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Abstract: With the increasing trend toward the miniaturization of electronic devices, the issue of
heat dissipation becomes essential. The use of phase changes in a two-phase closed thermosyphon
(TPCT) enables a significant reduction in the heat generated even at high temperatures. In this
paper, we propose a modification of the evaporation–condensation model implemented in ANSYS
Fluent. The modification was to manipulate the value of the mass transfer time relaxation parameter
for evaporation and condensation. The developed model in the form of a UDF script allowed the
introduction of additional source equations, and the obtained solution is compared with the results
available in the literature. The variable value of the mass transfer time relaxation parameter during
condensation rc depending on the density of the liquid and vapour phase was taken into account
in the calculations. However, compared to previous numerical studies, more accurate modelling
of the phase change phenomenon of the medium in the thermosyphon was possible by adopting a
mass transfer time relaxation parameter during evaporation re = 1. The assumption of ten-fold higher
values resulted in overestimated temperature values in all sections of the thermosyphon. Hence, the
coefficient re should be selected individually depending on the case under study. A too large value
may cause difficulties in obtaining the convergence of solutions, which, in the case of numerical grids
with many elements (especially three-dimensional), significantly increases the computation time.

Keywords: two-phase closed thermosyphon; numerical model; thermal resistance; computational
fluid dynamics; evaporation

1. Introduction

Despite the impressive advances that have been made in recent years regarding the
cooling of electronic systems, the removal of high heat fluxes from high-tech devices is
undoubtedly complex and, in some cases, inadequate. The choice of a proper cooling
method for electronic systems depends on many factors: the power density and its magni-
tude, the size of the overall device and its components, the operating environment, and
economic aspects.

The simplest division of cooling mechanisms divides them by the state of aggregation
of the working medium [1]. The following distinction can be made:

• cooling systems in which the medium does not change its physical state during
operation—this can be air, water, or other fluids; and

• techniques using a phase change of the working medium.

In the process of heat transfer in a cooling system, convection plays the most important
role, and the measure of its intensity is determined by the heat transfer coefficient h. The
value of this parameter can range from several to even several hundred thousand [2,3].
Many fluids have their applications in cooling electronic instruments, of which water
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proves to be the most effective [4]. By taking additional advantage of its phase change,
high values of heat transfer coefficients can be obtained [5].

A thermosyphon is a component that significantly improves heat transfer in electronic
devices. Unlike a heat pipe with porous structures, in a thermosyphon, the working
medium is returned only by gravitational forces [2]. Therefore, this element should be
vertically located. It is also worth noting that the evaporator is located below the condensing
section [6]. The heat input in the evaporator forces the movement of the vapour core toward
the condenser, where the fluid is condensed [7].

An essential operating parameter of a heat pipe is thermal resistance. It turns out that
its value is influenced, among other things, by the bending angle. The results of research
conducted by Chen [8] demonstrated that, by increasing the bending angle from 0 ◦C to
90 ◦C (i.e., changing from the horizontal to the vertical position), it was possible to decrease
the value of thermal resistance from 0.6207 to 0.1885 K/W. A simulation carried out by
Fadhl [9] showed that the thermal resistance value also decreased with increasing the fill
ratio. An increase in the filling ratio from 0.3 to 1 reduced the temperature difference
between the evaporator and condenser walls and, consequently, thermal resistance.

There are many potential applications for phase change in heat pipes. For example,
a pulsating heat pipe operating with a graphene-water ethylene glycol nano-suspension
can be used for low-temperature heat recovery [10]. Furthermore, there are studies [11]
on applying different working mediums, including n-pentane-acetone and n-pentane-
methanol mixtures. The experimental results presented in this paper showed that both the
fill ratio and the tilt angle were key parameters affecting the system’s thermal performance.

The dispersion of nanoparticles in base fluids can also be used to improve the ther-
mal properties of working mediums. To this purpose, experimental studies have been
performed to investigate the problem of the fouling formation [12], and numerical calcu-
lations were carried out to determine more accurate values of the thermal conductivity
of CuO (II)/water nanofluid [13]. The great importance of performing research on phase
change cooling systems was also confirmed by the possibility of improving heat transfer
by applying a magnetic field to the kerosene/Fe2O3 nanofluid in a copper oscillating heat
pipe [14].

It is also worthwhile to look at the development of numerical codes for solving
thermal-fluid problems in thermosyphons. Back in the early 2000s, Basran and Kücüka [15]
studied a two-dimensional geometric model of a vertical, closed heat pipe. They defined
the heat source and heat removal on the walls of the evaporator and condenser sections
using constant temperatures. They showed that the numerical model was adequate for
estimating heat transfer in a thermosyphon. While still in the early stages of the develop-
ment of commercial numerical codes, Liu, Li, and Chen [16] conducted numerous studies
to understand the properties of thermosyphons and the effects of various parameters on
their performance.

Legierski and Więcek [17] were among the first to apply commercial CFD codes to
heat pipe studies. In their work, they included a horizontal heat pipe connecting two tanks.
The first, filled with hot water, was connected to the evaporator, while the cool water tank
was in contact with the condenser. By implementing user-defined functions (UDF), the
evaporator and condenser wall temperatures were updated throughout the simulation.
These studies did not consider the phase change of the medium; however, they provided
a source of knowledge about the value of the effective thermal conductivity coefficient
of the system under study. The simulations resulted in coefficients in the range of 15,000
to 30,000 W/(mK) [17], which is in agreement with the data reported in the literature by
the authors of the publication. The simplified numerical studies of the thermosyphon,
neglecting the phase change, were carried out by Ramalingam [18].

A huge step in modelling the evaporation and condensation of the working medium in
a thermosyphon was the use of Lee’s model [19]. This is currently implemented in ANSYS
Fluent and available under the name evaporation–condensation. A simple temperature
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differencing scheme was used to calculate the mass source terms during evaporation and
condensation, which was shown to agree with the experimental data.

The mass transfer equations for evaporation process (T1 > Tsat) have the form [20]:

liquid phase: SM = −reαLρL

∣∣∣∣TL − Tsat

Tsat

∣∣∣∣, (1)

vapor phase: SM = reαLρL

∣∣∣∣TL − Tsat

Tsat

∣∣∣∣. (2)

Similarly, for the condensation process (Tv < Tsat), the relations can be written
as follows:

liquid phase: SM = rcαVρV

∣∣∣∣TV − Tsat

Tsat

∣∣∣∣, (3)

vapour phase: SM = rcαVρV

∣∣∣∣TV − Tsat

Tsat

∣∣∣∣. (4)

The Equations (1)–(4) include the coefficient re and rc, which is a measure of the
intensity of the mass transfer in the evaporation and condensation processes. It is rec-
ommended that their value be such to keep the saturation temperature reasonably close
to the saturation temperature and to avoid divergence problems. As an empirical coef-
ficient, re and rc have different values for different problems. It can be determined from
Equations (5) and (6) that [21]:

re =
6
D

√
M√

2πR Tsat

ρV∆H
(ρL − ρV)

, (5)

rc =
6
D

√
M√

2πR Tsat

ρL∆H
(ρL − ρV)

. (6)

In the evaporation–condensation model, these are equal to 0.1 1/s.These values were
adopted in numerical studies of boiling in serpentine-shaped pipes [22], in the two-phase
flow of diesel fuel [23], and in the evaporation and condensation process of a hydrocarbon
feedstock in a horizontal heat pipe [20]. The constant values of the re = 0.1 and the rc = 0.1
were also adopted by Alizadehdakhel [24] to investigate the effect of the heat input and fill
ratio on thermosyphon performance.

In contrast, Lin and Wang [25] simulated the heat transfer mechanism in miniature
oscillating heat pipes. To study the two-phase flow behaviour taking place vertically, they
proposed their own mathematical and physical model. The simulation used the VOF phase
change model in combination with the relations derived by De Schepper [20], which were
implemented through UDF. A Continuum Surface Force (CSF) model was used to account
for the effect of surface tension. A time-lapse simulation of 60 s was performed to compare
the flow visualization with images taken during the experimental study. The analysis
predicted the appearance of oscillations of similar frequency in both the condenser and
evaporator sections. In addition, the study showed that decreasing diameter positively
affected the thermal performance of the thermosyphon.

Fadhl also conducted a study of a cooling system using a thermosyphon. In his
work [26], he applied a VOF model using source terms introduced by defined functions. He
successfully reproduced the phenomenon of water changing its physical state from liquid
to vapour. A two-dimensional geometric model of a 500-mm long thermosyphon was
performed. The length of the evaporator, adiabatic, and condenser sections were 200, 100,
and 200 mm, respectively. Compared to previous studies, he introduced the dependence
of the surface tension coefficient between the liquid and vapour phases as a temperature-
dependent variable in the thermosyphon. He assumed a saturation temperature of 373.15 K,
which corresponds to an operating pressure prevailing in the thermosyphon equal to
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atmospheric pressure. Fadhl also ran similar analyses using R134a and R404a [27], and
performed studies on a three-dimensional geometric model of the thermosyphon [9].

A similar study was performed by Zhang [28]. He simulated a two-dimensional
thermosyphon with a length of 250 mm and an inner diameter of 8.32 mm. He used
identical types of boundary conditions as Fadhl. He assumed a heat input of 40, 60,
and 80 W; however, his work did not specify the coolant temperature and heat transfer
coefficient values. Compared with Fadhl’s study, he lowered the saturation temperature of
water to 308.55 K and also reduced the time step of the transient simulation from 0.0005 [26]
to 0.0001 s. He took the value of the fill ratio equal to 0.6. As a result of the simulations, he
obtained very accurate calculation results compared to those obtained in his experiment.

However, the values of coefficient re and rc need not always be 0.1 1/s, as in the cases
mentioned above. In other studies [29,30], values equal to 100 1/s were assumed. CFD
analysis of water droplet evaporation under atmospheric conditions [31], on the other
hand, required a much smaller value of this coefficient—in the range of 0.001–0.04 1/s.
On the contrary, in simulations of the evaporation process performed by Das [32], the
optimal value of the mass transfer time relaxation parameter during evaporation and
condensation was in the range of 0.3–0.9 1/s. Numerical experiments determined this
coefficient because it depends on local thermodynamic conditions, humidity, and other
numerical and model parameters.

In a numerical study of thermosyphons, Xu [33] adopted four different values of re
and rc 0.8; 0.9; 0.95; and 1 1/s. This reduced the error in determining the temperature
distribution by an average of 2% compared to using the evaporation–condensation model.
It was also possible to significantly reduce the error in the thermal resistance values. On
the other hand, in Kafeel’s simulations [34], the values of the relaxation coefficient for
evaporation were 0.09; 0.3; and 0.5 1/s, while for condensation, the value of the relaxation
coefficient was calculated from the mass transfer rate during evaporation. The study found
that an increase in the mass transfer time relaxation parameter during evaporation resulted
in a decrease in the overall thermosyphon temperature due to the increased evaporation
rate of the working fluid. In a subsequent publication, [35], the value of re was taken as 0.1,
while rc was determined in a similar way as in the work [34].

The studies of oscillating heat pipes by Wang [36] are also noteworthy. He also
used Lee’s model in analysing the phase change of the working medium. In the first
case, the values of the mass transfer time relaxation parameters during evaporation and
condensation remained unchanged at 0.1 1/s. In the second variant, these coefficients were
0.1 and 973.356 1/s; in the third 1 and 9733.56 1/s; and in the fourth 10 and 97,335.6 1/s,
respectively. These simulations allowed us to investigate the effects of the re and rc
coefficients on the resulting temperature distribution and thermal resistance values.

It turned out that the results of the CFD analysis most similar to experimental studies
were achieved using the fourth variant of calculations. While the temperature values in the
adiabatic and evaporator sections were largely convergent with each other, the temperature
differences in the condenser for the first three cases were as high as several tens of degrees
Celsius. Similar conclusions can be drawn from the analysis of the thermal resistance error.
Relative to the experimental study, this error was 410% in case one, 203% in case two, 64%
in case three, and 6% in case four.

A valuable numerical study of the thermosyphon was also realized by Kim [37]. He
assumed a domain with identical dimensions as in Fadhl’s work and the same boundary
conditions, fluid properties, and simulation parameters. However, he investigated the
effect of the mass transfer time relaxation parameter during condensation (rc), which had
been constant in most papers. It turned out that during the simulation, its value varied
from 0 to 100 1/s and depended both on the mass transfer time relaxation parameter during
evaporation and on the liquid and vapour phase densities (Equation (7)).

rc = re
ρL
ρV

, (7)



Energies 2021, 14, 3634 5 of 22

By making the coefficient rc dependent on these parameters, he obtained more accurate
results for the average evaporator wall temperature.

Recent numerical studies included not only the development of the mathematical
model but also the modification of the geometrical model of the thermosyphon by intro-
ducing fins [38], considering the working medium as methanol [39] or nanofluid [40] or
studying the influence of boundary conditions [41].

The cited publications highlighted the need to modify Lee’s model to further investi-
gate the phase change. Reducing the error between experimental and numerical simulation
results was possible by manipulating the mass transfer time relaxation parameter values
for both evaporation and condensation.

To the best of the authors’ knowledge, none of the studies considered the possibility
of determining the value of coefficient rc from Equation (7) while changing coefficient re
from the Lee model’s default value of 0.1. The fact mentioned above motivated the authors
to manipulate the value of the mass transfer time relaxation parameter for evaporation and
condensation. Several works have confirmed that increasing this coefficient, especially for
the evaporation process, is associated with a reduction in the error between simulation and
experiment. Furthermore, the determination of the mass transfer time relaxation parameter
during condensation as dependent on the liquid and vapour phase densities allows its
value to depend on the simulation time. Hence, developing a modified computational
model combining both relationships can contribute to more accurate CFD analysis results.

The objective of this work was to numerically investigate the impact of both the rc
and re values on the temperature distribution along the thermosyphon and the value of
thermal resistance.The unmodified Lee model (Case 1) for the geometric model described
in the articles [9,37] was used in the research on the thermosyphon. Then, based on this,
three new computational models (Case 2, Case 3, and Case 4) were developed, in which the
coefficient re takes the values of 0.1 , 1 , and 10 1/s, respectively. The value of coefficient rc
was made dependent on both the value of coefficient re and the density of the liquid and
vapour fractions. Subsequently, the results obtained by the above models were compared
with the results of CFD analysis by Fadhl [9], and Kim [37], as well as the experimental
results [9].

2. Methodology
2.1. Computational Domain

Both the dimensions of the computational domain and the assumptions about the
computational model were adopted from experimental studies developed by Fadhl [9].
In this experiment, the heat was injected into the system through the evaporator using
a 500 W heater. A variable voltage transformer was used to control the electrical power
supplied to the walls of the evaporator.

To minimize the heat loss to the environment, the author of the experiment wrapped
the evaporator with layers of fire-proof and thermal insulation. Then, the walls of both
the evaporator and the adiabatic sections were wrapped with layers of high-temperature
thermal ceramic insulation. The heat was removed from the condenser section by a double
pipe concentric heat exchanger. The working medium in the thermosyphon was water.
Fadhl determined the characteristics of the thermosyphon based on the temperature values
on the walls. Temperature measurement was carried out using thermocouples. Their
arrangement is shown in Figure 1.

Previous research [42,43] suggested designing the thermosyphon so that the evap-
orator section area is smaller than that of the condenser section. This makes it possible
to generate a higher heat flux in the evaporator, increase the thermal driving force in the
system and increase the efficiency of the thermosyphon. However, in order to compare
experimental and numerical results, we decided to reproduce the geometric model de-
scribed in the reference [9]. A two-dimensional geometric model of the thermosyphon
was developed, representing its 500 × 22 mm cross-section (Figure 1). The lengths of the
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condenser, evaporator, and adiabatic sections were 200, 200, and 100 mm, respectively,
while the width of the thermosyphon wall was 0.9 mm.

Figure 1. Geometrical model of a closed thermosyphon.

The geometric model, shown in Figure 2, was created using ANSYS Spaceclaim
software. It consists of two internal areas, the top (fluid_up) and the bottom (fluid_down),
which correspond to the working medium. The division was made because of the need
to give these areas different initial conditions, with the height of the bottom section being
equal to 50% of the height of the evaporator section. In contrast, the outer part of the
domain is the wall of the thermosyphon.

Similarly to the fluid, the division into different areas was also applied. The wall
consists of the top and bottom surfaces (face_up, face_down), the adiabatic part (face_ad_1,
face_ad_2), the area corresponding to the condenser (face_con_1, face_con_2), and the evap-
orator (face_ev_1, face_ev_2). Making this division further enabled the sections to be given
different boundary conditions. At the geometric model creation stage, a share topology
function was additionally assigned to the model to merge it to generate a consistent mesh.

2.2. Computational Model
2.2.1. Mathematical Model

In the developed system, there is heat transfer described as a function of spatial
coordinates and time. Parallel fluid transport occurs in this case. In the model studied,
heat is directed to the walls of the evaporator, where the conduction occurs, and then
heat is transferred to the fluid, where the phase of the working medium changes. When
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considering the solid domain, heat transfer by convection was assumed to be neglected.
Heat transport has been described by the Fourier–Kirchhoff equation [44].

λm

(
∂2T
∂x2 +

∂2T
∂y2 +

∂2T
∂z2

)
+ qm = cmρm

∂T
∂t

. (8)

Figure 2. Partitioning the geometric model of the thermosyphon into areas.

Numerical solutions based on the finite volume method are much more difficult for
multiphase flows than for single-phase flow. The reason for this is the existence of non-
stationary interfaces between phases. In contrast, physical properties, such as density and
viscosity, change at the surfaces connecting the two phases. The Volume of Fluid technique
was used to model the phase change phenomenon of the working fluid by defining the
motion of all phases and defining the motion of the interfaces.

This technique is used to model immiscible fluids with a clearly defined boundary.
However, the method cannot be used to analyse two gases because they mix at the molecu-
lar level. This model allows analysis of, for example, two immiscible liquids, the separation
of a liquid stream, or the motion of large bubbles in a liquid. In these cases, the assumption
of a noticeably large interface length compared to the size of the computational domain
must be satisfied [45].

The VOF model is based on the fact that each cell in the domain is occupied by one
phase or a combination of two phases. In other words, if the volume fraction of liquid were
defined by the value αL, while αV is the volume fraction of vapour, the following three
conditions are possible:

• αL = 0; the cell is fully occupied by liquid;
• αL = 1; the cell is fully occupied by vapor,;
• 0 < αL < 1; the cell is located at the interface between the two phases.
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For the third case, the following relation can be written:

αL + αV = 1, (9)

The governing equations are used to describe the motion of a working fluid in
a thermosyphon.

The continuity equation can be written by the expression [46]:

∇ · (ρ~u) = −∂ρ

∂t
, (10)

The solution of the above equation for the volume fraction for one of the phases is
used to track the interfacial boundary. Thus, the continuity equation of the VOF model for
the secondary phase (liquid) can be expressed as [47]:

∇ · (αLρL~u) = −
∂

∂t
(αLρL) + SM, (11)

An additional term SM (mass source term) is used here and used to calculate the mass
transfer during evaporation and condensation.

The presented continuity equation (Equation (11)) can be called the volume fraction
equation. It is not solved for the primary phase (vapour) but only for the secondary phase
(liquid). When a cell is not completely occupied by a primary phase or a secondary phase,
a mixture of phases exists. Thus, the density of the mixture is given as the density averaged
over the volume fractions and takes the following form [48]:

ρ = αLρL + (1− αL)ρL, (12)

The forces acting in the system come from gravity, pressure, friction, and surface ten-
sion. To account for the effect of surface tension along the interface, the Continuum Surface
Force (CSF) model proposed by Brackbill [49] was added to the momentum equation:

FCSF = 2σLV
αLρLCV∇αV + αVρVCL∇αL

ρL + ρV
, (13)

This equation takes into account additional coefficients, such as the surface tension
and the surface curvature.

Considering the above forces, the momentum equation for the VOF model takes the
form of [50]:

∂

∂t
(ρ~u) +∇ · (ρ~u~u) = ρ~g−∇p +

[
µ
(
∇~u +∇~uT

)
− 2

3
µ∇ · u I

]
+ FCSF, (14)

The average value of the dynamic viscosity can be calculated using the equation:

µ = αLµL + (1− αL)µL, (15)

The energy equation for the VOF model has the following form [50]:

∂

∂t
(ρe) +∇ · (ρe~u) = ∇ · (k∇T) +∇ · (ρ~u) + SE. (16)

The source term for the energy equation (SE) is used to calculate heat transfer during
evaporation and condensation. The VOF model uses temperature as a mass-averaged
variable, and thermal conductivity is calculated as:

k = αLkL + (1− αL)kL, (17)
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The VOF model also approximates the value of internal energy (e) in the form:

e =
αLρLeL + αVρVeV

αLρL + αVρV
, (18)

In the equation, the values of eL and eV are based on specific heat (cp,L and cp,V) of the
phase and common temperature determined by the equation of state:

eL = cp,L(T − Tsat), (19)

eV = cp,V(T − Tsat), (20)

The source terms SE and SM were introduced into the model using the Lee model.
The mass source terms during evaporation and condensation for the liquid and vapour
phases were shown in earlier discussions through Equations (1)–(4). In addition, the energy
equations must be considered [20]:

evaporation: SE = −reαLρL

∣∣∣∣TL − Tsat

Tsat

∣∣∣∣∆H, (21)

condensation: SE = rcαVρV

∣∣∣∣TV − Tsat

Tsat

∣∣∣∣∆H, (22)

In the Lee model studies, different values of re and rc coefficients were implemented.
Thus, the four cases described in Table 1 were examined.

Table 1. Values of re and rc for the given cases.

Case re [1/s] rc [1/s]

Case 1 0.1 0.1
(evaporation–condensation)

Case 2 0.1 re
ρL
ρV

Case 3 1 re
ρL
ρV

Case 4 10 re
ρL
ρV

In order to solve Equations (11), (14) and (16), appropriate boundary conditions must
be assumed. These are schematically shown in Figure 3. The top, bottom, and correspond-
ing adiabatic section walls were assigned a zero heat flux density value. The third type
boundary condition was assumed for the condenser walls, while a constant heat flux den-
sity value was specified for the evaporator walls. Values for average condenser temperature
Tc, coolant temperature T∞, and heat flux in condenser section Q̇c and evaporator section
Q̇e were taken in accordance with the experimental studies [9].

The heat transfer coefficient for the evaporator section was determined using Equation (23).
For this purpose, the lateral area of the condenser section was determined Ac, and the coolant
temperature value was calculated from the logarithmic mean of the temperature difference
at the inlet and outlet of the tube. The heat flux density q̇ was calculated from the heat flux
applied to the evaporator section (Equation (24)). This also depends on the area of the inner
wall of the evaporator Ain, that is, the length of this section l and the inner diameter of the
thermosyphon din.

h =
Q̇c

Ac(Tc − T∞)
=

336.6 W
2π · 0.2 m · 0.011 m · (330.33K− 309.4K)

= 1163.4
W

m2 ·K (23)

q̇ =
Q̇e

Ain
=

Q̇e

l · π · din
=

376.14 W
0.2 m · π · 0.0202 m

= 29640
W
m2 (24)
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Figure 3. Assigning boundary conditions to appropriate surfaces.

Then, the properties of the phases involved in the modelled phenomenon were de-
termined. It was assumed that two phases would be simulated: a primary phase—water
vapour, and a secondary phase—liquid water. The density of liquid water was determined
to be temperature-dependent. For this purpose, it was determined using a polynomial
function. The most important properties are shown in Table 2.

Table 2. Continuous and discrete phase properties [27].

Water Vapor Liquid Vapor

ρ
[

kg
m3

]
0.5542 859.0083 + 1.252209T − 0.0026429T2

µ
[

kg
m·s

]
1.34× 10−5 1.003× 10−3

λ
[

W
m·K

]
0.0261 0.6

cw

[
J

kg·K

] 1, 563, 077 + 1.603755T −
0.002932784 T2+

4182

3.216101 · 10−6T3

The properties of copper, the material from which the walls of the thermosyphon were
made, were also determined. These are shown in Table 3.

Table 3. Properties of copper.

ρ
[

kg
m3

]
c
[

J
kg·K

]
λ
[

W
m·K

]
8.978 381 387.6

The Phase Interaction settings were also selected. The mechanism of mass transfer
from the liquid to the vapour through the evaporation and condensation model developed
by Lee (evaporation–condensation) was chosen. A constant saturation temperature of
373.15 K was determined.
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The value of the surface tension coefficient between the liquid and vapour phases σLV
was also taken as a temperature-dependent value. It was determined using Equation (25) [27].

σLV = 0.09805856− 1.845 · 10−5 T − 2.3·10−7 T2 (25)

The working conditions of the domain were also defined. These are characterized by:

• operating pressure (poper = 101,325 Pa); and
• average temperature in the domain (Toper = 298 K).

A pressure-based solver was used for the calculations. The type of phenomenon under
study was set to transient. The effect of gravitational force was included in the calculation;
the direction of gravitational acceleration was the same as the direction of the OX axis, and
its value was taken as 9.81 m/s2.

The explicit formulation of the multiphase model was adopted in the simulation,
which differs from the implicit formulation in the type of equations solved in sub time
steps. The first method functions as a default setting while allowing the use of the Geo-
Reconstruct volume fraction discretization scheme, ensuring that a clear interface between
phases is obtained and preventing the appearance of numerical diffusion.

The simulation uses the Implicit Body Force calculation formula to support calcula-
tions of cases characterized by, for example, the gravitational force acting on substances
with significant density differences. This allows obtaining convergence faster at the expense
of directly computing the momentum equation. The application of simplifications consists
in that the gravity term is not included in the momentum equation. A significant role,
in this case, is played by appropriate mathematical tools to achieve convergence of the
solution, after which the effect of gravity (calculated indirectly) is added at the end.

The SIMPLE method was used to calculate the coupled pressure and velocity fields,
while the gradient was determined by the Least Squares Cell-Based diagram, pressure
by PRESTO!, the volume fractions by Geo-Reconstruct, and the energy and momentum
were calculated by the Second Order Upwind differential scheme. The formulation of
the transient problem was determined by the First Order Implicit method. The under
relaxation factors for pressure and momentum were reduced in the analysis to values of
0.2 and 0.4, respectively, to contribute to a stable solution.

The residuum for solving the continuity and momentum equation was assumed to be
10−4, while that for the energy equation was assumed to be 10−5. The initial temperature
was assumed to be equal to the saturation temperature (373 K). We also determined that
the evaporator area was 50% filled at the start of the simulation (fill ratio = 0.5).

The total simulation time of the heat transfer phenomenon was set to 15 s. Achieving
a Courant number less than 1.5 was possible by adopting a variable time step length initial
value of 0.001 s, a minimum 10−6 s, and a maximum of 0.002 s. The maximum number of
iterations within a time step was set to 100. The calculations were performed in ANSYS
FLUENT software, and the UDF script was used to input additional source terms.

2.2.2. Adopted Mesh

In the next step, three structured numerical grids were created to investigate the grid
independence study. The surface mesh size was set equal to 1 mm. To distinguish between
the individual numerical grids, they were assigned different local settings in terms of the
number of elements on each edge (Table 4). The described meshes are shown in Figure 4.
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Table 4. Characteristics of the numerical grids.

Mesh 1 Mesh 2 Mesh 3

Wall thickness 4 6 10
Width of the fluid domain 60 80 100

(using bilateral bias with a factor of 10)
Wall edge 100 mm long 75 90 110
Wall edge 200 mm long 150 180 220

Number of elements 26,044 42,500 68,400

Figure 4. Numerical grids subjected to grid independence study.

In the next step, the numerical grids were compared in terms of the results obtained.
The dependence of the mean temperature of the condenser walls (Figure 5) and the adi-
abatic section (Figure 6) with respect to time and the value of thermal resistance of the
thermosyphon (Table 5) were considered. All cases were calculated for the evaporation–
condensation phase transition model.
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Figure 5. Average condenser wall temperature versus time.

Figure 6. Average adiabatic section wall temperature vs. time.

Table 5. Thermal resistance value for each grid.

Grid 1 Grid 2 Grid 3

R [K/W] 0.20678 0.20754 0.20874
relative percentage error [%] 0.93% 0.57% –

By analysing the wall temperature dependence of each section for the three numerical
grids, we concluded that the introduction of higher density mesh elements in the fluid
and solid domain area did not have much effect on the temperature value. Moreover, the
value of the thermal resistance error for Grid 1 compared to Grid 3 did not exceed 1%;
hence, Grid 1 was used in further study. The minimum orthogonal quality value of the
selected grid was equal to 0.60, which means that it can be successfully used in the next
stage of analysis.

3. Calculation Results and Analysis

The results in the form of temperature distribution along the thermosyphon at the
15th second of the simulation are shown in Figure 7. The temperature measurement points
on the walls were selected based on the position of the thermocouples used in the study [9].
The CFD calculations based on the Lee model included in the four cases carried out for this
paper were compared with experimental measurements and CFD calculations by Fadhl [9]
and Kim [37].
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Figure 7. Temperature distribution on thermosyphon walls.

We concluded that the results of all the CFD analysis performed deviate (at some
measurement points) from the experimental results. However, using the source terms
described in the UDF file used (Case 2–3) allowed for a better prediction of the temper-
ature distribution along the thermosyphon compared to the evaporation–condensation
model. The results obtained with this solution had a lower error than those obtained
using the Lee model. The adoption of a variable value of the mass transfer time relaxation
parameter during condensation (rc) for Case 2 and Case 3 enabled a more accurate pre-
diction of temperature in the condenser and evaporator. However, assuming the value
of the parameter re = 10 1

s (Case 4) led to an overestimation of the temperatures along the
entire thermosyphon.

For the phenomenon studied under the given conditions, the value of this coefficient
is re = 1 1

s (Case 3). Assuming the value of mass transfer time relaxation parameter during
evaporation equal to re = 0.1 1

s (Case 2) resulted in more apparent underestimation of
condenser temperatures and overestimation of evaporator temperatures relative to exper-
imental studies. By comparing the results of the CFD analysis performed by Fadhl [9]
and Kim [37], the model described by Case 3 can predict the evaporator temperature to
a similar extent and, at the same time, allows for a more accurate determination of the
condenser wall temperature.

Figures 8–10 show the average wall temperature values for each section during the
simulation run. For the evaporator section (Figure 8), the temperature value of the wall
for all cases in the first second of the simulation did not differ much and was in the range
of 378–380 K. This was due to the assumption that the same initial condition was in the
form of the initial temperature of 373.15 K. Then, an increase in the wall temperature was
observed. However, this value increased the fastest for Cases 1 and 4. A slightly slower
increase in temperature in the evaporator section occurred for Case 2.

However, for Case 3, the temperature of the evaporator walls increased only to 2 s of
simulation and then stabilised within 382 K. For Cases 1, 2, and 4, the temperature value
reached its maximum value, then it slowly decreased, and, for about 12 s of the analysis, it
stabilised. The average evaporator wall temperature was stabilised due to steady heat flux.
The temperature value in the last time step (15 s) for Cases 1 and 4 was almost 390 K, while
for Case 2, it was almost 388 K.

The wall temperature of the adiabatic section (Figure 9) for each case had variable
values during the simulation; however, the final value for Cases 1, 2, and 3 were very
similar. At the beginning of the simulation, the average wall temperature of the adiabatic
section was practically the same for all cases due to the initial condition. For Case 4, during
the whole simulation time, it varied between 372 and 373 K. However, for the other cases,
the temperature decreased at the beginning of the simulation: for Case 2 to a value of about
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371.5 K, for Case 1 to a value below 370.5 K, and for Case 3 to a value of about 367.5 K. For
Case 3, the temperature value stabilised from the 9 s of the simulation and was 376.5 K.
For Case 2, a decrease in the temperature value was observed from the 8 s of analysis to a
value of almost 366.5 K in the last time step.

On the other hand, for Case 1, the value of the average temperature of the adiabatic
section walls decreased from the 11 s of the simulation, reaching a final value of 368 K. On
the other hand, for the condenser walls (Figure 10), the temperature for all cases decreases
and stabilises in successive time steps. As for the other sections, in the initial time steps, the
value of the condenser wall temperature had a similar value. In contrast to the other cases,
for Case 4, the temperature initially decreased, then in a time of 3 s, it reached a maximum
value of more than 360 K. Then, it decreased, and, after 6 s, it reached a constant value of
about 353 K. For the other cases, the temperature initially decreased.

The condenser wall temperature reached a constant value around 312, 318, and 329 K
for times of 12, 8, and 12 s and Cases 1, 2, and 3, respectively. Hence, the previous
conclusions regarding the negative effect of taking too high a re value, i.e., re = 10, on the
phase change phenomenon remain valid. Taking the value of re = 1, with a variable value
of rc, led to temperature values close to the experimental data. However, the value of re < 1,
especially for the condenser section, caused an overestimation of the average value of the
wall temperature at each time step. The average temperature was stabilized the fastest for
Case 3 and each section.

Figure 8. The time dependence of the average evaporator wall temperature.

Figure 9. The mean temperature trend of the adiabatic zone.



Energies 2021, 14, 3634 16 of 22

Figure 10. The condenser wall temperature change.

Table 6 shows the thermal resistance value calculated from the experiment and indi-
vidual CFD studies. The thermal resistance R of the tested thermosyphon was calculated
from Equation (26) [9]. Its value depends on the heat flux delivered to the evaporator Q̇
and on the values of the mean wall temperatures of the evaporator Tev and condenser Tcon.

R =
Tev − Tcon

Q̇
(26)

Table 6. Thermal resistance values.

Experiment Fadhl Kim Case 1 Case 2 Case 3 Case 4

R
[

K
W

]
0.10553 0.16258 0.17098 0.20678 0.18597 0.14345 0.10054

∆R
Rex

[%] – 54 62 96 76 36 −5

Figure 11 shows the variation of thermal resistance values over time for the simulations
performed in this work and summarises the relative percentage error for the experimentally
determined value. At the simulation beginning, a similar thermal resistance was observed
for each case (below 0.07 K/W) and then the value increased. For Case 4, the thermal
resistance had a different trend from the other cases—up to the 2 s of the analysis, there
was an increase, then a decrease, and then an increase again. The thermal resistance value
stabilised in 6 s of simulation, and its value was almost 0.1 K/W. For Cases 1–3, the thermal
resistance value increased and then stabilised from the 8 s of simulation. The final values of
thermal resistance were almost 0.21, 0.19, and 0.14 K/W for Cases 1, 2, and 3, respectively.

We concluded that the multiphase model introduced using the UDF script in Case 3
best reflected the temperature values in all sections of the thermosyphon. It also provided
a much smaller value of thermal resistance error compared to the other cases as well as
the studies done by Kim [37], and Fadhl [9]. Although the phase change model proposed
in Case 4 introduced the smallest thermal resistance error, it dramatically overestimated
the condenser temperatures, and thus this result appears to be unreliable. Figure 12 shows
the distribution of the volume fraction of the liquid phase at given time points. It is
possible to observe with them the boiling phenomenon where heat is removed from the
evaporator section.

A blue colour illustrates only liquid, whereas a red colour stands for the presence of
only vapour. The liquid initially filled 50% of the evaporator, which was heated by applying
a constant heat flux to the evaporator section’s wall. Subsequently, heat was conducted
through the walls of the thermosyphon, and, in the areas where the liquid reached the
value of the saturation temperature, a phase change occurred. As a result, nucleation
sites began to form, and subsequently vapour bubbles were formed. The bubbles were
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transported upwards, where they broke up, and consequently an increase in the vapour
volume fraction was observed. After two seconds (Case 3), the vapour volume fraction did
not change rapidly due to steady-state heat transfer.

Figure 11. Thermal resistance values versus simulation time.

As a result of the study, we decided to compare the value of the heat transfer coefficient
in the evaporator section. This value for the condenser walls was determined by applying
a boundary condition. The value of the heat transfer coefficient in the evaporator walls
was calculated based on experimental investigations, relevant correlations, and numerical
studies carried out by the authors (Cases 1–4), and simulations performed by Fadhl [9] and
Kim [37] are presented in Table 7.

Table 7. Heat transfer coefficients.

Case 1 Case 2 Case 3 Case 4

hCFD, [W/(m2· K)] 1220.1 2732.0 3710.6 1856.3
hexperimental , [W/(m2· K)] 8529.5
hKim, [W/(m2· K)] 5531.9
hFadhl , [W/(m2· K)] 2463.5
hKruzhilin, [W/(m2· K)] 2405.0
hLabuntsov, [W/(m2· K)] 1919.8

Regarding Labuntsov’s correlation (Equation (27)), the value of the heat transfer
coefficient in the evaporator hev can be written by the formula [51]:

hev = 0.075

(
1 + 10

(
ρV

(ρL − ρV )

)0.67
) (

λ2
L

νL σLV Tsat

)0.33

(q)0.67 (27)

The correlation produced by Kruzhilin (Equation (28)) to obtain the heat transfer
coefficient in the evaporator section is [52]:

hev = 0.082
(

∆H q
gTsatλL

ρV
ρL − ρV

)0.7
(

Cp,LσρLTsat

ρ2
V ∆H2

)0.33(
1

[σ/g(ρL − ρV)]
0.5

)0.33

(
λL

[σ/g(ρL − ρV)]
0.5

)
(PrL)

−0.45

(28)
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The value of hev can be determined using Equation (29) as described in Robinson’s
study [53] based on the heat flux density applied to the evaporator q, the evaporator wall
temperature Twall_ev as well as the saturation temperature Tsat:

hev =
q

Twall_ev − Tsat
(29)

Equation (29) was used to determine hev for both the experimental and CFD study
carried out by the authors of the article as well as Fadhl and Kim. The temperature
Twall_ev for all cases was taken as the value of the wall temperature at half the height of
the initial evaporator filling with the working medium (50 mm from the bottom base of
the thermosyphon).

Figure 12. Distribution of the liquid fraction at selected time steps (Case 3).

Then the comparison of the values of hev, determined from experimental and numer-
ical studies, proceeded. We concluded that, although the difference in the values of hev
was significant, the uncertainty of the temperature measurement during the experiment [9]
introduced an uncertainty of the coefficient equal to about ±1000 W/m2K. This shows that
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the value of the heat transfer coefficient was sensitive to even small temperature changes.
The application of the re = 1 and the variable value of the rc (Case 3) in comparison with
the other cases (Cases 1, 2, and 4) allowed us to obtain the lowest error (referring to the
experimental studies).

The fact that Kim’s numerical study resulted in a more accurate value of hev indicates
a lower error during the measurement of the evaporator temperature. However, the model
developed by Kim reproduced the temperature values in the condenser with less accuracy.
Although the experimental results differ from the results obtained using correlations [51,52],
numerous studies show that correlations are sensitive to the value of the fill factor [54–56].
In addition, the results of hev calculations using other correlations can vary significantly, as
described in the thesis [9].

4. Summary and Conclusions

In this paper, the phenomenon of phase change of the medium in the thermosyphon
was numerically simulated. For the CFD analysis, a UDF script was created to allow
additional source equations to be entered. This script was used in the study of a two-
dimensional thermosyphon model, thus, considering four cases of calculations depending
on the values of the assumed rc and re coefficients.

• By comparing the results obtained in the different cases, we observed that, by taking
the value of coefficient re = 1 and the variable value of coefficient rc that depended on
the density of the two phases, we obtained the results of the temperature distribution
in the thermosyphon that were the most similar to those obtained experimentally.

• Concerning the results obtained by Kim [37] and Fadhl [9], the value of coefficient re,
as well as the variable value of coefficient rc, are of great importance in the numerical
study of the phase change phenomenon of the medium. Assuming a value of re = 1
allowed for similar temperature distribution in the evaporator as in other numerical
studies [9,37]. At the same time, the condenser conditions were determined with
greater accuracy (for experimental studies), resulting in a more precise determination
of thermal resistance values.

• As a result of the simulations, we found that taking the value of re = 10 for Case
4 led to an overestimation of temperatures along the entire thermosyphon. Hence,
for the phenomenon of the phase change of the medium in the thermosyphon (for
the conditions specified above), the corresponding value of the mass transfer time
relaxation coefficient during evaporation was re = 1.

• The conducted studies show the need for further modification of the Volume of
Fluid multiphase model. It was indicated that, for a particular case, an appropriate
adaptation of both the mass transfer time relaxation parameter during evaporation
and condensation played an important role.

• The tests carried out in the two-dimensional case made it possible to observe the
phenomenon of evaporation of the working medium in the thermosyphon. Based
on the volume fraction distribution of the liquid phase, we concluded that the Vol-
ume of Fluid model was able to predict the formation of the boundary between the
two phases well.

Thus, to properly analyse the phenomenon of heat extraction by the thermosyphon,
additional experiments would have to be conducted under strictly defined operating
conditions. More temperature measurements of the evaporator section would also need to
be provided, as this section appears to have a more uneven distribution, especially for low
fill ratios. As a further direction of this research, the authors propose to research the impact
of the operating parameters in the context of liquid entrainment or sonic limitation.
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Abbreviations
The following abbreviations are used in this manuscript:

αL volume fraction of the liquid phase [-],
αV volume fraction of the vapor phase [-],
ρL density of the liquid phase [kg/m3],
ρV density of the vapor phase [kg/m3],
ρ density [kg/m3],
p pressure [Pa],
t time [s],
TL temperature of the liquid phase [K],
Tsat saturation temperature [K],
TV temperature of the saturated vapor [K],
∆H vaporization enthalpy [J/kg],
h heat transfer coefficient [W/(m2K)],
L characteristic linear dimension [m],
λ thermal conductivity [W/(m·K)],
M molecular weight [kg/kmol],
SM source term in the mass conservation equation [kg/m3s],
SE source term in the energy equation [J/m3s],
re mass transfer time relaxation parameter during evaporation [1/s],
rc mass transfer time relaxation parameter during condensation [1/s],
D mean Sauter diameter [m],
R universal gas constant [J/(mol·K)],
x, y, z Cartesian coordinates [m],
T temperature [K],
cm specific heat of the material [J/(kg·K)],
ρm density of the material [kg/m3],
λm thermal conductivity of the material [W/(m·K)],
qm heat generation inside material [W/m3],
FCSF Continuum Surface Force [N],
σLV surface tension of liquid-vapor interface during evaporation [N/m],
g gravitational acceleration [N/kg],
µ dynamic viscosity [kg/(m·s)],
I unit tensor [1/s],
cp,L specific heat of the liquid phase [J/(kg·K)],
cp,V specific heat of the vapor phase [J/(kg·K)],
eL internal energy of the liquid phase [J/kg],
eV internal energy of the vapor phase [J/kg],
e internal energy [J/kg],
hev heat transfer coefficient in the evaporator [W/(m2K)],
λL thermal conductivity of the liquid phase [W/(m·K)],
νL kinematic viscosity [m2/s],
q heat flux density applied to the evaporator [W/m2],
PrL Prandtl number of the liquid phase [-].
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