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Removal of decay heat from shut-down RBMK-1500
reactor by natural circulation of water
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The main problem in nuclear energy is providing safety at all stages of the lifetime of nu-

clear installations in conditions of normal operation, accidents and at shutdown. In the
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RBMK-1500 reactor, the fuel assemblies remain for a long time inside the reactor core

after its final shutdown. The decay heat from reactor the core is removed mainly by natural
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circulation of water in the reactor cooling system. This paper discusses the reliability of this
reactor cooling mode in different accident conditions.
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1. INTRODUCTION

The Ignalina NPP was the only nuclear power plant in Lithua-
nia. It consisted of two units commissioned in 1983 and 1987.
Both units were equipped with channel-type graphite-mod-
erated boiling water reactors RBMK-1500 with the nominal
electrical power 1500 MW. Unit 1 of the Ignalina NPP was
shut down for decommissioning at the end of 2004, and
Unit 2 was operating until the end of 2009.

A detailed description of the Ignalina NPP with RBMK-
1500 reactors is presented in a book [1]. The design of the
RBMK as a channel-type reactor allows changing the fuel
assemblies on-line. This online refuelling puts specifics on
the accidents during refuelling, but the integral reactor core
characteristic remains almost constant during the reac-
tor operation. Thus, in RBMK reactors, the integral reactiv-
ity dependence on fuel burn-up is minimized. Therefore, in
RBMK-1500 reactors fuel assemblies remain for a long time
inside the reactor core after the final shutdown. Only after a
few years the fuel (part of which is relatively fresh) can be
removed into spent fuel storage pools.

* Corresponding author. E-mail: algis@mail lei.lt

The pressure in drum separators of the reactor cooling sys-
tem is atmospheric at reactor shutdown. Even in the shutdown
conditions decay heat is generated in the reactor core, and the
heat should be removed to keep the temperature below the
water saturation temperature (according to the technological
regulation of the RBMK-1500, a cooled reactor is considered
as a subcritical reactor when the water temperature is not ex-
ceed 80 °C in the RCS and the graphite stack temperature is not
above 100 °C). Normally, at shutdown the RBMK reactor RCS is
filled with water up to connection of steam water piping to the
DS. In this case, heat from fuel channels is removed by natural
circulation of water (Fig. 1). The hot water from fuel channels
(6) passes to SWPs (7) and DSs (1). DSs and SWPs are elevated
~15m above the reactor core and placed in DSs compartments.
The 1661 pipes of the SWP (7) with the external diameter
76 mm and approximate length 27.4 m each provide a signifi-
cant heat transfer area (Fig. 1). From the SWP, heat is removed
by air employing the ventilation system of DSs compartments.
Such type of reactor cooldown in the technological regulation
of RBMK-1500 is called “cooldown in a natural circulation
mode”; it allows maintaining the water temperature in the RCS
below 100 °C. Because the acceptance criterion for fuel cladding
is 700 °C [2], the intactness of fuel cladding is assured.
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Fig. 1. Schematic representation of RBMK-1500 reactor cooling system during water natural circulation:
1—DSs, 2 — MCP suction header, 3 — tripped MCPs, 4 — MCP pressure header, 5 — group distribution header, 6 — fuel channel,
7 — steam water piping, 8 — steam lines

The main problem in nuclear energy is providing safety
at all stages of the lifetime of nuclear installations in condi-
tions of normal operation, accidents and at shutdown. This
paper discuses the reliability of decay heat removal from the
RBMK-1500 reactor core after shutdown by natural circula-
tion of water. Three most likely accident conditions leading to
a decrease of the coolant flow rate, the loss of cooling sys-
tem make-up and of heat removal were analyzed using the
RELAP5-3D code:

« blockage of water flow rate through fuel channels due to
sludge deposits on intensifying grids of fuel assemblies;

« station blackout case;

« inadvertent closure of the steam discharge valve.

2. DEVELOPMENT OF THE RELAP5-3D MODEL
FOR THE ANALYSIS OF HEAT REMOVAL FROM
THE CORE

The analysis of heat removal from fuel assemblies by natu-
ral circulation of water in RCS and transfer to the air ven-
tilation system is performed using the thermal RELAP5-3D
hydraulic code [3]. The RELAP5-3D code is an outgrowth of
the one-dimensional RELAP5 / MOD3 code developed at the
Idaho National Laboratory for the U. S. Nuclear Regulatory
Commission. It is a “best estimate” system code suitable for
the analysis of all transients and postulated accidents in Light
Water Reactor systems, including both large- and small-break
loss-of-coolant accidents as well as the full range of opera-
tional transients. The code is based on a non-homogeneous
and non-equilibrium model for the two-phase system, which
is solved by a fast, partially implicit numerical scheme to per-
mit the economic calculation of the system transients. The

code includes many generic models allowing to simulate gen-
eral thermo hydraulic systems. The models include pumps,
valves, pipes, heat releasing or absorbing structures, reactor
point kinetics, electric heaters, jet pumps, turbines, separa-
tors, accumulators, and control system logic elements. The
RELAP5 code (which is the basis for the RELAP5-3D code)
was successfully applied to PWR and BWR reactors. Since
1993, the RELAP5 model of the Ignalina NPP was used in
the Lithuanian Energy Institute for the analysis of thermal-
hydraulic response of the plant to various transients. Dur-
ing the code adaptation and validation process [4-7], it was
shown that not only common phenomena for all types of
reactors (heat transfer in fuel assemblies during a post-crit-
ical heat flux; counter-current flow; behaviour of circulation
pumps in one- and two-phase conditions; mixture level and
steam separation in big volumes; coolant blowdown through
break, etc.), but also the specific phenomena for channel-type
RBMK reactors (flow instability in parallel steam generating
channels, radiation heat transfer in reactor channels, natural
circulation development and degradation, water entrainment
from DS to steamlines, etc.) are modelled adequately in the
developed RBMK-1500 model.

In the RELAP5-3D model of the Ignalina plant, both
loops of the RCS are represented. Flow paths within a loop
are modeled by one or more passes. In turn, a core pass model
uses one or more equivalent fuel channels. The equivalent FC
allows modelling the heat generation in a group of real chan-
nels as well as hydraulic properties of this group. Heat struc-
tures of the equivalent FC are modeled by multiple axial and
radial control volumes. Steam paths that remove vapor from
DSs are represented explicitly, including steam lines, steam
discharge valves, etc. The feed water system is represented
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Fig. 2. Simplified nodalization scheme for modelling of heat removal from SWP

explicitly. A more detailed description of the RCS model de-
veloped using the RELAP5-3D code is presented in [8,9].

At modelling it was accepted, that the reactor cooling sys-
tem is filled with water up to the connection of the steam wa-
ter piping to the DS. The main circulation pumps are tripped.
One steam discharge valve is opened to maintain the atmos-
pheric pressure in the RCS. The temperature of water in the
DS is 98 °C, in fuel channels 110-115 °C, of the graphite stack
120 °C. Such conditions are achieved after reactor shutdown,
at the end of the reactor cooldown process. According to the
RBMK-1500 technological regulation, the reactor could be
transferred into the coolant natural circulation mode no ear-
lier than one day after reactor shutdown. It was assumed that
the reactor core is loaded with uranium-erbium fuel of 2.6%
U enrichment at an average burnup depth 25 MW days/
kgU (the averaged parameters for the reactor core). The de-
cay heat of the fuel assembly in one fuel channel in such con-
ditions (one day after reactor shutdown) is already reduced
from approximately 2500 kW (at normal reactor operation)
down to 13.99 kW. The heat level was assumed constant
in calculations as a conservative assumption. The reactor
power was conservatively accepted as a total decay heat in

1661 averagely loaded FCs. The decay heat from the reactor
is removed due to natural circulation of water. The hot water
from fuel channels passes to SWPs and DSs. Air ventilation
in DS compartments removes heat from the pipes. Water in
the RCS does not boil, and no additional make-up by water
is required.

The “multidimensional heat conduction” model is employed
for modelling heat removal from the external area of the steam
water piping. The main idea of the modelling is presented in
Fig. 2. Steel walls of the steam water piping are modelled by
heat structures. The air volume in DS compartments is mod-
elled by air volume with a constant temperature of 75 °C. The
heat structure of this volume is coupled with the heat structure
of the SWP through an “air gap’, using the multidimensional
RELAP5-3D heat conduction model. The heat transfer coeffi-
cient of this gap is o = 20 W/m? - K (this assumption repre-
sents the forced air circulation in the compartment due to the
operation of the ventilation system).

3. ANALYSIS OF WATER FLOW BLOCKAGE
THROUGH FUEL CHANNELS

Blockage of several fuel channels due to sludge deposits on
intensifying grids of fuel assemblies is the most likely event
initiating a decrease of the coolant flow rate through fuel
channels. Sludge deposits lead to a reduction of the open flow
area in a fuel channel, as well as can create a zone of local
stagnation of water flow in its separate parts. As there is no
possibility to define the possible local effects, conservatively
we accept that due to sludge deposits on intensifying grids of
fuel assemblies, the open flow area of FCs decreases by half. It
is accepted that the open flow area of FCs decreases in all fuel
channels on the whole height of these channels.

While modelling, in the beginning it is considered how
such a reduction (by half) of the open flow area in an FC
would affect the cooling of fuel assemblies under condi-
tions of a normal operation of the reactor (reactor power
is 4200 MW, three MCPs operate in each loop of the RCS).
The analysis is performed for a single FC with a power of
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Fig. 3. Sharp decrease (by half) of the open flow area in FC (normal operation of
the reactor, three operating MCPs in one loop of the RCS). Behaviour of coolant
flow through a single fuel channel with the power of 3.28 MW

Fig. 4. Sharp decrease (by half) of the open flow area in FC (normal operation
of the reactor, three operating MCPs in one loop of the RCS). Behaviour of fuel
cladding temperature in a fuel channel with the power of 3.28 MW
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Fig. 5. Sharp decrease (by half) of the open flow area in FC at shutdown and in
cooled reactor. Water flow behaviour in a single fuel channel

3.28 MW. In Fig. 3, the coolant flow rate through an FC under
a sharp reduction (by half) of the open flow area in an FC
(from 2.273 - 10 mm? to 1.1365 - 10~ mm?) is presented.
As is seen in the figure, after reduction of the open flow area
in an FC, the coolant flow rate through the channel sharply
decreases and becomes unstable. The insufficient heat re-
moval by the coolant initiates a boiling crisis in the FC. The
temperature of fuel cladding starts increasing (Fig. 4), and as
soon as after about 30 seconds the maximal temperature of
the fuel cladding reaches the acceptance criterion of 700 °C
[2].In along-term, the maximal temperature of the fuel clad-
ding comes closer to the design limit of 1200 °C [2]. Thus,
results of the analysis have shown that reduction (by half) of
the open flow area in FCs damages (by overheating) the fuel
claddings.

In Figs. 5 and 6, the situation for the open flow area re-
duction at shutdown and in the cooled reactor is presented.
The initial condition of the RCS has been discussed above (it
is filled with water, the MCPs are tripped, the temperature
of water in the DS reaches 98 °C, the pressure in the DS is
atmospheric, the temperature of water in FCs is 110-115 °C,
of the graphite stack 120 °C, the decay heat from the reactor
is removed by ventilating the DS compartments). As one can
see in Fig. 5, while modelling, the accepted sharp reduction

Fig. 6. Sharp decrease (by half) of the open flow area in FC at shutdown and in coo-
led reactor. Behaviour of water temperature in fuel channel

(by half) of the open flow area in the FC leads to an unsta-
ble natural circulation of water through the channel. The in-
stability of the water flow rate causes fluctuations of water
temperature in the FC; however, the temperature of water
remains below the boiling point (Fig. 6).

Thus, results of the analysis have shown that reduction
(by half) of the open flow area in FCs (due to sludge deposits
on intensifying grids of fuel assemblies) at shutdown and at
the cooled reactor leads to a insignificant, although accept-
able, deterioration of fuel cooling conditions.

4. ANALYSIS OF THE POWER PLANT
BLACKOUT

For the analysis of the consequences of a beyond-design
accident - the power plant blackout during reactor cooling
in a natural circulation mode - it was assumed that at the
moment of time t = 0 seconds the operation of the ventila-
tion system in DSs compartments stops. The make-up of the
reactor cooling system by the water-using design means is
unavailable due to the total loss of electric power supply (sta-
tion blackout). At the initial stage, the temperature of water in
FCis 110-115 °C, and the temperature of the graphite stack
is 120 °C (Fig. 7). After switching off the ventilation system,
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Fig. 7. Plant blackout during reactor cooling by coolant natural circulation mode.
Behaviour of temperature of the core components
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water in the SWP will not be cooled. Water, its temperature be-
ing 115 °C, passes into DSs where the pressure is atmospher-
ic. Water in DSs boils, and the steam is discharged through
the opened steam discharge valve (this valve is opened at
the shut-down reactor to maintain atmospheric pressure in
the RCS). After switching off the ventilation system, the wa-
ter flow rate through FCs slightly increases (Fig. 8) because
the heat removal rises upwards (from the SWP passes into
the DS) and thus increases the driving force. As the steam is
discharged into steam condensing pools and there is no ad-
ditional make-up of RCS by water, the volume of water in the
DS decreases (Fig.9). DSs are emptied in 8 hours after the loss
of power supply (Fig. 9); simultaneously, the coolant natural
circulation is terminated (Fig.9), because after emptying DSs
the circuit of circulation interrupts. After termination of the
coolant natural circulation, the boiling of water in FCs begins,
as is seen in Fig. 7 (the temperatures of the core components
match the temperature of water saturation).

After the beginning of water boiling in FCs (8 hours after
the loss of power supply), the pressure of the water column

in the FC-DS path starts to decrease because part of water
has evaporated. This leads to a decrease of pressure in fuel
channels (Fig. 10). After the water boiling beginns in FCs, the
heat transfer coefficient from the fuel assembly to the cool-
ant somewhat decreases (Fig. 11), but remains sufficient for
a reliable cooling of fuel assemblies (the temperature of the
core components remains within the limits of 130-100 °C)
(Fig. 7). At water boiling in FC, the temperature of the core
components even decreases because of pressure drop in FCs
(Fig. 10) and reduction of the water saturation temperature
(Fig. 7).

Thus, in case of blackout during the reactor cooling by
coolant natural circulation mode, the dryout of fuel assem-
blies can occur not earlier than 18 hours after the beginning
of the accident. Before this, the fuel is reliably cooled by cool-
ant natural circulation mode and water boiling in fuel chan-
nels with steam removal through the steam discharge valve.
The operators have time enough to find the possibilities to
provide a make-up of the RCS by water from non-regular,
non-designed water sources.
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Fig. 9. Plant blackout during reactor cooling by coolant natural circulation
mode. Water volume behaviour in both DSs of one RCS loop

Fig. 10. Plant blackout during reactor cooling by coolant natural circulation
mode. Behaviour of pressure in RCS
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5. ANALYSIS OF INADVERTENT CLOSURE OF
STEAM DISCHARGE VALVE

During the modelling, it was assumed that at the time moment
t = 0 seconds the steam discharge valve, which maintains at-
mospheric pressure in the RCS, is closed. Also, the operation of
the ventilation system in DS compartments stops simultane-
ously. Thus, all sources of heat removal from fuel assemblies

are eliminated. After the termination of heat removal, all decay
heat accumulates in RCS water and in core components. The
temperature of these components and, thereby, the coolant
starts to increase (Fig. 12) and water boils. Because of the gen-
erated steam, the pressure in RCS starts to increase (Fig. 13),
because in this case the circulation circuit is a closed system.
With the boiling of water, because of the resulting steam-
water mixture, the water level in DSs starts to increase
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Fig. 13. Inadvertent closure of steam discharge valve and trip of ventilation sys-
tem in DS compartments during reactor cooling by coolant natural circulation
mode. Behaviour of pressure in DSs

Fig. 14. Inadvertent closure of steam discharge valve and trip of ventilation sys-

tem in DS compartments during reactor cooling by coolant natural circulation

mode. Behaviour of water volume in both DSs of one RCS loop
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Fig. 15. Inadvertent closure of steam discharge valve and trip of ventilation system in DS compartments during reactor
cooling by coolant natural circulation mode. Behaviour of coolant flow rate through one RCS loop

(swell - see Fig. 14). Upon achieving the set-point for opera-
tion of the main safety valves, the first group of these valves
starts to open. Steam discharge through safety valves main-
tains an approximately constant pressure in DSs (Fig. 13).
The steam is discharged through safety valves into steam-
condensing pools; therefore, the volume of water in DSs after
the beginning of operation of the main safety valves starts to
decrease (Fig. 14).

The behaviour of the coolant flow through the fuel chan-
nels of one RCS loop is presented in Fig. 15. One can see that
at the operating ventilation system the total water flow rate
in the coolant natural circulation is approximately 150 kg/s
through one RCS loop. After closing the steam discharge valve,
because of the increasing coolant temperature, the flow rate
of the coolant natural circulation increases also. Termination
of natural circulation occurs after emptying DSs, which leads
to a break of the circulation loop.

Results of the analysis have shown that in case of ter-
minating heat removal from the RCS by switching off the
ventilation in DS compartments as well as closing the
steam discharge valve during reactor cooling by the natu-
ral circulation mode, the pressure in the RCS increases up
to achieving set-points for the main safety valve operation.
However, the temperature of the core components does not
exceed 300 °C. Such cooling of fuel assemblies will proceed
up to water evaporation from DSs. If there is no possibility
to restore heat removal from the RCS, the operator should
maintain the water level in DSs and provide an additional
make-up of the RCS by water. For this purpose, there is a suf-
ficient stock of time: emptying of DSs starts approximately
15 hours after the trip of ventilation and closure of the
steam discharge valve. The decay heat from fuel assemblies
will be removed by discharging steam through the main
safety valves. If the make-up of the RCS is not restored, the
drying out of fuel assemblies can occur 15-18 hours later
after the emptying of DSs.

6. CONCLUSIONS

The analysis performed using the RELAP5-3D code shows
that the RBMK-1500 reactor after shutdown can be cooled by
natural circulation of water. Three most likely accident condi-
tions leading to a decrease of the coolant flow rate, loss of
the cooling system make-up and loss of heat removal were
analyzed:

« blockage of water flow through fuel channels due to
sludge deposits on intensifying grids of fuel assemblies;

« the plant blackout case;

« inadvertent closure of the steam discharge valve.

The results of the analyses have demonstrated that a
decrease of coolant flow rate through fuel channels is very
unlikely: even in the case of open flow area reduction by
half, the fuel assemblies are reliably cooled, and water tem-
perature inside the fuel channels remains below saturation.
In the loss of cooling system make-up and of heat removal
(plant blackout and inadvertent closure of the steam dis-
charge valve), the operators have time enough to find the
possibilities to provide the make-up of the RCS by water,
using non-regular, non-designed water sources. In the case
of inadvertent closure of the steam discharge valve and loss
of ventilation in DS compartments, the emptying of DSs
starts approximately 15 hours after the beginning of the ac-
cident. The dryout of fuel assemblies can occur 15-18 hours
after DS emptying, if the make-up of RCS is not restored.
Thus, the decay heat from the RBMK reactor after shutdown
can be reliably removed by natural circulation of water in
the reactor cooling system.
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LIEKAMOSIOS BRANDUOLINIO SKILIMO SILUMOS
SALINIMAS SUSTABDYTAME RBMK-1500
REAKTORIUJE NATURALIOS VANDENS
CIRKULIACIJOS BUDU

Santrauka
Pagrindiné branduolinés energetikos problema yra tai, kad sauga
turi bati uztikrinta visg branduolinés jrangos gyvavimo laika: eks-
ploatacijos metu, avarijy atvejais ar ja sustabdzius. RBMK-1500
reaktoriuje kuro rinklés po galutinio jo sustabdymo ilga laika bus
laikomos reaktoriaus aktyviojoje zonoje. Liekamoji $iluma nuo
reaktoriaus aktyviosios zonos $alinama daugiausia natiralios van-
dens cirkuliacijos reaktoriaus ausinimo sistemoje badu. Straipsnyje
aptariamas $io reaktoriaus ausinimo biado patikimumas jvairiais
avariniais atvejais.

Raktazodziai: RBMK-1500 reaktorius, liekamoji $iluma, nata-
rali cirkuliacija

Anvpruppac Kanarka, dyrenutoc Ymmypac,
Munpayrac Baitmnopac, Ieopruit Kpusomenn

CHATUE OCTATOYHOTO TEIUIA AJEPHOTIO
PACITAJA OT 3ATITTYIIEHHOI'O PEAKTOPA
PBMK-1500 C MCIIO/Ib3OBAHMEM
ECTECTBEHHO ITVPKY/IAIIVIN BOJBI

Pesome
OcHOBHOJT TIP0o6/IEMOIT B AZIGPHOIT SHEPTeTHKe ABIACTCA obecre-
JeHe 0e30IacHOCTU B TeUYeHME BCETO BPEMEHN XXU3HM AflePHOIL
YCTAHOBKM: BO BpeMsl SKCIITyaTaL M, IIPY aBapUIHBIX YCTIOBUAX U
nocne octaHoBku. B peaxkropax PEMK-1500 temnosbiensomue
cOOPKH [OCTIE OKOHYATE/IBHOTO OCTAHOBA J/INTE/TbHOE BPEMS 0CTa-
I0TCA B aKTVMBHOI! 30He. OCTaTOYHOE TEIIOBBIie/IeHle OT aKTHBHOII
30HBI PeaKTOpa B OCHOBHOM OTBOJVITCSA C TOMOIIIBIO €CTeCTBEHHOI
IVIPKY/IALNY BOIBI B CUCTEME OXJTaXJIeHNA peakTopa. B manHoit
cTaThe 06CYXFAeTCs HAIKHOCTD 9TOTO CII0C00a OXTXKACHUA Pe-
aKTOpa MpYU Pa3HBIX aBaPUITHBIX YCTOBUAX.

KrmioueBble cnoBa: peaktop PBMK-1500, octatouHoe Temo-
BbIJIeTIeHMe, eCTeCTBEeHHAs LUPKYILALMA



