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ABSTRACT 

An important measure which l e a d s to improved f u e l u t i l i z a t i o n i n thermal 
reactors i s to increase the conversion r a t i o . One method that has been 
suggested i s the Light Water High Converter Reactor (LWHCR), involving the 
use of U/Pu-fueled t ight -p i tch l a t t i c e s in standard FWRs. The various 
LWHCR studies in USA ari Europe have aimed at achieving high conversion 
ra t ios while e f f ec t ive ly retaining as much of ex i s t ing PWR technology as 
poss ib le . Whereas the general conclusions of the studies made to date have 
been pos i t ive in th i s respect , there has been ident i f i ca t ion of a number of 
key problems where R&D ef for t s need to be concentrated. 

The Swiss Federal Ins t i tu te of Reactor Research (EIR) started early in 1980 
with a program of reactor physics experiments on LWHCR l a t t i c e s in i t s 
zero-energy reactor f a c i l i t y PROTEUS at Wuerenlingen. Parallel to the 
experimental program a technical f e a s i b i l i t y study on the potential of 
LWHCRs was carried out at EIR, in which a range of LWHCR designs with 
d i f ferent fuel-to-moderator rat ios was considered. A second phase of LWCHR 
physics experiments in PROTEUS has been under planning for being carried 
out during 1985-89, and design calculat ions and construction work have been 
started to enable reflooding experiments to be performed in the NEPTUN 
f a c i l i t y using a 37-rod t i g h t - l a t t i c e geometry bundle. 
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1.0 INTRODUCTION 

Light Water Reactors (LWRs) are widely introduced and accepted reactor 
systems for the generation of electricity by nuclear power. As indicated 
in /l_/( over 80 percent of currently installed nuclear capacity worldwide 
is based on LWR concepts of which about 60 percent comes from PWRs. On the 
other hand, fuel utilization in today's LWKs is relatively poor. While the 
fast breeder reactor is needed to provide a longterm solution for the 
supply of nuclear fuel, its commercial development has suffered sucessive 
setbacks in recent years. This has been due partly to the lower growth 
rates projected for nuclear power in the world, and partly to the expected 
high capital costs of present LMFBR designs. In this context, there has 
been greater incentive to improve uranium utilization in today's LWBs. 
First steps in this direction are beginning to be implemented, e.g. 
through raising fuel burnup targets and the use of plutonium recovered from 
reprocessed fuel for thermal recycling. 

An important measure which leads to improved frel utilization in a thermal 
reactor is to increase its conversion ratio. One method that h<>.s been 
suggested is the LVHCR (Light Water High Converter Reactor) concept, 
involving the use of U/Pu-fueled tight-pitch lattices in PWRs. A study at 
MIT /2/ concluded that the introduction of U/Pu-fueled systems with 
fuel-to-moderator (F/M) ratios in the range of 2.0 - 3.0 could, through the 
achievement of conversion ratios 2. 0*9, save in the longterm as much as 
75 percent on uraniuu resources compared to the once-through fuel cycle 
with present-day PWRs (with F/M ratios of ~ 0.5). 

Past experience has shown how the commercial introduction of new reactor 
types can encounter serious problems due to the stringent licensing 
procedures and the political constraints on nuclear power currently in 
force. As PWRs are widely accepted systems for generating electricity, the 
more recent studies of the LWHCR concept in USA and Europe have aimed at 
achieving high conversion ratios while effectively retaining as much of 
existing PWR technology as possible /5 - 67'. Thus, the LWHCR would not be 
an entirely new reactor concept but rather, would represent a modified 
version of the proven current-day PWR system. Whereas the general 
conclusions of the various LWHCR studies made to date have been positive in 
this respect, there has been identification of a number of key problem 
areas where R&D efforts need to be concentrated. 

The Swiss Federal Institute of Reactor Research (EIR) started early in 1980 
with the planning of a program of experiments on LWHCR lattices in its 
zero-energy reactor facility PROTEUS at Wuerenlingen. This followed 
studies which indicated that the uncertainties on reactor physics 
parameters for tight-pitch U/Pu-fueled lattices with high fissile Pu 
enrichments (~ 7 - 8 percent) would be one of the key problems in designing 
LWHCRs. A first phase of reactor physics experiments on PROTEUS was 
conducted during the period 1981 to 1982, and the-e was a co-operation 
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agreement between EIR and EPRI on carrying out part of the analysis /10/. 
Parallel to the experimental program a technical study on the potential of 
LVHCRs was carried out at EIR, along the lines of retaining as much of 
existing LWR technology and hardware as possible. 

There are two main reasons for EIR's having embarked an R&D work in the 
LVHCR field. Firstly, it has been shown that the system has certain 
positive features with respect to improved utilization of uranium resources 
and effective Pu management. Secondly, work on an LVHCR based on proven 
PVR technology enables one to combine R&D efforts with the general goal of 
educating nuclear engineers and technicians in the field of LVR-type 
technology. 

2.0 FEASIBILITY STUDY FOR THE LVHCR CONCEPT 

In the technical feasibility study carried out at EIR Vuerenlingen, a range 
of LVHCR designs with different fuel-to-moderator ratios was considered. 
The following gives the principal conclusions arising out of this study. 

Fuel cycle calculations for different LVHCR designs were done and have 
shown that the fuel utilization could be improved in tight lattices by a 
factor of 5 - 5 compared to the once-through LVR cycle. In the event that 
LVHCRs are optimized to as high a conversion ratio as possible (0.95 and 
higher), a quite large plutonium inventory (1.5 to 2 times that of a 
comparable LMFBR) would be necessary for the first core. Lower conversion 
ratios (between 0.65 and 0.9) call for a correspondingly less tightly 
packed fuel lattice, which reduces the necessary plutonium inventory as 
well as the thermohydraulic problems. Thus it was found that in 
introducing LVHCRs it would be advantageous to start with wider spaced 
fuel-pin lattices (F/M ratios of ~ 1.5) and correspondingly smaller 
plutonium inventories and conversion ratios. For an asymptotic state, 
particularly in an LVHCR-FBR symbiosis, a high conversion ratio could be an 
advantage. 

Calculations of fuel cycle costs were done, and a first analysis of the 
economic aspects has shown that the LVHCR could achieve fuel cycle costs 
similar to the PVR's. However, since at present the fabrication costs for 
mixed-oxide fuel elements on a large scale and the back-end costs in 
general are not well known, the estimated fuel cycle costs for the LVHCR 
have a wide spread. A large increase in the uranium ore and enrichment 
prices would shift the fuel cycle costs in favour of the LVHCR. Assuming, 
as to be expected, that the plant capital costs for an LVHCR are similar to 
those for a current-day PVR, the electricity production costs would be 
favourable for the system with the lower fuel cycle costs. 
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Design and construction problems have been looked at and it has been shown 
that, from the technical viewpoint, an LWHCR core could be inserted in an 
existing PVR (in the EIR study, in a KVU-type plant) and operated without 
any major modification of auxilary equipment. However, although core 
replacement costs themselves would be moderate, the costly obstacle would 
be the long non-production-time of electricity during replacement and 
start-up tests. This would give the utilities such high electricity 
replacement costs that a sensible amortization of these over the life of a 
plant does not appear possible - even with very low LWHCR fuel cycle costs. 
Thus, from the economic point of view the insertion of a tight-lattice core 
in an existing PVR appears feasible only if the power plant had to be shut 
down for a longer period for other reasons. 

The study has further shown that, until now, insufficient work has been 
done on the operating behaviour of an LVHCR plant. Various key problems 
still need to be analysed in more detail before a reasonable licensable 
design can be made. The important key areas are: 

- Validation and benchmarking of methodology and data base for reactor 
physics treatment of tight pitch lattices 

In this context an important aspect of the development work for the 
LVHCR concept is the assessment of reactivity coefficients (in 
particular, the void coefficient) and their influence on reactor 
operation under normal and transient conditions. 

Fig. 3 illustrates the sort of uncertainties that one currently has to 
contend with for the k,,, void coefficient. Here, a reference LVHCR 
lattice has been considered and standard odes and data sets applied to 
the prediction of the kro variation as a function of moderator density. 
As can be seen, the differences are very large. As for transient 
analyses (e.g., ATMS calculations /11/) the moderator void coefficient 
and the uncertainties thereon have a large influence on predictions of 
the dynamic behaviour of an LVHCR system, the coefficient must be 
systematically evaluated by carrying out reactor physics experiments and 
analytical sensitivity studies. In 1981 EIR started LVHCS experiments 
in the PROTEUS critical facility at Vuerenlingen to provide the first 
integral data base for the evaluation of calculated kao void 
coefficients. More details of this program are given in Section 3. 
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Fig. 3t koo Void Characteristics for •* Reference LWHCR Lattice, 
Calculated Using Alternative Methods/Data Sets. 

- Validation of methodology and data base for thermohydraulic analysis of 
an LWHCR Core 

First evaluations of the thermohydraulic behaviour of LVHCR lattices 
have shown that operational problems arising from thermohydraulic 
conditions in the reactor core eppear to be soluble for the LWHCR, at 
least for one having a moderately tight fuel lattice. The estimates 
m&de to date in this area concerning heat flux, hot channel factors, 
etc. are based on extrapolations from experiments which were not 
specifically designed for LWHCR conditions. The results are therefore 
not yet sufficiently reliable and since thermohydraulics in tight 
lattices is of primary concern in determining operational and safety 
behaviour, R&D work in this field should have as high a priority as the 
reactor physics aspects. For example, for the DHB-mtrgin calculation of 



- 9 -

final tight-lattice designs new CHP- correlations /3_» Tj have to be 
validated by performing out-of-pile critical heat flux tests with proper 
geometrical and thermohydraulic conditio is representing the most highly 
rated fuel element. Studies on thermohydraulics aspects of the LOCA 
behaviour of an LWHCR are also needed. Some efforts in this direction 
will be started soon with reflood experiments in EIR's NEFTUN loop - at 
present used for standard LWR experiments - by modifing the electrically 
heated fuel-simulator bundle to simulate LWHCR conditions as nearly as 
possible (see Section 4). 

Analysis and layout of reactor control concepts 

Since the LWHCR essentially has a much "harder" neutron spectrum 
compared to normal PWRs and the usable absorber materials exhibit 
substantially smaller capture cross-sections at higher energies than in 
the thermal neutron energy region, the reactivity worths of standard 
absorbers are significantly smaller in an LWHCR. The lower reactivity 
worths (the reactivity worth of natural boron would be ~ 30 times less 
than in a PWS spectrum) have to be compensated for by the introduction 
of either an increased number of control rods and poisoned fuel rods or 
by using alternative control materials. 

Since, in changing from the PWR to an LWHCR, the intention would be to 
carry out as few changes as possible to the standard PWR, considerations 
have been made on how, by means of skilful constructive measures, the 
present number of control rod drives and therefore vessel roof design 
can be retained for the LWHCR. 

Fig. 4 shows a control rod cluster design with rhich seven control 
elements could be reached with one common control rod drive. Core 
calculations have shown that if for the reference EIR- LWHCR core 
layout, natural boron carbide were used in the control rods, 
approx. 70 - 80 percent of all fuel elements would have to be equipped 
with control rods (compaied to ~ 27 percent for a standard PWR). A need 
for boron-10 enrichment has thus been clearly indicated. 
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Fig. 4; Control Rod Cluster Layout for Reference EIR-LWHCR Design. 

3.0 LWHCR PHYSICS EXPERIMENTS IN PROTEUS 

The availability of a proven methodology and nuclear data base for the 
reactor physics treatment of an LWHCR core is an important precondition for 
8 reliable LWHCR design. Existing thermal and fast reactor experiments are 
of little use in testing the physics methods and nuclear data being applied 
to LWHCR analysis. There are several basic features of the reactor physics 
of an LWHCR that demand special consideration. Firstly, the neutron energy 
spectrum is intermediate, i.e. lies in between the typical spectra 
associated with thermal and fast reactor systems (Fig. 5). The energy 
region in which vhe principal reaction rates largely occur is thus 
characteristically different for an LWHCR, viz. the eV range with 
dominating effects from low-energy resonances. Secondly, the fuel 
composition is unique, viz. about 7.5 % Pu^ mixed-oxide using 
LWR-discharged Pu (i.e. with relatively high 2"°Pu, 2"1Pu content). Apart 
from the basic nuclear data an adequate theoretical treatment is required 
for self- and mutual-shielding effects in the eV-resonances of the U and Pu 
isotopes as well as of structrral materials. Finally, accurate 
space-energy cross-section condensation procedures are needed for the 
treatment of heterogeneities in the core, e.g. at seed/blanket interfaces 
in the more complex designs, as also for the prediction of power 
distributions and hot spot factors. 

Integral reactor physics experiments available in the open literature have, 
for the main part, been carried out to provide results which serve as 
benchmarks for either thermal or fast reactor lattices. These data cannot, 
as such, be used for meaningful assessment of the accuracy of LWHCR 
calculations. The lack of appropriate experiments makes it difficult to 
resolve, for example, the conflicting calculational results, which have 
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been reported for the k,,,, void coefficient 
safety parameter (Section 2). 
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To help fill the current ga>t a program of experiments on LWHCS lattices 
has been initiated in the zero-energy reactor facility, PROTEUS, at EIR, 
Wuerenlingen /£/. Fig. 6 gives a sectional view of the facility, which 
consists essentially of a central LWHCR test region driven critical by 
surrounding thermal driver zones. As indicated, the D2O- and 
graphite-moderated driver zones are separated from the test lattice by an 
annular buffer zone consisting of natural- uranium metal rods. The net 
influence of the outer reactor regions on the neutron spectrum at the 
centre of the test zone is minimal, the principal reaction rate ratios 
being affected by typically < 2 %. 
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Fig. 6; Vertical Sectional View of he PROTEUS Reactor 

The first phase of LWHCR experiments on PROTEUS was conducted during the 
period August 1981 to September 1982. Since fuel of more appropriate 
specifications was not available, the test lattice was constructed from two 
different fuel-rod types, viz. 15 % Pu02/U02 and depleted U02. Basically, 
two different experimental lattices were investigated - a 1:1 configuration 
of the two rod types simulating 6 % Pu-fissile enrichment with F/M - 2.0, 
and a 2:1 arrangement simulating 8 % Pu-fissile enrichment with the same 
F/M value. In each case measurements were carried out with H20 as 
moderator, with air (100 % HgO-voidage) and with Dowtherm (42.5 % voidage). 
Parameters measured were various reaction rate ratios, material bucklings 
(kgo) and reactivity effects. 

Final analyses for the LWHCR-PROTEUS Phase I experiments are still to be 
completed. Comparisons made to date between measured and calculated 
parameters (including an analysis carried out under contract with EPRI 
/10/) have, however, already provided valuable first insights into the 
performance of current methods and data in predicting the physics of 
LWHCRs. Fig. 7 gives, as an example, the C/E 
(Calculation/Experiment)-values for the U-238 capture to Pu-239 fission 
(Cg/Fp) reaction rate ratio in the first three PROTEUS-LWHCR Cores. From 
the viewpoint of the neutron balance, Cg/F^ is the most important reaction 
rate ratio in an LWHCR lattice. EPRI-CPM calculations are seen to 
underpredict this by very similar amounts (5-7 %) for all three Cores. 
Agreement between WIMS-D and experiment is somewhat better, but this could 
be fortuitous considering the sensitivity of calculated parameters to 
alternati/e WIMS data options /£/. 
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Fig. 7: C/E (Calculatioa/Experiment)-Values for the U-238 Capture to 
Pu-2?9 Fission Reaction Rate Ratio in the First Three 
PROTEUS-LWHCR Cores (6 % Pu-fissile average enrichment). 

In summary, comparisons made to date between the PROTEUS-LWHCR experimental 
results and calculations based on standard thermal-reactor codes, have 
shown that discrepancies are very much greater than generally encountered 
for LWR lattices. This results from the unusually high percentage of 
events at epithermal energies, as also perhaps the fact that the data for 
the Pu isotopes in the existing libraries have not been subject to the same 
scrutiny as have those for the U isotopes. A significant neutron-spectrum 
dependence has also been observed in the hitherto-made comparisons of 
calculated and measured integral parameters. 

There have bsen several aspects of the completed first phase of LWHCR 
experiments in PROTEUS, which prevent its serving as a sufficiently broad 
base for testing reactor physics design calculations. These include the 
2-rod nature of the experimental lattice, the relatively low Pu-fissile 
enrichment, as also the fact that the Pu-isotopiCB for the mixed-oxide fuel 
did not correspond to LWR-discharged Pu (the 2l,1Pu fraction, for example, 
was ~ 2 %). Moreover, the experimental accuracies achieved in the 
measurements were somewhat limited due to several factors, e.g. the 
relatively .mall test zone size which made it difficult to obtain accurate 
buckling (and hence l O related data. Finally, several important 
power-reactor features could not be investigated in the time available, 
e.g. control-rod worths and blanket effects. 
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An adequately comprehensive program of zero-power LWHCR physics experiments 
essentially requires: (a) appropriate fuel materials and (b) an adequate 
period of time for experimentation. (The PROTEUS measurements, to date, 
were made over a period of 14 months). With the above in view, a second 
phase of LWHCR experiments in PROTEUS has been under planning for being 
carried out during 1983-89. Fuel representative of a homogeneous-design 
LWHCR has been ordered, viz. 7.5 £-Pufiss» mixed-oxide rods to be 
fabricated using LWR-discharged Pu (pellet diameter ~ 8.4 mm). The planned 
PROTEUS test zone will be somewhat larger than that available earlier. 

The general aims formulated for the PROTEUS-LWHCB Phase II investigations 
are: 

- Effects of Pu enrichment and isotopics on integral parameters, in 
particular on the void-coefficient 

- Effects of variations in the F/M-ratio (changes in lattice pitch) 

- Control-rod effectiveness and boron reactivity worths 

- Effects of core heterogeneities, e.g. HpO columns (hot spot 
factors) 

- Blanket studies 

- Alternative LWHCR-strategy aspects, e.g. use of DpO (spectral 
shift) 

While a set of experiments such as the planned PROTEUS Phase II program 
should meet many of the necessary zero-power physics needs for an LWHCR, 
certain power-reactor conditions obviously cannot be adequately simulated 
and tested by such measurements alone. These include, for example, the 
effects of temperature, fis&ion products and isotopic changes with burnup. 
While a certain extrapolation of results from operating LWRs should be 
possible, it may be necessary to carry out specific physics tests with 
specially designed fuel assemblies irradiated in an existing power reactor. 

4.0 LWHCR REFLOODING TESTS IN KEPTUN 

There is, at present, very little knowledge on the behaviour of 
tight-lattice fuel bundles under LOCA conditions. The existing 
thermohydraulics calculational methods and data base do not permit 
adequately reliable predictions to be made on the ooolability of a 
tight-pitch core after a LOCA event, uncertainties in the analysis being 
particularly large for the reflooding phase. 
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Design calculations and construction work have been started at EIR to 
enable reflooding experiments to be performed in its NEPTUN facility using 
a 37-rod tight-lattice geometry bundle (Fig. 8). The same electrically 
heated fuel-rod simulators will be used as have been employed in the 
standard-LWR LOCA experiments carried out to date. 

The main aim of the planned LWHCR reflooding experiments in NEPTUN is to 
demonstrate the degree of validity of current- day LHS accident codes for 
the analysis of the reflooding phase of LWHCR LOCA events, thereby 
providing a basis for implementing any modifications that may be necessary. 
At the same time, the experiments should serve to broaden the data base and 
extend the range of parameters currently available for developing 
reflooding and revetting models applicable in a more general sense. 

Constructive changes to the NEPTUN facility will be completed during the 
current year, the tight-pitch bundle experiments themselves being planned 
for 1985. First results for reflooding phenomena measurements in 
tight-lattice geometry are, however, expected later this year from a 
special series of single-channel experiments which are being planned in 
parallel. In these experiments, two neighbouring LWHCR coolant channels 
will be simulated (in terms of hydraulic diameter and heated surface) by an 
electrically heated tube with a peanut-shaped cross-section. 
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