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A B S T R A C T

Over several decades, the importance of energy recovery has grown because of the global shift from fossil fuels to
renewable energy sources. Among various energy-recovery approaches, waste heat recovery has emerged as a
prominent method owing to its ease of adoption in various fields such as power plants and commercial buildings
and high amount of recovery by adopting in the heavy industry. A heat exchanger with a heat pipe offers superior
waste heat recovery efficiency through its highly effective heat transfer in a two-phase closed thermosyphon
(TPCT). Numerous investigations have explored the thermal hydraulic performance of TPCTs in various geom-
etries and operation conditions, mostly relying on experimental methods owing to the challenges in accurately
simulating phase change in TPCT systems. These challenges arise from using the mass-transfer intensity factor,
r—an empirically selected constant in phase-change models—which lacks a robust basis in fundamental prin-
ciples. This study introduces a novel approach to selecting the r value for simulating the phase-change process in
TPCTs. By employing the volume-of-fluid model for multiphase interfaces along with the widely used Lee model
for phase change, the proposed model establishes a correlation between evaporation and condensation mass
fluxes to define the r value in condensation heat transfer within a TPCT. The utilisation of the proposed model in
simulations yielded improved temperature predictions, deviating by 4–7 K from experimental results while of-
fering a significant reduction in the number of r values to choose from, achieved by explicitly defining the r value
for condensation heat transfer. The conventional approach was to set both empirical constants to re = rc = 0.1
s− 1. However, this model, which provides a relationship between the two empirical constants based on mass
balance, revealed that rc should be 9.8 s− 1 rather than 0.1 s− 1 corresponding to re = 0.1 s− 1. Furthermore, the
study examines the diverse thermal performance outcomes associated with varying r values for evaporation in a
wide range of re (0.1–100 s− 1). rc was in the range of 9.8–12.7 s− 1, denoting an increase of only 30% as re
increased 1000 times from 0.1 to 100 s− 1. This research offers a comprehensive understanding of the compu-
tational modelling of TPCTs, providing valuable insights into their thermal characteristics based on the intricate
phase-change phenomena occurring within them.

1. Introduction

Over the past 20 years, significant amounts of carbon dioxide have
been emitted owing to the uncontrolled use of fossil fuels, accelerating
global warming. Accordingly, there has been a growing interest in
transitioning from fossil fuels to green energy. Green energy can be
produced using various methods. However, methods based on waste-

energy recovery (such as thermoelectric devices [1], piezoelectric de-
vices [2], and waste heat recovery system [3]) has gained significant
attention owing to its potential for improving energy efficiency. Among
these methods, waste heat recovery is highly regarded because of its
wide range of applications, high energy-recovery rates, and efficiency
[4]. Waste heat recovery is primarily accomplished by capturing and
utilising wasted heat energy using heat exchangers. Numerous studies
have aimed at enhancing the thermal performance of heat exchangers by
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employing diverse geometries and design types. Among these, the shell-
and-tube heat exchanger stands out as being extensively applied in
waste-heat-recovery systems owing to its exceptional efficiency in
recovering wasted heat. Over the past few decades, various studies,
including those involving finned tubes, baffles, and nanofluids [5–7],

have been adopted to enhance waste-heat-recovery efficiency in shell-
and-tube heat exchangers. A notable trend involves integrating a two-
phase closed thermosyphon (TPCT), instead of conventional pipes,
into well-engineered shell-and-tube heat exchangers, driven by the
enhanced heat-transfer efficiency of the TPCT [8].

A TPCT functions as a passive device driven by gravity, eliminating
the need for external driving forces. It has gained attention for its
exceptional heat-transfer capabilities via phase change. Structurally, the
TPCT setup comprises a lower evaporator, an upper condenser, and an
adiabatic section in between. In a TPCT, which operates on the principle
of heat entry through the evaporator, the working fluid undergoes
vaporisation, and then the vapour, driven by density differences, rises to
the condenser, where it releases heat and condenses on the condenser’s
wall. The resulting condensed liquid descends along the wall under
gravity (Fig. 1). This process highlights the high heat-transfer efficiency
of the TPCT achieved by utilising phase change. For developing the
thermal performance of TPCTs, various experimental studies have been
conducted on filling ratio, surface modification, and working fluid to
improve the heat-transfer performance of TPCTs [9–12].

Starting from 2010, numerical approaches have been employed to
investigate the thermal performance of and fluid distributions in TPCT
[13–30]. The most crucial aspect in two-phase simulation is the selec-
tion of an appropriate phase-changemodel. This model defines the mass-
transfer rate during phase change. Various phase-change models have
been suggested, such as the Lee model [31], Schrage model [32], sharp-
interface model [33], and energy balance model [34]. The Lee model is
the simplest physical model, which summarizes various factors into a
mass transfer intensity factor, r value, for evaporation and condensation.
The Schragemodel is a phase change model based on the Hertz–Knudsen
equation allowing the temperature and pressure jump at the interface
between liquid and vapour. The sharp-interface model is based on
conduction heat transfer. Finally, the energy balance model is suggested
for phase change considering energy balance by assuming that all the
thermal energy will be used as latent heat during phase change. Most
numerical investigations related to TPCT have utilised the Lee model
owing to its ease of implementation in commercial computational fluid
dynamics (CFD) software and its ability to achieve favourable conver-
gence in CFD calculations. In the Lee model, the mass-transfer rate is
defined using a mass-transfer intensity factor, r, which is an arbitrary or
empirically chosen constant. Higher r values result in higher mass-

Nomenclature

Cp specific heat at constant pressure
Cv specific heat at constant volume
d diameter
g acceleration due to gravity
h enthalpy
hfg latent heat
I current
k thermal conductivity
keff effective thermal conductivity
L length
m mass
n normal
P pressure
Q heat transfer rate
q" heat flux
Rth thermal resistance
r mass-transfer intensity factor
v volume
S source
T temperature

Tsat saturation temperature
TPCT two-phase closed thermosyphon
t time
u velocity

Greek symbols
α volume fraction
κ curvature
μ dynamic viscosity
ν kinetic viscosity
ρ density
σ surface tension

Subscripts
c condensation
e evaporation
f fluid
g gas
in inlet
out outlet
w wall

Fig. 1. Schematic diagram of the TPCT working process. The TPCT
configuration includes a lower evaporator, an upper condenser, and an inter-
vening adiabatic section. Vapour produced in the evaporator ascends to the
condenser, releasing heat and condensing on the wall, and it subsequently
descends under the influence of gravity.
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transfer rates, while lower values lead to decreased mass-transfer rates.
For accurate TPCT simulation, precise definitions of two distinct mass-
transfer intensity factors—re for the evaporator and rc for the con-
denser—are essential, given the simultaneous involvement of both the
evaporator and condenser in the TPCT.

The r values used in previous TPCT studies are summarised in
Table 1. In the early 2010s, researchers utilised r values of re = rc = 0.1
s− 1, as selecting a value too high caused convergence problems and
opting for a value too small resulted in a considerable deviation of the
local cell temperature at the interface from Tsat [13–18]. Alizadehdakhel
et al. [13] were the first to implement the TPCT in a phase change
simulation in a two-dimensional domain using the Lee model with re =
rc = 0.1 s− 1 and studied the parameter of heat flux and filling ratio (FR),
which affect the thermal performance of TPCT. Fadhl et al. [14,15] also
conducted their TPCT phase change simulation using the Lee model with
re= rc= 0.1 s− 1 to investigate the thermal performance of water, R134a,
and R404a as working fluids. Yuan et al. [16] adopted their empirical
constant as re= rc= 0.1 s− 1 to implement the Lee model and investigated
the effect of a non-condensable gas on the thermal performance of TPCT.
In the study of Alammar et al. [17], the conventional condition of re = rc
= 0.1 s− 1 was employed to investigate the effect of FR by computational
simulation. The r values in some studies [19–23] were fine-tuned to
experimental data. Jafari et al. [19] investigated TPCT simulation with
unsteady thermal characteristics and fine-tuned the empirical constants.

Fertahi et al. [20] conducted phase change simulation using the Lee
model to investigate the effect of externally finned geometry and
selected fine-tuned empirical constants. Wang et al. [24] attempted to
find the most suitable r values for the investigation of two-phase loop
thermosyphon and employed the r values as re= 0.1 s− 1 and rc= 103 s− 1.
Cho et al. [25] performed tests with different r values for the evaporator
and condenser, exploring a wide range of values, namely, re =

0.025–0.075 s− 1 and rc = 5 × 104–100 × 104 s− 1. They showed that
increasing re values resulted in higher Tsat, while Tsat tended to decrease
with increasing rc values, Additionally, they integrated Tsat changes
according to the mass balance into their phase-change model to improve
predictive accuracy. There have been several attempts to adopt func-
tional relations to define mass-transfer intensity factors to increase the
predictive accuracy in TPCT simulations. Kim et al. [26] suggested the
functional rc based on re considering the density difference between
liquid and gas and adopted re = 0.1 s− 1, rc = re × (ρf / ρg) to cover the
mass-transfer rate difference in terms of density difference. Tarokh et al.
[27] also adopted the functional rc based on the density difference
suggested by Kim et al. [26]. Kafeel and Khurram [28] suggested the
functional rc that considers the mass-transfer rate of the previous iter-
ation to balance the mass-transfer rate of evaporation and condensation.
Xu et al. [29] employed not only the functional rc but also the functional
re in the equivalent method of Kafeel and Khurram [28], while Jobori
and Jawad [30] selected r values considering the kinetic gas theory with

Table 1
Current status of computational research on TPCT.

Author(s) Geometry
(D × L)
[mm2]

Inclination
[◦]

Working
fluid

Filling
ratio

re
[s− 1]

rc
[s− 1]

Saturation
Temperature [K]

Note

Alizadehdakhel
et al.
(2010)

19 × 1000 90 Water 0.3–0.8 0.1 0.1 350 –

Fadhl et al.
(2013)

22 × 500 90 Water 0.5 0.1 0.1 373 –

Kafeel & Khurram
(2014)

39 × 980 90 Water 0.3 0.1 Eq. (c) 350 Pulsed heat flux condition

Fadhl et al.
(2015)

22 × 500 90 R134a,
R404a

0.5 0.1 0.1 Not specified –

Kim et al.
(2015) 22 × 500 90 Water 0.5 0.1

revap × (ρf /
ρg)

373
Density ratio to adopt mass transfer

intensity factor
Alammar et al.

(2016)
22 × 400 10–90 Water 0.25–1 0.1 0.1 373 –

Xu et al.
(2016)

25.4 × 240 15–90 water 0.25 Eq. (a) Eq. (c) Not specified Contact angle modelling

Jafari et al.
(2017) 35 × 500 90 Water 0.16–1.35

Fine-
tuned 0.16–1.35 Not specified Unsteady thermal characteristics

Fertahi et al.
(2018) 9.8 × 190 90 water 0.25

Fine-
tuned 0.25 373 Externally finned geometry

Wang et al.
(2018)

18 × 440 90 Water 0.75
Fine-
tuned

Fine-tuned 318
Numerical modelling of geyser boiling

in TPCT

Wang et al.
(2019) 38 × 2000 90 Ammonia 0.2–0.3 0.02–2

100 × revap –
10,000 ×

revap

Not
specified

Different heating lengths
Hevap = 400–600 mm

Hosseinzadeh et al.
(2020)

22 × 500 90
Water,

1-butanol-
water

0.5 0.1 0.1 Not
specified

–

Jobori and Jawad
(2020)

22 × 400 15–90 Water 0.25–0.9 Eq. (b) Eq. (d) 373 –

Yuan et al.
(2020)

9.52 ×

1250
90 R134a 0.8 0.1 0.1 As Experimental data Effect of non-condensable gas

Tarokh et al.
(2021) 22 × 500 90 Water 0.5 0.1 re × (ρf / ρg) 373 Vortex generation geometry

Xiao et al.
(2022) 47 × 1000 90 CuO-H2O 0.15–0.25

Fine-
tuned 0.15–0.25 Not specified –

Present
Study

20.2 × 400 90 Water 0.65 0.1–100 Eq. (e) Function of vapour
density

Different condenser lengths
Lc = 50–200 mm

re: Eq. (a) re,old − re,old
{

me − mc

max(me,mc)

}

, Eq. (b)
6ρgΔh

̅̅̅̅̅
M

√

Dsm
(
ρf − ρg

) ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2πRTsat

√ , rc: Eq. (c) rc,old − rc,old
{

mc − me

max(me,mc)

}

, Eq. (d)
6ρfΔh

̅̅̅̅̅
M

√

Dsm
(
ρf − ρg

) ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2πRTsat

√ , Eq. (e) re ×

∑n.e
1

{
αlρl(T − Tsat)

Tsat

}

e.cell
/
∑n.c

1

{
αvρv(Tsat − T)

Tsat

}

c.cell
.
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assumptions. As shown in previous relevant studies, most mass-transfer
intensity factors are conventionally selected as re = rc = 0.1 s− 1 or are
fine-tuned through simulations using individual experimental data.
However, there remains a lack of understanding of the underlying
physics when selecting re and rc. This selection fails to account for
density differences in the evaporator and condenser regions, often
leading to a lack of mass conservation during phase change simulations
or increased computational costs. Consequently, this becomes a bottle-
neck in improving the predictive accuracy of TPCT simulations.

In this study, a novel approach is introduced to define the mass-
transfer intensity factor of the Lee model. The proposed model estab-
lishes correlations between re and rc according to the mass balance. This
reduces the number of empirical constants from two to one and leads to
reasonable results in phase change simulations using the exact value of
rc. The study also analysed the trend of explicitly defined rc and the
corresponding wall temperature distribution in the TPCT across a broad
range of re. The model provides accurate predictions of TPCT thermal
performance, with a notably improved convergence rate in phase
change simulations regardless of r values. This research is anticipated to
offer valuable insights into TPCT simulation by providing a methodol-
ogy for explicitly defining suitable empirical constants during the phase
change process in TPCT simulations.

The Lee model was adopted as a phase change model in all studies.
Sg = rcαgρg

(T− Tsat)
Tsat for condensation (T < Tsat), Sf = reαfρf

(T− Tsat)
Tsat for

evaporation(T > Tsat).

2. Computational methods

2.1. Governing equations

We adopted the volume-of-fluid (VOF) [35] for phase-change simu-
lation using a commercial open-source package, OpenFOAM v2106. The
governing equations and volume fraction equation are as follows:

Volume fraction equation:

∂αf

∂t +∇⋅
(
αf u

)
+∇⋅

(
αfαgur

)
= αf∇⋅u − αf

(
ρ̇
ρf

−
ρ̇
ρg

)

+
ρ̇
ρf

(1)

Continuity equation:

∇⋅u =
S
ρf

−
S
ρg

(2)

Momentum equation:

∂(ρu)
∂t +∇(ρuu) = − ∇P+∇⋅

[
μ
(
∇u+∇uT

) ]
+ ρ g→+ σκ(α)n|∇α| 2ρ

ρg + ρf
(3)

Energy equation:

∂
(
ρCpT

)

∂t +∇⋅
(
ρCpuT

)
− ∇⋅

(
keff∇T

)
= Q (4)

The volume fraction and continuity equations contain a mass source
term, S, which determines the amount of mass that is affected by
evaporation or condensation. The last term of the volume fraction
equation, ∇⋅

(
αfαgur

)
, is a compression term and serves the purpose of

preventing numerical divergence during calculations while simulta-
neously achieving a finer interface resolution [36]. ur is the relative
velocity defined as uf − ug. The inclusion of surface tension at the
interface is accomplished by utilising the continuum surface force
model, which is applied in the final term of the right-hand side of the
momentum Eq. [37]. The curvature of the interface is established by the
gradient of a volume fraction as shown below. To mitigate significant
spatial oscillations, we employed the Ferrari and Lunati model [38] for
defining the interface curvature, denoted as κ:

κ(α) = − (∇⋅n) = −

(

∇⋅
∇a
|∇α|

)

(5)

In the energy equation, Q is a heat-transfer term corresponding to
evaporation or condensation. The properties are determined as the
volume-averaged value as follows:

ρ = αfρf +
(
1 − αf

)
ρg (6)

μ = αfμf +
(
1 − αf

)
μg (7)

CP = αfCP,f +
(
1 − αf

)
CP,g (8)

keff = αf kf +
(
1 − αf

)
kg (9)

2.2. Phase-change model

We adopted the Lee model for the phase-change process within the
TPCT for computing the mass-transfer rate and subsequently calculated
the energy transfer rate as follows:

Sg = rcαgρg
(T − Tsat)

Tsat
for condensation (T < Tsat) (10)

Sf = reαfρf
(T − Tsat)

Tsat
for evaporation (T > Tsat) (11)

Qg = Sghfg for condensation (T < Tsat) (12)

Qf = Sfhfg for evaporation (T > Tsat) (13)

The subscripts g and f respectively refer to the vapour and liquid
phases, corresponding to condensation and evaporation mass transfer,
respectively. The variable S [kg/m3/s] represents the mass source
resulting from either condensation and evaporation mass-transfer rates.
This is equivalent to the S term in Eq. (2). The variables α and ρ are
dimensionless volume fraction and density, respectively, and hfg [J/kg]
is the latent heat. The variable Q [W/m3] represents the corresponding
heat transfer resulting from condensation and evaporation mass trans-
fer. rc and re [s− 1] represent the mass transfer intensity factors for
condensation and evaporation, respectively.

This study proposes the redefinition of the empirical constant rc as a
variable dependent on re, establishing a connection between these two
independent constants according to a mass balance approach within a
closed TPCT system. The premise is rooted in the notion that the evap-
oration and condensation mass-transfer rates become equal once the
closed system, including the TPCT, attains a steady-state condition. The
detailed relationship is expressed as Eq. (14):

∑n.e

1
ṁe.cell =

∑n.c

1
ṁc.cell (14)

where ṁ denotes the mass transfer rate. The summations on either side
denote the cumulative sum within individual cells, where the LHS in-
dicates total evaporative mass-transfer rate and the RHS indicates the
total condensate mass-transfer rate. The definition of the mass transfer
rate can be achieved using the Lee model as given by Eq. (15):

∑n

1
ṁcell =

{
rαρ(T − Tsat)

Tsat

}

cell.1
+

{
rαρ(T − Tsat)

Tsat

}

cell.2

+ ⋯ +

{
rαρ(T − Tsat)

Tsat

}

cell.n
= r×

∑n

1

{
αρ(T − Tsat)

Tsat

}

cell

(15)

Then, rc can be obtained by combining Eq. (14) and Eq. (15):

rc = re ×
∑n.e

1

{
αlρl(T − Tsat)

Tsat

}

e.cell

/
∑n.c

1

{
αvρv(Tsat − T)

Tsat

}

c.cell
(16)
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Fig. 2 presents the algorithm for defining rc to conserve the mass
balance. When evaporation does not occur, rc would be zero to satisfy
the mass balance by limiting the condensation. By contrast, rc would be
calculated using Eq. (16) to satisfy the mass balance after evaporation
occurs.

2.3. Computational domain and boundary conditions

A two-dimensional computational domain was adopted in the
simulation of the TPCT as depicted in Fig. 3. The fluid domain encom-
passes an area of 20.2 × 400 mm2, while the solid part is excluded
because of its low thickness of 0.9 mm, leading to negligible lateral-
spreading effects.

All walls are subjected to a nonslip condition. The top and bottom
walls are under adiabatic conditions, whereas the evaporator section
wall experiences a constant heat flux. The condenser wall is subjected to
a convective heat-transfer condition with the heat-transfer coefficient.
To ensure both simulation accuracy and computational efficiency, mesh
independence was evaluated using three different mesh sizes: 25 k, 49 k,

and 100 k. In a comparison of the average wall temperatures of the
evaporator and condenser, no substantial disparities emerged between
the 49 k and 100 k meshes (Fig. 4). Consequently, the 49 k mesh was
chosen for implementation to strike a balance between computational
efficiency and acceptable accuracy.

2.4. Solution strategy and thermophysical properties

The phase-change simulation was conducted by modifying the
embedded solve, interCondensatingEvaporatingFoam in the OpenFOAM
v2106. The governing equations were discretised using the VOFMethod.
For pressure–velocity coupling, the PIMPLE algorithm, in which the
pressure implicit with splitting of operator (PISO) loop is inserted in the
semi-implicit method for pressure-linked equations (SIMPLE) algorithm,
was adopted. MULES was used to discretise the volume fraction equa-
tion, which could restrict the volume fraction. Equations related to time
and space were solved using both first- and second-order schemes. The
convergence criterion was set to 10− 6 for velocity, 10− 6 for pressure,
10− 8 for volume fraction, and 10− 10 for temperature. The time step was
set to 10− 6 s, and the maximum Courant number was 1. A relaxation
factor of 1 was used for all calculations. For more detailed information,
please refer to supporting information Table S1. The detailed thermo-
physical properties according to NIST REFPROP [39] are given in
Table S2. Surface tension was set to vary corresponding to a
temperature-dependent property (Please refer Table S3). Meanwhile,
other properties were defined as constant values.

3. Results and discussion

3.1. Validation of the proposed method

The computational results obtained using the proposed method were
compared with experimental data. To validate the proposed model,
experimental data from Abdullahi’s study [40] were utilised. Abdulla-
hi’s research exhibited high experimental accuracy, featuring a rela-
tively low heat flux and a shorter TPCT length aligning with the
expectation of reduced computational expenses. To evaluate whether
the simulation reached a steady state, two criteria were assessed from
both thermal and fluid flow perspectives. Fig. 5(a) illustrates the eval-
uation of the steady state from a thermal perspective, showing the time-
dependent wall temperatures of the evaporator and condenser, Tw.e and
Tw.c, respectively. Both Tw.e and Tw.c exhibited the most significant
temperature change of approximately 5 K during the first 20 s after the
simulation started. However, after 20 s, Tw.e remained around 377–378
K. In the range of 300–400 s, the temperature difference of the evapo-
rator wall, ΔTw.e, was<0.5 K, confirming the steady state. Similarly, Tw.c
remained at approximately 299.4 K, and in the 300–400 s range, the
temperature difference of the condenser wall, ΔTw.c, was <0.3 K, indi-
cating the steady state. Furthermore, to confirm the realisation of the
steady state from a fluid flow perspective, we observed the growth of the
condensed liquid. Fig. 5(b) illustrates the fluid flow on the condenser
wall over time. Initially, from 0 to 100 s, liquid droplets formed and
grew on the wall. Around 200 s, as the droplets grew, they began to
merge, resulting in larger droplets. By approximately 300 s, because of
the force of gravity, the liquid started falling into the evaporator, where
it regrew, repeating the cycle. This flow pattern persisted consistently
from 300 s until around 400 s, confirming the attainment of the steady
state.

The inner pressure of TPCT and heat balance over time is shown in
the Fig. 6. The heat balance was calculated using eq. (17):

heat balance =
Qout

Qin
=
hcAc

(
Ta − Tw,c

)

qʹ́Ae
(17)

where Qin and Qout denote the total heat input and output of the TPCT
system, respectively. The parameters hc and Ta represent the heat

Fig. 2. Algorithm to define rc. Once evaporation occurs at a specified re in the
evaporator section, rc in the condenser is explicitly defined from the evapora-
tive mass flux.
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transfer coefficient applied to the condenser and the ambient tempera-
ture, respectively. Tw.c denotes the average wall temperature of the
condenser, while Ac and Ae denote the areas of the condenser and
evaporator, respectively, which are inversely proportional to each other.

Here, hc = 405 W/m2K, Ta = 293.3 K, and q" = 2858 W/m2 were
employed. Initially, the heat balance started near zero due to initial
boundary conditions at the onset of the simulation, but it sharply
increased until 40 s. Despite transient fluctuations caused by the
movement of bubbles and condensed liquid, the system was deemed
stable, as a 1 ◦C change in Tw.c, led to a heat balance of approximately
0.86. Fig. S1 in the supporting information summarizes the detailed
changes in heat balance for re ranging from 0.1 to 100 s− 1.

Regarding the inner pressure of the TPCT system, which reflects the
average pressure across all cells, there was an initial slight increase at
the beginning of the simulation, attributed to the dynamics of bubbles
and condensed liquid. However, it quickly reached steady-state and
subsequently fluctuated around ±0.1 kPa, stabilizing at approximately
99.0 kPa.

Fig. 7 compares the temperature distributions for the case with a heat
flux of 2858 W/m2 at the evaporator wall, while a convective heat-
transfer condition with a heat-transfer coefficient of 405 W/m2K was
applied to the condenser wall. The ambient temperature was set to
293.3 K. The re used for validation was set to 0.1 s− 1, which is the most
widely adopted value, and rc was explicitly defined using Eq. (16) as
mentioned above. During the transient simulation, the temperature
reached a steady state at approximately 300 s. For an accurate com-
parison, the average wall temperatures for the 100 s after the simulation
reached the steady state were utilised. Overall, the simulation results
showed excellent agreement with the experimental data. The

Fig. 3. Computational domain and schematic diagram of the mesh. a) Constant heat flux boundary condition on the evaporator wall and convective heat-
transfer coefficient condition on the condenser section were adopted. b) Mesh images of 25 k–100 k for the mesh independent test.

Fig. 4. Mesh independent test. Evaporator and condenser wall show tem-
perature differences of 0.01 K and 0.2 K between 49 k and 100 k, respectively.
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temperature distribution in the evaporator section showed high accu-
racy with a temperature difference of approximately 4–7 K. However,
slightly higher temperature predictions (up to ~12 K) were observed in
the upper side in the evaporator section compared to the experimental
data. This was attributed to droplets falling from the condenser section
into the evaporator section, which caused the droplets to be slightly
separated from the evaporator section owing to evaporation that
occurred at the interface. Consequently, the upper side in the evaporator
section had a slightly increased temperature. The condenser section
showed a sharp difference in temperature and exhibited excellent ac-
curacy (ΔT < 2 K).

Fig. 8 presents a comprehensive analysis of the fluid flow within the
TPCT obtained using the proposed model. Fig. 8(a) shows the volume

fraction contour of the entire TPCT, droplets, and temperature of the
liquid–vapour interface. In the evaporator section, the working fluid is
vaporised as heat flux is applied. Subsequently, the absorbed heat is
released in the condenser section in the form of droplets. As indicated by
the volume fraction and temperature distribution in region A, the tem-
perature at the liquid–vapour interface is maintained at ~335 K in the
condenser region and 373 K in the evaporator region. This is because the
droplet is continuously cooled by the heat dissipation of the condenser
until it falls down to the condenser, while the bubble is detached from
the evaporator wall and does not absorb heat from it. Fig. 8(b) presents
the evolution of volume fraction at various time intervals. Initially, at 0

Fig. 5. Temporal variations in simulation results. a) Wall temperatures of the evaporator and condenser over a simulation time of 0–400 s. b) Sequential images
of the volume fraction contour on the condenser wall at 100-s intervals, up to 400 s.

Fig. 6. Temporal changes in inner pressure and heat balance (re ¼ 0.1
s¡1). The heat balance exhibited a sharp increase and stabilized around 0.86
after reaching steady-state, while the inner pressure showed a slight increase
and stabilized around 99.0 kPa. Fig. 7. Comparison between experimental and validated computational

results. High accuracy of prediction is observed with a temperature difference
of 1–2 K on the condenser section and 4–7 K on the evaporator section. A higher
temperature was captured on the upper evaporator section.
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s, there is no boiling activity in the working fluid. However, upon
receiving heat, small bubbles emerge from the wall. These small bubbles
coalesce and become larger bubbles, rising towards the condenser sec-
tion, driven by the dominant gravitational force rather than surface
tension. Fig. 8(c) shows the growth of liquid droplets in the condenser
section over time. Similar to the evaporator section, no liquid droplets
are observed at 0 s. However, isolated small separate droplets start to
condense at widely spaced intervals, after which they become more
densely distributed. These droplets then coalesce with neighbouring
ones, growing in size until they eventually descend into the evaporator
section under the influence of gravity.

Fig. 9(a) illustrates the volume fraction in the evaporator section of
the TPCT system after reaching the steady state. A cross-sectional line A-
Á passing through the liquid and vapour within the evaporator was
selected for analysis. Fig. 9(b) depicts the pressure and volume fraction
along line A-Á. Overall, the pressure was approximately 99.3 kPa,
showing high accuracy with a deviation of only ~1.7% from the pres-
sure corresponding to the saturation temperature used for validation,
which is 101 kPa at 373 K [40]. Additionally, owing to surface tension,
the pressure distribution within the bubbles was slightly higher than
that in the liquid region.

Fig. 8. Comprehensive analysis of fluid flow within the TPCT. a) Contour of volume fraction in the TPCT and detailed temperature distribution within region A,
b) Evolution of volume fraction at various time intervals, and c) Magnified volume fraction in condensation flow at different instants of time.

Fig. 9. Bubble evolution in the evaporator section. a) Volume faction contour of the evaporator section after the steady state with the cross section of line A-Á, b)
pressure and volume fraction contour corresponding to the cross section of line A-Á.
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3.2. Variations in explicitly defined rc relative to different re values

After rc is replaced as a functional value based on re, there remains
one empirical constant, re. Hence, this chapter scrutinises the fluctua-
tions in explicitly defined rc and the associated variations in temperature
distribution with respect to different re values. Fig. 10(a) illustrates how
the explicitly defined rc fluctuates as re ranges from 0.1 to 100 s− 1, which
is 1000 times higher than the minimum value. With increasing values of
re, rc shows a rise but reaches a point of saturation beyond a certain value
of re. For re = 0.1 s− 1, which is the most widely adopted value, rc is
specified to be 9.8 s− 1. When re is increased tenfold to 1 s− 1, rc is defined
to be only around 30% higher, at rc = 12.7 s− 1. Pushing re further to 10
s− 1 leads to an almost saturated value of rc, at 12.3 s− 1. Further increase
to re = 100 s− 1 yields an even slightly lower value of rc at 11.8 s− 1. This
occurs because an increase in re enhances the evaporation mass-transfer
rate as specified in Eq. (16). This leads to increased vapour pressure,
ultimately resulting in an elevated saturated temperature within the
thermosyphon. Consequently, the elevation of the saturated tempera-
ture hinders further vapour generation through evaporation, establish-
ing equilibrium within the thermosyphon. Thus, for re = 0.1–100 s− 1, rc
shows a very small standard deviation of ±1.41%. Fig. 10(b) shows
changes in the average wall temperature of the TPCT with different re
values. Tw.e represents the average wall temperature of the evaporator
section, while Tw.c pertains to the average wall temperature of the
condenser section.

The average wall temperature of the evaporator section experiences
a slight decrease as re increases. Specifically, there is only a 0.6-K dif-
ference observed for re = 0.1–100 s− 1, with Tw.e shifting from 377.2 K at
re = 0.1 s− 1 to 376.6 K at re = 100 s− 1, attributed to the saturated rc
values at higher re levels. Similarly, the average wall temperature of the
condenser section demonstrates consistent values, ranging from Tw.c =
299.4 K at re = 0.1 s− 1 to Tw.c = 300.0 K at re = 100 s− 1, indicating a
temperature difference of 0.6 K.

4. Conclusion

In this study, we propose an explicit definition model of rc for TPCT
and closed systems based on mass balance. The proposed model, which
comprises the Lee model—the most widely used phase-change mod-
el—was designed to reduce two empirical constants. To validate the
proposed model, TPCT simulation was conducted and validated by
experimental data. It also showed high accuracy with the explicitly
defined rc. In addition, by changing re, the trends of the explicitly defined
rc and the temperature distribution of TPCT were analysed. The main

results of this study are as follows:

1. The proposed model was able to reduce two empirical constants
present in the widely used Lee model by coupling them together into
a single empirical constant and dependent variable.

2. As re increased, rc initially rose but saturated quickly, with re = 0.1
s− 1 yielding rc = 9.8 s− 1, and it further increased to re = 10 and 100
s− 1, leading to nearly stable values of rc around 12 s− 1 due to the
elevated saturated temperature limiting further vapour generation
and stabilizing the thermosyphon.

3. As re increased, Tw.e decreased because the higher mass-transfer rate
also elevated the heat-transfer rate, causing more heat to be drawn
away from the wall through the evaporator section. By contrast, Tw.c
rose with an increase in rc for the same reason.
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