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A B S T R A C T

After the Fukushima accident, “stress-test” activities carried out worldwide pointed out the need to study addi-
tional accident management measures to deal with prolonged Station Black Out (SBO) scenarios. Without any op-
erator actions, a total loss of the secondary side heat sink leads to core uncovery, to core damage and ultimately
to a melt-down scenario. The international NEA/OECD PKL-3 project has addressed the efficiency of possible ac-
cident management actions to re-establish core cooling by experiments at the PKL test facility. Since best estimate
system codes were mainly developed to simulate LOCA scenarios, their performance and the general guidelines
followed to simulate PWR power plants are called into question. In this paper, RELAP5 simulations of three SBO
experiments are presented. An assessment of the code for the particular phenomenology in the experiments have
been conducted. Specific guidelines on modelling and a list of the most important sources of uncertainties are
provided.

© 2019

1. Introduction

Station black out (SBO) accidental sequences pose a serious thread
to the safety of nuclear installations. In recent years, stress tests have
been carried out worldwide to study the effects and preparedness of
the nuclear installations against SBO sequences (Queral et al., 2016;
Tatu and Kim, 2017). Efforts have been carried out in several coun-
tries to improve the safety systems involved in such sequences (Lin et
al., 2016). For instance, in Spain, emergency mobile pumps have been
prepared to be able to inject water to the secondary systems (París et
al., 2019).

While the focus has been put in the design and evaluation of the
added systems, little attention has been taken for the assessment of ther-
mal hydraulic system codes employed for the licensing of the newly
implemented systems. Most best estimate system codes were mainly
developed to address the phenomenology involved in Loss-Of-Coolant
Accidents (LOCA) and small break LOCA (SBLOCA) scenarios. The li-
censing of the Emergency Core Cooling (ECC) systems has been based
on the basis that the limiting phenomenology takes place during ei-
ther LOCA or SBLOCA sequences. During LOCA and SBLOCA sequences,
there are large sources of momentum in the system such as, the steam
generation in the core, the break choking plane or the condensation in
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the U-tubes. Considering the presence of such large sources of momen-
tum, the code developers could make several approximation in the mo-
mentum balance equation. Because the momentum is driven by external
forces, the internal sources of momentum like the viscous stress can be
neglected from the equation (The RELAP5 Code Development Team,
2003). In SBO sequences, the core power has been significantly reduced
and the SG might be empty which means no condensation in the loops.
There still can be relatively high sources of momentum such as leaks
at the pump seals or openings of the pressurizer safety or relief valves.
However, in most of the possible SBO sequences, the sources of momen-
tum are much smaller than those appearing in LOCA/SBLOCA sequences
and therefore, the ability of system codes to reproduce correctly the phe-
nomenology is at stake.

In order to contribute to the efforts in evaluating the effectiveness of
the measures to cope with an SBO scenario, the NEA/OECD PKL-3 pro-
ject included several experiments related to SBO sequences. The NEA/
OECD PKL-3 programme is addressed at investigating safety issues rele-
vant for current pressurized water reactor (PWR) plants as well as new
PWR design concepts. The main focus is given on transient tests un-
der postulated accident scenarios and systematic parameter studies on
thermal hydraulic phenomena. These issues are being investigated by
means of thermal–hydraulic experiments conducted at integral test fa-
cilities (ITF). Experiments at ITF facilities consitute a vital step in the
validation process of system codes for safety analysis and also in the
confirmation of the expected phenomenology (Deng et al., 2019).
The PKL test facility operated and owned by FRAMATOME constitutes
the bulk of the experiments (Umminger et al., 2002). Safety organi
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zations, research laboratories and industry from fourteen countries are
supporting the PKL project.

One of the PKL test series within the NEA/OECD PKL-3 project
addressed current safety issues related to beyond design basis acci-
dent transients derived from SBO situations leading to significant core
heat-up (test series H2). Without any adequate accident management
(AM) procedures the postulated courses of events would lead to a se-
vere accident scenario with core damage. In the H2 experiments, the ef-
ficiency of very late initiated AM-measures is investigated. The scenar-
ios are connected with an assessment of the performance of the core exit
temperature (CET) which is used as criterion for the initiation of AM
measures involving emergency operating procedures and/or severe acci-
dent management measures.

In the present work, the three experiments from the PKL H2 series
have been simulated with the USNRC RELAP5 thermal hydraulic system
code and the capacities of the code to reproduce the phenomenology
have been assessed. In addition, the major sources of uncertainty partic-
ular of the present scenarios have been identified.

2. Station Black Out PKL Test series (H2)

The PKL test facility, located in Erlangen (Germany), is an experi-
mental power plant facility designed to simulate pressurized water re-
actors under accidental conditions. The facility replicates the entire pri-
mary system and most of the secondary system (except for the turbine
and condenser) of a 1300-MW PWR plant, with elevations scaled to 1:1
and volumes and power reduced by a factor of 145. The number of rods
in the core and the number of U-tubes in the steam generators (SG) have
been scaled by a factor of 145 as well. Unlike many experimental facili-
ties with only two available loops (one to simulate the broken loop and
the other to simulate the intact three loops), PKL simulates all four loops
separately.

One of the series of experiments of the project NEA/OECD PKL-3
deals with SBO transients with very lately initiated procedures to pre-
vent a core melt scenario. The main objective is to evaluate the effi-
ciency of the AM measures on re-establishing core cooling. Three differ-
ent experiments have been carried out: H2.1 (Schollenberger et al.,
2014) H2.2 (run1) and H2.2 (run2) (Schollenberger et al., 2016).

The three possible procedures to re-establish the core cooling with
very late actuation studied within the three tests are:

• Secondary side depressurization followed by a feed in the secondary
side

• Primary side depressurization to induce Accumulator (ACC) actuation
• Primary side feed through an emergency Residual Heat Removal

(RHR) system

The signals used to initiate the procedures are: high CET, high peak
cladding temperature (PCT) and less than 50 degrees of subcooling in all
4 loops.

Another aspect that has been studied is the possible aggravation of
the scenario after the injection of non-condensable gases into the reactor
coolant system (RCS) which may lead to a reduction of the heat transfer
area to the secondary side.

Table 1 summarizes the main boundary conditions of each test. Be-
fore the start of the test, the facility is maintained at steady state condi-
tions with subcooled natural circulation in the primary system. The level
in the SG has been reduced to mid elevation. Figs. 2–4 show the evo-
lution of the main variables in the three experiments respectively. The
tests are initiated by the following actions:

• Loss of the feedwater system in the secondary side
• Loss of the Chemical and Volumetric Control System (CVCS) in the

primary system

Table 1
Boundary conditions of the H2 test series of the NEA/OECD PKL3 project.

Event H2.1 H2.2 run1 H2.2 run2

Secondary side depressurization High PZR
level

High PZR
level

High PZR
level

2 SG
available
(no
common
header)

4 SG through
common
header

4 SG no
common
header

Primary side depressurization High CET High CET High CET
Area=A Area=1.43·A Area=1.43·A
Valve is
kept open
afterwards

Valve is kept
open
afterwards

Closed due to
low hot leg
temperature
or second
heat-up

Accumulator 4 ACC
available
in cold
side
(26bar)

4 ACC
available in
cold side
(26bar)

4 ACC
available in
cold side
(40bar)

Injection
of
nitrogen

Injection of
nitrogen
avoided

Injection of
nitrogen

Secondary feed High PCT High CET or
high PCT

High CET
reading or hot
leg Temp
below
saturation
+50K

1 mobile
pump in
SG1

1 mobile
pumps in SG
1 and 2

EFWS SGs 1
and in SG 4
30min later

Primary injection High CET High CET Not required
(RCS closed
with RC in U-
Tubes)

1 eRHR in
loop 1

1 eRHR in
loop 1

Core power No radial
power
profile

No radial
power profile

Radial power
profile

• Shut down of the pressurizer (PZR) heaters
• Initiation of the core power coast down

The initial response of the system is a decrease of the primary pres-
sure due to the core power reduction and because the secondary fill lev-
els are still high enough to extract a significant amount of heat. The
level in the SGs falls due to the loss of feed so a deterioration of primary
to secondary heat transfer takes place. When the secondary side is no
longer able to bring the primary side temperature to the secondary side
saturation conditions, the temperature at the core exit starts to rise. Be-
cause the CET rises and the primary side pressure decreases, the fluid in
the Upper Plenum (UP) is soon in saturation conditions. At this point,
steam flows to the Upper Head (UH) and forms a steam bubble. The for-
mation of steam implies a primary pressure rise. The steam bubble in the
UH displaces the coolant to the PZR so the fill level rises abruptly. This
is a clear indication that the SGs are no longer effective to extract heat
from the primary side and thus actions on the secondary relief valves are
taken (these actions are slightly different in each test).

Once the primary pressure reaches a predetermined setpoint, the
PZR safety valve actuates to avoid a too high pressure and therefore
primary side coolant is continuously lost. Natural circulation continues
in the primary side, though the steam bubble in the upper part of the
reactor pressure vessel (RPV) keeps growing. At some point it spreads



UN
CO

RR
EC

TE
D

PR
OO

F

J. Freixa et al. / Annals of Nuclear Energy xxx (xxxx) 107179 3

to the hot legs and steam flows into the U-tubes. After a short two-phase
circulation peak, the accumulation of steam in the U-tubes gradually led
to breaking of natural circulation in all loops. Because of the constant
loss of coolant, the core is uncovered and cladding temperatures and
CET rise triggering the PZR relief valve opening. From this point, each
test presents a slightly different evolution due to the differences in the
boundary conditions (BC). The evolution of the three experiments from
this point is described separately in the following subsections.

2.1. Test H2.1

A sharp primary side depressurization induces steam condensation
in the UP and UH, however, this only delays the core heat-up slightly
because the area of the valve is not large enough. Depressurization con-
tinues until the pressure setpoint of the Accumulators is reached. The
injection of cold water into the cold leg induces partial or total loop seal
clearing. The loop seal clearing allows the pressure in the hot and cold
side to equalize and therefore results in the displacement of coolant into
the RPV. The core is partially quenched and the production of steam in-
creases. This leads to a subsequent relaxation of the primary side depres-
surization and a cease of ACC injection. These two events repeat contin-
uously and one can observe an intermittent injection of the ACC which
is not sufficient to quench the core completely. Cladding temperatures
keep rising until a high PCT signal is reached and feeding of the sec-
ondary side of SG 1 with a mobile pump is initiated. This action enables
a secondary heat sink that reduces the primary pressure by condensation
in the U-tubes. The primary side depressurization allows an effective dis-
charge of the coolant from the ACC and the core is fully quenched. After
a complete emptying of the ACCs, nitrogen is discharged from the ACCs
and accumulated in the U-tubes of SG1 following condensation of the
steam. The nitrogen deteriorates the heat transfer to the heat sink. A sig-
nificant amount of steam is still being removed through the PZR valve
and thus, water levels in the primary system fall again and a second core
heat-up scenario takes place. When the CET is too high, primary side in-
jection is started in the cold leg of Loop 1. With the continuous injection
of coolant in the primary side and the partial heat transfer to the sec-
ondary side, the core is quenched and the long coolability is guaranteed.

2.2. Test H2.2 (run 1)

The relief valve in Test H2.2 (run1) is 43% larger than in test H2.1
and thus its effectiveness is much greater. The faster depressurization
led the primary pressure to the ACC setpoint much faster and allowed
a more effective discharge of the accumulators which were sufficient to
completely quench the core. The valve remained stacked open through-
out the rest of the experiment. The intense generation of steam in the
core provoked an increase of the primary pressure so that the accumula-
tors were not fully discharged. Nevertheless, the rather intense discharge
of coolant through the PZR valve and the cease of the accumulator in-
jection produced a second reduction of the core level rather early. This
second core heat up was addressed with an effective injection in the sec-
ondary sides which enabled steam condensation and the injection of the
remaining water in the Accumulators. The levels in two steam gener-
ators recovered slowly, however with no injection in the primary side
and the stuck opened PZR valve, a third core uncovery was unavoidable.
Again, once the high core exit temperature was detected, injection to
one of the primary loops was initiated which was sufficient to rapidly
quench the core and prevent further deterioration of the core conditions.

2.3. Test H2.2 (run 2)

In this experiment, in addition to the increased PZR relief valve, the
Accumulators are pressurized at a higher pressure so that the injection
starts earlier. These two aspects lead to a very effective cooling of the
core and a rather continuous injection of the ACCs. As the penetration
of coolant from the ACCs increases, the condensation induced by the in-
jection decreases and so does the depressurization rate due to the PZR
valve. As a consequence, there is a pressure build up in the primary sys-
tem and the ACC injection stops. The pressure build up continues until
loop seal clearing occurs, primary pressure experiences a sudden fall and
most of the ACC coolant is injected. The primary pressure levels off and
a limited amount of water is still available in the ACC tanks. With this
condition, primary side inventory is continuously depleted and a second
core heat-up sequence commences. When either a high CET or a low hot
leg temperature is reached, the Emergency FeedWater System (EFWS) is
started in SG 1, simultaneously the PZR relief valve is closed (the signal
that initiated the event was high PCT in both the experiment and the
calculations). The secondary feed induces condensation in the primary
side triggering the injection of the remaining ACC water. In addition,
since the PZR valve has been closed, the coolant in the PZR is displaced
to the UP causing a rapid quenching of the core. It takes 30min more
to connect the EFWS to SG number 4. With feed in two SG and no leak-
age in the primary side, decay heat is continuously removed through the
secondary side and there is no loss of coolant, which assures a long term
coolability.

3. Analysis of the experiments performed with RELAP5

The main goal of thermal hydraulic system codes is to provide safety
analysis for nuclear power plants (NPP). Building qualified models that
correctly reproduce the events in the particular NPP is a difficult task
(Freixa et al., 2016). One of the lessons learned with the use of ITFs for
system codes validation is that even though a given code with a given
nodalization is able to capture correctly the phenomena occurring in one
test, it might not be the case in a later test with different boundary con-
ditions. This can be true even for very similar transients like the ones ad-
dressed in the present publication. Therefore it cannot be assumed that
the phenomenon will be well simulated in an NPP model. As a matter
of fact, it has to be considered that the conditions to be simulated in
the NPPs differ from those simulated with the ITF models, so that con-
fidence in the system code and the associated nodalization can be built
only after successful simulations of a wide range of tests. Users must
not resort to simulate the different tests independently, because if done
so, the robustness and the soundness of the model will be lost (Freixa
and Manera, 2012). In the present work, the three experiments have
been carried out with a single nodalization with only modifications in
the boundary and initial conditions.

3.1. RELAP 5 nodalization of the PKL test facility

The starting point of the present analysis is a well validated RELAP5
input deck, developed at the UPC within the SETH and PKL projects. The
intensive validation activities, reported in various papers and reports
(Freixa et al., 2007; Reventós et al., April 2008; Freixa et al.,
2009) have yielded a reliable RELAP5 nodalization of the PKL test fa-
cility. Five different PKL tests were successfully simulated with the men-
tioned nodalization and reported in a PhD thesis by Freixa, 2007.

The UPC PKL-R5mod3.3 nodalization (Fig. 1) has been improved
for the SBO analytical exercise. It has been found that the simulation
of this type of scenario requires greater detail in some parts of the pri-
mary system. SBO scenarios run for very long time, once the pressure
is decreased and secondary heat sink is lost, sources of momentum are
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Fig. 1.

rather small so that heat losses and convection heat transfer between the
walls and the coolant become a considerable driving force.

The main features of the PKL input deck are:

• 867 volumes
• 961 junctions
• 83 heat structures (HS) with a total of 3643 mesh points

The core region (Fig. 1) has been divided into 4 channels, 3 to simu-
late the different radial regions of the active core, and the other one for
simulating the core bypass. Core outlet is also simulated with three par-
allel channels in order to keep superheated temperatures distribution at
the top of the core if dry out conditions are reached. Core channels are
divided into 14 axial levels, and 3 HSs have been deployed to simulate
radial power profiles.

The Lower plenum (LP) has been split into two channels, one for
each downcomer tube connection. Axially, the LP is divided into 5 lev-
els for preserving the real location of the flow distribution plate and the
fuel end fitting plate.

In order to correctly model the CET, the guidelines defined by Freixa
et al. (2015) have been followed. CET thermocouples have been mod-
elled by the use of specific HSs. In addition, the UP has been also ren-
odalized in order to place the thermocouples at the same level that is
reported in the PKL Test Facility Description. Special attention has been
given to the passive HS in the core and UP regions.

The Pressurizer is divided into 19 axial levels with two parallel
channels to allow convective flows. The surge-line is defined with a
pipe of 18 volumes. The Surge-line inlet connection has been adapted
to the patch 4 of RELAP5mod3.3 to activate vapor entrainment and
pull-through effects in the connection. The lines from the PZR to the re-
lief and safety valves have also been modeled.

The U-tubes have been nodalized with four channels per SG, two of
them reproducing the highest and lowest groups. The relative height of
the U-tubes volumes is equivalent to the relative height of the SG riser
nodes; hence mesh points of HSs are linked one to one with the hydro-
dynamic components of each of them.

3.2. Phenomenology and assessment

The following subsections analyze the simulation of the three experi-
ments focusing on the reproduction of the most important phenomenol-
ogy.

3.2.1. Post-test calculation of Test H2.1
The most relevant results of the post-test calculation of Test H2.1 are

shown in Fig. 2. Table 2 shows the chronology of the most relevant
events in Test H21. In general the calculation is in good agreement with
the experimental data. The primary and secondary side pressures evolve
very similarly to those in the test facility. The mass flow through the
PZR valve is slightly over-predicted when the control of the primary side
pressure starts, this can be observed in Fig. 2 third graph from the top
where the integrated mass through the PZR valves is shown. Exactly the
same control logic has been implemented in the RELAP5 input deck. Dif-
ferences appear only when the oscillations in the PZR level are present.
After that, the level stabilizes and the integrated mass flow displays the
same slope.

The evolution of the PZR level is in good agreement with the exper-
iment. The only discrepancy appears after the Accumulators are fully
depleted and more mass inventory is displaced to the PZR which sta-
bilizes at a higher level. The evolution of the first core heat-up takes

place with a slight delay in time and the efficiency of the action is more
limited. It takes more time for the accumulator water to reach the core.
In both, the experiment and the calculation, the accumulators are not
sufficient to quench the core and the amount of level provokes an inter-
mittent discharge of the ACC water. The amount of water remaining in
the ACC system is very well captured. The second rise of temperature
occurs at a similar time and the start of secondary feed leads to the same
response in the primary system. This response is: intense condensation,
drop of the PZR level and pressure followed by the discharge of the re-
maining coolant in the ACCs. This phenomenon is very well reproduced.
In this case the rapid discharge of the ACC water reaches the core with
similar timing and intensity. The condensation in the U-tubes provokes
a drop in the PZR level which is later recovered by the ACC discharge.

The second core heat up is slightly advanced in time because the
amount of liquid in the primary system is lower due to a slight over pre-
diction of the discharge through the PZR safety valve. In fact, this event
takes place with the same amount of water discharged through the PZR
valves. The evolution of the event is very similar, reaching a slightly
higher PCT. The primary side feeding implies a rise of the PZR level.
It has also been found that nitrogen from the ACC accumulates in the
U-tubes of SG1.

Table 3 summarizes the phenomenology taking place in both exper-
iments and a comment on whether the post-test calculations succeeded
or not to simulate the phenomenon. Most phenomenology has been well
reproduced. The major discrepancies between the calculation and the
experiments are on the timing of events. The timing is greatly influenced
by heat losses in each part of the facility. Those are difficult to estimate
with precision and depend as well on the fluid conditions in both the
inner and the outer sides. Synergies between the heat losses in the dif-
ferent parts play an important role as well.

3.2.2. Post-test calculation of Test H2.2 (run 1)
The evolution of Test H2.2 run2 is shown in Fig. 3 where the solid

lines represent the experimental data whereas the calculation results are
drawn with dashed lines. The chronology of the main events is shown
in Table 4. The first part of the transient, until the opening of the PZR
valve, is very well reproduced although it is noticeable that the increase
of PZR level and pressure is slightly faster in the calculation (just af-
ter loosing the SGs as a heat sink). Once the high pressure setpoint
is reached, the discharge through the PZR valve is overpredicted and
therefore the timing of the events taking place later in the transient is
conditioned. Most of the events occur with significant time anticipation
(see Table 4).

The first core heat up takes place similarly as in the experiment,
however, the PCT temperature is higher in the calculation because it
takes a little bit longer for the CET signal to be reached. The injection
of the ACC water in the calculation is not sufficiently effective to fully
quench the core. The decrease of the PZR level after the opening of the
PZR valve is well simulated. The second core heat up scenario takes
place earlier and the cladding temperatures reach higher values. The
second core heat up scenario is managed by injecting water in the sec-
ondary side which effectively induces condensation in the U-tubes and
allows the remaining water in the ACC to be injected into the primary
system. Even though this phenomenon takes place earlier, it is very well
captured by the code. Once the accumulators are fully discharged the
PZR level increases and both values stabilize at a certain level, the sim-
ulation slightly overpredicts this level.

The third core heat up scenario takes place with a significant antic-
ipation in the calculation (700s). It is important to notice that it occurs

UPC PKL-R5mod3.3 nodalization (only two loops out of four are shown).
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Fig. 2. Post-test calculation of Test H2.1. From top to bottom: a) primary and secondary pressures b) maximum cladding temperature c) Accumulator level and mass discharged through
the PZR safety and relief valves d) SG and PZR levels.

with the same mass discharged through the PZR, which means that the
balance of pressure drops and inventory in the primary system is well
reproduced. This core uncovery is overcome by injecting into the pri-
mary system, this is why the PZR level and the mass discharged through
the PZR valve increase abruptly at this point. The maximum tempera-
ture reached for this third heat up is again overestimated.

Table 5 summarizes the phenomenology and the ability of the
model and RELAP5 to simulate it for Test H22 run1. Again, most phe-
nomenology has been well reproduced. The major discrepancies be-
tween the calculation and the experiment is on the timing of events.

3.2.3. Post-test calculation of Test H2.2 (run 2)
The results obtained for Test H2.2 run2 are shown in Fig. 4 and

Table 6 show the chronology of the most important events in the ex-
periment. The evolution of both the simulation and the experiment are
almost the same until the opening of the PZR valve. It is important to
notice that as happened for Test H2.2 (run1) the increase of both level
and pressure in the PZR prior to the relief valve opening is somehow
more pronounced in the calculation. Afterwards, the discharge of mass
is again larger than in the experiment which will lead to the anticipation
of the events.

In the calculation, there is a short core uncovery at 8124s that does
not reach the safety signal to initiate accident management. The core
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Table 2
Sequence of events for Test H2.1.

Event Experiment
Post-
test

Start of Test: Shutdown of feed-water. PRZ heater and
CVCS

0 0

Saturation conditions at CET, rapid rise of PRZ level 2565 2792
Secondary side depressurization due to high PRZ level 3085 3390
Begin of primary-side pressure control via PRZ safety-
valve

4815 4850

Begin of first core heat-up 8415 8950
Primary-side depressurization due to high CET 8740 9428
Begin of ACC injection 9375 10070
ACC injection halted by pressure supportive effect 11400 11130
Begin of secondary side feed by mobile pump in SG1 due
to High PCT

12615 12782

First core heat-up ends 12700 12994
Begin of second core heat-up 20090 19922
Begin of primary-side feed by 1 emergency RHR in cold
leg 1 due to high CET

21105 20650

Second core heat-up ends 21195 20937

Table 3
Assessment of RELAP5 for the phenomenology in Test H21.

Event assessment

Rise of SG outlet temperatures as a consequence of
heat transport deterioration.

Well reproduced

Saturation conditions at CET: formation of UH void
and rapid rise of PZR level.

Well reproduced

ACC injection and LS clearing in all loops, core only
partially quenched

Reproduced but the rise of
cladding temperature is
more intense

Condensation effect at the ACC injection nozzles Well reproduced
Intermittent injection of ECC from ACC Well reproduced
Partial quench of the core after fully opening of
PZR relief valve

Well reproduced

Decay power is removed partially by the SG and the
PZR valve which leads to third core uncovery

Yes but earlier

Secondary side feeding induces intense
condensation in SG1 U-tubes and ensues a fully
deliver of the remaining coolant in the ACCs

Well reproduced

Nitrogen is displaced with steam via UH bypass
into U-tubes SG1

Well reproduced

level is recovered with a loop seal clearing. One thousand seconds later,
the core is uncovered again and this time the CET reaches the setpoint
triggering the opening of the PZR valve. Due to the larger discharge
through the PZR valve, the mass inventory in the primary system when
this first core heat up scenario takes place is lower than in the experi-
ment. The timing is correct but not the mass inventory, in the experi-
ment the loop seal clearing takes place at this time. The early loop seal
clearing in the calculation implies a different distribution of the fluid in
the system at this time. The primary depressurization is rather fast and
the accumulators inject water effectively which leads to the complete
quench of the core. This happens very similarly in both the calculation
and the experiment, although the cladding temperature in the calcula-
tion is somewhat higher. As it happens in the experiment, the accumu-
lators are not fully discharged.

The second core heat-up scenario happens earlier in the calculation
but this time with the correct mass inventory in the system. It can be
seen in the third graph of Fig. 4 that when the PZR valve is closed,
the mass discharged is exactly the same. This second core heat-up is re-
solved by the injection in one of the SG (secondary side) and the clo

sure of the PZR valve. This two actions simultaneously provoke the dis-
charge of the water in the PZR directly to the UP and the core, quench-
ing the core rapidly. This phenomenon is well simulated although it hap-
pens quite earlier.

Table 5 summarizes the phenomenology along with the assessment
of the code for Test H22 run2. In the same manner as for run 1, most of
the discrepancies are in the timing of the events. (See Table 7).

3.3. Guidelines for modelling and unceratainty analysis

The SBO scenarios analysed within the PKL-3 project are very long
transients so that the core power has been significantly reduced; there
are no break locations and only either sporadic or temporary openings of
relief or safety valves take place. In this situation, sources of momentum
are much smaller than in typical LOCA or SBLOCA events. Since best es-
timate system codes were mainly developed to simulate LOCA scenarios
(in their full spectrum) the performance of system codes and the general
guidelines followed to simulate PWR power plants are called into ques-
tion. In addition, heat losses of the different parts of the system may play
a significant role.

In order to configure the PKL model so that it can be qualified for
the three experiments, the nodalizations had to be improved in several
locations. An increased level of detail was necessary in the larger open
areas of the system such as the pressurizer, the upper head and the lower
plenum. These areas were nodalized with parallel channels in order to
enable convective flows. Very precise adjustments of the pressure and
heat losses were also needed.

The following is a list of the most significant sources of uncertainty
for the analyzed sequences:

• Heat losses. In integral test facilities heat losses are more relevant
than in full size PWR plants (D’Auria and Galassi, Oct. 2010).
In particular, the scaling value of the heat losses in facilities build
with the typical power to volume technique is (Kv) 0.5 (Mar-
tinez-Quiroga and Reventos, 2014). This means that, for PKL with
a Kv of 145, heat losses are 12 times more influential than in the refer-
ence PWR. Even though the effect is much reduced, it is recommended
to evaluate the influence of heat losses at PWR scale for this type of
scenario.

• UH to DC bypass. Sensitivities on the flow resistance at the Upper
head to Downcomer bypass has seen to have a strong influence in the
water levels distribution of the DC and the core. This resistivity has
been adjusted throughout the years with the simulation of several ex-
periments and is well adjusted. However, it has been seen that small
variations might influence significantly the results in SBO sequences
so that this value should be added to uncertainty quantification analy-
sis.

• Entrainment and mixing in the PZR. The entrainment and mixing
in the upper part of the pressurizer will affect strongly the mass dis-
charged through the PZR valve. The most important discrepancy pre-
sented by the calculations was the overestimation of the mass dis-
charged through the PZR valve. Several sensitivities have been carried
out to address this difference with little success. The main difference
is that to keep the same pressure in the system, RELAP5 needed to
discharge more coolant. This indicates that more liquid phase is be-
ing entrained to the valve. The pressurizer is a big open space with
no internals and the mixing and entrainment models of system codes
for large open spaces are not very accurate (D’Auria et al., 2017).
This could explain the deficiencies that could end up with differences
of more than 2000 s in the time to core damage.

• ECC mixing and condensation. Condensation models at the injec-
tion locations will affect the effectiveness of the accident manage-
ment actions. Even though in the present assessment, the condensa
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Fig. 3. Post-test calculation of Test H2.2 run 1. From top to bottom: a) primary and secondary pressures b) maximum cladding temperature c) Accumulator level and mass discharged
through the PZR safety and relief valves d) SG and PZR levels.

tion models reproduced fairly well the efficiency of the ACC injection,
these are a major source of uncertainty.

• CET modelling. CET related parameters, the present calculation re-
lied on the modelling guidelines developed by Freixa et al. (2015)
for the reproduction of the CET response. The response of the CET is
very important in SBO sequences because several actions may rely on
the state of the core which is indicated by the CET readings. There-
fore, this is a major source of uncertainty.

• Boundary conditions. For the SBO sequences, it has been seen that
slight modifications in the boundary conditions have a strong impact
on the core heat up scenarios. The most relevant boundary conditions
have been found to be:
– SG secondary side levels
– PZR initial water level

– ACC conditions: pressure, level and temperature
– Temperature of the water being fed to the SG or the primary side

4. Conclusions

A well validated input deck of the PKL test facility has been used for
the simulation of SBO experiments with very lately initiated procedures
to prevent core damage. The main objective of the work is the assess-
ment of the RELAP5 code and the generation of modelling guidelines for
application to PWR safety calculations. The activity is part of the Span-
ish participation to the NEA/OECD PKL-3 project and the CAMP Inter-
national agreement.
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Table 4
Sequence of events for Test H2.2 (run 1).

Event Experiment
Post-
test

Start of Test: Shutdown of feed-water. PRZ heater and
CVCS

0 0

Saturation conditions at CET, rapid rise of PRZ level 3300 3900
Secondary side depressurization due to high PRZ level 3840 4150
Begin of primary-side pressure control via PRZ safety-
valve

5085 4894

Begin of first core heat-up 8220 7275
Primary-side depressurization due to high CET 8465 7661
Begin of ACC injection 8975 8152
First core heat-up ends 9375 –
Begin of second core heat-up 10050 –
Begin of secondary side feed by mobile pump in SG1 due
to High PCT

11135 10212

Second core heat-up ends 11295 10422
End of secondary side feed by mobile pump in SG1 15170 14297
Begin of third core heat-up 16780 16080
Begin of primary-side feed by 1 emergency RHR in cold
leg 1 due to high CET

17475 16890

Third core heat-up ends 17550 17065

Table 5
Assessment of RELAP5 for the phenomenology in Test H22 run 1.

Event Assessment

Rise of SG outlet temperatures as a consequence of heat
transport deterioration.

Well reproduced

Saturation conditions at CET: formation of UH void and
rapid rise of PZR level.

Well reproduced

Condensation effect at the ACC injection nozzles Well reproduced
Loop seal clearing concurrent with the ACC injection Well reproduced
Full quenching of the core after fully opening of PZR relief
valve

The core is not fully
quenched

Primary side pressure build up due to increased flashing in
core, cease of ACC injection

Well reproduced

Strong condensation in U-tubes after SG feeding which
induces ACC discharge

Well reproduced

Decay power is removed partially by the SG and the PZR
valve which leads to third core uncovery

Yes but earlier

Injection of coolant in the primary system through RHR
system in one loop induces rapid quenching of the core

Yes but earlier

The three experiments of the NEA/OECD PKL-3 project have been
simulated with a single nodalization model. Each experiment presents a
typical SBO sequence for a Konvoi type reactor with slight differences on
the boundary conditions. The phenomenology taking place in the three
experiments was well reproduced although there were some discrepan-
cies in the timing of the events. However, in order to correctly reproduce
the phenomenology involved in the transient, several improvements of
the nodalization were needed mainly due to the special characteristics
of SBO scenarios. In particular a very detailed nodalization was needed
in the RPV, the pressurizer and the U-tubes.

With all these improvements, the simulations have reproduced well
all the phenomenology of the three experiments. It is concluded that
the code is suitable to simulate this type of sequences although special
nodalization approaches are needed. In addition, the major sources of
uncertainties have been identified.

The present work shows the complexity of simulating SBO sequences
which can only be addressed with advanced best estimate system codes.
In addition, the preparation of the model has to take into

account the lessons learned in activities like the OECD/NEA PKL-3 pro-
ject and the associated analytical activities. Non-qualified simulations
may lead to large differences between the results and the reality which
can be of the order of thousands of seconds for the time of core damage.
Regulatory bodies should take the necessary precautions when assessing
either Probabilistic or deterministic safety analysis containing SBO se-
quences.
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Fig. 4. Post-test calculation of Test H2.2 run 2. From top to bottom: a) primary and secondary pressures b) maximum cladding temperature c) Accumulator level and mass discharged
through the PZR safety and relief valves d) SG and PZR levels.
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Table 6
Sequence of events for Test H2.2 (run 2).

Event Experiment
Post-
test

Start of Test: Shutdown of feed-water. PRZ heater and
CVCS

0 0

Saturation conditions at CET, rapid rise of PRZ level 3950 4428
Secondary side depressurization due to high PRZ level 4550 4778
Begin of primary-side pressure control via PRZ safety-
valve

5700 5601

Begin of first core heat up 9260 9285
Primary-side depressurization due to high CET 9525 9682
Begin of ACC injection 9630 9779
First core heat-up ends 9685 9896
Begin of second core heat-up 13825 12556
Begin of secondary side feed by EFWS in SG1 due to
High CET

14230 13068

Second core heat-up ends 14725 13519
Begin of secondary side feed by EFWS in SG4 16035 14868

Table 7
Assessment of RELAP5 for the phenomenology in Test H22 run 2.

Event Assessment

Rise of SG outlet temperatures as a consequence of
heat transport deterioration.

Well reproduced

Saturation conditions at CET: formation of UH void
and rapid rise of PZR level.

Well reproduced

Condensation effect at the ACC injection nozzles Yes but overestimated
Loop seal clearing concurrent with the ACC
injection

Takes place earlier

Full quenching of the core after fully opening of
PZR relief valve

Well reproduced

Primary side pressure build up due to increased
flashing in core, cease of ACC injection followed

Phenomenon reproduced but
at a different time and ACC
mass inventory

Second core heat-up Reproduced but significantly
earlier

Secondary side feeding in combination to the
closure of the PZR valve ensues the injection of
ACC coolant and displacement of the PZR
inventory to the RPV

Well reproduced

Nitrogen is displaced with steam via UH bypass
into U-tubes SG1

Well reproduced
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