec tor ,  t he  poison concentration being adjusted E t  each time step t o  maintain 
keff = 1. 

as t o  provide it uniform radial power d is t r ibu t ion  i n  a clean core with no eon%rols. 
Tne resuLts o f  these cnlculations a re  shorn i n  mgs. 40, 41, and 42* 
value of ke represents Wie po ten t ia l  reactivity; t he  thermal poison CTOSB sect ion 
represents Xge v d u e  required t o  maintain ke 
fiel-cycle time was approximately 10 days. 
of maximum-to-average power density i n  the  radial direct ion decreased from 1.36 a t  

?herefore, nearly d l  t he  clean-core c;zlcu- 

After a core design hpd been selected on the  bas i s  of the pazfsmeter studies,  

The power level w a s  maintained at  100 € 4 ~ .  

For t he  first fuel_-cycle-time calculation, t h e  radial fuel d is t r ibu t ion  was such 

I n  Fig. 40 the  

= 1. With i n i t i a l  kef = 1.184 the  
%e r e su l t s  in fig. 41 show ghat t he  r a t l o  

51 
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PRESACE TABLE FOR FIGS. 11.0, 41., ILND 42 

Code calculation, Candle Active core leii@n, 45.72 ern 
Cross-section set, No. 3 (GNU avera&ed, two-group) 
merinaL temperature: 80"c 

Axial. buckling, 0.002591. cm-2 

Region Outer ~~3 x 105~ 

2 7.5 u-235 + Eil + b o ,  M/W 1= 1. 10 

No. Radius (em) Composition (atnm/barn-cm) 
_I. .. l._..._._l._l̂  ....._.......l.l__l - 

1 7 &O 

3 8 
4 8.5 
3 9 
5 9.5 
7 10 
8 11 
3 12 

10 1 3  
11 14 
12 15  
1 3  16 
1 JL 1'7 
15 17.5 
16 18 
17 18.5 
1.8 

17 .5 
1-3.2 
I)! -9 
16.8 
13.6 
20.7 
24 .O 
26.9 
28.9 
30.0 
28-8 
?6.5 
24.9 
23.1. 
a . 3  
19.3 
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Fig. 40. Avoilable Reactivity and Control-Poison 
Thermal Cross Section vs Tirile of Reactor Operation 
for a Core with No Burnable Poison. 
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Fig. 41. Maximum Thermol Flux in  thc Island, and 
Ratio of Maximurn-to-,beroge Power Density in the 
Radial Direction vs T i m e  of Reactor Operation f o r  a 
Core Containing No Burnable  Poi son. 
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t i m e  zero to 1.12 after 10 days. 
o f  t he  m i r m m  power dcmsity moved. iYom the  innermost surface of the fuel annulus t o  
a point nearer t he  center of  the (annulus, as shown i n  Fig. 11.2. A t  the inner surface 
the  r e l a t ive  r a d i d  power density decreased R.om 1.36 t o  0.73 over the 10-day period.; 
however, as shown in Fig. 41, t he  r n a x h a  thermal flux i n  t h e  island d.ecrcm;c?d only 
'[ ' jh &wing -the cycle,  'The comparatively sinall decrease i n  f l u x  is  a.btributed i n  : p a r t  
t o  an increase i n  tlie point-wise leikage probul>ili ty ( resu l t ing  from the  decrease i n  
fuel conceritration aceompaying fuel burnup >, which p a s t i d l y  compensates for  the 
greater  decrease i n  neutron leakage t o  the  is land tlaat res i ibs  .frm .the :;lii:t"t i n  power 
d i  str Lbut ion 

During the  first day of operation, the  laca t ion  

S ~ A W  ?;ne maximum r e l a t ive  radiLd. powel- density zt the  beginning of the  cycle 
exceed.&. tine tent,ative maximum d .e s ign  vs lue of 1 e 2, the  reactor  would ac tua l ly  have 
t o  begin operztion ,-it. about 8% Mw instead of LOO Ivlw. 
t he  power level. so a s  t o  maintain the  l imit ing power densi-ty throughout -the cycle, a. 
power l w e l  of 100 
of the cycle the  power l eve l  would be about 107 PIw. Under  the:^: circurnst;;mces the 
m'aximum vt?J.i:z"cion of the island -t'riermal. f1.u dur2ng -the eyc1.e would be about 3 2 % ;  
liowzvc?:r, t h i s  s o r t  of operating procedure wclulii. produce the rmxLmm t ime-intepatei i  
nmitmn flux for  the par t icu lar  core. 

If provisions were made t o  progrslii 

w ~ u l d  be reaclied by the  end of about; t l xee  days, arid by the end 

l J kC  L ASS I FI E D 
OREIL-I. R -  DWG 5 O 3 4 ?  -. . ._. .. . . .. .. . .. . . . i.i .................... 

CIJRVCS CONNECT POINTS C i  
MAXIVIUbl P O W E 3  DENSITY IN 

7 9 1 4  j3 45 17 f3 
R/?DII?IL DISTANCF f c n )  

Fig. 42, Radial Power Distr ibut ion i n  Fuel Annulus 
d the Beginning and End of the Fuel Cycle for o Core 
wi th  No Burnable Poi son. 



burnab1.e poison a J s o  provides the important advmtage of reducing t h e  excess r eac t iv i ty  
at the beginninp; of tile cycle and thus t h e  required worth o r  t he  control surfaces, 1 

Proper d i s t r ibu t ion  o f  Lhe burnable poison and fuel i n  t h e  fue l  region must be 
d.eI;ermined by tr ial  and error ,  although a good first approximation c m  be obtained 
from a n  examj-natiori a!? t h e  power dis t r ibut ion YS time cii.iives for a core not coatainirg 
the poison. 
near the inside surface of t h e  fuel  annulus would. reduce t h e  rnzi~~mn power density at 
Lhe beginniw of t h e  cycle atid wo1.d-d tend ko resf i t  i n  an i n e r s x e  i n  the  r e l a t ive ly  
1.ow power densi.l;y i n  t'nat I.ocation ne= the end of th= cycle. Reduci;ion of the h e 1  
concedxation 5.n t h i s  same locatfLon would a l so  reduce the rnairn-mn power density at 
t h e  beginning of the cycle, but would reduce t h e  already l o w  power density F n  t h i s  
locat ioa a t  the end of t'ne cyc7.e. Fui-ther exomi.nation of Fig. 41 indicates t h a t  fiel. 
rather than burnable poison should be added t o  t i l e  outeer regions of t he  fie1 annulus 
so as t o  increase the  power density i n  k h r . ~  locat ion both at  the beginning and end of 
Vne cycle. Tnus the  effect ive absorptTtion o:P the  poison should be greatest  at t h e  imer 
surface and d-iminlish toward the  outer sur:?ace. Since *%el concentration was t h e  

t and the thermal flux t h e  p e a b e s t  at t h e  inner siriface and, respect?-vely, p?a.l;est 
m d  least  near the center of the  aiel amuh.isP a reasonable dis t r ibut ion of burilable 
poison i n  t h e  ra.d.ia3. d i rect ion appeared t o  be a uniform d i s t r ibu t ion  across t h e  imer 
half  of the annulus wi th  no poison i n  t h e  outer ha l f .  

The r e s u l t s  i n  Fig. 41. indicate th~~i; t h e  add.itj.on of a burnable poison 

l?i-gu.res 11-3, 44, a,nd "1-5 show the results of fuel-cycle-time calculations for a 
core having the above burnable-poison d i s t r ibu t ion  aind using boron-19 as t h c  poison; 
except fo r  the boron inel-usion and a gradual increase in f i e 1  concentration f rom Yne 
center of the fuel  annulus .to t he  outer surface, t he  core vas t h e  same as that aesoci- 
ated with Fi.gs. 14.0, j - t l ,  and 42. Sufficient. boron-10 was added t o  reduce t h e  m a x i m m  
1-elative r a d i a l  pover density t o  about 1.2. (As shown i n  Fl.g. 22, t h i s  required a 
B lo concenttration of 5 x lo8 akoms/cm3. ) To t h e  outer regions of t he  fue l  annulus, 
suff ic ient  -fuel w a s  added to increase the end-of-cycle power density 1.n those i-egions 
t o  t h e  m a x i m i l  permtssible powzr density. 

A comparison of  Figs. 40 and '1.3 shows Una5 the addition of t he  bunmble poison 
i n i t i d l y  reduces t h e  potent ia l  r eac t iv i ty  by about 5$, but; does not s5.guificantl.y 
change Yne core l i fe t imes,  thus indicating t h a t  the poison i s  effect ively buried out 
by t h e  end o f  the cycle. 
power density did not exceed 1.2, and with t h e  excepkion of t h e  first day of operation 
.Yne maximi power density remained e s sen t i a l ly  constant. 
tiiermal f lux  at t h e  center of Yne is land had a maximum var ia t ion of oinly- 2% from the  
begirming t o  t h e  end of t hz  cycle; however, the time-integrated f lux  (I~OOO-MWD reactor 
opzration) i n  t h e  isl.<and was abmit 2% less t han  f o r  t h e  core w5,Yt;h no burnable poison. 
Thus, based on these studies, it appears t h a t  wikh a smJ.7. sacri.r"ice in .L:i.me-in%e~ated 
thermal flux i n  t h e  island it i s  possible through the use of a bixnable poison and a 
corrtinuous r ad ia l  Fuel d i s t r ibu t ion  t o  siriivltaneously iuaintain constant 100-Mw operation 
and essentis2.l.y constant i.slauld t h e d .  flux without exceeding t h e  mxf~num permissible 
power density. 

For the purpose of studying t h e  powei- d i s t r ibu t ion  in .[;he axial as w e l l  as the 

Figmes 44 m d  b.5 show t h a t  t h e  r e l a t i v e  radia.l  m.axirmim 

A s  shown i n  Fig. k 5 ,  t h e  

rxJ.ia.1. direction, two-group, two-dimensionaJ- calculations were mde. The :first core 
calciAa,ted was t h z t  shown in F5g. 46. YThe fue l  and boron concentrations and d i s t r i -  
bution were t h e  same as used i n  the second fuel.-cycle-time ca.lculation. A 6-cm-1ong 
exbemion of t he  dmninum i f e l  plates was added t o  each end of t h e  Pael a.nn1fius to 
reduce iae  power-density peaking a t  tile extremities.  T%e control region, as i n  t h e  
ax+dimensioiial. Fuel-cycle-ti.m calculakions, was assume& t o  be a uniform gray region 
surroul-ding Vie fue l  a.IV1uI.u~ e Calculakional r e s u l t s  indicate t h a t  a t  t h e  begimirg  
O P  t h e  cycle the  two-dimensional thermal-flux d i s t r ibu t ion  fo r  such a core i s  t h a t  

-. 
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. Code calculation, Candle 
Cross-section set, No. 3 (GNU averaged, two-group) 
Themid temperature, 80'c 

Regi 011 
No . 

1 
2 
3 
4 
5 
6 
7 

9 
LO 
I1 
3 2  
1 3  
14 
33 
16 
17 
18 
19 
20 

a 

Outer 
H d u s  (cm)  Cmnpos it ion 

7 b o  

8 
8.3 
3 
9.5 

10 
11 
1 2  
13 
14 
15 
1.6 
17 
17.5 
18 
18.5 
19 
21 
3 

7.5 U-235 + Al + &0 -I- €3, M/W = 1 

ne -t 5% QO i-  EX^ + Control Poison 
Be + 5i: Ib0 -I- Ex-p 

x 1.0 5 N25 x 103 
(atm/bam-cm) (atom/bwn-cm 1 _- 

I 

10 
1.1 * 5 
13.2 
14,9 
16.8 
18.6 
20.7 
2 k . O  
26.9 

0 28.9 
30.0 
29.0 
27.1 
27.0 
24.3 
22.7 
21.0 

I 

to 
0 9 5  ~ 

0 2 4 6 a 
TIME (days) 

1.2 

rx 
W 

0.8 
n 
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Fig. 44. Radial Power Distribution in  Fuel Annulus 
a+ +he ~ ~ ~ i ~ ~ i ~ ~  and ~~d of the ~~~l cycle for a core 
containing ~ ~ ~ ~ ~ b l ~  poison. 

Fig. 43. Available Reactivity and Control-Poison 
Thermal Cross Section vs Time of  Reactor Operation 
for a Core Containing Burnable Poison. 

shown i n  Fig. 47, and khat the  r e l a t ive  power d is t r ibu t ion  i n  the  me1 mauliis i s  -t;nat 
shown i n  Fig. k 8 ,  As indicated by Fig. 48, the  power density i n  -the ouksizLe corners 
i s  qui te  l o w  at  the  beginning of t he  cycle, a condition t h z t  results from the  presence 
of the  control poison and from tne  comparatively large neutron leakage a t  Yne fiel- 
region corners. Such a power dis t r ibu t ion  suggested t h a t  mar the  corners of the  fuel 
annulus the  control region could become more transparent t o  neutrons ~rithoud Inereasi.ng 
the  maximum pover density beyond the per-missible va lue .  I'hus it was assumcd. %ha% . l ie 
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Fig. 45. Maximum Thermal Flux i n  the Island, and 
Ratio of Maximum-to-Average Power Density i n  the 
Radial Direct ion vs Time o f  Reactor Operation for a 
Core Containing Burnable Poison. 
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Fig. 46. Core Geoinetry Used for Two-Dimensional 
Study of the I~IFIF? with Uniform Shim Poison i n  the 
Control Region. 
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PREFACE TABLE FOR FIG. 47 

Core c d c d a t i o n ,  !?I& IL%lerrrKt temperature, 80"c 
Cross-section set, No. 2 (GNU averaged. two-group) keff, 0,381 

Region 
110 D 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
_ _  l ?  

13 
14 
15 
16 
17 
18 
19 
20 
l p a  

Outer Xzdius 
art Horizontal 
mdplme, cm Composition 

7 
7.5 
0 
8.3 
9 
3.5 
10 
11 
7.2 

13 
14 

10 
u.52 
13.18 
1): .93 
16.77 
18.64 
20.74 
23 999 
26.86 
28.90 
30.03 
29.03 
27.00 
25.79 
24.32 
22.73 
u.04 

a2 

15 
26 
17 
17.5 
18 
18.5 
19 
21 

2l Be f yji Ha0 -t Xa(black); = 0.120, C = 2.000 

Be t y/. I320 -t Z: (gray); Ca3 = 0.00937, Ca2 = O . l $ 5  
49 B e + 5 $ & 0 + &  

0.5 
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Fig. 47. Two-Dimensional Plat of Thermal-Neutron 
Flux i n  a Clean WFIR Core. 
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Fig. 48. Relative Power Distribution in the HFIR 
Core a t  Time Zero with Uniform Shim. 

control region consisted of  two t h i n  (a,bout I-cm-thick) concentric cylinders sepa.ra.1; irg 
t he  fie1 annulus fi-om the  beryllium ref lec tor .  The t w o  cylinders would be moved axi- 
a l l y  and i n  opposite directions,  maintaining symmetry ahout t he  longitudinal axis an? 
t he  horizontal  midplane. Fach cylinder was  divided. j.n'co a black, gray, and white 
(beryllium) ve r t i ca l  region, each region being one core-l.ength long and arranged In 
t h a t  order; t h e  poison concentration i n  the  gray ??ezions was adjusted to make k = 1. 
at t he  beginning of the  cycle with both gray regions i W y  inserted.  The arrangement 
i s  shown schematically i n  Fig. 49. A s  t h e  control p la tes  are withdrawn, the  COR wil.1. 
be inore heavily poisoned near t he  center than a t  t ne  ends, %bus tending t o  cai.ise power- 
density peaking i n  the outside corners where the power density i s  comparaLively low a t  
the  start.  When the  ends of the  gray p la tes  meet a t  t;hc longitudinal center OS the  core, 
the  shim poison w i l l  again be essent ia l ly  uniform. 
t h a t  t he  power density would not exceed tlne maxirmun design value I) ) 
of t he  conbiwl plater, c r e a k s  a neutron window at, t n e  horizontal  mi.dpla;ne, resul.tlng 
i n  power-density peaking i.n the v ic in i ty  of t n e  window. The degree of  peaking, o f  
cou~^sc', depends upon sever& factors,  including the  s i z e  o f  the window, the time a t  
which th,o window appears, and Lne r eac t iv i ty  worth of the gray portion o f  -the control 
p la tes .  U s i n g  tlie results froiil the one-dimensional fud.-cycle-time ca.I.culabions~ (and 

e ff 

(Up t o  t h i s  point it w a s  anticipated 
Further w i t i n d r a w a l  
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. 
t h u s  neglecting nonunifom burnup i n  the ax ia l  d i rec t ion)  associated with Figs. 43, 
44, and 45, shin-plate posit ions f o r  k = I were determined. for  orie day, th ree  days, 
a i d  six days of operation. By the  end 01 t he  f i r s t  day, xenon had reached i t s  maximum 
v:il.ue, and therefore  about 't$ i n  r eac t iv i ty  had t o  be cornpensated :for by the shim 
p la tes .  A s  shown i n  Fig. 50, t h i s  required t h a t  .the ends o r  t he  gray p la tes  be 
positioned approximately a t  -t;ne longitudinal center. By the  end of the sixkh day, 
the  p la tes  had been withdrawn another one-quarter core length, &lowing a h-alf-core- 
le@h window a t  the  longitudinal center. The r e l a t ive  power d is t r ibu t ions  for  the  
zero, one-day, three-day, and six-day cores are slzom i n  Figs. 48, YL, 32, cad 53. 
( F i ~ m r e  52 ac tua l ly  represents a case i n  which IAere was some overlzpping of t he  gray 
.and. cJ.irite plates;  however, as mentioned i n  a later paragraph, t h e  e f f ec t  Tas not 
la rge . )  
Since nonuni€orm a x i d  &el bin-nup will  result i n  a x i a l  f l a t ten ing  of the power, the  
above vrtLues ijhmld be somewhat conservative. 

eff 

As indicated, the trind.ciw did not r e su l t  i n  an excessively high power density. 

Anticipating tha t  tine window ef fec t  might r e s u l t  i n  'adverse peaicing, consideration 
wits given t o  overlapping or tapering of the  gray m d  essent ia l ly  white control plates .  
Comparison of Figs. 53 :and 54 shows the  difference i n  r e l a t ive  power d is t r ibu t ion  for  
a nix-drty core v i th  
section w a s  represented by a 12-cm-long, equal-thickness overlap of the gray and white 
regions of the  control plates .  
Fig. 72. 

without the  tzpered p la tes .  For these cdculatio1i.s the  tapered 

'kis system was also used. i n  the three-ciay core of 
Although Lfle power density next t o  the  control region w a s  about j-i$ less for 

the  overlapped p la tes ,  t h e  r i ~ ~ < i  viil.ue i n  

=acrn ......... .. 

.~ 

-r 

2a ~ 

22 

0 

H70 

. 

AI + HpO + U235 
M / 'Jv ---- I 

CONTROL. PL N E S  4RE 
POSITIONED FOR keft 7 I 
AT CEGlNNlNG OF CYCLE. 
MUVEMENT THEREAFTER 
INDICATED BY A R R O W  ~. 

21 51 

Fig. 49. Core Geometry Used for Two-Dimensior.al 
Study of the HFlR with the Three-Region Control Plates .  
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Fig. 50. Reactivity vs Vertical Distance Between 
Extended End of Fuel Annulws and Gray-White Interface 
of Control Plates for a One-Day-Old Core (100 Muwd). 



60 

1 +---I- ~. 

t N C L A SSlF I E C 
O R N L - L R - C W G  50352  

1 + 

UNCLASSIFIED 
ORNL-LR DWG 50354 

078 

0.02 

0 a0 
I I 

~ 

0 98 

I 
I 

1 06 

~ 

1.14 

I 
4.20 

i 
j 

1.25 

j 
1.28 

~ 

1.30 

0 8 3  

0 85 

0 93 

4 01 , 

110 

118 

124 
I 

i 29 

1 3 3  

1 3 5  

090-104 

7 9 1 i  

108 

I 
0 82 

i 

I 
0 84 

0 92 

401 

140 

118 
I 
I 
I 

1 24 

I 

129 

133 

1 35 

, -  -1 0 1  

0 78 

0 81 

0 89 

1 06 

114 

1 2 0  

125 

129 

I31 

~ 

R A D I A L  DISTANCE ( c r n )  

22 

20 

'8 - 
5 . 

16 I;' 
4 

J a 
D 

44 = 
J 

? L 

12 a 
:0 g 

8 Z  

E 
0 
I 
Id 

ID 
4 
+ 
W 
I 
_I 

6 9  
t 
E 
W > 

4 

2 

0 
21 

Fig. 51. Relat ive Power Distribution in the WFliS 
Core at  the End of One Day a t  100 Mw. 
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Fig. 52. Relat ive Power Distribution in the HFlR 
Core at the End of Three Dcrys at 100 Mw, Using Over- 
lapped Gray-Whi te  Regions. 

%ne .u iou~i t  of peaking i n  the  window region depends t o  some extent on the  poison 
concentration i n  the gray shim plates .  
no bunab le  poison since -the shim poison wau1.d have t o  be increased considcrably. 
the pa;t-tic?llm core calculated, the burnable poison tstkes care of about 5'$ i n  reac t iv i ty ,  
ILeaviag oa7.y about l3(; for t he  shim plates. 
of a m a t s r i d  such as titmi-an wou1.d. be suf f ic ien t .  
more highly absorbing p la tes  would be required. 

More peaking would be expected i n  the  core with 
For 

Under tilese conditions l,/&-iii. - thick p la tes  
For -the blaek regions, of course, 

Window peakinz wi.LJ. &so increase w i t i a  increasing vohime fracti.on of coo~l.ant 
water In mid adjacent t o  t h e  control plates .  Calculations thus .faz included only ?$ 
b y  vo1u.m of  H2O i n  t ne  homogenized control-p?.nl;e area. 
design w i l l  probably include about 25<$ by vol-ume of I-I$ i n  the  conLyol-p]-ate reg;jon, 
i i l  which case the  coolmt  would be introduced. i n  channels scparati-ng t'ne plater, from 
each other, and 'che adjacent compoiients. Such a case has yet t o  be investigated,  

A pract-ical control-system 
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Fig. 54. Relative Power Distribution in the HFlR 
Core at the End of Six Days at 100 Mw, Using Over- 
lapped GrayWhite Regions. 
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In  p repva t ion  for  HFIR time-behavior studies,  caJ.ciLLa.tions were mane t o  obtain 
estiraates of tne temperature coeff ic ient  of react ivi ty ,  the void coeff ic ients  of 
reac t iv i ty ,  and the  prompt-neukron l i fe t ime.  Following i s  a discussion of b h e  metnods 
of cd.ciiLation used and the  r e s u l k s  obtained. 

Temperature Coefficients of Heactivitx _-_ ..----- 
Since the various regions of the  IWIR core will  not necessarily be a t  the same 

temperature or experience the  same chanyer, i n  teinperat~we, it w a s  necessary t o  calcu- 
l a t e  separate coeff ic ients  for  individual regions as well as fo r  the over-x1.l core. 
The coeff ic ients  have been c;tlcula.ted several  times f o r  the  KFIR, iisiix sevcrkL d i f f e r -  
ent  sets of nuclear constat ts .  I n  all cases the  coeff ic ients  were determined by ad-- 
jus t ing the  nuclear c o n s b a t s  for changes i n  w a t e r  density and thermal-neutron energy 
associated w i t h  c h a s e r  i n  average bulk water teqeratui-es. 
sional changes on r eac t iv i ty  were found t o  bc negligible.  ) 
were then used t o  calculate  t he  corresponding values o r  kerf. 
calculations indicated .tihat increasing on3.y t he  islnntl. ”iemperatme over a. viide raagr: 
of temperatures (70 t o  -300°F) increased k 
average coo1.mt temperature decreased k ef f planation fo r  t he  island. coeff ic ient  being posi t ive appears t o  be t h a t  t he  island i n  
a sense is over-moderated., so Ynat a reduction j.n water density reciuces the  absorption 
cross section without significa.nt1.y increasing I.e.ak.age u n t i l  very large changes i n  
densi ty  arc  achi-eved. ?‘he fi.iel. region, oil the  other hand, i s  und-er-moderated, a d -  i n  
ad.diLion the thermal absorption cross section i s  l a rge ly  due t o  the  fuel. and cladding; 
therefore  t h e  f’uel-region coeff ic ient  i s  negative. 

(The e f f ec t s  of d f m e r l -  
Available reactor  codes 

The resifits o f  the  

while increasing iinly the  fuel-region 
“$61- all temperatures of i n t e re s t .  The ex- 

‘l’he over-all  core temperature coei’ficient depends on the  relzt ,  i.ve magnitudes of 
t h e  is land m-d fuel-region coeff ic ients  . Results of the various coeff ic ient  calcu- 
Lations referred t o  above d id  not agree on tine magnitude or sign of t he  nver-all 
coefficierit,  t he  indicat ion beirg t h a t  i n  tne temperature range  of about 70 .Lo 120’E 
t he  m;y;nil;udes of t he  separabe coeff ic ients  are so  strongly dependent on the  microscopic 
cross sections t h a t  a t  l e a s t  t h e e  signif icant  f igures  i n  the cross-section v a l u e s  are 
required t o  avoid meaningless scal;-l;er of calcul.ated data  points f o r  the over-all K - 
temperature curves. ‘This also implies, o f  course, t h a t  -the absolute values of the  
nuclear constants mus’i, be qui te  accurn.:;e. Thus the  most, recent ca lcu la t i  ns were per- 
formed using What were believed t o  be the  best  available cross sections .189’9 Detailed 
resirlLs of these call.cu.J.a-tions a re  p r e s ~ n t ~ e d  i n  I’able 6 and Eg. 33 f o r  t he  begi.miing. 
and end of a typ ica l  IDIR 1.0-day f’uel cycle. 

e f f  
-E 

++ 
These calculations were lnade by I i .  T,, Tobias (ORXL) and D. R. Vondy (ORNL) i n  

coxlnection w i t h  ihe  HFLK studies.  Since t h e i r  constant:; and thereforc results 
are considcred t o  be ihe lnost accurate io Jake, thc casuing discussion i s  based 
prima;rily on t h c l r  rc:siil_ts. 
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Table 6. Temperature Coefficients of Reactivity f o r  the HFLR 

Reactor Temp I . &/dt ( "F-l) 
( O F )  Eeginning of Cycle -- of Cycle Heglon 

Fuel 70 
I s land 70 
Reflector 70 
Control region 70 
Over-all 70 

-0.8 x 10-4 
.+-LO 10-4 

<?-0.1 x 10-4 
-4-0.3 x lo-)+ 
+o.8 10-4 

Fue 1 15 0 -2.0 x 10-4 
Is land 15 0 +1.1 x lo-)+ -1.1 x 10-4 

Control region 5-50 +0.3 x 1.0-4 
Over-all -I_ 15 0 -1.0 10-4 -0.2 x 10-4 

4 Ref l ec to r  15 0 < + O . l  x 10- 

4s shown, the  cahXl.ntions indicated thak i n  the temperature range of 70 t o  about 
llO°F the  over-all coeff ic ient  (with a l l  regions at  the same temperature) might be 
poslti.ve, but  t h a t  above U_O"F' the  over-a,l.l coeff ic ient  appeared t o  be neeative. A t  
the  end of "ne fuel cycle the  fuel-region coeff ic ient  and the  over-al l  coeff ic ient  are 
s t i l l  negative above 320°F btit less i n  magnitude than a t  the beginning of the  cycle. 
This results from the withdra.miL of the control pla,tes and the subsequent increase i n  
the  changes of a -my.Enrd neutron being returned t o  the  f u e l  by the  outer  re f lec tor .  

The strong dependence of the over-a21 calculated temperature coeff ic ient  on the  
r e l a t ive  values of cer ta in  nuclear constants i.s i l l u s t r a t e d  i n  Pig. 56,  which shows the 
var ia t ion of ( ' z f / x a ) t h e p  ana lieff with changes i n  the average core temperature, 
assuming all  regions t o  e a t  the same temperature. 
temperatures (70 t o  100°F) the i r regnla-r i t ies  i n  the cross-section , ra t io  are def in i te ly  
re f lec ted  i n  the  calculated r d t i p l i c a t i o n  constant ( the i r r egdsx i . t i e s  a re  associated 
%i.th the  s c a t t e r  i n  cross-section da ta ) .  
however, it appeaxs t h a t  neutron leakage i s  predominant, resu l t ing  i n  an over-al l  
negative temperature coeff ic ient .  
which cross sections o r  cross-section r a t i o s  are  knoxJm. As indicated ' ~ y  Fig. 56, a 
change i n  the f o W f i  s ign i f icant  f igure  of the r a t i o  (vC,/Ca) w i l l  EesuLt i n  srigniificant 
i r r e g u l a r i t i e s  i n  k. Cer-tainPy i l ;  i s  reasonable to  e-xpect t h a t  the ratLo is  not known 
that accurately; however, the results of the calculations do indicate  what e f fec ts  
~n0.l l  variattlons i n  the nuclear constants can mke.  If f o r  exFzmple a constant value of 
the above r a t i o  i s  a r b i t r a r i l y  used I n  the calculations,  the keff cuxve becomes mono- 
tonic  with a negative slope. It i s  in te res t ing  t o  note, however, that the  r e s u l t s  from 
EFIR c r i t i ca l .  experiments and A5TR c d i b r a t i o n  experiments20'- indicate  an over-al l  
positi.ve temperature coeff ic ient  i n  the v i c in i ty  of 70'F. 
l a t ed  ana ex-erbeiital r e su l t s  obtained thus far, it mst be concluded t h a t  the over-all  
temperature coeff ic ient  below about LOO? i s  posi t ive.  
keff wtth increasing temperature f r o m  70°F appears t o  be about 0.002. 

It i s  observed tha t  a t  the lover 

Above LOOOF there  i s  s t i l l  a resemblance; 

These results focus at tent ion on the accu7iacy with 

Thus, ir? view of the c d c u -  

Tlie m a x i m n  posi t ive change i n  

A s  mentioned previously, the  over-al l  temperature coeff ic ient  was calculated 
assuming a l l  regions of the core t o  have the  sane avercage temperature ;wd, more impor- 
t'mt, the same change i n  average temperature. In the event the core receives a 

* 
-4t the  pa r t i cu la r  time the temperature coeff ic ients  were measwed, tfle Al-H20 ASTR 

core had s izable  water volumes xdthin the core created 'oy three coutml-rod. por t s .  
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A x i d  buckling, o.ooq18 cni-2 

EtWACE TABLE FOB F I G .  55 

Code calculation, Wmda 
Cross-section set ,  GNU avera+& two-group 

(wikh all regions at  sane temnper3;ture ) 

Core same as f o r  ~ i g ,  s. 
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Fig. 55. Multiplication Constant vs Average Temper. 
oture o f  Variaus Regions i n  a Clean HFIR Core. 

~ i i ? o ~ f L y  distTLbiited hot slug o f  coolant, t h i s  coefTicient should be used t o  piyy3,bct 
the corresponding change i n  kerf.  However, once the  reactor  i s  on a posltiue period, 
-Yne r e l a t ive  c3.anges in the  i s l a d  aid fuel-region temperatures and thm .the actw.a.3- 
value of t'ie sver--all. coefficient depend on tize relatj-ve amourit of heat generated i n  
and. t ransferred t o  the islanil, the r e l a t ive  coo1m.t f l o w  rate i n  the island.,  aiid of 
course the i n l t i a l  avera,q;e temperatures of the coi-e. Tf It i s  ass-mned i n  the  case of 
the m-->-, '-1. 

+lib b L 1 a t  t he  teqera'cure coefficien-t of reac'iivity for an individual regrion i s  
independent; of the tenperaix:res of d l  o the r  regions (8.ccodinZ to Fig. 55 t h i s  appears 
t o  be 3 reasonably valid assumption f o r  the j.skm1 a d  Pucl i-eg.ions) and t h a t  t he  over- 
a l l  coefficient i s  eqml  to the smi of the isl.and a n d  fuel-yegion coefficients,  tkiei1 
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PREFACE TABLJ3 FOR FIG.  56 

Code calculations, GNU 
Cross-section set, GNU 34 goups  (ORNL revised s e t )  
Thermal temperature, wzriable; aJ1 regions the same 

Active core leng-Lh, 45.72 cm 
.kid. buckliug:, 0.002718 ein-2 
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the  mul.tiplication constant may be represented by 

where the is land and fuel-region coeff ic ients  are integrated ove-r their  respective 
temperature ranges corresponding t o  a, chmge i n  reac-Lor. power. A typj.ca.l accident f o r  
which Eq. (1) could be used e n t a i l s  jam:i:ing of t h e  control. rods immediately after the 
reactor i.s rmde c r i t i c a l  a t  a core temperature below abaut 100°F. Tn such a, case Vile 
power wou.J_d r i s e ,  i f  the ini.t;ial effect ive over-all  temperature coeff ic ient  t7ere 
posit ive,  un t i l  keff was  retuxned t o  uni ty  8,s a r e s u l t  of the i.nci-ease i n  COPS tempera- 
tuxe and the  change i n  si6m of the e f f ec t ive  coeff ic lent .  It i s  necessmy then t o  
determine how high the power l e v e l  v l l l  r i s e .  I n  order t o  examine t h i s  pa r t i cu la r  
accident f o r  t he  ELFIR, it was assimed t h a t  t he  rel.ai;j.ve is land heat removal r a t e  was 

tures  of a l l  core regions 17as 40"F, and. t h a t  the primary-coolant c i r c u i t  time was such 
t h a t  t he  k l e t  core temperature remained a t  40°F duying the power t ransient .  
is land and fuel-region coeff ic ients  were approxinlated by the deriva'cLves of eqi.ations 
€it t o  t h e  times i n  Fig. 55, i n  which case the 3xA-region coefflcieiit vas ta.ken as 
'he difference between the over-all m d  isla;irl coefficients.  Ma.ltj.n[; t'ne appropriak 
substi tutions,  Eq. (1) becomes 

yf p ,  t h a t  t'ne r e l a t ive  f lotr  rate through the is land was that the i n i t i a l  tempera- 

'I'he 

where T I  i s  the average -fuel-region terriperature, 
kerf = f., the in t eg ra l s  are set  equal t o  zero. 
m e w e  fuel-region temperature w a s  84"F, rvliile the lower value, of course, was 40°F. 
Since the proposed RTl:R core has a 70°F increase i n  the fuel-region c o o l a ~ t  .temperature 
fox- each 1.00 W., the  m.xi.mun power l e v e l  reached i n  the postulated s t a r tup  accident vas 
X211 Mcr. 
s i m i l a r  power increases could be avoided by prehea-Ling the  coolant above 100°F, and/or 
by increasing the c o o l a ~ t  flow rate through the i s l a r d  from IC$ t o  about 2@ of the  
f u e l - r q i o n  flow rate. 

To determine the temperatiire a t  gilich 
Tn '&is past icular  case t he  m a s r i m  

Although -this power l e v e l  i s  not excessive foi- reasonable periods of operation, 

Void Coefficients OP Beactivity 

Void coef:Ficients of reactivity FTerF: d.ete-mrined separately f o r  t he  water island, t he  
Yuel annu.l.us, t he  water-reflector region surrounding t'ile m t e r  beiyllium reflector, 
and f o r  -tihe over-al l  core. Calcul.ati.ons were f i r s t  m d e  using a one-airnensiond, 34- 
group model i n  order t o  ob-Lain two-gmiip constants foy a l;~ro-group, two-diniensional 
calculation. Thus t h e  one-dimensional cal.ciilations represzni a came i n  trtlich the voids 
extend over -tile f u l l  length of the core, including the end reflectors. In  the two- 
dirneiisione.i calculations the voids were confined t o  the volune within the act ive c0i-e 
length. 

I n  the  island i-eglon (wfiicii contained only w t e r )  t.m Lypes of voids were con- 
sidered: a central  cyl indrical  void and (2 )  uniform v0iCl.s (equivalent t o  a i ~ -  
auction i n  miter density throughout the region). 
calculztions are presented Ln Fi.6. 57. As indicate&: a void e s sen t i a l ly  i.mrefIec-ted 
on tne ends recults i n  a nega.ti%-e void coefficieiit,  vhile the enfi.-i-ei"lected cyl.indrica1 

(I.) 
K e s u l t s  of the cylindrical-void 
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Fegion 
No. 

1 
2 

3 

4 
5 

Code c,ilculation, GNU; P3Q 
Cross-section set, GPJU 34 groups; 
GNU averaged two-group 

T i i e r m d  temperature, 80°C 

Outer 
Radius (c:n) 

Var i abl. e 

7 
19 

21 
51 

Active core length, 45.72 ern 
Axid buclclfng;, 0.002591 em-2 

L e w n  of water en4-reflector, 
(GNU) 

15 ern (PJ%) 

CornpositLon 

0.041 

0.00s 

0.004 

> e 

t u 
w 
E 

2 0  

-0.004 

--0.008 

-0.042 

Fig. 57. Reactivity vs Radius of a Central Cylindrical 
Vcid in a 7-cm-Radius Water Island. 

void i n  the Tj-cm-radius is land r e su l t s  i n  a r m x i m  post-Live react ivi- ty  d d i t i o n  of 
about l$ a t  a void radius of about lb.5 em. 
temperature coefficient,  the  posi t ive island void coeff ic ient  i s  e,qlained by the over- 
noderztion of the  water isl,md region and the  reduction i n  absorption a s  t'ne void I s  
increased. 

A s  i n  the  cn.se of ,ti?-e pos5:tive is land 

Results of the  uniform-void ca.lcula,tions are  present.ed 1.n Fig. 58. With the voids 
i n  the is land region only and confined within the act ive core length, n void f rac t ion  
of 45$ produces a maxj.mum posftive r eac t iv i ty  addition of about 2.5$. 
cases of voids i n  t'ne . h e 1  region only and i n  a l l  regtons, the void coeff ic ients  are 
negative f o r  a l l  void frackions.  
t i v e  coeff ic ients  f o r  the :Fuel region and the over-all core. 

For .the t3m 

The ose-dbensional calculations also iriclicate nega- 
In the  i::l.arnd region 
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\~\L-UNIFORILI 

PHU'ACE TABLE FOR FIGS.  $3 60 

VOIDS IN FUEL REGION ONLY I 

Code calcu.lation, GNU; PIQ 
Cross-section set, GIU 34 group; 

GNU aver aged two -gr oup 
~hermjl teiiipt-mtu-e, 80"c 

R e g i o r i  
No. 

1 
2 

3 
4 

G u t  ei- 
R a d i u s ,  cm 

7 
J- 9 

23. 
Y 

AcLive core l.engtfl, '1-5.72 ern 
Axial buckling, 0 .OO23gl criim2 

Height of water end-reflectors, 
(GNU 1 
15 CIfl (PW) 

0.03 

0.02 

O.O! 

0 

> 

UNCLASSIFIED 
ORNL-LR-D'NG 5 0 3 5 8  

IIFORW VOIDS IN 

TWO-DIMENSIONAL CALCULATION 

IIFORW VOIDS IN 

1 -  TWO-DIMENSIONAL- CALCULATION I 
I ----- ONE-DIMCNSIONAL CALCULATION - 

I 

~ \\.K,+UNIFORM VOIDS IN ~ 1 - 1 -  REGIONS 1 I 

0 IO 20  30 40 50 60 
RF.DUCTION IN H 2 0  DENSITY (70) 

Fig. 58. Reactivity vs Uniform-Void Fraction in a 
Typical HFlR Core. 

the  one-d-imensional calculat ion @ves about the same raxinm change i n  k but  a.t k$ 
ra ther  than 45$ voids. 

Tile o u k r  m t e r  re f lec tor ,  vhich i s  adjacent t o  and outside of tile beryllium re- 
f lec tor ,  has veq-  l i t t l e  effcci; on r eac t iv i ty  if the  beryllium re f l ec to r  i s  a t  least 
30 cm thick. Calculational resul ts  shown i n  Fig. 59 f o r  beryllium thicknesses of 10, 
20, and 30 cm indica'ie t h a t  ULI t o  about l@ voids there  i s  a smll posi t ive r eac t iv i ty  
addl.tion (<0.001.), ana .that f o r  v0i.d f rac t ions  grea te r  Ynan aboiit lC$ the  void coef- 
f i c i e n t  i s  negative. 
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If a vojd f rac t ion  grea te r  than about 15% should, by some meens, be obtained and. 
retained i n  the all-water is land for a few moments, i t  is Likely that wi increase i n  
power would OCCUT, even with tbe  control  system operable, t h a t  would dmkve the core. 
By placing permanent voids i n  the i s land  such accidents can be ovoided; horrever, 86 

shotm i n  Fig,  60, the  introduction of 2@ un-iforni voids in the is land (about the 
minirrmm permanent void f rac t ion  t h a t  w i l l  permit adequate control by the control  
system) reduces &,/E’ by about I.@, md p r a c t i c d  methods of permanent void simulation 
w i l l  reduce the flux eTen fur ther .  It i s  in te res t ing  t o  note, houever, that  the  pres- 
e n t w  conceived island t a rge t  (200 g of PU i n  nineteen 0,95-cm-aia, 46-cm-~ong alwninum 
rods) occupies nearly 2@0 of the  is land volume, and since the t a rge t  s ign i f icant ly  
reduces modemtion and jncreases absorption i n  Yne i s l a n d  it nirrmlates :t perrmnent 
w i d  wLth no addi t ional  f lux  perturbation associated vith t h i s  secondary function. 
Therefore flux perturbations rcsult,ing from permmen t void si_mu3_ation w i l l  not ncces- 
s a r i l y  affect  heavy-isotope production unless t a rge t s  snlaller than prescnLly designed 
are used. 

PREFACE TABLE FOR FIG. 59 

Code calculation, Wanda 
Cross-section set, No. 1 

~hemd. temperature, 8 0 ° C  

I 
(two-group, modified for voids ) 

Active core length, 30.5 crn 
Axid buckling, 0.004$8 

Region 
No, 

1 
2 
3 

1: 
5 

Outer 
Radius, crn 

2 
7 
18 

68 

Composition 

0 002 

0 

> 
b- - 
f - -0002  

U a 1.1 

-0.004 

--0 006 

UNCLASSIFICQ 
C R L L - L R - D I G  50.360 

c Be REFLECTOR THICKNESS-: 30cm 
- b - . I  ......... 2 .............. 

0 10 20 30 40 50 

RCCLJCTION IN H20 DENSITY (901 

Fig. 59. 
Reflectar. 

React ivi ty  vs Void Fraction i n  Outer Water 

0 10 20  30 40 50 60 

RCI:IJCTiON IN t i p  DENSITY (So) 

Fig. 60. Maximum Unperturbed Thermal Flux in Island 
per Unit Power v s  Uniform-Void Fraction i n  Island. 
(Preface table same a s  for Fig, 58.) 
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Since it i s  expected t2ia.t t a rge t s  ocaipying nmch l e s s  than 2& of the island 
volume w i l l  eventually be vsed for various pu-oses i n  the i s lan i l  of the ETIR, pi-3- 
visions may have t o  be rnade for including permanent voids i n  -the is land.  The use of 
beryllium as a void has been considered. because i n  addition t o  being generally coa- 
pat ib le  with an aluminum-water reactor  sys'iern it re su l t s  i n  Less islam3 thermal-flux 
perturbation Ynan other readi ly  available materials.  Howevev, the good sca t te r ing  
propert ies  an6 low a,bsorp"ion cross section of beryllium might require tha t  more than 
2C$ by volme of beryllium be added. t o  the  is land o r  -Yna'i, sone permanent absorber be 
added t o  smaller ~ i ~ ~ ~ 1 t s  of the beryllium. Studi-es of tihese poss ib i l i t i e s  have not 
ye t  been completed, but  indications a re  t h a t  the  use of beryllium as a permanent is land 
void w i l l  r e s u l t  i n  about a 2% decrease in t'ne otiierr~se maxtmuiin unperturbed island. 
theriml flux. 
those with conparatively large neutron slowing-domi distances and with absoi-ption 
cross secttons close t o  t h a t  of water. T h i s  would iilake zirconium ana aluminum possi- 
b l e  contenders. 

Actually, t'ne bes t  materials t o  use for void simulation appear t o  be 

Prompt-Neutron Lifetime- 

Because of Yne compara;f;ively high neutron leakage r a t e  from the und.er-iim3erated 
KFIR f l ~ e l  annuLus, the neutron l i fe t ime i s  ra ther  strong3.y dependent on the mtum 
current f r o m  both the is land and outer beryllium re f l ec to r .  
length i n  the t w o  r e f l ec to r  regions, par t icu lar ly  the beryllium re f l ec to r  yegion, i s  
large i n  comparison with t h a t  of the f u e l  region, a clean core, having l e s s  leakage and 
less r e tmi  current due -to Line presence of the  circumferential CoK'irCil plates ,  will 
have the  shortest  prompt-neutron l i fe t ime.  
f u e l  concentration i s  low and the con tml  p la tes  are  removed, the increased leakage 
in to  the beryllium about doubles the neutron l i fe t ime.  

Since the  neutron diffusion 

Near the end of the f u e l  cycle, men the  

Two methods o f  calculabion were used t o  obtain the neutron l i fe t ime.  In the 
f irst  method21 the  reactor  was i d e  supercr i t ica l ,  and the resu l tan t  period vas deter-  
mined. The prompt-neutron L i f e t k e  was  then calclnlated rmin 

wtiere kex i s  the  s tep  change i n  rea,ctivity tha'c gut the  reactor  on the period l / w .  
The inverse period, w, was o-btained by first assuming that 

so t h a t  

This quantity was  then subst i tuted in to  the time-dependent d i f fus l  on equation and 
terms reaimmged so t h a t  

Theye v is  the neutron veloci ty  corresponding t o  thc par t icu lar  energy group. 
Eq. (3) has the form of the c r i t i c a l  equaLion, the quaat i ty  w/v can be interpi-&xd a s  
a poison t ha t  i s  suf f ic ien t  to r d c e  the  sv .prcr i t ica1  reactor  j u s t  ci-i t ical .  Thus thc  
change i n  poison cross section (>7/v) associated with Ak i s  used t o  caJ-ciflate tine 

Since 
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c 

P 

reactor period. 
does not result i n  a si&.nificant change i n  the Elm distryoution. 

If keg i s  small, then the required addition of w/v t o  each region 

The other  method used f o r  calculating the neutron lire-tlme eqloyed firat-order 
perturtjation theory. The l i fe t ime w a s  calculated from the following eqression:2=! 

v; J & -- 

where x. is the f rac t ion  of neutrons born In each group, an& &,* represents the  adjoint  
f‘3.m fo$ the i th  group. 

For the  period metnod two-group, one-dimensional and two-gmup, tw-dlmensiond 
diffusion-theory calculations were used. A two-group, one-dimenstonal c d e u l a t i o n  
was used for the perturbation method. 

Results of the c,zlculatTons are presented in Table 7. The lifetimes obtained 
with the period and perturbation methods a re  in very good agseeroent, both methob 
giving a neutron l i fe t ime of abaut; 40 pSec f o r  a clean core hsv:l.ng control  p la tes  
positioned f o r  keff equal uni ty  i n  n clean core. A s  sh0t.m i n  Table  7, a somewhat 
larger value was predicted by the two-dimensional calculation, as?_& an even greater  
value was ca;Lculated f o r  the end of the f u e l  cycle when the control plates are wLth- 
&ram 

T&en using the perlod method f o r  calculating the L i f e t h e ,  t v 5  vahzee af kef$ were 
used i n  an e f f o r t  t o  determine whether the smallest value was s r d l  enough t o  avoid 
slppi9ican-t f lux var ia t ions.  
t ron  lifetime f o r  keff = O.l$ and 1.&. 

The r e su l t s  indicated e s sen t l a l ly  no 8ifference I n  neu- 

Table 7. Prompt -1Jeutron Lifetime 

a 
l”ex ( F e e )  Method 

Period 
One-dFmensional 

Clem core 0.0010 42.0 
0,0101 42 , l  

Burned core 0.00172 71.6 
0.00@2 71.0 

TTm -dimenstonal 
C l e a n  core 0.0067 56 

Perturbat ion 
One-dimensional 
Clean core - 38.9 



If .the thermal- Blux i n  a l l  o r  a portion of Yne fuel. region i s  suddenly increased 
as a r e s u l t  of increased pover o r  wi'iharairal of t he  control p l a t e s  t o  compensate f o r  a 
poison addition, the xerion concentration i n  the v i c i n i t y  of "ne increased flux will be 
decreased., resul t ing i n  a fu- ther  increase i n  f l u x .  
f'lux of 5 x iiv the  above occurrence would resu.l.-t, i n  a TO-sec reaetor p e r l 0 d , ~ 3  pro- 
vide& the control plates  were not moved, 
shorter.)  
o sc i l l a to ry  vai-iations i n  the  xenon, neutron flux, anil pover dis t r ibut ion,  a problem 
t h a t  i s  more acute i n  high-flux r e a ~ t o r s . 2 ~ { .  
cause momentary 1ocal.i.zed excessive peaking of the pover ciensi-ty, i f  provisions w e r e  
no-t nmde f o r  d-etecting the power shift and f o r  controll ing it wi.t;hin permissible limits. 
Such var ia t ions i n  power distri'oution, sometimes referred t o  as xenon flux i n s t ab i l i t y ,  
were studied i n  connection with the  € F I R  and were d.etemined t o  be insignifica,rxt;, re- 
quiring no special  provisions i n  the control system. Following i s  a brief discussion 
of the c5Lculationa.l met'nods and results of t'ne studies. 

For an inLkia1 average theima.1 

(For higher f l u x  l eve l s  t he  period wu3-d be 
Movemen'i of the control p l a t e s  following the  i - n i t i a l  change tends t o  cause 

It i s  possible t h a t  such var ia t ions could 

Both d i z i t a l  and analog computer techniques were used i n  the  .xenon-insta%iLi.ty 
studies.  I n  the former case a one-dimensional fuel.-bmup cal@uJ.a-tion was used, ' k e  
core vas first '"oumed" f o r  t w o  days a t  100 I4-w t o  reach equilibrium xenon, criticali-Ljr 
bzi-ng maintainea by mans of a variable poison i n  the control region. 
poison was then added to a l l  regions t o  cause a 1% decrease i n  r eac t iv i ty  and the con- 
trol-reglon poison concentration was changed t o  maintain c r i t i c a l i t y  (operation was 
continued a.t 100 Mw) , The resul tant  xenon concentra.tions and f l u x  d.istribut5.ons . , r e  
then calciiLa.ted, Close t o  the control regioii the xenon concentratian oscillated. wi-th 
a pei-iod of about one day and assumed an equilibrium value by about the: end of t he  
f i r s t  day after the  perburbation, 
about 556, not enough t o  have a s i g n i f i c m t  e f f ec t  on the power dis t r ibut ion.  

dimensi.ona1 madel indi.cated t h a t  f o r  s tep changes i n  r eac t iv t ty  up t o  IO$ there  was 
no s ignif icant  o sc i l l a t ions  i n  the power d.istributf.cn. R e s u l t s  using 8, one-dinensional 
model (longitudinal direct ion)  indicated t h a t  f o r  s t ep  changes i n  r eac t iv i ty  lefis than 
1 o r  @ there were no significant; o sc i l l a t ions .  

Suff'icient 

The m a x i n i u r n  var ia t ion i n  xenon concentration TEE. 

Tke analog compu-Ler calculations were made by Stone.25 Results usin a. three- 
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Die he& t ransfer  charac te r i s t ics  f o r  the EEI"TE duninurn late-type element were 
estimated using the experimental r e su l t s  obtained by Caxnbill2~ f o r  f r i c t i o n  factors ,  
f i lm  coefficients,  and burnou-1; he& fluxes f o r  the unusually th in  coolant channels 
(-0,050 in . ) ,  and the 1'EsUl'ts o'otained by Gr ie s s l727  i n  connection with the heat flow 
resistance of the aluminum oxide f i lm.  Using the correlat ions proposed by G:mibill f o r  
Yne ~?a;t;er f i b  coeff ic ient  and the burnout heat  flux, R . i l . ~ e t y ~ ~  made  a s.tudy of the hot- 
spot ana hot-channel fac tors  f o r  a typ ica l  WIR core. Follo-rring i s  EL brief smmry of 
Yne I F I R  beat t r ans fe r  s tudies .  

The correlat ion proposed by Gmbi l l  f o r  the average water-film heat t m n s f e r  
coeff ic ient  i s  the ITausen equation rrmlbLplied by 0.94. and i s  given by 

O f  the  31 eqer imenta l ly  detemined values o f  averase h, only one was l e s s  than t h a t  
predicted by Eq, (5) .  
m i n i m  value of h for the D'Ui. 

Thus, according t o  Gambill, t h i s  eqwt ion  will prea ic t  the 

Forced-convection bumrout-heat--flux dd,a vere obtained E m m  seven t e s t s  t h a t  

The correlat ion proposed By GFLmbilL i s  the Zcnlcevich-Subbatin equatj on 
spamied the values of f l o w  p p ,  heated. Length, velocity,  and pressure proposed f o r  
the IPIX 
dAvi&ed by iw uncertainty f ac to r  of 1.3 and I s  given by 

The uncertainty fac tor  of 1.3 is  applicable t o  the K F I X  design, and t'nerefore Eq. ((5) 
% r i l l  predict  the rninlmum burnout heart f lux for  the HFIR. 

As Indicated by the experimental work  done by Griess, the t e q e r a t u r e  amp act-oss 
the oxide f i l m  on jlumlnurn p la tes  i s  appreciable md depends strongly on the p?I of the 
cao lmt  water. 
indicate  that chmgiw from a pH of 7 to 5 reduces the 3hmAn~un oxide film resis tance 
obtained a t  the  end of Ync IO-day fuel cycle by a fact,or of 4. 
a very s igni f icant  decrease in the p l a t e  t".mI,eratuse and m i i h u n  water tempemLure 
(asswning water t o  be entrained i n  thc  oxide), the  lower p11 was considered for the WTR, 
onti heat  t r ans fe r  calculations were m d e  accordingly. 

Tests presently befag conducted i n  connection wlth I P D  development 

Since th i s  resul ted i n  

Using the  above information plus the proposed WLH design speeif i ca t ions  i n  
Table 8 and the "hot spot" data  i n  Table 9, Yne heat t r ans fe r  charac te r i s t ics  i n  
Table 10 were obtained, 
l eve l  could be raised slowly from the deslgn value of LOO Mt- t o  about 200 Mv before 
burnout; occurred, pmvided that the increase i n  fue l -p la te  temperature did no3 r e s u l t  
in premature core f a i lu re .  The re su l t s  a lso shotr t h a t  f o r  a plX of 5 and. 0.05O-in.- 
th ick  f u e l  p l a t e s  a p u x ~  discharge pressure of about 350 p s i  (assuming 67 p s i  across 
the core) i s  required t o  prevent bo i l ing  i n  the alwninurii oxide fib. 
i n  a 140°F higher p l a t e  texrperatllre an& thus a system pressure oT about 525 p s i .  

A s  indicated by the heat-flvx values i n  'l'zble 10, the power 

A p1-l of 7 ES: f i tS  
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Table 8. €FIR Characterist ics Used i n  Heat Transfer Calcu~at lons 

Power 

Activc core volume 
Active core lengcii, L 

Coolant -channel Wiiclrness, E 

Fuel-plate tinickness, ~7 

Coolant velocity 
Iiilet temperature 

Ratio of maximm 
t o  a v w a p  power density (nominal)* 

t o  averqe  powe c* per  cliannrl (nominal)* 
Ratio of maxinwm 

Pressure a t  core discharge 

100 MW (97.5 in core)  

4-4 e 8 l i te rs  
18 i n .  

0.050 i n .  

0.050 o r  0.0h-0 i n .  
40 ft/sec 
120°F 

1. )I-5 

1.15 

850 and. 450 ps ia  

jt 
Calculated value based on two-dimensional- calculaiions associ- 
ated with Fig. 1!7. 
effects. 

Tbcse vnlues do not include "hot spot" 
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Table 9. Design, MBnJfacixring, and Opera-ting Tolerances Plus Resultant Eot-Spot 
€lot-Chmel, uzd B m o u t  3eduction Fsctors" 

Varidble 
Eo%-Channel Burnout Reduction Eot -spot 

'Variation Factor, FsM Factor, Fc* Factor, F +H+ b 

Plate thickness, 'w 
Coolaat-channel thickness, E 
Uncertainty factors 
?del -eleine~it flow d is t r ibu t ion  
Local flow disturbances 
Chamel rowhne s s 
Channel r ixing 
Fover-level measurenent and regulation 
In le t  -teni,eratu.re measurement and r eoda t ion  
CQerating-pressure measurement an& regulation 
He3;t-tr~isfer-coerfleient uncertainty 
Bwmout-he&-flux uncertainty 
Local flux: peaking 
CKLcdated vs experimental. power a i s t r ibu t ion  
Time -xi se pomr-$ens i t y  varia";ior* 
Me 2% honogene L t y  
Dcsiation i n  plate  3 i e l  content 
Over-all f ectors 

iO.001 in. 
-0.005 i n .  

0.95 
1.00 
1.00 
0.90 
1.c2 
1.01 
0.90 
1.00 
1.00 
1.00 
1.10 
1.00 
1.10 
1.02 

1.000s 
0.98 

1.022 - - - 
I. 020 
0 997 - - 
- - 
l.OV 

I.. 078 
.- 

% 

1.0002 
1.18 

1.055 - - - 
1. 020 

0 * 9992 - - - - 
1.098 

1.100 
1.020 
1.563 

'. 
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Table 10. IWW Heat Transfer 6haracteri.sties 

PolTel., hb 
Power density (av) Mw/liter 
power density (mx), b$J/lj.ter 
Ratio of nlax-to-av power density 
Fuel-plate thickness, i n .  
Heat f l u x  (av),  Btu/br-ft2 
Heat flux (rnax), Btu/hi*-ft2 
Burnout heat f lux  (min), Btu/hr-ft 

Core ou t l e t  pressure = 850 ps ia  
Core ou t l e t  presswe = 1450 ps ia  

Tempel-atures, "F 
Coolant i n l e t  
~ o o l m t  oui;let (av) 
BUD water (av) 
B u l k  5mter tncrease (max) 
D ~ O P  across coolant f i lm (azx) 
~ m p  across aluminum oxide f i l m  (max) 

Coolant f i l m  (max) 
Oxi~e-~um*.nim interface ( n l a x )  

Coolant psJ. = 7 

2 

Coolant pII = 7 
Coolant pH = 5 

Coolant pH r- 5 

C O O l . a n t  pH = 7 
Coolant, pH = 5 

Metal temperature (m) 

100 (97.5 in pla tes  and core coolant) 
2,18 

0.050 
8,77 x lo? 

3.3 x 106 

1.57 x lo6 

3.0 x lo6 

1.20 
192 
15 6 
=9 
11-5 

192 
52 

365 

557 
417 

5 70 
1-130 

3 -90 
1-79 

0.040 
7.89 x 105 
1,41 x lo6 

3.0 x lo6 
3.3 x 106 

1.20 
184 
152 
116 
105 

3-72 
47 
343 

5 15 
390 

524 
399 
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Appendix 1 

A t   ne time it vas suggested t h a t  the thermal f lux i n  the islcvld ~rould be essen- 
t i a l l y  independent of a l l  but  a conTparati-vely th in  annular region of the f u e l  next to 
the water island. This perhaps would be the ca.se i f  the isLCand neutron f lux were due 
primmt1y t o  thenml ledcage f r o m  -the f u e l  snnu1ua. “hen, according t o  icq, (7), 

the term i n  brackets would be essential1.y constznt re:yardless of var ia t ions i n  the 
r a t i o  of mximwn-to-average pomr density and t’ne fl.uil.-region volume e It appeared 
then t h a t  $/P could be increased s igni f icant ly  with l i t t l e  inedu.ction i n  @/(P/V)m by 
incre:zr:ing tlie r a t i o  (+L/q,)/~.  ne r e s d t s  discussed. i n  the ’ o d y  of tlie report 
under the top ic  hed-ins R a d i a l  Pover D.l.stribution” indicate  t h a t  i f  (qw/Q ) i s  in- v creased i n  a< fixed-size core by reducing the number of d i scre te  f ~ e l  regions i n  the f u e l  
annulus, assuming ‘&at each regton had the same m ~ c b u m  pover density, %en the sou.&t- 
a f t e r  objective i s  not a t ta inable .  Two other  approaches were considered.: 
s ingle-fuel-concentr~~, ic t~ core the owte:r r e f l e c - t w  w a s  removed aid the outer  radlus of 
the f u e l  amflus was extended t o  o’btain the s m  with t,he c::me uniform f u e l  con- 
centration, and (2) the fuel annulus of an unreflected core vas dlv:i.ded in to  two ais- 
cre te  f u e l  regions, the inner region being 1.k cm tl i ick aad containing a fuel cuncen- 
tratiooa f ive  times that of the outer  region. 
auLer diemeter of the core was  increaseti t o  achieve Yoae desired lcpfr. 

(1) for a 

Using two fixed fuel concentrations, the 
“ 

For approach (1) three cases in addition t o  the single-r,, ~ 6 o n  -f uel-wms.lus re - 
f lec ted  core were cal.culated.. One hac1 Yfie sime fuel  concentra.l;-j.on as the refl.ec+;ed 
core. The concent,ra.tj.ons i n  the other  two were reduced i n  order. t o  increase the 
neutron diffusion length.  
cluding the two-fuel-region core, the  riecessary large increase I.n the core d.imneter 

The 1-esul.t;~ i n  !?&le ll Indicate tha t  i n  each case, in- 

Table 11. Character is t ics  of Iieflectcd arid Unreflected Flux-Trap Cores 
_I 

--- IP rn  Unre € ‘ l y G d  Cores 

Runber of f u e l  regions l 1 1 1 2 
N25 x 10-19 atoms/cm3 25 25 20 15 5 0 -10 
Outer radius or fuel region, em 19 36.8 33.8 42.9 11-51.> 
Inner mdius of fuel region, cm 7 7 7 7 7-11. 

2.080 4.4 4.1 3.6 10.3 
1 0.496 0.450 0.363 0.1~01 

Length of core, em 11-5.72 45.72 lc5.72 45.72 lc5.72 
pl/4;iV)s, P r e l a t ive  

$/(P/v)~,  r e l a t ive  1 1.00 i * i h  1.34 0.67 
P, r e l a t ive  f o r  equal (P/v), 1 2.01 2.22 2.75 1 .h7 

P 
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reduced $/P by about 5&. 
( q m a x / ~ ~ ) / V  decreased. significantyy even though  ma?/%^) vas about d.oubl.ed by the  
removal of the refl.ec-i;or. To avoid the large volume increase, a case was considered 
i n  which .the f u e l  conc2eiitration was increased i.n t‘ne smallest core. The re:mlts indi-  
cated tha,t c r i t i c a l i t y  could not be obtained w.th reasonable fuel concentrations. 
l’nere are, of course, iimiy more combinations of fuel concentra”Zon and core size. 
However, an analysis of the results reported herein implies t o  the author t h a t  a re- 
P3.ected corc wit21 e s sen t i a l ly  iinif 01-i~ power d i s t r ibu t ion  produces a more favorable 
combhation of $/P md $/ (P/V), than the  unreflected cores. 

@/(P/V) d id  remain f a i r l y  coiistmt, but the r a t i o  
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Appendix 2 

..- 

As mentioned- i n  the introduction, the possibility of using a cyl.indrica1 core with 
no is land fo r  isotope production was  consid-ered. 
region of i n t e re s t  wot i ld  probabpjr be the flux pezking region i n  the side re f lec tor ,  
kJhere there  i s  perhaps more space fo r  feed material  Ynan i n  the i s l a d  of the flux- 
t r a p  geometry. 
rat;es i n  the island and s ide-ref lector  regions of the respective reactcjrs, cyl indrical  
cores d t h o u t  the island I n  the  middle were calculated and corapared t o  a, f lux-trap core 
of the sane length. !&e curves i n  F1g. 61 Show the va,riation of @/I? and @/(P/V), with 
the  radius of the solid-cylinder core. The cy l indr ica l  cores, represented by Fig. 61, 
aud a typ ica l  HFE? core of Vne same lengbh have been corrpared i n  Tzhle 12 on the basis 
of? equal p ~ w e r ,  equd  volume, and. therefore equal maxiniurn power density, assuming .khat 

I n  such a core the thema3.-i"lux 

In  ord.er t o  compare t l i eml - f lux  values and californiwn production 

Table 12. Comparison of Maximum Them1 Flux i n  131m.d. of 
m i c a 1  I P R  with That i n  Beryllium Side -Refiectol- 

of Cylindrical  Core with No Island 

Cylindri c: a1 Go re 
mlw (no 1s l . and)  

Power, Mw 100 1.00 
( P/V 1 M./ Lite  r 2.23 2.23 
Core volume, l i t e r s  wr.a 11-4.8 
Core length, cm ll-5 .72 45 . ?(2 

Core radius, an - 17.64 
$, nv 6 . a  x 1015 2.35 x 1015 

the  rakios of maximum-to-rzverpge power density are  the some 5.n the  ~ T T O  cores. A s  indi- 
cated, the m d m m  thermal f lux In  the berylI.~.wii sid.e-reflector of the cyl indr ica l  core 
i s  a,bout one-thirli. the nzximum flux i n  t'ne water island o f  Yle typ ica l  FPIRe 

The use of a water s ide-ref lector  with the cyl indricnl  core tends t o  increase -the 
f l u x  peaking a 

required t o  maintain c r i t i c a l i t y  decrea.se the neutmn leakage so t h a t  $/P tends t o  be 
less with the  water re f lec tor .  

However, the  much higher :Fuel concentration i3>nd/or I.ar!yer core volume 

For a fur ther  coniFari on of the two cores it i s  necessary t o  know how mcL more 
feed m t e r i a l ,  such as 
eylindrica-l core than i n  the water is1;rntj. o.f the T ' i I R  i'or the smne amunt of flux de- 
pression, 
about f ive  times as mxch 
the ma.teria1 would be i r rad ja ted  f o r  one year,  Under such conditions indications are 

can be placed i n  the bexylliurn s ide-ref lector  of the 

Such eaJ_cul.a,tions Eave not Seen xade. Romver., assme f o r  -LIE present that 
cou?id be used, ma fur ther  assume that, i n  Both reactors  
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TABLE FOE( FIG. 61 

Code c d  c iL-at  ion,  !da.iiia Active core length, 45.72 c m  
Cross-section s e t ,  NO. 2 (GPU averagc-d two-group) Axial buckling, O.OOZ!ggl cin-2 
Therm-; ternperZLm-e, 80"c 1 .oo %fi> 

Region 
No. 

1 
2 

-- 

1.2 

1.0 

0.8 

0.6 

0.4 

5 10 15 20 25 
RADIUS OF CORE (cm) 

Fig. 61. Maximum Thermal Flux in  the Beryllium Side 
Reflector of a Cylindrical Core per Unit Average Power 
Density and per Unit Power vs Radius o f  the Cylindrical 
Core. 

t ha t  the EFIR mx.dd produce about 35 'cines as much Cf"52 per u n i t  of Pu242 feed material 
or seven times as much, total. If the material. i n  the cylindrical core i s  i m d i a t e d  
until i;ine same t o t a l  xmunt  of ~ $ 5 ~  is pmdueed, it would take iiearly twice as long as 
i n  the KFIR. 



Appendix 3 

A s  mentioned under the top ie  heeding "Contml Studies, " both soluble-poison and 
mechanical control  schemes were considered f o r  the KFIR, and several  var ia t ions of 
each were studied i n  suf f ic ien t  d e t a i l  t o  permit the select ion of one on i t s  nuclear, 
mechanical, and operational writs. 
described and discussed i n  d e t a i l  i n  the body of the report .  
the  a l te rna t ive  systems i s  included herein i n  order t o  provide in fo rmt ion  thats my be 
useful  i n  the future .  

The par t icu lar  sys-tem selected f o r  the BFIR i s  
A br ie f  discussion of 

Soluble-Poison Systems 

Soluble-poison systems appeared at first t o  o f f e r  the most i n  the tray of power- 
d i s t r ibu t ion  control, since the control-mgton poison density could be essent ia l ly  mi- 
form over the length and around the clrcwmterence of the core. Thus considerable 
e f f o r t  was expended i n  ana ly t ica l  analysis of the soluble-control systems. 
t i o n a l  report  with the emphasis on the chemistry of the soluble-poison systems has 
been issued by Mclain.29 

An addi- 

Three possible methods of applying soluble poison t o  the W13I we~e: (1) soluble 
poison i n  the coolant, (2) soluble poison i n  8, D@ re f lec tor ,  or (3) soluble poison i n  
an ammlar D2CJ region between the  f u e l  annulus and the  outer r e f l ec to r ,  
mekhod requLres t h a t  a separate cooling system be provided f o r  the Islend region since 
poisons i n  t h a t  area rob the is land experiment of neut??ona; another point t o  consider 
i s  that soluble poison i n  the f u e l  region contributes a posl t ive e f f ec t  t o  the  tempera- 
tiux coeff ic ient  of reac t iv i ty .  The second method requLres the m e  of 8, DzO ref lector ;  
th is  introduces mechanical design complications i n  provldlng for  beam and rabbi t  t ype  
experiments In  the re f lec tor ,  and as i s  the  case with the f irst  method it muld be very 
d i f f i c u l t  t o  provide several  control  regions wlth separate poison-cancentratian regu- 
l a t ion  f o r  taking care of power-dtstribution disturbances that might r e su l t  from possi-  
b l e  xenon ins t ab i l i t y .  

The first  

The use of soluble poison i n  a separate region o r  regions located be twen the fue l  
ana a beryllium re f l ec to r  was prefexrea because the  short  residence time of -the 3 0 1 ~ -  
ti.on i n  the v i c in i ty  of the  core region ainimZzcd temperature effecbs on reac t iv i ty ,  
and because separate flow paths could be provided -r&ich would in principle  allow fa r  
xenon i n s t a b i l i t y  control.  Tlms this system was  selec-ted f o r  some d d i t i o x a l  sbudy. 

A bas ic  requirement of a soluble-poison control  system i s  t ha t  amounts o f  a spec$- 
Pied poison inaterial suf f ic ien t  t o  take care of the r eac t iv i ty  requlremnts  be mluble 
I n  the  solvent. Therefore, assuming the  annwlar control  region Go be uniform and horn- 
geneom, calculations were performed t o  determine the xeeactivity vortb v s  concentration 
of two of the  m r e  pramising poisons, boron an& ca,dmium. (Multjgroup iidc*tions were 
used to compare the two poisons, since there  i s  a ra ther  strung dependence OT worth 011 
the nonthermal cmss sections.)  The r e su l t s  of the caleula-tions a re  presented i n  
Figs. 35 and. 36. 
thermal DXXXXXXO~LC cross sections, Indicates the effectiveness of the n o n t h c m l  cross 
scetion 

Figure 35, which compares boron and cadmium on thi: bases of their 
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If d l  the ref lected neutrons . . r e  stopped by the  control region, as vould bc the 
case with the outer  re f lec tor  remved, &ff woixld be decreased f r o m  1,20 t o  about 0.70. 
Although from a p rac t i ca l  point of vicw a l l  t h c  neutrons could not be captured by the 
shim region, the r e su l t s  do suggest t h a t  the use OP poisons WL'CIL coinparatively E g h  reso- 
nance capta-re would provide signif  i c m t l y  giyater  contml-r2gion worth + Calculations 
have not been made t o  determine the ac tua l  w o ~ h  of the various resonance absorbers. 

Most of the parameter-type studi-es were made with two-group calculations,  using 
fast,-gmmp capture cross sections f o r  boron and cadnlum Vnat were obtained :€mm the 
multigroup r e su l t s .  The cross sections w.sed are shown i n  Fig. 3'T. Making use of Pigs. 
35, 36, and 3'1 inaicates  t h a t  f o r  keff equal. t o  uni ty  the fast, cross sections of boron 
and cadmium were esseir1;:ially the s.m.e, but  the thermal cross section of caduiim was 
three ttmes that of bomn. 
two-group analysis for detemlning gray-i-od wol-ths i n  a reac"mr where nonthemJ. neutron 
capture is s lgni f icant .  

This a.pparent disagreement emphasizes the inmlequacg of a 

The l imitat ion on excess reesctiuity that i s  imposed by the eventual i n sens i t i v i ty  
of the control region ( i l l u s t r a t e d  i n  Figs. 35 and. 36) can be eircumented in part, by 
the use of burnable poison and of course by simply decreasing t h e  fuel loading. PIOW- 
ever, use of the la-IAer method must be avoided i n  order t o  re ta in  a desix-ed fuel-cycle 
time, li' a burnab1.e po-lson i s  used, the curves i n  Figs, 35 and 36 w i l l  be shifteii  
&om.  Since the presence of the addi t ional  poison i n  the fuel. decreases neutmn leak- 
age from the fue l  3111?u1us, the wortn of the control region W i l l  be decmased, resu l t ing  
i n  a s l i g h t  f la t ten ing  of the ciirves. Jus t  the opposite i s  t rue  when the fuel loading 
i s  deereased. This i s  shown i n  Fig. 62. 

The application of a soluble poison f o r  a control systeni i~aplfes the use oP an 

The 
indepemlent safety o r  emergency shutdown system rim3 perhaps also an inclependent regud 
l a t ing  system, both of which would more than l-ikely be of the mechanical type. 
location of these rods 01" plates will of course d.elmmine t o  an appreciable extent 
t h e i r  r eac t iv l ty  worth. 
e s t  worth are  located between the water is land and the f u e l  and between the s ide re- 
f l e c t o r  and fuel .  The former location requires space t h a t  could otherwise be used for 
experiments; and. reigulabing yods i n  t h i s  area, though not requiring mch i n  reacl;:i.vil;y, 
would  hiwe a deleterious e f f ec t  on t a rge t  i r rad ia t ion .  
the safety and regulating rods 01' pla tes  vould .  be located adjacen?, t o  the soluble- 
poison shim region. 
complete cur ta in  around the fuel amiu.I.us, i s  essential.ly t ha t  determined for the 60lu- 
ble-poison shim. 

Gutside of tne very compact fuel ennulus the regions of great-  

Therefore it was assumed t h a t  

The worth of the safety pl.a,tes, assuming t h a t  the p la tes  foia a 

GeneraLly, it appears tiesirable that the total worth of the re-mating rods should 
be no more -t;lllm one dollar. 
i ts  hiF&cst concentration f o r  a c r i t i c a l  core) the vorth of the regulating rods i s  just 
lander a dol lar ,  then a-t the  end of -the cycle (when the poison concentration i n  tk shim 
i s  a t  i t s  lowest) the worth of the reg i la t ing  rods wolfid be greatex. than one Clollrzr. 
This e f f ec t  was investLga-ted with an amular regulating region located between the f u e l  
mnu.luus and  the shim region. 
studied by changing Yhe poj-son concentration of the regfiatAng TegLon unif omly,  rather 
thai i  by changing i t s  vertical posit ion.  The worth of the  regul.atlng region as a f-i tc-  
t i on  OP -i.ts poison concentration wits detznnined :For three d i f  fermi; poison concentra- 
t ions  i n  the shim region. As fndicated by Yne slopes of the c m c s  i n  Fig.  63, L%/LX@' 
foi- &,, = 1.20 (a case which a~ipfi,x~.mately represents the  core at the end. o f  "&e cycle 
iffieii the shim poison concentration i s  zes-0) is  about ten  times greater  than at the be- 
ginning of the cycle. 
the em3 o f  t'ne cyc1.e pe.rmit greater  neu-Lmn leakage in to  the oute- ref lector ,  resulting 

If' a-t the  beginning of the f u e l  cyc1.e (when t'm shim has 

It was asswxed that the  problem could be adeqiiatttely 

-4 

(The reauced f u e l  concentration a d  redistribriiioli of power a t  



Code calculation, Wanda 
Cross-section set ,  NO. 1 (two-group) 
~lierma~.  temperature, 80"c 

Region Outer 
No. Radius, cm Compos it ion 

1 
2 7 Ib0 

2 100 g Fu-242 + A l  + H20, M/W = 1 

3.2 u-235 + fi.l + HZO, M/W = 1 
3.1.4 I 

3 
4 
5 13.6 
6 19.8 
7 18 

3 70.2 % + y$ E20 4- Exp 
a 20.2 Be -i- 57'0 1120 + Exp + B 

Active core l ength ,  30.5 cm 
Axid buckling, O.OOL&@ c111-~ 

x lo5 (ntom/barn-em) 
P. %f C 

1 2 5  

1 2 0  

115 

*$ 110 

1 0 5  

100 

0 9 5  
0 50 100 150 200 250 300 

N~ x 1 0 5 ( o t s m s / b a r n - c m ~  

Fig. 52, Reactivity VI Boron Concentration in Control 
Region f a r  Different Fuel Loadings. 

i n  greater  control worth. 
These results indicate  that a n ~ c h m i e a l  repplating system x i t h  var iable  m i r m r m  stops 
would have to be used t o  1imLL the  worth t o  one d-oollar. The posit ion of the stops pre- 
swnably would be programed ~&t;h the poison concentration i n  the s'him region. 

Therefore the  f ac to r  of 10 i s   some&^?% underestimated.) 

In  some instances the r e f l ec to r  region close Lo the core, where the spectrm i s  

W i n g  this  space wallable for such apparatus as rabbi t  tubes :sould require 
s igni f icant ly  harder than elsewhere i n  the ref lectorJ  i s  desirable  f o r  eirJDcrimental 
space. 
the shim region t o  be moved outvard, leaving a portion o f  the  r e f l ec to r  between thc  
core and shim region. Thus Tor a par t icu lar  po iam concentration the wurkh of -the shim 
region muld be l e s s ,  The var ia t ion  of kerf and thermal-flux d is t r ibu t ion  with shim 
posit ion I s  :shorn i n  Pig:;. 64 ma 65.  Tn 'ci?ese calculations VIe shim poison concen- 
t r a t l o n  vas constant, -the assmp%Jan bcitii: ~.l;jxle %hat :i greater  eoncentratLon mas not 
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PKFPACE TABLE FOR PIG. 63 

Code calculation, Wanda 
Cross-section set ,  bo. 2 (GNU averaged two-group) 
'I"nernid temperature, AO"C 

Active core length, 45.72 cm 
A x i a l  buck.ling, 0.002591 a n m 2  

I 
Region olLte1- 

110. Radius, c m  Composition 

1 7 b o  
2 
3 20 Be i 5; H20 + regulating boron 
4 22 020 k shim boiwn 
5 52 Be + b0 -t 

19 U-235 + A1 k H20, N/W = 1 ,  Nz5 = 25 x l o m 5  atom/barn-ciu 

U N C L A S S I F i E O  
ORNL- I -R-OWG 50363 

.................... __ ... 

BORON CONCENTRATION I N  swra 
1.20 

REGION = O  a toms /bo rn -cm 
~~ . 

1 .16 , ........ .... . 

I 0.96 I ...... 

0 5 10 15 2 0  

NATURA!. BORON CONCEN rRATlON IN THE REGULATING 

REGION x lo5 (a to rns /ba rn -cml  

Fig. 63. Reactivity Worth of Regulating Region for 
Di Fderent Poison Concentrations in the  Control Region, 

attaina,ble. If poison so lub i l i t y  i s  a. problem i n  t he  shim region, bunmbble poison 
could be .added within prac-tical l i m i t s  i;o t he  fuel region t o  make up the 8-lfferenec 
i n  control requireinento as ,the shim Fs mrvea out. 
poison i n  tlie fuel reginn m u l d  have 1it.tl.e e f f e c t  on the flux &i.st~rl.bu-i;i.oil i n  the 
side ref lector ,  Yne curves i n  Fig. 65 are reasona'illy representative of WE c m e  i n  
Wiiicb kefr would. be maintained. at a p a r t i r d a r  value by mems of the buma'nle poison. 

Since the inclusion of the b m a b b  

Even thou@ it (lid not appear T e a s i b l e  t o  add soluble poison til tlie coolant, 
island, and re f lec tor  Yegions, a few calculatloiis wwe made to detemnine the ~70rth of 
the porison i n  these regions and the effects it wcxrld. have oil $/I?. For compa,rison pux- 
poses two cases i > T e i * e  considered: (1) poison d d r i :  to .the cool.mt i n  all regi-ons; 
incl-ijding .LIE is lana m ~ ~ o n ,  and (2) poison aiiaed t o  t:ne coolant i n  all regions except 
t'ne i s l a n d . .  The la.ttei- case m n l d  of course requ7.m a separate oooliiig system nnd 
vessel; hotiTev-eeT, such a vessel w a s  no+, considered In  the calculations.  T!e r e s u l t s  of 
the ca.lcula-t;icms are shown in Figs,? 66 and 6'7. A s  would be expectetl, tile core v&bh 
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PREFACE TABLE FOR FIGS. 6J-c AND 65 I 
Code calculation, Wanda 
Cross-section set, mo. 1 (two-group) 
mema teiuperature, 80"c 

I 
Hegion 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Outer 
Radius, cm 

2 

7 
9.2 

1.1- .4 
13.6 
15.8 
18 

r8 + 2.2 

-71 

Active core I-ength, 30.5 cm 
A X ~ ~ ~ L  buckling, 0.004568 

Composition 

100 g Pu-242 -t Al + H20, M/W = 3. 
b o  
u-235 + Al + b o ,  M/W = 1 

Be -t $ T&O + Fkp 
Be t 

at om/basn-cm 
Be + 35 I b O  + F?kp 

&O + Exp .i- €3, 8 = 100 x I.Om5 

17 
31.7 
45.6 
14.9.2 
40.3 

UNCl~ASSlF lED 
O R N L - L R - D I G  59364 

1.25 

1.20 

1.15 

+ I 

-t 

1.10 

1.05 

1.00 
15 20 25 30 35 40 

INNER RADIUS OF OUTER SHIM REGION ( c m l  

Fig. 64. Reactivity Worth of Control Region as a 
Function of Control-Region Position. 
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0 

UNCLASSI'IED 
ORNL--LE-DDlVG 50365 - 

NO SHIM A -  2 92 

PEA'K FLUX ' 
IN ISILAND TARGET 

SHIV 3:360 - 1 ~ 

SHIM C : 3 2 3  I 

15 20 25 30 35 10 
RADIAI. DISTAYCE (cm 1 

Fig. 65. Thermal-Flux Di stributicm in the Beryllium 
Side Reflector a s  a Function of Control-Region Position. 

poison added t o  all regions requires a lower concentration of the  poison i n  the coolant. 
However, for a 5$ decrease i n  r eac t iv i ty  there i s  a 3@2 decrease i n  tnermal f lux i n  the 
islanil because of the  presence of the control poison i n  the is land.  When the poison i s  
not permitted i n  the  island, a. similar change i n  r eac t iv i ty  actual ly  results In  about 
a 0.2$ increase i n  the is land t h e m 1  flux. 

An advantage i n  put t ing the  soluble poison i n  the  coolant, as eomprzred with the 
narrow soluble-polsan region between the f u e l  annulus and the  berj1llu.m ref lec tor ,  i s  
the lower polson concentration for a specif ied change i n  r eac t iv i ty  and. the elimination 
of the D& required i n  the separate soluble-poison control region. A compariscm of 
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PRWACE TAHIE ?OR PIGS. 66 ANI) 6( 

Code calculation, Wanda Active core length, 30.3 em 
Cross-section set, No. I (Two-groiip) 
Thermal teupernture, 80"c 

Axid buckling, 0.004568 cm-; 

Region 
No. 

1 
2 
3 

4 
5 
6 
7 
8 
9 

Outer 
Radius, cm 

2 
I 
9.2 

11.4 
13.6 
15.8 
18 
28 
68 

it 
Compos it i on 

$5 x 1.0 5 
(atoom/barn-ern) 

13.6 
29.4 
43.5 
52 -7 
52.2 

*For one curve in  E'igs. 66 and 67, regions 1 through 9 contained natural boron i n  t'ne water, 
For tne  other curve3 only regions 2 through 9 contai-ned boron i n  the vz~te??. Fnr each point 
on the curves, regions containing boron contained the  sane concentration (€iB/1p2') of boron, 

UNCLASSIFIED 

lo-' 

5 

= 2  

'i- 

? 
10-2 

5 

3 x 10-3 

2 5 7 5 x 

N ~ / N ~ Z O  (NATURAL BORON) 

Fig. 66. Reactivity Worth of Noturol  Boron in Various 
Core Regions. 

UNCLASSIFIED 
ORNL 1 R DWG 5036 

I 
-- - 

I I 

. ,--4 

Ih FUEL AND OUTER REFLECTOR 
REGIONS ONLY 

1 \ 

n c  1. ... . .. -'.. ... ... L -_- 
0 0.04 0.02 0.03 0.04 0.05 0.06 

-A k 

Fig. 57. Averoge T ~ W ~ T I Q ~  Flux in the Central Expari- 
men* per Unit  Power vs Chonge in Reactivity Caused 
by Boron Concentration Changes in the Coolant. 

r eac t iv i ty  1rori;hs indicates - t l i w ~  f o r  a IC$ change i n  Teactj-vlty a 2.2-cin-t~icii annu1.ar 
soJ-uble-poison regLon between the fuel and outer reflectoi- would require a boron con- 
centration &out three - t i m e s  greater  Yfiai? t h a t  necessary .when the boron i s  addzd t o  
the coolant i n  all. regions except %he cent id .  island. 

hoiiie: .lethod f o r  reducing the soluble-poison coacrntration i s  t o  use t m  poison 
regions, o i i ~  tdjacent t o  each e i r cumfe~en t i a l  terrminatoj- of the fuel annulus. T h i s  
w u l d  have t,hp obvious disadvantage of inscr t ing  a s i n k  f o r  thermal neutmns be twen 
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%he isl.,md and the soiwce of  neutrons. Nevertheless, it should be very ef fcc t ivc  con- 
tml, since the fuel ryIou3.d be par t ia l ly  isolated from both the inner anliE outer mder- 
a t ing-ref lector  regions. The r eac t iv i ty  worth of the double shim system was compared 
t o  that of the single,  outer  shim system. 
nificant reduction i n  boron concentration when bath Voe inner and outer  s h i m  regions 

The results i n  Fig. 68 indicate  a VET sip,- 

i PREFACE TMLE FOR FIGS. 68 RND 69 

Code calculation, Wnnda 
Cross-section set,, NO. 1 (two-group) 
vierma temperatur-., 80"c 

Active core length, 30.5 CJU 
A X ~ ~ I .  buckling, 0.00lCw cm-2 

Regioii Outer ~~5 105 
No. Radius, cm Composition (atom/ba;rn-cm 1 
1 2 100 Q Pu-242 +- Al + H20, M/W = 1 
2 4.8 H.20 

4 9.2 U-235 + Al +- HzO, M/W = 1 17 
3 7 

5 11.4 

HEO or Be + 7% HzO + X s p  f B 

31 97 
45.6 
49.2 I 40.3 

6 13.6 
7 15.8 
8 1.8 
9 20.2 Be + 96 &zO I- Ekp + B 
10 70.2 Be + 57; H20 -1- Exp 

1.25 

1.20 

t 15 

1.00 

0 95 

U N C L  1 SS I Fl E D 
CRNL- -LR-DIG 5036 

0 90 0 L 1 . I  20 ................ 4 0  60 an 100 

rdB x IO-'' (atoms/cm3) 

Fig. 68. Reactivity vs  Boron Concentration in the 
Control Region for a Single Outer Control Region and 
an Inner and Outer C o r n b i n d  Control Region, 
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are used. 
l.Oi?, nore i n  r eac t iv i ty .  

For veiy high boron concentrations the inner shim region accounts f o r  about 

By comprison t o  the singl-e, outer  shim system the  big disadvantage of t he  double 

According t o  the resul-iis presented. i.n Fig. 69, reducing keff 
shi.m system i s  ’Gie reduc-tion i n  therrml-neutron flux i n  the island as t he  poison con- 
centra’cion i s  increzsed. 
t o  unity (Ak. 2 0.21.) reduces the tinemaL f l u x  by 4@, as compared t o  a 2$ increase 
f o r  the single shim system. Actually, t h i s  comparison i s  not exactly f a i r  because i n  
the double shim core tile :ddit ion of poison to the shim regions caused the raxi.mm 
power density to s h i f t  amy from the islaid region t o  the center of the f u e l  a,nnifiiis, 
thus reducing neutron leakage t o  the is land,  
centration the f u e l  would be dis t r ibuted i n  Yfie annulus so as t o  maintain a,% the  inner 
fuel-annulus surface as high a, power density as  possible durinz the e n t i r e  fuel bu-mup 
cycle, Under such circumstances Yle results would no?; be qui te  a s  severe as indicated 

For a particu1.a.r i n i t i a l  shiai poison con- 

Fig. 69. 

UNCLASSlF l tD  
j.4 --- ~ ~~~~~~~~~~ ORNL-LR-DWG ......... 5 0 3 ~  

kef,  1.213 FOR N 8 = 0  IN BOT:i SHIM REGIONS 

0 0 0 5  0 10 0 15 0 20  0 ?5 
-A  k 

Fig. 69. Average Thermal Flux in the Central Experi- 
ment per Unit  Power vs Change in Reactivity Caused 
by Boron Concentration Changes in a SingleOutor Control 
Region and i n  a Combined Inner and Outer Control Region. 

Rased. on the results reported herein, pertaining t o  the soliibl.e-poison cont;rol 
systems, it was t cn ta t ive ly  corrcluded t h a t  the most suita’ole version of t he  soluble- 
poison systems f o r  t he  EFT3 w a s  t h a t  incorporating a separate annifiar poison region 
between the f u e l  annulus and. t he  outer beryl.lium sref lechr .  The poison region woulrl 
provide shim control, while emergency shutdown arid re,..ulating control would be accoln- 
plished by mechanl.ca3. means. In order t o  red-uce the required poison coneentratioli i n  
the soluble shiiii region In accordance with sol i jbi l i ty  l imitations,  the use of a burnable 
poi.son was considered i n  the f u e l  plate:: or i n  pl.a’ces ad.jacerri; to t n e  shim veglon. 

Mechnnical Control .- .. .- - Systems . . . ... . . . . . . . ..- .- 

I n  addition t o  the eircurnfe~entia. l  plete-type mechanical system selected f o r  the  
iTFT.8, a horizontally s p l i t  core and a movable side-re Clector d.eai.gn were considered. 
A br.i.e:f discussion of these two  schemes follows. 
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Split core.--In the spli t-core design j t  was proposed That the bottom h a l P  O C  the 
core be moved r e l a t ive  t o  the  fixed upper half. 
t ions vert matie t o  obtain a curve of' r eac t iv i ty  vs aistance between the two halves and 
also t n  study the var ia t ions i n  power d is t r ibu t ion  and flux i n  the island region. 
shown i n  Fig. 70, there i s  a slight increase i n  reac t iv i ty ,  vhen the core halves are  

Two-dlrnerisional, i;wo-gsoup cdcula-  

A s  

PKEFACE TABLE FOR FIG. 70 

Core calculation, PDQ (two-dimension-d ) 
Cross-section set, No. 2 

'merind temperature, 80"c 
(GNU averaged two-group ) 

Active core lengtln, 30.6 cm 
(no gap between halves ) 

Height aP side reflector, 30.6 cm 
(no gap between hdves ) 

Tieight of &O end-reflector, 20 cm 
(each end 1 

Region Outer 
No , Radius, crn Cornposition 

1 
2 
3 
l a  
lb 

7 Hzo 
18 
68 
68 G O  (end reflector) 
68 

U-233 i I l l  i b o ,  M/W = 1, N2' = 59.4 x lo+ atom/barn-cm 
Be i 3% IkO 3. Fkp 

&O (gap between vertical halves) 

Ncte: 
1% of the 1x20 island for  all core lengths. 

'ke thermal flux i n  Fig. 70 w a s  averaged over a 31-cm length of the vertical center- 

DISTANCE BETWEEN HALVES (cm) 

Fig. 70. Average Thermal Flux Along Center bine of 
Island pes Unit Power, and Reactivity vs Distance 
Between Vertical Halves of Split Core. 
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f i r s t  separated; t h i s  apparently r e su l t s  f rom increased nloderation of the undermoder- 
ated core. After a separation of about 2 cm, the curve, by comparison to the usual S- 
curve f o r  conveukional control rods, i s  fa i . r ly  straight; f o r  a change i n  reac t iv i ty  of 
about 15$= 
distance was abou-t l.5$0 
f u e l  edges adjacent t o  the water gap between t h e  tm core halves. 
t h i s  peaking, poison could be added i n  an extension of 'ine elad&ing beyond the  mat. 
Such an extension plus a water space about 1 cm thick was also Clesired f o r  es"mbUshing 
ttie coolant v e b c i t y  prof.i.1.e. Therefore the fuel  i n  the .two halves would actual ly  be 
separated by at 1-east 2 cm so that the f l a t  poi-tion of the k vs distance c m e  as sham 
i n  Fig. 70 would not actual ly  be used. ALthoup> the calculations associated. with the 
curves i n  Fig. 70 did not account fox var ia t ions caused by fuel burnup, it apperzra 
t h a t  cantml-wise the sp1i.t-core design would be sui table  f o r  aa IPTH core i n i t i a l l y  
containing 13% reac t iv i ty  w i t h  the core hslven together. 

Wi-t;hin t h i s  range -the avei-aze change i n  k pc?. centimeter of separation 
Wi.-th tine two halves separated, p<l'i~%r peaking occurred a t  t l ~  

In order. to  reduce 

In  order t o  deteimine the var ia t ion of @/E' with distance between the 'two Iialves, 
i.t i s  necessary t o  study the fu.el cycle. 
halves would be separated by about 10 em. 
t r o l l e d  With circumferential control p la tes ,  it was ihsei-ved Ynat $/I> f o r  the s p l i t  
core was about 25% l e s s  than f o r  the nonspli-t core (cf Figs. 69 an& 70) .  
burned up, t h i s  difference w a s  reduced t o  about 5$. 

A t  the beginning of the cycle the  core 
In  comparing t h i s  core with a care con- 

As the fuel 

E'ui-ther studies of the spl i t -core  design might possibly narrow the d i f f eEnee  i n  
However, there  i s  one outstauding $/P betveen the 'mm types of cores ju s t  mentioned. 

disadvantage of the s p l i t  core tinat was responsible f o r  the t e d n a t i a n  of calculations:  
the cost  of fabr icat ing esseckial ly  two cores instead of one f o r  each new loading. 
I r respect ive of f ix1 cost, the  cost of a core i s  determined. more by Ute number of : R i e l  
p la tes  than by -the length of t'ne p la tes .  A s p l i t  core requires twice as ~ " t ~ r y  pla tes  
as the  one-piece corn. Ano"inen. Zsadvantage of the s p l i t  core is the  lack of m u l t i -  
p l i c i t y  of control segments f o r  emergency shutdown. 
complications it vas not desirable t o  divide %'ne bottom core lzalf  i n t o  several  in8.e- 
pendent sections.  Thus an independ-ent scram system would need t o  be provj-ded. 

'Because of design and fabricat ion 

Movable s ide ref lec tor .  --The poss ib i l i t y  af moving segments of the beryllium outer  
re f lec tor  i n  the radial direct ion was considered, although such a syskem would i n t m -  ._ 
duce many problem associated with the in s t a l l a t ion  of experiments i n  the outer ref lec-  
t o r  region. 
(leaving water i n  i t s  place) will. reduce %ff by about I.%% f o r  a 30-cm-l-ong core 
(possibly a l i t t l e  nore f o r  a 46-cm-long core because of the grea te r  leakage from the 
longer core).  Figure 71 indicates  Vnat as the inside diameter of the beryllium re- 
f l e c t o r  i s  expanded reac t iv i ty  changes i n  a nearly l i nea r  fashion u n t i l  a mter-gap 
.thickness of about 6 cm i s  achieved. The decrease i n  r eac t iv i ty  resul t ing from the 
6-cm movement i s  aboGt @$* 
the asmulus containing the beryllium would decrease as the vedge-shaped pieces of 
beryllium rmved out radial ly;  thus "ihe decrease i n  r eac t iv i ty  would be somm~%a-t gi*eat;ter 
t h m  tha t  given above. 
in the calculations I ) 

I f  experiments am? neglected, complete removal. of the beryllium z-eflector 

( In  actual. operation the efPective metal-to-water r a t i o  of 

Tnis e f fec t  and the e f f ec t  of fuel bumup were not considered 

A s  t,he bexyllium mover: away f r o m  the f u e l  region and is replaced wi.l;in water, %here 
i s  an increase i n  pover density a t  the outerinost edge of .the f u e l  region. This is 
I-xidicated by the curve i n  Fig. 71 t h a t  represents the  r a t i o  of r d l d  maxirrrum--to- 
average power density.  I f  rdi .al  grmISng of the f u e l  %ensi-ty i s  used, the m m x i m m  
power density can be controlled. by decreanilig the f u e l  concentration neitl the outer 
edge. Nonuniforin f u e l  bu.miip imuld also help, since the low fuel eonceu'cr-atlon i n  
.t;lia-t area tends to accel-emte burnup. 
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Code cdculatior?, Wanda 
Cross-section set, No. 1 (two-group) 
~ ~ ~ r m a . l .  temperature, 80"c 

Region 
No. 

Outer  
R a d i u s ,  em 

2 
7 
7.2 

II "4 
1.3.4 
13.8 
18 

r8 -t 10 
-68 

Active core l.ength, 30.5 ern 
~ ~ ~ i c ~ ~ i n g ,  0.004;.68 cm-2 

1.00 

o.ge 

0.96 

2 0.91 

0.92 

0.90 

0.88 

UNCl.ASSIFI€D 
ORNL-LR-D'NG 50371 ........... ; ............ 68 

0 2 4 6 8 10 
RADIAL DISTANCE BETWEEN FUEL ANNULUS AN0 

BERYLLIUM SIDE REFLEGTOR (cm3 

Fig. 71. Ratio of Maximum-to-Average Power Density 
in the Radial Direction, and Reactivity v 5  Radial Distance 
Between Fuel Annulus and Beryllium Side Reflector. 

%ne water gaps between the beryllium wedges tend t o  cause a cj-rcwnferential var i -  
a t ion  i n  power density near the outside edge of the fue l  region. 
gaps are  small *en the beryllium i s  close, and since, as ,just deseslbed, the pomr 
aensity near the e Q e  must i n i t i d l y  be w e l l  below the max3mu.m permissible, the clrcwn- 
f e r e n t i a l v a r i a t i o n s  would mom than l i k e l y  be ins ignl f icant .  

Bowever, since the  

The movement af the  beryllium also changes the  posi t ion o f  the peak thermal flux 
i n  the  re f lec tor .  
the incorporation o f  e,xperfments i n  the  'oeryllfum port lon of the re f lee tor ,  the roanring 

However, since the use of a movable r e f l ec to r  prac t ica l ly  prohibi ts  

flux wcniLd probably be o f  l i t t l e  consequ-. price .1 
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There i s  some question concerning the u.se of the in~vabbl.e reflector f o r  safety 
Certainly a. considera'o1.e ;unount of burnab3.e poison woir1.d have t o  be used, control,  

since the total worth of the bei-yllium i s  only aboiil; 12$" 

After t h i s  preliminary study, it was concluded t h a t  the movable-reflector control 
sysLem should be d i s c z d e d  i n  favor of the verti-cal-plate system, pr i rmri ly  because of 
tlne lack o f  r eac t iv i ty  wtsrt'n a318 the  i n a b i l i t y  t o  Ins i ; a l l  fixed-posttion experi.men.tal 
faci.J.i.tles i n  the beryl.limi. 



Appendix 4 

As mentioned i n  the introduction, the majority of the  c&l.culations were made 
us2ng two-group, one-diiiiensional rmltire-egion diffusion-theory reactor  codes i n  order t o  
reduce t o  p rac t i ca l  proportions .the time and money required f o r  the vexy extensive pa- 
rameter stucly tha t  was unaertalcen. 
were checked with more sophisticated methods such as two-group, two-airiir?os-i.onal &.ti- 
region diffusion theory (PDQ) ; 
fusion t h  
(GBV-II);?' thirty-four-group, one-dimensional m l t i r e g i o n  eonsist,enl;-P theory em- 
ploying the Selengut-Goertzel term f o r  neutron slowtng-dom by hydro-en (Cornpone);? 
and &tigroup, one-di.mensiona1 I d t i r e  ion t ransport  theory (SIX;) .35 'The tvo-group, 8 one-dimensional codes used were W Z U I ~ ~ , ~  I for general  calculations;  F ~ E L  I, 35 f o r  
obtaining adJoint fluxes; and Ca1dle-2~' f o r  fuel-cycle-lime calcufiations I 

A t  various t m e s  the r e su l t s  for par-t;l.cular cases 

thirty-four-group, one-dimensional anfl:tire@on dif  - 
r y  employing the  Selengut-Cacrtzel term f o r  neutron slov-i.ng-dowri by hydrogen 

For a11 one-dimensional cases an axlal buckling equal t o  I6 em, 8 em on each end, 
This value appeared consistent with data f m m  the PmR37 and was l a t e r  r;horm WE used, 

t o  give essent ia l ly  the s m e  value of keff as obtalned from a tvo-group, tm-dimen- 
s iona l  calculation. 

Several s e t s  of cross sections were used i n  the  process ~f calculating various 
ITFIR cores,  
the parameter study, were, wlth a few exceptions, extracted from a l i s t h g  of Eyewash3° 
cross sections, weighting the n o n t h e m l  constoants with a 1/E slowi.ng-cto?m density i n  
order t o  obtain the fast-group ems6 sect ions.  The thermzl dir"-r"usicn coef-flcient was 
calcdLated from 

The or ig ina l  two-gmup cross sections,  used wi.th Wpmda fo r  a portion of 

scattering-removal cross section was  calculated f r o m  

where both the  f a s t  diffusion coeff ic ient  atid T f o r  > r a k e r  ond water-aluminum m i x t u r e s  
were calculate& by a numerical integrat ion method40 which assumed a l/E f.'lux, incorpo- 
rated f i s s ion  spectrum weighting, m d  included a rb i t r a ry  veightlng f a c - t , ~ r o  which were 
used t o  obtain agreement between calculated and experimental values of T at a few 
pointb,  Curves of D1 and 7 vv~ aluminum-to-water r a t i o  are  presenteit 1.11 Pig. 72. 
For barylliuu! T was tnken from r e f .  41. To account f o r  experiments arid s t ruc t i l ra l  
mater ia l  -In the outer beryllium ref lec tor ,  a them21 ab.bsorp-t;ion cross section of 0.002 
(=m-l  was t o  cne r e f l ec to r  f o r  a= cases. 

95 
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UNCLASSIFIED 
ORNL-LR-DWG 50372 
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1.54 

1.50 

1.46 
I 

5 
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1.42 

1.38 

1.34 
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METAL-TO-WATtH RATIO 

Fig. 72. F a s t  Diffusion Coefficient and Age for a 
Two-Group Cross-section Set vs  Volume Ratio of Alumi- 
num to Wafer. 

In  addition t o  the  n-2n reacti.on i n  beryllium there  i s  an n-CX -reaction (with 
neutrons above 1 MeV) t h a t  

"beryll-lwn" cross section caii increase s ignif icant ly  i n  a few months. Neither t h i s  
e f f ec t  nor  the n-2n e f f e c t  was considei-ed i n  tlnr parame-ter study reported herein. 
ever, t he  subject has been investigate& i n  connection wi-Lh the  TlFIR2 and the results, 
reported i n  ref. 42, l.nd.icate t h a t  the n-2n and n-CY. reactions i n  the beryllium side 
r e f l ec to r  vould have no significant; e f f e c t  on the r e s u l t s  o f  t he  pai-aaneter study end 
selection of a typical. APLK core. 

eads t o  the f o i m t i o n  of the cor~~ai.atively-high-cross- 
sec.tion isotopes He3 and. L i  i- . Depending on the energy spectmm i n  the beryllimn, Yne 

IIow- 

E'ou most of -tile calculations the experimental. region i n  the center of the water 
is land contained curium o r  plutonim and t h e i r  i r r ad ia t ion  products p f m  water and- 
aluninuni. The average thermal cross section of the target ,  as a unction of t i m e  and. 
excluding the water and. alurnjnwn, has heen estimated by Claiborne' using the bes t  avai l -  
able coir-istent se-1; of cross sections and decay cons.t;ants f o r  the isotope chain starklng 
with P I I ~ ~ ~ .  
of 3 x 1-65,  the cross section was approxi-mtely 58 bams. 
that  the t a rge t  cross section w a s  a l l  capture. 

Averaged over a one-year period a t  an average thermal-neutron flux l eve l  
Nucleawise, it was assumed 

7 8  

74 

70 

66 
5 ._ 
t- 

62 

58 

54 

50  

46 

The aliminuri iil the is3.aid t a rge t  served a.s the imt r ix  material. f o r  tlze oxid-es of 
the prine f e d  material  and. a l s o  provLd.ed the nec-ssarjr heat t ransfer  surEace area. It 
was tn i ' i i  3 . 1 ~  esti.iim,".ed t h a t  "ciie t a rge t  hen-t, resul.tfng f r o m  t he  f i s s ion ins  of Ci~2~5, 
cLn2itT, ~2~~~~ and &51, could. be a+.?qva;tely reriiovra if -ilnere were 5 6 of a~~umincun f o r  
each gram of plirtoniwx oxide. 
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Table 1-3 l is ts  the or i@ndl  set of two-group cross sections Ylat were used. 
Thmxqhaut the pamete r  study there  were some var iat ions i n  cross sections because of 
di f re ren t  assumptions regarding temperatures. For some cases smnar im and equilibrium 
xenon were taken in to  account by multiplying the urantm absorption cross section by 
1.062. 

Table 13. Cross-Section Set No. 1 
... 

50$0 A I  i- 
Material II 0 Al I3 Be *235 Target*. 58% GO 

0.284 - 0.20 615 0.0087 569 58 I 

t 

While prelinlinary parameter s tudjes  :Ere being m3de id-th t h e  cross sections i n  

TJpon the completion of tbls work, two-gmiip con- 

The pa r t i cu la r  core used i n  the mul-tigroup 

Table 13, an up-to-date and consistent s e t  of thirty-four-group cross seckions was  
being developed f o r  ULE i n  CPTU.18 
stants Tiere generated. fmm rmrltigroup calculations,  the  purpose being t o  obtain ac tua l  
spectrum-averaged f rtst-gmnp constarlts. 
calculat ians  coritained a single  fuel region; several  calculations vere iimde t o  cover 
e'ne desired range of fuel concentrations. No at%enpt was ~ r a e  t o  obtain a more accu- 
r a t e  speetnun for each parLiciilar core. 
f:mm the rm1tf.grou.p results a,loni., with the charac te r i s t ics  of the core f a r  which. they 
we-i*e calculated.  I n  d l  regions except the  .me1 region the fast-groEp cross sections 
.,ere averaged over the  specified r?uel-concentration range. 

Table 111. l i s t s  the nuclear cons tan ts  obtahed. 

When di.fferent length cores vere c&Lculated, only the target; cross sections were 
chmged. New t a rge t  cross sections were o'otained from GNLJ calculations using Yne same 
reactor  described i n  Table 14, except Ynat "ne length of the core ,md the  met;a.l-to-wa,ter 
r a t i o  i n  the  t a rge t  vere ch'mgeii correspondingly. Table 15 lists the  pertinent infor-  
1~2x;3;tion and the t a rge t  cross sectTom. 

T%e fuel-cycle-tine calculations requiredl canother set, of cross sectLotis since 
Candle-2 requires microscopic CTOSS secCions. These cross sections were cslcillated 
Prum a representative s e t  of GNU-averaged tm-gro iq  constsxrLs 
qu:i.res :t'our-g;roup cross sections, but  the  code can be used ns a two-group code i f  for 
the ' two intermediate gmups the t ransport  cross sectlons are  s e t  equal t o  essent ia l ly  
inf:i.nity, the absorption mid f i s s i o n  C X Q G Z  sections are s e t  equal. t o  zero, and the re- 
movd.. cross secklons m e  set equal to each other ana c'qi~d.. to the v.s? id two-gmup 

Actually, Candle re- 
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Table 111. Cross-Section Set No. 2 

Actual length of a l l  regions of cyl indrical  core 7 30.5 cm 

Target Resion, R1 := 2 cm, Temperature = 80°C 
l h t e r i  a1 H 0 A l  "Pu" 
Atoms/bam-cm 0.0325 0.01625 0.0301 0. 0006442 

Y -- 0.02321~ 131 = 1.5351 
R1 

= 0.0005597 
a1 

82 
c = 0.05291 Dz = 0,3261 

H20 Region, Fi2 = '( cm, Temperature 7- r%"C 

Material H 0 

Atoms/bam - cm 0.065 0.0325 
17 = 0.0005!~19 C = 0.04461 u1 = 1.110818 
a 1 El 

c -= 0.01755 L)2 - 0.1703 a2 

Outer Beryllium-Zeflector Region, R4 = 48 em, 'I!emperature = 8 0 ° C  

Material H 0 Ee Em. 

Atoms/barn- cm 0.00325 0.001625 0.1174 0.1  (CJexT = 0.02) 

cR 7- = 0.009546 DI = 0.6591 c = 0.00008765 a1 

a2 
c = 0.003818 D2 = 0.L1.576 

_..- _ _  ~ ._.I. 

?f 
Mter a Large number of ca,1culatlons had been corn2ieted 
t o  be s l i g h t l y  i n  e ~ r o r .  

Lhis value xm8s found 
The revised v a h ~  i.s 1.108.h IT%. 
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Table 15. Target Cross Sections for  Different Length Cores; 
Cross-Section Set Bo e 2 Continued 

$5 = 4.0 x 10-5 atoms/barn cm for  a n  cores 
Weight of feed mterial (PU-242) = 100 g 

Core Length (cm) 
35x8- 45 072 * 96 gs * 44 

M/W i n  t a rge t  1 0.5 0.33 0.20 

dl 0.0325 0 I 04333 0 04875 0.05 418 
No 0.01625 o e 02167 0.02k38 0.02709 

Np" o .00061-kJ+2 0.0904295 0.0003221 O.OOO2147 
r s u  0.0301. 0 0197 O.OllC8 0.0098 

%1 

c 0 00055 97 0.0005 80h 0. om5 098 0 f 0006000 

0.023211. 0 - 03079 0.03455 0.03832 

1.5351 1.4584 1.4360 1" 4212 D1 
z: 0,05291 0.04113 0.03523 0 I 0293 4 
D2 0.3261. 0 * 2499 0.2237 0 L 2025 

a1 

82 

removal cross section. Also,  a l l  neutrons nnzs t  be born i n  the top group* ' h e  top- 
group cross sections are equal t o  the  usual fast, two-gmup constants. The va l id i ty  
of such a scheme from the stardpoint of code operabi l i ty  i s  evident upon examination 
of the following four-group equations wjth the e.bove suksti tukions introduced: 

Since $1. = $!I2 = $3,  the  top and. bottom equations a re  the usual two-group equations. 
I n  the two mlddle gmups no neutrons are  l o s t  o r  gained by leakage or  absorgtion; so 
%,. $1 represents the neutrons t ransferred from the .east t o  the t h e m 1  group. 

cycle-time calculations trere made, it appeored thaf; the  GNJ code was not calculating 
four-group constants correct ly .  

Four-group cross sections were not used i n  Cendle, because at the  time the f'uel- 

The cross sections that were used i n  Candle are l i s t e d  i n  Table 16. The use of 
these cross sections i n  Candle resul ted i n  a keff about l$ less Yfim obtxined wi.Yn 
Wanda using cmss-section s e t  No. 2. 

The two-group constants used i n  the two-dimensional analysis of the teinperature and 
vola e f fec t s  on r eac t iv i ty  were generated from, ons-dinensianal, multigmup calculations 
(GNU). These l a t t e r  calculations trere made for each %eraperatwe ,and void f rac t ion  con- 
sidered and for  d l  conibinatlons of region temperatures and a l l  combinations of region 
voids. Because the resu l tan t  number of two-group cross-section sets was qui te  large,  
a l i s t i n g  has not been included herein.  
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1.49 
fill' 

p 

u236 
FP 

R e f l .  exp. 

Table 16. Two-Gmup* Cross Sections Used In Candle; 
C X J S S - S ~ C - I A C J ~  Set  NO.  3 

0 

0 

0 

0 

0 

4 

60.59 

1.462 

5.3'70 
I+ 

l P i . 5  

0 

0 

0 

0 

0 

0 

0 

1 

0.01635 
0.006738 
0 a 0003709 
)Hc 

19.4 
w 

2 .I6 x 1-04 
0 

0 

0 
7.1.2 + 
0 

0 

Depends on boron concentration. See Fig. 37. 

Caculated f rom BNL-325 assuming ~ ( 0 . 1 5  ev + m )  = 
*x+ and a L/E flux. 

hJ e -1. Pattenden, 0m3-2'('(8. 



Appendix 5 

In an attempt t o  ver i fy  the  nethods of calculat ion fo r  Yne f lux-trap core design, 
comparison calculations were rnncte sc 3 on an i n f i n i t e l y  long ITFIR core, using SNG (18 
groups), ~ ~ ( 1 8  groups), GW(34 groups), and Cornpone(34 groups) 
good <agreement between multigroup diffusion theory md t ransport  theory, and since the 
GNU (34 groups) code was the  most convenient t o  use, it was generally used t o  spot 
check the  results obtained with Wanda. A t yp ica l  comparison between the Wanda and GNIJ 
calculations,  using the  EFIX core as presently conceived, i s  presented I n  Figs. 73 and 
74. For the core containing no control (Fig. 7 3 ) ,  GTSU pl-edictea a 'jl$ grea ter  value 
of $ d P  and a 5 .& lower value of ke,f than calculated with IJmda. 
served that the GNU r e su l t s  gave a lower average thermal f lux  i n  the  f u e l  region md 
thus a grea ter  percentage of nonthemal f i s s ions .  
differences i s  t h a t  the GNU-averaged sca t te r ing  rerfloval cross section used i n  Wanda 

and t h a t  9 as calculated f o r  Wmdn by GNU was correct,  then T f o r  the Cue region, 
usjng the two-group GNU constants, calculates  t o  be about 66 cm2, as compared t o  an 
experimental value of 81 cm2n 
used i n  Wafida was too large.  
leakage, thus increasing the  t . h e m L  flux I n  the  island, increasing the percentage of 
fast; f i s s ions ,  and decreasing kefP. To check the va l id i ty  of t h i s  hypothesis, a 
s m l l e r  fuel-region renoval cross section w a s  calculated f o r  Wanda using the  experi- 
rriental value of T and the  fast  diffusion coeff ic ient  averaged with GhV. The results 
of Wmda and GNU CalcuLations ( fo r  a s l i g h t l y  &iCferen.t; core than Lhat used for  the  com- 
pa-rison i n  Fig. 73) are presented i n  Table 17. 

Tbe r e su l t s  shoved 

It v a s  also ob- 

A possible explanation t o  a l l  these 

was not consistent with the multigroup calculation. If it is  assumed. t ha t  % = 4/. 

This indicates  that the two-group removal c r m s  section 
A srrialler removal cross section should increase the  f a s t  

For these par t icu lar  cases the  use of 

Table 17. Comparison of Core Character is t ics  Using 
Different Codes and Different Scattering Removal. Cross Sections 

Code $ (cm-l) k e f f  #/p 

Wanda 0 e 021'73 1.2056 5.044 x 1013 

Wanda 0.01783 1.1589 5,688 x 1013 
GNU * 1.1311 6.195 x 1013 

the smaller removal cross section reauced the  differences i n  j$/P Prom 23% t o  $2% and 
reduced the differences i n  kerf from 6$ t o  Z$. 
averaged, two-gmup removal cross sections were i n  e r ror .  Recently the GFTU mtho& 
of averwing w a s  changed;" the two-group ZR now agrees reasonably well  with the  value 
used i n  the second Wanda calculat ion i n  Table 17. 

!t'hese r e su l t s  indlcate  t h a t  the GNU- 

* 
Change made by Betty Maskewttz (ORGDP), Jan. 14, L g a .  



102 

A t  'ihe beginning of the f u e l  cycle the thermal-flux d i s t r ibu t ion  i s  siniilar 'io 
t h a t  shom i n  Fig, 714. 
equal t o  unity by including d i f f e ren t  amounts of boron poison In  .Lhe control. region. 
The t1and.a calculation reqiiired about 2 -5  times the  boron concentration as GNU to 
compensate fo r  1.3 tiiines as much excess r eac t iv i ty .  Increasing t h e  f a s t  -neutmn 
leakage from the fuel so .that more thermal. neutrons mist retun? through the control 
platns  will increase the workh of t he  conti-07. plates .  Thus the use of a smaller ZR 
i n  Wanda ~ m u l d  decrease the  calculated differences i n  control wort'n. 

For both the  Wanda and GNU cases kerf w a s  ma& very nearly 

Even though the  G W  multigroup calculations a re  generall:y considered t o  be mol"e 
accurate than f&e Wanda two-group calculat;:i.ons, it was concluded t h a t  the la t te r  cal-  
culations were sa'iisfactoiy f o r  the parameter studies and f o r  estahllslning the  so-  
cal led optimum core design. 
mine absolute values associated with the partl .eular opt j.iiium core. 

Gnrls calculations were then used t o  more accura'iely deter- 

A s  a f i n a l  check on Llle calculational methods, aii ext,ensive critical-experiment 
program i s  presently being conducted;44 flux dist r ibut ions,  power aistyibutions,  
c r l t i c a l  mans, control-rod worth, and temperature and void coeff ic ients  are being 
determined o r  are scheduled to be determined, using expa5rnenta.l cores thai, approxi - 
m t e  nuclearwise the  proposed KFW design. 

PREFACE TA&F FOR FIGS. 73 ANI) 74 

Coda calculation, Wanda and GlYU 
Cross-section set, No. 2 (GNU averaged, two-group) 

T h 2 r d  temperatwe, 80"c 
Active core length, 4j.72 cm 
Axial buckling, 0.002591 cmm2 and GW 34 group (ORIL revised) 

Reg5 on Outer N25 x 1o1O 
(atom/barn-cm) _._.____ Composition - No. Radius, cm 

1 
2 
3 
4 
5 
6 
T 
8 
9 
10 
11 
12 
13 
111 
15 
16 
17 
18 
19 

7 
7.3 
8 
8.5 
9 
9.5 
10 
11 
12 
13 
15  
16 
17 
17.5 
18 
18.5 
19 
21 
51 

15 
18 -0 
a -6 
25- 5 
29.9 
34.4 
39.1 
47.3 
54.5 
60 .o 
7[ .7 
50.9 
46.0 
41-1 
36.0 
31 "1 

'For Fig. '13 region 18 did not contain boron. For Fig. 74 region 18 contained 200 x lom5 
atorn/baxn-crn (Xa 

calculation ?nou&R poison was added t o  region. 18 t o  make C 

--I 1.22 c m - l )  of natural boron for  t n e  GNU calculatLm; for the  Ihnda 
L1 

= 3.00 cin-'.. 
atli 

~ . . . _  ...- I.. _._..... 
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Fig. 73. Comparison of Reactor Characteristics Using Wanda and GNU Reactor 
Codes for a Core Containing No Controls. 
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Fig. 74. Cornperison of Reactor Characteristics Using Wanda and G N U  R m c t o r  
Codes for o Core Containing on Annular Control Region. 
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