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A B S T R A C T   

Flat evaporator loop heat pipes with good thermal performance and compact volume have been widely used in 
electronic device applications. A flat-disk evaporator loop heat pipe made of aluminum alloy was designed for 
terrestrial application in this paper. R1233zd(E) was selected as the working fluid for its ultra-low toxicity and 
environmentally friendly. The pumping force of the system, driving the working fluid circulation, was generated 
by the sintered capillary wick made from nickel powder. Considering the requirements for electronics and the 
capillary limit of the wick together, the target temperature was below 75 ◦C and the effective heat transfer length 
was set as 790 mm. With a heat sink temperature of − 10 ◦C, it could dissipate the heat of 190 W (11.43 W/cm2). 
The performance investigation under bad external conditions was also carried out. A relatively broad operating 
range between the heat load of 10 W (0.60 W/cm2) and 130 W (7.82 W/cm2) was observed with a 30 ◦C heat sink 
temperature. However, slight temperature overshoot occurred during the start-up test but the system was able to 
self-regulate and stabilize quickly. Moreover, the variable heat load test, imitating the heat-dissipating demand 
for actual electronic devices, demonstrated that this system responded fast and operation failure did not happen. 
The minimum thermal resistance of the evaporator and the total LHP was 0.134 ◦C/W and 0.197 ◦C/W, 
respectively.   

1. Introduction 

Loop heat pipe (LHP), having been widely used in applications after 
years of development, is an efficient passive heat dissipation device 
based on its phase change heat dissipation mechanism [1,2]. In recent 
years, the demand for data processing and information transfer has 
greatly increased, rising the energy consumption of terrestrial electronic 
devices, such as telecommunication equipment, computing servers, etc., 
finally leading to a sharp growth in heat dissipation requirements [3]. 
Many researchers applied LHP as thermal management equipment for 
terrestrial electronic devices [4–6] owing to its merits of high efficiency, 
robust stability, low thermal resistance, and flexible arrangement. 

There are usually two shapes of evaporators, cylinder, and flat plate 
[2], each of which has its advantages. The flat plate evaporator con-
tacting the heating area without a saddle contains the advantages of 
simpler installation, lower thermal resistance, and smaller size [7]. The 
cylindrical evaporator LHP has a stronger heat transfer capacity, how-
ever, the installation of a saddle leads to uneven temperature distribu-
tion and larger volume. Hence, researchers have carried out extensive 
researches on the flat plate evaporator LHP, especially for terrestrial 

applications, including the improvement of capillary wick performance, 
the influence of gravity, and condensation temperature, etc. Solomon 
et al. [8] fabricated a bio-wick made of wood material more simply and 
cheaply and investigated its performance in an LHP system. The 
experiment showed that the bio-wick performed a good ability to pump 
the working fluid. During the start-up tests, it could start normally in the 
range of 50 W to 250 W. Liu et al. [9] used chemical methods to plate 
copper on the surface of the carbon capillary wick. The treated carbon 
wick with stronger hydrophilicity obtained a better performance and 
was able to provide 3.11 kPa capillary pressure. Zhang et al. [10] tested 
the limiting performance of biporous capillary wick sintered from nickel 
and sodium carbonate powders. The maximum heat load could reach 
330 W (heat flux of 19.9 W/cm2) with a 3070 mm heat transfer distance 
at a tilt angle of 4.6◦. Phan et al. [11] successfully fabricated a poly-
dimethylsiloxane wick in an easier method. The performance of the wick 
was good with a maximum heat flux of 4.5 W/cm2. A composite wick 
made by Xu et al. [12] could reach a maximum heat load of 140 W with a 
thermal resistance of 0.143 ◦C/W. 

In addition to the studies of capillary wicks, the operating mecha-
nism of LHP has also been broadly investigated. Chernysheva et al. [13] 
studied a copper–water loop heat pipe under different external 
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conditions. The LHP operated in constant heat conduction mode at 60 ◦C 
condensing temperature without the affection of the slope. Odagiri et al. 
[14] carried out an experiment with the flat rectangular evaporator LHP 
under high heat flux at six different orientations indicating that not only 
the LHP orientation but also the liquid–vapor phase distribution would 
affect the LHP performance. Anand et al. [15] presented a miniature 
loop heat pipe and carried out a visual experiment with four working 
fluids. The experiments indicated that bubbles would appear during the 
performance degradation because of the intense nucleation inside the 
compensation chamber. The influence of non-condensable investigated 
by Wang et al. [16] implied the non-condensable gas deteriorated the 
LHP heat performance regardless of the relative position of the evapo-
rator and condenser. Li et al. [17] designed an LHP with two forced air 
cooling condensers. Compared with the single condenser LHP, it 
appeared uneven distribution of working fluid causing condensation 
efficiency to be reduced. 

Besides, some investigations with the purpose of practical applica-
tions were carried out with prototypes designed and tested. A squared 
evaporator LHP aiming at a large heating area designed by He et al. [18] 
was tested. The area of the rectangular flat evaporator was 54.76 cm2. 
The maximum heat load could reach 160 W with the heating block 
temperature below 80 ◦C and the evaporator performed good temper-
ature uniformity. In order to recycle waste heat of industrial equipment, 
Aono et al. [19] presented an LHP with the ability to transfer kW-class 
heat with the maximum heat load of 6.2 kW. Xiao et al. [20] tested a 
squared LHP for multi-heat sources. It could operate between 25 W and 
140 W with the temperature of the heating surface below 90 ◦C. Ueno 
et al. [21] reduced the thickness of the evaporator to 1 mm by moving 
the compensation chamber to the side, using ethanol as the working 
fluid, and when the target temperature was within 83 ◦C, the heat load 
was 18 W. Also, some researchers reduced the thick of the LHP to 
millimeter level or sub-millimeter level for application in smartphones 
by removing the compensation chamber [22,23]. 

Table 1 shows the geometric parameters and thermal performance of 
some published LHPs for terrestrial applications. A large number of 

experimental studies have shown that flat evaporator LHPs have good 
thermal performance, but there are still several problems hindering 
large-scale applications on the ground. The main problem is that the 
standard boiling points of working fluids such as water, acetone, and 
methanol are relatively high, so controlling the temperature of the 
heating area at a low level is difficult. However, the tolerable temper-
ature for most electronic devices is 85 ◦C [3] and the long-term stable 
operation temperature is best below 75 ◦C. Apart from that, the LHP 
needs to be flexibly arranged according to the layout of the electronic 
components, the effective heat transfer length of about 350 mm could 
satisfy small devices like laptops, desktop computers and LED. However, 
it might be not long enough when encountering relatively large and 
complicated chassis. 

In this study, a flat-disk LHP was fabricated by aluminum alloy and 
R1233zd(E) was selected as the working fluid to reach the requirements 
of terrestrial applications such as good thermal performance, environ-
mentally friendly, lighter weight, cheaper price. The length of the vapor 
line reflecting the distance of heat transfer was designed as 790 mm to 
satisfy the practical demand, mainly referring to small and medium- 
sized servers. In addition, a set of experimental tests of this eco- 
friendly LHP were launched including start-up and variable heat load 
tests under four different heat sink temperatures. Temperature fluctua-
tion was observed with a low heat load resulted from intermittent 
replenishment of the compensation chamber. With the increase in heat 
load or heat sink temperature, the unstable phenomenon disappeared 
and the LHP responded quickly and operated stably. Moreover, the 
uniformly variable heat load process experienced two working modes, 
which were caused by the change in the quantity of heat leakage and 
supercooling. The main aim of this paper was to design a safe, eco- 
friendly, reliable, and stable LHP with good thermal performance and 
provide a reference for large-scale terrestrial applications. 

Nomenclature 

Q heat load, W 
R thermal resistance, ◦C/W 
T temperature, ◦C 
V volume, m3 

Greek symbols 
β the fraction of vapor in the compensation chamber 
ε the porosity of the capillary wick 
γ the fraction of vapor in the condenser 

Subscripts 
c condenser 
cc compensation chamber 

evap evaporator 
h heating area 
ll liquid line 
total total LHP 

Abbreviations 
Amb ambient 
Comp-wall the wall of the compensation chamber 
Cond-inlet the inlet of the condenser 
Cond-outlet the outlet of the condenser 
Evap-inlet the inlet of the evaporator 
Evap-outlet the outlet of the evaporator 
HS heating module surface 
SS stainless steel  

Table 1 
Summary of recent LHP investigation.  

Evaporator shape/material Working fluid Vapor line length Maximum heat load Heating area Maximum temperature Ref. 

Disk/brass Water 140 mm 120 W 7.07 cm2 85 ◦C [24] 
Disk/brass Methanol 300 mm 160 W 9.52 cm2 85 ◦C [25] 
Disk/copper Methanol 330 mm 160 W 9.63 cm2 90 ◦C [26] 
Disk/copper Water 140 mm 140 W 7.07 cm2 90 ◦C [12] 
Rectangle/SS Acetone 110 mm 280 W 14.29 cm2 100 ◦C [14] 
Rectangle/copper Water/methanol/ethanol 330 mm 900 W/380 W/320 W 27.29 cm2 95 ◦C [27] 
Rectangle/copper Water-cooper nanofluid 350 mm 100 W 12 cm2 66.1 ◦C [28] 
Rectangle/copper Water 215 mm 75 W 6.25 cm2 110 ◦C [9] 
Rectangle/copper Water 320 mm 150 W 6.25 cm2 85 ◦C [29]  
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2. Design of the experiment 

2.1. Working fluid selection 

The working fluid of the LHP system, having a great impact on heat 
transfer characteristics [30], is an important factor that needs to be 
considered in the design. In addition to the thermodynamic properties, 
toxicity and flammability should also be considered for ground appli-
cations. Ammonia, thanks to the outstanding thermodynamic properties 
mainly referring to the large value of dP/dT, has been extensively 
adopted in LHP for space. The ammonia LHP has the characteristics of a 
small starting threshold, rapid thermal response, and low operating 
temperature. However, owing to high saturation pressure (2.0 Mpa at 
50 ◦C) and strong toxicity to humans it would probably be limited in 
terrestrial applications. Although the thermodynamic properties of 
traditional organic working fluids like acetone and methanol are good, 
the highly toxic and flammable might cause them to be applied on 
specific occasions. Deionized water is safe, non-toxic, and easy to obtain, 
but with a high standard boiling point making the target surface hotter. 
The increase in the temperature of the target surface makes it suitable 
for use in some electronic devices with strong temperature tolerance. On 
the whole, terrestrial applications demand some special requirements 
like safety and non-toxic yet traditional working fluids might not cater to 
these very well. The seep of the working fluid from the LHP system 
cannot be completely avoided, so the issue needs to be solved at the 
source. 

In this situation, R1233zd(E) was found and used as the working 
fluid. R1233zd(E), as a fourth-generation eco-friendly refrigerant, has 
ultra-low toxicity (non-toxic to humans), non-flammable characteristics, 
and good thermodynamic properties among refrigerants [31,32]. 
Compared with traditional working fluids, although the latent heat of 
R1233zd(E) is relatively small, it is a kind of isentropic fluid that will not 
cause liquid drops in the vapor line. Plus its environmentally friendly 
characteristics, it is still a preferable selection for terrestrial applica-
tions, Table 2 shows its physical properties. 

2.2. LHP structural design 

The mechanical structure of the loop heat pipe is composed of an 
evaporator, a vapor line, a liquid line, and a condenser, of which the 
evaporator is the most important component. A biporous wick as shown in 
Fig. 1 was used to provide sufficient capillary force. It had evenly 
distributed large and small pores, as depicted in Fig. 2. Small pores could 
provide large capillary force and large pores could provide channels for 
working fluid flow. As nickel powder has good sinterability and moderate 
thermal conductivity, it has been chosen as a material to make wicks. The 
sintering process could be divided into four steps mainly: powder pro-
cessing, molding, sintering, cleaning. After being cleaned, based on the 
Archimedes principle, the wick porosity could be calculated as follows: 

ε =
m1 − m2 − m3

m1 − m4
(1)  

where m1, m2, m3, and m4 denote the quality of fully wet capillary wick, 
fully dry capillary wick, balance bar and counterweight, the capillary 
wick when it is immersed in water. The porosity of the capillary wick 
was estimated to be 78.65% using this method. 

Although the flat evaporator has advantages in thermal resistance 
and volume, the ability in resisting high pressure is weak. The saturation 
pressure of a working fluid during the operation greatly affecting the 
system safely, therefore, should be taken into consideration. The evap-
orator made of aluminum alloy, with working fluid compatibility, 
strength, weight, and cost into consideration, is shown in Fig. 3 (a). The 
saturation pressure of R1233zd(E) at 50 ◦C is only 0.29 Mpa, thus a 
relatively small value (1.5 mm) was designed as evaporator wall 
thickness with adequate strength and lightweight (16.9 g). And its 
contribution to reducing thermal resistance was proved in experiments. 
Static analysis was studied by Ansys 15.0, proving the safety and reli-
ability of the evaporator could be maintained even when the internal 
pressure was up to 0.5 Mpa. In addition, the sealing between the 
capillary wick and evaporator shell has a great influence on the per-
formance of the loop heat pipe. If there is no good encapsulation be-
tween them, the system performance will deteriorate, such as startup 
failure owing to the vapor side leakage and evaporator thermal resis-
tance increase owing to the inadequate contact. In the first step, the 
direction of the wick should be adjusted so that the vapor channels 
would be parallel to the vapor outlet, and then the wick was slowly 
pressed into the stepped hole inside the evaporator shell forming a 
slightly tight transition fit between them, as shown in Fig. 3 (a). After 
that, the cover plate would be pressed into the shell and it was necessary 
to press it using a clamp to ensure that the wick could contact the cover 
plate adequately. In the last stage, low-temperature aluminum welding 
was applied to weld the cover plate and the shell, and argon gas was 
passed into the evaporator to protect the capillary wick during the whole 
process. 

In order to reduce the flow resistance of the working fluid, the inner 
diameters of the vapor line and the liquid line were set as 8 mm and 6 

Table 2 
The main physical properties of R1233zd(E).  

Chemical formula CF3CH = CHCl 
Standard boiling point 18.26 ◦C 
Triple point temperature − 78 ◦C 
Critical pressure 3.6 MPa 
Critical temperature 166.45 ◦C 
Critical density 480.23 kg/m3 

Surface tension (50 ◦C) 0.0114 N/m 
Saturation pressure (50 ◦C) 0.29 MPa 
Latent heat of vaporization (50 ◦C) 177.32 KJ/kg 
Saturated liquid density (50 ◦C) 1199.72 kg/m3 

Saturated vapor density (50 ◦C) 15.68 kg/m3 

ODP 0 
GWP 7  

Fig. 1. The main parameters of the wick.  

Fig. 2. Microstructure of the biporous wick at × 500 magnification.  
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mm, respectively. The pipe-in-pipe condenser connecting with a chiller 
was adopted to condense the vapor into subcooled liquid. Fig. 4 depicts 
the configuration and dimension of the LHP prototype all made of 
aluminum alloy 7075. Table 3 gives the main parameters of each part. 

2.3. Test method 

A copper block with 4 cartridge heaters was designed as the heating 
module having a heating area of 16.62 cm2. During the experiment, the 

heating power was changed by a voltage regulator and measured by a 
power meter with 0.5% accuracy. As depicted in Fig. 3 (b), 12 T-type 
thermocouples with an accuracy of ± 0.3 ◦C were arranged to monitor 
the temperature of each key part of the LHP. The temperature of the 
heating area was measured by Tc1, Tc2, Tc3, and Tc4. Along the di-
rection of the working fluid flow, Tc5, Tc6, and Tc7 were arranged at the 
starting point, the midpoint, and the endpoint of the vapor line. The 
arrangement of Tc8, Tc9, and Tc10 on the liquid line was similar to that 
of the vapor line. Tc11 and Tc12 were used to monitor the temperature 

Fig. 3. (a) The structure of the evaporator. (b) The diagram of the LHP and the arrangement of the thermocouples.  

Fig. 4. Configuration and dimension of the LHP prototype.  
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of the compensation chamber and the environment respectively. The 
data collector “Keithley 2700” was used to collect and record tempera-
ture signals every 3 s. A chiller with an accuracy of ± 0.1 ◦C was con-
nected with the condenser to cool down the working fluid. Both the 
heating module and the LHP were wrapped with insulation materials 
(NBR/PVC, thermal conductivity 0.04 W/m⋅K) to reduce the impact of 
environmental heat leakage. According to the vapor–liquid distribution 
during the normal operation of the LHP, the charging ratio was calcu-
lated to be 59.74%. Non-condensable gas would cause deterioration of 

the LHP performance, so the system was evacuated by a molecular pump 
unit before charged with R1233zd(E). The loop heat pipe was evacuated 
to 10 Pa by a mechanical pump and then to 3.2 × 10− 4 Pa by a molecular 
pump. Experiments were carried out at four heat sink temperatures of 
− 10 ◦C, 0 ◦C, 15 ◦C, and 30 ◦C, respectively. The position of the 
condenser was 1 cm higher than that of the evaporator during the 
experiments. 

3. Results and discussion 

3.1. Start-up performance tests 

Start-up performance is an important character of LHP. With heating 
area temperature below 75 ◦C, the LHP could start successfully within 
the heat load range of 10 W to 190 W. As described in Fig. 5 (a) and 
Fig. 5 (b), there were similar start-up processes when the sink temper-
ature was − 10 ◦C and 0 ◦C respectively. Due to the good thermal con-
ductivity of aluminum alloy, at the beginning of the start, the 
temperature of each measuring point was lower than the ambient tem-
perature and the condenser was the coldest part. Additionally, the 
condenser was fulfilled with liquid, but other parts were in a vapor-
–liquid mixed state according to the charging ratio. When the heat load 
was applied, the temperature of the condenser inlet rose evenly and 
slowly, indicating a small number of vaporization cores in the evapo-
rator made the working fluid continuously vaporize. However, such a 
small vapor driving force could not overcome the gravity resistance of 
the two-phase flow in the vapor line. Only when the vapor was cumu-
lated to a certain amount, could the accumulated two-phase mixture be 
pushed back to the compensation chamber, which assisted the vapor-
–liquid distribution in returning to the normal condition. After that, the 
resistance of the working fluid flow dropped and the vapor in the 

Table 3 
The main parameters of the LHP.  

Evaporator Overall height 21.8 mm  
Diameter 58.6 mm  
Heating area 16.62 cm2 

Wick Diameter 47.73 mm  
Height 3.97 mm  
Number of grooves 13  
Width/height of the groove 2/1.5 mm  
Large/small pore diameter 20.21/2.58 μm  
Thermal conductivity 2.55 W/m⋅K  
permeability 3.9 × 10− 13 m2  

Porosity 78.65%  
Material Nickel 

Vapor line Inner/outer diameter 8/10 mm  
Length 790 mm 

Liquid line Inner/outer diameter 6/8 mm  
Length 800 mm 

Condenser Inner/outer diameter of inner pipe 14/16 mm  
Inner/outer diameter of outer pipe 6/8 mm  
Length 1610 mm  

Fig. 5. The thermal performance in start-up process of 30 W with different heat sink temperatures. (a) Tsink = -10 ◦C. (b) Tsink = 0 ◦C. (c) Tsink = 15 ◦C. (d) Tsink 
= 30 ◦C. 
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compensation chamber was eliminated gradually by subcooled liquid. 
Under the automatic adjustment of the capillary wick, the vapor pres-
sure and the evaporator temperature decreased, then the temperature of 
each part gradually stabilized. It is seen in Fig. 5 (c) and Fig. 5 (d) that 
temperature overshot was also observed. Compared with Fig. 5 (a) and 
Fig. 5 (b), the evaporator was fulfilled with liquid at the beginning of the 
start in these conditions deducing from the filling ratio so that there 
were no vaporization cores in it at the moment. After the heat load was 
applied for several minutes, the superheated liquid vaporized in a sud-
den pushing the subcooled liquid back to the compensation chamber, 
then the temperature of each measuring point plummeted, and finally 
stabilized under the joint function of the heating module, condenser, 
and environment. 

As shown in Fig. 5 (a), the temperature of the condenser inlet fluc-
tuated in a small zigzag shape, which was caused by the joint function of 
gravity and the mismatch between the evaporation rate and the 
condensation rate. When the vapor entered the condenser, the vapor 
pressure decreased dramatically which was not enough to push the 
subcooled liquid to go back to the compensation chamber. At this time, 
due to the dearth of liquid in the compensation chamber, the capillary 
wick was insufficiently supplied with liquid and gradually got dry so the 
operation temperature increased. Before the capillary wick was 
completely dried, the accumulated vapor overcame the gravity head so 
the liquid was pushed to the compensation chamber. As a result, the 
gravity became the driving force from resistance and the capillary wick 
got adequate supplement. Therefore, the operation temperature 
decreased. However, this process did not last for long for the reason that 
the condensation was too strong that vapor pressure dropped again and 
the LHP returned to the status waiting for vapor accumulation. 

Besides, another phenomenon was observed in Fig. 5: the lower the 
heat sink temperature, the larger the temperature fluctuation range. 
When the LHP is operating normally, the density of the liquid is much 
greater than the vapor’s, so the liquid volume can be calculated by Eq. 
(2), 

Vcharge = Vll + εVwick +(1 − β)Vcc +(1 − γ)Vc (2)  

where Vcharge, Vll, Vwick, Vcc, Vc, are the volume of the filled liquid, the 
liquid line, the wick, the compensation chamber, and the condenser, 
respectively; ε denotes the porosity of the wick, β denotes the fraction of 
vapor in the compensation chamber, and γ denotes the fraction of vapor 
in the condenser. With the condensing temperature decreasing, γ will 
decrease due to the stronger condensing capacity. However, Vcharge is a 
constant value, so β needs to increase to satisfy the Eq. (2). This indicates 
the lower the condensation temperature, the more the vapor volume in 
the compensation chamber. The compensation chamber with less liquid 
is more susceptible to the fluctuation of the vapor–liquid interface in the 
condenser. Moreover, less liquid cannot effectively prevent the growth 
and annihilation of vapor accompanying by temperature fluctuations. 
Hence temperature fluctuation was more drastic when the heat sink 
temperature was − 10 ◦C and gradually weakened with the increase in 
the heat sink temperature. 

When the temperature of the heat sink was not changed, the modes 
of the start-up process could be classified into four patterns with the 
increase in the heat load, namely failure mode, fluctuation mode, 
overshot mode, and normal mode according to Ref. [33]. Before the loop 
heat pipe operated, the liquid in the compensation chamber was easy to 
vaporize since the sidewall heat leakage and back heat leakage. As a 
result, the loop heat pipe could not start up successfully when the heat 
load applied was under a certain value called starting threshold and this 
mode was called failure mode. The experimental tests showed that this 
loop heat pipe could finish the start-up process successfully with a heat 
load of 10 W, as shown in Fig. 6 (a). As depicted in Fig. 6 (b), when the 
heat load increased to 50 W, obvious temperature oscillation and 
overshot were observed simultaneously since these detrimental phe-
nomena were caused by the small vapor generation rate. The lower rate 

of the vapor generation could not push the liquid back to the compen-
sation chamber in the beginning until the amount of superheated vapor 
accumulated enough. The temperature overshot, therefore, was 
observed. Meanwhile, the subcooled liquid could only return to the 
compensation chamber intermittently due to the small generation rate 
of the vapor. As a result, the zigzag temperature fluctuation was 
observed. When the heat load grew to 110 W, the vapor generation rate 
was large enough so the temperature overshot and fluctuation nearly 
disappeared as described in Fig. 6 (c) and the loop heat pipe entered into 
normal start-up mode. As shown in Fig. 6 (d), once a large heat load was 
applied, the liquid in the vapor chamber and vapor channel obtained a 
large degree of superheat instantly, establishing the temperature dif-
ference and the pressure difference between them and the compensation 
chamber. Under the pressure difference, the working fluid flowed into 
the condenser and then backed to the compensation chamber. When the 
temperature of the compensation chamber reached equilibrium, the 
capillary force formed by the vapor–liquid meniscus did not change 
anymore. Also, the sum of capillary force and vapor driving force was 
exactly equal to the pressure drop of the circulation. The LHP finished its 
start-up process and entered a steady state. 

3.2. Performance tests with variable heat load 

The reliability of LHP with variable heat load is another important 
character. Fig. 7 and Fig. 8 depict the thermal performance of the LHP at 
heat sink temperature of 15 ◦C with uniformly and randomly variable 
heat load respectively. With the temperature of the heating area below 
75 ◦C, the heat load varied from 30 W to 150 W and finally backed to 30 
W. Fig. 7 presents that the LHP responded quickly when the heat load 
changed and the temperature fluctuation had not appeared with the heat 
sink temperature of 15 ◦C. Although under the same external conditions, 
owing to the former vapor–liquid distribution and thermal state, the 
performance of the LHP during the decrease stage of the heat load was 
worse than that during the increase stage. When the heat load was 130 
W, the temperature of the heated area in descending stage was 2 ◦C 
higher than that in the rising stage. When the heat load was 110 W and 
90 W, the values were 1 ◦C and 0.8 ◦C, respectively. The pressure of the 
vapor and the liquid decreased as the heat load went down, making the 
saturated liquid superheated and unstable. However, the heat leakage 
from the heating area to the compensation chamber did not corre-
spondingly reduce. Therefore, the superheated liquid was easier to 
vaporized, increasing the fraction of the vapor of the compensation 
chamber with the heat transfer ability deteriorating, and finally, 
resulting in the temperature hysteresis. 

As illustrated in Fig. 8, no matter how the heat load changed, the LHP 
could adjust to a stable state in about 10 min. With a growth in the heat 
load, the amount of working fluid vaporization and flowing resistance 
went up, making the vapor–liquid meniscus of the wick regulate to 
obtain higher vapor pressure and temperature in the evaporator. On the 
contrary, a counter regulative process appeared as the heat load 
declined. Above all, the aluminum alloy-R1233zd(E) LHP responded fast 
within a large heat load range, reaching the practice application 
requirements. 

3.3. The characteristic temperature analysis 

Fig. 9 depicts the relationship between characteristic temperature 
and heat load with different heat sink temperatures. The maximum heat 
load still reached 130 W (7.82 W/cm2) when the temperature of the heat 
sink was 30 ◦C. As the heat sink temperature went down, the amount of 
subcooling of the liquid increased. Thus, for the same heat load condi-
tion, the evaporator inlet attained a lower temperate, leading to a 
decline in the temperature of the compensation chamber and the heating 
area, so that the corresponding maximum heat load would go up. Owing 
to the experimental results, the maximum heat load was 190 W (11.43 
W/cm2), 170 W (10.23 W/cm2), and 150 W (9.03 W/cm2) with the heat 
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sink temperature of − 10 ◦C, 0 ◦C, and 15 ◦C, respectively. 
According to the characteristic temperature curve, the LHP can be 

divided into two working modes, namely variable conductance mode 
and constant conductance mode. With a rise in the heat load, the tem-
perature of the heating area remained stable or rose gently in the early 
stage. Under this condition, the growth in heat load resulted in not only 
an increase in the heat leakage from the heating area to the compen-
sation chamber but also a rise in the amount of the subcooling of the 
liquid. Meanwhile, the impact of the environmental heat leakage was 
also reduced with a higher flow rate of the working fluid. The increment 

in subcooling degree could compensate for the increase in heat leakage 
from the heating area so that the evaporator temperature remained 
stable or grew slightly. However, as the heat load continued to rise, the 
condensing surface in the condenser was unable to continuously expand, 
so that the amount of supercooling carried by the return liquid had 
reached the upper limit. The heat leakage was not able to be mostly 
offset hence the temperature of the compensation chamber steeply rose 
and the working mode changed to the constant conductance mode from 
the variable conductance mode. The range of the variable conductance 
mode would be larger with a lower heat sink temperature because the 

Fig. 6. The thermal performance in the start-up process with a heat sink temperature of − 10 ◦C. (a) A heat load of 10 W. (b) A heat load of 50 W. (c) A heat load of 
110 W. (d) A heat load of 190 W. 

Fig. 7. The thermal performance under uniformly variable heat load with a 
heat sink temperature of 15 ◦C. 

Fig. 8. The thermal performance under randomly variable heat load with a 
heat sink temperature of 15 ◦C. 
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leakage for the evaporator was compensated well. As illustrated in 
Fig. 9, the critical heat load was 70 W and 50 W with the heat sink 
temperature of 0 ◦C and 30 ◦C, respectively. 

3.4. The thermal resistance analysis 

According to the definition of thermal resistance, the thermal resis-
tance of the evaporator and the total LHP can be calculated by the 
following Eq. (3) and Eq. (4), 

Revap =
Th − Tv

Q
(3)  

RLHP =
Th − Tc

Q
(4)  

where Th, Tv, and Tc denote the temperature of the heating area, the 
vapor outlet, and the condenser, respectively. Tc is the average value of 
the temperatures of the condenser inlet and outlet. Q denotes the applied 
heat load. Fig. 10 shows the relationship between the evaporator ther-
mal resistance and the heat load at four heat sink temperatures. Contact 
thermal resistances, which should be controlled at a low level, are large 
parts of the evaporator thermal resistance. In order to get a low contact 
thermal resistance, several measures like using a higher pressure to 
compact the powder to ensure the flatness of the wick during its fabri-
cation, adopting an interference fit between the wick and the evaporator 
shell to attain a close contact between the wick and the evaporator, 
applying high thermal conductive filled silicone paste between the 

heating module and the bottom of the evaporator, and using custom- 
made fixtures to clamp the evaporator and the heating surface, were 
obtained. Through the above measures, the evaporator thermal resis-
tance had been maintained at a low level during the experimental tests. 

During the operation, the capillary wick always remained saturated 
and the vaporization of the working fluid occurred only on the surface of 
the capillary wick, both of which resulted in a downward trend in the 
evaporator thermal resistance with growing heat load. Therefore, the 
minimum resistances were got at the maximum heat load under 
different heat sink temperatures, which were 0.137 ◦C/W (-10 ◦C), 
0.134 ◦C/W (0 ◦C), 0.155 ◦C/W (15 ◦C), 0.138 ◦C/W (30 ◦C), respec-
tively. Even with the maximum heat load, some potential points could 
be used as the cites of vaporization. Moreover, the vapor–liquid inter-
face in the capillary wick could still extend. While the heat load 
continued to increase, the vapor would appear in the capillary wick, 
reducing the evaporator heat transfer capacity and bringing a turning 
point of the evaporator thermal resistance simultaneously. 

As presented in Fig. 11, the total thermal resistances with four 
different heat sink temperatures had a similar relationship with the heat 
load. With the heat load increasing, the total thermal resistance 
bottomed out, then went up slightly. The minimum value (0.197 ◦C/W) 
was obtained when the heat load was 30 W with a heat sink temperature 
of 30 ◦C. The total thermal resistance was composed of two parts, 
namely the evaporator resistance and the condenser efficiency. There 
was an opposing tendency between the thermal resistance of the LHP 
and the evaporator in the post-middle stage, from which a drop in the 

Fig. 9. The relationship between characteristic temperature and heat load. (a) the heat sink temperature of 0 ◦C. (b) the heat sink temperature of 30 ◦C.  

Fig. 10. The relationship between evaporator thermal resistance and heat load.  Fig. 11. The relationship between total thermal resistance and heat load.  
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condenser efficiency was deduced. Due to the lower latent heat of 
vaporization, the amount of the R1233zd(E) vaporization was larger 
than that of traditional fluids so the condensing surface had been fully 
utilized under a small heat load. After that, the increase in heat load 
would not cause an expansion of the condensing surface but a decline in 
the efficiency of the condenser. This was a disadvantage of R1233zd(E) 
while this condition can be improved by adding the length of the 
condenser or using other materials with better thermal conductivity. 

Uncertainty is an index indicating the reliability of the measurement 
results, which can be calculated by 

ΔRLHP

RLHP
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(
Δs
s
)

2
+ (

ΔQ
Q

)
2

√

(5)  

Δs =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑4

i=1
(
1
4

ΔTh,i)
2
+
∑2

j=1
(
1
2

ΔTc,j)
2

√
√
√
√ (6)  

s = Th − Tc (7)  

where Th,i is the temperature of the heating area measured by 4 ther-
mocouples. Tc,j is the temperature of the condenser inlet and outlet, 
respectively. The uncertainty of all T-type thermocouples used is 0.3 ◦C. 
As a consequence, the maximum uncertainty of the RLHP was calculated 
to 6.51%. The minimum uncertainty was 0.67% with a heat load of 190 
W. 

4. Conclusions 

In this paper, an eco-friendly flat-disk loop heat pipe with a nickel 
biporous capillary wick had been presented. The design of the aluminum 
alloy structure was for the consideration of weight and price, and 
environmental friendliness and non-toxicity to the human were the 
reasons for choosing R1233zd(E) as the working fluid. Experiments were 
carried out at four heat sink temperatures with the heating area tem-
perature below 75 ◦C. Based on the experimental investigation and 
analysis, conclusions can be drawn as follows: 

(1) The evaporator deformation did not occur and the LHP per-
formed robust stability and reliability during long-time experi-
mental tests. Aluminum alloy could reach the requirements in 
strength and it had good compatibility with nickel capillary wick 
and R1233zd(E).  

(2) The temperature fluctuations were observed with low heat loads 
directly caused by intermittent replenishment of the compensa-
tion chamber. Under low heat loads, the vapor pressure dropped 
rapidly after the vapor entered the condenser, resulting in the 
inability to overcome the gravity head so the subcooled liquid 
could not return to the compensation chamber. With the increase 
in the heat load or the heat sink temperature, the temperature 
fluctuations disappeared.  

(3) The LHP, with a 790 mm effective length, could dissipate the heat 
of 190 W (11.43 W/cm2) with a heat sink temperature of − 10 ◦C. 
Even the heat sink temperature was 30 ◦C, the maximum heat 
load could reach 130 W (7.82 W/cm2) when the temperature of 
the heating area was 70.4 ◦C.  

(4) The minimum thermal resistance of the evaporator was 0.134 ◦C/ 
W when the heat load was 170 W with a 0 ◦C heat sink temper-
ature. The minimum thermal resistance of the total LHP was 
0.197 ◦C/W when the heat load was 30 W with a 30 ◦C heat sink 
temperature. 
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