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Abstract. In this paper, a unique operation mechanism of loop heat pipe (LHP) was proposed. To test the
performance of LHP under this new mechanism, a visual flat LHP evaporator prototype and an open
experimental system were designed and assembled, and start-up experiment and variable heat load
experiment were done respectively to obtain the actual operation characteristics, such as the evaporator
thermal resistance (Rc), total thermal resistance (R:), start-up time and temperature of base plate. The
proposed LHP had better overall performance during the start-up tests when H. value of EC was set to
0.5mm, and its corresponding R. and R, value were 0.035 K/W and 0.451 K/W when the heating power was
208w. Meanwhile, as per the heat load applied to the base plate, the whole variable heat load experiment
could be divided into three distinct stages: low heat load stage, efficiency operation stage and dry-out stage.
Moreover, the results also showed that the circulation driven head formed inside of the EC played an
important role in promoting the operation performance, especially when the wick, the vapour-liquid

interface and the bottom of the evaporator arrived at a reasonable situation.

1 Introduction

It is known that the cooling device is critical to promote
high heat flux components’ operation reliability,
performance improvement and lifespan extension [1, 2].
Lots of previous studies have shown that the
development speed and scale of large application servers
and data centers will largely be affected by the research
and development progress of its cooling devices [3-5].
With the rapid development of related industries, such as
large application servers, data processing centers and
aerospace equipment, the demand for more cost-
effective thermal management has become more and
more urgent than ever before.

After the first flat loop heat pipe (FLHP) was put
forwarded by Yu. F. Gerasimov in 1975[6], this type of
LHP has aroused worldwide interests due to its various
advantages compared to other traditional cooling
devices. And targeted researches to FLHP have been
carried out all over the world, including structural
optimization of LHP [7, 8], heat and mass transfer
process studies in the internal of LHP [9, 10], wick
selection and fabrication [11-14], working medium
selection and charging principle [15], performance and
reliability study [16-18], etc. In recent years, FLHP has
played an irreplaceable role in the cooling field of high
heat flux components [19]. Therefore, how to improve
the running performance of FLHP has become the
research focus of many scholars within this field [20,
21]. Currently, more and more scholars deem that the
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capillary wick, one of the most important components of
LHP, is the key factor which influence and determine the
capillary absorption rate during the heat transfer process.
And much of the related studies have revolved around
the performance parameters of capillary wick, such as
the thermal conductivity, porosity, permeability and
capillary radius of the wick, charge ratio, heat load and
backflow angle [22, 23].

In fact, the operation theory of LHP is to utilize vapour
pressure head and the liquid pressure head which
generated at the phase change interface within the wick
to drive the continues circulation of working fluid, and
then remove the heat in base plate efficiency through
evaporation and condensing [24]. Usually, different
working fluids, surface shapes and heat source
dimensions, i.e. flat or cylindrical evaporator, would be
chosen for different application purpose. Since the
surface shape of most heat source are flat, the flat type
evaporator has been used more widely than cylindrical
evaporators. For a FLHP, the evaporator usually is
designed to be a sealed chamber, and the capillary wick
would be installed in of the chamber. And a condenser is
indispensable and must be connected to the evaporator
by two separate pipes to form a closed cycle.

However, this kind of design and operation mechanism
of traditional LHP above usually leads to the greater
flow resistance inside of the LHP, letting heat transfer
efficiency limits become an inevitable problem [25, 26].
Actually, the capillary wick inside of this type LHP
plays a vital function in driving working fluid at
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condenser back to evaporation to maintain the operation
cycle, while the driving force is mainly generated at the
location of phase change interface in the pore of
capillary wick [27]. Therefore, the main features and
common problems faced by capillary phase change
mechanism are: (1) two-phase flow will generate in the
LHP due to the vapour-liquid interface existing in the
wick during operation; (2) the parasitic heat leak in the
evaporator increases its circulation flow resistance [28-
30]. The inevitable problems above have extremely
negative impacts on the further application.
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Fig. 1. Schematic diagram of LHP driven by phase change
force.

In this paper, a flat loop heat pipe mainly driven by the
phase change generated at the vapour-liquid interface
inside of EC was proposed, as shown in Fig. 1. After the
re-design, the working fluid inside of the proposed LHP
could only do one-way circulation. Compared with
traditional FLHP, an additional phase change space was
placed between the capillary wick and base plate to
remove the vapour-liquid interface from wick, which
was called the evaporation chamber (EC). As such, this
distinction leads to the main difference on heat transfer
mechanism between traditional LHP and the proposed
LHP. Since the vapour-liquid interface was not inside of
the wick any more, the proposed LHP utilizes the vapour
generated in the EC to drive working fluid to complete
the circulation instead of the phase change formed at the
interface in the pore of capillary wick. The region
between capillary wick and the base plate plays a part in
preventing the generation of boiling phenomenon in the
wick, so the shear flow resistance caused by the phase
change and the partial pressure of vapour in the wick
was near to zero. Therefore, the flow resistance would
then be reduced under the same seepage pressure in the
wick. At the outlet of the vapour chamber, a buffer
space, namely, the pressure sharing chamber, was
designed to maintain the working medium in the vapour
chamber realizing unidirectional phase of liquid to
vapour to avoid the phase change phenomenon in the
wick.

To avoid the occurrence of boiling phenomenon in
capillary wick, the sub-cooling degree of back flow and
H, value of EC shall be controlled at a reasonable value.
In addition, a wick with low thermal conductivity and
suitable porosity is critical in the evaporator as well. This
LHP evaporator design method could -effectively
guarantee that no or only little reverse flow would
formed inside the capillary wick and therefore the flow
resistance of vapour to the outlet was much less than the
flow resistance of vapour to the wick. Through this
design, the heat load applied to the base plate could

mainly be taken away by evaporation within the EC, thus
achieving the purpose of reducing heat leak.

An excellent LHP is contributed by the good start-up and
operational performance. In this paper, a unique
operation mechanism of loop heat pipe (LHP) introduced
above is proposed to enhance the heat application effect
of LHP and start-up experiment and variable heat load
experiment were done respectively to obtain the actual
operation characteristics, such as R., R;, start-up time and
temperature of base plate.

2 Experimental methodology

2.1 Experiment apparatus

In this paper, an evaporator with visualization structure
was designed to observe heat and mass transfer process,
which had a vital impact on the real thermal control
characteristics of LHP. As depicted in Fig. 2, the whole
experiment system consisted of computer (1), data
acquisition system (2), DC regulated power supply (3),
water supply system (4), open-type visualization LHP
evaporator (5), simulated heat source (6) and cold water
tank (7). For the evaporator, it was assembled by
capillary wick, evaporation chamber (EC) which was
under the capillary wick, pressure-balance chamber
(PbC) which located at the outlet of evaporator,
compensation chamber (CC) which was above the
capillary wick, vapour removal outlet and the liquid
supply inlet.
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Fig. 2. Schematic of experimental prototype.
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Fig. 3. Schematic of the visualization LHP.

To get a clear observation and explore its operation
mechanism inside of the evaporator during its operation
process, the evaporator envelop was made of four 10 mm
transparent quartz glasses. The top plate and base plate
of the evaporator were in shape of rectangular and was
made of brass material, while the design dimension was
130 mm (L) x 110 mm (W). Meanwhile, the dimension
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of the thermal contact face of simulated heat source
which connected with base plate was 75 mm (L) x 50
mm (W). To reduce the heat leak to compensation
chamber through heat conduction of capillary wick, a
20-mm thickness molecular sieve (porosity 40%) which
had a low thermal conductivity was used as the wick. To
simulate the CPU heating process, a silicon heating plate
of 25 mm (L) X 25 mm (W) x 2 mm (H) was placed at
the bottom of the I-type copper block, and the heating
power was adjusted by DC power supply. In addition, to
reduce the thermal contact resistance, the carbon fiber
film with thermal conductivity of 75 W/m-K was placed
between the base plate of evaporator and copper block.
Finally, the evaporator was bolted together with four
bolts, as depicted in Fig. 3.
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Fig. 4. Test layout of the evaporator.
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Fig. 5. Cross-sectional details of the evaporator.

At the same time, Yokogawa GP10 Data Acquisition
System was adopted to record temperature data with
eighteen T-type thermocouples (Copper-constantan
Thermocouples). Detailed measuring points location and
cross-section structure of the proposed evaporator were
showed in Fig. 4 and Fig. 5, respectively. T;-T; were
placed at the top plate for temperature measurement. 74
was used to measure the temperature above the wick. 7's-
T, were placed at the upper wick to monitor the
temperature changes. 75 was used for measuring the
supply water temperature and 7;; was used for
measuring the water temperature in the water supply
tank. 7o was used to monitor the vapour temperature at
the evaporator outlet. 7;0-T;> were inserted into the base

plate to measure the wall temperature. 7;3-T;s were
inserted into the copper block to calculate the real time
heating power. Besides, another thermocouple was used
to measure ambient temperature during the experiment.
It should be clear that the accuracy of 7;-T2, T17-T1s (0.2
mm diameter) and 773-776 (0.1 mm diameter) were +0.2
°C.

2.2 Test procedures

Before the tests, distilled water was charged into the
liquid tank to avoid the experiments being influenced by
impurities [31]. Except for the liquid tank and the vapour
cooling tank, all components were placed at the test
bench horizontally during the test. The liquid tank was
placed above the evaporator, and the vapour cooling tank
was placed below the evaporator. After tests begin, all
monitoring temperature would be auto-recorded in
Yokogawa GP10.

This paper mainly focuses on the heat and mass transfer
process inside of the evaporator, so an open
experimental system was deliberately designed.
Therefore, observation of stable vapour generated inside
of the EC during the start-up process shall be the
complete start-up judgment criterion. The evaporator
start-up test was conducted under different H. value of
EC, including 0.5, 1, 3 and 5 mm. Before the test
beginning, the same initial liquid level inside of the EC
was set tol mm to simulate the actual distribution of
water under the influence of gravity.

3 Data processing

It is known that the safe running of high heat flux
equipment is usually depend on the successful start-up of
LHP directly. Thus, in this paper the experiment studies
about the start-up and variable heat load process are of
vital importance to the future application of the proposed
LHP, including the start-up time, base plate temperature
and the thermal resistance. Generally, R. and R; value are
important parameters that reflect the performance of
LHP during the operation [16, 32, 33]; those two thermal
resistances are defined as:

Re=(T. - T\)/Q (1)
Riotal = (TJ — Ta)/Q (2)

Where Q is the heating power applied to the base plate,
and real time value of Q is obtained by calculating 773-
Ts in the copper block; T, is the average temperature of
Ti0-Ti2; Ty is the vapour temperature at the evaporator
outlet (To); 7; is the actual temperature in the middle of
simulated CPU surface (772); Ta is the ambient
temperature.

4 Results and discussion

4.1 Evaporator start-up experiment
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Fig.6 and Fig.7 respectively show the start-up time and
base plate temperature varying with other operation
parameters, such as the height of EC and heating power.
As can be seen from Fig.6, under the same evaporation
chamber height (H.), the greater that of the heating
power applied to the bottom plate, the less time that of
the start-up process required. Furthermore, the start-up
process cannot be established whatever the He value is
when heating power is less than a certain value. Besides,
the greater H, value requires less start-up time at the
same heating power.
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Fig. 7. Influence of H, value on R:.

Actually, the reason why it’s not easy to build the cycle
at smaller heating power condition is that the vapour
produced inside the EC has already been cooled down in
EC and PbC and return to EC before entering the vapour
pipe, and therefore it cannot generate enough pressure
difference in the EC and PbC to drive the circulation of
working fluid. By contrast, large amounts of vapour
created by high heating power can produce enough
pressure difference between evaporator and condensing
unit to discharge the generated vapour in time, and drive
liquid working fluid to the compensation chamber, thus
full circulation in LHP is established. Besides, the
phenomenon that the higher H. value leads to the less
start-up time can be explained by taking 1 mm and 5 mm
condition as examples. Under Imm condition, the wick
contact directly with the initial liquid level of working
fluid, thus partially heat flux excluding the heat

conduction loss caused by the envelop is passed to the
wick through the heat conduction and the heat flux
absorbed directly by the working fluid is
correspondingly reduced, thus leading to the longer start-
up time. However, under higher H, value condition like
Smm, there is still a space between the wick and initial
interface of liquid working fluid in EC, and due to the
lack of direct contact, there is almost no heat leakage
happened and most of the heat flux is directly absorbed
by the working fluid except for partially loss caused by
the radiation heat transfer between the wick and working
fluid in EC and heat conduction loss caused by the
envelop, thus leading to the shorter start-up time.
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Fig. 8. Influence of H. value on start-up time.
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Fig. 9. Influence of H. value on base plate temperature.

Fig.8 and Fig.9 show how R. and R, changes with
different evaporation chamber height (H,), i.e. 0.5 mm, 1
mm, 3 mm and 5 mm, respectively during start-up
process. The results in Fig.1 shows that the R, values
decrease gradually with the rising heating power when
H. value remains at a certain value, and the R. values
calculated at the higher H, and lower H. condition i.e. 5
and 0.5 mm are smaller than the values obtained at
middle H, condition, i.e. 1 and 3 mm. The results in
Fig.9 shows that the R; values decrease gradually with
the heating power increase at the same H. condition.
Meanwhile, it should be noted that the difference of R;
value that obtained at different H, conditions also
decrease with the increasing of heating power. These
phenomenon can be attributed to the following reasons.
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On the one hand, before the steady cycle is established, inside of the EC and PbC and then flow back to the
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Fig. 10. R. value variation during variable heat load experiment

at different H. value.
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Fig. 11. R value variation during variable heat load experiment
at different He value.

heating power exceeded 70 W but not exceeded 210 W,
the bottom plate temperature would rise further, thus the
superheat degree would also rise further. Then,
stabilization boiling formed inside of EC, and most of
the heat load applied to the bottom plate could be taken
away through phase change heat transfer, thus R. and R,
value decreased rapidly in this stage. Meanwhile, the
bottom plate temperature tended to be stable and finally
was under effective control despite the increase of
heating power. When heating power exceeded 210 W,
the bottom plate temperature raised rapidly and the
working fluid could not be compensated in time from the
wick above, finally the R. and R, value could not remain
at lower level and thus dry-out phenomenon appeared
inside the evaporator at this time.

Finally, the results of variable heat load test show that
the minimum R. of different H. value condition was
0.036 K/W (0.5 mm), 0.065 K/w (1 mm), 0.041 K/W (3
mm) and 0.016 K/W (5 mm), meanwhile the
corresponding minimum R, of different H, value
condition was 0.405 K/W (0.5 mm), 0.413 K/W (1 mm),
0.406 K/W (3 mm) and 0.398 K/W (5 mm). Besides,
some other meaningful results could be obtained from
the variable heat load test above: No dry-out
phenomenon was observed in the EC within the heating
range of the test when EC height was less than 5 mm,
and there was a heating limit when the EC was 5 mm. In
other words, a higher EC height was beneficial to reduce
the thermal resistance, and a smaller EC height could
help avoid the happening of dry-out phenomenon in the
evaporator.

5 Conclusions

This paper focused on a visualization evaporator of
FLHP with special structure in which there is no contact
between base plate and capillary wick, i.e., the vapour-
liquid interface was separated from the capillary wick
directly. This type of LHP was mainly driven by the
phase change generated inside of the EC to complete the
single direction circulation. This paper mainly focused
on the analysis relationship between design parameters,
such as the H. value, heating power, and the
performance parameters, such as the R. value, R, value,
start-up time and base plate temperature during start-up
and variable heat load experiments. The following
conclusions could be drawn:

1. Start-up experiments showed that working fluid
evaporation efficiency in EC has a vital influence on the
evaporator performance while the He value of EC has a
significant influence on the evaporation efficiency and
the cycle stability. The evaporator has a better
performance when H. value of EC was set to 0.5 mm and
the corresponding minimum R, and R,is 0.035 K/W and
0.451 K/W when the heating power is 208 W.

2. Variable heat load experiment showed that a higher
EC height was beneficial to reduce the thermal
resistance, and a smaller EC height could help prevent
the happening of dry-out phenomenon in the evaporator.
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the results of variable heat load test show that the
minimum R. of different H. value condition was 0.036
K/W (0.5 mm), 0.065 K/W (1 mm), 0.041 K/W (3 mm)
and 0.016 K/w (5 mm), meanwhile the corresponding
minimum R, of different H. value condition was 0.405
K/W (0.5 mm), 0.413 K/W (1 mm), 0.406 K/W (3 mm)
and 0.398 K/W (5 mm).

3. As per the change curve of thermal resistance, the
variable heat load experiment process can also be
divided into three stages: low heat load stage, high
efficient cycle stage and dry-out stage. A dry-out
phenomenon appears in the 5 mm height condition when
heat load is increased to 220 W and the vapour-liquid
interface appears in the wick. However, the same
phenomenon does not appear in the 1 mm height
condition, i.e. a smaller EC is beneficial to restrain the
generation of dry-out.

4. The new operation mechanism that the LHP is driven
by the phase change generated at of the EC is feasible
and effective through the experiment. And it was built on
the premises that the H. value of EC and sub-cooling
degree of condensate should be controlled at a certain
range, these measure can therefore effectively increase
the seepage force in the capillary wick and maintain a
sufficient driven force in evaporator.

This study is supported by National Science Foundation
of China (No. 51376137) and Science Foundation of
Tianjin (No. 13JCZDJC27300).
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