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Abstract: Due to the rapid development of science and technology in today’s era, electronic equipment
is constantly upgrading. Today, the developmental trend of electronic equipment is miniaturization,
portability and multi-functionality. However, multi-functionality often means multi-components, so
it is undoubtedly a great test of heat dissipation ability to accommodate more components in a smaller
volume. Without sufficient heat dissipation capacity, a large number of components will stop working
or even be damaged because of the heat generated during operation. As a new passive cooling and
heat exchange technology, pulsating heat pipes have many advantages, such as having no external en-
ergy input, a simple structure, changeable installation forms and low installation requirements. They
have shown great potential in the field of thermal management, and have attracted a lot of scholars’
attention since they were put forward. Because of their operational stability and heat exchange ability
in high heat flux environments, they are the best choice for cooling electronic equipment at present. If
they can be fully studied and utilized, pulsating heat pipes can not only reduce the consumption of
heat dissipation resources but also reuse heat energy to realize the sustainable utilization of resources.
This paper briefly introduces the demand background and structural principle of pulsating heat
pipes, and summarizes the research on the parameters of pulsating heat pipes and the application
status of pulsating heat pipes. The parameters involve working fluid type, pipe diameter, elbow
number, liquid filling rate, inclination angle, etc. After classifying the parameters that affect the
operation results of pulsating heat pipes, this paper summarizes the research at this stage, and points
out the lack of research fields, such as heat flux density, and new application fields of unconventional
gravity environment by combining the literature content with the current scientific and technological
development trends and experimental parameters, such as thermodynamics.

Keywords: pulsating heat pipe; review; thermal performance; sustainable use

1. Introduction
1.1. Research Background

In recent years, with the rapid development of science and technology, the electronic
equipment that runs through our daily life is constantly being updated. Currently, the
developmental trend of electronic equipment is miniaturization, portability and multi-
functionality. However, in order to load more functions into a smaller volume, a high
degree of integration within the equipment is inevitable, which means that during the
operation of the equipment, more heat loads are generated in a smaller heat dissipation
space, which undoubtedly greatly increases the risk of equipment failure or even damage
due to overheating. The increase in heat load of equipment is essentially an increase in the
technical requirements for heat dissipation, but when choosing heat dissipation technology,
we should not only consider the heat dissipation ability but also consider the corresponding
cost, so, at present, how to dissipate heat efficiently and cheaply is a big threshold for the
development of electronic equipment [1–3].
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The existing cooling methods can be divided into two categories: active cooling and
passive cooling. Forced convection, spray cooling and jet cooling all belong to active
cooling [4,5]. Both jet cooling and spray cooling need a variety of supporting devices such
as nozzles, and the sprayed cooling working medium cannot be recovered in complex small
electronic equipment [6]. Forced convection needs pumps to maintain, and it is difficult
for small electronic equipment to carry suitable pumps, while large electronic equipment
needs to carry a large number of high-power pumps, which is obviously uneconomical.
Compared with passive cooling, although the heat dissipation capacity of active cooling is
improved, it needs external energy input to maintain it, and at the same time, it needs more
complicated supporting equipment, which is inconsistent with the current development
trend and heat dissipation demand of electronic equipment [7,8].

Passive cooling, such as natural convection, does not need an external energy input,
but its heat dissipation ability is weak; even if it is improved by physical means, it is still
unsatisfactory. However, the heat pipe is different, with its simple structure and excellent
heat transfer ability and thermal stability, and it is a good choice when solving the heat
dissipation problem [9,10].

1.2. Brief Introduction of Pulsating Heat Pipe

Among the heat pipes, the pulsating heat pipe (PHP) is excellent. Compared with
the traditional heat pipe, it has no wick, and its structure is simpler. Moreover, it can be
bent at will and arranged flexibly. Since it was put forward in the 1990s, it has been the
focus of scholars’ research [11]. Pulsating heat pipes are formed by bending capillaries with
extremely small diameters many times, which can be divided into three forms, as shown
in the following Figure 1, namely, the open pulsating heat pipe, the closed-loop pulsating
heat pipe and the closed-loop pulsating heat pipe with check valve [12]. Before operation,
the heat pipe needs to be vacuumized. After vacuumizing, the working media are injected
by pressure difference. Under the action of capillary force and other forces, the working
media partially evaporate and the gas and liquid phases are randomly distributed. The
evaporator section absorbs heat to increase the pressure and push the working media to
flow to the condenser section. The condenser section receives cryogenic energy to reduce
the pressure, and the formed internal pressure difference in the pipe pushes the working
media to circulate continuously, thus realizing heat transfer.

Figure 1. Forms of pulsating heat pipe.

The introduction of pulsating heat pipes in the field of thermal management can not
only meet the severe challenge of heat dissipation but also have a positive impact on the
sustainable development of resources and the economy. Pulsating heat pipes, as a passive
heat dissipation technology, have low cost, which can significantly reduce the economic
consumption of users and increase the net benefit. In addition, because the pulsating heat
pipe does not need an external energy input, it can not only reduce energy consumption
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but also collect heat for other purposes through internal circulation, realize energy recovery
and reuse and promote the sustainable development of economy and energy.

The structure and usage of a pulsating heat pipe are not complicated, and the driving
force of operation is only the change in temperature and pressure, but the relationship between
the parameters and the temperature or pressure is not simple. This is not only due to the
influence of a single parameter but the result of multi-parameter interactions [13] (Figure 2).

Figure 2. Influencing factors of thermal performance of pulsating heat pipe.

1.3. Review Methodology

Until now, the specific operation principle has not been fully revealed. Moreover, at
present, many reviews on pulsating heat pipes only put forward suggestions for improving
the existing parameters but did not put forward new research parameters. In this paper,
new heating parameters are put forward after summarizing the existing research. Therefore,
this paper summarizes nearly 100 articles on pulsating heat pipes in recent years, such as
journals, conferences, dissertations, etc., and provides some reference for future research.

Some references are listed here to show the information, such as the year and type of
reference (Table 1).

Table 1. Summary of reference information.

Author Year Source Type

C A Amon, J Murthy, S
C Yao, et al. [6] 2002 Experimental Thermal and Fluid

Science Journal

S M S Murshed [7] 2006 IntechOpen Monograph

Chen, H.D. [12] 2021 Master’s and doctoral dissertations
Reviews Master’s thesis

S Wang, S Nishio [14] 2005 Summer Heat Transfer Conference Conference
D. Mangini, M. Mameli,

D. Fioriti, et al. [15] 2017 Applied Thermal Engineering Journal

Rajale M J, Prasad P.
Issac, Rao B.

Nageswara [16]
2023 Australian Journal of Mechanical

Engineering Journal

2. Working Media

Working media are the carrier of heat circulation in pulsating heat pipes, which
affect the thermal performance of pulsating heat pipes through their own thermophysical
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properties [17]. Thermodynamic parameters, such as specific heat, boiling point and latent
heat of vaporization, which affect the temperature and pressure of a working medium, will
have great influence on the thermal performance of a pulsating heat pipe.

Common working medias of pulsating heat pipes are listed here (Table 2).

Table 2. Brief introduction of common working medias.

Media Type Media Name

Pure Water Alkanes Alcohol Fluorinated Ether Refrigerant

Mixed Water/alkanes(alcohol/Fluorinated ether/Surfactants/nNanofluids)
Fluorinated ether/Fluorinated ether

Surfactants potassium perfluorooctanoate,
PFOK sodium stearate neopelex

Naofluids Nano silver Nanometer copper
Fluorinated ether HFE-7100 HFE-7200 HFE-7300 HFE-7500 FC-42

Refrigerant R113 R114b R134a R60a R404A

The performance of a pulsating heat pipe is usually divided into start-up performance
and operation performance. Whether in the start-up process or the operation process, the
flow of working media needs to overcome the negative effect of viscosity. The start-up
of a pulsating heat pipe means that the working medium in the pipe absorbs heat and
pressurizes it, overcomes the negative effect of viscosity and begins to pulsate. Therefore,
the gradient of pressure with the increase in temperature is the key factor for start-up [18].

Although the pulsating heat pipe has excellent heat transfer performance, there are
still heat transfer limits. Different working fluids have different maximum heat inputs,
temperature fluctuations and thermal resistance changes, which are closely related to the
boiling point and latent heat of working fluids [19,20] (Figure 3). Zhang et al. [21] have
studied the influence of working fluid on the performance of a vertically placed plate
pulsating heat pipe, and they have pointed out that ethanol and ultra-pure water have
smaller heat transfer resistance than methanol under the condition of a small heat input;
when the heat input increases, the temperature rises more gently than with methanol.

Figure 3. Thermal resistances of the PHP for different working fluids with the increase in heating
input [19] (reproduced with permission from Xiaoyu Cui, Yue Zhu, Zhihua Li and Shende Shun,
Applied Thermal Engineering; published by Elsevier, April 2014).
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The study of working fluids is essentially the study of thermal properties. Currently,
the research is no longer limited to the comparison of different kinds of pure working fluids,
and mixed working fluids are also an important field in the current research. At present,
mixed working fluids can be divided into the simple mixing of different pure working
fluids and the addition of surfactants or nanofluids. The influence of the simple mixing
of pure working fluids on the performance of heat pipes depends on the difference in the
physical properties and mixing ratios between different pure working fluids, and the two
factors jointly determine which side the thermal properties of mixed working fluids are
more like [22] (Figure 4).

Figure 4. The change in heat transfer with heating power (reproduced with permission from [23]
Weixiu Shi, Weiyi Li, Lisheng Pan, XiFeng Tan and Haitao Yun, Journal of Mechanical Engineering;
published by Chinese Mechanical Engineering Society, December 2011).

Surfactants and nanofluids are new research fields at present. The addition of surfac-
tant has a significant effect on surface tension but has little effect on other parameters. The
existing research has pointed out that a lower surface tension can make the liquid generate
bubbles faster, and the growth rate after bubble generation is also faster. Therefore, the
addition of surfactant can accelerate the start-up of a heat pipe and reduce the running
thermal resistance, but excessive addition will increase the viscosity of the working fluid
and worsen heat transfer [24–26] (Figures 5 and 6).

Figure 5. The analysis model of the capillary resistance in the PHP.
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Figure 6. Change in physical parameters of working media after adding surfactant [26] (reproduced
with permission from Kaiming Zheng, Rongji Xu, Ruixiang Wang, Meibo Xing, Jichi Cai and Yuan
Ya, Chemical Industry and Engineering Progress; published by Chemical Industry Press Co., Ltd.,
August 2018).

Nanoparticles will adhere to the surface of the heat exchange solid after being added,
which provides a large number of additional nucleation points for the heated vaporization
of liquid at the evaporation section, which is beneficial to the formation of a large number of
bubbles [27,28] (Figure 7). In addition, because the heat transfer performance of nanofluids
is better than that of water, the addition of nanofluids can also improve the thermal
properties of working fluids [29]. Gandomkar and Rittidech et al. [30,31] studied the
influence of nano-fluids such as nano-iron and nano-silver on pulsating heat pipes by
visualizing a pulsating heat pipe, and found that the addition of nano-fluids made the flow
pattern of the working fluid change significantly, and excessive addition would make the
working fluid more prone to plug flow and lead to heat transfer deterioration.

Figure 7. Nanoparticles attached to evaporator [27] (reproduced with permission from Jian Qu,
Hui-ying Wu and Ping Cheng, International Communications in Heat and Mass Transfer; published
by Elsevier, February 2010).
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In addition, some scholars tried to mix liquid metal with water, and found that the
heat transfer performance of a pulsating heat pipe was optimized due to the oscillating
movement of liquid metal, but the starting performance decreased [16].

Figure 8 reflects the amount of literature on surfactants and liquid metals in the past
20 years. It can be seen that the research on them has gradually increased in recent years,
indicating the current research focus on working fluids.

Figure 8. Relationship between the number and year of documents on surfactants and liquid metals.

The selection of working fluid is very important for the study of pulsating heat
pipes. Different thermophysical properties of working fluids have different effects on the
performance of pulsating heat pipes. We cannot analyze the physical properties of the
working media in a single and isolated way, and the influence of thermophysical properties
on pulsating heat pipes is often the compound influence of many factors.

3. Geometric Parameter

Geometric parameters are the external limiting factors that affect the flow of working
fluid in the tube, and change the flow pattern of the working fluid by affecting the force of
the working fluid in the tube, thus affecting the flow and heat transfer.

3.1. Inner Diameter

The heat pipe is the channel where the working media flow, and the diameter of the
pipe plays a decisive role in the operational state of the heat pipe. For pulsating heat pipes,
it is important to be able to generate flow, but it is more necessary to be able to flow in
a gas–liquid mixture. If the working fluid in a pulsating heat pipe wants to vaporize, it
needs surface tension to overcome gravity, so the Bond number is often used to calculate
the diameter of a heat pipe (as shown in the following formula). According to the current
research results, a Bond number ≤ 2 is generally used as the calculation basis. According
to Equation (1), the maximum diameter of a heat pipe depends not only on surface tension
and gravity but also on the gas density and liquid density of the working media, so the
maximum diameter of the working media is related to the properties of the working media.

Bo =

√
g
(
ρl − ρg

)
σ

D2 (1)

However, some scholars have found that the Bo of R123 exceeds 2 at 25~60 ◦C when
studying the influence of working fluid thermophysical properties and pipe diameter on
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the performance of pulsating heat pipes, which shows the conclusion that a Bo ≤ 2 is not
widely applicable, but it still has certain reference value [32].

When the working medium circulates in the heat pipe, it will inevitably be affected by
resistance. If the pipe diameter is too small, the working medium will be subjected to greater
flow resistance, which will increase the viscosity of the flow, make the working medium easy
to accumulate and worsen mass transfer [14,33]. In this regard, Yang et al. [34,35] studied
two kinds of red copper heat pipes with inner diameters of 1 mm and 2 mm, respectively,
and found that the thermal resistance of pulsating heat pipes with inner diameters of 2 mm
was smaller than those with inner diameters of 1 mm, and the difference between them was
about 10% (Figure 9). Later, the same research was carried out on aluminum pulsating heat
pipes of the same size, and the same conclusion was reached. However, this conclusion is
sometimes not applicable to open pulsating heat pipes. Saha et al. [36] found that pulsating
heat pipes with inner diameters of 0.9 mm have lower operating thermal resistance under
some working conditions.

Figure 9. Minimum thermal resistance under different filling ratio [34] (reproduced with permission
from Honghai Yang, S. Khandekar and M. Groll, Applied Thermal Engineering; published by Elsevier,
January 2008).

3.2. Pipe Shape

The cross-sectional shape of the pipeline mainly affects the performance of the heat pipe
through the pipe wall, which can obviously affect the flow pattern of the working fluid in
the pipe and the coverage of the liquid on the wall. The main reason for the differences in
the thermal performance of pipes with different cross-sectional shapes is the coverage of the
liquid on the pipe wall. Liquid is more easily adsorbed at sharp corners under capillary force.
Because a triangular section can cover the pipe wall better than a rectangular section, triangular
sections have lower thermal resistance and better inclination resistance, and the liquid filling
rate corresponding to optimal thermal performance is also lower [37,38] (Figure 10).

Figure 10. Schematic diagram of cross-section structure of two kinds of plate pulsating heat pipes:
(a) Rectangular cross section (b) Triangular cross section.
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Therefore, compared with circular pipes without sharp corners, non-circular pipes
with sharp corners have higher heat transfer performance and research value.

Asymmetry is also an area of research in terms of pipe shape. At present, the asymme-
try treatment of pulsating heat pipes is usually to change the local part of the pulsating
heat pipe, which changes the flow pattern of working media and then affects the thermal
performance of the pulsating heat pipe. But this effect is often beneficial to pulsating heat
pipes, and Liu et al. [39] treated the pulsating heat pipe locally, and changed the pipe
diameter and thickened the pipe shell. The results show that both of the treatments can
improve the thermal performance of a pulsating heat pipe, but the asymmetric flow path
will change the flow pattern of the circulating working medium. Chien et al. [40] studied
the influence of alternating pipe diameters on pulsating heat pipes, while Tseng et al. [41]
studied 16 kinds of pulsating heat pipes with different sizes, and also pointed out that
irregular or asymmetric flow paths can improve the thermal performance of pulsating heat
pipes, especially for horizontal heat pipes.

Asymmetry in a pulsating heat pipe represents local pipeline change, which makes the
flowing working media produce additional pressure or temperature change, strengthens
the working media pulsation and optimizes the performance of the pulsating heat pipe.

However, at present, research on the cross-sectional shape of pipes mostly focuses on
rectangle/triangle or circle, and the research on pipes with other cross-sectional shapes is
lacking, and the treatment of asymmetry in heat pipes is too monotonous (Table 3).

Table 3. Common Pipe Cross-section Shape and Asymmetry Treatment Method.

Pipe Shape

Cross-sectional shape Triangular section Rectangular section Circular section
Asymmetry treatment Pipe diameter Pipe shell

In addition, some scholars add a micro-groove structure to the inner walls of pulsating
heat pipes. The experimental results show that the introduction of a micro-groove structure
can effectively improve the flow of liquid working media at the evaporation section, and the
temperature fluctuation is relatively stable and the thermal conductivity is increased [42].

3.3. Number of Turns

A pulsating heat pipe is formed by a serpentuator bending many times, so it has
multiple turns, and the flow of liquid in the U-bends is completely different from that in
the straight pipes, which will not only produce greater pressure loss but also have a greater
chance of secondary flow, so the number of turns plays an important role in the pressure
and flow of working media in pulsating heat pipes. However, among many influencing
factors of pulsating heat pipes, the number of turns is a special parameter, because the
increase in the number of turns always improves the thermal performance of pulsating heat
pipes and can also weaken the influence of other parameters on pulsating heat pipes [43].
Alberto et al. [44] (Figure 11) carried out simulation and experimental studies on three kinds
of pulsating heat pipes with turn numbers of 7, 16 and 23, and compared the study results
with the existing semi-empirical results. It was found that the pulsating heat pipe with a
turn number of 7 was the most prone to dry burning, the heat pipe with a turn number of
16 was slightly better and the heat pipe with a turn number of 23 showed signs of flow.

Mangini et al. [15] placed heat pipes under constant gravity and microgravity, re-
spectively, for an experimental study, and it was found that the pulsating heat pipe with
a high turn number was much better than the heat pipe with a low turn number under
microgravity. Quan et al. [45] found that increasing the number of elbows can improve
the pressure disturbance in the pulsating heat pipe. Khandekar et al. [46] pointed out that
there may be a limit to the number of turns in the pulsating heat pipe so that the pulsating
heat pipe cannot be affected by the inclination angle. Then, Cai et al. [47] designed and
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manufactured the pulsating heat pipe with 40 turns, and found that the heat pipe can be
started at any inclination angle.

Figure 11. Influence of turns number on thermal resistance [45] (Reproduced with permission from
[Li Quan, Li Jia], [In: Proceedings of the ASME 2009 2nd micro/nanoscale heat & mass transfer
international conference]; published by [ASMEDC], [December 2009].).

The existence of a critical turn number may be due to the fact that when the elbow
number of a pulsating heat pipe increases to a certain extent, the influence of turns on the
pressure disturbance of the working fluid in pulsating heat pipe will be enhanced to such
an extent that the influence of gravity on the working fluid can be ignored. However, there
is no theoretical calculation method or experimental results for the critical turn number at
present, and it has only been inferred from the existing conclusions [48].

4. Operational Parameters

The operating parameters include filling ratio, inclination angle, etc. Although some
of them are external factors as well as geometric parameters, the thermal performance of a
pulsating heat pipe is affected by the physical properties of working media through the
energy input of the heat pipe working media.

4.1. Filling Ratio

The filling ratio is defined as the ratio of the volume of the working media to the
volume of the pulsating heat pipe, so the liquid filling rate not only reflects the volume
occupation rate of the working media in the heat pipe, but it also reflects the vaporization
degree of the working media in the pipe. A too low filling ratio means that the working
media in the heat pipe are fewer and mostly gaseous, and even if the heat pipe operates,
the heat transfer limit will be reduced and dry burning will be caused because there is
not enough liquid working media to maintain circulation. If the filling ratio is too high, it
means that most of the volume in the pipe is occupied by the working media, mostly in
liquid state, and the flow viscosity is too large to make it difficult to raise the pressure, so
it is extremely difficult to start the heat pipe. Even if it is started, it may not vaporize the
working media and its heat transfer ability is poor.

Therefore, an appropriate range should be selected for the filling ratio, usually
20~80% [49,50]. Kim et al. [51] found that when the liquid filling ratio is 40% and 60%,
the pressure fluctuation shows a symmetrical sinusoidal curve, which shows that the heat
transfer performance of the pulsating heat pipe is improved, but when the liquid filling
ratio is adjusted to 20% and 80%, the pressure fluctuation waveform is chaotic and the heat
transfer performance deteriorates.
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Zhi et al. [52] found that the temperature at the adiabatic section changed obviously
with the change in liquid filling ratio, and three different ways of tube wall temperature
oscillation appeared: at 50% liquid filling ratio, the oscillation frequency is the highest and
the starting power is the lowest, while at 30% liquid filling ratio, the oscillation frequency
is at its lowest but the starting performance is the best. In addition, it is found that when
the heating power is low, the thermal resistance increases with the increase in liquid filling
ratio due to the self-excited motion of the liquid. Markal et al. [53] found that the results of
different liquid filling ratios were quite different when the heat pipe was placed vertically,
which indicated that the liquid filling ratio played a key role in the performance of the heat
pipe. However, when the heat pipe was placed horizontally, due to a periodic start and
stop, the heat pipe could not operate under six liquid filling ratios, which indicated that the
liquid filling ratio had greater influence on the pulsating heat pipe when placed vertically
than when placed horizontally [54] (Figure 12).

Figure 12. Steering during pulsating heat pipe operation (The orange arrow in the figure shows the
flow direction of working medium).
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4.2. Inclination Angle and Gravity

The influence of the inclination angle on the start-up performance of the pulsating
heat pipe is mainly reflected. Generally speaking, the smaller the inclination angle (the
closer the pulsating heat pipe is placed horizontally), the larger the start-up power is, and
even a situation in which it cannot be started can occur. Even if it operates successfully, the
thermal resistance will be too large [55].

After studying the multi-channel parallel pulsating heat pipe, Shi Weixiu et al. [56]
found that the component of gravity decreased due to the decrease in inclination angle,
which led to the weakening of the reflux ability of the working media, and the working
media could not flow back to the evaporation section in time, which led to the poor
performance of the heat pipe (Figure 13). In addition, it has been pointed out that the
heating and cooling capacity should be matched with each other, and the inclination
angle can further optimize the thermal performance under the same matching degree.
Xue et al. [57] studied the start-up performance and operation performance of heat pipes
at different inclination angles by using ammonia as the circulating working media and
adopting a fixed liquid filling rate. It was found that due to the special thermophysical
properties of ammonia, the heat pipes can be started regardless of the inclination angle, but
when the inclination angle is 0, the heat pipes can be started, but it is difficult to maintain
operation, and it was proved that the thermal resistance and inclination angle always
showed a negative correlation.

Figure 13. Variation in heat transfer temperature difference of pulsating heat pipe at filling ratio of
70% [58] (reproduced with permission from Weixiu Shi, Haoran Guo, Hongdi Chen and Lisheng Pan,
Journal of Engineering for Thermal Energy and Power; published by China Shipbuilding Industry
Group No.703 Institute, May 2022).

The influence of the inclination angle on the heat pipe is essentially the influence
of gravity on the heat pipe, so some scholars have also studied gravity. Gu et al. [59]
carried out experiments under a normal-high gravity of 1~2.5 g and a low gravity of ±0.2 g,
respectively, and found that under normal-high gravity, if the pulsating heat pipe is placed
vertically and heated at the top, the temperature of the heat pipe fluctuates greatly, which
shows that the angle and heating position will have a great influence on the pulsating heat
pipe under high gravity; in a low gravity environment, the performance of the pulsating
heat pipe is far better than that in a normal-high gravity situation. The study points out the
application prospects of pulsating heat pipes in space work.

Thompson et al. [60] used a constant heat input power of 95 W to simulate the gravity
environment with a rotating centrifuge and carried out four different gravity situations
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of 0 g, 1 g, 5 g and 10 g, respectively (Figure 14). It was found that the temperature
difference between the evaporation end and the condensation end of the pulsating heat
pipe in the four gravity environments was small, and the effective thermal conductivity
can be calculated to increase slightly, which shows that the pulsating heat pipe is almost
unaffected by gravity under this gravity application mode, indicating another application
field of pulsating heat pipes.

Figure 14. Thermal performance of PHP under different gravity [60] (reproduced with permission
from Thompson S.M., Hathaway A. A., Smoot C.D., Wilson C.A., Ma H.B., Young R.M., Greenberg L.,
Osick B.R., Campen S. Van, Morgan B.C., Sharar D. and Jankowski N., Journal of Heat and Mass
Transfer published by The American Society of Mechanical Engineers, Oct 2011).

In practical application, the pulsating heat pipe cannot always be installed vertically.
Therefore, the study of inclination angle greatly expands the usability of pulsating heat
pipes. But there are few related studies, especially on negative inclination angles, which
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need further study. At the same time, the research on the performance of the pulsating heat
pipe by gravity has greatly broadened the application scope of pulsating heat pipes, but
there is less related research and further research is still needed.

4.3. Length of Each Section

A pulsating heat pipe can be divided into three parts: evaporation section, adiabatic
section and condensation section. The length of these three parts reflects the size of the
heated/cooled area of the working media in the pulsating heat pipe, which essentially
represents the ratio of the heating and cooling of the working media. Wang et al. [61]
theoretically simulated a single-loop pulsating heat pipe and pointed out that when the
ratio of the evaporation section length to the condensation section length increased, the
start-up time of the heat pipe was shortened, and the heat transfer performance was
improved (Figure 15). However, when the ratio was too large, the thermal resistance rose
instead, indicating that the heat transfer deteriorated. This is because an increase in the
evaporation section length is beneficial to more working fluids to absorb heat and vaporize
faster to start the pulsating heat pipe, but too long an evaporation section length will make
it difficult for working media to flow back and will dry burn easily. Wang et al. [62] used
five different combinations of the evaporation section/condensation section lengths to carry
out experimental research. The results showed that when the filling ratio is low, the thermal
performance is at its best when the evaporation section and the condensation section are
equal in length, while when the filling ratio is high, the evaporation section should be
slightly longer than the condensation section, and Charoensawan et al. [63] reached the
same conclusion after their own research.

Figure 15. Effect of length ratio on thermal resistance under different heating power [61] (reproduced
with permission from Jiansheng Wang and He Ma, Chemical Industry and Engineering Progress;
published by Chemical Industry Press Co., Ltd., November 2015).

Therefore, if we want the pulsating heat pipe to be suitable for more diverse working
environments and have better thermal stability during operation, the length of the evapora-
tion section should be greater than or equal to the length of the condensation section, but
the specific length selection should be based on the filling ratio. For a lower filling ratio,
we should choose a shorter evaporation section length to facilitate the centralized input of
heat, while for a higher filling ratio, we should choose a longer evaporation section length
to vaporize more working fluids and promote the start and cycle of the pulsating heat pipe.

The research on the adiabatic end cannot be ignored. Pei [64] studied the influence of
the adiabatic section length of a pulsating heat pipe on the premise of keeping the length of
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the evaporation section and the condensation section unchanged. By means of experiment
and simulation, it was found that an increase in adiabatic section length would obviously
worsen the start-up performance of the heat pipe, especially in the evaporation section,
and a too long adiabatic section would easily cause the evaporation section to dry burn
(Figure 16). When the heat pipe is operational, the flow performance also deteriorates,
the oscillation frequency weakens and the heat input required to maintain the flow and
promote the flow pattern change increases. Under the condition of a constant filling ratio
and heating power, Li et al. [65] found that the heat exchange phenomenon between the
adiabatic section and the outside has a certain influence on the pulsating heat pipe. If the
adiabatic section transmits heat to the outside, the thermal resistance will increase and the
anti-interference ability of the pulsating heat pipe will decrease; otherwise, the thermal
resistance will decrease and the anti-interference ability will increase. However, no matter
how it exchanges heat with the outside, the increase in the length of the adiabatic section
can always shorten the start-up time of the pulsating heat pipe. In addition, some scholars
have studied pulsating heat pipes with equal evaporation/condensation/adiabatic sections,
and found that the total length is inversely proportional to the critical heat flux [66].

Figure 16. Influence of adiabatic section length on thermal resistance of pulsating heat pipe [64] (Repro-
duced with permission from [Xinfang Pei]; published by [Dalian Maritime University], [June 2022].).

At present, most of the research on the length of each end focuses on the length
relationship between the evaporation section and the condensation section, while the
length of the adiabatic section often changes with the changes in them, and there has not
been much special and in-depth research on this factor.

4.4. Input of Energy

The input of heat is not only related to the input area of the heat but is also related
to the input size, input mode and the location including heating. As far as the current
research results are concerned, bottom heating is the best choice for the current heating
mode [67,68].

The heat input should also be kept in a reasonable range. If the heat input is too low, it
is difficult to start the pulsating heat pipe, and the flow pattern of the working media after
starting is mostly plug flow, which makes the flow difficult. If the heat input is too high,
it may cause the working media at the evaporation section to dry burn quickly and it is



Sustainability 2024, 16, 2722 16 of 24

difficult to operate for a long time, so there is an optimal heat input and a reasonable heat
input interval for the pulsating heat pipe [69–73].

In addition to the traditional fixed heat input, the phased adjustment of heat input and
nonuniform heat input is also a highlight of the research. In their experiment, Yu et al. [74]
used the ascending and descending heating method to gradually increase the input heat
flux density, and then gradually decrease it. It was found that the thermal inertia of the
working media would lead to the opposite change trend of the thermal resistance of the
heat pipe during the rising and falling heat flux. Zhang et al. [75] used the non-uniform
heating method to conduct experimental research on heat pipes. The heat pipe turns were
divided into two groups, and the two groups had different heating powers applied, and
they were compared with a uniform group. It was found that when the power difference
between the two groups was large, the operating thermal resistance of the non-uniform
heating was close to but less than that of the uniform heating, and it had better thermal
stability (Figure 17).

Figure 17. Variation in temperature difference with power under different filling ratio and heating
methods [75] (reproduced with permission from Dong Zhang, Hongyi Hou, Qingliang Li, Baorui Xu,
Zhoujian An and Linjun Wang, Journal of South China University of Technology (Natural Science
Edition); published by South China University of Technology, July 2022).

Due to the characteristics of non-uniform heating, different turns at the evaporation
section will receive different heat inputs, which will cause an extra pressure difference
inside the pulsating heat pipe. Therefore, compared with uniform heating, non-uniform
heating may make the working media flow more easily and optimize the performance of
the pulsating heat pipe.

The common research parameters of pulsating heat pipe are listed here (Table 4).

Table 4. Common Operational Parameters.

Operational Parameters

Filling Ratio 30% 40% 50% 60% 70% 80%
Inclination Angle 0◦ 30◦ 60◦ 90◦

Length of each Section
(Le/Lc) 0.4:1 0.6:1 0.5:1 0.8:1 1:1 1:1.2 1:1.4 1:1.5

Input of Energy Step heating Constant
heating

Uniform
heating

Non-uniform
heating
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The heat generated during the operation of the equipment cannot be uniform, so the
study of non-uniform heating is more meaningful for the practical application of pulsating
heat pipes.

The research on cold input is mainly about cooling water flow rates and cooling water
temperatures. Li et al. [76] pointed out that there is a certain condensate temperature in
each working condition, which makes the pulsating heat pipe achieve the best thermal
performance (Figure 18). However, Zhao [77] pointed out that the thermal resistance of
a pulsating heat pipe has a positive correlation with the cooling water flow rate, and at
the same time pointed out that the cooling water temperature has little effect on pulsating
heat pipes under the condition of high heat input. Li et al. [78] found that the effective
thermal conductivity is approximately positively correlated with the condensation section
temperature.

Figure 18. Variation curve of thermal resistance at different cooling temperatures [76] (reproduced
with permission from Xiaona Li, Rongji Xu, Qingping Wu and Yuanqiang Zhao, Fluid Machinery;
published by Chinese Mechanical Engineering Society, February 2023).

5. Application Status

Automobile batteries have strict requirements on temperature. Too high or too low a
temperature will damage the battery, so the pulsating heat pipe with a good heat transfer
ability and thermal stability is very suitable for the thermal management system of auto-
mobile batteries. Too low an ambient temperature will lead to the obvious deterioration
of the performance of automobile batteries, while the existing battery heating methods
have their own disadvantages, while the pulsating heat pipe is simple and reliable. The
existing results show that the battery can generate electricity again at −30 ◦C [79]. Cooling
is also a part of battery thermal management. Compared with liquid cooling, a pulsating
heat pipe can make the battery produce better temperature fluctuation and temperature
distribution [80]. Now it has been proved that pulsating heat pipes are an effective solution
for thermal management of automobile batteries, but it is necessary to choose a suitable
working medium according to the temperature of the cooling air [81] (Figure 19).

Compared with traditional energy storage, the new phase change energy storage
has a better energy storage capacity because it involves latent heat, but the low thermal
conductivity of the phase change energy storage materials has always been a limitation of
this technology. However, the addition of a pulsating heat pipe can obviously optimize
the thermal performance of a phase change heat accumulator, greatly shorten the heat
storage time during heat storage and reduce the temperature of a phase change material
to near room temperature during heat release [82] (Figure 20). However, attention should
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be paid to the number of turns when selecting pulsating heat pipes. When the width of
the pulsating heat pipes is of a certain value, the heat transfer effect of the pulsating heat
pipes with fewer turns in the phase change materials is not ideal [83]. Compared with air
cooling, the introduction of a pulsating heat pipe makes the temperature of the heating
surface significantly lower, and the thermal resistance is significantly lower than that of the
air cooling [84].

Figure 19. Pulsating heat pipe used by Burban [81] (reproduced with permission from G. Burban; V.
Ayel; A. Alexandre; P. Lagonotte; Y. Bertin; C. Romestant, Applied Thermal Engineering; published
by Elsevier Ltd., January 2013).

Figure 20. Temperature distribution map of the paraffin-wax exothermic process [82] (reproduced
with permission from Shuangxing Zhang, Fangchen Liu, Yifei Zhang and Wenjing Du, CIESC Journal;
published by Chemical Industry Press Co., Ltd., December 2023).

Low-grade waste heat is ubiquitous in daily life. If it can be recovered and used, it
will not only have economic value but also act as a relief to the energy situation. At present,
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the recovery of low-grade heat energy mainly focuses on the heat recovery of gas. Using a
pulsating heat pipe to recover the energy of exhaust gas from air conditioning and exhaust
systems can recover more heat with very little pressure loss [85,86]. If a pulsating heat
pipe is applied to an air preheater, the humidity of the hot air is significantly reduced and
energy saving is realized [87] (Figure 21).

Figure 21. Relative humidity and temperature of the air [87,88] (reproduced with permission from
P. Meena, S. Rittidech and N. Poomsa-ad, Applied Energy; published by Elsevier, May 2007).

At present, pulsating heat pipes also have good performance in the field of solar energy.
The pulsating heat pipe is used to replace the condensation end of the solar collector, which
does not have a photoelectric conversion function, to reduce the floor space, optimize the
internal structure and improve the thermal performance. A pulsating heat pipe can not
only reduce the thermal resistance of solar collectors but also prolong the running time of
the collectors, improve the thermal efficiency of the collectors and even avoid the freezing
phenomenon of collectors in winter [89–91] (Figure 22).

Figure 22. Schematic diagram of “Flower” type pulsating heat tube.

Figure 23 reflects the amount of literature on pulsating heat pipes in the field of solar
energy in the past 20 years. It can be seen that there has been little research on pulsating
heat pipes in the field of re-modification, and solar energy, as a typical new energy source,
has always been the focus of research, so this field can be studied emphatically.
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Figure 23. Research literature of pulsating heat pipe in solar energy field.

6. Suggestion and Conclusions

Pulsating heat pipes have been the focus of scholars’ research because of their low cost,
good heat transfer performance, lack of an external energy input and easy installation and
application, and their advantages can be further reflected in the application environment of
high heat flux. However, the pulsating heat pipe itself still has a heat transfer limit, and the
operation mechanism is not clear, which leads to the current application of pulsating heat
pipes still being in their primary stage, and a lot of research is still needed to achieve further
commercialization and popularization. So, in this paper, the experimental parameters and
application status of pulsating heat pipes are summarized, the experimental parameters
are clearly classified, the research status is clarified, the research context is combed and the
following suggestions are drawn:

(1) The study of working fluids is essentially the study of differences in thermal properties,
so the study of working fluids at present should pay more attention to the study of
mixed working fluids;

(2) At present, the calculation of pipe diameters is still based on Bond number ≤2, and
the size of the pipe diameter is still determined in a range, and the calculation method
of the best pipe diameter remains to be explored. Besides the common circular pipes,
triangular, trapezoidal and rectangular pipes are the most common research objects,
and research on further shapes of pipes is worth undertaking. In terms of the number
of turns, the critical number of turns is still only speculation, and this needs more
in-depth theoretical research and experimental verification;

(3) At present, the research on the heat input of pulsating heat pipes is mostly focused on
heat input power. Although some scholars are using heat flux density to study this, it
is actually another expression of heating power. At present, there is no in-depth study
on constant heat flux density, which is an optional direction in the research field of
pulsating heat pipes;

(4) Pulsating heat pipes show a good heat dissipation ability in the field of high heat
flux and special properties in unconventional gravity environments. In addition,
it is widely used in new energy fields such as solar energy, which shows the wide
applicability and broad application prospects of pulsating heat pipes. Combined with
the current development trend of science and technology, space stations or large data
centers are the key research directions for pulsating heat pipes;

(5) In the process of literature retrieval, there are no articles on the life cycle assessment
and economic feasibility of pulsating heat pipes at present, which may be another
optional research direction for pulsating heat pipes;
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(6) At present, a lot of research has been carried out on the visualization of pulsating
heat pipes, but due to limitations in equipment, only macroscopic observations can be
carried out at present, and the working medium attached to the pipe wall cannot be
observed microscopically.

In recent years, some scholars have also summarized the research on pulsating heat
pipes, and have pointed out that surfactants or ternary mixtures are optional research
directions for working fluids, and have also pointed out the shortcomings of existing
theoretical models. However, no literature has pointed out the possibility of heat flux
density as a research direction, and in practical application, the heat flux density is often an
important basis for choosing pulsating heat pipes, so the conclusion that heat flux density
is an optional direction in the future is meaningful.
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