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ARTICLE INFO ABSTRACT

Keywords: To improve dual heat source cooling in a compact space, we designed a dual wick flat-type LHP with a bifacial
Flat-type LHP evaporator, analyzed the evaporator’s heat transfer process, and determined the impact of side-wall and back-
Two wicks

ward conduction on system operation. To reduce side-wall conduction, the proposed LHP system uses a com-
posite evaporator with a copper heating surface and a stainless steel shell. We tested start-up and variable heat
load operation characteristics with one-side and bifacial heat loads. Theoretically, we analyzed the phenomena
occurring in start-up and variable load processes. When heating the bottom heating surface, our innovative LHP
could start and operate satisfactorily with a single-sided heat load of 10-160 W, according to the findings of the
test. When only heating the top heating surface at a lower heat load, the system startup was not easy, but this
problem could be improved by adjusting the heat load on the bottom heating surface. The highest one-side heat
load was 80 W when the evaporator wall temperature was below 80 °C, and the heat flux at this time was equal
to 16.63 W/cm?. As for the heat load loaded on the upper and lower walls of the evaporator simultaneously, the
maximum heat transfer was 80-80 W. This study provides guidance for LHPs’ follow-up research and practical

Bifacial heat load
Bimetal wall evaporator

applications.

1. Introduction

LHP is a phase-change heat transfer device with high efficiency. Due
to its numerous benefits, including low heat transfer resistance, high
heat transfer efficiency, flexible layout, long transmission distance, light
weight, and compact dimension, LHPs are considered to be widely used
in electronic cooling and thermal management [1-5]. Their application
in battery thermal management systems has received more and more
attention.

Various authors [6-9] conducted experimental studies on the lon-
gitudinal liquid-supply-type and the ultra-thin-type LHPs used in battery
thermal management systems. Zhang et al. [6,7] constructed a longi-
tudinal, liquid-supply, flat-plate LHP system for heat dissipation within
a limited space and thinned the evaporator wall to 8 mm. They tested the
impacts of different condenser positions on system performance and
studied the mechanism of the fluctuation phenomenon during the
operation process. Hong et al. [8,9]produced multiple sets of ultra-thin
LHP systems (1.5 mm) for the thermal management of battery systems.
The evaporator was welded by two copper cover plates, one with
thicknesses of 0.5 mm and 1 mm, respectively. The evaporator was
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engraved with many microgrooves. The influences of the inlet length,
groove structure, condenser position, and inclination angle of the system
were tested on the operating temperature, thermal resistance, and
start-up characteristics. The heat load range of the test was 20-80 W.
The results proved that the Ultra-thin LHP system could meet the bat-
tery’s heat dissipation requirements. The system performance was
optimal when the channel shape was a parallelogram and the operating
temperature was lower than 50 °C. Other scholars have researched the
application of LHP in the thermal management of automotive batteries.
Aono et al. [10] designed a steady-state numerical model containing a
two-phase flow pattern of the condenser to guide the development of an
LHP with kW-class heat transport capability, which can transfer heat up
to 6200 W under water cooling. Hashimoto et al. [11] proposed a new
concept of LHP as a battery heating device for electric vehicles and
conducted a temperature test on a simulated battery at a low tempera-
ture of —20 °C. The experimental results showed that the temperature of
the simulated battery block reached more than 0 °C. The LHP could be
used as a heating device for electric vehicle batteries in —20 °C envi-
ronments. Bernagozzi et al. [12] proposed an innovative 3-cell battery
module thermal management system to improve the key issues of
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electric vehicles. The experimental results showed that the system met
the thermal requirements of the pack and cell level of the vehicle battery
and could transfer 150 W of heat from the battery module to a remote
heat exchanger connected to the vehicle’s HVAC cooler, reducing the
maximum temperature after rapid charging by 3.6 °C. Phan et al. [13]
designed a dual flat-evaporator LHP with a capillary wick made of hy-
drophilic polytetrafluoroethylene porous membrane and a working fluid
of water. Two flat evaporators were arranged on the upper and lower
sides of the heat source. The system can maintain the heat source tem-
perature below 130 °C in six typical directions.

In practice, heat-collecting plates are used to gather the scattered
heat sources for heat management. However, when the electronic device
structure is tightly arranged, the collector plate cannot occupy a large
space. Scholars propose a multi-evaporator structure LHP system to deal
with the problem of multi-heat-source dissipation [14-17]. The evapo-
rators are arranged in parallel or in series. These two arrangements
complicate the heat dissipation system’s structure, making it chal-
lenging to ensure the stability and reliability of operation.

Multiple heat sources exist in the flat-panel fuel cell stack’s heat
source, and the structure is compact. In this case, a multi-evaporator
heat dissipation system with a complex structure has poor applica-
bility. Therefore, to solve the cooling issues of the fuel-cell-stacks-type
flat-plate heat sources, some scholars proposed the LHP system with a
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two-wick evaporator. Chen et al. [18] developed a stainless
steel-ammonia LHP that used two biporous wicks in the evaporator. The
experiments’ findings show that the capillary wick’s porosity affects its
thermal and hydraulic properties. The LHPs respond quickly and
smoothly to heat loads and work consistently without oscillation. Liu
et al. [19] designed a dual-wick FLHP system. They studied the inno-
vative LHP’s operation performance and discovered a practical method
for increasing its operating capacity. The start-up and operation under
variable heat loads were tested. The testing findings demonstrated that
the new LHP was capable of starting and operating satisfactorily
throughout a large heat load range (10 W-170 W). Wang et al. [20]
studied the heat leaking influence on the dual-wick FLHP’s compensa-
tion chamber. In the experiment, the maximum operating heat load was
210 and 270 W, respectively, with slopes of 10° and 90° when the
heating surface temperature of the evaporator was below 90 °C. This
system could be started successfully at 10 W, while comparable systems
with a single wick would fail under this heat load. The system performed
better in terms of temperature reduction and thermal resistance reduc-
tion when the back and wall of the evaporator were both heated.

For existing two-wick evaporators, when heat loads are simulta-
neously loaded on two heating surfaces, the capillary wick and the
sidewall conduct a large quantity of heat to the compensation chamber.
Then the working fluid in the compensation chamber gets easily
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Fig. 1. Sketch maps of the two-wick FLHP system with composite evaporator: (a) Schematic of the two-wick evaporator; (b) Schematic of the overall structure of the

LHP system.
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vaporized and exists in a state of vapor and liquid coexistence. To solve
this problem, in this study, we created a new structure for a two-wick
composite evaporator LHP system. The heating surface is composed of
copper, which has high thermal conductivity, and the material of the
whole body is stainless steel with low thermal conductivity. The layout
of the transmitted pipelines is flexible and can simultaneously control
two heat sources. Most importantly, the composite evaporator can
effectively suppress the heat conduction of the sidewall to improve the
heat transfer capacity, temperature uniformity, reliability, and stability
of the system. We analyzed the operation mechanism by studying the
LHP performance at start up and variable heat load process, laying the
foundation for follow-up research on two-wick LHPs and multi-
evaporator LHPs.

2. Experimental setup

As shown in Fig. 1(a), we configured a new structure of a two-wick
evaporator with a bimetal wall. The stainless-steel evaporator was
equipped with two copper cover plates and two ribbed capillary wicks.
The sintered nickel powder capillary wicks 1 and 2 about the evapora-
tor’s upper and lower surfaces. After internal compression, the copper
cover plate and stainless steel body were welded to seal the evaporator.
To avoid affecting the compensation chamber temperature, channels
were used to link the top and bottom vapor chambers in this experiment.
Fig. 1(b) shows the system’s overall structure. A tube-to-tube heat
exchanger was designed as the condenser, and the refrigerant was a 50%
mass fraction of ethylene glycol solution. We used a stainless-steel pipe
as the transmission pipeline.

Fig. 2 depicts the thermodynamic diagram for the two-wick LHP
system with identical heat loads on both sides. Each state point has
corresponding positions in Fig. 1(b). The saturation line’s state points 1
and 2 correspond to the vapor side of the bottom and top wicks’ vapor-
liquid interfaces, respectively. Point 3 is the state of the working fluid at
the evaporator outlet. Flow loss happens when the vapor produced by
the wick passes through the vapor channel and the vapor continues to be
heated by the heating surface. The working fluid is now superheated,
then it enters the condenser through the vapor pipeline. In an ideal state,
the working fluid at point 4 is in a superheated state, or it may be in a
two-phase state. The working fluid condenses in the condenser and
finally becomes a supercooled liquid, which experiences three states: the
superheating state (4-5), the two-phase state (5-6), and the super-
cooling state (6-7). The supercooled liquid flows back to the compen-
sation chamber through the liquid pipeline and dissipates heat to the
environment or absorbs heat from the environment simultaneously. The

Saturation Line

Fig. 2. Thermodynamic diagram of two-wick LHP system.
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working fluid is set to enter the compensation chamber at point 8. After
entering the compensation chamber, the working fluid changes from a
supercooled state to a saturated state 9. The vapor-liquid interface’s
liquid characteristics at the capillary wick’s bottom and top are deter-
mined by points 10 and 11 on the saturation line, respectively. The
working fluid is heated when it flows through the capillary wick. The
pressure at point 10 is higher than that at point 11 due to gravity’s ac-
tion. The gasification of the working fluid via the bottom and top wicks
is seen in Sections 1-10 and 2-11, respectively.

The thickness of the stainless steel shell and the copper cover were
both 1.5 mm. In order to avoid the evaporator occurrence of larger
deformation, the strength analysis was conducted via Ansys software.
The strength and deformation rate calculation results are presented in
Fig. 3. The experiments could be performed within the safety range and
ensure there will be no large deformation for the evaporator.

The experimental system was filled with methanol as the working
fluid, and the filling ratio was 69%. We emptied the LHP system to 3 x
10~* Pa before charging the working fluid. The experimental system’s
primary structural parameters are provided in Table 1. To reduce the
operating temperature of the system and make it easier to startup, we
designed an experiment to test the system’s operation characteristics at
a tilt angle of 10° (as shown in Fig. 4). The angle remained constant
throughout the experiment. In our study, the copper cover plate at the
bottom of the evaporator was called heating surface 1. The capillary
wick next to it was called wick 1. The copper cover plate at the top of the
evaporator was labeled heating surface 2, and the relevant wick was
called wick 2. The heating loads applied to each surface were Q1 and Q2,
respectively.

The T type of thermocouple was used to monitor the temperature
variation during the LHP system operation, and the mounting positions
were shown in Fig. 5. Three thermocouples (TC1, TC2, and TC3) were
connected to the vapor line to measure the temperature of the evapo-
rator outlet (Te,), the vapor line, and the condenser inlet (T..),
respectively. Similarly, for the liquid line, TC7, TC8, and TC9 were used
to monitor the temperature changes of the liquid working fluid in the
liquid line. TC6 and TC10 were respectively attached to the condenser
outlet (T..,) and evaporator inlet (Te;). Four thermocouples were ar-
ranged on the walls of heating surface 1 (T.;) and heating surface 2
(Te2), respectively, and their average values were taken as the temper-
atures of each heating surface. TC20 and TC21 were connected to the
evaporator’s side wall to characterize the compensation chamber’s
temperature (T..). TC4 and TC5 were respectively connected to the
outlet and inlet of the coolant. T19 was used to measure ambient tem-
perature (Tamp). The experimental system and methods were consistent
with ref. 17 [21].

3. Results and discussion
3.1. Start-up characteristics

The minimum heat load required for LHP system startup is called the
threshold. System failure occurs if the heat load is below the threshold. If
the threshold is too high, the application of the LHP will be restricted.
Start-up is a highly complex process. Numerous variables affect the start-
up characteristics of LHP, including heat load, system attitude (the
relative position relationship between the evaporator and condenser),
and heat sink temperature. Research on the start-up performance of LHP
is important for improving the effective operating range of LHP.

3.1.1. Start-up characteristics with single-side heat load

In the experiment, we investigated the start-up procedure of a two-
wick bifacial evaporator LHP system with a single-side heat load.

Fig. 6 illustrates the start-up curve when just heating surface 1 was
subjected to the heat load. The system could be started with a heat load
of 10-160 W when the heat source temperature was lower than 80 °C.
Three types of start-up modes were observed during the start-up process.
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Fig. 3. Strength check (a) and deformation rate (b) of the composite evaporator.
Table 1
Geometric characteristics of the LHP system.
Evaporator Wick 1 Diameter (mm) 37 Vapor line Inner diameter (mm) 4
Thickness (mm) 3.5 Length (mm) 220
Porosity (%) 75 Liquid line Inner diameter (mm) 4
Wick 2 Diameter (mm) 37 Length (mm) 340
Thickness (mm) 3.5 Condenser Diameter (mm) 4
Porosity (%) 75 Length (mm) 600
Compensation chamber Outer diameter (mm) 34
Thickness (mm) 10

Evaporator

B =10°

Fig. 4. Set up of the system during the test.

The working fluid circulation in the system was discontinuous at low
heat loads. As a result, the start-up curve showed fluctuations (Fig. 6(a,
b)), and the system needed a long time to start. When the heat load
increased, the compensation chamber experienced a continual backflow
of the supercooled liquid. However, the mass flow rate was low. Under
these circumstances, the start-up curve was stepped (Fig. 6(c,d)). After a
particular degree of heat load had been reached, the working fluid
circulated significantly. Therefore, the supercooled liquid flowed back
quickly, and the system started and stabilized in a short time (Fig. 6(e,
).

The stepwise start-up of the system showed two alternative modes, as
illustrated in Fig. 6(c and d). When the heat load was 30 W, the tem-
peratures of heating surface 1 and the compensation chamber were
characterized by a peak-like behavior known as overshoot. This

occurred because the vapor channel was in a liquid form when the
system was cold, and the working fluid needed a certain degree of su-
perheat to vaporize. The temperatures of heating surface 1 and the
compensation chamber grew dramatically over this time. The cumula-
tive pressure of the gaseous working fluid grew as the working fluid in
the vapor channel evaporated, and the working fluid began to flow.
When the temperatures of the evaporator outlet and the condenser inlet
rose sharply, and the temperatures of heating surface 1 and the
compensation chamber dropped rapidly, the working fluid began to
circulate in the loop. The compensation chamber cooled, and the oper-
ating temperature curve had a sharp peak. When the compensation
chamber reached an energy equilibrium, the LHP system became stable.
The working fluid in the vapor channel already existed in a gaseous form
before startup with a 40 W heat load. When the heating surface was
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Fig. 5. Schematic diagram of thermocouple layout position.

subjected to a heat load, vaporization occurred quickly in the vapor
channel, and the heat was removed. Thus, there was no peak phenom-
enon during the start-up.

As shown in Fig. 6(a and b), we observed the overshoot phenomenon
in the early stage of the 10 W and 20 W start-up process, consistent with
the overshoot phenomenon observed at 30 W start-up. The temperatures
of heating surface 1 and the compensation chamber increased quickly.
The outlet temperature was less than the compensation chamber tem-
perature. The condenser inlet temperature abruptly increased after a
period of time. The temperatures of heating surface 1 and the compen-
sation chamber subsequently dropped. The working fluid began to
circulate, and the overshoot phenomenon appeared; this was also caused
by the vapor channel being filled with liquid when the system was in a
cold state. As shown in Fig. 6(f), the vapor channel was also full of liquid
before the start-up process at 140 W, but the system started quickly
owing to the high heat load, and the overshoot phenomenon was not
apparent.

Fig. 7 depicts heating surface 2’s performance under a 20 W heat
load. At the initial heating stage, the temperatures of heating surface 2,
compensation chamber, and heating surface 1 increased owing to heat
conduction. The evaporator outlet temperature also increased at a
constant rate, which indicated the liquid working fluid in the wick was
constant. When vapor channel pressure increased, the working fluid
flowed, and the operating temperature decreased. The temperatures of
heating surface 2, the compensation chamber, the evaporator outlet, and
heating surface 1 continued to rise, and the system failed to start.

For heating surface 2, the vapor channel was located above the
compensation chamber and the liquid supply of the fluid from the
compensation chamber to the capillary wick needed to overcome
gravity. The absorbing surface of wick 2 was being blocked by vapor in
the two-phase state of the working fluid in the compensation chamber.
Therefore, the startup failure of surface 2 might be due to the insufficient
liquid supply to the capillary wick, and the working medium could not
be continuously sucked by the capillary wick to the phase transition
interface.

In addition, the reason for system startup failure might also be due to
the excessive thermal resistance of the evaporator. The evaporator’s
heat load was divided into three parts: Qg heat transfer from the
evaporator sidewall to the compensation chamber wall, Qp, heat con-
duction through the heating surface and the rib to the gas-liquid inter-
face of the capillary wick, and Q. heat for liquid vaporization. Qp
accounted for the most significant proportion. The working fluid in the
capillary wick absorbed Qp to vaporize, and the vapor pressure pro-
moted the working fluid circulation. The evaporator’s thermal resis-
tance affected Qp. If the thermal resistance was large, the amount of
vaporization in the capillary wick would be small, and Q, would be
large. The compensation chamber temperature and pressure increased,

and the pressure differential between the wick’s vapor-liquid interface
and the compensation chamber was inadequate. The system’s working
fluid could not circulate, impeding the heat removal, the heating surface
temperature continued to rise, and the system failed to start up.

The evaporator thermal resistance is defined as the ratio of the dif-
ference in temperature between the evaporator wall and the vapor
temperature at the evaporator outlet to the heating load. It is divided
into three parts: thermal resistance of the heating cover plate, contact
thermal resistance between the cover plate and capillary wick, and
thermal resistance of vaporization. The heating cover plate was deter-
mined by the material and size of the cover. The working fluid trans-
ferred heat through a phase change, and the thermal resistance of
vaporization was low. Therefore, we inferred that the evaporator’s high
thermal resistance was produced by the evaporator’s high contact
thermal resistance, which was caused by the cover plate’s inadequate
contact with the capillary wick. The quality of the capillary wick, the
precision with which the cover plate was processed, and the welding
method used on the evaporator all had an effect on the contact thermal
resistance. Meanwhile, due to insufficient liquid supply to the capillary
wick, the wettability of the capillary wick was poor, and the contact
between the capillary wick and the cover plate was prone to forming a
cavity to store noncondensable gases, further increasing the contact
thermal resistance.

Fig. 8 shows that when Q3 was 30 W, the working fluid in wick 2
vaporized, and the evaporator outlet temperature increased slowly. The
compensation chamber temperature and pressure rose as a result of the
considerable side-wall conduction. The system proved difficult to start
up because the vapor-liquid interface and the compensation chamber
had insufficient pressure differential for the working fluid to flow. When
we increased Q; to 50 W, the working fluid in capillary wick 1 absorbed
heat and then vaporized. The gaseous working fluid entered the
condenser, increasing the condenser inlet temperature. Additionally, the
gaseous working fluid condensed into a supercooled liquid, which acted
as a heat transfer medium for the cooling system. Subsequently, the
evaporator inlet temperature decreased. The supercooled liquid was
returned to the compensation chamber, the evaporator cooled, each
testing point’s temperature lowered, and the operation finally stabilized.
The amount of vaporized working fluid in wick 2 was small. However,
the system’s circulation was pushed by the working fluid generated in
wick 1. The heat of heating surface 2 was continuously removed, so the
final temperature was stable.

Fig. 9(a) depicts the operating curve when the system was started
while keeping Q; = 60 W unchanged and gradually increasing Q. At the
beginning of the test, when Q; = 60 W, the system overshot; we
increased Qy to 10 W after the system was stable. Because of the inad-
equate heat dissipation of heating surface 2, the compensation chamber
was heated, and the operating temperature of heating surface 1 rose. The
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Fig. 6. The LHP’s start-up performance when Q1 was 10 (a), 20 (b), 30 (c), 40 (d), 50 (e), and 140 W (f).
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Fig. 8. The LHP’s startup performance when Q = 30 W.

heat of heating surface 2 was removed by the continuous circulation of
the working fluid. Finally, the system reached stable energy. Therefore,
the operating temperature was stable. When we increased Q», the tem-
peratures of heating surfaces 1 and 2 rose and eventually reached a new
energy equilibrium.

Fig. 9(b) shows the temperature difference between heating surfaces
1, 2 and the vapor outlet during the operation process. The phase change
heat transfer of capillary wick 1 remained constant as Q; remained
unchanged. Thus, the temperature difference between the heating sur-
face 1 and the evaporator outlet did not change significantly after the
start-up was stabilized. However, as Q; increased, the temperature dif-
ference slightly decreased because the working fluid circulation
increased in the system. Heating surface 2 corresponded to an extended
cooling surface, which had a lower temperature than the evaporator
outlet. When the heat load was applied on heating surface 2, the tem-
perature difference between the heating surface and the evaporator
outlet became positive and increased as the heat load increased.
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Fig. 9. (a) Temperature curve and (b) temperature difference for Q1 = 60 W
and Q2 = 0-80 W.

3.1.2. Start-up characteristics with both-side heat load

We investigate the bifacial heat load startup procedure by providing
heat to both heating surfaces of the LHP system.

In Fig. 10, the initial heat loads of the system were Q; = 10 W and Q>
= 30 W. We observed a rise in the temperatures at the condenser inlet
and compensation chamber. The temperature rise rate of heating sur-
faces 1 and 2 and the compensation chamber slowed, suggesting the
working fluid circulation. However, the circulation was low, and the
heat dissipation capacity was poor. When the heating surface tempera-
ture was raised to 70 °C, the operation was unstable. Increasing Q; to 30
W accelerated the vaporization of the working fluid in wick 1 and
increased the heat dissipation capacity of the evaporator. The evapo-
rator cooled when a substantial volume of supercooled liquid went back
into the compensation chamber. The temperature decreased and finally
entered a stable fluctuating state. By increasing Qi, the working fluid
circulation in the system could be improved, and fluctuations could be
eliminated.
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Fig. 10. The system’s startup curve with Q3 = 30 W and Q; = 10-80 W.

Fig. 11 depicts the start-up curve of the system when Q; = 30 W and
Q2 = 50 W. The system started smoothly at around 20 min. Under the
circumstances, heating surface 1 had a lower heat load than heating
surface 2, which was similar to Fig. 10. Because Q; and Q3 increased, the
system’s working fluid vaporization rate was increased, and the rate of
pressure rise in the vapor channel was more significant than that in the
compensation chamber. The working fluid began to cycle up when the
pressure difference was sufficient to overcome the system’s flow resis-
tance. The heating surface 1 temperature decreased, and the tempera-
ture rise rate of heating surface 2 decreased. As the flow gradually
stabilized, the system became stable, and the temperature of each
measuring point was constant.

Figs. 12 and 13 depict the start-up curve of the system when the two
heating surfaces were supplied with the same heat load. As shown in
Fig. 12, with heatloads Q; = 10 W and Q2 = 10 W, during the early start-
up period, the heating surface 1 temperature and the compensation
chamber temperature rose rapidly, and the heating surface 2 tempera-
ture rose slowly. Upon increasing the heating surface 2 temperature, the

T/C

t/min

Fig. 11. The system’s startup curve with Q; = 30 W and Q; = 50 W.
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t/min

Fig. 12. The system’s startup curve when Q; = 10 W and Q, = 10 W.
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T
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Fig. 13. The system’s startup curve when Q; = 80 W and Q. = 80 W.

evaporator outlet temperature and condenser inlet temperature rose
slowly, indicating that capillary wick 2 evaporated a little quantity of
working fluid into the condenser and capillary wick 1 was lacking liquid.
As time passed, the vapor pipeline pressure increased, and the system’s
working fluid started to flow. The condenser outlet temperature
decreased, and the reflux liquid entered the compensation chamber.
After reaching energy equilibrium, the system operated stably. As shown
in Fig. 13, the start-up curve for the system when the heat load on both
heating surfaces is raised to 80 W; it illustrates that the system can start
fast and maintain a stable condition.

Because of the considerable contact thermal resistance between the
capillary wick 2 and heating surface 2, the heating surface 2 temperature
was greater when two heating surfaces were loaded with the same heat
load. The system started faster and the temperature difference between
the two heating surfaces increased with increasing heat load.
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3.2. Operation with variable heat load 90
¢ Te1 > Te2 Te-o TC-I
Fig. 14 shows the variable heat load operating curve when only 804 ——T T, — Ty
surface 1 is heated. When the initial heat load of the system was 10 W,
reaching the state of energy equilibrium and temperature stabilization 70 Tariabie Conductance Mode
took a long time. During this process, the condenser and evaporator | -
outlet temperatures remained unchanged. When Q; = 20 W, the evap- 60 1 :
orator outlet temperature increased, and at the same time, the condenser 50 _ :
outlet temperature decreased, indicating that when Q; = 10 W, no $ i
working fluid was circulating in the system, and the evaporator dissi- [ 40 - }
pated heat through heat conduction and remained stable. As the head !
load increased, the heating surface temperature rapidly increased, the 30 -
pressure increased in the vapor channel, and the system’s pressure 1 '\\ !
equilibrium was destroyed, pushing the working fluid to flow. Under 20 20 v iConglent Conductance Mode
W and 30 W heat loads, the system’s working fluid circulation was un- 1 \ i S —
stable. As the heat load rose, the liquid content of the compensation 10 + ;7*/,7”,‘,% T T
chamber increased, and the system stability was enhanced without 0 | e G N
T T 1 L B B B L B LN B L L

temperature fluctuations. When heating surface 1 was below 80 °C, the
maximum heat load reached 160 W, equating to a 16.63 W/cm? heat
flux.

Based on each stable stage of continuous operation, a schematic di-
agram of the relationship between operating temperature and heat load
was drawn, as shown in Fig. 15. With 50 W as the boundary point, the
entire process could be divided into two operating modes: variable
conductance mode and constant conductance mode. When the heat load
increased from 20 W to 50 W, the temperature difference between the
condenser outlet and evaporator inlet decreased with the increased heat
load, and the compensation chamber temperature reached its lowest
point at 50 W. In this heat load range, the system was in variable
conductance mode. When the heat load exceeded 50 W, the operating
temperature increased linearly with the heat load, and the condensing
surface in the condenser was fully opened. Thus, the condenser reached
maximum condensation efficiency.

90 100110120130140150160170
Qw

Fig. 15. The relationship between operating temperature and heat load.

1T T
10 20 30 40 50 60 70 8

temperature of heating surface 1 was high when applying the same heat
load on both sides. When Q; was 10 W and Q3 was 0 W, the system was
not in the phase-change heating mode. Therefore, the temperature was
higher than that of the bifacial heating.

3.3. Thermal resistance analysis
The thermal resistance of the system (Ryyp) and the thermal resis-

tance for evaporation (Reyq) determine the LHP system’s heat transfer
performance. The formulas are as follows:

Fig. 16 shows the system’s operating conditions when heating two Tt — Teona
heating surfaces simultaneously. The maximum heat load applied to a Rune :T @
single heating surface was 80 W when the heating surface temperature
was below 80 °C. Owing to the higher heat transfer resistance of heating R To-vatt = Te—ou @
surface 2, it operated at a higher temperature than heating surface 1. o 0

Compared to the single-sided heating in Fig. 15, the operating

where Q denotes the heat load, Ty represents the evaporator wall’s
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Fig. 14. The LHP’s operating performance with variable heat loads on one side.
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Fig. 16. The LHP’s operating performance with variable heat loads on both side.

average temperature, Tong denotes the condenser’s average temperature
and T, oy is the evaporator outlet temperature.

Fig. 17 shows the relationship between thermal resistance and heat
load when only surface 1 was heated. The evaporator-to-condenser
thermal resistance (Riyp) and the evaporation thermal resistance
(Revgp) gradually decreased as the heat load grew. When the heat flux
was relatively low, the thermal resistance was greatly influenced by the
heat load, as for higher heat flux, the effect was small. Ry yp; varied from
2.395 °C/W to 0.324 °C/W with a heat load of 10-160 W Reygp;
remained basically unchanged when the heat load was greater than 80
W. When the heat load exceeded 30 W, Reyqp; stabilized at 0.140 °C/W.

Fig. 18 shows the relationship between thermal resistance and heat
load when equal heat load was applied to both sides. Both the loop
thermal resistance and the evaporation thermal resistance decreased
with the heat load increase. When the same heat load was applied to
surfaces 1 and 2, the loop thermal resistance (R gp2) and the evaporator
thermal resistance (Reyqq2) calculated by the wall temperature of heating
surface 2 are higher than those calculated by the heating surface 1
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Fig. 17. Thermal resistance when only surface 1 was heated.
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Fig. 18. Thermal resistance with bifacial heat load.

temperature. This was because the heating surface 2’s heat transfer
resistance was relatively large. With the same heat load, heating surface
2 had a higher operating temperature than heating surface 1. Ryyp was
determined using the average of heating surfaces 1 and 2. Since Ryyp;
and Rpppz were relatively close, Rygp can replace them equivalently.
Upon the same heat load on heating surfaces 1 and 2, the generated
vapor was collected in the vapor chamber and circulated through the
common external loop. Based on the parallel resistance calculation
principle, Rypgpiotqr can be calculated as follows. Rpppiorq; Varied from
2.395 °C/W to 0.324 °C/W with a heat load of 10-160 W.

Ri _ Tei - Tmnd (3)
Q
1 1 1
1,1 )
Rinpoar Ri - Ro

where Q represents the heat load applied to heating surfaces 1 (i = 1)
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and 2 (i = 2), T,; represents the temperature of heating surfaces 1 and 2
(i = 1,2), Teong is the condenser’s average temperature, R; is the loop
thermal resistance corresponding to heating surfaces 1 and 2 (i = 1,2).

Fig. 18 also compares the Ry yp; of single-side heat load with Ryyp; of
double-side heat load. Since Qy has an effect on the compensation
chamber during double-sided heating, and the high temperature of the
compensation chamber led to a high operating temperature of heating
surface 1, Ryyp; with bifacial heat load was larger than that with the heat
load applied to surface 1 only.

4. Conclusions

This study found that a two-wick LHP system with a bifacial evap-
orator is suitable for fuel cell flat heat sources. The evaporator had a
bimetallic stainless steel-copper wall. We tested and analyzed the causes
of different phenomena in the startup process. We also studied the
variation law of operating temperature at various heat loads. The main
results are as follows:

(1) Under the single-side heat load condition, heating surface 1
performed better. When heating surface 1 alone, the system could
start properly in the 10-160 W heat load range. As the heat load
gradually increased, we observed three start-up modes.

Due to the need for counter gravity for the liquid supply of
capillary wick 2, the wettability of capillary wick 2 was poor. We
observed a considerable contact thermal resistance between
heating surface 2 and capillary wick 2, resulting in a low heat
transfer efficiency from heating surface 2 to capillary wick 2. The
heat load strongly affected the compensation chamber, which
could easily lead to start-up failure, operation failure, or system
destabilization.

When the heat load was applied on the upper and lower walls of
the evaporator simultaneously. If the heat load Q; on heating
surface 1 was lower than the heat load Q3 on heating surface 2,
the system would start with difficulty or even fail. By increasing
Q1, the circulation of the working fluid in the system increased,
and temperature fluctuations could be eliminated. Therefore, the
system could start successfully when Q; equals or exceeds Q2. The
system started quicker as the heat load increased. The system
performed better at lower temperatures and thermal resistances.
We tested the variable heat load operation when heating surface
1 alone. The system’s maximum heat transfer was 160 W (16.63
W/cm?) when the heating surface 1 temperature was lower than
80 °C. The maximum heat transfer was 80-80 W with the same
heat load on both sides. The heat dissipation capacities of heating
surfaces 1 and 2 deviated owing to the complexity and uncon-
trollability of the evaporator manufacturing process.

The contact state between the heating surface and capillary wick
determined the evaporator thermal resistance, directly affecting
the LHP operation performance. We can improve the two-wick
evaporator and reduce thermal resistance by optimizing the
design and processing of the evaporator structure.
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