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Abstract: In this study, visualization treatment was applied to the flat disk-shaped evaporator of a
loop heat pipe. By observing the liquid/vapor behavior inside the evaporator and compensation
chamber, the effects of orientation on the performances during startup and during a step-increase in
heat load were investigated. With water as the working fluid, the loop heat pipe was tested under
three typical orientations of ¢ = —90°, ¢ = 0°, and ¢ = +90°. The startup time was the shortest
for the ¢ = —90° orientation but there could be a slight temperature overshoot, resulting in an
unsmoothed startup process. The startup speeds under the ¢ = 0° and ¢ = +90° orientations were
similar, both without any significant temperature overshoot. The orientation could significantly
change the heat leak and, therefore, the operating temperature and the heat-transfer limit. For the
@ =+90° and ¢ = —90° orientations, the heat-transfer limits were about 71% and 157% of the value
at the ¢ = 0° orientation, respectively. Based on visual observations, for the loop heat pipe operating
in gravity-driven mode, there could be two different paths for the working fluid to return to the
evaporator, namely, along the vapor line for low heat loads and along the condenser and liquid lines
for relatively large heat loads, respectively.

Keywords: loop heat pipe; flat disk-shaped evaporator; visual observation; orientation; gravity-driven
mode

1. Introduction

With the rapid development of electronic technology, the heat generation and heat
flux of electronics have also increased significantly. To solve the increasingly serious heat
dissipation problems, multiple technology paths have been proposed and developed in
recent years, such as the phase-change material heat sink [1-3], the microchannel heat
sink [4,5], spray cooling [6-9], and the loop heat pipe (LHP) [10-12]. Among them, the LHP
is a phase-change heat-transfer system with high heat-transfer efficiency and installation
flexibility [13]. The capillary force generated spontaneously in the porous wick is the
driving force that circulates the working fluid in the loop and no additional power input
is required, resulting in high reliability. In consideration of the above advantages, the
LHP technology is an important solution for the future of heat dissipation in electronics,
such as CPU (Central Processing Unit), GPU (Graphics Processing Unit), and LED (Light
Emitting Diode) [14,15]. The LHP consists primarily of an evaporator with a compensation
chamber (CC), a condenser, and vapor and liquid lines [13,16]. The evaporator is the most
critical component of a LHP and can be divided into cylindrical-type and flat-type from the
shape [15]; the LHP with the flat evaporator, usually abbreviated as FLHP, can achieve lower
contact thermal resistance and a more promising application value as a result of the shape
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fitting with the common heat source. Until now, many different types of FLHP evaporators
have been designed and developed, which can be divided into “opposite replenishment”
type and “longitudinal replenishment” type according to the relative position of the CC
and the heating surface [17]. Among them, the FLHP with the disk-shaped opposite
replenishment evaporator is one of the important ones and has received some attention.

In the application of LHP technology in terrestrial environments, the influence of
the installation orientation is an inevitable issue. However, for the FLHP with a disk-
shaped evaporator, the related studies have been rather limited. Celata et al. [18] placed
the evaporator and condenser of a disk-shaped FLHP at the same height and investigated
the performances under two orientations, i.e., evaporator above the CC and evaporator
below the CC. The test results showed that the orientation that had the evaporator located
above the CC could lead to some temperature and hydraulic oscillations. Chen et al. [19]
evaluated the thermal performance of a disk-shaped FLHP with tilts of 0° and 18°, where
the condenser was set at the same height as the evaporator and 9.3 cm higher than the
evaporator, respectively. The experimental results indicated that a tilt of 18° could shorten
the startup time and reduce the thermal resistance. Maydanik et al. [15] positioned a disk-
shaped LHP at the system slopes of ¢ = +90° (evaporator on the top), ¢ = 0° (evaporator
at the same height as the condenser), and ¢ = —90° (evaporator at the bottom) and found
that the variation in the maximum heat-transfer limit would be no more than 20-25%.
Maydanik et al. [14] also examined the effect of orientations on another disk-shaped FLHP
and the maximum change in heat load was less than 30%. Wu et al. [20] studied a multi-
evaporator FLHP with three disk-shaped evaporators in parallel; the results showed that
the gravity-assisted angle could not only improve the steady state performance but could
also speed up the startup process.

Visualization is an effective approach to obtaining the vapor and liquid behavior
inside the system that can make up for the shortcomings of conventional measurements
and deepen the understanding of the related physical mechanism. Until now, two main
technologies, neutron radiography and direct observation, have been developed to achieve
the visualization of LHPs.

Neutron radiography is a non-destructive method that has little effect on the heat/mass
transfer process due to the fact that the LHP structure has not been modified. As early
as 2004, Cimbala et al. [21] verified the effectiveness of neutron radiography in the visual
observation of an ammonia LHP. In that study, the relationship between the neutron images
and the liquid/vapor distribution was established and some interesting phenomena, such
as reverse flow and partial wick dry-out, were detected. Chuang et al. [22,23] proposed
and confirmed the operating theory of a LHP operating under gravity-assisted orientation
with the help of neutron radiography technology. Okamoto and Hatakenaka et al. [24,25]
utilized neutron radiography to investigate the liquid behavior inside the evaporator of a
miniature LHP at steady-state operation, as well as the dry-out of the primary wick during
startup. Additionally, the effect of the secondary wick on the liquid /vapor distributions
was also compared. Maydanik et al. [26] compared two LHPs, with ammonia and methanol
as the working fluids, respectively, and discussed the effects of orientations and heat loads
on the basis of neutron images. For the methanol LHP, oscillations of the liquid-vapor
interface could be recorded clearly in the compensation chamber and the condenser.

However, neutron radiography manifests some disadvantages, such as inconvenient
experiment construction and lack of detail. Therefore, the other visualization technology,
direct observation through intrusive borescopes or transparent structures, has received
greater application. The intrusive borescope is an effective tool to achieve the direct vi-
sualization of some container-like components, such as the compensation chamber and
the liquid core. D’ Entremont and Ochterbeck [27,28] designed a LHP with a cylindrical
evaporator and a set of movable borescopes was inserted into the liquid core and com-
pensation chamber. With the help of the borescopes, the vapor formation, movement, and
distribution in the liquid core and compensation chamber during the LHP steady-state
operation, startup, and deprime were observed and analyzed. Later, Chang et al. [29,30] ap-



Energies 2023, 16, 5068

30f17

plied the borescopes to visualization studies of the evaporator and compensation chamber
of a two-evaporator-one-condenser LHP.

Other than the observation through borescopes, transforming the related components
to be transparent is another technical solution. So far, only a few studies have utilized this
technique to visualize LHPs to varying degrees. Among these studies, except for a few that
dealt only with the visualization of LHP external loops, such as transport lines [31] and
condensers [32-35], the majority were more concerned with the evaporator and CCs.

Regarding the visualization studies of cylindrical evaporator LHPs, some representa-
tive ones deserved to be reviewed below. Lin et al. [36] comleted the partial-visualization
of a dual compensation chamber loop heat pipe with the help of assembled glass windows.
In this research, the authors described the bubble dynamics and liquid level in CCs with
respect to the evaporator orientation; at the same time, the reverse flow in the condenser
was also reported. By using a transparent tube as the casing for the evaporator and CC,
Nishikawara et al. [37,38] observed the phase distribution and displacement inside the
evaporator and established a link to LHP performance. Zhang et al. [39] realized the
semi-sectional visualization of the cylindrical evaporator of a LHP. Based on the complete
observation of bubble formation and liquid motion throughout the liquid core and CC, the
phenomenon of temperature fluctuation was interpreted. Takamatsu et al. [40] visualized a
cylindrical evaporator LHP, almost globally, and established the relationship between the
bubble occupancy in the reverse region and LHP performance accordingly.

Except for the cylindrical evaporator LHP, the method of observing liquid/vapor
behaviors through transparent structures was also applied to FLHPs. For a FLHP with a
longitudinal replenishment evaporator, Bartuli et al. [41] reported a visualization scheme of
the CC and the condenser and adopted similar ideas. Zhou et al. [42], Wang et al. [43], and
Du et al. [44] further expanded the visualization scope to the vapor grooves. Aiming at the
FLHP with a disk-shaped opposite replenishment evaporator, which is also the object of
this paper, some visualization studies were also conducted. Mo et al. [45] investigated the
temperature oscillations of a disk-shaped evaporator FLHP by using transparent materials
to substitute the vapor/liquid line, condenser line, and part of the CC. Anand et al. [46]
investigated the deprime process in the disk-shaped evaporator by visualizing the CC. Xu
et al. [47,48] designed a FLHP with an optical disk-shaped evaporator of which the CC
and vapor grooves could be observed. By means of this experimental setup, the effects of
two-layer composite wicks and the working fluid inventory were studied in depth. Zhao
et al. [49] developed a global visualization FLHP with a disk-shaped evaporator where
the evaporator, the condenser, and the pipelines were all transparent. By observing the
changes in liquid /vapor behavior, three startup stages were recorded and analyzed.

Based on the literature review above, with the help of the visualization study, the
two-phase flow regime inside the FLHP has been widely observed and the understanding
of the heat-transfer mechanisms has been gradually improved. However, to the best
of the authors” knowledge, there have been few studies that have utilized visualization
technology to investigate the effect of the orientation on the performance of a FLHP with
a disk-shaped evaporator, resulting in a certain lack of clarity in terms of the operating
mechanism. Therefore, in this study, the authors visualize the evaporator-CC assembly of
a flat disk-shaped evaporator FLHP and observe the liquid /vapor behavior inside through
the transparent structure. Through this visual observation, the effects of orientation on
FLHP performances during startup, and during step increases in heat load, were analyzed
and some new mechanisms were proposed, which could be helpful in promoting the
terrestrial application of FLHPs.

2. Experimental Setup
2.1. Design and Description of the Visual FLHP
As displayed in Figure 1a, the object of this study was a set of visual FLHPs consisting

of an evaporator, compensation chamber (CC), vapor line, liquid line, and condenser. The
evaporator was disk-shaped and the CC was located opposite the heating surface of the
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wick. To achieve the observation of the liquid and vapor behaviors, a visual design was
applied to the evaporator—CC assembly. As presented in Figure 1b, the evaporator-CC
assembly consisted primarily of the evaporator plate, the CC cover, the visualization
window, and the capillary wick, all of which had been carefully designed to allow the
system to be assembled and sealed properly. The evaporator plate and CC cover were
both machined from brass and welded to the vapor line and liquid line, respectively. The
active zone of the evaporator plate was circular, with a diameter of 50 mm; in addition,
12 parallel grooves, with both a width and a depth of 2 mm, were milled for vapor removal.
The visualization window was made of quartz glass and annealed after flame polishing to
obtain better optical properties and mechanical strength. The sealing of the evaporator—-CC
assembly was achieved by three fluoro-rubber O-rings, of which the deformation was
created by the action of six bolts. The O-rings between the CC cover/evaporator plate and
the visualization window provided the area of sealing between the working fluid in the
evaporator—CC assembly and the external environment; meanwhile, the O-ring between
the wick and the visualization window was used to prevent the vapor in the vapor grooves
from directly entering the CC, which was also critical for the FLHP operation.
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Figure 1. Description of the visual FLHP design.

The capillary wick (Figure 1c) was sintered by spherical copper powder. It was
measured that the maximum equivalent diameter of the wick was 44.76 ym and the
porosity was 20.6%. The diameter of the wick was the same as the active zone of the
evaporator plate (i.e., 50 mm) and the thickness was 10 mm. The interior of the CC was
a cylindrical space with a diameter of 36 mm and a height of 25 mm; its internal volume
could be calculated to be about 24.8 mL.

The vapor line and the liquid line were both circular copper tubes with an outer
diameter of 6 mm, an inner diameter of 4 mm, and a length of 300 mm. The condenser
was a copper coil heat exchanger with a channel diameter of 4 mm and an effective length
of 294 mm; the condenser plate was measured to be 100 mm x 100 mm x 10 mm. In this
study, water was selected as the working fluid and the filling volume was 35 £ 0.5 mL,
which was carefully designed and calculated to avoid operation failure.
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2.2. Construction of the Experimental System

A schematic diagram of the experimental system is shown in Figure 2. The heat load
was applied to the evaporator by an annular Kapton heater (®56/10 mm) and its output
power was controlled by a DC power supply (PSW 160-21.6, GW Instek, Taiwan, China).
To reduce the heat leak to the environment, the Kapton heater was covered with aerogel
felt, which was held in place with the help of a stainless steel plate. The condenser plate
was cooled by an aluminum cold plate and the contact surface was filled with thermal
grease to reduce the contact thermal resistance. The coolant for the cold plate was water at
a temperature of 5 + 0.1 °C, which was provided and circulated by a cryostat.
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Figure 2. Schematic diagram of the experimental system.

The temperatures were measured by T-type thermocouples (TT-T-30, Omega Engineer-
ing, Norwalk, CT, USA), of which the measurement error was +0.31 °C. The arrangement
of these thermocouples is marked in Figure 2. In addition, the pressure of the CC was also
monitored by utilizing a pressure sensor with an accuracy of £0.24%. The temperature
and pressure data were transformed by a set of data acquisition systems (34970A Data
Acquisition/Switch Unit and 34901 A Multiplexer Cards, Agilent Technologies, Santa Clara,
CA, USA) and recorded by a computer. To capture the vapor-liquid distribution and move-
ment within the evaporator—-CC assembly, a high-resolution digital camera (XF105, Canon
Inc., Tokyo, Japan) was employed. To reduce the heat exchange between the FLHP and the
environment, all pipelines and condensers were wrapped in aerogel felt.

2.3. Description of the FLHP Orientations

The FLHP orientations studied in this paper are illustrated in Figure 3. In this work,
the orientation in which the condenser and the evaporator-CC assembly were situated at
the same height was selected as the reference orientation, i.e., ¢ = 0°, which was a general
choice in the literature [15,19]. When the FLHP was placed at an orientation of ¢ = 0°, the
liquid line would be located above the vapor line, which could induce some gravity head.
However, compared with the capillary force provided by the wick, the induced gravity
head was relatively small and an orientation of ¢ = 0° still could be considered a reference
orientation. Based on the definition of the reference orientation and the coordinate, in the
cases of @ = —90° and +90°, the positions of the condenser were above and below the
evaporator-CC assembly, respectively. It should be noted that for the FLHP studied in
this paper (flat evaporator with opposite replenishment), the liquid supply crisis should
be avoided so that the CC should not be positioned approximately vertically below the
evaporation area of the evaporator.
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Figure 3. Definition of the FLHP orientation and three typical FLHP orientations.

3. Results and Discussion

The heat-transfer performance of a FLHP manifests rich connotations; in this paper,
the temperature level, stability, and the heat-transfer limit of the designed visual FLHP
during startup and a heat load increment test are discussed and analyzed emphatically.

3.1. Startup Performances
3.1.1. The Orientation of ¢ = 0°

The startup process with a heat load of 30 W that was under an orientation of
¢ = 0° is shown in Figure 4. It was obvious that the FLHP could start up and achieve
a steady-state operation successfully. The increase in evaporator temperature could be
taken as a sign of the beginning of heat load application. Almost simultaneously with the
increase in temperature at the evaporator casing, the temperature at the evaporator outlet
also increased due to heat conduction. After the evaporator was heated for about 3 min,
a significant increase in CC pressure could be observed, which means that a temperature
increase occurred in the CC and there was a large heat leak between the evaporator and
the CC. The large heat leak could also be reflected in the visual observations. As shown
in Figure 5, part of the vapor penetrated the wick into the CC directly, forming a violent
heat/mass transfer process. In general, large heat leaks are usually unfavorable; they could
result in high steady-state temperatures and even startup failure. As a result of the heat
leak, the temperature of the CC inlet was also affected and rose considerably.

90 20
| —®— Eva_casing —&— Eva_outlet VL_midpoint Cond_inlet J
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Figure 4. Startup process with a heat load of 30 W under an orientation of ¢ = 0°.
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Figure 5. Vapor penetrating the wick into the CC.

With the passage of heating time, the temperature of the vapor line increased gradually
in the vapor flow direction. After the heat load was applied for about 8 min, the rise in
temperature at the midpoint of the vapor line was monitored; for about 33 min, the
temperature at the condenser inlet rose sharply, meaning that the vapor had arrived near
the condenser. As the working fluid circulation was established, the liquid with a low
temperature flowed into the CC, resulting in a mild decrease in the CC temperature and,
therefore, the pressure.

Subsequently, the temperatures of the FLHP gradually evolved towards a steady state.
Throughout the startup process, the evolution of the evaporator temperature was relatively
smooth and the maximum evaporator temperature was basically consistent with that in
the steady state; that is, there was no obvious temperature overshoot phenomenon (i.e., the
operating temperature during the transient exceeded that in the steady state).

3.1.2. The Orientation of ¢ = +90°

When the FLHP was adjusted to the ¢ = +90° orientation, the temperature evolution
during the startup, with a heat load of 30 W, was recorded, as shown in Figure 6. Regarding
the overall viewpoint, the startup process was quite smooth and did not exhibit any
temperature overshoot during this period. After the evaporator was heated, a gradual
increase in the CC pressure could be observed almost simultaneously, which was more
rapid than that of the ¢ = 0° orientation. This could be attributed to the vertical orientation
of the evaporator-CC assembly that allowed only part of the wick to reach the liquid with
a low initial temperature in the CC, resulting in heat entering the CC more quickly. As a
result of heat conduction, the temperature at the CC inlet also increased thereafter. The
moment when the temperature rose at the midpoint of the vapor line could be monitored;
it was 7 min after the heating of the evaporator, which was similar to the case ¢ = 0°. Due
to the low startup heat load and high working fluid circulation resistance, the vapor did
not reach the condenser and, thus, no obvious temperature rise at the condenser inlet could
be seen.

3.1.3. The Orientation of @ = —90°

Compared to the other two orientations, the temperature evolution during the FLHP
startup process under an orientation of ¢ = —90° was not smooth enough and a slight
temperature overshoot could be observed, as displayed in Figure 7. Similar to the case of
@ =+90°, the pressure rise in the CC also occurred simultaneously with the temperature rise
in the evaporator, which also resulted from the fact that the wick was not being immersed
completely by the liquid in the CC. The temperature rises at the midpoint of the vapor line
and at the condenser inlet could be observed at 4 min and 6.8 min after the heat load was
induced, respectively. After the vapor entered the condenser and the liquid entered the CC,
a working fluid circulation was established and a temperature overshoot occurred after
the heat load was applied for about 7.5 min. The maximum temperature at the evaporator
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outlet was 41.7 °C during the overshoot, which was 3.0 °C higher than that in the steady
state. The time required to establish a working fluid circulation was much shorter than in
the other two cases, which might have been because the low circulation pressure benefited
from the gravity-assisted attitude.
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Figure 6. Startup process with a heat load of 30 W under an orientation of ¢ = +90°.
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Figure 7. Startup process with a heat load of 30 W under an orientation of ¢ = —90°.

3.2. Performances Analysis during the Step Increase in Heat Load
3.2.1. The Orientation of ¢ = 0°

Regarding when the FLHP was located at an orientation of ¢ = 0°, the temperature and
pressure evolutions during the step-increase in heat load are presented in Figure 8. During
the test process, no significant temperature overshoot was observed in the evaporator. As
the heat load increased step by step, the temperatures at the measurement points near
the evaporator increased gradually. For safety considerations, the maximum heat load
that the FLHP could operate stably at was 105 W; the evaporator temperature did not
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exceed 110 °C. The temperature at the midpoint of the vapor line could be more reflective
of the vapor temperature, which also increased gradually with the heat load. For the
cases where the heat loads were 30 W and 105 W, the vapor temperatures were 55.1 °C
and 60.8 °C, respectively. At a heat load of 30 W, the temperature at the condenser inlet
was much lower than that at the midpoint of the vapor line and remained continuously
fluctuating. This is because the condensation of the vapor had occurred before it entered
the condenser as a result of the heat conduction from the condenser plate. As the heat load
increased, the condenser inlet temperature began to rise gradually and finally reached the
level of the vapor temperature in the vapor line at a heat load of 60 W, indicating that little
condensation occurred before the vapor entered the condenser. When the heat load was
75 W, the temperature fluctuations at the condenser inlet disappeared, meaning that the
vapor had entered the condenser completely.
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Figure 8. Temperature and pressure evolutions during the step increase in heat load under an
orientation of ¢ = 0°.

During the gradual increase of the heat load, the CC pressure showed slight sudden
increases during the quasi-steady-state operation at heat loads of 30 W, 45 W, and 105 W.
This phenomenon might have contributed to the change in the heat leak situation for some
reason and resulted in a shift in the steady state of the system.

3.2.2. The Orientation of ¢ = +90°

The temperature and pressure evolutions during the step increase of the heat load
under an orientation of ¢ = +90° are displayed in Figure 9, which shows little temperature
overshoot. It could be seen that there was a considerable degradation in the FLHP per-
formance compared to that of the ¢ = 0° orientation. The heat-transfer limit of the FLHP
within the allowable evaporator temperature (110 °C) was only 75 W, which was only about
71% of that under the ¢ = 0° orientation. In addition, the temperature of the vapor in the
vapor line ranged from 67.1 °C to 77.6 °C as the heat load increased from 30 W to 75 W,
which was more than 10 °C higher than that under an orientation of ¢ = 0°.
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Figure 9. Temperature evolutions during the step increase in heat load under an orientation of
@ =+90°.

For the analysis at an orientation of ¢ = +90°, the evaporator assembly was located
above the condenser and the gravity acted as a resistance to the working fluid circulation.
The additional resistance induced by gravity could enlarge the pressure difference between
the evaporator and the CC, which, in turn, increased the heat leak and, therefore, the
operating temperature. This was particularly prominent when water was chosen as the
working fluid because the slope of its saturation pressure-temperature curve was quite
small at low temperatures and a slight change in pressure could bring about a great change
in temperature. As a result of the high heat leak and vapor temperature, the condensation
phenomenon occurred primarily in the vapor line and led to a low temperature at the
condenser inlet.

3.2.3. The Orientation of ¢ = —90°

Figure 10 shows the temperature and pressure evolutions during the step increase
in heat loads when the FLHP was situated at an orientation of ¢ = —90°. On the premise
that the evaporator temperature was not higher than 110 °C, the maximum heat load
was 165 W, which was 57% higher than that of the ¢ = 0° orientation. Compared to the
other two orientations (i.e., @ = 0° and ¢ = +90°), the evaporator temperature exhibited
more overshoots under an orientation of ¢ = —90°; for example, during the heat load
increment from 30 W to 45 W and during the stepwise increase of the heat load from
90 W to 165 W. Throughout the augmentation of the heat load, the steady-state vapor
temperature exhibited an “N-shaped” pattern of variation and the FLHP performances
were much better than those at an orientation of ¢ = 0°. During the heat load increment
test, the vapor temperature would rise gradually over a heat load range of 30-90 W and
then experience some decrease as the heat load further increased to 105 W. The vapor
temperature would reach a peak at a heat load of 90 W, of which the value was 52.3 °C.
After the heat load exceeded 105 W, the vapor temperature increased again with the heat
load, reaching a maximum of 61.7 °C at a heat load of 165 W.
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Figure 10. Temperature and pressure evolutions during the step increase in heat load under an
orientation of ¢ = —90°.

Regarding the ¢ = —90° orientation, the condenser was located above the evaporator—
CC assembly, which was usually called the positive-elevation [22,23,50,51] or gravity-
assisted attitude [30,52-54]. Under the circumstances, the general analysis determined
that FLHP operation could be divided into gravity-driven mode and capillarity-gravity
co-driven mode, depending on the value of the heat loads [22,23,50,52,54]. Regarding the
operation of the gravity-driven mode, the circulation path of the working fluid is shown in
Figure 11; the working fluid flow was driven entirely by the pressure gain from the liquid
head between the liquid line and the vapor line.

Heat output
-

f§a_<_

l Condenser

Gravity l Liquid line

W\ /.

—_—

Heat input

Evaporator-CC assembly

Vapor Liquid Two phase  Wick

— Vapor flow

— Liquid return flow

Figure 11. General working fluid distribution and circulation path for gravity-driven mode.

Based on the flow path described in Figure 11, there should have been a returning
liquid flow at the inlet of the CC when the operation of the FLHP was in gravity-driven
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mode. However, the visual observation showed that there was no return liquid when the
heat load was no more than 105 W, as shown in Figure 12, for example.

Figure 12. Liquid and vapor behavior under an orientation of ¢ = —90° at a heat load of 105 W (no
return liquid).

The inconsistency between the experimental phenomenon and the theory described in
Figure 11 indicated that there seemed to be additional mechanisms in the operation theory
of the LHP under gravity-assisted attitude. In fact, the theory described in Figure 11 was
established under the assumption that the flow direction of condensate in the pipeline was
exactly the same as that of the vapor. In general, this assumption was correct when the
pipeline diameter was small enough, even at a low heat load (i.e., low vapor flow rate),
and the effect of surface tension could enable the condensate in the condenser to be in a
columnar shape and to be pushed forward by the vapor. However, with the expansion of
the pipeline diameter, the surface tension would gradually fail to maintain the condensate
being in a columnar shape and the condensate would be distributed in a film shape along
the wall of the pipeline, forming an annular flow. At this time, if the heat load, and therefore
the vapor flow rate, were not large enough, the condensation process would be dominated
by gravity. Therefore, there could be another working fluid circulation path for a LHP
operating under so-called “gravity-assisted attitude”, as shown in Figure 13. The vapor
generated in the evaporator could be condensed gradually in an upward flow in the vapor
line; the condensate would flow back to the evaporator directly in the form of a liquid film
along the wall of the vapor line under the action of gravity, instead of flowing back to the
CC through the condenser and the liquid line.

Compared to the liquid return path described in Figure 11, the other path described
in Figure 13 clearly possessed a much smaller flow resistance. Therefore, when the heat
load was relatively small, the low vapor flow rate could not prevent the condensate from
returning to the evaporator along the inner wall of the vapor line by gravity, leaving the
vapor line in a two-phase state. At this point, the working fluid flow in the vapor line was
similar to that of the gravity heat pipe; therefore, it could be noted that for the case where
the heat load was no more than 90 W, the evaporator and the vapor line manifested good
temperature homogeneity, as shown in Figure 10.

When the heat load was increased to 105 W, the increase in vapor flow rate brought
about a shear force large enough to prevent the condensate from flowing back along the
inner wall of the vapor line; the return of the condensate would proceed through the path
described in Figure 13, which was the classical “gravity driven” theory for LHPs. This can
be corroborated by the visual observations shown in Figure 14, where an apparent liquid
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return phenomenon can be seen at the CC inlet. Accompanied by the cold condensate
passing through the liquid line and entering the CC, the pressure of the CC dropped
significantly alongside that of the vapor temperature, as presented in Figure 10. At this time,
the working fluid in the vapor line was still in a two-phase state; the liquid was entrained
by the vapor and they flowed together towards the condenser so that the temperature
at each position of the vapor line was almost the same and there was little superheating
observed at the evaporator outlet.

Heat output

+-—— — —

—

Condenser l T

l |
N

Liquid line Vapor line
— _/£ )
Heat input

Evaporator-CC assembly

Il O & .

Vapor Liquid Two phase = Wick

— Vapor flow

— Liquid return flow

Figure 13. Another working fluid distribution and circulation path for the gravity-driven mode
proposed in this study.

Figure 14. Liquid and vapor behavior under an orientation of ¢ = —90° at a heat load of 105 W (with
return liquid).

As the heat load continued to increase to a sufficiently high level (>135 W), the increase
in flow resistance resulted in gravity being too insufficient to provide the driving force
required for circulation; then, the capillary force began to participate, at which point the
FLHP operation switched to a capillarity-gravity co-driven mode. The working fluid in the
vapor line was no longer in a two-phase state but was in a pure vapor one (as shown in
Figure 15); the evaporator outlet began to show significant superheating.

When the FLHP was operated under an orientation of ¢ = —90°, no vapor penetration
was observed within the test heat load range, which indicated that the heat leak between the
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evaporator and the CC was mainly accomplished by the heat conduction of the saturated
wick. This might be thanks to the driving effect of gravity, which greatly reduced the
pressure difference between the two sides of the vapor-liquid interface inside the capillary
wick; the capillary force could play a good gas blocking and sealing effect.

Heat output

l ' Condenser

|

Gravity l Liquid line

o\

—_—

Vapor line

e
Heat input

Evaporator-CC assembly

e ] ] e

Vapor Liquid Twophase  Wick

— Vapor flow

— Liquid return flow

Figure 15. Working fluid distribution and circulation path for capillarity-gravity co-driven mode.

4. Conclusions

In this work, the performances of a disk-shaped evaporator FLHP under three different
orientations were investigated; at the same time, the liquid and vapor behaviors in the
evaporator-CC assembly were also observed directly. These research results could be
helpful in promoting the terrestrial application of FLHPs. Based on the experimental results
and visual observations, some key conclusions could be drawn as follows:

1. The startup process was the quickest for the FLHP operating under an orientation
of ¢ = —90°. However, there could be a slight temperature overshoot, resulting in
an unsmoothed startup process; the startup speeds under orientations of ¢ = 0° and
¢ = +90° were similar, both operating without a significant temperature overshoot;

2. The FLHP orientation could significantly change the heat leak and, therefore, the
operating temperature and the heat-transfer limit. Regarding the ¢ = +90° and
@ = —90° orientations, the heat-transfer limits were about 71% and 157% of the ¢ = 0°
orientation, respectively;

3. Based on visual observations, for the loop heat pipe operating in gravity-driven mode,
there could be two different paths for the working fluid to return to the evaporator,
namely, along the vapor line for low heat loads and along the condenser and liquid
lines for relatively large heat loads, respectively.

In terms of the future outlook, this study could be extended by considering more
orientations to enrich the understanding of the mechanisms. At the same time, thermal
imaging technology and numerical simulation methods could be introduced to compensate
for the lack of temperature-distribution measurements in the evaporator and CC.
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