
EIR-Bericht Nr. 608 
Dezember 1986 

Measurements and Analyses pertaining 
to the PROTEUS-LWHCR Phase I 
(1981-82) Programme 

R. Chawla, K. Gmiir, H. Hager, R. Seiler 

Eidgenossisches Instftut fur Reaktorforschung 
Instftut Federal de Recherche* en Matiere de Reacteurt 
Swiss Federal Institute for Reactor Research 

CH-5303 WUreniingen Tel. 056 99 2111 Telex 82 7417 eir ch 



EIR - Bericht No. 608 

Measurements and Analyses pertaining to the 
PROTEUS-LWHCR Phase I (1981-82) 

Programme 

R. Chawla, K. Gmur, H. Hager and R. Seiler 

December 1986 



-A 

Contents 

Page 

Abstract (Zusammenfassung) 3 

Introduction 4 

1. Reactivity and Reaction Rate Ratio Changes with 7 
Moderator Voidage in a LWHCR Lattice. 
(R. Chawla, K. Gmur, H. Hager and R. Seiler; 
Nucl. Technol., Vol. 67, pp. 360-380,1984) 

2. Effects of Fuel Enrichment on the Physics Characteristics of 28 
Pu-Fueled LWHCRs. 
(R. Chawla, R. Seiler and K. Gmur; 
Nucl. Technol., Vol. 73, pp.296-305, 1986) 

3. Reactivity Changes effected by Central Samples in a 38 
Thermally Driven LWHCR Lattice. 
(H. Hager, R. Chawla and P. Bourquin; 
Jahrestagung Kerntechnik '85, pp.39-42, 1985; translated 
from the German) 

4.(a) On the Measurement of Integral Data in Thermally Driven 42 
LWHCR Lattices. 
(R. Seiler, K. Gmur and R. Chawla; Radiation Effects, 
Vol.93, pp.213-216,1986) 

(b) Whole Reactor Modelling Effects on Results from Critically 46 
Driven LWHCR Experiments. 
(H. Hager and R. Chawla; Trans.Am.Nucl.Soc, Vol.47, 
pp.416-417,1984) 

(c) Effects of Recent WIMS Data Library Changes on Calculational 48 
Results for LWHCR Lattices. 
(R. Chawla, H.M. Hsieh and M.J. Halsall; Ann.Nucl.Energy, 
Vol.13, pp.523-527,1986) 



- 3 -

Abstract 
The principal experimental and analytical findings of the PROTEUS-LWHCR 
Phase I (1981-82) programme are presented in the form of six external publications. 
The first deals with the neutron balance and k̂ , void coefficient breakdown in a 6 % 
(effective) fissile Pu-LWHCR reference lattice. The second concerns the effects of 
fuel enrichment, with an 8 % (effective) fissile-Pu lattice having been simulated. A 
series of reactivity related measurements is described in the next paper, while the 
last three illustrate specific aspects - viz. measurement techniques, whole-reactor 
modeling of the experiments and, finally, the effects of data library changes on 
LWHCR calculational results. 

Zusammenfassung 
In diesem Bericht werden die hauptsachlichen experimentellen und analytischen 
Ergebnisse der Phase I des PROTEUS-FDWR Programms in der Form einer 
Zusammenstellung von sechs Einzelveroffentlichungen dargelegt. Im ersten Teil 
werden die Neutronenbilanz und die Aufspaltung des k^-Voidkoeffizienten fur ein 
Referenzgitter init (effektiv) 6 % spaltbarem Plutonium behandelt. Effekte der 
Brennstoffanreicherung werden im zweiten Teil mit einem T-stgitter von (effektiv) 
8 % spaltbarem Plutonium untersucht. Verschiedene Messungen in Verbindung 
mit Reaktivitatsanderungen werden im nachsten Teil bescbrieben. Die drei letz-
ten Arbeiten erlautern ausgewahlte experimentelle bzw. rechnerische Teilgebiete: 
Messtechniken, Ganzreaktormodellierung der Experimente sowie die Wirkung von 
Aenderungen in der Dat^nbibliothek auf die Rechenergebnisse. 



- 4 -

Introduction 

The Phase 1 programme of light water high converter reactor (LWHCR) ex
periments in the thermally driven, zero-power reactor facility, PROTEUS, at 
Wurenlingen was conducted over a 14-month period during 1981-82. In terms 
of the volumetric fuel-to-moderator ratio (viz. 2.0) and the effective fissile-Pu 
enrichments investigated (viz. 6 % and 8 %), these rodded experimental lattices 
probably provide the first set of integral measurements directly relevant to the 
physics design of LWHCRs. A second, more comprehensive programme of exper
iments is currently in progress in PROTEUS, whereby mixed-oxide fuel specially 
fabricated to LWHCR specifications is being employed. Although the new mea
surements are proving to be of improved benchmark quality and a wider range of 
investigations is being made possible than earlier, the Phase I results retain their 
usefulness in that they provide supplementary information and valuable checks on 
experimental consistency. 

Over twenty external publications related to the PROTEUS-LWHCR Phase I 
programme have been made by researchers at Wurenlingen. Six of these have been 
compiled into the present report to serve as a single documentation of the principal 
experimental and analytical findings. The widespread interest in the Phase I 
measurements has also resulted in a number of publications by research groups 
outside Switzerland, who have reported on comparisons with lattice calculations 
carried out using a variety of reactor physics methods and data sets. A survey of 
these comparisons has been made separately (see EIR-Report No. 595, June 1986). 

The first paper reproduced currently deals with measurements and analysis of 
neutron balance components (integral reaction rate ratios and k<„) for the first 
Ihree experimental configurations, viz. PROTEUS-LWHCR Cores 1-3. The ref
erence tight-pitch lattice consisted of ~ 2100 fuel rods of two different types, 
arranged such as to simulate an average fissile-Pu enrichment of 6 %. With em
phasis being placed on void coefficient investigations, three different voidage states 
were separately investigated - using H 20, Dowtherm (an organic liquid to simu
late intermediate voidage) and air (100 % void) as the moderators. The measured 
parameters are compared with calculations based on two standard LWR methods 
and data libraries, viz. WIMS-D and EPRI-CPM. General analytical aspects, e.g. 
effects of the two-rod heterogeneity of the experimental lattices on the interpre
tation of results, are also discussed. A major part of the paper deals with the 
reconstruction of individual components of the k^ void coefficient, carried out on 
the basis of the measured changes with voidage of the various reaction rate ratios 
as of k_, itself. 
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Investigations for PROTEUS-LWHCR Cores 4-6 are described in the second 
paper. An 8 % (average) fissile-Pu tight-pitch lattice was considered here, with the 
same three H20-voidage states being investigated as earlier. Due to the restricted 
fuel availability the test region was relatively small, being located in the central 
portion of the Cores 1-3 test zone. As such, only central reaction rate ratio mea
surements were carried out. Significant enrichment-dependent trends are identified 
in the comparisons of calculated and experimental results for the wet (moderated) 
cases, particularly for the important reaction rate ratio of 23*U capture to 23ftPu 
fission. Breakdowns of the k ,̂ void coefficient provide insight into the effects of 
higher enrichment which cause the coefficient to become less negative. 

A series of reactivity-related measurements carried out in PROTEUS-LWHCR 
Cores 1 and 2 (6 % fissile-Pu; H20-moderated and dry, respectively) is described 
in the third paper. Small central zones were investigated in which the mixed-oxide 
fuel had been replaced by other materials such as B«C, depleted U 0 2 and H2O. 
Analysis of these experiments served to demonstrate that, for the wet lattice in 
particular, the ratio of two such individual reactivity changes was almost inde
pendent of the outer reactor regions and could *hus be interpreted as an LWHCR 
characteristic. A shortcoming which seriously limited the experimental accuracy, 
however, was the use of static measurements involving reactor shutdown between 
changes of the small central zone. 

The last three papers are presented as a group and illustrate specific aspects 
of the experimental programme. Thus, the first of these deals with measurement 
techniques applied and developed in the course of the experiments. The second 
concerns analytical modeling of the whole PROTEUS reactor to obtain correction? 
for the effects of the outer reactor regions. Finally, the last paper underlines the 
sensitivity of LWHCR lattice calculations to data uncertainties - the effects of 
recent changes to the standard WIMS-D data library having been investigated in 
the context of the PROTEUS-LWHCR Cores 1-6 results. 
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Integral reaction rate ratios and other k^-related 
parameters have been measured in the first three cores 
of the experimental program on light water high con
verter reactor (L WHCR) test lattices in the PROTEUS 
reactor. The reference tight-pitch lattice consisted of 
two rod types, with an average fissile-plutonium 
enrichment of 6% and a fuel/moderator ratio of 2.0. 
The moderators were H20, Dowtherm (simulating an 
H20 voidage of 42.5%), and air (100% void). Com
parisons of the measured parameters have been made 
with calculational results based mainly on the use of 
two separate codes and their associated data libraries, 
namely, WIMS-D and EPRI-CPM. 

A reconstruction of individual components of the 
kx void coefficient has been carried out on the basis 
of (he measured changes with voidage of the various 
reaction rate ratios, as well as of £„ itself. The sub
sequent more detailed comparisons between experi
ment and calculation should provide a useful basis for 
resolving the conflicting calculational results that have 
been reported in the past for the void coefficient char
acteristics of L WHCRs. 

INTRODUCTION 

A key problem in assessing the feasibility of light 
water high converter reactor (LWHCR) core designs' ; 

is the uncertainty associated with calculation of the 
void coefficient of reactivity. Depending on the 
methods and data used for the physics analysis, con
flicting calculational results can be obtained that may 
differ, not only in the magnitude of the coefficient, 
but also the sign.' This may be explained by the fact 
that the *«, void coefficient, for a typical LWHCR 

core, is composed of contributions from individual 
reaction rates that can largely cancel each other out.6 

Since one is then effectively trying to calculate the 
small difference between relatively large quantities, 
adequate accuracies must be achievable for the indi
vidual components. This, in turn, implies reliable pre
diction of the neutron balance at each voidage step. 

The neutron spectrum in an operating LWHCR is 
intermediate, i.e., lies in between the typical spectra 
associated with thermal and fast reactor systems. The 
energy region in which the principal reaction rates 
largely occur is characteristically different for an 
LWHCR, namely, the electron-volt range with dom
inating effects from the low-energy resonances of the 
Plutonium and uranium isotopes. Moderator voidage 
causes gradual upward shifts in the energy distribu
tions of the reaction rates, and the importance of the 
electron-volt resonance region increases even further. 
It is only toward full (100%) voidage that the neutron 
spectrum approaches that of a fast reactor with kilo-
electron-volt events dominating. 

Integral reactor physics experiments available in 
the open literature have, for the main part, been car
ried out to provide results that serve as benchmarks 
for either thermal or fast reactor lattices. These data 
cannot, as such, be used for meaningful assessment of 
the accuracy of calculations for a Pu02/U02-fueled 
LWHCR core. For the void coefficient of reactivity, 
in particular, where largely cancelling individual effects 
have to be considered, the available experiments have 
little applicability as integral benchmarks. 

To help fill the current gap, a set of experiments 
with voidage simulation in a Pu02/U02 LWHCR test 
lattice has been recently completed at the PROTEUS 
reactor facility at Wurenlingen. Results for the refer
ence lattice (termed "PROTEUS-LWHCR Core 1" and 
having H20 as the moderator) were reported earlier.7 

The parameters measured included various core-center 
reaction rate ratios, and kx itself was derived from 
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buckling-related measurements. The present paper 
combines these results with corresponding measure
ments in two subsequent cores in which the modera
tor was changed to simulate voidage. 

In Core 2 the test lattice was completely d*y so 
that an experimental basis could be obtained for eval
uating the mean k^ void coefficient (and its individ
ual components) between 0 and 100% void. Generally, 
however, the k„ void coefficient for an LWHCR is 
calculated as having some characteristic variation with 
the degree of voidage-becoming, for example, less 
negative at first and attaining a minimum absolute 
value before decreasing rapidly as the lattice is fully 
voided.6 Since it can thereby be insufficient to refer to 
a single mean value over the entire 0 to 100% voidage 
range, Core 3 of the PROTEUS-LWHCR program 
was used to simulate an intermediate H 2 0 voidage 
state. This was achieved by using an organic liquid, 
Dowtherm, as moderator, with an effective hydrogen 
density corresponding to 42.5% H 2 0 voidage. 

Comparisons of the measured parameters are 
reported with calculational results based on the use 
of two standard codes/data libraries that have been 
commonly applied in the past to normal light water 
reactor (LWR) analyses, namely, WIMS-D (Ref. 8) 
and EPRI-CPM (Ref. 9). The directly measurable 
reaction rates accounted for between 65 and 85% of 
the calculated neutron absorptions in the three lattices. 
It was possible, therefore, to reconstruct certain im
portant individual components of the k„ void coeffi
cient from the experimental changes with voidage of 
the corresponding reaction rate ratios. With Ar„ itself 
having been determined experimentally in each core, 
the net void coefficient was also directly obtained. 
This, in turn, enabled an indirect deduction of the 
remaining components, i.e., those due to the nonmea-
surable reaction rates. 

The resulting componentwise comparisons between 
experiment and calculation have provided a more diag
nostic basis for the assessment of the void coefficient 
than would have been possible from reactivity mea
surements alone. It should also be easier to extrapo
late to LWHCR cores with a somewhat different 
average fuel composition than used in the current 
experiments. 

THE EXPERIMENTAL PROTEUS LWHCR CORES 

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 description of the basic configuration, although it 
appears in earlier publications,71" is included here for 
the sake of completeness. Thus, Figs. I and 2 give 
horizontal and vertical sectional views of the reactor 
as used for (he current experiments. 

The D20- and graphite-moderated thermal driver 
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zones, which use 5% enriched U 0 2 rods as fuel, are 
separated from the test lattice by an annular buffer 
zone consisting of natural uranium metal rods. The 
latter serve to absorb thermal neutrons coming from 
the driver and convert them, in part, into fast fission 
neutrons. The net influence of the outer reactor 
regions on the neutron spectrum at the center of the 
test zone is usually minimal, the principal reaction rate 
ratios being affected by typically <2%. 

A practical constraint in selecting the lattice ar
rangement for the LWHCR test zone was the required 
utilization of existing fuel materials. These were 
6.70-mm-diam rods of 15% P u 0 2 / U 0 2 and depleted 
U 0 2 , canned in steel tubes of 8.22-mm o.d. The 
P u 0 2 / U 0 2 rods had been welded to specifications for 
a future fast reactor experiment and, as such, had 
small quantities of steel washers distributed along their 
length ( - 3 mm of washers for every 56-mm length of 
Pu0 2 /U0 2 ) . Subsidiary assessments confirmed that 
the effects of the additional steel were small, and that 
these could be adequately taken into account in the 
calculations by simply smearing the washers into the 
P u 0 2 / U 0 2 . For obtaining the experimental results, 
small corrections (typically 1 to 2%) were applied on 
the basis of appropriate foil activation measurements 
(see the section, "Reaction Rate Ratios"). 

The principal aim of the current experiments is to 
provide integral data relevant to LWHCRs of homo
geneous design, i.e., cores with a near uniform pluto-
nium enrichment fuel. Accordingly, the test lattice 
was constructed as a 1:1 mixture of the two different 
types of fuel rods so that a mean total plutonium 
enrichment of - 7 % could be simulated. With the plu
tonium isotopic composition being -80% 239Pu, 18% 
240Pu, and 2% 241Pu, this corresponded to an average 
fissile plutonium enrichment of - 6 % . The lattice 
arrangement used is shown in Fig. 3, the two rod types 
forming alternate parallel rows of hexagonal cells with 
the 9.00-mm pitch providing a volumetric fuel/ 
moderator ratio of -2 .0 . A total of -2100 rods were 
thus needed to make the central test zone up to a 
diameter of 0.43 m. 

In the axial direction (Fig. 2), the height of the 
Pu02/U02-bearing section of the test zone was 0.83 
m, with depleted U0 2 blankets at the top and bottom 
making up the total height of 1.40 m. Aluminum grid 
plates, 4 mm thick, were located in the test lattice at 
a distance of 0.13 m above and below the core center. 
These plates did not affect the neutron spectrum at the 
center in Cores 1 and 3, i.e., the test lattices with a 
liquid moderator present. In Core 2, the dry lattice, 
the grid plates slightly affected (<0.2%) the central 
reaction rate ratios, and these were taken into account 
in the lattice calculations by smearing the aluminum 
into the moderator (air) zone. 

Table I gives the nuclide number densities used in 
the two-rod lattice calculations for the three PROTEUS-
LWHCR cores. As discussed, the geometry was the 
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D20 Driver Zone 

Buffer Zone 
Aluminum Tank and Air Gap 

Two-Rod Test Lattice 
Graphite Driver Zone 

Graphite Reflector 

Safety or Shutdown Rod 

Control Rod 

Reactor Instrumentation 
Channels 

Thermal Column 

Fig. 1. Horizontal sectional view of the PROTEUS reactor. 

same in each case, namely, that of Fig. 3. It was only 
the moderator (material 4) that was different-H26 
at 32°C in Core 1, air (with smeared aluminum) at 
37°C in Core 2, and Dowtherm at 35°C in Core 3. 
In terms of hydrogen density the cores thus repre
sented H20 voidage states of 0, 100, and 42.5%, 
respectively. The slight variations in moderator tem
perature between the three cores were due to the dif
ferent steady-state conditions achieved in cooling the 
test zone (necessary mainly because of the plutonium 
alpha-decay heat). The effects of these differences on 
calculated integral parameters, however, were negli
gibly small. 

The choice of Dowtherm (an eutectic mixture of 
26% diphenyl and 74% diphenyl oxide) for the simula
tion of an intermediate H20 voidage state was based 
on several considerations. First, given the tight-pitch 
geometry of the test lattice, a liquid was conducive to 

ease of implementation. Use of a solid material, such 
as polyethylene, would have required reconstruction of 
the test zone. Of the various possible organic liquids 
considered, Dowtherm appeared to be the most suit
able in terms of its physical and chemical properties 
(hydrogen density, melting point, boiling point, cor-
rosivity, inflammability, toxicity, etc.), as well as its 
general availability. From the point of view of neu
ronics, the differences between Dowtherm and an 
idealized 42.5% HzO voidage state were the presence 
of carbon and the reduction of oxygen (Table I). The 
effects of these differences on calculated integral 
parameters, i.e., on the neutron spectrum, were small 
(see "av and Its Components over Smaller Voidage 
Steps"). In any case, because of the low degree of 
thermalization in the tight-pitch lattice, effects due to 
the molecular structure of the Dowtherm could be 
neglected. 
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Fig. 2. Vertical sectional view of the PROTEUS reactor. 

TABLE I 

Nuclide Densities (x 1010 m ') for Test Lattice Materials in PROTEUS-LWHCR Cores I, 2, and 3 

24, p u 

Hydrogen 
Nickel 

2"U 

Aluminum 
Manganese 

7.781-5a 

5.675-5 
2.0O5-4 
3.301-4 

9.851-5 

6.080-3 
I.0O1-3 

Core 1 (H20 at 32°C): 

Core 2 (Air/aluminum smear 

Core 3 (Dowtherm. 35°C): 

Material 1 (Fuel I, 15<7o Pu02/U02 + Steel) 

2™U 1.839-2 239Pu 2.580-3 
242Pu 1.256-5 24lAm 3.833-5 

Aluminum 3.683-4 Iron 2.600-3 
Manganese 5.376-5 Silicon 3.286-5 

Material 2 (Fuel 2, Depleted UO:) 

2,"U 2.328-2 Oxygen 4.677-2 

Material 3 (Clad, Steel + Air + Aluminum) 

Iron 3.125-2 Chromium 8.536-3 
Molybdenum 7.354-4 Silicon 8.124-4 

Material 4 (Moderator) 

Hydrogen 6.652-2 Oxygen 3.326-2 

, 37"C); Nitrogen 3.8-5 Oxygen 1.0-5 

Hydrogen 3.824-2 Carbon 4.578-2 

240pu 

Oxygen 
Chromium 

Molybdenum 

Aluminum 

Nickel 
Nitrogen 

Aluminum 

Oxygen 

5.699-4 
4.346-2 
6.843-4 
8.123-6 

3.827-4 

5.118-3 
1.323-5 

8.1-4 

2.832-3 

••Readas 7.781 x 10 \ 

NUCLEAR TECHNOLOGY VOL. 67 DEC. 1984 



- 1 1 -

Chawla et al. LWHCR MODERATOR VOIDAGE 

Fig. 3. Test lattice for PROTEUS-LWHCR Cores 1, 2, 
and 3. Dimensions are in millimetres. 

EXPERIMENTAL PROCEDURES 

Reaction Ran Ratios 

Core-center reaction rate ratios were measured in 
each of the three PROTEUS-LWHCR cores using, for 
the main part, foil activation techniques, which have 
been described elsewhere, for example, in Ref. 10, 
in the context of earlier experimental programs on 
PROTEUS. The measured reaction rates were 23*U 
capture (Cg), and fission in 23JU, 238U, 239Pu, and 
241 Pu (Fit F%, F9, Ft). These accounted for between 
63 and 85% of the calculated neutron absorptions in 
the three lattices, the principal neutron balance com
ponents not amenable to direct measurement being 
capture in 239Pu, 240Pu, and steel. Also monitored as 
spectral indices in the experiments were 232Th fission 
(F2) and 233U fission (Fj). 

The appropriate mounting of foils between fuel 
pellets enabled experimental values of reaction rate 
ratios to be obtained explicitly in the two rod types. 
Corrections for foil effects and the presence of steel 
washers in the P u 0 2 / U 0 2 fuel (see "The Experimen
tal PROTEUS-LWHCR Cores" above) were applied 
on the basis of subsidiary measurements involving the 
use, respectively, of foil packets and of axially vary
ing foil positions within each rod type. Wherever pos
sible, each reaction rate ratio measurement was carried 
out using more than one experimental technique. 
Thus, for example, the important ratio of 21*U cap

ture to 239Pu fission was determined by applying both 
absolute and thermal comparison methods for the nor
malization of count rates. Different types of foils 
(0.5-mm U0 2 , 0.1-mm uranium metal, 0.1-mm pluto-
nium/aluminum alloy, and 0.5-mm Pu0 2 /U0 2 ) were 
employed to provide an additional check on systematic 
errors. Use was also made of fission track recorders 
[solid state track recorders (SSTRs)] to provide some 
check on the foil/chamber measurements of fission 
rate ratios. 

The experimental errors (la) for Cg/F9, Fs/F9, 
F5/F9, F2/F9, and Fy/F9 were assessed as being be
tween ±2.0 and ±2.5%. (A typical breakdown of 
these errors would be ±1.0% statistical, ±1.0% sys
tematic, and ± 1.6%, due to correction factors for foil 
effects, steel washers, etc.) For Ft /F9 the experimen
tal error was greater, namely, about ±4%, largely due 
to the nonavailability of activation foils for 24lPu 
fission. 

In the cores with liquid moderator (i.e., in Cores 
1 and 3) material buckling (B^), and hence £„, 
related data were obtained by measuring axial and 
radial reaction rate traverses across the central 0.25-m-
diam portion of the test zone. This was done for the 
principal reaction rates (Fit C8, F8, F9) and also for 
the Rh(«,«') reaction, a fast neutron detector with a 
lower threshold than F%. Due to the limited size of the 
test zone, as well as the relatively low material buck
ling of the reference lattice, the radial traverses were 
significantly affected by the outer reactor regions. By 
carrying out systematic comparisons of measured 
traverses of specific types with corresponding calcula-
tional results based on an appropriate whole reactor 
model (see "Whole Reactor Calculations"), an estimate 
was obtained for the deviation of B;„ for the test zone 
from its theoretical value. Reference 7 gives further 
details for the deduction procedure employed in the 
context of the Core 1 measurements. 

The accuracy of the deduced B%, values was about 
±2 m~2 and was largely determined by the calcula-
tional uncertainties in taking into account the effects 
of the outer reactor regions on the radial traverses. 
Experimental values for k„ (defined as the ratio of 
productions to absorptions in the fundamental mode 
spectrum) were obtained from the corresponding fl„ 
values and the theoretical migration areas. The accu
racy on the B^-based experimental value for kx was 
estimated as ±1.1% in Core 1 and ±1.5% in Core 3, 
uncertainties on the theoretical migration areas them
selves (5.3 x 10"' and 7.1 x 10 m2, respectively) 
contributing little to these errors. 

For Core 2, the dry lattice k^ was deduced on 
the basis of a calculated adjustment to a null-reac
tivity ka, measurement carried out in 1976 in a very 
similar fast reactor lattice, namely, Core 6 of the 
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PROTEUS-gas-cooled fast breeder reactor (GCFR) 
program.11 The latter was also a 1:1 parallel row 
lattice of 15% P u 0 2 / U 0 2 and depleted U 0 2 rods, 
with a triangular pitch of 10 mm (compared to 9 mm 
for the present Core 2 lattice). In the absence of a 
moderator, however, this difference is clearly insig
nificant. Other differences, e.g., the presence of steel 
washers in the P u 0 2 / U 0 2 fuel for the current lattice, 
caused the calculated k^ value to be - 3 % lower. An 
error of ±0.7% was ascribed to the calculational 
adjustment necessary to the experimental result for 
PROTEUS-GCFR Core 6, resulting in a net uncer
tainty of ±0.8% for the Core 2 kv value. 

CALCULATIONAL METHODS AMD DATA 

l i t t ict Calculations 

The main application of two different lattice codes 
to the analysis of the experiments is currently consid
ered. These are the U.K. code WIMS-D (Ref. 8) with 
its standard data library,12 and the U.S. EPRI-CPVf 
code with its production library CPMLIB-3 (Ref. 9). 

Each code could be used to mode! the experimen
tal two-rod lattice, although with different approxima
tions. Thus, the EPRI-CPM route used a combination 
of checkerboard and parallel row square cell arrange
ments to simulate the actual hexagonal geometry. 
There were also other constraints, e.g., o<i the maxi
mum number of energy groups that could be used. A 
detailed documentation of the EPRI-CPM analysis of 
the experiments is made in Ref. 13. In the case of 
the WIMS-D calculations, the experimental lattice 
arrangement could be modeled somewhat more directly 
through appropriate collision probabilities. It was also 
possible to use the full 69-group structure of the 
library for the multicell transport calculations. There 
were, however, other limitations such as considering 

each individual cell type in isolation at the level of 
resonance group cross-section preparation. 

A useful criterion for assessing the sensitivity of 
calculated parameters to the multicell modeling is a 
comparison of results obtained for the two-rod lattice 
(using a given code) with corresponding results for an 
"equivalent" single-rod lattice, i.e., one with the same 
ceil dimensions as indicated in Fig. 3 but with a fuel 
region consisting of a homogeneous mixture of the 
actual fuel materials (Table I). Table II shows such 
comparisons made for the Core 1, 2, and 3 lattices 
using WIMS-D and EPRI-CPM. Also indicated are 
results based on the Swiss Federal Institute for Reac
tor Research (EIR)-developed LWR code, BOXER 
(Refs. 7 and 14). 

It is seen that, except for Fs/F9 (a somewhat 
unimportant ratio from the neutron balance point of 
view), the magnitude of the two-rod heterogeneity 
effects in each core is generally <5% for the various 
lattice-averaged integral parameters considered. Fur
thermore, the different calculational methods, in spite 
of their differences in modeling the two-rod lattice, 
yield qualitatively similar estimates for these effects. 

Comparisons of calculational and experimental 
results, in any given case, reflect shortcomings in both 
the theoretical model as well as the data library used. 
In the WIMS-D calculations it was possible to apply 
different data options for a few of the nuclides. Thus, 
although most of the results currently being reported 
employed the "latest" data available on the standard 
WIMS library tape,12 a useful "feel" for the sensitiv
ity of calculated parameters for the current experi
ments could be obtained by using certain "older" 
options. Table III shows, separately, the effects of 
changing (using WIMS terminology) the 738U reso
nance data, the 238U fast group cross sections, and, 
finally, the 239Pu fast data. 

TABLE II 

Comparisons of Lattice-Averaged Parameters from Two-Rod/Single-Rod Calculations* 

C„/F9 
F»/F9 
F</F9 

F,/F9 

Core (Moderator) 

1 (H20) 3 (Dowtherm) 2 (Air) 

Method 

WIMS" 

1.000 

1.041 
1.012 
1.214 
1.057 

CPM 

1.006 

1.043 
1.029 
1.198 
1.051 

BOXER 

1.004 

1.033 
1.001 
1.173 
1.038 

WIMSa 

0.988 

1.053 
1.018 
1.143 
1.072 

CPM 

0.999 

1.048 
1.038 
1.135 
1.064 

BOXER 

0.999 

1.031 
1.000 
1.096 
1.036 

WIMS3 

0.995 

1.009 
1.000 
1.023 
1.019 

CPM 

1.007 

0.997 
1.027 
1.018 
1.020 

BOXER 

1.000 

1.002 
0.993 
1.002 
1.001 

'Results for the two-rod lattice, relative to values obtained from single-rod (homogenized fuel) calculations. 
a69-group calculations-collision probability for two rod, DSn'n = 4) for single rod. 
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TABLE III 

Sensitivity of WIMS-P Calculated Parameters to Alternative Data Options* 

Parameter 

k. 

Ct/F9 

Ft/F9 

F,/F> 
Ft/F9 

Changed Data 

2J8U Resonance 23,U Fa»t 2J*Pu Fast 

Changed Element Number 

2238.2 238.4 1239.1 

Core 

1 

0.975 

1.0% 
1.019 
1.000 
0.998 

3 

0.968 

1.109 
1.021 
1.000 
0.9% 

2 

0.968 

1.089 
1.014 
0.988 
0.9% 

1 

0.994 

1.001 
0.944 
1.001 
1.002 

3 

0.991 

1.003 
0.939 
1.003 
1.005 

2 

0.%9 

1.040 
0.922 
1.027 
1.034 

1 

1.011 

0.990 
0.997 
0.993 
0.994 

3 

1.012 

0.985 
0.9% 
0.987 
0.987 

2 

1.051 

0.903 
0.972 
0.903 
0.903 

•Results quoted relative to values obtained with latest available options, namely, EI. numbers 2238.4 and 3239.1 for 23*U 
and 23,Pu, respectively. 

It is seen that the effects of each of these data 
changes on the various integral parameters are qualita
tively similar in the two wet lattices (Cores 1 and 3). 
The sensitivity to the available WIMS data options is 
clearly much greater for the neutron spectra in these 
cores than generally encountered in thermal reactor 
lattices.13 This results from the unusually high per
centage of epithermal events in Cores 1 and 3, as indi
cated in Fig. 4, which compares various calculated 
energy distributions. That the effects of altering the 
WIMS fast data ( £ > 9 keV) are much more pro
nounced for the dry lattice of Core 2 than for the wet 
lattices is also made quite clear by Fig. 4. It would 
obviously be of interest to investigate the effects of the 
much more recently suggested modifications to the 
WIMS library,16 and it is hoped that an appropriate 
sensitivity study will be carried out in the near future. 

A basic point of interest was confirmed through 
other subsidiary calculations, namely, that the relative 
effects of alternative data options of the type indicated 
above for the two-rod test lattices were very similar to 
corresponding effects in single-rod (homogenized fuel) 
calculations. This provides further justification in con
sidering the current experiments as relevant to 
LWHCRs of homogeneous design. 

Wnok-Raactar Calculations 
The finite effects of the outer reactor zones (see 

"The Experimental PROTEUS-LWHCR Cores") on 
reaction rate ratios at the center of the test lattice were 
assessed for each core using an appropriate one-dimen
sional (radial) whole reactor model for PROTEUS. 
The SN-1D code, a modified version of ANISN (Ref. 

17), was used for this purpose. The one-dimensional 
whole reactor model was also used for the interpreta
tion of measured reaction rate traverses across the test 
zone in the case of Cores 1 and 3 (see the section, 
"Arao"). For the buffer, driver, and reflector zones, 
28-group cross-section sets were available from earlier 
PROTEUS studies.10 Data for the test lattice and the 
new interface zones were generated for each core in the 
same 28-group structure by appropriate condensation 
of cross sections derived from WIMS-D. 

Table IV gives, for the various reaction rate 
n ';os measured in each core, values at the center of 
PROTEUS expressed relative to fundamental mode 
values for the corresponding test lattice. These factors 
thus quantify the calculated deviations of core-center 
reaction rates from values that would occur in a crit
ical single-zone reactor. In the wet lattices of Cores 1 
and 3, the necessary corrections are seen to be almost 
negligibly small for all reaction rate ratios except those 
involving fast fissions, namely, F8/F9 and Fi/F9. 
For the dry Core 2 lattice, however, each of the mea
sured ratios is seen to require a 1 to 3% correction. It 
should be reasonable to assume an accuracy of better 
than ±1% absolute in calculating effects of this mag
nitude. 

The use of the one-dimensional whole reactor 
model for the interpretation of radial reaction rate 
traverses and the deduction of k^ was discussed in 
some detail in Ref. 7 in the context of the Core I 
measurements. The procedure, as well as the calcula-
tional uncertainties in the deduction of material buck
ling, were quite similar for the Core 3 (Dowtherm) test 
lattice. 

NUCLEAR TECHNOLOGY VOL. 67 DFX. 1984 
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Fig. 4. Calculated energy distributions for flux and various reaction rates at the center of PROTEUS-I.WHCR Cores I, 
2, and 3. Normalization is to a total of unity in each case. 
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TABLE IV 
PROTEUS/Fundamental Mode Factors for the Various 

Reaction Rate Ratios Measured in Cores 1, 2, and 3 

Ratio 

C>/F9 
Ft/F9 
F,/F9 
F,/F9 

F2/F9 
F3/F, 

PROTEUS/Fundamental Mode Factor 

Core 

1 <H,0) 

0.998 
0.980 
1.000 
1.000 

0.980 
1.001 

3 (Dowtherm) 

0.997 
0.970 
1.000 
1.001 

0.970 
1.003 

2 (Air) 

0.975 
1.030 
0.985 
0.990 

1.032 
1.034 

EXPEMMENTAl RESULTS A M COMPARISONS 
WITH CAICULATI0RS 

IIVSVIMV n r a i v j M i m y 

A stringent test for the accuracy of the two-rod 
lattice modeling by each of the calculational methods 
employed was provided by the fact that various core-
center reaction rates were measured separately in the 
two rod types (Fig. 3). Table V compares, for each 
core, experimental and calcJational results for two-
rod heterogeneity factors, expressed as the ratio of a 
given reaction rate (per atom) in the depleted U02 rod 
to the same reaction rate in the 15% Pu02 /U02 rod. 
The various experimental corrections (due to foil 
effects, steel washers, etc.) were applied to each rod 
type individually, the quoted accuracies on the hetero
geneity factors being significantly better than was 
possible for reaction rate ratios (see "Reaction Rate 
Ratios") since measurements of only one single reac
tion rate type were involved in each case. 

The WIMS-D calculated results for the two-rod 
heterogeneity factors are seen to be in reasonably good 
agreement with the measured values for Fg, F5, F2, 
and F3 in each of the three cores. For C8 and F9, 
however, the calculational results are well outside the 
experimental errors, particularly in Cores 1 and 3 
for which the electron-volt resonance region is most 
important (Fig. 4). In qualitative terms, the discrep
ancies can be explained by the WIMS-D multicell 
treatment whereby shielded resonance cross sections 
are prepared on the basis of infinite array approxima
tions for each individual cell type. Thus, for the actual 
two-rod lattice, 238U capture resonances would be 
somewhat overshielded in the depleted U02 rod and 
undershielded in the 15% Pu02 /U02 , resulting in an 
underprediction of the two-rod heterogeneity factor 
for C„ as currently defined. In terms of the lattice-
averaged 238U capture rate, however, the above 
effects in the individual rod types would clearly tend 

to balance each other out. For 239Pu fission, the 
WIMS-D calculation in the depleted U02 rod may be 
expected to be particularly problematic since the prep
aration of the resonance cross sections takes no 
account whatsoever of the presence of plutonium in 
the lattice. The two-rod heterogeneity factor for F9 is 
thus markedly overpredicted, particularly in Cores 1 
and 3. Since, however, no 239Pu fissions actually take 
place in the U02 rod, the lattice-averaged F9 is deter
mined solely by its value in the Pu02/UO2 rod, and 
the error on this may be expected to be very much 
smaller. 

With EPRI-CPM it was not possible to obtain cal
culated values of reaction rates not actually occurring 
in the lattice. Table V thus gives the heterogeneity fac
tor results only for Cs, F», and F5. While the last two 
agree reasonably well with experiment, similar inade
quacies as for the WIMS-D modeling are seen to be 
indicated for C8. 

The two-rod heterogeneity factor results obtained 
with the EIR code, BOXER, for fast fissions (F„, F2) 
in Cores 1 and 3 appear somewhat less satisfactory 
than with either WIMS-D or EPRI-CPM. For C„ and 
/•9l on the other hand, the BOXER results are in 
much better agreement with experiment. This can be 
explained by the fact that, for the wet lattices in par
ticular, the preparation of resonance cross sections for 
the individual rod types is carried out much more 
accurately in BOXER than with the WIMS-D multicell 
treatment.14 From the experimental evidence, at any 
rate, the BOXER calculations do appear to be of 
benchmark nature in terms of the two-rod modeling 
for Cg and F9. When one considers this in conjunc
tion with the results of Table II, comparing the perfor
mance of the different calculational methods in 
relation to single-rod calculations, one sees that the 
WIMS-D and EPRI-CPM routes-despite their errors 
on the two-rod heterogeneity factors for C8 and 
F9—model the \au\ce-averaged C^/F^ reasonably well. 
One may generalize the results of Table II by conclud
ing that two-rod modeling errors with either code 
should be no greater than 2 to 3% on reaction rate 
ratios when considered for the lattice as a whole. 

Reaction Rats Ratios and Jr. 

Table VI compares experimental and calculational 
results for core-center values of C^/F^, FH/F9, Fi/F9, 
and F| /F9 , as well as for k^ (defined as the ratio of 
productions to absorptions in the fundamental mode 
spectrum). Each reaction rate ratio has been con
sidered per atom in the earlier discussed sense of a 
lattice-averaged parameter, i.e., represents a mean 
value weighted with the appropriate nuclide densities 
in the two rod types. Thus, for example, C*/Fq is the 
238U-weighted average 2"'U capture rate for the two 
rod types, relative to the 239Pu fission rate in the 
Pu02 /U02 rod alone. Since the experimental values 
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TABLE V 
Comparisons of Two-Rod Heterogeneity Factors for Various Reaction Rates Measured in Cores 1, 2, and 3 

(Values for UO> rod, relative to those in Pu03/U02.) 

Reaction Rate 

c» 
F» 
Fs 
F2 
Fy 
F, 

c8 
F* 
F, 
F, 
F, 
F, 

c» 
F» 
F< 
F2 
F, 
F, 

Experiment1 WIMS-D 

A. Core 1 (H20) 

0.986 ± 1.0 
0.942 ± 0.8 
1.265+ 1.2 
0.938 ± 0.5 
1.166+1.5 
1.918 rt 1.4 

0.929 
0.934 
1.278 
0.932 
1.172 
2.154 

B. Core 3 (Dowtherm) 

0.989 ± 1.0 
0.938 ± 0.5 
1.131+0.7 
0.935 ± 1.0 
1.113±1.0 
1.572 ±1.0 

0.921 
0.942 
1.140 
0.941 
1.103 
1.894 

C. Core 2 (Air) 

0.998 ± 0.3 
0.971 ±0.5 
1.003 ±0.3 
0.988 ± 1.0 
1.003 ±0.3 
1.005 ±0.3 

0.980 
0.962 
1.001 
0.960 
1.000 
1.061 

Calculation 

EPRI-CPM 

0.916 
0.945 
1.257 

0.906 
0.952 
1.137 

0.977 
0.964 
1.006 

BOXER 

0.976 
0.974 
1.239 
0.974 
1.158 
1.899 

0.971 
0.979 
1.114 
0.978 
1.092 
1.562 

0.997 
0.986 
1.001 
0.986 
1.001 
1.010 

"Errors are in percent. 

quoted are "as measured," i.e., refer to the center of 
PROTEUS, the correction factors of Table IV have 
been applied in the comparisons with WIMS-D and 
EPRI-CPM results. Note that for C*/F9 an additional 
small correction (0.5 to 0.8%) was applied to the 
WIMS-D results to account for the fact that the code 
considers (n,2n) reactions as negative captures. 

Figure 5 shows the ratio of calculation to experi
ment (C/E) values of Table VI in graphical form. 
Results for the individual reaction rate ratios, as well 
as km, have been plotted separately as functions of 
the test lattice moderator state. 

From the viewpoint of the neutron balance, Cs/F9 

is the most important reaction rate ratio in Table VI. 
The EPRI-CPM calculations are seen to underpredict 
this parameter by very similar amounts (5 to 7%) for 
all three cores. It is useful to consider the C/E values 
in conjunction with the calculated energy distributions 
of events (Fig. 4). Thus, while for Cores I and 3, 
shortcomings for resonance group (4-eV to 9-keV) 
cross sections are reflected, the result for Core 2 is 
more indicative of the fast (>9-keV) data. Agreement 

between WIMS-D and experiment is somewhat better 
than with EPRI-CPM. This could, however, be fortui
tous considering the sensitivity to alternative WIMS 
data options, indicated in Table III, and the fact that 
the most recently recommended data16 were not avail-
aole on the standard library tape.12 The relative dif
ference of - 5 % in C/E values for Cores 1 and 3 could 
be partly related to the differences in energy distribu
tion for F9 (Fig. 4). One should, however, bear in 
mind that random errors for each measurement 
(counting statistics and corrections due to foil effects, 
washers, etc.) were about ±2°!o (see "Reaction Rate 
Ratios"). 

Fast fissions (Fs/F<>) seem to be adequately pre
dicted by both EPRI-CPM and WIMS-D in Core 1, 
but are 5 to 7°/o too high in Core 3. For the dry lattice 
the trends appear slightly less consistent. One may 
consider, in trie context of the F*/F9 results, the fact 
that the standard WIMS library contains one single 
representation of the fission spectrum, namely, the 
Bonner spectrum for 2 ,5U with kT= 1.30 MeV. This 
is softer than recently recommended,"1 even for 2 ,5U. 
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Fig. 5. The C/E values for ratios of reaction rates occurring in the test lattices of Cores 1, 2, and 3, as well as for k„. 
Smooth curves have been drawn through the individual points to provide an indication of the observed trends with 
H20 voidage. 

When one additionally considers that the z39Pu fission a significant F9 underprediction. The EPRI-CPM 
spectrum is harder than that of 235U, Ft/F9 for the library, it should be mentioned, contains separate 
current experiments may be expected to be consistently fission spectra for uranium and plutonium-with 
underpredicted by WIMS. The C/E value in Core 3, kT= 1.30 and 1.40 MeV, respectively, 
on the other hand, is 1.045 and is thus indicative of A reaction rate ratio somewhat more sensitive than 
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TABLE VI 

Comparisons of Experimental and Calculated Ratios 
for Reaction Rates Occurring in the Test Lattices 

of Cores 1,2, and 3, as also for A-,, 

Parameter 

Ff/F9 

CH/F* 
F»/Fv 

FJF* 
F,/F9 

C./F, 
F»/F9 

Experiment" 
(PROTEUS) 

C/E 

WIMS-D 

A. Core 1 (H : 0) 

0.0691 ±2.2 
0.00987 ± 2.5 
0.988 ±2.0 
1.78 ±4.5 b 

1.045 ±1.1 

1.002 
0.974 
1.0% 
1.0% 

0.990 

B. Core 3 (Dowtherm) 

0.0874 ±2 .0 
0.01113 ±2.3 
1.032 ±1.8 
1.75 ±3.5 

0.991 ±1.5 

1.054 
1.045 
1.189 
1.292 

0.975 

C. Core 2 (Air) 

0.1476 ± 1.5 
0.01926 ± 2.0 
1.091 ±1.5 
1.46 ±2.5 

0.905 ± 0.8 

1.044 
0.990 
1.126 
1.271 

1.023 

EPRI-CPM 

0.933 
1.003 
1.0!6 
1.033 

1.012 

0.951 
1.068 
1.085 
1.165 

1.014 

0.931 
1.047 
1.053 
0.990 

1.070 

aErrors are in percent. 
hThe experimental value reported in Ref. 7 has been cor
rected after identification of a calibration error in the 
SSTR measurements. 

^Defined as the ratio of productions to absorptions in the 
fundamental mode spectrum. 

the others to the two-rod modeling for the wet lattices, 
F5/F9, is seen to be overestimated by WIMS-D in all 
three cores—by amounts varying between 10% in Core 
1 and nearly 20% in Core 3. This evidence clearly rein
forces the earlier suggestion of significant F,> under-
predictions and, at least in qualitative terms, is 
consistent with the recently recommended upward scal
ing of 2"'Pu resonance integrals in WIMS (Ref. 16). 
The difference of nearly lO ô between the C/E values 
in Cores 1 and 3 is significantly greater than warranted 
by either the experimental errors or uncertainties due 
to the two-rod modeling. An energy-dependent dis
crepancy for /•', and/or F,> in the wet lattices (Fig. 4) 
is thus indicated. The EPRI-CPM predictions for 
F</Fi) are seen to be, for all three cores, in much bet
ter agreement with experiment than are the WIMS-D 
results. 

The experimental errors indicated in Table VI for 
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Fx/F* are greater than for the other reaction rate 
ratios since these measurements were based almost 
exclusively on the use of SSTRs (see "Reaction Rate 
Ratios"). The differences between experimental and 
calculated results, however, are much greater than 
these errors in several cases. Thus, with WIMS-D, one 
has overpredictions of 10 to 30% which, at least in 
part, mav be due to the fact that 24,Pu (as also 240Pu) 
is not treated as a "resonant absorber" in the WIMS 
library. This argument is also applicable to the EPRI-
CPM library. The C/E values for CPM, however, are 
seen to be much lower than those for WIMS-D. 

Finally, the kx values themselves, with their 
experimental errors of between ±0.8 and ±1.5% (see 
the section "kx"), seem to be somewhat under-
predicted by WIMS-D for the wet lattices and slightly 
overpredicted by EPRI-CPM. For the dry Core 2 lat
tice, WIMS overestimates reactivity by - 2 % , while 
CPM does so by as much as 7%. In the former case 
there appears to be a contradiction in that C j / / ^ is 
being overpredicted at the same time as k^,. This indi
cates that, for the dry lattice, nonmeasurable capture 
rates (in 239Pu, 240Pu, etc.) expressed relative to -39Pu 
fission are probably being underestimated by WIMS. 

Other Spectral Indexes 

Table VII gives the results for lattice-averaged 
values of F2/F9 and Fj/F9 in each of the three cores. 
These were measured purely as spectral indexes, since 
neither 232Th nor 233U occurred in the test lattices. 
The numerator terms, in each case, represent average 
infinite-dilution reaction rates for the two rod types, 
while Ft,, as before, denotes the 239Pu fission rate per 
atom in the Pu0 2 /UO : rod. 

Calculated values for the ratios could not be 
obtained with EPRI-CPM since only reaction rates 
actually occurring in the lattice are output by the code 
and, in any case, the CPMLIB-3 library does not con
tain data for 232Th and 2"U. The WIMS-D calculated 

TABLE VII 

Comparisons of Experimental and Calculated 
Reaction Rate Ratios Measured as Spectral 

Indexes in Cores 1, 2, and 3 

Core 

1 
( H : 0 ) 

3 
(Dowthcrm) 

(Air) 

Ratio 

fyF, 
f\/f„ 

F. /F„ 
F, /F„ 

Experiment'' 
(PROTEUS) 

0.00254 ± 2.7 
1.900 ±2 .2 

0.00291 ± 2.5 
1.943 + 2.0 

0.00473 ± 2.0 
1.648 t 1.5 

C/E 
(WIMS-D) 

0.890 
1.096 

0.931 
1.225 

0.929 
1.016 

'Errors are in percent. 
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results shown in Table VII ar» seen to underpredict 
FJ/F? quite significantly in each of the three cores. 
This is qualitatively consistent with results from fast 
reactor experiments that suggest that the 2J2Th fission 
cross sections in current use are too small. As regards 
F3/F9, the high C/E values in the wet lattices (Cores 
1 and 3) are very similar to the corresponding values 
for Fs/F9 (Table VI). In the dry Core 2 lattice, on the 
other hand, the F)/F9 prediction is much better. 

ASSESSMENT OF THE k„ VOID COEFFICIENT 

The km measurements in Cores I, 2, and 3 consti
tute directly experimental evidence for testing the ade
quacy of void coefficient calculations for the reference 
lattice of Fig. 3. As mentioned earlier, however, the 
net ka. void coefficient for a typical LWHCR core is 
composed of contributions from individual reaction 
rates that can largely cancel each other out.6 For 
assessing the performance of a given calculational 
route, therefore, it is much more meaningful to con
sider experimental evidence for the individual compo
nents of the void coefficient rather than simply for its 
net value. 

The directly measurable reaction rate ratios re
ported in the section, "Reaction Rate Ratios and km," 
accounted for between 65 and 85% of the calculated 
neutron absorptions in the three lattices. This section 
considers the reconstruction of the corresponding 
individual void coefficient components on the basis of 
the measured changes of these ratios with H :0 void-
age. An indirect deduction of the remaining compo
nents, i.e., those due to the nonmeasurable reaction 
rates, becomes possible when one considers these 
results in conjunction with the net void coefficient 
obtained from the k^ measurements themselves. 

General Considerations 

The kx void coefficient between t'j and t'2% void 
can be defined by (see Nomenclature on p. 379) 

av = (klx2-ka,x)/k9.-Av , (I) 

where Ar̂ i and kx2 are the individual kx values, kx is 
their mean, i.e., (kxl + kx2)/2, and Av = v2 - iv 

If one considers the neutron balance at each void-
age step in terms of reaction rate ratios R, (with all 
reactions expressed relative to 219Pu fissions), one can 
write 

a, = Sum[(a,,)„„.,„„) +S\im[{avi)„„„,„„,,H) . (2) 

Here, a,, represents the individual contribution of 
reaction rate ratio R, to a,, the remaining subscripts 
denoting measurable and nonmeasurable ratios, re
spectively. 

The value a,, can be written as 

ar,= \-{AA,/A)+(AP,/P)\/Av , (3) 

where A and P are the mean absorptions and produc
tions in the two neutron balance tables, and AA, and 
AP, are the respective changes affected by reaction 
rate ratio R, in going from i>, to i'2% void. (Clearly, 
AP, is zero for values of R< involving captures.) Thus, 
corresponding to each reaction rate ratio change AR, 
expressed, for example, as 

AR, = [R,(v2%) - R.iv^n/R.iv^o) , (4) 

one has a corresponding a,,. 
Using calculated a,.,/AR, values as sensitivity 

coefficients, one can translate measured values of AR, 
into experimental values of a,,. Clearly, the calculated 
coefficients should not be very sensitive to the 
methods/data used for their estimation. If this is so, 
the uncertainties on the deduced a,, values will be 
largely determined by the experimental errors on the 
ARj measurements. 

The directly measurable reaction rate ratios can 
thus yield an experimental value for the first term on 
the right side of Eq. (2); k„ measurements themselves 
give the net kx void coefficient, i.e., the left side. A 
deduction of the second term on the right side, i.e., the 
sum of a,., contributions from the nonmeasurable 
reaction rate ratios (mainly capture in the plutonium 
isotopes and in steel, relative to 239Pu fission), then 
becomes possible. 

Mean a, and Its Components (0 to 100% Void! 

Table VIII gives, in simplified form, the WIMS-D 
and EPRI-CPM calculated neutron balances for the 
lattices of Cores 1 and 2, i.e., corresponding to 0 and 
100% HjO voidage, respectively. Absorptions (i.e., 
fissions and captures) and productions have been con
sidered in the fundamental mode spectrum with nor
malization in each case to 239Pu fissions of unity. 
While each of the heavy nuclides is tabulated sepa
rately, the various steel constituents (Table I), as well 
as hydrogen and oxygen, have been lumped together. 
It can be mentioned in passing that data for 242Pu 
and 24,Am for use in WIMS were generated from 
ENDF/B-IV files at E1R. Effects due to molybdenum 
(data for which were not available in both the CPM 
and WIMS libraries) were assessed by approximating 
it as 20% density El. No. 95 (9!Mo) in the WIMS-D 
calculations. 

Applying Eqs. (3) and (4) to the neutron balances 
of Table VIII (i>, =0 and v2 = 100), one obtains two 
independent sets of a,.,, AR, values, based, respec
tively, on the WIMS-D and EPRI-CPM calculations. 
Table IX shows the results, with appropriate numer
ical accuracies having been used for the individual 
entries in Table VIII. It is seen that, in spite of the sig
nificant differences in individual AR, and or,., values 
obtained from WIMS and CPM, estimates for the 
ratios of these quantities, i.e., sensitivity coefficients 
(x,.,/AR,, are quite similar with the two codes. 
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TABLE VU1 

WIMS-D and EPRI-CPM Calculated Neutron Balances for Cores 1 and 2 

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

Nuclide 

WIMS-D 

Fission Capture Production 

EPRI-CPM 

Fission Capture Production 

A. Core 1 (0% Void) 

2J'U 
2My 
23,Pu 
240pu 

2*.pu 

2 « p u 
241 Am 
Other 

Total 

* . = P/A 

0.074 
0.159 
1.000 
0.013 
0.043 
0.000 
0.001 

1.291 

0.030 
1.119 
0.530 
0.347 
0.014 
0.012 
0.042 
0.178 

2.273 

0.181 
0.443 
2.891 
0.040 
0.127 
0.001 
0.004 

3.688 

3.688/3.564= 1.035 

0.069 
0.163 
1.000 
0.013 
0.040 
0.000 
0.001 

1.287 

0.028 
1.041 
0.531 
0.353 
0.009 
0.012 
0.033 
0.190 

2.195 

0.169 
0.455 
2.896 
0.041 
0.120 
0.001 
0.002 

3.684 

3.684/3.482= 1.058 

B. Core 2 (100% Void) 

2 M u 
239pu 

240pu 

24, p u 

242pu 
241 Am 
Other 

Total 

*„ = P/A 

0.085 
0.299 
1.000 
0.038 
0.041 
0.001 
0.003 

1.467 

0.024 
2.539 
0.302 
0.070 
0.008 
0.001 
0.013 
0.133 

3.090 

0.210 
0.826 
2.932 
0.116 
0.124 
0.002 
0.011 

4.221 

4.221/4.557 = 0.926 

0.080 
0.317 
1.000 
0.038 
0.032 
0.001 
0.002 

1.469 

0.025 
2.277 
0.316 
0.048 
0.006 
0.001 
0.009 
0.205 

2.887 

0.196 
0.874 
2.927 
0.117 
0.096 
0.002 
0.005 

4.218 

4.218/4.356 = 0.968 

Table X r.hows the calculated sensitivity coeffi
cients for f.ach of the reaction rate ratios measured 
in Cores 1 and 2 (see the section, "Reaction Rate 
Ratios and kx"). Also shown are the experimental 
AR, values. These correspond to values in the fun
damental mode spectrum, i.e., the changes measured 
in PROTEUS (Table VI) have been corrected for outer 
reactor zone effects using the PROTEUS/fundamental 
mode factors of Table IV. Finally, shown in Table X 
are the experimental a,., values deduced from the 
&R, measurements and the average av,/AR, values 
obtained from WIMS-D and EPRI-CPM. The uncer
tainties on the experimental a,, values are seen, in 
each case, to be determined largely by the correspond
ing experimental error on &R,. 

Table XI gives the comparison of experimental 
and calculated results for the net kx void coefficient 
between 0 and lOÔ o void, as well as for the individual 
components accruing from the measured reaction rate 

ratios. The sum of the latter contributions, as men
tioned earlier, gives the first term on the right side of 
Eq. (2). With the km measurements themselves having 
yielded the left side, the second term on the right side 
(i.e., the components due to the nonmeasurable reac
tion rate ratios) is obtained as the difference. 

The following observations can be made on the 
basis of the numerical results of Table XI: 

1. The mean kx void coefficient, i.e., between 
0 and 100% void, is strongly negative for the Core 1 
test lattice. This can be attributed to the rather low 
effective fuel enrichment, namely, ~6Vo fissile pluto-
nium (see item 2). Both WIMS-D and EPRI-CPM cal
culations yield values that are significantly less negative 
than experiment (by between 3 to ft x 10 4 /%) . 

2. Different trends are indicated for the individual 
components accruing from the measured reaction rate 
ratios. Thus, the important Cn/F9 component, while 
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TABLE IX 

Calculated a,,. AR, Values Between 0 and IfJO'/o Void 

(Relative to :3vPu Fissions) 

Fission rates: 
235ya 
238 y a 
23»p u 

240p u 

24! p u , 
242p u 

241 Am 

Capture rates: 

2J8ya 

2J9p u 

240p u 

24. p u 

242p u 

241 Am 
Other 

Net a, 

Method 

WIMS-D 

±R, 

+ 15.2 
+ 88.0 

0.0 
+ 198 

- 3 . 6 
+ 179 
+ 140 

- 1 9 0 
+ 127 

-43.1 
-79.8 
-45.6 
-91.0 
-68.6 
-25.4 

<10-4/<Fo) 

+0.45 
+6.23 
+ 1.04 
+ 1.31 
-0.06 
+0.02 
+0.11 

+0.14 
-35.0 

+5.62 
+6.82 
+0.16 
+0.27 
+0.70 
+ 1.12 

-11.1 

EPRI-CPM 

AR, 
(%) 

+ 15.3 
+94.4 

0.0 
+ 192 

-20.4 
+ 172 
+ 126 

-11.9 
+ 119 

-40.4 
-86.4 
-31.9 
-89.4 
-72.9 

+ 8.0 

(10"4/%) 

+0.40 
+6.64 
+0.80 
+ 1.28 
-0 .40 
+ 0.02 
+0.05 

+0.08 
-31.5 

+ 5.47 
+7.78 
+0.07 
+0.27 
+0.61 
-0 .39 

-8 .9 

'Measured reaction rate ratios. 

TABLE X 

Deduction of Experimental a,, Contributions from Measured Reaction Rate 
Ratio Changes Between 0 and 100% Void 

Ratio 

C»/F9 

F</Fv 

F,/F* 

Calculated an/AR, 

WIMS 

-0.276 
+0.071 
+0.030 
+0.016 

CPM 

-0.266 
+ 0.070 
+0.026 
+ 0.020 

Mean 

-0.271 
+0.071 
+0.028 
+ 0.018 

Experiment 

AR, (%) 

+ 118.6 ±4.5 
+ 85.7 ±5 .0 
+ 12.1 ±2 .0 
-17.1 +4.5 

a,„ (xlO 4 /%) 

-32.2 ± 1.4 
+6.08 ± 0.35 
+0.34 ± 0.06 
-0.31 ±0.09 

calculated seemingly well by EPRI-CPM, is seen to 
be ~3 x 10 4/% too negative with WIMS-D. It should 
be mentioned that, for the 7 to 8% fissile plutonium 
enrichment more commonly associated with homo
geneous design l.WHCRs, the absolute value of the 
Cft/Fo component would be significantly smaller than 
in the current lattice. This, in effect, is the principal 
single cause for the net void coefficient being less 
negative for higher plutonium enrichment cores. 

The contribution of F, /f9 is indicated to be con
siderably erroneous in WIMS. While this, in absolute 
terms, is unimportant in the present lattice with its low 
241 Pu fraction, the f|/F.> void coefficient component 

for an LWHCR core fueled with LWR-discharged plu
tonium ("'Pu'ru-for > 10%) would be an order of 
magnitude greater. A considerable upward scaling of 
the effect of the currently observed discrepancy would 
clearly be expected in that case. 

3. The important positive contributions of the 
nonmcasu able reaction rate ratios (mainly capture in 
the plutonium isotopes and in steel, relative to 219Pu 
fission; see Table IX) are overestimated by both codes 
by ~5 x \0~4/%. Here again, the role of these reac
tion rate ratios would be significantly affected by a 
change in plutonium enrichment and/or isotopics. 
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TABLE XI 
Comparison of Experimental and Calculated Results for the Mean k„ Void Coefficient and Its Components 

(0 to 100% Void) (units = "0 4/%) 

Net a, 

a„(C8/F9) 

«HiF,/F9) 
a,.,(F,/F9) 

Sum [{a,,)measRi} 

S u m lia^mmmaslt,] 
i 

Experiment 

-14.4 + 1.4J 

-32.2 + 1.4 
+6.08 ± 0.35 
+0.34 + 0.')6 
-0.31 +0.09 

-26.1 + 1.4 

+ 11.7 ±2 .0 b 

Calculation 

WIMS-D 

-II .1 

-35.0 
+6.23 
+0.45 
-0.06 

-28.4 

+ 17.3 

EPRI-CPM 

- 8 . 9 

-31.5 
+ 6.64 
+0.40 
-0 .40 

-24.9 

+ 16.0 

"Directly from A:„ measurements in Cores I and 2. 
bDifference of experimental net a, and Sum[(«,.,)mw,Ki\. 

a, MNI rti Components over Smaller Vohtege Steps 

The kx void coefficient for an LWHCR can have 
a marked dependence on the voidage range over which 
it is considered.6 It can thus be insufficient to refer 
simply to its mean value over 0 to 100% voidage. As 
mentioned earlier, the principal aim in using Dow-
therm as moderator in Core 3 was to simulate an inter
mediate H20 voidage of 42.5%, corresponding to the 
effective reduction in hydrogen density between Cores 
1 and 3 (Table I). This section discusses the use of 
results obtained in Core 3 for providing experimental 
evidence on the kx void coefficient over the smaller 
H 2 0 voidage steps, 0 to 42.5 and 42.5 to 100% void. 

The essential differences, from the neutronics 
point of view, between Dowtherm and an idealized 
42.5% H 2 0 voidage state in a tight-pitch lattice, arise 
from the presence of carbon and the reduction of oxy

gen (Table I). The effects of these differences on cal
culated integral parameters are shown in Table XII. 
Part A indicates the effects of simply removing the 
carbon from the Dowtherm, while part B gives the 
total effects, i.e., with oxygen added to correspond 
to 42.5% H 2 0 voidage. It is seen that the net effects, 
except on F^/F9, are <1%. Furthermore, the WIMS-D 
and EPRI-CPM estimates for the individual effects are 
almost identical in each case. One may thus, with neg
ligible error, apply the factors of Table XII part B to 
the experimental results for Core 3 and consider the 
modified values as representative of the idealized 
42.5% H 20 voidage state. 

Table XIII gives the WIMS-D and EPRI-CPM 
calculated neutron balances for this idealized state. 
One may consider this table, first in conjunction with 
Table VIII part A (the neutron balance at 0% void) 
and then, separately, in conjunction with Table VIII 

TABLE XII 

Calculated Effects* on Core 3 Parameters of Removing Carbon from Dowtherm and 
Adding Oxygen (42.5% H20 Voidage) 

Parameter 

C»/F„ 
F\/F, 
F</F„ 
F,/Fv 

A. Dowtherm Without Carbon 

WIMS-D 

1.014 

0.993 
1.071 
1.010 
1 013 

EF'Rl-CPM 

1.015 

0.993 
1.072 
1.009 
1.009 

B. Dowtherm Without Carbon and with 
Estra Oxygen (42.5% H.O Voidage) 

WIMS-D 

1.010 

0.996 
1.054 
1.008 
1.010 

EPRI-CPM 

1.010 

0.996 
1.054 
1.007 
1.007 

'Results quoted relative to those for Core 3 (Dowihertn). 
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TABLE XIII 

WIMS-D and EPRI-CPM Calculated Neutron Balances for 42.5% H,0 Voidage of the Core 1 Lattice 

(Fundamental mode spectrum; normalization to 2,9Pu fissions of unity) 

Nuclide 

2J5IJ 

2J,Pu 
240Pu 
24.p u 

242pu 
241 Am 
Other 

Total 

* . = P/A 

WIMS-D 

Fission 

0.084 
0.204 
1.000 
0.018 
0.050 
0.000 
0.002 

1.359 

Capture 

0.037 
1.478 
0.526 
0.322 
0.016 
0.014 
0.045 
0.185 

2.623 

Production 

0.207 
0.567 
2.897 
0.055 
0.150 
0.001 
0.006 

3.883 

3.883/3.982 = 0.975 

EPRI-CPM 

Fission 

0.077 
0.209 
1.000 
0.018 
0.045 
0.000 
0.001 

1.350 

Capture 

0.034 
1.339 
0.517 
0.316 
0.009 
0.013 
0.032 
0.200 

2.459 

Production 

0.190 
0.581 
2.901 
0.057 
0.134 
0.001 
0.003 

3.866 

3.866/3.809= 1.015 

part B (the balance at 100% void). Application of 
Eqs. (3) and (4) in the first case yields two independent 
sets of a,,,, AR, values for the voidage range 0 to 
42.5% void (based, respectively, on the WIMS and 
CPM calculations). In the second case one obtains the 
avn AR, pairs for the range 42.5 to 100% void. One 
thus has, for the two smaller voidage ranges, tables 
analogous to Table IX, which gave the avi, AR, rela
tionships for the total range 0 to 100% void. 

Sensitivity coefficients a^/ARj can now be de
duced for the ranges 0 to 42.5 and 42.5 to 100% void 
for each of the reaction rate ratios measured in Cores 
1 and 3 (see the section, "Reaction Rate Ratios and 
*»"). The numerical results are shown in Table XIV, 
parts A and B. Also shown are the experimental AR, 
values over the two separate voidage ranges. These 
correspond to PROTEUS-measured changes (Table VI) 
corrected for outer reactor zone effects (Table IV). In 

TABLE XIV 

Deduction of Experimental <*,„ Contributions from Measured Reaction Rate 
Ratio Changes Between 0 and 42.5 and 42.5 and 100% Void 

Ratio 

Calculated av,/AR, 

WIMS CPM Mean 

Experiment 

AR, (%) ctvl (x l0-V%) 

A. 0 to 42.5% Void 

C„/F, 
Ft/F9 
F,/F> 
F/F9 

-0.698 
+0.172 
+0.066 
+0.053 

-0.672 
+0.174 
+0.061 
+0.049 

-0.685 
+ 0.173 
+0.063 
+0.05! 

+26.1 ±3.0 
+ 20.1 ±3.5 
+ 5.2 ±2.2 
-0.9 ±4.5 

-17.9 ±2.1 
+ 3.48 ±0.60 
+0.33 ±0.14 
-0.05 ± 0.23 

B. 42.5 to 100% Void 

C,/F9 
F»/F> 
F,/F9 
F,/F9 

-0.602 
+0.156 

a 

+0.042 

-0.570 
+0.155 
+0.058 
+0.038 

-0.586 
+0.156 
+0.058 
+ C.040 

+73.4 ±3.5 
+ 54.6 ±4.0 
+ 6.5 ± 1.9 

-16.4 ±3.5 

-43.0 ±2.4 
+ 8.52 ±0.60 
+0.38 ±0.12 
-0.66 ±0.14 

aThe WIMS-calculated AR, for F</F9 was too small to yield an accurate a,.,/lR, estimate. 
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addition, the Core 3 measurements have been modi
fied by the factors in part B of Table XII to corre
spond to 42.5% H 2 0 voidage. Finally, Table XIV 
shows, for each voidage range, the experimental a,, 
values, deduced from the experimental values of SR, 
and the average calculated sensitivity coefficients. The 
uncertainties in the values of a,, are, once again, seen 
to be determined largely by the experimental A/?, 
errors. 

Table XV gives the comparison of experimental 
and calculated results for the k^ void coefficient and 
its components over the ranges 0 to 42.5 and 42.5 to 
100% void. As before, the combination of experimen
tal results for the net coefficient and the measured R, 
components yields estimates for the contributions of 
the nonmeasurable reaction rate ratios, namely, cap
ture in 239Pu, :4()Pu, etc. (relative to : , 9 Pu fissioi). 
Figure 6 shows a simplified graphical representation of 
the experimental and calculated results. 

One can observe the following from Table XV: 

1. The experimental errors on a, and its compo
nents are nearly twice as large for the smaller voidaje 
ranges, as they were for the total 0 to 100% void range 

(Table XI). This follows from the fact that the deter
mination of smaller differences is involved, with abso
lute errors remaining nearly the same. 

2. The measured net A^ void coefficient appears 
to be more negative over the higher (42.5 to 100%) 
voidage range than over the lower (0 to 42.5%). The 
calculational results with both WIMS-D and EPR1-
CPM, on »hc other hand, indicate reverse trends. 
Thus, the earlier observation that the calculational 
results for the mean (0 to 100% void) coefficient are 
significantly less negative than experiment (Table XI) 
does not appear applicable to the lower (0 to 42.5%) 
voidage range when considered separately. 

3. Discrepancies between calculation and experi
ment seem to be much greater over the higher voidage 
range. Calculated maxima (or least negative values) for 
a, have often been observed in LWHCR studies to 
occur at a voidage >50% (Refs. 3 through 6). A fur
ther reduction in the voidage steps for the experiments 
might have provided useful evidence, although there 
is clearly a conflict between smaller steps and experi
mental accuracy. 

TABLE W 

Comparisons of Experimental and Calculated Results for the kx Void Coefficient and Its Components 
Between 0 and 42.5 and 42.5 and 100% Void (units = 10 V%) 

Net n, 

n,,(C\ //•:,) 
<*,,</•'*//•".,) 
«,.<F<//•;,) 
«,.,</V/-;,) 

Sum((<*,, )„„,„,„,] 

Sum I<«,,)„,„„„,.,„*,| 

Net a, 

n .,(C„''/•;,) 
'*,.,(/'s ' I'';) 
« , . , ( f ' < / / • ; , » 

. * , ,< / , /„> 

Sum ((«,,),„,,.>/J 

Sum [1 <»,, )„„„„„,,,,,,! 

Experimert 

Calc 

WIMS-D 

A. 0 to 42.5% Void 

-10.1 ±3.5' ' 

-17.9 ±2.1 
+ 3.48 ± 0 60 
+ 0.33 ±0.14 

0.05 ±0.23 

-14.1 ±2.2 

t-4.0 t 4 . I h 

B. 42.5 to 100% ' 

17.5 + 3.0' 

-43.0 T 2.4 
r 8.52 + 0.60 
-0.38 ' 0 . 12 

0.66 + 0.14 

34.8 • 2.5 

'17.3 * 3.9" 

-14.0 

-22.4 
+ 4.89 
+ 0.93 
+ 0.91 

-15.6 

+ 1.6 

Void 

-9.0 

- 43.2 
4-7.24 
•0.11 
• • 0 . 7 5 

- 36.6 

+ 27.6 

uiation 

EPRI-CPM 

-9.8 

19.2 
-4.88 
+0.72 
+ 0.57 

-13.0 

-3 .2 

-8.2 

-40.0 
+ 8.03 
+ 0.18 

1.09 

32.9 

• 24.7 

'Directly from k, measurements in Core I and (modified) in (ore 3. 
"Difference of experimental net a, and Sum [((»,,),„„„WJ. 

"Directly from k, measurements in Core 2 and (modified) in (ore 3. 
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Fig. 6. Comparison of experimental and calculated results for the net A» void coefficient and its components in terms of 
the measurable and nonmeasurable reaction rate ratios. Results are shown for the individual H20 voidage steps, 
0 to 42.5 and 42.5 to 100% void. The experimental errors indicated are, as such, nearly twice as large as those on 
the mean coefficient results, i.e., 0 to 100% void (see Tables XI and XV). 

4. Regarding the a, components accruing from 
the measured reaction rate ratios, the discrepancies 
between calculation and experiment appear - perhaps 
surprisingly —to be somewhat greater between 0 and 
42.5% void than over the higher voidage range. 

5. For the nonmeasurable reaction rate ratios, 
on the other hand, the significant discrepancies ob
served in the context of the mean k^ void coefficient 
(Table XI) are seen to stem almost entirely from the 
higher voidage range. 

CONCLUSIONS 

Both of the previous sections contained detailed 
discussions of the results obtained in the current ex
periments, as well as their significance as benchmark 
tests for calculations of LWHCR moderator voidage 
effects. Several aspects were considered, and the prin
cipal conclusions can be reiterated here. 

The use of two standard thermal reactor calcu-
lational methods and their associated data libraries 
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(WIMS-D and EPRl-CPM) has shown that discrepan
cies for reaction rate ratios and k^ are very much 
greater than generally encountered for LWR lattices. 
This results from the unusually high percentage of 
events at epithermal energies, in addition to the fact 
that the data for the plutonium isotopes in the exist
ing libraries have not been subject to the same scrutiny 
as have those for the uranium isotopes. Significant 
dependence on the degree of voidage has been ob
served in the comparisons of calculated and measured 
parameters, indicating that the discrepancies are spec
trum dependent. 

The net k^ void coefficient a, (averaged over 0 o 
lOO ô void a« well as over the smaller steps, 0 to 42.5 
and 42.5 to 100ro void) has been found to be strongly 
negative in the current experiments. This can be 
attributed to the rather low effective plutonium enrich
ment of the fuel ( - 6 % fissile). Both calculation?.! 
methods yield mean (0 to 100% void) a, values that 
are significantly less negative than experiment. The 
trends indicated for a, results over the smaller void-
age steps are different. Discrepancies between calcu
lation and experiment appear to be much greater in the 
higher voidage range. 

The reconstruction of individual components of 
the £<„ void coefficient from the measured changes n 
reaction rate ratios with voidage has provided a us; 
ful basis for more detailed assessment of the calculated 
a, values. Thus, different trends have been indicated 
for the individual components accruing from the mea
sured reaction rates. The positive contributions of the 
nonmeasurablc reaction rate ratios (involving captu c 
in 2v 'Pu, 240Pu, etc.) have been shown to be signifi
cantly overpredicted in the higher (42.5 to lOO ô) void-
age ran»e. Clearly, such componentwise comparisons 
should be helpful in the extrapolation of results from 
the present experiments to LWHCR cores with a 
somewhat different average fuel composition. 

NOMENCLATURE 

Cs = 2,HU capture rate per atom 

F\ = *1<U fission rate per atom 

F\ ••-• :1KU fission rate per atom 

F\}
 21''Pu fission rate per atom 

F\ - 24lPu fiNsion rate per atom 

As -- 2 , :Th infinite dilution fission rate per atom 

A, --- 2"U infinite dilution fission rate per atom 

i'i = initial H;C) voidagc state Co) 

is - final H20 voidage state (%) 

«i - *» void coefficient between /', and is (10 l f ro) 

Nli( 1 FAR II•CHVII (KiV Vol ft? 1)1 ( IW4 
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A = total absorptions, normalized to 2 wPu fissions 
of unity 

P = total productions, normalized to 2,l*Pu fissions 
of unity 

/?, = reaction rate ratio, type / (macroscopic, relative 
to 2WPu fissions) 

SR, = change in R, between r, and is (relative ^o) 

a,, = a, component due to R, (10 4/%) 
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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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- 29 -

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 

Chawla et al. HJfcL ENRICHMENT PHYSICS 

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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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 

M ( I l AK IKHNOIOOY VOI . 7.1 IliNt- 19X6 
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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 

NUCLEAR TECHNOLOGY VOL. 73 ILNL 1986 
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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\. 

M C I I AR M ( H N O H X . Y V o l 7.1 I J M , WHft 
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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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3 

Reactivity Changes effected by Central Samples 
in a Thermally Driven LWHCR Lattice a 

H. Hager, R. Chawla and P. Bourquin 
Swiss Federal Institute for Reactor Research, CH-5303 Wiirenlingen 

A first phase of LWHCR experiments in the zero-power reactor PROTEUS at 
EIR, Wurenlingen, was completed towards the end of 1982. Apart from central 
reaction rate ratios and different reaction rate traverses across the LWHCR test 
zone /1 ,2 / , reactivity changes caused by various types of central samples were also 
measured. 

The PROTEUS reactor consists of a central test zone (43 cm in diameter in 
the Phase I LWHCR programme), surrounded by an annular natural-uranium 
metal buffer region and two thermal driver zones. Each test lattice in Phase I 
was made up from two different types of fuel rods. In the first three cores, 15 % 
(total) PUO2/UO2 and depleted U0 2 rods were arranged in parallel rows (1:1) 
in a hexagonal lattice to simulate a homogeneous-design LWHCR core with an 
effective fissile-Pu enrichment of 6 %. Water was the moderator in Core 1. while 
Core 2 had air, i.e. was a dry test zone. 

The current paper compares experiment and calculation for certain ratios of 
reactivity changes that were measured and discusses the influence of the calcu-
lational model, as also the interpretability of the results as characteristics of a 
single-zone LWHCR (considered here as a bare cylindrical reactor, SZR). Mainly 
presented and discussed are results for experiments in which a central region of the 
test zone, 2.165 cm in radius and 5.9 cm high, was reconstructed by replacing "fuel 
cigars" by "sample cigars" of a given type. (Effectively, the reconstructed central 
zone consisted of 21 rods - 7 normal P11O2/UO2 rods, 7 normal UO2 rods and 
7 special fuel rods each of which contained a "sample cigar" at the centre.) The 
reactivity change corresponding to each type of sample was measured absolutely 
using the PROTEUS Autorod. 

Cross-sections for each central sample-containing region of the test zone were 
generated using WIMS-D1 / 3 / by carrying out a multicell calculation with three in
dividual cells (PUO2/UO2, depleted U02 and sample). The 69 energy groups of the 
WIMS library were thereby condensed to 28 broad groups. The two-dimensional 
whole reactor calculations for PROTEUS were carried out using the diffusion-
theory finite-elements code, FINELM / 4 / , in 28 groups. The reactivity changes 
caused by the central samples were calculated using exact perturbation theory. 

"Tahrestagnng Kerntccliiiik '85, pp.30-42, 1085 (translated from the German) 
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Table 1 compares measured and calculated ratios of reactivity changes. The 
consideration of ratios eliminates certain systematic errors in the measurements 
(only statistical errors are indicated in the table) and, by virtue of the fact that 
normalisation integrals cancel out, permits the comparison of calculated results 
with those for a single zone reactor. The interpretability of the ratios as charac
teristics of the SZR is seen to be clearly justified, particularly in the case of Core 
1. The large PROTEUS/SZR difference for the H20-sample in core 2 indicates a 
relatively strong influence of the outer reactor regions for the dry test lattice. 

The other tables indicate possible causes of the rather significant discrepan
cies between experiment and calculation. The net reactivity changes, particularly 
for the H20-sample experiments, are made up from much larger, compensating 
effects (Table 2). A reduction of the number of broad groups from 28 to 10 (the 
condensation being carried out using the 28-group flux from the calculation for 
the unperturbed system) conserves the "fission" contribution (Table 3). How
ever, the other terms - and thus the net changes for the HjO sample - change 
markedly. Table 4 shows the influence of the calculational method on hand from 
various 1-dimensional diffusion and transport theory calculations. It is seen, from 
the first-order perturbation theory calculations, that the flux calculation for the 
unperturbed system using diffv-m theory causes the Ap-values to be underes
timated by nearly the same amount in each of the cases illustrated. The exact 
perturbation theory results show this effect in combination with the diffusion-
theory inaccuracies for predicting flux changes induced by the samples themselves 
- compensating errors being indicated thereby in the case of the B4C sample. 

The present results serve to demonstrate the interpretability of experiments 
related to reactivity effects of central samples in a thermally driven, LWHCR test 
lattice. Ratios of reactivity changes, in particular for the wet lattice, can be easily 
assessed as characteristics of the corresponding single zone LWHCR. Improve
ments in the experimental procedure and the application of accurate calculational 
methods appear to be necessary. 
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Table 1: Ratios of Reactivity Changes in PROTEUS-LWHCR and in the Single 
Zone Reactor (SZR) 

Core 
No. 

1 
1 
1 

2 
2 

Sample 

H20 
Pu0 2 (MOX) 
U02 (depl.) 

H20 
Pu0 2 (MOX) 

Ap (sample) / Ap (B4C) 

Experiment 
(E) 

-1.054-1 (± 5) * 
-4.50-2 ( ± 9 ) 
6.12-2 (± 6) 

-9.8-2 (± 36) 
-1.52-1 (± 12) 

Calculation 
(C) 

-1.532-1 
-4.799-2 
5.067-2 

-1.914-1 
-2.234-1 

C/E° 

1.45 
1.07 
0.83 

1.96 
1.47 

C, relative 
to SZR 

1.013 
0.992 
0.992 

0.496 
1.058 

"among the other sample types investigated in Core 1 (but not 
reported in the original paper) was steel - the experimental ratio 
(relative to B4C) being 6.4-2 (± 4) and the C/E-value being 0.50 

''to be read as -1.054 x 10"1 with a relative statistical error 
(l<r)of ± 5% 

Table 2: Calculated Reactivity Changes " for Various Samples in PRO

TEUS-LWHCR Cores 1 and 2 

Core 
No. 

1 
1 
1 
1 

2 
2 
2 

Sample 

B4C 
H20 

Pu02 (MOX) 
U02 (depl.) 

B4C 
H20 

Pu02 (MOX) 

Fission 

-20.05 
-48.64 
24.91 

-29.28 

-6.87 
-9.46 
5.09 

Absorption 

-84.43 
50.12 

-20.21 
24.38 

-9.95 
7.68 

-1.42 

Scattering 

1.30 
14.36 
0.25 

-0.33 

0.07 
4.99 
0.07 

Net 

-103.18 
15.80 
4.95 
-5.23 

-16.74 
3.20 
3.74 

"A^-units: 10"c'; leakage contribution ~ O.OO in each case. 
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Table 3: Reactivity Effects calculated " for the Single Zone LWIICR (Core i ) 
with Different Numbers of Energy Groups 

No. of 
Groups 

28 
10 

28 
10 

Sample 

B4C 
B4C 

H20 
H20 

Fission 

-18.45 
-18.45 

-22.59 
-22.59 

Absorption 

-84.50 
-82.95 

23.68 
22.77 

Scattering 

1.31 
1.08 

8.35 
6.93 

Net 

-101.65 
-100.32 

9.44 
7.12 

" first-order perturbation theory; Ap-units: 10 ° 

Table 4: Influence of the Calculational Method on Reactivity Changes (Core 1) 

Sample-Containing 
Region 

Sample 

B4C 
B4C 

H20 
H20 

Radius (cm) 

0.8 
2.4 

0.8 
2.4 

/(Ap)° from Perturbation Theory 
of type: 

1st order 

0.954 
0.954 

0.959 
0.959 

Exact 

1.015 
1.002 

0.922 
0.946 

"/(Ap) = Ap (diffusion theory) / Ap (transport theory); 
1- dimensional mode) in each case 
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ON THE MEASUREMENT OF INTEGRAL DATA IN THERMALLY 
DRIVEN LWHCR LATTICES 

RUDOLF SEILER.KURT GMUER.RAKESH CHAWLA 
Swiss Federal Institute for Reactor Research, Wuerenlingen, 
Switzerland 

Abstract Integral reaction rate ratios and other k„ -related 
measurements were carried out in Light Vater High Converter 
Reactor (L¥HCR) test lattices with different moderator states. 
The reaction rates were measured using fission chambers, foil 
activation or solid state track recorders. The main problems 
were associated with foil effects in the rodded, wet lattices. 
The estimated uncertainties on the various measured and 
evaluated integral data are discussed. 

INTRODUCTION 

The concept of the Light Water High Converter Reactor (LWHCR) 

involves the use of Pu0?/U0?-fueled tight-pitch lattices in 

standard PWRs to increase tne conversion ratio and hence to improve 

the fuel utilization. EIR started in 1980 with a program of 

integral reactor physics experiments on LWHCR lattices in its 

zero-power reactor PROTEUS. Although a limited series of 

reactivity-related investigations was also- carried out, the main 

part of the PROTEUS-LWHCR Phase I program was comprised of reaction 

rate measurements reflecting the neutron balance in the test zone. 

From the point of view of experimental techniques it should be 

possible to obtain an accuracy (1 o) of at least 2%-3% for the 

principal reaction rate ratios and about \% for k„ . The 

measurements in PROTEJS are discussed in this context. 

PROTEUS REACTOR 

The PROTEUS facility contains a central test zone which is driven 
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c r i t i c a l by annular thermal d r i ve r zones . Each t e s t l a t t i c e 

consisted of two types of fuel rods, v i z . 15% PuO„/liO. and 

depleted U0_, in a hexagonal arrangement. The pr inc ipa l f i s s i l e -Pu 

enrichment simulated was 6%, and the volumetric fuel-to-moderator 

r a t io was 2 .0 . 2100 fuel rods were needed to f i l l the t e s t zone up 

to a diameter of 0.43 m. The three moderator s t a t e s invest igated 

were water, a i r and Dowtherm, corresponding to H_0-voidage s t a t e s 

of 0$, 100? and 42.5?, r e spec t ive ly . 

REACTION RATE MEASUREMENTS 

Neutron react ion ra tes were measured mainly by applying fo i l 

ac t iva t ion techniques in combination with f iss ion chamber 

measurements . The react ion ra tes measured were capture in U 

(C8) and f i ss ion in 2 3 2Th (P2) . 233U (P3), 235U (P5), 2 3 8U (FB), 

Pu (F9) and Pu (F1) . In order to minimize measurement e r rors 

each individual react ion r a t e was measured using more than one 

s ingle technique wherever poss ib le . For example, except for F1 and 

the threshold react ions F8 and F2, both absolute and thermal 

comparison methods were appl ied . These genera l ly agreed within \%. 

The f i ss ion rates were determined using demountable 

p a r a l l e l - p l a t e f iss ion chambers containing deposi ts and f i s s i l e 

f o i l s , so that the f iss ion-product a c t i v i t y of the f o i l s could be 

related to f iss ion ra tes ins ide the chamber. With corresponding 

fo i l s located between fuel p e l l e t s in a fuel rod, the f i ss ion ra tes 

in the chamber were t rans la ted to f i ss ion ra tes at the desired 

measuring pos i t i on . The f iss ion-product a c t i v i t y was measured by 

counting the gamma-rays above 600 keV with Nal de t ec to r s . For the 
238 239 

U capture ra te the 278 keV gamma-peak of Np was counted using 

Ge(Li) de t ec to r s , Am sources being used to ca l ib ra t e the 

eff iciency of the gamma-ray counting system in the absolute method. 

The main correct ions for f o i l s i r r ad ia t ed between fuel p e l l e t s were 

those for s e l f - sh i e ld ing and edge e f fec ts in the wet l a t t i c e s . 
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MEASUREMENT OK INTEGRAL DATA IN LWHCR LATTICES 

These were determined experimentally. For absolute capture ra tes 

the gamma-ray se l f -absorpt ion correct ion was assessed by measuring 

the mass a t tenuat ion coeff ic ient of the fo i l material for 278 keV 

gamma-rays. The f i ss ion chamber measurements for the absolute 

fission ra tes had to be corrected for pulse p i le -up , background, 

extrapolat ing of the counting threshold to zero pulse height and 

self -absorpt ion of f i ss ion fragments. Except for F1/F9, the 

experimental e r ro r on the various react ion r a t e r a t i o s were 

estimated as 1.5^-2.5^ 

F1/F9 was measured using sol id s t a t e track recorders (SSTR). 

With th is technique f i s s i l e depos i t s are i r r ad ia ted in close 

contact with p l a s t i c f o i l s . The f o i l s are etched a f t e r the 

i r r ad ia t ion and a s ta in ing procedure i s carried out to f a c i l i t a t e 

automatic counting of the f i s s ion t racks asing an image analyzer . 

SSTR measurements are important when the f i s s i l e material i s not 

avai lable as f o i l s , as in our case, or when f i ss ion ra tes are to be 

compared in zones with la rge ly d i f f e ren t neutron spec t r a . The SSTR 

technique i s more d i f f i c u l t to apply than fo i l ac t iva t ion and 

f ission chamber measurements, but i t does offer a d i r ec t method for 

f ission counting in the l a t t i c e . One of the d i f f i c u l t i e s i s that 

the track r eg i s t r a t i on process can be affected by extraneous 

factors such as temperature, etching condi t ions , e t c . In several 

of the current measurements a fading of tracks was encountered, the 

exact reason for which could not be iden t i f i ed . The accuracy 

achieved for F1/F9 was thereby limited to 2 .5^-4.5? , depending on 

the moderator s t a t e . Also monitored as a spec t ra l index was 
10 -

Bin,a) for the wet lattices, using a modified version of the 

normally used fission chamber . The chamber/lattice ratio could 

not be measured directly and had to be deduced from corresponding 

ratios obtained for other reactions with a similar energy 

dependence (F3, F5, F9, F1). The resulting error, however, was 
large (-.5?). 

In order to obtain an estimate for the material buckling, and 
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hence k» , axial and radial reaction rate traverses were measured 

across the wet test zone. Whereas the axial traverses had only to 

be s l ight ly corrected for grid-plate e f fec t s , the radial traverses 

measured in the central part of the test zone were considerably 

influenced by the outer reactor regions. The thermal (F5,C8,F9) 

and fast (F8) reactions gave two apparent values for the radial 

buckling, from which the experimental material buckling was deduced 

by comparison with corresponding calculated values . The resulting 

net errors for the experimental values of k. were in the range 

1.0Z-1.5*. 

COMPARISONS WITH CALCULATIONS 

For calculational analysis two independent l a t t i c e codes were used, 

v iz . WIMS-D and EPRI-CPM with their associated data l ibrar ies . 

For whole reactor calculations the principal tool was SN-1D, a 

one-dimensional transport theory code. Experimental and calculated 

results differ by upto 10£ for the important reaction rate ratio 

C8/F9, deviations for F1/F9 being as large as y)%. The differences 

between experimental and calculated results are thus, in several 

cases, considerably greater than the experimental errors. This i s 

indicative of the relative inadequacy of current-day calculational 

methods and differential data for predicting the physics 

characteristics of Pu-containing, intermediate neutron spectrum 

systems. 
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Whole-Reactor Modeling Effects on Results 
from Critically Driven LWHCR Experiments. 
H. Hager, R. Chawla (EIR-Switzerland) 

As with fast reactor experiments, the quantity of pluto-
nium needed for a singk zone critical assembly representative 
of light water high converter reactor' (LWHCR) is in tonnes. 
In meeting the curre.it need for LWHCR-relevant integral 
data, therefore, it becomes natural to consider the use of ther
mal driver zones for obtaining critical configurations. The 
recently completed first phase of LWHCR experiments in the 
PROTEUS facility at Wiirenlingen2 employed as little as -40 
kg of plutonium in the central 0.43-m-diam test zone. Criti-
cality was achieved via graphite- and DiO-moderatcd driver 
zones using 5H "'U-enriched UO; fuel, these being sepa
rated from the test lattice by an annular buffer region con
sisting of natural uranium metal rods. 

Measurements made in the LWHCR test zone included 
core center reaction rale ratios and various reaction rate 
traverses, which provided material buckling and, hence, k^ 
related information. Effects of the outer reactor regions on 
the neutron spectrum at the center, as well as on the axial dis
tribution of reaction rates, were calculated to be small. Reac
tion rate traverses in the radial direction, on the other hand, 
were significantly affected. Thus, radial-buckling values de
duced from Bessel-function fits were different for reaction 
rates such as : , , P u fission (sensitive mainly to electron volt 
neutrons) and : , 8 U fission (sensitive to mcgaclcctron volt 
neutrons only).5 Significant calculated corrections had to be 
applied in "interpolating" for the radial component of the 
material buckling. 

This paper reports on the sensitivity of LWHCR-specific 
results obtained in the PROTEUS experiments on calcula-
tional modeling of the whole reactor. Cores 1 and 3 have 
been considered, with H 2 0 and Dowtherm (simulating 42.5% 
voidage)2 as test lattice moderators, respectively, the average 
fissile plutonium enrichment being 6% and the fuel/moderator 
ratio - 2 . 0 . Three different models for the whole reactor have 
been considered: a one-dimensional (radial) transport theory 
model using the SN-ID code (a Swiss Research Institute 
version4 of ANISN), and one- and two-dimensional diffusion 
theory models based on the finite element code,5 FINELM. 
Figure I shows the two-dimensional layout; 28-group macro
scopic cross sections for the various zones, derived from 
appropriate cell calculations,3-6 were used with each model. 

Table I, item (a), shows the calculated deviations of PRO
TEUS center reaction rate ratios from fundamental-model 
values for the two LWHCR test lattices. The 238U capture 
(C„) and fission (F8) have been considered, relative to 23,Pu 
fission (F9). It is seen that the corrections are significant 
(> I %) only for F8 /F, and that there is little sensitivity to the 
whole-reactor modeling. 

Item (b) in Table I compares results from the three models 
for the corrections needed to deduce the radial component of 
material buckling (ft2,) from radial F, and F„ traverses. A 
systematic error of ±1 m"2 here corresponds to errors of 
±0.5 and ±0.7<7o, respectively, in *„ for the core I and 3 
test lattices.7 The Table I results thus indicate that while 
transport theory treatment of the whole reactor is necessary, 
a two-dimensional model is not. 

TABLE I 

Effects of Whole Reactor Modeling on Calculated Corrections in PROTEUS-LWHCR Cores 1 and 3 ' 

I t em 

( a) 

( b) 

Correction 

PPOTEUS/FM for C,/F, 

PROTEUS/FM for F 9/F, 

CB2 ( m" ̂  > for Fq Traverse 

A3 2 ' if'2 > for Fg Traverse 

^"""—•-«^^ whole-Reactor 
—~-^_^^ Model 

Test — ^ ^ _ ^ 
Lattice HoiJerator^v^^^ 

H2 0 ' Core 1 ) 

Dowtherm (Core 3 > 

H o < Core 1 ) 

Dowtriern (Core 3> 

»20 ( C o r e l ) 

Dowthe r m (Core 3 > 

M2 0 (Corf ' 1 

Dowthern (Core 3 ) 

1-0 
Tr ansport 

0.978 

0.997 

0.980 

0.970 

- 10.8 

- 10.1 

• 3 2 

•6.1 

1-0 
D i f f u* i on 

0.998 

0 .996 

0.986 

0.97; 

-12.3 

- 10.V 

• 7.5 

• 10.8 

2-0 
0 i f fus'on 

0 .998 

0.996 

0.986 

0.972 

-11.8 

- 10.1 

• 7.8 

« 10.9 

•For (a) 
radius) 

central reaction rate ratios (PROTEUS/fundamental mode factors) and lb) radial component (0m) of material buckling (for fits ovm 0- to 0.12 r 
bl' - i't - H'm. where }'r ii obtained from the Bessel function tit for reaction rate r. 
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Fit I . Axisymmetrk two-dimensional model for PROTEUS-
LWHCR Phase I configuration (left and bottom bound
ary conditions: reflective; right and top: vacuum). 

A second phase of L W H C R experiments in PROTEUS 
is planned for 1983-88, with a 0.50-m-diam test zone contain
ing more than twice as much plutonium as in cores 1, 2, 
and 3. Effects of the outer reactor regions on test lattice 
parameters have been found to be much smaller for these 
experiments. An evaluation of more global characteristics of 
the driven system, e.g., change in critical C-driver radius (R0 

in Fig. 1) with moderator state for the test zone, was also 
made in the current study. Here, the sensitivity to whole-
reactor modeling was found to be much greater than for 
obtaining corrections of the type presented in Table I. 
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EFFECTS OF RECENT WIMS DATA LIBRARY CHANGES ON 
CALCULATIONAL RESULTS FOR LWHCR LATTICES 

R. CHAWI.A and H. M. HsthHt 

Swiss Federal Institute for Reactor Research. 5.103 Wurenlingen. Switzerland 

M. J. HALSAII. 

Atomic Energy Establishment. Winfrith, Dorchester. Dorset DT2 SDH. England 

(fcv«irii 7 March 19X6) 

Abstract A set of adjustments to the data library used in conjunction with the UK. WIMS code was 
recently reported b> Halsall The relatively large effects of the recommended data changes on the prediction 
of LWHf R neutron-balance components are discussed in the context of lattice measurements carried out 
at the PROTEUS reactor facility. The consistency of both k , and reaction rale ratio results has been found 
to improve markedly with the new data library An apparent shortcoming which remains, however, is the 
overprediction of reactivity for a fully-voided LWHCR core 

I. IVTROIHCTION 

The neutronics of a light-water high-converter reactor 
(LWHCR) core are characteristically different from those of 
both thermal and fast reactors Apart from the intermediate 
neutron energy spectrum, the fuel composition is unique, 
viz 7 S% tissile-Pu mixed-oxide fabricated using l.WR-
•discharged Pu. There are thus dominating contributions 
from neutron events in the low-energy (eV range) resonances 
of the various Pu isotopes as well as of ; , ,U 

Most of the LWHCR design studies reported in the litera
ture (e.g. t-ldlund. 1975; Correa el al.. 1979; Ronen and 
Carmona. MO: Brogli cl al'.. 19x2: Oldekop ct al.. 19X2; 
Millot, 19X2: flettergolt cl al.. 19X3: Brooders and Dalle 
Donne. 19X5; Johansson, 19X5; Ogurae/u/.. l9X5)have been 
carried out using largely standard I.WR physics methods 
and data The U.K. lattice code, WIMS (Askew ct al., 1966) 
has been employed in several cases, while in some of the 
other studies codes such as r ASMO, IPRI-CPM and APOI.I.O 
have been applied with basic characteristics quite similar to 
those of WIMS. The nuclear data used has usually been of a 
standard, reference type that in the case of WIMS-IJ. for 
instance, corresponding to the recommended options on the 
commonly available library tape 166259 (Taubman. 1975). 

The accuracy nf I.WHCR physics parameters predicted in 
such analyses is often difficult to assess, there being a paucity 
of appropriate integral measurements to test the cal-
ctilalional tools (Bergcr ,•/ til.. 19X2: Bmedcrs. 19X5) The 
recently reported I.WHCR lattice experiments in the PRO
TEUS reactor at Wurenlingen K'hawla clal.. 19X4. I'Wial 
probably represents the lirst set of integral results directly 
applicable to methods dala validation for I.WIICRs. Mcas-

+ Present address: Department ol Nuclear Engineering. 
Massachiisselts Institute ol 'lechnologv. Cambridge. MA 
02139. I'S.A. 

ured values of A , and various reaction rate ratios were com
pared with different calculationai results, including those 
from wiMS-i) and its standard data library. In doing so. 
attention was drawn to the fact that the sensitivity of the 
calculated results to the use of "older" data options in the 
WIMS library for :"V resonance and fast group data, for 
example was very much greater than generally encountered 
in thermal reactor lattices. 

The most recent set of data adjustments carried out for 
WIMS are those embodied in the so-called 19X1" data library 
(Halsall and Taubman. 19X3) The important modifications 
made zre to the ' " l ; thermal data. :'"U fast and resonance 
cross-sections. "''Pu resonance integrals as well as thermal 
data and the fission spectrum Halsall (19X3) analysed a wide 
range of experiments using the new dala set and found that 
agreement was generally very satisfactory. Clearly, the above 
data modifications particularly for : "U and "Pu may be 
expected to have a significant impact on LWHCR design 
parameters deduced on the basis of WIMS analyses The cur
rent p iper discusses the effects or the individual data changes 
on the prediction of LWHCR neutron-balance components, 
considerations being made in the context of the earlier 
reported WIMS-D comparisons with experimental results from 
the PROTEUSLWHC R (est lattices 

2. A \ M ) HIAt TION RATE RATIOS 
l> PROTEI S-I.WIIC'R (ORES I-* 

Details of the PROTEI SI WIK R Phase I experiments 
have been published previously (Chawla cl al.. 19X4. l9X6a). 
so thai only a brief description need be given here Each lest 
lattice was constituted from two different fuel-rod types, vi/ 
I2"n tissile-Pu mixed-oxide and depleted I O . two effective 
enrichments being investigated, vi/, 6 anil X".. lissilc-Pti. The 
volumetric I'uel-lo-modcrator ratio was 2.0 in each case, three 
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different H-O-voidage states being investigated for each 
effective enrichment, viz. 0. 42.5 and 100% void -using 
H.O. Dowtherm and air as the moderator, respectively. 

2.1. Standard library results 
Table I summarizes the earlier reported WIMS-D( standard 

library) comparisons with experimental results for k. (meas
ured for 6*o tissile-Pu only) and lattice-averaged values for 
the reaction rate ratios C, F„. F, F„ F, F» and F, F„ (C 
denotes capture and F fission, the subscripts 8. 9. 5 and 1 
denoting '"V, -'"Pu. :"V and :4'Pu. respectively.) Each of 
the experimental two-rod lattices was analysed in the full 69-
group WIMS structure using an appropriate multkell model. 
The measured reaction rates represented about 65 and 85% 
of neutron absorptions in the wet and dry lattices, respect
ively. :"U capture and :wPu fission being the most important 
in this regard. 

Bearing in mind the experimental errors ( 1<T) of typically 
+ !% on A. and ±2.5% on the reaction rate ratios, one 
may make several observations from the results of T:?ole I. 
viz. 

(i) There is a significant spectrum dependence of the C E 
values. For example, the excellent prediction of the 
important C, F, ratio for the 6% fissile-Pu H :0 lat
tice changes to marked overpredictions for all other 
cases. 

(ii) There are very large overpredictions for F, F, and 
F, F»—reaction rate ratios, which though not import
ant here from the neutron-balance point of view, do 
indicate underestimation of :"*Pu fission. 

(iii) Results for k, (for the 6% fissile-Pu lattices) appear 
to be somewhat inconsistent with those for C, F,. For 
the dry lattice, for instance, ihe simultaneous over-
prediction of A-. and C. Y\ points at underestimation 
of the non-measurable reaction rates, viz. captures in 
the Pu isotopes and in steel 

2.2. Effects of individual data changes 
Table 2 shows the effects of the individual changes in the 

WIMS library on calculated parameters for the PROTEUS-
LWHCR test lattices. In addition to k, and the reaction rate 
ratios investigated in the experiments, the effective migration 
area (deduced from A , and Ihe critical buckling) has also 
been considered, thus providing a measure of the extent to 
which LWHCR leakage calculations would be influenced. 

The table is considered in three parts. Firstly, the combined 
effects of the harder fission spectrum and the changes in 
: °U fast and resonance data are shown. (Effects of Fe data 
modifications, which only influenced the k, -values for the 
voided lattices slightly, are included in this step.) It is seen 
that the effects on reaction rate ratios and A , are very similar 
for all the test lattices. Fast fissions are influenced the most 
(as a consequence of the fission spectrum), and a question in 
this context would be as to whether the 1.36 MeV spectrum 
in the new library is hard enough for Pu-containing systems. 
The changes in C» F„ are relatively modest in accordance 
with the fact that the new resonance tabulation is not much 
higher than the 'standard' one. Although the effects on k, 
itself are moderate, the influence on the effective migration 
area is indeed large— particularly for the wet lattices. This, 
apart from the effect of the harder fission spectrum, is a 
consequence of the use of fully-shielded transport cross-
sections for :"U in the 1981 library. Leakage calculations, 
i.e. A ,̂. would thus be significantly affected. 

Part B of Table 2 shows the influence of the new ^Pu 
data. It is seen that, for LWHCR parameters, this is the most 
important single change in the 198 f library. C, F„. which 
largely determines the conversion ratio in an LWHCR. 
decreases by as much as 10%. as does every other reaction 
rate ratio indicated except for F, F„. This, of course, is a 
consequence of the upward scaling of the ""Pu resonance 
integrals in the new library—by 24% for fission and by 20% 
for absorption. (That F» F, changes are much smaller may 
be qualitatively explained by the higher :"*Pu fission rate 
causing a hardening of the ncutTon spectrum, i.e. increasing 
fast fissions) Effects of the uniform 1% decrease of the 
thermal fission cross-sections for '"Pu in the 1981 library are 
clearly more than compensated for by the resonance integral 
changes -the fraction of ^'Pu fission events in the thermal 
range (below 4 eV) being <50% for even the softest-spec
trum lattice represented here. viz. 6% fissile-Pu H.O. The 
changes in k, due to the new: NPu data are, as to be expected, 
strongly positive—varying between +3 and +5%. The 
influence on the migration area is much smalle- than that of 
the '"11 data, but is nevertheless significant particularly for 
the dry lattices. 

The last part of Table 2 shows ihe effects of the new '"U 
data in the 1981 library. These were found to be negligibly 
small (<0 1%) for all parameters except for F, F.,. Here. 
too. the influence was no more than about 1%. The ;'VU 
thermal n change in the new library would clearly be expected 

Tabic I Calculation experimen! t( Ki values for k , and reaction rale ratios measured in 
PROTEl.'S-I.WHCR tores I ft. obtained using WIMS-D with ihc standard data library' 

Moderator 

( . f •", 

Y, F, 
F, F, 
Y, F, 

A . " 

H O 

t .on: 
0.974 
1 0% 
LOW, 

0.9H6 

ft"n Fissile-Pu 

Dowlhcrm 

1 054 
1 ()4< 
1.189 
1 292 

0.971 

htfi-cllif t'nnr 

Air 

1 044 
0490 
1 126 
1.271 

I 0 P 

•hment 

H.O 

1.101 
1 (HO 
l i f t " 

K% Fissilc-Pu 

Dowtherm 

1 10ft 
i o:6 
1.197 

Air 

1 058 
n%9 
1.142 

' D-il.i for Mi>. *"Pu and :*'Am were generated at FIR ftv;o tfNDF B files .1 
used in i-nniLiiKiMin wiih hoth ihc standard .mil (he I'M! uivis libraries 

h Calculated values reported earlier (Chawlae/.j/. I'W4) modified 
in Mo data used. 

1 ml have been 

ighlly following changes 
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Table 2 Effects on u ivts -calculated parameters tor P R O T F l S I WHCR Cores I f»o! chanpes 
in in t iwon spectrum ant* 'I data, in) 'Pu data and (in) I da t a . each effect is expressed 

separalek as a percentage 

EtitTtn t- tnrti hm?nt 
tv\. Fissile-Pu V}» Fitsile-Pu 

Moderator 

( ' . F, 
F, F., 
F. F, 
F, F, 

4 , 
l / : 

C, F, 
F, F. 
F. F, 
F F, 

*, 
1/ 

H O 

1.11 
+ i . : 
+ 4.5 

1.0 
1.1 

-0 .5 
+ 9.2 

6,1 
- 2.5 

7.6 
- S.6 

f 2.S 
M l 4 

Dow therm 

t:tf iv/v nl lissn 
f l.H 
+ 4 4 
- 1.5 

19 

1)7 
+ S.5 

( f i t t:ifei 
S.H 
36 

10 Jl 
116 

+ 4.5 
f 10 

Air 

m \prii 
+ 2.9 

+ 5 1 

- 1 . 6 

15 

- 0 . 4 

+ 2.5 

rl.v I I / • ' 

7.5 
- 2 3 

- H . 5 

• S.3 

+ ,V2 

t 2 . 2 

Irum 

"Pu 

and 

itara 

H.O 

"I Jala' 
+ 1.2 
+ 4 9 
- I . I 

t.3 

-0.6 
+ 9.0 

7.4 
2.7 

-X.9 
- 10 1 

+ 3.5 
+ 0 6 

Dow therm 

+ 2.1 
+ 4.1 

1.1 
1.6 

-OS 
+ H.3 

10.5 
3.4 

-11.7 
13.0 

+ 4 9 
+ 12 

Air 

+ 2.1 
+ 4.9 

1.5 
14 

- o.s 
+ 2.3 

- 6 . 6 

- 1 . 9 

7.3 
7.2 

+ 3 5 

+ 2.0 

F. F, 
(< I Hlkth nl "I data* 
11.9 (1.9 - 0 . 6 1.2 

' Effects of Fe data changes included 
" : " l dala effects for all parameters other than F . Fv were < 0 1° 

lo have negligible effects In the present lattices, as compared 
to the redistribution of resonance integrals (Halsall. I9K3). 

2.J. IWI t.hrarv results 
Table 3 gives the combined effects of the various data 

changes rcpr.seined in the 19X1 library. Die individual effects 
are seen to compensate each olher in several cases but. except 
for F, F„. the net changes remain large for each integral 
parameter considered. 

Table 4 shows the new II9HI library) WIMS-IJ comparisons 
with the PROTEUS-LWHCR experimental results, the 
changes of Table 3 having effectively been applied to the C E 
values of Table I. Bearing in mind the comments made in 
Section 2.1 in relation to the standard library results, one 
observes here that: 

li) The earlier spectrum dependence of the C E values is 
significantly reduced, particularly for the ratios F, F„ 
and F F,. This indicates a much more consistent 
calculation of "'"'Pu fission events 

lit) For all measured reaction rate ratios involving the 
modified heavy nuclides ("U. 'U and ;"'Pu), the 
absolute C E values are within 5% of unity in each 
of the six experimental lattices. This, in the context 
of the experimental errors (lrr) of typically ± 2.5%. 
may be considered to be quite satisfactory. There 
remains, however, a certain indication of an enrich
ment-dependent trend between the 6 and 8% fissile-
Pu wet lattices particularly for the important t\ F'„ 
ratio. A reassessment of the energy distribution of 
resonance integrals for :"U and. perhaps more 
important, for :"'Pu may be helpful in this regard. 

mil Results for the wet-lattice k , -values (measured in the 
6% rissile-Pu case only) are significantly improved 
with the 19X1 wiMs library For the dry lattice, 
however. A , is now overpredieted to an even greater 
extent than earlier This is largely a consequence of 
the 5"„ decrease in C F„ the earlier ovcrprediction 
of which (for both dry lattices) is no longer in evi
dence 

Table ' ( ombined cffeclsof the v.anousdala changes in the I9SI wtMs hbr.irv on pjramelers 
tor PROTF.l 'S- l W H I R C ores 1 6 (total effects in ",,) 

Moderator 

< . f , 
f . F , 
F F, 
F F, 

« 
w-

I I I ) 

5 1 
. 1 9 

X 7 

') " 
i 2 i 
. 9 6 

6"„ 

r). 

Fissile-Pu 

mtherm 

7 s 

• 0 6 

124 
n 2 

. 1 S 

. 9 6 

EfTettiri 

Air 

4 S 

• 2.6 

1(1 S 

<l 7 

• 2.3 
' 4 . 7 

: cnrii hmt'iil 

I I I ) 

6 3 
> 2 1 
1114 
I I < 

' 2 9 
I 9 6 

« " . Fissile-Pu 

Dowlherm 

S.ft 
• 0 5 
13.7 
144 

• 4 1 
• 9 6 

Air 

4 6 
- 2 9 

9.2 
H4 

. ;-
• 4 1 

file:///prii
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Table 4. Calculation experiment {C E) values for it, and reaction rate ratios measured in 
PROTEUS-LWHCR Cores 1-6. obtained using WIMS-D with the 1981 data library 

Moderator 

C.F„ 
F,F„ 
F, F, 
F, F, 

k. 

H : 0 

0.951 
0.992 
1 001 
0990 

1.009 

6% FissilePu 

Dowtherm 

0.978 
1.051 
1.041 
1 121 

1.008 

Effectire enrii 

Air 

0.994 
1.016 
1004 
1 148 

1040 

•hment 

H :0 

1.032 
1.051 
1.039 

— 
-

8*o Fissile-Pu 

Dowtherm 

1010 
1.031 
1.033 

— 
-

Air 

1.009 
0.997 
1.037 

-
-

(iv) F, F, is the only measured reaction rate ratio for which 
the C, £ values still indicate discrepancies of up to i 0 
15%. It should be mentioned in this context that F, F, 
and F F, were the two reaction rate ratios for which 
the sensitivity of the calculational results (in the wet 
lattices) to errors in the WIMS-D multicell modelling 
was relatively high (Chawla el al., 1984; Ogura el al., 
1985). viz. ^5% in the worst case or the 6% fissile-
Pu Dowtherm lattice. The corresponding effects for 
the more important ratios. C,/F, and F,/F,. were 

A more likely explanation for the F, F, discrepancy is to 
be found in the fact that little attention has been paid till 
now to improving the fast and resonance data for the higher 
Pu isotopes in the WIMS library. Both ;*'Pu and ;4'Pu have 
remained unchanged in the 1981 library, viz. as nuclides 
without explicit resonance tabulations, and there has been 
little integral testing of these isotopes for intermediate and 
fast reactor applications. 

The excellent C £ vaiut.s for C„ F». F, F, and F, F, 
obtained with the 1981 library for the two dry lattices stand 
in marked contrast to the 4% overprediction of k, in the 

dry, 6% fissile-Pucase. The non-measurable reaction rates— 
mainly captures in •'"'Pu, :*'Pu and the steel constituents— 
accounted for only about 15% of neutron absorptions in this 
lattice, so that relatively large shortcomings are indicated 
for these reaction rales. A comparison of WIMS-D neutron-
balance tables for the dry lattices with those obtained from 
a fast reactor code provided confirmatory evidence that both 
Pu and steel captures were being significantly underpredicted 
with the 1981 library. Clearly, a benchmarking of the WIMS 
data against a range of Pu-fueled fast reactor experiments 
would be useful in this context. 

3. VOID COF.FFIC1E.NT CHARACTERISTICS 

Adequate prediction of reactivity changes with moderator 
voidage is a primary requirement in the reactor physics 
design of an LWHCR core. An assessment of standard 
library WIMS-I) results in the framework of void coefficient 
analyses for the PROTEUS-LWHCR test lattices has been 
made earlier (Chawla <•; al., 1984, 1986a), and the impli
cations of using the 1981 data library are discussed below. 

Table 5 compares WIMS-I) results obtained using the slan-
dard and 19X1 libraries with experimenlal values of the k.. 

Tables 5. The k, void eoetriuent. x . iind H.s components I'nr the 6% (average) 
fissile-Pu test lattice lunils: 10 ' "n void) 

Experiment' Standard library 1981 library 

M l I) UK)",, I,II,/ 
> . , ( C . F.,| 

J., I F , F„l 
i , , d i the rs ' ) 

Net t_ 

»,. I C F, ) 

i „ ( F . F„) 

i „ Cottiers'* 

Nel y, 

» . , ( t ' , K l 
i „ ( F , F,) 

».. Cottiers'! 

Net -i 

3 2 . 2 ' 1.4 

4 6.08 + 0 35 

t 1 1 . 7 . 2.0 

14 4+ 1.4 

iB) II 

17.9 t 2 1 
t 3 S . 0 h 

4 4 3 • 4.1 

10.1 t 3.5 

' ( " , 42. 

41.11 i 2.4 

i 8 5 • ll.ri 

i 17.0 • V'» 

17 5 t 3 0 

42. y, 

.' IW 

35.0 
4 6 2 

t 17 5 

11.3 

> i out 

22.4 

4 4.9 

4 3.7 

13.8 

'l» J llilt 

43 2 

f 7.2 

I 26.5 

9 5 

35.1 

' 6.5 

f 17.2 

11.4 

201) 

4 4 6 

4 5.11 

104 

4 5 h 

4 7.8 

4 25 7 

12 1 

'From Chawla ct«/, (1984), 
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void coefficient. i,. and its individual components lor the 
6% tissile-Pu lattice The total voidage range, as well as the 
partial ranges 0 42.5% and 42.5 100° » void are considered, 
the net coefficient being broken down into the individual 
components due to C, F.„ K, F„ and. considered as a single 
group, all other reaction rate ratios. 

It is seen that use of the 1981 data library has very little 
effect on the WIMS-D results considered over the total (0 
100%) voidage range. Over the partial voidage ranges, how
ever, there are seen to be signiticant changes with marked 
improvements lor the lower range. 0 42.5% void. Here, the 
individual components of the fc , void coefficient, as well as its 
net value, are in much better agreement with the experimental 
results than was the case for the standard library WIMS-D 
calculations. Use of the new library should thus allow a much 
better estimate of the 'local' void coefficient for an LWHCR. 
i.e. for the moderator density coefficient near its operating 
point. That WIMS-D results for the higher voidage range (and 
hence, for the total 0 100% void range as well) remain 
discrepant, appears largely to be a consequence of the errors 
in calculating Pu and steel captures in the fully-voided core 
(Section 2.3.). 

WIMS-D 1981 library analysis of the k, void coefficient for 
the 8% (average) fissile-Pu PROTEUS test lattice yielded 
qualitatively similar effects as for the 6% fissile-Pu case 
Calculational results for the total voidage range remained 
largely unaffected. Over the partial voidage ranges, however, 
there was a significant improvement in the consistency of 
void coefficient components accruing from the measured 
reaction rate ratios (Chawla el ai. 1986a). 

4. rOMCI.l'SIONS 

Use of the I9SI data library has been shown to have much 
larger effects on WIMS-D calculational results for LWHCR 
lattices than for the normal range of LWR experiments inves
tigated in its validation (Halsall. 1983). The most important 
single change is identified as that in the "Pu data, net effects 
with the new library being as high as +4% in reactivity and 
- 9 % in conversion ratio. 

Experimental results from the PROTEUS LWHCR 
Cores I 6 lattices form the current basis for testing the 
calculations, and the consistency of both k, and reaction 
rate ratio values has been found to improve markedly with 
the 1981 library An important exception is the evidence for 
the A,-value in a fully-voided LWHCR core, suggesting 
inadequacies for calculating the non-measurable reaction 
rates (mainly capture in the Pu isotopes and steel) in a fast 
spectrum, further data adjustments in the WIMS library, 
directed towards this aspect, would certainly help to improve 
LWHCR void coefficient predictions particularly over the 
higher voidage range. 

A second phase of LWHCR experiments has recently been 
started at the PROTEUS facility, using specially fabricated 
mixed-oxide fuel in the test zone (Pillcr el«/.. 1986), Both in 
terms of enrichment and Pu-isolopics. the new fuel is much 
more representative of LWHC'Rs than that used for the 
earlier experiments, first analyses of neutron-balance com

ponents measured in the Phase II reference test lattice (volu
metric fuel-to-H;0 ratio ^2 0) confirm the currently dis
cussed improvements in WIMS-O results with the 1981 library 
(Chawla et «/., 1986b) Clearly, a more accurate bench
marking of LWHCR calculational tools should become poss
ible once the full range of results from the new experiments 
including those for lattices with void simulation become 
available 
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