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ARTICLE INFO ABSTRACT
Keywords: The rapid development of power-intensive and flexible electronic devices requires thinner heat-
Ultra-thin flat heat pipe dissipation devices with better thermal performance. Ultra-thin flat heat pipe (UTFHP) with

Striped composite wick
Multiscale
Thermal resistance

striped wick structure is a promising candidate for this application, but its wick structure and
thermal performance have not yet been thoroughly studied and optimized for the small
concentrated heat source, which is commonly encountered in electronics. In this study, several
concentrated striped composite wick (CSCW) structures for 0.6 mm thick UTFHPs are proposed
and experimentally investigated. The CSCW consists of copper foam with striped passages
converging in the heating zone and double layers of copper screen mesh. The thermal perfor-
mance of UTFHPs with various composite wick structures is experimentally evaluated. UTFHPs
with the proposed structures are also compared with a UTFHP with a more conventional parallel
passage composite wick structure. Experimental results show that the CSCW with the hollow
structure at the evaporation section is preferred, due to the directed liquid working medium
reflux and a large vapor-liquid evaporation interface. Besides, the passage width of the copper
foam significantly affects the thermal performance. With the best-performing wick structure, the
UTFHP gives the lowest thermal resistance of 0.79 °C/W at a heat load of 23.34 W. Its effective
thermal conductivity is approximately 7 times that of copper. The proposed striped wick structure
for UTFHPs provides an alternative to handle the hot-spot challenge of electronic devices.

1. Introduction

As microelectronics and information technology have advanced rapidly recently, many electronic devices are moving towards
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Fig. 1. The arrangement of wick and vapor passage: (a) layered structure; (b) striped structure.

miniaturization [1], high integration, and high performance [2]. Accordingly, the power required and the heat flux generated by
electronic devices, such as high intensity light-emitting diode (LED) [3], electric vehicle batteries [4,5], and power amplifiers [6], will
continue increasing significantly in the future. Consequently, electronic devices are faced with serious thermal management chal-
lenges. To meet these requirements, the heat dissipation module must be lightweight, compact, and have excellent heat dissipation
capability. Conventional cooling methods using water, air, and other working mediums for forced convection cooling are unsuitable
due to their bulky size and complicated structure [7]. These cooling methods are also challenging to implement in portable electronics.
Hence, alternative cooling techniques are necessary to fulfill these cooling requirements. Flat heat pipe (FHP), which transfers
considerable amounts of heat by effectively employing the phase change circulation of working medium, emerges as a promising
solution for meeting the challenge. It has the advantages of low thermal resistance, small volume, no external energy cost [8,9], and the
ability to establish effective thermal contact with the surface of a planar heat source, such as computer and mobile phone central
processing units (CPUs) which generate local area heat concentration. Thus, it becomes an important tool for addressing the current
hot-spot problem of power-intensive electronic devices within a confined space.

FHP with a thickness of a few millimeters or more is no longer suitable for the thermal management of rapidly iteratively updated
microelectronic systems. Therefore, the ultra-thin flat heat pipe (UTFHP) with an overall thickness below 2.0 mm has become an
important research direction currently [10]. Researchers have proposed various kinds of UTFHPs and made attempts to optimize their
performance. Ding et al. [8] created a 30 mm x 30 mm x 0.6 mm (length x width x thickness) titanium-based UTFHP by using laser
welding technology, rendering a maximum heat transfer power of 7.2 W. Oshman et al. [11] proposed a 1 mm thick polymer-based
FHP which could operate at 11.94 W in the horizontal state. Later, they produced another 1.31 mm thick polymer-based FHP with a
wick consisting of three layers of sintered copper mesh [12]. The thermal resistance of a copper reference sample with the same size
was 4.6 times that of the UTFHP. Lewis et al. [13] designed a 0.5 mm thick flexible UTFHP. Double-layer copper mesh and electro-
plated copper columns functioned as the wick and vapor passage, respectively. The UTFHP could function at a heating power of 8 W.
Although polymer-based UTFHPs have good flexibility and lightweight properties, they also face issues including the release of
non-condensable gas from the polymer and low thermal conductivity. Xu et al. [14] presented a 0.28 mm thick UTFHP with a
composite wick structure comprised of a layer of stainless-steel mesh and an array of micro copper columns. At a power of 7.9 W, an
effective thermal conductivity of 1398 W/(m-K) was obtained. Lee et al. [15] fabricated a 0.91 mm thick UTFHP. The wick consisted of
single-layer copper mesh, while the vapor passage was formed by three layers of coarse copper mesh. The ultimate heat load was about
5.4 W under the horizontal unbent condition. Huang et al. [16] proposed five 1.26-1.7 mm thick UTFHPs using solder paste soldering.
Double-layer coarse copper mesh and single-layer fine copper mesh worked as the vapor and liquid passages, respectively. The heat
dissipation power in the horizontal direction was 50 W (the heat source size: 20 mm x 20 mm). Chen et al. [17] produced a 0.4 mm
thick UTFHP with a maximum heat transfer capacity (HTC) of 4.5 W at the horizontal position by designing the wick with a 300 in™!
copper mesh and the support for vapor passage with a micro-pillar array. Yang et al. [9] studied the heat transfer performance of
UTFHP with a new type of wettability pattern for evaporators. Li et al. [18] suggested a 2 mm thick UTFHP with bionic grading
microchannels. The UTFHP could endure a thermal load of 24 W at the optimum inclination angle. The thermal performance of
UTFHPs is improved by using different shell materials, wick structures, and manufacturing processes. However, the maximum heat
transfer capacity of UTFHP with a relatively thin thickness is still not very excellent.

From the above literature review, the overall dimensions of UTFHPs, especially the thickness, can significantly impact the heat
transfer capacity. Most of the above-mentioned studies adopted a layered structure for UTFHPs, whose wick and vapor passage are
separated in the thickness direction, as shown in Fig. 1(a). The performance of UTFHPs with a layered structure can be strengthened by
the optimization of wick structure, but it also brings some problems in the development of UTFHPs. UTFHPs with a layered structure
achieve ultra-thinness by reducing the thickness of the vapor or liquid chamber, which increases the vapor flow resistance and inhibits
liquid reflux. These effects lead to a considerable decrease in critical heat flow density, greatly deteriorating the thermal performance
of the UTFHPs. On the other hand, UTFHPs with a layered structure of vapor and liquid flowing in opposite directions have a high
vapor friction coefficient [19], leading to a high pressure drop and a low maximum heat flux. Therefore, UTFHPs with a striped
structure as shown in Fig. 1(b) have been proposed [2,20]. In the striped structure, the wick and vapor passage are assembled in the
same plane. The porous wick functions as a self-supporting and fluid pumping. Additional support columns are not needed, reducing
the overall thickness and production complexity. Moreover, this type of wick structure gives a lower vapor spreading resistance at the
adiabatic section of UTFHP when compared with a layered-structure UTFHP of the same thickness, because of the lower vapor passage
wall surface area. Lv et al. [21] used a five-layer super-hydrophilic sintered screen mesh cut into a striped structure as the wick to
create a 100 mm x 50 mm x 0.95 mm UTFHP. The parallel and rectangular vapor passages were processed by wire electrode cutting.
The experimental results showed that the minimum thermal resistance was 0.039 °C/W. Zhou et al. [20] proposed a 0.8 mm thick
UTFHP that utilized a hybrid wick structure that sintered copper foam and screen mesh together. The UTFHP withstood a maximum
heat load of 5 W at an optimal filling ratio of 100 %. Subsequently, they fabricated six 0.75 mm thick striped UTFHPs with composite
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Fig. 2. Schematic of the UTFHP: (a) internal structure configuration of UTFHP; (b) different wick structures (the red dotted frame is the heating
zone); (c) assembled sample of UTFHP; (d) thickness of UTFHP.

wick structures of different widths [22]. The influence of the vapor-liquid passage space allocation percentage on the thermal char-
acteristics of UTFHPs was investigated. It was found that the optimal area ratio of UTFHPs was 67.28 % with a maximum heat load of
8.5 W (a heated zone of 15 mm x 9 mm in size). Li et al. [23] proposed a UTFHP with a thickness of less than 0.5 mm and a striped wick
structure consisting of sintered screen mesh. The phase-change process and two-phase flow in the striped wick were studied by
visualization, and it was found that the striped wick structure can alleviate the two-phase counterflow well. Huang et al. [24] designed
a100 mm x 15 mm x 0.5 mm UTFHP with a striped structure. The wick consisted of six spiral woven wire mesh layers and a bottom
layer of screen mesh, with a maximum input heating power of 10.5 W (heat flux of 4.67 W/cm?) in the gravity position. Cui et al. [25]
presented a 105 mm x 50 mm x 0.68 mm UTFHP with a striped sintered screen mesh wick structure. The wick was thermally oxidized
to enhance capillary force. The UTFHP could withstand 8 W (on a 1 cm? heating area) with a minimum thermal resistance of
0.26 °C/W.

So far, relatively little research has been done on UTFHPs with a striped structure. Research on UTFHPs with a striped structure
mainly focuses on optimizing the arrangement of vapor-liquid passages and trying different types of wick and surface treatments to
improve heat transfer performance. The wick structure and thermal performance have not yet been thoroughly studied and optimized
for the small concentrated heat source. The striped structure can achieve a higher heat transfer capacity, but some challenges need to
be solved first. Some striped UTFHPs are created by flattening cylindrical copper heat pipes [20,22]. Restricted thickness and simple
shape may limit its applications. The other striped UTFHPs are made by welding and sealing two thin plates with a wick structure [21,
24,25]. The vapor and liquid passages are relatively single in structure and designed with parallel structure at the evaporation section.
However, when the parallel passage structure is faced with a small concentrated heat source such as CPU, the liquid pumped by the
parallel passage wick on both sides of the heat source needs to be transported to the heating zone again, resulting in a long reflux path.
Moreover, fewer vapor transport passages can be used efficiently, and the overall thermal performance is not excellent. Solving these
challenges in enhancing the thermal performance of UTFHPs with a striped structure is the goal of our research.

Therefore, this paper presents UTFHPs with novel striped composite wick structures. The thickness of UTFHPs is 0.6 mm, and their
heat transfer characteristics are studied experimentally. The composite wick comprised of copper foam and screen mesh meets the
requirements of high permeability and capillary force. The axially concentrated striped structure made at the evaporation section of
the copper foam can provide more available passages for vapor transport and realize the directed backflow of liquid working fluid to
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Table 1
Detail parameters of different UTFHP samples.
Sample Vapor passage width (mm) Liquid passage width (mm) Vapor passage number Liquid passage number Screen mesh number
SP1 1 1 13 12 500
SP2 1 1 13 12 500
SP3 1.5 1.5 9 8 500
SP4 1 1 13 12 500
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Fig. 3. Preparation process of super-hydrophilic micro/nanostructures.

the heating zone. Multiscale micro/nanostructures are prepared on the surface of the wick to make it super-hydrophilic, thus
improving the capillary force and pumping the working medium more rapidly. The influence of filling ratio, heat load, wick structure,
and passage width on the thermal performance of UTFHPs proposed are experimentally investigated.

2. Experimental setup and theory
2.1. Design and manufacture of the UTFHP

The overall structure of the proposed UTFHP consisted of an upper shell plate, an intermediate cushion layer, a lower shell plate,
and a composite wick comprised of copper foam and screen mesh. The internal structure configuration of the UTFHP is illustrated in
Fig. 2(a). The UTFHP had an overall external size of 90 mm x 40 mm and an internal functional area of 80 mm x 30 mm. The upper
and lower shell plates were both fabricated from 80 pm thick copper foil. The intermediate cushion layer was composed of a 400 pm
thick copper plate, providing space for the wick placement. The composite wick comprised 130 in~' copper foam with a thickness of
300 pm and a double-layered 500 in "~ copper screen mesh with approximately 160 um in total thickness. The copper foam served both
as the vapor passage and the wick structure. Because the intersection layer in the wick can enhance the evaporation rate and the
backflow ability of the wick [26], the double-layered mesh acted as the additional wick structure to maintain the working circulation.
The mesh layers and the foam structure were held together by the vacuum force applied by the shell plates. Electroplating bonding [13]
and diffusion bonding [27] were possible methods to reduce interlaminar thermal contact resistance and further improve thermal
performance. As depicted in Fig. 2(b), striped vapor passages with different shapes and widths were fabricated in the copper foam
using laser die cutting. The remaining part of the copper foam formed a strip-shaped wick, assisting in the backflow of the condensed
liquid to the heating zone. This configuration realized vapor-liquid separation and weakened the interaction between them. Inde-
pendent and efficient transport passages for vapor and liquid in the heat pipe are guaranteed.

To investigate how the geometrical parameters of the configuration affect the heat transfer characteristics of UTFHPs, four various
types of copper foam structures were designed, as depicted in Fig. 2(b). Sample 1 contained a square concentrated evaporation zone on
the wick that served as an evaporator. Sample 2 and Sample 3 had a similar structure with concentrated striped passages at the
evaporation section, but they differed in the width of the passage. Compared with Sample 1, Sample 2 and Sample 3 were designed to
be partially hollow at the evaporation section. The above three structures all had divergent vapor passages to improve the utilization of
passages for vapor transport. The liquid passages converged to the concentrated heating zone to fully utilize the liquid pumping ca-
pacity of the wick. A configuration composed of parallel passages was also designed to demonstrate the advantage of the proposed
configuration, as illustrated in Sample 4. It is worth mentioning that the copper foam structure at the left of the heating zone can serve
as a compensation chamber, storing liquid working medium to delay dry-out. The wick with a vapor passage width of less than 1 mm
was difficult to machine. When the vapor passage width was greater than 1.5 mm, it was hard to ensure good support for the shell plate.
As a result, this study concentrated primarily on the experimental results of the passage width of 1 mm and 1.5 mm.

Fig. 2(c) shows the physical diagram of the manufactured UTFHP. Sn/Ag/Cu (96.5/3/0.5) solder was used to seal the gap between
the upper/lower shell plate and the middle cushion layer. A copper tube with a diameter of 0.8 mm was inserted at the right end of the
UTFHP mainly for evacuation and working medium injection. A gap in the edge of the intermediate cushion layer provided space for
the copper tube to be inserted. Degassed deionized water was preferred for the working medium. Water was the most used working
medium for copper-based heat pipes because of its high latent heat of vaporization and surface tension [28,29]. The degassing and
deionization of the working medium can reduce the influence of non-condensable gas and prevent electrochemical corrosion,
respectively. As demonstrated in Fig. 2(d), the overall thickness of the UTFHP was about 0.6 mm. Details of different UTFHP samples
geometric parameters are summarized in Table 1.
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Fig. 4. SEM photographs of wick structures: (a) bare screen mesh; (b) micro/nanostructured screen mesh; (c) bare copper foam; (d) micro/

nanostructured copper foam.
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Fig. 5. The wettability test of screen mesh and copper foam: static contact angle of bare copper foam (a) and bare screen mesh (b); the penetrating

process of a 3 pl water drop on the micro/nanostructured copper foam (c) and micro/nanostructured screen mesh (d).

2.2. Fabrication of multiscale micro/nanostructured wick

It has been suggested that the multiscale micro/nanostructured wick improves the heat transfer performance of UTFHP through the
enhancement of capillary force and increased evaporation rate [26,30]. Thus, blade-like nanostructures were formed and almost
covered the outside surface of copper foam/mesh to produce the multiscale micro/nano wick structure in this work. Alkali-assisted
thermal oxidation was utilized to fabricate the super-hydrophilic multiscale micro/nanostructured wick [31]. The preparation pro-
cedures are depicted in Fig. 3. First, a mixed solution of 0.065 mol/L K3S20g and 2.5 mol/L KOH was prepared. The cleaned screen
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Fig. 6. Diagram of the experimental testing system: (a) experimental setup; (b) partial components; (c) assembly.

mesh and copper foam were subsequently immersed in the mixed solution, and the reaction was carried out at a temperature of 70 °C
for 30 min. Next, the screen mesh and copper foam were cleaned with deionized water. The final procedure was to regulate the oven
temperature to 180 °C and bake the cleaned materials for 2 h. Fig. 4 is a SEM diagram of the surface morphology of wick before and
after oxidation treatment. The surface characteristics of screen mesh/copper foam changed considerably after oxidation. The surface of
the wick structure was relatively smooth before oxidation, as indicated in Fig. 4(a) and (c). After oxidation, blade-like nanostructures
were formed on the surface, leading to an increase in roughness, as depicted in Fig. 4(b) and (d). As a result, the thin-film evaporation
area became enlarged and the capillary force increased [7]. Fig. 5 shows the wettability test results of deionized water in the wick. The
static contact angles of copper foam and screen mesh before the micro/nanostructures fabrication process were 116° and 127°,
respectively, as displayed in Fig. 5(a) and (b). The formation of micro/nanostructures significantly enhanced the hydrophilicity of the
wick such that the measurement of contact angle became difficult. The water droplets were almost attached to the surface before the
oxidation process. However, a complete wetting by a water droplet was observed on the surfaces after oxidation (Fig. 5(c) and (d)). The
droplets dispersed quickly and subsequently spread into the copper foam and the screen mesh, indicating strong super-hydrophilicity
of the wick.

2.3. Experimental setup and uncertainty analysis

The experimental platform depicted in Fig. 6(a) was established to test and estimate the thermal performance of UTFHPs. The
entire experimental platform mainly included four components for heating, cooling, data acquisition, and thermal insulation,
respectively. The heat was generated by a ceramic heater powered by a DC power supply (Keithley 2260B-80-27, 0.01 W resolution).
The input heating power varied between 2.60 W and 26.36 W. The copper block with cross-sectional dimensions of 10 mm x 10 mm
and a height of 20 mm conducted heat from the ceramic heater to the evaporation section of the UTFHP, as shown in Fig. 6(b). The
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Fig. 7. Position distribution of thermocouples on the surface of UTFHP.

ceramic heater, DC power supply, and copper block constituted the heating module. The heat was then effectively transferred to the
condensation section by the UTFHP and rejected at the condensation section to an aluminum heat sink under a water-cooling module.
The aluminum heat sink, water-cooled plate, constant temperature circulating water tank, and flowmeter made up the cooling module.
The size of the top and bottom surface of the aluminum heat sink was 25 mm x 25 mm, and the cross-section size of the middle part was
10 mm x 10 mm. The temperature stability of the circulating water tank was 0.1 °C. A flow meter was employed for regulating and
recording the flow rate of the circulating liquid through the water-cooled plate. The temperature of the circulating water tank was
programmed to 25 °C and the flow rate was regulated to 1.8 L/min. The data acquisition module was used for recording the
temperature-characteristic data on the surface of the UTFHP. It consisted of several K-type thermocouples (the accuracy: 0.1 °C), a
laptop, and a data acquisition instrument (Keithley DAQ6510). The acquisition frequency was set to 1/5 Hz. A thin layer of thermally
conductive silicone grease with 6 W/(m-K) rated thermal conductivity was applied to the interface between the UTFHP and the heated
copper block/aluminum heat sink to lower the contact thermal resistance. Additionally, the whole apparatus was insulated with Teflon
block and aerogel to minimize heat loss both through radiation and convection during testing, as shown in Fig. 6(c). The UTFHP was
subjected to a uniformly distributed constant pressure of about 98 N to ensure full contact with the heater and condenser blocks during
the test.

To estimate the thermal performance of UTFHPs, the thermocouples were tightly affixed to the surface of UTFHP with their specific
position distribution shown in Fig. 7. T;, located on the evaporator, was used for the measurement of the evaporation section tem-
perature T,. T»-Ts, located on the condensation section, were used to evaluate the condensation section temperature T,, which is
defined by Eq. (1):

T7T2+T3+T4+TS+T6
‘o 5

@

T;1-Te were located on the bottom surface of the UTFHP. T»-T;2, uniformly located on the central axis on the top surface of the
UTFHP, were applied to monitor the temperature distribution. With known evaporation section temperature T,, condensation section
temperature T, and the input heat load Q, we can evaluate the thermal performance of UTFHP by using an effective total thermal
resistance, which is calculated by Eq. (2):

T.-T.
0

At atmospheric pressure, the thermal performance of UTFHPs at various filling ratios was investigated in the horizontal state. The
filling ratio is expressed as Eq. (3) [20]:

R (2)

n= Vi x 100% 3)
Vo
where V; and V,, are the volume of liquid working medium and pores within the composite wick, respectively. When the UTFHP
reached steady state, the temperature of measurement points was recorded and utilized for calculating the thermal resistance. The
temperature was measured 20 times and averaged to reduce the uncertainty of the measurement. The steady state is determined when
the temperature changes of all thermocouples exceed no more than 0.5 °C within 5 min.
The uncertainty analysis was carried out by the comprehensive method of relative error analysis [32]. The relative uncertainty of
the thermal resistance is determined by the following Eq. (4) [33]:
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When the heating power is 2.60 W, SP2 at a filling ratio of 111.4 % is used to analyze the maximum relative uncertainty of thermal
resistance. Considering the error of data acquisition, the measurement uncertainty of temperature is calculated to be 0.12 °C. The
power meter accuracy is 0.01W. The surface temperature of the insulation at maximum heating power (26.36 W) was measured to
estimate the heat loss. The results showed that the surface temperature was about 27 °C. The ambient temperature was 25 °C. The heat

loss is estimated to be about 1.0 W according to the formula of natural convection and heat radiation. It is no more than 3.79 % of the
heating power. Therefore, the maximum relative uncertainty of the thermal resistance computed by the above method is 4.51 %.

3. Results and discussion
3.1. Thermal response characteristics of UTFHP

The thermal response characteristics of the UTFHP are analyzed first. As illustrated in Fig. 8(a), sample SP2 with a 111.4 % filling
ratio is selected to illustrate the typical thermal response of the UTFHP. It is observed that the temperature rises quickly in the first 100
s of the start-up stage. Then, the rising speed decreases significantly, and the temperature gradually levels off. After about 350 s, the
temperature fluctuation of the thermocouple is less than 0.5 °C, meaning that the UTFHP succeeds in starting and reaches a steady
state. The thermal response time indicates the time required from the beginning of the heat load change until the UTFHP reaches the
next steady state. Fig. 8(b) demonstrates the operating characteristic of SP2 at various heat loads. The temperature at each mea-
surement point rises as the increase in heat load. The temperature difference between the adiabatic section and the condensation
section (T,) at all heat loads is relatively small. However, as the heat load continuously increases, the temperature difference between
the evaporation section (T,) and other sections enlarges considerably. In addition, the UTFHP reaches steady state after a period at a
constant heat load. The temperature of the UTFHP can also quickly regain steady state when the heat load is changed.

3.2. Temperature distribution of UTFHPs

As presented in Fig. 9, the surface temperature of the UTFHP samples SP1 (Fig. 9(a)), SP2 (Fig. 9(b)), SP3 (Fig. 9(c)), and SP4 (Fig. 9
(d)) at various filling ratios varies with the input heat load. At a small heat load, the surface temperature of UTFHPs exhibits good
uniformity. Besides, the temperature difference between T, and T, remains at a relatively low level. As the input heat load increases,
the absolute temperature as well as the temperature difference between T, and T, of UTFHP samples gradually rise. The large tem-
perature difference between T, and Ty at a large heat load indicates the appearance of dry-out. Besides, the surface temperature
distribution of UTFHP samples is also impacted by the filling ratio. When the input heat load is small, the filling ratio has little impact
on the temperature difference between the evaporation and condensation sections. However, when the heat load increases to certain
extent and approaches the dry-out limit, the temperature difference at different filling ratios differs dramatically. For example, the
temperature differences of SP1 between T, and T, at 94.7 %, 111.4 %, and 128.1 % filling ratios reach 5.9 °C, 5.8 °C, and 6.1 °C,
respectively, when the input heat load is 2.6 W. While the input heat load continues to increase to 23.34 W, the temperature differences
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Fig. 10. Thermal resistance of UTFHPs at different filling ratios: (a) SP1; (b) SP2; (c)SP3; (d) SP4.

reach 35.3 °C, 29.6 °C, and 28.1 °C, respectively, indicating a better ability to pump liquid to participate in vapor circulation at a
higher filling ratio. Moreover, when the input heat load is 26.36 W, the temperature differences between T, and T, of SP1, SP2, SP3,
and SP4 at a 94.7 % filling ratio reach 47.2 °C, 72.1 °C, and 58.4 and 65.2 °C, respectively. A clear decrease in temperature difference is
observed as the filling ratio increments to 111.4 % and 128.1 %. Especially for SP2, the temperature differences are only 21.6 °C and
24.8 °C. The temperature difference between the evaporation and condensation sections of the UTFHP sample at a large input heat load
is reduced by increasing the filling ratio. The reason is that the UTFHP sample with a low filling ratio has less working medium
participating in the heat transfer circulation. The evaporation section tends to dry out easily when a great deal of heat cannot be
transported to the condensation section promptly. The other reason is that the liquid working medium may undergo superheating and
form nucleate boiling on the surface of the evaporation section at a sufficiently large input heat load [20,34]. The bubbles are likely to
be confined within the porous wick and hard to escape, thereby increasing the evaporation resistance and obstructing the circulation of
the working medium. The temperature of the evaporation section stays at a high level. Therefore, when the input heat load is large, the
temperature difference at a low filling ratio is more significant than that at a large filling ratio. The filling ratio should be increased
appropriately to delay dry-out and enhance the thermal performance of UTFHP at a large heat load.

3.3. Thermal resistance of UTFHPs

The overall thermal resistances of UTFHPs SP1, SP2, SP3, and SP4 at different filling ratios are evaluated according to Eq. (2), with
the results shown in Fig. 10(a), (b), (c), and (d), respectively. Generally, as the input heat load increases, the thermal resistance of
UTFHP samples initially decreases and then increases. For instance, the thermal resistance of SP1 at the 94.7 % filling ratio drops
rapidly from 2.28 °C/W to 1.25 °C/W when the input heat load increases from 2.60 W to 14.39 W. The thermal resistance gradually
increases to 1.79 °C/W when the input heat load increases from 14.39 W to 26.36 W. The evaporation rate of the liquid working
medium at a small heat load is slow, resulting in a thick liquid film on the vapor-liquid interface at the evaporation section. Heat is
transferred through the liquid film by heat conduction. The low thermal conductivity of the liquid working medium leads to high
thermal resistance at the evaporation section. An increase in heat load intensifies the evaporation process and enhances the evapo-
ration rate, thus lessening the liquid film thickness which provides more space for the vapor. In addition, when the heat load increases,
the intense evaporation occurring at the evaporation section leads to the receding of the liquid meniscus into the wick. The meniscus
radius difference between the evaporation and condensation sections at the vapor-liquid interface increases, which improves the
capillarity of the wick and accelerates the cycle speed of the working medium [33]. Therefore, the heat transfer process in the UTFHP is
further enhanced and the thermal resistance is decreased. A further increase in heat load disrupts the previous flow pressure balance of
the working medium, due to the limitation of wick reflux capacity. Dry-out occurs locally at the evaporation section and the dry-out
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Fig. 11. Comparison of the thermal resistance of UTFHPs at the optimal filling ratio: (a) comparison of the thermal resistance of UTFHPs and copper
plate; (b) the ratio of the average thermal resistance of the copper plate to the thermal resistance of UTFHPs.

regions expand with the increase in heat load. Lack of sufficient liquid working medium to participate in the vapor circulation results in
increased thermal resistance.

The filling ratio has a significant impact on the thermal performance of UTFHP, especially the thermal resistance and HTC. For a
given UTFHP sample, the increment of filling ratio causes a growth in the heat load corresponding to the occurrence of minimum
thermal resistance (the maximum HTC). For example, the minimum thermal resistance of SP3 at 94.7 %, 111.4 %, and 128.1 % filling
ratios are 1.66 °C/W, 0.97 °C/W, and 1.29 °C/W, and the corresponding input heat loads are 11.38 W, 14.39 W, and 17.42 W,
respectively. The insufficient liquid supply of UTFHP samples with a low filling ratio leads to locally drying out easily at a small heat
load. Increasing the filling ratio can delay the appearance of dry-out, thereby improving the maximum HTC. It is worth noting that at
the high filling ratio (128.1 %), the maximum HTC of SP1, SP2, SP4, and SP4 can reach about 20 W. However, the thermal resistance at
the 128.1 % filling ratio is generally higher than that at the 111.4 % filling ratio. The reason is that the liquid film at the vapor-liquid
interface of the evaporation and condensation sections is thick at a high filling ratio, which causes large evaporation thermal resistance
and condensation thermal resistance. In addition, the high filling ratio leads to a reduction in the available vapor flow space, which
conversely brings about an increase in flow resistance and a more significant vapor pressure drop. Consequently, the thermal resistance
of the UTFHP increases and the thermal performance deteriorates. The optimal filling ratio refers to the filling ratio that minimizes the
thermal resistance under all experimental conditions of UTFHP. The optimal filling ratio for all UTFHPs is 111.4 % since the minimum
thermal resistance is gained at the filling ratio for all types of UTFHP. The maximum heat transfer capacities of SP1, SP2, SP3, and SP4
at the optimal filling ratios are 17.42 W, 23.34 W, 14.39 W, and 17.42 W, respectively.

3.4. Influence of wick structure

To examine how the wick configuration affects the thermal performance of UTFHPs, the thermal resistance of various UTFHPs at
the optimal filling ratio is compared, as indicated in Fig. 11(a). Besides, the thermal resistance test results of a same-sized copper plate
are given. The average thermal resistance of the copper plate is 5.51 °C/W. The thermal resistance of the copper plate hardly changes at
varying heat loads and is significantly higher than that of the four types of UTFHP samples because it transfers heat through heat
conduction. When the heat source is small and concentrated, SP4 with a traditional parallel passage structure has the worst thermal
performance, with a minimum thermal resistance of 1.48 °C/W. SP2 and SP3, which are designed to be partially hollow at the
evaporation section and have a concentrated striped passage structure, perform better in thermal performance. The minimum thermal
resistance of SP2 and SP3 is 0.79 °C/W and 0.97 °C/W, respectively. SP1 also has a concentrated striped passage structure. The
difference is that it has a bulk copper foam structure at the evaporation section. SP1 has a minimum thermal resistance of 1.13 °C/W
which is higher than that of SP2 and SP3, but lower than that of SP4. Fig. 11(b) shows the ratio of the average thermal resistance of the
copper plate to the thermal resistance of UTFHPs. The thermal resistance of the copper plate is about 4.9, 7, 5.7, and 3.7 times that of
the UTFHP SP1, SP2, SP3, and SP4, respectively.

Compared with SP4, SP1 has a 44 % reduction in minimum thermal resistance. The reason for the better performance of SP1 is that
when the heat source is concentrated, the axially concentrated striped passage structure designed at the evaporation section can
provide more available passages for vapor, which is beneficial to reduce evaporation resistance and improve vapor transport efficiency
[22]. Moreover, the structure realizes the directed backflow of liquid working medium to the heating zone, reducing the flow pressure
drop. However, only a few parallel vapor passages of SP4 can be utilized in the heating zone, resulting in a low vapor transport ef-
ficiency and large evaporation resistance. In addition, due to the concentration of the heat source, the liquid working medium pumped
by the parallel passage wick on both sides of the heating zone needs to be transported to the heating zone again [23], leading to a long
backflow path and significant flow pressure drop. Therefore, the thermal performance of the axially concentrated striped passage
configuration is better than that of the parallel configuration when facing a small concentrated heat source. It is observed that SP2 has
the lowest minimum thermal resistance and can bear a 26.36 W heat load with a negligible increase in thermal resistance. SP2 exhibits
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Table 2

Comparison of the thermal performance with other works.
References Thickness (mm) Qmax (W) Kefi/Keu
Li et al. [33] 2 120 5
Chen et al. [17] 0.43 4.5 -
Lewis et al. [13] 0.5 8 3
Cui et al. [25] 0.68 8 -
Huang et al. [24] 0.51 10 -
Previous work [26] 0.53-0.6 22.66 5.5
Present work 0.6 23.34 7

areduction of around 30 % in minimum thermal resistance as compared to SP1. The reason is that the bulk copper foam structure of the
concentrated evaporation zone at the evaporation section of SP1 leads to a relatively small area for the vapor-liquid interface where
evaporation occurs, increasing the evaporation thermal resistance [34]. Besides, nucleate boiling likely occurs at the evaporation
section when the input load is sufficiently large. The bulk copper foam structure brings about a longer escape path of vapor bubbles and
a larger evaporation thermal resistance. As shown in Fig. 9, the temperature difference between T, and T of SP2 at the filling ratio of
111.4 % is less than that of SP1, which also indicates that the thermal resistance of evaporation decreases.

Since SP2 exhibits superior thermal performance, SP3 is designed with a similar structure to SP2 for investigating the influence of
passage width on thermal characteristics. The copper foam of SP3 is designed with a 1.5 mm width for both the vapor passage and the
liquid passage. However, SP3 presented worse thermal performance than SP2 when the vapor passage width is increased to 1.5 mm,
whether it is analyzed from the maximum HTC or the minimum thermal resistance. It is not quite consistent with the previous research
in reference [25]. In their opinion, when the vapor passage is narrow, the vapor flow velocity is large, resulting in great vapor flow
resistance and liquid-vapor counterflow resistance. Moreover, when the vapor flow velocity is relatively high, the inertia effect is
noticeable and the possibility of liquid entrainment inside is relatively high. These factors jointly reduce the circulation efficiency of
the working medium. Based on our research findings, it can be concluded that the augmenting of the vapor passage width does not
reduce the total thermal resistance. The possible reason is that SP2 has more passages, which creates a larger vapor-liquid interface
area at the evaporation and condensation sections. This characteristic is beneficial for increasing the evaporation rate and conden-
sation rate of the working medium, leading to a reduction in the evaporation thermal resistance and condensation thermal resistance.
The improvement of the evaporation and condensation process has a more pronounced positive impact on thermal performance. The
decrease of the maximum HTC of SP3 may be due to the compression of the vapor chamber during the evacuation process, which
causes the increase of vapor pressure drop. However, the deformation of the shell plate cannot be seen macroscopically. Thus, the
width of the vapor passage should be designed reasonably on the premise of ensuring the full support of the shell plate, and the
interface area between the evaporation and condensation sections should be increased to improve thermal performance.

3.5. Comparison with other works

To further evaluate the thermal performance of UTFHP in this work, the test results of other literature works in the horizontal
direction are given, as shown in Table .2. Although the UTFHP proposed by Li et al. [33] can withstand 120 W heat load, it is thick and
the effective thermal conductivity compared with copper is not very high. In other literature works [13,17,24,25], the UTFHP with a
thickness close to this work can only withstand less than 10 W. On the whole, the UTFHP we designed in this work can withstand
higher heat load, and the effective thermal conductivity also has improved greatly compared with our previous work [26]. Kg/Kcy is
calculated by Eq. (5) as follows :

Ke/ RCu

Kcw R

(5)

where K is the effective thermal conductivity of UTFHP, K¢, is the thermal conductivity of copper, and R¢, is the thermal
resistance of the same-sized copper plate.

4. Conclusions

In this study, 0.6 mm thick UTFHPs with novel multiscale concentrated striped composite wick structures are proposed and
fabricated. Multiscale micro/nanostructures are prepared on the surface of the wick by alkali-assisted thermal oxidation, and super-
hydrophilic surfaces are formed. An experimental study on the thermal performance of UTFHPs is carried out. The influence of input
heating power, filling ratio, wick configuration, and passage width are analyzed. It is found that the appropriate increment of filling
ratio can delay dry-out, reduce temperature difference, and improve the thermal performance of UTFHPs at a high heat load. However,
a high filling ratio results in a large thermal resistance. The axially concentrated striped configuration exhibits better thermal per-
formance than the parallel passage configuration. The UTFHP with a hollow and concentrated striped composite wick at the evapo-
ration section has a minimum thermal resistance of 0.79 °C/W at the heating power of 23.34 W, which is about 1/7 of that of the
geometrically equivalent copper plate. In addition, the increase in passage width does not improve the thermal performance of UTFHP.
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Nomenclature

FHP flat heat pipe

UTFHP  ultra-thin flat heat pipe

CSCW  concentrated striped composite wick
HTC heat transfer capacity

T, temperature of the evaporation section (°C)

T, temperature of the condensation section (°C)

R thermal resistance (°C/W)

Q input heat load (W)

i volume of the filled liquid working medium (cm®)
vy volume of the pores within the wick (cm®)

Kegr effective thermal conductivity of the UTFHP (W/(m-K))
Kcu thermal conductivity of the copper (W/(m-K))
Greek symbols

0 contact angle (°)

n filling ratio (%)
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