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 ABSTRACT 
 
 Power excursion during possible fast core flooding is analyzed as 

serious accident. Model gives short filling time of fast zone with 
moderator after break of fast core tank. Reactivity increase is 
determined by computer codes and verified in specific experiments. 
Measurements of safety rods drop time and reactivity worth are 
performed. Coupled core kinetics parameters are determined 
according to model of Avery. Power excursion study, depending on 
power level threshold and safety instrumentation response time is 
performed. It was shown that safety system can shut-down reactor 
safely even in case of highly set power thresholds and partially 
failure of safety chain. 

 
 
 INTRODUCTION 
 
 HERBE is new coupled fast-thermal core at the RB reactor in Vinča Institute 
designed by minimum modification of existing reactor systems and using available 
nuclear fuel elements. The purpose of the HERBE is to simulate, as close as 
possible, neutron spectra in diverse fast reactors [1]. 
 
 Fast region of the HERBE is formed as three-zone system in the center 
of the RB reactor. The central zone is 'fast core' (FC) designed from natural 
uranium fuel elements in the first aluminum tank (200/202 mm diameter) with axial 
vertical experimental channel (VCH). The fast core is surrounded by 'neutron 
filter zone' (NFZ) designed from Cd foil (1.6 mm thick) and natural uranium fuel 
elements in second aluminum tank (300/302 mm diameter). 'Neutron converter zone' 
(NCZ), which surrounds the FC and NFZ, is formed from 80% enriched UO2 fuel 
elements in third aluminum tank (400/408 mm diameter). Each aluminum tank is 
closed at the bottom and waterproof so there is no moderator in the fast zone. 
Total height of the fast zone is 139 cm. Horizontal cross section of the HERBE 
fast core is shown in Figure 1. 
 
 Thermal core (driver) is designed from 44 fuel elements with 80% enriched 
UO2 placed in 12 cm square lattice pitch of heavy water. A coupling zone between 
fast and thermal region is formed from 7 cm thick heavy water. Reflector of heavy 
water surrounds thermal core in the RB reactor tank (100/101 cm diameter). 
Horizontal cross section of the RB reactor with the HERBE coupled fast-thermal 



core is shown in Figure 2.  
 
 A special calculation procedure by new developed computer codes, as well 
as few well known ones, is applied for determination of the HERBE coupled core 
nuclear characteristics [2]. 
 
 Calculation by set of computer codes and criticality approach gives very 
good agreement in critical heavy water level of the HERBE coupled system (0.5 cm 
corresponding to only 100 pcm). Experiments for determination of heavy water 
gradient at critical level have show value of 191.6 ± 1.5 pcm/cm (1 pcm = 
1 10-5 ∆k/k) which is near to the calculated one (195 pcm/cm) [3]. 
 
 

 

 
Fig.2. RB reactor horizontal 
       cross section with 
       HERBE fast core 

 

 
Fig.1. HERBE fast core horizontal 
          cross section 

 
 
 RB REACTOR SAFETY SYSTEM BASIC CHARACTERISTICS 
 
 The RB reactor is designed in 1958 as the first Yugoslav critical assembly 
with natural uranium and heavy water without biological shielding and forced 
cooling. In the last 30 years of the reactor operation 2% metal uranium and 80% 
UO2 fuel elements are become attainable. Due to absence of shielding and forced 
cooling, the RB normal operation power is limited under 50 W, and exceptionally 
raised up to 10 kW for a very short time. 
 
 The reactor power is monitored by gamma compensated neutron sensitive 
ionization chambers from very low power level (10 mW) corresponding to the direct 
current values of 1.0 - 10.0 pA, depending on particular neutron chambers 
sensitivity. The response time of reactor power instrumentation channels at so 
low currents (at the reactor criticality) is relatively long (1.5 s for linear 
DC power channels, 1.0 s for logarithmic DC power channel, and 4.0 s for associated 
periodmeters). 
 
 The RB reactor safety system is based on the safety chain designed at 
safety logic 'ONE of TWO', i.e. the RB reactor operation can be stopped by the 



safety system if it is triggered by surpassing (activating) anyone of 18 safety 
thresholds: 
(a) AC electric power failure trip (3 thresholds); 
(b) DC electric power failure trip (1 threshold); 
(c) linear power channel overpower trip (3 thresholds); 
(d) logarithmic power channel overpower and minimum period trips (3 power 

and 3 period thresholds); 
(e) dosimetry channel gamma overdose rate trip (1 threshold); 
(f) linear and logarithmic power recorders overpower trip (2 thresholds), 

(g) moderator leaking sensors (DCM) in the HERBE fast zone trip 
(2 thresholds). 

 
 As result of the safety system activation, all safety rods (4) drop into 
the reactor core and reactor tank filing with heavy water is stopped. 
 
 
 HERBE SAFETY ANALYSIS 
 
 Majority of safety analyses of the HERBE system are based on the RB reactor 
previously safety reports [4] and more than 30 years of operational and safety 
experience [5,6] and were presented in full details in the new safety report 
[7]. As possible main causes of accidents during operation of the HERBE system 
are accepted and were analyzed: 
(a) increasing heavy water level over critical level; 
(b) control (safety rod # 3) rod withdrawn at criticality; 
(c) suddenly filling of an experimental channel in the thermal core with 

moderator (heavy water); 
(d) moving out an experimental or other part of equipment from thermal core, 
and, 
(e) suddenly flooding of the fast zone with moderator from thermal core. 
 
Increasing heavy water over critical level 
 
 During normal operation of the RB reactor, the criticality is attained, 
and all power changes are performed, manually by operator action, changing heavy 
water level in small increments or decrements. Thus, increasing of heavy water 
level over the critical level is recognized as the most probably accident due 
to the operator error during normal operation of the RB reactor. The interlock 
system and the heavy water pumping system are designed so that pumping is turned 
off automatically after each 60 s, resulting in heavy water level increase for 
only 8 mm. According to measured reactivity gradient at critical level this 
increase of heavy water can be represent as a reactivity-time ramp function with 
reactivity speed rate of 2.6 pcm/s, which is very slow and easily controllable 
by the operator himself or the safety system of the RB reactor. Only in the case 
of partially failure of the RB safety system and great carelessness of the reactor 
staff in the control room, this slow  increase of heavy water can drive reactor 
power to high level. 
 
Safety rod withdrawn at critical level 
 
 The RB reactor interlock system is designed in such way that simultaneously 
withdrawn two safety rods is not possible. In case of the HERBE system the low 
reactivity control rod is replaced by new designed high reactivity safety rod 
# 3. The rod # 3 is the last withdrawn from the reactor core at subcriticality 



of keff ≈ 0.8. This standard operation has possibility to result in accidental 
situation only in the case if the keff is (mistakenly) very close to 1.0, which 
can be recognized easily by the RB reactor power channels (of the safety system) 
and the staff in the control room. 
 
Filling of an experimental channel with moderator 
 
 The RB reactor is designed so that different experimental channels can 
be placed in the core. Safety analyses have shown that suddenly breaking of a 
vertical experimental channel (with maximum possible diameter, placed at the 
highest reactivity position in the thermal core) can be represent as a ramp 
reactivity-time function with reactivity rate of 31.0 pcm/s in the first 10 s, 
during which the heavy water moderator fills the experimental channel. It was 
shown that the safety system, after automatic activation, can safely and fast 
stop the reactor power excursion. 
 
Moving out an experimental equipment from the reactor core 
 
 According to the RB reactor operation regulation, an experimental 
equipment (detectors, samples, etc.) can be placed in the reactor core only if 
its reactivity is less than 200 pcm. Moving out this equipment during the RB 
reactor operation at the critical level (10 mW) can be performed only under 
supervision of the reactor staff. It was shown that the safety system, even in 
case of an automatic activation, can safely and fast stop the reactor initiated 
power excursion. 
 
 
 FLOODING OF HERBE FAST ZONE WITH MODERATOR 
 
 It was accepted that there is finite probability that the external Al 
tank (4 mm thick) of the HERBE fast zone can be suddenly broken at welding position 
in 1 mm width around the whole circumference, at height of 1 m, or at the bottom. 
This situation enables a penetration of moderator from the thermal core into 
the HERBE fast zone and results in high and fast reactivity increase of the entire 
coupled fast-thermal system. 
 
 For that reason the maximum of the safety philosophy is applied in the 
HERBE construction: 
(a) three fast zone separate Al tanks, each closed at the bottom, are designed 
and were checked for water leaking and welding quality; 
(b) enriched fuel elements in the NCZ are placed in sealed Al channels so 

that moderator could not enter in; 
(c) in each fuel channel in the NCZ, the fuel segments are replaced, at the 
channel bottom, by Al supporters (43.0 cm long) closed so that the heavy water 
could not penetrate in; 
(d) two separate moderator leaking detectors (DCM) are placed into the NCZ 

and connected at different places in the reactor safety system; 
(e) the low reactivity control rod is replaced by new designed high value 

reactivity rod # 3. 
 
 It was supposed that breaking more than one Al tank in the same time (of 
existing three ones forming the HERBE fast zone) was not probable. Determinations 
of true reactivity-time dependence during flooding of the NCZ and timely action 
of the HERBE safety system in the accidental analyses were of the main importance. 



Specific safety experiments are performed in aim to determine reactivity of the 
reactor safety rods, and their drop in times. Additionally, the special experiment 
with controlled flooding of the NCZ is performed in aim to verify calculation 
results. 
 
HERBE safety rods reactivity-time determination 
 
 HERBE system is designed with 4 safety rods. Two of them are the RB reactor 
standard safety rods (SR#1 and SR#2), which, after the safety system is activated, 
drop into the core in short time without any pause during movement. Third safety 
rod (SR#3) is designed instead control rod and after activation of the safety 
system drops into the core with one pause interval during movement. The heavy 
water level meter (WLM) acts in the safety system as fourth safety rod which 
drops into the core with two pause interval during movement. Position of the 
safety rods in the core is shown in Figure 2. 
 
 The accurate determination of the rod drop times is performed in the 
specific experiments in the reactor system (without fuel) filled only by the 
 moderator at the HERBE system critical level. An electromagnetic transducer 
of rod's motion into voltage and V-t conversion by ADC in VAX-8250 computer [8] 
were applied. Evaluation of the experimental data, under approximation of 
constant acceleration during motion and instantaneously interruption of motion, 
have shown a very complex timing of the HERBE safety rods (Table I.). 
 
 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. Time neutron distribution after shut-down was 
recorded using a BF3 counter. After data smoothing reactivity was determined 
from the known neutron flux-time distribution using IM code [9] based on the 
inverse method. The HERBE system kinetic parameters were determined using 
computer code AVERY [10]. Results of measured reactivity of HERBE safety rods 
 are verified by computer codes [2] and shown in Table II. The normalized 
reactivity of the water level meter (WLM) as a function of normalized rod position 
in the HERBE system (best fit by polynomial of 5th order) is shown in Figure 
3. and was used in the final determination of complex safety rods reactivity-time 
dependence shown in Figure 4. 
 
Table I. HERBE system safety rods timing during shut-down 
══════════════════════════════════════════════════════════════════ 
time (s)  Safety rod(s) movement description 
══════════════════════════════════════════════════════════════════ 
0.000  HERBE safety system is activated 
0.280  SR#2 reached HWL dropping from upper position (150 cm) 
0.310  SR#1 reached HWL dropping from upper position (150 cm) 
0.350  SR#3 reached HWL dropping from upper position (150 cm) 
0.450  WLM  stopped at height 116.6 cm 
0.855  SR#2 reached lower position (50 cm) 
0.925  SR#1 reached lower position (50 cm) 
0.950  SR#3 stopped at height  69.5 cm 
1.275  WLM  continues dropping from height 116.6 cm 
2.050  WLM  stopped at height  64.7 cm 
2.715  SR#3 continues dropping from height 69.5 cm 
3.220  SR#3 reached lower position (50 cm) 
3.310  WLM  continues dropping from height 64.7 cm 



4.505  WLM  reached lower position (10 cm) 
══════════════════════════════════════════════════════════════════ 
Notes: 
(1) all position are measured from the reactor tank bottom 
(2) HWL = heavy water level (139 cm) 
(3) time value is given with ± 20 ms error for 67% probability 
 
 
Table II. Reactivity of HERBE safety rods 

 

 
 Fig. 3.  ρnorm

SR (znorm) 

          (βeff = 0.007865,[2,3]) 
═════════════════════════════════════════════ 
Safety rod            Reactivity (1/βeff) 
                   Calculation   Measurement 
                 (TRITON, [13])   (IM, [9]) 
═════════════════════════════════════════════ 
SR#1                 - 2.20   -( 2.26 ± 0.08) 
SR#2                 - 2.20   -( 2.20 ± 0.08) 
SR#3                 - 1.44   -( 1.64 ± 0.04) 
WLM                  - 2.72   -( 2.75 ± 0.04) 
SR#1 + SR#2          - 4.92   -( 4.74 ± 0.13) 
SR#1 + SR#2 + SR#3   - 6.56   -( 7.01 ± 0.19) 
All rods together    -10.30   -(10.13 ± 0.25) 
═════════════════════════════════════════════ 
 
 
 

 

 
 Fig. 4. HERBE safety rods reactivity-time function  



Reactivity-time function during NCZ flooding 
 
  All possible to prevent heavy water from entering in case of the flooding 
accident (points a.-d.), during construction of the HERBE fast zone, is done. 
In such way the total reactivity excess is reduced (for almost 50 %) to acceptable 
value controllable by the safety system of the RB reactor. 
 
 In aim to verify the computer codes for the reactivity calculation the 
special safety experiment with controlled flooding of the NCZ is performed. The 
decanting device is designed for semiautomatic transfer of the moderator from 
the HERBE thermal core into the NCZ. Due to safety precautions, this operation 
is performed at the reactor being high subcritical. For each heavy water level 
in the NCZ the critical level of the system is measured by standard criticality 
approach procedure. Results of the experiments and calculations, presented in 
[2,3], were shown acceptable agreement. 
 
 A simple flooding model [11] gives 13-16 s filling time of the NCZ with 
the moderator after assumed instantaneous break of 4 mm thick external Al tank 
in 1 mm width through whole circumference. Increase of the heavy water level 
in the NCZ during flooding time is shown in Figure 5., and change of the reactivity 
with increasing of flooding moderator height, determined by computer code TWENTY 
GRAND [12], is shown in Figure 6. Resulting reactivity increase, during heavy 

water flooding time of the NCZ is shown 
in Figure 7. 

 

 
Fig. 5. Moderator-level time function 
        during the NCZ flooding 

 

 
 
Accident approximations 
 
 Kinetic parameters of the coupled 
fast-thermal system [2] are determined 
from computer code AVERY. Very fast 
reactivity change follows in short time 
of the accident duration, so a space 
independent module ALFA_AC from code 
MACAN [14] is used for power excursion 
calculation with the system integral 
parameters (l = 0.62 ms, with 
l11 = 0.21 ms, l22 = 0.73 ms). 

 

 
Fig. 6. Reactivity of HERBE 
        during the NCZ flooding 

 

 
Fig. 7. Reactivity-time function 
        during the NCZ flooding 



 
 No reactivity feedback is used due to low TCR (-1.5 pcm/K for fuel and 
-40.0 pcm/K for moderator) and due to large value of the moderator heat capacity. 
All calculations are performed under assumption that both of DCM are failed to 
activate the safety system. The reactor initial power of 10 mW is chosen, 
corresponding to the lowest DC from neutron chambers (and to the longest response 
time of the HERBE safety system). A study of power excursion during accident 
depending on the power level threshold and the safety system delay time is 
performed. 
 
 
 RESULTS OF ACCIDENTAL ANALYSIS 
 
 All calculations are performed for the worse case i.e. the break of the 
NCZ Al tank at the bottom, and due to low total energy developed in the first 
60 s, only the first 20 s are shown in the Figures 8. and 9. 
 

 

 
Fig. 8. HERBE power-time vs delay of 
        the safety system action  

 

 
Fig. 9. HERBE power-time vs power 
        threshold dependence 

 
 Calculation of the power excursion in the case of the NCZ flooding are 
performed in wide range of assumed delay times and possible power thresholds 
for both of case of supposed break of the NCZ external Al tank [7]. It was shown 
that even in the case of delay of 3.0 s after the safety system is activated 
by the power threshold set at 20 mW (4.87 s after beginning of the accident) 
the HERBE system can be shut-down safely without any damage to the its components. 
Reactor power peak of 52 kW is reached after 5.50 s after the accident beginning, 
and in the first minute of accident the total energy of 19 kJ is developed what 
is not enough to increase moderator temperature even for 1 K. Total equivalent 
dose in the reactor building, at the most exposed 'dosimetry point' (# 6 in the 
north corridor), in the first minute will be less than 8.5 mSv. All the other 
cases of the accident analyses shows slower power rate and/or lower power peaks. 
 
 
 



 CONCLUSION 
 
 The maximum of the safety philosophy is applied in the HERBE system 
construction and all possible actions to prevent the most reactivity accident 
are performed. In such way the total reactivity excess is greatly reduced to 
the acceptable value controllable by modified safety system of the coupled 
fast-thermal system HERBE. 
 
 
 The results of the computer codes used in the HERBE design and accident 
calculation were verified in the experiments performed. It was shown that HERBE 
safety system can shut-down reactor safely with highly set power thresholds and 
even in case of failure both of two independent flooding detectors connected 
in the safety chain. 
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