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ABSTRACT

Reactivity and fuel burnup studies were performed f<')r a 255 Mwe sodium -
graphite reactor of the advanced calandria core type. This reactor is briefly
described. Initial criticality calculations and flux distributions were obtained,
using two-group theory for enrichments between 2.0 at. % U2'35 and 4.0 at. %
U2'35. A four-group burnup study was performed for enrichments between
2.5 at. % U235 and 3.25 at. % U235

composition, variations in radial power distribution, and fuel cross sections are

. Core lifetime, changes in isotopic fuel

presented. Reactivity during core lifetime was assumed to be controlled by the
presence of a homogeneous poison which simulated the effects of control rods,
The results presented are useful in determining initial enrichment selection in

’

fuel programmving and fuel cost sfudies.~
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I. INTRODUCTION AND DESCRIPTION OF REACTOR

Advanced concepts in sodium-cooled graphite-moderated reactor design
include a change from cores such as those of the Sodium Reactor Experiment
and HNPF (with their individually canned, hexagonal blocks of graphite) to the
calandria-core design incorporating uncanned, hexagonal blocks of graphite
pierced by steel process-channels. These systems have been compared in de-
tail, and the general advantages of the calandria design have been described.1
These are two features, significant in the physics analysis, where the calandria
differs from the canned moderator design. One feature is the smaller émount
of structural material required in the core, resulting in a decrease in the nu-
clear poisoning effect. The‘ other is the increased, average, moderator tem-
perature, caused by the requirement that most of the heat generated in the
graphite must be removed through the process tubes or the calandria shell. The

high, average, moderator temperature affects the neutron cross-sections.

This report presents fuel-burnup studies and the associated physics analysis
for a reactor of the calandria-core type. The reactor and system used as a basis
for these studies are designed to produce 606 Mwt and 256 Mwe., A full descrip-
tion of this system is given elsewhere'2 and a summary of the details pertinent

to this work appears below.

The graphite stack, including reflector, consists of uncanned, hexagonal,
graphite logs 9.91 in. across the flats and 16 ft in length. They are located on
a 10-in. 'triangular lattice spacing. The active height of the core is 12 ft, with
a 2-ft-thick reflector above and below the core. Each graphite log in the core
is pierced by a vertical process channel. There are 187 such channels, of which
168 are available for fuel, one for the neutron source and 18 for control and
safety rods. The diameter of the stack if 16 ft. With a full reactor loading, the
active core diameter is 12 ft, leaving a 2-ft-thick reflector in the radial direc-

tion.

The fuel element (Figure 1) consists of a cluster of 19 fuel rods made up of
uranium carbide slugs, 0.50 in. in diameter, clad in stainless steel jackets
0.52-in. ID and with a wall thickness of 0.010 in. Sodium provides a thermal

bond between the fuel slug and the cladding. The fuel cluster is surrounded by
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a stainless-steel process tﬁbe 3.330-in, ID with 0.020-in. -thick walls. The
sodium coolant flows upward through the process tube in the space not occupied
by the fuel rods., The process tﬁbe is located in a 3.530 in. diameter bore of
the graphite log. It is surrounded by a zirconium drain tube 3.410-in. ID and
0.010 in. thick, with a helium gap of 0.020 in., between the process tube and the
drain tube and a gap of 0.050 in. between the drain tube and the graphite.

In the calculational model, the interior of the channels reserved for source
and control elements was treated as a void. The control rods and source were
assumed to have been withdrawn. Only 150 fuel positions were used. The outer-
most 18 channels had graphite plugs inserted to fill the -entire process tube. The
effect of these plugs was to decrease the radius of the active core and increase
the effective radial reflector thickness., The source channel was located at the
center of the core with the control channels uniformly distributed throughout the

rest of the core,



Il. CRITICALITY CALCULATIONS

A. GEOMETRY AND CROSS SECTIONS

Initial criticality calculations were made using two-group theory. This was
done for the condition of new fuel at full-power operation with equilibrium xenon
and samarium present. Enrichments between 2.0 and 4.0 at. % U235 were con-
sidered. The average temperature in each material at full-power operation,
along with the densities and thermal expansion coefficients used in these calcu-
lations, are given in Table I. From the dimensions at 20°C and the data in
Table I, the dimensions and isotopic number densities at operating conditions

were computed.’

For the thermal group, a Maxwellian neutron spectrum was adopted with a
neutron energy of 0.131 ev based on an average graphite temperature of 1250°C.
Microscopic thermal cross-sections used are listed in Table II. The choice of

these cross sections is discussed in the Appendix. .

TABLE I

MATERIAL TEMPERATURES AND PHYSICAL
CONSTANTS FOR 255 Mwe ASGR

Average Temperature ..
. At Full- Density at 20°C Average Coefficient
Material . 3 of Thermal
Power Operation (gm/cm3) . o
(°C) Expansion/°C
Uranium Carbide 815 12.8 12.2 x 10-6 Linear
~ Graphite 1250 1.70 7.8 x 1070 Linear
Sodium 490 0.945 2.66 x 10"4 Volume
Stainless Steel " 490 : 7.905 17.3 x 10”° Linear
Zirconium 682 6.507 6.3 x 10'-6 Linear

B. CELL CALCULATIONS AND THERMAL GROUP CONSTANTS

The thermal microscopic cross-sections were flux and volume weighted in
computing thermal group constants. This weighting was accomplished by the

successive application of two separate cell calculations. The first calculation
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TABLE II

'NUCLEAR CONSTANTS FOR 255 Mwe ASGR
WITH 2.5 at. % U235 ENRICHMENT

Constant™ | Core l Axial Reflector I Radial Reflector
Zri 0.002384 0.003175 0.003522
al 0.001527 0.000117 0.000013
v2f) 0.001115 |  cocmeee | emeea-
Dl 1.2034 1.2412 1,1741
2a, 0.004929 0.000972 0.000197
v, 0.007209 |  cmeemee | e
DZ 0.8831 0.9309 0.8511
L2 179.182 960.0 4330.0
T 309.88 381.01 332.30
,BZ 0.000149 |  —emeee | aeeaas
¢ 14 2
> (core) 1.415 x 10 neutrons/cm’  /sec
$2 (Fuel) 6.60 x 1013 neutrons/cmz/sec
51 (core) 2,77 x 1014 neutrons/cmz/sec
Fuel Loading:
Metric Tons of
Uranium 16.09
Kg of U235 397.0

*Reactor at full-power operation
Subscript 1 refers to fast group
Subscript 2 refers to thermal group

was made to obtain the average properties of a fuel cell (Figure 1); the second
calculation was made to obtain the average properties of a unit cell typical of
the whole core, with 150 fuel cells, 1 source, and 18 control rods (Figure 2).

The steps involved in these calculations are described below.

In the first step, the fuel cell was broken into 3 cylindrical regions. The

innermost of these regions contained all the materials (fuel, sodium, thermal



bond and coolant, stainless steel clad- O
ding) inside the process tube. The next

region contained the stainless steel proc-

ess tube, the zirconium drain tube, and

PROCESS
TUBE

GRAPHITE

the voids (helium) separating it from the
process tube and the graphite. The
outermost region (the graphité moder -
ator log and the void between logs) was
converted from a hexagon to a cylinder
of equivalent area and inner radius.

(159) HOMOGENIZED FUEL CELLS ~ Each of these regibns was individually
homogenized. The fuel-material cross
section in the innermost region was
weighted with a disadvantage fac‘cor3 to

Figure 2. TSrpical Unit Cell in. 2'55 take into‘a'ccount the difference between

Mwe ASGR the average flux within the fuel rod and
the peak flux at the edge of the rod. Average constants were calculated for each
r’egion, and a cell thermal-flux distribgtion was obtained using the P3 spherical
harmonics approximation to the transport equation.4 A representative flux dis-

tribution is shown in Figure 3. Average constants were computed for the fuel

cell by flux and volume weighting the region cross sections so that

- RALY
2 5dy,

The symbols ;ﬁi’ Vi; and Zi represent the average flux in region i, the volume

fraction of region i, and the cross section of region i, respectively.

In the second step, a four-region cell.was formed -(Figure 2). The innermost
region was a void corresponding to the inside of a control channel process tube
with the control rod Withdrawn.v The next region consisted of the graphite log

" surrounding the process tube. The outermost fegion consisted of a material
possessing the average properties of a fuel cell as computed above. The radius
of the region was calculated to give the same ratio of fuel to control channels as

.existed in the core (150/19), since each control and source channel in thé core Q
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was surrounded by an average of 150/19 fuel channels. A thermal-flux distri-
bution for this cell was obtained from diffusion theory, using the WANDA Code.5

A sample flux distribution for this unit cell is shown in Figure 4. Average region-
fluxes were obtained, and the cross sections of the four regions were flux and

volume weighted to give thermal constants for a unit cell typical of the core.

C. FAST-GROUP CONSTANTS

Fast-group constants were obtained using the MUF T-4 co_de.6 The low-
energy cut-off for the fast group was 0.625 ev. A flat spatial distribution of fast
flux in the lattice cell was assumed, except in the resonance region. A self-
shielding correction was made for resonance absorption in U238. In order to
obtain the surface-to-mass ratio for this correction, the model commonly used
for multi-rod fuel clusters in sodium-graphite reactors was followed,7 and the

surface was taken as that of a taut rubber band surrounding the fuel cluster, A

Doppler broadening correction was made for an average operating fuel tempera-

ture of 815°C, using a value of @ = 1.5 x 10_4/°C.

D. REFLECTORS

The radial reflector consists of two regions., The inner region contains the
18 unused fuel channels with dummy graphite plugs inside the process tube. This
region was smeared over an annulus between the core and the blanket proper —
a 2-ft thickness of solid graphite. Corrections were made for thermal expansion,
the two regions homogenized, andjthevaverage, radial, reflector thermal-constants

calculated.

The top and bottom reflectors have the same geometry. Each channel in the
reflector region was taken as a vertical extension of the core channel without fuel.
The sodium, zirconium, and stainless steel were weighted with a thermal-flux
disadvantage factor of 0.9 (compared to 1.0 for the graphite), to allow for flux
depression in the process tube. The various materials were homogenized to
obtain axial reflector thermal constants. Fast-group constants, for both axial

and radial reflectors, were obtained using the MUF T-4 code.
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E. CRITICALITY AND FLUX DISTRIBUTION

From the dimensions and group constants for th'e reflector at operating tem-
peratures, the axial reflector savings were initially estimated from a one-group
expression.8 An axial geometric buckling was computed; using this value for the
transverse buckling, together with the two-group constants previously computed,
the diffusion equation was solved by cylindrical geometry using the WANDA Code.5
The solution of the diffusion equation was used to obtain the radial buckling which
was used as the input transverse buckling for WANDA in two-region slab geometry.
This procedure was repeated until radial and axial calculations converged to the
same value for keff’ at which point the values of radial and axial buckling for two
successive calculations agreed. One iteration was sufficient when the initial

estimate of reflector savings was accurate.

The value of effective multiplication was determined in the same way for
235

, with the reactor at

values of initial enrichment between 2.0 and 4.0 at. % U
operating temperatures and with equilibrium xenon and samarium present. These
values are shown in Figure 5, For the representative case of 2.5 at. % U235
enrichment, the two-group flux distributions in the radial and axial directions

are shown in Figures 6 and 7. The lattice constants for this case are displayed

in Table III; the neutron balance is shown in Table IV,

11
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TABLE III

‘MICGROSCOPIC THERMAL CROSS.SECTIONS

Element

o (barns) |

a

o (barns)

~o¥,

7
tAd

(barns)

Uranium -

‘Graphite

Carbon

Stainless steel

Sodium

Zirconium

Uranium -~ 235

Uranium -

Plutonium
Plutonium -

Plutonium -

236
238
239
240
241

Xenon —~ 135

‘Samarium -

- 149

Averagefission
;product :pair

4.8
‘4.8
9.76
4,0
8.0
10.:0
‘8.0
8.3
9.6
9..6
9.6

0.0021
0.0013
1.1432
.0..°1:944
0.0836
253.0
2.7219
1.0538

1640.0

180.6

1100.3

0.895 x ‘10
4

2.52x 10

- .25..0

6

f

207..0

‘986.0

i806.:1

St Lo a8 i b

247

2390

3.06

#Naxwell Average-at 0.131 ev.

14
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TABLE IV

NEUTRON BALANCE FOR 255 Mwe ASGR WITH

2.5 at. % U235 ENRICHMENT

Fast Group I Neutrons Absorbed Neutrons Produced
Graphite 0.1792
Zirconium 0.0467
Stainless steel 1.2435
Sodium 0.5843
UZ38 (Capture) 20,4681
U2'38 (Fission) 1.6393 4.3597
UZ35 (Capture) 3.8695
UZ'?’5 (Fission) 9.2981 22,9012
Total absorbed fast 37.3287
Leakage fast 4,3853
Neutrons thermalized* 58.2860
Thermal Group
Graphite 1.6063
Zirconium 0.0317
Stainless steel 3.3013
Sodium 1.0684
UZ38 (Capture) 5.8541
UZ'35 (Capture) 6.5443
u?3% (Fission) 29.4490 72,7391
Xenon and samarium 1.8807 - .
Control rods 7.2220
Total absorbed thermal 56.9580
Leakage thermal 1.3282
TOTAL 100.0000 100.0000

BASIS: Reactor at full-power operation
k = 1,103 without control rods

eff

Neutrons thermalized = total fission neutrons produced in previous generation —
less fast neutrons lost due to absorption or fast leakage.

15



ll. FUEL DEPLETION CALCULATIONS

A. GENERAL COMMENTS ON THE CANDLE CODE 1

Fuel depletion studies were done (using the "CANDLE'" Code) on the IBM-709
digital-compufer. "CANDLE" cofnbines a one-dimensional solution of the diffusion
equation with burnup equations for the change of concentration of isotopes in the
uranium fuel system. It has a four-group structure, one thermal group and three
fast groups. The group structure used is shown in Table V. The calculations

were performed using cylindrical geometry.

TABLE V

CANDLE GROUP STRUCTURE

Group I ‘ Energy Range
1 10 - 0.825 Mev
2 - 825 - 5,53 kev
3 5530 - 0.625 ev
4 Less than 0.625 ev

Material isotopic number densities were uniform throughout the core at the
beginning of operating history. Control-rod effects were simulated through the
presence of a homogeneous poison in the core. The poison concentration was
decreased as burnup proceeded in order to keep the core just critical. The
poison was taken principally as a thermal poison, with a value in the 3rd
(epithermal) group equal to 10% of the thermal value. This estimate was made

to take into account expected epithermal effects of control rod materials.

The average core exposure was related to time by the relation

tzix%

H

16
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where

t = time (days)
' E = average core exposure. 'rr;]:%:iv;attgr:d:fyzranium (Mwd/MTU)
= mass of uranium (metric tons) = 16.09 for core
P = power (MW-) = 606 per core
lOO-(I) ﬁ‘,}’% average core exposure = 26,6 days at full-power operation,

B. PREPARATION OF SELECTED INPUT

x 1. Thermal-Flux Disadvantage Factors

The variation of thermal flux within the lattice cell was taken into account

L

through the use of '"g'" factors (thermél-ﬂux disadvantage factors), defined for
g g g ’

each material, M, as

EM

4 6

cell

As a first step in the selection of suitable g factors, the relative thermal
flux in each material, as a function of fuel-absorption cross section, was ob-
tained from the cell calculations previously performed. For the fuel cell, the

ratio of the average flux in each region to the average flux in the cell was takenas

- ¢i
o 2,8.v./ 2V,

The same procedure was used for the unit cell. The product of the average
flux in a region and the fraction of a material, M, that occurred in that region
were summed over all the regions where material M occurred to give the average

flux in that material,

-

An example to illustrate this procedure will be given for graphite in the

Q core with a fuel enrichment of 2.5 at. % U235. The ratio of the average flux in

17
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the outermost region of the fuel cell to the average flux in the whole fuel cell is
1.0550. The ratio of the average flux in the outermost reglon of a unit cell (the
homogenized fuel cell) to the average flux in the whole unit cell is 0.9663. The
ratio of the average flux in the graphite logs of the fuel channel to the average
flux in the unit cell is, therefore, 1.0550 x 0.9663. Of the 169 graphite logs in
the reactor, 150 logs surround fuel channels. The ratio of the average flux in
the graphite log of a control channel to the average flux in the unit cell is 1.2599
(with the control rod withdrawn). There are 19 such channels in the core. Hence
the ratio of the average flux in the graphite to the average flux in the unit cell is

given as

(1.0550 x 0.9663) x (iig) + 1.2599 x <1(l)—3> ='1,0465

gCrraphite -
The variation of &M with initial (hot-clean) fuel absorption cross section is shown

in Figure 8.

As fuel burnup proceeds, there is a variation in macroscopic fuel-
absorption cross sections. Xenon and samarium increase to equilibrium con-
centrations in a short time and are followed by the gradual accumulation of.low
cross-section fission products. U235 become depleted and the various plutonium
isotopes begin to build up. The net result of these changes is an increase in fuel-
absorption cross section and a variation in the thermal-flux distribution in the
lattice cell. The extent of this change, for a given lattice, is a function of the
initial enrichment and the neutron temperature. For the narrow range of en-
richments considered in this report, the effect of initial enrichment on percent-
age change in fuel-absorption cross section with time is small. The validity of
this assumption can be confirmed#by an examination of Figures 17-A, 17-B, 17-C,

and 17-D in the results presented in Section IV,

A value of gy Was designed so that, properly averaged, it would give the
same predicted core-operating lifetime as would be obtained by using a con-
tinuously varying value. First, the obtainable operational lifetime for a speci-
fied enricuhment was estimated. The ratio of the average fuel cross-section over
the operational'lifetime to the initial value was then estimated. The accuracy of

these estimates was checked against the results of the study and revised when
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necessary. Since the initial hot-clean fuel absorption was known, the average
value of the cross~section was computed, and the average value of gy Was ob-
tained from Figure 8. Use of the EM factors averaged over the operational life

of the core gave an initial value of k approximately 1% lower than that predicted

by the use of M factors for the com;iftfion with only equilibrium xenon and samar-
ium present. It has, however, a more accurate value over the entire life of the
core, Sinceb, for a core with an initially uniform fuel loading, the appropriate EM
factor at any subsequent time in the operating history is a function of position in
the core, and since the more highly exposed elements at the center of the core
have different g factors than those at the periphery, it was considered suffi-

ciently accurate to approximate the changes with an average value.

2, Fast-Group Cross Sections

The three fast-group cross sections were based on MUFT-4, Iron and
zirconium cross sections include recent resonance-integral data. Cross sections
for U238 include the effects of self-éhielding input to MUFT-4, to take into account
a resonance integral appropriate to the uranium carbide fuel. Removal and trans-
port cross sections were all assigr_led. to graphite; since the MUF T-4 printout does
not show contributions from individual elements to macroscopic removal cross-
sections and diffusion coefficient. In order to obtain plutonium absorption and
fission cross sections averaged over an appropriate flux spectrum, plutoniufn was
included in some of the MUFT-4 calculations in a quantity to correspond to its
average concentration over the operational life of the core. For Pu2'40, a self-

shielding factor (also based on an average concentration over the core operating

lifetime) was included for the 1.055 ev resonance.

3. Resonance-Fitting Scheme

The third group (epithermal) required special treatment of some constants
because of the CANDLE ré.sonance-fitting arfangement. CANDLE treats the third-
group macroscopic removal cross section as a function of (1) the product of the
microscopic removal cross section and the number density of the corresponding -
isotope, (2) the smooth and resonance absorption in U238, and (3) the smooth
absorption in other materials. The third-group removal cross section is de-
creased by the buildup of plutonium isotopes and fission products with increasing

fuel exposure., The value of the third-group microscopic removal cross section

20
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'O'r3 was chosen to make the third-group macroscdpic removal cross section in
CANDLE agree with that given by MUFT-4 at the beglnnlng of the operating life-
time of the core. '

An interrelated quantity is the resonance absorption in U238. A smooth

absorption cross section is stored on the library tape, but resonance absorption

is provided for through the quantity Pr328 where

28,3
28 _ Z +Z

3 28,3 28,3 7
S RS

or

1-P 28

28,3 _ r3 3 28,3
Zar 7 B 28 (Zr+zas ’>’

r3

where

23

cross section for removal from 3rd group

Za828’3 = cross section for smooth absorption in U238 in 3rd group
s L 23
Zar28’3 = cross section for resonance absorption in U 8 3rd group.

The quantity Pr32$ is constant throughout the operating lifetime of the
core. It was calculated from the MUF T-4 output in such a way that the value
f Zar28’3 at the beginning of core life, as calculated by CANDLE, agreed with
that given by MUF T-4.
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B

'subsequent to core startup. The enrichments considered (2.5 at.% U

IV. PRESENTATION AND DISCUSSION OF RESULTS

A, REACTIVITY AND CONVERSION RATIO

The results of the burnup studies are presented graphically in Figures 9
through 18. Four cases were studied, with enrichments of 2.5 at. % U235,

2,75 at. % U235, 3.0 at. % U235, and 3.25 at. % U%35. The interpretation and
use of these results is discussed below.

Figure 9 shows the variation of reactivity, 4 p, where p = (keﬁ-l)/keﬁ, avail -
able at any time if the control rods were withdrawn, as a function of average core
exposure E. The sharp initial decline in reactivity is associated with the buildup
of an equilibrium concentration of the high cross-section fission-produce Xe135.
Thereafter, the decline in reactivity is slow, for a time, and gradually becomes

steeper., This effect of slow initial decline in reactivity (after the buildup of

~equilibrium Xe135 concentration), followed by a more rapid subsequent falloff,

can be seen most clearly in the 2.5 at. % U235 enrichment case and less markedly
as enrichment increases. This phenomenon is to be expected; because of the
decrease in conversion ratio Withvincreasing enrichment, reactors fueled with
natural uranium exhibit lan' actual initial rise in reactivity followed by a subse-
quent decline. For fuels with increasing enrichment, the initial rise becomes
less marked because of smaller conversion ratios, and finally the decline in
reactivity becomes monotonic. The slow initial falloff in reactivity, followed by
a more rapid decline, does persist but becomes less marked as enrichment

increases,

The curves of Figure 9 can be used to predict the reactivity at any time
235
to
3.25 at. % U235) included the range of practical interest (Figure 5). Enrichments
of less than 2.5 at. % U235 gave core operating lifetimes too short to be of inter-

est, and enrichments of greater than 3.25 at. % ﬁ235

led to initial reactivities
considered excessive from the standpoint of control problems. Due to the method
by which the curves were vcomputed, the values of reactivity predicted in the |
earlier portion of operating history are less than would be expected from two-
group theory by about 1%. This difference becomes smaller as operating life-

time proceeds,
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The initial conversion ratio (Figure 10) is defined as the number of plutonium

2
atoms created for each U 35

0.55] °

{ | { | 1 ! I
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INITIAL CONVERSION RATIO
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30
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<

Figure 10. Variation of Initial

Conversion Ratio with
Enrichment in 255
Mwe ASGR-

atom destroyed at the begmnmg of core life. These

values were computed from the
CANDLE four-group structure with
the presence of control rods simu-
lated by a homogenous poison. The
appropriate four-group cross sec-
tions were used,
B. POWER DISTRIBUTION AND
FUEL EXPOSURE
The remainder of the results are

presented in eight sets of graph'sb for

~ the four enrichment_s considered, The

first set (Figures 11-A, 11-B, 11-C,
and 11-D) shows the variation across
the core of the ratio of the local
radial power-geﬁeration rate to the
average radial power—generaition
rate. The variation.with burnup of
this distribution is shown. The self-
flattening effect produced as burnup
'proceeds 1s a result of the faster

" burnup of fissionabie isotopes in the
central portions of the core. This )
self-flattening is also the result of
the particular control rod arrange-
ment used. If the control rods were

not uniformly distributed around the

core, or were withdrawn in a nonuniform manner (e.g., outermost or intermost

rods first) this flattening effect might be either accentuated or reduced.

¢

The next graph (Figure 12) shows the ratios of radial 'peak fuel exposure to

average radial fuel exposure as a function of average core exposure. This figure

assumes angular symmetry and mdependence of local perturbations produced by

control rod motion; it is based on an average value for the axial direction. In
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order to arrive at a peak fuel exposure for any average core-exposure, itis
necessary. to know also the power distribution in the axial direction and within a
fuel cluster. The power distribution and the rate of fuel elefnent exposure in the
axial direction depend on the control-rod program. Since this study was one |
dimensioﬁal, there is no information on this effect. The simplest assumption that
can be made about the control-rod program is that the rods are not banked, and
that individual rods are either fully inserted or fully withdrawn. In this case
they would not be expected to disturb the axial flux shape, and there would be a
self-flattening in the axial directidn, as in the radial, The initial value of the
peak-to-average power ge_neration‘ rate in the axial direction is 1.340. This value
may be used with the reservation that it will lead to an over estimate of the peak

fuel-exposure.

The complex question of peak-to-average power generation within a 19-rod
fuel cluster has been examined elsewhere.l Experimental measurements (with
2.78 wt % enriched uranium metal fuel) have been performed on a cluster of
19 rods, each 3/4 in. in diameter.17 These measurements showed that, atroom
temperature, the peak-to-average thermal-flux distribution was 1,326. For the
cluster considered here (with rods of smaller diame‘tevr, fuel of lower density
and higher neutron temperature) this value would be expected to"be smaller. A
calculatioﬁal model was adopted which predicted, within 2%, the peak-to-average
thermal-flux distribution in the experimental cluster. Using this model, the |
peak-to-average thermal-flux distribution in the lattice for the 255 Mwe ASGR
was calculated. Approximately 27% of the total poWer is generated by fissions
due to fast neutrons (Table IV). It was assumed that the fast neutron flux was
spatially flat across a fuel cluster, and the peak-to-average power generation
rate in a fuel cluster was calculated. The values of peak-to-average power-
generation rate ranged approxifnately linearly from 1.068 for 2.5 at. % UZ'35
enriched fuel to 1.078 for 3.25 at. % U235 enriched fuel.

As burnup proceeds, the outer rods in the cluster will become exposed more
rapidly than the inner rods. Since the thermal-absorption cross-section of the
fuel increases with exposure, the cluster will become '""blacker' to thermal
neutrons, and the peak-to-average thermal flux across the cluster will increase.
At the same time, due to the difference in exposure, the thermal macroscopic

fission cross section in the outer rods will increase more rapidly than in the
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inner rods, and the peak-to-average power distribution will increase still further.
The reasons for these changes in thermal cross section with exposure will be

discussed in the following section in connection with Figure 17,

There will also be preferential resonance absorption of neutrons by UZ38 to

form plutonium in the outer rods. These factors will all tend to accentuate the
difference between the inner and outer rods and give a greater peak-to-average
fuel exposure in a cluster than that predicted by the initial value, The fact that
the initial value will underestimate the peak fuel exposure in a cluster will par-
tially compensate for the over estimate of peak exposure in the axial direc;‘.ion,

given by the use of the initial power distribution.

Figure 13 shows the variation in the ratio of the maximum radial power-

generation rate to the average radial power-generation rate with burnup.

Variation with average core exposure of the average exposure of the fuel
within any radial fraction of the core volume is indicated in Figures 14-A, 14-B,
14-C, and 14-D. From these curves and from interpolations that can be made
between the curves, one can obtain the average radial exposure of the fuel re-
moved from within any region of the core. Since, for a first reloading, the fuel
at the center of the core is always most exposed if the reloading is in a region
~ that includes the center of the core, both the average exposure of the removed
fuel and the ratio of radial peak-to-average exposure in the removed fuel are

known.

C. ISOTOPIC COMPOSITION

The variation in fuel composition with burnup is shown in Figures 15-A,
15-B, 15-C, and 15-D. The relationship between the amount of U235 consumed
in fission and that converted to U23_6 is not quite constant. This ratio is depend-
ent on the spectrum, which is in turn somewhat dependent on the enrichment and
burnup. An average value for this reactor that will be correct to within 1% is
0.275 atoms of U2'36 formed for each UZ'35 atom consumed in fission, The
shaded area in Figure 15 shows the amount of U235 fissioned plus the amount of
U238 converted to plutonium and fissioned as Puzl?"9 or Pu241. The amount of
plutonium (all isotopes) remaining in the fuel is also shown. As enrichment

. 2 PP :
increases, the amount of U 33 that has been consumed in fission at any given
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burnup also increases. In addition,
1 T | 1 T T ) o
21 ENRICHMENT=3.25 at.%U="> — the conversion ratio is smaller, and a

AVERAGE CORE | smaller amount of plutonium is formed

E=l 6500Mmi EXPOSURE
o MTU in cores with higher enrichment. Ap-
|
proximately the same amount of pluto-
"ig ] nium remains in the core at any given
;|7 — burnup, regardless of enrichment.
E - This means that a smaller amount of
~
2 plutonium has been fissioned, and a
15 T 7
2 E=12.000 Mwd larger percentage of the power is gen-
o TeY T MTU . . . ..235
) : erated from fissions in U .
T
a '3 _ Mwd The composition of the plutonium
> E=900031( e .
g remaining in the core as a function of
el burnup is indicated in Figures 16-A,
s 16-B, 16-C, and 16-D. The ratio of
w the concentrations of the isotopes de-
§ 9 E=GOOO—% 1 pends on the relative cross sections.
3 At the neutron temperatures used, the
: 2 thermal capture-to-fission ratio is high
< for Pu239. This is the reason for the
. 240 241
large concentration of Pu and Pu
S 'E'=3000% relative to Pu239. The predicted equi-
\ librium concentration of the three prin-
3 1 | | T R S cipal plutonium isotopes is approxi-
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Figure 14D. Average Exposure The effects of changes in fuel iso-

of Fuel Removed from Core,

3.25 at. % U235 Enrichment topic composition on macroscopic cross-

section are shown in Figures 17-A,

17-B, 17-C, and 17-D. These include
the effects of fission products. The principal effects are due to changes in the
relative fissionable and fertile isotope concentrations. Though less than one

Pu239 atom is produced for each U235 atom destroyed, the cross sections of
Pu

239 are much higher than those of U235, and the macroscopic fuel cross
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sections show an increase with burnup. Eventually, at high burnups, the
. 2 .
plutonium approaches an equilibrium concentration but the U 35 depletion con-

tinues. The net result is an eventual decrease in cross sections.

Contributions of each of the fissionable isotopes to total power generation
may be seen in Figures 18-A, 18-B, 18-C, and 18-D. The importance of the
plutonium contribution to power generation, as well as the dependence of this

contribution on enrichment, can be assessed from these figures.

The decrease of available reactivity due to the xenon buildup after a reduc-
tion in power is shown in Figure 19. The plot was based on a two-group formu-
lation, and is for 2.75 at. % UZ:)'5 enriched fuel. Production of Xe135 was taken to
result from fast and thermal fissions, but removal through neutron absorption

was due only to absorption of thermal neutrons. At full-power operation, the

Akeff due to the presence of an equilibrium concentration of Xel'?'5 is -0.0345.

1 .
After a reduction in power level, the Xe 35 concentration (and the loss in reac-

tivity due to parasitic capture in Xe 35) increases for a time. This is because .
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Figure 18D. Variation in Percentage of Total Power Generated by Each
Fissionable Isotope as a Function of Burnup, 3.25at. % U 35 Enrichment

Xelf}5 continues to be formed at a high rate from the decay of I135, though it is
not removed as rapidly. After a time the Xe135 concentration does decrease,
since the I135 is not regenerated as rapidly. Eventually a new equilibrium con-
centration of Xe135, and a new equilibrium Xe135 poisoning, for the new power
level, will be reached. Since the maximum xenon concentration, and therefore
the maximum Xe135 effect on reactivity, may be much larger at some time after
a power reduction than it is under equilibrium conditions, it is necessary that
there be sufficient excess reactivity available to over-ride the peak Xe135
poisoning after an anticipated power reduction, in order to be able to continue
operation, If there is not sufficient excess reactivity available, a power reduc-
tion may cause a sufficient increase in poisoning to shut the reactor down com-

pletely. In this case it would be necessary to wait until the xenon concentration

had decayed sufficiently to permit reactor startup.
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Q‘ APPENDIX |
‘ ' USE OF GRAPHICAL RESULTS ~ TYPICAL CASE

The information presented in the preceding sections can be used to determine,
for a given enrichment, what the predicted operational life of the core will be
before a first refueling is required. The average exposure of the removed fuel
can be estimated, and the uranium and plutonium content of the removed fuel can

be obtained., An illustrative typical example follows,

If the reactor were originally loaded with 2,75 at. % U2$5 enriched fuel, the ‘
- initial value of excess reactivity at full-power operation with equilibrium xenon
and samarium poisbn present would be 0.104. This represents an Videalized situ-
ation, since it is uﬁlikely that the reactor would actually be loaded in all 150 fuel
positions initially, if it resulted in this much excess 'reactivity.‘. ‘Instea.d.there
might be only a parﬁal loading until the fuel elements had experienced sufficient
exposure to réduce the excess reactivity to an acceptable level, at which time
the rest of the core would be loaded. Alternatively, part of the core might be
initially loaded with natural uranium elements to reduce the initial excess reac-
tivity., For the purpose of this example, it will nevertheless be assumed that the
core has been initially loaded in all 150 fuel positions with 2.75 at. % U235 en-

riched fuel.

It will be postula‘f.ed that the operating condition which must be satisﬁed is

that there shall be an excess of Ak = 0.02 in the core at all times; i.e., when

this condition no longer exists it wielflf be necessary to partially reload the core
with fresh fuel. Referring to Figure 19, it will be seen that this condition corre-
sponds to the amount of excess reacfivity necessary to ox‘rer-ride, at any time,

the peak Scenon poisoning due to a power redu}.ction of apprbximately 70%. From
Figure 9 it is seen that in order for this condition to be satisfied, it will be neces-

sary to reload fuel after an average core exposure of 9,350 Mwd/MTU.

If operation has been at an 80% plant load factor, the core has been in oper-
ation for 9,350 Mwd/MTU x 26.2 Days/1000 Mwd/MTU x 1/0.8 = 310 days.

'i‘he initial (hot-dirty) ratio of the peak radial power-generation rate to the
average radial power-generation rate was 1.452, and, at 9,350 Mwd/MTU, it is
1.231 (Figure 13). The ratio of the radial peak fuel exposure to the average fuel
@ exposure is 1.340 (Figure 12). The axial peak-to-average fuel exposure is 1,340,
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and in a cluster the ratio is 1,072, This means that at an average core exposure

of 9,350 Mwd/MTU, the peak fuel exposure is
9,350 Mwd/MTU x 1.340 x 1.340 x 1,072 = 18,000 Mwd/MTU. .

If, at this time, the reloading schedule calls for the reloading of half the
core, the fuel is removed out to a radius of 123.5 cm. From Figure 14-B one
can determine that the average exposure of the fuel removed is 11,000 Mwd/MTU.
This result is obtained by interpolating between the curves for average core
exposures of 9,000 and 12,000 Mwd/MTU. The peak radial exposure of the re-.
moved fuel is also determined from Figure 14-B as 12,500 Mwd/MTU, (the
average exposure of the central fuel element) so that the ratio of average fuel
exposure to peak radial fuel exposure in the removed fuel is 11,000 Mwd/MTU
divided by 12,500 Mwd/MTU or 0.879. If there had been no self-flattening in the
radial direction, the average-to-peak fuel exposure would have been >.821 in the

removed fuel,

From Figure 15-B, it is seen that the fuel initially contained 27.2 Kg

U235/M'TU. In the fuel removed, there are 16.6 Kg U;35/MTU or a change in

235 ¢ 1.68 at. % U235. There are 0,216 Kg of
235/MTU that
236

enrichment from 2.75 at. % U
U236 formed for each Kg of U235 consumed. For the 10.60 Kg U
have been consumed in the removed fuel, there were 2,29 Kg/MTU of U
formed and 8.31 Kg/MTU of U235 fissioned. In addition, there were 3.50

Kg/MTU of uranium fissioned as Uz38 or converted to plutonium and fissioned

as Pu239 or Pu241.

The plutonium content of the removed fuel can be seen in Figure 16-B,
There are 2.70 Kg/MTU Pu”>?, 1.08 Kg/MTU Pu’?®  and 0.45 Kg/MTU of pu>%!
for a total plutonium content of 4.23 Kg/MTU,

The average macroscopic thermal cross sections of the removed fuel are

obtained from Figure 17-B. These are:

212 (0) = 1.397
2 1 2Z0) = 1.137
uzf/qu(O) = 1.233,
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At the beginning of core operation, 96% of the power was produced from fissions

in UZ'35 and 4% from fissions in U238. At an average core exposure of 9,350

Mwd/MTU, 60% of the total power generated in the core was produced from

fissions in U235, 4.5% from fissions in U238, 32% from fissions in Pu239, and

3.5% from fissions in Pu241. This is shown in Figure 18-B.
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APPENDIX 1l
DISCUSSION OF THERMAL CROSS SECTIONS

The microscopic thermal neutron cross-sections used in this study are listed
in Table II. These are based on the assumption of a Maxwellian distribution of
thermal neutrons characterized by a neutron energy of 0.131 ev. (1250°C). The

selection of cross section values is discussed in this Appendix.

Thermal scattering cross-sections were taken directly from values given in
BNL 325, 2nd edition, wherever possible. It was assumed that they are inde-
pendent of energy within the range of interest. Scattering cross sections for
Pu240 241 239

and Pu were taken to. be the same as for Pu The value of 8.0 barns
for U?36 was estimated frofn the data given in BNL 325. Impurities in graphite
were present in sufficiently small amounts to produce no effect on the scattering
cross section. The scattering cross section for stainless steel is based on the

value used by Fillmore.7

The 2200 m/s absorption cross-sections for most of the 1/v materials (car-
bon, sodium, zirconium, U236, and U238) were taken from BNL 325, 2nd edition.
The value of absorption cross section for stainless steel was based on the value
quoted by Fil]».more.7 The 2200-m/s cross-section for graphite was taken as
0.0053 barns, slightly higher than the value used by Fillmore, to make it repre-

sentative of graphite grade currently being considered for SGR use.

The absorption cross section per average fission product pair was a matter
of some uncertainty. Since the formulation to be used in the burnup study called

. . s 1
for a single cross section to represent all the fission products, except for Xe 35

49

and Sm , a decision was made to use the value quoted in the Nuclear Engineering
Handbook.9 This was treated as a 1/v absorber, and corrected to the proper neu-

tron temperature.

For most of the non 1/v elements, the Maxwellian averaging was performed
using the SOFOCATE Code.'°

sections were available from other sources for temperatures as high as 1250"C1

Where values of Maxwellian-averaged cross N
or for lower temperatures,l3 they were compared with the values generated by
SOFOCATE. A new source of Mé.xwellian-averaged cross sections for neutrons
at 1250°C became available only after the work of this report had been sub-
stantially completed.14
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The cross section for Xe135 was determined using SOFOCATE. The agree-
ment was very good between the 2200 m/s value on which this is based, and the
value from BNL-325. There is fair agreement, up to 837°C, the highest tem-

135, between the values

perature for which Westcott has published values for Xe
obtained from SOFOCATE and those obtained from Westcott's work., The value
obtained from SOFOCATE is slightly higher than that from Westcott's work, but
that is to be expected. The limit of integration in SOFOCATE is 0.625 ev, and
in Westcott's work it is higher, thus making his data give more weight to the
lower cross sections at higher energies.

For Sm149, the Maxwellian averaging was interpolated from values obtained

by Henderson.lz The cross section is in good agreement with other data which

became available subsequently, !

The Maxwellian averaging of U235 cross sections was done using SOFOCATE.
The values obtained are slightly higher than those which would be obtained from
Henderson's work, and higher' still than those obtainable from Westcott's latest
work, It seems possible to attribute the differences to the weight given to experi-

mental data from various sources used in the integration.

The largest and most significant source of uncertainty lies in the plutonium
cross sections., The existence of discrepancies between sets of Maxwellian-
é.veljaged Pu239 cross sections prepared from different sources has been recog-
nized_.l5 Since the capture-to-fission ratio increases in the 0.297 ev Pu239
resonance, the relative fission and absorption cross sections are strongly de-
pendent on the neutron temperature and the limit to which the integration is
carried., The Maxwellian-averaged cross sections for absorption and fission .
were computed using SOFOCATE and compared with Westcott's tabulations for
temperatures up to 760°C, the highest temperature for which they were then
available, There was good agreement between the values of Ef’ predicted by
both sources, up to 760°C. This gave some confidence to the values for higher
energies generated by SOFOCATE,. and the value for 1250°C was adapted. The
values of Ea generated by SOFOCATE were approximately 3.25% higher than the
value from Westcott's tabulations, over the range for which a comparison was
possible. The value calculated with SOFOCATE was arbitrarily reduced by this

amount in order to bring it more into line with the capture-to-fission ratios

predicted by Westcott,
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The most recent tabulations extending to the temperatures used in this
study14 would lead to values of ;a and —&f significantly different than those used,
though the capture-to-fission ratio is close. Conclusions regarding the relative
plutonium isotope concentration and the fuel absorption cross section should be

considered in this light.

For Pu240, there is a considerable difference between the SOFOCATE code
value of Maxwellian-averaged cross section that was used and that which is given
by Westcott's recent tabulations. For temperatures up to 600°C, however, the
agreement is good. The difference seems attributable to the presence of the
1.055 ev resonance. In the SOFOCATE work, the integration is carried out only
to 0,625 ev and in the later Westcott work to 1.44 ev. The inclusion of this
resonance in the Westcott averaging gives a much higher value for the Maxwellian
average at 0.131 ev. In view of the group structure used for these studies, where
the resonance region is treated separately, it appeared that the Maxwellian-

averaged cross section from SOFOCATE was appropriate.

For Pu241, the values from SOFOCATE were used, based on an absorption
cross section at 2200 m/s normalized to 988 barns. The ratio of @ - 1.365 was
taken to be independent of energy. The values obtained in this way gave reason-

1
able agreement with the recent Westcott tabulation. 4
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