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PACTEL ISP-33. MELCOR assessment

This report has been prepared within the framework of the project 11733.

ABSTRACT

f TheThe OECD/CSNI International Standard Problem (ISP-33) experiment was a
natural-circulation experiment with a stepwise reduced primary coolant inven-
tory in the PACTEL facility. The MELCOR code has been used to simulate
this experiment. The main goal of these post-test calculations was to assess
MELCOR on one- and two-phase natural-circulation phenomena which occur
in Eastern European VVER plants in case of LOCA conditions. A base case
and several sensitivity calculations have been performed. In addition, the
MELCOR results have been compared to results obtained by the RELAP5
code.

Different natural-circulation modes have been identified during the experi-
ment and simulated with MELCOR in the analyses of the ISP-33 experiment.
These are successively: the single-phase liquid flow, the transient two-phase
flow, the steady two-phase flow, and the boiler-condenser heat removal.
These regimes, except the transient two-phase flow, are calculated in good
agreement with the experiment.

Special attention has been paid to the modeling of the two-phase flow in the
hot legs of the PACTEL facility. Sensitivity calculation have shown that the
results to a large extent are influenced by the nodalization of the hot legs and
the opening heights of the hot-leg flow paths. Other sensitivity calculations
have shown that the time step and the core model do not influence the
results, and accurate values for form loss coefficients and properties of the
insulation are not necessary.

The integrated MELCOR code is not inferior to the mechanistic RELAP5
code for the PACTEL ISP-33 post-test calculations. Some phenomena are
modeled even better by MELCOR, because of the ability to fit MELCOR
parameters.
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1. INTRODUCTION

PACTEL (PArallel Channel TEst Loop) is an experimental facility, situated at
the Technical Research Centre of Finland in Lappeenranta. This test facility is
a scaled-down version of the Soviet VVER-440 pressurized water reactor. It
was built to investigate the thermal-hydraulic behavior of these power
reactors under various conditions. Experiments include the study of system
behavior under abnormal conditions, such as loss-of-coolant accidents
(LOCAs) or station blackout scenarios.

The OECD/CSNI International Standard Problem number 33 (ISP-33) was
performed in 1992. This experiment was a natural-circulation experiment with
a stepwise reduced primary coolant inventory in the PACTEL facility. The
experiment started from single-phase natural-circulation conditions and the
coolant inventory was reduced until core heatup took place. Different natural-
circulation modes existed in between. The draining period was very short
compared to the stabilizing period, and therefore the different natural-circula-
tion mechanisms were clearly identified during the experiments.

The main goal of ISP-33 was to study natural circulation in a VVER plant
including several single- and two-phase natural-circulation modes. This ISP
addresses the specific features of VVER reactors: a large primary volume,
horizontal steam generators, and loop seals in both hot and cold legs.

Assessment of codes like MELCOR have mainly been performed on experi-
ments concerning western light water reactors. Computer codes can only be
used for Eastern European reactors if they have been assessed on experi-
ments, like PACTEL, that take into account the features of such reactors.
This report describes the assessment of MELCOR against the PACTEL
ISP-33 experiment. Furthermore, the MELCOR results are compared to the
RELAP5 results.

The PACTEL test facility and experimental procedures are outlined in chapter
2. The MELCOR model describing the physical phenomena of interest for
ISP-33 are explained briefly in chapter 3. Chapter 4 describes the MELCOR
input model used for the analyses. The results of the calculation on the char-
acterizing experiments are given in chapter 5, and the reference calculation on
the ISP experiment in chapter 6. Sensitivity studies on nodalization, time step
and parameters affecting the thermal-hydraulic driving conditions are
presented in chapter 7. In chapter 8, the MELCOR calculations are compared
to RELAP5 calculations. This report ends with the conclusions in chapter 9.
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2. FACILITY AND TEST DESCRIPTION

2.1 Facility description

PACTEL is a volumetrically scaled (1:305) model of the Russian design
VVER-440 pressurized water reactor. Figure 2.1 gives an overview of the
PACTEL facility and Fig. 2.2 shows a schematic view. Components heights
and relative elevations correspond to those of the full-scale reactor to match
the natural-circulation gravitational heads in the reference system. The hot
and cold legs of the reference plant have been reproduced, including the loop
seals.

The reactor vessel is simulated with a U-tube construction that represents the
downcomer, lower plenum, core and upper plenum sections. The core itself
consists of 144 full-height, electrically heated fuel rod simulators. The axial
power distribution is not uniform, but has a chopped cosine distribution.

Three coolant loops with double capacity steam generators are used to model
the six loops of the reference power plant. The U-tube lengths and diameters
of the PACTEL steam generators correspond to those of the full-scale
models, but the overall height is smaller. Each steam generator contains 38
U-tubes. The horizontal orientation of these steam generators is one of the
unique features of the VVER design. One consequence of this geometry is a
reduced driving head for natural circulation.

The pressurizer is connected to the hot leg of one of the three modeled steam
generator loops. Heater elements of 2, 4 and 7 kW at the bottom of the pres-
surizer are used to maintain the facility at the desired pressure.

A more detailed description and detailed drawings of the PACTEL facility
can be found in [1].

2.2 Test description

2.2.1 Characterizing experiments

The ISP-33 natural-circulation experiment was accompanied by four experi-
ments for the characterization of the PACTEL facility. These experiments can
be used for the input model preparation. The experiments are described
below.

Pressure drop experiment
The pressure drop over the equipment and pipes was measured in this
separate experiment. Water of 23,8 °C was circulated by a pump through the
facility with one steam generator loop and the mass flow rate was 3,414 kg/s.
The absolute pressure was measured on 12 locations [2]. The flow measure-
ment devices were different from the ones used in the ISP. The code predic-
tions for the pressure drop experiment are discussed in section 5.1.

ECN-R--95-016
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Pressurizer heat loss experiment
In the pressurizer heat loss experiment, described in [3], the pressurizer was
filled with water to a certain level and separated from the rest of the equip-
ment by closing a valve in the pressurizer line. The pressurizer was heated by
heaters for a certain period, after which the heaters were turned off, and the
pressurizer cooled down. The water temperature, the water level and the
pressure were recorded. The results are discussed in section 5.2.

Facility heat loss experiment
The integral heat loss from the primary side except for the pressurizer, the
pressurizer line, and the steam generators was determined as a function of the
average water temperature [3]. The heat loss rate was calculated from heat-up
and cool-down experiments. The water flowed through the facility by natural
circulation. The heat loss of each part of the facility was calculated using
RELAP5/MOD3 and presented in [3]. The results are discussed in section
5.3. The heat losses of the steam generators will not be considered in this
report.

System characterizing experiment
The participants of ISP-33 could use the experimental data from a steady-
state natural-circulation experiment for their input model verification. The
system behavior and, in particular, the pressurizer behavior were studied in
this experiment. The pressurizer heaters were manually controlled. A small
amount of water was drained from the lower plenum in order to demonstrate
the system behavior. The timing of events is summarized in Table 2.1. A
more detailed description of the experiment and the results can be found
in [2].

2.2.2 ISP-33 experiment

The experimental procedure is described in [2]. Before the initiation of the
experiment, the facility was heated until it reached the selected temperature
and pressure, and a steady-state was established at the following conditions:
• the core operated at 165 kW power level;
• steady-state single-phase natural-circulation conditions existed in the pri-

mary side, transporting heat from the core to the steam generators;
• the pressurizer heaters were controlling the primary side pressure between

7.36 and 7.50 MPa;
• the secondary side pressure was controlled by control valves at 4.18 MPa.
The pressurizer heater power was alternating between 2 kW and 6 kW: the
power was switched to 6 kW if the pressure dropped below 7.36 MPa and the
power was switched to 2 kW if the pressure increased above 7.50 MPa. The
heaters were switched of at the beginning of the first draining. The estimated
temperature of the surrounding atmosphere was 36 °C.

The timing of the ISP-33 experiment is summarized in Table 2.2, see also
[2]. The experiment started at t = 0 s. For the duration of the test, the core
power remained at 165 kW. In the first 1200 s the (nearly) steady-state was
maintained and the pressurizer heaters were controlling the primary side pres-
sure. At t = 1200 s, 60 kg water was drained in 180 s from the lower plenum.
The pressurizer heaters were switched off at t = 1200 s in order to protect the
heating elements. At t = 2100 s, again 60 kg was drained from the lower
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plenum, this time in a 60 s period. This draining procedure was continued in
the same way with a 900 s interval. Each time 60 kg water was removed
from the primary side in a 60 s period. The draining periods were very short
compared to the stabilizing periods. Therefore, the different natural-circulation
mechanisms were clearly identified during the experiment. The experiment
ended when the maximum cladding temperature reached 350 °C. This
occurred at t = 6660 s.

During the highest pressure peaks between the second and the third draining,
approximately 10 kg of steam escaped through the safety valve leak at the top
of the upper plenum.

The main events during the ISP-33 experiment are listed in Table 2.2. The
results are reported in [4] and described in chapter 6. Figures of pressure,
temperature, flow rate, and temperature as a function of time can also be
found in chapter 6.
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PACTEL ISP-33. MELCOR assessment

Table 2.1 System characterizing experiment timing.

time (s) event

< 0 steady-state; core power 180 kW
0 start of the experiment; pressurizer heater power 4 kW
1260 pressurizer heater power was set manually to 2 kW
2290 pressurizer heater power was set manually to 4 kW
2640 draining of 13.5 kg water from the lower plenum
3600 end of the experiment

Table 2.2 ISP-33 experiment description and sequence of events.

time (s) event

< 0 steady-state
core power 165 kW

0 start of the experiment
steady-state is maintained
the pressurizer heaters are controlling the primary side pressure
pressurizer heater = 2 kW

420 pressurizer heater = 6 kW

680 pressurizer heater = 2 kW

1200 1st draining: 58.0 kg is drained in 180 s from the lower plenum
pressurizer heater = 0 kW
pressurizer almost empty after draining
no significant voiding in upper plenum
saturation pressure reached

2100 2nd draining: 64.5 kg is drained in 60 s
upper plenum voiding
swell level near hot leg connections
stagnant periods with pressure peaks
alternating flow through single loop
increasing pressure pushed coolant to the pressurizer

3000 3rd draining: 61.8 kg is drained in 60 s
pressure dropped
pressurizer empty
two-phase flow in one loop
single-phase flow in cold legs

3900 4th draining: 58.9 kg is drained in 60 s

4800 5th draining: 58.6 kg is drained in 60 s

5700 6th draining: 60.3 kg is drained in 60 s

6600 7th draining: 58.5 kg is drained in 60 s

6660 end of the experiment: the cladding temperature of the core
heaters rose above 350 °C

10 ECN-R-95-016
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steam generator

lower plenum

Figure 2.1 Overview of the PACTEL facility.
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lower plenum

Figure 2.2 Schematic view of the PACTEL facility.
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3. MELCOR COMPUTER CODE

Introduction
MELCOR is a fully integrated, engineering-level computer code that models
the progression of severe accidents in Light Water Reactor nuclear power
plants [5]. MELCOR is being developed at Sandia National Laboratories for
the U.S. Nuclear Regulatory Commission (US-NRC) as a second-generation
plant risk assessment tool. The spectrum of severe accident phenomena,
including reactor coolant system and containment thermal-hydraulic response,
core heatup, degradation and relocation, and fission product release and
transport, are treated in MELCOR in a unified framework for both boiling
water reactors and pressurized water reactors.

MELCOR has been under development since 1982. MELCOR version 1.8.2,
released in May 1993, has been used for the calculations. The code was run
on an IBM RS6000 320H workstation.

Thermal-hydraulic modeling
Thermal-hydraulic behavior is modeled in MELCOR in terms of control
volumes and flow paths. All hydrodynamic material (and its energy) resides
in control volumes. Hydrodynamic material includes the coolant and non-
condensable gases. These materials are assumed to separate under influence
of gravity within a control volume to form a 'pool' beneath and an 'atmos-
phere' above. Each control volume is characterized by one single pressure
and two temperatures, one temperature for the pool and one for the atmos-
phere.

The control volumes are connected by flow paths through which the hydro-
dynamic materials may move without residence time, driven by a momentum
equation. Based on the elevations of the pool surfaces in the connected con-
trol volumes relative to the junctions with the flow paths, both pool and
atmosphere may pass through each flow path. Appropriate hydrostatic head
terms are included in the momentum equation for the flow paths, allowing
calculation of natural circulation.

ECN-R--95-016 13
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4. INPUT MODEL DESCRIPTION

In this chapter, the MELCOR input model used for ISP-33 will be discussed
in section 4.1. The differences in the input model for the characterizing expe-
riments will be described subsequently in section 4.2. Three methods of mod-
eling of the core are described in section 4.3, while the initial and boundary
conditions for ISP-33 are given in section 4.4.

4.1 Nodalization of the PACTEL facility

Control volumes
The MELCOR nodalization scheme consists of 32 control volumes and is
shown in Fig. 4.1. The loop containing the pressurizer connection is referred
to as 'loop 1'. Loop 2 and 3 are similar to loop 1, but these loops are not
connected to the pressurizer.

Pipes (like hot and cold legs, downcomer and pressurizer line) are modeled as
control volumes and not as flow paths only, because the volumes of the pipes
are relatively large. All control volumes are defined to use non-equilibrium
thermodynamics. Special features of some control volumes are given below.

Hot legs
The three steam generators loops are modeled separately, and the small
geometrical differences between the loops are taken into account.

The hot leg of loop 1 is divided into three control volumes: two control vol-
umes in loop 1 represent the loop seal and a third one is necessary to enable
water to flow into the pressurizer line in case of a two-phase flow. Figure 4.2
shows the difference between the two-volume and three-volume nodalization
of the hot leg in loop 1: if a two-phase mixture flows into the hot leg, water
does not flow in the pressurizer line in Fig. 4.2.b, while water can flow in the
pressurizer line in Fig. 4.2.c. Although loops 2 and 3 are not connected to the
pressurizer line, each of the hot legs of these loops are also divided into three
control volumes, in a similar way as loop 1.

Steam generators
The primary side of the 38 tubes per steam generator are considered as
similar and are therefore represented as one control volume for each steam
generator. The secondary sides of the three steam generators are combined in
one control volume with constant properties, because the secondary side
consists of saturated water with a constant temperature. This control volume
is modeled as a time-independent control volume.

Pressurizer and pressurizer line
The pressurizer is modeled as 1 control volume, because the complete
separation of pool and atmosphere makes the pressurizer a typical MELCOR
control volume. The pressurizer line is modeled by 2 control volumes in
order to model the loop seal properly.

Environment
The environment is modeled as one very large control volume. The heat lost

ECN-R-95-016 . 15
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from the installation and the water drained from the facility is put into this
control volume.

Flow paths
The control volumes are connected by 34 flow paths. The elevation of a flow
path is taken as the elevation of the center of the connection of the two
adjoining control volumes. Flow paths connecting the core and the bypass
control volumes, as well as the flow path between the hot leg of loop 1 and
the pressurizer line are defined as vertical flow paths with a small opening
height. The other flow paths are defined as horizontal flow paths, and in
general, the opening height of a horizontal flow path is taken as the smallest
diameter of the connecting tubes. However, the opening height of flow paths
connected to the hot legs are enlarged in order to model the two phase flow
in a better way, which will be discussed in more detail in a subsequent
paragraph. The bubble rise model is not used. The flow path representing the
drain is modeled as a time-dependent flow path.

The momentum equations require an inertial length, a length for pool/atmos-
phere momentum exchange, friction lengths, the pipe surface roughness, and
loss coefficients. These items will be discussed successively. In general, flow
paths are considered to connect the center of one control volume to the center
of an adjoining control volume. Exceptions to this rule are the flow paths to
and from the downcomer and the upper plenum. For these flow paths, the end
points are not located in the center, but at the height of the cold legs and the
hot legs respectively. The inertia length and the length for pool/atmosphere
momentum exchange are taken as the length of the flow path. For tubes with
a non-uniform area, an average area is calculated in such a way that the iner-
tia is correct. The pipe surface roughnesses are given in [6], and the loss
coefficients are calculated using [7] and [8]. The wall roughness is 1 urn for
the steam generator tubes and 2 pm for the rest of the pipes.

Two-phase flow
In most MELCOR applications, circulation of two-phase flow at high fluid
velocities are assumed to be absent [5], and therefore gravity separates the
liquid phase from the gas phase. As a consequence, the pool and the atmo-
sphere in a control volume are assumed to be separated completely, as
described in chapter 3. Due to this way of modeling, the two-phase flow
inside flow paths may not be represented correctly in case of high velocities
through pipes.

To simulate the two-phase flow at high velocities by MELCOR, the user can
enlarge the opening heights of a flow path. This method will be explained
with the help of Fig. 4.3. Fig. 4.3.a shows an actual situation, in which a two-
phase mixture flows from a vessel with boiling water (for example the reactor
vessel) into a pipe (for example a hot leg). This situation is modeled by
MELCOR in a way that is given in Fig. 4.3.b: the pipe between the two
control volumes is represented by a flow path (dotted lines) with opening
heights at both ends equal to the diameter of the connecting tube. Since
MELCOR separates the pool and the atmosphere, the pool surface may be
below the flow path connection, like in Fig. 4.3.b. In this case, only steam
flows into the tube, which is not true in reality. This problem is partly solved
by enlarging the opening heights, which is shown in Fig. 4.3.c. In this situ-
ation, both gas and water flow from the vessel into the pipe. However, one
problem remains unsolved: it is unknown beforehand which size of the

16 ECN-R--95-016
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opening height gives the best representation of reality.

Preliminary calculations indicated that the two-phase flows through the flow
paths connecting hot-leg control volumes play an important role in the
problem described in this report and that the results of the calculations were
influenced by the opening heights of these flow paths. For each of the four
flow paths between the reactor vessel upper plenum and the steam generator,
the opening height has been determined as follows. A graphical representation
can be found in Fig. 4.4.
• Most of the time, a two-phase mixture is present in the upper plenum. In

order to allow both phases to flow into the hot legs, the opening heights of
the flow path between the upper plenum and the hot leg must be enlarged.
However, the opening height at the hot leg side cannot be enlarged,
because the opening height is limited to the height of the connected con-
trol volume. At the upper plenum side, the opening height is enlarged to a
value much larger than the diameter of the hot leg (= 0.05 m). An opening
height of 1 m has been chosen arbitrarily. Larger values do not influence
the results.

• The opening height of the flow path in the horizontal part of the hot leg
(between HL-1 and HL-2 in Fig. 4.4) on the side of control volume HL-1
is limited to the diameter of the hot leg, and enlargement is not possible
(see above). Enlargement of the opening height at the other side (HL-2)
has no influence. Therefore, the opening heights at both sides equal
0.05 m.

• In case a two-phase mixture flows from the upper plenum into the hot
legs, the steam and the water have insufficient time for complete separ-
ation, and steam will be dragged along with the water and escape through
the loop seal even before the collapsed liquid level has reached the bottom
of the loop seal. In order to simulate this early steam escape, the opening
heights of the flow path in the loop seal (between HL-2 and HL-3) must
be enlarged. The value of both opening heights of this flow path is based
on the assumption that steam starts to escape through the loop seal if the
liquid level in the control volume reaches the middle. This results in
opening heights of 1.93 m.

• It is assumed that the water and the steam are completely separated in the
pipes between the loop seals and the steam generators (HL-3). Therefore,
the opening heights of the flow path between the hot leg and the steam
generator equals 0.206 m, which is equal to the height of the control
volume representing the steam generator pipes.

The influence of above-mentioned opening heights will be shown in sensitiv-
ity calculations in chapter 7.

Heat structures
The model used for the ISP-33 reference calculation consists of 49 heat struc-
tures. Nine of these heat structures are required for the modeling of the core
(see section 4.3). All heat structures consist of five temperature nodes and use
MELCOR's steady-state temperature-gradient self-initialization option. The
geometry (rectangular or cylindrical), the orientation (horizontal or vertical)
and the elevation are straightforward for most heat structures. Heat structures
in the hot and cold legs are lumped. The MELCOR 'internal' set of heat
transfer coefficient correlations are used for the primary and secondary side,
and the 'external' set is used for the environment.

ECN-R--95-016 17
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Insulation
The insulation, flanges, and other connections that penetrated the insulation
are lumped in one MELCOR material. Average thermal properties, like the
heat capacity and the thermal conductivity, are used for this material. Two
types of insulation are used in the calculations: the insulation of the pressur-
izer (referred to as 'pressurizer insulation' in this report) and the insulation of
the rest of the PACTEL facility (referred to as 'facility insulation'). The heat
capacity of the two types of insulation are taken equal. The thermal conduc-
tivity of the 'pressurizer insulation' is fitted using the pressurizer heat loss
experiment and the thermal conductivity of the 'facility insulation' is fitted
using the facility heat loss experiment, described in section 5.2 and 5.3
respectively.

The heat capacity of the 'pressurizer insulation' is based on the properties of
steel and insulation. In this way, the total heat capacity of the pressurizer,
including some water, the tube wall, the insulator, flanges and pipes, equals
830 kJ/K. This value is compared to 800 kJ/K, which is estimated from a
figure in [3]. It can therefore be concluded that the heat capacity of the 'pres-
surizer insulation' is calculated correctly.

Pressurizer
Two heat structures on top of each other represent the wall of the pressurizer.
The boundary between the two heat structures is at the same height as the
pool surface in the pressurizer in the beginning of the ISP-33 calculation.
Thus the top heat structure sees the atmosphere and the bottom one sees the
pool. After emptying the pressurizer, both heat structures see the atmosphere.
In this way, the heat transfer in the pressurizer is modeled in a better way
than with only one heat structure.

4.2 Nodalization for the characterizing experiments

The changes that have to be made in the standard input model for each of the
characterizing experiments are discussed below.

Pressure drop experiment
Compared to the ISP-33 MELCOR input model described above, the follow-
ing parts are omitted for the analysis of the pressure drop experiment: 2
loops, the pressurizer and the pressurizer line, the secondary side of the steam
generators, the environment, the drain, all heaters including the core, and all
heat structures. The pump in the hot leg is modeled by a time-dependent flow
path, and the friction in this flow path is set as small as possible. Two
dummy control volumes, one before and one after the pump, are added for
determination of the pump head. Some loss coefficients used in the standard
input model are changed, because the installation used for the pressure drop
experiment was equipped with flow measurement devices that are not used in
the ISP-33 experiment. The model for the pressure drop experiment contains
14 control volumes, 15 flow paths and no heat structures.

Pressurizer heat loss experiment
Only the pressurizer and the pressurizer line between the pressurizer and the
valve in the line are modeled. This results in 4 control volumes, 2 flow paths
and 4 heat structures.

18 ECN-R--95-016
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Facility heat loss experiment
The MELCOR input model used for the facility heat loss experiment is
almost identical to the ISP-33 model, with the following exceptions. No drain
is modeled, the heat structures of the pressurizer and the pressurizer line are
omitted, and the hot legs are divided into 2 control volumes, like Fig. 4.2.b.
This results in 29 control volumes, 30 flow paths and 36 heat structures. The
core is modeled by direct power input into the pool of the core control
volume.

System characterizing experiment
The MELCOR input model for the system characterizing experiment is equal
to the one used for ISP-33.

4.3 Core modeling

The heater rods, representing the core section, can be modeled in three
different ways, with increasing detail and complexity. The heat input through
heat structures is used in the reference calculations of MELCOR.

Heat source
The heat can be modelled as a heat source in the control volume containing
the core. This method is convenient if the heat is only required to maintain
the natural circulation in the facility, like in the facility heat loss experiment.
The model breaks down if the pool level drops below the top of the core.
Therefore, it cannot be used for the ISP-33 experiment.

Heat input through heat structures
The heater rods can be modeled by a number of heat structures on top of
each other. The axial power distribution as applied in the experiments can be
modeled this way. Temperature rise due to core uncovery can be calculated.
If this model is used, the heater rods are modeled by 9 heat structures, since
the power distribution is given for 9 parts of the heater rods. The axial power
distribution has a chopped cosine form.

MELCOR core model
The heater rods can be modeled as a reactor core using the COR-package in
MELCOR. This COR-package takes into account the temperature as a
function of the height, by means of a so-called dT/dz model. The core model
used for PACTEL consists of 12 axial segments: 2 unheated segments in the
lower plenum, 9 heated segments and 1 unheated segment on top. The radial
power distribution is uniform, thus 1 radial ring is sufficient. The axial power
distribution has a chopped cosine form.

4.4 Initial and boundary conditions

The initial conditions and description of the experiment are presented in [2],
[3] and in chapter 2. In this section, the integration in MELCOR will be
discussed. First, the boundary condition used for ISP-33 will be discussed.
The differences of the characterizing experiments will be described
subsequently.

ECN-R-95-016 19



PACTEL ISP-33. MELCOR assessment

The ISP-33 experiment
The pressurizer is partly filled with water and partly with saturated steam.
Initially, the pool and atmosphere temperatures are equal. The power of the
heater elements in the pressurizer is modeled as a heat source to the pool.
This method can be used, because the heater elements are immersed
completely in the pool, as long as heat is being produced. The power to the
pressurizer is controlled by control functions.

The control volume representing the secondary side of the steam generators is
partly filled with water and the atmosphere is saturated steam. The conditions
in this control volume remain constant; it is modeled as a time-independent
control volume.

The environment consists of dry air at a pressure of 1 bar and a temperature
of 309 K.

All other control volumes are completely filled with subcooled water. The
pressures of these control volumes are arbitrarily set to the pressurizer pres-
sure, because they will reach the steady-state pressure very fast. The tempera-
ture of the water in the tubes of the steam generator, the cold legs, the
downcomer, the lower plenum and the bypass is set roughly to the tempera-
ture in the secondary side: 530 K. The temperature of the water in the core,
the upper plenum and the hot legs is set to a higher value: 550 K. In this
way, the natural circulation starts at the beginning of the calculation and the
steady-state is reached fast.

The steam release through the safety valve is not taken into account in the
reference calculation.

Pressure drop experiment
All control volumes, except the upper plenum, are completely filled with
subcooled water of 297 K. Since the pressurizer is not modeled, the pressure
in the calculation has to be maintained by a gas volume in the upper plenum.
This gas volume is artificially increased in order to decrease pressure fluctu-
ations. The atmosphere consists of inert gas (nitrogen) saturated with steam
and the temperature was 297 K. The mass flow rate of 3.414 kg/s through the
facility is modeled by a time-dependent flow path.

Pressurizer heat loss experiment
The calculation is started at 6000 s, since the figures in [3] start at 6000 s.
The initial temperature, pressure, and pool level in the pressurizer at 6000 s
are estimated from the figures in [3]. The pressurizer line is supposed to be
filled with water of 293 K, because the water is initially cold and is not flow-
ing through the line. The timing used for the experiment and the calculation
is presented in Table 4.1. The pressurizer heater power is 13 kW between 0
and 15500 s. The uncertainty is estimated to be 10 % of the maximum
power, or 1.3 kW [3].

Facility heat loss experiment
The boundary conditions are identical to the boundary conditions used in the
ISP-33 experiment, except for the drainings. Steady-state conditions are used
in the calculations in order to determine the heat losses at several coolant
temperatures. Under steady-state conditions, the heat produced in the core is
balanced by the heat removal in the steam generators and the heat losses from
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the facility.

The steady-state conditions used in the calculations differ from the conditions
used in the experiment. In the latter, the heat loss rate at several coolant
temperatures is determined from heat-up and cool-down sequences. It is
assumed that the heat loss rate only depends on the temperature and is inde-
pendent of the method of determination.

System characterizing experiment
The timing of the system characterizing experiment is given in Table 2.1. The
pressurizer heaters are manually controlled. The remaining boundary condi-
tions are identical to the boundary conditions used in the ISP-33 experiment.

ECN-R--95-016 21



PACTEL ISP-33. MELCOR assessment

Table 4.1 Pressurizer heat loss experiment timing used in the calcula-
tion.

time (s) event

0 start of the experiment; pressurizer heater power 13 kW

6000 start of the calculation

15500 pressurizer heater power 0 kW

22000 end of the experiment
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UP = upper plenum
PL = pressurizer line
HL = hot leg
SG = steam generator

SG

HL

UP PL

a. VVER

• steam
M water

mm
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UP PL

b. Hot leg divided into
2 volumes

HL-1 HL-2
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HL-3

UP PL

c. Hot leg divided
into 3 volumes

Figure 4.2 Modeling of the hot leg of loop 1.
UP = upper plenum, PL = pressurizer line, HL = hot leg, SG = steam generator.

steam
isi*3 water

a. Example b. Standard model c. Adjustment of the
opening height

Figure 4.3 Modeling of two-phase flow in MELCOR.
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HL-3

upper plenum
hot leg

HL-1 HL-2

steam generator

loop seal

Figure 4.4 Modeling of the hot-leg flow-path opening heights.
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5. INPUT MODEL VERIFICATION

The characterizing experiments, described in section 2.2.1, are used for the
verification of the input model and for the estimation of thermal properties of
the two types of insulation, described in section 4.1.

5.1 Pressure drop experiment

The pressure drop over the equipment and pipes in the PACTEL facility is
measured in the pressure drop experiment. The measured and calculated pres-
sure drops are presented in Table 5.1. MELCOR cannot calculate the pressure
at arbitrary locations. Therefore, the pressures at the locations of the pressure
measurement devices are calculated by hand. The hydrostatic head is
subtracted from the absolute pressures. Thus, the values presented are the
pressure differences due to friction and form losses.

Good agreement exists between the measured and the calculated pressure
drops and the pump head. It must be noted that all parameters used for the
calculation of the frictional pressure drop, like the loss coefficients and the
pipe surface roughnesses, are determined beforehand. No adjustments are
made afterwards in the MELCOR model.

The largest pressure drop (17.4 kPa) is caused by a flow measurement device
(a so-called Ramapo meter) in the hot leg. This gives a somewhat distorted
picture of the pressure drop in the facility, because this meter is not used in
the ISP-33 experiment.

5.2 Pressurizer heat loss experiment

The heat losses of the pressurizer are determined in this experiment during a
heat-up and a cool-down sequence. This experiment is used to fit the thermal
conductivity (A.) of the 'pressurizer insulation'.

The thermal conductivity found in the fitting process is very sensitive to the
uncertainty of the pressurizer heater power. For this reason, A. is fitted at three
values within the uncertainty limit of the pressurizer heater power (see also
section 4.4): 11.7, 13.0 and 14.3 kW. The best fits for the thermal conductiv-
ity are respectively 0.17, 0.32 and 0.50 W/m-K. The scatter is very large. The
system characterizing experiment, discussed in section 5.4, can be calculated
best with a value of 0.19 W/m-K, which is within the error band. Therefore,
all following calculations use X. = 0.19 W/m-K for the 'pressurizer insulation'.

The pressurizer heat loss experiment is calculated integrally with this
constant. The calculated results as well as the experimental results are
presented in Figs. 5.1, 5.2 and 5.3. The temperature of the water in the pres-
surizer (Fig. 5.1) increases during the power supply period (0 - 15500 s).
After the power has been switched off (15500 - 22000 s), the temperature
decreases due to the heat loss of the pressurizer. The pressure (Fig. 5.2)
roughly follows the saturation pressure at the water temperature. The calcu-
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lated pressure and temperature show good agreement with the experimental
values.

The liquid level is shown in Fig. 5.3. The volume of steam bubbles in the
pool is taken into account in the swollen level, and the collapsed level is
without the bubbles. The level is increasing during the heat up period, due to
the expansion of water. In the first part of the calculation, the liquid in the
pressurizer is boiling, indicated by a difference between the swollen and the
collapsed level. The level is decreasing during the cool-down period. The
experimental liquid level of the pool is not predicted very well by MELCOR.
The explanation may be that an incorrect density is used to calculate the
liquid level from the pressure difference in the experiment.

The calculated heat losses are compared with the experimentally determined
heat losses in Table 5.2. The calculated values are lower than the experimen-
tal values.

5.3 Facility heat loss experiment

The heat losses of the facility (except the pressurizer, the pressurizer line and
the steam generators) are determined in this experiment. In the experiment,
the heat losses are obtained from a heat-up and cool-down sequence. The
results are shown in Table 5.3. This table clearly shows that the heat losses
are not directly proportional to the temperature difference between the pri-
mary water and the surroundings. This temperature dependence can partly be
explained by radiation of non-insulated parts of the facility. However, a non-
linearity still remains, suggesting an experimental uncertainty.

In MELCOR, the non-linear heat loss is translated in a thermal conductivity
(X.) as function of the temperature. The thermal conductivity of the 'facility
insulation' is fitted using the facility heat loss experiment. The following
function is chosen:

T < 400 K X = 0.050 W/m-K (5.1a)
400 K < T < 500 K X = 0.00230 • T - 0.870 (5.1b)
T > 500 K X = 0.00570 • T - 2.570 (5.1c)

(X in W/m-K; T in K)
The temperature T in this function is the local temperature of the insulation.
This temperature decreases from the inside to the outside of the insulation.

The measured and calculated heat losses are presented in Table 5.3. Due to
the fitting, the differences between measurement and calculation are small.
Function 5.1 cannot be used for the 'pressurizer insulation', because the cal-
culated heat losses are far too low in that case. Table 5.4 shows a comparison
between heat losses of each part of the facility calculated with RELAP5/-
M0D3 [3] and MELCOR. These codes show similar results.

5.4 System characterizing experiment

The system characterizing experiment is operated under conditions similar to
ISP-33 conditions, but only a small amount of water is drained. This experi-
ment is used to test the core models in MELCOR. All three core models
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described in section 4.3 can be used for this experiment, because the heater
elements are covered by water during the entire experiment.

The results of the calculations with 'heat input through heat structures' and
'MELCOR core model' are compared with experimental results in Figs. 5.4
and 5.5. The timing of the events is summarized in Table 2.1. The results of
'heat source' are identical to the results of the 'heat input through heat struc-
tures' and are therefore not shown. The results of the two calculations and the
experiment are similar and will be discussed hereafter. The pressure (Fig. 5.4)
increases during the high power (4 kW) period of the pressurizer heater (0 -
1260 s), decreases during the low power (2 kW) period (1260 - 2290 s), and
increases again at the high power (4 kW after 2290 s). At 2640 s, 13.5 kg
water is drained from the lower plenum, resulting in a drop of the pressurizer
liquid level, as can be noted from Fig. 5.5. Due to the expansion of the steam
atmosphere in the pressurizer, the pressure is dropping during the draining.
The pressure increases after the draining, because the heater power (4 kW) is
still higher than the heat losses from the pressurizer.

If the core is modeled by the 'MELCOR core model', the results contain a lot
of noise, caused by fluctuations of the temperature of the core. As a result,
the temperature and thus the density in the core volume fluctuates, and water
is pushed in and out of the pressurizer. The flow fluctuations in the pressur-
izer line are shown in Fig. 5.6 for both core models. Relatively cold water of
the hot leg replaces the hot water in the pressurizer if the MELCOR core
model is used. The overall effect is a more rapid cooling of the pressurizer,
resulting in a gradually drop of the pressure, see Fig. 5.4.

Since the use of the 'MELCOR core model' results in the fluctuations
described above, the core is modeled by 'heat input through heat structures'
in the reference calculations.
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Table 5.1 Pressure drop over equipment and pump head.

part of the facility pressure drop (kPa)

measured MELCOR

downcomer
lower plenum
core
upper plenum
hot leg
steam generator
cold leg

total (= pump head) 42.2 40.3

0.6
0.5
1.0
0.2

23.6
7.5
8.8

0.5
0.2
0.5
0.2

22.7
7.7
8.5

Table

water

503
538

5.2 Heat loss

temperature (K)

of the pressurizer.

heat loss of the

measured

2.7
3.0

pressurizer (kW)

MELCOR

2.2
2.6

Table 5.3 Heat loss of the PACTEL installation, excluding pressurizer,
pressurizer line and steam generators.

average water temperature
in the primary system (K)

443
473
498
523
548
573

heat loss (kW)
measured

3.64
5.36
7.23

10.65
16.68
26.39

MELCOR

3.7
6.3
7.8

10.7
16.8
24.1
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Table 5.4

part of the

Heat

facility

loss of the PACTEL installation (the average

heat loss (kW)

RELAP5/MOD3

water

[5]

Input model

temperature is

MELCOR

verification

555 K).

downcomer 0.9 0.8
lower plenum 1.5 1.4
core 0.7 0.8
upper plenum 1.7 2.0

hot leg 1.3 1.5
cold leg 1.3 1.2
steam generator 2.8 -
collector - 0.1

pressurizer 2.2 3.2
pressurizer line 0.8 0.2

total without steam generators and pressurizer 12.6 13.1
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Figure 5.1 Temperature in the pressurizer for the pressurizer heat loss experiment.
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Figure 5.3 Liquid level in the pressurizer for the pressurizer heat loss experiment.
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6. ISP-33 REFERENCE CALCULATION

The experimental results of the ISP-33 experiment and the results calculated
with MELCOR are presented in Figs. 6.1 to 6.7. Both results are discussed
below for each draining phase.

Before the first draining
Experiment
The facility works under quasi steady-state conditions before the first
draining. The mass flow rate of water through the downcomer is 1.45 kg/s
and is equally divided between the three loops. The pressure in the facility is
controlled by the pressurizer heaters. The pressure variation due to the
switching of the pressurizer heaters is very small compared to the variation of
the pressure during the remainder of the experiment.

Calculation
The calculated mass flow rate is 1.57 kg/s; this is slightly larger than the
experimental one. Nevertheless, the MELCOR calculation shows an excellent
agreement during this phase, as can be observed in Figs. 6.1 to 6.7.

First draining
Experiment
During the first draining, the primary pressure decreases rapidly until
saturation conditions are reached at the core outlet (Fig. 6.1). The upper
plenum remains filled with water (Fig. 6.2). Almost all the water in the
pressurizer flows into the hot leg of loop one (Fig. 6.3). After the draining,
the flow in the downcomer remains single-phase with a nearly constant flow
rate (Fig. 6.4).

Calculation
The calculation shows an excellent agreement with the experimental results
during this phase.

Second draining
Experiment
During the draining, the reactor vessel liquid level decreases (Fig. 6.2), water
in the reactor vessel starts to boil and a two-phase mixture flows into the hot
legs. After the draining, a sequence of phenomena takes place, resulting in
pressure fluctuations. These phenomena are described below:
• The heat produced in the core is removed by boiling, and the two-phase

flow continues to flow into the hot legs. In the hot legs, the two-phase
flow separates into steam and water (stratification), resulting in loop seals
that are partially filled with steam on one side of the loop seal.

• Steam on one side of the loop seal and water on the other side opposes
the driving force for natural circulation, resulting in a decrease of the mass
flow rate (Fig. 6.4).

• The energy transfer to the steam generators is interrupted and therefore the
system pressure rises (Fig. 6.1).

• Due to the pressure increase, water is pushed from the reactor vessel via
the hot leg into the pressurizer. As a result, the (collapsed) liquid level in
the reactor vessel decreases. The boiling of the water also contributes to
this level decrease.
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• Simultaneously, water is pushed from the hot legs via the steam gener-
ators, the cold legs and the downcomer to the reactor vessel, because the
downcomer and the reactor vessel are communicating vessels.

• This results in a decrease of the liquid level in the steam side of the hot
legs, which results in a further decrease of the driving force for natural
circulation, and ultimately, the flow stagnates (Fig. 6.4). This flow stagna-
tion is observed in all three loops simultaneously, see Fig. 6.5 for the
experimental results.

• The level decrease in both the reactor vessel and the steam side of the
loop seals continues, until the level in one hot leg decreases so much that
steam is able to escape to the other side of the loop seal. The driving force
for that loop re-establishes and the circulation of a two-phase flow starts in
that loop. The system pressure decreases since heat is removed by steam
condensation in the steam generator.

• Due to the pressure decrease in the reactor vessel, a fraction of the water
in the pressurizer is pushed back to the loop. The reactor vessel liquid
level increases, and the two-phase mixture starts to flow into the hot legs.

After a short period, the flow stagnation process starts again, initiating
another system pressure increase, followed by a clearing of one loop seal.
This sequence is repeated two additional times. The last clearing coincides
with the third draining.

Calculation
The experimental phenomena during and following the second draining are in
some way different from the calculated phenomena.
• In the MELCOR calculations, the liquid level reaches the hot leg connec-

tion almost immediately after the draining, due to the large opening
heights of the hot legs.

• A two-phase mixture flows into the hot legs, resulting in stratification,
stagnation and pressure increase, as described previously at the experimen-
tal results. The mass flow rates in the three loops are presented in Fig. 6.6.

• Due to the pressure increase, water is pushed back into the pressurizer,
and the liquid levels in the reactor vessel and in the steam side of the loop
seal decrease. As a result, the driving force for natural circulation
decreases. However, the flows in the hot legs do not stagnate completely,
in contrast to the experimental results.

• The levels in both the reactor vessel and the steam side of the loop seals
continue to decrease, until the level in one hot leg decreases so much that
steam is able to escape to the other side of the loop seal. The driving force
for that loop re-establishes and the circulation of a two-phase flow starts in
that loop.

• A relatively steady two-phase flow is established. The bulk of this flow
takes place through the loop with the cleared loop seal. The pressure
reaches a constant value. Thus, pressure fluctuations are not observed,
which is in contrast to the experimental results.

The influence of the hot leg nodalization and of the opening heights of the
flow paths connecting hot-leg control volumes is mainly important between
the second and the third draining. These influences will be described in more
detail during the discussion of the sensitivity calculations in chapter 7.

Third draining
Experiment
During the third draining, the pressure drops quickly (Fig. 6.1) and the pres-
surizer is emptied again (Fig. 6.3). After the draining, the amount of water is
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too little to cause full stagnation in three loops simultaneously. One hot-leg
loop seal is cleared, while the two other loops have partially filled loop seals.
A relatively steady two-phase flow is established. The bulk of this flow takes
place through the loop with the cleared loop seal, and a small part of the flow
takes place through the other loops (Fig. 6.5). The heat produced in the core
is removed by evaporation of water. The heat removal in the steam generators
is very efficient, resulting in a relatively low system pressure.

Calculation
During the third draining, the pressure drops quickly (Fig. 6.1). Due to this
pressure drop in the system, 30 kg water is pushed out of the pressurizer,
which is as much as in the experiment. Since the calculated liquid level in the
pressurizer before the third draining is higher than in the experimental one,
the pressurizer is not emptied completely in the calculation (Fig. 6.3). The
mass of water removed from the pressurizer accounts for half of the draining;
the other half is removed from the steam generator loops.

After the draining, all three hot legs have partially filled loop seals in the
calculation: the downward sides of the loop seals (HL-2 in Fig. 4.4) are
almost empty, while the upward sides (HL-3) are filled with water. Due to
the large opening heights of the flow paths in the loop seals (see section 4.1),
steam escapes through the loop seals, resulting in a two-phase flow through
the three hot legs. In contrast to the experiment, the calculated mass flow
rates through the loops are identical (Fig. 6.6). The calculated total mass flow
rate in the downcomer is smaller than the experimental one (Fig. 6.4), since
the driving force for natural circulation is reduced, because none of the loop
seals is cleared in the calculation. Consequently, the calculated liquid tem-
perature in the upper plenum is higher than the experimental one in order to
transport the heat generated in the core to the steam generators. Since the
temperatures in the upper plenum followed the saturation temperatures, the
calculated pressure is higher than the experimental one (Fig. 6.1).

Fourth draining
Experiment
During the draining, water is not removed from the reactor vessel, therefore it
is apparently removed from one or more loops. After the draining, a relative-
ly steady two-phase flow is established. The mass flow rates in the three
loops are almost equal. The steam content in the two-phase flow is higher
than after the third draining, resulting in a lower mass flow rate in the
downcomer (Fig. 6.4).

The experimentally observed flow rates in the loops are too high: the sum of
the loop flow rates (Fig. 6.5) is much higher than the downcomer flow rate
(Fig. 6.4). This effect is very clear after the sixth draining. The measurement
devices in the cold legs gave incorrect output, because they were filled with
steam after the fourth draining instead of water under normal operation condi-
tions. The flow rate measurement in the downcomer is assumed to be correct,
because the measurement device was submerged in water.

Calculation
Water is removed from the pressurizer, as well as from the steam generators
and the cold legs of all three loops. Since the reactor vessel liquid level does
not change much, a two-phase mixture continues to flow into the hot legs.
The mass flow rates in the three loops are almost equal, but show a very
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large variation. The calculated mass flow rate in the downcomer is about the
experimental one, although more variation is calculated (Fig. 6.4). Compared
to the situation after the third draining, the mass flow rate in the downcomer
is higher, and therefore, the heat generated in the core is transported more
efficiently, which results in a lower pressure. The calculated pressure drops to
the experimental one.

Fifth draining
Experiment
During the draining, water is again removed from one or more loops. After
the draining, a two-phase mixture is equally divided between the three loops
(Fig. 6.5). The steam content in the two-phase mixture gradually increases,
until the heat transfer mechanism changes to the boiler-condenser mode. In
this mode, steam is condensed in the steam generators, collected in the cold
legs, and returns to the core via the downcomer. The downcomer flow rate is
quite low, although the energy is transferred efficiently.

Calculation
In the calculation, the water is removed from the steam generators and the
cold legs. After the draining, the calculation shows an excellent agreement
with the experiment.

Sixth draining
Experiment
During the draining, water is removed from the reactor vessel. After the
draining, the heat is removed by the boiler-condenser heat transfer
mechanism.

Calculation
During the draining, water is again removed from the reactor vessel and the
loops. Although the collapsed liquid level in the reactor vessel (Fig. 6.2)
drops below the top of the heated section, the core remains cooled by the
two-phase mixture in the core region. In other words: the swollen level
(including steam bubbles) is still above the top of the heated section. In
general, the calculation shows an excellent agreement with the experiment
during this phase.

Seventh draining
Experiment
During the draining, water is removed from the reactor vessel, and the liquid
level drops below the top of the heated section of the core. After the draining,
the cladding temperature rises above the maximum temperature of 350 °C
(Fig. 6.7) and the secondary pressure is reduced. As a result, the primary
pressure decreases (Fig. 6.1), and the experiment is stopped.

Calculation
During the draining, water is removed from the reactor vessel and the steam
generators. The liquid level in the reactor vessel drops below the top of the
core, and the cladding temperature starts to rise (see Fig. 6.7). In the calcula-
tion, the secondary pressure is not reduced. In general, the calculation shows
an excellent agreement with the experiment during this phase.
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7. SENSITIVITY CALCULATIONS

Sensitivity calculations have been performed with respect to time step, core
model, nodalization of the hot legs, opening heights of the hot-leg flow paths,
friction losses, and insulation properties. These sensitivity calculations are
described in this chapter. In the figures, the reference calculation is abbrevi-
ated by RC and the sensitivity calculation by SC.

7.1 Time step

The first sensitivity calculation concerns the time step. First, an introductory
calculation is done with the time steps defined by the Courant limit, thus
without time step limitation by the user. The Courant time steps range
between 0.5 and 3 s, depending on the water mass in the facility. These time
steps result in a large number of sub-cycles and fall-backs and require more
computer time than a calculation in which the time step is restricted by the
user to 0.5 s. Therefore, the Courant time steps are considered to give unreli-
able results. In the reference calculation, the maximum time step is set to
0.5 s, and most cycles in the reference calculation used this maximum time
step.

In this sensitivity calculation, the maximum time step is reduced to 0.1 s.
Figure 7.1 shows the pressure for the ISP-33 experiment. The results of the
two calculations compare well. The mass flow rate in the downcomer for the
sensitivity calculation (SC) is shown in Fig. 7.2. The reference calculation,
which is shown in Fig. 6.4, is omitted for clarity. Both calculations show
fluctuations in the mass flow rate after the fourth draining, however, the
amplitude of the fluctuations differ. The average mass flow rates are approxi-
mately equal for the two calculations. It can be concluded that the maximum
time step used in the reference calculation is sufficiently small.

7.2 Core model

The core can be modeled in two ways in the ISP-33 calculation: heat input
through heat structures and the MELCOR core model, see section 4.3. The
first model is used in the reference calculation and the latter is used in this
sensitivity calculation. The pressure and the cladding temperature in the upper
region of the heated core section calculated by the two models are shown in
Figs. 7.3 and 7.4. The results of both calculations show excellent agreement.

Both core models predict similar behavior in the ISP-33 experiment. Since
the 'MELCOR core model' gives worse results in the system characterizing
experiment (see section 5.4), the core is modeled by 'heat input through heat
structures' in the reference calculation.

7.3 Nodalization of the hot legs

The nodalization of the hot legs influences the amount of water that is pushed
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into the pressurizer during a pressure increase, which is discussed in section
4.1. The hot leg is divided in three volumes in the reference calculation, like
in Fig. 4.2.c, and the hot leg is divided in two volumes in this sensitivity
calculation, like in Fig. 4.2.b. The pressures of the primary system calculated
with both nodalization schemes are shown in Fig. 7.5. The largest differences
between the two calculations occur between the second and the third draining.
These differences are caused by the difference of flow rate into the pressur-
izer line, as discussed in section 4.1.

In the reference calculation, stratification in the hot legs results in a decrease
of the energy transfer to the steam generators. This results in a pressure
increase and water is pushed into the pressurizer. Due to this loss of water,
the energy transfer decreases further, resulting in a further increase of the
pressure, until the flow stagnates. A more detailed description is given in
chapter 6.

In this sensitivity calculation, stratification in the hot legs also results in a
decrease of the energy transfer to the steam generators. However, no water is
pushed into the pressurizer, because the water from the reactor vessel does
not pass the entrance of the pressurizer line. The system reaches steady-state
conditions, and the situation after the second draining is almost as in Fig.
4.2.b: the liquid level in the reactor vessel is at the height of the hot leg
connection, thus partly steam and partly water flow into the hot legs. This
mixture is able to remove the heat produced in the core at steady-state condi-
tions. After some time period, the pressure increases, but it is not caused by a
flow of water into the pressurizer. Instead, steam condenses in the pressurizer
line and the level in the reactor vessel decreases slowly. The temperature in
the reactor vessel increases in order to remove the heat, and the pressure
increases, which is shown in Fig. 7.5.

Since the 3-volume nodalization of the hot legs is more realistic and gives
more realistic results, the 3-volume nodalization is used for the reference
calculation.

7.4 Opening heights of hot-leg flow paths

The opening heights of the flow paths connected to the hot-leg control
volumes influences the modeling of the two-phase flow phenomena. Section
4.1 discusses the best estimate of the opening heights of these flow paths. In
the subsequent sections, the influence of these opening heights on the results
is discussed.

7.4.1 Flow path between upper plenum and hot leg

In the reference calculation, the flow through the flow paths between the
upper plenum and the hot legs is modeled as a two-phase flow by using large
(1 m) opening heights at both ends of these flow paths. In this sensitivity
calculation, the MELCOR default modeling is used. The opening heights for
this calculation equal the diameter of the hot leg pipes, which is 0.05 m.

The experimental pressure as well as the pressures calculated for both
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opening heights are shown in Fig. 7.6. The largest differences between the
two calculations appear during the two-phase natural-circulation flow after the
second draining. Compared to the reference calculation, the stagnation period
in the sensitivity calculation lasts longer, because a slower process clears the
loops after the flow stagnation. Due to this slow process, which is described
below, the pressure calculated in the sensitivity calculation increases to higher
values.

The two calculations give similar results for a time period of about 200 s
after the second draining. In this time period, water is pushed into the pres-
surizer, and the liquid level in the reactor vessel decreases. The sensitivity
calculation starts to deviate from the reference calculation as the liquid level
in the reactor vessel drops below the hot leg entrance. From that moment on,
water cannot enter the hot legs in the sensitivity calculation, and water stops
flowing into the pressurizer. Steam from the reactor vessel flows into the hot
legs and results in loop seals that are partially filled with steam. The flow
stagnates and the energy transfer from the core to the steam generators is
interrupted. Water evaporates in the core and results in a pressure rise. During
the evaporation, the liquid level in the loop seals decreases, until steam
escapes through the loop seals. This process of loop seal clearing is a slow
process, thus the pressure reaches high values (Fig. 7.6). After the loop seal
clearing in this sensitivity calculation, the energy transport from the core to
the steam generators is re-established, and the pressure starts to decrease. At
that moment, the third draining begins.

The opening heights of the flow paths between the upper plenum and the hot
legs influences the two-phase behavior in the hot legs and the process of loop
seal clearing. A large opening height results in a more realistic representation
of the two-phase flow in the hot legs.

7.4.2 Flow path in the hot-leg loop seal

In the reference calculation, it is assumed that water and steam are not
completely separated in the downward side of the loop seals (volume HL-2 in
Fig. 4.4). For this purpose, the opening heights of the flow paths in the hot
leg loop seals are large (1.93 m). In this sensitivity calculation, it is assumed
that the water and the steam are completely separated. Therefore, the opening
heights for this calculation equal the diameter of the hot leg pipes, which is
0.05 m.

The experimental pressure as well as the pressures calculated for both
opening heights are shown in Fig. 7.7. The largest differences between the
two calculations appear during the two-phase natural-circulation flow after the
second draining. Compared to the reference calculation, the loop seal clearing
in the sensitivity calculation occurs later, because the liquid levels in the
downward side of the loop seals have to decrease further before steam is able
to escape through the loop seal to the steam generator. Because the loop seal
clearing takes longer in the sensitivity calculation, the pressure rises to higher
values.

The conclusion from these two calculations is that the opening heights of the
flow paths in the hot-leg loop seals have a large influence on the calculated
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results. Large opening heights give better results. However, estimation of the
correct value of the opening height is difficult, because the opening height is
related to the flow rates of water and steam through the loop seal.

7.4.3 Flow path between hot leg and steam generator

In the reference calculation, it is assumed that water and steam are completely
separated in the pipes between the loop seals and the steam generators (vol-
ume HL-3 in Fig. 4.4). Therefore, the opening heights of the flow paths
between the hot legs and the steam generators have been taken equal to the
height of the steam generator tube bundle, which is 0.206 m. In this sensitiv-
ity calculation, it is assumed that the water and the steam are completely
mixed. Ideal mixing between the loop seals and the steam generators occurs
at high velocities, for example following the clearing of the loop seal. This
ideal mixing is modeled by using as large as possible opening heights of the
flow paths between the hot legs and the steam generators (3.2 m).

The experimental pressure as well as the pressures calculated for both
opening heights are shown in Fig. 7.8. The largest differences between the
two calculations appear during the two-phase natural-circulation flow after the
second draining. In this sensitivity calculation, pressure fluctuations are cal-
culated, which is in agreement with the experiment. Therefore, this sensitivity
calculation gives a better prediction between the second and third draining
than the reference calculation. However, this sensitivity calculation gives a
worse prediction after the seventh draining, because the liquid level in the
reactor vessel remains above the top of the core. Although the collapsed
liquid level in the reactor vessel, which is shown in Fig. 7.9, drops below the
top of the heated section after the seventh draining, the core remains cooled
by the two-phase mixture in the core region. In the sensitivity calculation, an
eighth draining is required to decrease the liquid level below the top of the
core, which is illustrated by the cladding temperature in Fig. 7.10.

The phenomena calculated in the sensitivity calculation after the second
draining are as follows.
• The sensitivity calculation gives similar results as the reference calculation

for a time period of about 500 s after the second draining. In this time
period, the pressure rises, water is pushed into the pressurizer, and the
liquid level in the reactor vessel and the loop seals decreases. The sensitiv-
ity calculation starts to deviate from the reference calculation as steam
escapes through the loop seals.

• The pipes between the loop seals and the steam generators are assumed to
be completely mixed in this sensitivity calculation. If steam escapes
through a loop seal, it is therefore assumed to mix with the water in the
pipe between the loop seal and the steam generator. As a result, mainly
water enters the steam generator. However, this water flow is not suffi-
ciently large to re-establish the energy transfer from the core to the steam
generators.

• Steam mainly escapes through only one loop seal, and consequently the
amount of steam in the pipe between the loop seal and the steam generator
increases for that loop.

• The escape of steam continues, until so much steam condenses in the
steam generators that the flow through one of the loop seals increases. In
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this way, the recirculation starts in one loop. The loop seal of this loop is
cleared, because water is dragged with the steam flow into the steam
generator.

• Steam condenses in the steam generator in the cleared loop, therewith
removing heat and decreasing the pressure.

• Due to the pressure decrease, water flows out of the pressurizer. This
water, together with water from the cleared loop seal, increases the level
in the reactor vessel.

• Because of this level increase, the water content in the flow from the
upper plenum into the hot leg gradually increases. The water content
increases so much that water starts to block the loop seal, and it leads
finally to a stagnation of the loop.

• The heat removal is interrupted, and the temperature in the upper plenum
increases. As a consequence, the pressure increases, and water is pushed
into the pressurizer. The level in the reactor vessel decreases, until steam
starts to flow into one of the hot legs and the process begins again.

These phenomena differ from the phenomena calculated in the reference
calculation. The main differences are:
• In the reference calculation, the steam that escaped through the loop seals

flows into the steam generators, and the energy transport from the core to
the steam generator is re-established immediately. However, in the sensi-
tivity calculation, the re-establishment of the energy transport takes some
time after the escape of steam through the loop seals.

• In the reference calculation, steam escapes through all three loops seals,
while steam escapes through only one loop seal in the sensitivity calcula-
tion.

• In the reference calculation, much water remains in the loop seals, while
most of the water is removed from the cleared loop in the sensitivity
calculation.

This last difference also causes the deviation between the two calculations
after the seventh draining. In the reference calculation, no water is removed
from the hot legs after the third and following drainings, while most of the
water is removed from the hot legs in the sensitivity calculation. This means
that the latter calculates a higher liquid level in the reactor vessel, in particu-
lar after the sixth and following drainings (Fig. 7.9). For this reason, the
seventh draining leads to core uncovery in the reference calculation, while
one more draining is required in the sensitivity calculation.

Because of the difference after the seventh draining, the reference calculation
uses small opening heights of the flow paths between the hot legs and the
steam generators.

7.5 Friction losses

The pressure loss experiment is used to verify the input model with respect to
the frictional losses in section 5.1. The question arises whether the loss coef-
ficients have to be known accurately beforehand. In this sensitivity calcula-
tion, the form loss coefficient of every flow path is set to the default value of
1.0. This way, the pressure loss of the facility becomes smaller in this sensi-
tivity calculation compared to the reference calculation. The calculated pres-
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sures are shown in Fig. 7.11. The biggest differences between the two calcu-
lations appear during the two-phase natural-circulation flow after the third
draining. It can be concluded that the results of the two calculation agree well
and that it was not necessary to know the loss coefficients accurately before-
hand for an accurate calculation of the ISP-33 experiment.

7.6 Insulation properties

The heat losses in the pressurizer heat loss experiment and the facility heat
loss experiment are used to verify the input model with respect to the heat
losses in sections 5.2 and 5.3. In the reference calculation, the heat losses
through penetration of the insulation are taken into account. The question
arises whether these additional heat losses have to be known accurately
beforehand. In this sensitivity calculation, the thermal properties of the insula-
tion materials are set to the values supplied by the manufacturer [3], and so
the heat losses through penetrations are ignored.

The calculated pressures are shown in Fig. 7.12. Before the first draining, the
pressure continues to increase in this sensitivity calculation, because the heat
loss of the pressurizer is too low. The biggest differences between the two
calculations appear during the two-phase natural-circulation flow after the
second and the third draining. This difference is caused by the heat loss of
the pressurizer. Because of this heat loss, steam condenses in the pressurizer,
and water is 'sucked' into the pressurizer. Compared to the reference calcula-
tion, the pressurizer loses heat more slowly in this sensitivity calculation.
Therefore, less water is pushed and sucked into the pressurizer. As a result,
the blockage of the loop seals takes longer in this sensitivity calculation, and
the pressure calculated in the sensitivity calculation increases to higher
values. Nevertheless, it can be concluded that the results of the two calcula-
tions agree well and that it was not necessary to know the heat losses through
the penetrations of the insulation accurately beforehand for an accurate calcu-
lation of the ISP-33 experiment.
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8. COMPARISON WITH RELAP5

At ECN, the ISP-33 experiment has also been calculated with RELAP5, as
described in [9]. The experimental results are compared with the calculated
results of MELCOR and RELAP5. Figures 8.1 to 8.5 show the pressure,
liquid level in the reactor vessel and the pressurizer, the mass flow rate in the
downcomer, and the cladding temperature. The major differences between the
MELCOR and the RELAP5 results will be discussed in this chapter.

Before the second draining, MELCOR and RELAP5 gives almost identical
results, which agrees very well with the experimentally observed phenomena.

The two-phase phenomena and fluctuations after the second draining are not
correctly calculated by the two codes, and the two codes calculate different
phenomena. MELCOR predicts a steady two-phase flow through one loop,
which is in contrast to the experimentally observed pressure fluctuations (Fig.
8.1). In RELAP5, the liquid level in the reactor vessel (Fig. 8.2) slowly
decreases and reaches the hot leg connections late. The stagnation occurs just
before the third draining, which is much later than in the experiment.

The start of the stagnation period is predicted in completely different ways. In
MELCOR, the liquid level in the reactor vessel reaches the hot leg connec-
tion almost immediately after the draining. Steam flows into the hot legs,
resulting in stagnation. The heat removal by the steam generators is inter-
rupted and the pressure increases. Due to this pressure increase, water is
pushed into the pressurizer (Fig. 8.3).

In RELAP5, the liquid level in the reactor vessel does not fall below the top
of the hot leg nozzles immediately after the draining, and a one-phase flow
takes place through all loops. The heat produced in the core is still removed
by the steam generators. Meanwhile, the pressurizer loses heat and therefore
steam condenses in the pressurizer. The resulting under-pressure sucks water
from the primary system into the pressurizer. The reactor vessel level
decreases slowly and reaches the hot leg connection somewhat later. Here-
after, steam flows into the hot legs, resulting in a stagnation and a pressure
increase.

After the third draining, the mass flow rate calculated by MELCOR (Fig.
8.4) is smaller than the one calculated by RELAP5 and the experimental one.
The heat removal in MELCOR is maintained by a higher temperature in the
upper plenum, resulting in a higher pressure.

After the fourth draining, the mass flow rate calculated by RELAP5 is
larger than the one calculated by MELCOR and the experimental one. The
higher mass flow rate predicted by RELAP5 is probably caused by a higher
water content in the two-phase flow into the hot legs, compared to the predic-
tions by MELCOR and the experiment. The other phenomena calculated by
the two codes are similar to the experimental phenomena.

Also after the fifth draining, the mass flow rate calculated by RELAP5 is
much higher than the one calculated by MELCOR and the experimental one,
due to the high water content in the two-phase flow.
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In the MELCOR calculation and in the experiment, water is mainly removed
from the reactor vessel during the sixth draining. In the RELAP5 calculation,
however, water is removed from the steam generators and the cold legs.
Therefore, the liquid level in the reactor vessel predicted by RELAP5 is
higher than the experimentally observed level and the level predicted by
MELCOR (Fig. 8.2).

In the experiment and in MELCOR, the liquid level falls below the top of the
heated section after the seventh draining, and the cladding temperature
increases (Fig. 8.5). This result is not predicted by RELAP5, since this code
predicts a high liquid level in the reactor vessel.

In the RELAP5 calculations, an eighth draining is required to decrease the
liquid level below the top of the core in the calculations and to increase the
cladding temperature in the upper region of the core (Fig. 8.5).
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9. CONCLUSIONS

This report presents the results of the post-test calculation of the ISP-33 expe-
riment as obtained from the MELCOR code. The main goal of the ISP-33
experiment is to study natural circulation phenomena in a VVER plant during
LOCA conditions.

Different natural-circulation modes are identified during the experiment. The
MELCOR results for each of these modes lead to the following conclusions:
• the single-phase liquid flow before the second draining is calculated well.
• the calculation of the transient two-phase flow between the second and the

third draining is unsatisfactory.
• the steady two-phase flow between the third and the sixth draining is

calculated sufficiently well.
• the boiler-condenser single-phase heat removal after the sixth draining is

calculated well.

The unsatisfactory results for the transient two-phase flow can be traced back
to the MELCOR assumption that gravity separates the liquid phase from the
gas phase. Due to this way of modeling, the two-phase flow may not repre-
sent the reality in case of high velocities through pipes. MELCOR provides a
way to deal with this deficiency: opening heights of flow paths can be
adjusted, but only one value can be used for the total transient. Especially the
opening heights of flow paths connected to hot-leg control volumes have to
be enlarged in the way that is described in section 4.1.

The main conclusions of the sensitivity calculations are:
• the time step and the core model (heat structures or MELCOR core model)

do not influence the results,
• accurate values for form loss coefficients and additional heat losses

through penetrations of the insulation are not necessary,
• the results are influenced to a large extent by the nodalization of the hot

legs and the opening heights of the hot-leg flow paths.

The integrated MELCOR code is not inferior to the mechanistic RELAP5
code for the PACTEL ISP-33 post-test calculations. Some phenomena are
modeled even better by MELCOR, because of the ability to fit MELCOR
parameters.

In general, the incorrect prediction of the two-phase flow regimes will not
lead to large inaccuracies for loss-of-coolant accident (LOCA) scenarios,
because the duration of the two-phase flow will be short. Only for very small
break LOCAs, the MELCOR or RELAP5 prediction may deviate more sig-
nificantly.
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