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Abstract

Predicting phase-change heat transfer in two-phase closed thermosyphons (TPCTs) rep-
resents a significant challenge owing to the complex interaction of boiling, condensation,
and conjugate heat transfer (CHT) mechanisms. This study presents a numerical inves-
tigation of a TPCT using the Combined Boiling Model (CBM) within a conjugate heat
transfer (CHT) framework. Unlike prior TPCT studies, the CBM integrates an improved
RPI-based wall boiling model with sliding bubble dynamics, a laminar film condensation
closure, and Lee-type bulk phase change in a single, energy-consistent formulation suited
for engineering-scale meshes and time-steps. Building on these extensions, we demonstrate
the approach on a vertical TPCT with full CHT and validate it against experiments and a
VOF-Lee reference. Simulations for heat loads ranging from 173 to 376 W capture key flow
features, including vapour generation, vapour-pocket dynamics, and thin-film conden-
sation, while reducing temperature deviations typically below 3% in the evaporator and
adiabatic sections and about 2 to 5% in the condenser. The results confirm that the CBM
provides a physically consistent and computationally efficient approach for predicting
evaporation—condensation phenomena in TPCTs.

Keywords: heat pipe; thermosyphon; multiphase; conjugate heat transfer; Combined
Boiling Model (CBM); Euler—Euler

1. Introduction

Modern devices such as electric motors, hydrogen fuel cells, control units, mother-
boards, and batteries [1,2], particularly in the automotive and aerospace industries, are
becoming increasingly compact and powerful. Consequently, they generate more heat
and therefore require adequate cooling to ensure reliable operation. As the demand for
compact and powerful electronic systems rises, simple single-phase cooling systems are no
longer sufficient for their thermal management; instead, multiphase cooling systems that
incorporate phase-change processes are required.

Such cooling systems include, among others, heat pipes, which have been widely used
and studied because of their ability to transfer large amounts of heat while maintaining
minimal temperature gradients. First investigated in the 19th century [1] and formalised by
Grover in 1963 [2], heat pipes exploit evaporation and condensation to achieve exceptionally
high effective thermal conductivity. Predicting their thermal-fluid behaviour, however, is
challenging due to the coupled effects of multiphase flow, compressibility, and conjugate
heat transfer. Early analytical models treated heat pipes as one-dimensional conduction
systems with simplified assumptions for fluid transport [3], but modern studies increasingly
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employ computational fluid dynamics (CFD) to resolve vapour flow, liquid film dynamics,
and interfacial phase change [4].
In its simplest form, a heat pipe is a TPCT as shown in Figure 1.
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Figure 1. Schematic of the complete thermosiphon cycle.

Despite the apparent simplicity, a TPCT is numerically very complex to model, as
accurate simulations must account for nucleate boiling, condensation, and evaporation
processes. Like many high-performance cooling devices, TPCTs achieve their heat transfer
capability by operating in the nucleate-boiling regime; however, this regime exists only
over a narrow wall superheat band (e.g., AT ~ 1-30 °C for water at atmospheric pressure),
imposing strict modelling requirements [5,6].

Various CFD studies on subcooled wall boiling have been reported in the litera-
ture [7-9]. These reviews indicate that researchers primarily employ interfacial surface
tracking methods, such as Volume-of-Fluid (VOF), or the Euler-Euler framework, to model
boiling phenomena. VOF enables detailed bubble- and droplet-scale studies but is com-
putationally expensive [10-13], whereas Euler-Euler, based on averaged field equations,
allows for coarser grids and larger time-steps, making it computationally more efficient
and thus more suitable for practical engineering applications.

In the Euler-Euler framework, researchers commonly model wall boiling using the
RPI wall boiling model [14]. However, this model often requires empirical recalibration and
may under-predict flow boiling conditions [15-18]. Further improvements are therefore
needed, particularly for TPCT modelling, where circulation is driven by a combination
of pressure and gravity effects. In this work, flow boiling RPI enhancements reported by
Gilman [19] and Shi [20] were incorporated into the CBM model to extend its applicability
to forced convective flow.

Furthermore, the wall boiling modelling in TPCT, bulk flow evaporation and con-
densation also play an important role. In previous studies, authors often employed the
Lee model [11,15-17,21] to simulate TPCT, which has shown good agreement with experi-
ments [6]. For this reason, the Lee model was also adopted as a component of the CBM.

When predicting the cooling performance of a system, such as one cooled by a TPCT,
we are typically interested in the temperature within the solid component being cooled,
that is, the wall of the device, and not only in the temperature at the inner wall of the TPCT.
To accurately predict this temperature in the cooled material, conjugate heat transfer (CHT)
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between the fluid and solid domains must be included; however, only a few studies have
treated multiphase CHT comprehensively [9,18].

In previous work, we proposed a new state-of-the-art Combined Boiling Model (CBM),
which integrates wall boiling based on an improved RPI formulation for forced convective
flow, film condensation, and bulk phase change within an Euler-Euler multiphase frame-
work. The model was first validated on a simplified CHT test case [22], showing good
agreement between experiment and simulation. In the present study, we further improve
the model by refining the bubble sliding treatment and by adding a wall condensation
model, both of which are required to predict the thermal behaviour of a TPCT. Accord-
ing to our review of previous research, a model combining these sub-models within an
Euler-Euler framework for TPCT thermal analysis has not yet been reported.

Why a Combined Boiling Model (CBM)?

To treat a TPCT as a true conjugate heat transfer problem in an Euler-Euler frame-
work, all governing processes must be represented. At the walls, the modified RPI model
partitions the wall heat flux and generates evaporative mass in the evaporator, while a
Nusselt-type laminar film condensation model describes heat removal in the condenser;
together, they provide a consistent description of mass and heat exchange at the wall. Once
the phases detach and travel through the core, evaporation and condensation must also
be modelled in the bulk at a finite rate; the Lee model supplies this by predicting vapour
growth and collapse under local superheat or subcooling, which is essential for correct
transport from the evaporator to the condenser. Because device performance is determined
by solid temperatures and extracted heat, a two-sided CHT treatment is used as follows:
sensible heat is transferred via a Robin-type interfacial condition with an interfacial heat
transfer coefficient, and latent heat is applied on the solid side while the corresponding
saturated mass is injected into the fluid. This energy-consistent placement avoids latent
heat double counting. Consequently, combining RP], film condensation, and Lee within
one CBM is necessary for reliable prediction of TPCT behaviour at engineering mesh sizes
and time-steps.

2. Model Description
2.1. Background

The CBM model was developed and preliminary validation on a simplified case was
employed in our previous study [22]. That case represented an open system with a velocity
inlet and a pressure outlet boundary condition, consisting of two domains: the fluid region
and a solid heating plate. A detailed grid independence and time-step sensitivity analysis
was performed, from which the optimal numerical parameters were established. These
parameters were subsequently applied to the more complex heat pipe model investigated
in the present work.

In contrast to the Robinson-type duct of the previous study, the present model rep-
resents a closed vertical heat pipe filled with working fluid. It comprises three main
components: the fluid domain of the pipe, the solid copper casing, and the coolant region
at the condenser side, see Figure 2.

Geometrically, this configuration is not significantly more complex than the Robinson
test duct; however, from a numerical perspective, it is considerably more challenging. In
particular, the closed domain requires consideration of vapour compressibility. Further-
more, bubble dynamics are no longer dictated by inlet velocity, but instead result from
buoyancy forces, pressure gradients, and bubble drag within the flow, all of which must be
explicitly resolved.
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1. Cooler fluid domain

2. Solid domain

3. Fluid domain

Figure 2. Model components (computational domains).

In addition, heat pipe simulations must account for condensation processes. For this
reason, a simplified film condensation model has been incorporated into the CBM. The key
extensions relative to the original analysis are summarised as follows:

Closed system,

Weakly compressible vapour flow,
Inclusion of condensation,

Three interacting domains: the solid domain (single-phase, energy equation), the heat
pipe fluid domain (multiphase), and the coolant domain (single-phase flow).

2.2. Modelling Approach: Euler—Euler

For CFD simulations of boiling, especially subcooled flow boiling and condensation,
two approaches are used most frequently as follows: interface-resolving methods, most no-
tably the VOF approach [10-13], and averaged multiphase methods, such as the Euler—Euler
two-fluid model [15-18]. VOF tracks or reconstructs a sharp liquid-vapour interface and is
therefore well suited for studies of individual bubble growth, coalescence, and capillary
effects, but it requires very fine grids and small time-steps to maintain interface quality,
particularly in three-dimensional domains and for long transients. Consequently, applying
VOF directly to cases with CHT, multiple interacting domains, and long operating times is
computationally costly.

In the present work, an Euler-Euler two-fluid (gas-liquid) formulation is adopted as
the base framework. In this approach, both phases are treated as interpenetrating continua
that share the same pressure field, while phase interaction is represented through closure
relations for interfacial momentum, heat, and mass transfer. Local phase change is not
obtained from an explicitly captured interface, but from mechanistic sub-models. This
makes the method more robust for flows with frequent phase appearance or disappearance,
dispersed bubbles, and simultaneous wall boiling and condensation. For this reason, it has
already been successfully applied to thermal problems such as quenching, spray quenching,
boiling, and flow boiling [23-25], and it was also used in our previous work, where the CBM
was first introduced [22]. Figure 3 shows the main differences between the Euler-Euler
and VOF approaches. In the Euler—Euler approach, the vapour bubbles are represented
as a continuous vapour volume fraction field whose behaviour depends on the chosen
interfacial drag models, whereas the VOF approach explicitly tracks the liquid-vapour
interface (shown green in the figure) and enforces the jump in properties from one phase to
the other across that interface.

The proposed CBM is specifically constructed to compensate for the lack of an ex-
plicitly resolved interface in Euler-Euler simulations. It augments the two-fluid equa-
tions with wall boiling, film condensation, and bulk Lee-type source terms, so that
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the correct heat-partitioning and phase-generation mechanisms are still reproduced at
engineering-type mesh resolutions (=1 mm) and practical time-steps (At = 0.005 s). Com-
pared with VOF-Lee formulations reported in the literature, the present approach of-
fers a substantially lower computational cost while retaining the capability to predict
vapour-pocket formation, liquid film drainage, and condenser wall cooling, which are the
key phenomena of interest in TPCT analysis.

Euler — Euler Volume-of-Fluid
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Figure 3. Comparison of Euler-Euler and VOF modelling.

In the Euler-Euler framework, the interface is represented in a volumetric sense by
an interfacial area density, not as a sharp surface. Consequently, liquid and vapour can
have different bulk temperatures, with sensible heat exchanged through an interfacial heat
transfer term. Local thermal equilibrium is applied only within an effective interfacial layer
for the evaluation of phase-change sources (RPI at the wall and Lee in the bulk), while the
bulk remains thermally non-equilibrium.

2.3. Governing Equations

The Euler—Euler multi-fluid framework treats each phase as an interpenetrating con-
tinuum, with interphase exchange terms added to the conservation laws [26]. Ensemble
averaging removes microscopic interfaces and yields macroscopic equations analogous to
single-phase flow, extended by phase volume fractions and interfacial transfer terms [27-29].
Based on the formulation of Drew and Passman [30], the governing equations are

Continuity equation (phase k):

Ik

N
5 + Ve ompevk= Y. Ty, k=1,..., N (1)

1=1,1#k

Here, ay is the volume fraction of phase k, p; the density, and v the velocity. The
volume fraction compatibility condition is

N
Z K = 1 (2)
k=1
Momentum equation (phase k):

3
ST V- vy @ Vi =
, N N , k=1,..., N (3
0 Vp+ Vo (e + 1) +aof+ L M+ L vily
1=1,1 4k 1=1,14k
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Here, 7, and TIE denote the viscous and turbulent stress tensors; My is the interfacial
momentum exchange (drag, lift, wall lubrication, and turbulent dispersion; Section 2.5);
and f includes gravity and inertial forces. Pressure is assumed equal for all phases:

P = Pk, k=1,..., N 4)
Energy equation (mixture form):
GV - apivid = V - e (Q + ) + @i+ ik - vict

N
d
Vg (T + Th) - vie + a s Y Hg+ hi Ty
1=1,1#k 1=1,1 %k

(5)

Mz

Here, I is the specific enthalpy of phase k; q, and qf. are the conductive and turbulent
heat fluxes; Hy is the sensible interfacial heat exchange between phases k and ¢; and I'y; is
the mass transfer rate from k to £. The term I I'y represents the latent heat source or sink.

Equation (2) enforces the volume fraction compatibility. Sensible interfacial heat
exchange Hy is closed in Section 2.4; wall boiling and condensation at boundaries are
described in Sections 2.6 and 2.7; and bulk phase change is given in Section 2.8.

2.4. Energy

In addition to the mass and momentum conservation equations, the mixture energy
equation (Equation (5)) is solved for the total (sensible + latent) enthalpy of the two-fluid
system. Thermal non-equilibrium is allowed in the bulk; the liquid and vapour phases may
have different temperatures and exchange sensible heat via an interfacial heat transfer term.
Local thermal equilibrium (LTE) is enforced only within the effective interfacial layers used
to evaluate phase-change sources, i.e., the modified RPI wall boiling layer at heated walls
and the Lee-type bulk phase-change closure (where temperatures are locally relaxed to T
for source evaluation) [28]. This preserves correct heat partitioning for phase change while
permitting bulk temperature differences to relax through interfacial convection-conduction.

Interfacial sensible heat exchange is modelled according to the Ranz-Marshall correla-
tion [31]:

Heg = hiai(Ty — T¢) (6)

where 4; is the interfacial area density and /; the interfacial heat transfer coefficient. T, and
T; are the bulk temperatures of the continuous and dispersed phases, respectively. For
dispersed bubbly/droplet regimes, we use the following:

o 60(,71

Here, d3; is the Sauter mean diameter, and a; the dispersed-phase volume fraction.

B = Nuk,

(®)
d3

In the interfacial heat transfer coefficient, k. is the thermal conductivity of the continu-
ous phase and Nu is the Nusselt number, written as

Nu = 2 + 0.6Re}/?Pr}/3 9)

Here, Re; and Pr. are the Reynolds and Prandtl numbers of the continuous phase,
defined as
_ Pclvag — veldsp

Re
d Jie

(10)
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HeCp,c
ke

Here, p. is the continuous-phase density, v; and v, are phase velocities; |v; — v¢| is

Pr. =

(11)

the slip velocity magnitude; ji. is the continuous-phase viscosity; and ¢, ¢ is its specific heat.

Further details of the multi-fluid averaging framework are given in [26,29]. Details
about latent enthalpy models, namely the modified RPI wall boiling, the Lee bulk phase
change, and wall condensation, are explained in following Sections 2.6-2.8.

2.5. Interfacial Momentum Exchange

The interfacial momentum source term accounts for drag, turbulent dispersion, lift,
and wall lubrication:
My = Fp + Frp + FL + Fwi, (12)

The drag contribution is given by
3
p = 1CDPc“dai|Vr’Vr (13)

where v, = v; — v, is the slip (relative) velocity between the dispersed-phase d and the
continuous-phase c; and Cp is the drag coefficient. The interfacial area density is denoted
a; (see Equation (7)).

In the present work, the regime-dependent drag Cp is calculated using the momentum
interfacial exchange “Gas-Liquid System 3” [26,32]. It blends bubbly and droplet drag
correlations based on dispersed-phase volume fraction, using Schiller-Naumann [33] or
Tomiyama [34] models depending on bubble size and E6tvos number.

The Schiller-Naumann [33] drag model is defined as

Red
0.438 Re; > 1000

- (1+0.15Re}%7) Rey <1
CD:{ (+05ed ) e; < 1000 )

For bubble flows where the bubble diameter is greater than 1 mm, the Tomiyama [34]
drag model is more suitable, as follows:

B [ 24 s\ 721 8 Eo
CD—max{mm[Red (1+0.15Re§ ),Red A Bt (15)

The Bubble E6tvs number (Eo) is defined as

g(pr — pg)DJ
(4

Eo = (16)
where (p; — pg) is the difference between the liquid and gas densities, g is the acceler-
ation due to gravity, D; is the dispersed-phase (bubble) diameter, and o is the liquid
surface tension.

Turbulent dispersion accounts for vapour diffusion in mixing flows.

The “Gas-Liquid System 3” interfacial momentum exchange model defines the drag
force between the gas and liquid phases as a function of the local volume fraction of the
dispersed phase. Following Mimouni [32], the drag force is evaluated according to the
prevailing flow regime:

e If the gas volume fraction «y is below the critical value for bubbly flow oy, the
bubbly drag coefficient 2 is used;

e If x; is above the critical value for droplet flow ag;p), the droplet drag coefficient CdDrpl
is used;
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e  For values of ap between these two critical volume fractions, the drag force is a mixture
of the bubbly and droplet drag forces.

Here, oy, and ogyp) denote the model’s bubbly and droplet critical dispersed-phase
volume fraction thresholds used to switch/blend the drag closures. Fp is a mixture of the
bubbly and droplet drag forces:

(12) F[b)“'h "=
Fy™ = ™ Upuh < X2 < Kgpp] 17)
Fgrpl Ky > Xdrpl

where dy,, and dj,, are the bubble and droplet diameters and the drag forces are given as

Cbub

3
Fpt = 2Py dbDb |vo —vi|(va —vq) (18)
u

ol 3 drpl
4 D
Fy? :“1P21d7|V2*V1|(V2*V1) (19)
drpl
i Xdrpl — X2 ay —
Fgﬂx _ rp Fgub + 2 bub Fgrpl (20)
Xdrpl — Xpub Xdrpl — Xpub

2.6. Wall Boiling Model

Near-wall heat transfer is modelled using the RPI framework of Kurul and Podowski [14],
extended for forced convective boiling following Gilman [19] with simplifications by Shi
and Zhang [20]. The complete formulation was presented in our previous work [22]; there-
fore, only the governing partitioning and key correlations will be presented in this section.

The total wall heat flux is

qw = qcom} + %tu + qsli + "13051 (21)

The evaporative component is

. . . T
eva = mhfg' m = gDSNwPUf (22)
with bubble departure frequency f [35], nucleation site density Ny, [36], and departure
diameter D, [37] from standard correlations.

The convective contribution is
= thconv(Tw - Tl)(l - Ab) (23)

qCO?’l'U

where C, is the convective partition factor, /.y, the single-phase wall heat transfer coeffi-
cient, and A, = Astq + Ag; the boiling area fraction.
Stationary and sliding bubble quenching fluxes are

%ta = hquen(Tw - TI)AStIZ/ /1511- = hquen(Tw - Tl)Asli (24)

where fig,e, is the transient conduction coefficient [38].
An important aspect of these correlations is the determination of the areas of influence,
Asta and the sliding bubble area Ag;.
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The nucleating stationary area of influence A, in pool boiling is defined based on the
departure diameter D4 and the nucleate site density Ny:

, nDj
Astg = min | Ap yax, K e Ny (25)

The empirical constant K is typically set to 4 but can vary between 1.8 and 5. In the
present study, the Del Valle and Kenning [39] correlation was used as follows:

Jasyp

K=48¢ % (26)

where Jag, is the subcooled Jakob number.
In sliding conditions, the sliding bubbles” area of influence Agj; is taken into account:

T
Agli = Davglsl (tl> Nuys (27)
s

where Dy, is the average bubble diameter during sliding, [;; is the sliding distance, t; is
the bubble sliding time, T is time period at which transient conduction is dominant over
convection, and Ny is the revised nucleation site density due to sliding bubbles:

L
)

According to Basu [38], gs represents the distance between two nucleation sites:

Nys = Ny (28)

1
= — 29
gS \/m ( )
The sliding bubble model accounts for bubble nucleation, growth, sliding, merging,
and eventual lift-off along the heated wall (Figure 4).

Buoyance force
Pressure difference force

T

|

Gravitational force
Drag force

T?_

Vapour flow

4. Lift-off

Lot tast

3. Merge

2. Slide and growth

NS
S

1. Nucleation

Figure 4. Sliding bubble.

Nucleated bubbles first grow and slide along the wall, during which they exchange
heat with the liquid and contribute to the sliding heat flux. As they move, bubbles may
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coalesce with neighbouring bubbles at a distance defined by the nucleation site spacing g,
leading to accelerated growth. The sliding distance [ therefore depends on the number of
merged bubbles 7, and the remaining distance before lift-off [19,20], and is defined as

Iy = Zshyr + lsl_lust (30)

where 7, represents the number of merged bubbles, and I;; i, is the remaining sliding
distance before the bubble lifts off.
Lift-off occurs once the bubble reaches the lift-off diameter D; proposed by Shi and
Zhang [20]:
Dy = 0.35]ag;,exp(—0.114]ag,,)Re~lc (31)

where [c is the capillary length which defines a length scale at which surface tension and
buoyancy forces are in balance [22]. The corresponding sliding velocity is governed by the
balance of buoyancy, pressure difference, gravitational and drag forces, and is written as

2 4
o \/«:D Ceoyp 3Dl —pg) 47 2

The sliding velocity and lift-off diameter are obtained iteratively since the drag coeffi-
cient Cp depends on the bubble Reynolds number. The growth rate in the sliding process
is calculated according to the method proposed by Gilman [19]:

tslxl]asub
15(0.015 + 0.0023Re}” ) (0.04 + 0.023]a2

sub

D%, =Dj, —Dj= (33)

where D]%r , is the evaporation growth fraction of the bubble after sliding for a time period
of t;. The increased bubble diameter during sliding Dy; is expressed as

Dy = /Dj%m +D? (34)

If during the sliding the bubble reaches another nucleation site, it will absorb one or
multiple bubbles before it lifts off. The absorption diameter can be written as [19]:

D3,, —D; = Dj (35)

where D1 and D,, are the diameters of a bubble before and after absorption, respectively.
Using the above formulations, the model explicitly captures the four key stages of
bubble dynamics: (1) nucleation, (2) sliding and growth, (3) coalescence, and (4) lift-off.

2.7. Film Condensation Model

A simplified film condensation model based on Nusselt theory for laminar conden-
sation on vertical walls [40] is used. Literature examples by Faghri [41] and Peterson [42]
support the use of Nusselt-type laminar film correlations for TPCTs, and similar formula-
tions have been adopted in recent TPCT studies (e.g., Chen [43]; Badache [44]).

The model assumes T, < Tsat; a continuous liquid film is always present; liquid inertia
is negligible; all wall heat transfer contributes to phase change. Saturation temperature is
evaluated at the local cell pressure, Tst = Tsat(p)-

The film thickness is approximated from the liquid holdup in each control volume:

K Vp

hy = A, (36)
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where hy is film thickness; a; is the liquid volume fraction; Vp is the cell volume; and Ay, is
the cell wall area exposed to condensation.

Assuming a linear temperature profile across the thin film (coordinate x normal to the
wall), the temperature gradient across the film can be written as

T _ (Teat — To)

Frl I (37)
where, Ty, is the wall temperature and T, the saturation temperature.
The wall heat flux is o7
Qw = Abklg (38)
where kl is the liquid thermal conductivity.
The corresponding cell condensation mass rate from an energy balance is
_ Abkl(Tsm - Tw) (39)

Meond = hl hfg
where hfg is the latent heat of vaporisation and /; is the film thickness Equation (36).

2.8. Flow Evaporation and Condensation

Phase change in the bulk flow is modelled using the simplified Lee approach [45],
which assumes local saturation-temperature equilibrium and uses empirical coefficients for
calibration [45-47]. The corresponding mass source terms are

(T - Tsat)
Tsat

(T - Tsat)
Tsat

Here, I'l and I'v are the mass source terms for the liquid and vapour phases, re-

I =-Ty = feavpo for condensation (T, < Tsat), (40)

I'y =—T) = feappo for evaporation(T; > Tsat). (41)

spectively; fc and fe are empirical condensation and evaporation coefficients; av is the
vapour volume fractions; and pv is the vapour density. T is the saturation temperature
(pressure-dependent), and T is the local mixture temperature.

The corresponding energy source terms are

H. = T'yAh for condensation, (T < Tsat) (42)

H, = —T A for evaporation, (T > Tsat) (43)

where I'y; is the phase-change mass flux and A the latent heat. The model is simplified in
a way that the phase change occurs at the saturation temperature Ty, and it uses empirical
coefficients for its calibration. In present study, empirical coefficients fc and fe were set to
0.1, following recommendations from Lee [45] and subsequent studies [46,47].

2.9. Fluid—Solid Conjugate Heat Transfer

Conjugate heat transfer (CHT) between solid and fluid domains is modelled using an
interfacial diffusion coefficient. The coefficient is derived from the heat flux qw, obtained
using the modified RPI model, and the interface temperature difference AT,y = (T — Tj):

s
D=--"%“ 44
ATintcp,l 49

where A is the heated surface area and ¢, the liquid-specific heat capacity.
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In this implementation, only the sensible part of the RPI partition is used in the
diffusion calculation (Equation (44)). This includes single-phase convection and quenching
from stationary and sliding bubbles (Equation (21)). The resulting interfacial heat transfer
coefficient is applied on the fluid side and the corresponding boundary condition is imposed
on the solid side. The wall temperature Ty, is recalculated in the solid, then passed back to
the fluid. The procedure is iterated within each time-step until temperature and heat flux
continuity are satisfied.

The latent part becomes active when the wall reaches Ts,t and the evaporation partition
of the RPI model is evaluated. The latent heat is taken from the solid as a heat sink equal
to Mepah fo- The corresponding vapour mass 7.y, is added to the fluid at Ts;. During
condensation at the wall, the latent heat is added to the solid as a heat source equal to
Meondht rg- and the fluid receives the corresponding liquid mass Meong at Tsar. No separate
latent term is added to the fluid energy equation because the enthalpy change is carried by
the injected mass at T, together with the solid-side latent term, which prevents double
counting and ensures energy conservation.

CBM CHT Boiling Compared to One-Sided Wall Boiling

We emphasise that the CBM model is, by design, a CHT model: it requires both
solid and fluid domains with enforcement of interfacial continuity and is not applicable to
one-sided wall boiling setups where the wall is a prescribed boundary.

In formulations without CHT, the interfacial thermal state is prescribed as either an
isothermal T, or an imposed wall heat flux q,,. The RPI wall boiling model then operates
on this fixed superheat or flux, so the predicted onset of nucleate boiling (ONB), the
partitioned heat flux components, and the tendency toward dryout primarily reflect the
chosen boundary condition.

With CHT enabled, the interface temperature and heat flux emerge from the coupled
solid and fluid problem, using the interfacial diffusion coefficient (Equation (44)) together
with the latent source and sink terms in the solid domain. The wall temperature T
is constantly updated from the solved solid energy equation and fed back to the fluid;
lateral conduction and wall heat capacity then redistribute energy, typically lowering and
smoothing peak Ty, (for imposed q,,), shifting ONB timing/location, and altering the RPI
partitioning. These effects can either stabilise or focus dry-spot growth depending on the
solid wall configuration. Transiently, CHT damps the response, reducing overshoot in Ty,.

In summary, including CHT by solving the solid energy equation and enforcing
continuity of temperature and heat flux at the wall changes both the drivers of the wall
boiling closures and the resulting fields in ways that a one-sided, non-CHT treatment
cannot reproduce.

3. Computational Model

The updated Combined Boiling Model (CBM) simulations were compared against
experimental data reported by Fadhl, Wrobel, and Jouhara [10] and detailed in Fadhl’s
dissertation [6]. The dataset provides thermal conditions in a TPCT at various heat in-
puts; in the present study, three representative operating conditions were selected. The
experimental setup, including TPCT dimensions, is shown schematically in Figure 5.

Eight thermocouples were mounted on the outer wall of the heat pipe, with mea-
surement positions distributed from the condenser to the evaporator; the detailed con-
figuration is given by Fadhl [10]. The measured temperatures were compared with the
simulated temperatures.
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Figure 5. (a) Schematic representation of test rig; (b) TPCT condenser section dimensions.

3.1. Computational Mesh and Time-Step

Based on the test rig geometry, a multi-domain block-structured mesh was created,
comprising 161,280 cells (Figure 6).

Fluid domain

Outlet - Pressure
boundary

Solid domain

Inlet - Velocity
™ boundary

[RENNRENENANAN)
Wall boundary - Heat
rate input

Figure 6. CFD block-structured mesh and boundary conditions.

The fluid domain contained 56,000 cells (blue), the solid copper domain 59,200 cells
(orange), and the coolant domain 46,080 cells (grey).

A detailed sensitivity study for a similar CBM case was reported previously [22];
therefore, only a reduced mesh and time-step assessment was conducted here, guided by
those conclusions. Meshes finer than 1 mm adequately resolved vapour distribution, with
interface temperature deviations within £5 percent of experiments. Wall resolution yielded
low y* values (8-20), which, although below the values often suggested for Euler—Euler
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boiling simulations (y* > 40 [48]), ensured consistent temperature prediction. A 1.0 mm
mesh with At = 0.005 s was identified as the optimal configuration.

In the present work, these settings were adopted with additional near-wall refinement
(0.4 mm boundary layer and five solid layers of 0.18 mm each) to capture condensation
films without artificial breakup in the Euler—Euler framework.

3.2. Numerical Settings

All simulations were performed in transient mode using the Euler-Euler framework
with the models described above. Three computational domains were considered as follows:
fluid, solid, and coolant. In the solid domain, only the energy equation was solved, while
the fluid domain included continuity, momentum, turbulence, energy, and volume fraction
equations. The Combined Boiling Model (CBM) was applied to capture near-wall phase
change. Key simulation parameters for the multiphase fluid domain are summarised in
Table 1.

Table 1. Transient simulation settings—multiphase fluid domain settings.

System Settings

Run Mode Transient Time-Step: 0.005 s
Number of Iterations Minimum: 5, Maximum 80
Module Multiphase: Two Phases
Material Liquid Phase: Gas Phase:

Water Vapour (Ideal Gas)
Activate Equations Turbulence Model: k-e-C-f

Turbulence Wall Model: Hybrid

Energy: Static Enthalpy

Wall Model: Standard
Additional Terms Gravity: 9.81 m/s?

The interfacial exchange models (Table 2) employed the CBM for mass and energy
transfer, “Gas-Liquid System 3” for momentum exchange, Tomiyama'’s correlation for
bubbles (1 mm), and Schiller-Naumann for droplets (0.1 mm).

Table 2. Multiphase interfacial exchange settings used in the simulations.

Multiphase Interfacial Exchanges CBM Model

“Gas-Liquid System 3”
Gas (c)-Liq (d):

Momentum Interfacial Exchange Bubble Diameter = 1 mm (Tomiyama)
Drop Diameter = 0.1 mm
(Schiller-Naumann)

CBM Model

Mass and Energy
Interfacial Exchange

Water properties were taken from the software database; vapour was modelled as a
weakly compressible ideal gas. Phase change was restricted to the saturation temperature,
with vapour pressure following the standard saturation curve (Figure 7). The saturation
curve was taken from the built-in property database.

Solver stability and accuracy were maintained using the SIMPLE algorithm for
pressure-velocity coupling. Convergence criteria were set to 1 x 10~ for continuity,
energy, and volume fraction, and 5 x 10~# for momentum and turbulence. The MINMOD
differencing scheme with 40% upwind blending [49] was used on momentum, volume
fraction, and energy. Using these settings, the number of iterations fluctuated between
5 and 20 per time-step, with higher values occurring during boiling or condensation onset.
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Figure 7. Vapour pressure curve.

3.3. Sensitivity Study
3.3.1. Sensitivity to Bubble and Droplet Departure Parameters

A sensitivity study on bubble and droplet departure parameters was partly carried
out in the present work, because the values identified in our previous study, where the
CBM was first introduced, were adopted as the baseline [22]. In that earlier study, the test
case was a square channel (10 x 16 mm cross-section). Heat loads from 67 W to 836 W
were applied as input, and a coolant inlet velocity from 0.25 m/s and 1 m/s. In the present
study, the geometry is a circular tube with an inner diameter of 20.2 mm and input heat
loads from 173 W to 376 W, while the bubble motion is driven by gravity and pressure
differences within the TPCT. In terms of characteristic size and thermal loading, the two
problems are therefore comparable, so using the previously obtained bubble and droplet
parameters was a reasonable starting point.

It should be noted that the Schiller-Naumann [33] and Tomiyama [34] drag correla-
tions used in the Euler—Euler two-fluid framework are empirical and semi-empirical models,
respectively, and thus depend on the underlying experimental data. In the present configu-
ration, they mainly affect vapour formation in the evaporation zone and the behaviour of
the condensate film in the condenser. Since only the wall temperatures at selected TPCT
locations were available for validation and these were reproduced satisfactorily, additional
calibration of the interfacial models was considered unnecessary. Nevertheless, a reduced
sensitivity check was performed to support future extensions of the model.

In the Euler—Euler framework, the chosen bubble/droplet diameter enters the interfa-
cial momentum exchange: smaller diameters increase the interfacial area and thus the drag
(i.e., the coupling between phases), whereas larger diameters reduce it. In the limiting case
of very large diameters, the phases approach a decoupled behaviour; in the opposite limit
of very small diameters, the flow tends toward a nearly homogeneous mixture. From a
numerical point of view, weak phase coupling (too large diameters) generally deteriorates
convergence, so unrealistically large values are not recommended.

The values used in the investigation were 1 mm for the bubble diameter and 0.1 mm
for the droplet diameter, which is in line with values reported in the literature.

For example, Kocamustafaogullari [50] reports bubble diameters from about 0.2 mm
up to 5 mm depending on the operating conditions. Wang [51] in his work on a flat
two-phase thermosiphon shows individual bubbles of a few millimetres before lift-off, and
Li [52], in his recent MDPI visual study, shows evaporator frames where discrete bubbles
detach and form vapour plugs again in the millimetre range.

The droplet diameter of 0.1 mm is more difficult to justify directly, because in the
present case, we are not only modelling small dispersed droplets in the vapour core, but
mainly the wall condensate film, which is, in reality, continuous. To mimic such wall film
in the Euler-Euler model, the droplet diameter was taken to be of the same order as the
expected film thickness, so that the liquid phase stays attached to the wall, has enough
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Simplified condensation test case Dyjpy=0.01mm Dy =0.1mm

Liquid phase ISO
surface att=5s
for Dy = 0.1 mm.

Film condensation

momentum to drain downward under gravity, and is not swept away by the vapour
drag before a stable laminar film forms. According to the examples given by Faghri [41]
and Peterson [42], the condensate in the condenser of a wickless heat pipe (TPCT) can
be treated as a Nusselt-type laminar film and predicted with the classical vertical-plate
solution [40]. For water at typical operating conditions, this gives local film thicknesses
of about 20-80 um, increasing slowly with distance from the top, so 0.1 mm (100 pm) was
adopted as an appropriate and slightly conservative modelling parameter.

For testing the condensing film and the influence of droplet size, a reduced model
was built. The model included the heat exchanger (cooler) and the TPCT, using the same
diameter and cell distribution as the full TPCT. It was initialised with pure vapour phase,
and no external heating was applied. As the walls were cooled, condensate formed on the
colder surface, the pressure decreased, and a circulating vapour flow developed within the
reduced TPCT. The test setup and results are shown in Figure 8.

Ddrpl =0.5 mm Ddrpf =1.0 mm

Minimal film
diffusion with
opposing
vapour flow.

Increasing the
droplet further
has only minor

effect on the
condensing film.

Film velocity
increases.

Vam= 0.07 m/s
Vi = 0.24 m/s
Viim = 0.24 m/s

1

Plane cut used to present the »
results (fluid domain).

Lig:volumeFraction[-]

0.0 0.0001

Figure 8. Droplet-size sensitivity test case and resulting volume fraction distribution.

Figure 8 shows film formation induced by wall cooling at four droplet sizes. A
droplet diameter of 0.01 mm proved too small, leading to overly strong phase coupling and
excessive interphase diffusion. A diameter of 0.1 mm produced the weakest observed film
diffusion under counter-current vapour flow and the most numerically robust, converging
consistently in the fewest number of iterations. Increasing the diameter to 0.5 mm and
1.0 mm reduced phase coupling, which increased the liquid-phase velocity and caused a
slight rise in diffusion, together with somewhat reduced numerical stability.

To assess the influence of bubble diameter on the flow, the earlier simplified model
was extended in length and an evaporation section was added, yielding a full TPCT
geometry. This test geometry closely resembled the final model but was shortened to
325 mm to accelerate the study. The diameter and cell distribution were identical to those
of the final TPCT. The reduced TPCT model was also used for the mesh and time-step
sensitivity analyses.
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The reduced TPCT test case and the droplet-diameter sensitivity results are presented
in Figure 9. Five bubble diameters were examined (0.1-5 mm); however, the 0.1 mm
case was numerically unstable and is therefore omitted. At 0.5 mm, a slightly stronger
liquid-phase diffusivity was observed; otherwise, the results were very similar. The thermal
metrics differed by less than 1% across the remaining cases (0.5-5 mm), indicating that,
for this application, bubble size within the tested range has only a minor influence on
the results.

Reduced TPCT test case Dpp=05mm Dpp=10mm Dpy=20mm Dpp=5.0mm

Vapour phase ISO
surface att=10s
for Dy, = 1.0 mm.
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Figure 9. Bubble-size sensitivity test case and resulting volume fraction and solid temperature
distribution.

3.3.2. Mesh and Time-Step Sensitivity Study

As a starting point, the TPCT cell size applied followed the recommendations of
previous work [22]. This baseline mesh was then compared with coarser and finer meshes.
Temperature at three locations on the TPCT solid walls were monitored and compared
between each other. The monitoring locations and the meshes used in the study are shown
in Figure 10.

Key mesh features all listed in Table 3.

Table 4 reports temperatures at three key monitoring positions within the TPCT solid
domain. Results from Mesh2 and Mesh3 are essentially the same, while Meshl shows
deviations of up to 8 K in the adiabatic and evaporator sections relative to Mesh2/3.

The differences between the cases are further illustrated by temperature and volume
fraction cut-plane plots in Figure 11. Mesh1 shows greater numerical diffusion, yielding
a lower liquid temperature compared with Mesh2 and Mesh3. Mesh2 was selected for
subsequent simulations because it produced results comparable to the more expensive
Mesh3 at lower cost. This outcome is consistent with our previous research findings [22].
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Figure 10. Meshes used in the mesh sensitivity study.

Table 3. Mesh resolution employed in the mesh sensitivity study.

Total Number  Boundary Layer

Mesh Name Cell Size [mm] Wall y* Range

of Cells Thickness [mm]
Meshl 1-2 40,808 0.5 0-21
Mesh2 0.5-1.5 79,376 0.35 0-28
Mesh3 0.4-1.0 205,760 0.3 041

Wall y* range is shown for liquid phase at t = 30 s.

Table 4. Temperature at monitoring points in the mesh sensitivity study at ¢t = 30 s.

Section Mon{t(.)rmg Mesh1 [K] Mesh2 [K] Mesh3 [K]
Position
Evaporator MP3 344.14 343.50 343.55
Adiabatic MP2 332.84 339.67 340.08
Condenser MP1 330.00 338.30 338.42
Relative Computational Cost [%] 100 220 700

To select an appropriate time-step, the effect of varying time-step size on the solution
was assessed. Because an Euler—Euler semi-implicit time-marching scheme is employed,
simulations can be advanced with a Courant-Friedrichs-Lewy (CFL) number [53] greater
than 1. Five time-steps were evaluated, and the resulting fields and temperatures at key
locations were analysed. The results are summarised in Table 5.

Table 5. Tested time-step values, corresponding maximum CFL numbers, temperatures at monitoring
positions, and computational cost at ¢t = 30 s.

. . - Max Deviation Relative
Tf;“;“slf;"f;] CFL Liquid - CFLYAPOUT mp1[K] MP2[K] MP3[K]  from Ref. Case  Comp. Cost

APE [%] [%]

0.025 9.03 4108 33585 34665 35171 26 100
0.01 5,246 1565 34300 34357 34842 35 76
0.005 2233 1219 33764 33916 34378 1.25 112
0.0025 111 917 33410 33951 33951 001 162
0.001 052 468 33405 33948 339.48 Reference 290

The maximum deviation was computed relative to the finest case (At = 0.001 s).
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Figure 11. (a) Liquid temperature distribution at t = 30 s for Mesh1, Mesh2, and Mesh3; (b) liquid
volume fraction distribution at ¢t = 30 s for Mesh1, Mesh2, and Mesh3.
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Although the largest time-step of 0.025 s showed better agreement than 0.01 s, pro-
nounced temperature artefacts were visible in the temperature field, so this step was
deemed unsuitable. A time-step of 0.01 s is the largest plausible choice; its largest difference
from the finer solution was ~3.5%. The 0.005 s step provided the best compromise be-
tween computational cost and deviation and was therefore selected for further simulations.
For time-steps of 0.0025 s and smaller, the results changed little, remaining essentially
unchanged despite further reductions. These observations agree with our earlier study [22].

3.4. Initial and Boundary Conditions

Boundary conditions were specified for all three computational domains. In the
condenser heat exchanger domain, a water inlet mass flow rate of 0.003 kg/s at 293.75 K
was imposed, while the outlet was set to 1 bar (absolute) (Figure 6). The external walls
were treated as adiabatic. The solid domain was defined as copper, and a prescribed heat
rate boundary condition was applied at the evaporator section (Figure 6). Five heat load
cases were simulated as follows: 173 W and 376 W with a filling ratio of 1.0, and 173 W,
225 W, and 376 W with a filling ratio of 0.5. The filling ratio denotes the fraction of the
evaporator volume initially occupied by liquid (e.g., 1.0 for a fully liquid-filled evaporator,
0.5 for a half-filled evaporator).

4. Results and Discussion
4.1. Initial Flow Simulation

The simulations were conducted in two stages. In the first stage, the coolant flow field
was solved until a quasi-steady state was reached. This solution was subsequently used
to initialise the full conjugate heat transfer (CHT) model, thereby ensuring a physically
consistent start-up condition for the coupled phase-change simulation.
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The computed coolant velocity field is illustrated in Figure 12a, where the colour con-
tours represent the velocity magnitude and the streamlines indicate the flow direction. The
coolant flow simulation was performed for a total duration of 60 s; however, a quasi-steady
state was reached after approximately 30 s, as confirmed by the outlet mass flow rate
presented in Figure 12b.
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Figure 12. (a) Steady coolant flow; (b) outlet mass flow rate.

This preliminary step provided a stable and realistic hydrodynamic field for the
subsequent CHT simulations, minimizing numerical transients during model initialisation.

4.2. CHT Full-Model Simulation

In the present preliminary validation study, five CHT simulations were performed
and analysed, of which three were compared directly with available experimental and
numerical data [10]. The coupled vapour-liquid flow dynamics developed primarily
during the initial transient period, while the overall thermal response required a longer
time to stabilise.

The transient development of the liquid and vapour phases is best observed for the
filling ratio 1.0, in which the entire evaporator section was initially filled with liquid water,
and the remaining adiabatic and condenser sections contained pure vapour. The evolution
of the liquid volume fraction for two representative heat loads (173 W and 376 W) is shown
in Figure 13.

At the beginning of the simulation, a rapid evaporation rate was observed in both
cases, stabilizing after approximately 10 s. The larger vapour generation at higher heat
input (376 W) became evident after this period. The formation of large vapour pockets was
observed in the adiabatic section before collapsing into the condenser region. Within the
condenser, the simulations consistently predicted the formation of a thin liquid film on the
upper wall surface, as illustrated in Figure 14.

The fluid flow in this region clearly shows vapour transport toward the upper con-
densation surface, followed by flow reversal and downward liquid film drainage. This
behaviour is consistent with experimental observations and confirms that the present
model is capable of capturing the essential evaporation—-condensation mechanisms occur-
ring within the TPCT.
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Figure 13. (a) Water volume fraction distribution at 0.1 s, 2.5 s, 5 s, and 10 s for 173 W; (b) water
volume fraction distribution at 0.1 s,2.5s,5 s, and 10 s for 376 W.
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Figure 14. Predicted condensing film formation.

4.3. Preliminary Model Validation

Experimental data used for the preliminary validation were available only for a TPCT
with a filling ratio of 0.5 [6]. Three heat input cases were investigated as follows: 173 W,
225 W, and 376 W.

With less liquid in the evaporator section, the TPCT’s liquid flow behaviour differs
from the case with the filling ratio of 1.0. Figure 15 shows the flow evolution during the
initial transient period for the two representative heat inputs (173 W and 376 W). In the
filling ratio 1.0 case, mixed two-phase flow develops gradually toward the condenser
whereas, in the filling ratio 0.5 case, a sudden two-phase front appears at about 4 s and then
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slowly settles. At approximately 30 s (near steady state), a pure liquid region remains only
in roughly the first quarter of the evaporator; the rest of the liquid circulates as a two-phase
mixture in the pipe.
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Figure 15. (a) Heat load 173 W water volume fraction distribution at0s, 5s, 10 s, and 30 s; (b) heat
load 376 W water volume fraction distribution at0s,5s,10 s, and 30 s.

(@)

Comparing the 173 W and 376 W heat input cases at a filling ratio of 0.5, the start-up
phase (up to ~8 s) shows similar evaporation patterns within the evaporator for both cases.
However, after a time period of 30 s, the 376 W case displayed significantly less residual
liquid in the evaporator section and a noticeably thicker condensate film in the condenser
section. The stronger evaporation and higher vapour production observed at 376 W are
consistent with the expected temperature increase under higher thermal loading. The
influence of heat input on the overall temperature distribution at quasi-steady state is
shown in Figure 16.

Pronounced temperature gradients are observed across the TPCT, with the maximum
temperatures located in the evaporator at 376 W. A modest flow asymmetry was observed,
attributable to the lower position of the coolant inlet. Colder coolant entered from the
bottom, absorbed heat as it travelled through the condenser, and gradually warmed before
exiting at the opposite upper outlet.

Simulations were also evaluated quantitatively. Final temperature predictions at eight
solid locations (Figure 5) were compared directly with experimental measurements and
with prior numerical results obtained using the VOF-Lee model [8].

Absolute percent error (%) with respect to the experimental value, used in the follow-
ing comparisons, was computed as

Tcrp — Texp

x 100%
Texp

APE = ‘ (45)

Here, Tcrp is the simulated temperature at the observation point, Tgxp is the measured
temperature at the same location, and APE denotes the absolute percent error.
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Figure 16. Temperature distribution at f = 60 s for heat inputs of 173, 225, and 376 W.

The comparison for a 173 W heat input at = 60 s is presented in Table 6. The results
show that the APE in the condensation section of the TPCT remained below 3.5%, despite
the use of a simplified condensation model. The largest improvement over the VOF-Lee
results occurs in the evaporation section, where APEs were reduced to 1.27% and 1.79%
(previously 9.42% and 12.14%). In the adiabatic section, the APE decreased from 10.68%
(VOF-Lee) to 3.13% (CBM). Moreover, the spatial temperature distribution is reproduced
without the over-prediction bias observed in the VOF-Lee solution, suggesting improved
robustness under near-quasi-steady conditions.

Table 6. Comparison between experimental data, previous numerical results, and current CFD
predictions at t = 60 s for 173 W (filling ratio 0.5).

o o,
Section Monitoring Position Texp [K] Terp [KI APE [%] Terp [KI APE [%]
Lee Model Lee Model CBM Model CBM Model

Evaporator Teq 345.75 378.33 9.42 339.57 1.79
P Tep 337.45 378.40 12.14 333.16 1.27
Adiabatic Ta 327.45 362.41 10.68 317.20 3.13
Ty 320.55 329.54 2.80 309.33 3.50

Tcp 318.85 326.54 2.41 310.26 2.69

Condenser Tcs 317.95 325.95 2.52 310.63 2.30
Tcy 317.09 325.64 2.71 310.95 1.94

Tcs 315.95 327.13 3.54 311.17 1.51

Experimental data and CFD Lee model simulation results from Fadhl [6].

The comparison for a 225 W heat input at t = 60 s is presented in Table 7. The
VOF-Lee model shows slightly lower errors in the condensation section, with APE typ-
ically below 1%, while the CBM exhibits APEs between 2% and 4% in this region. In
the evaporation and adiabatic sections, the CBM yields lower APEs of 2.30%, 1.66%, and
3.38%, compared with 2.72%, 10.49%, and 10.32% for the VOF-Lee model. Thus, the CBM
provides smaller errors where thermal gradients are strongest, with a modest increase in
the condensation-section error.
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Table 7. Comparison between experimental data, previous numerical results, and current CFD
predictions at t = 60 s for 225 W (filling ratio 0.5).

o, o,
Section Monitoring Position Texp [K] Terp [K] APE [%] Tcrp K] APE [%]
Lee Model Lee Model CBM Model CBM Model
Evaporator Teq 352.68 379.91 2.72 344.57 2.30
p Tep 343.41 379.44 10.49 337.7 1.66
Adiabatic Ta 330.98 365.13 10.32 319.79 3.38
Teq 322.93 326.01 0.95 309.72 4.09
Tep 320.24 323.15 091 311.38 2.77
Condenser Tes 321.22 322.44 0.38 311.33 3.08
Tey 319.51 322.20 0.84 311.73 2.43
Tes 318.29 322.67 1.38 311.82 2.03
Experimental data and CFD Lee model simulation results from Fadhl [6].
The comparison for a 376 W heat input at ¢ = 60 s is presented in Table 8. The CBM
yields lower errors in the evaporation and adiabatic sections, with APEs between 1.9%
and 3.5%, while slightly larger deviations are observed in the condensation section (up
t0 5.09%). In that region, the VOF-Lee simulation gives marginally closer results, with a
maximum APE of 3.05%.
Table 8. Comparison between experimental data, previous numerical results, and current CFD
predictions at f = 60 s for 376 W (filling ratio 0.5).
Section Monitoring Position Texp [K] Terp [KI APE [%] Terp [KI APE [%]
Lee Model Lee Model CBM Model CBM Model
Evaporator Teq 376.75 385.14 2.23 369.02 2.05
P Tey 363.65 384.97 5.86 356.73 1.90
Adiabatic Ta 342.75 370.11 7.98 330.74 3.50
Teq 328.95 327.12 0.56 316.34 3.83
Tep 325.55 323.66 0.58 317.00 2.63
Condenser Tes 332.45 323.15 2.80 316.73 4.73
Tey 331.35 322.70 2.61 316.18 4.58
Tes 333.35 323.17 3.05 316.37 5.09

Experimental data and CFD Lee model simulation results from Fadhl [6].

4.4. Overall Model Performance

The overall model performance, together with its comparison against experimental
data and the Lee model results, is presented in Figure 17. Although detailed deviations from
the experimental measurements were provided in the previous tables, the overall agreement
can be more clearly visualised by examining the trend line curves. The markers in the
figure correspond to the individual measurement points, while the solid lines represent the
fitted trend lines. From the results, it can be concluded that the proposed CBM provides a
markedly improved prediction of the thermal behaviour of the analysed TPCT across all
investigated heat loads.

While the condensation sub-model integrated within the CBM framework remains
simplified, the achieved level of agreement with experimental data indicates that the
CBM approach successfully captures the dominant physical mechanisms governing
evaporation—condensation interactions. Further refinement of the condensation treatment
is expected to reduce residual deviations, particularly under varying thermal loads and
transient operating conditions.
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In summary, the proposed model demonstrates robust predictive capability for cou-
pled phase-change dynamics in TPCT and provides a solid foundation for the future
development of high-fidelity, physics-based phase-change models in CFD.
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Figure 17. Comparison of temperature distributions at various heat inputs. An asterisk (*) indicates
data taken from Fadhl [6] (experimental data and Lee’s simulation results).

5. Conclusions

This work presented a CFD implementation and preliminary validation of a Combined
Boiling Model (CBM) for a two-phase closed thermosiphon (TPCT) within a conjugate heat
transfer framework. The model integrates a modified RPI wall boiling formulation, film con-
densation, and bulk phase change in an Euler—Euler formulation, and was assessed against
experiments for heat inputs from 173 W to 376 W. The simulations reproduced the princi-
pal thermal and flow features of a TPCT, including vapour generation in the evaporator,
vapour-pocket formation and collapse in the adiabatic section, and thin-film condensation
on the condenser wall. Predicted wall temperatures agreed well with measurements across
the tested operating points, with the strongest accuracy in the evaporator and adiabatic
regions and competitive performance in the condenser despite a simplified condensation
model. Compared with a representative VOF-Lee formulation, the CBM achieved simi-
lar or lower temperature deviations where thermal gradients are largest while allowing
substantially larger time-steps and coarser meshes, which lowers computational cost and
makes the approach suitable for system-level thermal analysis in engineering workflows.

In terms of computational effort, fully three-dimensional VOF-Lee simulations in
the literature required very long runtimes. For example, in Fadhl’s study, approximately
two weeks of wall time were needed to simulate about 2 s of thermosyphon operation [6],
which limited the number of operating points investigated. In the present work, TPCT
simulations using the CBM reached 60 s of physical time in about 4 days for filling ratio
0.5 and about 6 days for filling ratio 1.0. These timings are indicative and depend on
hardware and parallelisation. Our runs used 40 CPUs (2 x 20 cores) on Intel E5-2690 v4
with 128 GB RAM.
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Several limitations follow from the modelling choices and indicate directions for
future work. The CBM employs empirical and semi-empirical correlations, including
nucleation site density, bubble departure size and frequency, interfacial heat transfer, and
interfacial momentum closures. These may require recalibration when the geometry, fluid,
surface condition, or operating range changes. Local thermal equilibrium is enforced
within the interfacial layers used to evaluate phase-change sources, which is appropriate at
engineering resolution but can suppress fine-scale non-equilibrium effects near the wall.
The Euler-Euler framework does not explicitly resolve the liquid—vapour interface, so
interface-controlled phenomena that depend on detailed interface topology, for example
geyser boiling, capillary driven microscale dynamics, thin-film rupture and rewetting,
and certain interfacial instabilities that are naturally captured by VOF, are outside the
high-fidelity scope of the present model. These trade-offs are consistent with the intended
use. The CBM offers a physically consistent and computationally efficient tool for predicting
temperature fields and overall heat transport in two-phase devices, which is the primary
objective in engineering thermal analysis and design.

Future work will extend validation to broader operating ranges and working fluids,
refine condensation and interfacial heat transfer closures, assess sensitivity of calibrated
coefficients across surfaces and fill ratios, and selectively couple to interface resolving
methods where microscale effects dominate. Within these bounds, the proposed CBM
with CHT provides a robust, practical, and accurate approach for the thermal analysis of
thermosyphons and related heat pipe systems.
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RPI
SIMPLE
k—e—(—f
ONB
LTE
APE
CFL

FR
Nomenclature
Symbol
A

Ap

aj

p

Cp

D

dsz

Eo

F

Fp

Greek letters

A 9o E R

(Kurul-Podowski) wall boiling model, commonly called the RPI model

Semi-Implicit Method for Pressure-Linked Equations (pressure—velocity coupling)

Turbulence model (k-epsilon-zeta-f)
Onset of Nucleate Boiling

Local Thermal Equilibrium
Absolute Percent Error
Courant-Friedrichs-Lewy number
Filling ratio

Description

Area (generic, e.g., heated surface)
Boiling area fraction

Interfacial area density

Specific heat capacity

Drag coefficient

Diameter (generic)

Sauter mean diameter

Eo6tvos number

Bubble departure frequency
Interfacial drag force (per unit volume)
Gravitational acceleration
Nucleation site spacing

Specific enthalpy

Interfacial heat transfer coefficient
Latent heat of vaporisation

Jakob number

Thermal conductivity

Sliding distance

Capillary length

Interfacial momentum exchange source (per unit volume)
Mass rate (context-dependent: per area or per volume)
Nucleation site density

Nusselt number

Pressure

Prandtl number

Heat flux

Reynolds number

Bubble sliding time

Temperature

Cell (control-volume) volume
Velocity (vector)

Slip velocity magnitude (Ivq — vcl)
Pressure difference

Latent enthalpy change
Temperature difference (generic)
Mass transfer rate (per unit volume)

Volume fraction

Dynamic viscosity

Density

Surface tension

Stress tensor (viscous or turbulent by context)
Small regularisation parameter in drag relation

m-s~!

m-s
Pa
Jkg™?

3.1

Pa-s
kg:m—3
N-m™!

Pa
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Subscripts

c Continuous phase

d Dispersed phase

1 Liquid

g Gas (vapor)

w Wall

sat Saturation condition

k, ¢ Generic phase indices

bub Bubbly-regime quantity
drpl Droplet-regime quantity
mix Blended (mixture) quantity
sta Stationary-bubble contribution
sli Sliding bubble contribution
eva Evaporative contribution
conv Convective contribution
sub Subcooled (e.g., Jasyp)

sup Superheat (e.g., Jasup)

int Interface (e.g., ATjnt)
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