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Highlights

Frequency and amplitude of flashing-induced instability in an open natural circulation loop

Paul Dené, Michael Montout, Eric Garcia, Joonas Telkki, Vesa Riikonen, Franck David

o Flashing frequency is proportional to the power-to-volume
ratio.

o Flashing frequency can be derived from power, inlet tem-
perature and riser pipe geometry.

o Flashing amplitude can be derived from riser head and to-
tal pressure losses.
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Abstract

Several nuclear reactor designs rely on passive containment cooling systems. The so-called containment wall condenser relies
on natural circulation loops to extract heat from high-temperature steam in the containment to a water tank at ambient pressure. In
such passive systems, phase changes can happen and cause flow instabilities in the cooling loop. The flashing-induced instability
occurs when the heated fluid in the riser suddenly vaporizes due to a hydrostatic pressure decrease. This instability causes periodic
flow peaks, which are of major concern but whose characteristics have not been studied quantitatively.

This paper presents two analytical models that predict the flashing frequency and a maximum flow amplitude from geometry and
basic operating parameters such as power level and reservoir temperature. The expressions are derived from a physical analysis
and do not involve any calibration constants. The flashing frequency appears to be driven by the power level, the inlet temperature
and the riser pipe geometry. For the amplitude, the maximum flow rate can be expressed in a Froude number that depends only on
the total pressure losses. These models are validated against PASI experiments and system-scale simulations with the CATHARE 3
code, both performed as part of the European Commission funded PASTELS project. Additional data from numerous experimental
studies in the literature are used to extend the validity range of the frequency model.

Successfully validated against experimental data and additional simulations, these models provide an explicit relationship be-
tween oscillations characteristics and design parameters, making them valuable tools for nuclear engineers.

Keywords: Thermal-hydraulics, Passive Cooling System, Natural circulation, Two-phase flow, Flashing-induced Instability

1. Introduction

Containment
Wall Condenser

Since the Fukushima Daiichi accident, one of the key areas
of focus for safety authorities has been the robustness and relia-
bility of residual heat removal systems and ultimate heat sinks.
One of the nuclear safety strategies is to rely on passive sys-
tems, defined as components that contribute to core heat re-
moval in the event of an accident without any power supply,
active intervention or feedback (IAEA, 1991). Natural circu-
lation is widely used in advanced nuclear reactors to drive pas- : r & K '
sive safety systems, using decay heat as the driving force for the
cooling circuit. In several recent designs, such as the AES2006
(Bakhmet’ev et al., 2009) or the HPR1000 (Xing et al., 2016),
containment cooling in the event of an accident is achieved by
an open natural convection loop. A simplified sketch of a Con-
tainment Wall Condenser (CWC) is shown in Figure 1. The
CWC operates as a thermosyphon between a pool, which acts
as a heat sink, and a heat exchanger (HEX) in contact with the
heat source, which in this case is a mixture of gases present
in the containment. Natural circulation is driven by buoyancy
due to the difference in fluid density between the heated riser
and the cold downcomer. In this configuration, phase change
can occur and both sensible and latent heat are used to extract
energy from the containment.

Legend :

1. Core (heat source)
2. Steam generators
3. Primary circuit leakage
4. Containment

5. Water tank

6. Downcomer pipe
7

8

9

1

Steam + air

. Heat exchanger

. Riser pipe

. Wall condensation
0. Condensates

Figure 1: Principle of operation of a Containment Wall Condenser (CWC) in
the event of an accident.

Two-phase flows allow more compact designs, but are a
source of instabilities that affect natural circulation. In the field
of nuclear passive safety, the flashing instability (or flashing-
induced instability) is a major concern for systems operating
in two-phase natural circulation at low pressure. Characterized
by periodic flow peaks of high amplitude, flashing might lead
to unforeseen mechanical damage, system operation problems
or other issues due to mechanical vibrations, water hammer ef-
fects, flow stagnation, etc.

*Corresponding author An example of the flashing instability is shown in Figure 2,
Email address: paul .dene@edf . fr (Paul Dené) which shows the typical evolution of the mass flow rate in the
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Figure 2: Typical evolution of the mass flow rate in a CWC during an accident scenario.
Legend: (A) System start-up (B) Stable single-phase regime (C) Unstable two-phase regime (D) Stable two-phase regime

downcomer of a large scale CWC during a loss-of-coolant ac-
cident. After a short start-up period (A), the balance between
buoyancy and pressure losses results in a stable single-phase
flow (B). As heat is extracted, the water temperature gradually
increases and the subcooling at the exchanger inlet decreases.
At a certain point, the saturation condition is reached and phase
change occurs. The system enters a two-phase regime (C) dom-
inated by the flashing instability until the subcooling becomes
sufficiently low to reach a stable two-phase regime (D). Dur-
ing unstable operation, maximum mass flow can increase by a
factor of 10 over single-phase operation.

At low power and for low quality conditions, the hot liquid
rising in the hot leg can reach saturation by undergoing an hy-
drostatic pressure decrease. At low pressure, the generation of
gas immediately creates very large gas bubbles, increasing the
buoyancy and resulting in flow acceleration. As the circulation
increases, water is drawn from the pool and as long as the sub-
cooled condition is restored, the process can begin again. The
flashing instability was first observed by Wissler et al. (Wissler
et al., 1956) and has been historically studied as a concern for
boiling water reactors at low-pressure startup. Intensive work
has been done to distinguish flashing from other two-phase in-
stabilities and to provide stability maps (Boure et al., 1973,
Saha et al., 1976, Fukuda and Kobori, 1979, Aritomi et al.,
1992, Jiang et al., 1995, Kyung and Lee, 1996, Furuya et al.,
2005) and numerous literature reviews summarize the main

findings (Nayak and Vijayan, 2008, Bhattacharyya et al., 2012,
Ruspini et al., 2014). Recent work has provided new insights
into the phenomena involved and the possible interactions be-
tween flashing and other boiling instabilities such as geysering
(Hou et al., 2016, 2017, Yan et al., 2017). Moreover, numeri-
cal investigations are carried out to develop models capable of
predicting the occurrence and characteristics of flashing in nat-
ural circulation loops (Manera et al., 2005, Marcel et al., 2009,
Kozmenkov et al., 2012, Guo et al., 2015, Lim et al., 2020).
The system scale seems to be more appropriate to perform such
transient simulations, but the codes of reference (such as RE-
LAP, TRACE or CATHARE) were often developed for higher
pressure applications and need extended validation.

Although the flashing instability has been widely studied
both experimentally and numerically, very limited research has
been done on the parameters influencing the flow characteris-
tics. Some trends have been highlighted, especially for the os-
cillation period (Aritomi et al., 1992, Furuya et al., 2005, Man-
era et al., 2005, Kozmenkov et al., 2012), but none of them
led to a complete analysis. However, passive components can
be designed to operate in unstable two-phase regimes, and pre-
design phases require tools to quantify the impact of geometry
and system operating conditions on the flashing characteristics.
In addition, such models could provide scaling laws to compare
different systems while preserving the instability. Consistent
with the problems associated with flashing, the most important
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Figure 3: Sketch of an open loop operating in natural circulation and key parameters.

quantities are the peak amplitude of the flow and the frequency
of the phenomena.

Between 2020 and 2024, the European PASTELS project
(Montout et al., 2023), focused on the analysis of passive safety
systems, has given new impetus to the study of the phenomenon
of flashing through an experimental campaign (PASI, described
in 3.1) and modeling efforts by a number of European partners,
including EDF R&D. The objective of this paper is to provide
analytical models for predicting the flow peak amplitude and
the flashing frequency as a function of the geometry and the
main operating parameters (power, pressure, pool temperature)
in an open natural circulation loop.

2. Analytical models for flashing frequency and amplitude

The aim of this section is to propose analytical models to
predict the characteristics of the flashing regime only from the
system geometry and key operating parameters such as power
level and temperature of the water reservoir temperature. Vari-
ables that are difficult to measure or control in real systems
(void fraction, steam generation rate, ...) are deliberately ex-
cluded in order to provide models that are applicable to indus-
trial purposes. The models are established considering only the
flashing phenomenon, but can be extended to regimes where
other instabilities occur, as long as the flashing dominates the
flow pattern.

2.1. Problem statement

A simplified sketch of an open loop natural circulation is pre-
sented in Figure 3 and the key quantities are listed. The riser
pipe and the heat exchanger are characterized by their total
height, which drives the hydrostatic pressure differences, and
their volume, which determine the system inertia. Volume and
height are not redundant because volume also takes into account
the entire length of the pipe, which is different from height in
many cases where the riser is not a straight pipe. The pres-
sure losses and their distribution along the loop affect the estab-
lishment and the flow regime of the natural circulation. Previ-
ous studies have shown that downstream pressure losses have a
destabilizing effect on the circulation (Saha et al., 1976, Marcel
et al., 2009). In accordance with the reality of industrial sys-
tems, pressure losses are assumed to be evenly distributed or,

in the case of high pressure losses, mainly upstream of the ex-
changer. The operating conditions of the system are limited to
three parameters which are relevant for industrial applications
such as CWC or analogous components. First, the HEX power
is the heat supplied by the exchanger and removed by the cool-
ing loop to the water tank. In passive systems the HEX power
is not externally imposed, but also depends on the circuit and
heat sink conditions. However, this parameter is central to the
specifications. The HEX inlet temperature is then related to the
subcooling condition of the fluid entering the heat exchanger.
In industrial systems, it can be derived from the temperature
profile of the water tank, assuming a homogeneous temperature
or accounting for thermal stratification. Finally, the water level
above the riser outlet determines the hydrostatic pressure in the
riser and influences the fluid properties, especially the satura-
tion temperature and the steam density. In current designs, the
water head above the riser outlet does not exceed a few meters.

2.2. Description of the flashing phenomena

Flashing typically occurs in high risers where hydrostatic
pressure results in a significant saturation temperature differ-
ence between the bottom and top. Hot fluid heated in the HEX
can undergo a phase change in the riser due to the decrease in
hydrostatic pressure. The onset of flashing may be delayed due
to thermal non-equilibrium. Unlike boiling instabilities such
as geysering, flashing is an adiabatic process where the fluid
reaches saturation due to the pressure reduction. Depending on
the operating conditions, the flashing may start high in the riser
(Jiang et al., 1995, Hou et al., 2016) or may be triggered lower
by bubbles coming from the HEX (Manera and Van der Ha-
gen, 2003). The appearance of the void and its expansion in the
pipe creates a sudden flow acceleration, leading to a strong flow
peak as shown in Figure 4. The rapid expansion of the bubble
can push the liquid in both directions and might create a reverse
flow in the downcomer. The strong circulation induced by the
flashing replenishes the entire loop with subcooled water from
the reservoir and nearly cancels out the driving force. Between
two peaks, the loop may then experience very weak circulation
until the heat transferred reestablishes buoyancy. As long as
the subcooling condition is restored after a flashing event, the
phenomenon will repeat periodically.



2.3. Conclusions from previous research

The following list is a summary of observations regarding
flashing instability frequency and amplitude trends observed in
experimental studies of open-loop natural circulation.

e Aritomi et al. (1992) observed that the oscillation fre-
quency increases as the heat flux increases at a fixed HEX
inlet temperature. The authors also observed that the am-
plitude of the pressure oscillation is proportional to the wa-
ter head.

e Furuya et al. (2005) reported that the flashing oscillation
period is equal to the time required for the single-phase lig-
uid to pass through the riser pipe, regardless of the power,
pressure or inlet temperature conditions. In addition, the
amplitude of the phenomena increases as the heat flux in
the experiments increases, which the authors explain by
the larger amount of steam produced.

e Manera and Van der Hagen (2003), Manera et al. (2005)
studied the flashing regime in the CIRCUS facility and
compared the observations with simulation results. The
authors observed that the oscillation period decreases with
increasing mean mass flow and the trend is independent
of power or inlet temperature. Local temperature and
void fraction measurements revealed strong thermal non-
equilibrium between phases during the oscillation. The
sensitivity analysis performed with simulation showed that
inertia was negligible compared to hydrostatic effects and
pressure losses in predicting the peak flow magnitude. The
authors also report that the maximum flow rate was inde-
pendent of the inlet subcooling during the flashing regime.
In an additional study conducted by Kozmenkov et al.
(2012) on the same facility, it was observed that the flash-
ing period decreases as the inlet temperature increases for
a fixed power level .

2.4. Frequency

This subsection presents an analytical model that relates
oscillation frequency to operation and geometric parameters
based on a physical understanding of the flashing phenomenon
illustrated in Figure 4.

The volume V., including the heat exchanger and the riser,
is used as the control volume to write the energy balance (1,2).
The source term is the heat supplied by the exchanger. Assum-
ing that the inflowing fluid is subcooled liquid, the convective
terms Qconvy and Oy, account for the liquid and vapor fluxes at
the HEX inlet and the riser outlet. In the cases of interest, the
liquid convection term can be derived with the total mass flow
rate i1, since the vapor flux 1, is negligible in terms of mass.
Finally, Qmed’l represents the internal energy stored as sensible
heat. Neglecting the heat capacity of the wall and the thermal
heat losses in the rising pipe, the resulting energy balance is

given by the equation (2).

- . out in
chnv,l = mCP(Triser - THEX)
Qstored,l = riserpCmeean

- . . in (H
Qvap = mv(hvap + CP(Tsat - THEX))
Qsour(‘e = QHEX (COHStant)
Qcanv,l + Qconv,v + Qstored = Qsource
Q..corw,l i Qvap Q'Smred,l -1 (2)
Onex  Onex  Ouex
= P, atm
iy
1/.\]1
p— E 44 =
Vriser <
. in
Qug Tyex

Figure 4: Sketch of the circuit during the flashing, showing the quantity of
interest for the oscillation frequency.

The energy balance during a flashing oscillation is illus-
trated with experimental data on Figure 5. The experiments
are described in detail in section 3.1. The subplot 5a gives an
overview of the time evolution of the mass flow rate 7z, where
the periodic peaks due to flashing can be observed. A closer
look at a mass flow oscillation is shown in subplot 5b, highlight-
ing that the mass flow rate is close to zero far from the peaks.
The evolution of the most relevant temperatures is presented in
Figure 5c. The HEX output temperature is a good indication of
the average volume temperature 7,..,. Finally, the last subplot,
5d, shows the relative weight of the heat balance terms against
time during an oscillation. In practice, Onex is known and both
terms anv,l and ered’l are derived from measurements using
expressions (1). For the average temperature of the control vol-
ume, several sensor measurements are averaged. Since the void
fraction is not measured in this experiment, Qm,, needs to be
derived from the energy balance as the residual term.

The oscillation period Aty, delimited by the vertical lines, is
first dominated by the storage of sensible heat in the control
volume (between 15150s and 15185s). During this phase, the
heat supplied by the HEX is almost entirely converted in liquid
temperature elevation (Q's,md’, ~ Quex > 0). The temperature
of the liquid inside the HEX and the riser increases, as shown
by the evolution of the HEX outlet temperature in 5c. As both
the mass flow rate and the temperature difference at the con-
trol volume boundaries are low, the resulting convection is not
significant and Q'm,w,v is negligible. This sensible heat build-up
continues until the flashing occurs.
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Figure 5: Typical energy balance during a flashing oscillation in the PASI4 experiment. a) Big picture of mass flow versus time. b) Mass flow versus time. c) Key
temperatures in the control volume versus time. d) Heat balance between terms defined in 2. Data source :PASI-4 experiment described in section 3.1.

Then, when saturation is reached in the riser and flashing oc-
curs, the latent heat transfer becomes significant. This can be
observed in subplot 5d between 15185s and 15195s. In open
loops, regardless of whether the flashing starts at the top or
in the volume, a significant amount of steam builds up in the
riser, canceling out the hydrostatic pressure gradient in the lig-
uid. The pressure in the entiere control volume tends to be equal
to the riser outlet pressure P* = P, + pgAh, which determines
the saturation temperature 775, and the local vapor density py,,,.
It can be observed on the subplot 5¢c where the saturation tem-
perature in the HEX (bottom of the control volume) decreases
during the flashing. The thermal nonequilibrium delays the on-
set of the phase change and the liquid superheating AT, is ac-
counted for in the flashing temperature T} =Ty + AT This
liquid overheating can be observed by comparing the riser out-
let temperature during flashing with 7';,, on subplot 5c. The
heat removed by evaporation can exceed the heat supplied by
the HEX, for example at around 1585s whereQ,,, > Quex.
This is made possible by the liquid in the lower part that has
been heated above ij, which can restore the sensible heat used

for the phase change of part of the liquid (Qoreqs < 0).

At low pressure, vaporizing a small fraction of the liquid is
enough to create a large volume of gas, increasing the buoyancy
and the circulation in the loop. The liquid convection becomes
then the dominant heat extraction term in the last part of the os-

cillation (after 1590s in plot 5d). The strong circulation restores
the subcooling condition in the control and remove all the re-
maining sensible heat accumulated during the first part. In the
subplot Sc, both riser and HEX outlet temperature decreases
below the saturation temperature during the flashing. Once the
control volume returns at its initial state, the next oscillation
begins.

By studying the heat balance during an oscillation, it is pos-
sible to describe the flashing oscillations as alternating storage
and relaxation phases. Heat is stored in the liquid (sensible
heat) and then in the formation of steam (latent heat) before be-
ing removed during the flow peak. At low pressure, the impor-
tant buoyancy created by the presence of steam allows a lot of
heat to be removed by creating a strong circulation. The limit-
ing dynamic in the flashing oscillation is then the storage phase,
which at the leading order determines the flashing period. The
flashing dynamics could be limiting in the case of significant
outlet throttling, but is generally avoided in industrial applica-
tions for system stability (Kyung and Lee, 1994, 1996, Marcel
et al., 2009).

The simplified approach chosen in this study is to estimate
the flashing period with the maximal heat storage of the control
volume given by equation (3). The oscillation period is esti-
mated as the time needed for the system to reach the limit state
where flashing occurs. This happens when the control volume



has received enough energy to bring the fluid at the flashing
temperature 7} and produce enough steam to fill an important
part of the riser. It does not necessarily assume that the en-
ergy is well distributed in the volume, as the creation of the gas
phase can be the place of internal energy transfer (from stred,l
to Qyqp for example).

Al‘fQ.HEX = VriserpCP(T; - TZLEX) + Vriserp::aphvap (3)

To a first approximation, it is assumed that the volume of
steam produced is of the order of the control volume. In ex-
perimental studies, it has been observed that the flashing front
goes further down in the riser pipe as the subcooling decreases
(Manera and Van der Hagen, 2003, Manera et al., 2005, Hou
et al., 2016). In practice, the term Vrimpjaphm,, is only signif-
icant compared to the sensible term for low inlet subcooling,
when the previous hypothesis is realistic.

The resulting expression for the flashing frequency is given in
equation (4), including definitions of the local thermodynamic
variables. The flashing temperature 7'y includes the saturation
temperature at the riser outlet 7', and the liquid superheating
ATy,. For pressures between 1 and 2 bar, experimental stud-
ies on flashing flows have shown that ATy = 2.0 £ 0.5K is a
satisfactory estimate (Saha et al., 1984).

QH EX ( 4)

fflashing = ]
Vriser(pzaphvap +pCP(T; - TZ;EX))

T;' =T+ ATy = Tsatlpoyrpgan +2

* —_—
pvap - pvap|P[,t,,,+pgAh

This model predicts the main mode oscillation of the mass
flow rate in a flow dominated by the flashing instability. In ad-
dition, the expression emphasizes the effect of geometry and
operating conditions. The formula is consistent with the ob-
servation published in the literature presented in section 2.3,
and provides new insights. For example, the proportionality
between the frequency and the power to volume ratio is an im-
portant piece of information for scale transposition.

2.5. Amplitude

The objective of this subsection is to provide a model that
predicts an upper bound on the amplitude of the flow peak in-
duced by flashing. The pressure drop in the cooling circuit can
be decomposed into the hydrostatic, acceleration, and friction
contributions. Due to the closure of the circulation, the total
pressure drop is zero, which leads to the equation (5).

AP, acceleration t AP hydrostatic + AP friction = 0 (5)

Prior to flashing, the fluid in the riser is liquid and the bal-
ance between the buoyancy forces due to the thermal expansion
of the liquid and the single-phase frictional forces results in a
weak single-phase circulation. When flashing occurs, vapor is
generated in the HEX or riser and the buoyancy force increases,
resulting in flow acceleration. As the flow velocity increases,

the frictional forces also increase, resulting in an equilibrium
between the hydrostatic and friction pressure drops in the loop.
As the increasing circulation progressively replenishes the HEX
and riser with subcooled water, the driving force eventually dis-
appears and the circulation rate decreases. Since the hydrostatic
head is limited, the maximum circulation can be derived from
the competition between driving and frictional forces.

P

atm

Figure 6: Sketch of the loop during the flashing instability, showing the quantity
of interest for the mass flow peak amplitude model.

The conservation of mass between the downcomer and the
riser allows the circulation to be described by the streamwise
velocity in the single-phase region U. When the mass flow
reaches its maximum value, the derivative of the velocity can-
cels and so does the acceleration pressure drop.

AP acceleration ¢ P (';_(l] = AP, acceleration = 0 (6)
The hydrostatic heads of the riser and the downcomer can be
compared using the average volumetric void fraction € in the
two-phase region of height AH, shown in the Figure 6. The
maximum height AH,,,, is obtained when the bubble length is
the longest. Some experimental studies have shown that gas
expansion can push the liquid in the opposite direction of flow,
moving the steam front down into the heat exchanger (Manera
et al., 2005). In this case, reverse flow is observed in the down-
comer. The maximum head AH,,,, is defined in this study as the
difference in height between the HEX inlet and the riser outlet,
shown in Figure 3 as AH,;,,. The buoyancy term can be ma-
jored using € = 1 and AH = AH,,,, to obtain the inequality (7).
This limit case corresponds to the entire riser and HEX filled
with steam.

APhydrostatic = gAHe(p - pvap) < pgAH @)

Finally, the friction losses are separated into a single-phase
and a two-phase contribution corresponding to the flow in the
downcomer and the HEX and riser, respectively. The regular
and singular losses in the single-phase fluid flow are described
by the pressure loss coefficients K. (downcomer) and K, (HEX
and riser). For the two-phase domain, the Lockhart-Martinelli
multiplier ¢; accounts for the additional friction due to the pres-
ence of the gas phase in the flow. This factor can be estimated



from the gas mass flow fraction and the fluid properties using
the correlations developed by Chisholm (1967).

1 1
APfricion = =5p(Kae + $]K)U? = =2 pKigU? (8)
By substituting the expressions into equation (5), the upper
bound of the liquid velocity U,,,, and the corresponding mass
flow rate ri,,,,, and Froude number Fr,,,, can be derived, lead-
ing to the following expressions.

USUmax ; msmmux ; FrSFrmax

20AH
Upax = %
tot
. D% |2¢AH
s = =2 | T ©)
tot

Umax

Frya, =

2
Vet N K

This model gives an upper bound on the mass flow rate dur-
ing the flash instability. Consistent with the observation of pre-
vious studies detailed in subsection 2.3, the maximum ampli-
tude is determined by the ratio of hydrostatic head to pressure
losses. In particular, this upper limit is independent of system
operating conditions, which does not mean that the amplitude
of flow peaks is either. This expression can be used to perform
conservative safety studies regarding system vibration or water
hammering. The lower the total coefficient K, the more con-
servative the model will be, tending to overestimate the maxi-
mum flow. A more accurate estimate of the pressure losses will
bring the upper bound closer to reality.

3. Validation method

The validation of the formulas (4) and (9) relies on three el-
ements: the PASI experiments, PASI system-scale simulations
with CATHARE 3, and previous experimental data from the lit-
erature. The experiments performed at the PASI test facility are
used to quantitatively evaluate the models for the parametric
range investigated experimentally. The system-level simulation
with CATHARE 3 is validated against the experiments and used
to qualitatively test the sensitivity of the model to the remaining
parameters. The simulation is also used to extend the range of
validity for the power parameter. Finally, existing experimental
data from six different facilities are used to extend the valida-
tion of the frequency model over a wider range of state points.
The range of the key parameters investigated for each case is
presented in the Table 1.

3.1. PASI Experiments

Built in 2017 at the LUT University, the PASI test facility re-
produces an existing CWC of the AES-2006 reactor at a scale of
1:2 in height compared to the reference system (Kouhia et al.,

2021). This facility is designed to perform transient experi-
ments lasting several hours, suitable for assessing the perfor-
mance of nuclear safety components in the short to medium
term. An overview of the facility is shown in Figure 8. To sim-
ulate realistic containment conditions, hot steam is injected into
an insulated steel vessel and the condensates are collected at the
bottom. Inside the containment, 15 vertical tubes act as heat
exchangers with the cooling circuit. The water circuit consists
of an open-air water tank connected to the HEX by a down-
comer and a riser. Between the outlet of the riser and the tank,
a sparger of complex geometry is used to separate the steam and
the liquid. In addition, a ball valve in the downcomer allows to
increase the pressure losses in the cooling circuit.

This experimental campaign is carried out within the Eu-
ropean PASTELS project (Montout et al., 2023), which aims,
among other things, to contribute to characterize the two-phase
instabilities occurring in a CWC. The test matrix of the PASI
experiments consists of several transient tests, investigating dif-
ferent the power levels, HEX inlet pressure losses and the pool
water level, summarized in the Table 1. Telkki et al. (2023) de-
scribe PASI tests in detail. An example of transient is given in
Figure 7 for the experiment PASI-4, where the effect of closing
the valve (leading to additional pressure losses) on the oscilla-
tions is studied. In this test, the pool initially at ambient temper-
ature is progressively heated by the containment. Except at the
very beginning, the power can be considered constant during
the entire test. Once the unstable regime is reached, the inlet
throttling valve is progressively closed in stages up to 95% (be-
tween 15000s and 19000s) and reopened after 20000s. Only
regimes (A), (B) and (C) of the Figure 2 are observed due to
the limited time of the experimental runs. The sampling rate of
0.7Hz is high enough to study the oscillations created by flash-
ing.

3.2. Simulation of PASI with CATHARE 3

The system-scale simulation of the PASI tests is performed
with the CATHARE 3 code developed by the CEA (2021) for
the modeling of nuclear thermal-hydraulics in pressurized light
water reactors. In the system-scale approach, circuit elements
such as pipes or volumes are modeled with 1D or OD elements.
A two-phase model is used to describe the steam-liquid flow.
Mass, momentum and energy balances are used to describe the
thermal and mechanical evolution of each phase. Closure laws
based on correlations are used to complete the 6 balance equa-
tions. Phase stratification and flow pattern transition are mod-
eled and many heat transfer processes are covered. However,
this code has historically been developed and validated for high
pressure systems. It has been observed that in the PASI appli-
cation that the flashing model of the code tends to overestimate
the flashing delay due to non-thermal equilibrium at low pres-
sure.

The simulation focuses on the cooling loop of the PASI
experiments, therefore the containment is implemented as a
boundary condition in HEX. The HEX power is derived from an
energy balance validated by measurements in the single-phase
regime. This simplified modeling approach has been validated
by a sensitivity study performed within the PASTELS project



Onex KW | Thpy [°C1 | P*[bar] | Fluid | AH[m] | Ve [m’]
PASI experiments [40.0 ; 120.0] [20;97] 1.01 water 9.5 1.80 107!
PASI simulations [40.0;400.0] | [70;112] | [1.01;1.63] water 9.5 [0.9;3.51 107!
Aritomi et al. (1992) [1.79 ; 3.39] 90 1.01 water 1.6 73107
Kyung and Lee (1994, 1996) [0.39;1.02] [13; 28] 1.01 CFC113 1.9 41107
Kim and Lee (2000) 1.45 46 1.01 water 3.3 1.7 107
Manera et al. (2005) 8.0 [75 ;96] 1.01 water 5.0 731073
Table 1: Range of parameters studied in the various experiments and simulations.
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Figure 7: Evolution of the mass flow rate during the transient PASI4 and the corresponding simulation with CATHARE 3.

activities. As shown in Figure 9, all components are modeled
with 1D elements. The pressure and heat losses are calibrated
by separate effect experiments.

All experiments conducted in the PASI test campaign were
simulated, and additional simulations were performed to in-
vestigate specific features. As an example, the results of the
CATHARE 3 simulation is compared to the corresponding ex-
perimental measurements in Figure 7 for the transient PASI-4.

3.3. Signal and data processing

The investigation of the two-phase unstable regime is based
on the definition of the oscillation frequency and amplitude for
a given state of the system. The main operation and geometrical
parameters are summarized in the Table 1.

For the peak amplitude, a rolling window of 150s is used and
the maximum value is retrieved without any interpolation.

The Lomb-Scargle algorithm is preferred over the Fourier
transform to derive the main mode frequency from the mass
flow rate time series (Lomb, 1976, Scargle, 1982). This method
is designed to process unevenly sampled data and is also better
suited to peaked periodic signals. Both experimental and simu-
lation data are processed as described in this section. To study
the temporal evolution of the main mode frequencies, a rolling
window of period T\, = 500s is applied to the mass flow mea-
surement. This window length was long enough to capture at

least two signal periods, but short enough compared to the time
scale of the water tank temperature variations. The frequency
range is set from 0.0lmHz to 20mHz. The upper limit is suf-
ficient compared to the minimum observed period and relevant
to avoid aliasing problems. The frequency grid Af is defined as
1/5T,, according to the usual recommendations to avoid miss-
ing the narrow peaks while keeping the computational time ac-
ceptable (VanderPlas, 2017).

The HEX power and inlet temperature associated with an am-
plitude and frequency are defined as the average over the rolling
window. The inlet temperature is provided by a sensor in the
downcomer pipe. The HEX power is derived from the steam
supply and the heat losses in the containment.

3.4. External validation data

In order to extend the validation range of the frequency
model, additional data has been retrieved from existing pub-
lications where experimental conditions and loop geometry are
given. These studies are briefly presented below and the param-
eters of interest are summarized in the Table 1.

e Aritomi et al. (1992): A natural circulation loop with two
long heated tubes is investigated to study oscillations in the
start-up phase of a boiling water reactor. The flashing in-
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Figure 9: Simulation setup of the PASI cooling circuit with CATHARE 3. Lig-
uid and gas phases are shown for an initial state at rest.

stability is observed and the oscillation period is presented
for different power levels and at constant inlet temperature.

e Kyung and Lee (1994, 1996): These two papers present
results obtained on a natural circulation Freon-113 loop.
Some oscillation frequencies are provided by inlet velocity
chronograms and a spectral analysis.

e Kim and Lee (2000): This experimental study investigates
different flow regimes in a semi-closed natural circula-
tion water loop. A chronogram presented for the flashing
regime allows the calculation of the oscillation frequency.

e Manera and Van der Hagen (2003), Manera et al. (2005):
These two articles present experimental data obtained
at the CIRCUS facility, a natural circulation water loop
designed to study instabilities in boiling water reactors.
Chronograms and explicit figures of the oscillation peri-
ods are presented for different inlet temperatures and for a

Vessel simulating containment

constant power level.
The analytical model of the amplitude could not be evaluated

due to the lack of knowledge of the pressure losses of the entire
loop.

4. Results

4.1. Flashing main mode frequency

This subsection aims to evaluate the analytical model (4) and
the influence of the parameters involved.

4.1.1. Power scaling and influence of inlet temperature
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Figure 10: Flashing main mode frequency in PASI experiments vs. HEX inlet
temperature.

The oscillation frequencies obtained in the PASI experiments
are plotted against the inlet temperature in Figure 10. This fig-
ure aggregates the data of several experiments where the water
tank level is at nominal level and the throttling valve is kept
opened but the HEX power level is specific to each test. Dur-
ing an experiment, multiples points are obtained as the HEX
inlet temperature increases progressively. The color of the dots
refers to the magnitude obtained from the Lomb-Scargle peri-
odogram. Flashing is identified when the magnitude is greater
than 0.05, which corresponds to green and yellow. For inlet
temperatures below 78°C, the flow is stable and the oscillation
frequency is set to zero. Around 80°C, small oscillations ap-
pear and for higher temperatures, the flashing is clearly identi-
fied. The frequency seems to increase with the inlet temperature
but no precise trend can be identified due to the combination of
several tests at different power levels.

In the analytical model, the flashing frequency is expected
to be proportional to the HEX power. Therefore, the measured
frequencies are scaled to the nominal power Qg.r = 100kW us-
ing the formula (10). The result is compared with the analytical
model in Figure 11. The uncertainty is carried by the model for
clarity. In practice, the error is mainly due to the HEX power
derivation, because the heat losses are not quantified with suffi-
cient accuracy.

scaled QRef '
fflashing == i (10)
QH EX
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Figure 11: Flashing main mode frequency scaled to a reference power of
100kW, comparison between analytical model and experiments.

The scaled frequencies show a clear upward trend, highlight-
ing the increase with HEX inlet temperature. The model accu-
rately captures the evolution trend and provides a satisfactory
prediction in terms of uncertainties. Apart from incorrect scal-
ing, the dispersion of experimental points may be due to the
complex interactions between geysering and flashing that affect
the flow pattern.

The analogous scaling is done for the simulations corre-
sponding to the PASI experimental conditions and the results
are shown in Figure 12. Since the HEX power is well known
in the simulation, the scaling is more satisfactory and the data
are less scattered compared to the experiments. The obtained
scaled frequencies are compared to the analytical model with
two different liquid superheating values. The dashed line cor-
responds to the reference case (AT, = 2.0K in (4)) and the
dotted line corresponds to a higher superheating (AT, = 4.0K
in (4)) consistent with the flashing model of CATHARE 3. The
model with the delayed flashing describes more accurately the
simulation results. For this reason, the following simulations
will be compared with the delayed flashing model in the rest of
the study.
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Figure 12: Flashing main mode frequency scaled to 100kW, comparison be-
tween simulations and analytical model.
Simulation setup is equivalent to PASI test conditions.

4.1.2. Extended range of power

Additional transient simulations of the PASI loop with con-
stant HEX power are performed to investigate a larger power
range up to 400kW. The corresponding flashing frequencies are
shown in Figure 13. On this figure, each color corresponds

to a transient simulation at the power is kept constant. It can
be observed that the onset of oscillations occurs at higher sub-
cooling for higher power, and the same goes for the disappear-
ance of the unstable regime. As a consequence, the observa-
tion range of the flashing instability varies with the power level.
The trends of frequency versus inlet temperature are similar for
power less than 300kW. Beyond this range, however, the trend
changes and a plateau is observed between 80°C and 95°C for
the 400kW power level. The corresponding flow pattern shows
alternating reverse and positive flow peaks of similar amplitude.
The behavior of the system appears to be altered by a new phe-
nomenon comparable to large-scale sloshing in the simulation
when Qpex exceeds 300kW.
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Figure 13: Flashing main mode frequency in simulations at different power
levels. Simulation setup: PASI geometry.
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Figure 14: Scaled flashing main mode frequency in simulations at different
power levels. Simulation setup: PASI geometry.

The flashing frequency trends scaled to the nominal power
of 100kW are shown in Figure 14 and compared with the ana-
lytical model adapted to the CATHARE code. Consistent with
previous observations, the analytical model is satisfactory for
power levels below 300kW. For higher HEX power levels, the
flashing instability alone is insufficient to explain the system
behavior in the simulation and the model is unsuitable for use.
These additional simulations show that the analytical expres-
sion is valid for a wide range of power levels around the nomi-
nal condition (-50% and +200%).

4.1.3. Effect of the riser outlet depth
In the PASI experiments, the riser outlet depth A% remains
below 10cm and the impact on the riser pressure is very limited.



Additional simulations at constant power with a higher water
level are performed to study the effect of Ak on the flashing fre-
quency. The corresponding frequencies are shown in Figure 15
and compared with the prediction of the analytical model. The
pressure at the riser outlet P* increases due to the additional
water level. As a consequence, the saturation temperature in-
creases and the observation range of the flashing is shifted to
the right. This effect is well predicted by the model, mainly
thanks to the sensible term pCp(Tf*. - TZ‘EX), which takes into
account the modification of the saturation temperature.
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Figure 15: Scaled flashing main mode frequency in simulations for three differ-
ent riser outlet depths obtained by increasing the water level.
Simulation setup: PASI geometry, Qngy = 150kW
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Figure 16: Scaled flashing main mode frequency in simulations for three differ-
ent riser volumes obtained by increasing the pipe diameter.
Simulation setup: PASI geometry (except riser pipe), Quex =
P* = 1.01bar

150kW and

4.1.4. Effect of the riser pipe volume

The effect of the riser volume V., is studied as well by vary-
ing the riser and HEX diameters in the simulation setup while
keeping the height constant. The geometries studied correspond
to doubling and halving the reference volume, respectively. The
resulting frequencies are shown in Figure 16 for simulations
with a constant power boundary condition. The evolution trend
is qualitatively well captured by the model for the three investi-
gated volumes over the entire observation range.

4.1.5. Validation against external data

The analytical frequency model (4) is compared to other
experimental results published in the literature in Figure 17.
Knowing the geometry and the operating conditions, the model
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prediction is plotted against the measurement for each study
presented in subsection 3.4. The measurement uncertainty in-
cludes the sensor uncertainty (provided or estimated) and the
reading uncertainty when the frequency is derived from a period
on a chronogram. The uncertainties associated with the geom-
etry, HEX power, water level, and HEX inlet temperature are
propagated to derive the model prediction error. In most cases,
the analytical model predicts the flashing frequency satisfacto-
rily with respect to the uncertainties. It can be noticed that the
model overestimates the frequency more often than it under-
estimates it for this data set. Compared to PASI experiments
where observed frequencies are lower than 20 mHz, these ex-
ternal studies allow to validate the model for frequencies up to
90 mHz, which is relevant for full-scale system applications.
Furthermore, the model is valid for water as well as for other
fluids such as CFC-113 used by Kyung and Lee (1994, 1996).
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Figure 17: Flashing frequency model vs. experimental measurements.

4.2. Amplitude

This subsection aims to evaluate the analytical model (9) or
its dimensionless equivalent, and the influence of the parame-
ters involved. The influence of the power on the amplitude of
the flow in comparison with the prediction of the maximum is
also examined.

4.2.1. Effect of the total pressure loss

The PASI experiments investigate in depth the effect of the
inlet pressure loss on the circulation. The measurements are
used to study the effect of the total pressure loss on the maxi-
mum flow peak amplitude over a wide range of pressure losses.
The results are expressed against the total pressure loss coeffi-
cient K;,, including the pressure losses of the valve. The mass
flow amplitude observed in PASI experiments and simulations
is compared to the analytical models in Figure 18 and in Figure
19 for the dimensionless approach, respectively.

For pressure drop coefficients between 10 and 100, it can be
observed in Figure 18 that the peak amplitude varies from one
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Figure 18: Flow peak amplitude during the flashing instability vs. circuit total
pressure loss.
Simulation setup is equivalent to PASI test conditions.

experience to another and that the simulations provide under-
estimated values. The analytical model provides a satisfactory
upper bound for this range of the pressure coefficient. The con-
servative nature of the model is interesting for safety applica-
tions for this range of values close to the nominal conditions
of an industrial system. For pressure coefficients greater than
100, Figure 19 shows that the model agrees in trend and magni-
tude with the experimental and simulation data with respect to
uncertainties.
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Figure 19: Maximum Froude number during the flashing instability vs. circuit
total pressure loss.
Simulation setup is equivalent to PASI test conditions.

4.2.2. Effect of the power

In the PASI experiments, different flow peak amplitudes are
observed even for the same pressure loss and pipe geometry.
In this subsection, the effect of the power level on the flow
peak amplitude is studied in simulations, although it does not
contribute to the maximum flow peak in the analytical model.
This effect can be explained by the location of the flash front,
which moves downward at higher power levels (Furuya et al.,
2005, Hou et al., 2017). Figure 20 displays the Froude number
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(and equivalent mass flow) observed during the flash at different
power levels. The upper limit provided by the equation (9) is
shown as a dashed line. The experimental data are not sufficient
to show a clear trend. In the simulation, the flow amplitude in-
creases with power level and tends to the upper bound. For
power levels higher than 300kW, the flow pattern is not dom-
inated by the flashing and some other phenomenon drives the
flow. This observation is consistent with the validity range of
the frequency model highlighted in subsection 4.1.2. However,
even for these extreme cases, the model provides a satisfactory
upper bound in terms of uncertainties.
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Figure 20: Maximum Froude number and mass flow rate during the flashing
instability vs. HEX power.
Simulation setup: PASI geometry and opened valve (K;,; = 17.0)

5. Discussion

Previous sections have presented and validated two analyti-
cal models characterizing the open loop natural circulation in
the flashing regime. This section aims to discuss these models,
highlight some limitations and draw relevant implications for
industrial applications. For clarity, the two analytical model are
recall below.

Flashing main mode frequency
Onex

Vri‘ver(p:iaphvap +pCP(T; - TZLEX))

fflashing =

Flashing maximum flow peak and Froude number

m — ﬂDl,ziC U — nDéC ngHmax
max p 4 max p 4 sz
U 2
Frp,, = —omas _ [ 2
gAH 0« Kior

5.1. Consistency with previous findings

All of the general trends predicted by the models are consis-
tent with previous research listed in 2.3. The mean mass flow



observations can be verified by knowing that the mean mass
flow increases as the power increases, for given operating con-
ditions. This strong coupling is due to the natural circulation
equations involving heat and mass transfer.

The proportionality between the pressure oscillation ampli-
tude AP and the water head AH observed by Aritomi et al.
(1992) is well captured by the model as AP o Fr?.

Furuya et al. (2005) reported that the oscillation period is
equal to the time required for the single-phase liquid to pass
through the riser pipe. The authors defined this time scale as
the ratio of the riser volume V,;,, and the average volumetric
flow rate of the liquid Vynean- The scaling with the volume is
then the same as in the frequency model (4) and the remaining
terms are compared in the analogy (11).

QHEX
ptaph\)dﬂ + pCP(T;; - TZEX)

Y

Vmean <

The approach developed in this study allows to understand that
the volumetric flow rate results from a latent and a sensible heat
transfer, which together give the HEX power. The analytical
frequency model is consistent with the finding of Furuya et al.
(2005) and allows the frequency to be related to conventional
parameters such as power and temperature.

5.2. Relative weight of sensible and latent heat transfer

In the frequency model (4), the heat transfer is accounted by
a sensible and a latent term respectively weighted by liquid and
steam density. In water applications at low pressure, the la-
tent term pﬁaphm,, is not dominant, except for small subcooling,
where can accounts up to 15% in theory. In the experimental
data presented in this study, the ratio is 3+2 %. For rough esti-
mations, this term can be neglected.

The study of flashing frequency highlights the dominance of
sensible heat transfer in this flow regime. Although the phase
change is central to the phenomenon, most of the heat is dissi-
pated in the hot water entrained by the flashing.

5.3. Extension to combined geysering and flashing regime

From a phenomenological point of view, the approach used
to derive the expressions assumed that no instabilities other than
flashing occur in the loop. In real systems, instabilities can co-
exist and interact to produce complex flow patterns.

Flashing and geysering instabilities can occur together in ex-
perimental and industrial systems. In the PASI tests, geysering
appears to occur between the flashing peaks when the circula-
tion is very weak and the riser is filled with cold water. These
regimes combining geysering and flashing are well character-
ized by the two analytical models. The limit case of the ampli-
tude model is still valid, and in the frequency model derivation,
the HEX and the riser are modeled with a single temperature.
This approach is relevant when the internal heat transport is suf-
ficient to transfer the heat from the HEX to the entire volume
and especially to the upper part. During the geysering phase,
steam bubbles are formed in the exchanger and condensate in
the upper part of the pipe. Geysering can be considered as
an internal heat transfer within the riser volume, which helps
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to homogenize the temperature of the hot branch faster than
with diffusion convection alone. The presence of steam, even
temporarily and in a limited amount, also makes it possible to
reestablish sufficient circulation necessary for flashing. The fre-
quency model remains valid when the circulation is dominated
by alternative flashing and geysering.

Other oscillatory flow regimes dominated by geysering may
involve flashing, such as the boiling eruptions described by Yan
et al. (2017), but the analytical models are not validated for
these circulation modes. The heat transfer phenomena domi-
nated by boiling may result in different main mode frequencies,
and the reverse flow caused in some geysering modes may af-
fect the derivation of an amplitude upper bound.

5.4. Implications for scaling

The analytical models can be used as scaling laws to assess
whether an experiment is representative of a larger industrial
component. The flashing frequency scales with the ratio of the
power to the volume of the riser. However, another dependence
remains in the system pressure due to the effect of the saturation
temperature. Therefore, in addition to the power-to-volume ra-
tio, it is important to maintain the same riser outlet pressure.
The amplitude model shows that a Froude similarity is relevant
and the only parameter to be kept constant is the circuit pres-
sure loss coefficient. For water experiments, the power to mass
scaling with full-height is relevant to reproduce the flashing in-
stability characteristics.

In natural circulation, the single phase regime is the result
of the balance between buoyancy and pressure losses. This
phenomenon can be described with a correlation linking the
Reynolds number, the modified Grashof number and a dimen-
sionless factor accounting for geometrical pressure losses (Vi-
jayan, 2002). In addition, the onset condition of the flashing in-
stability is often expressed in terms of a subcooling number and
a phase change number. Therefore, the dimensionless numbers
governing flow in the flashing regime are different from those
governing its occurrence, nor those governing natural single-
phase circulation. Therefore, it is challenging to propose a scal-
ing method that ensures representativeness of all these phenom-
ena in a scaled-down experiment.

6. Conclusion

Based on a physical analysis of the flashing phenomena, this
paper presents two analytical models that predict the frequency
and a maximum flow amplitude in a two-phase natural circu-
lation loop, from the geometry and basic operating parameters.
The flashing frequency appears to be determined by the power
level, the heat exchanger inlet temperature and the riser pipe
geometry. For the amplitude, the maximum flow rate can be
expressed in a Froude number that depends only on the total
pressure losses. These models are validated against PASI ex-
periments and system-scale simulations with the CATHARE 3
code. Additional data from numerous experimental studies in
the literature are used to extend the validity range of the fre-
quency model.



Not all system codes have been validated for low-pressure,
two-phase natural convection applications. However, predic-
tion of the frequency and maximum amplitude of oscillation is
critical for improving passive system design and defining spec-
ifications for mechanical components that must operate in an
unstable regime. The analytical models presented in this ar-
ticle, validated at the application scale, are therefore valuable
tools for nuclear engineering and design methods.
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