2 M processes

Article

CFD Modeling of Phase Change during the Flashing-Induced
Instability in a Natural Circulation Circuit

Yixiang Liao *

check for
updates

Citation: Liao, Y.; Lucas, D. CFD
Modeling of Phase Change during
the Flashing-Induced Instability in a
Natural Circulation Circuit. Processes
2023, 11, 1974. https:/ /doi.org/
10.3390/pr11071974

Academic Editor: Li Xi

Received: 14 June 2023
Revised: 27 June 2023
Accepted: 28 June 2023
Published: 29 June 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Dirk Lucas

Institute of Fluid Dynamics, Helmholtz-Zentrum Dresden—Rossendorf, Bautzner Landstr. 400,
01328 Dresden, Germany; d.lucas@hzdr.de
* Correspondence: yliao@hzdr.de

Abstract: Flashing-induced instability (FII) has a significant impact on the safe operation of a natural
circulation circuit, a phenomenon frequently encountered in the cooling systems of advanced light
water reactors. While one-dimensional system codes are commonly used for the engineering design
and safety analysis of FII, there is a strong academic interest in understanding the underlying physical
mechanisms. To address this, high-resolution computational fluid dynamics (CFD) simulations serve
as a valuable tool. However, the current state of CFD modeling for two-phase flows with phase
change, which are particularly highly transient fluctuating flashing flows, is still in its early stages
of development. In this study, we establish a CFD model that focuses on interphase heat transfer
to analyze the phase change during FII. By incorporating experimental data from the literature, we
investigate the transient flow field and thermodynamic behavior in the riser of the GENEVA test
facility. The study provides valuable insights into the non-equilibrium and interfacial transfer
phenomena during the phase change as well as the effect of high-frequency fluctuation. Additionally,
we discuss in detail the challenges associated with FII modeling and the limitations of the current
model. We also provide suggestions for potential improvements in future numerical studies. The
results show that the thermal phase change and heat transfer coefficient model adopted for the
simulation reasonably captures the evaporation and condensation process. However, it tends to
under-predict the evaporation rate, which results in a larger pressure drop through the riser. The
observation that the void fraction close to the wall is higher than that in the riser center evidences
that the reliable modeling of bubble size distribution as well as the inclusion of non-drag forces
are important for predicting the transverse void distribution. Furthermore, it reveals that both the
temperature and pressure change in an FII, and their effects on phase change should be taken into
account simultaneously.

Keywords: flashing-induced instability; thermal phase change model; thermal and mechanical
non-equilibrium; CFD modeling

1. Introduction

The term of flashing (or flash evaporation, flash boiling) refers to the phase change
phenomenon in which an initially subcooled liquid is superheated and vaporized due to
pressure drop under nearly adiabatic boundary conditions. In practice, it can occur when
the area of a flow channel reduces, e.g., through a nozzle, and the flow accelerates; the
pressure of the fluid system decreases due to cracks or other openings, or the hydrostatic
pressure decreases as the elevation increases [1]. Flashing flows are encountered in a variety
of technical applications, having both beneficial and harmful impacts. Owing to its high
heat removal capacity and unique advantages under vacuum conditions, flash evaporation
is increasingly used as an alternative cooling method, e.g., in the spacecraft thermal control
systems [2—4]. High-pressure liquid is sprayed into a low-pressure environment, and flash
evaporation takes place. The residual heat is removed through the flash evaporation of
droplets as well as liquid film accumulated on the surface. The spray or jet flash evaporation
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is also often used to gain high-quality fuel oil mist in the fuel injection system of engines [5]
or counterforce for the propulsion of small-sized spacecraft vehicles. Another important
application is multistage flash desalination, where the preheated salt water is released into
several stages of low-pressure chambers, while the generated flash vapor condenses to
fresh water [6].

In the field of nuclear engineering, flashing is an important two-phase phenomenon
related to the safety analysis. It may occur when a loss of coolant accident (LOCA) occurs
within the primary circuit of a pressurized water reactor (PWR) or when hydrostatic
pressure drops significantly in the riser of a natural circulation cooling system [7]. Owing
to the advantage of low costs and high reliability, passive cooling systems driven by
natural circulation are being considered for various advanced light water reactor concepts.
For example, the ESBWR of General Electric [8,9], the KERENA™ of Framatome [10], the
AP1000 of Westinghouse [11], and the HPR1000 of China General Nuclear Power Group [12]
all applied natural circulation for the heat removal from the core or containment. During
such a circulation, warm water from the heat source flows up through a long adiabatic riser
pipe, is cooled by a heat exchanger at the top of the circuit, and then returns to the heat
source through the downcomer (see Figure 1). If the water temperature entering the riser is
sufficiently close to the saturation, flashing will occur inside the riser due to a reduction in
hydrostatic pressure. The formation of vapor leads to an increase in circulating flow rate
and causes a subsequent decrease in the water temperature in the circuit. As a result, the
process of flashing may eventually stop and the flow rate would then be low once again,
so that the water temperature increases, leading to a new flashing cycle. In this way, a
self-sustained flow oscillation will be generated [13], which is a source of flow instability
or water hammer. This phenomenon is known as flashing-induced instability (FII). For
the analysis of heat removal capacity and instability problem of a passive system, and the
consequence of a depressurization disturbance or accident, it is important to understand
the underlying mechanisms of the flashing phenomenon [14,15].
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Figure 1. Sketch of a natural circulation circuit and saturation temperature change inside the riser pipe.

So far, the so-called system or lumped parameter codes such as RELAP and ATHLET
are routinely applied to deal with thermal-hydraulic issues in the nuclear energy field,
since they always involve large time duration and geometrical scale. These codes are
based on a one-dimensional approach and rely on a large number of component-specific
empirical correlations [16]. All these features allow numerical simulations with relatively
low computational costs. However, they also restrict the applicability and transferability of
these codes to complicated 3D local phenomena like the flashing flow. On the other hand,
computational fluid dynamic (CFD) simulations are aimed to provide high-resolution and
geometry-independent results. For this reason, CFD is acquiring increasing attention in
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the safety analyses of two-phase scenarios in nuclear reactors [17]. Owing to the ever-
increasing computer power, there are increasing amounts of successful examples. However,
CFD technology is still far from mature for two-phase flows, especially with rapid and
intense phase change, although it has a relatively long history regarding single-phase flows.
The structure of internal flashing flows may evolve from single-liquid phase via bubbly,
churn-turbulent to annular or even mist flow and single-gas phase. It is impossible to
resolve all the scales of interfacial geometry and processes, so obtaining reliable results
from CFD simulations relies on closure models for the description of interphase mass,
momentum, and energy exchange [18,19]. The evaluation of non-equilibrium effects as well
as heat transfer laws under various conditions deserves more attention. Although there are
a few works available in condensing and evaporating flows, research on interfacial heat
transfer during FII is lacking.

2. Test Facility and Boundary Conditions of Computational Domain

Because of its importance in nuclear safety analysis, FII has gained much attention
by means of both numerical and experimental investigations [20-27]. The experiment for
the present study refers to the work of Cloppenborg et al. [28], conducted at GENEVA
at Dresden University of Technology, which is a semi-open natural-circulation test facil-
ity with water as the working fluid. It is built to analyze the instability behavior in the
KERENA™ reactor containment cooling condenser (CCC) system [7]. Two types of in-
stabilities were observed, flashing and geysering, whose main difference is the point of
origin. Flashing starts at the upper part of the adiabatic riser pipe due to the reduction in
hydrostatic pressure, while during geysering, voids are detected at the inlet of the riser,
namely boiling already occurs in the heating zone (the heat comes from the condensation of
steam on the outer surface of CCC). In both situations, bubbles grow and merge intensely
as they flow upward in the riser, and form large caps or slug bubbles, covering almost the
whole cross-section. At the outlet of the riser, they condense rapidly in the heat sink filled
with highly sub-cooled water, which results in reverse liquid flow entering the riser and
high frequency fluctuations in the circuit. For the present study, a flashing case is selected
for numerical studies. Considering that the test facility as well as instrumentation has been
described at length in [28,29], here, only an overview of the main parameters and data used
for defining the boundary conditions is given. As shown in Table 1, in the selected case,
the maximum mass flow rate during the fluctuation reaches around 0.46 kg/s, and the
pressure measured at the lowest point of the circuit is about 1.8 bar. The inner diameter
and length of the riser are 38 mm and 6.452 m, respectively. The water temperature in the
heat sink near the outlet of the riser is 60 °C.

Table 1. Main parameters of the test circuit and the riser for the investigated case.

Mynax (kg/s) Tinax (°C) Pmax (bar) D jser (mm) Lyjser (m) Tys (°C)
~0.46 117 1.8 38 6.6 60

The part of the circuit of interest for the present study is the riser section. For the
selected time segment (about 100 s), the flow at the inlet remains single-phase and con-
strained by the time-dependent mass flow rate and temperature profiles provided by the
measurement, as shown in Figure 2. The mass flow rate fluctuates due to the occurrence
of evaporation and condensation, while the temperature steadily increases about 1 K. It is
worth noting that temperature fluctuation is measured at the upper part of the riser because
of the reverse flow from the heat sink. Details are provided in Section 4.

For determining the pressure condition, relative pressure was measured in the middle
of the riser. By considering the environment pressure as 1 atm, the absolute pressure
is obtained at z = 1.84 m, which fluctuates roughly between 1.29 bar and 1.46 bar, as
shown in Figure 3a. If we assume that the pressure variation along the riser is mainly
dependent on the hydrostatic head and neglect the density change due to evaporation, the
pressure condition at the outlet of the domain (z = 5.642 m) can be determined through
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Pout = Pz=184m + pg(1.84 m — 5.642 m), where g denotes the gravitational acceleration and
p, the initial liquid density. The measured void fraction at the top of the riser is illustrated
in Figure 3b; no bubbles were detected in the bottom region close to the inlet, which
corresponds to the flash evaporation condition.
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Figure 3. Time-dependent (a) reference pressure at z = 1.84 m and (b) void fraction at z = 4.99 m
provided by experiment.

Figures 2 and 3 reveal that the important features of an FII phenomenon are the
high-frequency fluctuation of flow parameters, high void fractions, rapid evaporation,
and condensation, which pose challenges for numerical simulations. In order to make
use of the experimental data in the definition of boundary conditions, the inlet position
of the computational domain is set to the lowest position, where the temperature and
void fraction measurements are available, which is at a height of 0.81 m. As a result, the
computational domain is 0.81 m shorter than the riser section of the test circuit, and has
a length of 5.642 m (=6.452 m—0.81 m). Further details about the domain are provided
in Figure 4. The data of temperature and void fraction are available at several positions,
which can be used for the validation of the numerical methods. In addition, at each height
position, the void fraction was measured at two radial positions, one in the center and
the other, at r = 2/3R, where R is the radius of the riser pipe [28]. Compared to other
experiments on FII, which have either no void fraction data or are only at one position, the
GENEVA experiment is more favorable for validating the simulation results regarding the
lateral void distribution.

In summary, the range of the system parameters for the simulation duration is as
follows: temperature 330 ~ 378 K, pressure 0.94 ~ 2.3 bar, and void fraction 0 ~ 1.
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Figure 4. Geometrical details about the computational domain and measurement positions for
pressure, temperature, and void fraction.

3. Numerical Method

As discussed in the introduction, so far, most numerical analyses on FII are based
on one-dimensional approaches and have clear limitations. Although there are many
reports on various flashing simulations, e.g., flash atomization [30-32], internal nozzle
flows [33-36], and leakage [37,38], CFD modeling of FII is scarce. The present study aims
at exploring the transient flow behavior during the FII by means of CFD simulations. The
conservation of mass, momentum, and energy is described by the means of a two-fluid
model, which considers the vapor and liquid phases as two interpenetrating continua. They
are coupled by interfacial terms, i.e., mass and heat transfer during the evaporation and
condensation, and momentum transfer due to drag and non-drag forces. Considering that
the two-fluid model for gas-liquid flows with phase change has been elaborated in many
references such as [39,40], only the interfacial terms, which are the key factors affecting the
results, are presented below.

3.1. Mass Transfer

After the thermodynamic equilibrium is destroyed by pressure variation, i.e., via
entering the metastable zone, mass transfer associated with phase change can be driven
by both pressure and temperature difference across the interface. Although there are a
few attempts to consider them jointly, mass transfer in cold liquid is commonly described
by a pressure phase change model, namely a cavitation model, while hot liquid is by a
thermal phase change model [7]. As shown in Figure 2b, in the investigated case, the
initial temperature in the riser is slightly above 100 °C. Furthermore, the reverse flow of
cold water from the heat sink (60 °C) leads to intense heat exchanges between the fluids.
Therefore, the thermal phase change model in ANSYS CFX is adopted in this work, which
describes the phase change by interphase heat transfer and determines the interphase mass

flux as:
q1 +4qg

My = —1 18 1
Ig HgS_Hls (1)

where m;, denotes the mass flux flowing from gas into liquid. ¢; and gq represents the
sensible heat flux transferring from the interface to the liquid and gas, respectively. The
interfacial enthalpies Hgs, Hjs are determined as follows:

H if?’i’ll >0
Hys =< .8 718 2
85 {Hgsgt if mlg <0 ( )
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H if 0
Hi, :{ Isat Mg > )

H; if ﬁ”llg <0

where Hjs,r and Hgsqt, Hy and Hy represent the saturation and bulk enthalpy of liquid and
gas, respectively. It means that the bulk fluid enthalpy is carried out of the outgoing phase,
while the saturation enthalpy is carried into the incoming phase.

3.2. Heat Transfer

The sensible heat fluxes from the interface to the fluids at both sides are computed
according to:

q = h(T; = Tp) (4)

qg = hg(Ti — Tg) (5)

In the present work, the temperature at the liquid—vapor interface is assumed equal
to the saturation temperature of the vapor. Furthermore, the vapor phase is set as sat-
urated. That means that the phase change rate is constrained only by the heat transfer
between the liquid and the interface, and a reliable heat transfer coefficient is of importance.
Regarding the interfacial heat transfer, it is acknowledged that the translational motion
and turbulence in addition to the temperature difference play a role. Nevertheless, the
interplaying of various mechanisms is far from fully understood, especially when other
interactions and exchanges between the phases such as bubble-induced turbulence also
become significant. There is still no generally applicable model available and numerical
modeling often has to rely on empiricism to various extents. In the background of flashing
flows, Liao et al. [41] conducted a thorough survey on the heat transfer mechanisms and
various models. The results showed that the widely used Ranz-Marshall model is prone to
under-predict the heat flux in both high superheat (Jakob number) and high turbulence
conditions. Liao et al. [42] presented a mechanistic model, which consists of three parts,
namely conduction, convection, and turbulence enhancement. The overall Nusselt number
is expressed in a cumulative way:

12 2 2 d
Nu= —Ja +——pel/24 = pgt/2 % ©)
\7( _ \/E VT lturh
~~~ —— N ——
conduction  .onyection turbulence

where Nu, Ja, and Pe denote the Nusselt number, Jakob number, and Péclet number,
respectively, and Pe; is defined based on the turbulence velocity and length scale. It is
worth noting that a similar model has been proposed by Wolfert et al. [43]:

12 2 2 A
Nu= =—Ja +—=pe/24+ _pet/?”t @)
\7'[ \/E \/E A 1
\f'/' —_————  —————
conduction  onvection turbulence

where A; is an adjustable parameter, referred to as eddy conductivity. Both models provide
a higher heat transfer coefficient than the Ranz-Marshall one and improve the prediction
at high velocity and turbulence cases according to previous studies [41]. The model of Liao
et al. has been validated for bubble growth in liquid with constant superheat, condensing,
and flashing steam-water pipe flows [42,44].

3.3. Interfacial Area Density

In gas-liquid flows, the interfacial transfer of momentum, heat, and mass is directly
related to the contact surface between the two phases, which is characterized by the
interfacial area density. ANSYS CFX provides three models for the calculation of the
interfacial area density, namely the particle, mixture, and free surface model. The particle
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model assumes that the gas phase is present as spherical bubbles of mean diameter d;, and
calculates the contact area per unit volume by:

_ O

A= i, ®)

while the mixture model treats the gas and liquid phase symmetrically and expresses the
interfacial area density as:

Kol
A= -2

Linix ©
where the mixture length scale L,,;, must be specified by the user. The free surface model
attempts to resolve the interface and obtains the interfacial area density from the gradient
of the phase volume fraction, i.e.,:

Aj = V] (10)

It is clear that an accurate calculation of the interfacial area density requires knowledge
of the interfacial topological structure. In the FII process, the flow pattern inside the vertical
riser pipe changes periodically from single-liquid phase, via bubbly flow to churn-turbulent
or slug flow, and then reverse. Tracking the dynamic change locally and modeling the
interfacial area density accordingly are both still challenging. In this work, the particle
model is chosen, but instead of mean diameter, the number density of bubbles is specified,
which allows the bubbles to grow and is closer to the physical picture. Equation (8) is
reformulated as:

A; = (6ag)? % (nN,)'/2 (11)

by substituting the relation between Nj, and d;,. To increase the robustness further, the
model is modified with regard to the following two aspects:

e The ayg is clipped to a minimum volume fraction to ensure that the area density does
not reach zero;

e  Because for large ag, the assumption of gas being dispersed is invalid, the area density
is decreased to zero as ag tends to 1.

-1/2

) —2
4 - 6~max(lxg, "‘g,min) + 60Cg,max ,max(l — % D‘g,min) (12)
i dh dh 1-— Ko max

The value for X min and &g yax is 107 and 0.8, respectively. It is worth mentioning that
similar modifications are made in CFX by default. Figure 5 shows the change of interfacial
area density with gas volume fraction obtained by the original and modified particle model.
As it evidences, the model adopted in this work (given by Equation (12)) is more robust,
having a minimum value at both ends, ¢ = 0 and a¢ = 1, and a smooth transition between
the low and large a¢ regimes.

The interfacial area density model has a significant influence on the results. The
specification of bubble diameter or bubble number density can be regarded as limiting
cases of a future more realistic model, e.g., the population balance model, which allows
both quantities to vary locally [44].

Furthermore, the momentum transfer is described by the interphase drag force, which
is dominant in governing the relative motion between the phases, while the non-drag forces
affect only the lateral distribution of phases. The Ishii-Zuber model is adopted for the
computation of drag coefficient, which takes into account the bubble shape change and
swarm effects automatically. Liquid turbulence is modeled by the k-omega SST model,
while a zero-equation model is applied to the gas phase by approximating the kinematic
eddy viscosity with that of the liquid phase. The enhancement of shear stress and dispersion
due to the presence of bubbles is accounted for by using the Sato-enhanced eddy viscosity
model [45].
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Figure 5. Change of interfacial area density with void fraction predicted by different models.

4. Results

The FII phenomenon inside the GENEVA riser is investigated with the boundary
conditions and numerical models presented above. As aforementioned, the main feature of
a FII phenomenon is a high-frequency fluctuation of flow field parameters and high-speed
phase change process (evaporation and condensation). In addition, flash evaporation
resulting from hydrostatic pressure reduction always starts from the uppermost part of
the tube, where the pressure level is the lowest, and then propagates downward. The
fluctuation and temporospatial distribution of the major parameters are presented in
this section.

4.1. Fluctuations of Flow Parameters

The temporal change of void fraction at the height position z = 4.99 m is depicted in
Figure 6, where (a) is at the pipe center (r = 0 m) and (b) at r = 2/3R with R as the pipe
radius. The simulation (line) yields a flashing start later than the experiment (symbol).
The moments that the peaks of void fraction appear are t = 16 s, 36 s, 56 s, 76.5 s, and
100 s in the simulation, and 14.8 s, 33.8 5, 54.8 s, 76.8 s, and 87.8 s in the experiment.
It indicates that the speed of liquid temperature recovery at the condensation stage is
under-predicted. In addition, the maximum void fraction reached in each period is lower
according to the simulation, which is probably because the interfacial area density is clipped
to zero at ag = 1. The experiment measures a higher void fraction near the wall than in
the center, while the simulation delivers a relatively uniform distribution over the pipe
cross-section. In other words, the void fraction at r = 0 m and r = 2/3R is comparable.
Nevertheless, both the experiment and simulation show a fluctuating temporal course, and
the frequency conforms to each other. There appear four and a half flashing fluctuation
periods (evaporation—condensation) within the 100 s simulation time.

Figure 7 presents the comparison of the pressure fluctuation at two height positions,
where z = 5.642 m corresponds to the outlet of the riser. Since pressure boundary con-
ditions have been applied to the outlet according to the experimental data, the results
from simulation and experiment are in perfect match. Nevertheless, deviation is observed
at z = 1.84 m. For example, the lowest value of each fluctuation cycle is smaller in the
simulation than the measurement, which is associated with the under-prediction of void
fraction discussed previously. A higher void fraction results in a lower average density
and smaller pressure loss as the gas-liquid mixture flows along the pipe. By combining
with the void fraction presented above, one can see that the decrease in pressure induces
flash evaporation, while the recovery leads to condensation. While the decreasing speed of
pressure is well-captured, the recovery is delayed but fast in the simulation (see Figure 7b).
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Another observation is that a rapid recovery of pressure tends to cause unexpected pressure
peaks, e.g., around t = 20 s and 80 s, indicating numerical instability.
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Figure 6. Fluctuation of void fraction at the center and on the side at the height position z = 4.99 m
(outlet at z = 5.642 m) in the simulation duration of 100 s (symbol: experiment, line: simulation).
(a) At the center (r = 0 m), (b) on the side (r =2/3R).
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Figure 7. Fluctuation of absolute pressure at two height positions in the simulation duration of 100 s
(symbol: experiment, line: simulation). (a) At z=5.642m; (b) atz =1.84 m.

Due to the effect of inlet condition (see Figure 2b), the liquid temperature increases
slowly before any phase change occurs in the lower part of the riser, and the variation is
about 1 K (see Figure 8a). If the flashing is triggered, the evaporation leads to a temperature
drop in each cycle. According to the measurement at z = 3.6 m and z = 3.99 m, the drop
is up to 2 K. The numerical model adopted in this work is capable of reflecting these two
kinds of temperature changes.

An important point in the semi-open natural circulation circuit is that the cold water
can enter the riser from the storage pool above and cause a large temperature fluctuation in
the outlet adjacent region. To simulate this phenomenon, opening boundary conditions
are applied to the riser outlet. As shown in Figure 8b, both the experiment and simulation
indicate the reverse flow from the storage pool at z = 5.14 m. The lowest temperature in the
simulation corresponds to the prescribed 333 K, which is the temperature of the water in
the storage pool, while the experiment yields a slightly higher value. A large difference
is observed at the stage that the temperature recovers. The experiment shows that the
temperature rises immediately after it reaches its minimum, while in the simulation, the
lowest temperature lasts much longer, even up to 20 s. The discrepancy is presumably
caused by two main sources of uncertainties. One is associated with the magnitude of
reverse flow. Since, in the experiment, the riser is longer and the location of the storage
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pool is higher, the cooling effect of the reverse flow at the location of z = 5.14 m is less than
that in the simulation. Another suspect is that although the heat transfer coefficient model
of Liao et al. has been validated in Liao et al. [44] for both evaporation and condensation,
but at low Jakob numbers, its capability for large superheat or subcooling (~40 K in this
case) needs further validation.

379.0 T T

378.5 - b

378.0

3775

377.0

Liquid Temperature (K)

Liquid Temperature (K)

376.5 B

376.0 I I I I
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(a) (b)

Figure 8. Fluctuation of liquid temperature at two height positions in the simulation duration of
100 s (symbol: experiment, line: simulation). (a) At z=1.38 m; (b) atz=5.14 m.

4.2. Temporospatial Distribution of Flow Parameters

As aforementioned, the flashing evaporation is initiated at the top of the riser and then
propagates downward. Figure 9 shows the change of the void fraction along the axis of
the pipe with the time. The experiment indicates that the front of the void fraction waves
generated in the first three flashing cycles approximately reaches a depth of z = 3.5 m. The
subsequent two cycles due to the higher pressure fluctuation (see Figure 7a) lead to a longer
wave. Although there are some deviations, e.g., the over-predicted wave at t = 76.5 s due to
the unexpected pressure peak (see Figure 7b), the major features are successfully captured
by the simulation. Both the simulation and experiment show that the void fraction peaks
are narrow, indicating rapid phase change processes, especially the condensation, which is
completed in 1~2 s.

Void Fraction Void Fraction

- 07

-086

0.6

~05 0.5

Height (m)

~03 0.3

Time (s) Time (s)

(a) (b)

Figure 9. Temporal distribution of void fraction along the axis of the pipe. (a) Simulation;
(b) experiment.
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After each flashing cycle, the system returns to single-phase liquid condition, and
is cooled by the reverse cold flow. The intensity and duration of flash evaporation in
the FII is directly affected by the local liquid temperature distribution between the cycles.
Figure 10 presents the simulated and measured temperature along the axis of the riser
pipe as well as its change with time. In the simulation, the cooling or reverse flow stage
obviously lasts longer than that observed in the experiment, whose clarification needs
further research. In contrast to the nearly uniform temperature fluctuations, an excessively
strong cold flow is predicted around t = 38.5 s and t = 80 s, which reaches the depth of
z =3.66 m and z = 1.5 m, while in the experiment, the front of the cold flow ceases before
z = 4.0 m (see Figure 10b). The discrepancy is associated with the pressure peaks depicted
in Figure 7b. In addition, the experiment shows a slightly lower temperature close to the
outlet compared to other regions at t = 0 s, which is not considered in the simulation, where
instead, a uniform temperature field is assumed.

Temperature (K) Temperature (K)

— 350

346

60 80 100 0 20 40 60 80 100

Time (s) Time (s)

(a) (b)

Figure 10. Temporal distribution of liquid temperature along the axis of the pipe. (a) Simulation;
(b) experiment.

For the further analysis of the gas-liquid two-phase flow structure, the void fraction at
the center and side is presented in Figure 11. The comparison between Figure 11a,b reveals
a large deviation. As introduced in Section 3, the bubble number density is prescribed in the
simulation (N = 5 x 10* m~3 assumed for this study), and consequently, the Sauter mean
diameter varies between 0.1 mm and 33 mm. In bubbly flows, it is known that the non-drag
forces such as lift and turbulence dispersion forces affect the lateral distribution of the
phases. However, considering the fact that it is difficult to describe the effect of non-drag
forces accurately by means of one model for such a wide size range of bubble sizes, the
non-drag forces are not included in this work. As a result, the distribution of void fraction
over the cross-section is nearly uniform, and the value at the center is approximately the
same on the side (see Figure 11a). On the other hand, the experiment reveals that the void
fraction is higher in the area close to the pipe wall compared to the pipe center, especially
at low void fraction stages and low height positions. It indicates that the wall nucleation is
of importance in the early stage of flashing, and a considerable portion of small bubbles is
present, which tend to accumulate in the near-wall region due to the effect of lift force.

Some characteristic parameters of the flashing cycles such as the start and end times,
peak and valley values of the void fraction, pressure, and temperature are summarized in
Table 2, where the measurement and simulation results are compared. The data used for
the analysis are the same as shown in Figures 6a, 7b and 8b.
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Figure 11. Comparison of the void fraction measured at the center (r = 0 m) and the side (r =2/3 R)

of the pipe. (a) Simulation, (b) experiment.

Table 2. The start and end times, peak and valley values of the void fraction, pressure, and tempera-
ture in the first four flashing cycles.

1. 2. 3. 4.
Cycle No.
Exp. Sim. Exp. Sim. Exp. Sim. Exp. Sim.
) . tstart (S) 6.8 2 18.8 325 40.8 53.5 65.8 72
Void fraction
(atr=0m,z=499m) tend (5 17.8 18 37.8 38 56.8 58 78.8 78
Peak value 091 0.827 0.94 0.848 0.926 0.818 0917 0.885
tstart (S) 3.2 15 26.8 29.5 441 48.5 66.6 70
Pressure
(atr=0m,z=1.84m) tend (5) 20.4 18 41.9 38.5 58 58 80.6 78.5
Valley value (bar) 1.35 1.26 1.35 1.24 1.34 1.28 1.33 117
tstart (S) 15 14 344 38 54.8 58 76.3 78
Temperature
(atr=0m,z=>514m) tend (8) 20.4 33 40.8 54 63.4 69 914 98
Valley value (K) 339 333 337 333 337 333 335 333

5. Discussion

In addition to instability issues caused by rapid condensation, a major challenge
encountered in the numerical study of FII is that the isothermal depressurization and
isobaric cooling processes are present simultaneously, as shown in Figure 12a. The former
prevails at the lower part of the riser (z < 3.6 m), while the latter at the upper part (z > 3.6 m).
They are highlighted by the green and grey circles, respectively. Flash evaporation occurs
when the pressure drops to some point below the saturation line, which is observed at the
height positions larger than z = 3.6 m. The distance between the flashing inception and
the saturation line is called pressure undershoot, which is about 0.1 bar in the investigated
case according to the simulation. The liquid temperature decreases and pressure increases
during the evaporation. Due to the joint effect of temperature decrease and pressure
recovery, the liquid returns to the saturation line. After the condensation of vapor, the liquid
temperature decreases isobarically and rapidly in the single-phase region, which is circled
by grey in Figure 12a. On the saturation line, the liquid and vapor are in thermodynamic
equilibrium, and both have the saturation pressure and temperature. If we zoom into
the two-phase region (highlighted by the red circle), we can see that most datapoints are
located below the saturation line (see Figure 12b), where the temperature and pressure
differ from the saturation condition, and the two phases are in non-equilibrium. Both the
temperature and pressure difference can drive the condition back to saturation by triggering
the evaporation. Note that all the data in Figure 12 are obtained from the simulation. In the
present study, the interfacial mass transfer is described by the thermal phase change model,
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which assumes that the phase change is induced by interphase heat transfer (see Section 2).
The pressure in vapor and liquid is assumed to be equal. The inclusion of interfacial mass
transfer induced by pressure difference may additionally improve the results.
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Figure 12. Non-equilibrium effects in the FII phenomenon reflected by the relation between the
liquid temperature and the absolute pressure (the dash line represents the saturation condition, the
solid line in (a) represents the flashing inception line, the grey circle highlights the isobaric cooling
stage due to reversal flow from heat sink, the green circle highlights the isothermal depressurization
process, the red circle highlights the two-phase region, the datapoints provided by the simulation).
(a) Full range, (b) zoomed two-phase region in (a).

Jin et al. [46] studied the heat transfer effects of cavitating and flashing flows numeri-
cally by using both pressure and thermal phase change models, which is, however, based
on a homogeneous mixture model. Because of high transience in a FII phenomenon, there
is normally no time for the gas and liquid mixture to reach a homogeneous flow state. The
results show that the axial liquid velocity changes between —2.9 m/s and 12.6 m/s during
the simulation, and the maximum relative velocity can reach 1.2 m/s. As discussed in
Liao and Lucas [19], the neglect of relative motion between phases may lead to a significant
under-prediction of the interphase heat and mass transfer.

Another point worth of discussion is that in the thermal phase change model, it is
assumed that the interface always remains saturated, which is acceptable in most practical
cases [47]. However, in a FII process, the change of pressure and temperature is usually too
rapid for the interface to remain at the thermodynamic equilibrium condition. According
to Kuznetsov [48], the departure of interfacial temperature from the saturation temperature
can be taken into account by introducing an additional thermal resistance Ryo,. A simple
model was proposed in [49]:

12— x/27Rg Tyu®/?
Rnon = = 2 (13)
hﬂOl’l ZX Hfg pg

where y is the condensation coefficient, R is the gas constant, H fg is the latent heat of vapor-
ization, and Ty, pg are saturation temperature and gas density, respectively. /i, is the heat
transfer coefficient describing non-equilibrium phase change at the liquid—-vapor interface.

In flashing flows, the flow pattern changes with the void fraction, e.g., from single-
phase liquid via bubbly flow, churn-turbulent flow, and even to single-phase gas. Capturing
the local transition numerically, especially when the change occurs very rapidly, still
represents a challenge. In addition to extending the applicability range of closure models
for interphase transfer, the modeling of bubble size and shape change is difficult. A poly-
disperse simulation that account for different bubble sizes, bubble nucleation, and growth
as well as bubble coalescence and breakup as described in [19] may help to improve the
numerical results. Nevertheless, further information from the experiment on the evolution
of bubble size is desirable. Recently, some multi-scale and multi-field approaches such as
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those in [50,51] have been developed, which are advantageous for the modeling of multiple
regimes as well as their transition such as flashing flows.

Finally, to reduce the computational cost, the domain of CFD simulation is constrained
to the riser, while analyses with system codes commonly consider the whole circuit. In
the case that experimental data are not sufficient for the precise definition of all boundary
conditions, the simulation results will contain uncertainties. For example, according to
Figure 4, the temperature condition at the inlet (z = 0 m) is well-defined, but not at the outlet
(z = 5.642 m), since the neighboring measurement positions are z = 5.14 m and the storage
pool. In the simulation, the temperature of the reversal flow is assigned to the temperature
at the storage pool. Since the storage pool as well as its connection with the riser is not
modeled, there is a certain degree of uncertainty. If we shorten the computational domain
further to 5.14 m, we can specify the temperature of incoming liquid from the outlet by the
experimental data, which is several degrees higher than the storage pool. The pressure
peaks in Figure 7b can be avoided and the flow field becomes more stable, as shown in
Figure 13. Deviations are present only in the wave trough, where the simulated pressure is
lower than the measured one. It indicates an under-prediction of the evaporation rate by
the numerical model.

20

18 1

16 |- 4

Absolute Pressure (bar)

0 20 40 60 80 100
Time (s)

Figure 13. Fluctuation of absolute pressure at z = 1.84 m in the simulation duration of 100 s if the
domain outlet is at z = 5.14 m (symbol: experiment, line: simulation).

6. Conclusions

In the present work, the feature of FII phenomenon was studied numerically with
the thermal phase change model, which is commonly used for bubbly flows. In order
to validate the model properly, boundary conditions for the simulation are defined ac-
cording to the experimental data. The results evidence that although there exist some
quantitative deviations, the evaporation—condensation periodic phase change process is
captured reasonably. The physical mechanism behind the instability is explored in depth
by combining the numerical and experimental data. Furthermore, the challenges in the
CFD modeling of FII, the limitations of the current numerical model as well as the possibili-
ties of improvement in future studies are discussed. The main findings are summarized
as follows:

o  Theapplied thermal phase change and interfacial heat transfer coefficient model is able
to reasonably predict the evaporation and condensation fluctuating process during FII

e However, quantitative comparison shows that the evaporation rate is obviously under-
predicted, which leads to a larger pressure drop inside the riser during the evaporation
wave, and the onset of flashing is delayed.

e Instead of a uniform transverse distribution, higher void fractions are detected in the
near-wall region compared to that in the pipe center. It indicates that both large and
small bubbles are present, and the fraction of the latter exceeds that of the former. A
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poly-disperse approach taking into account bubble nucleation, growth, coalescence,
and breakup is recommended for future work.

e  Furthermore, during FII, the liquid and vapor are prone to have different pressures and
temperatures. In addition to thermal effects, the contribution of pressure difference to
the phase change rate should be taken into account.

Author Contributions: Conceptualization, methodology, investigation, writing—original draft prepa-
ration, Y.L.; Resources, writing—review and editing, D.L. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: In this study, the experimental data were obtained from the Chair
of Hydrogen and Nuclear Energy at Dresden University of Technology, and are available with the
permission of the Chair of Hydrogen and Nuclear Energy at Dresden University of Technology. The
simulation data presented in this study are available on request from the corresponding author.

Acknowledgments: The authors acknowledge the Chair of Hydrogen and Nuclear Energy at Dresden
University of Technology for providing the experimental data.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature
ag Gas volume fraction m,g Interfacial mass flux, l<g-m*2-s*1
Agmax ~Maximum gas volume fraction Mmax ~Maximum mass flow rate, kg-s_1
&gmin  Minimum gas volume fraction Ny Bubble number concentration, m 3
Ay Interfacial area density, m ! Nu Nusselt number
d Bubble diameter, m Pmax  Maximum pressure, pa
X Condensation coefficient Pe Peclét number
Dyiser ~ Diameter of riser pipe, m Pe Turbulent Peclét number
h Heat transfer coefficient between gas and interface,
W-m—2.K! g Heat flux between gas and interface, W-m—2
h Heat transfer coefficient between liquid and interface,
Wm2.K! q1 Heat flux between liquid and interface, W-m—2
Hnon Non-equilibrium heat transfer coefficient between liquid
and interface, W-m—2-K~1 r Radial position, m
Hg Latent heat, J-kg ™! R Radius of riser pipe, m
Hg Specific enthalpy of gas, J-kg ™! Rg Gas constant, J-mol~1.K~!
Hgsat Saturation enthalpy of gas, ]~kg_1 Rnon  Non-equilibrium heat resistance, W 1lm2K
H Specific enthalpy of liquid, J-kg ! Pg Gas density, kg-m 3
Higsat Saturation enthalpy of liquid, J-kg ! t Time, s
Hgs Gas enthalpy at interface, J-kg™! Ty Gas temperature, K
Hg Liquid enthalpy at interface, J-kg ! Ths Heat sink temperature, K
Ja Jakob number T; Interface temperature, K
Lvurb Turbulent length scale, m T Liquid temperature, K
Lmix Mixture length scale, m Tmax  Maximum temperature, K
Liser  Length of the riser pipe, m Tsat Saturation temperature, K
A Liquid heat conductivity, W-m™1 x,y,z  Coordinates, m
At Eddy conductivity, W-m~!
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