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In the present study, a multi-domain coupled computational fluid dynamics (CFD) approach is developed
for the modeling of dryout and post-dryout heat transfer. For the fluid part, the thin film and gas core
are modeled by the liquid film model and two-fluid model, respectively. For the solid part, the heat-
ing process is modeled by either using a constant heat source or solving the Joule heating problem. The
fluid-solid conjugate heat transfer is calculated by using carefully designed coupling schemes which can
automatically determine the operation mode for pre- and post-dryout regions. Unlike standalone simu-
lations where only the inner wall temperature is predicted, coupled simulations are able to predict the
outer wall temperature, allowing a direct comparison with experiments. Simulations were carried out
for a wide range of flow conditions and validated against the corresponding steady state experiments.
By newly introducing a film rewetting model, the current CFD code is capable of simulating the tran-
sient behavior of dryout. With the rewetting model, the coupled code successfully predicted the dryout
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1. Introduction

Flow boiling is widely used in high heat flux systems, e.g., elec-
tronic components and boiling water reactors (BWRs), since vapor-
ization allows the coolant to efficiently remove heat without a sig-
nificant temperature increase. A main challenge for such systems is
the so-called boiling crisis phenomenon, where the efficient heat
transfer deteriorates catastrophically due to changes in the under-
lying heat transfer mechanisms. This can happen to annular flow
which is a two-phase flow regime characterized by the coexsitence
of a thin liquid film and a fast-moving gas core. When the lig-
uid film is depleted, the efficient film-wall heat transfer is replaced
by the much less efficient vapor-wall convection, causing the wall
temperature to increase dramatically to an extent that could dam-
age the heating wall. This type of boiling crisis is referred to as
dryout and should be accurately predicted due to its potentially
dangerous consequences.

The challenge of modeling dryout stems from the fact that it
involves multiple complex phenomena. In the pre-dryout region,
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there are three main heat and mass transfer mechanisms between
the liquid film and the gas core: (a) droplet entrainment from the
film to the gas core; (b) droplet deposition from the gas core to
the film; (c) evaporation from the film to the gas core. In the post
dryout region, the vapor phase becomes over-heated, causing those
dispersed droplets to evaporate. Such processes should be properly
modeled in the prediction of dryout.

The traditional approach for simulating dryout-related phenom-
ena is using 1D empirical correlations where macroscopic quan-
tities, e.g., superficial velocities and cross-sectional void fraction,
are used [1-4]. Since there is no need to simulate flow details,
this approach requires negligible computing resources. In addition,
such correlations can be very accurate provided that there are ad-
equate experimental data. However, there are two main drawbacks
of this approach. On the one hand, empirical correlations are usu-
ally constructed based on certain apparatus and flow conditions.
Therefore, their application to other flow configurations should be
always conducted with caution. On the other hand, such correla-
tions are usually constructed based on steady state data. Therefore,
their validity in transient simulations is questionable.

A promising approach to overcome such limitations is to use
the computational fluid dynamics (CFD) method, where localized
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Roman symbols

a; interfacial area density

Cp isobaric specific heat

C droplet concentration

Gi interfacial friction factor

ds; Sauter mean diameter

din inner diameter of the test section
dout outer diameter of the test section
Dy, hydraulic diameter

e entrained fraction

g gravitational vector

G mass flux

h specific enthalpy

heva evaporation heat transfer coefficient
hy, latent heat of vaporization

hin h of liquid at inlet
hsat h of saturated liquid

j superficial velocity

k turbulence kinetic energy

K mass transfer coefficient

L distance form inlet in the experiment

Lout length of the test section

M momentum source

n unit vector normal to the film
pressure

q heat flux

qw wall heat flux

Q energy source

R radius

Re Reynolds number

S surface area vector

S surface area of a film element

Sps mass source for the film

S,us momentum source for the film
Sphs energy source for the film
temperature
Tsup water subcooling at inlet
T,y tranformation factor from gas core to film
Tr_. . tranformation factor from film to gas core

ur radial velocity of entrained droplets
U friction velocity

U streamwise velocity compoment

U velocity

U, droplet-vapor relative velocity

Ve electric potential

1% volume of a film-adjacent cell

We Weber number

X steam quality

y* dimensionless boundary distance
y physical boundary distance

z inlet elevation in the simulation
Greek symbols

o volumetric fraction

§ film thickness

Seriticat Critical § for dryout

S min minimum & for the liquid film model
8o extrusion thickness

€ turbulence dissipation rate

K thermal conductivity

r mass source

n relative velocity difference

1) a generic variable

P density

Oe electrical conductivity

AV, Ve difference across heated length
T shear stress tensor

nw dynamic viscosity

y criterion for film rewetting
Superscripts

1 property for Tube-1

2 property for Tube-2

d — f droplet to film transfer
d — v droplet to vapor transfer
f— d film to droplet transfer
f— v  film to vapor transfer

P predicted

v — d vapor to droplet transfer

Subscripts

c gas core

d droplet

dep deposition

ent entrainment

eva evaporation

ex extruded surface
f film

g gravity

i interface

k phase indicator

l liquid phase

N; a neighboring cell of P
P a discretized cell
s solid

so source surface

o surface tension
Ty interfacial shear
Tw wall shear

tr onset of annular flow
v vapor

quantities are obtained by numerically solving the corresponding
governing equations. Given good enough grids, interface captur-
ing methods, e.g., the volume of fluid method and the level-set
method, are able to simulate the complex interface structure in
annular flows [5-9]. However, such a fine grid requirement is too
demanding to achieve for practical dryout predictions due to the
presence of tiny droplets and thin films in long flow channels.
Therefore, detailed interface structures are usually not modeled
in practical CFD simulations, which can be categorized into two
groups. In the first group, a two-fluid multi-field framework is used
to describe the annular flow, where a separate volumetric fraction
[10,11] or the total liquid phase volumetric fraction [12,13] is used
to model the thin film. The occurrence of dryout is determined by
the local vapor quality or void fraction. In the second group, the
thin film is modeled by the liquid film model [14] and the gas core
is modeled by either the Eulerian-Eulerian or Eulerian-Lagrangian
methods [15-20]. This group of multi-domain simulations can be
further divided into three categories: (a) only pre-dryout annular
flow is modeled [15,16,19]; (b) dryout is predicted but no post-
dryout heat transfer is modeled [20]; (c) dryout is predicted with
the post-dryout heat transfer being modeled [17,18]. In the last two
categories, the dryout occurrence is determined by the calculated
film thickness. It should be noted that even though all these prac-
tical CFD simulations were carried out in a transient manner, only
the (quasi) steady state results were compared to the correspond-
ing experiments. Therefore, further investigations are required to
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make such models capable of simulating the transient behavior of
dryout.

Another limitation of previous studies using both empirical cor-
relations and CFD is that most simulations were carried out on
the fluid side with the heating structure being modeled as a pre-
scribed heat flux. Therefore, the quality of such heat fluxes plays
an important role in the accurate prediction of the wall tempera-
ture, making this treatment obviously unsuitable for complex heat
structures [21]. Actually, this approach should be revisited even for
simple heating structures, e.g., a round tube, due to several rea-
sons. First, around the dryout location, there is a large tempera-
ture gradient which leads to an axial heat flux inside the heat-
ing structure. Second, in experiments using Joule heating [22-24],
temperature changes cause the heating power to redistribute due
to the temperature dependency of the solid electrical conductiv-
ity. This effect might be strong for the post-dryout heat transfer.
Third, during power transients, wall heat flux does not change syn-
chronously with the heating power due to the thermal inertia of
the heating structure. There is an additional issue with such a heat
flux treatment when coming to the model validation. In dryout ex-
periments, there are two types of wall temperatures, namely, inner
wall and outer wall temperatures. Inner wall temperature refers to
the temperature at the fluid-solid interface. While outer wall tem-
perature is the temperature at the outer surface of the solid. Only
outer wall temperatures are accessible in the experiments, which
are then used to deduce the inner wall temperatures by using cer-
tain assumptions. Consequently, such experimental inner wall tem-
peratures may themselves be subject to large uncertainties, mak-
ing them unfavorable for model validations. Therefore, it is neces-
sary and crucial to accurately model the heating structure in dry-
out simulations. For the multi-field approach, there has been some
recent development to model the solid heat transfer [25,26], where
steady state results have been presented. However, such conju-
gate heat transfer modeling method is yet to be developed for the
multi-domain CFD approach.

In the present study, we further develop the multi-domain CFD
approach for the modeling of dryout and post-dryout heat trans-
fer. New models are introduced such that the code is capable of
simulating dryout transients as well as the heat transfer inside the
heating structure.

2. Methods

The present CFD model solves different governing equations in
the fluid and solid regions.

2.1. Multi-domain modeling of fluids

The thin film region is modeled by the liquid film model
[14] and the gas core is modeled using the Eulerian-Eulerian ap-
proach.

2.1.1. Liquid film
For any quantity ¢, we introduce the following depth-averaged
quantity:

. s
=3[ san (1)

where § is the film thickness and n denotes the wall-normal direc-
tion. The depth-averaged governing equations are as follows:

d(pfd —

Or0) 9y (og3) = 5y, @
d(p8U E— _
HerD) 49, (0s30,0)) = ~5Vp+ Sy, 3)
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d(psdhy)

ot
where Vs is surface nabla operator; S5, S,ys, and S,;s represent
corresponding mass, momentum and energy source terms, respec-
tively.

+ Vs (pp8Uhy) = Spps. (4)

2.1.2. Gas core

The following governing equations are used for the Eulerian-
Eulerian modeling of the gas core based on the two-fluid model
[27];

0(x

% + V- (agprUy) = Ty, (5)

d (o, U

% + V- (o UU)= — o Vp+V - (o ti) +t 018 + My,
(6)

RICTY!

WAL | (eptih) = -7 - (o) + Qe )

where k denotes phases; I, is the total mass source; M, is the
total momentum source; Q, is the total energy source.

For simplicity, we introduce the following notations: subscripts
dep, ent and eva denote deposition, entrainment and evaporation,
respectively; in the superscripts, f, d and v mean film, droplet and
vapor, respectively, and “ — " is used to denote the direction of
the transfer process. Therefore, we can write out source terms as
follows:

Ty=T4 " -Te ) - T&", (8)
[, =Tdv i 9)
My =M - MG — MEY + M (10)
M, = MV + MLV + M4, (11)
Qi = Q' — Qo — Q™ (12)
Q= Q" + Q. (13)

where MV~ 9 and M9~ V are momentum sources that are not re-
lated to mass sources and satisfy the following relation

Md—»u — —MU_’d. (14)

In the present study, only drag and turbulent dispersion forces are
considered for the droplets since it has been shown that lift and
wall lubrication forces are only important for bubbly flows and can
be neglected for pre- and post-dryout simulations [13]. The virtual
mass is also neglected since droplets are much heavier than the va-
por phase. The standard k — € model is used for the vapor phase,
while no turbulence model is used for the droplet phase.

Source terms related to the coupling between the gas core and
the film are discussed in Appendix A. The heat transfer between
droplets and the vapor phase is modeled as follows

4V = heati(T, — Ty), (15)

where T is the droplet temperature and is kept at saturation tem-
perature; a; is the interfacial area density which is obtained by
solving a simple interfacial area transport equation [28-30]; heyq
is the heat transfer coefficient, which is calculated as follows [31]:

hevads, =2+06<pvlur|d32)2<MUCP,U>; (16)

Ky My Ky
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where k, is the thermal conductivity of the vapor phase; ds, is
the Sauter mean diameter calculated based on q;; U; is the relative
velocity between droplets and vapor.

2.2. Heat transfer in solid

For solid regions, the governing equation for heat conduction
reads

0T,
,Oscp,sa—ts =V (ksVT) + Qs (17)

where ps, ¢ps and ks are the solid density, heat capacity and ther-
mal conductivity, respectively; Qs is the volumetric heat source
in the solid region. By assuming Qs is uniformly distributed, its
value could be calculated based on the wall heat flux and the solid
geometry. However, this assumption could be weak in the post-
dryout related experiments, where Joule heating is used to heat
up the solid. The uniform heat source treatment is equivalent to
assume that the electrical conductivity, o, is constant, which is
actually temperature dependent. In order to model the Joule heat-
ing effect accurately and to evaluate the uniform heat source as-
sumption, Qs is also modeled in the following way:

Qs = (0eVVe) - VV, (18)

where V, is the electric potential field obtained by solving the fol-
lowing equation:

V. (6.VV,) =0, (19)

with a constraint on the voltage difference, AVe, across the heated
length. However, AV, is unfortunately not documented in [22].
Therefore, an iterative procedure is adopted to determine the value
of AV, such that the total heating power matches the experiment.

2.3. Film-gas core coupling for pre-dryout regions

The coupling between the liquid film and the gas core is
achieved by modeling different phenomena with closures. The
mass source term consists of source terms for droplet deposition,
droplet entrainment and film evaporation as follows

_ cd—f f—d f—-v
SP(S - Spé.dep - Sp&.ent - Sp(S,eva' (20)

The liquid film momentum source term is split into two compo-
nents, namely, shear-stress-based source terms and pressure based
source terms. Shear-stress-based momentum source terms con-
sider momentum transfer in the interface-tangential direction as
follows

_ d— f f—d f—v
Sous = Spus.g + Spus.t, +Spus.z, + SpUS.dep - SpUzS,ent - SpUB,eva‘
(21)
<«~—No

ON.

i

Et'riticul, N;
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The pressure-based momentum sources handle momentum
transfer in the interface-normal direction as follows:

P=Pc+ D+ Po + Piey) — Pl — Ploa”. (22)
Energy source terms for the liquid film are:
_ d— f f—d f—v
SPh5 - SPh‘sv‘Iw + Sphé,dep - SpInS,ent - Sphé,eva' (23)

Details of the individual source terms are given in Appendix A

2.4. Dryout criteria

In the simulation, when the local film thickness is smaller than
a critical film thickness, 8 iscq it is assumed that dryout occurs at
this spot. §iricqr could be calculated using the following correlation
[32]:

03571 1 2 0.617
Y L] 8.8( kv
Scritical = (h[?)&f) (p O'p,) x 10 (“ ) . (24)

Even though this criterion has been used in previous simulations
[17,18,20], it is not used in the present study since it can be sub-
stituted with a much simpler one.

A minimum film thickness, §,,;,, is often used in the liquid film
simulations to maintain the numerical stability. In such a treat-
ment, only patches with § > §,,;, are considered wet. Then we can
directly use Oiicas = Omin for dryout detection. This criterion will
be further discussed in Section 4.1.

2.5. Dry patch treatment

The identified dry patches should be excluded from the liquid
film calculation, i.e., the corresponding film thickness should be set
to zero. This is handled on the matrix level [33]. It should be noted
that this dry patch treatment implicitly assumes that once a patch
turns dry, it will remain dry, since a zero-thickness film always sat-
isfies two aforementioned dryout criteria. In order to avoid this is-
sue, a rewetting model is introduced to allow certain dry patches
to become wet again, as shown in Fig. 1. The idea is that a dry
patch is allowed to become wettable if it has at least one wet
neighbor with an excessive film thickness. Therefore, for a given
dry patch P, we set it to wettable if there is a neighboring patch

. SN,
N; that satisfies 5 N
critical N;

study. Then, based on the governing balance equations, the film
thickness at P can increase via droplet deposition and film advec-
tion.

We note that handling dry patches on the matrix level has a
side effect. When dryout occurs, film boundary conditions set at
the outlet become redundant since their contribution to the ma-
trix is neglected. In such cases, the real boundary is the wet-dry

>y, where y is set to 1.5 in the present

Fig. 1. Rewetting model for the liquid film region: dry patch P is set to wettable if it has at least one wet neighbor with an excessive film thickness.
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borders as shown in Fig. 1, which are moving during the simula-
tion. Therefore, proper conditions must be applied to these mov-
ing boundaries. In the present study, this is achieved by using the
first-order upwind scheme for advection terms in the film region.
As a result, the wet-dry border will always take values from the
wet patch, which is equivalent to setting a no gradient condition
to a fixed boundary.

2.6. Film-gas core coupling for post-dryout regions

In the present study, the transition boiling region is not con-
sidered due to our limited understanding of this complex process.
Therefore, for the whole post-dryout region, we assume that the
vapor is in direct contact with the tube wall and absorbs all the
heat flux.
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2.7. Coupling schemes

All the aforementioned submodels are coupled together via
carefully designed schemes. For instance, the coupling scheme for
fluid-only simulations is illustrated in Fig. 2. Such simulations are
conducted within a single fluid solver implemented in OpenFOAM,
which handles both calculation and data exchanging. Therefore,
these simulations are referred to as standalone simulations in the
present study.

The coupling scheme for fluid-solid simulations is more sophis-
ticated due to the fact that film patches need to exchange infor-
mation with the other two regions simultaneously. This is quite
challenging to achieve in a single OpenFOAM solver. Therefore,
we adopt a partitioned coupling strategy for the fluid-solid cou-
pling, as illustrated in Fig. 3. The solid solver solves Eq. (17). The
fluid solver is essentially the solver developed for standalone sim-
ulations but operates in a different mode. These two OpenFOAM
solvers are coupled together via the preCICE library [34]. The fluid-
solid simulations are referred to as coupled simulations in the
present study.

The coupled simulation can be performed in two modes,
namely, with and without thermal inertia of the solid. For the lat-
ter, we just need to set psCps to zero to deactivate the temporal
term in Eq. (17). This is very useful when we are only interested in
the steady state results. For this type of coupling, we only need to
replace the heat flux in Fig. 2 with the heat flux calculated by the
solid solver, as shown in Fig. 3a. While a different coupling scheme
is used for coupled simulations with thermal inertia, as depicted in
Fig. 3b. This is based on the fact that heat flux decreases dramat-
ically right after a wet film patch becomes dry, which cannot be
captured by the former coupling scheme.

3. Results and discussions
3.1. Simulated cases

Simulations were carried out based on post-dryout experiments
by Becker et al. [22], where the outer wall temperature was mea-
sured for a wide range of flow conditions in different electrically
heated round tubes. Uncertainties for heating power, flow rate,
temperature measurements were =+ 1%, + 1%, =+ 3.6 K, respec-

N
T, Ts
u
qv i on
]
|
post-dryout i i
predryout [0 |
Tv i } qr gs
i }‘ Tf T
ent |
—dep——=
evp b
gas core film libprecice solid

(b) with thermal inertia

Fig. 3. Coupling schemes for coupled simulations.
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Table 1

Key parameters for simulated experiments.
Run G [kg/m?/s]  qu [MW/m?] Ty [K]  p[MPa]  diy [mm] douwe [mm] Lo [m] 2z [m]
251 3102.0 1.268 103 7.01 14.9 20.8 7 3
277  500.6 0.511 11.2 7.02 14.9 20.8 7 3
324  1486.4 1.015 9.5 3.01 14.9 20.8 7 3
334 497.7 0.562 9.0 2.98 14.9 20.8 7 3
497 21320 0.738 10.1 15 24.69 31.7 7.1 5
510  2395.0 0.941 9.8 15 24.69 31.7 7.1 4.3

tively. The following factors have been considered when selecting
the six flow conditions shown in Table 1.

Regarding the operating pressure, values around 7 MPa have
been almost always used in previous studies [12,13,15-20,26] since
it is the operating pressure for BWRs. In this study, we would like
to test our models with a wide range of operating pressures. For
each selected operating pressure, different flow rates and wall heat
fluxes have been chosen such that we can get both saturated vapor
and superheated vapor (if possible). Also, two different test sec-
tions were selected. The one with smaller inner and outer diam-
eters is denoted as Tube-1, and the other as Tube-2. The thermal
conductivities for Tube-1 and Tube-2 are calculated as

k1 (Ty) = 0.0173307T; + 7.57431, (25)
and
k2(T;) = 0.0137174T; + 10.9456, (26)

respectively [22]. The corresponding electrical conductivities are
calculated as follows [22,35]

T 4.2798x107°T3-0.0215204T2—106.373T,+934888, T,<758.5K,
o} =
e 1.98033x107*T3-0.746319T2+923.554T;+502946, T,>758.5K,
(27)
and
02(Ty) = —5.71758 x 1074T3 4 1.90225T2-2379.14T;+1937670. (28)

Such a difference in electrical conductivities allows us to investigate the
role of Joule heating effect modeling.

3.2. Computational domains

A proper computational domain should be firstly decided since
the present model is only capable of modeling annular and mist
flows. The straightforward option would be using a computational
domain starting from the onset of annular flow. For example, the
onset steam quality of an annular flow, x4, can be determined as
follows [36,37]:

_ 0.6+ 04(,/8D4(01 — p)P1/G)

X 29
g 0.6+ VPiDy (29)
The required length to get such a quality, Ly, is calculated by:
D _h:
L, = GDy, (hsat + Xerhyy — hip) i (30)

4qw

where h;, is the water enthalpy at the test-section inlet in the ex-
periment. Then the simulations can start at z = L. In the present
study, the inlet position is evaluated as follows

z = max(L¢, 3m). (31)

This allows us to avoid using excessively long computational do-
mains where relatively thick liquid films may exist, as will be dis-
cussed in Section 4.3. The inlet locations are given in Table 1.

3.3. Inlet conditions

Proper boundary conditions must be specified at the computa-
tional domain inlets, which is achieved by using energy balance
and empirical correlations. The detailed procedure is provided in
Appendix B.

3.4. Discretization schemes

All the equations are solved numerically using OpenFOAM,
which is based on the finite volume (FV) method. A brief de-
scription on how to solve the liquid film model using the FV ap-
proach is given in Appendix C. Linear interpolations are used to
calculate face values based on values at cell centroids. The least
squares method is used to calculate (full) gradient terms. Face-
normal gradients are calculated by the central-differencing scheme
with an explicit non-orthogonal correction. These face-normal gra-
dients are then used for the calculation of Laplacian terms us-
ing the Gauss divergence theorem. For the gas core region, di-
vergence terms in the volumetric fraction equation are discretized
using the vanLeer scheme. Divergence terms for other scalar
and vector variables are discretized using the linearUpwind
and linearUpwindV schemes, respectively. These divergence
schemes are all second-order accurate. Temporal terms are dis-
cretized using the implicit Euler scheme, which is first-order ac-
curate.

3.5. Verification

Our verification tests focus on the mesh size dependency study
based on the standalone simulations. Each flow condition is sim-
ulated with three successively refined hexahedral O-grids (num-
bered from A to C), as shown in Table 2. For instance, the cross-
sectional view of mesh-C for Run-251 is given in Fig. 4. y* = %
is the dimensionless boundary distance for a near-boundary cell
where boundary refers to film surface and solid wall for the pre-
and post-dryout regions, respectively. y is the corresponding phys-
ical distance between the cell centroid and the boundary. u; is the
friction velocity which is calculated based on k.

All simulations were run in transient mode and finally reached
steady states. The axial wall temperature and film thickness pro-
files are plotted in Fig. 5. It should be noted that, in order to com-
pare results in a compact manner, such profiles are averaged along

Table 2
Discretized meshes.
mesh-A mesh-B mesh-C
Run
cell no.  y*range cell no. y* range  cell no. y* range
251 54,000 67-288 115,200 61-222 294912  47-158
277 38,000 53-191 84,480 43-148 229,376  32-103
324 54,000 64-224 115,200 52-175 294912  39-128
334 38,000 65-207 84,480 51-163 229376  37-114
497 54,000 31-287 115,200 29-218 294,912 25-161
510 54,000 35-312 115,200  29-227 294912  26-171
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Fig. 4. Cross-sectional view of mesh-C for Run-251.

the circumferential direction. There are two important conclusions
that we can draw from these simulations.

On the one hand, the dryout location is insensitive to mesh re-
finement in all cases. On the other hand, a mesh size dependency
is spotted for the post-dryout heat transfer that finer grids tend to
predict lower wall temperatures. This discrepancy disappears when
droplets are totally evaporated, e.g., regions near outlets for Run-
277 and Run-334. Actually, this issue is caused by the modeling
of the evaporation of droplets. As shown in Eq. (15), there is a
positive correlation between Qeyg and Ty. For a near-wall cell in
the post-dryout region, T, is larger for finer grids since the cell
centroid is closer to the heating surface. As a result, there is a
higher evaporation of droplets, meaning that less energy will be
taken away by the less efficient vapor-wall convective heat trans-
fer. Therefore, the wall temperature will be lower for finer grids.
Actually, the enhanced evaporation also increases the convective
heat transfer coefficient by increasing the vapor flow rate, which
also contributes. This issue will be further investigated in future
studies. In the remaining parts of the present study, we will use
mesh-B for further discussions unless otherwise stated.

3.6. Simulations without thermal inertia

Standalone simulations use the heat flux boundary condition to
mimic the solid heating effect. This heat flux is usually calculated
based on the steady state heating power which does not consider
the thermal inertia effect of the solid. The coupled simulations
were first carried out without thermal inertia and compared with
the corresponding standalone simulations, as shown in Fig. 6. For
solid regions, there are always ten layers of cells in the thickness
direction. In addition, two heating approaches, i.e., uniform heating
and Joule heating, were both used for the solid region.

The most obvious advantage of the coupled simulation is that
the outer wall temperature is available, allowing a direct compari-
son with the experiment.

Two test sections respond differently to the solid heating ap-
proaches. For Tube-1, almost the same results are predicted by the
two heating approaches. The reason is that, even though Tube-1
has a temperature-dependent electrical conductivity, as shown in
Eq. (27), o/ varies in a tiny range, which is essentially equivalent
to the uniform heating approach. However, for Tube-2, quite dif-
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ferent results are predicted. The reason is that o2 varies in a much
larger range and decreases with temperature. As a result, in com-
parison with the uniform heating approach, post-dryout regions
have larger heating powers in the Joule heating approach, resulting
in higher wall temperatures. This is proved by inspecting the heat
flux at the inner wall, as shown in Fig. 7. For the uniform heat-
ing approach, the heat flux only shows different values around the
dryout location, which is caused by the internal heat flux in the
solid region that goes from high-temperature dry regions to low-
temperature wet regions. However, for the Joule heating approach,
in addition to this abrupt change around the dryout location, other
regions also have different heat fluxes. Pre-dryout regions have
rather uniform heat fluxes since the solid temperature is uniform
along the flow direction. The heat flux for the post-dryout region
decreases in the flow direction since electrical resistance drops in
the same direction. The heat flux difference between the pre- and
post-dryout regions is as high as 15%. We note that Tube-2 was
made of stainless steel, which is widely used in experiments and
industrial applications. Such findings challenge the standalone ap-
proach since the uniform heat flux assumption could be poor.

Since the transition boiling is not considered in the present
study, the gradual temperature increase in this region cannot be
captured in the simulations. Instead, wall temperatures increase
sharply at the dryout point. For the fully developed post-dryout re-
gion, qualitatively correct temperature trends have been predicted
for all the cases. However, only simulations for Run-277 can quan-
titatively match the experiment. Relatively large errors are spot-
ted for Run-497 and Run-510 where the operating pressure was
15 MPa. In our opinion, the reason might be that deposition and
entrainment closures described in Appendix A become inaccurate
for high operating pressures.

3.7. Simulations with thermal inertia

A postulated power transient based on Run-277 is used to as-
sess the code performance when the thermal inertia effect is con-
sidered. For the standalone simulation, there is no thermal iner-
tia. Consequently, all the power is taken away by the fluid region.
Therefore, we can use the wall heat flux in the standalone simu-
lation to show how the input power changes during the transient,
as depicted in Fig. 8. The transient starts from a fully developed
temperature and flow fields with a low heating power (20% of the
heating power in Run-277). Then it undergoes two step increases
and two step decreases, where the time interval between power
changes is set to 20 s. This heat flux transient is used to calcu-
late the corresponding uniform heating source in the coupled sim-
ulation, where ps = 8370 kg/m? and ¢, = 461 J/kg/K are used in
Eq. (17).

As shown in Fig. 8, in comparison with the standalone simula-
tion, the wall heat flux at the fluid-solid interface has an obvious
delayed response to both power increases and decreases, which is
caused by the thermal inertia of the solid region. In addition, there
are more interesting phenomena in Fig. 8 that are better explained
by inspecting Fig. 9, where the wall film coverage is used as an
indicator for the dryout location.

First of all, we could clearly see the effect of the rewetting
model described in Section 2.5, without which the film coverage
would not increase during the power decrease transients.

Another finding is that, during the power increase transients,
there are two slight heat flux drops around 5 s and 23 s in Fig. 8,
which are caused by newly occurring dry patches that worsen the
heat transfer at the wall. After the film coverage stabilizes, the heat
flux starts to increase again.

The third interesting phenomenon is the so-called dryout hys-
teresis. Dry patches form rather fast in the power increase tran-
sients. However, the disappearance of dry patches is much slower
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Fig. 6. Temperature comparison for simulations without thermal inertia.
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when power decreases, as clearly seen in Fig. 9. The solid thermal
inertia plays an important role in this process, since it takes time
for the wall heat flux to decrease, as shown in Fig. 8.

4. Sensitivity studies

Sensitivity studies have been carried out for several parameters
to help us better understand the performance of present models.

41, Sin

8min =106 mm has been used in all the above simulations.
A sensitivity study on this parameter has been carried out using
Run-251, as shown in Fig. 10. As expected, dryout occurred ear-
lier for some large §,,;, values. However, the same results have be
obtained for 8,,;, <5 x 10-® mm. Therefore, one can choose any
value in this range.

Smin also plays a role in the rewetting modeling, as shown in
Fig. 1. For a given y, a smaller §,,;, means that the rewetting event
is easier to be triggered. The postulated transient has been carried
out to check this effect with different §,,;, for Run-277 with mesh-
A, as shown in Fig. 11. It can be seen in the zoomed-in view that
rewetting occurs a little earlier for smaller §,,, values. However,
this difference is barely visible when inspecting the film coverage
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evolutions for the whole power transient. Therefore, the value of
Smin has a rather limited effect on dryout transients.

42. y

In terms of the rewetting modeling, y plays a role similar to
Smin that a smaller value makes it easier for rewetting to occur,
as confirmed by the zoomed-in view in Fig. 12. Nevertheless, this
difference is negligible for the whole rewetting process.

4.3. Inlet elevation

One important reason for using Eq. (31) to determine the ele-
vation of the inlet in simulations is that the film might be rela-
tively thick at the beginning of annular flow regions. In such cases,
the liquid film model described by Egs. (2)-(4) may become erro-
neous. A sensitivity study on z has been carried out for Run-334,
where L ~ 0.76 m. As shown in Fig. 13, for the z=1 m case, the
film thickness could exceed 0.8 mm, which is rather thick, consid-
ering the fact the tube inner diameter is only 14.9 mm. In compar-
ison with higher elevations, different results have been predicted
for the dryout location and post-dryout wall temperature. The con-
sistency within high-elevation results also indicates that the inlet
conditions described in Appendix B are rather robust.

1
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5. Conclusions and outlook

In the present study, the multi-domain coupled CFD approach
is further developed for the modeling of dryout and post-dryout
heat transfer, which is achieved by introducing several key sub-
models. A rewetting model has been developed which enables the
code to simulate both the occurrence and disappearance of dry-
out. Advanced coupling schemes have been developed such that
the gas core-film-solid coupling can be carried out efficiently in
different modes. In comparison with standalone simulations, cou-
pled simulations could predict the outer wall temperatures of the
test sections, allowing a direction comparison with the experi-
ment. The coupled simulation also shows its capability of modeling
more complex heat transfer phenomena, e.g., power redistribution
caused by the Joule heating effect and the dryout hysteresis. In ad-
dition, sensitivity studies show that the newly introduced models
perform quite robust despite the fact that few tunable coefficients
are used.

More developments are still required in the field. One direc-
tion is trying to develop a better droplet evaporation model to
eliminate the grid size dependency issue for the post-dryout heat
transfer. The other is modeling the gas core with the Eulerian-
Lagrangian approach such that there is no need to introduce clo-
sures for droplet deposition. It will also be useful to develop mod-
els for the transition boiling region to get a better agreement with
the experiment. In addition, this would allow us to further in-
troduce wall temperature into the rewetting modeling. Neverthe-
less, more localized mechanistic closures should be developed for
the coupling between the film and the gas core, especially for the
droplet entrainment process, such that better predictions could be
obtained for high-pressure flow conditions.
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Appendix A. Closures for the coupling between the liquid film
and the gas core

The coupling between the gas core and the film is achieved
by exchanging information between the film region and the film-
adjacent cells.

Al. Closures related to mass exchange

In order to simplify the following discussions, we introduce the
following two transformation parameters:

%4

Toy=x. (A1)


https://doi.org/10.13039/501100004359
https://doi.org/10.13039/501100004543

W. Fan, H. Li and H. Anglart

S

Fig. Al. Grids near the coupled wall, where the coupled surface (colored in blue)
has an area S, and the adjacent cell (colored in red) has a volume V. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

and

S

where S is the surface area of a given surface film element, V
is volume of the corresponding adjacent cell in the gas core, as
shown in Fig. A.14.

Al.1. Deposition

The key parameter of modeling the deposition process is the
deposition rate, S5 4¢p- According to [38], the deposition rate is cal-
culated as follows,

Sd%f — Kdepcs

05.dep (A3)

where C is the droplet concentration in the gas core and is calcu-
lated locally in the present study using the following formula:

_ogpgUy

— _YaPda A4
adUd + o Uy ( )

where U; and U, are the localized streamwise velocities for the
droplet and the vapor, respectively.

Kgep is the mass transfer coefficient of deposition, which is cal-
culated by the following correlation [39]:

DyC

-0.5
Kyep = 0.0632(7)

(A5)

Consequently, we can get all the other deposition-related source
terms:

ey’ = TrcSostep (A6)
Mg;f = rg;f u,, (A7)
Qe =T ha, (A8)
Piey) = Tgar Wy - m), (A.9)
Spvider = Utey Ua = (m-Upm], (A10)
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gi—f d—f

phd,dep = ‘e[ dep > (A1)

where n is the unit normal vector of the coupling surface, pointing
form the gas core to the liquid film.

Al.2. Entrainment
There are various ways to calculate the entrainment rate, S5 -
The one proposed by Okawa et al. [40] is

Cr:0,i28 0.111
= Ko py L1000 (%) :
v

where jy is the superficial velocity of vapor, Kenr = 4.79 x 10~% m/s.
The radial velocity of the entrained droplets is calculated by the
following correlation [41]:

gi~d

pd.ent (A.]Z)

Pv

u=11.1u; [—. (A13)
Pr
All the other entrainment-related source terms are listed below:
phet =805, (A14)
f—d _ of—d JT
SpUB,ent - spé,entuf’ (A-lS)
f—d _ cf—d
Sph(S,ent = Sp(S,enthf’ (A.16)
rht = Tf»csﬁzefims (A17)
—d —d —d
ML =Ty (IS — Pl ], (A18)
—d —d
Qi =TreSIt (A19)

A1.3. Evaporation

In the pre-dryout region, it is assumed that the wall heat flux,
qw, is totally used to evaporate the liquid film. Therefore, the
source term for evaporation is calculated as:

_ Qw

f—

pB,:va - th’ (A.20)
where hj,, is the latent heat of vaporization. Then other
evaporation-related terms are calculated as follows:

f=v y2

fov _ (Spé,eva) (A 21)

eva 2,01} .

f-v  _cof>v g
s,ouﬁlfei/a - Sp&,:i/auf’ (A-22)

f—v _ cf-v _ f—v
Sphs,eva - SptS,eva (h’V + hf) =qw+ Sp&,evahf’ (A23)
Pha =TSl (A24)
ML =Tr IS — Phia'n], (A.25)
Q" =TS e (A26)

A2. Other closures

A2.1. Velocity coupling

By assuming a parabolic velocity profile inside the liquid film,

the wall shear stress is calculated as
30,

Spus.n, = —Hy—g (A27)
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and the velocity at the interface between the film and the gas core
is

U=20; (A28)

This is used as the boundary conditions for the gas-core velocities.
The film-vapor shear stress term is calculated as

1 _ _
Sous, = jcf,ipv|uv - Uf|(U, - Uy), (A.29)

where Cj; is the interfacial friction factor which is calculated as
follows [36]:

Cri= 0.005(1 +300§). (A.30)
h

A2.2. Gravity terms
The film-normal term is calculated as

pg=—psb(n-g),
and the film-tangential contribution is calculated as

S,oU(S,g = pf(s[g_ (n g)"]

(A31)

(A32)

A2.3. Surface tension
The surface tension is approximated by

ps = —0VZ4. (A.33)

A2.4. Gas core pressure
The gas core pressure p. is taken from the adjacent gas core
cell.

Appendix B. Inlet conditions
B1. Primary quantities

For a given distance, z, to the inlet in the experiment, the corre-

sponding steam quality is calculated based on the energy balance:
1 /4

v o (d0

hy, \ GDy,

At the inlet of the computational domain, the total flux is split
into vapor flux Gy, droplet flux G4 and film flux Gy:

+ hin - hsat)~ (B.l)

G:Gv-i-Gd-i-Gf, (BZ)
with
Gy =xG = (1 —Old)Pqu, (B,3)
Gy =e(1—-x)G=oypqUy, (B.4)
460U
Gr=(1—e)(1—x)G= LIS (B.5)
Dy,
where the entrained fraction e = GdGTde is calculated based on the

following correlation by Cioncolini and Thome [42]:

e = (1+279.6We;08395) %%, (B.6)
where
2
We, = Peloln. (B.7)
o
where j, = %, and p. is calculated according to
X+eP(1—x
: -y (B8)

T x/pv+er(1—x)/p
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with
e? = [1+279.6(WeP) 08395] 2%, (B.9)
and
i2
wef = 23D (B.10)

In the above entrained fraction model, an assumption is made
as follows:

Uy = U, (B.11)

In order to calculate the film thickness, the void fraction is in-
troduced, which is defined as:

2
gDy

+ mDpé oyDy + 46

_1__14 f_q_ %d%h f

a=1 D2 =1 D, . (B.12)
P\

Then, the void fraction « is calculated using the following cor-
relation [43]:

Ix"
= T (B.13)
where
0 -0.2186
= —2.129+3.129(;”) , (B.14)
1
and
,0 0.5150
n = 03487 + 0.6513(;") . (B.15)
1

With all such information, ay, Uy, Ug, Uy and &; could all be
calculated for the inlet of the computational domain.

B2. Auxiliary quantities

There are several auxiliary quantities to be calculated at the
inlet. One is d3; which is calculated based on the correlation by
Caraghiaur and Anglart [44]:

o 0.85 m 0.15 Gd m 0.75
ds, = 0.0001D ( : ) (—”) " (——) . (B16
> h|: July M Gy y ( )

Then we can calculate the inlet condition for a; based on d3, and
o4. Other quantities are related to the turbulence modeling. Inlet
values for k are calculated based a turbulent intensity of 5%. The
inlet turbulent length scale is estimated to be 0.07D;, during € cal-
culation.

Appendix C. FV discretization of the liquid film model

In order to solve Equations (2)-(4) using the FV method, the
investigated surface is first extruded in its normal direction with a
thickness of 8¢ to form a 3D domain, which is then discretized into
a finite number of non-overlapping and convex control volumes, as
shown in Fig. 15. It should be emphasized that we could only have
one layer of cells in the surface-normal direction.

The next step is to integrate the governing equations over each
discretized cell, P. The integrals of temporal and common source
terms can be easily calculated. We only focus on the calculation of
the integrated advction term fvp Vs - ¢ dV, where ¢ = pf(Sﬁfqp.

One basic assumption for the liquid film model is that the film-
normal advection is negligible:

Vipg=Vs-¢p+Vy-¢p=V;- ¢ (C1)
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Fig. 15. Finite volume discretization using one-layer polyhedral control volumes.
Each bounding surface of cell P has a corresponding vector, whose direction and
magnitude denote the orientation and area of the surface, respectively. S, and Sex
are the vectors for the source and extruded surfaces, respectively. Other vectors are
denoted by S;.

extruded surface for FV

~ = FV surface

source surface

Fig. 16. Side view of the FV mesh generated from a source surface.

Therefore, the integrated advection term is calculated as fol-
lows using the Gauss divergence theorem:

/VS-qume V. pdv
Vp A
= ¢-dsz¢so'sso+¢ex‘sex+z¢i'Si
i

aVp

(C.2)

where ¢; is the value of ¢ at the centroid of face i.

In order to enforce the condition stated by Eq. (C.1), the surface-
normal fluxes, i.e., @so - Sso and ¢ex - Sex, should be set to zero. This
is achieved by setting a no gradient boundary condition for the
velocity field. Actually, this boundary condition is used for all the
involved variables such that we can use V and V2 to calculate Vg
and V2, respectively.

The extruded mesh not only introduces the extruded surface,
but also shifts the position of the investigated surface, as illus-
trated in Fig. 16. In the FV framework, discretized integral-form
equations are solved for cell centroids (Cry in Fig. 16). In fact, the
locations of such cell centroids determine the FV surface. There-
fore, there is always a ‘570 gap between the FV surface and the
source surface. For curved surfaces, such gaps lead to curvature dif-
ferences between the FV surface and source surface. Therefore, it is
necessary to take this gap into consideration when generating the
mesh.

For film-only simulations, there is an obvious solution that we
could explicitly specify the locations of the source and extruded
surfaces such that the FV surface is exactly located at where it
should be. While when the liquid film model is coupled with the

14

International Journal of Heat and Mass Transfer 163 (2020) 120503

0.0
0.2 R0
oOO
—-0.4 1 Ooo
o
%o
-0.6 1 %%
= o
9 o
) OO
< 0.8 1 65
%o
Lol — R=107mRe=29 ®oo,
' R=10"2m, Re =29 Op
_ SXe)
—— R=10"1m,Re=29
-1.2
O R=10"3m,Re=13
14l R=10"2m,Re=13
’ O R=10"'m,Re=13
0.0 0.2 0.4 0.6 0.8 1.0
So/R [-]

Fig. 17. Evaluating the influence of the extrusion thickness in the finite volume ap-
proach based on the analytical solution for laminar cylindrical falling film.

gas core, the source surface is always selected as the physical
boundary (tube wall in this case), meaning that we cannot move
the source surface as we do in the film-only cases. Since it is no
longer possible to eliminate the gap effect, the idea is to reduce
this effect. Then, the solution is straightforward that we can use a
small value for §y such that the FV surface is close to the physical
boundary.

In order to evaluate the influence of §,, we use the following
analytical solution for U for a free falling film on a vertical cylin-
drical surface

ORORCHIEHR
(1 3)1

where R is the radius of the cylindrical surface. We further define
the following liquid film Reynolds number:
_ 4pUs

T
Using this analytical solution, we could evaluate the influence
of the extrusion thickness, 8o, as shown in Fig. 16. For a given
combination of R and §, U and Re are calculated according to
Eq. (C.3) and Eq. (C.4), respectively. In the finite volume approach,
the radius of the FV surface is R + 570 as shown in Fig. 16. There-
fore, we substitute R with R + 870 in Eq. (C.3) to get Uao, which is
the depth-averaged velocity corresponding to the FV surface. The

pgR?

T 4us

(C.3)

Re (C4)

relative difference n = U‘S‘L;U is calculated for different R and Re
values, as shown in Fig. 17. Qualitatively, the result is just as ex-
pected that a smaller §y leads to a better prediction since the FV
surface is closer to the source surface. Quantitatively, the result
is very encouraging since the difference is rather small. If %0 is
set to 0.1, the largest difference is around -0.2%, which is a very
decent result for such simplified modelings. In the present study,
8o = 0.1 mm has been used, resulting in a maximum %" ~ 0.013.
Therefore, the corresponding gap effect is believed to be negligi-
ble.
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