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ABSTRACT 
With fast development of electronic devices, novel strategies of thermal management have been received great attention to dissipate high heat fluxes. 
As an efficient heat transfer device, loop heat pipe (LHP) provides ideal solution for such purpose. Even though LHP was invented nearly half-century 
ago, challenges still exist on its design, fabrication and operation. The objective of this paper is to present a thorough review on LHPs, paying more 
attention on the working principle, advantage and configuration. The review is performed in three aspects. First, the macroscopic operation 
characteristics such as start-up, temperature fluctuations and anti-gravity operation are described. Second, effects of various parameters or factors such 
as porous wick material, pore size and micro-structure on LHPs are reviewed. Third, new concept LHPs using biporous wick and wettability 
modification are discussed. Finally, perspective of LHPs is presented, which guides future research and development activities, from both fundamental 
and application point of view.    
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1. INTRODUCTION 

With the development of micro-nano processing technology and 
equipment manufacturing, electronic devices are developing towards 
miniaturization and high integration. Sometimes, even more than 
250,000 electronic components are included in a single integrated circuit. 
This increases the heat flux of electronic devices, which brings serious 
heat dissipation problems (high operating temperature) and restricts the 
development of electronic industry, because the service life and 
performance of electronic equipment have a direct relationship with its 
operating temperature. Studies indicate that when the temperature of a 
transistor is greater than 70 oC, its reliability decreases by 50% for every 
10oC increase (Belhardj et al. 2003). For high-performance chips, their 
local heat flux can be as high as 1000W/cm2 (Abdoli et al. 2014). If the 
heat cannot be removed in time, it will affect the safe and stability of 
high heat flux chips. Therefore, with advancement in the micro-nano-
scale electronics systems, the demand for thermal management 
technology to dissipate the high amount of heat flux generated have 
become more rigorous. 

Throughout the existing thermal management technology: 
traditional cooling methods, such as air cooling, cold plate technology, 
and phase change material technology are difficult to meet the cooling 
requirements. Liquid cooling heat transfer methods, such as jet and spray 
cooling, have strong heat transfer capacity, but due to the complex 
structure and low reliability, it is difficult to meet the size requirements 
of modern electronic equipment. So in the future, the mainstream idea to 
solve the thermal management problem of high heat flux heating 
elements is to develop a coupling thermal management system that 
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comprehensively uses two or more cooling technologies. In addition, the 
future thermal management system should pay attention to the simplicity 
of structure and reliability of performance, avoid the introduction of 
external pumps and other power devices, to achieve silent and passive 
cooling effect. 

As a phase change heat exchange device, heat pipe has the 
advantages of strong heat dissipation, small heat transfer temperature 
difference, compact structure, flexible installation, and no additional 
maintenance. It can transmit a large amount of heat through a small 
cross-sectional area for long distances without external power, which is 
recognized as one of the most effective passive heat transfer technologies 
and is widely used in the field of electronic cooling (Singh et al. 2019; 
Mirmanto et al. 2018; Faghri. 2012; Li et al. 2016; Krishna et al. 2017) 
and energy recovery (Srimuang et al. 2012; Yodrak et al. 2011) and space 
flight (Brenton et al. 2019). Gaugler (1944) and Grover et al. (1964) 
pointed out that the thermal conductivity of heat pipe is far more than 
any other metal materials. In 1965, Cotter et al. (1965) proposed a more 
comprehensive heat pipe theory, which laid the foundation for the 
research of heat pipe theory. According to the shape and structure, the 
heat pipe is mainly divided into three categories: (1) Flat heat pipe 
(Jouhara et al. 2009), its evaporator and condenser are usually flat type, 
which is convenient to connect with electronic chips and the heat sink of 
radiators, so it is mainly used in the field of electronic cooling (Zhou et 
al. 2016; Yang et al. 2015; Popova et al. 2006). (2) Gravity heat pipe 
(two-phase closed thermosiphon), it is similar to the flat heat pipe and 
relies on gravity to complete the cycle of working fluid, which is widely 
used in petrochemical field (Zhang et al. 2013; An et al. 2013; Zhang et 
al. 2010) and solar heat collectors (Nada et al. 2004; Hussein et al. 2003; 
Aung et al. 2013). (3) Loop heat pipe, is a more advanced temperature 
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control device developed on the basis of traditional heat pipes. It was 
first proposed by Maidanik to solve satellite thermal control (Maydanik 
2005), and has been successfully applied in the aerospace field. After the 
advent of LHP, it was highly valued as a valuable thermal 
control/management technology device. 

LHP generally consists of five main parts: the evaporator, the 
condenser, the compensation chamber, the steam line and the liquid line. 
As the most critical component, evaporator integrates the capillary wick 
and the steam channel, as shown in Fig. 1. An important difference 
between LHP and conventional heat pipes is that LHP realizes the 
function of vapor-liquid separation in the phase change heat transfer 
process. For LHP, the porous wick in it has two important roles in the 
evaporator. On the one hand, due to the large thermal conductivity of 
porous wicks, when the evaporator is heated, the fluid near the 
evaporator bottom surface could absorb most of the heat, thereby 
controlling and reducing the heat leakage from evaporator to 
compensation chamber, which ensures that the vapor pressure and 
temperature in the evaporator are higher than the compensation chamber, 
that is, "heat lock"; On the other hand, the wicks provide large capillary 
force and maintains the liquid in wicks at a saturated state, ensuring that 
hot steam in the evaporator cannot enter the compensation chamber 
through the porous wick, that is, "water lock". For LHP, the heat flux 
could range at a large scope in the industrial applications, if the "heat 
lock" lose efficacy, the heat transfer from the evaporator to the 
compensation chamber will rise. So the temperature difference between 
the evaporator and the compensation chamber will be reduced, which 
results in a decrease in saturation pressure difference. On this situation 
the fluid inside the LHP stops flowing from the evaporator to the 
condenser and then LHP stops working. The temperature of the 
evaporator will grow sharply, causing equipment damage. The "water 
lock" and "heat lock" are closely linked. If the porous wick short of liquid 
medium, the vapor will easily enter the compensation chamber through 
wicks, so the "water lock failed" could result in "heat lock failed". These 
two functions of porous wicks ensure a stable circulation of working 
fluid from the steam line to the compensation chamber, and continuously 
transfer heat to the condenser and discharge it. It indicates that the porous 
wick plays a critical role in the LHP. 

 

 
Fig. 1 Basic structure of loop heat pipe. (Maydanik 2005) 
 

The LHP not only inherits the advantages of small heat transfer 
temperature difference of ordinary heat pipes and does not need external 
driving pump, but also has the following advantages compared with 
traditional heat pipes. The steam pipeline is separated from the liquid 
pipe line, which eliminates the viscous contact between the steam and 
liquid in the LHP, the inner surface of steam transportation pipe line is 
smooth without wick in it, which greatly reduces the resistance of steam 
along the pipe. Above two factors are helpful for LHP to possess high 
heat transfer efficiency and small internal thermal resistance. At the same 
time, because of split structure of LHP, it overcomes the requirements 
and limitations of the field position, and can arbitrarily arrange the gas 
and liquid pipe line according to the space situation. For example, the 

internal space for heat dissipation is small in the computer, so it can 
arrange the condenser away from the evaporator.  

The basic working principle of the loop heat pipe is: When the 
evaporator is heated by a heat source, the working fluid in the evaporator 
will evaporate, and the generated steam will enter into the condenser 
through the steam pipe. Then the steam in the condenser is condensed 
into liquid and returned to the compensation chamber through the liquid 
line. The liquid in the compensation chamber is sucked by the porous 
wicks and then enters the evaporator for secondary evaporation, thus 
completing a heat exchange cycle. It can be seen that the working 
principle of LHP is similar to that of conventional heat pipe. Both of 
them are phase-change heat transfer processes driven by capillary forces, 
the difference is that the LHP separates the relative movements of the 
steam and liquid in the heat pipe, which well solves the conflict and 
contradiction between steam and liquid in the flow aspects.  

 
2. STRUCTURE TYPES AND THERMAL CYCLE OF 
LHP 

2.1 Structure Types  

In heat pipes, the shapes of the evaporator are varied, when the LHPs 
were first designed, the shapes of evaporators were cylindrical (Singh et 
al. 2014; Wang et al. 2019; Bai et al. 2009) (see Fig. 2). But in practical 
applications, the heat transfer surface was always flat. Therefore, it is 
necessary to use an intermediate conversion heat conduction to connect 
the cylindrical evaporator and the heat exchange surface, which causing 
an increase in thermal resistance.  

 

 
(a) 

 
(b) 

Fig. 2 Cylindrical evaporator and LHP, (a) (Singh et al. 2014), (b) (Bai 
et al. 2009). 
 

Later, a flat-plate evaporator was created that was easily integrated 
with the heat source (Tian et al. 2019; Wang et al. 2012; Maydanik et al. 
2011; Becker et al. 2011; Ji et al. 2017) (see Fig. 3). By contrast, 
cylindrical evaporators are easy to seal against leaks, internally avoiding  
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 3 Flat evaporator and LHP , (a) (Tian et al. 2019), (b) (Wang et al. 
2012), (c) (Maydanik et al. 2011), (d) (Ji et al. 2017). 
 
vapor from evaporator to compensation chamber and externally 
preventing air from ambient to evaporator. They are also structurally 
stronger than flat evaporator, particularly for high pressure working 
fluids like ammonia. However, flat evaporators unlike cylindrical shape 
that needs metal interface for attachment with the flat surfaces, so they 

generally provide low thermal resistance from heat source to evaporator 
surface and are very space conservative. In terms of comprehensive 
comparison, flat disk shape is one of optimum evaporator shape. 
Compared to the cylindrical and ordinary flat shape evaporator, the 
advantages of the flat disk shape evaporator are shown in two aspects: 
on the one hand, it has the advantages of a flat evaporator, which can be 
in close contact with the heat exchanger, reducing the contact thermal 
resistance. On the other hand, because the side is cylindrical, so it can 
resist the pressure of high pressure or high vacuum, and can meet the 
requirements of different working fluids and workloads. In addition, 
when the evaporator is circular, it is a center symmetrical structure. 
Whether it is for steam overflow or liquid replenishment there is little 
fluid retention in the evaporator during the operation process of LHP. 
Therefore, the overall temperature uniformity of the evaporator is better 
than that of the ordinary flat evaporator (Singh et al. 2007). 
 
2.2 Thermal Cycle of LHP 

During the operation of the LHP, the pressure, temperature of the 
working fluid continuously change with the change of the circulation 
position. Fig. 4a shows the pressure-temperature diagram of the stable 
operation of the LHP. The circulating path of working fluid in the system 
is shown in Fig. 4b. The processes are as follows: 

1→2: The steam vapor-phase on the meniscus side of the capillary 
wick is in the saturated state 1 and flows along the steam channel to the 
evaporator outlet. During the process, the steam continues to be heated 
and the pressure is reduced by overcoming the flow resistance. 

2→3: The steam in the state 2 flows along the steam line to the 
condenser inlet, and the process is considered as isothermal flow in the 
ideal state, but the pressure continues to drop to the state 3. 

3→4: The superheated steam enters the condenser, being cooled 
and releasing heat, and becomes saturated state 4. 

4→5: The saturated working fluid is cooled to a liquid state, 
reaching the condenser outlet, and becomes the supercooled state 5. 

5→6: The supercooled working fluid reaches the inlet of the 
compensation chamber along the liquid line. The process is 
approximately considered to be isothermal and reaches the state 6. 

6→7：The working fluid enters the compensation chamber. Due to 
the existence of heat leakage, the working fluid is heated to the saturated 
state 7. 

7→8：The saturated working fluid enters the evaporator under the 
action of capillary force and continues to be heated to superheat state 8. 
Due to the duration of the state is short, the boiling does not occur. 

8→1: The working fluid in state 8 evaporates in the capillary wick, 
and the pressure rises to state 1. 

Because the working fluid will be hindered by various resistances 
during the movement in the LHP, the circulation power needs to 
overcome the pressure loss during the circulation, that is, the dynamic 
conditions: For a proper loop operation, the primary wick in the 
evaporator must have a sufficient capillary pumping head to overcome 
pressure losses in the loop components (Ku 1999). The total pressure 
drop in the system is the sum of frictional pressure drops in the 
evaporator grooves, the vapor line, the condenser, the liquid line, and the 
evaporator wicks, plus static pressure drop due to gravity (Launay et al. 
2007):  

2
c total

e

P P
r
σ

∆ = ≥ ∆                                          (1) 

tot groove v cond l w gP P P P P P P∆ ≥ ∆ + ∆ + ∆ + ∆ + ∆ + ∆                    (2) 
where ΔPc, ΔPtot, ΔPgroove,

 

ΔPv, ΔPcond, ΔPl, ΔPw, and ΔPg are the 
capillary pressure, total pressure drop, channel pressure drop, steam line 
pressure drop, condensation pressure drop, liquid line pressure drop, 
pressure drop in wick and gravity pressure drop respectively. σ and re are 
the surface tension of the working fluid and the effective pore diameter 
of the wick, respectively. 
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In addition, from the perspective of thermal cycle, the cycle of the 
working fluid also needs to meet the difference between saturation 
pressures: 

( ) ( )sat sat v sat cp exp p T p T p∆ = − ≥ ∆                               (3) 

ex tot wp p p∆ = ∆ − ∆                                           (4)  
where ΔPsat is the saturation pressure difference between the evaporator 
and the compensation chamber; Tv and Tcp are the steam temperature in 
the capillary wick and the temperature in the compensation chamber; Psat 
(Tv) and Psat (Tcp) are the saturation pressures corresponding to Tv and 
Tcp, respectively; ΔPex is the total pressure drop excluding the capillary 
pressure drop ΔPw. The thermal analysis of circulating power in heat 
pipes has also been mentioned in other papers (Zhang et al. 2011; 
Ambirajan et al. 2012). The above four equations well describe the 
relationship among capillary pressure, steam pressure and pressure drop 
of each part. 

 
(a) Thermal cycle of LHP 

 
(b) Circulating path of working fluid 

Fig. 4 (a) Schematic diagram of pressure-temperature for stable 
operation of LHP. (Maydanik 2005), (b) The circulating path of working 
fluid in the system. 
 
3. OPERATIONAL CHARACTERISTICS OF LHP 

3.1 Start-up Performance of LHP 

In a LHP, start-up performance refers to four characteristics of heat pipe 
during start-up process: (1) Start-up time, which refers to the time taken 
by the evaporator from being heated to the temperature of the evaporator 
tending to be stable. When the heat was transferred to the evaporator, the 
working fluid in the wick will absorb the heat and evaporates, then 
releases the heat in the condenser. The shorter the start-up time, the better 
the heat transfer performance of the heat pipe is. (2) Start-up temperature, 
which refers to the temperature of the evaporator on stable state after 
being heated. A better LHP should have a lower start-up temperature. (3) 
Minimum start-up power, which refers to the minimum heat load 
required to start the heat pipe. A better LHP should have a smaller 

minimum start-up power. (4) Temperature fluctuation, during the start-
up process, the pressure and temperatures in the LHP will change violent, 
and on some situation the temperature will oscillate periodical. A better 
LHP should have smaller temperature fluctuation.  Start-up performance 
of a LHP can be evaluated according to the above four characteristics. 
 

 

 
(a) Qin=5W 

 
(b) Qin=20W 

 
(c) Qin=30W 

 
(d) Qin=40-120W 

 
Fig. 5 Four different start-up modes, ((a) Qin=5W, (b) Qin=20W, (c) 
Qin=30W, (d) Qin=40-120W). (Huang et al. 2009).  
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One of the advantages of the LHP is flexible start-up, which can be 
quickly started, stopped and restarted under certain conditions. 
Nevertheless, the study found that the loop heat pipe was not able to start 
successfully under any heat load. Huang et al. (2009) studied the start-
up process of heat pipes. It is found that the system dynamics of a LHP 
is a variable-structure system that changes with the operating conditions. 
The system dynamics in normal mode can be described by the second-
order transfer functions. It is also found that the start-up phenomena of a 
LHP can be classified into four modes: failure mode, oscillating mode, 
overshoot mode and normal mode based on the heat load (see Fig. 5). 
When the heat load is smaller than the minimum value (Qmin) such as 5 
W in Fig. 5a, the evaporator temperature will continue to increase and 
cannot reach a steady state. The startup fails. When the Q=20 W (see Fig. 
5b), the start-up mode turn into oscillating mode, the vapor flow to the 
condenser is not stable but in oscillating or pulsating state. In this mode, 
the vapor flow is high enough to push the liquid segments existing in the 
connecting pipes and condenser forward. Since the vapor flow is not high 
enough due to low heat load, once the vapor flows to some distance, 
vapor condensation will create a retardation force to the flow. This 
results in the phenomenon of flow oscillation or pulsation as well as 
temperature oscillation observed in the condenser. As Q=30 W (see Fig. 
5c), the vapor flow is higher than the oscillation mode and is able to push 
the liquid existing in the connecting pipes and condenser forward. A 
retardation force to the vapor flow is, however, generated at the 
beginning stage by liquid segments collision and merging with vapor 
condensation. The vapor pressure continues to rise with the heat load and 
finally reaches a critical value which is able to push the liquid to return 
to the evaporator to complete the fluid circulation along the loop. When 
Q>30 W (see Fig. 5 d), a smooth startup is observed. Smooth transient 
curves which indicate a rise in the condenser temperature. This is 
supposed to be the normally operated mode of a LHP. 

Wang et al. (2011) studied the relationship between start-up 
fluctuation and the thickness of the sintered capillary interlayer at low 
power, and explored the method to improve the start-up performance by 
changing the structure of the capillary wick. It was found that the 
fluctuation in the start-up process can be effectively suppressed by 
increasing the thickness of the capillary wicks. At the same time, after 
installing the cooling fins for the compensation chamber, the temperature 
of the compensation chamber can also be reduced to suppress the 
occurrence of the fluctuation, which provides a reference for the method 
of suppressing the fluctuation of the heat pipe during low power 
operation. Wang et al. (2014) and Wang et al. (2015) also found the 
relationship between start-up mode and power, and designed a double-
sided heated evaporator to reduce the start-up fluctuation at low heat 
load, which can start successfully at 10W. Pastukhov et al. (2003) studied 
the effect of the initial vapor-liquid distribution in the evaporator 
/compensation chamber on the start-up characteristics of LHP. It was 
considered that the steam channel was filled with liquid before start-up. 
They found the existence of steam at the evaporation core was the most 
unfavorable start-up condition, while the steam channel had steam and 
the evaporation core was filled with liquid were the best start-up 
conditions. Cheung et al. (1998) first found the start-up threshold of 
LHP, pointing out that any heat load below this value will not allow LHP 
to start smoothly.  

Some authors have tried to achieve stable start-up by modifying the 
structure of the evaporation chamber or adding auxiliary pumps, such as 
Zhu et al. (2016) used the ejector to remove the generated vapor in the 
compensation chamber, which could eliminate the need for the 
subcooling liquid supplied to the compensation chamber and improve the 
loop heat pipe performances (see Fig. 6a). Setyawan et al. (2018) 
designed a modified LHP that overcomes the dry-out problem by adding 
a diaphragm pump to accelerate fluid transportation (see Fig. 
6b).Therefore, the fluid from the condenser can be drawn into the 
evaporator in two ways, namely, by simple capillary pumping or a 
combination of capillary pumping and diaphragm pumping. The results 
indicate that the installation of a diaphragm pump in a modified LHP 

system can prevent the occurrence of dry-out in the evaporator and 
achieve stable start-up.  

However, the above-mentioned “ideas of improving the starting 
performance” have limitations in practical use. For example, reformation 
of the evaporation chamber structure increased manufacturing costs and 
the complexity of the structure, and limited the size of the space used. 
Therefore, how to improve the start-up performance of the LHP without 
increasing the complexity of the heat pipe structure should be the 
development direction.  

 

 
(a) 

 
(b) 

Fig. 6 Schematic diagram of LHP, (a) Adding ejector on LHP, ( Zhu et 
al. 2016), (b) Adding diaphragm pump on LHP (Setyawan et al. 2018). 
 
3.2 Anti-gravity Operation Capability of LHP 

The LHP was first applied at the aerospace field in the microgravity 
environment. The traditional view is that the performance of the LHP is 
not affected by the operating orientation. However, unlike the 
microgravity of space, when LHP is applied to the electronic equipment 
on the ground, gravity has a great influence on the distribution of the 
working fluid in the heat pipe, and the phase distribution of the working 
fluid mainly affects the heat transfer performance of the evaporator and 
condenser. Especially when the LHP works in the condition where the 
evaporator is higher than the condenser and compensation chamber, the 
gravity pressure difference will cause the increasing circulation 
resistance. At this point, the loop heat pipe often has problems such as 
over-temperature start-up, temperature fluctuations, which reduced the 
heat exchange capacity (Chen et al. 2006; Maydanik et al. 2015; 
Vershinin et al. 2007; Filippeschi et al. 2010; Chernysheva et al. 2015). 
Chernysheva et al. (2015) investigated the operating characteristics of a 
copper-water LHP to determine the effect of external factors such as the 
device orientation, in the range of heat loads from 20 to 600 W and at 
slopes from 0 to 60o (see Fig. 7. From Fig. 7a to Fig. 7d, the heat sink 
temperature gradually increases from 20 to 80 oC).  

They found that the slope dependence of the LHP heat transfer 
capacity decreases with increasing heat-sink temperature and practically 
disappears at a value of 80 oC. In this case the LHP thermal resistance 
decreases too and reaches a minimum value of 0.02 K/W in the range of 
heat loads from 400 to 600 W. They thought that the decrease in the 
maximal heat loads is the additional pressure losses caused by the  
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 7 Evaporator temperature of LHP at diffenrent angles and cooling 
temperatures. (a) Tcool=20oC, (b) Tcool=40oC, (c) Tcool=60oC , (d) 
Tcool=80oC, (Chernysheva et al. 2015). 

hydrostatic pressure. With the increase of LHP slope, the vapor needs 
larger pressure to push the liquid return from the condenser to the 
compensation chamber. So the saturation pressure and the saturation 
temperature increase, and the thermal resistance also rises. 

Therefore, many scholars have analyzed the influence of the 
operation orientation and thermal resistance of the heat pipe and tried to 
put forward the solution. Celata et al. (2010) analyzed the operation of 
the heat pipe when the evaporator is above the condenser, and found that 
the heat pipe is difficult to start when the power is less than 20W. 
Odagiria et al. (2019) designed a flat rectangular evaporator for LHP to 
performed experimental investigation in six directions such as (1) 
evaporator under condenser, (2) wick above liquid core, (3) evaporator 
under compensation chamber, (4) evaporator above condenser, (5) wick 
under liquid core, and (6) evaporator above compensation chamber. 
When LHP was run at No. 4, it showed a higher temperature than No. 1 
for all heat loads. This is caused by the larger gravity head for the case 
of No. 4 (see Fig. 8a). However, the lowest thermal resistance was 0.064 
K/W (Q=230 W) for the No. 5 at high heat load (see Fig. 8b), which 
indicate that the LHP with wick above liquid core have the best heat 
transfer performance among six directions.  

 

 
(a) Average temperature  

 
(b) Thermal resistance 

Fig. 8 (a) Average temperature of the evaporator and the compensation 
chamber, (b) Thermal resistance of the LHP. (Odagiria et al. (2019). 
 

For this phenomenon the author thought it is caused by the 
evaporator orientation and liquid-vapor distribution. In the case of No. 1, 
the evaporator is located in a vertical condition. Therefore, the upper part 
of the wick contacts with vapor phase while the bottom part of the wick 
is wet. It is considered that the evaporation occurs from the surface of 



Frontiers in Heat and Mass Transfer (FHMT), 14, 14 (2020)
DOI: 10.5098/hmt.14.14

Global Digital Central
ISSN: 2151-8629

  7 

the wick that contacts with the vapor phase. This phenomenon increases 
heat leakage from the evaporator to the CC in a large degree. Therefore, 
the operating temperature accordingly increases in the case of No. 1. 
Based on the comparisons of the experimental results of six different 
orientations, it is clear that the evaporator orientation and location of 
liquid-vapor interface in the liquid core significantly affects the heat 
transfer performance. 

Kaya et al. (2003) found that when the evaporator was higher than 
the compensation chamber, the operation temperature of LHP was 
higher; on the contrary, when the evaporator was lower than the 
compensation chamber, it was easy to fill the evaporation core with fluid, 
so the thermal leakage and operation temperature are both reduced. The 
literature (Gai et al. 2009) studied the operation characteristics of the 
micro loop heat pipe with flat evaporator to decide the effect of the tilt 
angle, the charging ratio and the heat load on the operation 
characteristics. The results showed that the evaporator temperature 
increased with the increasing heat load at a tilt angle of 50o and the 
charging ratio of 50%. At low heat loads, the steam generation rate in the 
evaporation section was slower, with longer start-up time. The start-up 
time of LHP with small charging ratio was shorter than that of LHP with 
large charging ratio, and the increasing tilt angle would reduce the 
evaporator temperature. At the same time, the tilt angle would affect the 
start-up time of the LHP, and the start-up time decreased with increasing 
tilt angle.  

Obviously, a large number of studies have shown that heat transfer 
capacity of LHP was decreased under anti-gravity condition, and in many 
cases, over-temperature and temperature fluctuations will occur. In order 
to solve the above problems, some researchers have redesigned the heat 
pipe system. Deng et al. (2012) designed an anti-gravity heat pipe based 
on the bubble mode to strengthen the working fluid backflow. The results 
showed that the heat pipe can quickly reach a stable state within 20 
minutes and can operate below 80oC, when the power reached 80W. 
Tang et al. (2012) planned to increase the power of liquid backflow by 
sintering metal particles in the liquid line, but its operation temperature 
was still high, and the evaporator temperature was about 84oC at 90W. 
Some researchers have proposed a double compensation chamber 
structure (Bai et al. 2009; Lin et al. 2010): compensation chamber on 
both sides of the evaporator, which ensures that the LHP can be started 
smoothly in the most unfavorable operation direction, but the operation 
temperature varies with orientation. How to further promote the normal 
operation of LHP in the anti-gravity situation in the future remains to be 
further explored. In our opinion, strengthening the working fluid 
returning from the condenser to the compensation chamber and the 
evaporator is the first aspect to improve the anti-gravity operation 
capacity of the LHP. Therefore, on the theoretical research, the flow 
mechanism of working fluid in LHP should be studied. Enhance the 
capillary force of the porous wick and improve the wettability should be 
good methods. Also the Marangoni effect of the self-wetting fluid could 
regulate the backflow of the working fluid. On the other hand, if the 
space of the loop heat pipe allows, the circulation pump can be added to 
the pipeline which can ensures the evaporator have sufficient liquid 
supply under anti-gravity condition, and enhances critical heat flux. 
However, above practice will increase the manufacturing cost of the 
equipment and at the same time bring challenges to the sealing question 
of the LHP. Therefore, the LHP with high cost performance which can 
work under the anti-gravity condition needs to be developed and 
optimized. 

 
4. RESEARCH PROGRESS OF LHP WITH CAPILLARY 
WICK 

As an important part of the LHP, the porous wick is not only the main 
position where phase change occurs, but also absorbs the working fluid 
from the compensation chamber and supplies it to the evaporator for 
phase change. The capillary force and flow resistance of wicks directly 
affects the heat exchange capability of the LHP, and provides the cycle 

driving force of working fluid. And it is also the thermal barrier between 
the evaporator and the compensation chamber, which prevent heat 
leakage from the evaporator to the compensation chamber. So many 
scholars do lots of works to study the types of capillary wicks, wick 
materials, pore size, surface microstructure and wettability of wicks. 
 
4.1 Types and Materials of Porous Wick 

About capillary wick materials, scholars have done a lot of researches, 
such as wire mesh wicks, foam metal porous wicks and sintered metal 
wicks. Also they compared the effects of different type porous wicks on 
the heat transfer performance of LHP. Tharayi et al. (2016) designed a 
set of loop heat pipes with 7-layer 100 mesh wire mesh wick to 
investigate their heat transfer performance, using water as the working 
fluid. They found that LHP can operate stably under heating power of 
20-380 W and its thermal resistance could be as low as 0.106 K/W. Zhou 
et al. (2016) studied a loop heat pipe with multi-layer metal foams as 
wick structure, using ethanol as the working fluid. They compared the 
properties of nickel metal foam and copper metal foam (see Fig. 9a), and 
analyzed the three stages during the start-up process. It can be seen from 
Fig.9 (a) that the nickel mental foam and copper metal foam has the 
similar structures, but the copper metal foam had a smaller pore size, and 
the porosity for them are 92.57% (copper foam) and 96.99% (nickel 
foam). Due to the higher thermal conductivity of copper foam, the LHP 
with copper foam wick has shorter start-up time and smaller thermal 
resistance compared with LHP with nickel foam wick.  

 

 
(a) Metal foam 

 
(b) Sintered copper powder 

 
(c) metal mesh             (d)  Structure of mesh 

Fig. 9 Appearance and SEM images: (a) nickel foam, copper foam. 
(Zhou et al. 2016), (b) Sintered copper powder (Xu et al. 2014), (c, d) 
metal mesh (Wang et al. 2016). 
 

To study the comprehensive influence of the two kinds of wicks on 
the operation characteristics of LHP, it is necessary to compare the 
performance of the wicks under multiple working conditions. Wang et 
al. (2016) compared and analyzed the influence of wire mesh porous 
wick (see Fig. 9c and d) and sintered porous wick on the heat transfer 
performance of LHP. The aperture of sintered copper porous wick was 

nickel foam copper foam 
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in the range from 2.6 to 30μm. In here the copper mesh wick is made of 
a 500 PPI (pores per inch) copper mesh with a copper thread of 26.2μm, 
and the effective pore diameter distribution of the mesh wick was more 
uniform, about 35μm. The porosity was calculated to be 66.5%. It was 
found that the sintered porous wick was superior to the wire mesh porous 
wick in terms of minimum start-up power, start-up time and thermal 
resistance. Under the same power and tilt angle, the sintered porous wick 
started faster. So many scholars have increased the researches on the 
sintered porous wick (Xu et al. 2014; Li et al. 2012; Liu et al. 2012) (see 
Fig. 9b). 

Because of the high thermal conductivity of copper, most of the 
wicks are made of copper powder. Sintered porous wick can control the 
pore diameter and other parameters of the capillary wick through the 
sintering process and particle selection. Based on people's understanding 
of sintering wick, Singh et al. (2009) conducted a systematic study on 
the effects of thermal conductivity, pore radius, and permeability of 
sintered porous wick. The heat performance of LHP with copper powder 
sintered wick and nickel powder sintered wick was tested in the 
experiment. It was found that the heat performance of LHP with copper 
wick was better than that of LHP with nickel wick, especially when the 
load was low. When the heating power was 80W and the heat flux 
density was 21.33 W/cm2, the evaporator temperature was about 95oC.  

To reduce the occurrence of heat leakage from evaporator to 
compensation chamber, Xin et al. (2018) proposed a composite LHP 
with different thermal conductivity wick, using nickel and copper. On 

the side close to the steam channel, the copper with high thermal 
conductivity was used to improve the heat conduction from the heat 
source to the capillary wick while the nickel powder with poor thermal 
conductivity was used at the compensation chamber to suppress heat 
leakage. Experiments showed that this design not only reduced the start-
up time but also reduced the operation temperature of LHP. Chen et al. 
(2012) tested the heat performance of LHP with the double-hole sintered 
nickel wick. When the heat flux density was 12.8 W/cm2, the center 
temperature of the evaporator was lower than 60oC, and the minimum 
thermal resistance was 0.33 K/W. Wu et al. (2013) produced a double-
layer capillary wick. The first layer was porous, providing channels for 
steam overflow and liquid suction. The second layer had uniform pore to 
suppress heat leakage. Compared with the traditional single-layer 
capillary wick, its maximum heat load was increased by 67% and the 
thermal resistance decreased by 100%. The advantages and 
disadvantages of different types of wicks are summarized in Table 1. 

 
4.2 Effect of the Pore Size  

In the LHP, the evaporator is the main heat exchange places, where the 
working fluid change from liquid to gas and the condensed liquid enters 
the evaporator through the compensation chamber. So in the evaporator 
not only includes the phase change of working fluid, but also includes 
the two-phase flow of liquid and gas. As the most important part of 
evaporator, porous wick has a decisive influence on the above processes. 

 
Table.1 Summary of different wicks 

 
Type microstructure materials advantages disadvantages 

Groove wick 
(Heng Tang  et 
al. 2018) 

 

Aluminum, 
stainless steel, 
copper, etc. 

Simple structure and 
easy preparation 
process. 

Capillary force is small, 
and surface treatment is 
needed. 

Sintered fiber 
(Junyu Liu et 
al. 2019) 

 

Carbon fiber, 
stainless steel 
fiber, copper 
fiber, etc. 

Good flexibility and 
high strength. 

The wettability of 
carbon fiber is 
hydrophobic so it need 
surface treatment. 

Mesh wick 

 

stainless steel, 
copper, etc. 

Low cost, high porosity 
and simple structure. 

The pore size was 
single. 

Metal foam  

 

Nickel, stainless 
steel, copper, 
etc. 

Preparation technology 
is relatively mature, 
with high porosity, 
large specific surface 
area and low flow 
resistance. 

The diameter of porous 
wick is large, and the 
capillary force is small. 

Powder 
sintering wick 

 

Nickel, stainless 
steel, copper, 
etc. 

Preparation is simple 
and thermal resistance 
is small. Porosity can 
be controlled by pore 
forming agent. 

Pore structure is single 
as without pore forming 
agent, and 
manufacturing process 
is relatively complex 
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During the operation of LHP, the liquid replenishment and steam 
overflow in capillary wick are affected by pore size, porosity, 
permeability and other parameters. The amount of steam released from a 
porous wick can be calculated using the Meléndez-Reyes formula 
( Meléndez et al. 2006)： 

3
epv

v
v128

d
m

επ ρ σ
µ δ

  
=      

                                     (5) 

where mv is the steam mass flow, ρv, σ, μv, and ε are the steam density, 
surface tension, viscosity, and porosity, respectively. δ is the thickness 
of the capillary wick, and dep is the effective pore size. It can be seen 
from the formula (5) that a larger steam flow requires the capillary wick 
to have a larger dep and porosity. However, according to the Young-
Laplace equation (Yong et al. 1805), 

ep

4 cosp
d

σ α
∆ =                                             (6) 

wicks with small dep have large capillary force to improve the circulation 
force of the working fluid, which is conducive to the improvement of the 
thermal performance of the LHP. Boo et al. (2000) demonstrated that 
when the pore size was reduced from 25 μm to 0.5  
μm, the maximum heat load was increased by 45%. It can be seen from  
the above analyses that the effects of the effective pore size on the 
performance of the capillary wicks are more complex. Increasing dep can 
strengthen the steam overflow, while decreasing dep can increase  
the capillary force of the wick and improve the circulation force of the  
 
working fluid. At the same time, too small pore diameter would result in 
large resistance of vapor-liquid flow. Thus, there is an optimal pore 
aperture value for wicks in the LHP. 

Studies have shown that the effective pore size of the wick is 
directly affected by the particle size (Semenic et al. 2008). Therefore, Li 
et al. (2015) used six copper powder particles with different particle sizes 
to produce the wicks and found that the heat transfer performance of the 
sintered wick changed significantly with the change of the copper 
powder particle size. They found that 75-100 μm was the best particle 
size in single powder sintered capillary wick. Weibel et al. (2010) studied 
the relationship between thermal resistance and capillary wick thickness 
and particle size, and found that when the particle diameter was 45-
355μm, there was a particle size with the maximum boiling heat transfer 
coefficient for a capillary wick with a fixed thickness. Xu et al. (2012) 
studied the relationship between the start-up performance and particle 
size of LHP and found that the start-up performance and heat transfer 
performance of LHP were the best when the particle diameter was 139 
μm. The LHP could start quickly in 150 s at a power of 30 W. With an 
evaporator temperature of 60°C, the maximum heat load could reach 500 
W.  

In recent years, researchers are increasingly finding that it is 
difficult to optimize the flow and heat transfer of a single-pore porous 
wick at high heat flux. So the key problem is to produce a kind of porous 
wick which can regulate gas-liquid two-phase flow, thus a two-pore 
distributed capillary wick was emerged at the historic moment. The dual-
pore distributed capillary wick formed by sintering metal powder can be 
mainly divided into bi-disperse and biporous wick. Fig. 10 shows 
scanning electron microscope images of a double-dispersed nickel 
capillary wick (Yeh et al. 2009) and biporous wick (Semenic et al. 2009). 
For the bidisperse wick, it can be made by sintering metal powder and 
pore-forming. After the sintering process was finished, removing the 
pore-forming, the bidisperse wick can be obtained (see Fig. 10a). Two 
sintering processes are required for biporous wick (see Fig. 10b), which 
make wick have both small and large pores. The small pore exists in the 
clusters and the large pores between the clusters. 

The biggest difference between monoporous and biporous wick is 
that there are two distinct sizes in pore diameter. The small pore size is 
related to the size of the sintered pores between the powder particles and 
the large pore size is related to the channels between the clusters. Large 
pores which exist between two clusters increase the surface area for 

liquid film evaporation and decrease the flow resistance for the vapor 
venting to the downward microchannels. Small pores exist between 
particles, which create capillary force to supply liquid. Therefore, from 
the perspective of flow, two different sizes pores can solve the 
contradiction of capillary force and flow resistance. The small pores can 
provide large capillary pressure, while the large pores reduce flow 
resistance. From the perspective of heat transfer, the biporous wick can 
not only achieve small-pore liquid suction and large-pore vapor 
overflow, but large particle clusters can also increase the evaporation 
area of the thin liquid film. 

 

 
(a) bidisperse wick 

 
(b) biporous wick 

 
Fig. 10 (a) SEM of bidisperse wick. (Yeh et al. 2009), (b) SEM of 
biporous wick. (Semenic et al. 2009). 
 

There are many studies on the application of biporous wick in LHP, 
and they have proved the excellent performance. Lin et al. (2011) 
compared the effect of monoporous and biporous wick on the heat 
transfer performance of LHP, and found that biporous wick LHP has 
larger heat flux, lower thermal resistance and higher heat transfer 
coefficient. At 400 W, the heat transfer coefficient of LHP with biporous 
wick is about 2.3 times that of LHP with monoporous wick. Their 
experiments also found that reducing the particle cluster size is more 
favorable for improving the heat transfer performance of LHP. Wu et al. 
(2015) experimentally investigated the use biporous wick with two pore 
sizes to enhance the performance of loop heat pipe (LHP). It is found that 
within a certain value range, increasing the content of the pore-forming 
agent and particle size of the pore-forming agent are conducive to the 
improvement of heat transfer performance for LHP, but exceeding the 
certain value will cause a reduction in capillary force, thereby causing a 
decrease in heat transfer performance. Therefore, found that 250-297 μm 
and 35 vol% was the optimal powder diameter and content, respectively. 
Under these parameters, the maximum heat load was 800 W and the 
thermal resistance was around 0.095 K/W. 
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Actually the pore size of porous wick has complex relationships 
with porosity and the permeability which also influence the heat transfer 
of LHP. (Singh et al. 2009) found that on the same condensations, the 
increase of porosity helps to reduce the thermal conductivity, the increase 
of permeability will enhance the thermal performance of LHP. They also 
systematically studied the effects of thermal conductivity of sintered 
wick on the heat pipe performance. They found that the heat performance 
of LHP with sintered copper wick was better than that of LHP with 
sintered nickel wick, especially at low heat load. Ren et al. (2007) 
believed that permeability is determined by effective pore size and 
porosity. The effect of effective pore size and porosity can be reflected 
by permeability. Although there are complex relationships among pore 
size, permeability and porosity, it can be seen from the analysis that in 
the future researches, scholars should focus on the development of 
biporous and multi-scale porous wick for the function of regulating gas-
liquid two-phase flow.  

 

4.3 Effect of Wettability and Micro-
nano Structured Surface 

With the development of micro-nano processing technology and new 
materials, domestic and foreign scholars have paid more attention to the 
influence of micro-nano modified surfaces on the boiling heat transfer, 
and realized that the heat transfer performance of LHP is not only limited 
by the pore size and permeability of capillary wicks, but also affected by 
the surface properties of capillary wicks. It is well known that the 
wettability and surface structure of heat transfer surfaces have important 
effects on the heat transfer coefficients. The relationships between the 
heat transfer and nucleation sites and superheat are as follows (Mikic et 
al. 1969): 

2
l p b a w( )q K k C fD N Tπ σ= ∆                                

 
(7) 

where kl is the thermal conductivity of liquid, CP is the specific heat 
capacity, K is a constant, Na is the nucleation site density, △Tw is the wall 
superheat. The results show that increasing nucleation site density and 
the frequency of bubble detachment on the boiling surface can enhance 
the heat transfer effectively. Numerous studies have shown that the 
density of nucleated cavities is related to surface microstructure, 
wettability and wall superheat. 

To investigate the influence of the micro-nano structure on the heat 
transfer intensity, Lee et al. (2010) use anodizing technique to grow the 
well-ordered oxide nano-structures on the metal substrate. The pool 
boiling heat transfer coefficient and long-term performance of nano-
porous surface were investigated with water. The experimental results 
show that the incipient wall superheat of pool boiling in nano-porous 
surface was lower than that in non-coating surface. The nucleate boiling 
heat transfer coefficient of nano-porous coating surface appeared higher 
than that of non-coating surface particularly at the low heat flux 
condition. Das et al. (2016) used vapor deposition coating approach to 
fabricate well-ordered of nanoparticle coated micro-nano-structures on 
metal surfaces. Fig.11 showed that the boiling cures of silicon oxide 
coated surface move to the left, and the wall superheats are smaller at the 
same heat flux compared with the untreated surface. The thicker the 
thickness, the less superheat, the superheat can be reduced about 36% 
(see Fig. 11a). There is 58% enhancement in the heat transfer coefficient 
for silicon oxide coated surface over the untreated surface (see Fig. 11b). 

This enhancement might be the reason of enhanced wettability, 
enhanced surface roughness and increased number of a small artificial 
cavity on a heating surface. Other similar studies also have found that the 
presence of micro-nano structures on the heat transfer surface reduces 
the initial boiling superheat and increases the heat transfer coefficient. 

According to the research by Yang et al. (1988), increasing contact 
angle, that is, the hydrophobicity increases, the number of nucleated sites 
would increase gradually. However, in practice, most of LHP capillary 
wicks are metal materials, which are hydrophilic. According to Wenzel's  

 
(a) 

 
(b) 

Fig. 11 (a) Variation of heat flux with wall superheat for five heating 
surfaces, (b) Dependency of heat transfer coefficient on heat flux for all 
heating surface. (Das et al. 2016). 
 
equation, the surface hydrophilicity of capillary wicks can be increased 
with increasing roughness. The effect of surface wettability on bubble 
dynamics can be explained by the formula proposed by Fritz's equation 
(Fritz et al. 1935) for the relationship between bubble detachment 
diameter and contact angle: 

b
l v

0.0208
( )

D
g

σα
ρ ρ

=
−

                                     (8) 

It can be seen that the bubble detachment diameter decreases with the 
decreasing contact angle. According to Zuber (1963) formula for the 
frequency of bubble separation (fb) and the diameter of bubble separation 
(Db): 

1/ 4
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ρ
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 
                                   (9) 

Obviously with increasing, the size of the bubbles generated on the 
boiling surface decreases, and the frequency increases. Therefore, the 
micro-nano structure on the surface increases the nucleation site density, 
while enhances hydrophilicity of surface, which affects the detachment 
diameter and frequency of bubbles. Generally speaking, the more 
bubbles and the higher bubble detachment frequency, the stronger 
boiling heat transfer and the better heat transfer performance. Li et al. 
(2008) investigated the nuclear boiling behavior on the surface with 
copper nanopillars and found that the existence of surface nanostructures 
can reduce the bubble detachment diameter and increase the detachment 
frequency. Similar phenomena were found in references (Kim et al. 
2010; Chen et al. 2009). Dong et al. (2014) found that micro-nano 
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structure surface prevents the formation of gas films, and thus increases 
the heat transfer coefficient and the critical heat flux. Lu et al. (2016) 
through visualization experimental found the surface with 3-D ordered 
nanoporous copper surface have significant enhancement in heat transfer 
coefficient and reduction in wall superheat compared with those of 
smooth surface and it can be attributed to the higher active nucleation 
site density and the improvement in hydrophilicity on nano porous 
surface  

From above analysis, it can be found that the heat transfer 
performance of LHP can be improved by constructing micro-nano scale 
structures on the heat transfer surface or changing the surface wettability. 
To study the effect of micro-nano structure and wettability on the heat 
transfer performance of porous wick and LHPs, related scholars first 
study the capillary rise process in the porous wick, because the higher 
capillary raise height is the basic requirement of a good wick an essential 
quality of the high-quality porous wick. Li et al. (2018) fabricated a new 
multi-scale composite porous wick through sintering and NaoH 
treatment. The experimental results showed that through the corrosive of 
NaoH the contact angle of copper plate was reduced from 91.5° to 22.2° 
(see Fig. 12a and b), which indicates the surface hydrophilicity is 
improved. From the capillary pressure formula 2 cos /cP rσ θ∆ = , where 
θ is the contact angle and r is the effective pore radius, The decrease of 
effective pore size and the enhancement of hydrophilicity are beneficial 
to the increase of capillary force. The capillary force can be characterized 
by the rate-of-rise experiment based on the IR thermal image method. 
The results showed that nanostructures on the surface played a dominant 
role in forming the hydrophilic surface on the copper wick, which could 
achieve the higher capillary climbing height and rising velocity of 
working fluid for the wick. From Fig.12 (c) can find that the corrosive 
time has an important effect on the capillary climbing height. All the 
corrosive treated surfaces have higher capillary climbing height than the 
no corrosive treated surface. But the surface treated by 24 h corrosion 
has the highest climbing height value, and thus there exhibits an optimal 
corrosion time. In all, the nanostructures on the sintered copper powders 
surface can effectively enhance the capillary force.  

 
(a) (b) 

 
(c) 

Fig. 12 Contact angle on (a) pure copper plate and (b) copper plate with 
nanostructure, (c) effect of corrosive time on the capillary rise processes 
of MCPW with water. (Li et al. 2018). 

Particularly, the capillary limit of the wick generally depends on the 
following equation (Li et al. 2011): 

l w fg
w

l w

( )
A h

Q P K
l

ρ
µ

= ∆                                           (10) 

where Q is the heat flux, ρl and μl are the density and dynamic viscosity 
of working fluid, Aw and lw are the cross-sectional area and effective 
length of the wick, hfg is the latent heat of vaporization, ΔPw is the 
pressure loss in the wick during liquid flow, and K is the permeability. 
So the heat flux is proportional to the transformation area. 

Similarity, Huang et al. (2017) use NaoH sculpture the grooved 
aluminum wicks, which significantly enhances the capillary performance 
of these wicks and increases the applicability of grooved aluminum heat 
pipes in space or in a horizontal direction. As shown in Fig. 13, the heat 
transfer limit (Qc,max) of the heat pipe is in proportion to the capillary 
performance parameter (△Pcap·K) of the grooved wick. The effect of 
corrosion parameters on Qc, max showed the same trend as the effect of 
corrosion parameters on △Pcap·K. The calculated Qc,max of the grooved 
aluminum wicks reached the maximum value of 9.00W± 8.5% with the 
corrosion parameters of sample N1.25-10, far exceeding the value of 
3.52W± 1.5% for the non-corroded wicks, being improved 
approximately 155% compared to the one without corrosion. 

 

 
Fig. 13 Effect of concentration and time of corrosion on the capillary 
performance parameter (△Pcap·K) and corresponding capillary limit (Qc, 

max). (Huang et al. 2017). 
 

To further improve the heat performance of heat pipe, Tang et al. 
(2018) fabricated the v-shaped groove wick made by the ploughing–
extrusion method. The capillary structure was characterized by the 
climbing test of acetone in capillary tube, and the liquid rising process 
was monitored by infrared imaging technology. The experimental results 
showed that the contact angle of aluminum surface was decreased from 
75° to 15°, and the hydrophilicity was enhanced greatly. The capillary 
rise height of corroded aluminum wick is obviously higher than that of 
uncorroded wick. Other scholars such as Lu et al. (2017); Tang et al. 
(2017) and Yang et al. (2017) constructed the surface nanostructures on 
the groove or fiber wicks to improve the capillary performance. At the 
same time, the applications of wick with micro-nano structure in heat 
pipe were also reported. For example, laser etching technique was used 
to etch the surface of the evaporator to form a micro-nano structure 
surface (Wang et al. 2018) (see Fig. 14a). The results of thermal 
experiments show that the maximum heat flux density is 1.5-3.5 times 
that of traditional methanol LHP. When the power is 140 W, the heat 
transfer coefficient can reach 42.17 kW/(m2 K), the maximum heat flux 
is 35.12 W/cm2, and evaporator bottom plate temperature is less than 
70°C (see Fig. 14b and c).  

Recently, Yang et al. (2015) applied multi-scale copper wire Mesh 
structure to fabricate flexible heat pipes, this multi-scale wick has super-
hydrophilicity, which can greatly improve liquid transportation 
capability, under the optimal operating conditions the thermal resistance 
of the heat pipe can be reduced to 0.01 K/W. Liu et al. (2019) reported 
on the working characteristics of a flat plate LHP with a thin 
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(a) SEM images 

 
(b) Boiling pool heat transfer coefficient 

 
(c)Steady-state temperature 

Fig. 14 (a) SEM images, (b) boiling pool heat transfer coefficient 
variations with the heat loads, (c) steady-state temperature 
variations of the Tbp for different substrates. (Wang et al. 2018).  
 
polyacrylonitrile-based carbon fiber as a porous wick. The results 
showed that the capillary wick had hydrophilic property after 
copper plating. The LHP with modified thin carbon fiber as 
capillary wick can start up successfully and keep stable operation 
in the range of 15-75W (12W/cm2). The above researches have 
brought good enlightenment and laid a good foundation for 
further improving the heat transfer performance of LHP. 

 
5. CONCLUSIONS AND PROSPECTS 

This paper introduced the working principle, the mechanism of thermal 
cycle and the advantages of loop heat pipe compared with other heat 
pipes, and summarized the development status of loop heat pipe in the 
aspects of wick structure, start-up performance, temperature fluctuation, 
anti-gravity operation and effects of various physical parameters on the 
heat transfer performance.  
 
(1) Seen from the operation characteristics, the loop heat pipe belongs to 

the heat pipe with vapor-liquid phase separation, indicating 
relatively different from other heat pipes. It overcomes the 
requirements and limitations of the field position, and can arbitrarily 
arrange the gas and liquid pipe line according to the space situation. 
It possesses advantages of high heat transfer efficiency and small 
internal thermal resistance, increasing the application ranges and 
providing an ideal solution to dissipate the high amount of heat flux 
generated in the electronics systems. 

(2) Start-up performance, temperature fluctuations, anti-gravity 
operation capability and evaporator temperature are important 
indexes to evaluate the heat transfer performance of the loop heat 
pipe. How to improve the heat transfer performance of the loop heat 
pipe is the goal of many researchers. They studied the influence of 
various parameters on the operational characteristics of LHPs, such 
as structure types, inclination angle, work environment, surface 
structure and wettability of wicks inside the loop heat pipe. In terms 
of start-up performance, it is mainly to reduce start-up time, start-
up temperature and minimum start-up power, and suppress 
temperature fluctuation during start-up process. In terms of heat 
pipe operation, it is mainly to reduce the operating temperature of 
evaporator as much as possible and ensure the operation stability 
with small temperature fluctuation. The excellent loop heat pipe 
needs to run under the high heat flux or the state of anti-gravity 
situation overcoming the influence of gravity. Therefore, future 
research should focus on how to improve the start-up performance, 
heat transfer coefficient and anti-gravity operation capacity, such as 
using the gradient porous wick structure and self-wetting fluid, even 
use sintered porous wicks with nanofluids. 

(3)  Among all the physical parameters, the pore size, wettability and 
micro-nano structure of wick are the most important ones to affect 
the loop heat pipe. Therefore, a lot of research work is mainly 
reflected in these three aspects. Some scholars proposed the concept 
of biporous wick which is beneficial to realize the function of vapor-
liquid separation in the phase change heat transfer compared with 
monoporous wick, large pores for vapor overflow and small pores 
for liquid suction. Furthermore, the method of building micro-nano 
structures and changing wattability on the porous wick surface was 
proposed to enhance heat transfer performance from increasing 
surface area and liquid supply aspects. However, the visualization 
in the evaporator with micro-nano structure on the wick surface and 
the stability of long-term operation has not been systematically 
studied. Performing visual analysis in the evaporator of LHP is an 
important research topic in the future, especially for studying the 
internal phase change patterns and processes.  
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