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Abstract: With increased heat control requirements for high-heat-flux products in a narrow heat
dissipation space, the ultra-thin micro-heat pipe (MHP) with high heat transfer performance has
become an ideal heat dissipation component. In this study, the computational fluid dynamics
(CFD) method is used to conduct three-dimensional modeling based on the geometric structure
characteristics of an ultra-thin MHP. The capillary pressure of the sintered wick is represented by
the modified parameter, and a simple and valuable heat and mass transfer model of the ultra-
thin MHP is established by fitting the real experimental data through parameter modification.
The flow situation of the working medium inside the ultra-thin MHP is analyzed based on the
abovementioned parameters. The results show that when the modified parameter is α = 1.5, the
temperature equalization requirements of the ultra-thin MHP can be met to the best degree. Moreover,
with an increase in heating power, the error value between the surface temperature data of the model
and the experimental data of the ultra-thin MHP sample decreases. Under different heating powers,
the working medium inside the ultra-thin MHP has the same flow trend. In addition, a 40% increase in
temperature difference is found at the junction of the heating section and the adiabatic section, leading
to a fluctuation in the temperature gradient on the heat pipe surface. The research results provide a
theoretical basis for the model establishment, heat and mass transfer performance investigation, and
parameter optimization of ultra-thin MHPs.

Keywords: ultra-thin micro-heat pipe; heat and mass transfer performance; numerical simulation;
CFD; UDF

1. Introduction

Microelectronic and optoelectronic technologies have become the core technologies of
current high-tech and information industries and the basic industry of the new economic
era. The continuously decreasing size of electronic products results in the narrow heat
dissipation space of internal electronic devices and the high heat flux, increasing the re-
quirements for heat transfer. Using high-efficiency heat dissipators to reduce the heat flux
of the chip and accelerate the heat transfer process has become one of the key technologies
for developing and applying micro-electronic devices [1]. An ultra-thin micro-heat pipe
(MHP) can transfer heat through phase changes of the working liquid inside. It has the
advantages of high thermal conductivity, an excellent temperature equalization property,
and high stability; hence, it is widely used in various complex working conditions. How-
ever, the heat transfer efficiency of the heat pipe is restricted by many factors, such as
internal working medium, liquid wick structure, and gas–liquid channel structure [2]. Heat
pipes’ commonly used working media include deionized water, ethanol, acetone, and
nanofluids [3]. Common wick structures include a powder-sintered wick [4,5], wire mesh
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wick [6], grooved wick [7], and a composite wick comprising two or more structures [8].
Since heat pipe manufacturing under different factors requires specific conditions, the
experimental cost is high, and the experimental period is long. In many cases, experiments
cannot fully demonstrate the internal working mechanism. Under these circumstances, the
numerical simulation method becomes the first choice.

Huang et al. [9] established a numerical model and analyzed the effects of gas–liquid
channel height on the vapor velocity, vapor pressure drop, and total heat resistance of a
vapor chamber (VC). Jung et al. [10] conducted steady-state analysis of an MHP, obtained
the shape of the gas–liquid interface by a modified Laplace–Young formula, and predicted
the heat and mass transfer region of the liquid and vapor according to the thickness of
the gas–liquid interface. Koito conducted three-dimensional numerical modeling of the
vapor flow and heat transfer characteristics in ultra-thin MHPs. The authors obtained the
internal working medium’s velocity, pressure, and temperature distribution. Moreover, they
analyzed the influences of the off-center position of the wick structure on the heat transfer
performance of the ultra-thin heat pipe based on an established numerical model [11,12].
Zhang et al. [13] designed a new type of grooved VC and established a two-dimensional
heat transfer model based on the VC structure to analyze the temperature field and velocity
field in the VC. The authors compared the results obtained with those of the experimental
ones. Lu et al. [14] proposed a thermohydraulic model to analyze the performance of a VC
with different sintered central columns. Moreover, the authors discussed the influences
of central column diameter on VC performance. Wang et al. [15] proposed a simplified
numerical model to investigate the thermal performance of a composite porous VC (CPVC).
They explored the influences of wick structure, wick porosity, and powder size on the
thermal performance of the CPVC. Fang et al. [16] developed a three-dimensional pore-
scale Boltzmann model to be coupled with the heat transfer model. In addition, the authors
explored the transient characteristics of heat pipes. Huang et al. [17] established a three-
dimensional transient numerical ultrathin VC (UTVC) model. The authors explored the
variation in saturation pressure with saturation temperature. They discussed the influences
of the Marangoni effect on the boundary conditions. Patankar et al. investigated the
transient thermal behaviors of a VC using a low-cost three-dimensional transient semi-
analytic transport model. The authors identified three key heat transfer mechanisms,
providing references for the subsequent design of a VC [18,19]. Rabiee [20] developed a
numerical model via OpenFOAM 4.0 to investigate the heat transfer process in boiling
and condensation. The authors experimentally validated the feasibility of the numerical
model. Liu et al. [21] developed a reduced-order thermal fluid model to predict the effects
of heat flux and liquid charge on the thermal performance of their overall device. Lastly,
the authors experimentally validated the simulation results via a prototype device.

The above studies show that the existing models mostly conduct numerical modeling
of heat pipes based on given parameters and known boundary conditions. Then, heat pipes’
heat and mass transfer situation and the corresponding influencing factors are analyzed.
The flow state of the inner working medium should be analyzed for the ultra-thin heat
pipe samples, and the research method of inverse heat transfer problems can be used.
Specifically, the measured temperature information can enable the inversion of the system’s
internal characteristics or boundary conditions [22]. This method is usually applied to
calculate thermal stresses and strains on the aircraft surface [23] or to detect internal defects
of equipment [24] quantitatively.

This paper establishes a three-dimensional model based on ultra-thin heat pipes’ heat
and mass transfer theory and the grid independence test. The simulation results are fitted
with the experimental temperature data of ultra-thin MHP samples through user-defined
functions using a research method similar to the method of inverse heat transfer problems.
Finally, a simple heat and mass transfer model of the ultra-thin MHP is established to
analyze the flow state of the internal working medium.
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2. Establishing the Ultra-Thin MHP Model
2.1. Establishing the Heat and Mass Transfer Performance Test Platform

The heat transfer performance of an ultra-thin MHP with a length of 110 mm and
a width of 10 mm was tested by a self-established experimental platform. The thickness
of the ultra-thin MHP is 1 mm, the pipe wall material is copper, the interior is a powder-
sintered wire-mesh wick, and the working medium is water. The temperature measurement
experiment was conducted on the sintered ultra-thin MHP under different heating powers,
as shown in Figure 1. The images of the test computer and the water cooling equipment
are shown in Figure 2.
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During the experiment, the test system’s heating and cooling modules were installed
in two grooves of the test bench to ensure the accuracy of the experimental data (heat
conductivity coefficient is less than 0.3 W/(m·◦C)). Moreover, the bench base exterior was
wrapped with thermal insulation cotton with a heat conductivity coefficient of less than
0.05 W/(m·◦C). The experiment environment was artificially controlled, and insulation
foam plastic was used to wrap the adiabatic section exposed to air and the parts in contact
with the air of the heating copper block and the cooling copper block, preventing heat
exchange between these exposed parts and the air. Moreover, insulation foam was placed
around the entire experimental device to ensure that most heat from the heating copper
block was transferred to the cooling copper block through the ultra-thin MHP and removed
by the cooling water through heat convection.

The temperature data acquisition module mainly comprises a thermocouple, acquisition
card kit, and test computer. An Omega T-type chip thermocouple was used, with a measuring
range of 500 ◦C and a test error of 0.1 ◦C. Acquisition card kits used for the test were
NI9217 and NI cDAO-9172, connected to the thermocouple and the test computer (shown
as Figure 2 (a)), respectively. Seven temperature acquisition data points were used, among
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which two test points (T1 and T2) were distributed in the heating section, three (T5, T6, and T7)
were in the cooling section, and two (T3 and T4) were in the adiabatic section.

2.2. Establishing the Three-Dimensional Model

The ultra-thin MHP comprises a pipe wall, wick, and working medium cavity. The pipe
wall and wick material are copper, and the working medium is deionized water, which
physical properties can be referenced in Table 1. The operation of the MHP follows an
axial heat transfer mode. The heating section of the heat pipe is heated, and the inner
working medium is heated and vaporized to fill the VC with vapor. The temperature
difference in the condensing and heating sections causes different pressures inside the VC.
Under such pressure difference, the gas in the VC flows from the evaporation section to the
condensing section and releases heat in the condensing section, condensing into liquid. The
liquid working medium returns to the heating section of the heat pipe under the combined
action of the capillary pressure of the wick, the pressure difference, and the gravity effect,
completing an entire thermal cycle.

Table 1. Basic physical properties of deionized water (20 ◦C).

Parameter Value

Density 998.2 [kg·m−3]
Specific heat capacity 4.102 [J·(kg·K)−1]

Heat conductivity 0.602 [W·(m·K)−1]
Viscosity 1.0015 [mPa·S]

Surface tension 0.073 [N·m−1]

The wick is filled with deionized water with a filling rate of 100%. The outer length
of the ultra-thin MHP is 110 mm, and the outer width is 9 mm. The thickness of the
copper wall is 0.2 mm, and the width of the inner sintered wick is 4 mm. The heating and
condensing sections are located at the two ends of the MHP. The length of the heating
section is 15 mm, and the length of the condensing section is 40 mm. The remainder of
the outer wall’s surface is adiabatic, and the interfaces between the wick and the working
medium cavities at both sides are set as gas–liquid surfaces. The overall structure of the
three-dimensional model based on the sintered ultra-thin MHP structure is illustrated in
Figure 3, with its dimensional values detailed in Table 2.
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Table 2. Structural parameters of the ultra-thin MHP.

Parameter Value

Length 110.0 [mm]
Thickness 1.0 [mm]

Width 10.0 [mm]
Wall thickness 0.2 [mm]

Evaporator section length 15.0 [mm]
Condenser section length 40.0 [mm]

2.3. Settings of Governing Equations and Boundary Conditions

The basic assumptions of the ultra-thin MHP in operation are as follows:

(1) The heat pipe does not fail under different heating powers.
(2) The evaporation and condensation occur at the gas–liquid interface. The radiative heat

transfer is ignored, and only conductive and convective heat transfer are considered.
(3) The flow states of liquid and gaseous working media are both laminar, and the fluids

are incompressible.
(4) The wick is an isotropic porous medium filled with a liquid working medium.
(5) The vapor pressure inside the heat pipe equals the saturated vapor pressure at the

corresponding temperature.

The governing equation can be obtained based on the above assumptions. The mass
conservation, momentum conservation, and energy conservation equations of the gaseous
working medium inside the heat pipe are as follows:

∇ ·
(
ρvcp,vuvTv

)
= ∇ · (kv∇Tv), (1)

∇ · uv = 0, (2)

∇ρvuv · ∇uv = −∇Pv + µv∇2uv. (3)

where ρ is the density, Cp is the specific heat capacity at constant pressure, k is the equivalent
heat conductivity coefficient, u is the velocity vector, P is the pressure, µ is the dynamic viscosity,
T is the temperature, and subscript v indicates that the working medium is water vapor.

The influences of the internal porous medium on the water flow inside the heat pipe
wick can be neglected. The water flow satisfies the hypothesis of a continuous medium,
and the influences of the structure of the porous medium on the internal fluid flow can
be corrected by Darcy’s law. Then, the mass conservation, momentum conservation, and
energy conservation equations of the liquid working medium inside the wick porous
medium can be obtained as follows:

∇ ·
(
ρwcp,wulTl

)
= ∇ · (kw∇Tl), (4)

∇ · ul = 0, (5)

∇ ·
(
−ρl

K
µl
∇Pl

)
= qm. (6)

where kw represents the equivalent heat conductivity coefficient, qm is the mass flow rate,
K is the permeability of the wick, and subscripts w and l refer to the wick’s and the liquid’s
working medium, respectively.

The heat transferred from the wick in the evaporation section to the cavity of the heat
pipe is balanced with the heat transferred from the cavity of the heat pipe to the wick
in the condensation section. According to the energy conservation law and Fourier heat
conduction law:

M

∑
i=0

[
ki Ai
∆l/2

(Ti − Tv)

]
=

N

∑
j=0

[ k j Aj

∆l/2
(
Tv − Tj

)]
, (7)
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At the gas–liquid interface, the relationship between the saturated pressure of the
working medium and the saturated temperature can be determined via the Clausius–
Clapeyron equation:

Tsat =

(
1

Tre f
−

Rg

h f g
ln

Psat

Pre f

)−1

. (8)

where Rg is the universal gas constant, hfg is the latent heat of vaporization, subscript
sat refers to the saturation state, subscript ref refers to the reference value, and reference
pressure Pref and reference temperature Tref are 0.1 MPa and 373.15 K, respectively.

The mass conservation boundary conditions at the gas–liquid interface are:

ρlul = ρvuv. (9)

Constant heat flux is used for heating in the evaporation section, and convective heat
transfer is adopted in the condensation section:

q =
Q

SeLe
, (10)

hc =
Q

ScLc(T − T∞)
. (11)

where q represents the heat flux in the evaporation section, hc represents the convective
heat transfer coefficient in the condensation section, S represents the surface area of the
ultra-thin MHP, L represents the length of the corresponding section, subscripts e and
c correspond to the evaporation section and condensation section, respectively, and T∞
represents the incoming water temperature of the condensing water bath.

2.4. Settings of the Modified Parameter

Porosity and permeability are two important porous media parameters. In the capillary
rise experiment, the liquid working medium will flow in the direction anti-opposite to the
gravity direction under the capillary pressure of the wick porous medium. According to
the Laplace–Young equation, the capillary pressure of the wick can be obtained as follows:

∆Pcap =
2σ cos θ

Rp
. (12)

where Rp is the pore radius of the wick, θ is the contact angle between the working medium
and the porous medium, and σ is the surface tension of the working medium. However,
since Rp is difficult to measure in practice, the above formula (Equation (12)) can usually
be expressed by the effective capillary radius Reff:

∆P =
2σ

Re f f
. (13)

In a CFD calculation, the transmission of the working medium in porous media is
defined by the source term. The liquid is heated and evaporated in the wick, and the liquid
working medium fills the grids where the gaseous working medium is located. Hence, it
can be assumed that the capillary pressure exists at the gas–liquid interface. Moreover, the
wick interior is assumed to be filled with the working medium. Then, the working medium
is characterized by the most obvious transport effect at the junction of the wick edge and
the gaseous cavity. In the definition statement of the source term, the expression for the
capillary pressure is:

α · C_th · (1 − C_th)
2σ cos θ

3εr
. (14)

where α is the modified parameter of the expression for the capillary pressure. The controlling
effect of C_th · (1− C_th) on the capillary force exists only at the grids corresponding to the
gas–liquid junction. According to the preliminary simulation, if α is set to a larger value, the
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ultra-thin MHP model cannot reach a stable state. In this case, the maximum temperature
difference keeps an increasing trend, and the flow state of the inner working medium is
disturbed, which does not conform to the actual physical phenomenon of heat transfer in heat
pipes. Therefore, the value of α is set to 1.5, 2, 2.5, and 3 to simulate and analyze the influences
of wick parameters on the heat transfer performance of the heat pipe.

2.5. Grid Independence Test

Space Claim was used to build the three-dimensional model, and ICEM was used to
partition the hexahedral-structured grid and improve computational accuracy. In the grid
independence test, the maximum temperature on the surface of the heat pipe is selected as the
reference to analyze the relationship between the maximum temperature and the grid quantity.
As shown in Figure 4, the maximum temperature presents a downward trend with an increase
in grid quantity but finally stabilizes within a small range. Since the grid quantity significantly
affects the computational time, selecting an excessive grid quantity is inappropriate. When the
grid quantity reaches 379,906 or above, the surface temperature of the heat pipe fluctuates within
the scope of 0.1% with an increase in grid quantity, meeting the requirement of computational
accuracy. Hence, the grid quantity is finally determined as 379,906.
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3. Heat and Mass Transfer Performance Analysis of the Ultra-Thin MHP
3.1. Influences of α on Temperature Distribution

Figure 5 shows the temperature distribution on the surface of the heat pipe for different
α values of the capillary pressure expression under the same heating power. The tempera-
ture distribution on the surface of the heat pipe is similar for different α values. Moreover,
the temperature shows a downward trend from the heating section to the condensation sec-
tion. A high-temperature zone is mainly concentrated in the evaporation section, the middle
adiabatic section shows a large temperature gradient, and the temperature distribution is
uniform in the condensation section.
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With an increase in α, the overall temperature distribution of the heat pipe changes
more dramatically. When α = 3, the overall maximum temperature of the heat pipe reaches
64.51 ◦C, and the maximum temperature difference reaches 23.91 ◦C; when α = 2.5, the
overall maximum temperature of the heat pipe decreases by 7.13%, and the maximum
temperature difference decreases by 33.71%. When α further decreases, the deviation value
of the maximum temperature is reduced to 2.9%, and the overall temperature difference
of the heat pipe decreases to 4.91 ◦C; the heat pipe model shows a greatly improved
temperature equalization performance.

Figure 6 shows the distribution contours of the inner working medium of the ultra-thin
MHP model under the same heating power when α = 3 and α = 1.5. The wick presents
better transport performance for the liquid working medium at the higher α value of
three. However, this transportation process transports the liquid working medium without
complete heat exchange to one end of the heat pipe, leading to “liquid accumulation”. As a
result, the temperature equalization property of the ultra-thin MHP model is degraded,
and the temperature gradient is increased. Hence, α = 1.5 is chosen as the best modified
parameter value.

Energies 2024, 17, x FOR PEER REVIEW  9  of  15 
 

 

Figure 5. Temperature distribution on the surface of the heat pipe for different α parameter values. 

Figure 6 shows the distribution contours of the inner working medium of the ultra-

thin MHP model under the same heating power when α = 3 and α = 1.5. The wick presents 

better transport performance for the liquid working medium at the higher α value of three. 

However, this transportation process transports the liquid working medium without com-

plete heat exchange to one end of the heat pipe, leading to “liquid accumulation”. As a 

result, the temperature equalization property of the ultra-thin MHP model is degraded, 

and the temperature gradient is increased. Hence, α = 1.5 is chosen as the best modified 

parameter value. 

(a) Cloud chart of the working medium inside the heat pipe when α = 3 

(b) Cloud chart of the working medium inside the heat pipe when α = 1.5 

Figure 6. Cloud charts of the working medium inside the heat pipe at different α values. 

3.2. Model Reliability Analysis 

During measurement,  the temperature data at different temperature measurement 

points were read directly through the computer. When the measured temperature fluctu-

ation was less than 1 °C within 10 min, the heat pipe had reached the heat balance state. 

If the temperature difference between two adjacent points in the axial direction was too 

large (>30 °C) under the current heating power or the operating temperature of the heat 

pipe exceeded 100 °C, the experiment was stopped. At this moment, the temperature dis-

tribution of the heat pipe had deviated greatly from the actual working conditions, and 

there was no research value. In this case, the corresponding heating power was recorded 

as the limit power of the heat pipe. 

Figure 7 shows the temperature distribution of the ultra-thin MHP under different 

heating powers. The temperature data at each test point are compared by changing the 

heating power of the heating module. The temperature at various test points overall shows 

a decreasing trend for any heating power, and the temperature at the test points farther 

away from the evaporation section decreases. Apart from T1, the temperature difference 

between the other two adjacent test points is within 1 °C; the temperature at the seven test 

points shows an increasing trend with heating power. 

Figure 6. Cloud charts of the working medium inside the heat pipe at different α values.

3.2. Model Reliability Analysis

During measurement, the temperature data at different temperature measurement
points were read directly through the computer. When the measured temperature fluctu-
ation was less than 1 ◦C within 10 min, the heat pipe had reached the heat balance state.
If the temperature difference between two adjacent points in the axial direction was too
large (>30 ◦C) under the current heating power or the operating temperature of the heat
pipe exceeded 100 ◦C, the experiment was stopped. At this moment, the temperature
distribution of the heat pipe had deviated greatly from the actual working conditions, and
there was no research value. In this case, the corresponding heating power was recorded as
the limit power of the heat pipe.

Figure 7 shows the temperature distribution of the ultra-thin MHP under different
heating powers. The temperature data at each test point are compared by changing the
heating power of the heating module. The temperature at various test points overall shows
a decreasing trend for any heating power, and the temperature at the test points farther
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away from the evaporation section decreases. Apart from T1, the temperature difference
between the other two adjacent test points is within 1 ◦C; the temperature at the seven test
points shows an increasing trend with heating power.
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As shown in Figure 7, as the heating power increases, the data obtained by the
simulation approach the experimental data. The radial heat resistance of the pipe shell
in the evaporation section, the radial heat resistance of the pipe shell in the condensation
section, and the heat resistance caused by the liquid-filled wick can be observed for the real
ultra-thin MHP. The heat resistance is mainly determined by heat conductivity, thickness,
heat transfer area, heat conduction performance, heat transfer paths, and the actual shape
of the material. When the heating power is relatively small, the temperature difference
between the heating and condensation sections of the heat pipe is also small. Consequently,
the heat resistance is relatively large, resulting in a large error between the simulated and
experimental values. Increased heating power gradually reduces the error between the
simulated and experimental values. Therefore, it can be concluded that the simulated data
of the ultra-thin MHP model are consistent with the experimental data.

3.3. Influences of Heating Power on the Vapor Velocity Distribution

The parameter value of α = 1.5 was selected as the corresponding simulation parameter,
and the ultra-thin MHP model was simulated under different heating powers. Figure 8 shows
the relationship between the vapor velocity distribution along the length direction of the VC
in the heat pipe model and the heating power of the heat pipe. The flow velocity of vapor
in the internal working medium cavity increases first. Then, it decreases along the length
direction of the VC, finally dropping to the lowest level around 0 m/s in the condensation
section. When the heating power is 10 W, the overall flow velocity of the internal VC is the
smallest, and the maximum vapor velocity Vmax is only 0.83 m/s. When the heating power
increases to 16 W, the maximum vapor velocity increases by 1.45% to 0.842 m/s.

Figure 8 shows the maximum vapor velocity at the interface between the evaporation
and adiabatic sections. A large amount of vapor accumulates in the evaporation section due
to the heat evaporation of the working medium; when the accumulated amount reaches
the maximum, the vapor velocity at this position also increases to the maximum value.
The vapor releases heat and liquefies to a liquid working medium as the vapor moves to
the condensation section. As a result, the amount of vapor and the vapor flow decrease
continuously. When the vapor flow reaches the center of the condensation section, the
vapor is completely cooled into a liquid state, and the vapor velocity drops to 0 m/s.
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Figure 8. Vapor velocity distribution along the axial direction of the VC under different heating powers.

Figure 9 shows the velocity vector diagrams of the inner working medium in the ultra-
thin MHP model under different heating powers. The red arrows indicate the flow of gases,
while the blue arrows indicate the flow of liquids. The gas–liquid distribution characteristics
of the working medium in the model are similar under different heating powers. The vapor
is generated at the gas–liquid interface of the evaporation section, quickly passes through
the adiabatic section, and condenses in the condensation section. With an increase in heating
temperature, the vapor velocity inside the VC and the liquid flow velocity in the wick increase.
In the condensation section, when the condensation temperature is fixed, a higher heating
power can result in a greater pressure drop at both ends of the vapor cavity, increasing
the vapor flow velocity. Moreover, with an increase in heating power, the evaporation rate
of the liquid working medium increases, generating additional bubbles in the wick of the
evaporation section. Thus, under the action of the capillary force, the liquid can be transported
from the condensation section to the evaporation section faster. Therefore, the gas- and
liquid-phase working media’s velocity increases.
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Figure 9. Velocity vector diagrams of the working medium under different heating powers.

3.4. Influences of Heating Power on Temperature Distribution

Figure 10 shows the temperature distribution on the surface of the heat pipe under
different heating powers when the model parameter value is selected as α = 1.5. The tem-
perature distribution rules of the heat pipe model are almost the same under different
heating powers, showing a decreasing trend from the heating section to the adiabatic
section. The temperature distribution gradient is relatively stable, and the temperature
is almost constant in the condensation section. The temperature gradient fluctuates the
junction of the adiabatic and heating sections, and the fluctuation amplitude increases with
heating power.
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According to the analysis in Section 3.3, the vapor velocity in the working medium
cavity reaches its maximum value at the junction of the heating and adiabatic sections.
This point is relatively close to the position where the temperature distribution on the
surface of the heat pipe is chaotic under different heating powers. The vapor temperature
at the position where the vapor velocity is maximum cannot be fully transmitted through
the pipe wall to the model surface due to the fluctuation in the internal vapor velocity.
As a result, the temperature gradient of the corresponding surface is smoother than that
of the adjacent heating section or adiabatic section. The vapor velocity is no longer the
main influencing factor of temperature near the adiabatic and condensation sections, and
the overall temperature tends to be uniform here. The vapor content decreases due to
exothermic liquefaction, and the vapor velocity gradually approaches zero. The heat
exchange between the heat pipe model and the heat sink is the main factor influencing
temperature in the current region.

As the heating power decreases, the fluctuation in the temperature gradient worsens.
In addition to the reduction in velocity difference of the internal vapor working medium, the
heat transported by the heat pipe is also decreased. Moreover, the temperature difference
between the heat source and the heat sink decreases under the setting of the same incoming
flow temperature in the condensation section. In addition, the vapor convection and the
transport velocity of the working medium inside the heat pipe are considerably reduced.
Although the heat pipe shows a better temperature equalization property, this rule has no
value in further analysis.

4. Discussion

The heat and mass transfer processes of the ultra-thin MHP are analyzed using the
CFD method. The simulation of the ultra-thin MHP under different working conditions
can be conducted by adjusting the α parameter of the model and modifying the constraint
equations and boundary conditions. The visualization study for the mass transfer situa-
tion inside the heat pipe is also limited to the distribution of the gas–liquid interface at
different time points [25–27], as well as the evaporation and boiling phenomena of the
working medium and the movement of bubbles inside the wick [28,29]. There is no good
observation method for the vapor flow in the gaseous cavity; it can only be analyzed by
model simulation.

The Brooks–Corey model is commonly used in CFD simulations for the capillary pressure
simulation of porous media. However, this computational model is slightly different from
the Laplace–Young equation, commonly used for calculating the wick of heat pipe capillary
pressure. Hence, this model cannot be used to simulate the actual ultra-thin MHP. In the
established ultra-thin MHP model, the expression for the capillary pressure of the wick in the
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heat pipe was modified in Section 2.3. After preliminary simulation analysis, four parameter
values were selected for subsequent simulation. Then, according to the simulation results
in Section 3.1, the parameter value that met the temperature equalization requirement was
determined, which was used to establish a numerical model associated with the actual ultra-
thin heat pipe. The reliability of the model was verified in Section 3.2. The liquid working
medium inside the heat pipe refluxes under the actions of capillary pressure and gravity, and
the gaseous working medium is naturally convective under the pressure difference. In the
following three subsections, the simulation results were analyzed. Moreover, the flow state of
the inner working medium and the surface temperature of the model were used to ensure
that the model complies with the physical law.

5. Conclusions

This paper established a three-dimensional model based on the heat and mass transfer
theory of ultra-thin heat pipes. Moreover, a grid independence test was carried out.
The model’s simulation results were fitted with the experimental temperature data of
ultra-thin MHP samples through user-defined functions using a research method similar
to the method of inverse heat transfer problems. Furthermore, a simple heat and mass
transfer model of an ultra-thin MHP was established to analyze the flow state of the inner
working medium. The main conclusions are drawn as follows:

(1) Although the wick porous medium model presents a better transport capacity for
the liquid working medium, an excessive α value significantly affects the calculation
accuracy and stability of the model. In the given range of α values, when α = 3, the
“liquid accumulation” phenomenon appears on the heat pipe model, significantly de-
creasing the temperature equalization property, which does not meet the temperature
requirements. When α = 1.5, the heat pipe model meets the temperature requirements
to the best degree; this parameter value was selected for subsequent analysis.

(2) An experimental platform was built to conduct heat transfer performance experiments
on ultra-thin MHP samples. The model’s reliability was verified by fitting the heat
pipe samples’ surface temperature to the simulation model’s surface temperature
under the same heating powers. It was found that the error between the experimental
value and the simulation value decreases gradually with an increase in heating power.
The deviation value is caused by the heat resistance between the wick and the pipe
wall, the heat resistance between the pipe surface and the thermocouple, and the heat
dissipation in the adiabatic section.

(3) The flow states of the inner vapor working medium under different heating pow-
ers were analyzed by using the established ultra-thin MHP model. Under different
heating powers, the vapor velocity in the inner cavity of the heat pipe model always
increases first and then decreases; the maximum vapor velocity appears at the junc-
tion of the heating section and the adiabatic section. The working medium in the
heating section is heated to evaporate, and a large amount of vapor is accumulated
in the evaporation section. Therefore, the flow rate also reaches the maximum value.
The maximum vapor velocity reaches 0.842 m/s under the heating power of 16 W.
In addition, the flow rate drops to 0 m/s when approaching the central position of the
condensation section.

In summary, a three-dimensional model of an ultra-thin MHP was established in this
study. Similar to inverse heat transfer problems, the research method was used to fit the
simulation results with the real experimental data by user-defined functions. The model’s
reliability was verified, and the flow state of the working medium inside the heat pipe was
displayed. The research provides a simple and reliable method for the model establishment
of ultra-thin MHPs. The established model can be used to analyze the heat and mass
transfer of heat pipes and is helpful to the parameter optimization of ultra-thin MHPs,
which has a certain reference value for the research of ultra-thin MHPs.
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