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Two special biporous wicks are adopted in stainless-steel–ammonia loop heat pipes (LHPs) with flat
evaporator to enhance their heat transfer performances. The experimental results demonstrate that ther-
mal and hydraulic characteristics of the wick with porosity of 69% (in LHP 2) are better than that of the
wick with porosity of 65% (in LHP 1). The maximum heat loads of LHP 1 and LHP 2 could, respectively,
reach 120 W (heat flux 11.8 W/cm2) and 130 W (12.8 W/cm2) at the allowable evaporator temperature
below 60 �C. Meanwhile, they can start up at heat load as low as 2.5 W. The LHPs show very fast and
smooth response to heat load and operate stably without obvious temperature oscillation. The total ther-
mal resistances of the LHPs vary between 1.47 and 0.33 �C/W at heat load ranging from 10 to 130 W.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

In recent decades, loop heat pipe (LHP) has raised scholars’
interests in thermal control of compact electronic devices with
high heat flux and limited space. LHP is an efficient two-phase de-
vice and possesses all the advantages of conventional heat pipe and
additionally include simple structure, flexible transport lines and
heat transfer over long distances. Many scholars and researchers
have studied the operating principle of LHP experimentally and
theoretically [1–3]. The evaporators are usually designed into cyl-
inder or plate shapes among all the existing LHP devices. Flat evap-
orator has some advantages of flat thermo-contact surface, high
isothermality, low thermal resistance and small mass of the body.
So it is very suitable for compact electronic equipment which
needs large quantity of heat to dissipate.

Experimental investigations [4–8] on LHP with flat evaporator
were carried out to improve their heat transfer performances. The
experimental results showed that some parameters including the
configuration of flat evaporator, fluid inventory, the working fluid,
elevation, the wick structure, heat sink temperature and non-con-
dense gases (NCGs) had influences on the start-up and operation
of the LHPs. Although the LHPs could start up and operate in a cer-
tain heat load range, the evaporator temperatures are too high at
high heat flux. They are limited to apply to heat dissipation in the
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electronic equipment. Among the components of the LHP, the wick
structure is very critical for it. A special wick structure, biporous
wick with various bimodal pore size distributions, was investigated
by many researchers [9–11]. The study indicated that the biporous
wick has advantage for solving the limitation of drying out in the
wick structure at high heat flux. Although much work has been
noted that biporous wick could improve the heat transfer perfor-
mance for heat pipes, there are rare literatures about biporous wick
used in the LHP with flat evaporator.

In this work, two special biporous wicks were used in the flat
evaporators and 60 �C was set as the typical maximum allowed
evaporator temperature for electronic equipment in our original
intention. The goals of this investigation were to compare the ther-
mophysical and hydraulic characteristics of the two biporous
wicks with different parameters used in LHP and to reveal the de-
tailed characteristics of the LHP with flat evaporator during start-
up and steady operation.
2. Experimental setup

2.1. Fabrication of the biporous wick structure

There are two methods to manufacture wick structure with bi-
modal pore size distributions: bidispersed wick and biporous wick,
which are introduced in detail in Ref. [9]. In this study, the wicks
were fabricated by the latter method. The detailed structure of
the biporous wick is shown in Ref. [11]. The large pores reduce
the flow resistance and enhance the liquid transport and the vapor
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Nomenclature

Q heat load (W)
R thermal resistance (�C/W)
T temperature (�C)

Subscripts
cond condenser
evap evaporator

sink heat sink

Abbreviations
Amb the ambient air
CC compensation chamber
TC thermocouple

Fig. 1. The design and test schematic of the experimental prototype.

Table 1
The main geometrical parameters of the LHPs.

Porous wick LHP 1 LHP 2
Sample 1 Sample 2

Diameter (mm) 36.3 37
Thickness (mm) 3.7 4
Porosity (%) 65 69
Permeability (m2) 6.3 � 10�13–6.6 � 10�13 1.0 � 10�12–1.4 � 10�12

Porous radius (lm) 2.6–53 2.6–53
Evaporator diameter (mm) 43 43
Evaporator thickness (mm) 15 15
CC diameter (mm) 40 40
Vapor line length (mm) 340 335
Liquid line length (mm) 400 415
Condenser length (mm) 920 960
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escape from the wick. The small pores continue to function as li-
quid supply pump developing the capillary force. Also, the bipor-
ous wick increases the evaporating surface area. So the bimodal
pore size distributions allow the biporous wick to yield excellent
hydrodynamic performance.

Porosity and permeability are measured by experimental meth-
ods [10,12]. The uncertainty analyses of the porosity and perme-
ability are estimated to be within ±0.64% and ±8.4% respectively.
The effective pore radius and the pore size distribution are ana-
lyzed using the image analysis method in the present study.

2.2. LHP prototype and test method

Fig. 1 shows the design schematic of the LHP prototype and the
experimental test setups. A double-pipe heat exchanger is de-
signed as the condenser. A charging line is fixed on the liquid line
for creating a vacuum and charging the working fluid. The con-
denser and the liquid line are insulated using efficient thermal
insulation material. Two LHP prototypes using different biporous
wicks are fabricated and the relative error of fabrication is less than
5%. Table 1 presents the main parameters of the LHPs. The working
fluid is not added to the loop until no leak is detected. Ammonia is
used as the working fluid and the liquid charge ratio is selected at
65%.

The heat simulator (active area 10.2 cm2) is a cooper block
heated with three embedded cartridge heaters. A 10 mm thick
nano-adiabatic material is used to insulate the heat simulator. Heat
loss to the ambient is estimated to be less than 0.5% of the input
power. And a slide rheostat connected with the wattmeter with a
relative error of 0.5% and the voltage stabilizer is used to control
the input power. The accuracy of T-type thermocouple is ±0.2 �C.
The locations of the thermocouples are showed in Fig. 1. The evap-
orator temperature is presented by the temperature measured at
the cross groove of the heater wall. The LHPs are tested in the hor-
izontal orientation.
3. Results and discussions

3.1. Start-up tests

Start-up behavior of the LHP is an important aspect to evaluate
its reliability and stability. Fig. 2 shows the start-up process of the
LHP 1 with a heat load of 100 W at the heat sink temperature of
�15 �C. As soon as input power is applied to the evaporator active
zone, temperatures of the evaporator wall, the evaporator outlet
and the condenser inlet increase quickly. At the same time, the
condenser outlet temperature has a stepwise decrease. That means
the liquid inside the evaporator starts evaporating. When the vapor
accumulates more, the evaporating meniscus is formed on the



Fig. 2. Start-up process of the LHP 1 with 100 W at the heat sink temperature of
�15 �C.

Fig. 3. Evaporator and CC temperatures of the LHPs at the heat sink temperatures of
�15 and 0 �C.

Fig. 4. The total thermal resistances of the LHPs.
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interface of the biporous wick. The circulation is not formed until
the capillary force is larger than the total pressure drops in the sys-
tem. The liquid subcooled in the condenser flows towards the CC.
So the evaporator inlet temperature begins to decrease. The CC
temperature is decided by heat exchange with the evaporator,
the ambient, and the liquid returning from the condenser [3].
The LHP will reach steady state when energy balances for all the
loop elements are satisfied. At last, the capillary force is equal to
the total pressure drops. The whole processes are very smoothly
and no obvious temperature oscillation phenomena are observed.
It should be mentioned that no obvious temperature oscillation
were observed in all tests of LHP 1 and LHP 2.

3.2. Operating characteristic of LHP

The temperature indicated in the following are measured at
steady state. Fig. 3 presents the evaporator and the CC tempera-
tures of LHP 1 and LHP 2 at two heat sink temperatures. The LHPs
are able to start up at heat load as low as 2.5 W. The maximum
heat load which the LHP 1 and the LHP 2 could transfer, respec-
tively, reaches 120 W (heat flux 11.8 W/cm2) and 130 W (12.8 W/
cm2) when the evaporator temperature does not exceed 60 �C.
The LHP operating curve is flattened, and two modes of variable
conductance and constant conductance are found in the whole
tested heat load range [13]. For heat load less than 80 W, the
LHP operates at variable conductance mode. The CC temperature
is decided by the amount of the subcooling liquid returning from
the condenser and the heat leak from the evaporator to the CC if
not considering the heat exchange between it and the ambient.
The heat leak is nearly compensated by the liquid subcooling and
the CC is partly filled with the liquid. The two-phase zone in the
condenser increases with increasing heat load, which increases
the fraction of the liquid in the CC. The variable conductance mode
continues until the CC is completely filled with liquid. For heat load
more than 80 W, the LHP operates at constant conductance mode.

For heat load below 80 W, the evaporator temperature differ-
ence between the LHP 1 and the LHP 2 is not clear. For heat load
greater than 80 W, the evaporator temperature of LHP 2 is lower
than that of LHP 1. That means the thermal and hydraulic charac-
teristics of the sample 2 are better than that of the sample 1. On the
one hand, the thermal conductivity of the sample 2, which has
higher porosity, is lower than that of the sample 1. So the sample
2 is more effective to block the heat leak to the CC. On the other
hand, as the pore former content of the sample 2 is more than that
of the sample 1, the sample 2 has more large pores from where the
generated vapor could easily escape. Meantime, the flow resistance
of the liquid supplying for evaporating becomes small.

3.3. Thermal resistance

Thermal resistance is calculated in order to assess the thermal
performance of the LHP. The total thermal resistance of the LHP
is defined as:

RLHP ¼ ðTevap � TcondÞ=Q ð1Þ

where, Tevap is the average temperature of the evaporator, Tcond is
the average temperature of the condenser, which is calculated by
the thermocouples fixed at the condenser inlet (TC 7) and the con-
denser outlet (TC 8), Q is input power. The uncertainty analysis of
RLHP is estimated to be within ±11.6% (Q < 10 W) and ±6.4%
(Q > 10 W).

The total thermal resistances of the LHPs are summarized in the
Fig. 4. It shows a typical trend of thermal resistance of the LHP
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decreasing with the increase in heat load. But when heat load is
greater than 80 W (LHP 1) or 100 W (LHP 2), it increases slightly,
as shown in the enlarged view of A zone in Fig. 4. For high heat
load, the parasitic heat leak to the CC through the wick becomes
huge. Some small bubbles form and coalesce in the wick which
could block some paths for transferring the liquid. So the hydraulic
characteristic of the wick becomes weak, which decreases the ther-
mal performance of the LHP. The total thermal resistance, if not
including the values below 10 W, varies between 1.47 and
0.33 �C/W.

As discussed before, for heat load greater than 80 W, the ther-
mal and hydraulic characteristics of the sample 2 are better than
that of the sample 1. Low operating temperature contributes to a
small temperature difference between the evaporator and the con-
denser. So the LHP 2 has lower thermal resistance than the LHP 1.

4. Conclusions

In this paper, the thermal performances of the LHPs using dif-
ferent wicks have been analyzed in detail, and the following con-
clusions can be drawn from the extensive experimental tests as
follows.

(1) The thermal and hydraulic characteristics of the sample 2
with porosity of 69% are better than that of the sample 1
with porosity of 65%.

(2) The LHPs could start up at heat load as low as 2.5 W. The
maximum heat load which the LHP 1 and the LHP 2 could
transfer, respectively, reached 120 W (heat flux 11.8 W/
cm2) and 130 W (12.8 W/cm2) when the evaporator temper-
ature did not exceed 60 �C.

(3) The LHPs demonstrated very fast and smooth response to heat
load. No obvious temperature oscillation and overshoot phe-
nomena were observed during start-up and steady operation.
(4) The total thermal resistances of the LHPs vary between 1.47
and 0.33 �C/W at heat load ranging from 10 W to 130 W.
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