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The RB reactor is a uranium fuel heavy water moderated critical assembly that has
been put and kept in operation by the VINCA Institute of Nuclear Sciences, Belgrade,
Serbia and Montenegro, since April 1958, The first complete Safety Analysis Report
of the RB reactor was prepared in 1961/62; yet, the first accident analysis had been
made in late 1958 with the aim to examine a power transition and the total equivalent
doses received by the staff during the reactivity accident that occurred on October 15,
1958. Since 1960, the RB reactor has been modified a few times. Beside the initial
natural uranium metal fuel rods, new types of fuel (TVR-S types of Russian origin)
consisting of 2% enriched uranium metal and 80% enriched UO3, dispersed in
aluminum matrix, have been available since 1962 and 1976, respectively. Modifica-
tions of the control and safety systems of the reactor were made occasionally. Special
reactor cores were designed and constructed using all three types of fuel elements, as
well as the coupled fast-thermal ones. The Nuclear Safety Committee of the VINCA
Institute, an independent regulatory body, approved for usage all these modifications
of the RB reactor on the basis of the Preliminary Safety Analysis Reports, which,
beside proposed technical modifications and new regulation rules, included safety
analyses of various possible accidents. A special attention was given (and a new safety
methodology was proposed) to thorough analyses of the design-based accidents
related to the coupled fast-thermal cores that included central zones of the reactor
filled by the fuel elements without any moderator. In this paper, an overview of some
accidents, methodologies and computation tools used for the accident analyses of the

RB reactor is given.
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INTRODUCTION

The RB reactor [1] is an unshielded critical
assembly designed in 1958 to operate using natural
(metal) uranium fuel rods in heavy water. In 1962,
2% enriched uranium metal fuel of TVR-S type
(ex-USSR origin) became available and the first
safety analysis report was written. A study of the RB
reactor as possible source of fast neutrons began in
1976, when the 80% enriched UO, (dispersed in
Al matrix) fuel of TVR-S type was bought in former
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USSR additionally. Such special RB reactor cores
are described elsewhere [2-4]. Among them, more
complex fast neutron fields, . e., the Internal Neu-
tron Converters — INCs (1983 and 1998), and the
Hybrid RB Experiment - a coupled fast-thermal
core HERBE (1990), were designed in latter years.
Simultaneously, the Operation and Regulation Rules
and the Safety Analysis Reports were updated.

In most of about 4100 experiments carried out
up to nowadays, the RB critical assembly has been
operating as a pure thermal heavy water reactor at
thermal power levels in range from 10 mW to 50 W.
The initial reactor core was loaded with natural ura-
nium (metal) fuel elements designed as rods covered
by 1 mm thick aluminum cladding (April 1958).

A power excursion accident, in which six staff
personnel were irradiated heavily (one died after few
days), occurred at the reactor only six months after
the first start-up. The initial accident analysis was
done by a simple assumption of a power excursion
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according to an exponential law with a fixed reactor
period. The accident analysis of the RB reactor was
made in 1962 by using simple, space-independent
codes, run on an analogue [5] or a digital computer
[6]. More lately, in the beginning of nineties, this
power excursion accident was analysed in more
details [7] using more appropriate computer codes.
The basic description of this accident and results of
the power excursion analyses are given in the next
section of the paper.

Since 1962, a safety assessment of the reactor
operation with different cores has become a regular
practice. The first Final Safety Analysis Report
(FSAR) and the Regulation Rules were written in
1962, when the reactor control, safety and
dosimetry systems were modernised to allow the
reactor to operate with 2% enriched uranium metal
fuel elements of TVR-S type. Further refurbish-
ments of the reactor control equipment were made
in 1982 (new start-up channels) and in 1987 when
new neutron control and gamma dosimetry loga-
rithmic channels were added in the control panel.
Regulation and Operation Rules were updated ac-
cordingly. The modifications, mentioned above,
have converted the RB critical assembly to a flexible
experimental reactor with 1 W nominal power.
Since then, the RB reactor has been operating
usually at power levels in range from 10 mW to 50 W,
and, in special occasions, at very high power, up to
10 kW in a short time interval.

Among various thermal cores designed and
examined in the RB reactor, the core No. 5/1973
designed in 1973 for the irradiation purpose by
neutrons outside the reactor tank requires the spe-
cial attention. Such a core of the RB reactor, with
a central heavy water reflector and fuel elements
distributed along the core peripheral, was used in
the IAEA Project International Inter-Comparison of
Neutron Accidental Dosimeters. The reactor control
system was modified to allow operation of the
reactor up to a power level of few kilowats. The
experiment was performed without any problems,
but a recent analysis [8] has shown that the reactor
operated at approximately 2.5 times higher power
level than declared by the operating staff. It was a
consequence of a fact that reading instruments for
the fission power were not calibrated for the new
core configuration and the safety analyses and op-
eration rules were not studied in full details.

Initial studies of design of fast neutron fields
behind the reactor tank or inside it started when
80% enriched uranium fuel elements became avail-
able. Various special experimental cores have been
designed up to now. The safety analysis report for
the operation of the RB thermal cores using highly-
-enriched uranium (HEU) TVR-S fuel elements
was updated in 1977/1978 when two new start-up

channels with proportional BF; counters were in-
cluded in the control system.

The INC is a thermal-to-fast neutron flux
converter designed inside the RB tank. The fast
zone (without moderator) of the INC-1 was de-
signed as an annulus filled with 80% enriched fuel
elements and surrounded with the blanket zone,
made of two layers of natural uranium metal fuel
rods in three separate aluminum tanks. A central air
hole was designed for irradiation purposes. Three
different versions of the INC were developed with
various positions of the fuel elements in the fast
zones: INC-1, INC-2 [2], and INC-3 [4]. The INC
thermal zone was designed as the RB thermal core
of 2% and 80% enriched fuel elements placed in a
square lattice with pitch of 12 cm, surrounded with
heavy water reflector. The recent INC-3 version was
designed as a single axial ring using 80% enriched
uranium fuel elements and thin cadmium layer in
the fast zone, offering a large space (30 cm diameter,
120 cm deep) for irradiation purposes by fast neu-
tron flux.

The HERBE system [3] is a coupled fast-ther-
mal neutron core designed in the RB reactor tank
with the aim to increase intensity of fast neutron
flux in the vertical experimental channel placed in
the centre of the fast core. Characteristics of the
HERBE system were determined by computer
codes and by the experiments carried out for verifi-
cation purposes. Brief description of the HERBE
system from a safety point of view is given in this
paper. New FSAR and appropriate changes in the
Operation and Regulation Rules for the RB reactor
with HERBE system were written in 1991. The
FSAR of the HERBE included thorough safety
analysis of assumed accidents. Finally, basic descrip-
tions of a few assumed accidents and results of
power excursion study of the HERBE system are
given, as well as an analysis of the most dangerous
accident of the HERBE system - flooding of the
fast zone by moderator — accompanied by results of
new, recent measurements of the reactivity-time
function of the RB reactor safety system.

ANALYSIS OF RB REACTOR
1958 ACCIDENT

Short description of the accident

The accident occurred on October 15, 1958,
during an experiment carried out at the RB critical
assembly, fig. 1. The staff personnel operating the
reactor were in the reactor hall, fig. 2. The heavy
water core (square lattice pitch 12 ¢cm) was loaded
with 208 natural uranium metal rods forming an
un-reflected (“bare”) critical system. Descriptions
of the accident are given in a few references [9-15],
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Figure 1. View of the RB reactor in 1958
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Figure 2. Sketch of RB staff positions
during 1958 accident

including the very first reports on accident conse-
quences at the irradiated staff [6, 16].

At heavy water level of 175 cm (3.5 em below
the expected critical level) in the core, a fast increas-
ing of the moderator level (2.5 cm per minute) was
switched on with the aim to achieve new expected
sub-critical level of 177 em. During that process the
staff operating the reactor was disturbed by a non-
staff person entering the reactor hall. The heavy
water reached a level of 177 ¢m in the reactor core
and continued to increase, because the operator did
not switch off the pump. Safety designed instru-
mentation of the RB reactor, used in dosimetry,
radiation level alert and safety systems, was either
switched off or removed partially. After 84 s (count-
ing from the time moment when the heavy water
pump was switched on, ¢ = 0), the critical level
(178.5 em) was reached and further increase of
heavy water turned on the reactor to become super-

critical. The reactivity and reactor power continued
to increase without any supervision of the staff.

Since the pump was not switched off, the
whole amount of heavy water was transferred from
an underground storage tank into the reactor tank.
The total excess of heavy water was 4.5 cm above
the critical level. Two BF; counters, used by experi-
menters and operators in the reactor hall, believed
to work properly, had reached saturation level and
were reading a constant maximum value even
though the power was increasing steadily. The third
BF; counter, behaving erratically, was disconnected
and help of the maintenance team was asked for. An
automatic paper recorder used for measuring air-
borne activity and radioactive fallout, belonging to
the equipment installed at a roof of a building, about
540 m away from the RB reactor building, regis-
tered the power rise and accompanying increased
gamma-ray background level for a time interval of
approximately 10 minutes.

Time duration of the power excursion was not
recorded in the reactor logbook. Results of the new
calculation show that the RB assembly was in the
non-controlled state, at heavy water level of 183 cm,
for 433 seconds, when the staff personnel smelled
ozone due to ionised air in the reactor hall. Only
then did the staff realise that the system was super-
critical and one staff member shut down the assem-
bly manually by using two cadmium safety rods. All
six personnel operating the reactor were exposed to
high levels of radiation originating from neutrons
and gamma-rays. On the day following the accident,
the irradiated personnel were transferred by airplane
to the Marie Curie hospital in Paris. Equivalent
doses, received by the personnel, were estimated at
levels of about 50% of the lethal dose. One staff
member died few days later, in spite of the best
available medical treatment that, among other
methods, included bone marrow transplantation.
Many years latter, in an non-edited personal paper
[17], written by a staff member participating in the
accident, a few facts, already assumed earlier, were
revelled and confirmed; among them was the fact
that the operating staff was familiar neither with the
basic reactor physics, reactor functional parts, and
regulation rules, nor with the possibilities and con-
sequences of potential accidents. Inspection of the
fuel elements in 1961 showed that about 30% of
fuel rods had signs of small bubbles or bending at
the aluminum cladding.

Accident analyses

According to the absolute activity determined
by measuring irradiated gold and copper foils found
in the RB building and some metal objects, carried
by the irradiated employees, it was estimated [9]
that the total fission energy generated in the acci-



Nuclear Technology & Radiation Protection - 1/2003

&
~§10 Figure 3. Power and energy ws.

time in RB 1958 accident

o]

Power P(r) [W]

dent was 80 MJ (~2.6-10'® fission). The first analy-
ses of the RB reactor 1958 accident were done in
1958 [10, 11] and 1960 [6], based on a simple
approximation of the power excursion by an expo-
nential function with a 10 second period. Recent
calculations [7] carried out by using MACAN [18]
and SCM [19] codes have shown that the RB
reactor, at heavy water level of 175 cm, was
sub-critical with reactivity of -0.3058.4 For
heavy water excess of 4.5 cm above the critical
level, the system was supercritical with reactivity
of 0.3758.4 The power was steadily increasing
within a period of 12.3 second and reached the
maximum level of nearly 2.5 MW, with the total
released energy of 80 MJ, fig. 3.

SAFETY ASSESSMENT OF IN-CORE
FAST NEUTRON FIELDS OF
RB REACTOR

All versions of fast neutron fields at the RB
reactor were designed and constructed by research
staff of ex-Nuclear Engineering Laboratory (now
Centre for Nuclear Technologies and Research -
Centre NTI) of the VINCA Institute of Nuclear
Sciences. Safety aspects of this development were
monitored, reviewed and licensed by the Nuclear
Safety Committee, an independent expert body of
the VINCA Institute. The PSARs, FSARs and the
Operation Rules were also reviewed and approved
for usage by the Nuclear Safety Committee, and
proposed to the Director General to issue permis-
sion (the licence) for a regular operation of the
reactor with each of the new fast neutron fields.

General demands, set during design of these
fast neutron fields at the RB reactor, were:

(a) modifications of the RB reactor core should
not be large,

F10™
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(b) only existing nuclear fuel elements, with-
out significant modifications, can be used,

(c) the whole neutron coupling (RB reactor
thermal core —fast neutron field) should be “strong”
in such a way that the coupled system will operate
as a common thermal reactor (with large prompt
neutron lifetime) so that the existing control system
of the RB reactor can operate normally, and

(d) the neutron coupling should be designed
in such a way that the coupled system can be shut
down quickly and safely using the safety rods drop-
ping in thermal core only.

All these demands, set for design of the fast
neutron fields at the RB reactor, were achieved in
the construction phase and verified in operation.
The safety analyses have shown that operation of
the RB reactor with designed fast neutron fields is
safe, without the need for any significant modifica-
tion of the control or safety systems. The existing
system of the safety rods has enough (negative)
reactivity, which can be inserted in a very shorc time
interval, to stop any assumed power excursion
umely and safely. Response times of the reactor
control equipment are such that all control of the
designed neutron couplings can be done within
normal operation modes of the RB reactor. Accord-
ing to the results of these analyses, the safety system
of the RB reactor can quickly and safely shutdown
the reactor during either the most probable accident
or in a case of an accident in which the highest
reactivity is inserted. Neither the reactor system
components nor the reactor staff should be exposed
to the high doses of neutrons and gamma-rays
(higher than 25 mGy) during these assumed serious
accidents. In order to increase the sensitivity of the
safety system to the most dangerous possible acci-
dent (7. e., the flooding of the fast zone of the INCs
and HERBE by heavy water from the thermal
core), two moderator leak sensors (DCM) are
placed in the outermost aluminum tank of the fast
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zone and independently connected to the RB reac-
tor’s existing safety chain.

Recently, the RB reactor has operated with
the special cores designed as the third version of the
INC, INC-3 [4] and with new-designed large-hole
irradiation facility [20]. These special cores are used
mainly for irradiation purposes. Also, these facilities
are used for studies of development of modern
systems used for radiation protection, reactor con-
trol and safety, and for verification of new computer
codes for reactor design and safety analyses, devel-
oped at the Centre for Nuclear Technologies and
Rescarch in the VINCA Institute. Another fields of
the RB reactor’s recent applications are nowadays
increasing interest for (1) the compilation and sys-
tematisation of the evaluated benchmark experi-
ments in the criticality safety and (2) sub-criticality
measurement studies useful in a design of Accelera-
tor Driven Sub-critical Systems (ADS). Three sepa-
rate evaluations of more than 20 carefully selected,
well-documented and reviewed RB reactor critical-
ity experiments are included in the International
Criticality Safety Benchmark Evaluation Project
(ICSBEP) handbook, managed by the Nuclear Sci-
ence Committee (NSC) of the Nuclear Energy
Agency (NEA) of the Organisation for Economic
Co-operation and Development (OECD) [21]. The
project is led by the Idaho National Environmental
and Energy Laboratory (INEEL), operating for the
Department of Energy (DOE), USA, while the hand-
book is issued each year, as the CD ROM edition and
the Web presentation at the INEEL web site.

Figure 4. Horizontal cross-section
of the RB coupled fast-thermal
system HERBE

Description of the HERBE coupled
fast-thermal system

The “Fast Zone” (FZ) is a region of the
HERBE system formed as a three-zone dry fuel core
in the centre of the RB reactor. The central zone of
the FZ is the “Fast Core” (FC) designed of natural
uranium metal fuel elements in the first (the inner-
most) aluminum tank (200/202 mm diameter) with
axial vertical experimental channel (VCH). The fast
core is surrounded by the “Neutron Filter Zone”
(NF). The NF is designed using 1.6 mm thick
cadmium foil and natural uranium metal fuel ele-
ments in the second (middle) aluminum tank
(300/302 mm diameter). The “Neutron Converter
Zone” (NC), which surrounds the FC and NF, is
formed using 80% cnriched UO, fuel elements in
the third (the outermost) 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. The total height of the fast zone is
140 cm. Thermal core (driver) is designed using 44
fuel elements with 80% enriched UO,, placed in 12 em
square lattice pitch and filled with heavy water
moderator and reflector. Neutron coupling zone
between the fast and the thermal regions is formed
of 7 cm thick heavy water. Radial reflector of the
heavy water surrounds the thermal core in the RB
reactor tank (100/101 cm diameter). Cross-sections
of the HERBE coupled fast-thermal system and the
enriched uranium TVR-S fuel element are shown
in figs. 4 and 5 respectively.
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Figure 5. TVR-S slug cross-section

RB reactor safety system
basic characteristics

The RB reactor power has been monitored,
since 1987, by nine gamma-ray compensated neu-
tron sensitive ionisation chambers of very low
power level (10 mW) corresponding to the intensity
of direct current (DC) of 1-10 pA, depending on
particular neutron chamber sensitivity. The re-
sponse time of the instrumentation of the reactor
power channels at such low DC (i. ¢., at the reactor
criticality level) is relatively long (1.5 s for the linear
DC power channels, 1.0 s for the logarithmic DC
power channel, and 4.0 s for associated period-me-
ters). The RB reactor safety system is based on the
safety chain designed at the safety logic “one of
two”. Insuch a way the RB reactor operation is stopped
(trip) by triggering any of 18 safety thresholds (ST)
connected to the closed chain of the safety system:

(a) AC electric power failure (3 ST) and DC
electric power failure trip (1 ST),

(b) linear power channel overpower trip (3 ST),

() logarithmic power channel overpower (3
ST) or minimum period (3 ST) trips,

(d) dosimeter channel gamma-ray overdose
rate trip (1 ST),

(e) linear and logarithmic power recorder
overpower trip (2 8T), and

(f) moderator leaking sensors (DCM) in the
HERBE fast zone trip (2 ST).

As the result of the safety system acrivation, all
four rods drop into the reactor core and an increase
of heavy water level in the reactor tank is stopped,
if switched on.

ANALYSES OF SAFETY RELATED
EVENTS IN HERBE SYSTEM

The majority of the safety analyses of the
HERBE system is based on the data and conclu-
sions given in the RB reactor’s previous safety
analysis reports and on more than 30 years of
operational and safety experience of the reactor and
safety personnel. All safety analyses are presented in
full details at the HERBE FSAR [22]. During
operation of the HERBE coupled fast-thermal sys-
tem, the following events are accepted and analysed
as main causes of possible incidents and accidents:
(a) increasing of heavy water level over the critical
level; (b) control rod (ie., the safety rod SR3)
withdrawing at the criticality; (¢) sudden filling of
an experimental channel in the thermal core with
heavy water moderator; (d) moving out an experi-
mental or other part of equipment from the thermal
core, and (e) sudden flooding of the fast zone with
heavy water moderator from the thermal core.

Increasing of heavy water level
over the critical level

The criticality of the RB reactor is attained at
steady level and all power changes are performed by
the operator’s manual actions, changing the heavy
water level in small increments or decrements. Thus,
increasing of the heavy water level over the critical
level is recognised as the most likely event leading
to an accident due to the possibility of the operator’s
error during operation of the RB reactor. An inter-
lock system is designed in such a way that moderator
increasing is turned off automatically after every 60 s,
resulting in maximum increase of the heavy water
level of only 8 mm. The heavy water gradient at the critical
level was measured as (191.6 + 1.5):10° cm™!, which
was very near to the calculated one, determined as
195-107° em™!. The increase of heavy water can be
represented as a reactivity-time ramp function with
the reactivity rate of 2.6:107° 571, It is a very slow
reactivity rate easily controllable either by the op-
erator’s action or by an automatic action of the
safety system of the RB reactor. Only in the case of
a partial failure of the RB safety system and great
carelessness of the reactor staff in the control room
can this slow increase of heavy water drive the
reactor power to the high level.

Withdrawing of safety rod
at critical level

The RB reactor interlock system is designed
in such a way that simultancous withdrawing of
two safety rods is not possible. In case of the
HERBE system, the low-reactivity control rod
was replaced by new-designed high-reactivity
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safety rod SR3. During the operation procedure of
approaching the criticality, the SR3 is last with-
drawn from the reactor core at sub-criticality of the
ke~ 0.8. This standard operation has a possibility
to result in an accidental situation only if the
actual value of the k.yis mistakenly judged to be
lower than it really is, i.e., very close to 1.0. This
event can be recognised easily either automat-
ically by the RB reactor power channels included
in the safety system or by manual actions taken
by the staff in the control room.

Filling of an experimental
channel with moderator

The RB reactor is designed in such a way that
the different experimental channels can be placed in
the core. Sudden rapture in a vertical experimental
channel (with maximum possible diameter of 100
mm, placed at the highest reactivity position in the
thermal core) can be represented as a reactivity--
time ramp function with the reactivity rate of
31107 ¢! in the first 10 s, during which the heavy
water moderator floods the experimental channel com-
pletely. It has been shown that the reactor safety system
can safely stop the reactor power excursion in that case.

Moving out the experimental
equipment from the reactor core

According to the RB reactor’s Operation
Rules, the experimental equipment (detectors, sam-
ples, etc.) can be placed in the reactor core only if
its reactivity is less than 200-1075. Moving out the
equipment during the RB reactor operation at the
critical level (at approximately 10 mW) can be
performed only under a supervision of the reactor
staff. It has been shown that the safety system can
safely stop the reactor in the case of such an event
leading to an accident.

FLOODING OF HERBE FAST ZONE
WITH HEAVY WATER

It has been accepted that there is a significant
probability that the external aluminum tank (4 mm
thick) of the HERBE fast zone can be suddenly
broken at welding position in 1 mm width around
the whole tank circumference, at height of 1 m, or
at the bottom of the tank. For example, the event
could be the consequence of a sudden strong earth-
quake. The situation enables a penetration of the
moderator from the thermal core into the HERBE
fast zone and results in the high and fast reactivity
increase of the entire coupled fast-thermal system.
For that reason, the maximum of the safety related

philosophy is applied in the design and construction
of the HERBE:

(a) three separate aluminum tanks for the fast
zone, cach closed at the bottom, are designed and
checked for the water leaking and the welding
quality,

(b) HEU fuel elements in the NC are placed
in the aluminum “fuel channels” sealed at the bot-
tom so that the moderator could not penetrate
within,

(c) HEU fuel elements in each “fuel channel”
in the NC are replaced at the channel bottom by
hollow aluminum supporters (43.0 cm long) closed
in such a way that the heavy water could not
penetrate within,

(d) two separate moderator-leaking detectors
(DCM) are placed into the NC and connected
independently, 7. ., at different places, to the reactor
safety chain, and

(e) low-reactivity control rod is replaced by
new-designed high-value reactivity rod SR3.

It has also been assumed that breaking more
than one aluminum tank at the same time (of the
existing three ones forming the HERBE fast zone)
has no significant probability for safety analysis. On
the other hand, the cadmium layer in the NC zone
would act as the strong neutron absorber, not al-
lowing a significant increase of the external reactiv-
ity during the flooding of the FC zone. Determina-
tions of the true reactivity-time dependence during
flooding of the NC and timely action of the
HERBE safety system in the accident analyses were
of major importance during the design stage. For
the verification purposes of the accident analyses
results, the specific safery experiments [22-27] were
carried out at RB reactor with HERBE core in
order to determine the reactivity of the reactor
safety rods and their drop-in times. Additionally,
the special experiment [22, 23, 29] with the con-
trolled flooding of the NC zone by the moderator
was done with the aim to verify the results of the
calculations.

Determination of the HERBE
safety rods reactivity-time function

HERBE system is designed with 4 safety rods.
Two rods are the “regular” safety rods (SR1 = S§§1
and SR2 = §82), which, after the activation of the
safety system, drop into the core in a short time,
without any pause during motion. The third safery
rod (SR3 = S§83) is designed instead of the pre-
viously used control rod and, after triggering of the
safety system, it drops into the core with one cessa-
tion during the motion. The heavy water level meter
(WLM = PN) acts in the safety system as the fourth
safety rod (SR4) that drops into the core with two
cessations during the motion.
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The accurate determination of the rod drop
times was requested by the Nuclear Safety Commit-
tee and was carried out in the specific experiments
in the HERBE system. In the initial experiments
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Figure 9. Reactivity-time functions for HERBE
safety rods

[24], an electromagnetic transducer of the rod's
motion into voltage and the voltage-to-time con-
version by an analogue-to-digital converter (ADC)
in a computer were applied. Evaluation of the ex-
perimental data, under assumptions of the constant
acceleration during the motion and instantaneous
interruption of the motion, has shown a very com-
plex timing of the HERBE safety rods. In the later
phase [25], the measuring equipment was improved
and a new digital optical incremental device was
used for on-line data measurement of the functions
of the position-time for the safety rods SR3 and
SR4 that had cessations during the dropping. Re-
sults of the measured trajectories are shown in figs.
6 and 7, respectively. Averaged measured trajecto-
ries (the “motion law”) for all four rods of the RB
reactor safety system are shown in fig. 8. One could
see, from the curves presented in fig. 8, that the
safety rod SR1 did not pass the whole travel path
during dropping. It stacked at approximately half
way to the bottom position. This event is not good
from the safety point of view, but the measurement
results show that this measuring technique could be
used for on-line monitoring of the operation of the
safety or control rods. Any unexpected event during
rods’ motion could be detected immediately and the
data may be forwarded to the maintenance team for
a repair.

The reactivity worth of the safety rods of the
HERBE system was determined in a series of meas-
urements and compared to the calculated ones. In
the experiments, each safety rod was inserted in the
core either separately or in a combination with the
others. Neutron time distribution during shutdown
was recorded, both in the multi-channel analyser
(MCA) using a proportional BF; counter, and in a
PC by digitalising (by an ADC) the current output
from a DC amplifier connected to a neutron sensi-
tive chamber [26]. After smoothing the data, the
reactivity was determined from the known neutron
flux-time distribution using the IM code [27] based
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Figure 10. Operating of the decanting device at the
reactor top
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Figure 11. Calculated reactivity-time function for NC
flooding

on the Inverse kinetics method. The kinetics pa-
rameters — the effective fraction of delayed neutrons
and photo-neutrons (8.¢) and the prompt neutron
generation time (A) - of the HERBE system were
determined using computer codes AVERY [27]
and VEGA [28] and verified in the separate experi-
ments [30]. The normalised reactivity of the water
level meter (WLM), as a function of the normalised
rod position in the HERBE system, was approxi-
mated by the polynomial function of 5" order
determined by the best linear fit of the experimental
data. This result was used in the final computational
determination of the complex function of reactivity
{Rho) versus time of the safety rods. The calculated
function is compared to the measured one [26] and
shown in fig. 9.

External reactivity-time function
during NC flooding

All possible activities in the HERBE construc-
tion phase were done to prevent the heavy water
from thermal zone entering the fast zone in the case

of an accidental flooding. These construction details
have reduced the total reactivity excess for almost
50% and have also reduced the reactivity insertion
rate to the acceptable value controllable by the safety
system of the RB reactor. With the aim to verify the
calculation result for this reactivity value, the special
experiment with the controlled flooding of the NC
was carried out. The decanting device was designed
for the semiautomatic transfer of the moderator
from the HERBE thermal core into the NC and
installed and operated manually at the reactor top
cover (fig. 10).

Due to the safety precautions, the heavy water
transfer operation was carried out at the reactor
being highly sub-critical. For each heavy water level
in the NC, the critical level of the system was
measured by the standard criticality approach pro-
cedure, Results of the experiments and initial calcu-
lations [3] have shown acceptable agreement and
have also been confirmed by the recent calculations
[31] carried out by the MCNP code [32]. A simple
flooding model was applied [33], giving estimation
of 13-16 s for the filling time of the NC with the
moderator. To obtain this result, an instantaneous
break of the 4 mm thick external aluminum tank for
1 mm width around the whole circumference of the
tank was assumed. The increase of the heavy water
level in the NC during the flooding time was used
to calculate the change of the reactivity with the
increasing of the height of the flooding moderator
in the NC, determined by using computer codes.
The “external” reactivity-time function, during the
heavy water flooding time of the NC, calculated by
codes and experimentally verified, is shown in fig. 11.

Accident approximations

Kinetics parameters of the coupled fast-ther-
mal system are measured [30] or determined by
computer codes [3]. Change of the system reactivity
is very fast during short time of the accident dura-
tion, so the space-independent module ALFA AC
from the code MACAN is used for the power
excursion calculations using the system integral ki-
netics and thermo-hydraulics parameters. Beside
the MACAN code, the well-known point kinetics
code AIREK II [34] is used to obtain the power
and energy time dependence during the accident.
The AIREK II code is modified to include actual
dependences of (1) the external reactivity-time func-
tion and (2) the reactivity-time function of the
safety rods for the case of the studied accident in the
HERBE system.

In some cases of the accident analysis, a model
without the reactivity feedback is used due to the
low temperature coefficients of the reactivity (TCR)
~1.5-107% K™! for the fuel material and —4.0-10*K-!
for moderator [33, 35], and due to large value of
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the moderator heat capacity. All calculations are
performed under the assumption that both of the
DCM fail to activate the reactor safety system. The
reactor initial power of 10 mW is chosen, corre-
sponding to the lowest DC from the neutron cham-
bers and, consequently, to the longest response time
of instrumentation of the RB safety system.

Resuits of the flooding accident analysis

All caleulations [33] have been performed for
the worst case, 7. ¢., the break of the aluminum tank
of the NC at the bottom. Due to the low value of
the total energy developed in the first 60 s, only that
time interval for the reactivity-time and the power-
time functions is shown in figs. 12 and 13, respec-
tively.

Three versions of the TCR model in the calcula-
tions are shown: (a) no TCR model, 7. ¢, TCR = 0;
(b) the core-averaged TCR model (MACAN and
AIREK II code), and (c) the proposed “local (zo-
nal)” TCR model [33]. Calculations of the power
excursion in the case of the NC flooding were
carried out in the wide range of assumed delay times
of the safety system and the power thresholds for
both of the cases of the assumed rapture of the NC
external aluminum tank [33]. It was shown (fig. 14)
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Figure 14. Power-time vs. delay of HERBE safety
system

that, even in the case of delay of 3.0 s after the safety
system was triggered by the power threshold set at
20 mW (4.87 s after beginning the accident), the
HERBE system could be shut-down safely, without
any damage to its components. The reactor power
peak of 52 kW was reached 5.50 s after the start of
the accident. In the first minute of the accident, the
total fission energy of 19 k] was developed, which
was not enough to increase the moderator average
temperature even for 1 K. The total equivalent
neutron and gamma-rays exposition dose in the
reactor building at the most exposed “dosimetry
point” (No. 6 in the north corridor) in the first
minute of the accident would be less than 8.5 mSv.
All the other cases of the accident analyses show a
slower power rate and/or a lower power peaks.

DESCRIPTION OF COMPUTER
CODES

The MACAN code is reactor kinetics and
dynamics code developed in the VINCA Institute
with the aim to be used primarily in the accident
analyses of the heavy water research reactors RA and
RB that use tubular TVR-S type uranium fuel
elements. It was verified, with both point kinetics
codes SCM and ATREK 11, at the experimental data
available for the RB reactor power excursion acci-
dent that occurred in 1958. The MACAN code was
used for analyses of various assumed accidents at
both research reactors in the VINCA Institute dur-
ing preparations of the PSARs and FSARs.

Difficulties in the reactivity calculations in
coupled fast-thermal core reactors are consequences
of different neutron spectra in the neutron coupled
cores and intensified local effects. A modified space-
-independent reactor kinetics model with the space-
-dependent feedback reactivity in the accident analy-
sis of the HERBE has been developed [33] and
included in the MACAN code. This quasi-space-de-
pendent kinetics model, similar to the classic nodal
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method, includes the same equations for the neu-
tron population, delayed neutron, and photo-neu-
tron precursors concentrations, as they are in the
space-independent model. However, the equations
for change of the temperatures of the fuel and the
coolant are the space-dependent (i. ¢., in zones) as
well as the temperature coefficients of reactivity
(TCR). The same model has been adopted for the
feedback reactivity due to the steam generation in
the coolant or due to existing of the void (i. ¢., air)
zones surrounding fuel elements in the fast zone.
These equations are set according to the various fuel
types (uranium metal or 80% enriched uranium-di-
oxide dispersed in aluminum), geometry (full rod
or annular cross-section) and coolant or moderator
(heavy water or air) used in the HERBE design.
The total reactivity during reactor dynamics is the
sum of the external reactivity, the reactivity of the
safety system and the feedback reactivity.

The total feedback reactivity is defined as the
sum of the “local feedback reactivity” over the space
(in radial zones, superscript z) depending of the fuel
type (index f) and the coolant type (fig. 4, part C:
index ¢) and ¢5).

pr(t)= T (afSTF (1) +andT, (1) +

Z=Z fraltype]

+ 2 <af6Tf(t)+a§|5Tczl(t)+a§26Tfl (:))

Z=2 fucitype

The HERBE coupled fast-thermal core sys-
tem is divided into eight radial concentric material
zones (similar to the “nodes”™) in which, as defined
above, void and temperature coefficients of reactiv-
ity are calculated using the lattice cell and the reactor
computer codes. These reactivity models with the
appropriate heat transfer correlations for conduc-
tion and the natural or forced convection in the
narrow channels have been implemented in the
MACAN code. The system of differential equa-
tions, formed in such a way for the RB and RA
reactor’ cores, is solved numerically using either the
Runge-Kutta method of 5% order or the Hamming
predictor-corrector method. The mass and energy
balance is verified in the code at every step of
calculation.

The SCM code is the space-independent
(“point™) kinetics code based on the Stiffness Con-
finement Method. The code has been developed in
the VINCA Institute for fast analyses of accidental
cases. Applying the SCM in the numerical integra-
tion of the point kinetics equations, it has been
possible to use longer time steps than in the usual
standard kinetics numerical methods, without in-

cluding any additional approximations or missing
generality. Generally, a time step for the numerical
integration of the kinetics equations should be less
than 10 A (A is prompt neutron generation time).
It has been shown that the SCM allows achievement
of the same accuracy as the standard integration
methods, but the time steps in the SCM can be up
to three orders of magnitude higher than the
prompt neutron generation time. In such a way,
computing time required for solving the kinetics
equations significantly decreases, which enables ap-
plication of the code in real time reactivity measure-
ment and prompt display of evaluated data ar the
operator control panel, . e., at the screen of the
computer monitor. The feedback reactivity is in-
cluded in the SCM code by applying the “energy
coefficient”.

The ATREK II computer code is well-known
space-independent (“point”) kinetics code devel-
oped in the fifties [36] and modified latter in the
sixties. It was widely used to evaluate kinetic behav-
iour of various power and reactivity transients.

CONCLUSION

An overview of selected accidents, methods
applied and computation tools used for the accident
analyses at RB reactor in the VINCA Institute of
Nuclear Sciences, Belgrade, are shown in this paper.
Various reactor cores were designed and con-
structed in the RB tank using three types of fuel
clements, among them the coupled fast-thermal
ones. The Preliminary and Final Safety Analysis
Reports were prepared which, beside description of
technical modifications and new regulation rules,
included safety analyses of various possible acci-
dents. A special attention in these reports was given
to thorough analyses of the design-based accidents
related to the coupled fast-thermal cores that in-
cluded central zones of the reactor filled with the
fuel elements without any moderator. In these acci-
dent analyses, during assumed flooding of the fast
zone by heavy water moderator, a very high reac-
tivity could be inserted in the system for very short
time. In some cases, a new safety methodology had
to be proposed and it was necessary to provide such
a modified design of the safety system of the reactor
that would have fast response to the accident and
that would have enough high (negative) reactivity
to shut down the reactor timely and safely.
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Munan INENIMH
INPETJNED AHAIMN3A AKIIMIEHATA EKCIIEPHMMEHTAJHOTI PEAKTOPA PB

Pearrop Pb je ypanujyMm-TenikoBOJIHN KPUTHYHH CHCTEeM Harpaben y IHCTHTYTY 3a HykneapHe
Hayke ,,Bunua”, a y pagy jow op Kkpaja anpuna 1958. roguse. IIpBu KoMIneTan H3BELITa] O CUTYPHOCHO]
aHanusu peaktopa PB npunpemiben je Tek 1961-1962. rogure. MebyTuMm, npBe aHanmse akuWAcHTa
ypabene cy kpajem 1958. rofuse ca nu/beM fia ce MCTUTA BPEMEHCKO MOHAIIAbE CHAaTe PeakTopa U YKYIHE
eKBHMBaJIeHTHE JI03e 3pavera Kojy je NpuMmIo ocoblbe peakTopa 3a BpeMe aKIUfleHTa KOjH ce fecHo 15.
okTo6pa 1958. ropune. Hakon 1960. ropune, peakrop PB Mopudukosan je Baule nyta. Ilopes noueTHor
ropusa y o61HKY LIKIKY Off IPMPOIHOT ypaHHjyM-MeTana, HabaB/beHO je HOBO TOPHBO PYCKOT TIopeka y
o6auky mManux cermenara, T38. TBP-C enemenara, o 2% oGoraheHor ypauujym-merana (1962. rogune),
opiocHo 80% oboraheHor ypannjyma (1976. rogune) y BUmy ypaHujyM-IHOKCH]A INCIIEP30BAHOT ¥ MATPUIH
of anymMuHHjymMa. Mopudukaimje KORTPOTHOT H CHTYpHOCHOT cHcTeMa peakTopa PB pahere cy nospemeHo.
On 1986. ropuue, npojekToBaHa ¢y M H3rpahena pasHOBPCHa CIEIHjaIHA je3rpa peakTopa KopHIThemeM
CBa TPHM THUNa TOPUBHEX eJIeMeHaTa, Kao WITO Cy CNperHyra Opso-repMmuka jesrpa. [{os3Bone 3a pajp
peakTopa Pb ca oBuM ciioXeHNM jesrpuMa u3fiaBao je aupekTop MHcTuTyTa Ha npenopyky KomureTa 3a
HyKneapHy curypHoct Mueruryra ,,Bunya”, kao He3aBHCHOT eKCIepPTCKOT Tella KOje je CTPYUHO aHaIM3U-
pano mpunpembeHe IlpennMunapHe W3BelITaje O CHTYPHOCHHM aHalM3aMa, Kao ¥ M3BEIITaje O Mpef-
TIOXeHNM Mo uKalyjaMa | cBe uaMeHe noronckux MreTpykmuja u Ipomica o pajy peaktopa. Y oBUM
H3BelITajuMa NocebHa MaXkmba noceeheHa je MeTalbHUM CUTYPHOCHWM aHajlM3aMa MOTyhUX aKiupeHaTa,
NoceGHO OHKMX BE3aHWX 3a TNPOjeKTHE AKIMJIENTe HEYTPOHCKO CIIPETHYTHX jesrapa Koja YKJby4yjy BelHKe
WYIUbHHE Y UEHTPY jesrpa peakTopa. Y OBHM aHajJW3aMa MpeAJioXeHe cy MomucHKalyje mocTojehnx
MoJieJla KHHETHKE ¥ UHAMHKE PeaKTopa Koje Cy peajH3oBaHe Kpo3 pauyHapcKH Nporpam. Y JiasHu nojany
onpebuBanu cy Hajnpe npopavyyHAMa, a NOTOM BepH(HKOBAHH ¥ NOceOHUM eKClIepUMEHTHMA. AHaTA30M
y3poka Moryhux akuujieHaTa 3a cnpernyto 6pso-repmuuko jesrpo XEPBE nokazano je ja ce y ciyuajy
akIHUIeHTa NoTaNaka 6p3e 30He MOJIepaTOPOM M3 TEPMUYKE 30HE ¥ PeaKTOPCKHM CHCTEM YHOCH BPJIO BETHKA
PEaKTHBHOCT 3a BPJIO KpaTKO BpeMe. 3aTo je Guilo HEOMXOAHO ia ce o6e3befe TakBe MPoOjeKTHe MOIUU-
Kaljijeé peakTOPCKOr CHCTEMa KOje OCHTYpaBajy cMamele BENWYAHe W Op3dHe YHOUIEHa CHOballke
PEAKTHBHOCTH, KakKo 61 CUT'YPHOCHH CHCTEM MMA0 IOBOJLHO BEJIHKY HEraTUBHY PEaKTHBHOCT CUI'yPHOCHHX
UIMIIKA ¥ JOBOJLHO BpeMe 3a Op3 OJI3MB Ha Taj akIWJIEHT, Te 1a 61 peakTop GHO NPaBOBPEMEHO W CATYPHO
yramen. ¥ oBoM pafly AaT je Tperje]] CHTYPHOCHWX aHalM3a H OleHAa HeKWX W3aGpaHWX aKkumWfeHaTa
peakTopa PB Kao u eJleMeHTH NpUMEHeHUX MOJleNla, METOJIONIOTHje W padyHapCcKUX Nporpama Koju cy y
THM aHaJlIHM3aMa KopHIITheHH.



