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Abstract: A pouring silicate wick was manufactured to explore the influence of process and physical
properties on the production and performance of loop heat pipes (LHP). This paper theoretically
analyzed the advantages of pouring porous wick and introduced the technology of pouring silicate
directly on evaporator. Based on this, the heat transfer performance of copper-methanol LHP system
with pouring porous wick was tested under different positions. The results showed that with the
input of multiple heat sources, the LHP could start up and maintain a stable temperature from 40 W
to 160 W. When the vapor grooves were located above the compensation chamber, it was difficult
to start up positively. By adding gravity assistance, the system could obtain more stable liquid
supply and vapor flow, so as to realize start up. In the variable heat load test, the LHP showed good
adaptability to the change of heat load. The thermal resistance of the system decreased with the
increase of heat load. The thermal resistance of the evaporator almost unchanged and was always
lower than 0.05 °C/W, which indicated that the pouring porous wick in the evaporator had good
heat load matching.

Keywords: loop heat pipe; copper-methanol; electronics cooling; pouring porous wick; multiple
heat sources

Highlights

The technology and process of direct pouring porous wick for LHP were introduced.

A flat LHP with a pouring silicate wick and three heat sources was fabricated.

The lowest Ry gp was 0.195 °C/W and the R.,; was always below 0.050 °C/W under
the heat load from 40 W to 160 W.

When the vapor grooves were located above the compensation chamber, the LHP
could start up by gravity assistance.

1. Introduction

Loop heat pipe (LHP) is an important device to solve the heat dissipation of high
heat flux thermal control system, which has the advantages of high efficiency, strong heat
transfer ability and compact structure. It is widely used in aerospace equipment [1], solar
energy [2], and power battery thermal management systems [3]. However, its industrial
and commercial applications still have much space for improvement due to its high cost
and complex fabrication process [4].

As shown in Figure 1, an LHP is composed of evaporator, vapor/liquid line and
condenser. The evaporator is the most significant part of LHP whose design and processing
are particularly important. For a flat LHP, the selection and assembly of porous wick and
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the design of evaporator structure are the determining factors of the stability and efficiency
of an LHP [5].
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Figure 1. LHP’s composition and working principle.

At present, the porous wicks widely used in LHPs are mainly fabricated by metal
wire mesh [5], foam metal [6], sintered metal powder [7], and so on. Deng et al. [8] used
metal wire mesh to make porous wicks in LHP evaporators with a heat dissipation area
of 190 mm x 90 mm. They used acetone as the working fluid to study the heat transfer
performance of the system. Wang et al. [5] experimentally studied the influence of sintered
copper powder porous wicks and copper wire mesh porous wicks on the heat transfer
performance of LHP. The data showed that the sintered porous wick has a faster start up
speed, more stable operation, and lower thermal resistance than metal wire mesh porous
wick. Zhou et al. [6] fabricated a multilayer foam metal wick evaporator. Experiments
showed that multilayer foam copper has higher thermal conductivity and a smaller ef-
fective aperture than foam nickel, shorter start up time, and a lower thermal resistance
during operation. Zhang et al. [7] manufactured a biporous wick with nickel powder and
constructed a flat-plate LHP with long heat transfer distance to test the performance limit
of the biporous wick. The experimental results showed that the maximum heat load was
110 W (6.6 W/cm?) and the minimum thermal resistance of the LHP was 0.382 °C/W.
Ren et al. [9] established an axisymmetric two-dimensional mathematical model to study
the influence of heat flux and porous structure parameters on the working state and perfor-
mance of porous wick, which was instructive for the design of more precise porous wick.
Hu et al. [10] used 3D printing technology to make a stainless steel porous wick that could
start successfully at a low heat load of 20 W (2.83 W/cm?) and operated stably in a wide
heat load range between 20 W and 160 W (22.63 W/cm?). The minimum LHP thermal
resistance was 0.181 K/W at a heat load of 160 W. Li et al. [11] selected porous SizNy
ceramics with monomodal and bimodal pore size distribution as novel wick materials for
loop heat pipe. They found that wicks with monomodal pore structure displayed lower
liquid uptake capacity and larger filling coefficient in comparison with those with bimodal
pore structure. Furthermore, the wicks using working fluid with lower viscosity, larger
surface tension and density showed better capillary performance.

In recent years, some other methods of fabricating porous wick have also been applied.
The most common type is sintered metal porous wick, owing to its smaller effective pore
size and higher thermal conductivity. Direct sintering on the vapor grooves is the most
ideal way in which the thermal resistance of heat conduction can be greatly reduced [12,13].
Moreover, the metal mesh porous wick is also widely used, which is easy to make and can
be cut directly according to the shape of the evaporator. Additionally, simple porous wick
processing method was broadly applied in research [14,15]. However, both the cost and the
dimension error requirement of the above two methods are high, especially for the sintered
porous wick [4].

In comparison with the aforementioned other methods, pouring porous wick has
many advantages. First, the cost of raw materials is very low as the average price of
300 mesh copper powder is 150 RMB/kg, while that of 300400 mesh silicate is only



Processes 2021, 9, 1332

30f16

2 RMB/kg. We have done a lot of LHP experiments with sintered metal powder wick
in our previous studies [13,16,17]. Compared with copper powder, the cost of silicate
is only about one-seventieth. At the same time, pouring at ambient temperature does
not require additional high temperature equipment. In terms of auxiliary devices, the
sintered metal porous wick needs high temperature sintering furnace and reducing gas.
From the perspective of the economy, the pouring method will further reduce the cost of
manufacturing LHP system. Considering the heat transfer performance of porous wick
material, the pouring porous wick is processed by cement, which is mainly composed
of silicate and water. The thermal conductivity of cement is within 2 W/(m-K), while
the thermal conductivity of metal sintered porous wick is much greater than this value.
According to Maxwell equation:

Mg =2As(1—¢)/(24¢) 1)

where Ag is effective thermal conductivity of porous materials, Ag is the thermal conductiv-
ity of solid metal and ¢ is the porosity. For example, the porous wick with 60% porosity
sintered by copper powder’s effective thermal conductivity is about 117 W/(m K), which
is more than 50 times of that of cement. Therefore, the back heat leakage of LHP can be
reduced under the condition of good sealing performance.

For large LHP, the direct pouring method also has the unique advantage that it is
not limited by the shape and area of evaporator. When the heat load is given, increasing
the heating area can effectively reduce the heat flux, so as to ensure that the electronic
equipment works in a safe temperature range. Obviously, the increase of evaporator area
limits the structural strength and flatness of sintered porous wick. It can be predicted that
direct sintering or pouring on evaporator will be an inevitable trend for large LHPs in
the future.

In this paper, a pouring porous wick was designed for the large area LHP. A series
of tests were carried out for the LHP with the pouring porous wick. The heat transfer
performance of the system was analyzed.

2. Design of the LHP

The manufacturing process of pouring porous wick was introduced in article [4]
and its flow chart is shown in Figure 2. It is worth noting that the pouring porous wick
in article [4] is limited by the mold, which restricts the match with various shapes of
evaporator and loses the advantages of pouring method.

| Cement and adhesive mixture |

Pouring mixture into the mold

De-molding

Ungqualified &
:

Qualified

I Physical parameter measurement ‘

| Archimedes’ method Darcey’s law I SEM

Porosity Permeability Surface morphology

Selected sample for test

LHP system performance test

Figure 2. Flow chart of pouring porous wick fabrication by He et al. [4].
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However, the production process presented in this paper can be represented as
Figure 3 and the structure of the evaporator is shown in Figure 4. The shell of the evaporator
is the limiting boundary for the porous wick instead of a mold. Through the circumfer-
ential boss set on the peripheral side of the evaporator, the pouring material was tightly
combined with the bottom surface of evaporator and the outside of the boss by the effect
of gravity settlement and liquid evaporation shrinkage. This could reduce the thermal
resistance and improve the sealing performance between the compensation chamber and
evaporation area.

= 1] = O~ PN

Direct pouring Drying Welding and charging

Figure 3. Production process of the direct pouring LHP.
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Figure 4. Structure of the evaporator. (a) Half shell of the evaporator (b) Cross-section after pouring.

The specific process is as follows. First, the copper evaporator was cleaned by acetone
and the oxide on the surface was removed by acid detergent. The cement was washed by
deionized water for more than three times. Then, it was put into the cement paste mixer
and stirred for 1 h. To form the vapor grooves effectively, a layer of copper mesh was
laid on the heat conducting ribs to prevent the cement from blocking the grooves. If the
vapor grooves were blocked, the LHP could not start up in subsequent experiments. The
cement was evenly poured on the heat conducting rib of the evaporator. The thickness
of the cement should be greater than the height of the circumferential boss to make it
completely submerged, so as to form a good sealing between the vapor side and the
compensation chamber side. At the same time, make sure that there is enough volume of
the compensation chamber. After pouring 72 h, the morphology of the pouring porous
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wick is shown in Figure 5. The thickness of the wick was 2.5 mm and the porosity was
40%. After the completion of the pouring, the evaporator was put into the drying oven
and the temperature was set at 80 °C for about 10 h. Finally, the evaporator, condenser
and pipeline were welded and the LHP system was charged. Methanol was selected as the
working fluid with a charge ratio of 70%.

Figure 5. Morphology of the porous wick after pouring 72 h.

The parameters of LHP system are shown in Table 1.

Table 1. Parameters of the LHP.

L/W/H 180/90/9 mm Groove depth 1.5 mm Material Copper
Evaporator

Groove width 2 mm Groove number 55 Working fluid = Methanol
Compensation chamber L/W/H 178/88/1.5 mm
Porous wick Porosity 40% Material Silicate Thickness 2.5 mm
Condenser 0O/1 6/5 mm Fin thickness 0.2 mm Pipe length 1220 mm
Vapor Line Material Copper Length 185 mm 0/1 6/4 mm
Liquid Line Material Copper Length 222 mm 0O/1 6/4 mm

3. Experimental Setup
3.1. LHP Experimental System

The experimental system mainly included the heating part, condensing device, power
controller, and temperature acquisition system. The heating part of the system was com-
posed of three 40 x 40 mm ceramic heating plates, whose power was controlled by a series
power controller. A layer of heat conducting silicone grease was coated between the ce-
ramic heating plates and the heating surface of the evaporator to reduce the contact thermal
resistance. An air-cooled finned tube condenser with three fans was used in the LHP sys-
tem. The signal of each T-type thermocouple was collected by the temperature collector,
which was converted into the corresponding temperature value by software EsayDaq and
stored in the computer. The temperature measurement error of T-type thermocouple was
£0.5 °C. The arrangement of thermocouples and a prototype of the system are shown
in Figure 6. H1-H4 were on the heating surface and close to the heating sources. The
distance between H1 and H2 was 50 mm, which was equal to that of H3 and H4. The
distance between H2 and H3 was 60 mm. CC-wall was on the back of the evaporator,
which indicated the temperature of the compensation chamber. Eva-in, eva-out were at
the inlet and outlet of the evaporator respectively. Con-in, con-out, con-mid were at the
inlet, outlet and middle of the condenser respectively. During the experiment, the heat
sources, vapor line and liquid line were wrapped with insulation cotton to reduce the heat
exchange with the environment. Two air conditioners were used to control the ambient
temperature within 17 + 1 °C.
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con-in eva-out

con-mid con-out cva-in

Figure 6. LHP experimental diagram and prototype.

To explore the operation of LHP in different positions, several positions shown in
Figure 7 were set for the transient response test of thermal load. ® is the angle between
the system and the horizontal plane. Under No.1-No.4 positions, the heat sources were
located higher than evaporator, while the heat sources were located lower than evaporator
under No.5 and No.6 positions. There was gravity assistance in No.2-No.4 positions’ liquid
line but it was in the opposite direction inside the evaporator. No.6 position was under
unfavorable condition of gravity. No.1 position was a rare position of LHP. The vapor
grooves of this position were located above the compensation chamber, which was not
conducive to the liquid supply of the porous wick. This problem could be improved by
adding a secondary wick [18].

Generally, the circulating power of LHP is provided by the capillary force at the
two-phase interface of the porous wick, which greater than the sum of all parts of the
system’s resistances. The formula is as follows:

Apcap > DAPiotar = BPgroove + Apor + BPcona + Apu + Bpuwick + Apg )

However, the premise of this theory is that the fluid must form a continuous loop in
the system, especially in the liquid or multiphase region.

According to the existing research, the start up process is mainly as follows. First,
the heat load is loaded on the heating surface of the evaporator, and the vapor in the
evaporator pushes the liquid working fluid in the vapor line into the condenser. After
heat exchange, it becomes subcooled liquid and flows back to the compensation chamber.
Then the compensation chamber supplies the liquid to the porous wick. The system can be
stabilized only after each step of the process is successfully implemented.
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Figure 7. Diagram of the LHP under different positions.
3.2. Data Processing Method

The main physical parameters in the experiment include the input power Q, the
temperature of each point T}, the heat flux of heating area g, the system thermal resistance
Ry pp, the evaporator thermal resistance R,y and the condenser thermal resistance Reoy.
The input power Q was controlled by the power regulator. The heat sources were ceramic
heating plates, which were pressed with the heating surface and wrapped with insulation
cotton so as to diminish the heat loss.

The total heating area of the heat sources is A. The heat flux of evaporator heating
surface can be calculated as:

q9=Q/A 3)
The calculation formulas of thermal resistances are as follows:
Rrpp = (T — T¢)/Q 4)
Reva = (Te - Te,out)/Q (5)
Rcon = (Tc - Ta)/Q (6)

where T, is the evaporator wall temperature and is considered to be constant after the
system operates stably, T, . is the evaporator outlet temperature, T, is the average tem-
perature of the condenser inlet and outlet which is calculated by T, = (Tcon,in—l—Tcon,wt) /2,
T, is the ambient air temperature. T, was considered to be constant.

4. Experimental Results and Analysis
4.1. Start Up Performance of Position No.1 (Heat Input Was Terminated at 480 s)

In No.1 position, the working fluid could not be continuously pumped to the phase
transition interface by the porous wick, which led to the continuous rise of evaporator tem-
perature. As shown in Figure 8, under the heat input of 120 W, the evaporator temperature
reached 100 °C at about 260 s with no trend of stability. When the temperature of heating
surface reached 140 °C, the heat input was terminated.

The experimental results showed that there was a great temperature difference on the
heating surface of the evaporator since it was difficult for the porous wick to replenish the
liquid needed for evaporation. The evaporator’s area was large and had three heat sources.
The liquid inlet was close to H4 point but far away from H1. Moreover, our pervious tests
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before experiments showed that the permeability of the pouring porous wick was lower
than that of the metal sintered porous wick, which also inhibited the liquid supply away
from the inlet of the compensation chamber.

NO.1Q=120W

—=— eva-0ut —e— con-in—4+— con-out

140

—y— eva-in
120 +- ambient

- CC wall

1004 4y -100
—a-H2
——H3 - 80

—— H4
- 00

Temperature / °C
2

L 40

=20

0 100 200 300 400 500

Time /s

Figure 8. Temperature response during startup process of No.1 position at 120 W.

4.2. Start Up Performance of Position No.2 (Heat Input Was Terminated at 1480 s and 650 s)

In No.2 position, the condenser was higher than the evaporator, and the angle between
the system and the horizontal plane was 20°. This position could increase the gravity
assistance, which was conducive to the flow of vapor. At the same time, it was beneficial
for the liquid at the inlet of the compensation chamber to enter the porous wick along the
evaporator shell.

As shown in Figure 9, the LHP of No.2 position still failed to start at 80 W and 120 W
heat load. However, compared with No.1 position, the evaporator outlet temperature and
evaporator inlet temperature of No.2 position rose synchronously at first, which showed
the working fluid in the compensation chamber was in two-phase state. Meanwhile, the
rising condenser inlet temperature proved that the vapor entered the condenser through
the vapor line. After a while, the condenser inlet temperature suddenly decreased and the
condenser outlet temperature increased sharply before it decreased soon. This indicated
that the system tended to operate in reverse direction, but the driving force of reverse
flow was not enough to maintain the continuity of the working medium. At the heat load
of 80 W and 120 W, the condenser outlet temperature began to drop at 400 s and 273 s,
respectively. When the condenser outlet temperature and condenser inlet temperature
intersected again, the evaporator inlet temperature began to drop, which indicated the
working fluid in the liquid line entered the compensation chamber. However, the heating
surface temperature and the evaporator outlet temperature did not decrease, because the
flow of the working fluid was discontinuous and the liquid in the compensation chamber
could not be supplied to the porous wick for evaporation. The temperature of heating
surface had no trend of stability, so the system finally failed to start.
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Figure 9. Temperature response during start up process of No.2 position at 80 W and 120 W.
4.3. Start Up Performance of Position No.3 and No.4
Increasing the tilt angle to 30°, the system could start and the temperature of each
point was within a certain range. As shown in Figure 10, the system started up smoothly at
80 W but the reverse flow occurred obviously. The highest vapor temperature was 48 °C
and the heating surface temperatures of the evaporator were below 80 °C. However, the
temperature difference between H1-H4 points was still large. The temperature of H1 was
about 23 °C higher than that of H4. On the other hand, the temperatures of H1-H3 were
much higher than that of vapor. This was not caused by the excessive contact thermal
resistance, but due to the shortage of phase change working fluid supply.
— 0 —
NO30=30°Q=80W S0 NO30=30"Q=120W T
1 [—®— eva-out 100 [—=— eva-out
1—*—con-in (@) 1T—*— con-in
(0-) g0 J—*— con-out L 80 o g con-‘out °I 80
- |—v— eva-in o Eam kel
2 1—¢—ambient g ]+ ambient
|—o— CC wall =60d" L
*5 L - 60 = 60 i 60
S I I
——u3 ST D ST CED G —n3 i
E~40 - i - 40 2-40 ‘i 40
ﬁ 5 o
204 g o—0—2—9—9—9—o 20 P‘20- o 20
0 500 1000 1500 0 500 1000 1500
Time /s Time /s

Figure 10. Te

mperature response during start up process of No.3 position at 80 W and 120 W.

At 120 W heat load, it was worth noting that the temperature of H3 decreased suddenly
after starting up to the maximum temperature of 86 °C. It finally stabilized around 70 °C
and gradually tended to the temperature of H4. The reason for this phenomenon was that
the higher heat load increased the vapor’s mass flow rate and the reflux liquid’s velocity in
the circulation process. The compensation chamber could supply more liquid to the porous
wick so that the temperature of H3 decreased.

Increasing the tilt angle to 40°, the start up process of No.4 position is shown in
Figure 11. Compared with the No.3 position, there were zigzag temperature fluctuations
at 80 W heat load, which is a common phenomenon in low heat load start up of flat LHP.
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Figure 11. Temperature response during start up process of No.4 position at 80 W and 120 W.

Generally, due to heat leakage, the condenser inlet temperature will be slightly lower
than the evaporator outlet temperature. There is a certain heat transfer temperature
difference between the condenser outlet temperature and the refrigerant temperature. The
evaporator inlet temperature is close to the condenser outlet temperature. If the heat
leakage of the evaporator is large, the inlet temperature will also rise.

The experimental results showed that the condenser outlet temperature was lower
than the condenser inlet temperature at 80 W. The difference between the condenser outlet
temperature and the ambient temperature was not more than 2 °C under the condition of
air cooling.

In fact, when the heat load was 80 W, the condenser outlet temperature tried to rise
but decreased to ambient temperature finally. The reason is that the condenser outlet
temperature rose before the condenser inlet temperature was that the evaporator was
closer to the condenser outlet than the condenser inlet. That meant the flow resistance of
vapor from evaporator outlet to condenser outlet was lower. The vapor first arrived at
condenser outlet but could not push up the liquid in the condenser. Thus, the condenser
outlet temperature increased. With the accumulation of the vapor at the condenser inlet,
the pressure raised and pushed the system in a positive direction, and the condenser outlet
temperature decreased to close to the ambient temperature. Since the condenser was
air-cooled, the temperature fluctuations of each point were more intense in this process.

However, when the heat load was 120 W, it was unreasonable that the condenser
outlet temperature was higher than the condenser inlet temperature. It could be inferred
that the system was in reverse flow. In this regard, the vapor generated in the compensation
chamber and entered the condenser for cooling through the liquid line.

This kind of phenomenon is rare in articles, because the position of LHP with the
vapor grooves higher than the compensation chamber is rarely studied. This situation was
a self-adjustment of the system because the compensation chamber could not supply liquid
in time. The liquid supply to the porous wick was not enough, so the continuous heat
input made the liquid evaporate in the compensation chamber and generated vapor. Since
it was difficult for the vapor to pass through the porous wick, the vapor was cooled after
converging through the liquid line to the condenser, and the circulation was established.

Comparing the evaporator outlet temperature of No.1-No.4 positions, it could be seen
that the increase of the tilt angle effectively shortened the time for vapor flowing out of the
evaporator. The larger the angle, the shorter the time for vapor to converge and flow out of
the evaporator.
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4.4. Start Up Performance of Position No.5 and No.6

No.5 position was a common position of flat LHP. The condenser was located higher
than the evaporator, so its gravity-assisted effect was more obvious. When the heat load
was 40 W, 80 W, 120 W, and 160 W, the maximum temperature of heating surface was
43.7 °C, 64.5 °C, 84.5 °C and 108.8 °C. As shown in Figure 12, there was no reverse flow
occurring in the system, which further showed that the relative position of vapor grooves
and compensation chamber in the LHP had an important influence on the start up and
operation of the system. However, there was still a large temperature difference on the
heating surface of the evaporator with three heat sources. The large temperature difference
was caused by many factors, including uneven distribution of heat sources, poor liquid
supply of porous wick, large thermal contact resistance between ceramic heating plates
and evaporator, and so on.

50 Q-40W 50 80 Q80N 80
—8— ¢va-out—e— con-in—4— con-out —=— gva-out—e— con-in—~— con-out—y— eva-in|
—¥— eva-in ) [—o— ambient—e— CC wall——H1
E)') —&— ambient o —o— H2
—e—CC wall —~ H3
o 01 m -40 260'+H4 60
Tuet
=l m g
1; -+ H3 E
= = M 2 401 L 40
Q_30 . -30 E
: <
~ 20 — 20
204 -20
0 500 1000 1500 2000 0 500 - 1000 1500
Time /s Time /s
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Figure 12. Temperature response during start up process of No.5 position at 40 W, 80 W, 120 W and 160 W.

The No.6 position was under unfavorable condition of gravity, but the system still
started up successfully. As shown in Figure 13, at the same 120 W power, the temperature
of heating surface was about 20 °C higher than that of the No.5 position. However, the
temperature uniformity was improved. It was obvious that the temperature difference
between H1-H3 points on the heating surface was very small, but the temperature of H4
point was about 20 °C lower than that of the other three points. The reason was that H4
point was closest to the evaporator inlet, and the working fluid reached H4 first. After the
liquid entered the compensation chamber of the evaporator, it was divided into two parts.
One part evaporated in the capillary core near H4 point. The other part flowed to the other
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side of the compensation chamber and evaporated in the capillary core far away from H4
point. Then the vapor left from the evaporator outlet together. It could be inferred that
there was more liquid evaporated near H4 point so that the temperature of H4 was much
lower than that of H1-H3.
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Figure 13. Temperature response during start up process of No.6 position at 80 W and 120 W.

The evaporator inlet temperature fluctuated greatly. The evaporator inlet pipeline was
above the compensation chamber, so there were temperature fluctuations at the evaporator
inlet, which was caused by the discontinuous liquid flow.

4.5. Operation with Variable Heat Load

To investigate the stability of the LHP with direct pouring wick, the system was
tested with variable heat loads under No.5 position. The ambient temperature was 19 °C
and the LHP showed good adaptability to the change of heat load, but there were also
temperature fluctuations during the test, especially the evaporator inlet temperature. The
temperature of evaporator kept good consistency except for the heating surface. Due to the
discontinuous flow of liquid, temperature fluctuations were easy to occur at the inlet of
evaporator, which was more obvious with medium heat load.

Figure 14 showed the temperature characteristics of the uniform variable heat load
cycle test between 20 W and 160 W. The heat load increased from 40 W to 160 W, and then
decreased to 20 W by the same amplitude. Temperature overshoot occurred at 40 W and
60 W, and it decreased with the increase of heat load. When the heat load increased to 40 W
and 60 W, the system was not in supercooling state. This meant the vapor line had been
filled with vapor, so the temperature overshoot phenomenon was relatively smooth.
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—eva-out ——con-in ——con-out
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Figure 14. Temperature response during continuous operation of No.5 position at 20 W-160 W-20 W.
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It was worth noting that when the heat load was 40 W, 80 W, 120 W, and 160 W,
after the system was stable, the temperatures were all higher than that of the fixed heat
load start up experiment under the same heat load. The analysis showed that it was
related to the initial conditions of the system. The distribution of temperature and working
fluid in the system affected the start up and operation of the LHP. The initial temperature
of the system could be regarded as the ambient temperature, and the liquid was in the
region of low gravitational potential energy. During variable heat load operation, the
temperature distribution and working fluid flow state of the system in the previous stage
were different from those at ambient temperature, which led to the higher temperature
after reaching a new equilibrium. That also meant the stability point of the system was
affected by the process. In practical applications, it is instructive to determine the thermal
load corresponding to the allowable temperature of the system [8].

As mentioned above, the LHP of the No.4 position operated in reverse when starting
at a low heat load. This situation also appeared in the variable heat load test, such as A
and B stages in Figure 15. It was related to the relative position and heat load of the system.
The experimental results showed that the reverse flow was more likely to occur in high
heat load start up process under No.3 and No.4 positions. However, the condition of the
No.5 position was not conducive to reverse flow, and reverse flow occurred only in the low
heat load stage (1040 W).

NO.5
80 —s— gva-out —e— con-in —i— con-out—¥— eva-in
—— ambient——H1 —o—H2
o | ——H3 ——H4 60
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> : o
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Figure 15. Temperature response during continuous operation of No.5 position at 60 W-10 W-60 W.

4.6. Thermal Resistance Analysis

Thermal resistance is a significant performance index, which reflects the heat transfer
ability of LHP. Ry yp indicates the ability of the system to absorb and discharge heat. Reva
reflects the performance of the porous wick in the evaporator. Reon represents the ability of
the condenser to transfer heat to the environment.

As shown in Figure 16, R gp and Reon decreased with the increase of heat load. The
lowest Rpgp was 0.195 °C/W and the lowest Reon was 0.185 °C/W. Due to the large area
of evaporator, the evaporation area and heat capacity of the porous wick were also large,
so the heat loads were all within the heat transfer limit of the system. Reva was between
0.037-0.050 °C/W. The value of Reya/Rypp was kept at a low level, about 20%. The LHP
fabricated by Deng et al. [8] was similar to this article’s. They used metal wire mesh
as porous wick and the value of Reva/Rpup was 55% at 40 W and 23% at 120 W. The
comparison showed that the Reyva /Ry pp of pouring porous wick is lower than metal wire
mesh wick at low heat load and more insensitive to the change of heat load.
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Figure 16. Thermal resistance at different heat loads of NO.5 position.

Compared with evaporator thermal resistance, the LHP thermal resistance was larger,
especially at low heat loads. The reason was that when the heat load was low, the working
fluid’s circulation rate and mass flow rate were small. As a result, there was liquid fluid
in the vapor grooves of the evaporator. With the increase of heat load, the working fluid
evaporated more quickly in the vapor grooves, so that the circulation rate of the system
increased. Therefore, the thermal resistance of LHP was reduced. So there is more research
significance to improve the low thermal resistance working range of the system [8].

5. Conclusions

In this article, the advantages and technology of direct pouring porous wick for LHP
were introduced. This paper provided a creative idea of setting a unique circumferential
structure on the evaporator to achieve a good sealing performance of pouring porous wick.
Based on this, the LHP system was fabricated and the experiments under several positions
were carried out. A few conclusions were obtained from the results as follows:

(1) The LHP system could operate stably in normal position and achieve good tempera-
ture control effect. The maximum heat load could reach 160 W. It also could operate
stably under unfavorable conditions of gravity.

(2) When the vapor grooves of LHP were located above the compensation chamber, the
system was difficult to stabilize. By adding gravity assistance, the LHP could start up
at 80 W and 120 W, but there would be reverse flow.

(3) In continuous operation, the LHP showed good adaptability to the change of heat
load. However, there were temperature fluctuations during the test. When the heat
load was low, the reverse flow occurred.

(4) The thermal resistance of the system decreased with the increase of the heat load, but
the thermal resistance of the evaporator almost unchanged, which indicated that the
pouring porous wick in the evaporator had good heat load matching.

(5) In the future, the experimental research of direct pouring LHP should improve
performance by reducing the area of evaporator and adding secondary porous wick
in liquid line. Direct pouring LHP will obtain more applications because of its low
cost, short manufacturing cycle and good sealing performance.
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Nomenclature
A thermal conductivity, W/(m-K)
€ porosity
L length, mm
\ width, mm
H height, mm
(@) outside diameter, mm
I inside diameter, mm
0 tilt angle, °
p pressure, Pa
Q heat load, W
A heat area, cm?
q heat flux, W/cm?
T temperature, °C
R thermal resistence, °C/W
Subscripts

effective

solid metal
cap capillary force
vl vapor line
1 liquid line
g gravity
LHP loop heat pipe
eva evaporator
con condenser
e evaporator wall
e,out evaporator outlet
ein evaporator inlet
c average of condenser inlet and outlet

con, in condenser inlet
con,out condenser outlet

a ambient
CcC compensation chamber
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