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ABSTRACT

The fifth dynamic benchmark is the first benchmark for coupled thermohydraulic system/three-
dimensional hexagonal neutron kinetic core models. In this benchmark the interaction between
the components of a VVER-440 NPP with the reactor core has been investigated.

The initiating event is a symmetrical break of the main steam header at the end of the first fuel
cycle and hot shutdown conditions with one control rod group stucking. This break causes an
overcooling of the primary circuit. During this overcooling the scram reactivity is compensated
and the scrammed reactor becomes recritical. The calculation was continued until the highly-
borated water from the high pressure injection system terminated the power excursion.

Several aspects of this very complex and complicated benchmark problem are analyzed in de-
tail. Sensitivity studies with different hydraulic parameters are made. The influence on the
course of the transient and on the solution is discussed.

1. INTRODUCTION

In this paper, the solution of the fifth dynamic AER-benchmark by means of the coupled code
DYN3D/ATHLET is presented. This benchmark was defined at the last AER-Symposium [1J.
The initiating event is a symmetrical break of the main steam header at the end of the first fuel
cycle and hot shutdown conditions with one control rod group stucking. During the following
overcooling of the primary circuit the scram reactivity is compensated and the reactor power
begins to rise. During the transient the set points of the high pressure injection system (HPIS)
are reached and the power transient is terminated by injection of highly-borated water from this
system.
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The following control and safety systems were considered in the calculation: the volume control
system, the pressurizer heater and the HPIS in the primary circuit and one feedwater pump in
the secondary circuit.

The reactor core model DYN3D, developed at Forschungszentrum Rossendorf (FZR) for the
simulation of reactivity initiated accidents in nuclear reactors was coupled with the advanced
thermohydraulic code ATHLET, developed by the Gesellschaft fiir Anlagen- und Reaktorsi-
cherheit (GRS). This coupling was accomplished by two basically different ways. The first way
of coupling uses only the neutron kinetics part of DYN3D (internal coupling). In the second
way, the whole core is cut out from the ATHLET plant model and is completely described by
DYN3D (external coupling). The two ways of coupling and their advantages and disadvantages
are described in [2).

Section 2 contains the modeling assumptions. The course of the transient is described in section
3. In section 4 the results are discussed. The influence of the variation of several input parame-
ters on safety relevant parameters is shown.

2. ASSUMPTIONS FOR THE MODELING OF THE TRANSIENT

In this section the necessary changes and adaptations to bring the datasets into agreement with
the benchmark-specification are described. As this specification is based on the VVER-440 da-
taset, which is used at FZR, only few changes had to be done. First of all this concerned the feed-
water behaviour (only one feedwater pump was available during the transient) and the
connection of the HPIS (to six cold legs instead of three in the unified VVER). The last change
was made according to the requirement to have a symmetrical perturbation of the reactor core.
However a small asymmetric behaviour during the transient can be expected. This is caused by
the loop with the pressurizer. Hot coolant from the pressurizer is getting into the hot leg of this
loop. An influence on the heat transfer from the primary to the secondary side is expected. On
the secondary side, the leak causes an equal depressurization of all main steam lines (MSL). To
meet these two demands it was decided to extend the existing two-loop ATHLET-dataset (5fold
and single loop) to a four-loop dataset (two 2fold and two single loops).

For the calculations presented here and included into the comparison paper, the external cou-
pling DYN3D with ATHLET was used. The reason for this choice was, that only in this way of
coupling the decay heat model included in DYN3D can be used. In this external coupling the
coupling is accomplished by pressure boundary conditions.

The core bypass is modeled within the DYN3D-dataset.

In the ATHLET-code three different critical flow models are available: the Moody model, an
isentropic homogeneous equilibrium model and a ID-Finite Difference critical discharge mod-
el. It was planned to carry out variation calculations with all these discharge models to investi-
gate the influence on the solution. But, unfortunately, the using of the first and second
mentioned above models caused convergence problems of the solution after leak opening. It
seems, that these problems arise from the very large break diameter (0.425m). Therefore, only
calculations with the 1D-FD critical discharge model were performed. A 4-equation model is
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used to simulate the fluid flow in the flowpath closest to the discharge plane. The field equations
for this two phase flow model are based on the one-dimensional, stationary conservation laws
for liquid mass, vapour mass, mixture energy and mixture momentum. Due to the separation of
the mass balance, the 4-equation model is capable of taking into account thermal nonequilibri-
um of one phase, whereas the other phase is kept at equilibrium.

3. COURSE OF THE TRANSIENT

The benchmark calculation must be performed for the end of cycle (EOC) conditions. For this
reason a burn-up calculation for the first loading of a VVER-440 core at a power level of
1375MW was performed. The initial critical boron concentration was determined with

The length of the fuel cycle is

cB = 5.422 g/kg (948 ppm).

tCycle = 34IFPD.

At the beginning, a steady state calculation of 1 Os was performed. Tab. 1 shows all important
events of the benchmark calculation.

Time [s]

-10.0

0.0

0.1

4.9

5.3

9.9

10.6

14.2

22.1

47.9

48.8

49.4

63.4

Event

Begin of calculation

Begin of leak opening

Leak is fully open

PRZ collapsed level < 5.91m

PRZ pressure < 12.0 MPa

PRZ pressure <11.9 MPa

SG collapsed level drops by 7.5cm from initial
level

PRZ pressure < 11.8 MPa

PRZ pressure < 11.5 MPa

Upper plenum pressure < 10.7 MPa

Reaching of recriticality

PRZ collapsed level < 3.26 m •

Highest overcriticality (509pcm)
Power peak of about 400MW

Hardware Action

Activation of the volume control system

Activation of PRZ heater group 1

Activation of PRZ heater group 2

Activation of the feed water pump

Activation of PRZ heater group 3

Activation of PRZ heater group 4

First signal for HP1S activation

Second signal for HPIS activation

Tab. 1: Order of events and corresponding actions
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Time [s]

68.0

229.4

232.5

325.2

400.0

Event

PRZ collapsed level < 2.56 m

Beginning of HPI after delay

Power maximum (664.3MW)

PRZ collapsed level > 2.56 m

End of calculation

Hardware Action

Deactivation of PRZ heater group 1 - 4

Activation of PRZ heater group 1 - 4

Tab. 1: Order of events and corresponding actions

4. DISCUSSION OF THE RESULTS AND SENSITIVITY STUDIES

All results are included into the comparison paper [3] and can be directly compared with the
results of the other participants. The purpose of this section is to analyze several aspects of this
very complex benchmark.

As mentioned in section 1, in the benchmark, the volume control system and the pressurizer
heater groups are available to regulate the pressurizer level and the system pressure. The pumps
of the volume control system begin to work when the pressurizer collapsed level drops by 6cm
from the nominal level and are deactivated when the level exceeds the nominal level by the
same value. These pumps are working independently from the system pressure in contrast to the
HPlS-pumps as described below. In principle, the system pressure control bases on the pressu-
rizer heater groups and spray valves. If the system pressure is lower the set point, the groups of
heaters are switched on step by step. They are switched off, when the pressure rises above the
set point. (In case of a very low pressurizer level (<2.56m) the heaters are automatically
switched off, too.) If the system pressure is above the set point (about 12.5MPa) then the spray
valves are activated to suppress the pressure rise. In the benchmark, however, the spray valves
were assumed to be inoperable.

In Fig.l and 2, the time behaviour of the upper plenum pressure and the pressurizer collapsed
level is shown. (The curves in these and all other figures named ,,basic calculation" refer to the
results included into the comparison paper.) It can be seen that after 100s the pressure decrease
is stopped. This is caused by two reasons, on the one hand by the beginning power generation
in the core and on the other hand by the continuous flow from the volume control system. The
pressure in the primary circuit rises faster than this level. At t=400s the primary circuit pressure
is already at 11.3MPa but the level is still more than 3m below the initial value. In case of a
longer transient this can lead to the effect, that the pressure already reaches the nominal level,
but the volume control system is further injecting water until the level reaches the nominal val-
ue, which is leading to a further pressure increase. This may be not dangerous, because the pres-
sure can be regulated by the pressurizer relief valves. But this high primary circuit pressure
influences the effectiveness of the HPIS. The pumps of this system are able to inject highly-bo-
rated water up to a system pressure of 13.1 MPa. The lower the primary circuit pressure the more
water can be injected into the circuit. In the presented calculation the pressure is about I IMPa.
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The boron injected by the HPIS terminates the power increase and brings the reactor back to
subcriticality. But it can be seen, that the power decreases very slowly. The HPIS is still capable
of suppressing the power generation in the core, but a slightly increased system pressure can
change the situation. There is a very sensitive dependence.

The discussed sensitive relation between the volume control system and the effectiveness of the
HPIS was studied in an additional calculation, where the volume control system was assumed
to be not available. Figs. 1 and 2 show the behaviour of the system pressure and the pressurizer
collapsed level in comparison with the basic calculation. The effect of the volume control sys-
tem is clearly to be seen. In the calculation without flow from the volume control system the
pressure drops deeper. The influence on the power until the beginning of HPI is negligible. But
alter the beginning of boron injection, the power decreases much faster. This is caused by the
higher amount of injected water according to the lower system pressure (Fig. 4).

During a main steam line break, accident in principle the coast down of the main coolant pumps
(MCP) can occur. For the benchmark this possibility was excluded right from the beginning.
The reason was, not to complicate the work on this first benchmark for coupled codes by intro-
ducing pump coast down curves and all related effects. But in the present paper, the influence
of the MCP on the core power behaviour is demonstrated. Figs. 5 to 9 show the results with
coasting down MCP after leak opening in comparison with the basic calculation. In the new cal-
culation, the core inlet temperature (Fig. 7) decreases slowlier. For this reason, the recriticality
is delayed by 18s in comparison with the basic calculation. The maximum core power reached
until the beginning of HPI is less than half the value of the basic case (Fig. 6). This is connected
with the lower mass flow rate through the core. Due to this lower mass flow rate, the heat up of
the coolant in the core is higher (Fig. 8). The feedback effects stop the power rise on this tower
level. Caused by this lower power level, the system pressure increases slowlier. Therefore, a
greater amount of highly-borated water can be injected into the circuit by the HPIS (Fig. 9).

During the benchmark calculation, the core inlet temperature decreases to a level of less than
200°C . At such low temperatures, the range of validity of the used cross section library is ex-
ceeded. In the FZR, the development of a new cross section library including low temperatures,
typical for steam line break accidents, on basis of the HELIOS-code has begun. In a preliminary
step, new data for the absorber were calculated. With these data stationary K^-calculations
were carried out. In Fig. 10, the temperature dependence of Keff for the new data is shown. The
other curve (basic calculation) represents the values included into the comparison paper [3]. A
small shifting of the recriticality temperature from 228.1 °C (basic calculation) to 225.1°C (new
calculation) can be observed. The development of a new cross section library for the VVER-
440 will be continued. A recalculation of the whole fifth dynamic AER benchmark using this
new library is planned.

5. CONCLUSIONS

In this paper the solution of the fifth dynamic AER benchmark by means of the coupled code
DYN3D/ATHLET is presented. The course of the transient together with all relevant hardware
actions is described in detail. Several thermohydrauiic aspects of this transient are discussed in
detail and completed by sensitivity studies. The work on this benchmark revealed the necessity
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of an extension of the validity range of the cross section library. A preliminary version of cross
section data for the absorber assemblies was used in stationary Kett-calculations. With the new
data the recriticality temperature is 3K. lower. The recalculation of the whole benchmark using
the new full library will be carried out.
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5. DYNAMIC AER BENCHMARK
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Fig. 1: Primary Circuit Pressure
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Fig. 2: Pressurizer Collapsed Level
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Fig. 3: Total Core Power

5. DYNAMIC AER BENCHMARK
5000 F

4000
Basic calculation
Without volume control system

250 300
Time [s]

350

Fig. 4: Integrated Mass Injected by the HPIS

400

400

364



5. DYNAMIC AER BENCHMARK
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Fig. 9: Integrated Mass Injected by the HPIS
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