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ABSTRACT

Phase change heat transfer devices like heat pipes are widely utilized in temperature control and heat transfer.
However, the traditional single uniform wick makes it hard to meet the requirements of capillary pressure and
permeability for high-performance heat pipes, thus limiting the improvement of heat transfer performance.
In this paper, a gradient structure wick sintered by 316 L stainless steel powder is designed. The capillary
performance is tested and characterized through permeability test experiments and capillary rise infrared test
experiments. Moreover, the influence of different particle sizes of sintered powder on the capillary performance of
the wick structure is studied. The experimental results indicate that the capillary pressure and permeability of the
gradient structure wick are significantly improved compared with the traditional single structure wick. Its capillary
performance parameter S (K- APcap) is enhanced by more than 30%, providing an effective alternative for the wick
of two-phase heat exchange devices.
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1 Introduction

With the fleeting development of microelectronics technology, especially since the popularization
of 5G technology, higher performance, and lighter weight have become the development trend
of portable electronic devices [1]. However, the high integration of electronic devices leads to the
increasing heat production of the chip, and the heat flux reaches more than 100 W/cm? [2]. Research
shows that more than 55% of the damage to electronic equipment is caused by high temperature [2].
Consequently, without effective heat-dissipation measures, the reliability and durability of electronic
equipment will be significantly diminished, which will then severely impact the stable operation of
electronic products [3]. As a passive heat dissipation device that relies on medium latent heat, the
heat pipe has the advantages of superior temperature uniformity, lightweight, and high thermal
conductivity. Currently, it is widely used in the thermal management of electronic equipment, power
batteries, aerospace, and others [4].

The heat pipe comprises four parts: the shell, the medium, the wick, and the internal cavity. Among
them, the wick is the most crucial component as it provides the driving force for the condensed liquid
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medium to return to the evaporator and ensures the stable operation of the heat pipe [5]. The main
hydraulic performance indexes of the wick are permeability and capillary pressure. However, there is
a contradictory relationship between them. Specifically, an increase in capillary pressure will lead to
a decrease in permeability. Meanwhile, an increase in permeability will weaken the capillary pressure.
However, in the actual operation of the heat pipe, we hope that the wick has a high capillary pressure
to supply the liquid for return and excellent permeability to reduce the flow resistance of the liquid
medium. Owing to the mutual restraint between permeability and capillary pressure, the traditional
uniform wick with fixed porosity is often incapable of meeting the high-performance requirements for
heat pipes in products with high heat dissipation demands, thereby limiting the application scope of
the heat pipe. Therefore, the composite wick becomes an effective way to solve this problem.

At present, there have been numerous studies on composite wicks at home and abroad. Some
scholars have studied the effect of porous wick structure on the overall heat transfer performance of
composite wicks. Boubaker et al. [60] studied the bilayer ceramic wick, the two-layer gradient wick
structure can effectively improve the heat transfer performance of the evaporator, and the casing
temperature was reduced by 25°C. Yeh et al. [7] pointed out that the heat transfer performance is
closely related to the number of holes in the biporous wick. Under certain conditions, experimental
results showed that the evaporative heat transfer coefficient of the porous wick was approximately
six times higher than that of the nanoporous wick, which reached a maximum value of more than
64,000 W/m?*-K. Singh et al. [8] discovered that the biporous wick characterized by smaller clusters
achieved a more favorable enhancement in the evaporator heat transfer coefficient, reaching as high
as 23 kW/m’-K, while the total thermal resistance was 0.13°C/W. Hwang et al. [9] processed porous
grooves on ordinary sintered wicks, showing that this structure can increase the area of the medium
evaporation surface area and the reflux channel, thereby optimizing the heat transfer performance.

Several other researchers concentrate on the impact of diverse wick structures regarding the
flow performance of the liquid working medium. Mooney et al. [10] established a capillary flow
model for the gradient wick and verified its accuracy through experiments, the findings provide a
validated prediction model for engineered applications. A composite wick, which consists of a porous
wick and wire mesh wick is proposed by Wang et al. [11]. It can ensure liquid flow back to the
evaporator with slopes of 1° and 90° in the experiment. Wu et al. [12] pointed out that the double-
layer wick structure with a porous structure in the outer layer and nanoporous structure in the inner
layer can effectively improve the overall wick structural strength and solve the blockage of the vapor
flow. Semenic et al. [13,14] prepared double-hole cores with double characteristic pore sizes through
sintering powder clusters, thereby improving their performance by increasing capillary pressure and
permeability, The powder size of 60 um has the highest capillary pressure and thermal conductivity.
Wang et al. [15] studied a composite wick with a thin porous layer designed on a triangular groove,
which could enhance the capillary pressure and expand the evaporation surface area. Li et al. [10]
designed and prepared a new type of fiber composite microgroove wick with a porosity of 71.6%
to 76.3%, and it had less flow resistance and thermal resistance compared with the copper powder
composite groove wick. Xu et al. [17,18] found that the capillary pressure mainly depends on the pore
characteristics of the double-layer composite wick. According to this, a specific scheme to improve
the capillary pressure performance of the wick by changing the pore size of each part was proposed.
Tangetal.[19,20] and Liet al. [2]] manufactured sintered wicks through the sintering of copper powder
either within or above the groove. The experimental findings indicate that, in comparison with the
sintered wick, the composite wick exhibits enhanced permeability, and its capillary pressure is also
substantially augmented.
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In conclusion, the composite wick represents the future developmental direction. It has the
capacity to enhance the evaporation heat transfer coefficient effectively and resolve the conflict
between permeability and capillary pressure. The flow resistance can be reduced and the capillary
pressure can be increased through the gradient change of permeability. Due to the characteristics of
high-temperature resistance, corrosion resistance, radiation resistance, oxidation resistance, and high
strength, stainless steel heat pipes have certain application prospects in special environments such as
nuclear equipment heat dissipation [22,23], but there are few researches on gradient stainless steel
powder wick, and the performance of variable-pore wicks still needs further study.

In this research, spherical 316 L stainless steel powders with diverse particle sizes are utilized as
raw materials for the design and fabrication of a three-segment gradient structure wick, wherein the
particle sizes range from 40 to 75 um and then to 110 um. Permeability test experiments and capillary
rise infrared test experiments are carried out on it and three traditional single-particle-size wicks (40,
75, and 110 um) to explore the influence of stainless steel powder particle size on permeability, capillary
rise height as well as capillary performance parameter. The aim is to provide experimental support for
the research and development of high-performance wicks.

2 Theoretical Analysis and Design Method
2.1 Main Structural Parameters of Wick
2.1.1 Porosity

The proportion of the pore volume within the bulk material to the total volume of the material
in its natural state is what we call porosity. This porosity value dictates the scale of the cross-sectional
area of the working fluid present in the wick. As an essential structural parameter, it plays a significant
role in shaping the capillary performance of the wick. As the sintered stainless steel powder particles
are sintered at high temperatures, mass migration takes place between the particles, forming sintering
necks of various shapes and sizes, thus making the pore structure more complex. In this paper, the
density volume method is used to measure the porosity. The calculation formula is as follows:

M,
w 1
pS‘Vv)V ( )

where ¢ is the porosity of sintered stainless steel powder wick, M, is the total mass of the wick, p, is
the density of 316 L stainless steel powder, and V', is the total volume of the wick.

e=1-

2.1.2 Permeability

Permeability is regarded as the ability of a porous core substance to enable the medium to penetrate
through under a specific pressure difference. During the actual operation of the heat pipe, the flow
rate of the liquid infiltrating within the wick is rather slow and thus can be considered as laminar flow.
When the inertial effect is neglected, the permeability can be computed in accordance with Darcy’s
law [24]:
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where K is the permeability of the wick sample, v, is the seepage velocity of the liquid medium, Ap is
the pressure drop of the medium flowing through the two ends of the wick sample, L is the length of
the wick sample, , is the dynamic viscosity of the liquid medium, mi is the flow cross-sectional area
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of the liquid inside the wick sample, p is the density of the liquid and A4, is the effective cross-sectional
area of the wick.

2.1.3 Capillary Performance

In heat pipes, a balance needs to be struck between capillary pressure and permeability. Neither
parameter on its own can describe the capillary performance of the wick. Hence, the capillary
performance parameter S is utilized in combination to reflect its overall capillary performance [25].
More detailed information about S can be obtained from the literature [25].

S=AP.,-K 3)

The AP, 1s the capillary pressure, which is the mainly driven force to provide liquid medium flow
back from condenser to evaporator. It is calculated by the Laplace-Young equation [25]:
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where o is the surface tension of liquid working medium, 6 is the contact angle between the liquid
medium and the solid wick at the three-phase junction, and r, is the pore radius.

2.2 Design of the Gradient Structure Wick

When the heat pipe is on the operation, the two-phase flow pattern is one of the most important
factor affecting its heat transfer performance. Therefore, the internal structure of the wick should be
well-designed to facilitate evaporation and condensation and to control the medium flow. The stainless
steel powder in the evaporation section, when it is of a small size, can enhance the bubble nucleation
site. As a result, it can promote boiling even at a lower heat load. Moreover, the mass flow rate of the
escaped bubbles during the phase transition taking place in the evaporation section can be expressed
by means of the following formula [26]:
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where mi, is the mass flow rate of the bubble escape, p, is the vapor density, o, is the surface tension
coefficient, p, is the vapor dynamic viscosity, d, is the diameter of the aperture, and § is the thickness
of the wick. The formula shows that with the increase of pore size, the vapor escape rate also increases.
The condensation process was described by the following formula [24]:

m,

:LIhMﬁ—RMW (6)
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where m, 1s the quality of condensed water, /, is the medium latent heat, A, is the heat transfer
coefficient between the vapor and the wall, T, is the vapor temperature, 7, is the wall temperature,
ds 1s the condensation heat transfer area, and dr is the heat transfer time. When the diameter of the
stainless steel powder particles gets smaller, the specific surface area of the wick becomes larger. When
the specific surface area of the wick increases, the condensation of the working fluid increases. At
the same time, the capillary condensation effect of micropores will accelerate condensation. However,
when the heat load increases, the pores make the liquid permeation discharge difficult due to smaller
permeability.
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When calculating the permeability of the wick, the pressure drop of the working liquid flowing
through the wick sample can be calculated by the following formula [24]:
(1—¢)’ o (1 —¢)
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where d is the diameter of the stainless steel powder particles, the 4 is the Blake-Kozeny-Carman
constant, and the B is the Burke-Plummer constant [24]. By making the diameter of the powder
particles larger, the permeability can be improved. Therefore, the condensation section uses large
particle-size stainless steel powder, while the evaporation section uses small particle-size stainless steel
powder. The adiabatic part is mainly responsible for conveying the medium, so the capillary pressure
and permeability must be considered at the same time. The stainless steel powder with a medium
particle size was adopted.

AP:LPM (7)

Therefore, the pore size in the direction of the backflow is divided into three sections in this
study. In the condensation section, stainless steel powder with a large pore size is used to enhance
permeability. In the adiabatic section, stainless steel powder with a moderate pore size is employed
to balance capillary pressure and permeability. In the evaporation section, stainless steel powder of a
small size is utilized to enhance capillary pressure, facilitating the replenishment of the working fluid.
Based on this, the sintered stainless steel powder axial gradient structure wick proposed in this study
is shown in Fig. . The evaporation section lies at the upper end, while the condensation section is
positioned at the lower end, with the adiabatic section in the middle. Sintered stainless steel powder
particle size d, < d, < d;, permeability K, < K, < K, capillary pressure AP, > AP, > AP,,;.

Evaporator section

Adiabatic section

Condensation section

Figure 1: Structure diagram of gradient structure wick

When the liquid working medium climbs up along the wick, the inertial effect is small for the
capillary structure with a small effective pore size (<300 um for water). The rise of the liquid is mainly
affected by the balance between capillary pressure, viscous resistance, and gravity. For any moment, it
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can be expressed as the following equilibrium equation:

wh dh
AP, = — — h 8
w =g TPE ®)
where / is the rising height of the liquid climbing along the wick, dh/dt is the capillary rising velocity,
and g is the acceleration of gravity.

In order to obtain the functional relationship of r,; in terms of 6, this paper fits the data from the
previous numerical solution of capillary pressure in tightly packed spheres [27]. The following results
are obtained by data fitting:

d

= 9
T = 5094 + 2.824c0s0 ©)
By combining Egs. (8) and (9), we can get:
20 (2.094 + 2.824c0s0
iy = 22208+ 2828¢080) (10)
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In order to make the liquid medium rise to the highest 4,,,., it is necessary to meet dh/dt > 0, so as
to obtain:

20 (2.094 + 2.824c0s6)
d=>
pgh

(11)

On the premise of ensuring the capillary pressure, the permeability should be increased as much
as possible to improve the capillary performance of the wick. For granular porous structures, Blake-
Kozeny proposed a permeability prediction formula [28]:

d*e’

1501 —¢) (12

Although the prediction results of the Blake-Kozeny formula are not accurate for granular wicks,
they can be used to predict the trend change: the permeability increases with the increase of particle
diameter. Therefore, when the particle size of the sintered stainless steel wick is segmented as follows
by the Eq. (12), it can not only ensure the continuous flow of the liquid along the wick climbing process
but also make the wick have the maximum permeability. At this time, the gradient structure wick has
the best capillary performance.

_ 20(2.094 + 2.824c0s0)
B pg (hy + hy + hsy)
4= 20 (2.094 + 2.824c0s0)

pg (hy + hy)
20 (2.094 + 2.824c0s0)
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1

(13)

d;

Since the experiment was carried out at 25°C, the working fluid surface tension coefficient at 25°C
was o = 0.07197 N/m, and the density of water was p = 997.0 kg/m®. In this paper, the size of the wick is
90 mm x 40 mm x 1.0 mm. The specific parameters are brought into Eq. (13).



FHMT, 2025, vol.23, no.1 237

3 Experiment and Test Method
3.1 In-Line Style

In this study, spherical 316 L stainless steel powder was the material for the processing of the wick
sample. The average powder sizes selected are 36-42, 71-78, and 106-112 um. Therefore, the stainless
steel powder particle size d, is 40 um, d, is 75 um, and d; is 110 um. All of them are the average particle
diameter. The manufacturing process of single-structure wick includes three main steps:

(1) The stainless steel powder is carefully poured into the customized mold. Subsequently, it is
placed on the vibration platform to ensure uniform distribution for utilization in the high-temperature
sintering process.

(2) Stainless steel powders are typically sintered within the temperature range of 1000°C to 1300°C.
Some researchers [29,30] have put forward that the optimal sintering temperature lies between 1150°C
and 1200°C. Consequently, a sintering temperature of 1200°C was selected in this study. The sintering
time was set at one hour.

(3) After the completion of the sintering process, cooling the porous sintered wick with air inside
the furnace until the temperature is lower than 100°C. Finally, the mold is disassembled to obtain the
requisite wick structure.

The manufacturing process of the gradient structure wick differs from that of the single structure
wick in the initial step. Firstly, fill a certain length of stainless steel powder into the mold. Subsequently,
stainless steel powder of different particle sizes is filled based on previously filled stainless steel powder.
Vibration is applied to ensure good contact between the layers and to guarantee that the stainless steel
powders of different sections have the same width and thickness in the filling process. After the filling
is completed, the subsequent steps are identical to those of the single structure. The finished product
of the wick made of stainless steel powder is shown in Fig. 2. And the scanning electron microscopy
(SEM) images of three different sizes of wicks are shown in Fig. 3 [29]. It can be observed that with the
increase in particle size, the pore size increases significantly and the permeability increases significantly.
The detailed parameters of these four types of wick samples are listed in Table 1.

As the stainless steel powder wick is exposed to air, its surface is prone to be contaminated by
dust, oil film, and other substances, which may have an adverse impact on the test results. Hence, it is
necessary to clean the stainless steel powder wick. In this study, the samples were initially cleaned using
ethanol for 10 min. Subsequently, they were washed with deionized water in an ultrasonic cleaner and
then dried in a vacuum oven.

Figure 2: Stainless steel powder wick sample
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100-115um

Figure 3: SEM images of sintered stainless steel wicks with different sizes

Table 1: Structural parameters of the wick sample

Wick type Wick size/mm Average Particle size Porosity/%
particle size/um  distribution/um
Single particle size SSW1 90 x40 x 1.0 40 37-42 30.15
SSw2 75 68-75 30.59
SSW3 110 100-115 31.34
Gradient particle size ~ GSW 40+ 75+110  40+75+ 110 30.89

3.2 Permeability Test Experiment

At present, most of the tests on the permeability of powder-sintered porous wicks use the forced
fluid flow method proposed by Adkins and Dykhuizen [31] based on Darcy laminar flow. Therefore,
this study uses this method to test the permeability of wick samples.

The experimental system of the permeability of the wick is shown in Fig. 4. The medium
is deionized water, which is driven by a low-power gear pump (AT-305S) ensuring smooth and
continuous flow. The Y-filter (SY11C-H10) is added to prevent the fine solid impurities in the water
from entering the wick sample to block the pores and increase the resistance. The valve (WL91H-
320P) with an adjustable flow rate is controlled to adjust the flow rate of deionized water so that
the experimental conditions are more consistent with the operating conditions of the heat pipe. The
inlet and outlet pressures of the test section were measured by two digital pressure sensors (SLDY B-
801D/C, 0-100 kPa, 0.25%FS). The Coriolis mass flowmeter (accuracy 0.1 level) is used to control and
measure the mass flow rate of the medium flowing through the wick sample, and the mass flow rate of
the liquid working medium through various wick samples under steady state is further calculated and
recorded. During the experimental process, once the flow attains a steady state, the flow rate is gauged
over a period of 2 min. To guarantee the stability and consistency of the flow rate measurement, three
consecutive flow rate measurements are carried out for each individual test. Subsequently, the flow
rate is computed as the average value of these measured flow rates. It should be noted that the room
temperature was maintained at 25°C &+ 0.1°C throughout the entire experiment.
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Figure 4: Permeability test experimental system

3.3 Capillary Rise Test Experiment

In this study, the wick sample (sintered stainless steel powder) and the liquid medium (deionized
water) have different emissivity characteristics at 25°C. The infrared thermal imager is used to obtain
the image with an obvious color difference, and then the accurate capillary rise height is obtained.

The capillary rise test system includes an infrared thermal imager (SPARK M80hd, Canada), data
acquisition computer, iron stand, small lifting platform, working medium container, sample fixing
device, and glass cover, as shown in Fig. 5.

Bell grass -

Infrared Data acquisition
thermal imager computer

Figure 5: Capillary rise test experimental system

The wick sample was vertically fixed in the fixture of the iron shelf, and the container placed
on the lifting platform was filled with deionized water. The lifting platform was adjusted to make
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the sample vertically immersed in the deionized water of the container, and the immersion depth was
about 3 mm. The working medium overcomes its own gravity to climb up under the capillary pressure
of the wick, and the climbing process is recorded by an infrared thermal imager. When it comes to
the subsequent data processing, the evaporation of the working medium during the capillary climbing
process can be overlooked. Because the complete experiment is carried out in a closed space which
is composed of organic glass and kept at 25°C % 0.1°C. Such conditions make the test space nearly
saturated with water vapor and cut down on the evaporation loss of the working medium during the
capillary climbing process.

According to the infrared thermal imager, the image of different capillary rise height at each
moment can be obtained. As shown in Fig. 6, the rectangular Rect 1 is established with half of the
length of the bottom side of the wick sample as wide and the right side as long, and the rectangular
Rect 2 is also established with half length of the wick sample bottom side as wide and the capillary
rise height as long. Owing to the significant color disparity between the infrared thermal image of
the sample and that of the working fluid, the determination of the height of the curved liquid surface
becomes rather facile, which in turn facilitates the establishment of the rectangular Rect 2. Given that
the length of the wick sample is L, the rise height H of the curved surface along which the working
fluid ascends within the wick can be computed using Eq. (13).

Serr
H= Rect2

L (14)

Figure 6: Schematic diagram of the method to determine the capillary rising height

3.4 Uncertainty Analysis
The uncertainty of the calculated parameters is calculated according to the formula of Moffat
R J[32]:
1
N 2712
dR
SR = —48V; 15
2] "
where SR is the uncertainty of parameter R, V; is the independent variable of parameter R, and 8 V; is

the uncertainty of independent variable V;. The measurement uncertainty of infrared thermal imager
can be calculated by the following formula:

(16)
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Through calculation, the uncertainty of permeability is +1.57%, and the uncertainty of capillary
rise height is 3.09%, which are within the allowable range of error.

4 Results and Discussion
4.1 Effect of Stainless Steel Powder Size on the Wick Porosity

The three wick samples with varying particle dimensions underwent sintering using the same
procedure, and the porosity of each sample was measured. The average porosity of all samples was
used in the study to reduce the influence of random error on the experimental results. As shown in
Fig. 7, for the traditional single particle size wick, the porosity of the wick increases with the increase
of the stainless steel particle size from 40 to 110 um. This is consistent with the trend predicted by
the Blake-Kozeny formula mentioned above and the literature [24]. This is because the large-grained
stainless steel powder is more likely to form a loose stacking structure, and it is also easy to form more
channels and pores during the sintering process, thereby increasing the overall porosity.
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Figure 7: Variation of the porosity of wick with different powder size

For the gradient structure wick designed in this paper, its porosity is only inferior to that of the 110
um particle size wick and is significantly improved compared with the porosity of 40 and 75 um particle
size wick. This is mainly because the gradient structure wick undergoes segmented sintering, and the
particles in each section do not interfere with one another. Only the phenomenon of small particle size
filling large particle size at the interface occurs, which has little impact on the overall porosity of the
wick. Therefore, to a certain extent, the gradient structure wick can enhance the porosity of the wick.

4.2 Effect of Stainless Steel Powder Size on the Wick Permeability

In this section, the pressure drop of the medium at different flow rates was measured and analyzed.
As shown in Fig. 8, the medium pressure drop grows as the flow rate increases. By linearly fitting
the pressure drop curve and ignoring the error of individual data in the experiment, the slope of the
Ap-Q linear fitting line (equal to w,L/( KA)) is obtained, and the permeability of the wick samples is
calculated. As is also observable in Fig. 8, in the case of the single sintered stainless steel powder wick,
the gradient of the pressure drop curve declines remarkably when the powder particle size escalates
from 40 to 110 um. The reason for this phenomenon lies in the fact that as the powder particle
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size enlarges, the pores expand, which consequently brings about an augmentation in the flow area.
Therefore, the flow resistance of the larger particle-size powder sintered wick sample is reduced, and
the pressure drop on both sides is small. The pressure drop of the gradient structure wick designed in
this paper is only greater than that of the 110 um particle powder wick, which is significantly lower
than that of the 75 pm particle powder wick and 40 um particle size wick. The smaller the pressure
drop is, the smaller the resistance of the wick is. The gradient structure wick can promote the backflow
of the heat pipe working medium.

SSW1
e SSW2
SSW3
GSW

—
=
Ll

Pressure drop (kPa)
o ™

0 50 100 150 200 250 300 350
Flow rate (ml/min)

Figure 8: Variation of the pressure drop at different medium flow rate

The permeability of sintered samples with different particle sizes was calculated according to the
slope of the Ap-Q fitting line, and the results are shown in Fig. 9. It is evident that, with regard
to the conventional wick with a single particle size, the permeability experiences an upward trend
as the average particle size of the stainless steel powder rises within the range from 40 to 110 um.
This is because stainless steel powder of larger particle sizes forms relatively large pores. These larger
pores can accommodate more liquid and enable liquid to pass through more easily, thus enhancing
air permeability. Furthermore, stainless steel powder possessing larger particle dimensions exhibits
a reduced surface area, given that the surface area is inversely related to the square of the particle
diameter. Consequently, powder with larger particle sizes will reduce the surface tension effect,
facilitate liquid penetration, and increase permeability.

For the gradient structure wick designed in this paper, its permeability lies between that of the two
single-size wicks, 75 um particle powder wick and 110 pm particle size wick. This is mainly because,
in the gradient structure wick, smaller particles can attract and retain more liquid. At the same time,
larger particles are more conducive to the passage of liquid. Moreover, the liquid in the wick can
penetrate and disperse more evenly. To a certain extent, this can enhance the permeability of the wick.
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Figure 9: Variation of the sintered stainless steel powder wick permeability with different particle size

4.3 Effect of Stainless Steel Powder Size on Wick Capillary Pressure

Fig. 10 presents the infrared thermal imaging of the capillary rise phenomenon of the sintered
stainless steel powder wicks with particle sizes of 40, 75, and 110 um, as well as the gradient particle
size structure. In the same ambient room temperature environment, owing to the disparity in emissivity
between the working fluid water and the sintered stainless steel, the areas where the working fluid
ascends within the wick are manifested as dark blue, allowing for the visualization of the capillary
rise height of the medium in the wick. When the wick sample comes into contact with deionized water,
under the impetus of the capillary pressure within the wick, the deionized water is capable of ascending
against the force of gravity within the wick’s flow channels. As can be discerned from the diagram,
during the initial stage, the curved liquid surface within the wick experiences a relatively rapid upward
movement. However, as the height of the curved liquid surface augments, the rate of climbing gradually
diminishes.

Fig. 11 shows the relationship between the capillary climbing height and time of sintered stainless
steel powder wicks with particle sizes of 40, 75, 110 um, and gradient structure. It can be observed
from the diagram that the capillary climbing speeds of different wicks vary. In the initial stage, the
capillary climbing speed is relatively large. This can be attributed to the fact that during the initial
phase of capillary climbing, the hydrostatic pressure induced by gravity is relatively insignificant. In
the subsequent stage, as the influence of gravity intensifies, the rate of capillary climbing progressively
decelerates. With the passage of time, the disparities in capillary rise heights among the tested samples
tend to become more pronounced. In the case of a single-structure wick, the capillary rise velocity
and height do not exhibit a monotonous variation with the augmentation of powder particle size, a
phenomenon that is in concordance with what was observed in literature [25]. This may be due to
the tiny pores created between the different particles lead to discrepancies with the theory. Among
them, the 75 um wick has the fastest climbing speed and the highest climbing height, while the 40 um
wick is the slowest and has the lowest climbing height. For the gradient structure wick, within 28 s,
its climbing speed is similar to that of the 75 um wick and the 110 um wick. However, subsequently,
they exhibit different climbing speeds. The relationship of capillary climbing speed is: GSW > SSW2
> SSW3 > SSWI.
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4.4 Effect of Stainless Steel Powder Size on the Wick Capillary Performance Parameter

For the single particle size structure wick, as the powder particle size increases, the capillary rise
height and rate of the powder-sintered porous structure do not increase monotonously. Instead, they
reach the maximum when the particle size is 75 um. Compared with the 110 um powder particle size
wick, the 40 um powder particle size structure has a smaller pore size and a higher capillary pressure.
However, the comprehensive capillary performance of the 40 um wick is inferior to that of the 110
um wick because the permeability of the 40 um wick is too low to offset the influence of capillary
pressure. The pore size and permeability of the 75 um wick are in an intermediate state. Moreover, its
capillary pressure Ap,,, is significantly larger than that of the other two porous structures. Due to the
combined effect of capillary pressure and permeability, the 75 um wick and the 110 pm wick have good
and similar capillary performance parameters.

For the gradient particle size structure wick, as can be seen from Table 2, the GSW wick is sintered
by three different sizes of stainless steel particles, namely 40, 75, and 110 um. The average pore size of
the GSW wick is similar to that of the 75 um wick. The capillary pressure of the GSW wick is higher
than that of 40 um, 75 pum wick, and 110 um. The permeability of the GSW wick is slightly worse
than the 110 pm wick but better than that of 40 and 75 um. Therefore, the capillary performance of
the gradient particle size structure wick GSW is equivalent to a combination of the advantages of
large particle size powder and small particle size powder. It has higher permeability, larger capillary
pressure, and the best capillary performance. Compared with the 75 um wick with the same average
particle size, its capillary performance parameter is improved by more than 30%.

Table 2: Capillary performance parameters of single particle size and gradient particle size structure
wicks

Wick type Average Porosity/% Permeability/m? Capillary Capillary
particle performance pressure/kPa
size/um parameter/Pam?’

Single particle SSW1 40 30.15 4.12 x 1072 5.54 x 1078 13.44

size SSW2 75 30.59 513 x 1072 7.38 x 107% 15.12

SSW3 110 31.34 6.53 x 107" 7.60 x 107% 11.64

Gradient GSW 40+ 75+ 110 30.89 5.68 x 1072 9.70 x 107® 17.08

particle size

5 Conclusion

This paper focuses on the transport characteristics of sintered powder wicks within flat heat
pipes and undertakes an in-depth exploration of them. By means of theoretical analysis, an axial
gradient structure wick is devised. The porosity, permeability, and capillary climbing height of the wick
are experimentally determined. The relationship between the powder particle size and the effective
capillary radius is employed to compute the capillary force and the capillary performance factor of the
wick, followed by an analysis of the comprehensive capillary performance of each wick. The principal
conclusions are as follows:

1. In this study, sintered stainless steel powder is used as the wick material. The particle size
distribution of the optimal axial gradient structure wick (average particle diameter values:
40 um for the evaporation section, 75 um for the adiabatic section, and 110 um for the
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condensation section) is derived, and the transport capacity of the gradient structure wick
under limited scale is optimized.

2. With the augmentation of the particle size of stainless steel powder, the porosity of the
wick exhibits an upward trend. To a certain extent, the gradient structure wick is capable
of effectively augmenting the porosity of the wick. The permeability of the sintered wick
fluctuates in accordance with the powder particle size. The sample with a particle size of
110 um, which is larger, demonstrates the greatest permeability. The permeability of the GSW
sample is only inferior to that of the SSW3 sample and it also possesses favorable permeability.

3. Compared with the traditional single-structure wick, the capillary performance parameter of
the gradient structure wick is improved by more than 30%. From this perspective, the gradient
structure wick designed in this paper can significantly improve the capillary limit of the wick
and provide a good alternative for the wick of two-phase heat exchange devices.
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