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NATIONAL ADVISORY CO- FOR AEBONAUTICS 

C*ALCuLIITED EFFECT OF IlRANIUM DISTRIBUTION ON 

WATER-MODERATED POWER REACTOR 

By Thomas A. Fox and Mchael F. Valerino 

Two-group theory  calculations w e r e  =de t o  determine the effect  of 
nonuniform uranium loading as cougared t o  uniform loading on the  refIec- 
tor   control   effect iveness   a t ta inable   in  a large t h e m 1  reactor of pres- 
ent  interest  in aircraft power application  ( the  supercrit ical  water 
reactor).  The reflectors  investigated were a 10-centimeter  and  an 
effectively  infinite-thickness water reflector,  which were considered 
t o  be p rac t i ca l   fo r   u se   i n  the pazticular  reactor  designconsidered. 

The reflector-control mechanism considered employs a t he rm1  neu- 
tron  absorber that can be mved from a position i n  the  ref lector  far 
enough from the  cylindrical   core  to have negligible effect on the reac- 
t ivLty  to  a position a t  the radial reflector-core  interface where it 
could  conceivably  absorb a l l  therm1  neutrons trying to leave o r  enter 
the radial boundary of the  core. 

The resu l t s  showed that.nonuniform uranium loading to at ta in   uni-  
form rad ia l  power production  doubled the reflector  control  effective- 
ness over that with the  uniform  uranium loading. Ebwever ,  t h i s  doubling 
of  control  effectiveness was still imuff ic ient  t o  provide  the amount 
of control  necessary  for  operation  of  the  reactor. Even fo r   t he  most 
favorable  case  considered,  the .change i n  reactivity  obtained from reflec- 
tor control was only 0.03 as compared t o   t h e  0.132 needed f o r  complete 
control. 

. .. 
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Although the  increase  in  reflector  control  effectiveness due t o  
nonuniform uranium loading i s  not  large enough t o  be of use for   the  
reactor  considered  herein, it may provide the required margin to-  permit 
use  of reflector  control  for a smaller, more heavily uranium-loaded 
reactor,  particularly if a more eff ic ient   ref lector  such as beryllium 
is  used instead of water. 

Although, for   reactors  loaded to  give uniform rad ia l  power, reflec- 
t o r  poisoning  greatly  distorted  the p o w e r  distribution, the resultant 
distribution was mare favorable tJian that f o r   t h e  uniform uranium load- 
ing with o r  without reflector  poisoning. 

N 
m 
cu m 

INTRODUCTION 

Considerable in te res t  exists in the use of the  reflector as a means 
of controll ing.the  reactivity of power reactors  for  certain  installa- 
t ions.  By making use  of a parasitic neutron  absorber in   the   re f lec tor  
and  varying i ts  position with respect  to  the  reflector-care  interface,  
it is  possible  to produce a def ini te  change in   r eac t iv i ty  in the  reactor. 
This change in   posi t ion  or   dis tance from the  interface  could be accom- 
plished by several means. For a ref lector  of solid  materials, a s e t  of 
rods (made of the  reflector  material)  coated with absorber on one a ide  
and  designed t o  be  rotated on axes  parallel  to  the  core  axis  could  be 
used.  For  water reflectors,   rotating drums or j u s t   s t r i p s  of the ab- 
sorber  could  be  u-Lilized i n  a similar manner. In general,  the  reflector- 
type  control, where usable,  requires less space  than  the mre conven- 
tional  absorber-rod  control. However, for  water-moderated reactors  of 
the s i z e  needed t o  accommodate the  heat-transfer  surface area and 
coolant-water  flows  required fo r  power application,  the change i n  re.- 
ac t iv i ty  attainable with reflector  control is very small. 

s 

" 

In  reference 1, the manner of distributing the uranium over the 
reactor  core volume t o   a t t a i n  uniform power production is  determined 
for a spherical water-moderated reactor  for  three  thicknesses of  water 
reflector.  The uranium distributions  obtained  involve high uranium. 
concentrations  near  the  reflector-core  interface  relative  to  the con- 
centrations i n  the central  portions-of the reactor  core. To i l lus -  
t r a t e ,   fo r  me of the  reactor  assemblies  investigated  in  reference 1 
(having an 8-cm reflector  thickness)  the uranium concentration  near the 
reflector-core  interface was of the order  of three t o  f o u r  times that 
at  the  core  center;   the  toklbranium investment was about 15 percent 
higher  than that for the uniform uranium dlstribution  case. It is t o  
be expected,  then, that the  action of the  reflector  in  maintaining 
reac tor   c r i t i ca l i ty  i s  much  more important for  the  case of  uniform power 
production  (obtained by nonuniform uranium distribution Over the core 
volume) than  for  the  case of uniform-uranium-distribution; hence, 
greater  control  effectiveness  should be attainable with the reflector . . " 
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f o r  the  case of uniform power production  than  for the case of  uniform 
uranium distribution. The question arises as t o  the magnitude of  this 
increase i n  reflector  control  effectivenees. 

In  order t o  provide an indication of the magnitude of this effect ,  
calculations were made for   the  supercr i t ical  water reactor  described  in 
reference 2 t o  determine the  increase  in  reflector  control  effective- 
ness  attainable by distributing  the  f issioasble material nonuniformly 
over the  reactor  cylindrical-core volume i n  a manner r e su l t i ng   i n  uni- 
form r ad ia l  power production. This reactor  design is considered  repre- 
sentative of the water-moderated reactors d e r  consideration a t  present 
f o r  power applications. 

The solution  of  the  poisoned  condition in   the   re f lec tor  was accom- 
plished by approximating the  control-rod system with a cylindrical  
sleeve of poison a t  the radial core-reflector  interface. This repre- 
sents  the  ideal case or  the maximum change in   reac t iv i ty   poss ib le .  
Sfnce most absorbers are ngt very  effective i n  capturing f a e t  neutrons, 
110 effect on the fast flux was considered  other than the  indfrect change 
caused by the  difference  in  the  thermal  f lux.  The fast flux  therefore 
was continuous at the  reflector-core  interface and dropped t o  zero a t  
the  extrapouted  outer boundary of the ref lector .  The t h e m 1  neutrons 
were considered to be entirely  taken up by the small layer of absorber; 
hence, the  thermal flux went to  zero a t  the  interface.  - 

In  order t o  faci l i ta te   discussion of the  calculations, the reactor 
conditions  are  defined as follows: 

Condition  (a):  cold-clean. - Condition (a) i s  t h e  startup con- 
d i t i o n   a t  mom temperature, with no fission poison,  and with suff ic ient  
fissionable mater ia l   to  allow f o r  the contemplated burnup during  the 
l i f e  of the  reactor. 

Condition (b) : cold-clean,  poisoned  reflector. - Condition (b) is  
ident ical  t o  condition (a) except that the thermal  neutron  absorber is 
in   posi t ion a t  the radial reflector-core  interface. 

Condition (c): hot-burnup. - Condition (c) OCCUTS a t  the end of 
the useful  reactor  l ife,   herein  taken a s  corresponding t o  1.3-kilogram 
burnup of Ua5. This includes  equilibrium  poisons. The calculations 
were made st operating  temperatures, t o  be discussed later, and the 
condition is  taken as c r i t i c a l .  

Condition (a): cold-clean  condition f o r  0.65-kilogram burnup. - 
Condition (a) is a startup  condition with everything  the sa a s   i n  
condition (a) except fo r  0.65-kilogram  smaller loading of U 335 . . 
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For each of the reactor  cases  considered, a calculation was mde 
first for  condition  (c>  in  order  to  establieh the proper uranium invest- 
ments necessary during the l i f e  of  one f u e l  loading of the  reactor. 
CalcuLations for  conditions (a), (b), and (d) were then performed t o  
give the changes in reactivity  present under the  other  conditfons. 

HC 

Barax 

k 

'e= 

Irf 

kth 

L 

Pth 

r 

T 

V 

Y 

2 

number of f iss ions per unit volume per  second 

power density at radius r f r o m  axis of reactor 

average power density over reactor  core volume 

heighk  of  equivaleqt bare reactor 

maximum power density in- reactor 

Boltzmnn  constant 

over-all  neutron  multiplication  factor 

"F J f f a s t .  neutron  multiplication  constant 
za,f 

n veF, th t h e m 1  neutron  multiplication constant 
L a, th  

neutron W f u s i o n  length 

atomic  concentration a t  radius r f r o m  axis of reactor 

resonance  escape  probability 

radius from axis of cylindrical  reactor 

temperature, 4c 

neutron  speed 

fractional  yield from fission  process 

axial   distance from center of reactor 

transport free path for ,.neutrons . . ...- . .. . .. . 

radioactive decay  constant  for XeU5 

1 
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V average number of  neutrons  produced  per f u e l  atom fissioned 
0. 

P density, g/.m3 

2 ,  macroscopic  neutron  absorption cross section 

M 
'a,th thermal  value  of 2, f o r  moderator and st ructure  

macroscopic  neutron fission  cmsa  section 

macroscopic  neutron  cross  section for slowfng down 

average  value  of the macroscopic  neutron  absorption  cross 

ZF 

zq 

ZP,th section  for stable fission-product  poisons 

s 2,,th macro&opic thermal  neutron  absorptfon  cross  section  for $35 

5 

'p - ZP,-t;h t o t a l  macroscopic - thermal neutron t3bso.rption cross  Section  for 
a l l  poisons 

0 P,th average value of microscopic  thermal-neutron  absorption 

=s microscopic  neutron scattering  cross  section 

a sm, t h  average  value of microscopic  thermal-neutron  absorption  cross 
sect ion  for  ~ ~ 1 1 4 9  

uxe,th average  value of  microscopic  thermal-neutron  absorption cross 
sect ion  for  ~e135 

CP neutron flux 

Subscripts : 

f fast neutron group 

0 refers to cases Kith unlform-uranium dist r ibut ion a t  the  hot- 
burnup condition 

c 

r radial posit ion f r o m  axls of  core 

sm property of sm149 - 
t h  thermal  neutron group 
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U property of ~ 2 3 5  

xe  property of ~ e 1 3 5  

REACTIVITY CALCULATIONS 

Description of Reactor 

The reactor  core is  a 2.5-foot square cylinder with supercr i t ical  
water (pressure, 5000 l b  s in.)  functioning as the combined coolant- 
mderator and with the UL3$ fue l  contatned in stainless-steel-clad, 
sandwich-type plates.  The core is reflected by supercrit ical  water. 
A t  the  hot  conditions  (corresponding to  reactor  full-power  output), 
the average water temperature in the core i s  620° F (kT energy of 0.052 
ev) and i n  the ref lector  i s  480° F (3rT energy  of  0.045  ev) . A t  these 
conditions  the  average  water  density is  0 .71  grams per  cubic  centimeter 
in   the  core  and 0.83 grams per  cubic  centimeter in the   ref lector .  For 
the  cold  conditions  (prior t o  reactor  startup),   the temperature in   t he  
core and reflector.  is taken as 59O F with the corresponding mter den- 
s i t y  of 1 gram per  cubic  centimeter.  Table I presents a tabulation of  
the core  and ref lector compositions for the  hot and  cold  conditions. 
The uranium contents are determined  by the cr i t ical i ty   calculat ions  for  
two reflector  thicknesses (10 cm and in f in i te )  and fo r  the cases of 
uniform U235 distrlbution and for the distribution giving constant 
rad ia l  power production i n  the  reactor  core. 

General Method of  Analysis 

In  order  to assure proper  Investment f o r  the en t i re  l i f e  of one .. 

fuel  loading of the reactor, it w a s  necessary f i rs t  of a l l  t o  &e 
cr i t ical i ty   calculat ions a t  the hot-burnup  condition  described  pre- 
viously. The reactor was cons-ldered t o  be at the full-power  operating 
conditions a t  the end of i t s  l i f e .  The reactor  isons  considered were: 
(a) equilibrium concentrations of XeU5 and SmL4Y and (b) stable 
f ission-product  poisons  corresponding t o  approximately 10 percent U235 
burnup. The poisons w e r e  taken to be uniformly  distributed  over the 
core volume. This assumption is just i f fed by the resu l t s  of the inves- 
t igat ion of reference 3. The stable  poisons were specified as having 
an average thermal absorption cros8 section of 75 barns  per  fuel atom 
destroyed. This is  the value a t  0.025-ev energy, and a l /v variation 
is  assumed. For the hot-burnup  condition  the uranium content  required 
for   reac tor   c r i t i ca l i ty  was determined fo r  each  of the following cases: 

I. Uniform ~ 2 3 5  distribution,  10-centimeter  reflector 

11. Uniform rad ia l  power distribution, 10-centimeter ref lector  
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IV. Uniform radial power d is t r ibu t ion ,   in f in i te   re f lec tor  

For  cases I and III, the  radial power dis t r ibut ion i s  also  obtained, 
while for  caees.TI and I V Y  the  uranium dist r ibut ion i s  also obtained 
i n  the cr i t ical i ty   calculat ions.  

N 
(D w 
N 

a 

At the  cold-clean  condition,  previously  described  briefly, no poi- 
sons w e r e  present  in  the  reactor  core and the  uranium content was larger 
than a t  the hot-poisoned  condition  by the amunt of f u e l  burnup, whfch 
was assumed t o  be 1.3 kilograms.  This fuel burnup, which is somewbat 
less than 10 percent of the  fuel investment,  corresponds t o  the amount 
required  for  300,000-kilowatt  reactor  parer  output  for a t o t a l  of 100 
hours.  For  each of the cases I t o  IV, the 1.3 ki.logram of  UD5 was 
distributed  over the core volume so that the loca l   fue l  burnup is 
proportional t o  the Local power (or  fission-rate}  production existing 
a t  the  hot-burnup condition  (considered t o  be a t  the  end of reactor 
l i f e )  . Although the relative local power production actually varies 
with t i m e ,  th i s   var ia t ion  was small f o r   t h e  sroell burnups  herein  in- 
volved so that negligible  error was intmducea  by  distribution of the 
f u e l  burnup i n  t h i s  manner. For each of the  cases I t o  IV, two reflec- 
tor  configurations w e r e  considered f o r  the startup  condition, namely, 
(a) the  normal (unpoisoned) water ref lector,  and (b) t h e  water ref lector  
incorporating a sleeve of thermal-neutron  poison  sufficient t o  make 
0th go t o  zero adjacent t o  the ent i re   cyl indrical   bundary of the core. 

From the  foregaing  calculations, the reac t iv i ty  change  from  hot- 
burnup t o  cold-clean  and  the  reactivity change at ta inable  with a 
thermally poisoned ref lector  were obtained  for  each  of  cases I t o  IV. 

For  comparative  purposes,  Calculations were also made for  cases I 
to IT, cold-clean  poisoned-reflector  conditions, of the  effect of ini- 
t ia l  loadings  limiting the uranium bur- t o  0.65 kilograms. 

Reactor  Calculations  and  Evaluation of Nuclear  Constants 

The two-group neutron-diffusion  equations  applicable to   core  and 
r e f l ec to r   i n  a critical reactor assembly are: 
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For a fully  reflected  cylindrical   core (with both end and side reflec- 
t o r s ) ,  'pf and 9 t h  are functions of two dimensions, radius r and - 
height z (see  f ig .  1) . Inasmuch as the   effect  of the side reflector 
on the  react ivi ty  of the  reactor assembly is of in te res t  here, the 
ful ly   ref lected assembly  can, f o r  this purpose, be suitably approxiznated 
by an equivalent  reactor  core,  bare at the ends  and reflected a t  the 
sides; this approximation  leads to  separation  of the variables r and 
z, i n  which case the flux CP is given by the product Q (r) $( z )  where 
q ( r )  is a function  of r only ana $(z) i s  a function of z only. 

I n  the use  of this approximation, the half-height Hc/2 of the 
equivalent  reactor core i s  increased above tha t  of the given fully re- 
flected  core by an amount equal to  the  reflector  savings,  as i l l u s t r a t ed  
i n  figure 1. Reflector  savings  for water ref.lectors around  water- 
mderated  cores are presented i n  reference 4 and are  substantially  inde- 
pendent of core  conrposition f o r  water-mderated cores that are predomi- 
nant ly therrnal. 

Inasmuch as the ends &re  bare for the  equivalent  reactor  core, Of 
and q+h must f a n  t o  zero a t  z = f Hc/2. If it is assumed that 
CP = cP(r) @ ( z ) ,  this  condition i s  satisfied by 

and, noting that for cylindrical  geometry 

equations (1) and (2)  reduce t o  equattons in the independent  variable 
r only: 

N 

a, 
to 
N 

" " 

where 
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and where q f ( r )  and 'Pth(r) are designated, f o r  convenience, a s  'Pf 

and Vth. The terms  involving  the  coefficient a2/Hc2 account f o r  the 
net  axial  leakage of  neutrons in  the  equivalent  reactor  core. Hence, 
if the  proper  value of H, is used, it effectiyely  accounts  for  the 
axial  leakage i n  a fully  reflected  core.  Equations (5) and (6) apply 
to either  the'core  or the side ref lector  by use of the  appropriate 
nuclear  constants  characteristic  of  either the core or  ref lector  corn- 
position. In the  application of  equations (5) and (6) f o r   t h e  uniform- 
radial-power  cases  (cases II and N) , account was taken of the varia- 
t ions of the fast as w e l l  as the  thermal  parameters  uith radial posi- 
t i on  r across  the  reactor  core. 

In the  solution of  the  core and reflector  equations,  the radial 
boundary  conditfons were taken as follows: 

(1) For  the n o m 1  reflector:  Qf = 'Pth = 0 at  t h e   o u t e m s t  (ex- 
a trapolated) boundary of the re f lec tor ;   fas t  and thermal  flux and current 

continuity were assumed a t  the  core-reflector  interface. 

cu -6 (2) For the  reflector  incorporating  thermal-neutron  poison  adjacent 
to   the   core  boundary: qf = 0 a t  the outermost  boundary of the reflector;  
fast f lux  and current  continuity were  assumed at- the core-reflector 
interface; 'Pth = 0 at  the  core boundary. Note that these boundary  con- 
dit ions imply that the fast f lux  i s  unaffected by the  reflector  poison 
except as indirectly  affected by the   t he rm1   f lux   f a l l i ng  to zero a t  
the  core boundary. 

The two-group equations fo? core and ref lector   subject   to   the fore- 
going boundary conditions were solved by use of an electrical-analog 
simulator a t  the NACA Lewis laboratory. This nuclear-r-&actor simulator 
and the  general  procedure i n  i ts  use to solve  reactor   cr i t ical i ty  prob- 
lems have  been described i n  detail in references 1, 5, and 6. 

The proceaure  for  evaluating  the  nuclear  constants  for use i n  equa- 
t ions (5) and (6) i s  described in reference 7 .  In  the  evaluation of 
the  constants,  use is  made of the  following  definitions: 

. 
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The procedure is patterned  after that successfully used in  reference 8 
to   p red ic t   t he   c r i t i ca l i t y  of  hter-moderated  reactors.  For  the reac- 
t o r s  of  reference 8, -pth = 1, whereas fo r  the reactors  herein  considered, 
pth - 0.80 t o  0.90; hence, the fast-fission  contribution should be 
accounted f a r .  The general  procedure of reference 8 i s  used i n  account- 
ing for this effect ,  as w e l l  as for the   ca lcu la t ions  of the cross  sec- 
t ion  va lues .  The procedure is briefly  outl ined as follows: 

$r,f, Za,ft ZF,f>  Pth* - The quantities $r,f> za,f, CFJf, and 
Pth were obtained by weighting local energywise  values  according t o  
the  energy distribution of neutron flux, a8 indicated by age  theory, 
i n  an   in f in i te  medium of the same composition. The dependence of this 
distributxon on the   f i s s ion  spectrum i s  included. 

L2f. - For  water, L2f i s  based on the  experimental  value  of 33 
square  centimeters at room temperature (p = 1 g/cc)  and 1s taken as 
inversely  proportional  to  the  square of the  TJater density a t  higher 
water  temperatures.  For  the  given  core  comgosition, t h i s  value is 
increased by 2 square  centimeters  to  account  for  the 11.6 volume per- 
cent  of  stainless  steel   in  the  care.  

- 

N 
Kl 
a, 
N 

ktr thm - By use of the method of reference 9 t o  account for  the 
chemical  binding of hydrogen, the experimental  values of us for 
hmogen   a r e  used t o  calculate  the local k l u e s  of utr of hydrogen. 

The quantity At,., th i s  then  evaluated  by  weighting xkr. = 
according t o   t h e  neutron flux i n  a Maxwellian distribution. 

- . .  . . . . . .  ... - " " "" - " 

1 
Z N i  u t r i  

2, thy ZF th. - The f iss ion poisons are  treated  separately i n  t he  
. . . .  . . . . . . .  > . .  . .  . .  " . .  -. . I. 

next  section. The following  description  applies,. however, for  a l l  mate- 
rials in  the  reactor  excepting Xe135 and SmI4'. The terms ZBIth 
and  zF,th are obtained by assuming the  local  values of x,,& and 
%,th t o  obey the l/v l a w  and dy then  weighting  the  local  values  accord- . . . . . . .  . 

ing t o  the  neutron  flux  in a Maxwellian distribution. For this  varfation 
with  energy, 2, , th   (or  ZF ,th)  equals 0.886 times the value of 2, 

- .. . - . . " " 

. . .  

. . . . . .  " - " - -.  -. - - .... . .  . . .  - - " 

(.or %) corresponding to   t he  most probable  energy (W) of the  thermal 
neutron  distribution. 

I 
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Fission  Poisons and B m ~ p  

The equilibrium  concentration of XeU5 is given by 

where axe,th,  obtained f r o m  reference 10, is given by weighting  local 
values of Qxe according t o  the  neutron flux i n  a Maxwellian distribu- 
t ion .  

For  purposes of calculating poison concentrations,  the  reactor is 
assumed t o  be  nearly  thermal in which case F = xF,th 9 t h  sa that equa- 
t i on  (7) can be  written  as 

Ai 
0 

P 
cu 
I 

- 
al Nxe Oxe,th - 

- 

- 
Hu 

The equilibrium  concentration of 

or ,  f o r  a  thermal  reactor, 
- 
sm, t h  

The remining  poisons, which a r e  

bxe, th ?F, t h  

S,149 is given  by 

- - Ysm 'F,th (10) 

lumped together,  are  specified as hav- 
ing an average theml'absorption  cross  section  Tpyth of 75 barns per 
f u e l  atom destroyed a t  a temperature of 5 9 O  F and as  following  the l/v 
law. For 10-percent f u e l  burnup (11.1 percent of the   fue l  left i n  the 
reactor at the  end of its life), the  absorption is given by 

where 549 is the  value of the Um5 fission  cross  section a t  0.025 ev. 

The pertinent  constants  usedto  evaluate  the  foregoing pofson cross 
sections  are: yxe = 0.063; zxe,th = 2.3i3(106  barn^ at 0.052 ev.; 
h, = 2 .103X10-5 sec'l; ysm = 0.014; average F = 2 . 7 ~ 1 0 ~ ~  fissions  per 
second per  cubic  centimeter 'based on 300,000-kilowatt  reactor t o t a l  power 
output at  200 MeV per fission. 
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The core and reflector parameters for case I (uni~orm $35 a s -  
tr ibution, 10-cm ref lector)   are   tabulated  in  table I1 for the  cold- 
clean  and hot-burzurp conditions. The parameters Nu, Pth, kf, Zu,th, 
and q , t h  vary  with uranium concentration  while  the  remaining param- 
eters are essentially  constan%. The reflector parameters were the same 
f o r  a l l  cases, differing on ly  for   the change i n  temperature  conditions 
as listed. 

cu 
rn 
(31 
N RESULTS AND DISCUSSION 

(1) Reactivities and  investments. - Table I11 presents keff  and 
Akeff due to   r e f l ec to r  poisoning  and also  the uranium investments for 
a l l  cased and conditions  considered. The reactor i s  c r i t i c a l  (keff = 1.00) 
for the  hot-burnup  condition fo r  each  case.  For  the  cold-clean con- 
dition  various amounts of excess  reactivity are present. For the 
uniform-uranium cases,  kefl is 1.154 for   the LO-centimeter ref lector  and 
1.147 f o r  the infinite  reflector;   the amounts of excess  reactivity t o  be 
controlled are approximately 0.162 and 0.148, respectively.  Similarly, ., 
f o r  -the uniform power cases  (cold-clean)  keff is  1 . E O  fo r  the 10- 
centimeter  reflector and 1 . l 3 2  for the   inf ini te   ref lector ,  which means 
excessive  reactivities of 0.150 an& 0.132, respectively.  Since  the 
introduction of thermal-neutron  poison in  the  reflector  causes changes of 
only 0.014 and 0 ..0164or tbe uniforrn-yranium..cas_e. and -0 .029 .and 0.039.- f o r  . . -. .- 

the uniform-power cases,  reflector  control i s  inadequate i n   t h i s  type of 
reactor.  Certain  interesting  observation8  can  be made, however. 
Slightly greater control was possible w i t h  the  better reflector.  More 
important,  nearly  twice the change in   r eac t iv i ty  was found when the 
fissionable  material was distributed f o r  uniform power production as 
compared t o  a uniform distribution of fuel .  Condition  (d)  of a l l  cases 
gives  keff  for  the  cold-clean  reactor  with a poisoned reflector  but 
for  an assumed burnup of 0.65 kilogram  instead  of 1.3-kilogram burnup 
as in the  previous  cases. A s  expected, k e e  is reduced, but  the  reac- 
t o r  is  s t i l l  supercrit ical  by 9 t o  12 percent i n   t h e  various cases. 

6 

" . .  

. " 

The investment  of uranium required  for a c r i t i c a l  assembly i s  less  
when distributed uniformly than when distributed  for uniform rad ia l  power 
production.  For  the LO-centimeter reflector  thickness,  the uranium 
investment i s  increased from 16 .0  t o  21.05 kilograms when the  f iss ion-  
able material is distributed nonuniformly t o   a t t a i n  constant radial 
p o w e r  production; the corresponding  increase is from 15.5 to 18.24 kilo- 
grams fo r  the inf in i te   re f lec ta r .  - - . . . . " -. . -. - . . . . " - . .  . . . . . " - . . - -. - . 

(2 )  Ursnium distributions.  - In figure 2 are  presented  the uranium 
distributions as functions of care  radius f o r  cases I through IV i n   t h e  
cold-clean and the hat-burnup  conditions ( f o r  1.3-kg burnup); figure  2(a) 
i s  for the 10-centimeter  reflector (cases I and TI} and figure  2(b) is 
for  the  infinite  reflector  (cases I11 and IV) . 

M 
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The ordinate i n  figure 2 is N,#TU,o where Nu is  the  local-  ura- 
nium concentration and I?,,, is the  concentration  required  for  the 
uniform-uranium cases a t  the  hot-burnup  condition  (case I( c )  i n  f i g .  
2 (a)  and  case I I I (  c) in f i g  . 2(b) ) . Figure 2 shows the  typical ly  ' h i g h  

uranium concentrations  near  the  core-reflector  interface  relative t o  
the  concentrations  in  the  central .   portion8 of the  core  required to 
a t t a i n  uniform radial power production. For the  case of unif orm ura- 
nium dis t r ibu t ion   in   the  hot-burnuy condition,  the  fuel burnup varzes 
over the  reactor  core volume; hence, the uranium Loading, of necessity, 
must vary over the core volume i n   t h e  cold-clean  condition. This -ria- 
tion,  although  slight f o r  the burnup assumed, i s  evident i n   f i gu re  2. 
For the  cases of uniform power, the burnup is essentially  constant  over 
the  core volume; hence, the uranium loading  for the cold-clean  conditfon 
i s  greater, by a constant amount, over that fo r  the hot-burnup  condition. 
The t o t a l  uranium requirements f o r  the uniform-power cases are 31.6 and 
17.7 percent  higher  than  for  the  corresponding uniform-uranium cases 
f o r  the  10-centimeter and infFnite  reflector,   respectively.  

(3) Power distributions.  - The power-production distributions  with- 
in  the  reactor  core  are  presented  in  f igure 3 as p lo ts  of E/& ver- 
sus radius r, where H is the  local power production and & is 
the maximum power production. The r a t i o  of the  average to the  maximum 
power density .%v/k is also  indicated f o r  each of the  cases  treated. 
Figure 3(a) is  for  the  10-centimeter  reflector  (cases I and 11) and figure 
3(b) is for the   inf ini te   ref lector   (cases  IU: and IV) . For each  case, 
the power dis t r ibut ion and average- t o  maximum-power production is given 
for :  (a) the cold-clean  condition with unpoisoned ref lector ,  (b) the 
cold-clean  condition with poisoned reflector,  and (c)  the hot-burnup 
condition. 

Figure 3 illustrates the  large  spatial   vgrfations in power obtained 
fo r  uniform umnium loading; f o r  example, i n   f i gu re  3 (a)  for  case I( c) , 
the power drops t o  37.5 percent of Illaximum near the  ref lector .  Compari- 
son of the hot-burnup  and the  cold-clean  unpoisoned-reflector  conditions 
for  each case gives an  indication of the .power variations wTth f u e l  
burnup. I n  figure  3(a),  comparison of II(a) and 11( c) shows that f o r  
uniform power i n  the  hot-bmuy  condition,  the power d is t r ibu t ion   in  
the  cold-clean  condition is  distorted  result ing i n  H/& = 0.83 near 
the  ref  lector and = 0.93 a t   the   cen ter  of the  core. In  figure 3(b), 
case m(a) shows a mre severe power d is tor t ion   resu l t ing   in  
H / h x  = 0.76 near *he ref lector .  

Figure 3 shows the  dis tor t ions  in  power distribution  caused by the 
use of ref lector  poisoning (cases I (b) ,  I I (b) ,   I I I (b) ,  and IV(b) i n  
f ig s .  3 (a) and 3 (b) ) . For the uniform-power cases (note that uniform 
power is  achieved f o r  hot-burnup condition w i t h  unpoisoned ref lector) ,  
the d i s t o r t e d  power distribution due to reflectbr poisoning is  s t i l l  
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more favorable,  insofar as t o t a l  power output fo r  limitfng heat flux 
is  concerned, than the power distributions f o r  any o f  the conditions 
of the unifm-uranium  cases. To i l l u s t r a t e ,   i n   f i gu re  3(a), 
H&hx = 0.82 for  case I I (b )  compared t o  0.61 for  case I ( c )  . 
Case I I (b)  i s  for   the poisoned reflector,  whereas case I ( c )  i s  fo r  
the unpoisoned ref lector .  The same-general  result is  indicated  in  
figure 3 (b) wherein %v/hx = 0.79 fo r  . case SV( b) compared t o  0.65 
for  case  ITI(c).  It appears,  then, that if  the uranium i s  distributed 
nonuniformly t o  achieve  uniform power during normal reactor  operation 
with unpoisoned reflector,  the distorted power distribution  result ing 
from the use of reflector.poison-is  nevertheless more favorable  than 
that f o r  the  uniform-uranium case wtth o r  wLthout ref lector  poison. 

Icl cu 
01 
N 

Cm~usIONs 
Nonuniform uranium loading in   the  core  of a large  therm1  reactor 

( 2 . 5 - f t  square cylinaer with S t e r  moderation;  -resonance  escape proba" 
b i l i t y ,  Y 0.90) to .   a t ta in  uniform radial power production  resulted i n  a 
doubling of the reflector  control  effectiveness  over that obtainable .. 
fo r  uniform uranium loading. A smaller further  increase  in  effective- 
ness was also obtained by using a more efficient  reflector.  However, 
the react ivi ty  changes were still much too small compared to   the  amount 
required, For the best case, the change i n   ove r -a l l  neutron multipli- 
cation  factor Akeff was 0.03 as compared to the 0.132 required. The 
uranium,investments  required for the uniform-power cases were 31.6 and 
17.7 percent  higher  than that for   the comparable  uniform uranium cases. 
The power distribution was bet ter   for   the cases wilth the uranium d i s - . .  
tr ibuted f o r  uniform power, even a f t e r  being distorted by the  reflector 
poison ( r a t io  of average t o  max~mum power deasity i n  reactor 

ref  lector poison (H&Hmax = 0.61) . 

. ." . . ." . ? 

= 0.82) than it was f o r  the uniform uranium case  without 

Although the  increase Fn reflector  control  effectiveness was not 
suff ic ient   to  be of use fo r  the reactor  considered  herein, It may pro- 
vide  the  required margin t o  permit w e  ~f ref lector   control   for  a 
smaller, more heavily  loaded  reactor employing EL more efficient 
ref lector.  

Lewis Flight  Propulsion  Laboratory 
National  Advisary Committee for Aeronautics 

Cleveland, Ohio, September 9, 1953- 
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TABU II. - TWO-GROUP THEORY REACTOR CONSTANTS FOR 

CASE I (UNIFORM URANIUM LOADINGJ IO-CM REFLECTOR) 

(a) Core. T 
Constant 

NU* 

kf * 
pth* 

X2/Hc2 

h tr,f 
L2f 
tr, th 
'%, th 
%, th* 
qJ th 

th* 

L2f 
'tr,f 
=a, f 
Pth 
%hz 
'tr, th 
%, th 

Reactor  coadition 

7 Hot -burnup 

11. 8W01g 
.e696 
1.290 

.001296 
3.909 

69.4 
.go18 

.026  09 

.047ll 

.00363 

.03979 
L 

!old-clean  (far 1.3-kg burnup) 

1;! . 76X.d9 
.8762 
1.279 

.OOl296 
2.922 
35 .O 

.5696 
-0427 

.0735 
""""- 

.0621 

( b )  Reflector. 

47.9 33 
4.13 3.43 

.02874 .03465 
-95  (assumed: .95 

13.10 8.3 
.4747 .426 

.01208 .Ol711 

*Representative values applying only to case I. All 
other parameters are the. same for all four cEse6. 



(a) Reflector  thickness, 10 c e n t m t e r e .  

Hot-bUmIQ 
Cold-clean unpoisoned- 17.3 

16.0 

C o l d - c l a ;  poi8O-d- 17.3 
ref lector  

reflector 
H o t - b m  

Cold-clean unpoieoned- 22.55 
21.05 

Cold-Clem  poisoned- 22.35 

Cold-clean  poisoned-  16.65 

Cold-clean poisoned- 21.70 

re f lec tor  

reflector 

ref lector  

replector 

(b) Reflector  thickness, infinit 

I ref lector  

15.5 
16.8 

16.5 

18.24 
19.54 

19.54 

16.15 

18.89 
, '  

kcff  Wff due to 
rcf lector  poism 

0.992 

0.014 

1.ooO 

'*'7 1.121 

1.122 

1.107 

.029 

0.9986 

0.016 

Loo0 

1.U 

1.086 

I 

w 
s H 
w 

4 

. .. . . . . .  
I 



. . . 

I ‘CIP-3 b o k  

r sadnge 
End reflector 

E 

Fully reflected  reactor core Equivalent  core  with  bare ends 

Figure 1. - Convereion of fully reflected core t c  an equivalent  core with bare ends by 
application of end reflector savings. 

. . . . . . . . . . . . . 
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(a) Reflector thickness, 10 centimekrrr. 

Figure 2. -. VaCiation in uran ium loading for hot-burnup a d  cold-clean 
conditions far casea-mere uranlum i s  adju- to give uniform load- 
ing and uniform power in hot-burnup condition. 
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Figure 2. - Concluded. Variation in uranium load€~ for hot-burnup and 
cold-clean  conditions for cases where uran ium is adJusted to give 
uniform loading and uniform power in hot-burnup  condition. 
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Reflector-core interface 
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(a) Ref lFktor  thickness, 10 centimeters. 

‘igure -3. - Variation in parer productlonard ratio of average to maximum 
power density over-reactor volume for .casea- where paniuq is adjusted 
to give uniform loading and ix3.f& pawer.-in*hot-burnup condition. 
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I I N(c) Uniform parer, hot-burnup 

0 8 16 24 32 40 
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(b) I n f i n i t e  water reflector. 

Figure 3. - Concluded. VarFation i n  power production and ratio of average 
to m a x i m u m  p a r e r  density wer reactor volume f o r  cases where uranium Le 
addusted to give uniform loading and uniform pawer in hot-burnup 
condition. 
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