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Investigations have been carried out for three addi
tional cores of the phase I experimental program on 
light water high converter reactor test lattices in the 
PROTEUS facility. An 8% {average) fissile plutonium 
tight-pitch lattice with a fuel/moderator volumetric 
ratio of 2.0 was considered. As for the earlier reported 
6% (average) fissile plutonium test lattice, H20, 
Dow therm, and air were the moderator states investi
gated. Significant enrichment-dependent trends have 
been identified in the comparisons of calculated and 
experimental results for the wet (moderated) cases, 
particularly for the important reaction rate ratio of 
mU capture to 219Pu fission. These are then reflected 
in the comparison of moderator voidage characteris
tics, expressed in terms of individual components of 
the kx void coefficient. 

INTRODUCTION 

A wide range of design specifications is possible 
for a PuOVUOn-fueled light water high converter 
reactor (LWHCR) core.1 4 The tighter the reactor lat
tice, the higher is the conversion ratio; however, the 
initial fuel enrichment required to achieve a given 
burnup is then also higher. Apart from the relatively 
large fuel inventories and possible thermal-hydraulics 
problems associated with very tight (fuel-to-moderator 
volumetric ratios >2.0) LWHCR cores, an important 
constraint is the fact that the void coefficient of reac
tivity becomes less negative as the fuel enrichment is 
increased. 

The uncertainties associated with current calcula-
tional results for the reactor physics design of 
LWHCRs are quite large. This follows from the pau

city of integral benchmark experiments for Pu02/ 
U02-fueled assemblies with intermediate neutron 
energy spectra.5 Thus, while qualitative statements 
can be made on the relative pros and cons of alterna
tive LWHCR designs, the degree of confidence that 
can be placed in the absolute values of calculated 
parameters is often inadequate. For the void coeffi
cient of reactivity, for ;xample, where largely cancel
ing individual effects have to be considered,6 the 
uncertainties are particularly large and the quantitative 
effects of a change in fuel enrichment can be difficult 
to assess. 

A first phase of experiments with voidage simula
tion in PuO :/U02 LWHCR test lattices was recently 
completed at the PROTEUS reactor facility at 
Wurenlingen, Switzerland. Integral reaction rate ratio 
and other ^-related measurements were reported 
earlier7 for the first three cores of this experimental 
program. The reference tight-pitch lattice consisted of 
a I: I arrangement of two different types of fuel rods 
(15% Pu02/U02 and depleted U02), with an average 
fissile plutonium enrichment of 6% and a fuel-to-
moderator ratio of 2.0. The moderators were H20, 
Dowtherm (simulating an H20 voidage of 42.5%), 
and air (100% void). 

Three additional cores (cores 4, 5, and 6) were 
investigated in the PROTEUS LWHCR phase 1 exper
iments, and the results obtained are discussed in the 
present paper. The reference lattice again consisted of 
the same two fuel rod types, but with the difference 
that a 2:1 arrangement was employed to simulate an 
average fissile plutonium enrichment of 8% (Fig. 1). 
The same three moderator states were used as in cores 
I, 2, and 3 so that, with the fuel-to-moderator ratio 
remaining unchanged, information was directly 
obtained on the effects of fuel enrichment. The pluto
nium isotopic composition, of course, remained the 
same, viz., -80% : ,9Pu, 18% :40Pu, and 2% :4lPu 
(Ref 7). 
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15%PuO 2 /U0 ; Steel + Air Moderator 

Fig. 1. Test lattice for PROTEUS LWHCR cores 4, 5, 
and 6. Dimensions are in millimetres. 

PROTEUS LWHCR CORES 4. 5. AND 6 
AMD ANALYTICAL PROCEDURES 

The zero-energy reactor facility, PROTEUS, is 
essentially a coupled system, consisting of a central test 
region driven critical by annular thermal driver zones. 
A natural uranium metal buffer separates the test and 
driver zones, and the net influence of the outer reac
tor regions on physics parameters measured in the cen
ter are usually minimal. Reference 7 gives a description 
of the basic reactor configuration in the context of 
PROTEUS LWHCR cores 1,2, and 3, for which the 
test zone diameter was 0.43 m. 

Due to the restricted Pu0 2 /U0 2 fuel material 
availability, the 2.1 lattice in cores 4, 5, and 6 was con
structed as a 0.19-m-diam test zone in the central por
tion of the 6% fissile plutonium (1:1) lattice of cores 
1, 2, and 3. In view of the smaller test zone size, only 
central reaction rate ratio measurements were carried 
out-unlike in cores I, 2, and ? where experimental re
sults for k* itself were also obtained (via reaction rate 
traverses and null-reactivity-related measurements). 

The reaction rates measured were 2™U capture 
(C,,), and fission in 2,5U, 2'*U, and -*'Pu (Ff,Fn,fy. 
Also monitored to provide a spectral index was : ' U 
fission (Fj). The experimental procedures were as 
described previously.7 
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Calculational analysis of the test lattices has been 
based, as earlier, mainly on the use of two different 
cell codes, namely, WIMS-D (Ref. 8), with its stan
dard data library,9 and EPRI-CPM (Ref. 10). While 
the former modeled the experimental two-rod (2:1) lat
tice through appropriate collision probabilities, the 
CPM modeling (documented in detail in Ref. 11) was 
somewhat less direct with a 9 x 9 square fuel assem
bly calculation being employed. Physical description 
of the core 4, 5, and 6 lattices is provided by Fig. 1, 
considered in conjunction with the nuclide densities of 
the various materials as given in Table 1 of Ref. 7. It 
remains to specify that the moderator states described 
in this table correspond to core 6 (H20), core 5 (air), 
and core 4 (Dowtherm), respectively. 

The finite effects of the outer reactor regions on 
the measured reaction rate ratios at the center were 
assessed as earlier,7 using an appropriate, transport 
theory, one-dimensional (radial) whole reactor model 
for PROTEUS. Table I gives the estimated correction 
factors, expressed as values at the center of PROTEUS 
relative to fundamental mode (kejf = 1 spectrum) val
ues for the corresponding test lattice. For the wet 
lattices of cores 6 and 4, the necessary corrections 
are seen to be quite similar to those reported for 
the larger, 1:1 test zones of cores 1 and 3, respec
tively, i.e., corresponding to the same two moderator 
states.7 

EXPERIMENTAL RESULTS AND COMPARISONS 
WITH CALCULATIONS 

Two-Rod Heterogeneity 

The various core-center reaction rates were mea
sured separately in the two rod types (Fig. 1) and this, 
as for the 1:1 lattices, provided a useful check on the 
accuracy of the two-rod modeling in each of the cal
culational methods employed. Table II compares ex
perimental and calculational results for the two-rod 

TABLE I 
PROTEUS/Fundamental Mode Factors 

for Reaction Rate Ratios Measured 
in Cores 4, 5, and 6 

Ratio 

C»/F„ 

PROTEUS/Fundamental Mode Factor 

Core 

6 (H ;0) 

0.998 
0.983 
0.999 

1.001 

4 (Dowtherm) 

0.996 
0,965 
1.001 

1.007 

5 (Air) 

0.992 
0,946 
1.016 

1.041 
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heterogeneity factors, expressed as the ratio of a given 
reaction rate (per atom) in a depleted U0 2 rod to the 
same reaction rate in a neighboring 15% PuO2 /U02 

rod. 
It is seen that, as for cores 1, 2, and 3, there are 

significant discrepancies in the calculated two-rod het
erogeneity factors for C8 and F9. Similar checks7 were 
made using the Swiss code, BOXER (Ref. 12), with its 
more accurate methodology for treating resonance 
events in the individual rod types. Confirmation 
was thereby obtained that the magnitude of two-
rod heterogeneity effects on lattice-averaged integral 
parameters was considerably smaller for the 2:1 con
figuration of cores 4, 5, and 6 than for the 1:1 ar
rangement of cores 1, 2, and 3. Errors due to the 
two-rod modeling (in WIMS-D and EPRI-CPM) on 
reaction rate ratios when considered for the lattice as 
a whole were assessed as being a factor of - 2 lower 
than for the lattices of cores 1, 2, and 3, namely, 
<2<fi>. 

Rcactim Rate Ratios 

Table III compares experimental and calculational 
results for core center values of the various reaction 
rate ratios measured in cores 4, 5, and 6. Each ratio 
has been considered per atom in the sense of a lattice-
averaged parameter, i.e., represents a mean value of 
results for the two rod types with a weighting propor
tional to the nuclide densities in the rods as well as to 
the 2:1 ratio in which the rods occur. Thus, for exam
ple, C»/F9 is the 218U-weighted average 218U capture 
rate for the two rod types, relative to the 239Pu fission 
rate per atom in a Pu0 2 /U0 2 rod (since no 239Pu fis
sions actually take place in the other rod type). In the 
case of F3/F9, since no 2V,U occurred in the test lat
tice, the numerator represents the average infinite dilu
tion 233U fission rate for the two rod types, i.e., with 
a simple 2:1 weighting being employed. The experi
mental values quoted in Table III are "as measured," 
i.e., refer to the center of PROTEUS. The correction 
factors of Table I have accordingly been applied in the 
comparisons with WIMS-D and EPRI-CPM results. 

Table III can be compared with the corresponding 
results obtained for the 6% fissile plutonium lattices 
of cores 1, 2, and 3. These are reproduced in Table IV 
from Ref. 7. 

On the one hand, the higher effective plutonium 
enrichment in cores 4, 5, and 6 causes a hardening 
of the neutron spectrum, in some sense similar to 
that caused by moderator voidage, e.g., in going from 
an H20-moderated to a Dowtherm-rnoderated lattice. 
A second effect is that the change in nuclide den
sities results in changes in the resonance shielding. 
Comparison of the experimental reaction rate ratio 
values in Tables III and IV shows that, for a given 
moderator state, Fn/Fi> is the reaction rate ratio most 
significantly affected by the plutonium enrichment-

TABLE 11 

Two-Rod Heterogeneity Factors for the Various 
Reaction Rates Measured in Cores 4, 5, and 6 

(Values for U 0 2 rod, relative to 
those in Pu0 2 /UO :) 

Reaction 
Rate 

c8 
F* 
F< 
F, 
F* 

c» 
F» 
F, 
F, 
F, 

C8 

FK 

F< 
F, 
/', 

Experiment * 

Calculation 

WIMS-D 

A. Core 6 (H : 0) 

0.985 ± 0.8 
0.957 ± 0.9 
1.177 + 0.6 
1.129+ 1.0 
1.672 ±1.1 

0.921 
0.935 
1.189 
1.123 
1.951 

B. Core 4 (Dowtherm) 

0.999 + 0.8 
0.954+ 1.2 
1.088 ±0.5 
1.079 ± 1.2 
1.429 ±0.8 

0.920 
0.960 
1.092 
1.074 
1.716 

C. Core 5 (Air) 

0.997 ± 0.3 
0.970 ± 0.7 
1.006 ±0.7 
1.012 ±0.6 
1.008 ±0.8 

0.984 
0.973 
1.001 
1.000 
1.042 

EPRI-CPM 

0.912 
0.976 
1.182 

0.906 
0.980 
1.0% 

0.982 
0.987 
1.005 

'Errors are in percent. 

followed by CH/F9, for which the changes are con
siderably smaller. 

Comparison of the ratio of calculation to experi
ment (C/E) values in Tables III and IV indicates that 
calculational discrepancies for the H20-moderated 
8% fissile plutonium lattice are, at least in part, sim
ilar to those for the Dowtherm-moderated lower 
enrichment core. For the important Cn/F9 ratio, how
ever, the discrepancies appear to be 5 to 7% different. 
Taking the H20-moderated 6% fissile plutonium lat
tice of core 1 as the reference state. Fig. 2 compares 
the effects of (a) fuel enrichment (6-* &°fo fissile plu
tonium) and (b) moderator voidage (H20-» Dow
therm) on calculated energy distributions for various 
individual reaction rates. It is seen that, while con
sidering Ff in combination with Fg, changes a and b 
appear to be quite similar. For Cs and Fy viewed in 
conjunction, however, differences between the two 
types of effects are more pronounced, with the Cs 

energy distribution appearing to be almost unaffected 
by fuel enrichment. This seems to qualitatively explain 
the earlier observation regarding the C/E values for 
CH/F9. 
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TABLE HI 

Comparisons of Experimental and Calculated* 
Lattice-Averaged Reaction Rate Ratios 

Measured in Cores 4, 5, and 6 

(Effective enrichment = Ŝ b fissile plutonium) 

Ratio 

C,/F9 

F\/F9 

FJF9 

F,/F9 

Q / F , 
F,/F, 
F«/F, 

Fj/F, 

C»/F9 

F«/F9 

FJF9 

F,/F9 

Experiment 
(PROTEUS)a 

C/E 

WIMS-D 

A. Core 6 (H :0) 

0.0748 ±3 .0 
0.01192 ±2.8 
0.946 ±2.1 

1.887 ±3.1 

1.101 
1.030 
1.160 

1.155 

B. Core 4 (Dowtherm) 

0.0939 ±2.8 
0.01413 ±2 .6 
1.050 ± 1.8 

1.959 ±2.7 

1.106 
1.026 
1.197 

1.233 

C. Core 5 (Air) 

0.1444 ±2 .0 
0.02219 ±2 .4 
1.056 ±1.7 

1.624 ±2.4 

1.058 
0.969 
1.142 

1.007 

EPRI-CPM 

1.016 
1.064 
1.076 

0.996 
1.051 
1.090 

0.942 
1.017 
1.071 

'Corrected using PROTEUS/fundamental mode factors. 
^Errors are in percent. 

The C/E values for the less moderated (Dow
therm) cores, as well as the fully voided (air) lattices, 
appear to be significantly less dependent on the effec
tive plutonium enrichment than are the results for the 
H20-moderated lattices. For C8/F9, the C/E values 
for the 8<Vo fissile plutonium, H20 core are nearly 
10% higher than for the lower enrichment, H20 lat
tice. With Dowtherm as the moderator, the enrich
ment dependence of the C/E values for C8/F9 is 
- 5 % . 

While making observations such as those above, 
one should, of course, bear in mind that random 
errors (la) for each reaction rate ratio measurement 
(counting statistics and corrections due to foil effects, 
washers, etc.7) were about ±2% in cores I, 2, and 3 
and about ±2.5% in cores 4, 5, and 6. In a broader 
sense an underlying consistency between the C/E val
ues of Tables III and IV may readily be seen, so that 
some of the comments made in the ,cussion of 
results for cores I, 2, and 3 in Ref. 7 are directly appli
cable to the higher enrichment lattices. Thus, for 
example, significant F\, underpredictions in WIMS-D 
are suggested once again for the wet lattices (cores 6 
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TABLE IV 

Comparisons of Experimental and Calculated* 
Lattice-Averaged Reaction Rate Ratios 

Measured in Cores 1, 2, and 3 

(Effective enrichment = 6?/o fissile plutonium) 

Ratio 

C»/F9 

F«/F9 

FJF9 

F,/F9 

C»/F9 

F*/F9 

F,/F9 

F>/F9 

C»/F9 

F»/F9 

FJF9 

F,/F9 

Experiment 
(PROTEUSV 

C/E 

WIMS-D 

A. Core 1 (H :0) 

0.0691 ± 2.2 
0.00987 ± 2.5 
0.988 ± 2.0 

1.900 ±2.2 

1.002 
0.974 
1.0% 

1.0% 

B. Core 3 (Dowtherm) 

0.0874 ± 2.0 
0.01113 ±2.3 
1.032 ± 1.8 

1.943 ±2 .0 

1.054 
1.045 
1.189 

1.225 

C. Core 2 (Air) 

0.1476 ± 1.5 
0.01926 ±2 .0 
1.091 ±1.5 

1.648 ± 1.5 

1.044 
0.990 
1.126 

1.016 

EPRI-CPM 

0.933 
1.003 
1.016 

0.951 
1.068 
1.085 

0.931 
1.047 
1.053 

'Corrected using PROTEUS/fundamental mode factors; 
results are reproduced from Ref. 7. 
'Errors are in percent. 

and 4, with H20 and Dowtherm, respectively). The 
C/E values obtained with EPRI-CPM for these cores 
appear, on the whole, to be significantly better than 
those from WIMS. The enrichment-dependent trends 
observed, however, are very similar for the two codes. 

ASSESSMENT OF MODERATOR 
VOIDAGE CHARACTERISTICS 

The kn void coefficient for an LWHCR lattice is 
made up of contributions from individual components 
of the neutron balance, which can largely cancel each 
other out. The changes which occur in the principal 
contributions when the fuel enrichment is increased are 
such that the net coefficient becomes positive for 
enrichments greater than a certain limiting value, typi
cally in the range 7 to 9% fissile plutoniurn. 

As in the case of PROTEUS LWHCR cores I, 2, 
and 3, the measured reaction rate ratios in cores 4, 5, 
and 6 accounted for -65 to 85% of the neutron 
absorptions in the test lattices. Again, it was possible 
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is considered normalized to a total of unity. 
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to reconstruct the corresponding individual void coef
ficient components on the basis of the measured 
changes of these ratios with H 2 0 voidage. Since, 
however, measurements of km itself could not be car
ried out in cores 4, 5, and 6, an experimental deduc
tion of the remaining components, i.e., those due to 
the nonmeasurable reaction rate ratios (mainly involv
ing capture in the plutonium isotopes and in steel) 
could not be made for the higher plutonium enrich
ment lattice. 

6aatral ComMtratnns 

The procedure for reconstruction of the individual 
components of the k^ void coefficient, a,., was the 
same as reported earlier.7 Thus, between voidage states 
fi and t/2^b, one can define 

<*i = (*oc2-*<xi)/*o=(i': - f | ) • (1) 

By considering the neutron balance at each state in 
terms of reaction rate ratios R, (with all reactions 
expressed relative to 239Pu fissions), one can wr»te 

at. = sum [ian)meas *,) + sum l(av,)„0„meas Kl] , (2) 
i i 

where a,.; represents the individual contribution of R, 
to a t , and the remaining subscripts denote measur
able and nonmeasurable ratios, respectively. 

As before, each a,., was considered as 

all = l-(AA,/A) + (APl/P)\/(v2-v]) , (3) 

where A and P are the mean absorptions and produc
tions in calculated neutron balance tables for the two 
voidage states, and AA, and AP, are the respective 
changes affected by R, alone. Corresponding to each 
reaction rate ratio change A/?,, expressed in some 
suitable form, one thus has a corresponding a,,. 
Using the calculated au/AR, values as sensitivity co
efficients, one can translate the measured values of 
ARj into experimental values of «,.,-. 

The AR, definition employed in Ref. 7 was 

AR,=bR,/Rn , (4) 

where 6R, = Rl2 - R, i, R, i and Rl2 being the values of 
R, at the voidage states vt and i':%, respectively. The 
above form has the advantage that systematic errors 
in the measurements of /?,, and Rl2 cancel out in the 
numerator and denominator, and the same definition 
has therefore been used in the current assessment of 
the 8% fissile plutonium lattice. The effects (on the 
deduced experimental «,, values) of using alternative 
AR, definitions are briefly discussed in the Appendix. 

Mean (0 to 100% Void) a„ Components 

Table \ gives a simplified comparison of the 
WIMS-D and EPR1-CPM neutron balances for the 6 
and 8°!o fissile plutonium lattices at 0 and IOOTO void-
age. All reactions have been considered in the fun-
sue I.FAR ["K'HNOI.OdV VOI 71 U M 19S6 
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TABLE V 

Simplified Comparisons of WIMS-D and EPRI-CPM 
Calculated Neutron Balances for the 6 and 84* 
Fissile Plutonium Lattices at 0 and lOOTk Void 

(Fundamental mode spectrum; normalization 
to 2WPu fissions of unity in each case) 

Reactions 

25,U captures' 
"*V fissions* 
2 "U fissions' 
2"Pu fissions' 
2"Pu captures 
240Pu captures 
Other absorptions 

Total absorptions, A 

Total productions, P 

*„ = P/A 

2,"lj captures' 
2,8U fissions' 
2"U fissions' 
2"Pu fissions' 
:"*Pu captures 
-•"'Pu captures 
Other absorptions 

Total absorptions, A 

Total productions, P 

*_ = P/A 

WIMS-D 

6*o Pu, 8*o Pu, 

A. (Wo Void 

1.119 
0.159 
0.074 
1.000 

0.530 
0.347 
0.335 

3.564 

3.688 

1.035 

0.954 
0.145 
0.054 
1.000 

0.532 
0.345 
0.298 

3.328 

3.625 

1.089 

B. 100*b Void 

2.539 
0.299 
0.085 
1.000 

0.302 
0.070 
0.262 

4.557 

4.221 

0.926 

1.783 
0.266 
0.058 
1.000 

0.263 
0.066 
0.221 

3.657 

4.086 

1.117 

EPRI-CPM 

6»7o Pu, 

1.041 
0.163 
0.069 
1.000 

0.531 
0.353 
0.325 

3.482 

3.684 

1.058 

2.277 
0.317 
0.080 
t.000 

0.316 
0.048 
0.318 

4.356 

4.218 

0.968 

8*o Pu, 

0.887 
0.150 
0.050 
1.000 

0.526 
0.345 
0.288 

3.246 

3.626 

1.117 

1.5% 
0.278 
0.055 
1.000 

0.279 
0.044 
0.257 

3.509 

4.072 

1.160 

Measured in PROTEUS. 

damental mode spectrum with normalization to 239Pu 
fissions of unity in each case. 

Applying Eqs. (1) and (2) to somewhat more 
detailed neutron balance tables than the ones repro
duced here, two independent sets of aLI, AR, values 
were obtained for the 8% fissile plutonium lattice 
between 0 and 100% void, based, respectively, on the 
WIMS-D and EPRI-CPM calculations. Estimates for 
the sensitivity coefficients an/AR, were, as reported 
previously for the 6% fissile plutonium lattice, quite 
similar with the two codes. The average values were 
used for deducing experimental a,,'s, from the mea
sured AR,'s, i.e., from the experimental reaction rate 
ratio results obtained in cores 6 and 5 for CR/F,,, 
F*/F\, and F<,/F<>, respectively (after correction for 
outer reactor zone effects). 

Table VI compares the results for the mean (0 to 
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TABLE VI 
Comparison of Experimental and Calculated Results for the Mean (0 to 100%) k^ Void Coefficient 

and Its Components in the 6 and 8% Fissile Plutonium Lattices 
(Units = 10 4/% void) 

Lattice 

Net 

«„ (F</F») 

Sum [(«,,) „,„,! 

Sum [(a,,),,,,,,,,,™, K,\ 

6% Fissile Plutonium 

Experiment 

-14.4 ± 1.4 

-32.2 ± 1.4 
+6.1 ±0 .3 
+0.34 ±0.06 

-25.8 + 1.4 

+ 11.4 ±2 .0 

Calculation 

WIMS 

-11.1 

-35.0 
+ 6.2 
+0.45 

-28.3 

+ 17.2 

CPM 

-8 .9 

-31.5 
+ 6.6 
1-0.40 

-24.5 

+ 15.6 

8% Fissile Plutonium 

Experiment 

-25.2 ± 1.7 
+ 5.8 ±0 .4 
+0.20 ± 0.05 

-19.2 ± 1.7 

Calculation 

WIMS 

+ 2.6 

-23.7 
+ 5.1 
+0.19 

-18.4 

+ 21.0 

CPM 

+ 3.8 

-21.0 
+ 5.2 
+0.17 

-15.6 

+ 19.4 

100% void) kx void coefficient and its components in 
the two types of lattices investigated in the PROTEUS 
LWHCR phase I program, i.e., 6 and 8% fissile plu-
tonium. Results for the former have been taken from 
Ref. 7. The first term on the right side of Eq. (2) has 
been considered, in each case, as the sum of the a,, 
contributions of CH/Fy, F8/Fy, and F<,/F\,, i.e., the 
three reaction rate ratios measured in each of the 
PROTEUS test zones. 

It is seen that the net kx void coefficient, while 
strongly negative for 6% fissile piutonium, is calcu
lated to be positive for the higher enrichment. The 
principal, single cause is the smaller magnitude of the 
important negative component due to CH/F9 (2?SU 
capture, relative to 2*9Pu fission). The experimental 
results confirm this calculated trend. The differences 
between experimental and calculated a,., values, how
ever, appear somewhat dissimilar for the two enrich
ments. This, of course, is consistent with the dissimilar 
changes in the C/E values for the measured reaction 
rate ratios between cores 1 and 2, on the one hand, 
and between cores 6 and 5, on the other (see Tables III 
and IV). 

As mentioned earlier, the absence of kx measure
ments for the 8% fissile piutonium lattice prevented an 
experimental deduction of the important contributions 
of the nonmcasurable reaction rait ratios. If one could 
assume that the discrepancy between experimental and 
calculated values for these is similar to that observed 
for the 6% case (Table VI), the net n, value would be 
obtained as slightly negative for the higher enrichment. 
Consideration of results for the smaller voidagc 
ranges, 0 to 42.5 and 42.5 to 1(X)% void, provided use
ful supplementary information. 

av Components Over Smaller Voidage Steps 

The principal aim in using Dowtherm as modera
tor in the PROTEUS test lattices was the simulation 

of an intermediate H20 voidage state, viz., 42.5% 
corresponding to the effective reduction in hydrogen 
density in going from H20 to Dowtherm (cf. Table I 
in Ref. 7). The differences, from the neutronics point 
of view, between Dowtherm and the idealized 42.5% 
void state in a tight lattice arise essentially from the 
presence of carbon and the reduction of oxygen. Cal
culations with WIMS-D and EPRI-CPM showed that 
the effects of these differences on integral parameters 
in core 4 (8% fissile piutonium) were very similar to 
those reported in Ref. 7 for the lower enrichment lat
tice of core 3, viz., < 1% except on FH/F9 for which 
the calculated effect was - 5 % . Thus, once again with 
negligible error, one could apply calculated correction 
factors to modify the experimental results for core 4 
and consider the modified values as representing the 
8% fissile piutonium lattice with 42.5% H20 voidage. 

Table VII gives a simplified comparison of the 
WIMS-D and EPRI-CPM calculated neutron balance 
for the 6 and 8% fissile piutonium lattice at 42.5% 
voidage. As before, sensitivity coefficients an/AR, 
could be deduced for the 8 'o fissile piutonium lattice 
as considered over the separate voidage ranges, 0 to 
42.5 and 42.5 to 100% void. These coefficients, in 
turn, were used to obtain the experimental a,,'s from 
the corresponding experimental AR,'s, i.e., from the 
reaction rate ratios measured in cores 4, 5, and 6 (after 
applying the necessary corrections). Table VIII com
pares the various results for the 6 and 8% fissile piu
tonium lattices. 

It is seen that, in the 0 to 42.5% voidage range for 
the higher enrichment lattice, the agreement between 
experimental and calculated «,., values due to each of 
the measured reaction rate ratios is well within the 
accuracy achieved in the measurements. This is consis
tent with the fact that in going from core 6 to core 5, 
i.e., from H ; 0 to Dowtherm in the 8% fissile piuto
nium lattice, the C/E value for each R, remains 
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TABLE VII 

Simplified Comparisons of WIMS-D and EPRI-CPM 
Calculated Neutron Balances for the 6 and 8*7t 

Fissile Plutonium Lattices at 42.34i H2C Voidage 

(Fundamental mode spectrum; normalization 
to 2WPu fissions of unity in each case) 

Reactions 

I M U captures* 
" • U fissions* 
" ' U fissions* 
"*Pu fissions* 
2WPu captures 
2*°Pu captures 
Other absorptions 

Total absorptions. A 

Total productions, P 

km=P/A 

WIMS-D 

6*t Pu, 

1.478 
0.204 
0.084 
1.000 

0.526 
0.322 
0.368 

3.982 

3.883 

0.975 

8%PU / 

1.199 
0.184 
0.062 
1.000 

0.516 
0.282 
0.324 

3.567 

3.798 

1.065 

EPRICPM 

6*fr Pu, 

1.339 
0.209 
0.077 
1.000 

0.517 
0.316 
0.351 

3.809 

3.866 

1.015 

8»ft Pu, 

1.086 
0.188 
0.057 
1.000 

0.505 
0.282 
0.303 

3.421 

3.783 

1.106 

'Measured in PROTEUS. 

nearly the same (Table III). The contribution of the 
nonmeasurable reaction rate ratios, i.e., the second 
term on the right side of Eq. (2), is calculated to be 
significantly larger in the higher enrichment lattice 
than in the 6% fissile plutonium case. Its magnitude, 
however, remains smaller than that of the measurable 
Rj's. The experimental evidence obtained earlier for 
the 6Vo fissile plutonium lattice indicates that the a„ 
contributions of the nonmeasurable R,'s are being 
calculated reasonably well in the 0 to 42.5% void«»ge 
range. If one were to assume that the same applies to 
the higher enrichment case, one may conclude that the 
net a, for the 8% fissile plutonium lattice in the 
lower voidage range is in reasonable agreement with 
the WIMS and CPM calculated values (Table VIII, 
part A), i.e., slightly negative. 

The results in part B of Table VIII indicate that it 
is in the 42.5 to 100% voidage range that the more 
dominating enrichment-dependent effects on the k„ 
void coefficient appear to occur. The relatively large, 
positive calculated a,, values for the 8% fissile pluto
nium lattice are due much more to the significantly 
reduced negative C8/F9 contribution than to the 
increased positive contribution of the nonmeasurable 

TABLE VIII 

Comparison of Experimental and Calculated Results for the Ar„ Void Coefficient and Its Components 
Between 0 and 42.5 and 42.5 and 100̂ o Void in the 6 and 8*o Fissile Plutonium Lattices 

Lattice 

Net a,. 

a,, (CH/F,) 
a,-, (F./F.) 
a„ (*VFo) 

Sum [(«,,)„,,.„, *..] 

Sum I (a,., )„„„„„,„, Hi\ 

Net a, 

a,, iC„/Fv) 
a,, <F„/F„) 
«,, (F,/Fv) 

Sum [(a,,),„,,,„ Hi\ 

Sum [in,;)„„„„„, i/,\ 

(Units = 10 */% void) 

6% Fissile Plutonium 

Experiment 

-10.1 ±3.5 

-17.9 ±2.1 
*3.5 ±0.6 
+ 0.33 ±0.14 

-14.1 ±2.2 

+ 4.0 +4.1 

-17.5 ±3.0 

-43.0 ±2.4 
+ 8.5 ±0.6 
+ 0.38 ±0.12 

-34.1 ±2.5 

+ 16.6 +3.9 

Calculation 

WIMS CPM 

A. 0 to 42.5^o Void 

-14.0 

-22.4 
+ 4.9 
+ 0.93 

-16.6 

+ 2.6 

-9.8 

-19.2 
+4.9 
+ 0.72 

-13.6 

+ 3.8 

B. 42.5 to lOÔ o Void 

-9 .0 

-43.2 
+ 7.2 
+ 0.11 

-35.9 

+ 26.9 

-8 .2 

-40.0 
+ 8.0 
+ 0.18 

31.8 

+ 23.6 

Ŝ o Fissile Plutonium 

Experiment 

Calculation 

WIMS 

— 

-15.9 ±2.3 
+ 4.2 ±0.5 
+0.52 ±0.11 

-11.2 +2.4 

- - -

-5 .4 

-16.7 
+ 4.1 
+0.73 

-11.9 

+ 6.5 

— 

-31.1 ±2.4 
+ 6.9 ±0.5 
-0.05 ± 0.06 

-24.3 ± 2.5 

- - -

+ 8.4 

-28.1 
+ 5.9 
-0.19 

-22.4 

+ 30.8 

CPM 

-2.3 

-14.1 
+ 4.0 
+0.56 

-9 .6 

+ 7.3 

+ 8.3 

-25.6 
+ 6.3 
-0.09 

-19.4 

+ 27.7 
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/?,'s. For a,.j(Cg/F«)), the experimental result in the 
higher enrichment case seems to be somewhat more 
negative than the calculated values. The nonmeasur-
abie R, contributions are clearly much greater in the 
42.5 to 100% voidage range than in the 0 to 42.5% 
voidage range—for both the 6 to 8% fissile plutonium 
lattices. From the core 1, 2, and 3 measurements, a 
large discrepancy between calculation and experiment 
was indicated for these contributions in the 6% fissile 
plutonium case. Once again, if one could assume the 
situation to be similar in the higher enrichment lattice, 
a slightly negative net <*,, value would be obtained for 
it in the 42.5 to 100% voidage range as well. 

conclusions 

The test lattices in the PROTEUS LWHCR phase 1 
experiments were constituted from fuel rod- of two 
different types, 15% total (or 12% fissil', PuO : / 
U0 2 and depleted U0 2 . Fuel enrichment effects could 
be investigated in that reaction rate measurements 
were carried out in a 2:1 configuration of the rods 
(simulating 8% fissile plutonium), in addition to the 
previously reported 1:1 (6% fissile plutonium) refer
ence lattice. 

While there is an underlying consistency in the 
comparisons of calculated and experimental reaction 
rate ratios in the two types of lattices investigated in 
PROTEUS, certain enrichment-dependent trends have 
been observed for the wet (moderated) cases, partic
ularly for the important ratio C9/F9 (238U capture, 
relative to 239Pu fission). These are then reflected in 
the comparison of moderator voidage characteristics, 
expressed in terms of the contributions of the individ
ual measured reaction rate ratios to the kx void coef
ficient a,. 

The lack of experimental results for k^ itself pre
vented a direct assessment being made for the void 

coefficient contributions of nonmeasurable reaction 
rate ratios (involving capture in 259Pu, 240Pu, etc.) in 
the 8% fissile plutonium lattice. If one assumes, how
ever, that the discrepancies between calculation and 
experiment for these components are similar to those 
reported previously for the 6% fissile plutonium lat
tice, slightly negative values for the net at. seem to be 
indicated for the higher enrichment case-over the full 
0 to 100% voidage range, as well as for the smaller 
steps 0 to 42.5 and 42.5 to 100% void. WIMS-D and 
EPRI-CPM calculated values, on the other hand, are 
positive, except over 0 to 42.5% void. 

The kx void coefficient (as discussed here) is the 
basic characteristic determining the reactivity changes 
on moderator voidage in a given type of LWHCR. 
Effects of leakage, temperature, control absorbers, fis
sion products, and fuel isotopic composition all need 
to be considered, however, in extrapolating to power 
reactor conditions. This should, of course, be borne in 
mind when viewing the sign and magnitude of the a, 
values presented in the parser. 

APPENDIX 

DEPENDENCE OF DEDUCED EXPERIMENTAL a„ 
VALUES ON THE Afl, DEFINITION 

The definition of reaction rate ratio changes A/?,, 
as used in the PROTEUS LWHCR void coefficient 
assessments reported to date, has been 

AR^dR./R.i (A. l ) 

where 6R, = Ri2 - R,\, and where Rn and Rl2 are the 
values of R, at the initial and final voidage states, 
respectively. 

It can be shown that alternative AR, definitions 
can lead to experimental a,., values with a lower de
gree of dependence on the accuracy of the calculated 

TABLE A.I 

Experimental «,., Values for the S^o Fissile Plutonium Lattice Between 0 and lOO07!) Void, 
Deduced Using Alternative A/?, Definitions 

(Units = 10 4/% void) 

\R, Definition 

Basis for obtaining 

Deduced experimental 
values lor 

' . , , < / • • , / / - ; , ) 

Eq. (A.I) 

WIMS 

-25.7 
+ 5.8 
+ 0.2.1 

( P M 

-24.7 
+ 5.8 
+ 0.18 

Mean'' 

-25.2 + 1.7 
+ 5.8 +0.4 
+ 0.20 > 0.05 

Eq. (A.2) 

WIMS 

-24.4 
+ 5.6 
+ 0.20 

CPM 

2.1.9 
+ 5.5 
+ 0.17 

Mean 

24.1 
+ 5.6 
+ 0.18 

Eq. (A..1) 

WIMS 

24..1 
+ 5.8 
+ 0.20 

CPM 

24.0 
+ 5.4 
+ 0.17 

Mean 

-24.2 
+ 5.6 
+ 0.18 

Values reported in Table V|; the quoted errors {|<J) are based on statistical errors in the K, measurements, as well as on 
certain assumed uncertainties for the calculated coefficients r«,,/.i/c\. 
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sensitivity coefficients at.,/A/?;. Two such definitions 
are 

AR; = 6R,/(\ +R.) 

and 

&R"=bRi 1 + R,+ sum 

mras Rj 

(Rj) 

(A.2) 

(A.3) 

Here, R, and Rj denote mean values over the voidage 
rang; "nder consideration. The unity in the denomi
nator in each case is 239Pu fissions, since all reaction 
rate ratios are considered normalized to F9. 

Use of Eq. (A.2) or (A.3) for defining AR, does 
not, however, permit the cancellation of systematic 
errors in the R, measurements, as does the form of 
Eq. (A.l). Nevertheless, it is useful to consider the 
dependence of the deduced experimental a„, values on 
the choice of the ARj definition. This is done in Table 
A.I for the case of the 8% fissile plutonium (average) 
lattice between 0 and 100% void. The calculated neu
tron balance tables from WIMS-D and EPRI-CPM 
provided, for each AR, definition, the basis for de
ducing the experimental avi values. 

It is seen that the various a n ' s deduced using the 
three ARj definitions agree within the quoted experi
mental errors, for each of the measured reaction rate 
ratios. Similar checks were made for the 6% fissile 
plutonium (average) lattice, and also for the partial 
voidage ranges, 0 to 42.5 and 42.5 to 100% void. The 
differences in each other case investigated were found 
to be less significant than those indicated in Table A.I. 
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