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ABSTRACT

Previous studies of the N.S., SAVANNAH core I reactor were extended
by a series of one-dimensional lifetime calculations to investigate
several questions of interest in the operation of the reactor.

Replacement of the actual two-zone loading by a single-zone loading
with the inner-zone enrichment was found to have only a small effect on
the calculated reactivity lifetime. The time-dependent core inventories
of U235, Pu239, and Pu241 for core I were calculated.

Various fuel-management schemes for extending the reactivity life-
time of core I were investigated, and the data showed that the largest
lifetime extension would be obtained by changing the fuel-element con-
tainer material from stainless steel to Zircaloy.

One-dimensional radial and one-dimensional axial "window-shade" burn-
up calculations were compared, and the results of the two methods were
in excellent agreement with regard to the predicted core lifetime. Al-
though the radial burnup calculation is much simplier, the window-shade
calculation provides essential information on axial power distribution

and control-rod bank movements.
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LIFETIME STUDIES FOR THE N.S. SAVANNAH REACTOR

E. E. Gross B. W. Colston
M. L. Winton

1. INTRODUCTION

_ In a previous studyl Zircaloy and stainless steel were compared as
fuel-element container (or egg-crate) materials in the N.S. SAVANNAH core I
design. From the comparison study it was estimated that, relative to the
present stainless steel fuel-element containers, a Zircaloy fuel-element
container structure would increase core I control-rod worth by Ak = 0.043
and would increase core reactivity by Ak = 0.062 for the same fuel enrich-
ment. Consequently substitution of Zigcaloy for stainless steel in the
N.S. SAVANNAH egg crate would allow the fuel enrichment to be reduced from
L2 wt % 1730 1o 3.4 wt 9 %32 while maintaining the same reactivity life-
time; or, by taking full advantége of the increase in rod worth, this sub-
stitution could be used to achieve an increase in core reactivity lifetime
of about 60%. Economic analysis2 has revealed that, from a fuel-cycle cost
viewpoint, a favorable way to take advantage of the properties of a Zircaloy
fuel-element container assembly is to extend reactivity lifetime.

The incentive for long core life revealed by economic studies led to
the burnup studies discussed in this report. These studies are limited to

3

the core I fuel-element design, with either stainless steel or Zircaloy
fuel element containers. Since the prior nuclear analysesl for these cores
provide the basis and starting point for the burnup studies, only a brief
resume of the beginning-of-1life core analysis is presented here. The analy-
sis methods used in the burnup calculations are, however, discussed in more
detail. These methods are then used to compare the burnup of single-zoné
and two-zone loadings in core I. This is followed by an investigation of
Qarious fuel-reshuffling schemes after a two-zone core I has burned up.
Finally, one-dimensional radial burnup results are compared with one-dimen-
sional axial burnup calculations using the "window-shade" method. This

comparison is made for both stainless steel and Zircaloy fuel-element con-

tainer cores.
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provides channels for the 21 cruciform control rods and control-rod fol-
lowers. A cut-away view of the egg-crate struéture, unencumbered by fuel
elements or control rods, is shown in Fig. 2. This. entire structure can
be removed as a unit. A view of one of the 6-ft active-length fuel ele-
ments that fits into the egg crate is shown in Fig. 3. A fuel element con-
sists of 164 cylindrical stainless steel fuel tubes containing U0, pellets.

The tubes are held in a rigid bundle by brazed stainless steel ferrules
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1 in. long and located every 8 in. axially along the fuel element. Details
of a section of the core through a ferrule plane are shown in Fig. 4, The

design is quite complex geometrically, and many different materials are used.
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3. BEGINNING-OF-LIFE CORE ANALYSIS

A desire to study at least the two-dimensional aspects of the N.S.
SAVANNAH core I design led to a four-energy-group method, since the avail-
able two-dimensional codes had a four-energy-group limit.LL The thermal-
energy-group cross sections were obtained by averaging available cross-
section data over a Maxwell-Boltzmann distribution for the thermal-flux
energy dependence. Deviation from a Maxwellian shape was allowed for by

characterizing the Maxwellian flux distribution by a neutron temperature

- somewhat higher than the water-moderator temperature. This hardened tem-

P

perature was obtained from the thermalization studies of Brown,” and the



dependence of the average thermal cross sections on moderator temperature

6

was based on the work of Petrie, Storm, and Zweifel.

7

A multigroup slowing-down calculation with the GNU code! was used to
obtain flux-averaged cross sections over the three nonthermal groups. A
typical slowing-down flux-lethargy distribution showing the limits of the
three nonthermal groups is shown in Fig. 5. 1In the slowing-down calcula-
tion, the core was assumed to be homogeneous with respect to the nonthermal

238

neutrons, The heterogeneous effect of resonance absorption in U was ac-

238

counted for by generating multigroup U absorption cross sections that

9

were consistent with a Dancoff—corrected8 resonance integral” appropriate

to the N.S. SAVANNAH core geometry. Other important physical effects ac-

counted for in the determination of the slowing-down flux-lethargy depend-
ence (Fig. 5) were (1) Goertzel-Selengut hydrogen slowing down, (2) in-

elastic-scattering slowing down, (3) leakage from the core, (4) absorption
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of neutrons in all materials on the basis of available resonance integrals,lo

and (5) nonthermal fissions in U235 consistent with differential cross-

section datall and consistent with the measured fission resonance integral.lo
The four-group cross sections were then used to determine flux distri-

butions and reaction rates throughout the reactor. This was accomplished

by successive homogenization steps relying upon the symmetry properties of

the core. The culmination of this process was the determination of gross

flux distributions over the whole core based on the geometry of Fig. 6.
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Core I.



Calculations in the geometry of Fig. 6 employed diffusion theorjy,l'L with
the control rods replaced by a current-per-unit-flux boundary condition
at the rod surface.12 The control-rod boundary conditions were determined
by a slab geometry control-rod cell calculation using the S-5 approximation
to the Sn method.13 The Sn transport theory was also employed in the cal-

culations of the fluxes in the strongly absorbing UO, region. A full ac-

count of the analysis methods was presented previousiy.

The detall contained in the analysis method is illustrated in Fig. 7,
which shows the four-group flux levels in the various core regions. The
fluxes have been normalized to unity in the UO2 fuel region in Fig. 7.
Strong variation of the fast flux (group 1), as well as the thermal flux

(group 4), justifies the detail put into the analysis. Knowledge of the
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9.
four-group flux variations, as illustrated in Fig. 7, allows the deter-

mination of flux-averaged microscopic cross sections for each element in

the core, which can then form the basis for a burnup calculation.

L. BURNUP ANALYSIS

Analytical Model

Burnup calculations were performed with the aid of the CANDLE code,ll'L

- which is a one-dimensional, few-group, diffusion-theory code incorporating

isotope equations. As used here, the code solves the following coupled

four-group equations (with appropriate boundary conditions) for the four-

group fluxes:

2
' B, (2)
-V V() + |5, (5t) + 3 ,(nt) + —=——] g, (z,1)
3Ztrl(£’t 3Ztrl(£’t)
1Y)
g [Efl(}:,t) gy (z,8) + Zpp(z,t) Bz, t) + Zpa(r,t) By(z,t) +
b5 () %(;,t)] , (1)
! Big(f)
VT V() + 2 (s t) + Bpa(r,t) | 2, (x,t)
3Z‘tI‘2 (E) t 3Ztr2 (EJ t )
= Z),(z,t) ﬂl(z,ﬂ , (1)
- B5()
"Y' ————y¢3(£,t) + Za3(£)t) + 234(£)t) + — ¢3(£,t)
3Ztr3(_1:,t) 3Ztr3(£,t)

= 223(£)t) ge(_l_:,t) ) (lc)
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2
1 B, (z)
Y ————— V() + |2 (1) + —=———| g, (r,t)
SZtrH(E’t)

= ZSLI-(E’t) ¢3(£)t) ) (ld)

where Za is the macroscopic absorption cross section in group g (that is,

group 1, 2, 3, or L); = is the macroscopic transport scattering cross

trg
section in group g; ng is the macroscopic fission cross section in group
g; Zgg’/ 1s the macroscopic cross section for transfer from group g to group

g’; ?ig is the transverse buckling in group g; and k is the static multipli-

cation factor or eigenvalue.
The macroscopic cross sections are related to the microscopic cross

section by:
m
= 2
Z;,&t) = mz N(zx,t) O (2)

where c? is the type i microscopic cross section for material m in group g
and N (E,t) is the atom density of material m at time t and at position r

in the reactor. It is to be noted that the microscopic cross sections are

assumed to be space and time independent.

Isotope equations for the Nm(z,t) are of the general form;:

iz, e
TBY el s e - o ) - P Y S g, ()

where Km~l is the decay constant of the isotope which decays into isotope
m, and Km is the decay constant of isotope m. Isotope equations are avail-
able for U235, U238, Pu239, PuQMO’ Pugul, Xe, Sm, and lumped fission=-product
poisons.

As input, CANDLE requires a one-dimensional geometry with a space mesh
and boundary conditions, initial atom densities in each region, microscopic
cross sections for each material, a time mesh, transverse bucklings, and a
power level. Equations 1 are then solved by finite difference methods for

the fluxes, @, and the multiplication factor, k. With these initial fluxes,
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Eq. 3 is then solved by a finite-difference approximation for the atom
densities at the end of the first time interval. The new atom densities
may then be inserted into Egs. 1 and the whole process repeated. An im-
portant option allows the burnup calculation to proceed with the eigen-
value k¥ = 1 at all times by the adjustment of a boundary position, desig-
nated the control boundary. This allows simulation of control by a

control-rod bank and is sometimes referred to as the window-shade model.

Another important option, the xenon-override option, can be used to deter-

mine the reactivity worth of peak Xenon.

Geometry and Initial Conditions

Radial Burnup

For the radial burnup calculation the core geometry of Fig. 6 was
approximated by a fuel région with a radius that gave the area of the
32 fuel elements and an annular
omNctaseinier o reflector region, as shown in
Fig. 8. The core was subdivided
into six regions and the reflector
into three regions. The inner
three core regions correspond in
area to the inner 16 fuel elements
aerector|  OF 4.2-wt % enrichment. Likewise,
N the outer three core regions cor-
respond in area to the outer 16
elements of 4.6-wt % enrichment.
This division of areas was made
to allow a simulated fuel re-
shuffle.

Volume-~averaged atom densities
24 235

R, =30.00 cm R,=67.74cm R, =7.44cm of 0.000236 x 10 for U and
R =50.00cm Re=75.74 cm
/‘?i =55.74 ¢m f?: =78.44 zm 0.00531 x 1024 for U238 were used

Fig. 8. Geometry Used in Radial for the inner three core regions

Burnup Calculations. (4.2-wt % enrichment). These same



12

values were also used in the outer three core regions when uniform load-
ings were considered. For an outer fuel zone loading of 4.6 wt % U235,

atom densities of 0.0002548 x 10°% for U237 and 0.005293 x 10°* for U230
were used in the outer three core regions. The only other material present
in the core at the beginning of life was material E. This is a fictitious
element containing the information about all the structural material, chan-
nel water, followers, and control rods. For radial burnup calculations
material E did not contain control-rod properties, and the core was assumed
to be controlled by a uniformly distributed poison. The composition of
material E does not change with time, and the atom density for this material
was arbitrarily chosen to be 1 x lO2 . The atom density for the water in
the reflector was taken to be 0.02601 x 1024. All the atom densities were
based on the operating temperatures of the reactor, that is, 508°F modera-
tor and 910°F fuel temperature. Other conditions necessary for the radial

burnup calculations were as follows:

Power level 63.0 x 106

Core height 167.64 cm

Axial buckling 0.000294 cm-2 for all regions

Time steps First 12 time steps, At = 1.4h x lOLL sec;

remaining, At = 3.945 x 106 sec

Xenon Reduce flux to zero and check "
xenon override at At = 1.08 x 10~ sec

Axial Burnup

For purpcses of rod programming, the 21 control rods were grouped
into units of four rods each, with the exception of the central rod, as

15

shown in Fig. 9. An investigation of two-dimensional power distributions
to be expected for various control-rod patterné revealed that the most
favorable power distributions occurred when the central rods (X, A, and

B rods) were in the core. On this basis, an attempt was made to simulate

a burnup history in which the core was initially controlled by the B-rod
bank, the A rods and the X rod were fully inserted, and the outer rods

(C, D, and E) were fully withdrawn. When the B rods were withdrawn as

far as possible, the A-rod bank became the controlling rod bank., Total




13

UNCLASSIFIED withdrawal of the A-rod bank was
ORNL-LR—DWG 73271

then followed by X-rod control of

the reactor.

This attempt at simulating rod

programming is reflected in the

axial slab geometry shown in Fig. 10.

Regions 3 and 7 are required because

the 58-in. control-rod section is

centered in the 66-in. active fuel

section when fully inserted into

the core; thus, there are L-in. sec-

tions at the top and bottom of the

active core region containing either

all rods or all followers. The bot-

tom boundaries of the X rod and A
Fig. 9. N.S. SAVANNAH Rod Groups. rods are separated for ease of trans-
ferring rod-bank control from the A
rods to the X rod. Other regions in Fig. 10 are self-explanatory.

For the core I analysis the atom densities for the fuel were obtained
by volume averaging the L4.2-wt % and L.6-wt % enrichment zones. This gave
an atom density of 0.000247 x 102% for U°3° and 0.0053 x 102* for U230,
For the analysis of the Zircaloy egg-crate core all the fuel was assumed
to be 4,2-wt-% enriched, and the atom densities were 0.000236 x 1021+ fo

U235 and 0,00531 x lOgLF for U238. The conditions for the axial-burnup

r

calculations are given below and other necessary information i1s presented

in Tables 1 and 2,

Core radius 78.44 em

Time steps First 12 time steps, At = 1,44 x lOLF sec;
remaining time steps, At = 3.945 x 104 sec

It should be noted that in the axial burnup, k is kept equal to

eff
1.0 by adjustment of a boundary between the polisoned and unpoisoned por-
tion of the core, and the calculation stops when the upper limit for the
specified control boundary is reached. This necessitates doing the cal-

culation in steps, by first allowing the initial boundary to come out to
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Table 1. Radial Buckling Data for Core I with Stainless
. Steel Egg Crate

Radial Buckling (cm-2)

Region

Group 1 Group 2 Group 3 Group 4
1, 2, 3 0.002503 0.0011047 0.000386 -0,03182682
i 0,002441 0.0010163 0.000291 -0.023824
5 0.0019931 0.0008314 0.00248 -0.0187k61
6 0.00150287 - 0,0006286 0.000198 -0.013491
7, 8, 9 0.001332 0.0005578 0.000179 -0.011769

Table 2. Radial Buckling Data for L4.2-wt %
Enriched Zircaloy Egg-Crate Core

Radial Buckling (cm-2)
Region
Group 1 Group 2 Group 3 Group L4

1, 2, 3 0.002897 0.001443 0.000981 -0.02710

b 0.002755 0.001126 0.000437 -0.01891

5 0.002217 0.000914 0.000366 -0.01495

6 0.001629 0.000678 0.000284 -0.010693
7, 8, 9 0.00lu212 0.000594 0.0002522 -0.00923

a maximum value and then continuing the calculation by specifying a new

boundary. None of the calculated information is lost by this procedure.

Cross Sections and Bucklings

35 238

Flux-averaged microscopic cross sections for U2 and U were oOb-
tained from the detailed core analysis.l The other core materials, which
do not burn_up, were ;umped together as a single material, desiénated by
the superscript E, and were assigned flux-averaged cross sections ap-
propriate to reaction rates computed in the beginning-of-life core analysis,
Plutonium isotopes and fission products, since they are formed in the UO2

fuel region, were assigned cross sections weighted by the average fluxes
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in the fuel region. All microscopic cross sections were assumedvto be
time independent, which amounts to assuming that the average fluxes in
each core region (Fig. 7) do not change with burnup.

As mentioned, the control rods were treated by transport-theory
equivalent boundary conditions for the ratio of the current to the flux
at the control-rod surface. That 1s, constants Cg were specified at the

control-rod surface to give

n-JIr
_C=:___L(—) , (L)

g
ﬂg(z) 5

where n is a unit vector normal to the control-rod surface S and gg(z) is
the neutron current density in group g at position r. Within the control

rod the following balance equation holds:

rod
A gg(z) ==z, ﬁg(z) ; (5)

where Z;Zd is the macroscopic absorption cross section of the control rod
in the group g. By integrating Egq. 5 over the volume of the rod and using

Green's theorem, it is shown that

. ) ds = _srod r
prgwe-= s, (6)

where the integral on the left is around the control-rod surface S and
the integral on the right is over the control-rod volume V. Combining
Egs. 4 and 6, the control-rod absorption rate can be related to the aver-

age control-rod surface flux, EgS’ by

srod (r) 4V = C A P

ag ngg g s

es (7)
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where AS is the control-rod surface area. The beginning-of-1life core
analysis provided the necessary information to calculate¥* ggS’ as well as
Cg, and the absorption rate of the control rods could then be computed
from Eq. 7. In this way the effect of control-rod absorptions into ma-
terial E could be lumped.

In addition to the cross sections, the transverse bucklings must also
be provided for Egs. 1. For radial burnup calculations, an axial buckling
of 0.000294 cm_2 was used in each group. This value was obtained from
axial flux profiles measured in the N.S. SAVANNAH critical experiments.l6
~ For window-shade burnup calculations, transverse bucklings in each group

were obtained from the following balance equations;:

1 2 quy Xy Xy Z
<3Ztrl) Bo="% ~4& — T~ 1L » (a)
S S (8b)
35 0 12 = 12 2 23 L, »
S I A Lo . A £ ‘ (8c)
3%,,,) 13T 3T A THRLT s
1 2 XY _ Ny .2
| <——3Ztr1+) By = T34 A L, (84)

where the first term is the flux-averaged diffusion coefficient in group g
for the core region; ny
A

is the total fission reaction rate in the core;

is the total absorption reaction rate for the core in group g; TZZ7 is
the rate at which neutrons are transferred from group g to group g/ for the
core region; and Ié is the total loss rate of neutrons from the core in
group g by leakage. All these quantities result from PDQ calculations in
the geometry of Fig. 6 for particular control-rod patterns. The resulting
transverse bucklings for the rod patterns considered were listed in Tables

1 and 2.

*This calculation was automated with the PDQ code by J. W. Miller,
Central Data Processing, K-25,
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5. COMPARISON OF ONE- AND TWO-ZONE CORE REACTIVITY LIFETIMES

The initiél core I loading for the N.S. SAVANNAH consists of 4.2 wt %
U%3% in the inner 16 fuel elements and 4.6 wt % U%3% in the outer 16 fuel
elements. This nonuniform fuel loading is important in any study of fuel
reshuffling, but it was felt to be an unnecessary complication in the earlier
work of comparing the virtues of Zircaloy and stainless steel as fuel-
element container materials. The effect on reactivity lifetime of replacing
the actual two-zone loading by a single-zone loading with the inner-zone
enrichment was therefore investigated.

- In the method used for generating flux-averaged microscopic cross sec-
tions, it is evident that two sets of microscopic cross sections are ob-
tained: one for the inner-zone materials and one for the outer-zone ma-
terials. These values are listed in Table 3. As mentioned previously, the
CANDLE code, as presently constituted, is limited to a single set of four-
group cross sections for each fissionable material., The fuel was, there-
fore, characterized by cross sections pertinent to the inner fuel zone, since
this is the most important part of the core. The effect of this approxi-
mation on reactivity lifetime should be small, since a small underestima-
tion of cross section will produce a small overestimation of the flux, and
the important product of flux and cross section should remain relatively
unchanged.

With the above limitation on fuel cross sections, the reactivity life-
times of single-zone and twc-zone cores are compared in Fig., 11 for stain-
less steel fuel-element containers. The initial sharp drop in reactivity
is due to the buildup of the fission-product poison Xel35. Following the
buildup of equilibrium samarium (~0.3 years),'the multiplication factor as
a function of time appears to be remarkably linear with the slope, 0.036
Ak/year. Evidently the two-zone core incréases the reactivity lifetime of
the one-zone core by only about one month., A single-zone core treatment
should, therefore, be suitable for many kinds of studies.

Gross radial peak-to-average power distributions at the beginning of
life calculated by CANDLE for the one- and two-zone cores are shown in

Fig. 12. The two-zone core has a smaller peak-to-average radial power ratio
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Table 3. Flux-Averaged Microscopic Cross Sections for Inner and Outer
Core I Fuel Zones at 508°F

Microscopic Cross Sections (barns)

Cross y235 U238 B
Section
Calculated Inner Outer Inner Outer Inner . Outer
zZone Zone Zone Zone Zone Zone
3°tr1 31.43 31.78 20.31 20.54 0.4345 0.4340
9.1 2.59 2.62 0.479 0.485 0.0011 0.0011
012 0 0 0.00M? 0.0048 0.0285 0.0289
Dofl 5.30 5.36 - 0,615 0.622 0 0
3Utr2 44,38 Ly, 63 29.48 29.64 1.1662 1.1869
ca2 29.05 29.21 1.59 1.60 0.0028 0.0027
023 0 0 0 0 0.0806 0.0818
00 oy L, 67 L, 92 0 0 0 0
3Utr3 75.71 75.65 26.80 26.78 1.2829 1.31L6
043 87.55 87.48 1.3k 1.34 0.0054 0.0057
“3& 0 0 0 0 0.117%4 0.1194
Dcf3 154,3 154,2 0 0 0 0
3°tru 233.2 220.7 21.33 20.19 2.4123 2,621k
Uau 326.9 309.4 1.37 1.30 0.0292 0.0333
0oL, 674.,0 638.0 0 0 0 '

(PmaX/Pav = 1.80) than the uniformly loaded core (Pmax/Pav = 1.86). The
flatter radial-power distribution of the two-zone loading is vitiated with
burnup, as shown by the power distributions at the end-of-core life, pre-
sented in Fig. 13. Comparison of Figs. 12 and 13 reveals the trend toward
a flatter power distribution as fuel is consumed.

Of interest to the reactor operator are the core inventories of fis-
sionable material. These materials are also of importance in fuel-cycle
economic analyses.2 For these reasons the calculated time dependence of

U235, Pu239, and Pu241 core inventories for the two-zone prototype core
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are presented in Figs. 14, 15, and 16, respectively. The burnup of U235
is fairly linear (Fig. lh), with a slope of about 25 kg per full-power year.
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The buildup of Pu239 (Fig. 15) occurs at a rate of about 8 kg per full-
power year during the first full-power year and at the rate of about 6 kg
per full-power year during the second year of full-power operation. The
buildup of Pugul is quadratic in nature, depending as it does on the build-
up of intermediate isotopes of plutonium. These calculated plutonium in-
ventories depend directly on the assumed resonance absorption integral of
U238 (20.35 barns in this study). At the end of core life (~1.7 full-power
years) the plutonium isotopes contribute about lO% of the power production,

U238 contributes about 9%, and U235 provides the remainder.
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6. EFFECT OF FISSION-PRODUCT NONTHERMAL ABSORPTIONS
ON REACTIVITY LIFETIME

In the burnup calculations reported here, the fission products are
characterized by a single element with a thermal-absorption cross section
of 43 barns at 2200 m/sec and a resonance-absorption integral of 21k barnsl7
(before flux weigﬁting). It has been customary to neglect nonthermal ab-
sorptions in fission-product poisons, mainly because of the scarcity 6f ex-
perimental information for these nuclei, In order to test the effect of
nonthermal absorptions in fission products on the calculated lifetime of
the N,S. SAVANNAH core I, an additional burnup calculation was performed
using a zero resonance integral for the fission products. The calculated
reactivity lifetimes for the two assumed values of the resonance-absorption

integral for fission products are compared in Fig. 17. It is apparent from
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this figure that calculated lifetimes for N.S. SAVANNAH-type cores are sensi-

tive to resonance absorptions in fission products.

7. INVESTIGATION OF FUEL-RESHUFFLING SCHEMES

Additional lifetime studies were undertaken using the CANDIE code to
investigate the effects of various fuel-management schemes on the burnup of
an initial two-zone core I (k.2 wt % U°3% inner zone, 4.6 wt % U3 outer
zone). The schemes examined were (1) switching inner and outer fuel zones
at the end of core I burnup; (2) removing the burned inner zone, replacing
it with the burned outer zone, and inserting a fresh outer zone; and (3)

leaving the burned core I fuel in place but replacing the stainless steel

()
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egg crate with a Zircaloy egg crate. Movement of burned fuel would be ac-
companied by movement of the associated fission products, including equi-
librium xenon and samarium.

Calculated reactivity lifetimes for these schemes are shown in Fig.

18. Of the three fuel-management schemes studied, replacement of the stain-
less steel egg crate by a Zircaloy egg crate (scheme 3) in a burned core I
is the most attractive from the point of view of increased reactivity life-
time, since almost 3.5 full-power years of energy production are obtained
from the initial fuel loading.

Simple switching of the burned zones (scheme 1) provides only an ad-
ditional seven months of core 1life and appears to be the least attractive
of the fuel-management schemes., The initial curvature in the reactivity-
lifetime curve for scheme 1 is the result of the difference between the
equilibrium xenon and samarium concentrations befbre and after the switch
is made,

Addition of half a fresh core (4.6 wt % U235) to the outer zone (scheme
2) is calculated to extend core life an additional 1.2 years. An enrichment
of 5.65 wt % U235 in the fresh outer zone is required to obtain a core life

equal to that obtainable from an exchange of egg-crate materials (scheme 3).
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8. COMPARISON OF AXIAL SIAB-GEOMETRY MODEL WITH EXPERIMENT

The beginning-of-life core analysis methods were compared with experi-
mental information on core reactivity and total control-rod worth and found
to be satisfactory.l Additional checks on the axial slab-geometry model
used in the window-shade burnup calculations were desired, however. One
available check was the critical A control-rod bank position measured in
the zero-power experiments18 on the prototype core. With all other control
rods fully inserted, the cold, clean core was found to be critical at an A
control-rod bank position of 79.0 £ 1 cm, as measured from the bottom of
the active fuel region. For this same control-rod configuration, the analy-
sis methods described here gave a multiplication factor of 1.005 at an A-
bank position of 79.0 em and k = 1.000 for an A-rod bank position of 69.5 cm.

Good agreement was also obtained for the comparison of calculated and
measured control-rod axial power distributions for the critical A-bank ex-

18

periment. The experiment showed the power distribution to be spatially
dependent; however, the calculated position for the peak power agreed with
the experimental position, and the shape of the calculated axial power dis-
tribution agreed with power profiles measured near the center of the fuel

elements, as may be seen in Fig. 19.

UNCLASSIFIED
ORNL -LR-DWG 73280
2.5

20 CALCULATED
AT T TN I/—CRITICAL A-ROD BANK POSITION
i N\ H
5 /e '\‘
I
I ‘\\
1.0 N
v/ \\\\
N
~
\\\\\\T\MEASURED
N

0.5 =

RATIO OF AXIAL POWER TO AVERAGE POWER

NS
\
s
J~
0 T~
0 20 40 60 80 100 120 140 160 180

DISTANCE ABOVE 80OTTOM OF ACTIVE FUEL (cm)

Fig. 19. Comparison of Calculated and Measured Axial Power Profiles
for N.S. SAVANNAH Core I at 68°F with A-Rod Bank at 79 cm and all Other
Rods Fully Inserted. Experimental curve is representative of conditions
near the center of a fuel element.




([}

27

9. COMPARISON OF RADIAL AND WINDOW-SHADE BURNUP METHODS
FOR N.S. SAVANNAH CORE I CALCULATIONS

Radial-Burnup Lifetime Results

Comparison of reactivity lifetimes for Zircaloy and stainless steel
egg-crate cores containing a uniform loading of 4.2 wt % U235 were reported
previouslyl based on a radial burnup calculation. These calculations were
for cores without control rods, control being accomplished by a uniformly
distributed poison. TFor completeness and for contrast with the window-
shade burnup calculations, these results are again presénted in Fig. 20.
Apparently, the use of a Zircaloy fuel-element container.structure would
double the réactivity lifetime of 4.2 wt % 73 core I fuel elements rela-
tive to their reactivity lifetime in a stainless steel fuel-element con-

tainer structure.

Window-Shade-Burnup Lifetime Results

Because of the striking effect of the Zircaloy égg crate on fuel-ele-
ment reactivity lifetime, it was desirable to repeat the above comparison
by another, more realistic method. The one-dimensional window-shade method

which allows simulation of axial rod-bank control was used. In addition
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to being programmed directly in terms of an actual observable position
(the controlling rod-bank position), the window-shade method provides in-
formation on the axial power distribution and on how it changes with burn-
up. Since the properties for each axial zone in the window-shade calcula-
tion were obtained from two-dimensional PDQ calculations in the horizontal
plane, the combination of window-shade and PDQ calculations provided some
information on three-dimensional power distributions within the core.

The control-rod programming scheme simulated here was based on with-
drawal of rod banks from the outer regions of the core first. For the stain-
less steel egg-crate core, this procedure results in a critical B-rod bank
position at 24 in. withdrawn; X and A rods fully inserted; and the C, D, and
E rods fully withdrawn. As the core burns up, the B-rod bank is withdrawn,
followed by the A-rod bank, and then finally by the X rod. The calculated

results for this mode of rod programming are presented in Fig. 21.
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It is to be noted that this method of burnup calculation predicts a
slightly greater core life than the radial burnup calculation. This was
to be expected, since the rod-programming scheme employed in the window-
shade calculation produces more uniform U235 fuel depletion than does a
radial-burnup calculation with all rods out of the core. Also the rod-
bank worth is slightly asymmetrical, the rods being worth slightly more
in the bottom half of the core than in the top half. This is borne out
by the calculated rod-bank worths as a function of bank position shown
in Fig. 22. The rod worths shown in Fig. 22 are the worths within the
rod configuration experienced in the burnup calculation. For example,
the B-rod bank worth curve was calculated in the geometry of Fig. 10 for
the X and A rods fully inserted and the C, D, and E rods fully withdrawn.
It is believed that the presence of the full-rod region at the top of the
core and its absence at the bottom produces the slightly asymmetrical rod-
worth curves.

The rod-worth curves may be used to convert the burnup curve of Fig.

21 into a reactivity-lifetime curve similar to that of Fig. 20. If this
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is done, the initial multiplication factor is found to agree with the
value in Fig. 20 to within about A&k = 0.002. The window-shade burnup re-
sults are presented in the form of Fig. 21 to properly contrast the re-

sults of this method with the results of the radial-burnup calculations.

Axial Power Distributions

Axial power distributions at the beginning and end of the N.S. SAVANNAH
core I life obtained from the window-shade burnup calculations are shown in
Fig. 23. TExamination of the burnup results at intermediate time steps re-
veals that the axial power distribution of the beginning of core life is '
the most severe with respect to the axial peak-to-average power ratio; how-
ever, this axial peak occurs in the region of the core containing A and X
rods which have a favorable radial power distribution. Radial power peak-
ing values at the beginning of core I life for various rod patterns are
listed in Table 4 and were obtained from PDQ calculations in the x-y geome-

try of Fig. 6. Combining radial and axial peaking factors, it is apparent
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Table 4. Radial Power Peaking Factors for Various
Rod Insertions in Core I at 508°F

Fully Radial Peak~to-Average Power Ratio
Inserted
Rods Two-Zone Core One-Zone Core
No rods 1.98 2.05
X rod 1.60 1.65
A+ X rods 1.44 1.48
A+ B + X rods 1.49 1.48
All rods 1.44 1.70

that the most severe over-allhpower peaking occurs toward the end of core
life when the X rod is almost fully withdrawn. At this point in core life,
the over-all peak-to-average ratiQ obtained by simple combination of the
axial window-shade results with the beginning-of-life radial peaking factor
for no rods in the core is 2.9. This is considerably less than the design
value3 of 3.75. The peak-to-average power peaking factor obtained in the
manner described above cannot account for true three-dimensional effects.
It is estimated, however, from comparison of calculations with experimental
results on the A-rod bank core I critical experiment (see sec. 8), that the
method used here gives power peaking factors that are only about 10% lower
than the experimental values. In addition, as shown by Figs. 12 and 13,

it is expected that radial peaking factors should decrease with burnup.

10. WINDOW-SHADE BURNUP RESULTS FOR 4,2-WT 9
ENRICHED ZIRCAIOY EGG-CRATE CORE

Initial hot criticality conditions for the L.2-wt % UQ35 Zircaloy egg-
crate core require the X, A, and B rods to be fully inserted and the C, D,
and E rods banked at 28 in. above the bottom of the active fuel. The rod-
programming scheme followed in the window-shade burnup calculation was with-
drawal of the C, D, and E rods as a unit, followed by withdrawal of B, A,

and X rods in sequence, as in the stainless steel egg-crate calculations,
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The resulting rod-movement history is displayed in Fig. 24, Again the re-
sulting core life is in good agreement with the previous radial burnup
calculation (Fig. 20) but gives a slightly longer lifetime estimate. Com-
parison of Figs. 21 and 24 again predicts that the replacement of stain-
less steel by Zircaloy in the fuel-element container structure will es-
sentially double the reactivity lifetime of core I fuel elements.

Rod-bank worth curves for the Zircaloy egg-crate core are shown in
Fig. 25. These curves are similar to the worth curves for a stainless
steel egg-crate core shown in Fig. 22 and were obtained in the same manner.
The clean, cold reactivity obtained by adding the worth of rods in the core
is within Ak = 0.002 of the clean, cold reactivity of the core without any
rods. Thus, the difference in lifetimes predicted by the radial and window-
shade burnups cannot be ascribed to initial reactivity differences but is
believed to be due to the more uniform fuel depletion attained in the
window-shade calculation. ‘
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Axial Power Distributions

Beginning and end-of-1ife axial power distributions for the Zircaloy
egg-crate core are shown in Fig. 26. Radial peaking factors for various

rod configurations at 508°F are shown below:

Fully Radial
Inserted Peak-to-Average
Rods Power Ratio
No rods 2.03
X rod 1.62
A + X rods 1.46
A+ B + X rods 1.53

All rods 2.15
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The most severe power peaking occurs at the beginning of core life and has
the value 3.55, which is lower than the design value of 3.75 but considerably
higher than the maximum peaking factor -of 2.9 in the stainless steel egg-

crate core,
11. TEMPERATURE COBEFFICIENT OF REACTIVITY

For a long-lived core such as would be obtained by the use of a Zircaloy
egg crate and a fuel loading near 4.2 wt % U235, there would usually be con-
cern about the temperature coefficient of reactivity at full power for large
plutonium inventories. The temperature coefficient of reactivity for a
heterogeneous reactor of the N.S. SAVANNAH type depends a great deal on the
core details; however, a determination of this quantity is beyond the scope
of this work. ©Since plutonium is expected to affect only the moderator part
of the over-all temperature coefficient reactivity, an estimate of the ef-
fect of plutonium on this part of the temperature coefficient could easily

be made with the CANDILE code.

w
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Such an estimate was made by changing the water density and thermal-
group cross sections to their values for a 28°F temperature rise and recom-
puting multiplication factors at various times in core life using the radial
CANDLE burnup calculation. Although this method cannot give absolute values
for the meoderator coefficient of reactivity, it should fairly well represent
the effect of plutonium buildup on this coefficient. Using this method it
was found that, although the buildup of plutonium does reduce the moderator
coefficient, the'percentage reduction is only about lO% after three years

of full-power production.
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