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Summary 

R&D efforts on the light water high conversion reactor (LWHCR) concept at the Paul 
Scherrer Institute have mainly been directed towards providing a detailed experimental 
base for the validation of the reactor physics design, on the one hand, and the post-
LOCA reflooding behaviour on the other. Four related papers from PSI were presented 
at the recent IAEA Technical Committee Meeting on Technical and Economic Aspects 
of High Conveners held at Nuremberg, FRG. 

The first contribution deals with the program of LWHCR physics experiments being 
carried out at the PROTEUS facility, while the second reports on related code devel
opment efforts. Results from tight-geometry reflooding experiments in the NEPTUN 
test facility, as well as findings from a calculational benchmark exercise, are discussed 
in the third paper. Finally, the fourth contribution describes the overall R&D activities 
under the joint Swiss/German co-operation agreement, in the framework of which the 
PSI efforts are currently being pursued. 

Zusammenfassung 

F+E-Arbeiten auf dem Gebiet des Fortgeschrittenen Druckwasserreaktors (FDWR) im 
Paul Scherrer Institut sind vorwiegend auf die Bereitstellung einer breiten experimentel
len Datenbasis ausgerichtet, einerseits zur Überprüfung der reaktorphysikalischen Ent
wurfsstudien und andererseits zum Verhalten während der Flutung nach einem Kühlmit
telverluststörfall. Vier Berichte zu diesen Arbeiten aus dem PSI wurden vor kurzem 
auf dem "IAEA Technical Committee Meeting on Technical and Economic Aspects of 
High Converters" in Nürnberg, BRD, vorgetragen. 

Im ersten Bericht wird das Experimentierprogramm zur Physik des FDWR in der 
PROTEUS-Anlage vorgestellt, während im zweiten Beitrag über die damit zusam
menhängenden Entwicklungen von Rechenprogrammen berichtet wird. Resultate von 
Wiederbenetzungsexperimenten in enger Gittergeometrie in der NEPTUN-Testanord-
nung, wie auch Erkenntnisse aus einer Benchmark-Vorausrechnung, werden im dritten 
Beitrag diskutiert. Im vierten Beitrag wird schliesslich eine Übersicht über die F+E-
Aktivitäten innerhalb der schweizerisch-deutschen Kooperationsvereinbarung gegeben, 
in deren Rahmen die gegenwärtigen Arbeiten am PSI ausgeführt werden. 
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GENERAL INTRODUCTION 

Light water reactors (LWRs) continue to dominate the world nuclear energy market, 
in spite of their relatively poor fuel utilization. It is generally recognized that the fast 
breeder reactor is necessary as a long-term solution for nuclear fuel supply, but its 
large-scale commercial deployment is not expected for several decades. This is due 
partly to the lower projected growth rates for world nuclear power, and partly to the 
high capital costs of present liquid-metal fast breeder reactor designs. 

A concept which has been receiving increasing attention, in the above context, is the 
light water high conversion reactor (LWHCR), involving the use of Pu02/U02-fueled 
tight-lattice cores in pressurized water reactors (PWRs). With the increase in conversion 
ratio thus achieved, reductions in fuel consumption of 40 to 60% are currently estimated 
as being feasible. Such high converters - essentially an extension of standard PWR 
technology - would provide an effective mechanism for "active storage" of plutonium 
for use in future breeders. In the longterm, they would serve as a symbiosis panner for 
the breeder, enabling achievement of optimal "mixed" electricity generation costs. 

Considerable R&D efforts - to establish the technical feasibility of introducing plutonium-
fueld, tight-lattice cores into PWRs - have been made during the last decade in France, 
Japan, Switzerland and W.Germany. These have involved both experimental and the
oretical investigations. At the Paul Scherrer Institute (PSI, formerly EIR), the main 
LWHCR-related activities have been directed towards providing a detailed experimen
tal base for the validation of the reactor physics design, on the one hand, and the 
post-LOCA reflooding behaviour on the other. Since February 1987, these experiments 
- at the PSI's PROTEUS and NEPTUN facilities, respectively - have been embedded 
into the framework of a joint Swiss/German R&D agreement between PSI, Siemens 
(KWU) and the Karlsruhe Nuclear Research Center. 

In view of the significant progress achieved internationally in recent years in quantifying 
the implementation potential of LWHCRs, a Technical Committee Meeting on Technical 
and Economics Aspects of High Converters was organized by the International Atomic 
Energy Agency at Nuremberg., FKG, during March 26-29,1990. Eighteen countries and 
three international organizations participated in the meeting. Of the 35 papers presented, 
there were four contributions from PSI, and these are reproduced in the present report 
- the first two related to the LWHCR physics program on PROTEUS, the third to the 
NEPTUN thermal-hydraulics experiments and the last to overall activities within the 
Swiss/German R&D agreement. 

The first paper gives a resume' of the various test lattice configurations and range of 
integral measurements carried out in the so-called PROTEUS-LWHCR Phase II pro
gram. It has been shown that the experimental data base provided is broad - in terms 
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of both high converter design characteristics represented and the types of integral data 
generated. The effects of changes in moderation ratio (lattice geometry), for example, 
have been investigated in detail, and significant trends found in the comparison of mea
sured neutron balance components with calculated values obtained using standard LWR 
design tools. 

A parallel activity to the physics experiments themselves has been the development 
and testing of appropriate LWHCR calculational methods, and the second paper reports 
on the progress made to date in this context. Discrepancies between calculated and 
measured values of k^ for the PROTEUS lattices have been reduced substantially, 
following the introduction - at PSI, as well as at the other participating institutes - of new 
cross-section sets based on the JEF-1 and KEDAK-4 data files. For reaction rate ratios, 
however, discrepancies between calculation and experiment are still significant, and 
these have indicated the need for further improvements in basic data and/or resonince 
treatment. 

Results from a number of forced-feed, bottom-reflooding experiments with a tight hexag
onal bundle simulator in the NEPTUN test facility are presented in the third paper, com
parisons being made with earlier measurements for standard-PWR geometry. Rewet-
ting has been found to occur in all tests with the tight bundle, in which reasonably 
LWHCR-representative values for the various thermal-hydraulics parameters are used. 
Comparisons of experimental results with several different, blind solutions - generated 
for a calculational benchmark problem based on one of the tight-geometry NEPTUN ex
periments - have shown that further code development efforts are needed for achieving 
reliable predictions of LWHCR reflooding behaviour. 

The last paper gives an overview, as well as the current status, of the various R&D 
activities being conducted under the Swiss/German co-operation agreement. The key 
technical areas are neutron physics, stationary and reflooding thermal-hydraulics, me
chanical design and materials behaviour. A considerable extension of the knowledge 
base for LWR systems has been shown to be achieved, the PSI experiments having 
played an important role in arriving at a consensus on the reference LWHCR core 
design to be pursued further, viz. with a moderation ratio significantly larger than 
originally considered desirable. 
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THE PROTEUS PHASE D EXPERIMENTS AS DATA 
BASE FOR LWHCR PHYSICS VALIDATION 

R. Chawla, H.D. Berger, H. Hager, R. Seiler 

Abstract 

Twelve different «est zones. Cores 7 to 18, have been studied to date in the 
Phase II program of LWHCR physics experiments at the PROTEUS zero-power 
facility. This paper reviews the test lattice configurations investigated, the types 
of integral measurements carried out, experimental techniques and accuracies, the 
transferability of results to LWHCR design, as also typical comparisons with cal
culations based on standard LWR methods. 

It has been shown that the experimental data base provided is broad - in terms 
of both high convener design characteristics represented and the types of integral 
data measured. Thus, the experimental program covers changes in moderation ra
tio (lattice geometry) and effective fissilc-Pu enrichment - with investigations of 
neutron balance components, moderator voidage effects, influence of lattice poi
soning, relative control rod worths and core heterogeneity effects. The importance 
of having such a broad data base is illustrated by die trends currently reported for 
the C/E (calculation/experiment) variation for reaction rate ratios with degree of 
moderation. 

1 Introduction 

The technical - and hence, to some extent, also the economic - feasibility of a given 
light water high conversion reactor (LWHCR) core design depends on its reactor physics 
characteristics under normal and accident conditions. It was recognized as early as 1980 
at PSI (formerly EIR) that the reliability of calculational results for LWHCRs, e.g. in 
the prediction of the void coefficient of reactivity, was totally inadequate in the absence 
of an appropriate experimental data base. A series of relevant integral experiments -
the first of its kind worldwide - was accordingly carried out in the PROTEUS zero-
power facility during 1981-82 111. This so-called PROTEUS-LWHCR Phase I program 
aroused a great deal of international interest, and a wide range of standard LWR physics 
methods and data sets have been applied in recent years to its analysis [2,31. 

Several features of the earlier, first phase of experiments in PROTEUS prevent its 
serving as a sufficiently broad base for testing LWHCR physics design calculations. 
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These include the two-rod nature of the experimental lattices, the non-representative 
plutonium enrichment and isofopics, as also the fact that certain important reactor de
sign aspects could not be investigated in the relatively short time available. With the 
above points in mind, a comprehensive five-year program of experiments - PROTEUS-
LWHCR Phase II - has been under way at PSI since Summer 198S. Specially fabricated 
PuOz/UOz fuel, typical of a homogeneous-design LWHCR, is being used. The principal 
investigations include those for the void coefficient in terms of detailed neutron balance 
studies, the effects of changes in moderator-to-fuel ratio (i.e. lattice pitch) and effective 
Pu enrichment, control rod effectiveness and the influence of core heterogeneities ("hot 
spot" factors, etc.). 

A parallel activity to the PROTEUS LWHCR Phase II program itself has been the deve
lopment and testing of cakulational codes and data sets on the basis of the experimental 
results. This is being carried out in a joint, co-operative effort between PSI, Siemens 
(KWU), the Karlsruhe Nuclear Research Center and the Braunschweig Technical Uni
versity. Whereas a companion paper written for this Meeting [4] addresses the current 
status of the code development activity, the present paper deals mainly with details of 
the experiments themselves, viz. the test lattice configurations investigated to date, the 
types of integral measurements carried out, experimental uncertainties and the transfer
ability of results to LWHCR design. Comparisons of calculations and measurements 
are reported on the basis of standard LWR methods and data sets alone. 

2 The PROTEUS-LWHCR Phase II Cores Investigated 
to Date 

Each reactor configuration for the PROTEUS-LWHCR experiments has basically been a 
coupled system, with a central test zone driven critical by annular thermal driver zones 
(Fig. 1). A natural uranium metal buffer, located between the test and driver regions, 
largely reduces the effects of the mismatch between the thermal driver spectrum and the 
intermediate or fast spectrum in the test zone. Further details for the reactor, as well as 
the test zone configurations investigated in the PROTEUS-LWHCR Phase I program, 
are given in Ref. 1. 

The central test zone in the Phase II program has a diameter of 0.S0 m, i.e. is some
what larger than in Phase I with consequently smaller corrections necessary to ac
count for outer reactor-region effects on core-center characteristics (see Section 4). The 
plutonium-containing part of the test zone extends axially over a length of 0.84 m which, 
together with the top and bottom blanket regions of depleted U0 2 , results in a total test 
zone height of 1.40 m. 

Upto now, twelve different test zones, Cores 7 to 18, have been studied in the PROTEUS-
LWHCR Phase II program (Cores 1 to 6 constituted Phase I). In the first three Cores 
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(Nos. 7 to 9), measurements were carried out for a reference tight lattice with a 
volumetric moderator-to-fuel (M/F) ratio of O.S - for three simulated voidage states 
(0, 42.S and 100% void) using H20, Dowtherm and air (dry lattice), respectively, as 
moderator [5,6]. Fig. 2(a) indicates the tight lattice geometry employed, about 1900 
LWHCR-representative mixed-oxide fuel rods of 7.5% fissile-Pu enrichment (11% total 
Pu) making up the O.S m-diameter test zone. Apart from detailed neutron balance and 
It«» void coefficient («,.) investigations of the type carried out in the Phase I program (11. 
relative control rod worths and heteroge:ieity effects in LWHCR spectra were studied 
for the first time in Cores 7 to 9 [7,8]. 

SAFETY OR 
SHUTDOWN ROD 

TEST LATTICE 
U02 BLANKET 

BUFFER ZONE 

CONTROL ROD 

D2n DRIVER ZONE 

GRAPHITE DRIVER ZONE 

GRAPHITE REFLECTOR 

\ * 

X 

Fig. 1. Basic reactor configuration for the PROTEUS-LWHCR Phase II ex
periments. The central test zone is 0.50 m in diameter. 

Another new aspect investigated in PROTEUS-LWHCR Phase II has been the influence 
of a "homogeneous" poisoning of an LWHCR lattice on k^ and the void coefficient. 
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Thus, in Gores 10 to 12, every 37'* PuCyUOj fuel pin in the M/F=0.5 test zone 
was replaced by a natural-B4C rod of identical geometry, measurements of kx for the 
poisoned "superceir (see Rg. 3(a)) being carried out again for each simulated voidage 
stale, i.e. with H20, Dowthenn and air 19,10]. 

The PROTEUS results from the tight lattice (M/F=0.5) experiments have, in effect, been 
instrumental in shifting die emphasis in die joint Swiss/German LWHCR development 
effort towards core designs with M/F values somewhat larger dun that originally con
sidered desirable [11]. This fact, as well as the need for a broader integral dau base per 
se, have resulted in greater importance being placed more recently on the investigation 
of wider-spaced LWHCR lattices in PROTEUS. Thus, a second reference lest lattice 
with M/F=1.0 has been studied under clean conditions - for once again, each of the 
three simulated voidage states - in Cores 13 to IS [10,12]. Fig. 2(b) indicates UK wider 
LWHCR lattice geometry, about 1500 fuel rods making up the central test zone in this 
case. Measurements analogous to those for the clean tight lattice (Cores 7 to 9) have 
been completed for the wider lattice. 

11%PliOi/UOj Steel* Air TIXPuOj/UOi Steel+Air 

(a) M/F = 0.48 (b) M/F = 0.95 

Fig. 2. Reference (a) tight and (b) wider LWHCR test lattices in the Phase II 
program. The 11% total-Pu corresponds to a fissile-Pu enrichment of 
~ 7.5%. 
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The effects of B4C poisoning of the M/F=1.0 lattice have been investigated in Cores 16 
and 17 - with H20 as moderator and dry, respectively [13]. The natural-B4C loading 
was increased, relative to that in Cores 10 to 12, such that every 19"1 Pu02 /U02 fuel 
pin was replaced by a B4C rod. This increase reflects the greater reactivity of the clean 
wider LWHCR lattice and the desire to achieve a k^ close to unity (as in an operating 
power reactor) in the poisoned case. Fig. 3(b) shows the 19-rod supercell investigated 
in Cores 16 and 17. 

p/d = 1.12 p/d = 1.26 

MOX ( 7.5 % Pu gjjj.) 

B4Cnat. 

(a) (b) 

Fig. 3. Poisoned "supercells" investigated in PROTEUS-LWHCR Phase n. 
The pitch-to-diameter (p/d) values correspond to the respective lattice 
geometries depicted in Fig. 2. 

The analysis of neutron balance components (k^ and central reaction rate ratios) in 
the tight and wider LWHCR test lattices has revealed significant trends in comparisons 
of calculational and experimental results (see Section S.l). The need has thus been 
indicated of covering an even broader range of moderation ratios in the PROTEUS 
experiments. It has not been possible, from the viewpoint of operational safety, to 
install a highly moderated (and hence, highly reactive) test lattice over the full test 
zone diameter in the current PROTEUS design [10]. Accordingly, Core 18 has been 
conceived with an H20-moderated test zone, poisoned on the outside and containing 
a 0.25 m-diameter (effective) central section with an M/F-value of 2.0. The high 
moderation ratio was achieved by removing every third Pu02/U02 fuel pin from the 
M/F=1.0 lattice (Fig. 2(b)), so that the "very wide" test lattice essentially consists of 
Core 13-type unit cells and water holes in the ratio 2:1. Measurements of k^ and 
central reaction rate ratios are currently in progress in Core 18. 
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The PROTEUS Phase II program is scheduled for completion this Autumn. Among the 
experiments still planned to be carried out are ones in which the influence of reducing 
the effective Pu-enrichment will be investigated (see Section 6). 

3 Measurement Techniques and Experimental Uncer
tainties 

An important aspect of die Phase II measurements has been the improvement, relative 
to Phase I, of experimental accuracies in the neutron balance investigations. In this 
context, new experimental techniques have been developed and applied - mainly for the 
determination of k«,, but also in extending the earlier range of measured reaction rates. 
Thus, the cell-worth method, specially developed for k^ measurements in LWHCR 
lattices [5], has been applied in each Phase II Core. With the buckling method -
well established for moderated test zones [1] - continuing to serve as an independent 
technique, experimental uncertainties ( la) on k^ values in the Phase II measurements 
have been typically about ± 0.7%. 

Core-center reaction rate ratios, involving 235U fission (F5),
 238U capture and fission 

(Cg, F8) and 239Pu fission (F9), were determined in the clean test lattices using the 
usual combination of activation-foil and fission-chamber techniques [14]. Due partly to 
the larger (more LWHCR-representative) fuel-rod diameter in the Phase II experiments, 
corrections applied for foil effects, etc., have generally been smaller than in Phase I (see 
also [8]). Moreover, the fact that single-rod lattices have been involved is an additional 
cause for improved statistical accuracies (relative to those achieved in the earl:~r *«-J-
rod lattices [1]), the typical la-error on the "sf dard" reaction rate ratios (C8/F9, Fg/F9 

and F5/F9) being about ± 2% for the Phase II measurements. 

Special techniques have been developed for measuring reaction rate ratios involving 
241Pu fission (F0 and 242Pu capture (C2) [5]. The errors, due mainly to the poorer 
statistical accuracies achieved in the counting of the aluminium-backed 241Pu and 242Pu 
deposits employed, are significantly greater here than for the standard ratios, viz. about 
± 4% typically for both Fj/F9 and C2/F9. 

Studies on relative control rod worths and core heterogeneity effects have been new 
aspects investigated experimentally in the PROTEUS-LWKCR Phase II program. The 
former type of investigation has involved measurements of rod worths of alternative 
absorber meterials at the center of the test zone in various Cores, the relative values 
then being LWHCR-specific characteristics [7]. The estimated experimental accuracies 
for such reactivity worth ratios have been better than ± 1.5%. Questions related to 
macroscopic heterogeneity effects ("hot spot" factors, etc.) have been addressed by 
measuring reaction rate distributions in certain benchmark situations, e.g. in the viciiviy 
of a control rod, a water hole and across a core/blanket interface [8j. Standard roil 
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activation techniques - with errors of less than ± 1% on each experimental point -
have generally been employed. Supplementary data have been sought using two other, 
less painstaking methods, viz. 7-scanning of irradiated fuel rods and radial traverses 
with miniature fission chambers [IS]. 

4 Transferability of PROTEUS Results to LWHCR De
sign 

The basic approach in the PROTEUS experiments has been one of approximating 
fundamental-mode conditions in the central region of the test zone for a range of 
LWHCR designs, moderator voidage states, etc. Measured parameters - such as re
action rate ratios, buddings, k^ and relative control rod effects - do, however, need 
to be corrected for die influence of the outer reactor regions. Such corrections have, 
as mentioned earlier, been smaller in the Phase II program (relative to Phase I) due 
to the larger quantity of P11O2/UO2 fuel available for the test zone. In questioning the 
transferability of the PROTEUS experimental results to LWHCR design, two types of 
considerations need to be made. These are: 

i. the magnitude of the calculated corrections used in converting mea
surements to fundamental-mode values, as well as their dependence 
on the calculational models employed and 

ii. the representativeness of the experimental lattices as such and hence, 
the value of the measurements in reducing LWHCR design uncertain
ties [16]. 

PROTEUS/fundamental-mode differences have been considered most recently for the 
Phase II experiments in a study employing a range of whole-reactor models for the 
Core 7 and Core 8 configurations [17]. Table 1 shows, for illustration, some effects 
of more detailed modeling on the calculated corrections (typically < 1% in both Cores) 
for core-center reaction rate ratios. It is seen that these effects are indeed negligible, in 
comparison to the experimental uncertainties (Section 31 

The second aspect of the transferability of PROTEUS results to LWHCR design, viz. 
that of representativeness, has been addressed recently using generalized perturabtion 
theory (GPT) methods - "sensitivity profiles" of parameters measured in the test zone 
being compared with those for a typical power reactor [16]. While establishing the 
similarity of such profiles is a useful criterion in itself, a quantification of the reduction 
in calculational uncertainties for the power reactor can be made using correlation co
efficients, covariance data and the experimental uncertainties themselves. First results 
obtained in such an analysis for the Phase II experiments have indeed confirmed that 
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Table 1: Whole-Reactor Modeling Effects on Calculated Reaction Rate Ra
tios at the Center of PROTEUS-LWHCR Cores 7 and 8. 

Modeling Change 
~~~~~---̂ ^^ Core 
Effect (%Tonr---^_ 

Cs/F9 

Fg/Fj, 

F5/F9 

28 —• 127 gp.calcn. 

7 (H20) 8 (air) 

0.0 -0.1 
-0.1 +0.1 
0.0 0.0 

I D -• 2-D model 

7(H20) 8 (air) 

+0.1 +0.1 
+0.3 -0.1 
0.0 0.0 

a considerable reduction in LWHCR design uncertainties can be achieved using the 
PROTEUS measurements [18]. 

5 Comparisons of Experiment and Calculation 

This section gives - mainly for illustrative purposes - some comparisons of experimental 
and calculational results obtained using standard LWR physics methods and data sets. 
As mentioned earlier, the current status of theoretical code development activity in 
the framework of the Phase II program and the improvements which have resulted in 
LWHCR lattice predictions are reported separately [4]. Most of the calculational results 
cited here are based on I D whole-reactor calculations in 28 energy groups, the lattice 
data being generated using the WIMS-D code in conjunction with its 69-group, "1981" 
cross-section library [5]. 

5.1 Neutron Balance Components for Different Effective Modera
tion Ratios 

Table 2 gives calculated-to-experimental (C/E) values for neutron balance components, 
in terms of k^ and explicitly measured reaction rate ratios, in Cores 7 to 9 and Cores 
13 to 15, i.e. for a range of effective moderation ratios - from the wider (M/F=1.0) 
LWHCR lattice with H20, down to the dry test lattices [5,6,12]. 

The physics for the dry lattice is clearly quite different from that for the moderated (wet) 
LWHCR lattices. Even among the latter, however, there are apparently strong trends 
in the C/E variation with degree of moderation - for both k^ and reaction rate ratios. 
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Table 2: Ca)/E Values for k«, and Reaction Rate Ratios for Various Effec
tive Moderation Ratios. 

Core No. 
M/F 

Moderator 
(M/F)e//> 

Cs/Fc, 
Fs/F9 

Fs/F9 

Fi/F9 

Cj/Fg 

KQQ 

13 
0.95 
H20 
0.95 

1.050 
0.986 
1.012 
1.035 
1.745 

1.000 

15 
0.95 

Dowth 
0.55 

1.012 
0.986 
1.010 

-c) 

-c) 

J) 

1 
0.48 
H20 
0.48 

0.982 
1.030 
0.995 
1.054 
1.729 

1.012 

9 
0.48 

Dowth 
0.28 

0.970 
1.019 
0.998 
1.065 
1.650 

1.035 

8/14 
0.48/0.95 

air 
0.0 

1.007 
1.026 
1.013 
1.152 
0.962 

1.037 

°> WIMS-D/1981 
6) defined as M/F [1-(simulated voidage)] 
c) not measured 
d) experimental analysis pending 

Other standard calculational routes have been found to yield more consistent results 
for koo, but this is partly due to compensating errors in the individual neutron balance 
components [12]. It should be mentioned in passing that the large overprediction of 
C2/F9 for the wet lattices in Table 2 is mainly due to the inadequate WIMS group 
structure for treating the dominating 242Pu resonance at 2.7 eV [5]. 

In view of the above moderation-dependent C/E trends, results from the experiments 
currently in progress in Core 18 - involving a central test section with M/F=2.0 (see 
Section 2) - should be of particular interest. 

5.2 k^ Void Coefficients 

The results for k«, and reaction rate ratios - corresponding to two different H20-voidage 
states Vi and v2% in an LWHCR test lattice of given geometry - may be combined 
to yield information on the net k^ void coefficient av (between V! and v2), as also 
on its individual components avt (due to change in reaction rate ratio R,) [1]. Table 3 
gives comparisons of experimental and calculated av, avi values for the tight (M/F=0.5) 
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lattice, considered (a) over the partial voidage range 0 to 42.5% void (results deduced 
from Cores 7 and 9 [6]) and (b) over the total (0 to 100%) voidage range (from Cores 
7 and 8 [5]). 

Table 3: The k x Void Coefficient and Its Components for the Tight 
(M/F=0.5) Test Lattice Between (a) 0 and 42.5% Void and (b) 
0 and 100% Void (Units = 10V%). 

Qvi (Q/F. ,) 
avi(F8/F9) 
Om(Fs/F9) 
a^(F,/F9) 
a„, (C2/F9) 
avi (others) 

Net av 

(a) 0 to 42.5% void 
Experiment WIMS-D 

/1981 

-14.3 ±1.2 -12.9 
+4.2 ±0.4 +4.0 
+0.9 ±0.1 +0.9 
+1.0 ±0.6 +1.3 
+0.4 ±0.1 +0.9 
+5.7 ±2.2°) +9.3 

-2.1 ±1.8 +3.5 

(b) 0 to 100% void 
Experiment WIMS-D 

/1981 

-21.5 ±0.9 -22.5 
+5.7 ±0.3 +5.5 
+0.5 ±0.1 +0.5 
-1.3 ±0.2 -0.7 
+1.2 ±0.1 +2.3 
+19.6 ±1.3"> +21.6 

+4.2 ±0.8 +6.7 

o) difference of experimental net a„ and Sum [(avi)meas «J 

It is seen that the experimental a„, avi values have larger uncertainties for partial 
voidage. This is because smaller k^, R, changes are involved, relative to those which 
occur over the total voidage range. Nevertheless, with av and its components having 
a marked dependence on the voidage range considered, it is clearly insufficient from 
the viewpoint of methods validation to refer only to experimental values between 0 
and 100% void. Thus, for example, the important negative component due to Cs/F9 -
while somewhat overestimated by WIMS-D/1981 for the total voidage range - appears 
to be underpredicted between 0 to 42.5% void. Such effects are, of course, qualitatively 
consistent with the corresponding C/E variations with voidage (cf. the C/E values for 
Cs/F9 in Cores 7 to 9, Table 2). 

Similar arguments to the above may be made against trying to "extrapolate" void co
efficient findings from one lattice geometry to another. The importance of an explicit 
experimental base has been brought out in this context by the o,„ avi comparisons made 
for the wider (M/F=1.0) LWHCR lattice in Ref. 12. 
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53 Effects of B4C Poisoning 

The availability of integral measurements for clean test lattices, covering a sufficiently 
broad range of moderation ratios, has been seen to be a fundamental requirement for 
LWHCR physics validation. In an operating power reactor, he «ever, effects such as 
leakage, temperature, bumup and the presence of control absorbers are important in
fluences on reactivity and its variation with voidage. Numerical studies, such as the 
NEACRP LWHCR-burnup benchmark exercise [3], have indicated that the additional 
calculational uncertainties associated with such effects are relatively small. Neverthe
less, related experimental evidence would certainly be desirable. 

PROTEUS LWHCR Cores 10 to 12 and Cores 16 and 17 have addressed a particular 
such aspect, viz. that of B4C poisoning of the tight and wider test lattices, k^ measure
ments having being carried out for supercells containing a natural B4C rod (Section 2). 
Two types of information could be deduced, viz. (a) the Ak,x effect associated with 
the poisoning and (b) the influence of the B4C on the k^ void coefficient [13]. Table 4 
compares experiment and calculation for av values in the poisoned tight (M/F=0.S) 
lattice, and it is seen that the presence of B4C does not significantly alter - for both 
partial and total voidage ranges - the corresponding discrepancies observed in the clean 
lattices (cf. net Q„ values in Table 3). 

Table 4: The k x Void Coefficient for the Poisoned Tight (M/F=0.5) Test 
Lattice (Units =10"4/%). 

Netov 

(a) 0 to 42.5% void 
Experiment WIMS-D 

/1981 

-3.1±1.8 +1.6 

(b) 0 to 100% void 
Experiment WIMS-D 

/1981 

+4.7±0.8 +7.6 

5.4 Relative Control Rod Worths 

Integral data related to the relative worths of alternative control rod materials in the 
center of the test zone were obtained for each of the clean Phase II lattices. These were 
mainly single-rod studies, although some clusters were also investigated. Information 
was thereby obtained, not only on the relative effectiveness of different absorber ma
terials in both the tight and wider LWHCR lattices, but also on the variation of such 
rod-worth ratios with voidage. 
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Table 5 gives the comparison of calculation and experiment for some of the measure
ments carried out in Core 7 (tight H20-moderated lattice). As reported earlier 15], B,C 
- even of natural isotopic composuion - was the most promising of the various control 
materials investigated, the reactivity worths of all other rod types in Core 7 being 25 
to 45% lower than that of the reference natural-B4C rod. The significant discrepancy 
between calculation and experiment which was reported earlier for the relative worth 
of the 93% 10B-enriched B4C rod [5] has since been identified as having resulted from 
the use of an erroneous WIMS cross-section set for natural boron. The C/E values for 
the other relative worths shown in Table 5 are, on the other hand, generally poorer 
than reported earlier - stressing the inadequacy of the WIMS-D/1981 treatment of the 
alternative control absorbers in the tight-lattice spectrum. 

Table 5: Ca)/E Values for Contro* 3c>? Worth Ratios'» in the Tight 
(M/F=0.5) Test Lattice. 

Control 
Rod 

Material 
Form 

C/E 

93%en.B4C AglnCd Hfc> Gd203'<> 
pellet alloy metal pellet 

1.020 0.903 1.370 0.818 

a> WIMS-D/1981 
6) relative to natural-B4C pellet rod 
c) infinite dilute resonance cross-sections used 
d) data for the less important isotopes missing 

5.5 Macroscopic Heterogeneity Effects 

Flux depression and peaking effects caused by the insertion and withdrawal, respectively, 
of control rods in an LWHCR core have been investigated in the clean moderated test 
lattices in terms of individual reaction rate distributions [8]. Table 6 compares some of 
the experimental and calculational results obtained in the tight H20-moderated lattice 
(Core 7), normalisation to unity being carried out via the 239Pu fission rate at a radius of 
18.2 cm in the test zone. Significant discrepancies are found to occur in the calculations 
for both the inserted control rod and the water hole. 
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Table 6: Experimental and Calculated"' Ratios (With/Without the Central 
Heterogeneity) for 239Pu and 23*U Fission Rates in the Vicinity of 
(a) a Highly Enriched B4C Rod and (b) a Water Hole in :he Tight 
(M/F=0.5) Test Lattice. 

Radius 
(cm) 

1.07 
2.14 
3.21 
18.19 

(a) 93% En. B4C Rod 
F9 

Expt. Calc. 

0.815 0.790 
0.906 0.882 
0.944 0.922 
1.000 1.000 

F» 
Expt. Calc. 

0.937 0.913 
0.957 0.934 
0.967 0.947 
1.020 0.999 

(b) Water Hole 
F9 

Expt. Cakr. 

1.327 1.266 
1.057 1.044 
1.025 1.015 
1.000 1.000 

F8 

Expt. Calc. 

1.027 1.015 
1.024 1.012 
1.017 1.008 
1.010 1.000 

"> WIMS/1981-based I D whole-reactor calculations 

6 Further Experiments Planned, Conclusions 

Some of the experiments carried out for the wider PROTEUS-LWHCR reference lattice 
(M/F=1.0), as also the neutron balance investigations for the highly moderated M/F=2.0 
case, are still undergoing final analysis. Further measurements planned in the Phase II 
program - due for completion this Autumn - include investigations for a reference lattice 
with an effective fissile-Pu enrichment of 5%. This will be realized for an M/F-value 
of 1.0, i.e. in the lattice geometry of Fig. 2(b), by replacing every third PUO2/UO2 fuel 
pin by a similarly clad, depleted U02 rod. Fuel enrichment effects were investigated 
to a limited extent in the Phase I experiments as well [1], but the Phase II experiments 
planned in this context will be more representative of current LWHCR designs. 

It has been seen in the present overview of the PROTEUS-LWHCR Phase II program 
that the data base provided for physics validation is broad - in terms of both the range of 
high convener design characteristics represented and the types of integral data measured. 
Changes in moderation ratio and effective fuel enrichment will have been covered - with 
investigations of neutron balance components, moderator voidage effects, influence of 
lattice poisoning, relative control rod effectiveness and power depression/peaking due to 
core heterogeneities. The trends which have currently been reported for the C/E variation 
of reaction rate ratios with degree of moderation serve to illustrate the importance of 
having such a broad data base. 

As regards the extent to which calculational uncertainties in LWHCR design will ul-
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timaiely be reduced by the PROTEUS Phase II measurements, this depends not only 
on the improved experimental accuracies which have been achieved, but also on the 
"transferability" of the available integral data. First results from analysis carried out in 
the lauer context have indeed been encouraging. 
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IMPROVEMENTS IN THE PREDICTION OF 
LWHCR LATTICE PARAMETERS 

R. Böhme, J. Axmann, C.H.M. Breeders, S. Pelloni, M. Schatz 

Abstract 

The current series of experiments for the investigation of the physics of a light 
water high conversion reactor (LWHCR) has been in progress at the PROTEUS 
reactor facility in Switzerland since 198S. Reaction rate ratios and k^ measured 
in these thermally driven LWHCR lattice experiments were predicted by several 
institutes participating in this program. The development of suitable calculational 
methods and the introduction of new cross-section sets based on the nuclear data 
files JEF-1 and KEDAK-4 have reduced the differences between calculated and 
measured k,̂  values, but discrepancies between some of the measured reaction rate 
ratios and calculations are still considerable. It has been shown thai deficiencies in 
nuclear data as well as inaccuracies in the treatment of resonance absorption could 
be responsible for these discrepancies. 

1 Introduction 

The current series of experiments for the investigation of the physics of a light water 
high conversion reactor (LWHCR) at the PROTEUS reactor facility in Switzerland has 
been in progress since 1985 [1]. 

The planning for this so-called PROTEUS Phase II program was made within the frame
work of a close co-operation between the Paul Scherrer Institute (PSI, formerly EIR) 
and several German groups interested in the development of an LWHCR. For licens
ing and for the preparation of the experiments numerous calculations were required. 
All safety related computations and most reactor calculations were run by the PRO
TEUS team. However, the co-operating institutions participated in the prediction of the 
physics characteristics of the unit cells to be investigated in these experiments. Mainly 
the predicted values of k^ (the ratio of neutron production to neutron absorption in 
a fundamental mode spectrum) and reaction rate ratios were compared among the co
operating teams and with experimental results, as soon as the latter became available. 
In parallel, the groups involved in the evaluation of PROTEUS experiments participated 
in the calculation of LWHCR benchmarks proposed by NEACRP [2). As a result of 
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these comparisons an improvement of the methods and data applied for the calcula
tion of the PROTEUS lattices took place. This has not necessarily meant a continuous 
reduction of differences between calculated and measured values. The progress made 
since 1986 in predicting integral parameters measured in PROTEUS is described in this 
contribution. The details of the PROTEUS Phase II program itself, the experimental 
techniques applied as well as the accuracies achieved are discussed in an accompanying 
paper written for this Meeting [3]. 

2 Short Description of the LWHCR Experiments in PRO
TEUS 

Two lattice configurations of the PROTEUS Phase II series with different volumetric 
moderator-to-fuel ratios (Vm/Vf) have been analysed to date. The test Unices of about 
0.5 m diameter were built from 7.5% enriched mixed-oxide fuel rods of 0.84 m length 
with 0.28 m thick U 0 2 blankets on top and bottom. These lattices form the central test 
zone of the PROTEUS reactor, which is radially surrounded by a uranium metal buffer 
and thermal driver regions. 

The P1KVUO2 was fabricated from LWR-Pu and clad in stainless steel tubes with 
an outer diameter (d) of 9.6 mm. The pitch (p) of the hexagonal tight lattice was 
10.7 mm. It was increased to 12.0 mm for the study of a wider-spaced lattice. Two 
different moderators were used in these experiments: water at room temperature and 
Dowtherm, an organic liquid containing 42.5% less hydrogen per unit volume than 
water. In addition, for the determination of the reactivity change connected with the 
loss of coolant, completely voided lattices were investigated as well. 

In the first set of experiments the ratio of pitch to fuel rod diameter was 1.12. It was 
increased to 1.26 in the second reference lattice investigated in the PROTEUS Phase II 
experiments. In the water-moderated tight lattice (l'm/V'/=0.48) the ratio of hydrogen 
to fuel atoms was only slightly less than in the Dowtherm-moderated wider lattice 
(Vm/Vf=0.95). As a measure of effective moderation the relative hydrogen content of 
the moderator (water=1.0) multiplied by the ratio Vm/Vf will be used as a parameter 
in the comparison of calculated values (Q with experimental data (E). 

Of the several types of experimental results obtained in the PROTEUS Phase 11 exper
iments [3] only measured values of k ,̂ and the reaction rate ratios for capture in 23BU 
(C8), capture in 2l2Pu (C2) and fission in 23aU (F8) - each expressed relative to fission 
in 23!>Pu (F9) - will be compared with calculated quantities in this paper. 

It should be mentioned that a comparison of reaction rate ratios measured in PROTEUS 
with ratios calculated for a fundamental mode neutron spectrum requires the knowl
edge of correction factors accounting for differences between the actual spectrum in 
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the central test region of PROTEUS and the fundamental mode spectrum. These cor
rection factors were estimated at PSI and at TU Braunschweig from one-dimensional 
calculations of the whole PROTEUS reactor and from both ID and 2D calculations of 
IKE Stuttgart [3). For most reaction rate ratios such independent estimates agree very 
well. The correction factors deviate <0.2% from unity for C8/F9 and C2/F9 and < 1% 
for F8/P9 measured in moderated lattices. In dry lattices some measured reaction rate 
ratios have to be corrected by up to 2%. 

3 Calculation*! Methods and Data at the Start of PRO
TEUS Phase II 

Various codes were employed in the analysis of the PROTEUS-LWHCR Phase I ex
periments [4]. They were modifications of codes and data libraries used either for fast 
reactor calculations or for thermal reactor design. Some of the codes qualified in these 
studies were used in 1986 for the prediction of physics parameters of the PROTEUS 
Phase II lattices [5]. Earlier calculation*] routes with less suited fast reactor codes (e.g. 
GRUCAH with the KFKINR cross-section set at KfK) or with older WIMS data libraries 
were not further pursued at that time. For the cell calculations the most appropriate 
tools readily available were: 

1. at PSI, the U.K. lattice code WIMS/D4 [6] with its so-called 1981 library based 
on UKAEA data evaluations [7]; 

2. at KfK, the code system KARBUS with a data set G69COLD derived from 
KEDAK-4 [8]; 

3. at TU Braunschweig, the cell code SPEKTRA with a cross-section set DATUBS II 
derived from the fast reactor cross-section file WIPRO (based on ENDF/B-IV and 
-V) and complemented with thermal cross-sections from BNL [9|; 

4. at Siemens-KWU, the Monte Carlo code KMC MERIT used with nuclear data 
taken from ENDF/B-IV and -V [10]. 

The ratios (C/E) of the first predictions of k ,̂ of the tight lattices to the corresponding 
later measured values are shown in the upper part of Figure 1. It can be seen that many 
predictions deviate by several standard deviations from the measurements. It could be 
demonstrated that even in cases of reasonable agreement a compensation of considerable 
discrepancies in calculated and measured reaction rates was taking place [ 11. 

It is evident that a prediction of the change in k^ in the case of voiding was not reliable 
enough for design purposes at that time. Therefore, efforts were initiated at each of the 
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participating institutes to either improve existing calculational methods and nuclear data 
libraries or change to alternatives. Some of the developments will be reported here. 

It should be mentioned that activities to include JEF-2 data in this development have 
just been started, but results are not yet available. 

4 Improvements of Codes and Data Libraries 

4.1 General Improvements in Various Codes 

A detailed comparison of the reaction rate balances calculated with data and methods 
applied within the Swiss/German co-operation revealed some shortcomings of a gen
eral nature. Some of them could either be eliminated without great effort or correction 
factors could be determined by means of supplementary calculations. In several pub
lications [11,12] parameters of considerable influence on the comparison of calculated 
and measured reaction rate ratios and k» have been identified. Some results of these 
investigations could be confirmed by additional calculations using the KAPER4 code 
[13]. A summary of diese studies will be given in this section. 

It should be noted that some of the important improvements introduced at PSI [12] in 
the preparation of effective cross-sections, e.g. 

• the correction of the elastic removal cross-section accounting for differences be
tween the actual neutron spectrum and the library weighting spectrum in few-
group calculations 

• application of the IR method instead of the narrow resonance approximation 

are not yet common practice in calculational procedures elsewhere. 

4.1.1 Improvement of the KMC-MERIT Calculations 

A particular difficulty was encountered in application of the Monte Carlo code KMC-
MERIT [10]. The results of these calculations were found to be very sensitive to the 
modelling of the unit cells in cases of short linear dimensions (in mean free paths) of 
the lattice calculated. The modelling of a larger portion of the test lattice improved the 
ratios of calculated to measured reaction rate ratios and k«, considerably. This can be 
seen in the lower uiagram of Figure 1. 
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4.1.2 Resonance Shielding of 242Pu and of Structural Materials 

In 1986 a method was developed at PSI for the measurement of the ratio of capture 
in 242Pu to fission in 239Pu (C2/F9) with an experimental error of about 4% [1]. From 
the comparison with calculated ratios it became evident that some of the data sets 
used at that time for the analysis (WIMS'81, G69COLD) yielded ratios of calculation 
to experiment as high as between 1.5 and 1.7 in the wet PROTEUS lattices. This 
discrepancy was attributed to the inadequate treatment of the 2.7 eV resonance of 242Pu 
in the 69-group structure of WIMS. The disagreement of many calculated C2/F9-values 
was also observed and studied by Ishiguro [14] .The introduction of self shielding factors 
in the two WIMS energy groups between 2.1 and 3.3 eV was a remedy, although the 
width of the resonance and its resonance energy near the group boundary makes it 
not well suited for application of standard self shielding methods. The effect of self 
shielding this resonance by using such a modified cross-section set is a reduction of the 
calculated ratio C2/F9 by about 42% in the tight water-moderated lattice, by about 39% 
in the Dowtherm-moderated lattice and <1% in the dry lattice. This results in increases 
of k«, by 1.0, 0.8 and 0.0%, respectively. 

Less spectacular effects arose from the neglected self shielding of structural materials 
in moderated lattices. But a change in k^ of 0.6% was found for the dry lattice [12]. 
In KARBUS'85 calculations the inaccurate self shielding was due to poor equivalence 
relations for the can material. It resulted in an overestimation of k^ by about 0.2% in 
moderated lattices. 

4.1.3 Resonance Shielding of Oxygen and Transport Corrections 

In some of the 69-group cross-section sets of WIMS structure used in the earlier analyses 
self shielding of the oxygen resonances above 0.4 MeV was missing for historical 
reasons. The omission of the self shielding of oxygen has little influence on reaction 
rate ratios (F8/F9 decreases <1%) and k^ (changes by ~ -0.1%) in the wet lattices. 
But in the dry lattices all reaction rates in the resonance energy region are increased and 
koo is reduced by between 0.8% (KAPER4 calculation) and 1.1% (AARE calculation). 

A secondary effect of the missing self shielding of oxygen was a reduction of the 
calculated migration area M2 of all lattices by about 2 to 3%. This has an influence 
on koo determined from measured buddings B2, where leakage is accounted for by a 
M2B2 term. 

M2 is also influenced by the method applied for the calculation of transport corrections 
to the total cross-section in order to obtain a diffusion coefficient D [ 11]. Since global 
currents are a priori not known in many calculational procedures an outflow approx
imation is made instead of an inflow correction in the calculation of £<r=l/(3D). An 
estimate made using KAPER4 has indicated that this approximation reduces the calcu-
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lated M2 of the water-moderated lattices by about 2%. The various errors introduced 
in the calculation of the migration area were taken into account by corresponding error 
margins in the experimental evaluation of k«,. 

4.1.4 Introduction of Problem-Dependent Spectra of Fission Neutrons 

Neutron physics calculations are considerably simplified by the assumption of a unique 
spectrum of fission neutrons. If the fission neutron spectrum provided by the data set 
agrees well with the effective fission spectrum of the problem only small errors are 
introduced in reactor calculations. In some of the data sets used for WIMS/D and 
KARBUS calculations the original fission neutron spectrum was constructed for pre
dominant 235U fission (Maxwellian temperature of ~1.33 MeV), while in the PROTEUS 
test zone fission of 239Pu produces a harder spectrum of fission neutrons (~1.37 MeV). 
These early calculations required, therefore, a correction of the calculated ratio F8/F9 
by 2% and of calculated k^ by up to 0.5% (in the dry lattice) [12]. All calculational 
procedures currently use either a precalculated effective fission neutron spectrum or a 
fission neutron spectrum calculated via an iterative procedure. 

4.2 Development of AARE at PSI 

An early activity at PSI was the creation of a new 69-group set based on the Joint 
European File JEF to be used in WIMS/D calculations. The WIMS-JEF library was 
processed using the NJOY module WIMSR in connection with the library management 
program WILMA [11]. Although the calculated reaction rate ratios were found to be 
in better agreement with measurements than those obtained using the WIMS'81 library, 
they showed the well-known weaknesses of former WIMS/D calculations, e.g. no self 
shielding below a certain energy limit [IS]. 

A new approach was then the installation of the AARE code system and the generation 
of suitable data sets from the JEF-1 library. AARE [12] is an update of the DANDE 
(applied nuclear DAta, core Neutronics DEpletion) system from Los Alamos [16]. The 
modular construction of the code package separates the input processing, the solution 
of the transport equation (by ONEDANT or TWODANT) and the post-processing into 
distinct, independently executable code modules. The modules are connected to each 
other solely by means of binary interface files. 

For cell calculations two codes are available within the AARE system: 

1. TRAMIX is a code which reads nuclear data from a library in MATXS format 
and produces groupwise cross-sections which can be used for succeeding diffusion 
or transport calculations.TRAMIX is able to shield resonance data in the whole 
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energy range using either the Bondarenko formalism [17] or the intermediate 
resonance absorption shielding method (IR). Dancoff corrections for different 
geometries are applied. Fission spectra are calculated from fission matrices. 

For LWHCR applications TRAMIX has been run with different energy group num
bers, usually 70 to 308. In the few-group calculations elastic scattering matrices 
are corrected for differences between the actual flux and the library weighting 
flux. 

2. MICROX-2 [18] is an integral transport theory spectrum code which solves the 
neutron slowing down and thermalization equations on a detailed energy grid 
for a two region lattice cell. It produces groupwise cross-sections suitable for 
use in transport codes, such as ONEDANT and TWODANT. MICROX-2 was 
developed for the efficient and rigorous preparation of broad group neutron cross-
sections for poorly moderated systems (such as fast breeder reactors) in addition 
to the well moderated thermal reactors (such as high temperature reactors : nd light 
water reactors). The fluxes in the two regions (fuel and moderator) are coupled 
by transport corrected collision probabilities. They are computed from escape 
probabilities and energy dependent Dancoff factors. The flat flux approximation 
is made in both regions. 

In the resonance energy region the balance equations are solved on an ultra-
fine energy grid. The resonance data include temperature-dependent Doppler-
broadened resonance cross-sections at about 15000 energy mesh points between 
8 keV and 0.414 eV. By this high resolution the code accounts explicitly for 
overlap and interference effects between different resonance levels in both the 
resonance and thermal energy range. As pointwise data are also available for the 
low-energy part of the unresolved range (up to 8 keV) no special provisions for 
the treatment of resonance shielding in this range are required. 

Above a flexible energy limit (<8 keV), which determines the upper energy 
boundary for the pointwise resonance calculation, sets of temperature- and dilution-
dependent fine-group data are available. Interpolation between these data enables 
the calculation of self-shielded effective cross-sections in the intermediate and 
high energy range. 

For the calculation of fundamental mode properties in B„ approximation the program 
SOLVERB can be run. 

For all LWHCR calculations nuclear data have been taken from the JEF-1 library. As 
an example the influence of different calculational methods on the variation of the ratio 
of capture in 242Pu to fission in 239Pu (C2/F9) with increasing moderation is shown in 
Figure 2. The curves plotted for the PSI calculations demonstrate that the strong depen
dence of C/E on the moderation calculated with TRAMIX (70 energy groups) disappears 
in the case of the pointwise treatment of the 2.7 eV resonance using MICROX-2 (193 
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energy groups). This figure shows also that the case of the voided lattice (effective mod
eration^) does not fit into the general scheme: the neutron spectrum is much harder 
in the voided case and the contribution of the important 2.7 eV resonance is negligible. 
The results plotted for this point are a measure of the discrepancies in the fast neutron 
capture cross-section of 242Pu. Similar effects, of course less pronounced, are found for 
other resonance reactions as well. 
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Fig. 2. Ratio Calculation/Experiment for C2/F9 measured in PROTEUS 

This can be clearly seen in Figure 3. The ratio of capture in 238U to fission in 239Pu 
(C8/F9) is even in voided lattices strongly influenced by the treatment of resonance 
shielding. Both calculational methods, TRAMIX and MICROX-2, yield about 3% 
different results, although the same data library - JEF-1 - is used. In this case the 
discrepancy can be explained by the different methods of interpolation applied in the 
region of unresolved resonances. The discrepancy disappears with increasing effective 
moderation, which means larger contributions from the resolved resonance region. 

The fast fission index F8/F9, i.e. the ratio of fission in 23SU to fission in i,!)Pu shown in 
Figure 4, is less effected by the calculation of resonance shielding and mainly the basic 
nuclear data, which are identical for TRAMIX and MICROX-2 calculations, determine 
the ratio C/E. This results in similar dependence of F8/F9 on the effective moderation 
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for the two cases. 

43 Development of DITUBS at IfRR 

The program system DITUBS [19] was developed at the Technical University of Braun
schweig for the calculation of LWHCRs. Its essential component is die cell code SPEK
TRA [9] mentioned earlier (Section 3). SPEKTRA is a two zone cell program: the fuel 
contained in the central region is surrounded by homogenized structural materials and 
moderator. It is a collision probability program with Dancoff factor corrections as given 
by Sauer [20]. The fast and intermediate energy range down to 0.215 eV is divided 
into 25 energy groups of the Bondarenko structure [17]. In these groups resonance 
self-shielding is taken into account by self-shielding factors, as common in fast reactor 
calculations. 10 more energy groups of equal lethargy width cover the range down to 
10-" eV. 

The cross-section sets DATUBS II and III were derived from fast reactor data (W1PRO 
data of INTERATOM, based on ENDF/B-IV and -V) and thermal cross-sections from 
BNL. The predicted k«, of tight moderated PROTEUS lattices agreed well with the 
experiments, as can be seen in Figure 1. But the calculated k,» of the voided lattice, 
and accordingly the change of k«, upon voiding, did not agree with the measurements. 
Thus, a modified cross-section set DATUBS IV was compiled which contained adjusted 
inelastic scattering data for fuel isotopes taken from the cross-section set KFKINR [21]. 
Calculated k«, values for voided lattices were increased by more than 2%, mainly due 
to a decrease in the ratio of capture in 238U to fission in 239Pu (C8/F9) and an increase 
of the fast fission index F8/F9. 

More recently a new data set for SPEKTRA calculations, DATUBS V, was created at 
PSI using the NJOY processing code, Version 6/83. All fuel cross-sections were taken 
from the JEF-1.1 library, but the thermal scattering cross-sections are still based on 
BNL data for programming reasons. 

k«, of PROTEUS lattices calculated with SPEKTRA and DATUBS V are shown in the 
lower pan of Figure 1. There is still a slight tendency to underestimate k^ of the dry 
lattices. This must be an effect of not-measured reactions, since the measured reaction 
rate ratios shown in Figures 3 and 4 can be calculated within the experimental error 
limits. 

The dependence of C/E-values for reaction rate ratios on the effective moderation is 
shown in Figures 2 to 4. A similarity of the trends with TRAMIX and MICROX-2 
calculations can be observed. This is to be expected since all the cross-section sets 
used in these calculations are based on JEF-1 data. Further, the representation of the 
unit cell in MICROX-2 calculations is the same as in SPEKTRA calculations. But the 
absolute values of C/E are quite different for SPEKTRA/DATUBS V and the AARE 
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Fig. 3. Ratio Calculation/Experiment for C8/F9 measured in PROTEUS 

calculations. These differences must be attributed to other aspects of the calculational 
methods and/or the data sets applied. 

For detailed investigations improvements of the SPEKTRA code are planned. The 
permitted number of energy groups and the number of regions in the unit cell will be 
increased. 

4.4 Development of KARBUS and KAPER4 at KfK 

The code system KARBUS T8] was introduced in 1985. It is a collection of programs 
specifically tailored for the calculation of LWHCR lattices. Burn-up calculations and 
reactor design calculations can be made. A detailed description of these features of 
KARBUS is given in another paper presented at this Meeting [22]. 

The cross-section sets used for the evaluation of PROTEUS experiments were usu
ally of the 69-group structure of the WIMS code. They were generated from nuclear 
data contained in the KEDAK-4 library. The preparation of effective cross-sections for 
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cell calculations within KARBUS is made with the assumption of equivalence prin
ciples. First, effective background cross-sections are determined to take into account 
the lumping effect and Dancoff factors as proposed by Sauer [20]. For these back
ground cross-sections self-shielded cross-sections for the fuel region and the can are 
than determined according to Bondarenko's method [17]. With these cross-sections a 
cell calculation is carried out, using either the collision probability routine PERSEUS 
of WIMS or the transport program ONETRAN. With calculated cell fluxes effective 
cross-sections for the unit cell can be calculated and forwarded to succeeding routines. 
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Fig. 4. Ratio Calculation/Experiment for F8/F9 measured in PROTEUS 

A comparison of cell cross-sections obtained from KARBUS'85 and other codes re
vealed some deficiencies of the cross-section preparation path especially in cases of 
voided unit cells. They were removed by the introduction of improved equivalence 
relations. Other improvements of KARBUS were: 

- iterative calculation of effective fission neutron spectra, 

- iterative calculation of background cross-sections for self shielding (op
tional), 

- elimination of numerical errors in the input cross-section sets. 
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The version KARBUS'89 has two options for the preparation of effective cross-sections 
for cell calculations in the resonance energy region below a chosen energy limit (re
commended <150eV): 

- application of Bondarenko's self-shielding concept, as in former versions of 
KARBUS; 

- use of the fine energy mesh collision probability program RESAB-II of IKE 
Stuttgart [23]. 

The calculation of effective cross-sections using RESAB-II in connection with the well-
proven cross-section set G69CTÖ05 has not in all cases reduced the differences found 
between calculated and measured reaction rate ratios. In addition, there seems to be a 
greater tendency of increasing C/E-values for the ratio C8/F9 with increasing modera
tion. 

The cell program KAPER4 [13] has also been used at KfK for LWHCR studies. It was 
modified for the calculation of water-moderated cells. However, there are still approx
imations in the program which require attention for each partricular case calculated, 
e.g. the assumption of isotropic scattering. On the other hand, KAPER4 is a useful 
tool for the study of influences of parameters which cannot easily be varied in other 
codes. Thus, for example, it has various options to calculate cell diffusion coefficients, 
to estimate influences of the flat flux approximation and of transport approximations. 

The results of KAPER4 calculations of k^ and reaction rate ratios using the 69-group 
cross-section set G69CT005 are shown in Figures 1 to 4. In general, differences between 
KARBUS'89 and KAPER4 cell calculations are small and accordingly only one set of 
results is shown in Figures 2 to 4. 

Using KAPER4 the influence of various approximations made in collision probability 
codes on calculated properties of the PROTEUS Phase II lattices has been studied. A 
summary of the results is: 

- In many LWHCR calculations unit cells are represented by three regions: 
fuel, can and moderator. A further division of the moderator region in 
three zones increases calculated ratios C8/F9 and C2/F9 of the wider water-
moderated lattice of PROTEUS by 0.? and 0.6%, respectively, k^ decreases 
by 0.3%. In the case of moderation by Dowtherm and in the water-moderated 
tight lattice the ratios are increased by 0.5 and 0.2%, respectively, and kx 

is reduced by 0.2%. 

- An estimate of the upper limit of a transport correction of collision proba
bilities was made by replacing the total cross-section and the within-group 
scattering cross-section by transport corrected cross-sections in the integral 
transport equation for isotropic scattering. This replacement causes increases 
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of the capture rate ratios and a reduction of t » of the wider water-moderated 
lattice by 0.1%. 

- Anisotropic diffusion has only an indirect influence (via spectral shifts due 
to leakage) on fundamental mode parameters measured in PROTEUS exper
iments. The maximum effect was calculated for the wider dry lattice: the 
increase of die migration area by about 6% causes an increase of k,» of the 
fundamental mode by <0.1%. 

Thus, most approximations investigated have small effects on the ratios C/E compared 
with the experimental errors. However, a finer division of the moderator region may 
be required in calculations based on the collision probability method. 

5 Present Status of Methods and Data 

An overall impression of the progress made in the calculation of reaction rate ratios and 
kco for the PROTEUS Phase II test lattices can be obtained by comparing the top and 
bottom of Figure 1. For both diagrams identical scales have been used. It is evident 
that almost all calculations yield k^ within the experimental error band (la). Further 
improvements of methods or data cannot be achieved by the comparison of measured 
and calculated k^ only. It is mandatory to compare calculated with measured reaction 
rate ratios as well. For some recent calculations this has been done in Figures 2 to 4. 
In Figure 3 the ratio of capture in M8U to fission in 239Pu (C8/F9) is shown. This is the 
most important reaction rate ratio in terms of its influence on k.x and the conversion 
ratio. 

It can be seen that some discrepancies, e.g. between the KAPER4 calculation for 
the dry lattice and the experiment, are much larger than the experimental error. The 
satisfactory agreement of calculated and measured k^ values in such cases is a result 
of compensating effects in the reaction rate balance, e.g. by fission in 238U for the 
KAPER4 dry lattice calculation, as shown in Figure 4. 

Most discrepancies between measured and calculated reaction rate ratios can be at
tributed to the nuclear data used for the calculations. The replacement of WIMS and 
KFKINR data by cross-section sets based on the JEF-1 or KEDAK-4 data files has 
reduced many differences considerably. However, it could be shown that for some 
reaction rate ratios, e.g. C2/F9, the treatment of resonance absorption influences the 
calculated values more than the data itself. Detailed investgation of C/E discrepancies 
can thus be used to identify shortcomings in methods and data. 
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6 Conclusions 

The continuous development of calculational methods and the introduction of new cross-
section sets based on modern nuclear dato files has reduced die differences between 
calculated and measured k« to values close to the experimental error limit This is 
not yet the case for some measurable reaction rate ratios. It must be assumed that a 
compensation of discrepancies in the various contributions to the reaction rate balance 
leads to the satisfactory agreement in Ic«,. 

It could be shown that deficiencies in nuclear data as well as remaining uncertainties 
in the treatment of resonance absorption may cause the differences found between cal
culated and measured reaction rate ratios. More detailed analyses of the PROTEUS 
LWHCR Phase II experiments - also covering the various other types of integral pa
rameters measured [3] - should help identify other calculational aspects requiring im
provement. 
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THE NEPTUN EXPERIMENTS ON LOCA 
THERMAL-HYDRAULICS FOR TIGHT-LATTICE 

PWRs 

J. Dreier, R. Chawla, N. Rouge, S. Yanar 

Abstract 

The NEPTUN test facility at the Paul Scherrer Institute is currently being used 
to provide a broad data base for the validation of thermal-hydraulics codes used 
in predicting the reflooding behaviour of a tight-lattice PWR (light water high 
conversion reactor, LWHCR). The present paper gives a description of die facility 
and the test matrix to be covered in the experimental program. Results are presented 
from a number of forced-feed, bottom-reflooding experiments, comparisons being 
made with (a) measurements carried out earlier for standard-PWR geometry and 
(b) die results of a calculational benchmark exercise conducted in die framework 
of a Swiss/German LWHCR-development ajreement. 

Rewetting for die tight, hexagonal-geometry (p/d - 1.13) NEPTUN-III test 
bundle has been found to occur in all tests carried out to date, in which reasonably 
LWHCR-representative values for die various thermal-hydraulics parameters are 
used. Results of die calculational benchmark exercise have confirmed the need 
for further code development efforts for achieving reliable predictions of LWHCR 
reflooding behaviour. 

1 Introduction 

The concept of the light water high conversion reactor (LWHCR) - being developed in 
the framework of a trilateral co-operation between Siemens (KWU), Kernforschungszen-
trum Karlsruhe and the Paul Scherrer Institute - is mainly based on standard, commer
cially well established, pressurized water reactor (PWR) technology. As a consequence, 
many of the components of a future LWHCR power plant, and even certain aspects of 
system behaviour, may be considered to have already been adequately studied. How
ever, characteristics directly effected by the tight, hexagonal-lattice core design (which 
leads to a harder neutron spectrum and hence, the higher fuel conversion ratio) clearly 
do need detailed investigation. 

One of the key questions in the above context is that related to the coolability of an 
LWHCR core after a loss-of-coolant-accident (LOCA) event. In considering the thermal-
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hydraulics behaviour during the different phases of a LOCA event for an LWHCR, var
ious initial conditions - such as rod temperature and flooding rate - would be expected 
to be quite different to those for a standard PWR. Integral system calculations, which 
take the modified core design explicitly into account, are necessary to determine these 
conditions. Current-day thermal! 'raulics codes and data bases, on the other hand, 
have not been adequately assessed for the tight, hexagonal-lattice geometry of LWHCR 
cores. In effect, therefore, experimental investigations are needed for each of several 
different phases of an LWHCR LOCA event, viz. depressurization, core dryout and 
reflooding. 

The NEPTUN test facility at the Paul Scherrer Institute was designed and constructed for 
studying reflooding and low-pressure boiloff characteristics in electrically heated, fuel 
bundle simulators. In 198S, the facility was modified to enable a program of LWHCR-
relevant experiments to be conducted using a 37-rod, tight-pitch bundle [1]. The present 
paper gives an overview of the NEPTUN-LWHCR program and includes comparisons 
of experimental results with (a) measurements carried out earlier for standard-PWR 
geometry and (b) the results of a calculational benchmark exercise conducted under the 
Swiss/German co-operation agreement. 

2 NEPTUN Description 

2.1 General 

Figure 1 gives a simplified flow diagram of the NEPTUN test facility and shows also 
the principal instrumentation of the test loop. In preparation for a given experiment, 
the reflooding water is first circulated in the water loop in order to adjust the desired 
conditions. The water mass flow rate is determined via volume flow rate (turbine 
flowmeter), temperature and pressure measurements. Over the test section itself, a 
series of pressure difference measurements is carried out At the top of the test section, 
the expelled fluid is divided into its two phases in the steam/water separator. The water 
is collected in the carryover tank, and the accumulated mass is measured via a pressure 
difference measurement. The separated steam is discharged over the exhaust steam line 
and a pressure regulating valve, and the steam mass flow rate is again measured over 
a turbine/pressure/temperature measurement system. A special steam boiler is used for 
adjusting conditions in the test loop before the start of a reflooding experiment, as well 
as for maintaining a desired test section pressure. 

For all experiments conducted to date at the NEPTUN test facility, the same type of 
fuel rod simulators has been used. The rods have a 10.72 mm o.d. and a total length 
of 1940 mm, of which 1680 mm is electrically heated with a cosine-shaped power 
distribution (see Figure 2). Some constructional details are given in the sectional view 
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Figure 1: Simplified flow diagram of the NEPTUN test facility 
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Figure 2: NEPTUN heater rod: power distribution and constructional details 
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also shown in Figure 2. Each heater rod is instrumented with eight, inconel-sheathed, 
chromel-alumel thermocouples, located at a depth of 0.47 mm from the heater rod 
surface. 

Due to the different thermal behaviour of the electrical rod simulators and actual fuel 
rods (e.g. gas gap), the NEPTUN results cannot be directly applied to a power reactor 
core. However, a validation of reflooding models on the basis of a range of NEPTUN-
type experiments is clearly necessary for thermal-hydraulics codes meant to yield reliable 
predictions of LWHCR core behaviour. 

2.2 NEPTUN-III Bundle 

There have been several alternative designs proposed for a "homogenous" LWHCR core 
with pitch-to-diameter ratios for the fuel assemblies ranging from 1.12 up to about 1.30. 
Largely as a result of the experimental physics investigations, the emphasis has shifted 
in recent years towards the somewhat wider lattices [2]. The first LWHCR-relevant 
NEPTUN test bundle (NEPTUN-III), for which the first measurements were made in 
1986, has had a relatively low pitch-to-diameter ratio, viz. 1.13. 
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Figure 3: Horizontal cross-section of the NEPTUN-III test section, showing the 
thermocouple positions 

A horizontal cross-section of the NEPTUN-III test bundle, along with the low heat 
capacity housing, is shown in Figure 3. The azimuthal positions of the recording 
thermocouples for the instrumented heater rods are indicated by letters and numbers 
which, together with the details indicated in the vertical sectional view of Figure 4, 
give the actual temperature measurement positions. The measurement levels 1 to 8 are 
exactly the same as used for the pressure difference and fluid temperature measurements 
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(Figure 4). Due to geometrical reasons, ths fluid temperature can only be measured 
between the two outer rings of heater rods. The radial positioning of the rods is fixed 
by five grid spacers, the vertical positions for which are also indicated in Figure 4. 

Figure 4: Vertical sectional view of the NEPTUN-III test bundle, showing the spacers 
and the various measurement levels 

3 Test Matrix for LVVHCR Reflooding Experiments 

Considering the planning for the NEPTUN-LWHCR program as a whole, the effects 
to be studied include those of varying the bundle geometry, the reflooding mode and 
various thermal-hydraulics parameters. Thus, following the shift in emphasis towards 
wider lattices, a second LWHCR-representative bundle (NEPTUN-IV), with a pitch-
to-diameter ratio of 1.27, is to be investigated later. In order to be able to simulate 
hot-leg and combined injection - in addition to the cold-leg injection (bottom refiooding) 
simulated till now - the test section has been modified recently. Investigation of the two 
other reflooding modes is considered important since these could in practice also occur 
in an actual reactor core. Together with the variation of thermal-hydraulics parameters, 
the above aspects result in the test matrix given in Table 1. 

Due to the fact that the NEPTUN results cannot be directly applied to a power reactor, 
all reflooding experiments are carried out as forced-feed experiments and the thermal-
hydraulics parameters are, as indicated, chosen over a wide range. This, on the one hand, 
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ensures that the local conditions during reflooding in an actual LWHCR are covered and, 
on the other hand, provides an adequate data base for reflooding model development in 
a general sense. 

The part of the above NEPTUN-LWHCR test matrix which has been completed is that 
for the tight (p/d = 1.13) bundle with forced-feed, bottom-refloodirg conditions. This 
has involved over 60 individual experiments. The combined-injection and top-reflooding 
modes are currently being investigated, and the facility will be modified in the second 
half of 1990 for experiments with the wider (p/d = 1.27) bundle. 

Geometry 

Reflooding Mode 

Thermal-hydraulics Parameters 

hexagonal, p/d = 1.13, grid spacers 

hexagonal, p/d = 1.27, grid spacers 

forced-feed, bottom reflooding 

forced-feed, top reflooding 

combined injection (i.e. from bottom and top) 

test section pressure 1.0, 4.1, S.O bar 

rod power 1.19, 2.45 kW 

initial rod temperature 477, 597, 757 °C 

flooding rate 1.5, 2.5., 4.5, 10, 15 cm/s 

flooding water subcooling 10, 80 °C 

Table 1: Test Matrix for the NEPTUN-LWHCR Reflooding Experiments 

4 Comparisons with Standard PWR Results 

To date, a variety of parametric studies has been carried out in forced-feed, bottom-
reflooding tests with the NEPTUN-III (p/d = 1.13) bundle. Early findings from some 
of these studies were presented in [1]. 

The choice of thermal-hydraulics parameters for the NEPTUN-LWHCR program has 
partly been determined by the need to provide certain direct comparisons of experimental 
results with those from earlier NEPTUN measurements in standard PWR geometry 
(square, p/d = 1.33, grid spacers). Thus, the single such comparison reported in [1] 
led to the conclusion that similar flooding water mass flow rates for the two geometries 
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(i.e. about a three times larger flooding velocity in the NEPTUN-III case) yield similar 
bundle quench times. This indicates the important influence of the flooding rate - a 
result confirmed by the more detailed parametric studies. 

The flooding rate which is established in an actual power reactor, however, depends 
strongly on other factors such as the pressure difference occuring across the core. Ac
cordingly, results from a parameter study are presented here to provide a somewhat more 
complete comparison for the standard PWR and tight LWHCR geometries. This involves 
the consideration of quench times, midplane temperatures and pressure differences for 
the two different sets of NEPTUN experiments. Table 2 gives the thermal-hydraulics 
parameters and other identification data for the individual experiments for which results 
are currently compared. 

Line/ 

Symbol 

L, 

1 
-*— 

- • -

- + -
- * -

Geometry 

LWHCR 

LWHCR 

LWHCR 

PWR 

PWR 

PWR 

Experiment 

No. 

6017 

6005 

6030 

5055 

5032 

5054 

Flooding 

Rate 

lem/s] 

4.5 

10 

15 

1.5 

2.5 

4.5 

Thermal-hydraulics Parameters 

Flooding 

Water 

Subcooling 

ra 
80 

80 

80 

80 

80 

80 

Test 

Section 

Pressure 

fbar] 

4.1 

4.1 

4.1 

4.1 

4.1 

4.1 

Rod 

Power 

[kW] 

2.45 

2.45 

2.45 

2.45 

2.45 

2.45 

Initial 

Rod Surface 

Temperature 

ra 
597 

597 

597 

597 

597 

597 

Table 2: Thermal-Hydraulics Parameters and Other Experiment Identification Data for 
the Results Compared in Figures 5 to 7 

Thus, Figure 5 gives the quench-front propagation curves for the six experiments -
three from NEPTUN-in and three from the standard-PWR series. Considering the two 
cases with the same flooding velocity (viz. Experiment Nos. 6017 and 5054, each with 
4.5 cm/s), the ratio of the quench times for the two bundles is about 4, i.e. significantly 
higher than the factor of 3 for the earlier reported comparison [1]. This is a consequence 
of the different set of thermal-hydraulics parameters currently considered. Figure 5 also 
shows that the quench time for the LWHCR bundle for the highest flooding rate (15 cm/s) 
is greater than for the standard PWR case with a flooding velocity of as low as 2.5 cm/s. 

Figure 6 compares the rod-surface temperature profiles at Level 4 (bundle midplane) 
for the six experiments. Considering again the two experiments with the same flooding 
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Figure 5: Quench-front propagation curves for the NEPTUN experiments specified 
in Table 2 
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Figure 6: Rod-surface temperature profiles for the NEPTUN experiments specified 
in Table 2 
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rate, there is seen to be a difference of 250 °C in the maximum temperatures reacheu. 
For higher flooding rates, the maximum tempe ature for the LWHCR bundle is strongly 
reduced. This indicates that Experiment 6017 (see Table 2) was close to the rewetting 
limit. In fact, with a lower flooding rate of 2.5 cm/s and the same value for the other 
parameters, quenching of the NEPTUN-III bundle was no longer possible. It should, 
of course, be noted that the constant rod-power basis for such direct PWR/LWHCR-
geometry comparisons is over-pessimistic from the LWHCR viewpoint. 

For a given set of thermal-hydraulics parameters, curves of the type shown in Figure 5 
allow an estimate to be made of the flooding rate necessary to achieve rewetting within a 
certain time. The question as to whether such a flooding rate could be made available in 
an actual LWHCR core may be addressed qualitatively by comparing measured pressure 
differences across the NEPTUN-III bundle with corresponding results from the standard-
PWR geometry experiments. Figure 7 gives such a comparison for the six, currently 
considered NEPTUN experiments, the measured total pressure differences having been 
plotted as a function of quench-front location in each case. At the beginning of the 
reflooding phase, the pressure differences for the NEPTUN-III case are significantly 
higher than those for the standard-PWR geometry experiments (by upto a factor of 
about 4). As a general trend, this difference becomes smaller as the quench-front 
propagates higher. For the two experiments with the same flooding velocity (4.5 cm/s), 
the pressure difference for the tight LWHCR geometry is about twice that for the 
LWR case at the beginning of the experiment. Beyond a quench-front location of about 
630 mm, however, the pressure difference in the LWR case actually becomes the greater. 
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Figure 7: Total pressure differences for the NEPTUN experiments specified in Table 2 
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5 NEPTUN-HI Benchmark 

As mentioned in the introduction, thermal-hydraulics codes and their data bases have 
to be validated against the results of reflooding experiments in tight hexagonal bundles 
before they can be used for reliable predictions for an LWHCR. A first "blind" bench
mark exercise was conducted for a reflooding experiment carried out with a very tight 
(p/d = 1.06) bundle in the FLORESTAN test facility at Karlsruhe [3]. The considerable 
systematic differences between this experiment and the NEPTUN-HI series (e.g. type 
of spacers, p/«/-value, rod-simulator construction and design of me test section's upper 
end) have provided ample justification for a similar benchmark exercise to be carried 
out for one of die NEPTUN-III reflooding tests. 

Bom the wide range of forced-feed, bonom-reflooding experiments available for the 
p/d = 1 . 1 3 bundle, tlie benchmark was chosen as one with a relatively low flooding 
rate, high initial rod temperature and large flooding water subcooling. This choice 
has been intentional since diese characteristics are known, from experience, to ren
der code predictions more difficult. The various thermal-hydraulics parameters for the 
NEPTUN-III benchmark experiment - which may otherwise be considered "reasonably 
representative" for a tight LWHCR design - are given in Table 3. 

Mean test section pressure 

Mean rod power 

Initial rod surface temperature 

Mean flooding rate 

Mean flooding water subcooling 

4.18 bar 

1.20 kW 

624 "C 

2.42 cm/s 

79.8 °C 

Table 3: Effective Values of Thermal-Hydraulics Parameters for the NEPTUN-III 
Benchmark (Experiment No. 6035) 

RELAP5/MOD2 and FLUT-FDWR were the two basic codes applied in producing the 
four different, blind benchmark solutions which are currently compared with experi
mental results. Two of the code versions used had been modified earlier on the basis 
of the FLORESTAN test. 

Figure 8 compares the rod-surface temperature profiles for Level 5 (just above the mid-
plane; see Figure 4). The general trends for all four calculations are an overestimation 
of the precooling downstream of the quench-front and an ur.derprediction of the quench 
temperature, leading to too low maximum temperatures and large errors in the rewet-
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(Level 5) for the NEPTUN-III benchmark 
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ting time. These trends were found to be more pronounced in the upper part of die test 
bundle. 

The total pressure difference measured across the NEPTUN-IH test section is compared 
with die calculational results in Figure 9. If die large oscillations are ignored, there is 
seen to be significant underprediction of die pressure difference in each case. 

The comparison of expelled water masses is shown in Figure 10, die calculated values 
being seen to be considerably erroneous. It should be mentioned mat die overpredictions 
in mis case were obtained with die standard-version codes, the two partly LWHCR-
adapted codes yielding too low values. Finally, Figure II compares results for die 
exhaust steam mass flow rate at die test section's upper end, large oscillations in the 
calculated values being seen here as well. 

The results of die NEPTUN-IH benchm?rk exercise may be summarized as follows. 
Errors in the blind calculations are generally of similar magnitude as for die FLO
RESTAN benchmark, although die geometry of die test bundle lies in between those for 
the very tight FLORESTAN case and a standard PWR. The principal shortcomings of 
the currently used thermal-hydraulics codes - e.g. in the treatment of droplet generation, 
interphase drag, heat transfer downstream of the quench-front and spacer effects - seem 
to be in evidence equally for both benchmark problems. This underlines the need for 
further code development efforts on the basis of a broader range of experiments. 

6 Conclusions 

An overview has been given of die NEPTUN-LWHCR program of reflooding experi
ments - covering two LWHCR geometries, three different reflooding modes and a wide 
range of thermal-hydraulics parameters. Results from forced-feed, bottom-reflooding ex
periments in NEPTUN-III have indicated that, in comparison to standard-PWR geometry 
cases, the maximum rod-surface temperatures for a p/d = 1 . 1 3 test bundle are gener
ally higher and the quench times significantly longer. Rewetting for the tight-geometry 
bundle, however, does occur in all experiments with reasonably LWHCR-representative 
values for die various thermal-hydraulics parameters. 

Tne results of a calculational benchmark exercise, based on one of the NEPTUN-III 
experiments, have confirmed that further code development efforts are needed in order 
to reduce the considerable, current-day uncertainties in LWHCR reflooding predictions. 
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LESSONS LEARNED FROM THE PWHCR 
DEVELOPMENT 

R. Brogli, B. Kuczera, H. Moldaschl, W. Oldekop 

Abstract 

The pressurized water high conversion reactor (PWHCR) concept, derived from 
the German Convoy PWR, is aimed at greater flexibility in fuel utilization as well 
as improved safety. The necessary R&D efforts are being carried out in a joint 
co-operation between Siemens KWU, the Karlsruhe Nuclear Research Center, the 
Paul Scherrer Institute and the Technical University of Braunschweig. The key 
technical areas for experimental and theoretical investigations have been neutron 
physics, stationary and reflooding thermal-hydraulics, mechanical design and mate
rials behaviour. A considerable extension of die knowledge base for LWR systems 
has been achieved. 

1 Introduction 

The last years were - and the next few years may be - rather dismal in terms of orders 
for new nuclear power plants. The reasons for this are the current overcapacity for 
electricity generation and the lack of public acceptance in many countries. However, 
with the worldwide growing electricity demand, new electrical capacity will have to 
be established. Whether this additional amount will be nuclear or not, will depend on 
the viewpoint of the public, on the one hand, and that of the utilities (with respect to 
economics) on the other: 

• The public will accept the nuclear option only if people are convinced that accident 
probabilities are very low and that severe consequences to the environment can 
be ruled out. 

• The utilities will ask for safe, reliable and economic plants with a reasonably long 
lifetime. 

The first point would imply that the new plants should demonstrate a higher degree 
of safety. Since the essential features of these concepts might hold till the middle of 
the next century, all further improvements in the safety of standard LWRs will also be 
relevant to next generation reactors. 
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Although any shortages of fuel cannot be foreseen today, cheap uranium might well be 
exhausted within just a few decades and some utility decision makers may choose to 
select a power plant which has reasonable fuel cycle costs for various conceivable fuel 
availability scenarios. 

These boundary conditions ask for plants which are able to operate with various types 
of fuel like U02 or Pu02, in either a high or low conversion mode. Energy autarky 
aspects and energy costs ask for a high conversion ratio, high discharge bumup, a large 
cycle length potential and, last but not least, a high degree of standardization. 

Some years ago reactor designers in several different countries began looking for possi
bilities to enhance the potential of standard LWRs in the above respects. This resulted 
in an advanced but semi-classical design, the Light Water High Conversion Reactor 
(LWHCR) [1,2]. It seemed to be clear that the future role of nuclear power and the need 
to balance energy resources would enhance such trends in LWR improvement. Thus, 
several MOX-fuelled, tight-lattice LWR concepts were proposed like the German/Swiss 
FDWR (Fortgeschrittener Druckwasserreaktor [3]-[10]) and the French RSM (Reacteur 
Sous-Modere" [11]) - using well proven and highly standardized LWR technology and 
stressing the efficient use of plutonium in order to save uranium resources. 

Despite the fact that implementation of LWHCRs is some years away, early resolution 
of the specific R&D problems is of high importance in order to maintain an acceptable 
implementation schedule in today's environment of very strict licensing. Recognizing 
this and directing the development towards a flexible fuel utilization strategy is an 
attractive way for allowing easy adaption to operational requirements in the future. 

2 The Co-operation Goals and Program 

To meet the goa' of developing a reliable high converter concept in fairly good time, 
Siemens KWU, the Karlsruhe Nuclear Research Center (KfK), the Paul Scherrer Institute 
(PSI) and the Technical University of Braunschweig (TUBS, as an associated member) 
joined efforts to solve the pertinent open technical and safety related questions. Each 
organization was leading task forces of high expertise. 

After an initial period of investigations which were directed towards a very tight lattice 
to sharpen the design tools, mainly of physics and thermal-hydraulics, the near term 
objective was defined to be an intermediate lattice. A short development period and 
a low cost-benefit ratio can be gained if one relies to the greatest possible extent on 
well-known technology. The PWHCR is a concept derived directly from the German 
Convoy PWR. It can be adapted to utilities' needs by considering different stages of 
development. 

The generic goal of our joint development was to show the licensability of a HCR core 
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with a much tighter lattice than is realized in the standard light water reactor. Since me 
technical feasibility of a given HCR core design rests on several key questions related to 
reactor physics and thermal-hydraulics behaviour under normal and accident conditions, 
a number of different types of experiments and theoretical analyses of the results were 
necessary. Within the joint co-operation, die partners have been conducting - on a 
complementary basis - a R&D program, the main items of which are summarized in 
Table 1. 

Table 1: Development Items and Results 

Key Technical 
Area 
Neutron physics 

Thermal-
hydraulics 

Emergency core 
cooling 

Mechanical design 

Materials 
behaviour 

Main Activity 

measurements of 
reaction rates, k^, 
absorber effects, 
code development 
CHF experiments, 
code development 

reflooding and boiloff 
experiments, 
deformation tests, 
code development 
fuel assembly, 
core internals, 
shutdown systems 
irradiation 
experiments 

Institution 

PSI, KfK, 
KWU. TUBS 

KWU, KfK, 
TUBS 

KfK, PSI 

KWU 

KWU 

Preliminary Results 

- void coefficient 
negative for PWHCR 

- substantial uncer
tainty reduction 

- coolability 
guaranteed 

- detailed analysis 
necessary 

- rewetting for VMF >0.5 
shown possible 

- further code development 
necessary 

- generic problems 
solved 

- under irradiation 

3 Theoretical and Experimental Findings 

3.1 Neutron Physics 

The requirements of inherent safety depend on the nuclear design and, for the PWHCR, 
one has to show that these are fulfilled for the chosen values of parameters such as mod
eration ratio and enrichment. Following the generic parametric design stages, detailed 
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investigations were performed with the design codes SPEKTRA, established by Techni
cal University of Braunschweig, AARE from the Paul Scherrer Institute, Wiirenlingen, 
CASMO at Siemens (KWU) and KAPER4 at the Nuclear Research Center Karlsruhe. 
Considerable progress was made by the creation of suitable multigroup cross-section 
sets based on the nuclear data files KEDAK-4, ENDF/B-V and JEF-1. Additional in
vestigations were carried out at the University of Stuttgart and the University of Lowell, 
Massachusetts. Extensive core design and bumup calculations were perfomed with the 
KfK KARBUS code and the standard design and bumup code MEDIUM of KWU. A 
hexagonal standard design code HEXMED compatible with MEDIUM, based on the 
same solution technique, is under test. 

Due to the fact that for an advanced tight lattice design with fairly high fissile enrichment 
the effective void coefficient is expected to be markedly less negative than in current-
day LWRs, the application of a 3D-dynamics code is a matter of urgent necessity. 
Therefore, KWU developed the coupled neutron-kinetics/thermal-hydraulics program 
system HEXTIME, based on the well proven code system PANBOX, which allows 3D 
steady-state and transient full core as well as subchannel analyses to be performed. 

A benchmark for tight-lattice cell burnup calculations was approved at the 29th meeting 
of the NEACRP (September 1986) to identify uncertainties in data and calculational 
methods. Fifteen organisations from eight countries submitted twenty sets of bench
mark results [12], which were helpful in clarifying some HCR-specific neutron physics 
problems. 

The void reactivity behaviour between nominal and highly voided conditions after a 
LOCA accident crucially influences the inherent safety behaviour of a reactor core. To 
provide experimental data for testing neutron physics codes and cross-section libraries 
employed for HCR studies, a broad range of integral neutron physics measurements 
representative of tight and intermediate PUO2/UO2 lattices has been carried out at the 
PROTEUS zero-power facility. These experiments thus form the basis for validation of 
the phy ics design of the PWHCR. 

3.2 Thermal-hydraulics 

An important thermal-hydraulics assessment tool is the KfK code HADA, which has 
been applied extensively for HCR core design parameter investigations. With Braun
schweig's hydraulic flow distribution code HALLO, the hydraulic properties of the 
PWHCR circuit components can be analysed along with the detailed PWHCR core 
structure, with subchannel effects being treated using the well-known COBRA-IV code. 
The published sets of coefficients were checked and supplemented by results of KWU's 
critical heat flux experiments at the H20 high pressure facility in Karlstein and at 
KfK's KRISTA Freon facility in Karlsruhe. The resulting code system, COBRA-TUBS 
- thoroughly validated by application of Freon-R12 CHF results in conjunction with 
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CHF results from a water-cooled high pressure experiment - has a number of important 
features. Additional codes that should be mentioned here are the VELASCO TUBS 
code for hot-spot analysis, based on a turbulence model and supported by comprehen
sive empirical data from KfK, and the VANTACY code, devised for design purposes 
which ask for a rapid solution of the momentum equations. 

3.3 Emergency Core Cooling 

KfK's FLORESTAN test loop is used for bottom reflooding tests under forced-feed 
and gravity-feed conditions, as well as for studying bundle deformation behaviour. 
PSI's NEPTUN test facility, which is now being used for the investigation of tight and 
medium-tight rod bundles, was originally designed for studying reflooding heat transfer 
and two-phase flow phenomena in standard PWR geometry. The facility can also be 
used for carrying out low-pressure boiloff experiments. In complementary theoretical 
activities, special tight-lattice versions of the FLUT and RELAP5/MOD2 codes have 
been provided and applied for corresponding LOCA analyses. 

Boiloff experiments, performed with both standard and tight rod bundles in NEPTUN, 
were analyzed in the past by TRAC-BD 1/MOD 1 and RELAP 5/MOD 2/CY 36.02. It 
has been felt that the analysis of high pressure and boiloff experiments in HCR geometry 
could provide a valuable check on the applicability of new interfacial correlations to 
bundles with much smaller hydraulic diameter. For a definite answer concerning various 
types of discrepancies, such as between the predicted and the measured liquid carryover, 
a careful analysis of a number of such experiments is required - which could be the 
basis for future international co-operation. 

4 The Results 

Our mode of co-operation for the joint development of the PWHCR proved to be very 
successful: during the conceptual design work and the related research to acquire the 
necessary data base for the concept development, we got a lot of valuable experience, 
which would be a good basis for any continuation. We would like to sum up as follows: 

• in the reactor physics area the importance of a refined modeling of the epithermal 
spectra was recognized. With the validation basis provided by the PROTEUS ex
periments, the calculational methods and data were considerably improved through 
use of a suitable group structure and a better treatment of resonance shielding; 
theoretical uncertainties were substantially reduced 

• the reflooding tests and the CHF experiments have demonstrated that rewetting, 
as well as stationary cooling, are feasible in spite of the rather tight fuel pin lattice 
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• the core design codes were adapted and checked against critical experiments and 
theoretical benchmark tests to provide a reliable calculational basis for neutronic 
and thermal-hydraulic design of the core 

• the first results for mechanical design were very encouraging; among patents 
directly related to the PWHCR design a lot of spin-offs were detected which may 
also be of a certain advantage for classical reactors 

• core design problems such as reactivity compensation and power density opti
mization can be solved in a semi-classical way for medium-tight pin lattices 

• certain advantages of the hexagonal subassembly geometry were quantified and 
checked. 

From the initial comprehensive analyses of neutron-physics and thermal-hydraulics char
acteristics for various PWHCR geometries we could jointly confirm that there is no con
flict between the different objectives "high conversion", "high discharge bumup", "large 
cycle length potential" and the overall requirements for negative reactivity feedback and 
stationary and transient coolability of the core. 

The results of the experimental and theoretical investigations and the evaluation activities 
preceding the KWU High Converter Reactor development performed within our co
operation pointed out that a core concept with a topologically uniform core, the so-
called "PWHCR" (formerly, PWR-C1) as the first HCR design stage, has the potential 
for the desired flexibility with regard to fuel utilization. Based on this concept, one 
has the choice of putting the main emphasis either on greater fuel savings or lower fuel 
cycle costs. This can be achieved by adapting the essential geometrical parameters of 
the hexagonal fuel rod lattice to the given requirements. The basic design parameters 
for the PWHCR are given in Table 2. 

The PWHCR is an excellent link between the LWR and the fast breeder generation. 
With the accumulation of Pu, better use of it in HCRs will provide sufficient fuel for 
the next century. The extensive investigation of the different HCR problems and tasks 
has been carried out very efficiently in the co-operation between the partners [4]-[10]. 

5 Outlook on Further Activities 

Physics 
The experimental and accompanying theoretical investigations which have been per
formed have indicated that a moderator-to-fuel ratio somewhat larger than that of the 
tight lattice which was originally considered, would be advantageous with respect to 
increased safety margins. However, since conversion ratio increases sharply with re
duction of moderation ratio, it will be an economic challenge to know the real physical 
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Table 2: Fuel assembly and core parameters of the first HCR design stage 
rpwHcm 

Fuel Assembly Design Parameters 
- Fuel rod lattice pitch 
- Cladding outside diameter 
- Pitch-to-diameter ratio 
- Cladding material 
- Cladding wall thickness 
- Volumetric moderation (VMF) 
- Fuel assembly (FA) distance across flats 
- Spacer type 

Number of fuel rods per assembly 
- Active core height 
- Fuel 

Maximum fissile Pu enrichment 
- Maximum average discharge burnup 

11.8 mm 
9.5 mm 

1.24 
Zry 

0.6 mm 
approx. 1.2 

200 mm 
grid 
247 

<350 cm 
U02/Pu02(MOX) 

7-8% 
55-60 MWd/kg 

Core Design Parameters 
- Thermal output 3765 MW 
- Average linear heat generation rate >125 W/cm 
- Average volumetric power density >90 kW/1 
- Total number of fuel assemblies 349 

Number of control assembly drives 85 
- Number of FAs that can hold a control assembly 127 

margins available. 

Thermal-hydraulics 
Thermal-hydraulic and neutron-physical core design are closely coupled together via 
power distribution, pressure drop and heat transfer at a defined total H20 flow rate. 
They all strongly depend on the configuration of the core and the fuel assembly type. 
With the advantages of hexagonal geometry, there will be a significant economic and 
safety incentive for further development. 

Emergency core cooling 
Blind code predictions for two forced-feed tests - for a very tight and a tight lattice, 
respectively - showed that current-day thermal-hydraulics computer codes do not ade
quately predict the reflooding behaviour of tight hexagonal bundles. Although a HCR 
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core will be shorter than a normal PWR core (so that it may be expected to be easier to 
reflood the reactor after LOCA), the hydraulic resistance of the HCR core will always 
be higher than that in a conventional PWR and this, to a certain extent, will outweigh 
the advantage. 

Thus, for a definite answer concerning, for example, the discrepancies between the pre
dicted and the measured peak cladding temperature or liquid carryover, careful analysis 
of a wide range of re flooding and boiloff experiments is required. Further, representative 
transient blowdown tests to determine the cladding temperature at end of blowdown and 
start of reftooding, as well as experiments to investigate the effects of hot-leg injection, 
are also needed. These topics would justify a more intensive co-operation on a broader 
international basis. 

6 Conclusions 

The analytical and experimental work to evaluate the conceptual idea of a higher con
verting MOX PWR core has shown that: 

• within certain limits such a reactor concept is feasible from a safety design and 
operational standpoint. 

• the phenomena in a tight-lattice MOX core are generally well understood and 
many of them can be predicted adequately. 

• the potential for LWR evolution can be expanded into an area of flexible and 
better fuel utilization. 

The scientific achievements in enlarging the knowledge base for LWR systems have been 
considerable and will be of great value in realizing a reactor which provides enhanced 
fuel flexibility, greater economy as well as improved safety. 
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