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Abstract - The coupled fast-thermal core HERBS at the RB zero power 
heavy water reactor in vinča was designed with the aim to improve 
experimental possibilities in fast neutron fields. The requirements for 
minimum modifications in the RB construction and application of 
available fuel restricted design flexibility of the coupled system. 
Thus the foil owing core is considered optimal in the sense of the 
foregoing constraints: the central fast core of natural uranium is 
surrounded by neutron filter zone (cadmium and natural uranium) and 
converter zone (enriched uranium fuel, without moderator). The coupling 
region is heavy water. Thermal core is formed of RB heavy water 80% 
enriched uranium lattice with 12 cm pitch. The criticality of the 
system is obtained by adjusting moderator level. The critical heavy 
water levels were measured for normal reactor operation and some 
simulated accidental conditions. These data were analyzed by computer 
code package for the design of thermal and coupled fast-thermal 
reactors recently developed in IBK Nuclear Engineering Laboratory. Good 
agreement between computations and experimental data was achieved. 

1. INTRODUCTION 

The RB reactor was designed as an unreflected zero power heavy water - natural uranium critical 
assembly (Popović (1958)). Later, during reactor operation, the 2% enriched metal uranium fuel 
and 80% enriched U0: fuel were obtained and used in the reactor core. 

Modifications of the reactor control, safety and dosimetry systems (1960, 1976, 1988) converted 
the RB critical assembly to a flexible heavy water reflected experimental reactor with 1 W 

• nominal power, operable up to 50 W. 

The investigation of the fast neutrons phenomena at the RB reactor at IBK NET Laboratory was 
initiated in late seventies. The external neutron converter (Strugar et al. (1981)), the 
experimental fuel channel (Pešić et al. (1984)), and the first version of coupled fast-thermal 

A system (Pešić (1987)), were designed. Determination of the fast neutron spectra and other 
relevant characteristics of the achieved neutron fields were the experimental tasks performed 
at the RB reactor in the last few years. New computer programs for reactor calculations and 
experimental data evaluation were developed in the NET Laboratory in Vin&a. 

The final goal of fast reactor research in Vin&a should be the construction of the zero power 
fast reactor LASTA, with design properties presented by Milošević et al. (1990). Since only 
limited quantities of nuclear material are available at the moment, some characteristics are 
simulated on coupled fast-thermal systems. It was the incentive for the design of HERBE system. 

2. HERBE - COUPLED FAST-THERMAL CORE 

The analysis of HERBE coupled fast-thermal system at the RB reactor is in progress now. This 
modification of RB reactor represents a further improvement in design of fast neutron fields 
at the heavy water RB reactor. 

The feasibility study of the HERBE system at the RB reactor began in 1988. The goal was to 
design a coupled core flexible enough to simulate neutron spectra of diverse fast reactors. The 
existing nuclear fuel should be used with minimum reactor system modification. 
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The horizontal cross section of HERBE fast zone and vertical cross section of HERBE system at 
the RB reactor are shown in Figure 1. and 2. respectively. 
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Fig. 1. HERBE fast zone horizontal Fig. 2. HERBE vertical cross 
cross section section at RB reactor 

HERBE fast core was constructed of natural uranium. RB reactor fuel elements/ in a separate 
cylindrical aluminum tank (inner/outer diameter 20.0/20.2 cm}, were packed as tight as possible 
in the reactor center. The fast core was surrounded by a neutron filter and a neutron converter, 
forming a so called 'fast zone'. A vertical experimental channel (VCH) was inserted in the 
center of the fast core. 

Neutron filter was made of thermal neutron absorbing material in a narrow zone (Cd, 1.6 mm 
thick) and natural uranium fuel elements in a buffer zone. The BISCO Co. (U.S.A.) "RADSTOP" 
material and few materials with B4C were examined in calculations as possible materials for the 
neutron filter. The exact composition and width of the neutron filter zone depends of desired 
neutron spectrum in the fast core. The neutron filter zone and natural uranium buffer zone were 
placed together in a separate cylindrical aluminum tank (inner/outer diameter 30.0/30.2 cm). 
The selected design features of neutron converter zone produced the fast neutron spectrum in 
the center of the HERBE fast core, being as similar as possible to the spectrum of reactor 
LASTA. 
RB 80% enriched U02 fuel elements were used as neutron converter surrounding the neutron filter 
zone in the separate external cylindrical aluminum tank (inner/outer diameter 40.0/40.8 cm). 
The fuel element consists of 9 hollow fuel segments (11.25 cm long each), supported by (43 cm 
long) bottom spacers made of the cylindrical Al tubes. There was no heavy water in the fast 
zone. 
HERBE thermal (driver) core was basically the RB reactor standard core with 44 fuel elements 
of 80% enriched UOj in a square lattice (pitch-12 cm), moderated and reflected by heavy water. 
The moderator of heavy water (7 cm thick) separated the fast and the thermal zone. 
Two moderator leak sensors (DCM) were placed in neutron converter zone and connected with the 
RB safety system. RB control rod was replaced by newly designed safety rod with higher 
reactivity. The fuel elements in neutron converter zone were sealed so that moderator could not 
enter the fast zone during postulated flooding accident. 

3. COMPUTER PROGRAMS FOR HERBE CALCULATION 
The coupled fast-thermal system HERBE was extensively used recently for the validation of 
diverse neutronic calculations, particularly assembly spectrum codes and overall reactor 
computations. Several critical experiments, as well as control rod calibrations, were performed. 
Experimental procedures and their results are presented in more detail in subsequent sections. 
At first, some discrepancies were observed between applied theoretical predictions and initial 
criticality experiments. It was the motive to develop some new computer codes for better 
modelling of this extremely heterogeneous core. 
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A survey of the neutronic codes used for preparation of macroscopic cross sections needed for 
global calculation of the coupled fast-thermal system HERBE is presented in this section. The 
complete procedure of macroscopic cross section preparation and global calculation of HERBE 
system in normal and accidental conditions is shown in the next section of the paper. 
several computer codes for calculating neutronic parameters of coupled fast-thermal system HERBS 
were developed in NET Laboratory: VESNA (MiloSsvić (1989a)), DENEB (Milošević (1990)), VEGA 
(MiloSević (1989b)), AVERY (Milošević and PeSić (1989)) and GALER (Milofiević (1989c)). Programs 
TWENTY GRAND (Tobias and Fowler (1964)) and TRITON (Daneri et al. (1967)) were obtained from 
NBA Data Bank and installed at NET computer VAX 8250. 
Program VESNA is a reactor cell design code for LWR and HWR calculations developed in IBK NET. 
It belongs to the class of codes, all similar in structure, which are based on spectrum and 
spatial calculation in reactor cell and includes a variety of different options. 

Primary data library is in 44 energy groups. The epithermal range down to 1 eV has 23 energy 
groups, 13 being in the resonance range. For neutrons in the fast and in the unresolved 
resonance range the multigroup cross section data have been obtained from BNAB-78 library 
(Abagyan et al. (1981)). The library also contains multigroup values of the self-shielding 
factors, obtained by the fine-multigroup slowing-down calculation using resonance parameters 
library from Abagyan et al. (1981) and Kon'ahin (1984) and tabulated for several temperatures 
and effective scattering cross sections. Finally, group-by-group geometry dependent effective 
scattering cross sections are obtained by equivalence theory and IR approximation. Particularly, 
the resonance shielding factors for ®U and °*Pu are given by two quantities. In this case the 
shielding factors are obtained by linear interpolation of these two quantities as a function 
of "N/^H. The IR parameters for ^ / ^ H are identical as those in WIMS code (Askew et al. 
(1966)) for each nuclide, except ^u. Resonance absorption of '"U is calculated taking into 
account IR parameters in each group for all nuclides in fuel and moderator as in Tsuchihashi 
et al. (1979). 

For thermal neutrons, 20 energy groups with equal width in velocity domain are used. Scattering 
matrices as a function of temperature, for hydrogen in water and deuterium in heavy water are 
calculated using model of Koppel and Young (1964). 
The treatment of the elastic scattering anisotropy is a compromise between transport and 
improved transport correction. The first correction is suitable for within-group scattering and 
the second for down-scattering, within this method the spatial neutron flux is calculated for 
each group using transport correction. The neutron source is calculated in B, approximation for 
hydrogen and deuterium and by improved transport correction for other nuclides. 

The post-processing module of VESNA generates macroscopic constants for reactor diffusion 
calculation. The streaming corrections of diffusion coefficients are computed by the 
heterogeneous flux and first-flight collision probabilities according to Benoist's theory. 
Program VEGA is developed for the calculation of space-energy distribution of neutron flux and 
few group constants preparation in thermal reactor assembly with complex XY geometry and 
diagonal symmetry. The assembly is divided in square or quadrilateral regions. Some square 
regions can contain several concentric circular regions. Reflector or vacuum boundary conditions 
can be used. Some regions (usually fuel elements with moderator and structural materials) can 
be homogenized into single material, using routines from program VESNA. 
Control and safety rods are not homogenized, but are calculated exactly in supercell model with 
one control rod and neighboring fuel elements. 
All other characteristics of program VEGA are identical with those of program VESNA, except for 
collision probability modules in two-dimensional geometry. Here the ray tracing technique is 
applied. It is a very slow, but very accurate procedure, which is important in safety rod 
calculations, this being the main purpose of program VEGA. 
Program DENEB is developed for neutronic calculations of coupled fast-thermal system HERBE 
important in safety considerations. It is very similar to program VEGA, but uses cylindrical 
RZ instead of XY geometry. Some of cylindrical zones can contain circular subregiona, for 
example, fuel rods arranged in a cylindrical region, geometric configuration typical for HERBE 
system when heavy water accidently enters the fast zone. Thus reactor cells have very unusual 
geometric configuration, which can not be described by standard cell calculations. The solution 
of this problem is the main purpose of program DENEB. 

This program is also used for the calculation of HERBE neutronic parameters in zones which 
contain significant void fraction. Benoist theory was used to calculate diffusion coefficients 
in a reactor cell zones. Homogenization of particular cell zones was performed according to the 
rule of conservation of total leakage for every zone. 
Other characteristics of program DENEB are identical with programs VESNA and VEGA. 
Program AVERY calculates the kinetic parameters of coupled core systems using the model of Avery 
(1958). Kinetics of a coupled system is described by coupled kinetic equations, where some 
integral parameters are defined characterizing multiplication and prompt neutron lifetime in 
every core as well as interaction between cores. Direct and adjoint neutron fluxes are needed 
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for the calculation of integral parameters. They are calculated by collision or transmission 
probability method in one dimensional cylindrical geometry, with axial leakage represented by 
axial buckling for each zone. 

Besides calculations of effective multiplication factor, space and energy distributions of 
neutron and adjoint flux and kinetic parameters, program AVEIJY prepares few group сговв sections 
for global diffusion calculations. Thie option is often used in HERBE calculations, as will be 
described later. 

Program GALER is a few group two dimensional diffusion program in RZ geometry based on a 
variation of Galerkin method (Kurchenkova (1975)), for more than two energy groups, as 
originally implemented. Coordinate functions are generated f r o m one-dimensional slab and 
cylindrical eigenfunctions. 

Programs TWENTY GRAND and TRITON are few group two and three dimensional diffusion programs 
based on finite difference method, obtained from NEA Data Bank and adapted for VAX 8250. 
All described computer codes are used for different calculations of coupled fast-thermal system 
HERBE, but certainly can be used for any other complex configuration of similar structure. 

4. THE CALCULATIONAL PROCEDURE FOR SYSTEM HERBE 
The fast zone of HERBE system in normal operating conditions does not contain moderator. There 
is a considerable leakage in axial direction, due to the significant volume void fraction. This 
situation is most accurately described by Benoist theory, implemented in program DENEB. 
Macroscopic cross sections are prepared in the following steps and final diffusion calculations 
give the effective multiplication of the RB reactor or critical height of heavy water, applying 
a criticality search procedure. 
Step 1 The 25-group macroscopic cross sections are calculated by programs VESNA and DENEB. 
Program VESNA is used to generate thermal core group constants. The group constants for each 
region of the fast zone are calculated by program DENEB. Since the neutron converter zone is 
axially inhomogeneous, two sets of group constants are generated for each region of the fast 
zone by program DENEB: for the 80% a5U enriched fuel and for the Al spacers. The group constants 
of the filter zone containing natural uranium and cadmium are homogenized, prior to the 
diffusion calculations. 
Step 2 Reactor (fast and thermal zone) is first calculated by one-dimensional transport code 
AVERY. Two cases are treated: converter zone consisting of enriched fuel only and converter 
consisting of Al spacers only. In both cases the geometric axial buckling is used. In the output 
program AVERY generates few group constants for prescribed regions. Thus two sets of group 
constants for detailed two or three dimensional diffusion calculations are generated. 

Step 3 The effective multiplication factor is calculated by four group two-dimensional 
diffusion program GALER. In the output this program gives geometric buckling in prescribed 
regions, needed for the new iteration of group constants in program AVERY. 
Step 4 Program AVERY is used again twice with the same materials as in the second step but with 
geometric buckling from program GALER. In the output program AVERY generates few group constants 
for the final diffusion calculation. 
Step S Global HERBE diffusion calculation is performed with macroscopic cross sections prepared 
by programs GALER, TWENTY GRAND and TRITON. 

After series of trial runs critical height is estimated about 138 cm and all calculations are 
repeated for that height. 
Nuclear characteristics of coupled fast-thermal system HERBE described by Avery's kinetic 
parameters are shown in Table 1. The neutron spectrum in the center of vertical experimental 
channel (VCH) in HERBE fast core, calculated by AVERY code in 25 energy groups is shown in 
Fig. 3. compared to the calculated neutron spectrum in fast reactor LASTA. 

The four group diffusion calculations are performed by programs GALER, TWENTY GRAND and TRITON, 
using theoretically estimated extrapolation distance of 2.0 cm in axial and radial direction. 
Computed results are presented in Table 2. together with the experimental result. The difference 
in the multiplication factor calculated by two-dimensional programs is less than 0.001, 
corresponding to 0.5 cm in heavy water level. Three-dimensional calculation gives slightly 
higher results than expected, probably due to the error introduced in description of cylindrical 
HERBE zone by XYZ geometry model in program TRITON. 
If the heavy water penetrates into the neutron converter zone of HERBE fast zone, it would 
produce a considerable excess reactivity causing accidental situation. In the fast zone regions 
with heavy water program DENEB is used for the supercell calculations in complex geometries. 

The reactivity of system HERBE when heavy water penetrates into the outer vessel of fast zone 
is calculated by programs TWENTY GRAND and GALER for several water levels. The experiments for 
validation of these calculations are presented in the next section. 
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Table 1. Nuclear Characteristics of HERBE 
described by Avery's parameters 

Parameter 

ku 
kn ka кв 
1,2 
<11 
In 
t 
Ai 

(ms) 
(ms) 
(ms) 
(ms) 
(ros) 
(delay neutrons) 

fta (photoneutrons) 

Value (AVERY code) 
0.4153 
0.1921 
0.56S1 
0.8166 
0.207 
0.S55 
0.576 
0.728 
0.622 
6.857 10J 
1.008 IO3 

The safety rod cross sections are generated 
by program VEGA. Supercell consiste of three 
fuel elements and a safety rod (rod position 
in) or moderator (rod position out). 
Diffusion calculations are performed by 
program TRITON. 
Detailed experimental procedure, calculated 
safety rod worth and experimental results 
are presented in the following section. The 
agreement between computed and experimental 
results is very good, indicating that safety 
rod cross sections are properly generated. 

B P, 10 ' 

: 

г 

HERBE : 

1 >>»4 . 1МИЧ 1 i 

LASTA I 

ИЦ 1 1ШЦ lllliq 1 11114 1ПШЦ MUUq llll IIIIIH 
10 "" 10 - 10 -* 1 10 10* 10' 104 10* NEUTRON ENERGY (eV) 

Fig. 3. Neutron spectra in the center of 
HERBE vertical channel 

5. EXPERIMENTAL VERIFICATION 
Measurement of Critical Height of HERBE Coupled Core 
Criticality calculations of HERBE core are performed in 4 energy groups in two-dimensional RZ 
geometry by TWENTY GRAND and GALER codes and in 2 groups in three-dimensional XYZ geometry by 
TRITON code. These results are presented in Table 2. and compared to the experimental result, 
showing very good agreement. 
Approach to the criticality of HERBE is done by increasing moderator level in thermal core of 
the RB reactor. Neutron flux is monitored by 3 independent BF3 proportional counters of the R8 
reactor connected with measuring system controlled by DEC VAX-8250 computer. 

On line data evaluation and extrapolation of critical height during measurement of actual 
subcritical moderator level is done by computer code INVMULX (PeSić et al. (1989)}. 
Extrapolation to the critical height is performed using all measured data by the least square 
method or by straight line drown through the last two points of measurement. The extrapolated 
critical height of HERBE, according to the measurement, was 137.90 cm and experimental 
measurement of critical height gives (137.94 i 0.02) cm (Fig. 4.). 
Measurement of Reactivity Gradient Near Heavy >?ater Critical Level (do/dHl. 
Determination of reactivity gradient near heavy water critical level (dp/dH) is done as separate 
experiment performed for comparison with calculation results. 

Using two start-up channels of the RB reactor with BF, counters, covered by Cd foil, neutron 
flux time distribution was recorded in 2K channel memory of MCA operated in MCS mode. At the 
critical level and 10 mW power the reactor is made supercritical by increasing water level for 
a few millimeters. Neutron flux was recorded in linear range of sensitivity of proportional 
counters (up to reactor power of 1 W). The asymptotic reactor period was determined from true 
exponential part of neutron flux time dependence by the least square method. Reactivity was 
calculated using inhour Nordheim relation. 
The kinetic parameters of HERBE system, neutron generation title, fractional yields and decay 
constants for precursors of delayed neutrons (6 groups) and photoneutrons (9 groups) were 
determined by one-dimensional 26-group computer code AVERY. A correction for finite time of 
HERBE operation at constant power before each 'power excursion' is applied to the inhour 
relation (Keepin (1964)). 
Comparison of experimental and calculation results of dp/dH is presented in Table 3. and very 
good agreement can be noted. The linear best fit of experimental data obtained by both start-up 
channels is shown in Fig. 5. 
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T a b l e 2 . R e s u l t s o f HERBE c r i t i c a l 
h e i g h t d e t e r m i n a t i o n 

Program/ Moderator к^ 
Experiment height (cm) 

TWENTY GRAND 138 .0 0.99837 
GALER 138 .0 0.99763 
TRITON 138. 0 1.00326 

EXPERIMENT Hc(cm) = 137.94 ± 0.02 

M . PEŠIĆ et al. 

Table 3. Results of HERBE dp/dH determination 
(1 pcm « l-lO* Ak/k) 

Program/ dp/dH 
Experiment (pcm/cm) 

TWENTY GRAND (at 138 cm) 194 
GALER (at 138 cm) 195 

EXPERIMENT (191.6 ± l.S) P=99.73% 
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Fig. 4. HERBE critical level determination 
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Fig. 5. HERBE dp/dH determination 

Determination of Safety Rods Reactivity Worth 

Reactivity worth of safety rods of HERBE was determined in series of measurements. Each safety 
rod was inserted in the core separately or in combination with the others. HERBE system operated 
at 150 mW for at least 30 min before rod drop. Time neutron distribution after shut-down was 
recorded in IK channel MCS memory of MCA with 50 me dwell time using one BF, counter. 

After data smoothing reactivity was determined from the known neutron flux time distribution 
using IM code (Milošević (1989)) based on inverse method. HERBE kinetic parameters were 
determined using computer code AVERY. Results of measured reactivity of HERBE safety rods, 
together with calculated ones are shown in Table 4. 

A good agreement can be observed, except for the SR_3 where material composition is not known 
precisely enough. The normalized reactivity of water level meter (WLM) as a function of 
normalized rod position in HERBE system is shown in Fig. 6. 

Table 4. Results of measurement and calculation of 
reactivity of HERBE safety rods 

Safety rod Reactivity (pcm) 
Calculation Measurement 

(TRITON) (IM) 

SR_1 - 1730 - (1780 ± 60) 
SR_2 a - 1730 - (1730 ± 60) 
SR_3 - 1130 - (1290 ± 30) 
WLM - 2140 - (2160 ± 30) 
SR_1 + SR_2 - 3870 - (3730 ± 100) 
SR_1 + SR_2 + SR_3 - 5160 - (5510 ± 150) 
SR_1 + SR_2 + SR_3 + WLM - 8100 - (7970 ± 200) 

Fig. 6. HERBE safety rode 
normalized reactivity 
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Experimental Verification of Inserted Reactivity in Flooding Accident 

The analysis of possible accidents at HERBE system has shown that there exists a finite 
probability for the fast core outer vessel to crack resulting in fast and high reactivity 
increase. That was the reason to replace fuel elements at the bottom of the neutron converter 
zone by Al supporters. Each of 24 fuel channels in neutron converter zone is additionally eealed 
to prevent heavy water from entering in case of the flooding accident. In that way the total 
reactivity excess is reduced to acceptable value controllable by the safety system of the RB 
reactor. 

In order to verify the computer code for the reactivity calculation the special safety 
experiment with controlled flooding of HERBE neutron converter zone is performed. The decanting 
device is designed for semiautomatic transfer of moderator from HERBE thermal core into the 
neutron converter zone. Due to safety precautions, this operation is performed at the reactor 
being high eubcritical. For each heavy water level in neutron converter zone the critical level 
of the system is measured by standard criticality approach procedure. 

Results of the experiments and calculations are presented in Fig. 7. showing acceptable 
agreement. The calculation overestimates the total reactivity. This confirms the possibility 
to predict reactivity value and control it during postulated flooding accident including failure 
of both leak sensors (ĐCM). 

Reactivity increase during heavy water flooding of the neutron converter zone, calculated by 
computer code TWENTY GRAND and fitted by polynomial of 5th order, is shown in Fig. 8. 
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Fig. 7. Measured and calculated critical 
level of HERBE with flooded zone 
of neutron converter 

2 0 0 0 -n 

1 7 5 0 ^ 
»,»*»» P r o g r a m TWENTY GRAND / 

B e e t f i t : 
P o l y n o m i a l 5 - t h o r d e r y 

1 5 0 0 ^ 

i 1 2 5 0 ^ 

^ LOOO : 

E-
u 
5 7 5 0 : 

500 -jj 

2 5 0 ~2 

) SO 100 150 
MODERATOR LEVEL IN NEUTRON CONVERTER ( c m ) 

Fig. 8. Reactivity of flooded HERBE 
neutron converter zone 

6. CONCLUSION 

Recently designed coupled fast-thermal system HERBE is aimed primarily for the diverse 
experimental investigations of fast neutron fields. Besides, it is particularly suitable for 
experimental verification of models, data and codes used in reactor calculations. The 
criticality studies presented in this paper have proven the relevance of HERBE for the computer 
code validation as well as very good performance and accuracy of the developed computer codes. 
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