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Abstract

This work presents visualization of the evaporation/boiling process and thermal measurements of operating horizontal transparent
heat pipes. The heat pipes consisted of a two-layered copper mesh wick consisting of 100 and/or 200 mesh screens, a glass tube and water
as the working fluid. Experimental results indicated that nucleate boiling was prompted for a wick having a fine 200-mesh bottom layer.
When the fluid charge approximately equaled the pore volume in the wick, the water–vapor interface receded into more curved menisci
with increasing heat load Q. Thus, larger capillary forces and evaporation areas were attained to meet the increasing need of liquid sup-
ply and evaporation rate at the water–vapor interface. At Q = 40 and 45 W, the water film became less than 100 lm and the nucleate
boiling observed at lower heat loads disappeared. Optimal thermal characteristics with smallest thermal resistances across the evaporator
and lowest overall temperature distributions were found for such a wick/charge combination. Under a smaller charge, partial dry-out
was observed in the evaporator. Under a larger charge, liquid recession with increasing heat load was limited and bubbles grew and burst
violently at high heat loads. The effects of different wicks and fluid charges on the evaporation/boiling characteristics were discussed.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The heat pipe has been widely applied for cooling and
heat spreading applications due to its superior heat con-
ductivity. It utilizes the large latent heat associated with
phase change. At its evaporation section (evaporator),
the heat from the heat source, such as a CPU of a com-
puter, is absorbed by the working liquid via evaporation.
The vapor condenses at a distant location to release the
latent heat. The condensed liquid is then drawn back to
the evaporator by the capillary force therein to complete
a thermal cycle. A good heat pipe is characterized by a
low thermal resistance and a high dry-out tolerance. The
most important factor is related to the characteristics of
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the evaporator. The type, thickness, porosity and structure
of the wick, and even the contact condition between the
wick the container wall, all more or less affect the perfor-
mance of the evaporator [1–3]. The evaporation/boiling
process in the heat pipe wick is different from that for the
extensively-studied pool boiling associated with a wick-
covered wall in that liquid–vapor interfacial menisci nor-
mally exist in the wick. The menisci are related to the area
for evaporation as well as the capillary returning force for
the working fluid. Faghri [1] qualitatively described the
recession process of the liquid layer as well as the likely
evaporation/boiling transition with increasing heat flux.
At a low heat flux, the heat transfer across the wick is basi-
cally by conduction and convection, without boiling.
Menisci form by the capillary effect at the solid–liquid–
vapor interface. As the heat flux is increased, the menisci
recede into the wick due to intensified evaporation. Nucle-
ate boiling occurs at the heated wall or even the wick sur-
face for a further increased heat flux. Bubbles grow, escape
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to the liquid surface and burst rapidly. The bubbles in the
wick may block the liquid return and the bubble bursting
may disrupt the menisci to reduce the capillary force for
liquid circulation. At an even further heat flux, rapidly-
growing bubbles coalesce before they can escape through
the wick structure, leading to the film boiling. As a result,
the heat pipe wall temperature increases rapidly and a heat
transfer limit may be reached. Mughal and Plumb [2]
experimented on an open flat heat pipe with R-11 as the
working fluid. The evaporator was made of thick
(4.76 mm or 3.18 mm) copper foametal. The copper plate
temperatures beneath the evaporator were measured
against heat flux. The variation of heat flux versus the
superheat of the copper plate showed a transition from lar-
ger slopes at low superheats to smaller slopes at higher
superheats. If several channels were cut in the evaporator
wick, the transition was sustained to a larger heat flux
while at a lower superheat. It was suggested that the chan-
nels in the wick helped vapor escape. Consequently, the
nucleate boiling extended to a larger heat flux before trans-
iting to the film boiling with a vapor film blanketing the
evaporator surface. Brautsch and Kew [3] visualized the
heat transfer processes of a vertical aluminum heater sur-
face covered with stainless steel meshes capillarily wetted
by distilled water. At a low heat flux, small bubbles formed
first on the heater surface and then in the mesh wick. The
bubbles could leave without being trapped by the mesh.
As the heat flux was increased, bubbles coalesced into
vapor patches which insulated the heater surface from
water and led to intermittent local dry-out. Intermittent
bursting of vapor patches was observed. The bubbles in
the wick and the bursts impeded the liquid return and the
heat transfer process. Also found was that while the maxi-
mum attainable heat flux increased with wick thickness, the
heat transfer coefficient decreased, as a thick wick pre-
sented a wider path for liquid return but a larger thermal
resistance for heat transfer across the wick. Li et al. [4,5]
measured the heat transfer coefficients and the critical heat
fluxes (CHF) associated with the evaporation/boiling pro-
cess for a horizontal copper surface sintered with multiple
layers of copper mesh. The total wick thicknesses were
thinner than 0.8 mm. The water level was fixed at the top
of the mesh wick before heating. With the contact resis-
tance for the copper plate and the mesh wires minimized
by careful sintering, very high heat transfer coefficients
and CHFs were obtained. As the heat flux was increased,
the variation of the evaporation/boiling behavior basically
followed the above-mentioned description of Faghri [1].
But Li et al. [4,5] further indicated that the liquid surface
receded non-uniformly at a large heat flux with the lowest
point at the center of the heated area. When the liquid
thickness around the central area became very thin, the
effective thin film evaporation is dominant. If the heat flux
continued to increase, initial dry-out appeared at the center
of the heated area. Since nucleate boiling was suppressed in
the thin film evaporation situation, the ultimate heat trans-
fer limit would be the capillary limit, rather than the boil-
ing limit. Their measurements also indicated a sharp drop
in wall temperature upon transition from the conduction/
evaporation mode to nucleate boiling. The heat transfer
coefficient increased with increasing heat flux in the nucle-
ate boiling and the thin liquid film evaporation regimes
until the occurrence of partial dry-out. The effects of wick
thickness, mesh size and wick porosity on the heat transfer
coefficient and CHF were also investigated.

Another important parameter is the working fluid
charge in the heat pipe. Although it is a common practice
that optimal fluid charge is slightly more than that needed
to saturate the wick pores, the fundamental studied on the
effects of liquid amount on the evaporation/boiling process
in a heat pipe is lacking, to the knowledge of the authors.

Above all, the visualization of the evaporation/boiling
process in the evaporator of an operating heat pipe is not
available in the literature due to experimental difficulties.
With proper temperature measurements, such studies can
provide deeper insights for the complicated processes in
two-phase heat transfer devices. This is what this study
aims for. By developing a technique to fabricate transpar-
ent heat pipes and measure the internal vapor temperature
at the evaporation section, the visualized evaporation/boil-
ing behavior at the evaporator can be correlated with the
thermal characteristics. The effects of wick mesh size and
fluid charge on the evaporation/boiling process and the
heat-pipe performance at different heat loads will be
investigated.

2. Experimental methods

2.1. Test setup

The test setup is shown in Fig. 1. A transparent heat
pipe having two layers of copper mesh as the wick and dis-
tilled water as the working fluid was tested horizontally at
different working fluid charges and heat loads. The length
of the heat pipes was 15 cm and the outer diameter was
6 mm. The 3-cm long evaporation section was attached
on a copper heating plate on top of a well-insulated electric
heater. The middle 9-cm adiabatic section was tightly
wrapped with ceramic insulator. The final 3-cm long con-
densation section was cooled with a constant-temperature
water jacket (water temperature of 15 � C and flow rate
of 25 ml/s). Temperatures measured at four points are
denoted by T1–T4, respectively. A thermocouple was
attached to the first measuring point (T1) at the side wall
of the heating plate right under the heat pipe end. Another
bare thermocouple penetrated the heat pipe wall to mea-
sure the internal vapor temperature above the evaporator
(T2). Two other thermocouples measured the outer wall
temperatures of the adiabatic section (T3 and T4) under
the ceramic insulator. The thermocouple beads were
attached to the glass tube with a small amount of conduc-
tive paste. They were, respectively, located at 6 cm and 9
cm from the evaporator end of the heat pipe. Readings
of all the thermocouples, of K type with a 0.25 mm wire



Fig. 1. Test setup.
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diameter (Omega, Inc.), were recorded by a data logger
(Fluke, Hydra Series II) with a resolution of 0.1 �C. A slen-
der observation window was made by cutting off a ceiling
portion of the wick at the evaporation section. A CCD
camera equipped with a microscopic lens (Optem, Zoom
125), shooting vertically downward through the observa-
tion window, recorded the evaporation/boiling process in
the evaporator at a framing rate of 30 fps. Illumination
was provided by a high-intensity zenon light (Zolix,
LHX150).

Fig. 2 shows the cross-sectional view of the arrangement
of the heat pipe on the heater. The lower half of the heat
pipe was connected to a semi-cylindrical trench on top of
the copper plate via a thin layer of thermal interface mate-
rial (TIM, Dow Corning TC5021 thermal paste, having a
thermal conductivity of about 3 W/m K). The bottom sur-
face of the copper plate (3 cm � 3 cm) was connected to the
uniform-temperature top surface (3 cm � 3 cm) of a long
heating rod via another layer of TIM. The heating rod,
electrically heated in its base with cartridge heaters, was
enclosed in a bakelite box stuffed with ceramic insulating
Fig. 2. Cross-sectional view of the arran
material except for its top end. The evaporation section
of the heat pipe and the heating plate were insulated within
a cap made of bakelite and ceramic insulating material.
During a test, the long opening of the cap was covered with
a thick layer of ceramic insulator until a steady state was
reached, defined as when every temperature reading varied
by less than 0.5 �C in 10 min. For video recording, the thick
ceramic insulator would be removed for less than 30 s to
avoid the effect of heat loss. The nominal heat load Q

was determined by the current and voltage readings of
the DC power supply which powered the cartridge heaters.
No estimation of the heat loss to the environment from the
heater was made. This is not critical for the present study
since only the relative amounts of Q are important.

2.2. Fabrication of heat pipe

The glass tube, 6 mm OD and 5 mm ID, was cleaned
with acetone and rinsed with water. Copper wire meshes
were cleaned with acetone and then diluted nitric acid solu-
tion, before water rinsing. All the cleaning processes were
gement of heat pipe on the heater.
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conducted in an ultrasonic cleaning tank. Into one end of
the glass tube was inserted a bare thermocouple (K type,
Omega, Inc.) for T2 measurement. The tube end was then
melted with a torch to form a thermocouple-penetrated
closed end. A small amount of silica was applied on this
closed end to avoid air leakage through the thermocou-
ple–glass interface. Through the other tube end were then
inserted the cleaned copper wire mesh, with a slender open-
ing at the evaporation section as the observation window.
With its restoring force, the wire mesh could contact closely
with the inner surface of the glass tube. A suitable amount
of high-purity distilled water was then filled in the tube
right before the evacuation of non-condensable gases
through the open end using a vacuum pump. Finally, the
open end was melted and closed to form a heat pipe.
2.3. Experimental parameters

Parameters considered in this study included fluid
charge, heat load and wick structure.

Wicks investigated included a two-layer 100 mesh wick
and a wick consisting of a layer of 200 mesh screen covered
with another layer of 100 mesh screen. The 100 mesh screen
has a wire diameter of 0.114 mm and a wire spacing of
0.14 mm; the 200 mesh screen has a wire diameter of
0.055 mm and a wire spacing of 0.07 mm. The wick thick-
nesses were, respectively, 0.42 mm and 0.33 mm. The
porosities of both wicks were estimated to be about 0.65,
according to the single-layer formula for mesh screen from
ESDU [6]. We also studied a two-layer 100 mesh screen
with its lower layer at the evaporation section sintered with
a small amount of irregular-shaped copper particles, as
shown in Fig. 3.

The fluid charge was rated based on the void volume in
the wick. Three different fluid charges were selected: 80%,
100% and 120% charge. The 100% charge is defined as

100% charge ¼ Vol� e

where Vol is the total volume of the wick and e is the poros-
ity of the wick. However, the actual fluid charge was
Fig. 3. A 100 mesh screen sintered with irregular-shaped copper particles.
slightly different from the nominal value in each test. Gen-
erally the differences were controlled within ±6%.

The heat load was increased stepwise from 20 W to
45 W with an increment of 5 W. For each heat load, steady
state must be reached before temperature measurements
and recordings were taken.

3. Results and discussion

3.1. Evaporation/boiling process in 2 � 100 mesh wick

The evaporation/boiling processes in operating heat
pipes were first investigated for a wick having two layers
of 100 mesh screen at 80% and 100% water charges, respec-
tively. The temperature and the flow rate of the cooling
water were fixed.

3.1.1. 80% fluid charge

Under an 80% fluid charge, the water level was relatively
high when the heat load Q was 20 W and 25 W, as shown in
Fig. 4a and b. Only individual peaks of the upper mesh
wires were exposed, identified by their very bright reflec-
tion. The relatively high water level was partly because of
the insufficient capillary force of the coarse mesh to fully
hold water against gravity. More water was present at
the bottom portion than in the upper portion. In Fig. 4a,
the menisci at 20 W were less concave, as the wire diameter
in the image of the lower mesh was reduced to a limited
extent. When Q was increased to 25 W, the water surface
receded slightly further to form more concave menisci, as
evidenced by the significant reduction of the wire size in
the lower mesh image (see Fig. 4b and Video 1 in the online
version of this article). The more curved menisci not only
generated a larger capillary force to draw more liquid into
the evaporator, but increased the evaporation surface. In
addition, the evaporation temperature would also increase
(cf. Fig. 6). Similar, but stronger, adjustment in the water
surface and evaporation temperature extended to
Q = 35 W. At these heat loads the evaporation process
appeared quiet without nucleation. At Q = 40 W, however,
nucleate boiling appeared, as shown in Video 2 in the
online version of this article. Large bubbles under the lower
mesh were observed to repeatedly grow and shrink after a
burst. The inner surface of the top observation window was
frequently blurred by erupted water drops. In Fig. 5a,
under the lower mesh existed a large bubble which some-
how raised the water surface into less concave menisci.
After a burst, the bubble shrank considerably and the
menisci, except at a small left portion of the photo, turned
more concave, as shown in Fig. 5b. Shortly afterward, the
bubble grew and the region of less concave menisci
expanded to the right (Fig. 5c and d) before next burst.
Such repeated sequences did not have stable periods, rang-
ing from less than a second to a few seconds. As Q was fur-
ther increased to 45 W, strong boiling still prevailed as
evidenced by the frequent collisions of the erupted water
drops on the observation window. It is noted that the



Fig. 4. Different images of the evaporator due to different menisci, 80% fluid charge (wick: 2 � 100 mesh): (a) Q = 20 W, less concave meniscus and (b)
Q = 25 W, more concave meniscus.

Fig. 5. Sequential images showing activities of a large bubble; Q = 40 W, 80% fluid charge (wick: 2 � 100 mesh): (a) bubble formed, (b) bubble partially
shrunk after a burst, (c) bubble regrowing and (d) bubble formed prior to another burst and shrinking.
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two-layer mesh wick in this study was not sintered together
and the effective thermal conductivity across the wick could
be relatively low. Significant superheat at the wick bottom
was expected so that nucleate boiling could be activated as
a result. This finding does not necessarily apply to thin sin-
tered wicks for which superheat at the wick bottom may be
insufficient to activate boiling.

3.1.2. 100% fluid charge

Under a 100% fluid charge, the water level at the bottom
region of the evaporation section was higher than for the
80% charge with slightly smaller exposed peak regions.
At Q = 20–25 W, the water surface was also rather quiet.
At Q = 30 W, the water surface appeared agitated and
the observation window was occasionally hit by water
drops. These reflected mild boiling activity. At Q = 35 W,
stronger boiling led to frequent drop collisions on the
observation window. It is noted that under an 80% charge
boiling was not observed until Q = 40 W. The earlier incep-
tion of boiling at a larger charge may be attributed to the
larger wall superheat associated with the larger water/wick
thickness. At higher heat loads, Q = 40 or 45 W, the evap-
oration/boiling behavior was similar except that the drop
collision frequency appeared higher. Video 3 in the online
version shows the evaporation/boiling behavior at
Q = 40 W. A number of bubbles can be seen to anchor at
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the intersections of the upper mesh layer. The shivering of
the water surface should result from the eruptions of these
bubbles. It is not clear whether these bubbles are isolated
ones or the protruding parts of larger bubbles underneath.

3.1.3. Effects of fluid charge

Fig. 6 compares the temperatures at various locations
under different heat loads for nominal 80% and 100%
charges, respectively. In the figure, each temperature datum
represents an average of three runs, with the upper and
lower uncertainty bar, respectively, representing the highest
and lowest reading of the three tests. The large values of
T1, representing the heating surface temperature, resulted
from the high thermal resistance of the glass wall. Nonethe-
less, the temperature difference (T1–T2) can reflect the ther-
mal resistance of the evaporator, as the thermal resistances
of glass wall and TIM were unchanged. In Fig. 6, it can be
seen that while T2–T4 are similar for both charges, the val-
ues of T1 for the 80%-charge cases are significantly lower.
The similarity between T2–T4 can be understood in that
the thermal resistances between T2 and the cooling water
were approximately the same, although the water film at
the condenser should be thicker for the 100% charge. The
significant differences between the values of T1 reflect the
differences of the thermal resistance across the evaporator.
Since the water levels in the evaporator were higher for the
100% charge, larger thermal resistances and hence higher
heating surface temperatures T1 were expected.

3.2. Evaporation/boiling process in 100 + 200 mesh wick

3.2.1. 100% charge

When the 200 mesh screen (wire diameter of 0.055 mm
and wire spacing of 0.07 mm, half of those of the 100 mesh
screen) was adopted as the lower layer of the wick, nucleate
boiling occurred at a much smaller heat load than for the
2 � 100 mesh wick. Fig. 7 illustrates two sequential images
showing the escape of a bubble from the evaporator with a
200 mesh lower layer at Q = 20 W. The images were taken
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Fig. 6. Temperature distributions at different locations (T1: heating
surface, T2: above evaporator, T3, T4: adiabatic section) under different
water charges and heat loads (wick: 2 � 100 mesh).
in the end half, about 0.5–1.5 cm from the heat pipe end, of
the 3-cm long evaporation section. In Fig. 7a, the menisci
at the lower left region have been raised so that the size
reduction for the lower mesh wires was less than for other
regions. In Fig. 7b, the bubble has escaped and the image
reduction becomes uniform. The process is shown in Video
4 in the online version of this article, in which a relatively
large bubble can be seen between the two mesh layers. It
lasted for at least 6 s before escape by a burst. It can also
be seen that nucleate boiling was not frequent for
Q = 20 W. As indicated earlier, nucleate boiling appeared
at larger heat loads for the 2 � 100 mesh wick. This is
because the fine 200 mesh screen provided more nucleation
sites for boiling. In the front half of the evaporator, 1.5–
2.5 cm from the heat pipe end, nucleate boiling was not
observed and the situation was rather quiet (see Video 5
in the online version of this article). The water level was
slightly higher at this region, judged by the less size reduc-
tion for the submerged mesh wires. The non-uniform liquid
level in the evaporator has been explained by Li and Peter-
son [5] using a simple analysis based on mass and energy
conservation.

For Q = 25 W, nucleate boiling was still observed in the
end-half evaporator. But now the relatively large bubbles
as seen for Q = 20 W were not observed. Instead, a large
number of small bubbles in the wick were seen to grow
and burst (see Video 6 in the online version). With further
water level recession, the menisci became more curved, as
shown in Fig. 8a. Except for slight local agitation of the
water surface upon bubble bursting, the situation in the
evaporator appeared rather stable. Again, the situation in
the front-half evaporator was quiet, without nucleate boil-
ing (see Video 7 in the online version). Also, the water level
was higher than that in the end-half region. The results for
Q = 30 W were essentially similar for the end-half evapora-
tor, as shown in Video 8 in the online version. At
Q = 35 W, weak nucleate boiling could also be observed
in the front-half region.

When Q was increased to 40 W or 45 W, an interesting
phenomenon happened: the nucleate boiling disappeared
and the situation in the whole evaporator appeared very
quiet. Videos 9 and 10 in the online version, respectively,
show the evaporation processes in the end half and front
half of the evaporator at 45 W. Fig. 8b shows that the
water level in the end half has receded to the lower 200
mesh layer, with its peaks exposed. The averaged water
thickness is less than 100 lm since the thickness of the
200 mesh screen is 110 lm. In addition, the area of the
water–vapor interface can be larger with a larger number
of concave menisci. These favorable conditions help reduce
the thermal resistance across the evaporator. It will be
shown later that the combination of 100 + 200 mesh wick
and 100% charge presents the optimal thermal characteris-
tics among other combinations of wick type and fluid
charge tested in the present study.

In a couple of tests, the heat load was raised to 50 W
without reaching the heat transfer limit.



Fig. 7. Sequential images showing escape of a bubble at the end half of the evaporator at Q = 20 W with 100 + 200 mesh wick and 100% charge: (a) before
escape and (b) after escape.

Fig. 8. Images at the end half of the evaporator with 100 + 200 mesh wick and 100% charge: (a) Q = 25 W and (b) Q = 45 W.
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3.2.2. 80% charge
Under 80% charge, the water level in the evaporator was

relatively low. At Q = 20 W, the water level at the end half
was so low that the bottom fine wires were mostly exposed.
In the front half the water level was higher, somewhat
above the lower layer. At this test condition, very sparse
and slow nucleate boiling was observed. At Q = 25 W,
the end half of the evaporator has completely dried out,
as shown in Fig. 9a. Moving to the middle part of the evap-
orator, the margin of the water can be identified. In
Fig. 9b, the left region was dry but in the right region the
lower mesh layer was wetted. The evaporation process
was very quiet, without nucleate boiling. Similar evapora-
tion behavior was observed for Q = 30–40 W, except for
an expanded dry-out region. In these cases, dry-out was
not preceded by nucleate boiling which had been sup-
pressed at such a thin water layer condition.
Fig. 9. Images of the evaporator at Q = 25 W with 100 + 200 mesh w
The temperature distributions associated with the 100%
and 80% charges are compared in Fig. 10. It can be seen
that the temperatures above the evaporator and at the adi-
abatic section are slightly lower for the 100% charge by
about 3–5 �C. But the differences of the heating surface
temperatures are significant, which clearly resulted from
the partial dry-out in the evaporator under the 80% charge.
No measurement was made beyond Q = 40 W under the
80% charge because the heating surface temperature was
too high.

Under 80% and 100% charges, the heat transfer limit was
dominated by the capillary limit as nucleate boiling had
been suppressed in the thin water film present before dry-
out. In the experiments of Li and Peterson [5] on evapora-
tion/boiling in mesh wick in an open environment, the cap-
illary limit was found to be dominating because nucleate
boiling was suppressed in the thin water film before dry-out.
ick and 80% charge: (a) at the end half and (b) at a middle part.
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3.2.3. 120% charge

Under a 120% charge, the evaporator was mostly
immersed in the water, especially at low heat loads. At
Q = 20 W, nucleation could hardly be observed. But at
Q = 25 W, bubble growth and burst could be observed
(see Video 11 in the online version of this article). Fig. 11
shows the dynamic process of growth and burst of a large
bubble trapped in the evaporator. With increasing heat
loads, the boiling became more and more violent. Videos
12 and 13 in the online version, respectively, show the evap-
oration/boiling process in the end half and front half of the
evaporator at Q = 45 W. In the end half, frequent and
intense bubble bursting strongly agitated the water surface
and the observation window was frequently hit by erupted
Fig. 11. Sequential images showing activities of a large bubble at Q = 25 W w
partially shrunk after a burst, (c) bubble regrowing and (d) bubble shrunk aft
water drops. The cycles of bubble growth and burst were
rather rapid with efficient bubble escape. Also, the return-
ing liquid flow did not seem to be blocked by the bubbles in
the wick. In the front-half evaporator, no nucleate boiling
was observed (see Video 13 in the online version). The high
water level oscillated as a result of bubble activities in the
end half. In a few cases, we attempted to raise the heat load
up to 60 W. The heat transfer limit was not yet attained,
while the vapor temperature above the evaporator had
reached about 140 �C. However, the film-boiling limit
could be more likely for such high-charge conditions.

The temperature distributions associated with the 100%
and 120% charges are compared in Fig. 12. In general, the
differences are insignificant except for Q = 45 W, while the
evaporation/boiling mechanisms were very different. Under
a 100% charge, the water–vapor interface receded to the
lower fine mesh layer at Q = 45 W. Due to the large capil-
lary force provided by the menisci within the fine mesh
pores, the large amount of liquid needed at the high heat
load could be supplied through the thin water film. Also,
the total evaporation area was larger because of the larger
number of concave menisci. The large area yielded a large
evaporation rate without excessively raising the evapora-
tion temperature. Furthermore, the average water thick-
ness was smaller than 100 lm, leading to a smaller
thermal resistance across the evaporator. This kept the
superheat of the wall or the bottom mesh wires below the
inception superheat of nucleate boiling. Another possible
heat dissipation route at this situation was through the thin
film evaporation. At the water–solid–vapor interface, there
existed a very thin capillary layer with a very high evapora-
tion coefficient [4,5]. Since the bottom mesh wires had a
ith 100 + 200 mesh wick and 120% charge: (a) bubble formed, (b) bubble
er another burst.
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higher temperature, the thin film evaporation could be
more prominent at this low-water-level situation. Li and
Peterson [5] also found that the best thermal performance
was associated with the thin water film prior to dry-out.
Their unloaded water level was fixed at the top of the mesh
wick, similar to our 100%-charge conditions. Therefore,
their results agree with our results under a 100% charge
or less. However, our study on operating horizontal heat
pipes further indicated that the heat transfer limit under
a larger-than-saturation charge was more likely the film-
boiling limit.

At lower heat loads, the water recession was limited and
the menisci were formed within the upper coarse mesh.
Hence, the evaporation area was not as large as at 45 W.
The thermal resistance across the evaporator also was
not as small. Therefore, at Q = 20–35 W, nucleate boiling
occurred, leading to increased evaporation area and
enhanced heat convection to cope with the heat load. Such
evaporation/boiling characteristics were similar to those at
the 120% charge, although the water thicknesses at equal
heat loads were slightly thinner for the 100% charge. Con-
sequently, the thermal characteristics at lower heat loads
were quite similar for both water charges.

At high heat loads, such as 40 or 45 W, not only the
water thickness but the evaporation/boiling characteristics
became very different for the two different charges. How-
ever, the temperature differences T1–T2 were still rather
similar. In other words, under the 120% charge the thermal
resistance across the thicker wick/water layer was similar to
that across the very thin, boiling-free water film under the
100% charge. This can be attributed to the fact that the
thermal resistance in the thicker wick/water layer was
reduced by the boiling-enhanced convection.
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Fig. 13. Comparison of temperature distributions with 100 + 200 mesh
wick and 2 � 100 mesh wick under 100% charge.
3.3. Effects of different wicks

3.3.1. 100 + 200 and 2 � 100 mesh wicks
Fig. 13 compares the temperature distributions for the

100 + 200 mesh wick against those for the 2 � 100 mesh
wick, both under the 100% charge. The temperature distri-
butions for the 100 + 200 mesh wick were significantly
lower at all heat loads, especially for the heating surface
temperature. The first reason is that nucleate boiling
occurred earlier in the 100 + 200 mesh wick with more
nucleation sites in the lower 200 mesh wick. Nucleate boil-
ing was observed at Q = 20 W for the 100 + 200 mesh
wick, while not until Q = 30–35 W could boiling be
observed for the 2 � 200 mesh wick. The second reason is
related to the smaller thermal resistance for the thinner
wick.

Fig. 14 compares the temperature distributions for the
100 + 200 mesh wick under the 100% charge against those
for the 2 � 100 mesh wick under the 80% charge. It hap-
pened that the fluid charges were similar in these two con-
ditions. In general, the thermal characteristics of the cases
with the 100 + 200 mesh wick were still significantly better.
Better thermal characteristics have been shown for the
2 � 100 mesh wick under the 80% charge than those under
the 100% charge, especially for the thermal resistance
across the evaporator. Since there were less nucleation sites
in the 2 � 100 mesh wick, nucleate boiling was not
observed until Q = 40 W for the 80% charge. As the heat
load increased from 20 to 35 W, the menisci became more
curved with the receding water surface. A larger evapora-
tion area was thus provided to cope with the increasing
heat load. However, without nucleate boiling, the evapora-
tion temperatures were slightly higher for the 2 � 100 mesh
wick, as shown in Fig. 14.
3.3.2. Effects of additional irregular-shaped particles

We also examined the evaporation/boiling process
under a 100% charge when a small amount of irregular
copper particles was sintered in the lower 100 mesh screen
at the evaporation section (Fig. 3). No nucleate boiling was
found below 30 W. At Q = 35 W, a number of very small
bubbles were seen to grow and burst rapidly, as shown in
Video 14 in the online version of this article. At
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Q = 40 W, violent boiling with rapid bubble growth and
strong bursting was observed (see Video 15 in the online
version). Although the images were too fluctuating for
unequivocal affirmation of its relationship with these parti-
cles, the boiling activity appeared significantly stronger
than for the 2 � 100 mesh wick under similar conditions
(cf. Video 3 in the online version). Fig. 15 shows that the
thermal characteristics with the particles are slightly better
than those without particles.
4. Conclusions

An experimental method was developed to enable simul-
taneously visualization and temperature measurement for
the evaporation/boiling processes in the evaporator of
operating horizontal heat pipes. By experimenting on dif-
ferent mesh wicks at different fluid charges and heat loads
under steady-state conditions, the following conclusions
were reached:
1. With the coarse mesh wick, nucleate boiling was absent
at low heat loads and the heat was dissipated by surface
evaporation on the water–vapor menisci within the mesh
wires. Along with increasing heat load, the water–vapor
interface receded into more curved menisci to provide a
larger area for evaporation and capillary force for liquid
supply. Nucleate boiling with large bubbles growing and
bursting repeatedly occurred at a heat load larger than
30–40 W. Earlier inception of boiling occurred at a lar-
ger fluid charge, which may be attributed to the larger
wall superheat associated with the larger water/wick
thickness.

2. The fine mesh wick prompted the onset of nucleate boil-
ing by providing more nucleation sites and consequently
reduced the evaporation temperature.

3. The optimal thermal characteristics pertained to a
combination of a fine bottom mesh layer and a fluid
charge approximately saturating the wick. Under such
conditions, the water–vapor interface receded with
increasing heat load. Eventually, at large heat loads
a thin water film with a large number of menisci
could be sustained in the fine mesh pores by the
strong capillary force therein. Due to the large evap-
oration area, small thermal resistance across the
evaporator, and the possible contribution of thin film
evaporation at the water–vapor–wire interface, both
the evaporation temperature and the heating surface
temperature were lowest among all the tested wick/
charge combinations. In addition, nucleate boiling
diminished and the evaporation process appeared
very quiet.

4. With a smaller-than-saturation charge and a wick hav-
ing a fine-mesh bottom layer, partial dry-out was
observed in the evaporator and the heating surface tem-
peratures became excessively high. The heat transfer
limit was the capillary limit.

5. With a larger-than-saturation charge and a wick having
a fine-mesh bottom layer, the water level recession was
limited even at a large heat load. Nucleate boiling grew
more violently with increasing heat load and bubbles
could escape efficiently at Q = 45 W. The heat transfer
limit was not reached up to Q = 60 W.

6. The irregular-shaped particles added in the coarse mesh
wick appeared to promote nucleateboiling.
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