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ABSTRACT

In order to solve heat dissipation of electronic equipment, an experimental investigation was carried out
on the thermal performance of a miniature stainless-steel-ammonia loop heat pipe (LHP) with a flat disk-
shaped evaporator. A biporous wick made from nickel powder was used for developing the capillary
force. Tests demonstrated that the device could start up at heat load as low as 2.5 W. Meantime, the
maximum heat load the LHP could transfer reaches 130 W (heat flux 12.8 W/cmz) at the allowable
evaporator temperature of below 60 °C. The LHP showed a very fast response to variable heat load and
operated stably without obvious temperature oscillation. The evaporator surface has very high iso-
thermality while the monitored temperature difference between the maximum and minimum value on
the evaporator surface does not exceed 3 °C for heat load below 130 W. The operation modes of variable
conductance and constant conductance are found in the whole tested heat load range. The total thermal
resistance varies between 1.42 and 0.33 °C/W at heat load ranging from 10 to 130 W.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

In recent decades, some two-phase devices have been devel-
oped for solving the thermal control of electronic devices with high
heat flux and limited space. Loop heat pipe (LHP) is an efficient
two-phase device which is based on the evaporation and conden-
sation of working fluid to transfer heat. The working fluid is
circulated by capillary force developed in the fine porous wick. LHP
offers many advantages over traditional heat pipes, including high
heat transfer capability, flexible transport lines and heat transfer
over long distances.

Since LHP is first proposed in the early 1980’s [1], many
researchers have studied the operating principle of the LHP
experimentally and theoretically [2—4]. The main components of
LHP include evaporator, compensation chamber (CC), condenser,
vapor and liquid lines. Among all the existing LHP designs, the
evaporators are designed into cylinder or plate shapes. As most
heat sources have flat thermo-contact surfaces, the cylindrical
evaporator needs a saddle to locate at the evaporator surface. This
configuration has disadvantages of increasing the thermal resis-
tance and the mass of the body. The flat evaporator does not have
these problems mentioned above. As the electronic devices are
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miniaturized, LHP with flat evaporator is more adapted to elec-
tronic cooling applications [5]. Meantime, due to the liquid evap-
orating uniformly on the flat surface, the LHP with flat evaporator
has very high isothermality among the two-phase cooling systems.

Several different flat evaporator configurations in LHP have been
investigated. Maidanik et al. [6] tested a LHP with a flat disc-shaped
evaporator at horizontal and vertical orientations. The thermal
resistance varied in the range from 1.05 to 0.42 °C/W at heat load
from 40 to 80 W. Tu et al. [7] developed an overall two-dimensional
numerical model to address the heat and mass transfer character-
istics in the evaporator and investigated the start-up characteristics
of a LHP with flat evaporator experimentally. A flat-oval evaporator
with a finned radiator equipped on the CC was designed by Becker
et al. [8] to reduce the LHP operating temperature. The minimum
thermal resistance of the LHP was 0.2 °C/W for a heat load of 100 W.
The thermal performance of the LHP is related to the working fluid,
fluid inventory, elevation and heat sink temperature. Liu et al. [9]
investigated the effects of different working fluids, methanol and
acetone, on the operating characteristic of LHP with flat evaporator.
Joung et al. [10,11] developed a LHP with a thin planar bifacial
evaporator to examine its operating characteristics at different fluid
inventories, elevations and heat sink temperatures. The maximum
heat flux at allowable evaporator temperature is very important for
the electronic cooling. A miniature copper-water LHP with flat disk-
shaped evaporator designed by Singh et al. [12] was able to transfer
the maximum heat load of 70 W with the evaporator temperature
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Nomenclature

Q heat load (W)

R thermal resistance (°C/W)
T temperature (°C)

AT temperature difference (°C)
Subscripts

cond condenser

evap evaporator

sink heat sink

Abbreviations

Amb the ambient air

CcC compensation chamber

Cond-in condenser inlet, TC 7
Cond-outcondenser outlet, TC 8

Comp-wall compensation chamber wall, TC 11
Evap evaporator wall/evaporator, TC 1—4
Evap-in evaporator inlet, TC 10

Evap-out evaporator outlet, TC 5

TC thermocouple

below 100 °C. Celata et al. [13] reported that a stainless-steel-water
LHP with flat evaporator could transfer a maximum heat load of
75 W with the evaporator temperature below 150 °C in the favor-
able configuration. Among these investigations mentioned above,
the evaporator temperatures are too high at high heat flux. These
devices are limited to apply to heat dissipation in the electronic
equipment with high heat flux.

The wick structure is a very critical component for the LHP.
Wicks with bimodal pore size distributions were utilized to
improve the heat transfer capability of the LHPs. Yeh et al. [14,15]
studied the evaporative heat transfer of biporous wicks with
various bimodal pore size distributions. The experimental results
showed that the heat transfer coefficient of the biporous wick
reached a maximum value of 64 000 W/m?-K at the heat sink
temperature of 10 °C and the evaporator temperature of 85 °C.
Semenic et al. [16] firstly based correlations for thermophysical
properties of biporous media on distribution means of clusters and
particles. They compared the thermophysical properties of
monoporous wicks with various characteristic pore sizes as well as
biporous wicks with various thicknesses experimentally [17]. Wang
and Catton [18] proposed that the biporous structure improved the
vapor and liquid distribution in the porous media and the biporous
heat pipe is more attractive than the monoporous and the solid
copper spreader for high power electronic device cooling. Although
much work has been noted that biporous wick could improve the
heat transfer performance for heat pipes, there are rare literatures
about biporous wick used in the LHP with flat evaporator.

When the evaporator is designed in the shape of miniature flat
plate, the temperature oscillation could occur easily. The possible
reasons for this oscillation refer to the configuration of the evapo-
rator and the thermophysical property of the wick structure
[19,20]. In this work, a biporous wick was used in the flat evapo-
rator. 60 °C was the maximum allowable evaporator temperature
for electronic equipment in our original intention. The goal of this
investigation is to reveal the detailed characteristics of the LHP
with flat evaporator during start-up and steady operation. Mean-
time, this investigation leads to a better understanding of biporous
wick improving the thermal performance of the LHP with flat
evaporator.

2. Experimental prototype and test process
2.1. The biporous wick structure

A biporous wick was used to generate the capillary force as well
as to supply the working fluid for evaporation. For the fabrication
method introduced in Ref. [15], small pores could be generated by
sintering metal powder, while large pores could be formed by dis-
solving the pore formers. Sodium carbonate (Na,CO3) was chosen as
the pore former. The pore former was mixed uniformly with nickel
powder by a V-type mixer. Then the mixed powder was filled in
amold and pressed under the forming pressure. Afterward, the wick
was seceded from the mold and sintered in a furnace. Hydrogen was
used as the protective atmosphere. After that, the wick was cleaned
by distilled water in an ultrasonic cleaner until Na;CO3; was washed
away cleanly. Finally, the wick was dried out in an oven. Table 1 gives
the sintering parameters of the biporous wick.

Fig. 1 shows the appearance and scanning electron microscopy
(SEM) photographs of the biporous wick. Several small pores are
seen between the nickel particles, and large pores are seen between
the clusters. The large pores reduce the flow resistance and
enhance the liquid transport and the vapor escape from the wick.
The small pores continue to function as liquid supply pump
developing the capillary force. Also, the biporous wick increases the
evaporating surface area. So the bimodal pore size distributions
allow the biporous wick to yield excellent hydrodynamic
performance.

Porosity, permeability and effective pore radius are key
parameters impacting on the performance of the LHP. The porosity
and permeability are measured by experimental methods [21,22].
The measured porosity is open porosity which represents inter-
connected pores. The uncertainty analyses of the porosity and
permeability are estimated to be within +0.64% and +8.4%
respectively. The effective pore radius and the pore size distribution
are analyzed using the image analysis method. The parameters of
the porous wick are shown in Table 2.

2.2. LHP design and test methods

The experimental setup comprises a LHP system, a heating
system, a cooling system and a measurement system, as presented
in Fig. 2. The experimental apparatus except the LHP prototype has
been described in our earlier work [23]. The flat evaporator
configuration is shown in Fig. 3. The CC is designed for collecting
the liquid returning from the condenser and storing the NCGs
which may exist in the loops [24]. There are some vapor removal
channels for the generated vapor moving towards vapor chamber
smoothly. Meanwhile, the fins are used for transferring heat to the
surface of the wick. The whole evaporator is jointed by laser
welding. The condenser is a double-pipe heat exchanger, which
condense the vapor and provide more sufficient subcooling to the
liquid. A charging line is fixed on the liquid line for charging the
working fluid. The condenser and the liquid line are insulated using
efficient thermal insulation material (PVC/NBR, Fuerda, thermal
conductivity 0.034 W/m-K). All components of the LHP are made of
stainless steel except the outer pipe of the condenser which is made
of copper. Table 2 presents main parameters of the LHP.

Table 1
The sintering parameters of the biporous wick.
Component  Particle Volume Forming Sintering
size (um)  content (%) pressure (MPa) temperature (°C)
Nickel 22-2.8 70
5 700
Na,CO3 <53 30
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Fig. 1. Photographs of the biporous wick with bimodal pore size distributions. (a) The
appearance of the wick. (b) SEM photograph (500-times). (c) SEM photograph (3000-
times).

Table 2

The main parameters of the LHP.
Evaporator
Diameter (mm) 43
Thickness (mm) 15
Compensation chamber diameter (mm) 40
Porous wick
Diameter (mm) 37
Thickness (mm) 4
Porosity (%) 69

2.6-53
1.0 x 10712-1.4 x 10712

Porous radius (um)
Permeability (m?)

Vapor line length (mm) 335
Liquid line length (mm) 415
Vapor/liquid line diameter (mm) 2

Condenser length (mm) 960

Ammonia is used as the working fluid. Liquid charge ratio is
a key parameter for reliable start-up and operation of the LHP. For
lower liquid charge ratio, the wick dries out easily for lack of the
liquid. For higher liquid charge ratio, the active condenser area is
not sufficient for heat removal. Considering these two aspects, the
liquid charge ratio is selected at 65% of the loop internal volume in
the present experiment.

Fig. 4 shows the locations of T-type thermocouples, including
the heater wall, the evaporator inlet and outlet, the CC wall, the
condenser inlet and outlet, and the middle positions of the liquid
and vapor lines. The evaporator temperature is presented by the
temperature measured on the top surface of the heater. The accu-
racy of thermocouple is +-0.2 °C. The LHP is tested in the horizontal
orientation with the evaporator and the condenser at the same
elevation. In all tests, the ambient temperature is around 18 °C.

3. Results and discussions
3.1. Evaporator temperature difference

Isothermal evaporation is an important feature of the LHP with
flat evaporator. Four thermocouples are attached to the evaporator
to monitor its isothermality, as shown in Fig. 4(b). Temperature
difference between these four positions is defined as:

AT = TTCi - Tevap (1)

where Trc; is the temperature measured by the thermocouple TC i
(i =1, 2, 3, 4), and Tevap is the average temperature of the
evaporator.

The temperature differences of the evaporator at different heat
loads are given in Fig. 5. The axis lying in the middle of the figure
represents the average value. The obtained results show that the
temperature difference augments with increasing heat load. The
absolute value of temperature difference ranges from 0.2 °C at heat
load of 2.5 W to 1.5 °C at heat load of 130 W. It could be inferred that
the monitored temperature difference between the maximum and
minimum value on the evaporator surface does not exceed 3 °C
when heat load is below 130 W.

3.2. Start-up tests

One important aspect to evaluate the reliability and stability of
the LHP is related with start-up behavior. Fig. 6 shows the start-up
process of the LHP with a heat load of 100 W at the heat sink
temperature of —15 °C. The evaporator temperature rises imme-
diately as soon as heat load is applied to the evaporator active zone.
Subsequently, both the temperatures of the evaporator outlet and
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Fig. 2. The design and test schematic of the experimental prototype.

the condenser inlet increase quickly. That means the liquid inside
the evaporator starts evaporating. As the vapor accumulates more,
the evaporating meniscus is formed at the interface of the porous
wick, which develops the capillary force to circulate the working
fluid around the loop. The circulation does not start until the
capillary force is larger than the total pressure drops of the system.
The vapor moves along the vapor line to the condenser. In the
condenser, the vapor is condensed and the liquid is subcooled. The
liquid flows towards the CC through the liquid line. The CC
temperature is decided by heat exchange with the evaporator, the
ambient and the liquid returning from the condenser [2]. When
energy balances for all loop elements are satisfied, the LHP reaches
steady state. At last, the capillary force is equal to the total pressure
drops.

From the curves of Fig. 6, the LHP starts up very rapidly within
a period of 4 min. The whole process is very smooth without
obvious temperature oscillation. During the start-up process, there
is a slight temperature overshoot, which could be attributed to time
delay required for the subcooled liquid to reach the CC [25]. It
should be mentioned that no obvious temperature oscillation were
observed in all tests except at heat load lower than 5 W. It is
apparent that the biporous wick with low thermal conductivity
could reduce the heat loss to the CC.

Fig. 7 presents a successful start-up with a heat load as low as
2.5 W. Both the condenser outlet temperature and the evaporator
inlet temperature have obvious decrease after heat load is applied
to the evaporator active zone. That means the liquid starts to flow
back to the CC and the circulation of the working fluid is formed.
Due to the sufficient subcooling of the liquid, the LHP could operate

below the ambient temperature. There are slight temperature
oscillations occurring at condenser outlet and evaporator inlet,
which are caused by the pressure fluctuation in the two-phase zone
in the condenser. Especially for small mass flow rate of the liquid at
low heat load, the fluctuation effect on the liquid in the liquid line is
obvious.

3.3. Operating characteristic of LHP

The temperature indicated in the following is measured at
steady state. Fig. 8(a) and (b), respectively, present the main results
of the tests in form of the temperature against heat load at the heat
sink temperature of —15 and 0 °C. The LHP could start up at heat
load as low as 2.5 W. The maximum heat load reaches 130 W
(heat flux 12.8 W/cm?) at the heat sink temperature of —15 °C or
120 W (11.8 W/cm?) at the heat sink temperature of 0 °C when the
evaporator temperature does not exceed 60 °C. From the flattened
operating curve of the LHP, two operating modes consisting of
variable conductance and constant conductance are observed [26].
For heat load less than 100 W (Tsjpkx = —15 °C) or 80 W (Tgink = 0 °C),
the LHP operates at variable conductance mode. In this case the CC
temperature is decided by two main factors. One is the amount of
the subcooling liquid returning from the condenser, the other one is
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, which cause no obvious
temperature change of the CC with increasing heat load. Meantime,
due to a majority of liquid staying in the condenser, the CC is
partially filled with liquid. As the two-phase zone in the condenser
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Fig. 3. The configuration of the evaporator.
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Fig. 4. The photographs of experimental setup and the fixed locations of the ther-
mocouples. (a) The LHP. (b) The heater.

increases with increasing heat load, the liquid moves to the CC. The
variable conductance mode continues until the CC is completely
filled with liquid and the heat leak to the CC is larger than the liquid
cooling from the condenser. For heat load more than 100 W
(Tsink = —15 °C) or 80 W (Tiink = 0 °C), the LHP operates at constant
conductance mode. Different heat sink temperatures impact the
subcooling of the liquid and the operating temperature of the LHP.
So the evaporator temperature at the heat sink temperature
of —15 °C is lower than that at the heat sink temperature of 0 °C.
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Fig. 5. Temperature differences of the evaporator at the heat sink temperature
of —15 °C.
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Fig. 6. Start-up of the LHP with a heat load of 100 W at the heat sink temperature
of —15 °C.

3.4. Variable heat load tests

Another important aspect to evaluate the reliability and stability
of the LHP is related with operating behavior with variable heat
load. The LHP started up from the cold state at a certain heat load.
When it reached steady state, the input power was changed in
regular or random steps between 10 and 130 W and kept at least
25 min, which imitated different cycles of variable heat load.

Fig. 9(a) and (b), respectively, show the characteristics of tran-
sient operation with heat load cycles of 10-40-80-130-100-70-110-
50-20-60-30 W and 70-30-80-110-90-60-20-120-50-40-10 W in
sequential order. It is observed from the figures that the LHP shows
a fast response to heat load when input power is switched. For each
change, the steady state is achieved within short period of 2—7 min.
During the whole cycle, the LHP presents a steady and smooth
operation. Meanwhile, no obvious temperature oscillation and
overshoot phenomena are found. Whatever heat load is changed in
regular or random steps, the LHP is demonstrated to have a high
performance of adjusting to heat load change.

3.5. Thermal resistance

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

RLHP = (Tevap - Tcond)/Q (2)

where, Tevap is the average temperature of the evaporator, which is
measured by the thermocouples fixed on the surface of the heater
(TC 1, 2, 3, 4). Teong is the average temperature of the condenser,
which is calculated by the thermocouples fixed at the condenser
inlet (TC 7) and the condenser outlet (TC 8). Q is input power. The
uncertainty analysis of Ryyp is estimated to be within +£11.6% at low
heat load (Q < 10 W) and +6.4% at high heat load (Q > 10 W).
The total thermal resistances of the LHP for different heat sink
temperatures are presented in Fig. 10. It shows a typical trend of
decreased thermal resistance of the LHP with increasing heat load.
But when heat load is higher than 100 W, the total thermal resis-
tance augments slightly with increasing heat load, as shown in the
enlarged view of A zone in Fig. 10. For high heat load, as the heat
leak through the wick becomes huge, some small bubbles form and
coalesce in the wick which could block some paths for transferring
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liquid. Due to the weak hydrodynamic characteristic of the wick
and the large heat leak to the CC at heat load of greater than 100 W,
the thermal performance of the LHP decreases slightly. Thus, there
is a slight increase at the total thermal resistance. The total thermal
resistance, if not including the values below 10 W, varies in the
range between 1.42 and 0.33 °C/W. Due to the increased temper-
ature difference between the evaporator and the condenser, the
total thermal resistance increases with decreasing the heat sink
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Fig. 10. The total thermal resistances of the LHP at two heat sink temperatures of —15
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temperature. Also the effect of heat sink temperature on the total
thermal resistance is analyzed by other authors [25].

4. Conclusions

In this article, a miniature stainless-steel-ammonia LHP with flat
disk-shaped evaporator using biporous wick is investigated
experimentally. The heat transfer performance of the LHP has been
analyzed in detail, and the following conclusions can be drawn
from the extensive experimental tests as follows:

1. The LHP could start up at heat load as low as 2.5 W. When the
evaporator temperature does not exceed 60 °C, the maximum
heat load the LHP could transfer reaches 130 W (heat flux
12.8 W/cm?) at the heat sink temperature of —15 °C.

2. The evaporator surface has very high isothermality. The
monitored temperature difference between the maximum and
minimum value on the evaporator surface does not exceed 3 °C
when heat load is below 130 W.

3. No obvious temperature oscillation and overshoot phenomena
were observed during start-up and operation with variable
heat load.

4, The operation modes of variable conductance and constant
conductance are observed in the whole working heat load
region.

5. When heat load ranges from 10 to 130 W, the total resistance of
the LHP varies between 1.42 and 0.33 °C/W.
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