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Vapor-liquid phase change is regarded as an efficient cooling method for high-heat-flux electronic components. The copper-water
bent heat pipes are particularly suited to the circumstances of confined space or misplaced heat and cold sources for high-heat-flux
electronic components. In this paper, the steady and transient thermal performance of a bent copper-water heat pipe is studied
based on a performance test system. The effects of cooling temperature, working conditions on the critical heat flux, and
equivalent thermal conductivity have been examined and analyzed. Moreover, the influences of heat input and working
conditions on the thermal response of a bent heat pipe have also been discussed. The results indicate that the critical heat flux is
enhanced due to the increases in cooling temperature and the lengths of the evaporator and condenser. In addition, the critical
heat flux is improved by extending the cooling length only when the operating temperature is higher than 50°C. The
improvement on the equivalent thermal by increasing the heating length is more evident than that by increasing cooling length.
It is also demonstrated by the experiment that the bent copper-water heat pipe can respond quickly to the variation of heat
input and possesses superior transient heat transfer performance.

1. Introduction

In the last decade, with the rapid development of microelec-
tronic technology, there is an irreversible development trend
towards to the high integration, miniaturization, and high
power for the electronic components [1–4]. Vapor-liquid
phase change is regarded as an efficient cooling method for
high-heat-flux electronic components [5–7], because exces-
sive temperature leads to the unstable working status and
shortens the life of electronic components, resulting in a
decrease in system reliability [8, 9]. For example, if the oper-
ating temperature increases by 10°C, the reliability of elec-
tronic components will be reduced by 50% [10]. Therefore,
in order to avoid this unfavorable fact, several advanced

high-heat-flux electronic component cooling technologies
have been developed recently, including direct immersion
boiling, jet, and heat pipe [11–14]. Among them, the heat
pipe has already been widely applied in thermal control sys-
tems owing to high thermal conductivity and superior iso-
thermal properties. And it has been a hotpot in the research
area of heat transfer enhancement.

Nowadays, compared with traditional cooling methods
such as air cooling, the straight heat pipes have been one of
the common and important options for heat dissipation
technologies attributed to the advantages of high transmis-
sion, compact structure, and small volume-to-mass ratio
[15–18]. However, the utilization of a straight heat pipe is
restricted in certain circumstances such as the confined space
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for heat pipe installation or the occasion that the heat source
and the cold source are misplaced. In some specific situa-
tions, it is necessary to bend the heat pipe into a U shape to
match the application requirements. Fortunately, bending
the heat pipe may also have some positive effects, such as
the heat transfer can be enhanced by taking advantage of
the gravitational field. Jankowski et al. [19] tried to apply
the bent heat pipes to rotating machinery such as motors
and engines, and they built a rotating test platform in which
both the evaporator section and the condenser area are par-
alleled to the axis. The results indicate that the working
medium in the bent heat pipe can keep circulating, and the
thermal performance of the bent heat pipe keeps reliable even
in a rotating state. Yang and Chiang [20] studied the heat
transfer characteristics and fluid flow friction of a bent heat
pipe with wave shape, and the impact of the curvature radius
on the average heat transfer coefficient and friction coeffi-
cient was studied. It is observed that the friction coefficient
of the curved heat pipe is increased by nearly 40%, and the
heat transfer rate can be enhanced by 100%. Therefore, it is
promising that the performance of the heat exchanges or
the solar collector can be enhanced by replacing the straight
pipe with the S-type bent heat pipe.

Inside a heat pipe, the circulation of gas-liquid two-phase
flow is dominated by the wick-generated capillary force. So,
the wick is one of the significant properties for a heat pipe.
The surface capillary rC and permeability K are the two main
characteristic parameters of the capillary wick [21–23]. rC
determines the maximum capillary pressure PC,max of the
capillary wick, which characterizes the driving force for the
circulation of the wick heat pipe, and K determines the fric-
tional resistance loss of condensate in the wick, which char-
acterizes the heat pipe flow resistance. The wick is
important because it serves two purposes for the heat pipe.
One purpose is providing paths for the backflow of the con-
densate from condensation area to evaporation area and the
paths for heat conduction from the wall to the gas-liquid
interface. The other purpose is providing surface capillary
pores that can generate capillary pumping force for fluid flow
[24]. Based on these demands, the screen mesh, glass fiber,
sintered porous metal, and microchannels are chosen as the
main materials of the wick [25]. However, not all types of
the wick above can be applied to the bent heat pipe. For
example, the bending of the screen mesh easily breaks the
metal mesh structure and deteriorates the heat transfer per-
formance, and similarly, a structure damage problem appears
when bending other types of wick such as glass fiber, micro-
channel and flat-plate heat pipe [26]. Yu et al. [27] studied
the evaporation regime of the microchannel heat pipe at
small tilt angles and found that bending the heat pipe would
change the evaporation regime. On the contrary, when applied
to the bent heat pipe, the metal sintered powder exhibits an
unprecedented advantage over the other types of wick.
Moreover, the thermal performance of the heat pipe with
sintered powder wick hardly decreases even after multiple
bending. As a result, due to its high thermal conductivity
and high capillary pumping force, the metal sintered pow-
der wick has been recognized as an ideal choice for the
wick of the bent heat pipe.

Nowadays, more attention has been paid from the
straight heat pipes toward the bent heat pipes owing to the
complex application environment. However, due to the
special-shaped structure of the bent heat pipe, the vapor-
liquid two-phase fluid flow inside the bent heat pipe is com-
plicated, resulting in difficulty in understanding thermal per-
formance through theoretical investigation. In recent years,
there have been some researches on bent heat pipes. Wang
[28] focused on the transient response characteristics of the
bent copper-water heat pipe with a grooved inner surface,
while Yang et al. [29] studied the effect of a bent angle on heat
transfer performance by bending the adiabatic section of the
copper mesh heat pipe, which shows that their bent heat
pipes have less thermal resistance and better flexibility than
polymer heat pipes. Recently, the effect of bending angles
on the heat transfer performance of the heat pipe has been
studied; the researches show that increasing bending angles
will increase the heat transfer resistance of the heat pipe
[30]. In addition, Jiang et al. [31] found that the heat transfer
capacity of the heat pipe decreases when the bending position
is closer to the evaporator section. Although there have been
some researches on bent heat pipes, but relatively few, the
current understanding of the heat transfer performance of
bent heat pipes is still insufficient. Therefore, in-depth
researches still need to be conducted to comprehensively
understand the thermal performance of a bent heat pipe by
using an experimental test. In view of this, an experimental
system focused on the thermal performance of a bent
copper-water heat pipe has been built in this paper. The crit-
ical heat flux, operating temperature, and equivalent thermal
conductivity of a bent copper-water heat pipe under steady
state have been experimentally studied and analyzed.
According to the existing literature [32], an extension of
evaporation and condensation processes into the adiabatic
section due to the heat conduction of the heat pipe wall can
be found. In other words, the heat transfer and fluid flow near
the joint of one section and another (e.g., the evaporator sec-
tion and adiabatic section) will be affected by changing the
length of the evaporator section (Le) and the length of the
condenser section (Lc). In particular, when the bending posi-
tion is near the joint, the local heat transfer and fluid flow will
surely be affected by the bending structure. Therefore, the
study on the effect of Le and Lc on the heat transfer perfor-
mance is important for the application of the bent heat
pipe, which will be conducted in this paper. Furthermore,
the transient temperature profiles of the bent heat pipe
have also been obtained and discussed. This study is moti-
vated to provide basic experimental study data for the
application of bent heat pipes.

2. Experimental Setup

As shown in Figure 1, the experimental system includes a
bent copper-water heat pipe, an electric heating lock, a DC
power supply, a power meter, a constant temperature water
bath, a data acquisition instrument, a computer, and several
thermocouples. The electric heating block is composed of
two electric heating rods and an aluminum substrate. The
experimental system rig is shown in Figure 1(b). However,
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as it is difficult to get clear insight into the test section from
Figure 1(b), the detailed structure of the test section including
thermal couples, heat pipe, heating block, and electric heating
rod has been shown in Figures 1(c)–1(e) additionally. It
should be pointed out that the isolation layer, which wrapped
the heating section of the heat pipe during the experiment,
was removed when taking pictures for better observation.

The high heat flux is realized by the heating block which
is inserted with several heating rods. And the constant tem-
perature water bath provides the cooling water as the cold
source. During the experiment, the operating condition of
the bent heat pipe is changed by adjusting the heating power
of the electric heating block and the water temperature. The

heating power is measured by the power meter. The temper-
ature distribution is measured by the thermocouples that are
axially fixed on the solid surface of the heat pipe. On each
section, i.e., evaporator section, adiabatic section, and con-
denser section, 2 thermocouples are arranged. And the oper-
ating temperature is defined as the arithmetic mean value of
the tested wall temperature.

The actual transmission power of the copper-water bent
heat pipe is obtained by subtracting the heat loss induced
by the natural convection on the surface from the heating
power. The characteristic correlation of the natural convec-
tive heat transfer coefficient of constant wall temperature in
large space is
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Figure 1: Experimental system of the bent heat pipe: (a) experimental schematic, (b) experimental system rig, (c) thermocouples, (d) metal
sintered powder heat pipe, and (e) electric heating rod.
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Num = c GrPrð Þnm: ð1Þ

Therefore, the amount of heat loss caused by the natural
convection heat transfer outside the bent heat pipe insulation
layer is

Qloss = hAoutΔt = Num
K f
lc
AoutΔt, ð2Þ

where Gr is the Grashof number, Gr̲ = gαvΔtlc
3/γ2. Pr is the

Prandtl number, Pr = γ/a. Nu is the Nusself number, Nu =
hlc/K f . αv is the volume expansion coefficient of the gas, for
ideal gas αv = 1/Tm (K-1). Δt is the temperature difference
of convective heat transfer. In this experiment, the fluid is
heated, Δt = tw − t∞, where tw is the temperature of the outer
surface of the insulation layer of the bent heat pipe evapora-
tion section and the adiabatic section and t∞ is the distance
away from the wall fluid temperature. lc is the characteristic
size; after the insulation layer is wrapped, the shape of the
evaporation section and adiabatic section of the bent heat
pipe is approximately a rectangular parallelepiped, so the
equivalent diameter d of the rectangular is taken as lc. Aout
is the outer surface area of the evaporation section and adia-
batic section of the bent heat pipe after being wrapped with
an insulation layer (m2). g is the gravitational acceleration,
taken as 9.807m/s2. a is the thermal diffusivity (m2/s). γ is
the kinematic viscosity (m2/s). K f is the thermal conductivity
of the fluid (W/(m·K)), 0.0267W/(m2·K) at 20°C air. h is the
convective heat transfer coefficient (W/(m2·K)). c and n are
the coefficient and indice determined by experiments. In this
experiment, the values are c = 0:48, n = 0:25, 104 ≤GrPr ≤
1:5 ∗ 108, laminar flow. Tm is the characteristic temperature,
Tm = ðtw + t∞Þ/2 (K).

The uncertainty on the thermodynamic properties of air
is determined based on recommendations in open literature
[33, 34]. For example, in the case of tw = 60°C, the heat loss
Qloss calculated according to the above formula is 0.10518W.

Standard error propagation rules as described by Moffat
[35] were used to calculate the overall uncertainty, which is
the root-sum-square method. In this experiment, all thermo-
couples were calibrated to systematic errors before measure-
ments. Taking into consideration the contact thermal
resistance, the resulting uncertainty on all used temperatures
varies within 0.75°C. The uncertainty of heat flux is within
3%. The uncertainty of the equivalent thermal conductivity
is within 5%.

In this experiment, aiming at the impact of evaporator
length and condenser length on the thermal performance of
a bent copper-water heat pipe, various combinations of dif-
ferent evaporator and condenser lengths have been adopted.
The distribution of the evaporator area and the condenser
area (directly reflected by the length) is shown in Table 1.

Figure 2 illustrates the bent heat pipe for testing in the
experiment. The bent heat pipe utilizing copper powder sin-
tered wick is made of copper. The water is utilized as the
working medium inside the heat pipe. Aiming at fully under-
standing the importance of working conditions that affect the

thermal performance of the bent heat pipe, the effects of the
lengths of the evaporator and condenser, the cooling temper-
ature on the effective heat conductivity, and critical heat flux
have been investigated; the temperature response of the bent
heat pipe under high heating power has also been studied.

3. Results and Discussion

The reliable applicability of the heat pipe under high-heat-
flux conditions depends on the heat transfer limit, i.e., the
critical heat flux. Secondly, the temperature uniformity is
characterized by the equivalent thermal conductivity. In
addition, the temperature response shows the transient heat
transfer characteristics of the bent copper-water heat pipe.
Therefore, the above three characteristic parameters are
introduced as the evaluation criterions of the bent heat pipe
thermal performance.

3.1. Steady-State Performance

3.1.1. Heat Transfer Capacity and Cooling Temperature.
When the heat input of the bent heat pipe reaches a specific
threshold value, a small amount heat input increment ΔQ
will cause a sudden rise in the wall temperature at the hot
end of the evaporator section, which means that the evapo-
ration section is partially or completely dry out attributing
to the absence of backflow liquid. At this time, the heat
transfer limit, i.e., the critical heat flux qcr, is considered
to be reached. Once the heat flux is larger than the qcr,
the performance of the bent heat pipe will rapidly deterio-
rate and cannot work stably anymore. Therefore, qcr is
important for the design of the bent heat pipe. The heat
pipe operating temperature t is defined as the average value
of the temperature at evaporation section te, temperature at
adiabatic section ta, and temperature at condensing section
tc. Operating temperature is also crucial to the application
of the bent copper-water heat pipe.

Obviously, the heat transfer capability is not only related
to the temperature of the cold source but also related to the
area of the evaporation section that receives the energy and
the area of the condensation section that releases the energy.
Therefore, the effect of cooling temperature on qcr and
working temperature of the bent heat pipe with different
evaporator and condenser lengths has been tested, as illus-
trated in Figure 3. As illustrated, the critical heat flux is
greatly affected by the temperature of the cold source. qcr
has an approximately linear growth as the cooling tempera-
ture increases, indicating that higher operating temperature

Table 1: Various combinations of different evaporator and
condenser lengths.

Working
condition

Evaporation
section (cm)

Condensation
section (cm)

#1 3 7

#2 2 7

#3 2 3.5

#4 1 3.5
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(which increases with the rise of cooling temperature) is
favorite to achieve the higher heat transfer limit due to more
intense gas-liquid phase change processes inside the bent
heat pipe. On the contrary, the critical heat flux is weakened
under low-temperature conditions. On the other hand, the
average temperature of the evaporation area, adiabatic area,
and condensation area rises correspondingly when the cool-
ing temperature is becoming higher, indicating that the tem-
perature difference between condenser and evaporator has

little relation to cooling temperature and remains almost
unchanged. However, obvious distinctions of the critical heat
flux can be observed among the bent heat pipes with different
Le and Lc, which will be discussed in the following section.

More clear comparison of the critical heat flux of the bent
copper-water heat pipes with various heating and cooling
lengths is illustrated in Figure 4. From the comparative study,
it is apparent that the lengths of the evaporator area and con-
denser area play an essential role on the heat pipe critical heat
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Figure 2: Heat pipe: (a) bent copper-water heat pipe; (b) the metal sintered powder wick.
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Figure 3: The critical heat flux and working temperature of a bent copper-water heat pipe with different evaporator and condenser lengths:
(a) Le = 3 cm, Lc = 7 cm, (b) Le = 2 cm, Lc = 7 cm, (c) Le = 2 cm, Lc = 3:5 cm, and (d) Le = 1 cm, Lc = 3:5 cm. HB: heating block; E: evaporation;
A: adiabatic; C: condensation.
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flux. As seen, the heat transfer capability of the original one
(Le = 1 cm, Lc = 3:5 cm) is less than 30W even though the
cooling temperature has been raised to 70°C. And qcr can
be undoubtedly improved by increasing both lengths of evap-
orator and condenser sections. However, it should be noted
that, when the other conditions remain unchanged, qcr can
be significantly enhanced when the evaporator section length
is doubled regardless of changing the cooling temperature. In
contrast to the above phenomenon, only when the cooling
temperature is about 50°C or higher, there will be a consider-
able improvement of qcr by doubling the area of the con-
denser section. In other words, the effect of improving qcr
by increasing the cooling area is limited when the working
temperature is low. This phenomenon can be explained by
the fact that more heat input is required to reach the critical
heat flux that the “dry out” phenomenon occurs by the
increase of the evaporator area with the same condenser area;
therefore, the heat transfer limit can be improved. If the heat-
ing area remains the same and the condenser area increases,
more liquid can be formed by the condensation of vapor,
which means that if the capillary pressure increases and the
mass flow rate of condensate will be increased, more liquid
can flow back to the evaporator for the supplement of evap-
oration; hence, the capillary limit is lifted. Furthermore,
when the working temperature is becoming higher, both
evaporation and condensation are intensified and the boiling
limit Qb,max, capillary limit Qc,max, and entrainment limit
Qe,max are lifted, leading to a rather high heat transport abil-
ity. As a result, the critical heat flux under high working tem-
perature obviously increases for the bent heat pipe with a
longer length of the condenser section.

Figure 5 shows the operating temperature as a function of
the cold source temperature for the bent copper-water heat
pipes with different evaporator and condenser lengths. As
shown in Figure 5, there is a good linear relationship between
cooling temperature and operating temperature. In addition,
the operating temperature is approximately equal to the tem-

perature of the cold source, due to the superior isothermal
characteristics of the bent copper-water heat pipe.

3.1.2. Equivalent Thermal Conductivity. The thermal perfor-
mance of the bent copper-water heat pipe relies on the com-
bined effects of the heat conduction and convection heat
transfer between the metal shell and internal medium,
inspired by the calculation method of the equivalent thermal
conductivity of the porous medium and the concept of ther-
mal resistance. For convenience, the total heat flux trans-
ferred is still calculated according to Fourier’s law, which is
Qin = ðtw,e − tw,cÞ/R and R = Leff /keff A. Therefore, the equiva-
lent thermal conductivity is

keff =
QinLeff

A tw,e − tw,cð Þ = QinLeff
Ate‐c

, ð3Þ

where A is the cross-sectional area, Qin is the input
power of the bent heat pipe, and the effective length is
Leff = ðLe + LcÞ/2 + La. tw,e and tw,c are the mean tempera-
ture of the evaporator and condenser sections, respectively.
Besides, Le, La, and Lc are the lengths of the evaporation, adi-
abatic, and condenser sections, respectively.

Figure 6(a) describes the effect of cold source tempera-
ture on the equivalent thermal conductivity of the bent heat
pipes with different Le and Lc. With the rise of cold source
temperature, the equivalent thermal conductivity increases.
In addition, the lengths of the evaporator and condenser
sections show a more significant influence on the equiva-
lent thermal conductivity. However, the extension of the
evaporator section shows a more noticeable effect on the
thermal conductivity, as compared with the condenser sec-
tion. For example, the equivalent thermal conductivity will
be about 1.4 times larger when the evaporator length is
extended by 1.5 times (from 2 cm to 3 cm). Yet, the equiv-
alent thermal conductivity only shows a 1.2 times incre-
ment though the condenser length has been doubled
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Figure 4: Effect of cooling temperature on the critical heat flux.
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(from 3.5 cm to 7 cm). Therefore, it can be concluded that
rather than increasing the cooling length, it is a better
choice to ensure that the heating length is as long as pos-
sible for heat transfer enhancement when focusing on the
equivalent thermal conductivity. Inspired by the experi-
ments, comprehensively considering the economic effi-
ciency and heat transfer capacity, we give an index to
judge the comprehensive performance of the bent heat
pipe, which is a performance-price coefficient:

H = keff
c1Le + c2Lcð Þ , ð4Þ

where c1, c2 are relative to the relative prices of the materials
selected for evaporator and condenser sections, c1+c2 = 1. In
our experiment, c1 = c2 = 1/2. The unit of the performance-
price coefficient is W/(m2·K). It can be seen from the for-
mula that the less material used and the higher equivalent
thermal conductivity lead to the larger performance-price

coefficient. In our paper, the coefficient of the bent heat
pipe with Le = 2 cm, Lc = 3:5 cm is the highest and should
be selected among these four types, as shown in
Figure 6(b). In this test, the equivalent thermal conductiv-
ity of the bent heat pipe is about 2000~18000W/(m·K),
which is about 100 times larger than the thermal conduc-
tivity of pure copper (386.4W/(m·K)). Consequently, the
bent heat pipe exhibits superior thermal conductivity and
temperature uniformity.

3.2. Thermal Response Behaviors. The transient characteris-
tics are also crucial for the design and application of the bent
copper-water heat pipe. Figure 7(a) illustrates the transient
temperature profiles of the heating block (HB), the evapora-
tion section (E, Le = 2 cm), the adiabatic section (A), and the
condensation section (C, Lc = 3:5 cm) during the processes of
startup and shutdown under 200W heat input. Figure 7(b)
compares the transient temperature variations of the evapo-
rator, adiabatic, and condenser sections under the heat input
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Figure 6: Effect of cooling temperature on equivalent thermal conductivity (a) and performance-price coefficient (b) with different
evaporator and condenser lengths.
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of 200W and 145W, respectively. The bent heat pipe is
being heated for 60 s heat input and then continues cooling
for 5min with no heat input. The cold source temperature
ts = 80°C. As shown in the figure, the temperature rise of
the heating block is the largest. And there is a delay of ther-
mal response for the evaporator, adiabatic, and condenser in
sequence. Furthermore, as shown in Figure 7(b), when the
heat input increases, the evaporator temperature shows a
corresponding rise more dramatically, which demonstrates
that the heat pipe can react quickly to the variation of heat
input and possesses superior transient thermal performance.
Moreover, the heat pipe temperature drops immediately,
once the heat source is turned off. But it takes approximate
4 times as long to return to the initial temperature.

4. Conclusions

In this paper, an experimental system has been built to
test the thermal performance of bent heat pipes. The
effects of the lengths of condensation area and evapora-
tion area and cooling temperature on the equivalent ther-
mal conductivity and the critical heat flux of a bent
copper-water heat pipe have been examined and ana-
lyzed. Moreover, the influences of heat input and working
conditions on transient thermal characteristics of a bent
heat pipe have also been discussed. The conclusions are
as follows:

(1) As the cooling temperature increases, the critical heat
flux enhances, and the temperature difference
between the evaporator and condenser section
remains almost unchanged when the cooling temper-
ature changes

(2) The critical heat flux can be significantly enhanced
when the length of the evaporator section is doubled
regardless of changing the cooling temperature.
However, the increasing cooling area shows obvious
improving effect on critical heat flux when the cool-
ing temperature is higher than 50°C

(3) Longer heating and cooling lengths result in a higher
equivalent thermal conductivity. The improvement
of thermal conductivity by increasing the heating
length is more evident than that by increasing length
of the condensation area

(4) When the heat input is imposed to the bent copper-
water heat pipe, the temperature of the evaporation
area, the adiabatic area, and the condensation area
will rise in sequence after the temperature of the
heating block increases. A longer time is needed
for the bent heat pipe to return to the initial status
after the heat input is shut off when compared
with the startup process

Note that for better understanding of the changes in the
performance of the bent heat pipe, in the future, it is neces-
sary to understand the heat and mass transfer characteristics
by building a theoretical model considering the heat transfer

and fluid flow inside the bent heat pipe. In addition, for the
application of the bent heat pipe, it is also important to con-
duct further investigation on the effect of working conditions
including the condensation temperature, bent angle, and the
length of each section on the thermal performance of bent
heat pipe for obtaining the optimum thermal performance
of a bent heat pipe.

Nomenclature

Gr: The Grashof number (1)
h: The convective heat transfer coefficient (W/m2·K)
H: Performance-price coefficient (W/(m2·K))
kf : The equivalent thermal conductivity (W/m·K)
keff : The thermal conductivity of the fluid (W/m·K)
lc: The characteristic size (m)
Leff : The effective length (m)
Lc: Condenser length (m)
La: Adiabatic section length (m)
Nu: The Nusself number (1)
Pr: The Prandtl number (1)
Qloss: The heat loss (W)
Qin: Input power (W)
tw: The temperature of the outer surface of the insulation

layer (°C)
t∞: Fluid temperature (°C)
tw,e: The mean temperature of the evaporator (°C)
tw,c: The mean temperature of the condenser (°C)
Tm: The characteristic temperature (°C).

Greek Symbols

Δ: Difference of temperature
αv: The volume expansion coefficient (K-1).

Subscripts

a: Adiabatic section
c: Condenser
cr: Critical
e: Evaporator
eff: Effective
f: Fluid
in: Input
out: Outside
w,c: Wall temperature of condenser
w,e: Wall temperature of evaporator.
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