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ABSTRACT

Four different disturbances during midloop operation of VVER-440/V-213 type reactor have been
simulated by experiments in the Hungarian PMK-2 integral-type experimental facility at the KFKI-
AEKI (Budapest). Main aims of this type of studies was the determination of the distribution of
coolant and noncondensible, coolant temperatures, boiling in the core, etc.

Paper presents selected results of the computer modelling of three experiments performed by the
RELAP5/MOD3.2.1.2 code. The comparison of test data and calculated results shows that with the
INEL developmental code version it was possible to capture most of the important phenomena of
interest.

1 INTRODUCTION

The loss of residual heat removal (LRHR) accident during midloop operation is one of the
pressurised water reactor (PWR) accidents intensively studied in several research institutes in
last years ([1] - [5]).

In VVER-440/V-213 type NPPs during shutdown conditions two of the six loops are in
operation to remove the core fission product decay heat at reduced primary coolant level -
down to 1.4 m above the centreline elevation of hot leg - in single-phase natural circulation
heat transfer mode. The natural circulation is affected by the special features of the VVER-
system, namely the loop seals in both the hot and cold legs, the horizontal design of the steam
generator (SG) having vertical collectors on the primary side.

Some possible disturbances of this particular operation mode - called the midloop operation -
have been simulated by experiments in the Hungarian PMK-2 integral-type experimental
facility at the KFKI-AEKI (Budapest), a full pressure scaled down model of the primary, and
partly the secondary circuit of the Paks Nuclear Power Plant ([6] - [8]). The PMK-2 facility
has a volume and power scaling of 1:2070, the ratio of elevations is 1:1 except for the lower
plenum and pressuriser. The six loops of the plant are modelled by a single active loop.

Main aim of this type of studies in case of different disturbances was the determination of the
distribution of coolant and noncondensible, coolant temperatures, boiling in the core, etc.
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Proper operator actions should be defined to prevent the possible core damage and provide the
long term cooling of the core.

In an earlier paper [9] one of the results of the PMK-2 experiments, namely the inadvertent
isolation the operating SGs by closing of main isolation valves in the loop was presented with
the computer modelling performed by the RELAP5/MOD3.1 code. However, difficulties were
•encountered in obtaining analytical results by RELAP5 code (numerical convergence
problems, extremely small time-steps, very long CPU time).

In the second phase for the calculations the RELAP5/MOD3.2 [10] code was applied. Using
the standard code version the runs failed again sooner or later caused by low pressure
oscillations. Abortion first appears at the problem initiation, when low pressure low flow
initial conditions should be set up, then during the LRHR process simulation too.

After further efforts including discussion with the code developers on the code capability we
get an assistance in framework of US-NRC CAMP project in form of an EMEL developmental
version RELAP5/MOD3.2.1.2 of the code with special options, which are a collection of
modelling improvements to minimise numerical sources of oscillations for low pressure two-
phase flow simulations. The first use of this code version in the OECD-ISP38 activity ([11] -
[14]) helped us to understand the main phenomena at the loss of RHRS during midloop
operation of a PWR. The gained experiences [15] were utilised at the analytical reproduction
of the experiments forVVER-440 type reactor.

2 THE EXPERIMENTS

Four possible disturbances of this particular operation mode of VVER-440 reactor have been
simulated by six experiments in the Hungarian PMK-2 integral-type experimental facility. The
main information concerning the experiments is summarised in Table 1.

Initial conditions for the experiments are characterised by the data of FET test as follows:
reduced reactor coolant level, 7.88 m (the centreline elevation of hot leg is 6.225 m); heater
rod power, 8.2 kW (1.2% of nominal); natural circulation flow in loop, 0.1 kg/s; temperature
increase in the core, 18 K; feedwater temperature in SG secondary, 310 K. The reactor model,
the pressuriser and the primary collectors of SG are open to keep the primary at atmospheric
pressure.

After having obtained the stable natural circulation, the FET transient is initiated by closing
the model of the main isolation valve (MV11) in the loop at 1000 s of process time. Between
1000 and 3000 s the temperature is increasing up to the saturation temperature and the
development of pool boiling can be observed in the core. At 4500 s the MV11 valve is
reopened and at about 5200 s the system is stabilising again at the initial conditions.

The GFK and GGF tests belong to closed reactor vessel, so the pressuriser was open only. The
injection of noncondensible was fulfilled step by step until the appearance of. the natural
circulation degradation. Before end of experiments the gas was let go.

In cases of cold water injection to hot leg (HVM) no characteristic changes of conditions were
observed, therefore only the first tree experiments, namely the FET, GFK and GGF tests were
used for validation of RELAP5/MOD3.2.1.2.
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Table 1.

LRHR TYPE EXPERIMENTS FOR WER-440-TYPE NPPs ON PMK-2

Ident. Initiating event Description Process time

FET Closing of the main Heat removal disturbance by stopped
isolation valve in cold leg natural circulation in opened reactor vessel 5200 s

GFK Nitrogen gas injection to Natural circulation disturbance by uncontrolled
the upper plenum nitrogen gas in the upper plenum after pressure test 6000 s

GGF Nitrogen gas injection to Natural circulation disturbance by presence of
the SG collectors uncontrolled nitrogen gas in the SG collectors

injected through the air removal lines 7800 s

HVM Cold water injection in to the hot leg
HVM1 Cold water injection to hot leg correspond to one

HPIS pump capacity 1450 s
HVM2 Cold water injection to hot leg correspond to two

HPIS pumps capacity 1400 s
HVM3 Cold water injection to hot leg correspond to three

HPIS pumps capacity 1300s

LOSS OF RESIDUAL HEAT REMOVAL TYPE CALCULATIONS
RELAP5 CODE VERSIONS

Table 2.

AGNES project

First PMK-2 experiment (FET)

Opened WER-440 type reactor

OECD-CNSI ISP38

Six PMK-2 experiment

1993

1994

1994

1995-1996
1996

REIAP5/MOD2.5/V251 S

RELAP5/MOD3.1

RELAP5/MOD3.1

RELAP5/MOD3.2
RELAP5/MOD3.2.1.2

1997 RELAP5/MOD3.2.1.2

3 THE COMPUTER MODELLING

To assess the capability of the thermal hydraulic code RELAP5 for modelling the conditions
during midloop operations different version of code were used as mentioned in the
introduction and presented in Table 2. In use of earlier versions, because of the extremely low
operating parameters of the open system, an exhaustive work was demanded (for similar
experiences see [8] and [9]). Difficulties appeared especially in the set up of the initial
condition and when the boiling in core evokes condensation and counter-current flow
conditions at the top of the core occur. For the present case, namely for RELAP5/MOD3.2.1.2
application the input model and experiences were utilised.
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Fig. 1 RELAP5 nodalisation of PMK-2 facility for LRHR calculations

The RELAP5 nodalisation scheme of the PMK-2 (see Fig. 1) has 109 volumes and 118
junctions, the core heater rods and other component walls are modelled by 70 heat structures
with 301 nodes. It is a modified version of the earlier used ones ([6] - [9]), supplemented with
special boundary nodes, time dependent volumes full with noncondensible

4 COMPARISON OF TEST DATA AND CALCULATED RESULTS

Figs. 2 and 3 show the progress in the simulation for FET experiment (compare [9]). la the
figures the upper plenum temperature TE22 and the heater rod surface temperature TE15 of
the experiment are compared with the calculated results. During the calculation no
termination of run was occurred due to code failure problems in pool boiling period. The main
phenomena of the experiment are well predicted by the RELAP5/MOD3.2.1.2 simulation.
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For presentation of the GFK test four figures (Figs 4 to 7) were selected for this paper. The
first demonstrates the reproduction of the boundary condition, the effect of the stepwise
injection of noncondensible into the upper plenum on the coolant level in the reactor vessel
(LEU). The Fig. 5 shows the good agreement between the measured and calculated upper
plenum pressures (PR21). On Figs 6 and 7 the TE22 and TE15 temperatures are compared.

In case of natural circulation disturbance by presence of uncontrolled nitrogen gas in the SG
collectors injected through the air removal lines (GGF test) results from two calculations are
presented. The boundary conditions in comparison can be seen in Figs. 9 and 10 for the hot
collector coolant level (LE45) and the upper plenum pressure (PR21). On Figs. 8 and 9 from
the first calculation the outcome of the inadequate modelling of the SG heat transfer tubes
with three bundles can be observed. In the second calculation for the two upper tube bundles a
more detailed nodalisation was introduced with 6 bundles and connections with the collectors
at 6 different elevations. The improvement according to Figs. 12 and 13 in temperature
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histories TE22 and TE15, which are closed connection with natural circulation degradation,
conspicuous. The trends observed in the experiment GGF are well predicted by the
calculation, however the agreement may be still better with further refinement of SG
nodalisation.

5 CONCLUSIONS

As the conclusion it can be stated, that the RELAP5/MOD3.2.1.2 calculations were able to
capture most of the important phenomena of the PMK-2 experiments. Thanks to the relatively
low power density in the core and the large water inventory in the VVER-440 primary system
no core uncovery and heater rod surface temperature excursion was observed in the analysed
transients. It seems, that the time frame for the operator is large enough to make right actions
for the prevention of core damage in the plant.
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