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a b s t r a c t

PKL is a worldwide unique integral test facility for simulation of thermal-hydraulic phenomena, which
can occur in Pressurized Water Reactor under abnormal or accident conditions. The test rig replicates the
entire primary side and the relevant parts of the secondary side of western-type PWR plant in the scale
of 1:1 in heights and 1:145 in volume and power. The analyses that have been carried out for the last 40
years have always reflected safety issues addressed in the debate of nuclear community. Among goals of
experimental programs conducted at the facility there are demonstration of safety margins, investigation
of thermal-hydraulic behavior of a plant under accident conditions, verification of accident management
procedures as well as provision of data for thermal-hydraulic codes validation. This paper provides a
detailed analysis of experiment dedicated to investigation of heat transfer mechanisms in steam
generator in presence of non-condensable gas, steam and liquid. Such conditions can occur in a PWR in
case of loss of residual heat removal system under cold shutdown conditions. Probabilistic safety as-
sessments indicated that this accident contributes to much larger core damage frequency than originally
anticipated. Therefore, an increasing attention has been paid to this accident scenario in the recent years.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Various probabilistic safety assessments indicated that loss of
residual heat removal system (RHRS) under shutdown conditions
contribute to 18% of the integral core damage frequency of
1.1 � 10�5 per reactor per year. This share turned out to be much
larger than originally anticipated and it directed the interest of
nuclear community to this type of accident scenarios.

Further analyses conducted by GRS (Gesellschaft für Anlagen
und Reaktorsicherheit) have indicated that operating the secondary
side as an alternative heat sink in case of loss of RHRS could lead to
an inherent boron dilution. This becomes particularly important in
the context of operating manuals of some pressurized water re-
actors (PWR) designs, which state that for mid-loop operation
mode the secondary side of at least one steam generator (SG) must
be filled in order to provide a heat sink in case of the loss of RHRS.

In this context, the failure of RHRS became an important issue in
the debate on nuclear safety. Therefore, several tests on this
ering, Warsaw University of
land.
k).
scenario in mid-loop operation have already been conducted
within previous PKL experimental programs [4], some of themwith
the reactor coolant system (RCS) partially open and some with
closed. The latter ones confirmed that the measure of the operation
of at least one SG is sufficient for the decay heat removal after the
failure of RHRS. However, the previous tests showed also that
different heat transfer conditions in the SG (e.g. reflux-condenser
operation mode, intermittent coolant flow or onset of circulation)
result in different distributions of boron concentration in the RCS.
Specifically, these different heat transfer mechanisms can lead in
the long term to a significant reduction of the boron concentration
in the cross-over leg and in the cold leg (CL). One of the most
important parameters which define the conditions in the SG U-
tubes is the amount of coolant inventory in the primary circuit.

The previous tests results [4] also showed that a larger amount
of coolant on the primary side (resultant e.g. from an additional
water injection into the RCS) can lead to a decrease of heat transfer
in SGs and thereby impede the reactivation of the RHRS (assuming
it has been brought back). Thus, the previous tests indicated that
the flow phenomena connected with the heat removal and boron
dilution after the failure of the RHRS are highly sensitive to slight
changes of the primary-side water inventory.

mailto:rafal.bryk@framatome.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.energy.2020.118612&domain=pdf
www.sciencedirect.com/science/journal/03605442
http://www.elsevier.com/locate/energy
https://doi.org/10.1016/j.energy.2020.118612
https://doi.org/10.1016/j.energy.2020.118612
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These findings constituted a motivation for the conduction of a
next test which would answer the still open questions regarding
the scenario of failure of RHRS. Since parameter studies in general
provide a comprehensive data base for further analysis of the
phenomena which then contributes to a deeper understanding of
the investigated mechanisms, the test was designed as a systematic
study on heat transfer in SG U-tubes in the presence of nitrogen,
steam and water with the changing parameter of the primary-side
water inventory. Furthermore, the influence of the coolant in-
ventory and the corresponding heat transfer conditions in the SG
on the boron concentration distribution in the circuit was
investigated.

Thus, the overall objective was to gain an understanding of the
flow conditions and parameters evolutions dependent on primary-
side inventory and corresponding different swell levels in SG U-
tubes. In particular, blocking of U-tubes by subcooled coolant slugs
with nitrogen and continuous and intermittent single- and two-
phase coolant transport were of interest. Furthermore, the goal of
the test was to obtain experimental data supporting drawing con-
clusions on plant operation following failure of RHRS. In this
context, stabilization of primary-side pressure and temperature at
moderate levels and mitigation of boron dilution were of interest.

Another objective which motivated this research was provision
of data for validation of thermal-hydraulic codes in the scope of the
above mentioned phenomena. Therefore, particular emphasis was
put on the establishment of clear boundary conditions and
obtainment of a steady state for each phase of the test, i.e. for each
inventory level.
2. PKL test facility description

The PKL (Ger. Prim€arkreislauf) test facility replicates the nuclear
steam supply system (NSSS) of a 1300 MWe nuclear power plant in
a scale of 1:145. Heights of individual components and of the entire
system were mapped in the full scale. The reference plant for the
designwas the KONVOI reactor of the unit 2 of Philippsburg nuclear
power plant.

As an integral test facility mapping the entire plant, PKL (Fig. 1)
is equipped with a replica of reactor pressure vessel with electri-
cally heated rods simulating the core, four symmetrically arranged
loops (hot and cold legs), four steam generators, four reactor
coolant pumps and a pressurizer (PRZ). Furthermore, all systems of
the secondary side excluding turbine and condenser were repli-
cated in the facility. PKL is also equipped with auxiliary and safety
systems, i.e. chemical volume control system, high pressure safety
injection system, accumulators’ injection system, low pressure
safety injection system and emergency feedwater system.

Apart from all typical devices encountered in a nuclear power
plant (NPP), PKL has also facility-specific systems. Among these,
there are mainly systems supporting correct replication of phe-
nomena encountered in a full scale NPP utilizing a scaled-down
facility. Specifically, in order to compensate heat losses of the fa-
cility, which result from relatively larger outer shell areas with
respect to volume of the individual components than it is the case
in a real PWR, the facility was equipped with trace heaters. These
heaters are installed in the dome, pressurizer and steam generator
bypass and they are operated on the basis of temperature in the
facility and corresponding heat losses which were determined in
beforehand in a dedicated test.

Other relevant auxiliary systems comprise the reactor pressure
vessel (RPV) drain line, reactor coolant pump (RCP) butterfly valves
(for replication of hydraulic resistances of pumps at standstill),
break simulators and others. More detail description of the facility
and individual components can be found in literature [1,2].
The goal of experimental programs performed at the PKL facility
is to address safety issues indicated in the debate of nuclear com-
munity. Specifically, the spectrum of analysis comprises investiga-
tion of thermal-hydraulic system response and behavior under
abnormal or accident conditions, demonstration of safety margins
and verification of accident management procedures. Besides, an
overarching goal of all tests campaigns is provision of data for codes
validation.

Since 1977, when the facility was built, over 200 experiments
have been performed at the facility, which contributed to a deeper
understanding of thermal-hydraulic phenomena observed in a NPP
and to a better evaluation of measures and procedures imple-
mented to control an accident. In these years a number of projects
have been conducted in frames of national and international pro-
grams. These projects have always reflected the safety concerns
relevant at that time. More detail discussion on tests programs
conducted thus far can be found in Ref. [1,2], while some of the
individual tests can be found in Ref. [3e9].

Over the years the interest of nuclear community and the sub-
jects investigated at the PKL have been evolving, so has the facility
itself. The test rig was modified several times in order to provide a
possibility to replicate any scenario of interest. In principle, a strong
emphasis was put on the capability to replicate various PWRs
which sometimes have differences in their designs. Therefore, the
PKL facility is equipped with 8 accumulators e 4 connected to the
cold leg (CL) and 4 to the hot leg (HL) e in order to provide the
possibility of simulation of both designs encountered in operating
PWRs.

A considerable modification project was also accomplished
within the currently conducted experimental program (PKL III i).
The modifications of the facility influenced the upper plenum (UP)
and the upper head (UH) of the RPV and the main change
comprised an installation of an upper support plate encountered in
reactor designs currently built around the world. Due to the
modification program, the facility corresponds now better to these
plants but due to its modular structure, the KONVOI-type UP can be
brought back anytime. As a result, various RPV designs can be
nowadays replicated by the PKL facility. More detail discussion on
the modification scope can also be found in Ref. [1].

3. Measurement instrumentation, uncertainties and
calibration

Extensive instrumentation with the total number of around
2000 measuring points allows for a detailed analysis and an
interpretation of phenomena observed in tests. Apart from stan-
dard measurements of mass flows, pressures and temperatures,
special techniques for determination of boron concentration are
used for experiments involving boric acid.

3.1. Mass flow, pressure and temperature measurements errors

In addition to the error margins provided by the sensor manu-
facture, signal deviations created by the data processing system and
errors related to the sensor adjustment must be considered. An
additional error arises during the calculation of the mass flow
which, apart from the calculation parameters given by the manu-
facturer, is also dependent on the density which in turn depends on
temperature and pressure e both subjects to measurements
uncertainties.

In principle, the raw data output (volts, amperes) supplied by
the individual measurement system are recorded, further pro-
cessed by the data acquisition system and stored on HDD. The raw
data is converted into engineering units e physical values in �C and
bar. In the next step, the data acquisition system (DAS) uses



Fig. 1. PKL test facility [2].
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combinations of these raw data sets to generate several so-called
computed parameters of first order in kg/s and kg/m3.

Thus, obtainment of the raw signal is connected with the error,
which is specified by the measuring device manufacturer. Then,
each step of data processing causes the error to accumulate. Table 1
provides estimation on the probable errors for different physical
properties for the ranges relevant for the experiment described
hereafter.

Regarding mass flow measurements, various methods and de-
vices (Venturi nozzles, turbines, orifices and vortex shedding de-
vice) for measurements are applied in the PKL facility. Depending
on the type of the device and its manufacturer, different mea-
surements are characterized with different uncertainties. In prin-
ciple, the error is below 3%. Besides, for RCS mass flow
measurements with Venturi nozzles, different sensors for wide and
low range measurements are applied. The accuracy of the sensors
depends on the actual mass flow and it is determined on the basis
Table 1
Measurements uncertainties.

Parameter Value

Temperature ±2.5 K
Pressure ±1% with reference to end of scale
Differential pressure ±1.2% with reference to end of scale
Density ±2% with reference to end of scale
Core power ±1.5% with reference to end of scale
Water level ±2% with reference to end of scale
of curves delivered by the manufacturer. In most of the measure-
ment region the error is below 1%, but when the flow is close to the
lowest point of the measurement range, the error rises rapidly. In
order to avoid a measurement distortion in these regions, the
different nozzles for different measurement ranges were applied.
3.2. Boron concentration measurements

Boron concentrations are recorded continuously throughout the
test by means of two absorption measuring devices COMBO e

Continuous Measurement of Boron Concentration. Both COMBOs
are installed in the pump seal e one approx. 4.8 m below the tube
sheet of the SG and one below the RCP, approx. 1 m below the cold
leg.

Each of the COMBO instruments consists of a neutron source
and two counter tubes. The neutron source emits fast neutrons
which penetrate the RCL wall and are then slowed down (moder-
ated) in the coolant. It is only these slowed (thermal) neutrons that
are absorbed by the boron atom nuclei. The counter tubes also
record only these slow neutrons. The COMBO counting rates are an
indication of boron concentration and are directly convertible into
boron concentration readings when the RCL is completely full. Void
in the region of the measurement distorts the measurement.

Apart from continuous measurement, samples are taken in
different locations to provide an overview on boron distribution
throughout the entire reactor coolant system. Fig. 2 indicates the
locations of COMBOs and individual samplings.



Fig. 2. Instrumentation for boron concentration measurement.
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4. Boundary and initial conditions of the test

The accident scenario under investigation could occur in a PWR
under cold shutdown conditions with the RHRS in operation, so the
initial conditions of the experiment reflected this state of the plant.
In order to investigate the plant behavior under conservative as-
sumptions, the test was performedwith only one operable SG and 3
remaining loops were blocked by blank flanges. Fig. 3 illustrates the
initial conditions of the facility during the test in the single-loop
configuration.

At start of test (SOT) the primary side inventory with homoge-
nous boron concentration of 2000 ppm was at ¾-loop level and
nitrogen was occupying the rest of the facility. The coolant in-
ventory at SOT was 1060 kg with a measurement uncertainty of
20 kg.

The core power was set to 220 kW representing approx. 0.7% of
the scaled-down full core power. This power level corresponds to
the decay heat of the core approx. 24 h after the shutdown of the
reactor.

The pressure at the primary and secondary side was 1 bar. The
SG in operation was filled with 25 �C liquid water up to 12.2 m. The
rest of the SG was occupied by air. Prior to SOT, the RHRS was in
operation controlling the water temperature at the core exit at
60 �C. The shutdown of the RHRS marked the point of the test start
in the test procedure.

The test procedure comprised several changes of primary-side
inventory with phases of steady-state at quasi-constant pressure
in between (Fig. 4). Inventory was discharged and replenished
through a drain valve installed at the lower plenum and via the
volume control system injecting water into the lower part of the
downcomer (DC) tubes.

The test was designed as a parameter study aiming at the



Fig. 3. Initial boundary conditions.
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thorough investigation of the thermal-hydraulic dependencies
between the primary and secondary sides. In this context all po-
tential disturbances like auxiliary heating for compensation of heat
losses (e.g. in SGs, RPV closure head trace heaters) were not in
operation in this test. A summary of the initial conditions is pre-
sented in Table 2.
5. Test conduction and results

Shutdown of RHRS corresponded to the start of test, so this
Fig. 4. Test procedure and
point constitutes time ¼ 0 and each point given in the further
analysis refers to SOT.

Fig. 4 presents an overview over the test procedure (inventory
draining and injecting) and over the pressure evolution during the
test. Each of the following sub-sections covers the establishing of a
phase of a constant inventory and comprises a description and an
evaluation of the plant behavior as regards the heat transfer,
pressure stabilization and evolutions of boron concentrations.

In the course of the test a set of steady-state operation has been
determined and snapshots of the inventory distribution as well as a
detailed temperature profile of characteristic SG U-tubes have been
prepared for each stationary state reflecting, thereby, most of the
phases with a pressure stabilization at a constant coolant inventory.
These points of steady-state operation have been labeled in
alphabetically ascending order (A-E) and marked in the corre-
sponding overview diagrams.

Furthermore, heat transfer modes (distribution of swell levels
and condensation zones) prevalent at the specific points were
evaluated on the basis of measured fluid temperature profiles in
different U-tubes.

5.1. Phase 1 e Stationary reflux condenser operation

Phase 1 started with shutdown of the RHRS at initial conditions
presented in Fig. 3. The temperature in the core started to rise
immediately and before the steam formation a phase of inventory
drainwas initiated 440 s after SOT (Fig. 4) in order to cover all water
levels that result in various heat transfer mechanisms.

Approx. 600 s after SOT the coolant in the core reached satu-
ration conditions and steam formation started. Due to the level
swell in the core region a displacement of water, which was still
subcooled at that time, from UP and HL towards SG-inlet chamber
was observed. However, since the inventory drain was progressing
in parallel, the displacement was not as significant as it would have
been, if the inventory had remained constant.

Once the steam formation has appeared in the core, the pressure
started to rise too. At 980 s after SOT saturation conditions were
already observed in the HL and SG inlet chamber, so the steam
bubbles were able to pass through the water column and reach SG
U-tubes.

Once the steam became able to penetrate the saturated coolant
pressure evolution.



Table 2
Summary of initial conditions.

Primary side Secondary side

Reactor state Cold shutdown with RHRS in operation Pressure 1 bar
Loop configuration 1 of 4 loop in operation; 3 loops blocked Temperature 25 �C
Pressure 1 bar SG fill level 12.2 m
Temperature 60 �C
Core power 220 kW (approx. 0.7% of the scaled-down nominal power)
Water inventory 1060 kg ± 20 kg
Boron concentration 2000 ppm
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in SG inlet chamber, a rising of swell level in the U-tubes was
observed approx.1340 s after SOT. Due to relatively high core power
of 220 kW and the availability of only one loop, the resulting high
steam velocity from RPV to SG caused coolant to successively
accumulate in the U-tubes due to counter current flow limitation in
the SG inlet chamber. The effects of the consecutive displacement of
coolant from the RPV into SG e the imminent occurrence of core
uncovering e was recorded by the RPV collapsed level detectors as
well as fluid and wall temperatures of the rod claddings (Figs. 5 and
6).

At approx. 2000 s after SOT the cladding temperature started to
diverge from the saturation temperature. Consequently, between
2280 and 13200 s after SOT the core power was gradually adjusted
between 150 and 200 kW and finally set at 180 kW to reverse and
henceforth to avoid the counter current flow limitation and the
displacement of coolant from the RPV. In this process, the cladding
temperature of a central heater rod passed a maximum of 265 K
above saturation point approx. 2495 s after SOT (Fig. 6).

At 2220 s after SOT the coolant drain was ended and the mini-
mal level of inventory for investigation of heat transfer in the SG
was set. This minimal inventory was 670 kg, so in total approx.
390 kg of water was discharged.

Due to the heat transfer between primary and secondary side of
the SG, temperature and pressure at the secondary side were rising.
Approx. 6980 s after SOT the pressure reached 2 bars and main
steam relief control valve was opened. The emerging decrease of
the secondary-side fill level was countered by the activation of the
Fig. 5. Collapsed levels in th
feedwater at 8140 s.
Steady state conditions established approx. 10600 s after SOT. At

that time reflux-condenser-operation with the SG inlet side swell
level in the lower part of the SG inlet chamber was observed. The
entire core power was removed to the secondary side via active
heat transfer zones as film condensation was present in the region
between measurement positions A and E, i.e. at the height of 1.3 m
of U-tubes inlet side (Fig. 7). The upper U-tube lengths which were
blocked by nitrogen formed passive zones which did not contribute
to the heat removal.

The pressure at the primary side at that point in time was
3.6 bars and themeasured core exit temperaturewas the saturation
temperature at that pressure, i.e. 141 �C. The stationary point A
corresponded to these conditions at 14900 s after SOT.

In the scope of boron concentration, the boron dilution was not
observed during the first phase. Due to the reduction of RCS in-
ventory, the small amount of coolant left in the SG inlet chamber
consisted of almost pure condensate. In parallel, boron enrichment
was observed in the core. As a consequence of heat up of structures
and heat losses, small amounts of condensate also accumulated in
the cold leg during the first phase. Due to blockage of the U-tubes
by nitrogen, steam and condensate reached SG outlet only in
marginal proportions. The resulting small condensate layer in the
SG outlet chamber was not measured by COMBO located at the
vertical SG outlet leg. Thus, the condensate amount was negligible
as regards the boron dilution. The evolution of the boron concen-
tration (including COMBO and sample-measurements) during the
e loop during phase 1.



Fig. 6. Main parameters in the core.

Fig. 7. Temperature profiles and heat transfer in SG in state A (reflux-condenser-operation).
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whole test is presented in Fig. 8.

5.2. Phase 2 e Swell level in U-tubes

A change of coolant inventory marked the end of the first phase
of steady-state operating conditions. Between 15850 and 17560 s
after SOT (Fig. 4) approx. 110 kg of water was injected into the
primary circuit. The injection increased the amount of coolant in
the RPV and raised the swell level in the SG inlet chamber which
still remained clearly below the tube sheet. The pressure in the
primary circuit remained practically unchanged at 3.7 bars.
A second step of coolant injection performed between 19160 s
and 20710 increased the coolant inventory from 780 to 880 kg and
it caused the swell level to rise into the U-tubes. During the in-
jection, the coolant was being displaced and distributed among
cold and hot sides. Since that point in time the temperature profiles
and the heat transfer modes have evolved differently between
short and long U-tubes. Steam was preferably allocated to short U-
tubes while columns of saturated liquid started to form in the
longer tubes. The higher the hot side swell rose in the U-tubes, the
more distinct these imbalances became.

At 26000 s after SOT stable heat transfer in the SG and primary



Fig. 8. Evolution of boron concentration during the test.
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pressure at approx. 4.8 bar were observed. The level detectors in
the U-tubes indicated a stabilized collapsed level of approx. 3.0 m
for all U-tubes (Fig. 9). However, cross correlations of temperature
readings from thermocouples within U-tubes revealed different
characteristics of flow between short and long tubes. In the short U-
tubes the steam was able to pass the liquid phase at the bottom
ends of the tubes (which was close to saturation conditions), so
considerable amounts of steam was reaching the upper U-bends
and the SG outlet.

As soon as the swell level rose into the tube sheet at the inlet of
Fig. 9. Collapsed levels in the l
SG the coolant on the cold side (pump seal) was also displaced
towards SG-outlet due to pressure balance. In fact, the higher the
swell level at the hot side rose, the more distinct was the
displacement of coolant towards SG in the vertical tube connecting
crossover leg with the SG outlet.

As the allocation of steam to the short tube increased, the
condensation zone in median and long U-tubes was reduced to
elevations A-D (Fig. 10). The rest of the water columns in these
longer U-tubes was subcooled (close to secondary-side
temperature).
oop during phase 2 and 3.
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While the short U-tubes contained a distinct two-phase mixture
with high steam content, median and long U-tubes displayed a
clear phase separation at the upper end of subcooled coolant col-
umns, providing thereby a blockage for steammigration toward the
apex.

The overall reduction of free heat transfer area caused the
primary-side pressure to rise from 3.7 at point A to 4.8 bars at point
B at 26000 s after SOT. Since together with pressure a higher
temperature (181 �C) established in the primary circuit, a higher
temperature difference between primary and secondary sides was
sufficient to remove the entire decay heat.

At the cold side of the primary circuit, with the start of inventory
displacement towards SG, the coolant (condensate) in the vertical
RCP pump seal was dislocated downwards (Fig. 9). At the very
beginning of this dislocation it could be recognized by COMBO
located below RCP as condensate emerged due to heat losses was
still present in the vertical pipe connecting RCP with the cross-over
leg. In the later phase e as steam, that pushed downwards the
water column in the vertical RCP connection, reached COMBO, the
measurement was no longer possible.

As the inventory at the hot side increased after the injection, the
boron concentration in the SG inlet chamber did as well, as the
mixing processes between the UP and SG inlet chamber via the hot
leg intensified. On the cold side, the dislocation of inventory
consecutively proceeded and the COMBO below SG detected the
dislocated coolant approx. 24300 s after SOT in the lower vertical
part of pump seal below the SG as a decrease of boron concentra-
tion (Fig. 8). To the largest extend, this slow decrease of boron
concentration resulted from the dislocation of pump seal inventory
and only to marginal proportion from steam condensation in the
outlet side of the U-tubes.
5.3. Phase 3 e Onset of coolant transport

Next change of the coolant inventory performed between 27060
and 27930 (Fig. 4), which resulted in adding of approx. 55 kg of
coolant to the circuit, marked the beginning of the third phase of
Fig. 10. Temperature profiles and heat transfer in S
the test.
As the hot-side swell level rose due to the coolant injection,

discrepancies in evolutions of flow characteristics in U-tubes of
different lengths increased. As before, the injected coolant was
dislocated towards the main heat sink and caused the water in-
ventory on the inlet side of the SG U-tubes to rise. Further increase
of the hot side water inventory e under the impact of an already
present inhomogeneous steam distribution among short and long
U-tubes e caused then the steam content on the short tubes to
grow continuously. In parallel, the heat transfer areas in themedian
and long U-tubes were consecutively reduced to a short zone with
steam condensation close to the U-tubes inlets.

At 28685 after SOT, the swell level in short U-tubes reached the
apexes and initiated forward coolant transport to the outlet side of
these U-tubes. The onset of forward transport significantly
improved the heat transfer in corresponding tubes, so the pressure
rising stopped. At t ¼ 28700 s the loop seal was filled and the
coolant flow passed the cold leg towards DC at t ¼ 28865. This
resulted in further cold medium dislocation from DC into the core.
The phenomenon can be clearly recognized on the basis of tem-
perature measurements at various elevations along the core
(Fig. 11).

Improved heat transfer in the SG and the impact of the cold
coolant on temperatures and densities in the core caused the
pressure to decrease (Fig. 4). Furthermore, due to the inflow of cold
water from the DC approx. 600 s after the onset of flow, nearly a
third of the core height was 30 K below saturation. Consequently,
steam in the core partially condensed and the primary pressure
decreased do approx. 4.2 bars. This led, in turn, to an increase of
steam volumes in the U-tubes (RCS depressurization and flashing)
and to a drop of the swell levels below the tube sheet (Fig. 9). This
broke the natural circulation at approx. 29400 s after SOT.

At t ¼ 29580 after SOT the subcooled sections of the core
returned to saturation conditions, steam production significantly
rose and an increase of the hot side swell levels in SG-inlet chamber
occurred again. At 30050 s after SOT, the rising swell levels reached
the U-tubes anew. Compared to the inventory displacement
G in state B (reflux-condenser-like operation).



Fig. 11. Fluid temperature in the RCS: DC, lower plenum and central channel in the core.
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following SOT, the enlarged amount of coolant accounted for an
almost parallel rising of the collapsed levels on hot and cold sides of
the primary circuit.

The anew establishment of the swell levels in the U-tubes was
attended by a distribution of steam flow analogue to the state
present in phase B. Although the amount of coolant in all U-tube
inlet-sides was more or less equal, the steam was preferably allo-
cated to short tubes and manifested there in a high swell level of
two-phase mixture with steam temporarily penetrating to SG-
outlet sides (Fig. 12, point C1).

Due to the quick rise of the hot side swell levels, overflow in
short U-tubes was initiated again at 32640 s after SOT as the
collapsed level detector in short tube (tube nr 1) indicated the level
of 5 m. At that time the swell level in short U-tubes was of course
much higher and the composition of flow was characterized by a
significant void fraction. Consequently, a temporal natural circula-
tion (from 32640 s to 33640 s) established again.

Fig.12 depicts the temperature profile in the tube 1 (short one in
the SG) and a profile characteristic for the median and long U-tubes
(tubes 19 and 29, respectively). As soon as flow occurred in the
short tubes, the steam flow to the others (longer) almost ceased and
the steam did not penetrate further in these tubes as up to mea-
surement elevation C (Fig. 12, state C2).

The second phase of temporal circulation had a similar course as
the first one. In particular, a temporal primary side pressure
decrease and subcooling of one third of core height were observed
(Fig. 11). Thereafter, as a result of subcooling of medium in the core
and consequent reduction of steam formation, a collapse of the
swell level in the SG down to approx. 0.5 m above the tube sheet
took place.

The forward flow, as well as the dislocation of coolant from the
inlet side U-tubes towards RPV (following the decrease of steam
production) enabled a further balance of the swell/fill-levels be-
tween hot and cold side of the primary circuit. This resulted in a
further increased coolant mass on the cold side and a rise of the SG-
outlet side water level up to the tube sheet (Fig. 9).

Consequently, the anew rise of the coolant swell level (for
t > 33800 s) proceeding along with the rise of steam production
and condensation gave also rise to the cold side fill level into U-
tubes outlet sides. Due to the break of communication between U-
tubes via SG outlet chamber, nitrogen volumes were trapped in the
U-tubes upper regions. As a consequence of obstructed U-tubes’
outlets, neither the pressure in individual tubes (dominated by
nitrogen) nor the discharge of nitrogen from tubes with higher
steam load could be balanced via outlet chamber, and a preferred
admission of steam flow to short U-tubes could also no longer be
compensated by redistribution of nitrogen via the outlet chamber.
In this way, the presence of non-condensable gas not only pre-
vented the siphon condensation and following onset of coolant
transport, but also favored a more homogenous steam admission
among the U-tubes.

The more homogenous steam distribution effectuated
constantly and simultaneously rising swell levels on the SG inlet
side. Further consequencewas the formation of subcooled zones (at
the secondary side temperature) at the upper ends of the rising
coolant columns in all U-tubes. At first, the subcooling was
observed only at upper ends of the water columns, but it was
continuously extending downwards as the coolant columns were
growing. In parallel, the condensation zones in the U-tubes were
continuously decreasing as was the heat transfer capacity to the
secondary side. Consequently, the primary pressure/temperature
level required for the transport of the entire decay heat increased.

At 37600 s after SOT, the primary pressure stabilized at 6.5 bar
(Fig. 12, state C). Due to the reduction of intensive heat transfer area
(in comparison to state B), the primary-side pressure level required
for stable heat flow from the primary to the secondary side
increased. Heat transfer distribution in the U-tubes also changed.
The condensation zones within the U-tube inlet sides homogenized
but decreased down to D/E elevations. The presence of subcooled
coolant columns on inlet sides of all U-tubes in conjunction with a
fill level of the U-tubes outlet sides trapped the nitrogen volumes in
the upper U-tube regions of all U-tubes alike. This prevented the
further formation of distinct imbalances in steam admission among
individual U-tubes, which would lead to a swell level dominated by



Fig. 12. Temperature profiles and heat transfer in SG in state C1, C2 and C (intermittent coolant transport).
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two-phase mixture with high steam load in the shorter U-tubes.
Regarding the boron concentration during the third phase of the

test, its slow decrease below the SG effectuated by dislocation of
pump seal inventory towards SG-outlet proceeded at the beginning
of the phase. Both of the following intervals of temporal forward
flow initially lifted condensate from U-tube inlet side towards SG-
outlet. However, only the first phase of flow was of sufficient
magnitude to also lift higher borated coolant towards SG-outlet. In
the time following both phases of forward flow, the dislocation of
inventory from pump seal caused the boron concentration below
the SG to decreases continuously. Thus, at the end of phase 3, the
boron concentration below SG dropped to approx. 1145 ppm, not as
a result of forward coolant in the U-tubes, but as a consequence of
steam penetrating towards SG outlet via almost emptied pump
seal.
5.4. Phase 4 e Subcooled coolant columns

With the beginning of next coolant injection at 37220 s after SOT
(Fig. 4) the steady-state operation came to an end. During the
fourth injection phase 50 kg of coolant was added to the circuit
within 1290 s.

The next phase of water injection induced further rise of the
coolant inventory in the SG. The injected coolant mainly contrib-
uted to the increase of the inlet side water columns levels and only
marginally to the increase of outlet side fill levels (Fig. 13).

After the injection the extension of condensation zones along
the individual inlet heights further homogenized and decreased
leading to a further rise of the primary-side pressure. As a result,
the facility status after re-stabilization of primary pressure at
t ¼ 41250 (Fig. 14) was characterized by a relatively high primary-
side pressure of approx. 8.0 bars.

Due to the absence of flow in phase 4, the continuous boron
dilution in the horizontal crossover leg proceeded. The main
contributor to this reading was condensation of steam that has
been penetrating through the emptied vertical pump seal (Fig. 13)
via the CL. Until t¼ 41320 after SOT, the boron concentration below
SG dropped down to approx. 730 ppm. The concentration on the
hot side remained constant (i.e. 930 ppm in the HL and 616 ppm at
the SG inlet) or it increased slightly (2910 ppm in the core) (Fig. 8).
5.5. Phase 5 e Onset of forward flow and stabilization

During the next coolant injection performed between 41320 and
42990 approx. 110 kg of water was added to the primary circuit.
This induced a further rise of the coolant columns in the SG, further
reduction of heat transfer area and compression of nitrogen in the
upper U-bends. These factors effectuated again a primary pressure
increase.

For t > 42900 s after SOT the SG-inlet side swell level reached
the apex of at least one short U-tube and slow spilling over the U-
bend began. The slow forward flowwas recorded by thermocouples
(Fig. 11: slow decrease of temperature in pump seal and lower
plenum prior to onset of flow at 42900 s) and fill level detectors in
pump seal (Fig. 13).

At 43230 s after SOT at a primary pressure of 11.2 bar the onset
of continuous forward flow in the SG was observed. This improved
heat transfer to the secondary side and initiated a drop of pressure
at the primary side. The depressurization then caused the hot side
steam volumes to expand and to enforce the circulation which
stabilized at approx. 0.4 kg/s.

The temperature profile of short U-tube (Fig. 15) indicated flow
close to saturation condition along the half of the U-tube inlet
height (elevations A-G/H). The condensate zones of longer U-tubes
completely collapsed and steam could not reach farther into the
tubes as up to the level B/C.

Significant improvement of heat transfer induced by onset of
forward flow caused also the primary side pressure to drop down to
6.5 bars at 44540 s. Consequently, as the flow stabilized and steam
production in the core partially recovered after the initial
displacement of cold water from cold leg and DC into the core
(analogically as in the intermittent coolant transport), the heat
transfer in the SG as well as the primary side pressure stabilized at
7.5 bars at approx. 45400 s (state E, Fig.15). Although the two-phase



Fig. 13. Collapsed levels in the loop during phase 4 and 5.

Fig. 14. Temperature profiles and heat transfer in SG in state D (subcooled coolant columns).

R. Bryk et al. / Energy 211 (2020) 11861212

Po
br

an
o 

z 
ht

tp
://

re
po

.p
w

.e
du

.p
l /

 D
ow

nl
oa

de
d 

fr
om

 R
ep

os
ito

ry
 o

f W
ar

sa
w

 U
ni

ve
rs

ity
 o

f T
ec

hn
ol

og
y 

20
23

-0
5-

24
flow was observed at the RPV outlet and in the HL at that time, the
amount of steam in the SG-inlet chamber was very small. The
coolant in the SG U-tubes was mostly single-phase and only half of
the shortest tubes’ heights were at saturation condition e the rest
was subcooled.

For t > 41910 after SOT, steamwas first able to penetrate through
emptied at that time pump seal to SG-outlet side (recognizable on
the basis of slight warm-up of the SG-outlet chamber temperature,
Fig. 11, black curve). The penetrating steam caused a slight fallback
of the fill level on the SG-outlet (Fig. 13). Following the onset of
continuous flow for t > 42900 after SOT, the boron concentration in
the entire RCS quickly rose and stabilized at 2000 ppm (complete
mixing in the RCS).
5.6. Phase 6 e Continuous ECC injection, rapid drain of inventory

When continuous forward flow was in progress, an injection of
emergency core coolant (ECC) was initiated at 45500 s after SOT
(Fig. 4) for a refill and subcooling of the entire RCS. At 45990 the
former present slow single-phase flowdeclined and dropped below
measurement range at 46300 s. At that time the decay power was
partly removed via heat up of the injected inventory (lower core



Fig. 15. Temperature profiles and heat transfer in SG in state E (onset of forward flow and stabilization).
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sections) and steam generation that almost ceased apart from the
upper core sections. The UP and the HL remained at saturation at
that time. After the end of ECC injection (47110 s after SOT), the
volumes in lower core section reheated. The resulting expansion
caused a rapid pressurization of the primary circuit. In parallel, a
slow subcooled forward flow (approx. 0.25 kg/s) reestablished in
short U-tubes. In the other U-tubes, nitrogen was compressed in
the U-bends by rising swell levels. Due to insufficient heat removal
to the secondary side the pressure level reached approx.18.4 bars at
49210 s after SOT.

After reaching the point of 18.4 bar, an inventory reduction via
lower plenum drain line was initiated at 49250 s. The loss of 260 kg
of water until 49620 s (Fig. 4) effectuated a rapid depressurization
and the increase of the mass flow rate up to 0.5 kg/s which finally
ended in stabilization of the system at a primary pressure of
7.2 bars at 1020 kg of coolant inventory.

Due to the long presence of flow, the RCS mostly remained
thoroughly mixed. Solely the onset of flow (induced by inventory
drain at 49250 s after SOT) and the fallback of fill levels on the
outlet side in parallel transported a slug of lower borated coolant
(approx. 1290 ppm) along the loop seal. This slug comprised
condensate volumes of short U-tube inlet side and U-tubes outlet
sides. After the passage of the slug a constant boron concentration
of 2000 ppm was established in the whole RCS (Fig. 8).
6. Discussion on the results and their transferability to a full-
scale PWR

The described test was designed as a parameter study focused
on separate effects, which supports the understanding of physical
phenomena related to heat transfer and provides data for codes
validation. The test indicated that the flow phenomena and the
corresponding heat transfer mechanisms are highly sensitive to
changes of the amount of coolant inventory, which was the varying
parameter in the described parameter study. The test also indicated
that the developed heat transfer conditions significantly influence
the boron distribution in the RCS.
Scenarios which can occur as well as their expected impact on
the described phenomena have been described in detail in chapter
5 and summarized in Fig. 16. The picture illustrates 5 possible
operation modes in a function of coolant inventory. Each case is
characterized by different heat removal efficiency and prospect of
boron distribution described in detail in the previous chapter.

Most of the boundary conditions applied in the test reflected
cold shut-down conditions of real PWRs. Nevertheless, additional
assumptions and operating conditions (isolation of the PRZ, in-
ventory discharge and injection procedures) are not representative
for the PWR operation and they were applied for the investigation
of the related phenomena and for provision of data for codes
validation.

However, the separate effects and phenomena observed during
the test represent basic thermal-hydraulic principles and they are
as such applicable to PWR. In general, the test confirmed principles
already observed in earlier PKL test programs [3,4], but also
revealed additional coherences which are applicable to reactor
scale and useful for the evaluation of real PWR thermal-hydraulic
behavior. Specifically, it was confirmed that for closed RCS and at
least one SG operational, heat removal from the core to the sec-
ondary side is maintained, i.e. core cooling is assured in either case
and pressure stabilization occurs without employment of counter
measures.

Furthermore, the research on the influence of inventory level on
the heat transfer covered also the amounts of coolant related to a
real PWR in cold shut-down conditions. In particular, phases 4 and
5 of the test (Fig. 4) reflect the RCS fill levels encountered in a NPP.
Therefore, the results and phenomena observed in these phases are
transferable to a full-scale plant.

Another aspect addressed in the test, which is applicable to a
real PWR is the boric acid distribution in the RCS and the potential
reactivity feedback in the core. In subsequent test phases, as
different heat transfer mechanisms were shaping this distribution,
various concentrations of boron were recorded in the correspond-
ing parts of the facility. In the first two phases of the test (when the
coolant inventory was low) evaporation was observed in the core,



Fig. 16. Heat transfer in the SG as a function of coolant inventory.
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and since there was no coolant transport to the cold side of the
circuit, it led to an enrichment of boron concentration in the core
section. Simultaneously, the condensation was observed in the U-
tubes, so low-borated coolant accumulated in the SG-inlet chamber
and (after an increase of inventory e once the steam was able to
penetrate to the outlet section of U-tubes) also in the SG-outlet
chamber and cross-over leg. Continuous level increase at the SG
outlet (and therefore also in the vertical RCP-inlet tube) can lead to
an inflow of certain amount of low-borated water to the core, but
due to the fluidmixing, the impact was negligible in the PKL facility,
so is it expected in a real PWR.

Thereafter, once the swell levels in the SG-inlet U-tubes were
sufficiently high, the intermittent coolant transport (and later also
continuous natural circulation) could lead to a larger dislocation of
low-borated water from the cross-over leg to the downcomer and
to the core. Indeed, Fig. 8 shows a decrease of boron concentration
in this phase in the lower plenum. This is the only phase, in which
the reactivity feedback could occur in the analyzed scenario and it
could constitute a subject of further analysis. Nevertheless, it
should be emphasized, that the PKL results in the context of this
phenomenon are rather conservative due to the scaled-down cross
section areas and the corresponding limitations of 3-dimensional
mixing effect.

7. Conclusions on the observed phenomena and findings for
codes validation

As regards the formation of heat transfer mechanisms in SG U-
tubes, the following conclusions can be drawn:

� Onset of coolant transport (intermittent/continuous natural
circulation) significantly improves heat transfer and effectuates
a decrease of the primary-side pressure;

� Displacement of water into the SG tends to deteriorate heat
transfer leading to higher temperature and pressure at the pri-
mary side (as long as no forward transport occurs in U-tubes);
� The expulsion of nitrogen from SG tubes is required for onset of
coolant transport;

� Distinctive temperature profiles occur in U-tubes of different
lengths.

Since the entire test was conducted in the full-scale pressure
range, and due to the fact that SG U-tubes are identical to those
used in a PWR, these principles are transferable to PWRs.

The test results constitute also an additional data for validation
of computer codes in the following processes:

� Heat transfer to the secondary side in the low-pressure range in
the presence of nitrogen in the SG U-tubes at different primary-
side coolant inventories;

� Degradation of heat transfer capacity dependent on declining
condensation area in the U-tubes;

� Condensation and transport of condensate under reflux-
condenser-conditions;

� Influence of circulating coolant at different temperatures on
steam production in the core after onset of flow.
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Abbreviations

CL Cold leg
COMBO Continuous Measurement of Boron Concentration
DAS Data acquisition system
DC Downcomer
ECC Emergency core coolant
GRS Gesellschaft für Anlagen und Reaktorsicherheit
HL Hot leg
NPP Nuclear power plant
NSSS Nuclear supply system
PKL Ger. Prim€arkreislauf
PRZ Pressurizer
PWR Pressurized water reactor
RCP Reactor coolant pump
RCS Reactor coolant system
RHRS Residual heat removal system
RPV Reactor pressure vessel
SG Steam generator
SOT Start of test
UH Upper head
UP Upper plenum
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