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Abstract: Smooth and rough porous copper fiber sintered sheets, employed here as 7 

wicks for loop heat pipes for the first time, were fabricated using a low-temperature 8 

solid-phase sintering method. The capillary performance of both of these types of 9 

porous copper fiber sintered sheets were analyzed and discussed. The influence of the 10 

surface morphology, filling ratio, and working fluid on the thermal resistance, 11 

evaporator wall temperature, and start-up time of the loop heat pipes were 12 

investigated. The results showed that the capillary pumping amount of working fluid 13 

for both smooth and rough porous copper fiber sintered sheets initially increases 14 

rapidly, and then gradually attains a stable state. The curve of the capillary pumping 15 

amount of working fluid can be described as a function that increases exponentially 16 

over time. When rough porous copper fiber sintered sheets are used as wicks and 17 

deionized water is used as the working fluid, the capillary pumping amount is 18 

maximized. Compared to smooth porous copper fiber sintered sheets, loop heat pipes 19 

with rough porous copper fiber sintered sheets exhibit a shorter start-up time, lower 20 

thermal resistance, and lower evaporator wall temperature. For a filling ratio in the 21 

range of 15 % - 45 %, loop heat pipes with rough porous copper fiber sintered sheets 22 

and a 30 % filling ratio show lower thermal resistance and a lower evaporator wall 23 

temperature. Ultimately, the use of deionized water as the working fluid with a 30 % 24 

filling ratio enables loop heat pipes with rough porous copper fiber sintered sheets to 25 

be stably operated at a heat load of 200 W. 26 

Keywords：Loop heat pipe; porous copper fiber sintered sheet; surface morphology; 27 

capillary pumping amount; thermal performance 28 
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1 Introduction  29 

A loop heat pipe (LHP) is a highly efficient heat-transfer device that was initially 30 

proposed by scientists from the former Soviet Union in 1972 [1]. An LHP typically 31 

includes an evaporator, a condenser, steam and liquid lines, and working fluid as its 32 

main components. Further, an LHP exhibits excellent heat transfer performance with a 33 

steam-liquid phase change and has been widely used in many applications. For 34 

example, LHP without using the wick structure have developed to solve the problem 35 

of the high temperature and low efficiency of solar cells [2]. In the nuclear power 36 

field, a LHP have been designed for nuclear reactor power systems[3]. Especially, a 37 

mechanical pumped LHP can be also used for the aerospace industries[4]. Because the 38 

steam and liquid are separated and transferred through different pipelines [5], a 39 

reduction in the heat transfer efficiency caused by the entrainment limit [6] can be 40 

prevented efficiently. Thus, many new types of LHPs with different liquid-steam 41 

separators have been developed to improve the thermal performance by the 42 

experimental testing [7] and theoretical analyses [8]. As one of the most important 43 

parts of an LHP, the porous wick provides a capillary pumping force to drive the 44 

circulation flow of working fluid [9]. However, the porous wick should possess a 45 

lower flow resistance and larger permeability to establish a flow channel for the liquid 46 

fluid [10]. 47 

The wick structure has a great influence on the capillary pumping performance 48 

of an LHP. In fact, many researchers have devoted considerable efforts to optimize 49 

and enhance the capillary performance of porous wicks [11]. Previous studies found 50 
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that micro-groove wicks with simple structures are easy to fabricate [12]. However, 51 

the capillary force is insufficient because of the larger average size of these wicks and 52 

the limits in terms of their direction selectivity. Subsequently, multi-layer mesh wicks 53 

were developed to solve the problem of direction selectivity, but the capillary force 54 

remained insufficient for the increasing heat flux of electronic chips [13]. In recent 55 

years, many researchers have focused on sintered wicks. Sintered powder wicks, with 56 

effective three-dimensional network and fine pore structures, have been widely used 57 

in LHPs [14]. For example, Wu et al. [15] developed a novel sintered nickel powder 58 

wick for application in LHPs. The results showed that the thermal resistance of the 59 

LHP was as low as 0.095 °C/W, and the evaporator heat transfer coefficient was 60 

measured as 131 kW/ (m2∙K). Zhang et al. [16] investigated the effects of the 61 

sintering parameters on the porosity, pore size, permeability, and capillary pumping 62 

rate of wicks with nickel and nickel-copper powder, and the influence of the sintering 63 

time and temperature was also observed to be significant. Li et al. [17] developed two 64 

kinds of wick structures, i.e., single-powder (SP) and continuous step-graded (CSG) 65 

wicks, for LHPs. The heat transfer performance of the LHP with a continuous 66 

step-graded wick was found to be much higher than that of a single-powder wick. 67 

The contradiction between the capillary pumping force and permeability of 68 

wicks has led to the development of innovative bi-porous wick structures [18]. These 69 

wicks usually possess two different pore sizes and intertexture each other. The smaller 70 

pore size provides the capillary force that drives the flow of the liquid working fluid, 71 

whereas the larger pore size establishes the flow channel for the liquid working fluid. 72 
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Chen et al. [19] fabricated a sintered nickel powder bi-porous wick for a plate-type 73 

evaporator in an LHP. The results showed that the LHP had a heat load of 130 W with 74 

an evaporator wall temperature of 60 °C, and a thermal resistance of 1.42 - 0.33 °C/W 75 

with a heat load of 10 - 130 W. Li et al. [20] proposed cold pressing sintering and 76 

loose powder sintering methods to fabricate nickel powder bi-porous wicks. The 77 

maximum porosity and permeability of these wicks could reach 77.4 % and 78 

3.15×10-13 m2, respectively. A previous study proposed the use of multi-layer metal 79 

foams and composite porous copper fiber sintered sheets as wick structures for LHPs. 80 

Improved heat transfer performance was observed for the LHPs with different heat 81 

loads [21-22]. 82 

Recently, many researchers carried out numerous research studies to investigate 83 

performance parameters such as the capillary pumping force of the wick in LHPs. 84 

Nishikawara et al. [23] studied the effect of introducing gaps between the wick and 85 

evaporator wall on the heat transfer performance using numerical simulation methods. 86 

The results showed that the optimum gap enhanced the heat transfer performance 87 

when a wick with a low thermal conductivity coefficient was selected. Liu et al. [24] 88 

developed two sintered nickel powder wicks embedded in the evaporator of LHPs. 89 

With a heat load range of 10 - 170 W, the LHPs could successfully start up with the 90 

evaporator wall temperature below 90 °C. Cheng et al. [25] investigated the capillary 91 

pumping performance of a porous wick in an LHP by developing a method that 92 

studied real-time changes in the curve of the capillary pumping amount. The results 93 

showed that the real-time changes in the curve of the capillary pumping amount 94 



 Page 5 of 38 

recorded by an electronic balance and a computer could be described by an 95 

exponentially increasing equation. 96 

Prior research focused on the structural designs, fabrication methods, and 97 

improvements in the heat transfer performance of the porous wicks in LHPs. The 98 

effects of the surface morphology on the thermal performance of LHPs have not been 99 

reported in the literature. In this study, both smooth and rough porous copper fiber 100 

sintered sheets (PCFSSs), which were employed as wicks, were fabricated using the 101 

low-temperature solid-phase sintering method for LHPs. The capillary pumping 102 

performance of smooth and rough PCFSSs was tested and analyzed. Furthermore, the 103 

influences of the surface morphology, filling ratio, and working fluid on the thermal 104 

resistance, evaporator wall temperature, and start-up time of LHPs were investigated 105 

in detail. 106 
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Abbreviations 

Scanning electron microscope 

Loop heat pipe 

Porous copper fiber sintered sheets 

CC 

 

Greek symbols 
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ρ 
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σ 

θ 

φ 

Compensation chamber 

 

 

Dynamic viscosity, Pa·s 

Porosity, % 

Density, kg/m3 

Time constant, s 

Kinematic viscosity，m2/s 

Surface tension, N/m  

Contact angle, ° 

Fiber volume fraction, % 

2 Experimental setup 107 

After the introduction of fabrication process of rough and smooth copper fibers, 108 

the experimental test device for capillary pumping amount of rough and smooth 109 

PCFSSs was established. Subsequently, the structural design and testing system of 110 

LHP was described. Meanwhile, the important performance parameters such as 111 

capillary force, thermal resistance and heat transfer coefficient, and so on were 112 

determined for the LHP with PCFSS as wick. In the last, the uncertainty analysis for 113 

some parameters and devices was also provided. 114 

2.1 Fabrication process of smooth and rough porous copper fiber sintered sheets  115 

    Compared to the copper powder sintered wicks, the porosity of copper fiber 116 

sintered wicks varied from 50% - 95% under controlled conditions, as calculated by 117 

Eq. (7). The copper fiber sintered wicks exhibited larger permeability of 10-8 m2 to 118 

10-10 m2, as obtained by Eq. (8). The low-temperature solid-phase sintering method 119 

was employed to fabricate smooth and rough PCFSSs using copper fibers with both 120 

file:///F:/Program%20Files%20(x86)/Youdao/Dict/6.3.69.8341/resultui/frame/javascript:void(0);
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rough and smooth surface morphologies [26]. The copper fiber with a rough surface 121 

morphology and an equivalent diameter of 100 μm was fabricated by the cutting 122 

method using a multi-tooth tool [27], as shown in Fig. 1 a. Based on the scanning 123 

electron microscope (SEM) (SU-70, Hitachi, Japan) results, it was obvious that there 124 

were many microstructures distributed on the surface of the rough copper fiber. The 125 

smooth surface morphology copper fiber with an equivalent diameter of 100 μm was 126 

fabricated by the drawing method, as shown in Fig. 1 b. The SEM images of smooth 127 

and rough PCFSSs are shown in Fig. 1 c and d, respectively. The three-dimensional 128 

reticulated structure of the smooth and rough PCFSSs could easily be observed. The 129 

3D surface topography of copper fiber with rough and smooth surfaces, as detected by 130 

Laser Scanning Microscope (VK-X200K, KEYENCE, Japan), is shown in Fig. 2, and 131 

the corresponding roughness values are shown in Fig. 3. The roughness (Ra) of the 132 

rough fiber was determined to be 27 times than that of the smooth fiber. 133 

（a） （b）

（c） （d）

 134 
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Fig. 1 SEM images of smooth and rough PCFSSs fabricated using low-temperature solid-phase 135 

sintering method 136 

  

(a) (b) 

 137 

Fig. 2 3D surface topography of copper fiber by Laser Scanning Microscope:  138 

(a) Rough copper fiber; (b) Smooth copper fiber 139 
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Fig. 3 Roughness of rough and smooth copper fiber 141 

2.2 Capillary pumping performance test of porous copper fiber sintered sheets 142 

The equipment used in the capillary pumping test device to assess the 143 

performance of the PCFSS included a high-precision electronic balance (precision of 144 

0.0001 g, Sartorius, Germany), a mechanical elevator, a beaker, a computer, and 145 

liquid working fluid, as shown in Fig. 4. The accuracy of the measurement was 146 

ensured by covering the electronic balance with transparent glass to limit liquid 147 

evaporation and air fluctuations. The computer exchanged data with the electronic 148 
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balance to provide a real-time display and record changes in the quantity of liquid 149 

working fluid. The mechanical elevator was used to control the upward and 150 

downward movements of the wick. Because of continuous evaporation of the working 151 

fluid, regardless of the presence of a wick sample therein, the data collected directly 152 

by the computer (Mtotal) contained the capillary pumping amount of the wick (Mcap) 153 

and the evaporation amount of working fluid (Meva). A non-sample evaporation 154 

experiment was firstly conducted to obtain the evaporation amount of working fluid 155 

(Meva), and then the required capillary pumping amount of the wick was calculated 156 

based on Eq. (1). During the measuring process, the electronic balance was set to zero, 157 

and then the beaker was filled with the appropriate amount of working fluid. By 158 

manipulating the mechanical elevator, the wick moved downward slowly. The data 159 

(Mtotal) was immediately recorded when the wick came into contact with the liquid 160 

surface. The wick was dipped into the liquid to a certain depth (about 3 mm) during 161 

the measuring process to prevent the level of the liquid from dropping. The ambient 162 

temperature was approximately 25 ± 1 °C. 163 

evatotalcap MMM                       （1） 164 

where Mcap is the required capillary pumping amount of the wick, Mtotal is the total 165 

mass recorded by the computer, and Meva is the evaporation amount of working fluid. 166 
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 167 

Fig. 4 Experiment schematic for measuring the capillary pumping amount of PCFSSs 168 

2.3 Structural design and testing system of loop heat pipe 169 

   Fig. 5 shows the structural schematic of the developed LHP. The LHP consists of 170 

an evaporator with a porous wick and a compensation chamber and steam grooves, a 171 

condenser, steam-liquid lines, thermocouples and so on, as shown in Fig. 6. The 172 

detailed parameters of the designed LHP are listed in Table 1. In a previous study, the 173 

system that was used to test the LHPs comprised a data acquisition system, an 174 

auxiliary heating system, and an enhanced convection cooling system [22]. A total of 175 

12 k-type thermocouples were used to measure the temperature at different locations 176 

in the LHP. The temperature of the steam and liquid were measured by installing four 177 

inserted thermocouples in direct contact with the working fluid at the inlet and outlet 178 

of the evaporator and condenser, respectively. The smooth and rough PCFSSs with a 179 

porosity of 70 % were applied to the evaporator. The gap between the wick and 180 

evaporator wall was sealed to prevent steam from infiltrating the compensation 181 

chamber. The thermophysical properties varied for different working fluids, as shown 182 

in Table 2. The capillary pumping performance and heat transfer performance were 183 
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strongly influenced by thermophysical properties such as the latent heat, surface 184 

tension, and boiling point. In this study, deionized water, acetone, and ethanol were 185 

selected as working fluids with three filling ratios of 15 %, 30 %, and 45 %. The 186 

working fluids were sufficiently degassed to exclude the effect of non-condensable 187 

gases. 188 
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Steam line
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fill port

Thermalcouples

Thermalcouples

 189 

Fig. 5 Structural schematic of developed LHP 190 
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Fig. 6 Sectional view of developed LHP 192 

Table 1 Dimension parameters of developed LHP and its components 193 

Parameter Material  Value Unit  

Evaporator  

Length * width * height  

Steam groove  

Depth*width*spacing 

Condenser 

Length * width * height 

Steam line 

Outer *inner diameter*length 

Liquid line 

Outer *inner diameter*length 

Porous wick 

Length * width * height 

Porosity  

Smooth fiber diameter 

Rough fiber diameter 

Aluminum alloy 

 

Pure copper 

 

Aluminum alloy 

 

Pure copper 

 

Pure copper 

 

Copper fiber 

 

 

 

 

 

78*44*13.5 

 

1.5*1.5*2 

 

80*70*10.5 

 

8*5*200 

 

6*4*200 

 

70*40*6 

70 

100 

100 

 

mm3 

 

mm3 

 

mm3 

 

mm3 

 

mm3 

 

mm3 

% 

μm 

μm 
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Heating block  

Length * width * height 

Cartridge  

Diameter*length*number 

Total power  

Pure copper 

 

Stainless steel 

 

78*44*8 

 

6*73*4 

150*4 

 

mm3 

 

mm2 

W 

 2.4 Date reduction 194 

The capillary force is the main force driving the working fluid, and the flow is 195 

predominantly influenced by the effective pore size of the wick and surface tension of 196 

the liquid. The maximum capillary force is calculated according to the following 197 

equation: 198 




cos
2

)( max

effw

cap
r

P
）（

                       （2） 199 

where (ΔPcap) max is the maximum capillary force, σ is the surface tension of the liquid, 200 

(rw)eff is the effective pore radius of the wick, and θ is the contact angle between the 201 

liquid and the surface of the wick. Assuming that the contact angle is 90°, Eq. (2) can 202 

be simplified as follows: 203 

effw

cap
r

P
）（

2
)( max                          （3） 204 

A pressure drop occurs when the working fluid flows through each part of the 205 

LHPs, and only when the capillary force generated by the wick is larger than the sum 206 

of the pressure drops can the wick become saturated and can working fluid circulation 207 

proceed. This relationship is described as follows [28]: 208 

axialcondwlscap PPPPPP  max)(                （4） 209 

where ΔPs, ΔPl, ΔPw, and ΔPcond are the pressure drops in the steam and liquid 210 

lines, wick, and condenser, respectively. ΔPaxial is the static axial pressure drop, with 211 
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the negative sign indicating that the condenser is located above the evaporator.  212 

The thermal resistance (RLHP) of LHPs was calculated via the following 213 

temperature difference equation [29]: 214 

Q

TT
R condeva

LHP


                          （5） 215 

where Teva and Tcond are the average temperatures of the evaporator and condenser, 216 

respectively, and 
3

321 TTT
Teva




, 2

76 TT
Tcond




,
and Q is the heat load.  217 

The heat transfer coefficient of the LHP is calculated via the following equation: 218 

)( condevaeva

LHP
TTA

Q
h


                       （6） 219 

where Aeva is the bottom surface area of the evaporator.  220 

The porosity of a wick signifies the ratio of the pore volume to the volume of the 221 

entire wick, which is expressed as: 222 

%1001 









w

copper

V

m


                       （7） 223 

where ε is the porosity of the wick, mcopper is the quality of the copper fibers, ρ is the 224 

density of copper, and Vw is the volume of the wick. This method enables the porosity 225 

to be actively controlled within the range 50%-95%. 226 

The permeability K is calculated as follows [30]: 227 

 32/3

2

56116  


r
K

                       （8） 
228 

where r is the equivalent radius of the copper fiber, which is 50 μm in this study. 
229 

Further, φ is the fiber volume fraction, which is defined as: 
230 

 1
                      （9） 

231 
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 where ε is the porosity of the wick. 
232 

The relative permeability K' is defined as:  
233 

wL

K
K




                         （10） 
234 

where μ is the dynamic viscosity of the working fluid and Lw is the length of the wick. 
235 

2.5 Uncertainty analysis 236 

The uncertainties in individual temperature measurements are ±0.3 °C for the 237 

type-K thermocouples. The supply power measured by the wattmeter yields an 238 

uncertainty of 0.5 %. The uncertainties in the geometry dimension are estimated to be 239 

0.5-1 %. The uncertainty in the electronic balance measurements is estimated at ±0.05 240 

mg. The evaporator wall temperature and condenser temperature uncertainties stem 241 

from the thermocouple errors, and the uncertainty in the thermal resistance of the 242 

LHPs has its origins in the evaporator and condenser temperature errors and the 243 

supply power error, as shown in Eq. (5). The uncertainties associated with the 244 

measured and reduced parameters are obtained using a standard error analysis method 245 

[31]. The uncertainties in the evaporator wall temperature, condenser temperature, and 246 

thermal resistance are calculated as ± 0.52 °C, ± 0.42 °C, and ± 0.050 °C/W, 247 

respectively. 248 

3 Results and discussion 249 

The capillary pumping performance of PCFSSs were studied firstly, and then the 250 

theoretical value of capillary pumping amount and time constant were calculated 251 

based on Darcy’s law. Later, the influences of surface morphology, filling ratio, and 252 

working fluid on the thermal performance of LHPs with PCFSSs as wicks were also 253 



 Page 16 of 38 

studied in detail. Finally, the stable operation test was conducted to investigate the 254 

thermal performance of LHP. 255 

3.1 Capillary pumping test 256 

As a typical phase-change heat transfer device, an LHP mainly transfers heat 257 

through evaporation and condensation of the working fluid. The heat transfer rate of 258 

the LHP depends on the transfer rate of the working fluid associated with the capillary 259 

pumping performance of the porous wicks. While the LHP was running, the working 260 

fluid in the wick constantly evaporated, and the wick absorbed the working fluid from 261 

the compensation chamber through the capillary pumping force. When the capillary 262 

pumping rate was larger than the evaporation rate, the wick was saturated with liquid. 263 

However, the saturation of the wick was reduced when the capillary pumping rate was 264 

less than the evaporation rate. To achieve a new balance for the LHP, the capillary 265 

pumping rate was increased and the evaporation rate was reduced. This resulted in 266 

fluctuation of the evaporator wall temperature [28]. 267 

According to Darcy’s law [32]: 268 

 
t

dttHLgAKHtHS cro

0

'

0 )]([))(( w               （11） 269 

where H (t) is the real-time capillary pumping height, H0 denotes the capillary 270 

pumping height when t = 0. K' is the relative permeability of the wick (m2∙s/kg) and 271 

K'=K/ (μLw), where μ is the dynamic viscosity of the working fluid. Acro is the 272 

cross-sectional area of the wick (m2), S is the suppositional dense tube area when the 273 

quality and height were same with the wick (m2), S/Acro is the porosity ε of the wick, ρ 274 

is the density of the liquid working fluid (kg/m3), and Lw is the length of the wick (m). 275 
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When t = 0, H (0) = H0 = 0, then Eq. (11) can be rewritten as: 276 

 
t
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cro
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                   （12） 277 

By replacing ε=S/Acro into Eq. (12), it becomes 278 

)]([)(
'

tHL
gK

tdH w 



                    （13） 279 

Solving Eq. (13), it becomes 280 

Ct
gK

tHLw 


'
)](ln[                     （14） 281 

When t = 0, H (0) = H0 =0, C can be computed as: 282 

wLC ln                            （15） 283 

According to Eqs. (14) and (15), the capillary pumping height can be calculated 284 

as: 285 

)1()(

''

t
gK

Ct
gK

eLeLtH ww









                 （16） 286 

The capillary pumping height equation can be converted into a quantity equation 287 

as: 288 

)1()()(

'

t
gK

eLAtHAtM wcrocro







                （17） 289 

As was well known, the curve of capillary pumping amount of the wick was an 290 

exponential equation [25], and the classic capillary pumping amount was expressed as 291 

/teAyy  00                        （18） 292 

where y0 is the maximum capillary pumping amount, A0 is the amplitude, τ is the 293 

time constant, which represented the time when the capillary pumping amount was 294 

63.2% (1-1/e) of the maximum amount. 295 

Fig. 7 shows the fitting curve of the capillary pumping amount action with 296 
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deionized water as the working fluid and a rough PCFSS. It was obtained from the 297 

fitting curve that y0 = -A0 = 10.5 g, τ = 5.05 s, and this indicated that the capillary 298 

pumping amount of rough PCFSS was large and the working fluid took a shorter time 299 

to reach a stable state. Comparing Eqs. (17) and (18), the maximum capillary 300 

pumping amount y0 = ρAcroεLw and the time constant τ = ε / (K'ρg). Choosing 301 

deionized water as working fluid, the maximum capillary pumping amount could be 302 

calculated as y0 = 11.76 g, τ = 4.61 s, which agrees well with the experimental values 303 

of 10.5 g and 5.05 s. 304 
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 Fig.7 Capillary pump performance fitting curve 306 

The curves of the capillary pumping amount with deionized water, acetone, and 307 

ethanol as working fluids for smooth and rough PCFSSs are shown in Fig. 8. For the 308 

three working fluids, it was found that the capillary pumping amount and the capillary 309 

pumping rate with rough PCFSSs were much larger than those of smooth PCFSSs. 310 

When acetone was used as the working fluid, the capillary pumping amount 311 

difference between the smooth and rough PCFSSs was 2.7056 g, which means that 312 

the capillary pumping amount of rough PCFSS was increased by 64% compared with 313 
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smooth PCFSS. This was mainly attributed to the existence of many microstructures 314 

on the fiber surface of rough PCFSS, which provided a greater capillary pumping 315 

force and stored larger amounts of liquid [33].  316 
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Fig. 8 Capillary pumping performance of rough and smooth PCFSSs wick under different working 318 

fluids: (a) deionized water; (b) acetone; (c) ethanol 319 

The working fluids deionized water, acetone, and ethanol have different boiling 320 

points, densities, and surface tensions, as shown in Table 2. Fig. 9 compares the 321 

capillary pumping performance of rough PCFSSs for the three working fluids. 322 

Compared to ethanol and acetone, the largest capillary pumping amount i.e., 323 

approximately 10.4618 g, was measured for deionized water. This could be attributed 324 

to the following: rough PCFSSs absorbed a larger volume of deionized water owing 325 

to their larger surface tension. Meanwhile, because the density of deionized water is 326 

higher, the largest capillary pumping amount for rough PCFSS was obtained. 327 

According to Table 2, acetone and ethanol were observed to have a similar density at 328 

25 °C. However, a much larger capillary pumping amount was obtained for acetone. 329 

This was mainly ascribed to the larger surface tension of acetone, and its good 330 

compatibility and wettability with copper fibers. Furthermore, it was found that the 331 

three working fluids required different amounts of time to attain a stable status. The 332 
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shortest time of approximately 18 seconds was observed for deionized water. When 333 

the heat load was changed, the wick reached a new equilibrium between the capillary 334 

pumping rate and evaporation rate within a short period of time, thus causing a 335 

smaller temperature fluctuation in the LHP. The enlarged figure in Fig. 9 shows that 336 

acetone exhibited the highest capillary pumping rate in the initial capillary pumping 337 

stage owing to its excellent compatibility and wettability with rough PCFSS. 338 
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Fig. 9 Comparison of capillary pumping performance of rough PCFSSs with different working 340 

fluids 341 

Table 2 Boiling point, density, and surface tension of different working fluids (25℃, 1.01x105 Pa) 342 

Working fluids Boiling point 

 (℃) 

Density 

(g/cm3) 

Surface tension 

(m·N/m) 

Latent heat 

(kJ/kg) 

Deionized water 

Acetone 

Ethanol  

100 

56 

78 

1 

0.788 

0.785 

71.99 

24 

21.8 

2257.6 

524 

812 

3.2 Thermal performance test 343 

In this study, the surface morphology, filling ratio, and working fluid were varied 344 

to study the thermal performance of LHPs including the evaporator wall temperature, 345 

thermal resistance, and start-up time. 346 
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3.2.1 Surface morphology 347 

Fig. 10 shows the thermal performance of LHPs with smooth and rough PCFSSs 348 

under different heat loads when deionized water with a 30 % filling ratio was used as 349 

working fluid. It can be seen that the evaporator wall temperature, thermal resistance, 350 

and start-up time of LHPs with rough PCFSSs were lower than the smooth PCFSSs. 351 

This could be attributed to the following reasons: the microstructures on the surface of 352 

rough PCFSSs increased the specific surface area and heat exchange surface. This 353 

characteristic was beneficial to accelerate the evaporation of working fluid and heat 354 

transfer. On the other hand, the microstructures also provided a larger capillary 355 

pumping force and absorbed sufficient liquid working fluid to avert the dry-out 356 

phenomenon. A larger amount of heat was transferred to the condenser with rough 357 

PCFSS; hence, the temperature near the evaporator with rough PCFSS as the wick 358 

was lower than that with smooth PCFSS, and the temperature near the condenser was 359 

exactly the opposite when a 100 W heat load was selected, as shown in Fig. 10 (d). 360 
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Fig. 10 Heat transfer characteristics of LHPs with rough and smooth PCFSSs under different heat 363 

load when deionized water with a 30% filling ratio was selected: (a) Evaporator wall temperature; 364 

(b) Thermal resistance; (c) Start-up time; (d) Temperature distribution along LHP. (Eout: 365 

evaporator outlet; Ein: evaporator inlet; Cout: condenser outlet; Cin: condenser inlet; CC: 366 

compensation chamber. The abbreviation similarly hereinafter.) 367 

The surface morphology influenced the thermal performance of LHPs differently 368 

for a varied heat load, and the difference in the evaporator wall temperature increased 369 

and the difference in the thermal resistance decreased with increasing heat load, that is, 370 

the surface morphology had a greater influence on the thermal performance of LHPs 371 

at high heat load, as shown in Fig. 11. For example, the evaporator wall temperature 372 

difference was 4.3 °C with a heat load of 30 W; however, it increased to 10.22 °C 373 

when the heat load was increased to 200 W. In addition, the difference in thermal 374 

resistance decreased from 0.189 °C/W to 0.039 °C/W when the heat load was 375 

increased from 50 W to 200 W. The results can be attributed to the following: for a 376 

low heat load situation, the capillary force provided by rough and smooth wicks could 377 

drive the working fluid flow from the compensation chamber to the evaporation zone 378 

by a slow evaporation process. However, for a high heat load situation, the capillary 379 

force generated by the smooth wick was insufficient to provide enough liquid because 380 
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the process whereby the working fluid evaporated was accelerated. The rough wick 381 

could provide a larger capillary force to maintain the cycle of working fluid in the 382 

LHP. In addition, the larger amount of liquid stored in the rough wick prevented the 383 

appearance of the dry-out phenomenon, resulting in a significant difference between 384 

the rough and smooth wicks at high heat load. 385 
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Fig. 11 Evaporator wall temperature and thermal resistance difference between smooth and rough 387 

PCFSSs with deionized water under different heat loads   388 

Fig. 12 shows the thermal performance of LHPs with smooth and rough PCFSSs 389 

under different heat loads when ethanol with a 30 % filling ratio was used as working 390 

fluid. Similar to deionized water, the evaporator wall temperature, thermal resistance, 391 

and start-up time of LHPs with rough PCFSSs were all lower than those of the smooth 392 

PCFSSs. The evaporator wall temperature difference also tended to increase with 393 

increasing heat load, and the thermal resistance showed the opposite tendency. The 394 

temperature distribution near the evaporator with the rough PCFSS as wick was lower 395 

than that of the smooth PCFSS, and the temperature distribution near the condenser 396 

was exactly the opposite for a 100 W heat load.  397 
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Fig. 12 Heat transfer characteristics of LHPs with rough and smooth PCFSSs under different heat 400 

load when ethanol with a 30% filling ratio was selected: (a) Evaporator wall temperature; (b) 401 

Thermal resistance; (c) Start-up time; (d) temperature distribution along LHP 402 

Fig. 13 shows the thermal performance of LHPs with smooth and rough PCFSSs 403 

under different heat loads when acetone with a 30 % filling ratio was used as working 404 

fluid. The evaporator wall temperature, thermal resistance, start-up time, and 405 

temperature distribution along the loop of LHPs with smooth and rough PCFSSs 406 

changed slightly, as shown in Fig. 13. This could be due to the fact that acetone had 407 

excellent compatibility and wettability with copper fibers and copper tubes, as 408 

verified by the capillary pumping test in which acetone exhibited the fastest capillary 409 

pumping rate. The acetone steam flowed into the steam grooves, before easily 410 

transferring to the condenser, and readily producing a circular flow with a smaller 411 

driving force due to the smaller viscous limits [34]. Both the smooth PCFSS and 412 



 Page 25 of 38 

rough PCFSS could provide the required driving force. Thus, the evaporator wall 413 

temperature, thermal resistance, and start-up time of LHPs with smooth and rough 414 

PCFSSs were all lower than 100 °C, 0.04 °C/W, and 20 seconds, respectively, for a 415 

heat load of 200 W.  416 
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Fig. 13 Heat transfer performance of LHPs with rough and smooth PCFSSs under different heat 419 

load when acetone with a 30% filling ratio was selected: (a) Evaporator wall temperature; (b) 420 

Thermal resistance; (c) Start-up time; (d) Temperature distribution along LHP 421 

3.2.2 Filling ratio  422 

The filling ratio describes the volume of working fluid as a percentage of the 423 

total internal volume of an LHP. The appropriate filling ratio supplements the working 424 

fluid consumed in the evaporation process and provides sufficient space for steam 425 

transfer. In this study, the total internal volume of the LHP was approximately 67 cm3 426 

and the internal volume of the evaporator was approximately 25 cm3. The filling ratio 427 
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is calculated by following formula: 428 

%100
total

l

V

V
FR                      （19） 429 

where FR is the filling ratio, Vl is the volume of liquid, Vtotal is the total internal 430 

volume of the LHP, and it contains: 431 

cclinelcondlinesgroovewtotal VVVVVVV  ..            （20） 432 

where Vw, Vgroove, Vs.line, Vcond, Vl.line, and Vcc represent the volume of the wick, 433 

steam grooves, steam line, condenser, liquid line, and compensation chamber, 434 

respectively, and ε is the porosity of the wick. Owing to the influence of gravity, the 435 

heat transfer performance of LHPs should consider the minimum filled-liquid volume 436 

limit. The filled-liquid mass limit in the wick is deduced as follows [35]: 437 
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                   （21） 438 

where QFL,w is the filled-liquid mass limit of the wick, ml is the mass of the liquid, and 439 

x is a constant coefficient, which was selected as 0.8 and 1 with and without the wick 440 

structure, respectively. Further, hfg, μ, and ρ are the latent heat, dynamic viscosity, and 441 

density of the liquid, respectively, Lw and Dw are the length and equivalent diameter of 442 

the wick, respectively, and N is the number of wicks. The filled-liquid volume limit is 443 

derived by the following volume-quality relationship: 444 

2222

3

,

,
3 ND

gh

xL

mQ
V

wll

fg

wl

wFL

wFL

l

 









              （22） 445 



 Page 27 of 38 

This formula is appropriate to other parts of LHPs such as the liquid-steam line, 446 

condenser, compensation chamber, and steam grooves. It replaces the parameters Lw 447 

and Dw with those that are associated with the other parts of LHPs. The minimum 448 

filled-liquid volume limits of the parts listed above represents the filled-liquid volume 449 

limit of the LHP: 450 

),,,,,min( ,,.,.,,,, ccFLcondFLlinelFLlinesFLgrooveFLwFLLHPFL VVVVVVV        （23） 451 

In this study, 15 %, 30 %, and 45 % filling ratios of deionized water were selected to 452 

study the influence of the filling ratio on the heat transfer performance of LHPs. 453 

Rough PCFSS was selected as the wick for its superior performance in both the 454 

capillary pumping and heat transfer performance tests. Fig. 14 shows the heat transfer 455 

performance of LHPs with deionized water as working fluid for different filling ratios. 456 

Selection of a 30 % filling ratio resulted in the minimum evaporator wall temperature 457 

and thermal resistance being observed for the LHPs. For a 15 % filling ratio, the 458 

evaporator wall temperature significantly increased with increasing heat loads. In 459 

particular, a lower evaporator wall temperature was obtained with a low heat load (30 460 

W or 50 W). However, the evaporator wall temperature increased considerably with a 461 

high heat load, and exceeded 110 °C with a 200 W heat load. A 45 % filling ratio 462 

produced an evaporator wall temperature that was slightly higher than that of the 463 

15 % filling ratio at low heat loads (less than 100 W). Conversely, the evaporator wall 464 

temperature increased slowly with high heat loads (more than 100 W), which was 465 

lower than that of the 15 % filling ratio. Therefore, when a 30 % filling ratio was 466 

selected, the LHP exhibited improved heat transfer performance in the heat load range 467 
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of 30 - 200 W, which was consistent with the theoretical filling ratio of LHPs [22]. 468 

This was attributed to the fact that the reasonable filling ratio of the working fluid 469 

provided sufficient liquid working fluid for the evaporating process and enough space 470 

for the steam cycle such that a lower evaporator wall temperature and thermal 471 

resistance of LHPs could be obtained. For example, for a heat load of 100 W, the 472 

temperature distribution near the evaporator with a 30% filling ratio was lower than 473 

that of the 15% filling ratio, and it was exactly the opposite near the condenser; yet, 474 

the temperature distribution with a 45% filling ratio was the highest along the entire 475 

loop, indicating worse thermal performance, as shown in Fig. 14. (d). However, the 476 

start-up time of the LHP was a different situation. For a low heat load, the 15 % filling 477 

ratio exhibited the shortest start-up time, followed by the 30 % and 45 % filling ratios, 478 

respectively. For a high heat load, the start-up time varied little with different filling 479 

ratios. This could be attributed to the dependence of the start-up time on the time at 480 

which the evaporation occurred and transferred to the condenser. For a low heat load, 481 

the liquid was heated and reached its boiling point quickly with a lower filling ratio; 482 

conversely, when the filling ratio was high, much time was required to heat the liquid 483 

owing to the large amount of liquid stored in the compensation chamber and 484 

evaporation zone. Thus, the start-up time of the LHP was shortened as the filling ratio 485 

decreased from 45 % to 15 %. However, at high heat load, the heat flux was 486 

sufficiently large to heat the liquid stored in the evaporator in a short time, which 487 

reduced the time difference between the low and high filling ratios significantly. 488 
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Fig. 14 Evaporator wall temperature and thermal resistance of LHPs under different heat loads 491 

with deionized water of different filling ratios: (a) Evaporator wall temperature; (b) Thermal 492 

resistance; (c) Start-up time; (d) Temperature distribution along LHP 493 

3.2.3 Working fluid 494 

Fig. 15 shows the thermal performance of LHPs with different working fluids. 495 

Rough PCFSS wicks and a 30% filling ratio were selected. With deionized water and 496 

ethanol as working fluids, the minimum and maximum evaporator wall temperatures 497 

and thermal resistances of LHPs were obtained, respectively. The shortest start-up 498 

time of the LHP was obtained when acetone was selected as the working fluid. This 499 

was attributed to the following: compared to the other two working fluids, deionized 500 

water has the largest latent heat and absorbed more heat to produce the lowest 501 

evaporator wall temperature. When the same volume of steam was transferred, the 502 

deionized water carried more heat into the condenser, thus resulting in a much lower 503 
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evaporator wall temperature and lower thermal resistance of the LHPs. However, 504 

when acetone was used as the working fluid, it easily boiled in the evaporator and 505 

rapidly absorbed heat because it has the lowest boiling point, resulting in superior 506 

thermal performance relative to that of ethanol. As a result, the temperature 507 

distribution near the evaporator was the lowest with deionized water as the working 508 

fluid, and it was the highest with acetone as the working fluid when a 100 W heat load 509 

was selected, as shown in Fig. 15. (d). Furthermore, the start-up time of the LHP was 510 

the shortest with acetone as working fluid because of the fast evaporation process and 511 

excellent compatibility and wettability with copper material, as shown in Fig. 15 (c). 512 

The evaporator wall temperature and thermal resistance of LHP agreed well with the 513 

capillary pumping test results when deionized water, acetone, and ethanol were 514 

selected as working fluids. 515 
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Fig. 15 Heat transfer performance of LHPs with different working fluids: (a) Evaporator wall 518 

temperature; (b) Thermal resistance; (c) Start-up time; (d) temperature distribution along LHP 519 
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3.3 Stable operation test 520 

Fig. 16 shows the temperature curves of the LHP as a function of time at 521 

different testing points when rough PCFSS with a 70 % porosity and deionized water 522 

with a 30 % filling ratio were selected. The testing time was approximately 5.5 h. The 523 

temperature fluctuations of the LHPs were found to be negligible when the LHPs 524 

entered the stable operation stage after approximately 20 min. In this operation stage, 525 

the maximum and minimum evaporator wall temperatures were 97 °C and 94.9 °C, 526 

respectively. Thus, the temperature difference was about 2.1 °C with a standard 527 

deviation of 0.44. It was concluded that the wall temperature of the stable evaporator 528 

was controlled below 100 °C for a heat load of 200 W when the rough PCFSS wick 529 

was used for the LHP. 530 
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Fig. 16 Temperature curves of LHP over time at different testing point (Eout: evaporator outlet; 532 

Ein: evaporator inlet; Cout: condenser outlet; Cin: condenser inlet; CC: compensation chamber) 533 

4 Conclusions 534 

Rough copper fibers obtained by the multi-tooth tool cutting method and 535 

file:///D:/Youdao/Dict/6.3.69.8341/resultui/frame/index.html
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commercial smooth copper fiber obtained by the drawing method were selected to 536 

fabricate smooth and rough PCFSSs using a low-temperature solid-phase sintering 537 

method. A theoretical formula to calculate the capillary pumping amount and capillary 538 

pumping rate of PCFSSs was derived according to Darcy’s law. The capillary 539 

pumping performance of the PCFSSs was then assessed to investigate the effects of 540 

the fiber surface morphology and working fluid on the capillary pumping 541 

performance. The experimental results obtained for the capillary pumping amount and 542 

capillary pumping rate agreed well with the theoretical results. Subsequently, the 543 

PCFSSs with smooth and rough surface morphologies were selected as wicks for 544 

LHPs. The thermal performance of the LHPs was assessed and the influence of the 545 

surface morphology, filling ratio, and working fluid on the evaporator wall 546 

temperature, thermal resistance, and start-up time of the LHPs was investigated in 547 

detail. The surface morphologies of the PCFSSs were found to greatly influence the 548 

thermal performance of the LHPs with different heat loads and working fluids. Finally, 549 

the optimal operation parameters of the LHPs were obtained. The main conclusions 550 

are listed as follows: 551 

（1）Compared to smooth PCFSS, a larger capillary pumping amount and capillary 552 

pumping rate was observed for rough PCFSS. When deionized water, acetone, and 553 

ethanol were selected as working fluids, rough PCFSS with deionized water required 554 

the shortest time to stabilize and resulted in the maximum capillary pumping amount. 555 

Rough PCFSS exhibited the highest capillary pumping rate with acetone as working 556 

fluid. 557 
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（2）Compared with smooth PCFSS, much lower thermal resistance, evaporator wall 558 

temperature, and start-up time were obtained for LHPs with rough PCFSS when 559 

deionized water and ethanol were selected as working fluids. The surface morphology 560 

of PCFSS had little effect on the heat transfer performance of LHPs when acetone 561 

was selected as the working fluid. 562 

（3）In the heat load range of 30–200 W, LHPs with a 30 % filling ratio exhibited 563 

enhanced heat transfer performance. The start-up time decreased with decreasing 564 

filling ratio for a low heat load, whereas the difference was insignificant for a high 565 

heat load. 566 

（4）The minimum and maximum thermal performance of LHPs was obtained with 567 

deionized water and ethanol as working fluids, respectively, and the shortest start-up 568 

time was obtained when acetone was selected as the working fluid.   569 

（5）With a 200 W heat load, LHPs with rough PCFSS exhibited improved 570 

performance and operated stably for a long time with little temperature fluctuation 571 

when a 30 % filling ratio was selected for deionized water as working fluid.  572 
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