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ABSTRACT

The homogeneous versus heterogeneous core configuration
trade-off studies have been given a high priority in recent years.
The technical performance difference between the two concepts
appears to be rather small. However, the heterogeneous core
results in a much lower sodium void reactivity and a greater
incoherency in voiding, leading to a relatively benign energetics
in most loss-of-flow and transient overpower accident sequences.
This safety/licensing advantage provides the rationale for the
heterogeneous core concept.

In this paper, the emphasis is placed on obtaining an
understanding of the inherent difference between homogeneous and
heterogeneous core configurations regarding neutronic character-
istics related to the dynamic behavior. The space-time neutronic
and thermal-hydraulic behavior was analyzed in detail for various
core configurations by using the FX2-TH, a two-dimensional
kinetics code with thermal-hydraulic feedback. In addition, the
relationship between the flux t i l t and the fundamental-to-first
harmonic eigenvalue separation, and the sodium void reactivity in
heterogeneous cores were also studied.
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I . INTRODUCTION

The most significant development J"1 core design trend in the U.S. LMFBR
program has been the increased a t tent ion given to the heterogeneous core
design concept. In recent years, numerous core configuration crade-off
studies have been carried out to quantify advantages and disadvantages of ths
heterogeneous concept relat ive to the homogeneous concept, and a consensus is
emerging among the U.S. core designers. It appears that the technical aad
economic performance differences between homogeneous and heterogeneous core
designs are very small; however, the heterogeneous concept provides a
definite safety/licensing advantage.

The technical and economic performance comparison between homogeneous
and heterogeneous core configurations is diff icult to quantify. In fact, in
most cases, the perceived advantages and/or disadvantages are dictated by the
consistency in the comparison (optimized for one concept versus nonoptimized
for the other, e t c . ) rather than by any inherent differences. Some of the
technical and economic issues relevant to the homogeneous versus heteroge-
neous comparison are summarized below.

Breeding Ratio and Doubling Time: The comparison of breeding perfor-
mance between homogeneous and heterogeneous core configurations is very
sensitive to the design groundrules applied for the comparison: for example:,
whether the pin diameter is fixed or allowed to be reoptimized; if r eop t i -
mized, with respect to what constraints , e tc . The minimum doubling time
attainable is about the same with e i ther design concept. Tie doubling time
of the heterogeneous concept is less sensitive to the choice of pin diameter,
hence providing an advantage rn terms of f l ex ib i l i ty .

Nuclear Performance: The spat ial flux and power distr ibutions in he te r -
ogeneous cores are inherently more sensit ive to changes in composition,
loading pattern, e t c . , as compared to homogeneous cores. Control rod worth
is reduced in heterogeneous designs because of hardened spectra, hence the
number of control rods may have to be increased. On the other hand, the
react ivi ty swing i s reduced in heterogeneous designs.

Fuel Cycle Cost: There is very l i t t l e difference between the two
concepts because of the trade-offs involved: increased f i s s i l e loading and
increased number of blankets versus reduced number of driver fuel, e t c .

Fast Neutron Fluence: The fluence/burnup ra t io i s reduced substant ia l ly
for the heterogeneous concept, which i s an advantage in developing fuel for
extended burnup capabil i ty.

Thermal Striping: There is a potential for increased thermal s t r ip ing
problem in the upper internals structure of the heterogeneous design because
of the thermal gradients that exist between the driver fuel and Internal
blankets. The heterogeneous design may also require additional core exi t
instrumentation.

Core Restraint: Because of the thermal gradients that exist between the
fuel and internal blanket assemblies, the bowing of assemblies in the hetero-
geneous core could be dominated by creep rather than by i r radiat ion Induced
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swelling. Hence, a different core restraint design may be required for the
heterogeneous core, and a careful evaluation of the bowing reactivity effect
is required.

Reactivity Coefficients: It is a well-documented fact that the sodium
void reactivity in the heterogeneous design can be reduced by as much as a
factor of two relative to an equivalent homogeneous design. However, the
Doppler coefficient is also slightly reduced in the heterogeneous design.

As discussed above, the differences in technical and economic perfor-
mance characteristics between homogeneous and heterogeneous concepts are
rather small, each concept has advantages as well as disadvantages, and there
is no overriding reason to favor one over the other. However, the safety and
licensing implications of the lower sodium void reactivity for the heteroge-
neous concept requires a further elaboration.

A major safety design objective is to provide design features that would
limit the energy release in :he event of a hypothetical core disruptive acci-
dent (HCDA). The energetics during an HCDA is strongly influenced by whether
or not the net reactivity exceeds prompt criticality during the initiating
phase. This condition is largely dictated by the degree the negative Doppler
feedback is overriden by the positive sodium void reactivity, both of which
increase with time.

The reduced sodium void reactivity and the incoherency in sodium voiding
in the heterogeneous design result in a relatively benign energetics behavior
for most loss-of-flow and transient overpower accident sequences. *»̂  The com-
bination of this safety/licensing advantage and the small difference in the
technical and economic issues between homogeneous and heterogeneous cores
led to the adaptation of the heterogeneous core as the reference concept in
recent U.S. designs.

The remainder of this paper deals with selected topics related to the
dynamic behavior of homogeneous and heterogeneous core design concepts.

In Section II , the space-time neutronic a'nd thermal-hydraulic behavior of
large (1000 MWe and 1800 MWe) homogeneous and heterogeneous LMFBRs is studied
with the FX2-TH, a two-dimensional kinetics code with thermal-hydraulic feed-
back. To highlight the space-time effect, the transient behavior is analyzed
for the withdrawal of a single control rod (asymmetric reactivity insertion).
The comparison is made between homogeneous, tightly coupled heterogeneous and
loosely coupled heterogeneous configurations. In addition to studying the
generic differences in the transient response of homogeneous and heterogeneous
cores, restrictions on the applicability of the point kinetics model are also
investigated. More detailed results of this study are presented in Ref. 3.

In Section III , the emphasis is placed on obtaining an understanding of
the inherent difference between homogeneous and heterogeneous core configura-
tions regarding spatial flux t i l t ing due to asymmetric perturbations. The
relationships between the flux t i l t , fundamental-to-first harmonic eigenvalue
separation, and core design parameters are studied in the context of one
energy group and a slab model. It is shown that simple one-group theory can
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be used to gain a physical understanding of the behavior of the fundamental-
to-first harmonic eigenvalue separation with changes in core design, e.g.
core configuration, size, composition, etc.

In Section IV, the sodium void reactivity in heterogeneous cores is
analyzed in detail. The heterogeneous core concept is one of the most practi-
cal design approaches for lowering the sodium void reactivity. However, the
presence of internal blankets within the core region complicates the analysis
and its interpretation. In this study an attempt is made to correlate the
effect of design parameters with the sodium void reactivity. Using a simpli-
fied geometric model, it can be shown that positive spectral component of the
void reactivity varies linearly vith the total core leakage, for a wide range
of heterogeneous designs. Using the linear relationship, it is possible to
predict what impact the core layout vjill have on the void reactivity in a
simple and expedient manner.
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I I . SPACE-TIME KINETICS OF LARGE HOMOGENEOUS
AND HETEROGENEOUS LMFBRs

The r ecen t development of t he FX2-TH code4 has made f e a s i b l e an e v a l u a -
tion of the importance of spatial effects in the calculation of operational
fast reactor transients. In the following analysis, particular emphasis has
been placed on the error incurred, due to the use of a point kinetics model,
in predicting the transient peak power density and the peak cladding and fuel
temperatures. These local parameters are important measures of the reactors
response to transient events.

In addition to studying the limits of the applicability of the point
kinetics model, this study addresses the generic differences in the transient
response of homogeneous and heterogeneous LMFBR designs. The greater decou-
pling of the core due to the introduction of internal blanket assemblies can
lead to a greater separation of the space and time behavior of the power
shape. Such effects might have an impact on the reactors' dynamic
performance.

The context in which the above analyses are made is that of an overpower
transient due to the withdrawal of a single control rod. This transient
model, due to its geometric asymmetry, was considered particularly appropri-
ate for the study of the space-time behavior of these systems.

Methodology

The modeling and the computational methodology in this study are built
upon the capabilities of the FX2-TH code. This code was designed for two-
dimensional reactor transient analysis. The neutronics solutions are those of
the time-dependent multigroup neutron diffusion equation. These equations are
solved by using the improved quasi-static method,5 which solves the point
kinetics equations for an amplitude function with periodic recalculation of
the space and time-dependent multigroup shape function- The resulting
solution is then an acceptably accurate approximation to a full space-time
solution of the diffusion equations. The thermal-hydraulics model option used
in this study employs an explicit solution of the heat conduction equations
in a one-dimensional fuel pellet, gap, clad and coolant configuration. The
code takes into account feedback effects from changes in both the average fuel
and average coolant temperatures. The former results in the Doppler feedback
and the latter in the feedback from the decrease in the density of the coolant.
The neutronics solutions are based on an eight-group cross section set for
four temperatures.

Due to the limitations of the code, i t is assumed *:hat boiling does not
occur at any point in the transient, that there is no distortion of geometry,
and that the fuel does not expand. The first two assumptions are valid with
respect to operational transients. The implications of the last assumption
are not as clear since the magnitude of the effect is extremely dependent on
system size.

The transient modeled for this study is due to the withdrawal, at power,
of a single control rod. To accentuate the space-cime effects the rod chosen
was from the ring farthest from the center of the reactor. The calculations
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were done in triangular geometry with half core symmetry. The half core was
divided into twelve separate thermal-hydraulic regions with an additional
thermal-hydraulic region for the hottest assembly.

The six core configurations used are shown in Figs. 1 and 2. Two reactor
sizes were studied, 1000 MWe (Fig. 1) and 1800 MWe (Fig. 2). The degree of
heterogeneity ranges from homogeneous, through tightly coupled heterogeneous,
to loosely coupled heterogeneous. The heterogeneous configurations are all of
the center blanket class and were constructed without specific breeding or
reactivity coefficient limitations, but rather to exhibit the generic hetero-
geneous structure of radial parfait cores. To this end, we have considered a
tightly coupled core - one row of internal blankets separating the core
regions, and a loosely coupled core - two rows of internal blankets separating
the core regions. All cores were enrichment zoned - two zones in the case of
the homogeneous configurations, and three zones, identified with the three
core regions, in the case of the heterogeneous cores. 'The degree of neutronic
coupling of the various cores as measured by the subcriticality of the first
harmonic is shown in Table I. These data can be viewed as indicative of the
relative susceptibility of the systems to flux t i l t ing as a result of an
asymmetric local perturbation.

TABLE 1 Eigenvalue Separation (Percent)8

1000 MWe 1800 MWe

Homogeneous 3.9 2=9

Tightly Coupled
Heterogeneous 1.8 1.3

Loosely Coupled
Heterogeneous 1.2 0.8

aBased on one-group 2-D Hex Geometry
calculations.

The general reactor data and the fuel and blanket pin design descriptions
on which the assembly designs are based are given in Table II . These were
fixed for all six core configurations.

Point Kinetics Versus Space-Time Kinetics

The comparison of the point kinetics calculational model to that of
space-time kinetics was made in the context of an overpower transient due to
the withdrawal of one control rod. Only the three 1U00 MWe configurations
were chosen for this analysis- They are a homogeneous core configuration
with two enrichment zones, and a "tightly" and a "loosely" coupled configura-
tion each with three enrichment zones corresponding to the three core regions.
The transient is initiated in each case by the withdrawal of the control rod
indicated in Fig. 1.
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TABLE I I . Design Characteristics

General Reactor Data

Fuel Pin Design Data

Fuel Material
Fuel/Clad Bond
Pin o.d. , in.
Cladding Thickness, In.
p/d Ratio
Wire Spacer Diameter, in.
Plenum Length, in.
Fuel Smeared Density, X T\
Linear Power, kW/ft
Nominal Peak
Average

Fuel Assembly Design

No. of Pins
Assembly Pitch, in.
Duct Outside Flat-to-Flat,
Duct Wall Thickness, In.
Interassembly Gap, in.
Nozzle-to-Nozzle Ap, psl

Reactor Power, MWe
Reactor Power, MWth
Thermal Efficiency,
Core Height, in.

1000, 1800
2740, 4932

Z 36.5
40

Axial Blanket Thickness, in. 15
Reactor Outlet Temperature, °F 930
Reactor AT, °F

Pu-U02
He

0.290
0.014
1.186
0.053
48

,D. 90

14.0
9.0

271
6.310

, lv.. 6.040
0.141
0.270

90
Peak Coolant Velocity, ft/sec 26.0

Core Volume Fractions

Fuel (Smeared)

.Structure
Sodium

0.4238
0.1969
0.3793

280

Blanket Assembly and Pin Design

Fuel Material
Fuel/Clad Bond
Duct Outside Flat-to-Flat, in.
Duct Wall Thickness, in.
No. of Pins
Pin o.d.,. in.
Cladding Thickness, in.
p/d Ratio
Fuel Smeared Density, % T.D.

Blanket Volume Fractions

Fuel (Smeared)
Structure
Sodium

UO2
He

6.040
0.141

127
0.470
0.015
1.070
90

0.5592
0.1656
0.2752



In an initial analysis, the same speed for the control rod movement was
used in both the point kinetics calculation and the space-time kinetics cal-
culation. This proved to bias the results, since in the point kinetics model
the effects of the flux t i l t toward the position of the rod being withdrawn
were ignored. Thus, the reactivity insertion in the point kinetics calcula-
tion was significantly smaller than that in the space-time kinetics calcula-
tion. To mitigate this bias in subsequent analyses different control rod
withdrawal speeds, normalized to give equal reactivity insertion rates,
were used in the point kinetics calculations and the space-time kinetics
calculations.

For this comparative study of calculational models a reactivity inser-
tion rate of 2^/sec was chosen. The net react vity, taking into account
thermal and hydraulic feedback effects, for this rate of insertion and based
on the two calculational models is shown as a function of time in Fig. 3 for
the three different 1000 MWe core configurations. For'the homogeneous core,
the net reactivity predicted by the point kinetics model agrees well with
that predicted by the space-time kinetics model. However, for the hetero-
geneous cores the point kinetics model predicts somewhat higher net reactivi-
t ies . This is especially true in the case of the loosely coupled core. Most
of this difference in the net reactivity between the two calculational models
can be attributed to the difference in the negative Doppler feedback reactiv-
ity predicted by the two models. The space-time kinetics model accounts for
the power t i l t , which results in a greater fuel temperature increase about
the moving control rod than is the case in the point kinetics model. In
addition, the t i l t of the flux enhances the neutron worth in terms of the
reactivity worth about this control rod. Thus, in the space-time kinetics
model, these two combined effects result in a higher Doppler feedback
reactivity for the heterogeneous cores and consequently in a lower ret
reactivity.

The difference in the net reactivity as a function of time between
the two models is indicative of the ability of the point kinetics model to
accurately predict the time response of the total reactor power. This is
substantiated in Fig. 4, where good agreement between the point kinetics and
the space-time kinetic models is achieved for the homogeneous core, while a
significant discrepancy exists for the heterogeneous cores. This discrepancy
increases with a decrease in the neutronic coupling between the core regions
and also as the transient proceeds in time.

Despite the good agreement observed in the net reactivity and the total
reactor power between the two calculational models in the case of the homoge-
neous core, even in this case the point kinetics model significantly under-
predicts the transient peak power density as can be seen in Fig. 5. For
example, in the case of the 2^/sec reactivity insertion the point kinetics
model predicts an increase in the peak power density of 15.2% after
10 seconds, whereas the space-time kinetics model preJicts an increase of
22.6%. This difference in the percent increase in the peak power densities
indicates, that due to the highly asymmetrical nature of the reactivity
insertion, great spatial effects exist even in the homogeneous core. In the
case of the heterogeneous cores, although the neglect of the changes in the
power shape due to the point kinetics model overestimates the total reactor
power, the much higher spatial power sensitivity of the heterogeneous cores
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results in a severe underestimation of the peak power density rise. For
example, after 10 seconds into a liJsec transient, the increase in the peak
power density of the tightly and o.oosely coupled cores are respectively 18.4%
and 21.5% based on the point kinet.ics model, compared to 32.9% and 43.1% when
based on the space-time kinetics model.

In general the point kinetics model can be used, albeit with caution,
for predicting integral reactor characteristics such as net reactivity, total
reactor power, and mixed mean coolant outlet temperature. However, this model
fails severely when predicting local transient reactor conditions, such as
the peak power density, peak fuel and cladding temperatures, etc. For
transient events, which are due to severe asymmetric changes lr. the reactor
composition or operating condition, detailed space~time kinetics calculations
may be require^ even in the case of a homogeneous core configuration. For
heterogeneous cores that exhibit great power shape sensitivities, space-time
kinetics may be required even if only integral reactor'parameters are of
interest.

The Transient Space-Time Neutronic Behavior with Thermal-
Hydraulic Feedback of Homogeneous and Heterogeneous Cores

In the previous section the computational methodology appropriate for
the study of large homogeneous and heterogeneous cores was determined. It
was found that for the study of these systems, when they are subject to an
asymmetric transient, i t is prudent to, in general, apply the space-time
kinetics model. In this section, this calculational model will be used to
study the neutronic and thermal-hydraulic behavior of 1000 MWe and 1800 MWe
homogeneous and heterogeneous cores subject to an overpower transient. This
transient is modeled as an asymmetric withdrawal of a single control rod
under full power operating conditions. Reactivity ramp rates of lllsec,
2i/s\ic, and 5^/sec are considered. As an extreme case a 60 cent step
Insertion is also considered.

The net reactivity as a function of time for different ramp reactivity
insertions is shown in Fig. 6. For a given ramp rate the net reactivity is
consistently greatest for the loosely coupled heterogeneous cores, somewhat
less for the tightly coupled heterogeneous cores, and least for the homoge-
neous cores. This trend is a direct consequence of the relative magnitudes
of the Doppler coefficients associated with these cores. In Table I I I , a
breakdown of the values for the feedback mechanisms taken into account by
FX2-TH is given for an overpower transeitn before the occurrence of sodium
voiding or a change in core geometry. The reactivity values for these feed-
backs are for the 1000 MWe cores at 15 seconds into a transient due to a
2{{/sec ramp insertion. The Doppler reactivity feedback values, of -26.0«(,
-24,5£, and -23.0«[ respectively for the homogeneous, tightly coupled, and
loosely coupled cores, clearly dominate the sodium density feedbacks which
are 2.0^, 1.4^, and 0.8^ respectively. The sodium density feedback,
which is the only other feedback mechanism taken into account is not only
much smaller but also exhibits a trend opposite to that of the Doppler feed-
back. However, the difference in magnitude between the Doppler and sodium
density feedbacks is sufficiently large and does not affect the dominance
of the trend due to the Doppler reactivity feedback. It must be noted at
this point, that due to the limitations of the FX.2-TH code, the negative
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TABLE III. Reactivity Feedbacks after 15 Seconds for
2^/sec Ramp Reactivity Insertion

Reactivity Inser t ion, i

Doppler Feedback, i

Sodium Density Feedback, i

Net Reactivity

Homo.

30.0

-26.0

2.0

6.0

T.C.

30.0

-24.5

1.4

6.9

L.C.

30.0

-23.0

0.8

7.8

reactivity feedback due to the expansion of the structural material and the
fuel were not taken into account. *•

The difference in the net reactivity between the different core config-
urations results in differences in the time response of the reactor powers.
The time response of the reactor power affects the time response of the peak
power density and the fuel and cladding temperatures. However, these loc-.al
performance parameters are more strongly influenced during the transient by
the change in the flux or power shape, than by the rise in the total reactor
power. The peak power density and the fuel and cladding temperatures respond
at a much faster rate than the. total reactor power. The peak power density
as a function of time for different cores and ramp reactivity insertions is
shown in Fig. 7.

For design basis reactivity insertions with scram at 30% overpower, the
rise in the fuel and cladding temperatures in the heterogeneous cores would be
somewhat higher despite the earlier initiation of the reactor trip. This is
illustrated in Table IV for the 1000 MWe and the 1300 MWe cores for different
rates of reactivity insertion. For example, for a ljl/sec reactivity inser-
tion rate and the reactor trip point set at 30% overpower, the 1000 MWe homo-
geneous, tightly and loosely coupled heterogeneous cores trip respectively at
43.4, 37.4, and 31.3 seconds into the transient. During this time the fuel
centerline temperatures have increased by 46.2%, 56.4%, and 59.6% respec-
tively. If the reactivity insertion rate is increased to 5«i/sec, the time
at which the reactor reaches 30% overpower is reduced to 7.2, 6.2, and
5.5 seconds respectively, while the increase in the peak fuel temperature is
only 23.1%, 25.4%, and 26.1%. The 1800 MWe systems exhibit the same trends
with respect to the time to 30% overpower and increases in the peak power
densities and fuel centerline temperatures, although these values ?re
relatively larger.

The differences in the increase in the midwall cladding temperature
between the various configurations follow the same trend of increasing with
an increase in the ramp rate as those in the peak power density and the fuel
centerline temperature. For a 30% overpower transient modeled in this
study, the percent increase in the midwall cladding temperature with respect
to configuration is about 15% of the increase in the peak fuel centerline
temperature. The effects on the midwall cladding temperature of changing
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TABLE IV. Increases in Peak Power Density and Peak Fuel and
Cladding Temperatures from Initial Power to 130% Power

H/sec 2i/sec 5^/sec

Configuration: Homo. T. C. L.C. Homo. T.C. L. C. Homo. T. C. L. C.

Reactor Size: 1000 MWe

Time to Reach

130% Power, sec: 43.4 37.4 31.3 21.0 17.9 15.4 7.2 6.2 5.5

Percent Increase
in Peak Power
Density: 47.3 56.3 66.8 46.7 55.4 66.3 44.8 53.3 64.0

Percent Increase
in Fuel Center-
line Temperature: 46.2 56.4 59.6 39.8 46.9 50.1 23.1 25.4 26.1

Percent Increase
in Midwall Clad
Temperature: 6.6 8.2 8.7 5.8 6.8 7.3 3.5 3.9 4.1

Reactor Size: 1800 MWe

Time to Reach
130% Power, sec: 23.1 21.5 20.6 8.0 7.4 6.7

Percent Increase
in Peak Power
Density: 50.2 73.3 92.5 48.5 70.0 88.9

Percent Increase
in Fuel Center-
line Temperature: 42.3 59.1 70.0 25.9 36.0 44.4

Percent Increase
in Midwall Clad
Temperature: 5.9 9.3 11.5 3.8 5.6 7.0



-18-

the ramp rate from 1^/sec to 5gf/sec or the reactor size from 1000 MWe to
1800 MWe are in comparison small.

In operating reactors there is a time delay of approximately 0.2 seconds
from the initiation of the reactor trip to the actual scram of the reactor.
This time delay is small compared to the time from the initiation of the
transient to the reactor trip for all the ramp reactivities considered in
this study, and therefore its effects have been neglected. On the other
hand, in the case of sudden large reactivity insertions, this time delay may
determine the severity of the power and temperature rises. To investigate
this issue, the space-time response of the three 1000 MWe cores was studied
for a 60^ step reactivity insertion. The consequent behavior of the peak
power density are shown in Fig, 8. For this transienc, the 30% overpower
is reached by all three configurations in less than 10""4* seconds. The peak
power density for the loosely coupled heterogeneous core increases in
2 milliseconds by about 400% before the Doppler reactivity feedback begins to
limit the transient. Similarly, in the same time interval, the peak power
densities in the tightly coupled heterogeneous core and the homogeneous core
increase about 350% and 300% respectively. The peak fuel centerline and
midwall cladding temperatures when scram occurs at 0.2 seconds into the tran-
sient are shown in Table V. In the worst case, that of the loosely coupled
heterogeneous core, they are increased by 8.6% and 1.5% respectively.

TABLE V. Peak Fuel Centerline and Cladding Midwall
Temperature Increase in 0.2 Seconds for
60^ Step Reactivity Insertion

Configuration: Homo. T. C. L.C.

Increase in Fuel
Centerline
Temperature, % 5.2 7.4 8.6

Increase in Midwall
Clad Temperature, % 1.0 1.3 1.5

It must be pointed out, however, that an asymmetrical localized 60«<
step insertion, as assumed above, is unrealistic. The occurrence of the
large differences in the time response in the peak power density between
the various core configurations as shown in ?xg. 8 is therefore extremely
unlikely, and even in this case, the temperature rise is small.

It must be emphasized that the analysis presented and the conclusions
drawn in this study have been for transients with scram at 30% overpower.
In the case of a failure to scram, the initial phase of the transients would
of course be the same, but the subsequent phenomena such as sodium boiling,
fuel and clad melting, changes in geometry, etc. are out of the domain of the
current FX2-TH analysis. An analysis of the latter phenomena and their
impact on safety issues may outweigh the disadvantages of the greater space-
time sensitivity of the heterogeneous cores during operational transients.
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I I I . FLUX TILT AND EIGENVALUE SEPARATION

In this study the emphasis has been placed on obtaining an understanding
of the inherent tendency toward spat ia l flux t i l t i n g of a core as a conse-
quence of certain design changes, such as the heterogeneous configuratioi,
e t c . It was deemed appropriate at the outset to investigate the simplest
possible systems which however, s t i l l contained the salient features of an
LMFBR. To this end, a series of one-group calculations were performed for
one-dimensional slab reactors. Two of these slab configurations are i l l u s -
trated in Fig. 9. Some of the elementary variations of the slabs which were
considered are as follows:

( i ) changes in the physical size of the core for fixed volume
fractions;

( i i ) increases in the fuel volume fraction for a fixed geometric
size; '

( i i i ) che introduction of a single internal blanket region in the
center of the core and variation in i t s size;

(iv) smearing of the internal blanket over the core;
(v) dividing the single internal blanket into separate blankets

and distributing them over the core.

These variations encompass to some extent changes in design, such as core
size, composition, internal blanket size, fuel type e t c . , which may be con-
sidered during conceptual studies of LMFBRs. It i s to be emphasized that
the studies which follow ^ere pursued to provide a generic understanding of
the impact of core design and composition on eigenvalue separation and hence,
flux t i l t ing . The data are therefore qualitative in nature and do not
represent a quantitative design study.

The analysis in this study was done with the one-dimensional option of
the computer code DIF3D. For the calculation of the higher harmonics, there
are two operational ways in which th is code can be used. The f i r s t method is
to change the boundary conditions at the nodes. The other is to exploit the
power i terat ion algorithm which i s used by the code for calculating the
eigenvalue of the diffusion equation. This l a t t e r method is systematic, but
requires some auxiliary calculations. The former method, although not
readily applicable to a l l the higher harmonics, i s very simple to apply in
the case of the f i r s t harmonic of a symmetric system, especially in slab
geometry. Since the f i r s t harmonic was the only harmonic of in t e re s t , the
calculational procedure used was that of setting the flux to zero at the
center of the configuration and then performing the calculation over only
half of the system.

Traditionally an indication of the " t i l t " of the spatial flux dis t r ibu-
tion in a reactor has been the correlation between the fundamental-to-first-
harmonic lambda-mode eigenvalue separation and the difference in the power
between that half of the reactor where the perturbation occurred and the
other half. To confirm this correlation the above enumerated configurations
were subjected to a common negative perturbation of 60^ over the lef t side
of the outer core region. The eigenvalue separation of the cores was varied
by changes in region size, configuration, and composition. Fig. 10 shows
that this correlation holds over a large range of changes in s ize ,
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composition, and heterogeneity. The upper curve in Fig. 10 represents the
cores where the perturbation was applied to the left half of the outer core
zone, and t'.ie lower curve the cases where the perturbation was applied to the
left half of the inner core zone. The separation between these two curves
shows that thff position of the perturbation significantly affects the magni-
tude of the power tilt, however, in either case, the correlation between the
fIrst-to-fundamental mode eigenvalue separation and the power tilt holds.
From the modal expansion point of view the interpretation is straightforward.
If the perturbation comes closer to the node of the first harmonic its con-
tribtion to a change in the flux diminishes. This correlation, however,
relates integral parameters of the system and says nothing of -he design
related parameters such as size and composition and how they influence the
"tiltyness" of the system.

Homogeneous Cores

s

For a realistic homogeneous core design the enrichment split is deter-
mined to equalize the power peaks in the inner and outer core zones. To
satisfy this condition of a flat power distribution and s t i l l examine the
effect of the inhomogeneity due to the unequal distribution of fissile
material, a series of configurations was studied where the outer-to-inner
core volume was varied and the enrichment adjusted to give equal peak power
densities in the inner and outer core zones. The overall core size remained
fixed. The results are shown in Fig. 11, where they are also compared to the
cases where the outer-to-inner core volume split was constant. Figure 11
shows that enri ont zoning for the purpose of achieving a flatter powe~
distributir- 5 the fundamental-to-first harmonic eigenvalue separation.

Heterogeneous

The next order of complexity which can be introduced is a homogeneous
core with a single central blanket of varying thicknesses. In the context of
nodal analysis this heterogeneity effectively leads to a neutronic decoupling
of the left side of the reactor from the right side, and therefore to a
greater "t i l t" as the size of the internal blanket is increased. However, if
eigenvalue separation, an integral parameter, is the measure of t i l t as in
modal analysis, the relation between t i l t and the internal blanket size has
a different interpretation. We can relate the change in the eigenvalue
separation to the introduction of the internal blanket by the following argu-
ment. Consider a homogeneous configuration, then the introduction of an
internal blanket at the center of the configuration will change A much more
than A.. This is due to the fact that the perturbation is made a8 the node
of the first harmonic. Therefore, since ^ decreases much more than X AX
becomes smaller.

From the design point of view the more pertinent relationship is direct-
ly between eigenvalue separation and the size of the internal blanket. These
relations are given in Fig. 12. The systems with a discrete internal blanket
and a zoned core have the smallest eigenvalue separation. If we compare the
systems with the smeared internal blanket and an enrichment zoned core to
those with a discrete internal balnket but no enrichment zoning, we see that
up to an internal blanket thickness of ~9 cm the effect of the zoning domi-
nates. On the other hand, for internal blanket thicknesses greater than
~9 cm the effect of the discrete internal blanket dominates.
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It was pointed out In the discussion of the homogeneous systems that
enrichment zoning introduces a heterogeniety and therefore reduces the eigen-
value separation. We can therefore, relace the effect of zoning a homogeneous
core to the effect of introducing an internal blanket into the homogeneous
core. This is done in Fig. 13. The common element therefore appears to be
the flux shape. Enrichment zoning, as used here, pushes the flux to the outer
core by raising the enrichment there, while introducing an internal blanket
pushes the flux outward because of the greater parasitic absorption at the
center.

The eigenvalue separation as a function of the number of internal
blankets is given in Fig. 14. For the zoned cores the distribution of the
internal blankets has little effect. For the cores without enrichment zoning
the behavior is like a damped oscillation. This implies that if we spread
the internal blanket material into more discrete clumps, the eigenvalue
separation becomes less sensitive to their number. We'also note that the
unzoned cores with an internal blanket located at the center of the core have
a smaller eigenvalue separation and would therefore be expected to be more
"tilty". This is again a reflection of the reduction in the leakage across
the nodal surface, and therefore a stabilisation of the first harmonic.
Whether this will also be the case for realistic geometries is not clear from
. these slab results.

Eigenvalue Separation and Design Considerations

In the previous sections much emphasis was placed on the relationship of
the eigenvalue separation to parameters such as the migration area and the
first harmonic buckling. These parameters were very helpful in gaining a
rnysical interpretation of the behavior of the eigenvalue separation with
design changes in these systems. However, due to the simple theory on which
these parameters were based, their quantitative relation to design parameters
became extremely difficult in all but the most simple cases. It therefore
appears to be more valuable to directly relate the eigenvalue separation
to design variables such as system size, composition, and decree of
heterogeniety.

In Fig. 15 we have represented the fundamental-to-first harmoaic
eigenvalue separation as a function of the basic design changes which have
been considered in this study. From the figure we can order the design
changes with respect to their effect on the eigenvalue separation. It
appears that the change in the fuel volume fraction has the least effect on
the eigenvalue separation. Next in order is size, but by far the most
significant reduction in eigenvalue separation is due to the Introduction of
a discrete internal blanket. In addition, for homogeneous cores or for
heterogeneous cores with "thin" internal blankets power flattening through
enrichment zoning can also significantly reduce the eigenvalue separation.

Finally, the limitations of the one-dimensional slab model must be
kept in mind. We do not expect great differences between the conclusions
derived from the slab model and those derived from more realistic multi-
dimensional models. However, the relative magnitudes of the effects of
design parameter changes on eigenvalue separation may differ. This needs
further investigation.
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IV. SODIUM VOID WORTH IN HETEROGENEROUS CORES

The heterogeneous core concept is one of the most practical design
approaches for lowering the sodium void reactivity. However, the presence
of internal blankets within the core region complicates the analysis and its
interpretation. In this study an attempt is made to correlate the effecc of
design parameters with the sodium void reactivity.

A feal for the behavior of the sodium void reactivity in the heteroge-
neous core can be obtained from Fig. 16. In this example the heterogeneous
core is of the center blanket type with three rings of driver region
separated by internal blankets. It is readily apparent from Fig. 16 that
the benavior of some aspects of the radial distribution of the sodium void
reactivity is quite complex. For example, the increase in the nonleakage
component on the core side of the core-blanket interface, while both the
forward and adjoint fluxes are decreasing as the interface is approached, is
counterintuitive. This suggests that local effects caused by the presence of
the blanket assemblies can be substantial.

In addition, we note that at radial positions near the center of each
region the leakage component is zero; due to a zero net neutron current.
. This suggests, that for examining local effects, it is possible to analyze
individual portions of the reactor which are bounded by cylinders of zero net
radial current. For example, a "full-thickness" of driver sandwiched between
two "half-thickness" of blanket.

Such a model is, however, not completely rigorous, since the radial
locations of the zero net current boundaries are not known exactly without
solving the entire reactor. Even if a full-scale solution is known a priori,
the zero net current boundaries for the various energy groups may not have
exactly the same radial position. It is therefore desirable to make this
approximation in a region of relatively lower flux and importance. The core
"sandwich" model above has this advantage as well as the characteristic that
if the two blanket half-thickness are chosen to be equals the ratio of the
total blanket volume to the total core volume in the sandwich is independent
of the radial position.

The two dominant effects which influence the sodium void reactivity
coefficient are the change in the neutron spectrum upon voiding the sodium,
and the arrangement of driver and blanket assemblies in the core. Due to the
greater number of driver-blanket interfaces in a heterogeneous core, vis a
vis a homogeneous core, this region requires greater attention in the analy-
sis of the former concept.

The effect of the spectrum change on voiding sodium can be determined by
performing a perturbation calculation and altering only the spectrum over
which the multigroup cross sections are averaged. The principal difference
In the neutron spectrum in going from the sodium flooded to sodium voided
case is the elimination of the depression in the 1-5 keV energy range caused
by the 2.8S keV Na23 scattering resonance, thereby increasing down scatter
from this energy range. Because the direction of the neutron current below
= 100 keV is from blanket to driver, and as the adjoint Is a decreasing func-
tion of energy below ~ 25 keV, the peaks In the net scatter component are due
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to the positive reactivity effect of the increased downscatter of neutrons in
the 1-5 keV range as supplied to the driver by the blankets. (Figure 17
depicts the radial distribution of the nonleakage component.) This spectral
e feet can account for up to 20% of the nonleakage component. Because of
thxs behavior, i t is evident that care should be taken in the choice of the
energy group structure, as well as the microscopic cross-section processing,
in order to accurately account for spectral effects close to the core-blanket
interface.

The effect of geometry on the sodium void reactivity coefficient was
determined by a series of calculations in which the reactor geometry, that
is the core thickness and internal blanket half-thickness, were varied. For
this analysis the half-thickness of the inner and outer blankets were assumed
to be equal. The following table describes the geometry of the cases
considered-

Case Core Thickness Blanket Thickness

CELL A 40 cm 20 cm

CELL B 40 cm 10 cm

CELL C 40 cm 10 cm

CELL D 20 cm 15 cm

BURN 0 20 cm 20 cm

The conf igura t ion CELL A i s taken as the re fe rence case . Reducing the
blanket th ickness of the reference case by a f ac to r of two gives CELL B. In
order to a s c e r t a i n whether the d i f fe rences i n sodium void worth between CELL A
and CELL B are due so le ly to geometric e f f e c t s , CELL C was cons t ruc ted where
the heavy metal content of the blanket i s equal to tha t of the re fe rence case .
Cases C"'LL D and BURN 0 are o ther combinations of core and blanket th ickness
with compositions of the reference ca se .

As far as the core i s concerned, varying the blanket th ickness and heavy
metal concent ra t ion a l t e r s the "boundary condi t ion" on the core s u r f a c e . I t
determines the magnitude of the inf luence of the J=0 boundary c o n d i t i o n , i . e .
the degree of coupling to the " v i r t u a l " core , which the core sees r e f l e c t e d in
the symmetry boundary condi t ion .

If one follows t h i s l i n e of reasoning , i t seems p laus ib l e to c h a r a c -
t e r i z e the degree of i n t e r - c o r e coupl ing , and hence the magnitude of the
geometry e f fec t by the normalized core leakage. Figure 18 d e p i c t s the
r e l a t i o n s h i p between the magnitude of the nonleakage component and the core
leakage. I t i s r e a d i l y apparent t h a t the nonleakage component i s a l i n e a r l y
decreasing func t ion of the t o t a l core leakage.
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A possible explanation for this trend is that the higher leakage cores
require a higher enrichment which has the effect of reducing the sodium void
nonleakage component. To investigate this possibility, the same series of
calculations was performed but the enrichment was held constant at 21.67% by
poisoning the lower leakage cores with B-10. Again the nonleakage component
of the sodium void worth was plotted as a function of total core leakage and
is shown in Fig. 19. The nonlinearity of this curve and i ts upward displace-
ment from the previous curve (dashed line) are an artifact of the calculation
itself. The spectral changes brought about by the absorptions in B-10
account for this artifact. However, for B-10 concentrations greater than
0.A w/o, the effect "saturates", and the slope of the nonleakage component-as
a function of the core leakage curve is roughly the same as in the previous
calculations. Since the enrichment is being held constant, i t can not be
the source of the correlation between the core leakage and the nonleakage
component.

In order to ascertain whether this linearity holds for more real is t ic
heterogeneous reactor configurations and not just for the sandwich reactor
model, a second series of calculations was made. The starting point for
this series was the reference homogeneous design to which a central blanket
of 80 cm diameter was added. The core was divi-ded into inner and outer core
regions of equal thickness. Then keeping the inner and outer core volumes
constant, an internal blanket of variable thickness, was placed between the
inner and outer cores. Internal blanket thickness of 0.0 cm, 13.79 cm,
27.59 cm, and 55.17 cm were considered, (For comparison, the inner core
thickness was 55.17 cm.) The results of this series of calculation are also
shown in Fig. 18 and labeled as HETO, HET1, HET2, and HET3, respectively.
Again, the linear trend holds.

To further determine whether this result is merely a consequence of
the simplistic modeling, two more cores HET1A and HET2A with more realist ic
inner to outer core volume splits were analyzed. These have two and three
core zones, respectively, and a 60% - 40% inner-outer core volume spl i t . Both
contain 270 driver assemblies, and 349 blanket assemblies. These cases also
agree closely with the linear correlation. Finally, the y-intercept of the
line should predict the sodium void worth of the zero leakage or infinite
medium case. Indeed, the y-intercept of 0.04959 Ak/k2 agrees with the
infinite medium sodium void worth of 0.04897 Ak/k2 to within 1.3%.

In an attempt to understand the linearity of the non-leakage component
as a function of total core leakage in something other than a purely empiri-
cal sense, a simple two-group fundamental mode analysis was made.
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The two-group expression for the spectral component of che sodium void

worth is
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From this expression it is easily seen that the leakage component is a
quadratic function of the core leakage in this analysis, as was the case in
the empirical results shown in Fig. 20.

However, the generalization of the two-group analysis to the multi-group
case is difficult. Some similarities do exist, as for example, when the cor*;
leakage is increased, both two and twenty-group theory predict a slight harden-
ing of the forward spectrum. Other effects, such as the changing curvature of
the adjoint spectrum with leakage, can not be modeled by two-group theory.
The two-group analysis is presented here as a plausibility argument for the
linear relationship, although the true basis of the linearity conjecture is
the empirical evidence previously presented which suggests that the nonleakage
component of the sodium void worth is indeed a linear function of the total
core leakage.

This analysis has shown that the spectral componeAt of the sodium void
worth is due to the complex spectral changes which result from voiding the
core sodium. It is not immediately obvious to the reactor designer what
impact design changes will have on the spectral component, much less to what
degree. If the reactor designer determines the sodium void worth of an
infinite medium of his selected core material, as well as the magnitude of the

. spectral component of a simple homogeneous (one-region) core, the nonleakage
component line can be constructed and used as a predictor of the sodium void
worth as a function of total core leakage for more complex systems.
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