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NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

CALCULATED EFFECT OF URANIUM DISTRIBUTION ON
REFLECTOR CONTROL EFFECTIVENESS FOR A
WATER-MODERATED POWER REACTOR

By Thomas A. Fox and Michael F. Valerino

SUMMARY

Two-group theory calculations were made to determine the effect of
nonuniform uranium loading as compared to uniform loading on the reflec-
tor control effectiveness attainable in a large thermal reactor of pres-
ent interest in aircraft power application (the supercritical water
reactor). The reflectors investigated were a 10-centimeter and an
effectively infinlite-thickness water reflector, which were comsidered
to be practical for use in the particuler reactor design considered.

The reflector-control mechanism considered employs & thermel neu-
tron absorber that can be moved from a position in the reflector far
enough from the cylindrical core to have negliglble effect on the reac-
tivity to a position at the radial reflector-core interface where it
could conceivably absorb all thermal neutrons trying to leave or enter
the radial boundary of the core. '

The results showed that nonuniform uranium loading to attailn uni-
form radial power production doubled the reflector control effective-
ness over that with the uniform uranium loeding. However, this doubling
of control effectiveness was still insufficient to provide the amount
of control necessary for operation of the resctor. ZEven for the most
favoraeble case considered, the change in reactivity obtained from reflec-
tor control was only 0.03 as compared to the 0.132 needed for complete
control.
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Although the incresse 1n reflector control effectiveness due to
nonuniform uranium loading is not large enough to be of use for the
reactor considered herein, it may provide the reguired margin to permit
use of reflector control for & smaller, more heavily uranium-loaded
reactor, particularly if & more efficlent reflector such as beryllium
is used lnstead of water.

Although, for reactors loaded to glve uniform radial power, reflec-
tor poisoning greatly distorted the power distribution, the resultant
dlstribution was more favorsble than that for the uniform uranium load-
ing with or without reflector poisoning.

INTRODUCTION

Considerable interest exists in the use of the reflector as a means
of controlling-the reactivity of power reactors for certain installa-
tions. By meking use of a parasitic neutron absorber in the reflector
and varying its position with respect to the reflector-care interface,
it 1s possible to produce a definite change in reactivity irn the reactor.
This change In position or distance from the.ilnterface could be accom-
plished by several means. For s reflector of solid materials, a set of
rods (made of the reflector material) coated with absorber on one side
and designed to be rotated on axes parallel to the core axis could be
used. For water reflectors, rotating drums or Just strips of the ab-
sorber could be utillzed in a similar manner. In general, the reflector-
type control, where usable, requires less space than the more conven-
tional absorber-rod control. However, for water-moderated reactors of
the size needed to accommodate the heat-transfer surface area and
coolant-water flows required for power application, the change in re-
activity attainable with reflector control is very small.

In reference 1, the manner of distributing the uranium over the
reactor core volume to attaln uniform power production ls determined
for & spherical water-moderated reactor for three thicknesses of water
reflector. The uranium distributions obbained involve high uranium
concentrations near the reflector-core interface relative to the con-
centratlons in the central portions- of the reactor core. To illus-
trate, for one of the reactor assemblles investigated in reference 1
(having an 8-cm reflector thickness) the uranium concentreation near the
reflector-core interface was of the order of three to four times that
at the core center; the total uranium investment was about 15 percent
higher than that for the uniform uranium distribution case. It is to
be expected, then, that the action of the reflector in maintaining
reactor criticality 1s much more lmportant for the case of uniform power
production (obtained by nonuniform ursnium distribution over the core
volume) than for the case of uniform-urenium-distribution; hence,
greater control effectiveness should be attalnable with the reflector

2932
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for the case of uniform power production than for the case of uniform
uranium distribution. The questlon arises as to the magnitude of this
increase in reflector control effectiveness.

In order to provide an indication of the magnitude of thils effect,
calculations were made for the supercriticsl water reactor described in
reference 2 to determine the increase in reflector control effective-
ness attainable by distributing the fisslonable material nonuniformly
over the reactor cylindrical-core volume in & manner resulting 1n uni-
form radial power production. This reactor design iIs considered repre-
sentative of the water-moderated reactors under conslideretion at present
for power applications.

The solution of the polsoned condition in the reflector was accom-
plished by approximsting the control-rod system with a cylindrical
sleeve of poison at the radial core-reflector interface. This repre-
sents the ideal case or the maximum change 1ln reactivity possible.
Since most absorbers are not very effectlve in capturlng fast neutrons,
no effect on the fast flux was considered other than the indirect change
caused by the difference in the thermal flux. The fast flux therefore
was continuous at the reflector-core interface and dropped to zero at
the extrapolated outer boundary of the reflector. The thermal neutrons
were considered to be entirely taken up by the small layer of absorber;
hence, the thermal flux went to zero at the Interface.

In order to facilitate discussion of the calculations, the reactor
conditions are defined &s follows:

Condition (a): cold-clean. - Condition (a) is the startup con-
dition at room temperature, with no fission polson, and with sufficient
fissionable material to allow for the contemplated burnup during the
life of the reactor.

Condition (b): cold-clean, poisoned reflector. - Condition (b) is
identical to condition (a) except that the thermal neutron absorber is
1n position at the radial refliector-core interface.

Condition (c): hot-burnup. - Condition (c) occurs at the end of
the useful reactor 1ife, herein taken as corresponding to 1l.3-kilogram
burnup of U235, This includes equilibrium polsons. The calculations
were made at operating temperatures, to be discussed later, and the
condition is taken as critical.

Condition (d): cold-clean condition for 0.65-kilogram burnup. -
Condition (d) is & startup condition with everything the sage &8s in
condition (a) except for 0.65-kilogram smaller loasding of U 5,
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For each of the reactor cases considered, a calculation was made -
first for condition (c) in order to establish the proper uranium invest-
ments necessary during the 1life of one fuel loadling of the reactor.
Calculetions for conditions (a)}, (b), and (d) were then performed to
give the changes 1n reactlvity present under the other conditions.

SYMBOLS
F number of fissions per unit volume per-secbnd
H(r) power density at radiue r from axis of reactor
Eﬁv average povwer denslty over reactor core volume
Hc height of equivalept bare reactor
: maximum power density in reactor ) B
k Boltzmann constent
kopp over-gll neutron multlplication factor
Vip £ .
ke 3 2 fast neutron multiplication constant
a,f
Vg th
kth i——l——- thermal neutron multiplication constant
a,th
L neutron diffusion length
N(r) atomlic concentratlion at radius r from axis of reactor
Pth resonance escape probabllity
r radius from axis of cylindrical reactor
T temperature, e’
v neutron speed
Yy fractional yleld from filssion process
z axial distance from center of reactor
Xtr transport free path for peutrons _ .
A radiocactive decay constant for .'Kel;”5

Xe

2932
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average number of neutrons produced per fuel atom fissioned

density, g/ém5

P
Zg macroscoplc neutron absorption cross section
M .
Za th thermal value of Za for moderator and structure
2
Zgp macroscopic neutron fission cross section
Zq macroscople neutron cross sectlion for slowing down
zp th average value of the macroscopic neutron absorption cross
? section for stable fisslon-product poisons
Zu,th macroséopic thermal neutron absorption cross sectlion for yz3s
o .
Z,.th total macroscopic thermal neutron absorption cross section for
P, 81l poisons
Oy, th average value of microscopic thermal-neutron absorption
Og microscoplc neutron scattering cross section
Osm.th 2Verage value of microscopic thermal-neutron absorption cross
? section for Sml49
Ot microscopic neutron transport cross section
Oge,th &verage value of microscopic thermal-neutron absorption cross
’ section for Xeld
(] neutron flux
Subscripts:
g fast neutron group
o) refers to cases with uniform-uranlum distribution at the hot-
burnup corndition
r radial position from axis of core
sm property of smi48
th thermal neutron group
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u property of U23s

Xe property of Xel35

REACTIVITY CALCULATIONS
Description of Reactor

The reactor core is a 2.5-foot square cylinder with supercritical
vater (pressure, 5000 1b/s in.) functioning as the coubined coolant-
moderator and with the U232 fuel contained in stalnless-steel-clad,
sandwich-type plates. The core is reflected by supercritical water.

At the hot conditions (corresponding to reactor full-power output),

the average water temperature in the core is 620° F (kT energy of 0.052
ev) and in the reflector is 480° F (kT energy of 0.045 ev). At these
conditions the average water density 1s 0.7l grams per cubic centimeter
in the core and 0.83 grams per cubic centimeter in the reflector. For
the cold conditions (prior to reactor startup), the temperature 1ln the
core and reflector. is taken as 59° F with the corresponding water den-
8ity of 1 gram per cubic centimeter. Table I presents a tabulation of
the core and reflector compositions for the hot and cold conditions.
The uranium contents are determined by the criticality calculations for
two reflector thicknesses (10 cm and infinite) and for the cases of

uniform U235 distribution end for the distribution glving constant
radisl power production in the reactor core.

General Method of Analysis

In order to assure proper investment for the entire life of one
fuel loading of the reactor, it was necessary first of all to make
criticelity calculations at the hot-burnup condition described pre-
viously. The reactor was considered to be at the full-power operating
conditions at the end of its life. The reactor 1sons considered were:
(a) equilibrium concentrations of Xel®® and Smi%?, and (b) stable
fission-product poisons corresponding to approximately 10 percent 235
burnup. The polsons were taken to be uniformly distributed over the
core volume. This assumption is Justified by the results of the inves-
tigation of reference 3. The stable polsons were specified as having
en average thermal absorption cross section of 75 barns per fuel atom
destroyed. This 1s the value at 0.025-ev energy, and a l/v varlation
is assumed. For the hot-burnup condition the uranlum content required
for reactor criticality was determined for each of the following cases:

I. Uniform U235 distribution, lO0-centimeter reflector

IT. Uniform radisl power distribution, lO-centimeter reflector

2932
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III. Uniform UZ5° distribution, infinite reflector
IV. Unlform radial power distribution, infinite reflector

For cases I and III, the radial power distributlon is slso obbtained,
while for cases II and IV, the uranium distribution is also obtained
in the critlicality calculations.

At the cold-clean condition, previously described briefly, no poi-
sons were present in the reactor core and the uranium content was larger
than at the hot-polsoned condition by the amount of fuel burnup, which
was assumed to be 1.3 kilograms. This fuel burnup, which is somewhat
less than 10 percent of the fuel investment, corresponds to the amount
requlired for 300,000-kilowatt reactor power output for a total of 100
hours. For each of the cases I to IV, the 1.3 kilogrems of U235 vas
distributed over the core volume so that the local fuel burnup is
proportional to the local power (or fission-rate} production existing
at the hot-burnup condition (considered to be at the end of reactor
1ife). Although the relative local power production actually varies
with time, this variation was small for the small burnups herein in-
volved so that negligible error was introduced by distribution of the
fuel burnup in this manner. For each of the cases I to IV, two reflec-
tor configurations were consldered for the startup condition, namely,
(a) the normel (unpolsoned) water reflector, and (b) the water reflector
Incorporating a sleeve of thermal-neutron poison sufficient to make
Pty &0 to zero adjecent to the entire cylindrical boundary of the core.

From the foregoing calculations, the reactivity change from bhot-
burnup to cold-clean and the reactivity change attainable wlth a
thermally poisoned reflector were obtalined for each of cases I to IV.

For comparative purposes, calculations were also made for cases I
to IV, cold-clean poisoned-reflector conditions, of the effect of ini-
tial loadings limiting the uranlum burnup to 0.65 kllograms.

Reactor Calculations and Evaluation of Nuclear Constants

The two-group neutron-diffusion equations applicable to core and
reflector in & critical reactor assembly are:

A
tr,f 2 .
—Z=V % - (Za,e + Zq,£)%r *+ Kgn Za,th Pth + Kp Za,p P2 = O

(1)

Ar,th
—F— Vo - Zy th Pon + 2q,f%r =0 (2)
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For a fully reflected cylindrical core (with both end and side reflec-
tors), ¢ and Qg are functlons of two dimensions, radius r and
height z (see fig. 1). Inasmuch as the effect of the side reflector
on the reactivity of the reactor assembly is of lInterest here, the
fully reflected assenbly can, for this purpose, be sultably approximated
by an equlvalent reactor core, bare at the ends and reflected at the
sides; this approximation leads to separation of the variables r and
z, in which case the flux ¢ 1is given by the product o(r) ¥(z} where
¢(r) 1s a function of r only and ¥(z) 1s a function of =z only.

In the use of this approximation, the half-helght HC/Z of the

equlvalent reactor core 1s increased above that of the given fully re-
flected core by an amount equal to the reflector savings, as illustrated
in figure 1. Reflector savings for water reflectors around water-
moderated cores sre presented in reference 4 and are substantially inde-
pendent of core composition for water-moderated cores that are predomi-
nantly thermal.

Inasmuch as the ends &re bare for the equivalent reactor core, @®g
and @, wmust fall to zero at z = % Hc/z. If it is assumed that

= ¢(r) « ¥(z), this condition is satisfied by
T
¥(z) = A cos E& (3)
C

and, noting that for cylindrical geometry

2 2

2 9 1 9 3

v::.—-'a+___+__ 4
w2t Tar T2 (4}

equations (1)} and (2) reduce to equations in the independent variable
r only:

Y A 2
tr,f 2 tr,f =
—5 Vp 9p '(z'a.,f"'zq,f"'_'_s Hz)“’f*kth Zo,th ®tn + Ep Za,p Pp=0
C
(5)
2
r th 2 X“l:r th x
—F— VP (ath"'_?,!—_;é)q)th"'zq,fq’f:o () .
C
where
2 3% 13
or T or

2932
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and where @g(r) and ®u,(r) are designated, for convenience, as 9g¢
and @iy. The terms involving the coefficient = /H 2 account for the

net axial leakage of neutrons in the equivalent reactor core. Hence,
if the proper value of H, is used, it effectively accounts for the
axial leakage in a fully reflected core. ZEquations (5) and (6) apply
to either the’core or the slde reflector by use of the approprlate
nuclesr constants characteristic of elther the core or reflector com-
position. In the application of equations (5) and (8) for the uniform-
radial-power cases (cases IT and IV), account was taken of the veria-
tions of the fast as well as the thermal parameters with radial posi-
tlon r across the reactor core.

In the solution of the core and reflector equatlions, the radial
boundary condlitions were taken as follows:

(1) For the normal reflector: @ = @iy = O at the outermost (ex-

trapolated) boundary of the reflector; fast and thermal flux and current
continuity were assumed at the core-reflector interface.

(2) For the reflector incorporating thermal-neutron poison adjacent
to the core boundary: ®p = 0 at the outermost boundary of the reflector;

fast flux and current continulty were assumed at the core-reflector
interface; @4} = O at the core boundary. Xote that these boundary con-
ditions imply that the fast flux is unaffected by the reflector poison
except as Indirectly affected by the thermal flux falling to zero at
the core boundary.

The two-group equations for core and reflector subject to the fore-
goling boundary conditions were solved by use of an electrical-analog
simulator at the NACA Lewis laboratory. This nuclear-reactor simulator
and the general procedure 1n ite use to solve reactor criticality prob-
lems have been described in detail in references 1, 5, and 6.

The procedure for evaluating the nuclear constants for use in egua-

tions (5) and (6) is described in reference 7. In the evaluation of
the constante, use is made of the followling definitions:

2 Mr,p

i =
T 3(}:&,f + zq’f)
_Zqr
Pth <
z%f+z%f
VIp,f
kf=i_£_.-

a,f
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k, "ZF,th . . ) _
B a,th .

The procedure 1is patterned after that successfully used in reference 8
to predict the criticality of water-moderated reactors. For the reac-
tors of reference 8, Pyp ~ 1, whereas for the reactors herein considered,

Pyp ™ 0.80 to 0.90; hence, the fast-fission contribution should be

accounted for. The general procedure of reference 8 iz used in account-
ing for this effect, as well as for the calculatlions of the cross sec-
tion values. The procedure 1s briefly outllined as follows:

2932

l‘tr,f’ Za’f, zF,f’ Pthe - The quantitiles )‘tr,f’ Za,f, zF,f’ and
Pty Were obtained by welghting local energywise values according to

the energy distribution of neutron flux, as indicated by age theory,
in an infinite medlium of the same composition. The dependence of this
distribution on the flssion spectrum is included. .

sz. - Por water, sz is besed on the experimental value of 33

square e centimeters at room temperature (p = 1 g/cc) and 1s taken as
inversely proportional to the square of the water density at higher
water temperatures. For the given core compositlon, this value is
Increased by 2 square centimeters to account for the 11.6 volume per-
cent of stainless steel in the core.

ktr th+ - By use of the method of reference 9 to account for the
chemical binding of hydrogen, the experimental values of oy for

hydrogen are used to calculate the local values of Oty oFf hydrogen.
1

A i —_—_
The quantity Mgy ty, 1s then evaluated by weighting A 7Ny oo

according to the neutron flux in a Maxwellian distribution.

Zgo ,th’ EF th+ - The fission poisons are treated separately in the

next section. The following description applies, however, for all mate-
rials 1in the reactor excepting Xe135 and Sml g. The terms Za ,th

and ZF th are obtained by assuming the local values of_ Ea th and

ing to the neutron flux in a Maxwellian distribution For this variation
with energy, Za th (or ZF th) equals C.886 times the value of Zg

(or 2g) corresponding to the most probable energy (kT) of the thermal
neutron distribution. . .
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Fission Polsons and Burnup

The equilibrium concentration of Xel55 is given by

Fy.
Ve =X 73 » (7)
xe xe,th Pth

where Eie £h? obtained from reference 10, is given by welghting local
J

values of 0ye &ccording to the neutron flux in a Maxwellian distribu-
tion.

For purposes of calculating polson concentratlons, the reactor 1s
agssumed to be nearly thermal 1ln which case F = zF,th ®ip so that equa-

tion (7) can be written as

- F¥ye
Nye T =32 = (8}
xe “xXe,th xe,th
. Axe + F
Oxe,th ZF,th
The equilibrium concentration of smi4® ig glven by
- = FYam
Nem 9sm,th = Zem,th = oep (9}
or, for a thermal reactor,
Zgm,th = Ysm 2F,th (10)

The remaining'poisons, which are lumped together, are speciflied as hav-
ing an average thermal absorption cross section © th ©Ff 75 barns per

fuel atom destroyed at a temperature of 59° F and aé followlng the l/v
law. For 10-percent fuel burnup (11.1 percent of the Puel left in the
reactor at the end of its life), the absorption is given by

75
Zp,tn = 0-111 (m) ZF,th
where 549 1s the value of the U235 fission cross sectlon at 0.025 ev.

The pertinent constants used to evaluate the foregolng poison cross
sections are: Yy o = 0.063; 0y, tp = 2.32x10° barns at 0.052 ev.;
-5 -1 ’ 13
lxe =.2.103X10 gec”; Ygn = 0.014; average F = 2.7X10 fissions per
second per cubic centimeter based on 300,000-kilowatt reactor total power

output at 200 Mev per fission.
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The core and reflector parameters for case I (uniform U’235 dis-
tribution, 10-cm reflector) are tabulated in table II for the cold-
clean and hot-burnup conditlions. The parameters Ny, Pihs ke, zu,th’
and zF,th vary with uranium concentration while the remaining param-
eters are essentially constant. The reflector parameters were the same
for 8ll cases, differing only for the change 1in temperature conditlions
ag listed. '

2932

RESULTS AND DISCUSSION

(1) Reactivities and investments. - Table IIT presents kgpp and
Ak due to reflector polsoning and also the uranium investments for
eff . _

all cases and conditions considered. The reactor is critical (keff ~ 1.00)
for the hot-burnup condition for each case. For the cold-clean con-
dition various amounts of excess reactivity are present. For the
uniform-uranium cases, K pp is 1.154 for the 10-centimeter reflector and
1.147 for the infinite reflector; the amcunts of excess reactivity to be
controlled are approximately 0.162 and 0.148, respectively. Similarly, -
for the uniform power cases (cold—clean) kepp 18 1.150 for the 10-

centimeter reflector and 1.132 for the infinite reflector, which means

excessive reactivities of 0.150 and 0.132, respectively. Since the

introduction of thermal-neutron poison in the reflector causes changes of . .
only 0.014 and 0.016_for the uniform-uranium cases, and 0.029 and 0.030 for .
the uniform~power cases, reflector control 1s inadequate 1n this type of

reactor. Certaln interesting observations can be made, however.

Slightly greater control was possible with the better reflector. More

important, nearly twlce the change in reactiviiy was found when the

fissionable materlal was distributed for uniform power production as

compared to a uniform distribution of fuel. Condition (d) of all cages

gives kegrp for the cold-clean reactor with a polsoned reflector but

for an assumed burnup of 0.65 kilogram instead of 1.3-kilogram burnup

as in the previous cases. As expected, k.pp 1s reduced, but the reac-

tor is stlll supercritical by 9 to 12 percent in the various cases.

The lnvestment of uranium required for a critical assembly 1s less
when distributed uniformly than when distributed for uniform redial power
production. For the 10-centimeter reflector thickness, the uranlum
investment is increased from 16.0 to 21.05 kilograms when the fission-
able material is distributed nonuniformly to attain constant radial
power production; the corresponding increase is from 15.5 to 18.24 kilo-
grams for the infinite reflector.  __ .. . . ... . ...

(2) Uranium distributions. - In figure 2 are presented the uranium
distributions as functions of core radius for ceses I through IV 1n the
cold-clean and the hot-burnup conditions (for 1.3-kg burnup); figure 2(a)
is for the 10-centimeter reflector (cases I and IL} and figure 2(b) is
for the infinite reflector (ceses III and IV).




2%6g

KACA RM ES53I10 : 13

The ordinste in figure 2 is Nﬁ/Nﬁ,o vhere K,; 1is the local ura-
nlum concentration and Nu,O is the concentration requlred for the

uniform-uranium cases at the hot-burnup condition (case I(c) in fig.
2(a) and case ITI(c) in fig. 2(b}). Figure 2 shows the typically high
uraenium concentrations near the core-reflector interface relative to

the concentrations in the central portions of the core required to
attain uniform radisl power production. For the case of uniform ura-
nium distribution in the hot-burnup condition, the fuel burnup varles
over the reactor core volume; hence, the uranium loading, of necessity,
must vary over the core volume in the cold-clean condition. This veria-
tion, although slight for the burnup assumed, is evident in figure 2.
For the cases of uniform power, the burnup is essentially constant over
the core volume; hence, the uranium loading for the cold-clean condition
is greater, by a constant amount, over that for the hot-burnup condition.
The total uranium requirements for the uniform-power cases are 31.6 and
17.7 percent higher than for the corresponding uniform-uranium cases

Por the 1Q-centimeter and infinite reflector, respectively.

(3) Power distributions. - The power-production distributions with-
in the reactor core are presented 1n Pigure 3 as plots of H/Hmax ver-
sus radius r, where H 1is the local power production and Hp,, is
the maximum power production. The ratio of the average to the maximum
power density 'Hav/Hmax is also indicated for each of the cases treated.
Figure 3(a) is for the 10-centimeter reflector (cases I and II) and figure
3(b) is for the infinite reflector (cases III and IV). For each case,
the power distribution and average- to maximum-power productlon is given
for: (a) the cold-clean condition with unpoilsoned reflector, (b) the
cold-clean condition with poisoned reflector, and (c) the hot-burnup
condition.

Figure 3 illustrates the large spatial variations in power obtained
for uniform uranium loading; for example, in figure 3(a) for case I(c),
the power drops to 37.5 percent of maximuim near the reflector. Compari-
son of the hot-burnup and the cold-clean unpoisoned-reflector condlitions
for each case glves an indication of the power variations with fuel
burnup. In figure 3(a), comparison of II{a) and II(c) shows that for
uniform power in the hot-burnup condition, the power distributlon in
the cold-clean condition is distorted resulting in H‘/Hmax = 0.83 near

the reflector and = 0.93 at the center of the core. In figure 3(b),

case IV(a) shows a more severe power distortion resulting in
H/Hﬁax = 0.76 near the reflector.

Figure 3 shows the distortions in power distributlon caused by the
use of reflector poisoning (cases I(b), II(b), III(b), and IV(b) in
figs. 3(a) and 3(b)}. For the uniform-power cases (note that uniform
power is achieved for hot-burnup condition with unpoisoned reflector},
the distorted power distribution due to reflector polsoning 1s still
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more favorable, insofar as total power output for limiting heat flux
is concerned, than the power distributions for any of the conditions
of the uniform-uranium cases. To illustrate, in figure 3(a),
Hyy/Hpex = 0.82 for case II(b) compared to 0.61 for case I(c).

Case II(b) is for the polsomed reflector, whereas case I(c) 1s for
the unpolsoned reflector. The same genéral result is indicated in
figure 3(b) vwherein Hg,/H ., = 0.79 for case IV(b) compared to 0.65
for case III(c). It appears, then, that if the uranium is distributed
nonuniformly to achieve uniform power during normal reactor operation
with unpoisoned reflector, the distorted power distribution resulting
from the use of reflector polson is nevertheless more favorable than
that for the uniform-uranium case with or without reflector poison.

CONCLUSIONS - -

Nonunlform uranlum loading in the core of a large thermal reactor
(2.5-ft square cylinder with wAter moderation; resonance escape proba-
bility, ~ O. 90) to attain uniform radial power production resulted in a
doubling of the reflector control effectiveness over that obtalnable
for uniform uranium loading. A smaller further increase in effectlve-
ness was alsg obtained by using a more efficlient reflector. However,
the reactivity changes were still much too small compered to the amount
required, For the best case, the change in over-all neutron multipli-
cation factor Ak pp was 0.03 as compared to the 0.132 required. The
uranium,investments required for the uniform-power cases were 31.6 ang
17.7 percent higher than that for the comparable uniform uranlum cases.
The power distributlon was better for the cases with the uranium die-
tributed for uniform power, even after being distorted by the reflector
polson (ratio of average to maximum power density in reactor
Hyy/Hpax = 0.82) than it was for the uniform uranium case without
reflector poison (Hpy/Hpay = 0.61).

Although the increasse in reflector control effectiveness was not
sufficient to be of use for the reactor considered herein, it may pro-
vide the required margin to permit use of reflector control for a
smaller, more heavily loaded reactor employing & more efficlent
reflector.

Lewls Flight Propulsion Laboratary
National Advisory Committee for Aeronautics
Cleveland, Ohlo, September 9, 1953
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TABIE I. - CORE ARD REFLECTOR COMPOSITIONS

Operating condition Material Core Reflector
Denaity,| Volume,|Kind of [Fumber of puclel|Density,| Volumwe, |Kind of |Kumber of nuclei
gfce | percent| mclei| per cc of core | gfec |percent| muclel per cc

Hot dlrty reactor Hg0 0.71 86.4 il 4.22001022 0.83 100 H 5.552x1022

T = 620° P, Etp = 0.052 ev in core . 0 2.110x1.028 Q 2, 776x1022
T = 480° F, By = 0.045 ev in reflactor|AIBI type| B.03 11.6 Te 6.8540 021
347 : ¥ 8.05M1020
Cr 1.84030021
Fb 5.716x1018
M 1.83%x1020

Cold clean reactor H30 1.00 83.4 i 5.9401022 1.00 | 100 H 6.68ma.082

T = 699 F, Eyy, = 0.025 ev in cove - 0 2.97x1022- Q 5. 344x1028
T = 592 F, Eth = 0.025 ev in reflector [AISI typs| 8.03 1.6 Pe 6.8540.0281
347 R 9,05710%0
Cr 1.84ma 02l
o 5.718x1019
¥ 1.933x1020

t \ 4 ]
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TABLE IT. - TWO-GROUP THEORY REACTOR CONSTANTS FOR

CASE I (UNIFORM URANIUM LOADING, 10-CM REFLECTOR)

(a) core. T v

Constant Reactor condition

Hot-burnup Cold-clean (for 1.3-kg burnup)
N * 11.80x10%° 12. 7651019
Dp* .8696 .8762
ke* 1.290 1.279
72/H,2 . 001296 .001296
Mir, e 3.909 2.922
L2p 69.4 35.0
Mir,th .9018 .5696

. .0427
i 02609 04
Sy, th* .04711 0735
zg’th 00363 | e
Zp  tn* .03979 .0621

(b) Reflector.

L2g 47.9 33
Apr, g 4.13 3.43
Za,t .02874 .03465
Ptp .95 (assumed) .95
Lip2 13.10 - 8.3
Air,th L4747 .426
e, th .01208 .01711

*Representative values applying only to case I.

A1l

other parsmeters are the same for all four cases.

17



TABLE III. - REACTIVITY CHANGES DUE TO REFLECTOR POISOFING (REACTOR CRITICAL

AT HOT-BURNUP CONDITION, REFLECTOR POLSONING

INTRODUCED IN COLD-CLEAN CONDITION)

(2) Reflector thickness, 10 ceatimeters.

AR

Designation Case Condition 0-235 con+ keff Akapp due to
tent, kg reflector poison
1{e) Uniform U Hot-burnup 15.0 0.992
I(a) Uniform U |Cold-cleen unpolsoned- 17.3 1,154
. reflector 0.014
I(») Uniform U | Cold-clean:polsoned- 7.3 [1.140
. reflactor
II{c) |Uniform power Hot-burnup 21.05 |1.000
IT{a} |Uniform pover|Cold-clean unpoieoped-| 22.35 | 1.150
reflector : . .029
II{b) |Uniform power| Cold-clean poisoned- 22.55 |1.121
reflector '
1(d) Uniform U | Cald-clean polsoned- 16.65 | 1,122
. reflector
II(d) |Uniform power| Cold-clean polsoned- 21.70 |1.107
' reflector
(b) Reflector thickness, infinlte.
111(e) Uniform U Hot~burnup 15.5 0.9986
ITI(a) Uniform U |Cold-clean unpolisoned- 15.8 1.147
reflector ) 0.018
III(b) Upiform U | Cold-clean poisoned- 16.8 {1.131
reflector
{e) |Uniform power Hot-burnup 18.24 | 1.000
Iv(a) |Uniform power|Cold-clesn unpoisoned-| 19.54 |1.13
rafiector 030
IV(hk) |Uniform power| Cold-clean polscned- 19.54 |[1.102
reflector
III(a) Uniform U Cold-clean poisomed-] 16.15 | 1.114
' reflasctor ’
Iv(d) |Uniform power| Cold-clean polsoned- 18.89 | 1.088
. i reflector

262
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¢ "0T~3 back eZ6e .

5
e
End reflector o
savings e
H
=
)
Core Side E,
reflec-
tor
s T~
End reflector — — — — =— — i A
Fully reflected reactor core Equivalent core with bare ends

Figure 1. - Conversion of fully reflected core tc an equivalent core with bare ends by
applicaticn of end reflector savings.
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I(a) Uniform uranium, cold-clean, uppolscned reflector
I(e) Uniform uranium, hot-burnup

II(a) Uniform power, cold-clean, unpolscned reflector.
II(c) Uniform power, hot-burnup ' )

2.4

N\

JA
/
N

— e o =

Case / i
e /
|| /]
Sy = -~ J _ B
I(e) j 1

1
/ §
/ 4
IIga.l ,/ /
.8 //
TI(c) | —1
Reflector-core interface
6 t I A § -
e} 8 16 24 ... &2 40

T
(a) Reflector thickness, 10 centimeters.

Figure 2. - Variaticn in uranium losding for hot<burnup and cold-clean
conditions for camsey where uranlum is adjusted to glve uniform load-
ing and uniform power in hot-burnup condition.
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I1I(a) Uniform uranium, cold-clean, unpclsoned reflector

o
80 III(e) Uniform uranium, hot-burnup
™ IV(a) Uniform power, cold-clean, unpoisoned reflector
IV(c) Uniform power, hot-burnup
1.8
/f\\
1.6 // \\
l.4 \\
o Case /[ \\
{ l.2
= EIi(a) \\
1.0 LLI(c) /
///
/‘ >
V(al)i — /
.8 /
/
IV
Reflector-core interface
.6 l
Q 8 16 24 32 40
r
(b) Infinite water reflector.
. Figure 2. - Concluded. Variatlon in uranium loading for hot-burnup and

cold-clean condltions for cases where uranium is adjusted to give
- uniform losding end uniform power in hot-burnup condition.
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I(c) Uniform uranium, hot-burnup

II(c) Uniform power, hot-burnup

I(a) Uniform uranium, cold-clean, unpoisoned reflector
I{b) Uniform uranium, cold-clean, polscmed reflector

IT{a) Uniform power, ccld-clean; unpolscned reflector
II(b) Uniform power, cold-cledy, poisoned reflector

Case

1.0*—* e S == — 11(e) II(c)

o~ N P e 4o TR 8 4——-1.1(&.)T
i % ~ \ !
AN NEIRNN

. NG II(b) \ “ e —i1(v)

XL \
N A Hav/ Bnax

3 N |
S \ \ &';l(b)
~
j==] \ \
. S - A
N |
N\ Z
- I(a)}
' toN |
\ |
\
Refli-:ctor—i:ore jfterfa.i:e} V
0 : 8 186 . 24 000 32 40
r . .
(a) Refléecfor thickness, 10 centimeters.
Figure 3. - Variation in power productibn_and'r&tio of average to maxiﬁum

power density over. reactor volume for cases where uranium is

adjusted

to give uniform loading and iHiform power in "hot-burnup condition.
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III(a) Uniform urenium, cold-clean, unpoiscned reflector
III(b) Uniform uranium, cold-clean, poisoned reflector
III(c) Uniform uranium, hot-burnup

Iv(=) Uniform power, cold-clean, unpoisoned reflector
IV(b) Uniform power, cold-clean, polscned reflector
IV(c) Uniform power, hot-burnup

Case
1 - C e T T M \I\V(C) T—-IV(C)-
-~ ~
AN B 20 I Y —{T(a)
\\\ \\\ \
-8 NN N N \‘iv/(&)%—-‘n(b)
\ N N\
N X B/ Fone |
\ \III(c) \ ———1 TTI(c)
.6 N | /
g \ \ \ [ — 111 )
= N N \V/ [ 11(v)
" N
1I1(a)\
y/
N
\
.2 N t

e

III(b 5 \
l )
Ref]iector-lcore :Iinterfa.cel W

1 |
0o 8 s - L 32 40
r

(b) Infinite water reflector.

Figure 3. -~ Concluded. Variation in power production and ratio of average
to meximum power density over reactor volume for cases where uranium ie
adjusted to give uniform loading and upiform power in hot-burnup
condition.
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