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Abstract: The current research work describes the flow and thermal analysis inside the circular flow
region of an annular heat pipe with a working fluid, using computational fluid dynamics (CFD)
simulation. A two-phase flow involving simultaneous evaporation and condensation phenomena in
a concentric annular heat pipe (CAHP) is modeled. To simulate the interaction between these phases,
the volume of fluid (VOF) technique is used. The temperature profile predicted using computational
fluid dynamics (CFD) in the CAHP was compared with previously obtained experimental results.
Two-dimensional and three-dimensional simulations were carried out, in order to verify the useful-
ness of 3D modeling. Our goal was to compute the flow characteristics, temperature distribution,
and velocity field inside the CAHP. Depending on the shape of the annular heat pipe, the thermal
performance can be improved through the optimal design of components, such as the inner width
of the annular heat pipe, the location of the condensation part, and the amount of working fluid.
To evaluate the thermal performance of a CAHP, a numerical simulation of a 50 mm long stainless
steel CAHP (1.1 and 1.3 in diameter ratio and fixed inner tube diameter (78 mm)) was done, which
was identical to the experimental system. In the simulated analysis results, similar results to the
experiment were obtained, and it was confirmed that the heat dissipation was higher than that of
the existing conventional heat pipe, where the heat transfer performance was improved when the
asymmetric area was cooled. Moreover, the simulation results were validated using the experimental
results. The 3-D simulation shows good agreement with the experimental results to a reasonable
degree.

Keywords: concentric annular heat pipe; heat sink; cooling; electronics

1. Introduction

In the new era of high-performance electronics technology for future electric vehicle
and personal applications, the minimization of high-performance electronics can lead to
high energy consumption and high heat dissipation rates, allowing for efficient thermal
management. The necessity for high-performance passive thermal management devices
for use in electronics can be satisfied by heat pipes. A heat pipe is a passive two-phase
heat transfer device, which can solve a wide range of thermal management problems
at different levels of packaging. Even though heat pipes have been widely studied by
researchers, most of the work has been restricted to experimental research, due to the
difficulties in modeling the two-phase flow phenomena inside. A heat pipe consists of a
suitable amount of working fluid in a metallic vacuum space and is operated using the
latent heat of the working fluid. When the evaporator section is heated, the liquid inside
changes into the vapor phase and transfers heat to the other side, the condenser section,
by latent heat movement. In the condenser section, which passes through the adiabatic
section, the vapor changes phase into a liquid through external cooling. The changed liquid
is operated repeatedly, by returning it to the evaporator through various forms of force
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using the capillary force, gravity, centrifugal force, electrostatic force, osmotic pressure, and
so on, of the wick. Heat pipes generally have a thermal conductivity superior to copper’s
thermal conductivity of 400 W/m-K and are durable enough to be used for more than
15 years [1-5].

In addition, the operating temperature of the heat pipe is in the cryogenic to high
temperature range; that is, from —271 °C to 2200 °C [3]. Heat pipes demonstrate highly
efficient heat transfer performance and excellent durability and have been used and studied
in a wide range of applications in space, as well as for waste heat recovery from industrial
plants or for the heating and cooling of small electronic components [4].

As shown in Figure 1a,b, the concentric annular heat pipe (CHAP, (Figure 1b)) is
similar to the conventional heat pipe (CHP) principle (Figure 1a) in which a liquid in
contact with the hot interface of a heat pipe absorbs heat from a hot surface and turns into
vapor. The vapor then moves along the heat pipe to the cold interface, called the condenser,
releases latent heat, and condenses back into liquid. The liquid then returns to the hot
interface via capillary action, but the shapes of Figures 1a and 1b are different [5,6]. The
liquid circulation process is slightly different from that of a conventional heat pipe, as
described in Figure 1b. The annular heat pipe, proposed firstly by Faghri and Thomas in
1989 [7,8], comprises two concentric heat pipes of different diameters. As a large diameter
pipe is located on the outside and the small diameter pipe is on the inside, the two ends are
sealed. An annular heat pipe has the same shape as Figure 1 and, as the internal space and
the external surface are exposed to the outside, the heat transfer area can be significantly
increased to increase the heat transfer capacity [9]. In addition, as the area of the room
can be expanded without significantly increasing the external diameter, a cooling system
with a small and excellent thermal effect can be constructed, if used for the component
cooling of an electric vehicle. An annular heat pipe is not only composed of a heat transfer
cooling system, but it can also serve as a structure. This allows for the design of cooling
flow paths, considering the shape of the annular heat pipe itself, without having to design
the flow paths required for cooling separately, thus preventing the loss of materials. An
understanding of the flow structure and heat transfer mechanisms is needed, in order to
enhance the efficiency of heat transfer for cooling using annular ducts.

The principle of heat pipes was established by Grover in 1964 [5,6], and various forms
of heat pipes have been developed with very high heat transfer performance. An annular
heat pipe with distilled water as a working fluid showed a 1.85-fold improvement in heat
transfer performance, compared to conventional heat pipes, in the experimental results
of Faghri and Thomas [7,8]. Faghri found that the performance analysis of these annular
heat pipes using the Navier-Stokes equation related to liquid circulating flow is valid.
Boo et al. [10] reported experimental results with a copper annular heat pipe (an outer
diameter of 25.4 mm, an inner diameter of 11, 8, 6 mm, and a length of 200 mm). Their
results showed excellent isothermal properties, and the internal filling rate of the internal
working fluid affected performance more.

Various conditions have been used in an annular heat pipe experiment, in which the
pipes were constructed of stainless steel (with an outer diameter of 53 mm and an internal
diameter of 15.9 mm) by Vijra and Singh [11]. Their experiments, with 50-300 W heating
rate applied to annular heat pipes with distilled water and varying angles of 0°, 45°, and
90°, showed that the temperature difference between the evaporator and the condenser
was only 3 K, when optimizations were applied.

Yan et al. [12] reported a temperature difference of 15 mK or less in aluminum cells
installed inside an annular heat pipe furnace at 657 °C, using sodium as an operating
fluid and at temperatures ranging from 500 °C to 1200 °C. Choi et al. [13] built an annular
heat pipe by sintering metal nanoparticles. Using the space inside the annular heat pipe
as the space of the sintering process, uniform heat distribution was shown and micro-
sized porous wicks were produced, sintering them into nanoparticles to demonstrate
their functionality. Kammuang-lue et al. [14] studied three concentric thermosyphons of
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different diameters and found that the annular thermosyphon (ATS) was better adapted to
heat transfer applications than the traditional thermosyphon.
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(a) Principle of conventional heat pipe.
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(b) Operational concept of annular heat pipe.

Figure 1. Conventional heat pipe principle and annular heat pipe concept design.

Mustafar et al. [15] investigated an annular heat pipe with a condensate center space
made of stainless steel tube with an outside diameter of 76.2 mm, an inner diameter of
38.1 mm, and a length of 515 mm. Under experimental conditions, angles from 0 to 90° and
internal operating fluid filling ratios from 11 to 43% were studied, with heat of 272 to 302 W.
When the internal charged ratio was 11%, optimal isothermal properties were observed
and it was shown that the total thermal resistance calculated was 0.08 to 0.31 K/W.

CFD simulation studies of heat pipes have been rarely performed, due to the diffi-
culties of simulating two-phase flow phenomena. Ahmed et al. [16] and Fadhl et al. [17]
analyzed and studied the effects of various factors, such as length, wall thickness, heat
flux, wick porosity, and wall material, for heat transfer performance estimations of the
conventional heat pipe, as shown in Figure 1a, through numerical analysis.

Kapil Dev et al. [18] attempted to simulate a heat pipe by the finite element method.
They reported the results in four different cases of heat pipe systems with varying heat flux
(560~6400 W /m?) and porosity (0.33~0.74) as influencing parameters. Their Finite element
method (FEM) analysis of heat pipe well agreed with experimental results. Temmy et al. [19]
presented the results from a vertical heat pipe CFD simulation using the VOF model. A
vertical copper tube was used as container material, with an inner diameter of 14.2 mm,
a length of 400 mm, and a thickness of 0.9 mm. Cooling by water jackets was adopted
for systems with an external diameter of 55 mm. They investigated the effects of using
charging ratios of 40, 50, 60, 70, and 100%. The simulation results showed the behavior



Energies 2021, 14, 3333

40f23

of both rising hot vapor and falling condensate flowing near the inner wall surface. So,
both vapor and condensate flow face each other near the wall. The high momentum phase
continues and moves other phases from the wall. Seo et al. [20] presented a simulated flow
pattern for the vertical upward flow in a thermosyphon. Their simulated flow patterns
showed good agreement with experimental results. They reported that the VOF FEM
approach could accurately predict the flow in the thermosyphon. Mroue et al. [21] reported
an experimental and numerical investigation of a heat pipe-based heat exchanger. Their
experimental results on the heat pipe heat exchanger were compared with a CFD simulation
result, where the heat pipe models were solid rods with constant conductivity. Their results
showed good agreement within 10% of the experimental values. In their simulation, the
heat pipe in their CFD modeling was considered simply as a solid rod with given thermal
conductivity, without any consideration on two phase flow inside the heat pipe.

Zhao et al. [22] presented a numerical study on a two-phase closed thermosyphon.
Their simulation model was carried out based on the thermal resistance and effective ther-
mal conductivity. They reported that the thermal resistance decreased to a minimum value
(0.552 K/W) with increasing heating power, whereas the effective thermal conductivity rose
to a maximum (2.07 x 10° W/m-K). Hussain and Janajreh [23] reported a numerical study
of an asymmetrical cylindrical heat pipe. Their analysis showed that the absolute thermal
resistance also increased with increasing porosity, due to the decrease in conductivity of the
liquid-wick region. They also indicated that the absolute thermal resistance was highest
when the evaporator and condenser lengths were equal. Finally, their results showed that
the resistance decreased with an increase in internal radius.

Song et al. [24] experimentally studied concentric annular heat pipe heat sink (CAH-
PHS). They proposed and manufactured the CAHPHS in order to study its thermal perfor-
mance. CAHPHS is made up of two concentric tubes of different diameters that establish
an annular vapor space in a vacuum condition. The most significant benefit of CAHPHS is
that it may significantly enhance the area of heat transfer for cooling when compared to
existing conventional heat pipes. They worked with stainless steel CAHPHS with diam-
eter ratios of 1.1 and 1.3, inner tube diameters of 76 mm, and lengths of 50 mm. Several
experimental factors were tested to assess their effects on the thermal performance of
CAHPHS, including 10-70 percent working fluid charged ratio, varied flow rates, flow
configurations, and 10-50 W supplied heats. Their experimental results indicated that
when water is used as a working fluid and the working fluid filling rate is 10%, the op-
erating characteristics in terms of temperature distribution were best. When methanol is
used, thermal characteristics are reported to be better when the filling ratio is 40%. Internal
operational characteristics showed that 3-D flows were seen concurrently in axial and
circular directions, as well as in circular motion by temperature measurement.

The present work studies the thermo-fluid characteristics of the two-phase flow of an
annular heat pipe numerically. CFD analysis of annular heat pipe, with consideration of
the liquid—vapor flow region, was performed. A steady CFD analysis was carried out, for
the computation of temperature and the prediction of 3D flow characteristics inside the
vapor and liquid region, along with surface temperatures at the evaporator and condenser
regions. It would be interesting to model the 3D flow region of the heat pipes axially and
radially, then calculate the velocity field and the temperature distribution inside. This work
analyzes the behavior of the temperature and velocity field inside the annular heat pipe
for different heat inputs, different diameter ratios, different filling ratios, and different
geometries of the CAHP. This serves to enhance the heat transfer capability of heat pipe
applications, by adopting a new heat pipe concept.

2. Numerical Method

Using CFD analysis, the factors affecting the heat transfer performance through
comparative consideration with the experimental results obtained in a previous study were
determined with thermal flow analysis. The simulation system provides a method for
converting the Navier-Stokes equation into several equations and obtaining a solution
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based on numerical analytical techniques in the dominant equation. We used the FLUENT
V17.2 software to carry out numerical analyses under a variety of conditions. The analysis
focused on the following conditions and assumptions, in order to compare the simulated
and experimentally derived temperatures [24,25]:

- All phases were assumed to be incompressible flow.

- The flow of vapor generated was turbulent.

- Theinner vacuum state was 25,041.6 pa, the saturation temperature under the working
pressure (operating pressure) was set to 25,041.6 Pa, and the temperature was set to
338.15 K.

- Conditions other than heating and cooling were insulated conditions, with a heat flux
of zero.

- The heat transfer coefficient was applied in reverse to the value obtained through the
thermal flow rate analysis of the 1 m/s conditions. In the inner concentric area, it was
16 W/m-K, and in the outer area of the CAHP, it was 5.5 W /m-K [26].

2.1. Governing Equations and Simulation Model

The governing equations in the simulation involved continuity, mass conservation,
and momentum equations based on the Navier-Stokes principle, as follows [25]:
- Continuity equations:
dp d
2 =0 1
5 T axi(pul) €]
where p is the density of the fluid, t is the time, and u; is the speed of the fluid.

- Momentum equation:

d d
&(Pui) + aT(i(puiuj) =

dp , 9T J a7
oo T ta R g (—eury) @

where p is the pressure, Tj; is the shear stress that acts on the fluid, pg; represents the volume
force by gravity, and F; is the external force acting.

. au au] 2 Jduy
Tij = lu(axl + 8&)1 - guaéq 3)

In Equation (3), u represents the viscosity.

- Energy equation:

d - _
5;(PE) + Ve(v = (pE+p)) = v<keffVT_Zhj]j + (Teff°V)> +Sn )
j

Equation (4) expresses unsteady convection, conduction, and source term. ke is
the effective thermal conductivity, and the turbulent thermal conductivity is evaluated

according to the turbulent model in use. f is a diffusion term of the species. Each term
of Equation (4) means the transfer of energy due to conduction, diffusion of species, and
loss of viscosity from the left. Sy, is the source of volumetric heat from the heat and gas
generated during a chemical reaction. Enthalpy, /1, is defined as Equation (5) for the ideal
gas.

p v
E=h-E4+2 ®)
p
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If the flow is incompressible, the enthalpy is defined as in Equation (6):
h=Y vih+E ©)
7 P
where Y] is a mass fraction of species j.

T
hi= [ cpdl @)
ref

In Equation (7), T,y is a reference temperature defined as 298.15 K.

A numerical simulation based on the VOF model in ANSYS FLUENT [25] was per-
formed to investigate the condensation process and flow characteristics in an annular
heat pipe. Among the multiphase flow approaches in ANSYS FLUENT, the Euler-Euler
approach is used for the annular heat pipe flow. This approach was solved by assuming
that each phase is a permeable continuum. The VOF method is a model for analyzing
two or more immiscible fluids, which can be employed to simulate the evaporation and
bubble condensation in two-phase flow. The VOF algorithm is used to calculate the volume
fraction of the gth phase through continuity Equation (8), then summing the volume frac-
tions of all phases for one grid. The volume fractions in multiphase flow were described in
Table 1.

=1 4 Veauy =0 @®)

Z“ﬂ =1 )

Table 1. Volume fraction in multiphase flow.

oq (Volume Fraction) Fluid
0 Empty
1 Full
O<ag<l one or more other fluids

When using the VOF model for simulating the current annular type heat pipe, the
following limitations must be considered:

- Only a pressure-based solver can be used.

- All control volumes should be filled with a single fluid phase or a combination of
phases.

- Only one phase can be defined as a compressible (or more) gas.

- Periodic flow cannot be modeled.

- Time-stepping equations cannot be used in the implicit VOF exploit scheme in the
second order.

The difference in the simulation, due to the constraints of the VOF model, is the
vacuum region in the annular heat pipe. In the VOF model, all control volumes must
consist of a single fluid phase or a combination of fluid phases. As a result, it is hard
to eliminate that a perfect vacuum is generated. However, the current simulation was
calculated by applying the Navier-Stokes equation as a basic theory; if the Knudsen
number is greater than 1/100, the Navier-Stokes equation is not valid and can be used as a
vacuum condition. The definition of Knudsen number is defined in Equation (10), which
indicates the number of collisions that occur when a particle passes through a flow region
and is assumed to be a continuum if the number of collisions is large enough [27].

_ Mean free path length(A)

Kn =
"'~ Charateristic length(Lepg)

(10)



Energies 2021, 14, 3333

7 0of 23

The average free path can be calculated as the average free path of the Boltzmann gas,
when applied as follows:
kgT

- ﬁndeL

where Kj is the Boltzmann constant (1.380649 x 10~23), T is the thermodynamic tempera-
ture, d is the diameter of the particles, and p is the total pressure. Knudsen number has the
following relationship with the Mach and Reynolds numbers:

Ma [ym
Kn="=,/-= 12
"TRe\ 2 (12)

where Ma is Mach number, Re is Reynolds number, and v is the ratio of specific heat. In the
case of the experimental models, the vacuum state was assumed as the Knudson number
which was 0.0296 [27].

The k-epsilon turbulence model represents the generation of turbulent kinetic energy
(k) and the dissipation rate of turbulence (¢). The realizable k-epsilon model used for the
analysis is not a standard model, which assumes isotropy and solves the annular heat pipe
using a realizable model which is suitable for an anisotropic curved surface shape:

d(pk Py

Kn (11)

2

2e) 4 v <pex7) -v. Ku + W) Va] +Cres (Gt CaeGy ) — Cap™ 45 (14)
ot O k k

where y; is the mixture phase turbulent viscosity; Gy and G, are the generations of turbu-

lence kinetic energy owing to mean velocities and buoyancy respectively; Sy and S, are

additional source terms. The constants in Equation (14) are given as, C;, = 0.09, Cy . =

1.44,Cy, =192, 0y = 1.0, 0. = 1.3 [25].

2.2. Evaporation-Condensation Model

In case of the phase change model, the magnitude of the liquid flow must be confirmed
by experimentation, and it is necessary to know the mass transfer coefficient between
phases. Therefore, in the present simulation, the Lee model [28] in Equation (15) was used
as the phase change model, where the gas transfer equation of Equation (11) controls the
liquid-vapor mass transfer (evaporation and condensation) process:

d — . .
35 (DivPv) + V. (“vPvVv> = My — My (15)

In Equation (15), &, py, Vo represent the volume fraction, the density, and the velocity
of the gas phase, respectively. m;_,, and m,,_,; express the mass transfer rate of evaporation
and condensation, respectively. Furthermore, forward mass transfer is defined as the
evaporation-condensation process from liquid to vapor. Based on different temperatures,
the mass transfer model can be described in Table 2 [29].

Table 2. Mass transfer model by Lee [29].

Phase Change Temperature Phase Mass Transfer
1 1 iy — (TlfTsal)
Evaporation T} > Tsat Liquid myy = —0.1xogp =77
S T 7Tqa
Vapor my_,, = 0-1*06191%
Li uld Y — (Tsat*Tv)
Condensation Ty < Tsat ! my; = 0.Iroypy =7

Vapor my_, = —O.1>l<0<vPvQsﬁrt._tTV>
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In Lee model, liquid evaporates when the temperature is higher than the saturation
temperature of each working fluid. The mass transfer rate multiplied by the latent heat
yields the source term in the energy equation. The Hertz—-Knudsen equation as Equation
(16) is generally used to predict evaporation/condensation rate, m. It indicates that the
rate of evaporation/condensation is proportional to the difference in system pressure and
equilibrium pressure for liquid/vapor coexistence [28,30]:

. | M,
=B gRr o P~ Psat) (19

where P is the pressure, P* is the partial pressure of the vapor, T is the temperature, R
means the gas constant, and f3 is the absorption coefficient, which represents the vapor
molecules that are absorbed by the liquid surface.

Clapeyron—Clausius equation (Equation (17)) represents the relationship between the
saturation temperature and the pressure and can be used to obtain the temperature change
from the pressure change close to the saturation condition [25]:

apr L

aT T(vy — vy) 17

The continuous surface force model for surface tension is determined by modifying
the surface force acting on the liquid—gas interface, using the following equations for the
volume force produced using Gaussian divergence clearance applied to the external force
element of the momentum preservation equation:

1 1
o=l ) 1o

where p; and p; are the pressures on both sides of the surface, Ry and R; are the curvatures,
p is the average density for the volume, and o is the surface tension. As expressed in
Equation (19), the surface tension between water and vapor is applied using the equation
in the two-phase flow thermosyphon analysis of Fadhl [17]:

o = 0.09805856 — 1.845 % 10T — 2.3 % 10~/ *T> (19)

2.3. 2D and 3D Numerical Models and Validation

The simulation model for the analysis of flow characteristics, performance comparison
with conventional heat pipes, and flow characteristics by the internal width was conducted
under four conditions. The basic model of the CAHP to be simulated is shown in Figure 2.
The current numerical models are divided into 2D geometrical simulation assuming sym-
metry and a 3D model simulated using the same models used in previous experimental
work [24]. The 2D numerical model has a faster analysis time than the 3D model, making
it easy to determine the tendency of various conditions. However, with the 2D model, it
is difficult to determine the flow of the axial direction. Therefore, the 2D simulation was
carried out and validated by comparison with the experimental results for the external
conditions, and the simulation validity was verified. Then, the effects of various parameters
were predicted, in order to identify the tendency of change of the factors affecting the
thermal performance of the CAHP.
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Ambient Annular Space

Heat
Figure 2. Concentric annular heat pipe model.

2.3.1. Two-Dimensional CFD Model (2D Model)

The presented 2D simulation model had an outer diameter of 98 mm, inner diameter
of 78 mm in the shape of D* = 1.3, and the wall thickness of 1 mm. The container material
was set as steel, which is the same as the experimental system [24]. The thermal resistance

of the wall condition is given as
t

R= k* A
where R is the thermal resistance of the solid material, ¢ is the wall thickness, k is the
thermal conductivity of the solid material, and A is the area. The basic geometry of the
analytical model is shown in Figure 3.

(20)

Natural convection Natural convection

Ambient zone

Forced convection

Forced convection

o
Water

Heating liquid zone Heating

(a) 10% (b) 40%
Figure 3. 2D modeling geometry with different filling rate.

By configuring the evaporator and condenser positions similarly to the conventional
heat pipe, the 2D simulation was designed for the CAHP (Concentric annular heat pipe).
The heat transfer performance of the asymmetrical CAHP was verified by a comparative
simulation study between the symmetric and asymmetric shapes. As shown in Figure 4,
the conventional simple heat pipe (Figure 4a) and the CAHP shape (Figure 4b) were set to
compare the thermal performance with the same length configuration for the evaporation
and condensation sections.
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200 mm
(condensation)
+ .

30mm | —
(ambient)

60 mm
(adiabatic)
50 mm B
(fluid) |, o
| . 20 mm
_LI |+ (evaporation)

(a) Conventional Heat Pipe (b) Concentric Annular Heat Pipe

Figure 4. Geometries of 2D modeling.

In the model, 20 mm of the bottom was heated in the evaporation section and con-
densed in the condensation section (20 mm at the upper section) through the adiabatic
transport section in the middle. The working fluid (water) occupied 50% of the total volume
and the remaining 50% volume was configured as ambient. As shown in Figure 4b, the
CAHP model for simulation was divided into 12 divisions with 15° angular distance. As
shown in Figure 5, the CAHP model was configured as a condensation section for both
the inside and outside, in order to fit each ratio. Through three cases, symmetric and
asymmetric effects in the CAHP were simulated.

Heating
Evaporation section

Heating

Evaporation section

Model
(Sectorial Symmetry (3:3) Asymmetry (2:4) Asymmetry (0:6)
Portion)
Geometry Condensation Area (-""'dt'nsau.)n e
\res s %Q
3:3 2:4 0:6 “%
ST, ’ %
A | S /—/% 7
\ \ %
=
\ /‘;7 / |
A\ 4 I \B. // y
T, | 1 g \’~p—-"// ‘ Liquid-zone Liquid-zone
f t ] 7 1

Heating
Evaporation section

Figure 5. Concept of symmetry and asymmetry in 2D modeling.

2.3.2. Three-Dimensional Model (3D Model)

In the three-dimensional analysis, the flow in the axial direction was modeled simulta-
neously with 2D analysis. In the 3D models, the walls were modeled directly, constructing
cell zones with steel (solid). It was configured as shown in Figure 6. As shown in Figure 6,
three types of 3D shapes—b50 and 100 mm long models and a 50 mm sectorial model—were
prepared to simulate a CAHP, labeled Models ‘A’, ‘B” and ‘C’, respectively.
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Model A B C
i oo i 0%
Model View bk
Length 50 mm 100 mm 50 mm
Condenser Uniform Uniform Tapered

Figure 6. 3D models of concentric annular heat pipe.

Figure 7 shows a detailed geometrical view of the 3D sectorial Model ‘C’ of Figure 6.
The condenser surface area of Model ‘C’ was increased with 10 mm step (5 divisions) and
an angular step of 60°. The condensation area increased axially from flow inlet to outlet.
Total area of the CAHP with varied condenser area shown in Figure 7 was 2.384 x 1073 m2.

A=3.974 X107 m?

=1.192x10°m?
A=1.590x10°m?

Section 5
A=1.987x10° m?

A=2.384x10°m?

Section 4

Section 3

Section 2

Section 1

Figure 7. 3D sliced model for different condenser, Model ‘C’.

The model shown in Figure 7 was used to investigate asymmetric condensation in the
axial and radial direction. In model ‘C’, the area of the condenser section, compared to the
conventional symmetrical model ‘A’, is reduced to 36.7%.

2.4. Grid Configuration and Mesh Generation

In any numerical study, a grid independence or mesh sensitivity analysis should
be carried out, in order to ensure that the results obtained from the simulation work are
sufficiently accurate. Figures 8 and 9a,b show the 2D and 3D mesh shapes and sensitivity
analysis according to the mesh conditions. The orthogonal quality and the skewness of
the isotropy for the orthogonality of the mesh were examined. These two characteristics
of the mesh in CFD analysis greatly affect the analysis results. In general, the quality of
the orthogonality was between 0.15 and 0.95, and the quality of the isotropy indicated
that we could proceed with the simulation. In the current pre-grid test, the quality value
of the 2D case was over 0.1 for the isotropy and 0.9 for the orthogonality. For the 3D
simulation, the maximum values of isotropy quality were 0.65168 (A case), 0.79927 (B case),
and 0.68549 (C case). The minimum values of orthogonality were 0.53687, 0.23313, and
0.49214, respectively [29].
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Furthermore, in order to improve the accuracy of CFD simulation and reduce comput-
ing costs, grid dependence tests were conducted by creating three distinct meshes with
coarse, medium, and fine grids to examine how mesh quality influences CFD simulation
results. To validate the grid sensitivity analysis, Model ‘A’ of Figure 9a is modeled in
various mesh sizes, as illustrated in Figure 9b (Mesh 1: 1,285,120 nodes, Mesh 2: 481,244
nodes and Mesh 3: 208,550 nodes). Figure 9b shows the result of the calculations. Updating
the mesh illustrates that the solution is grid independent. As a result, we choose Mesh 2
(481,244 nodes) to prevent high calculation times and solution instability.

2.5. Boundary Conditions

The initial boundary conditions for the current simulation are given in Table 3. Assum-
ing a surface with a constant surface heat flow rate of the heating section, the Neumann
boundary conditions were applied as follows [29]. Surface heat transfer coefficient val-
ues, calculated inversely through the analysis of the same model as that for the forced
convection and natural convection conditions of Table 3, were applied.

Table 3. Boundary conditions.

Initial Conditions Value
Initial Temperature 298.15 K
Operating pressure 0.31202 bar
Saturation temperature 343.15K
Heating power 30,000 W/m?

Heat transfer coefficient

2,
(Inner concentric space, forced convection) 16 W/m™ K
Heat transfer coefficient 2
(Outer surface, natural convection) 55W/m=K
Free stream temperature 298.15 K

3. Numerical Analysis and Results

A numerical study should be compared with experimental results, in order to verify
its reliability. For the current simulation study, the simulation results were validated using
the results of a previous experimental study by Song et al. [24].

3.1. Effect on Working Fluid Filling Ratio

The effect of the working fluid volume ratio was simulated using VF = 10% and
40%. The simulation results were compared to the experimental values. As shown in
Figure 10a,b, the experimental results showed a lower temperature distribution when VF =
10%. Comparison between simulation and experimental results revealed a slightly larger
temperature difference when VF = 10% than when VF = 40%. Furthermore, the maximum
temperature deviation was 15.4 °C for VF = 10% and 10.83 °C for 40% in the heater. The
minimum deviation was 3.24 °C for 10% and 1.95 °C for 40%, more closely matching the
experimental value. The reason for this was that, when VF = 10%, it would have been
difficult to properly simulate the internal working fluid circulation, due to the low internal
liquid volume.

As shown in Figure 11a,b, when the given variables were D* = 1.3 and VF = 10%,
the flow of vapor was found to move from side to side over time. In the CAHP with
D* =1.3 and VF = 40%, the flow of vapor was distributed from side to side over time, then
determining the direction of movement back to the left. Finally, after 200 s, the evaporation
process was activated at the evaporation section and the flow direction was determined to
one side; it was confirmed that it flows and condenses at the upper condenser section and
returns to the evaporator section. Figure 11 shows the simulation results over time. In this
figure, we can see that vapor started to develop inside the CAHP when the time reached
20, 50, 70, and 200 s, and the vapor flowed to the left or right. Figure 11a,b show that, at
VEF = 10%, it flowed from right to left while, at VF = 40%, it vibrated from side to side. It
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can be confirmed that the larger the amount of working fluid, the harder it is to overcome
the pressure difference between the evaporator and the condenser.

110 110
| Q=50W, Ta": 25°C ®  Song etal. (2020) | Q=50W, Tuh; 25°C o Songetal (2020)
D =13.VF=10% | | === 2-D Simulation (Model A) D*=13 VF=40% | | === 2-D Simulation (Model A)
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\ \\
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T r \ i‘: i . \\
5 N 2 N
z 80 ° \ = 80 N\
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L N . . N r
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I T N S R 50 L
Heater —TI 12 13 T4 15 Heater — T1 T2 1B T 15
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Figure 10. Comparison between experiment and 2D simulation.
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Figure 11. Transient vapor volume fraction contour with different charged amounts.

3.2. Effect of Different Diameter Ratio (D*)

Figure 12a presents the effect of the diameter ratio in the 2D analysis and also shows
the temperature distribution at each location of the annular tube, according to the diameter
ratio of the two pipes. In the two-dimensional analysis, the temperature distribution was
lower than in the case of D* = 1.1; thus, the vapor volume fraction of the operating fluid
was determined, in order to determine the reason. Unlike the case of D* = 1.3 in Figure 11b,
in the case of D" = 1.1, the internal fluid circulated according to the pressure difference
between the top and bottom due to the vapor pressure generated by the evaporator, where
the temperature of the evaporator that was not in contact with the liquid increased. This
was induced from the liquid deficiency region, due to the low vapor volume fraction. This
phenomenon is due to a large amount of small vapor bubble flow passage forming a locally
liquid deficient region. At this moment, specifically, the liquid-deficient evaporator can
exist. As shown in Figure 12b, a locally high liquid volume fraction was observed.
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Figure 12. Comparison of effect of different D* values.

3.3. Effects of Symmetry and Asymmetry

In Figure 13 and Table 4, an analysis to determine the effects of symmetry and asym-
metry on the heat transfer performance, compared to conventional heat pipes, on the
condenser section of the 2D model was carried out. In the case of conventional heat pipes,
there are no difficulties in comparing the results proceeded by 2D simulation, as the heat-
transfer method is just a simple circulation process and, so, the two-dimensional method
can be applied to the current simulation. Figure 13 shows the heat transfer performance
according to each condition, while Table 4 gives the maximum temperature at 50 s of
simulation time. This means that the unequal pressure distribution in circular geometry
can drive the liquid circular motion as a driving force. As shown in Figure 13, the CAHP
showed much higher thermal performance, compared to the conventional heat pipe (over
1.8 times); similar to the results of Fhagri and Thomas [8].

15
— — - Symmetry (3:3), CAHP
|| Asymmetry (2:4), CAHP Fayd
—-—-- Asymmetry (0:6), CAHP ,,j/
—— Conventional heat pipe ,/-//
Z10 - 7
< R
E o
= g
=
=
k=]
Z st
i D™=1.3 ,q = 25,000 W/m?
VF =50%, Water
0 I L 1 L 1 L 1 L 1 L 1
0 10 20 30 40 50
Time (s)

Figure 13. Comparison of different heat pipes with different sectorial condensers by 2D simulation.

Table 4. Temperature in each condition.

Type Max Temperature (°C)
CAHP—Symmetry (3:3) 76.3
CAHP—Asymmetry (2:4) 65.4
CAHP—Asymmetry (0:6) 70.7

Conventional heat pipe 78.2
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As a result of the analysis, when comparing the symmetric and asymmetric conditions
that divide the two sides of the condensation section, the amount of heat removed in case
of asymmetric (2:4) was 33.5% higher than that due to symmetry (3:3). In addition, when
comparing a conventional heat pipe with annular heat pipes with asymmetry (2:4), the
transferred heat was 52.5% higher. This analysis first indicates that annular heat pipes are
more effective in heat dissipation than conventional heat pipes. Next, the effect was better
when the condenser of the annular heat pipe was asymmetric than when it was symmetric,
indicating the effect of inducing flow by setting the condenser asymmetrically. Asymmetry
of 2:4, compared to 0:6 asymmetry, led to 10.6% more heat removal.

3.4. Axial Flow Effects through 3D Modeling

Modeling to determine the axial flow effect was conducted for 200 s using the initial
conditions described in Table 5. The time step proceeded by 0.0005 s for the 50 mm and
100 mm 3D model analyses of CAHP with D" = 1.3 and VF = 40%. The temperature at
the heater position in the 2D and 3D models was similar, as heat transfer through the flow
of the circumference, rather than in the axial direction, is dominant when D" = 1.3 and
VEF = 40%. The distribution of velocity by direction in the models could be determined.

Table 5. Velocity component and temperature under each condition.

Variable Components A (50 mm) B (100 mm) AC (50 mm,
symmetry)
Velocity U (m/s) 1.638~—0.729 0.651~—0.497 1.943~-1.828
Velocity V (m/s) 1.388~—1.148 0.843~—0.645 1.597~—2.609
Velocity W (m/s) 0.704~—1.191 0.857~—1.286 2.282~—2.340
Max Temperature (°C) 94.172 86.97 91.85

In Table 5, velocity, U is a horizontal direction component, velocity V is a vertical
direction component, and velocity W is an axial component. In the case of Model ‘A’, the
velocity distributions for the horizontal, vertical, and axial directions were similar, and it
was possible to investigate the three-dimensional flow behavior. In model ‘B’, it can be
seen that the speed in the axial direction was a little larger. Model ‘C” had a large velocity
distribution in all directions, indicating an active flow. In addition, the velocity distribution
in the axial direction appeared to be larger than other components. This difference in
flow generated the temperature difference between the three models. Axial flow occurs
when asymmetric flow from the center is induced. Due to this difference, the 100 mm
annular heat pipe showed a lower temperature distribution than the 50 mm CAHP. The
temperature contour is presented for the three models in Figure 14; the highest temperature
was 94.172 °C for symmetric model ‘A" and 86.97 °C for model ‘B’, with a length direction
of 100 mm. In the case of model ‘B’, the heat transfer area was twice as large, compared to
model “A’. For the 50 mm model ‘C’, consisting of axial asymmetric cooling surfaces, the
heater temperature was 2.32 °C lower than the 50 mm model “A’, which cools the entire
center. This induces axial flow, resulting in isolated vapor flow due to internal circulation,
indicating improved heat transfer performance.

Model A B
Temperature = :
Temperature | =2, Iy Ty
86.970 91.850
Contour 91.460 84.503 89.085

88.620
85.780
82.940
80.100
77.260
74.420
71.580
68.740
65.900 . (&)

(9] — —_—

86.320
83.555
80.790
78.025
75.260
72.495
69.730
66.965

64.200
(&)

82216
79.839
77.462
75.085
72.708
70.331
67.954
65.577
63.200

Figure 14. Temperature contour of 3D concentric annular heat pipe.
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3.5. Volume Fraction of Vapor and Streamline Analysis

As shown in Equation (21), the flow streamline is defined as follows, in the same line
as the direction of the tangent velocity vector on each point:

V xdr=0 (1)

It is difficult to express the path-line of the fluid-specific particles with the VOF model,
as it represents the ratio that each fluid contains per cell, rather than representing each
particle. Therefore, the current simulation could check the flow direction through the
streamline. As shown in Figure 15, the streamline results when the internal filling rates of
the CAHP were 40% and 10% also appeared similar. In case of a contour that appears in the
2D simulation at 200 s, it can be observed that the flow has a clockwise circulating motion.

Velocity
Streamline 1

1.598e+000
1.199e+000
7.990e-001
3.995e-001

0.000e+000
[m s*-1]

Figure 15. Streamline in 2D simulation after 200 s, VF = 40%.

Figure 16a,b show the result of the 3D simulation at 200 s for Model ‘A’. As shown in
Figure 16, the vapor evaporated from the surface of the water moved along the CAHP in
both radial and axial directions. Figure 16a shows the vapor formation in the evaporator
section. In addition, as shown in Figure 16b, due to the center cooling, some of the vapor
rising to the top end was unable to reach the end, resulting in condensing phenomena,
which was guessed as recirculation flow locally. As a result, the internal fluid oscillated
from side to side, showing a phenomenon that circulated intermittently. In addition, the
flow behavior in the irregular axial direction was also observed, as was confirmed in the
experiment [24].

Figure 17a,b show the vapor volume fraction and streamline of the 3D simulation
at 200 s for Model ‘B’. In Figure 17a, the vapor from the surface of the water is evapo-
rated. On both sides, flow resistance occurs due to evaporation; however, at the center,
the flow shows that the vapor is condensed inwards without resistance. The overall tem-
perature distribution at the surface was low. Therefore, the evaporated vapor was rapidly
condensed.

Figure 18 shows the result of the 3D simulation in the calculation of Model ‘C’, with
tapered sectorial area structure of the condenser, as shown in Figure 7. As it can be seen
from Figure 18a,b, the left portion of CAHP was cooled entirely; the more to the right, the
smaller the cooling area, according to the tapered sectorial structure. The vapor also moved
towards the rear of the axial direction due to temperature differences, and condensate was
observed to flow down to the front of the axial direction. In the case of the sectorial Model
‘C’, the temperature of the heater part was lower than that in the symmetric Model “A’. This
can be attributed to the active cooling activity through the axial flow. Figure 18 shows a
comparison of results between the experiment [24] and simulation.
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Figure 16. 3-D Simulation, Volume fraction 3-D contour and streamline, D* = 1.3, L = 50 mm, Model ‘A’, CAHP.
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Figure 17. 3D Simulation: Volume fraction contour and streamline; D* = 1.3, L = 100 mm, Model ‘B’,
CAHP.
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Figure 19a,b present the validated simulation results for 2D and 3D models. As shown
in Figure 19a, the 3D simulation showed much better agreement with the experimental
results. This was because the axial flow in the 2D simulation was overestimated, in terms
of heat transfer performance, and the 2D simulation cannot show the effect of axial flow
characteristics. In model ‘A’, the 50 mm length system does not effectively and actively
capture the circulatory behavior. Furthermore, as shown in Figure 19b, the experimental
result showed the trend of the temperature profile of the asymmetric case. This means that
the experimental system cannot have exactly symmetric structure. As shown in Figure 19b,
3-D simulation shows very promised agreement with experimental results. This means
that the axial flow has been highly influenced by the thermal performance.

Voo nengond - Sotaembe 1

y 0824 A 2.609€+000
0618 1.957¢+000
1.304e+000

0412
6.522e-001

! 0208
0.000e+000

[m sA1)
0.000
(a) Volume fraction of vapor (b) Streamline

Figure 18. Volume fraction contour; D* = 1.3, L = 50 mm, Model ‘C’, CAHP.
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Figure 19. Average Angular Temperature Profile.

4. Conclusions

The following are the results of our parametric simulation study to improve the heat
transfer performance of annular heat pipes:
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The temperature difference between the experimental results and the simulation with
various CAHP charge ratios was proven to be less than 15.4 °C. The main difference
between 2-D and 3-D simulations was induced from the CAHP structure. There was
no axial flow in the 2-D simulation; nevertheless, there was an axial flow in the real
experiments, and its influence resulted in a temperature difference between 10% and
40% of VF when compared to that reported in the experiment.

Furthermore, with given high heat flux through simulation, dry-out occurred inside
an annular heat pipe with VF = 10%.

The diameter ratio was the most important factor in CAHP thermal performance.
When the diameter ratio is reduced from D* = 1.3 to D* = 1.1, the liquid deficiency
effect becomes severe. In a 2-D simulation, large vapor bubbles with VF = 10 percent
induce local liquid absence zones and temperature rises.

The heat transfer rate of asymmetric annular heat pipes was 52.5 percent greater than
that of conventional heat pipes as a result of the 2D simulation, and the efficiency was
10.6 percent greater than that of the symmetric condenser CAHP. This indicates that
by managing the flow in the circumferential direction, the asymmetric structure may
increase heat transfer performance.

The 3D simulation agrees with the experimental results to a reasonable degree. This
indicates that thermal performance has had a substantial influence on axial flow.
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Nomenclature

A Area, m?

AT Angular temperature, average axial temperature at the angular position, °C

C Specific heat capacity, W/m?

D; Inner diameter, m

D, Outer diameter, m

D+ Diameter ratio, outer Diameter (D,)/inner diameter (D;)

E Energy

Gy Generation of turbulence kinetic energy due to buoyancy

8 Gravity, m/s?

Gy Generation of turbulence kinetic energy owing to mean velocities

h Specific total enthalpy, kJ /kg

1 Electric current, A

]7- Diffusion flux

k Thermal conductivity, W/ m2.K

kg Boltzmann constant, 1.380649 x 1023

kgt Effective thermal conductivity, W/m?2-K

Kn Knudsen number, the ratio of molecular mean free path length/a representative
physical length (dimensionless quantity)

M Molar mass, kg/mol

Ma Mach number, local velocity /sound speed (dimensionless quantity)

m Evaporation/condensation rate, kg/s-m?

my_yy Mass transfer rate from the liquid to the vapor phase, kg/s-m?

My_y] Mass transfer rate from the vapor to the liquid phase, kg/ s-m?

L Length, m
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p Static pressure, N /m?
. Capillary pressure, N/m?
Q Heat transfer rate, W
R Thermal resistance, W/K
Re Reynolds number, (pvD)/p (dimensionless number)
e Interface radius of tube, m
SE Energy source
Si Volumetric heat Source
T Static temperature, K
Toir Temperature of cooling water, °C
Thef Reference temperature, K
Tsat Saturated temperature, K
1% Voltage, V
Vair Cooling air velocity, m/s
VF Volume fraction of charged working fluid, (Vworking Fluid / VTotal Volume) % 100
Y; Term of mass percentage
Greek
oq Volume fraction of phase
B Absorption coefficient
8ij Kronecker delta
Dissipation rate, m? /s>
&jj Dissipation rate tensor
u Dynamic viscosity, kg/m-s
p Density, kg/m?3
o Surface tension coefficient, N/m
Tjj Stress tensor
Y Specific heat ratio
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