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� A flat disk-shaped evaporator with a
shared compensation chamber is put
forward.

� The evaporator heat transfer capacity
increases from 210 W for one heating
surface to 240 W for two heating
surfaces.

� The loop demonstrates a good
response to alternative heat load
applied to two heating surfaces.

� The co-evaporation of two primary
wicks enhances the operating
performance of the LHP.
g r a p h i c a l a b s t r a c t

One of the main advantages of the flat evaporator with a shared CC is that two heating surfaces can be
used to dissipate heat. Aiming at the feature of the evaporator structure, two heating surfaces applied
to alternative heat load is studied experimentally when the heat transfer capacity of the evaporator is
fixed at 160 W. Fig. 1 gives the operating curve of the LHP with a fixed total heat load of 160 W, the black
line represents the change of heat load to heating surface 2 and the red stands for heating surface 1. The
LHP can make a fast response to variable heat load and operate stably, reflecting the good operating per-
formance of the evaporator with a shared CC.
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Conventional flat loop heat pipes only possess one active zone, not satisfying the requirements for the
special occasions. In this paper, an evaporator with a shared compensation chamber is developed for
cooling the compact electronic devices. Its main feature is the compensation chamber shared by two
heating surfaces, the shared compensation chamber plays a role in supplying to two wicks when two
heating surfaces are heated simultaneously. Under the conditions of the favorable elevation with a slope
of 10� in the gravity field and the working fluid inventory with 75%, its startup performance and charac-
teristics of operation with variable heat load have been studied. At two different heat sink temperatures
of 0 �C and �5 �C, the loop could start up successfully at different heat load arrangements. With the evap-
orator wall temperature below (90 ± 2) �C, the transferred maximum heat load was 240 W. Especially,
start-up process with two heating surfaces was improved, and the temperature difference between
two heating surfaces was less than 1 �C. Otherwise, given the constant total heat load of 160 W, the
system demonstrated very fast response to alternative heat load applied to two heating surfaces.
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Table 1
The geometric parameters of the components.

Components Dimensions Value

The evaporator O.D./height 43.30/16.65
(mm)

The nickel wick 1 Thickness/groove
width/groove depth

4.26/2/1.59
(mm)

Porosity 75%
The nickel wick 2 Thickness/groove

width/groove depth
4.21/2/1.59
(mm)

Porosity 78%
Circular stainless steel

wire mesh
O.D./I.D./thickness 37.6/27/6

(mm)
Vapor line O.D./I.D./length 4/3/330 (mm)
Liquid line O.D./I.D./length 4/3/490 (mm)
Condenser O.D. for the working fluid 4 (mm)

O.D. for the coolant 12 (mm)
Length 802 (mm)

Nomenclature

Tej average temperature of heating surface j (j = 1, 2), (j = 1,
Tc1, Tc2, Tc3, Tc5; j = 2, Tc20, Tc21, Tc22, Tc23), �C

Te-out evaporator egress temperature, (Tc6), �C
Tcond average temperature of the condenser inlet and outlet,

(Tc8, Tc9), �C
Qj heat load applied to heating surface j (j = 1, 2), W
Kei heat transfer coefficient with heating surface 2 only

(i = 0) or with heating surface j (i = 1, j = 1; i = 2, j = 2)
for operation with equal heat load, W/(cm2 K)

Fe the heating area, cm2

Vtotal internal volume of the loop, ml
Vcond condenser volume, ml
VCC CC volume, ml
Vll volume of the liquid volume, ml
Wwick volume of porosity in the wick, ml
a the ratio of the charging working fluid volume to the

cavity volume of the loop
b vapor phase share in the CC that is an experienced value
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1. Introduction

Cooling technology for electronics with large power or high
heat flux has been urgently in demand. Loop heat pipes (LHPs)
are considered to be highly efficient heat-transfer device with a
great potential for development and applications in the fields of
thermal management, and are expected to address thermal control
in terrestrial electronics [1,2]. Many scholars have made much
effort to study the heat transfer performance of the LHPs experi-
mentally and theoretically since the first LHP was invented in
1970s [3–7]. The main component of the LHP system is the evapo-
rator. Among the existing LHP designs, the shape of the evaporator
may be cylindrical or flat, which depends on the purpose, the shape
and heat source dimensions, and the working fluid used [8]. Com-
pared with cylindrical evaporators, flat evaporators have advan-
tages of its flat thermal contact surface and high isothermality
[9]. LHPs with flat evaporator (F-LHPs) attract extensive attention
owing to its remarkable advantages above. Therefore, the operat-
ing characteristics of F-LHPs, including startup process, variable
heat load operation, temperature fluctuations and thermal resis-
tance, have been considerably investigated, providing guidance
for its development and applications.

For the successful applications of the LHP systems to the com-
pact electronic device cooling with high power density, the appro-
priate structure of the evaporator doesn’t only improve the heat
transfer capacity of LHPs, but also necessary for limited space.
Singh et al. [10] proposed a mLHP with only 5 mm thickness of a
flat evaporator for the cooling of high performance microproces-
sors for electronic devices, and achieved good performance. Xuan
et al. [11] investigated a circular flat evaporator with an outer
diameter of 41 mm and a thickness of 15 mm, specially designed
for cooling electronic devices. Lin et al. [12] studied the dual com-
pensation chamber loop heat pipe, revealing the unstable phenom-
ena of the temperature fluctuations, temperature hysteresis and
transient penetration of vapor. For reducing the influence of heat
leak from the evaporator to the compensation chamber (CC), Wang
et al. [13,14] proposed a LHP with two primary wicks inserted the
evaporator.

The capillary force developing on the evaporator wick works as
the driving force of the working fluid circulation. Thus, wick struc-
tures are regarded as an important factor in order to improve the
operating performance of LHPs. The inner wick structures are
changed from the monoporous to the biporous where the large
pores play a role in reducing flow resistance and providing the
extra evaporating area, making the performance of capillary wicks
dramatically promoted [15–18]. In addition, multilayer wicks were
investigated to obtain good heat conduction and reduce heat leak-
age in [19,20].

In order to apply the LHPs to the compact electronic devices and
overcome the disadvantages of the cylindrical evaporators, Wuk-
chul et al. [21,22] have ever proposed a flat bifacial evaporator loop
heat pipe and investigated its operating characteristic. In the pre-
sent study, a new evaporator structure with a shared CC is
designed, fabricated and conducted. The shared CC is able to supply
the working fluid for two wicks located in the evaporator simulta-
neously, liquid vaporization occurred on the two heating surfaces
amounts to two flat evaporators for thermal management, saving
the reserved space for the thermal control equipment and improv-
ing startup performance. Two surfaces of the evaporator can be
used to dissipate heat, extending the function of the existing F-
LHPs. Compared with the cylindrical evaporator absorbing heat
from two heating surfaces, the evaporator with a shared CC
reduces the mass and thermal resistance of the LHP system, and
also can operate with one surface or two surfaces simultaneously.
During the tests, two heat source simulators act as two different
instruments, its startup performance and characteristics of opera-
tion with variable heat load cycle were analyzed at two different
heat sink temperature of 0 �C and �5 �C, respectively.
2. Experimental setup

The test device is a methanol-copper LHP with two nickel wicks
as the primary wick and a circular stainless wire mesh as the sec-
ondary wick. Table 1 summarizes the geometric parameters of the
components, where O.D. and I.D. represent the outer and inner
diameters, respectively. The whole experimental system consists
of LHP system, heat source simulator, heat sink temperature con-
trol system, and data acquisition system. Fig. 1(a) presents the
schematic diagram of the LHP system, including the evaporator,
liquid and vapor transport lines, the tube-in-tube condenser.
Fig. 1(b) gives details of the inner evaporator structure, the trans-
port line connects the evaporator ingress and the evaporator
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egress, forming the closed loop. The condenser is linked to heat
sink temperature control system, which can reach the lowest tem-
perature of �15 �C and the minimal temperature control accuracy
is 1 �C. The condensation section is long enough to guarantee that
cold liquid exiting the condenser gains certain degree of subcool-
ing. A copper cylinder with three embedded cartridge heater works
as heat source simulator, the heater is directly controlled by the
voltage regulator and the wattmeter, regulating and maintaining
the applied heat load.

For the sake of reducing heat loss to the ambient, heat source
simulator and the transport line are wrapped with 10 mm thick-
ness adiabatic material with conductivity of 0.012 W/m K. All the
components are connected to the keithley 2700 data acquisition
system through the 24 T-type thermocouples, which helps to mon-
itor and record the temperature signal from the LHP, the locations
of the thermocouple are shown in Fig. 1(a). In order to minimize
the impact of the non-condensable gas on operating temperature,
the loop is evacuated to the pressure 4.1 � 10�4 Pa before charging
the working fluid.

The CC plays a vital role in supplying liquid to wicks, whose size
and location determine the operating performance of the LHP. The
proper design of the CC can not only guarantee sufficient liquid to
the wicks, but also reduce the thickness of the evaporator. There-
fore, efforts are made to design the CC for meeting with two
requirements above as far as possible. Two nickel wicks and a sec-
ondary wick encircle an annular cavity, working as the CC. The
charge ratio can be determined based on the following equations:

aVtotal > Vcond þ Vll þ Vwick þ ð1� bÞVcc ð1Þ

aVtotal < Vcond þ Vll þ Vwick þ Vcc ð2Þ
For this CC structure, we chose the value b = 0.5 and the value a

ranged from 0.69 to 0.77. Finally, the value a is determined at 0.75
for our tests. Both high charge ratio and a secondary wick make
sure that two nickel wicks can be always replenished with the
working fluid.
Fig. 1. (a) The schematic diagram of the LHP and locations of the
3. Test results and their analysis

3.1. Characteristic of startup process

Start-up behavior is perhaps considered to be the most compli-
cated transient phenomenon in the LHP operation, the CC filled by
liquid can reduce heat leakage from the evaporator and contribute
to successful startup. In this test, both the secondary wick and the
favorable elevation with a slope of 10� ensure that the wicks were
always replenished with liquid. When the shared CC provided two
nickel wicks with liquid simultaneously, both heating surface 1
and heating surface 2 might influence mutually, leading to startup
failure. However, startup process was quite smooth for this system
during the test regardless of heat load applied to one heating sur-
face or two heating surfaces.

3.1.1. Startup process with one heating surface
Startup process with heating surface 2 was investigated at two

heat sink temperatures of 0 �C and �5 �C when only one heat
source simulator worked. The loop could start up at low heat load
of 10 W and the transferred maximum heat load was up to 210 W,
corresponding to a heat flux of 21.8 W/cm2. However, startup pro-
cess was somewhat different for the same heat load at two heat
sink temperatures. Figs. 2 and 3 was the operating temperature
curves of 10 W and 30W at the heat sink temperature of �5 �C.

Fig. 2 was startup process at 10 W applied to heating surface 2
at a heat sink temperature of �5 �C. Based on the temperature
change of the condenser inlet, the whole process could be divided
into two stages. During the first stage, the temperature of middle
vapor line, evaporator ingress and egress rose together owing to
back conduction through the evaporator sidewall as soon as heat
load was applied to the evaporator wall, subsequently followed
by the condenser inlet temperature hopping, the loop seemed to
achieve a quasi-steady state. Unfortunately, the condenser inlet
temperature only maintained for about 20 min and dropped close
to the condenser outlet temperature, implying a failure of the
thermocouples; (b) the internal structure of the evaporator.



Fig. 2. Startup at 10 W at heat sink temperature of �5 �C.

Fig. 3. Startup at 30 W at heat sink temperature of �5 �C.
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working fluid circulation. Backward flow of cold liquid from the
condenser might result in a decrease of the condenser inlet tem-
perature under the favorable elevation operation. However, the
middle vapor line temperature underwent a temperature fluctua-
tion and increased soon, which didn’t drop as much as the con-
denser inlet temperature, indicating that the vapor–liquid
interface still existed in the vapor line and just moved out from
the condenser. The working fluid circulation restarted when the
required pressure difference provided by the temperature differ-
ence across the wick was achieved. After a while, the condenser
inlet temperature increased stepwise and eventually entered into
a temperature fluctuation state, higher than the condenser outlet
temperature. Meanwhile, the loop also reached an equilibrium
state except for the condenser inlet, this was the second stage.
However, startup with 10 W at heat sink temperature of 0 �C
described in [23] took less time, about 25 min, to complete the
startup process, and had the different working fluid distribution
in the condenser.

Fig. 3 showed startup process at 30 W applied to heating surface
2 at a heat sink temperature of �5 �C. The temperature overshoot
was noticed obviously, but the loop eventually operated in the
steady state and the operating temperature was about 27 �C. The
temperature of the evaporator and the condenser inlet almost
went up in the meanwhile when 30 W was applied. Along with
the process progressing, more cold liquid returned to the CC from
the condenser, which could be confirmed by the temperature of
the evaporator ingress. The evaporator wall temperature began
decreasing, accompanied by the temperature decrease of the con-
denser inlet. The evaporator wall temperature difference between
the highest and the lowest was about 10 �C.

From the view of startup processes with one heating surface,
the generated vapor rate was relatively small at low heat load
range, the large percentage of the condenser was occupied by the
liquid, which decreased the efficiency of the condenser. In addition,
small amount of vapor had to overcome the hydrostatic pressure
drop caused by the liquid to reach the condenser. Therefore, it
was very difficult to keep the stability of the vapor front in the con-
denser, and the movement of the vapor front directly resulted in
the movement of liquid in the condenser [24]. The gravity-
assisted condition aggravated the loop operation at low heat load
range, and the phenomena of temperature fluctuations and tem-
perature overshoot was easily observed. Decreasing heat sink tem-
perature was unfavorable for startup process at low heat load
range, especially for the gravity-assisted operation.

Fig. 4 gave two startup processes with a heat load of 70 W at
heat sink temperature of 0 �C and �5 �C. Both of them could start
up quickly as soon as heat load was applied, but startup process
at heat sink temperature of 0 �C finally operated with temperature
fluctuations in synchronism, its frequency and amplitude were
2 min and 4.8 �C, respectively, and startup time was longer. At
lower heat sink temperature, startup process showed fast and
stable, and the evaporator inlet temperature decreased by 2.3 �C
before the system reached the steady state. The vapor was quickly
condensed into liquid at lower heat sink temperature of �5 �C.
Namely, the ratio of two-phase region to subcooling region will
become small. Amount of subcooling carried by the returning liq-
uid at the heat sink temperature of �5 �C was completely compen-
sated for heat leak from the heating zone, which was verified by
the temperature decrease of the evaporator ingress. So lower heat
sink temperature made the returning liquid more subcooled and
reduced the effect of heat leak from the heating zone, which could
weaken the fluctuations [25]. Compared with two startup pro-
cesses under two different conditions, periodic formation and
annihilation of bubbles occurred in the CC might be the cause of
temperature fluctuations. Lowering heat sink temperature was
beneficial to the stabilization of the CC, further contributing to sta-
bilizing the loop at relatively high heat load.

3.1.2. Startup process with the shared CC
In order to confirm the liquid supply of the shared CC to two

heating surfaces, startup processes with the shared CC were carried
out at heat sink temperature of 0 �C, heat load ranging from 10–
10W to 120–120W. Namely, the former heat load was loaded to
heating surface 1, the later one to heating surface 2. Two heat
source simulators attached tightly to heating surface 1 and heating
surface 2, respectively. For the evaporator with a shared CC, insuf-
ficient liquid supply at high heat load may be a major issue. Thus,
120–120Wwere loaded to the evaporator with the operating tem-
perature below (90 ± 2) �C.

Fig. 5 depicted startup characteristics of 120–120W. According
to the figure, startup with 120–120W demonstrated steady and a
fast response to heat load, two heating surfaces possessed similar
behavior and the temperature difference between them was less
than 1 �C. For operation with one heating surface, the transferred
maximum heat load was 210 W with the evaporator wall temper-
ature below (90 ± 2) �C. Therefore, the heat transfer capacity of the
evaporator was improved for operation with the shared CC.



Fig. 4. (a) Startup at 70 W at heat sink temperature of 0 �C; (b) startup at 70 W at heat sink temperature of �5 �C.

Fig. 5. Startup process at 120–120 W.

Fig. 6. Continuous operation with alternative heat load.
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There existed little difference between startup process with one
heating surface and that with the shared CC at high heat load
range. For the evaporator with the shared CC, liquid was required
supplying to two wicks simultaneously, and startup with equal
heat load is an important indicator reflecting the heat transfer per-
formance. Further, good startup performance with the shared CC
makes it more beneficial for this system to be applied to cool com-
pact electronics with limited space, such as fuel cells and LED.
3.2. Continuous operation with alternative heat load

The operation under different heat load cycle represents the
operational reliability of the LHP. During the tests, continuous
operation with the shared CC was examined when heat load was
changed in specified way, which similar occasions could be
encountered in practical applications. The response of the new
evaporator structure to variable heat load demonstrated very fast.
Fig. 6 showed the operating curve of two heating surfaces with
heat load supplied simultaneously. The evaporator transferred
total heat load was fixed at 160 W, each heating surface operated
with continuously variable heat load. The way that heat load was
arranged was shown in Table 2.
No matter how heat load is applied to two heating surfaces, the
heat transfer capacity of the evaporator will maintain a constant
value for the fixed total heat load, underlying that the generated
rate of vapor, the condenser inlet and outlet temperature, the evap-
orator ingress and egress temperature also don’t change with
quantity of heat transfer for each heating surface. For the total heat
load of 160 W, the temperature of the condenser inlet and outlet,
the evaporator ingress and egress had good isothermality, only
the heating surface temperature varied with heat load changing
during this test, Fig. 7 described the temperature distribution of
two heating surfaces under the same heat load. The maximum
temperature difference of 2.6 �C was gained when the value of heat
load applied to two heating surfaces was 20 W or 140 W. For heat-
ing surface 1, heat load increased stepwise from 20W to 140 W
while decreasing stepwise from 140W to 20W for heating surface
2. Vaporization happened on the nickel wick 1 (near heating sur-
face 1) enhanced gradually, more liquid was required reaching
the evaporating surface on the nickel wick 1, leading to the
increase in flow resistance. Nevertheless, evaporation intensity of
the nickel wick 2 receded little by little, accompanied by the
decrease in flow resistance. The change of evaporation intensity



Table 2
Heat load arrangement.

Heating surface 1 (W) 20 60 80 100 140
Heating surface 2 (W) 140 100 80 60 20

Fig. 7. Temperature variation of two heating surfaces under the same heat load.

Fig. 8. Analysis of thermal resistance with heating surface 2 at �5 �C and heat
transfer coefficient with one surface heated only and two surfaces heated
simultaneously.
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resulted in the different distribution of the working fluid inside
wicks, and had an influence on the operating temperature. In addi-
tion, startup with 20W for heating surface 1 showed an easy pro-
cess when heating surface 2 operated at 140 W, which was the
result of co-evaporation of two nickel wicks. Because of different
vapor–liquid distribution inside two nickel wicks and co-
evaporation of two nickel wicks, there existed the temperature dif-
ference between two heating surfaces although the same heat load
was applied, which distinguished from temperature hysteresis
[26]. The temperature of heating surface 1 was higher at operation
with the same value of heat load except for 20 W.

3.2. Thermal performance analysis

Thermal resistance from the evaporator to the condenser (RLHP)
and thermal resistance of the evaporator (Revap) are usually used to
evaluate thermal performance of the LHPs for cooling electronics.
RLHP and Revap are respectively defined by the following equations:

RLHP ¼ Te2 � Tcond

Q2
ð3Þ

Revap ¼ Te2 � Te-out

Q2
¼ 1

Ke0Fe
ð4Þ

and the heat transfer coefficient Kei (i = 0, 1, 2; j = 1, 2) is regarded as
an important indicator of the capacity of the evaporator, and use
can be made of the expression:

Kei ¼
Qj

Fe Tej � Te-out
� � ð5Þ

Fig. 8 showed thermal resistance and the heat transfer coeffi-
cient dependence of heat load. The heat transfer coefficient Ke0

with heating surface 2 only increased at heat load ranging from
10W to 120 W, and the nucleate boiling occurred on the wick sur-
face [13]. The maximum value Ke0 of 1.553 W/(cm2 K) was
achieved at 120 W. The vapor film gradually formed on the wick
[27] when heat load higher 120 W, inhibiting liquid evaporation.
The value Ke0 decreased with heat load increasing and eventually
maintained at a constant value of 1.454 W/(cm2 K). Depending on
the change of the heat transfer coefficient, two evaporation modes
happened on the evaporator wick surface, nucleate boiling and
vapor film evaporation. Meanwhile, heat transfer coefficient Ke1

and Ke2 were analyzed when equal heat load from 10–10W to
120–120W was applied to two surfaces simultaneously. It was
found that Ke0 was always located at between Ke1 and Ke2 when
heat load smaller than 120W, and the co-evaporation of two pri-
mary wicks had a mutual impact on liquid evaporation.

At low heat loads, the circulation speed of the working fluid was
relatively slow, the efficiency of the condenser was comparatively
small because of large share of liquid in the condenser. Cold liquid
moving along the liquid line gained heat as heat sink temperature
was set to be lower than the ambient temperature, smaller amount
of subcooling was carried to the CC and heat leak from the evapo-
rator was not sufficiently compensated for, thus leading to higher
operating temperature and large total thermal resistance. At heat
load between 10 W and 210W, RLHP ranged from 0.105 K/W to
0.517 K/W. With increment of heat load, Q2 was mainly transferred
to nickel wicks for vaporization, and Revap gradually decreased from
0.145W/K to 0.068 W/K. Considering that the heating area Fe was a
constant value, the heat transfer coefficient Ke0 from the evapora-
tor wall to the working fluid should increase in principle, indicat-
ing that the capacity of heat transfer to the evaporator wall and
the wick was improved.

4. Conclusions

An idea, two heating surfaces sharing a compensation chamber,
was put forward, and this structure was examined under condi-
tions of the favorable elevation with the slope of 10� (the con-
denser above the evaporator) and heat sink temperature of 0 �C
or �5 �C. Some conclusions could be drawn from the experimental
results as follows:

(1) The LHP with a shared CC could start up successfully at heat
sink temperatures of 0 �C and �5 �C. At higher heat load,
reducing heat sink temperature was beneficial for steady
startup, and better performance was achieved at heat sink
temperature of �5 �C.
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(2) As two heating surfaces were loaded 120–120W simultane-
ously, startup process was very successful and smooth, and
the temperature difference between two heating surfaces
was less than 1 �C.

(3) Under the condition of the constant total heat load of 160W,
the loop demonstrated a fast response to alternative heat
load applied to two heating surfaces, and the maximum
temperature difference between two heating surfaces was
obtained when the value of heat load was 20W or 140W.

(4) The co-evaporation of two primary wicks had a mutual
impact on operation with two surfaces heated
simultaneously.

(5) Heat transfer coefficient for two heating surface 2 was
always smaller than one of the two heat transfer coefficients
for two surfaces heated simultaneously at heat load less
than 120W.
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