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Abstract: In this paper, a type of vapor chamber with a gradient pore size wick (VC-G) was developed,
and its thermal performance was experimentally tested and compared with two types of VCs with
uniform pore size wick (which can be defined as VC-U (200) and VC-U (50) as the powder size of the
wick is 50-mesh and 200-mesh, respectively) and a VC without a wick (VC-N). In addition, a VC heat
transfer ability experiment platform was built, and the thermal resistance, temperature distribution
and thermal response time of the VC with different wick structures were experimentally investigated.
The experiment results show that the capillary driving force provided by gradient pore size wick
increases gradually from outside, which can not only promote the condensation fluid to gather in the
central heat source but also facilitate the vapor to spread around. Therefore, compared with VC-U
(200), VC-U (50) and VC-N, VC-G shows the best heat transfer performance, temperature uniform
performance and start-up performance.
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Citation: Xia, Y; Yao, F,; Wang, M. The presence of thermal fatigue is a huge challenge to the safe operation of the sys-
Experimental Investigation on tem [1]. The vapor chamber (VC) transfers heat through the phase change of working fluid
Thermal Performance of Vapor and has good temperature uniformity and thermal conduction performance. Therefore,
Chambers with Diffident Wick this kind of device has a broad application in the field of heat dissipation, such as mobile
Structures. Energies 2023, 16, 6464. phone and micro-electronic components [2]. In general, there is a wick filled in the VC

hitps://doi.org/10.3390/en16186464 50 that the condensate can flow back to the evaporation surface under the capillary force
Academic Editors: Pavel Skripov and induced by the porous structure when the vapor diffuses to the condensation surface. This
Aleksandr Pavienko is conducive to the circulation of the working fluid in the VC to ensure its heat transfer
performance. A good wick is always marked by a large capillary force for flowing back of
condensate and large permeability for the vapor. The common wicks include three types,
which are the sintered wick, groove wick and mesh wick. Due to the characteristics of large
capillary pressure and low cost, the sintered wick is widely used in VCs. However, the low
permeability of the sintered wick for vapor limits the development of the VC’s heat transfer

capacity [3]. Until now, numerous researchers have made various efforts to enhance the
thermal performance of VCs with sintered wicks.

Since the permeability of a sintered wick for vapor is low, a special channel for vapor
can improve its diffusing to the condensation surface [4,5]. Thus, grooves can be fabricated
This article is an open access article O\ the surface of a sintered wick [6,7]. Hwang et al. [8] processed grooves on the surface of
distributed under the terms and @ sintered wick and experimentally tested the heat transfer performance of the VC with this
conditions of the Creative Commons  Structure. The results showed that grooves can provide channels for vapor and reduce the
Attribution (CC BY) license (https://  vapor flow resistance to improve the VC’s heat transfer performance. In the experiment, the
creativecommons.org/licenses /by / thermal resistance of the VC can be reduced to about 0.055 K /(W /cm?); the maximum heat
40/). transfer capacity is up to 580 W/cm?. Deng et al. [9,10] studied a wick with radial grooves,
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of which the center region is processed into a pool shape which is surrounded by the radial
grooves. It found this structure of wick is not only beneficial to the separation vapor but
also provides the liquid flow channel in the wick. It is convenient for the circulation of
vapor and condensate to effectively improve the temperature uniformity of VC. In addition,
they also studied the influence of power size on the VC’s thermal performance. Five kinds
of sintered wicks with power diameters of <50, 50-75, 75-100, 100-125 and 125-150 um
were analyzed and compared. The results show that the best thermal performance is
obtained when the wick is sintered by the power of 50-75 um. Zhu et al. [11] conducted an
experiment on the thermal performance of a VC with two parallel grooves in the sintered
wick. The results show that the VC has minimum thermal resistance and maximum heat
transfer limit when the width of groove in the sintered wick is 25 mm. In addition, the
wick composited by the groove wick and screen-mesh wick has a high permeability and
will make up for the deficiency of a sintered wick in permeability, so as to strengthen the
thermal performance of the VC [12,13].

In addition to the groove, a biporous wick formed by two or more homogenous wicks
is also beneficial for improving the performance of a VC, while a wick with smaller porosity
produces high capillary force for the condensate and a wick with larger porosity increases
the permeability for vapor [14]. Byon et al. [15] studied a VC filled with a wick with two
sizes of 125/675 pm and found that this wick has the advantages of high permeability
in the larger size wick and high capillary force in the small sintered wick. The capillary
performance of the VC is 11 times higher than that of the VC with the wick of 125 um in
single size. Chen et al. [16] investigated the characteristics of a VC with a wick sintered
by diamond and copper powder. Three kinds of wicks with different ratios of diamond
and copper powder (1:4, 1:6 and 1:8) were tested. They showed that by adding diamond
particles into the wick the heat transfer performance VC can be improved. The VC’s thermal
resistance is smaller and temperature on the condensation surface is more uniform when
the content of diamond particles is higher. The authors also experimentally studied the
anti-gravity heat transfer performance of the VC with a radial gradient pore size mesh-type
wick (200-mesh in the inner layer and 80-mesh in the outer layer) [17]. The research results
indicated that the wick of the central 200-mesh has a higher capillary force to drive the
condensate to the evaporation surface from the condensation surface. And a peripheral
80-mesh wick will reduce the flow resistance of vapor to spread to the condensation surface.
Therefore, compared with the VC with single 80-mesh and 200-mesh wick, the VC with a
gradient wick has smoother flowing of condensate and vapor, corresponding to better heat
transfer performance.

The authors’ previous work [17] demonstrated that the gradient wick structure can
improve the thermal performance of a vapor chamber. However, the contact thermal resis-
tance between the mesh-type wick and the evaporator and condenser surfaces may limit
its heat transfer performance. To address this issue, the authors designed and fabricated a
sintered-type wick with a radial gradient pore size structure. A VC heat transfer ability ex-
periment platform was built. The thermal resistance, temperature distribution and thermal
response of the VC with different wick structures were experimentally investigated.

2. Experimental System and Method
2.1. VCs with Different Wick Structures

In this experiment, the outer diameter and thickness of the VC were 110 mm and
9 mm, respectively. Both the evaporator and condenser plates were made of a 2 mm
thick aluminum plate. The wick was sintered by using aluminum powder and contact
with the top/bottom plate in close without any extra room for vapor flow with an overall
diameter of 80 mm and thickness of 5 mm. During the manufacturing of the vapor
chamber, the aluminum powder was tightly filled in the space formed by the bottom plate
and top plate. In addition, the aluminum powder was compressed during the sintering.
Therefore, the wick formed after sintering is in close contact with the top/bottom plate. The
contact mechanical strength was thus guaranteed, and small thermal resistance between
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the top/bottom plates and the sintered wick was also realized. The local microstructure of
the gradient wick is given in Figure 1. The particle size of aluminum powder increased in
steps from the center to the outside, and the gap size between particles also increased in
steps, forming a wick structure of 200 mesh, 100 mesh and 50 mesh, respectively. Figure 2
shows the schematic diagram of the vapor chamber; Table 1 shows the various parameters
of the VC with different wicks. Among them, the gradient wick can be divided into inner,
middle and outer layers. The inner, middle and outer wicks were made with sintered
aluminum powder with sizes of 200-mesh (0.074 mm), 100-mesh (0.15 mm) and 50-mesh
(0.28 mm), respectively. The three layers of the wick had diameters of 30 mm, 55 mm
and 80 mm. In addition, to prevent deformation or damage of the VC due to thermal
stress or extrusion, supporting columns with the same shell material were used in the
VCs. In order to comparatively study the influence of wick structures on the performance
of VCs, the VCs with a uniform wick using 200-mesh aluminum powder (VC-U (200))
and 50-mesh aluminum powder (VC-U (50)) and the VC without the wick (VC-N) were
fabricated. In this study, acetone was used as the working fluid, and the filling rate (the
working fluid volume ratio of the internal VC volume) was 80%. The properties of acetone
at the saturation conditions are given in Table 2.

50-mesh

Inner structure of vapor chamber Microstructure of wick
Figure 1. The gradient wick structure of the vapor chamber.

Table 1. Various parameters of VC with different wick structures.

VC-G VC-U (2000  VC-U (50) VC-N

Wick Aperture (mesh) 200/100/50 200 50
1 Outside diameter (mm)  30/55/80 80 80
structure Thickness (mm) 5 5 5

Table 2. The properties of acetone at the saturation conditions.

Value .
Parameters 20°C 120 °C Unit
Density (liquid) 790 660.3 kg/m3
Density (vapor) 0.64 11.02 kg/m3
Specific heat (liquid) 2.16 2.61 kJ/(kg-K)
Specific heat (vapor) 1.271 1.560 kJ/(kg-K)
Latent heat of vaporization 552.0 426.1 K] /kg

Saturation Vapor pressure 27 670 kPa
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Figure 2. Schematic diagram of the vapor chamber: (a) The manufacturing process; (b) Dimensions
of wick structure; (c) Pictures of vapor chamber after sealing.

2.2. Experimental System

Figure 3 shows the schematic diagram of the VC performance test system. The
experimental system is mainly composed of four parts: the VC, the controllable heating
system, the cooling system and the data acquisition system.

The controllable heating system consists of a voltage regulator, power meter and
heating rod. The thermal conductive rod is a cylinder as shown in Figure 2. Four of the
same cartridge heaters with a diameter of 6 mm and a length of 50 mm were inserted in
the copper thermal conductive rod to provide heat input required during experiment. The
diameter and height of the rod were 20 mm and 110 mm. Four T-type thermocouples
(0.5 °C) with a distance of 15 mm were inserted into the holes deep into the rod axis to
measure the rod’s temperature along the axis. Then the heat flux applied to the heating
surface and the heating surface temperature (Ty,) can be obtained by Fourier’s law of heat
conduction.

In the cooling system, the water from a constant-temperature water bath flows into
the cooling tank which contacts the VC, takes the released heat and then flows back to
the constant-temperature water bath. The flowmeter is used to measure the flow rate
of the circulating water. During the experiment, circulating water flow rate was set at
100 mL/min. In addition, thermocouples were installed at the inlet and outlet of the cooler
to measure the temperature change of the circulating water. To record the temperature
during the experiment, there were 7 temperature measuring points on both the evaporation
surface (T1-T7) and condensation surface (Tg—T14), as shown in Figure 4. Based on a
pre-experiment that found a small temperature difference between the arrangement of
the thermocouples in an “L” shape and straight shape, the L-shaped arrangement for the
thermocouples was adopted in the formal experiment because it could provide a more
intuitive visualization of the temperature distribution and the uniformity of the vapor
chamber since the heat spreads from the center of the VC towards the periphery. All the
temperatures were recorded by the data acquisition instrument.
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Figure 3. The schematic diagram of the performance test system: (a) Experimental system diagram;
(b) Dimensional drawing of the thermal conductive rod; (c) Rig of experimental system.
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Figure 4. Distribution of temperature measurement points.
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Table 3 shows the temperatures on evaporation surface from the repeatable experiment.
As seen, the standard deviation for the repeatable experiment is quite small, which proves
good repeatability for the experiment.

Table 3. The temperature on evaporation surface of vapor chamber (g = 6 W/cm?).

Number of Value (°C) Standard
Measuring Point #1 #2 #3 Average Deviation

T 33.82 34.32 34.61 34.25 0.40

T, 34.95 35.46 35.75 35.39 0.41

T3 36.38 36.73 37.08 36.73 0.35

Ty 37.13 37.09 36.79 37.00 0.19

Ts 36.64 36.54 36.18 36.45 0.24

Te 35.72 36.14 36.47 36.11 0.38

Ty 34.44 35.75 35.53 35.24 0.70

2.3. Data Analysis

The total thermal resistance (Ry) is introduced to evaluate the VC thermal perfor-
mance. It is determined as: -
T, — T

Qin
where Q;, is the actual heat input, T, is the average temperature of condensation surface,
and T}, is the temperature at the center of the evaporation surface. The input heat Q;,
applied by the copper rod can be determined by the one-dimensional differential equation
for heat conduction:

Riot = 1)

Qin = —AA iz 2)

where A represents the thermal conductivity, A is the heat transfer area of the heating
rod, dT/dz is the temperature gradient along the z-direction, and the orientation of axis z
represents the longitude direction of the thermal conductive rod, where the original point
(0,0,0) is at the center point on the bottom surface of the rod.

The temperature uniformity coefficient is used to evaluate surface temperature unifor-
mity of the evaporation and condensation surface, which is expressed as the following:

=iy ®

where s is the temperature uniformity coefficient and n and T are the number of thermo-
couples on condensation surface or the evaporation surface, respectively. T; represents the
temperature of the ith thermocouple on the condenser surface or the evaporation surface.

Due to the same working principle with the heat pipe, the vapor chamber can be
regarded as a special shaped heat pipe. In addition, both heat pipe and vapor chamber can
be seen as a first-order response system since the average temperature variation of heat pipe
and vapor chamber basically follows a first-order response curve [18], it is reasonable to
use the time constant (which is defined as the time it takes for a system’s response to reach
approximately 63.2% of its final value) to evaluate the startup process of heat pipes [19].
So far, this evaluation method has been successfully introduced into the evaluation of the
starting characteristics of heat pipes [20]. In fact, this method was already used by Wang
et al. [21] to evaluate the startup performance of a flat heat pipe in their investigation.
Therefore, we believe this method can also be used for the evaluation of the starting
characteristics of a vapor chamber since the temperature response of a VC is quite similar
to that of heat pipe. Vapor chamber start-up characteristics can be described by the unit
step response function of a first-order system, which can be expressed as:

Tst(t) = Tsteady (1 - eit/T>r T 20 4)
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where Tg(t) is the average temperature of evaporation surface at time #, Tgeaqy is the
average temperature of evaporation surface at steady state, t is the time of heat duration,
and 7 is the startup time constant.

Based on data error analysis, this paper analyzes the uncertainty of different param-
eters. Assuming that the direct measured parameters (such as temperature T) observe
uniform distribution within the interval, the type B uncertainty of T can be expressed
as follows: er

Ur 7 ®)

However, for the indirect measured parameters (including total thermal resistance,
heat input and temperature uniformity coefficient), the uncertainty can be calculated by
the following equation:

oo |(@)a s @ e @a]” e

where 0y is the measurement error of the indirectly measured parameter and oy, 0x,, ...,
Oy, , are the measurement error of each of the directly measured parameters.

In the experiment, the measurement accuracy of the T-type thermocouples used in
this experiment is £0.5 °C. Combining Equations (1)—(6), the maximum uncertainties of
the main parameters can be obtained, which are listed in Table 4.

Table 4. Uncertainties of main parameters.

Parameters T Qin Riot s

Maximum Uncertainty 0.28 °C 4.85% 11.0% 3.96%

3. Results and Discussion

To gain insight into the impact of the wick structure, experiments were conducted
to compare the heat transfer performance of different vapor chambers under the same
conditions of heat flux (q) ranging from 2 to 20 W/cm?, cooling water temperature of 20 °C
and cooling water flow of 100 mL/min.

3.1. Heat Transfer Performance of VC with Different Wick Structures

Figure 5 shows the average temperature difference between evaporator and condenser
surfaces of VCs with different wick structures. It can be seen that due to the increase of
heat flux, the average temperature difference significantly increased for all VCs in the
current study. Especially for the VC without wick, the average temperature difference
between the evaporation surface and condensation surface is much larger due to the lack
of backflow with the help of the wick structure. For instance, when the heat flux is above
20 w/cm?, the temperature difference is more than 100 °C, which indicates that the flow
of vapor and condensate is difficult and the heat release from hot wall due to the phase
change is not effective. If there is wick in the VC, the condensate can quickly flow back
to the evaporation area under the capillary force due to the pore structure in the wick.
In general, the capillary force is larger when the pore size is smaller. And the flowing
back of condensate is more intense to the evaporation surface, which leads to the lower
evaporation surface temperature. Therefore, as shown in Figure 5, average temperature
difference between the evaporator and condenser surface for the VC with uniform wick
of 200 mesh, of which the pore size is smaller, is lower than that for the VC with uniform
wick of 50 mesh during the running of the VC. In addition, heat transfer performance of
the VC not only depended on the flow back of condensate but also on the transfer of vapor
to the condensation surface from the evaporation surface. However, the flow resistance
of vapor is higher in the wick with a smaller pore size. Obviously, it is a contradiction
between a highly efficient condensate flowback and a low flow resistance vapor transfer
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in the same pore size. However, in the VC with a gradient wick, the vapor can diffuse
to the condensation surface with a bigger size pore with low flow resistance, and the
condensate can be sucked to the evaporation surface through the smaller size pore with a
larger capillary force. Therefore, as shown in Figure 5, the average temperature difference
between the evaporator and condenser surface of the VC-G is less than that of the VC-N,
VC-U (50) and VC-U (200) due to the better heat transfer performance based on the more
efficient mass transfer between the two surfaces.

1207 New
|- & - VC-U(s0) »
100 «- vc-ugoo) T
|—=—vcG e
— 801 :
O
& 60
<

40 1

2 4 6 8 10 12 14 16 18 20
g (W/em?)

Figure 5. Average temperature difference between evaporator and condenser surfaces of VCs with
different wick structures.

The fluid flow in the VC affects not only the temperature difference between conden-
sation and evaporation surfaces but also the thermal resistance of the VC, which is another
important indicator of thermal performance. Figure 6 compares the thermal resistance of
VCs with different wick structures under different conditions. As shown in the figure, the
thermal resistance of the VC without wick is much larger than that of the VCs with uniform
wick and gradient wick, which is because the transfer of vapor and condensate between
the evaporation and condensation surfaces is much more difficult. Since the gradient wick
in the VC is beneficial to both the transport of vapor to condensation surface and the flow
back of condensate to evaporation surface, both the transfer of heat from the heat source to
the VC by boiling of liquid and from the VC to the outside by condensation of vapor are
efficient. Therefore, the thermal resistance of the VC with gradient wick is lower than that
of the VC with uniform wick.

In addition to thermal resistance, the uniformity of surface temperature distribution
is also an important aspect for evaluating the heat transfer performance of VC. Figure 7
shows the steady temperature distribution on the evaporation surface of the VCs with
different wicks under the same condition with the heat flux of 20 W /cm?. It can be seen
from the figure that the surface temperature decreases from the center to the periphery
region for all VCs due to the location of heat recourse, respectively. In addition, the VC
without wick has the highest overall surface temperature, while the VC with gradient wick
has with the lowest surface temperature. This indicates that the heat cannot transfer to
the condensation surface from the evaporation surface in time for the VC without wick.
However, a driving force on the condensate induced by the wick ensures more efficient
heat transfer. Furthermore, by being close to the heat source, the temperature of the central
evaporation surface of the VC with different wick structures is much higher than the
surrounding temperature. For different VCs under the same condition, this temperature is
above 170 °C for the VC without wick and is lower than 90 °C for the VC with a gradient
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wick. This is also due to the different heat transfer performance with the flow characteristics
of vapor and condensate in VCs with different wicks. From Figure 7, it can be seen that the
local hot spot can be effectively prevented in the VC with a gradient wick.

1.0+ —¥--VCN
w <+ VC-U(50)
(1. - - VC-U(200)
vl —=—VC-G

2 4 6 8 10 12 14 16 18 20
q(W/cmz)

Figure 6. Thermal resistance of VCs with different wick structures.
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9 10 1 12 13 14
Number of thermocouples

Figure 7. Steady-state temperature distribution on evaporation surface of VCs with different wick
structures (g = 20 W/cm?).

Figure 8 compares the distribution of the steady-state condensation surface tempera-
ture of VCs with different wicks when the heat flux is 20 W/cm?. It can be seen from the
figure that the temperature of the condensation surface of the VC without a wick is the most
uniform; however, the overall temperature is the highest. By comparison, the condensation
surface of the VC with a gradient wick has the least temperature uniformity and lowest
overall temperature level. These are all related to the distribution of vapor and condensate
in the VC. In the VC without a wick, the vapor can spread out from the hot surface to the
condensation surface with low resistance, so the condensation surface temperature is more
uniform in the VC without a wick. However, after condensation, a liquid film is brought
out on the inner condensation wall [22], which increases the condensation heat transfer
resistance. In this case, the heat is harder to release from the VC, and the condensation
surface temperature is higher. If there is a wick in the VC, the condensate film on the
condensation surface can flow back to the evaporation surface in time by the capillary force,
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and coupled with the thermal conduction of the wick structure, the heat transfer resistance
is reduced, and the heat can be transferred to the condenser surface from the central area of
evaporation surface more easily and then taken away by the cooling water more quickly.
As a result, the overall temperature level of the VC-G is lower than the VC-N. However, it
is obvious that the flow resistance is higher in the VC-G when compared with an empty
space for vapor spreading. Therefore, the condensation surface temperature gradient of the
VC-G from the center to the periphery is higher than that of the VC-N.

80 1
LA
754 A
LA’ A
—~ A _-e
O ’ - T~
< 701 e S -
~ A’ Y e ~
65
- -e- VC-U(200
- - & --VC-U(50)
60 ' ' ' ' ' VCN
T T T T T T T
1 2 3 4 5 6 7

Number of thermalcouples

Figure 8. Steady-state temperature distribution on condensation surface of VCs with different wick
structures (g = 20 W/cm?).

Figure 9 shows the temperature distribution on the evaporation surface and conden-
sation surface under different heat flux. As shown, with the increase in heat flux density,
there is an overall rise in the temperature of the heat transfer plate for both the evapora-
tion surface and condensation surface. For the evaporation section, a higher evaporation
temperature is needed to realize enough of an evaporation rate so that the vapor chamber
can obtain a higher heat transfer capacity as more heat needs to be transferred with the
increase of heat flux. Since the vapor chamber is heat in the central area, the temperature of
the center rises more obviously when comparing it to the edge area of the vapor chamber.
Therefore, a larger temperature gradient from the center to the sides under a higher heat
flux can be seen in Figure 9b. However, for the condensation surface, it is seen that a
uniform temperature distribution can be maintained even though the heat flux has reached
20 W/cm?, which proves a good radial heat transport capability of the vapor chamber with
a gradient wick.

Figure 10 shows the evaporation surface temperature uniformity coefficient under
the heat flux of VCs with different wick structures. It can be seen that the temperature
uniformity coefficient of the evaporation surface increases with the increase of heat flux.
And the VC without a wick and the VC with gradient a wick show the largest and smallest
increases in rate, respectively. In addition, it can also be seen that the evaporation surface
temperature uniformity coefficient of the VC with a gradient wick is always lower than that
of other VCs, and the VC without a wick has the largest condensation surface temperature
uniformity coefficient. This is because the condensate cannot easily flow back to the heating
area in the VC without a wick, and there is not enough liquid to evaporate to transfer
the heat to the condensation surface. So, the local temperature at the center evaporation
surface is high. If there is a wick in the VC, the capillary force induced by the pore structure
can drive the condensate to flow back to the evaporation side to improve the thermal
performance. Therefore, the evaporation surface temperature uniformity coefficient of the
VC with a uniform wick is smaller than that of the VC without a wick. In addition, since
the condensate flow resistance in a 50-mesh uniform wick is bigger than in a 200-mesh
uniform wick, the temperature uniformity coefficient of a VC with 200-mesh uniform wick
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is lower. However, the gradient wick can not only ensure that the condensate flows back
smoothly but also reduce the vapor diffusion resistance compared with the uniform wick.
Therefore, the VC with a gradient wick has the best thermal performance and the lowest
evaporation surface temperature uniformity coefficient.
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Figure 11 presents the temperature uniformity coefficient of the condensation surface
of the VCs with different wicks under different heat flux. With the increase of heat flux, the
condensation surface temperature uniformity coefficient increases for all VCs with different
wicks. It can also be seen from the figure that the condensation surface of the VC without a
wick has the lowest temperature distribution uniformity coefficient, and the coefficient of
the VC with a 50-mesh uniform wick is the highest. As mentioned above, with the wick is
filled in the VC, the heat transfer performance is improved. However, the wick enhances
the vapor flow resistance and hinders the radial spread of heat on the condensing surface.
Therefore, temperature distribution uniformity coefficient of the condensation surface of
the VC with a wick is higher than that of the VC without a wick. In addition, since the
gradient wick benefits the vapor flow in the wick, the temperature distribution uniformity
of the VC with a gradient wick is lower than the VCs with a uniform wick.

54
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Figure 11. Variation of condensation surface temperature uniformity coefficient of VCs with different
wicks under different heat flux.

3.2. Start-Up Performance of VC with Different Wick Structures

Figure 12 shows the variation of the average evaporation surface temperature of VCs
with different wicks. As shown in the figure, under the condition of the heat flux density
of 20 W/cm?, the average evaporation surface temperature first rises rapidly and then
increases gradually and smoothly. In addition, it can be seen that the average evaporation
surface temperature of the VC with a gradient wick is always lower than that of other VCs
and is also rising more slowly. From Figure 11, it is found that the average evaporation
surface temperature of the VC with a gradient wick reaches the 63.2% of its maximum
value in about 240 s (T ), which is the fastest. For the VC-U (200) and VC-U (50), the
evolutions of average evaporation surface temperature are basically the same: the average
temperature reaches the 63.2% of its maximum value in about 300 s (T y200) and 310 s
(Tst,us0), respectively. However, for the VC without a wick, the average evaporation surface
temperature is the highest and reaches 63.2% of its maximum value in about 360 s(Ts; N)-
This indicates that the VC-G has the fastest thermal response speed and the best start-up
performance, while the VC without a wick has the worst start-up performance.
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Figure 12. Variation of average temperature with time on evaporation surface of VCs with different
wick structures (g = 20 W/cm?).

Figures 13 and 14, respectively, show the variation of the condensation surface temper-
ature distribution of the VC without a wick and the VC with a gradient wick at the heat
flux of 20 W/cm?. Tt can be found that in the initial stage the increase of the condensation
surface temperature of the VC with a gradient wick is much more rapid, and the tempera-
ture difference between the center (T4) and the surrounding area is bigger. This indicates
that the thermal response time of the VC with a gradient wick is shorter, and the heat can
transfer to the condensation surface more efficiently.
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Figure 13. Variation of temperature distribution with time on the condensation surface of VC-N
(=20 W/cm?).

To determine the continuous working ability under variable heat conditions, the VC
was heated continuously at 2 W/cm?, and the heating power was increased in 2 W/cm?
increments once the VC reached a steady state. As shown in Figure 15, the average
temperature of the evaporating surface (T,) was recorded. During the initial heating stage,
a new steady state was reached quickly. As the heat input increased, a shorter time was
needed to reach a new steady state and higher temperatures were required. However, the
VC continued to function normally under high heat load. When the power was increased
from 2 W/cm? to 10 W/cm?, a small temperature difference was enough to reach a new
steady state but takes a longer time, which means the circulation rate of the working fluid
is small. On the contrary, a larger temperature difference was required to reach the new
steady state due to more heat input when the heat input was larger than 10 W/cm?, which
promotes the evaporation rate of the working fluid in the vapor chamber. As a result,
the circulation of the working fluid inside was accelerated, and the new steady state was
achieved sooner.
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Figure 14. Variation of temperature distribution with time on the condensation surface of VC-G
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Figure 15. Variation of average temperature of evaporation surface with heat flux.

4. Conclusions

The thermal performance of the VC with a gradient wick was studied and compared

with that of a VC with a uniform wick and without a wick. Under the same experiment
conditions, the thermal resistance, surface temperature distribution characteristic and start-
up performance of VCs with different wicks were analyzed. In summary, the conclusions

are

@

@)

®)

4)

©)

as follows:

Benefiting from the gradient wick structure, the VC with a gradient wick has the
smallest thermal resistance due to the smoothest vapor-condensate circulation when
compared with the VCs with a uniform wick and without a wick.

The temperature of the evaporation surface of the VC with a gradient wick is more
uniform than that of the VC with a uniform wick and without a wick. The tempera-
ture distribution uniformity coefficients of the evaporation surface increase with the
increased heat flux.

As the flow resistance is higher in the VC-G when compared with an empty space for
vapor spreading, the condensation surface temperature gradient of the VC-G from
the center to the periphery is higher than that of the VC-N.

Under the same heat flux, the average evaporation surface temperature of the VC with
a gradient wick is the lowest and reached stability in the shortest time. In addition, for
the VC with a gradient wick, the average temperature reaches 63.2% of its maximum
value in about 240 s, which is the fastest. That is to say, the VC-G has the best start-up
performance.

Higher temperature difference and shorter time are needed for the VC-G to reach a
new steady state when the heat flux increases.



Energies 2023, 16, 6464 15 of 16

In this experiment, the charging hole of the vapor chamber was totally sealed off
when manufacturing, and the filling rate of the working fluid cannot be changed during
the experiment. Limited by this, the optimal filling ratio and working fluids cannot
be determined. However, the effects of working fluids and filling ratio will be further
studied in our future work to determine the optimal working performance for this type of
vapor chamber.
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