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The grooved wick has a promising potential in the field of ultra-thin flat heat pipes, and the porous struc-
ture can improve the capillary performance of grooved wicks significantly. In this paper, an environmen-
tally friendly method, named as ultrasonic modification, was developed to fabricate porous microstruc-
tures on grooved aluminum wick. The effects of ultrasonic modification times on the morphology, wetta-
bility and capillary performance of the porous grooved wick were investigated. The results indicate that
appropriate ultrasonic modification times can realize an excellent distribution of porous microstructures
throughout the groove surface. After ultrasonic modification, the modified surface became hydrophobic
since the porous microstructures were covered with a low-surface-energy coating. However, in case of
aluminum heat pipes with acetone as working liquid, the wettability and capillary performance of the
modified grooved wick can still be enhanced significantly. The maximum capillary rise height and the
capillary performance parameter of the modified grooved wicks were increased for a factor of 3 and an
order of magnitude, respectively. This study provides a new idea for the fabrication of porous aluminum
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wicks, which is beneficial to promote the development of ultra-flat aluminum heat pipes.
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1. Introduction

With the miniaturization of high-performance electronics, ther-
mal management of these microelectronic systems has become a
new challenge for the current heat pipe technology. Due to the
limited space for heat dissipation and higher heat flux in the
microelectronic systems, the acceptable heat pipes must possess
small dimensions with excellent heat transfer capacity. Ultra-thin
flat heat pipes have attracted the attention of the microelectronic
industry for thermal management application, due to their advan-
tages such as high thermal conductivity, thinner thickness and fa-
cility to accommodate multiple heat components [1,2].

The most significant component in ultra-thin flat heat pipes is
the wick which affect the thermal performance of heat pipe di-
rectly owing to its capillary performance. The common wicks used
in the flat heat pipes include groove [3,4], sintered powder [5,6],
mesh [7,8], and micropillar [9]. Among them, the sintered pow-
der and mesh normally generate better capillary performance than
the groove, so the flat heat pipes with sintered powder or mesh
wicks usually reach higher heat transfer capacity than those with
grooved wicks. However, the increasing capillary pressure of wicks
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will reduce the permeability and vice versa [10]. The lower per-
meability can limit the thermal performance of flat heat pipes re-
versely. Besides, compared with the sintered powder and mesh
wick, the grooved wick with higher permeability can be fabricated
on the internal surface of flat heat pipes more simply and directly,
which is more stable and yields more space for vapor flow. Hence,
considering the heat transfer stability and the limited space of
ultra-thin flat heat pipes, the grooved wick shows more promising
potential in the fabrication of ultra-thin flat heat pipes.

Many scholars have focused their studies on the capillary per-
formance enhancement of grooved wicks to improve the maximum
heat transport capability of flat heat pipes [11-18]. As a traditional
and effective method, composite grooved wicks have been reported
widely in copper flat heat pipes. Deng et al. [11] fabricated a com-
posite wick by covering a layer of sintered copper powder on the
micro V-grooves. The composite wick enhanced the capillary pres-
sure for about 2-4 times compared to the grooved wick. Wong
and Liao [12] studied the thermal performance of flat-plate heat
pipes with composite mesh-groove wick. The maximum heat load
was increased by 3 times due to the combinative advantages of
high capillarity from the mesh screen and high permeability of the
parallel grooves. Zeng et al. [14] proposed a novel micro-grooved
wick with reentrant cavity array. The experimental results indi-
cated that the novel wick could enhance the capillary rise with
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Nomenclature

AP, capillary pressure, [Pa]

AP pressure drop, [Pa]

K permeability, [m?2]

Refy effective pore radius, [m]

AP.K  capillary performance parameter, [N]
g gravitational acceleration, [m/s?]
h capillary height, [m]

dh/dt capillary rise velocity, [m/s]

t time, [s]

k slope of the fitting line, [m?2/s]
Te the capillary radius, [m]

Greek symbols

o surface tension, [N/m]

0 density of liquid, [kg/m3]

% dynamic viscosity of liquid, [Pa-s]
0 the contact angle, [°]

Subscript

f friction

g gravity

eff effective

little penalty of pressure drop. They also developed an aluminum
vapor chamber using the micro-grooved wick with reentrant cavity
array and the excellent thermal performances under various oper-
ational conditions were further verified [15]. The surface morphol-
ogy of grooves also plays an important role in the capillary per-
formance of grooved wicks. Huang et al. [16] proposed a chem-
ical corrosion method to change the surface morphology of the
grooved wick for capillary performance enhancement. The study
revealed that the optimal corrosion parameter could gain a cap-
illary performance enhancement of 155%. Tang et al. [17] studied
the effect of chemical corrosion on the capillary performance of
micro V-grooves wick fabricated by ploughing-extrusion. Only a
maximum increase of 96.33% in capillary rise height was achieved.
Lu et al. [18] developed a composite wick with a porous layer on
the rectangular copper grooves by electrochemical deposition. The
capillary performance parameter of the composite wick was en-
hanced by more than 20% with the optimal deposition parameters.
The common feature of the above methods is to construct porous
microstructures on the groove surface. However, both chemical
corrosion and electrochemical deposition processes may produce
polluting effluents and increase economic costs. It seems that an
environment-friendly and effective method to improve the capil-
lary performance of grooved wicks is still urgently required. Fur-
ther comparing the enhancement mechanism of the above meth-
ods, the composite grooved wicks with micro/nanostructures ex-
hibit better capillary performance, which can further improve the
maximum heat transport capability of the heat pipe. Besides, ul-
trasonic has been widely used in the industry, involving cleaning,
machining, and pharmaceutical manufacture. Ultrasonic cavitation
is the most important characteristic during ultrasonic treatment.
Virot et al. [19] evidenced that ultrasonic cavitation can increase
the roughness and wettability of Si wafer. Skorb et al. [20] reported
that ultrasonic cavitation can induce oxidation of metal surface and
etching of metal matrix to form mesoporous metal sponges. There-
fore, it is possible to employ ultrasonic cavitation to enhance the
groove wick in the heat pipe industry. And related research has not
been reported yet.

In this paper, an environmentally friendly method, named as ul-
trasonic modification, was developed to fabricate porous grooved
aluminum wicks for ultra-thin flat heat pipes. It is also a novel
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method for solving the manufacturing problem of porous alu-
minum wick due to the hindrance effect of aluminum oxide film
on sintering [21]. During ultrasonic modification, cavitation bub-
bles caused by ultrasonic vibration underwent the procedures of
generation, growth, pulsation and collapse [22,23]. Under the im-
pact of the microjets caused by cavitation bubble collapse, porous
microstructures were created directly on the groove surface, which
is different from the sintering process. The forming process of
porous microstructures was controlled by changing the ultrasonic
modification times. The morphology, wettability and capillary per-
formance of the modified grooved wicks were investigated com-
prehensively. Moreover, the capillary performance of the porous
grooved aluminum wicks was assessed with the capillary rise
height and capillary performance parameter.

2. Experiment
2.1. Sample preparation

The grooved wick used in this study was fabricated by alu-
minum extrusion with the dimension of 160 mm x 80 mm
(see Fig. 1a), and the samples were cut into approximately
100 mm x 10 mm by wire cutting (see Fig. 1b). As shown in Fig. 2,
the ultrasonic modification process was performed on a custom-
built apparatus. The ultrasonic generator (SXSONIC FS-300 N) op-
erating at a vibration frequency of 20 kHz was mounted at a
computer-controlled X-Z-direction holder. Ultrasonic vibration was
created by the generator in the vertical direction and amplified
by the horn to generate ultrasound waves at the end of the horn
tip. The diameter of the horn tip used in this study is 8 mm and
the ultrasonic amplitude is 75 pm. The workpiece was mounted at
the bottom of an opening container fixed at a Y-direction work-
ing stage. The minimum step size in all three directions is 5 pm.
Tap water was selected as the liquid medium in which cavitation
bubbles can grow and collapse to form impact force to process
the groove surface. And the volume of water required should be
enough to completely submerge the horn tip during the modifica-
tion process. To ensure the consistency of all modification experi-
ments, the distance between the water surface and the end of the
horn tip was always maintained at about 10 mm.

Prior to the modification, the horn tip was moved to touch the
top of the grooves at five different positions along the direction
of the groove and the positions of the groove sample relative to
the horn were calculated and recorded in the computer. The mod-
ification process was accomplished by a computer program that
moved the vibrating horn toward one end of the workpiece to a
constant clearance of 0.5 mm, then moved along the groove to the
other end of the workpiece at a speed of 0.4 mmy/s and returned
(see Fig. 2b). In the modification process, cavitation bubbles nu-
cleate and grow in the liquid where the local pressure is lower
than the saturated vapor under the action of ultrasound waves.
As the bubbles approach the solid surface, the pressure distribu-
tion on the bubble surface becomes asymmetric, so they will col-
lapse and produce microjets towards the solid surface. The intense
impact of the microjets may further change the surface morphol-
ogy of the grooves [23,24]. In order to study the effect of modi-
fication duration, the above modification process was repeated 3
times (S2), 5 times (S3) and 7 times (S4), respectively. The results
were compared with the untreated one (S1). In addition, a water
bath and a peristaltic pump were utilized to circulate the water
in the container and maintained the water temperature of 25 °C
during the modification process. After ultrasonic modification, the
samples were subjected to ultrasonic cleaning in ethanol for 3 min
to remove residual moisture and impurities, and then the samples
were dried by nitrogen flow.
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Fig. 1. (a) Schematic of the grooved aluminum wick, (b) image of the grooved wick sample.
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Fig. 2. Schematics of the (a) ultrasonic modification apparatus, (b) ultrasonic modification process, and (c) ultrasonic cavitation.
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Fig. 3. Schematic of the capillary rise test setup.

2.2. Capillary rise test

The capillary rise of the modified grooved wicks was mea-
sured using an IR thermal imaging method which has been
widely applied in many research works on capillary performance
[12,14,17,25,26]. The schematic of the test setup is shown in Fig. 3.
An IR thermal imaging camera (FLIR A615, FOV 15°) with the ther-
mal sensitivity of 0.05 K was utilized to capture the capillary rise
process of liquid in the aluminum grooves at a frame frequency of
25 Hz. The resolution of the IR thermal images is 640 x 480 pixel.
Comparing the pixel point with the length of the samples, one
pixel corresponds to 0.26 mm with the validation. Apart from the
IR thermal imaging camera, the test setup consisted of a lifting
stage, a sample holder, a liquid pool, a computer and a black box
with an observation window. Before the test, the samples were
mounted on the sample holder with the bottom ends of all sam-
ples at the same height. During the measurement, the samples
were immersed into the working liquid by moving upward the
lifting stage and the immersion depth was controlled at 3 mm.
Subsequently, the liquid rose along the groove sample due to the
capillary pressure generated by the groove and its surface mi-
crostructures. The dynamic process of the meniscus movement in

the grooves was recorded by the IR-camera due to the difference in
emissivity between metal and liquid. The test lasted 90 s and then
the capillary heights in the IR thermal images were extracted and
visualized on the computer. To reduce the effect of the surrounding
environment, the black box was used to minimize the liquid evap-
oration and prevent the light influence. The ambient temperature
was maintained at 25 °C.

2.3. Data analysis for capillary performance parameter

In general, the capillary performance parameters (AP.-K) and
(K/Refy) are usually used to evaluate the capillary performance of
wicks in various related researches [12,14,16-18]. For the capillary
performance parameter (K/R.y), it is difficult to determine the ef-
fective pore radius Ry of the grooves with irregular microstruc-
tures. Therefore, the capillary performance parameter (AP:K) in-
tegrating capillary pressure AP, and permeability K is employed
for a comprehensive evaluation of the modified grooved wicks
in the present study. According to the momentum balance, the
head pressure balance of the groove in the liquid can be given
[17,27]:

APczAPf+APg=2r—Uc059 (1)
c
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Where APy is the viscous friction pressure drop, APg is the hydro-
static pressure drop due to gravity, o is the surface tension of the
liquid, rc is the capillary radius, and 6 is the contact angle. There-
fore, Eq. (1) can be rewritten as [14]:

uhdh . ogh @)
Where u is the viscosity of liquid, h is the capillary height, dh/dt
is the capillary rise velocity, p is the density of liquid and g is the
gravitational acceleration.

As proposed in the literature [14,28], the capillary rise can be
regarded as viscous dominated flow in the initial stage by neglect-
ing the gravitational effect. With this assumption, Eq. (2) can be
rearranged and solved with the initial condition h (t—0) = 0, and
the result is [28]:

AP =

hzzwtzlqt (3)
Therefore,
AP. . K = “Tk‘ (4)

From Eq. (3), it is seen that h? and t are fitted in a linear corre-
lation in the case of viscous dominated flow. Hence, AP.-K in the
initial stage can be calculated by the slope k; of the fitting line of
Eq. (3). However, as the capillary height continues to increase, the
effect of gravity cannot be neglected anymore and the Eq. (4) is
not suitable for the prediction of AP.-K.

Considering the effect of gravity, rearranging Eq. (2) yields
[16,18]:

dh 1 pgK

@R o (5)
AP.-K

k, = —= 6

2 m (6)

It is obvious that a linear fitting can also be obtained between
dh/dt and 1/h. Then, AP.K can be calculated using the slope k, of
this fitted line.

2.4. Uncertainty analysis

The uncertainty in the experiment is estimated based on the
random errors in the capillary rise measurements. The relative
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measurement errors of capillary rise height, capillary rise veloc-
ity, and capillary performance parameter are calculated using the
uncertainty analysis method [29]:

2
e(f) V(e
oY= (7)
f f

where e(f) is the measurement error of the variable f, and ey is
the maximum measurement error of each section defined as x;.
The uncertainties of capillary rise height and capillary rise veloc-
ity are estimated to be within 4.72% and 6.18%, respectively. With
the standard deviation of the capillary performance parameter by
linear fitting, the uncertainty of AP.-K is estimated to be within
8.04% in the initial stage while at the zone with gravity influence
it is within 8.47%.

3. Results and discussion
3.1. Morphology of the modified grooves

Fig. 4 shows the 3D image of the aluminum groove structure.
Comparing with the bare grooved wick, the dimension of the mod-
ified groove structure was only slightly changed. The groove sur-
faces seemed to become rougher after ultrasonic modification, es-
pecially the bottom of the grooves. For comprehensive and de-
tailed characterization, the samples were observed under a scan-
ning electron microscope (SEM) at three magnifications of 100 x ,
400 x and 5000 x . The SEM images of the sample surfaces are
presented in Fig. 5. It is obvious that ultrasonic modification has a
great effect on the morphology of the aluminum grooves. As de-
picted in Fig. 5a, the original wick only consisted of several small
and shallow grooves with relatively smooth surface. As the ul-
trasonic modification proceeded, the bare groove surface became
rougher with the appearance of a layer of porous microstructures.
Under the 100 x magnification, it is found that the porous mi-
crostructures were fabricated at the bottom of the grooves, fol-
lowed by expanding to the top of the grooves as modification
times increased. It means that the first area impacted by cavita-
tion bubble collapse is the bottom of the grooves and then the top
followed. As common sense, the formation of a bubble requires a
nucleation site. Compared with other areas of the grooves, the bot-
tom corners of the grooves have a relatively small curvature ra-

(b)

0.34 mm

0.05 mm

0.25 mm

0.02 mm

Fig. 4. 3D image of the aluminum groove structure: (a) S1, (b) S2, (¢) S3, and (d) S4.
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Fig. 5. SEM images of the aluminum grooves: (a) S1, (b) S2, (c) S3, and (d) S4.

dius, which can work as potential nucleation sites. During ultra-
sonic cavitation, these nucleation sites are beneficial for the for-
mation of cavitation bubbles and promote their evolution. Hence,
the bottom area may suffer intense impact caused by cavitation
bubble collapse preferentially, leading to the appearance of porous
microstructures. Moreover, when the modification times were in-
creased to 7, the top of the groove was damaged, and a rough
plane was formed because of the long-time cavitation collapse im-
pact. It is indicated that controlling the modification times can
achieve the fabrication of the porous microstructure only at the
bottom of the grooves. For the aluminum grooved wick used in
the study, it can be realized by repeating the modification process
3 times. Under the 400 x magnification, the bottom of the grooves
was changed to a coarse rock-shaped morphology with numerous
dead-end micro-hollows and ridges under the impact of ultrasonic
cavitation bubbles. The dimensions of the micro-hollows were
measured using Image] software at multiple locations. The aver-
age diameters of the micro-hollows were 17.9 um, 15.4 um and
12.9 pum for S2, S3 and S4, respectively. Obviously, the diameter

of the micro-hollows decreased slightly with the increasing mod-
ification times. Meanwhile, as increasing the modification times,
the density of micro-hollows further increased, the ridges were
further disintegrated into coarser and smaller lumps, and then
the interconnect microchannels were formed between the micro-
hollows. Both micro-hollows and interconnect microchannels con-
stituted the porous microstructures on the groove surface. Un-
der the 5000 x magnification, the complexity of the rock-shaped
morphology can be further indicated by the number of micro-
scale cracks on the surface which increased with the modification
times. It is indicated that the longer the modification time is, the
more severe deformation the groove surface suffers. Namely, as the
modification time per unit area increases, both the cavitation im-
pact per unit area and the extent of modification are enhanced,
thereby leading to a more abundant rock-shaped morphology on
the groove surface. On the other hand, it also causes damage to the
top of the grooves to some extent if the cavitation impact time is
excessive.
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Fig. 6. Contact angle images of water on the plane surface: (a) S1, (b) S2, (c) S3 and (d) S4.

3.2. Wettability test

The similar modification processes were performed on plane
surfaces for exploring the wettability of the modified surfaces. For
better understanding the wetting properties of the modified sur-
faces with different surface tension liquids, both water (surface
tension of 72.1 mN/m) and acetone (surface tension of 23.3 mN/m)
were used as the indicator and the droplet volume for each char-
acterization was 4 ul. The surface contact angle was measured by
a contact angle measurement system (Powereach, JC2000D, China)
with an accuracy of + 1° Fig. 6 depicts the shape of water droplets
on the aluminum surfaces modified with different modification
times. As shown in Fig. 6, the original contact angle of water
on the smooth surface was 84.5 + 1°, while the contact angles
on all modified surfaces were about 120° It is obvious that the
aluminum surfaces were transformed from slightly hydrophilic to
moderately hydrophobic after ultrasonic modification. Comparing
with the smooth surface, the modified surface had a larger surface
roughness ratio due to the appearance of porous microstructures.
According to the Wenzel model [30], the modified surface should
have become more hydrophilic. However, during ultrasonic modi-
fication the collapsing cavitation bubbles can create transient local
areas of high temperature more than 5,000 K and high pressure
of about 1,000 atmospheres [31]. Since the initial protective layer
of oxide have been destroyed during ultrasonic modification, the
unprotected surface will be further rapidly modified by highly re-
active radicals and oxygen from water. Hence, the surface chem-
istry of the porous microstructures should be different, which may
change the surface energy and then wettability of the whole alu-
minum surface. The surface chemistry of the porous microstruc-
tures was analyzed by energy-dispersive X-ray spectroscopy (EDS,
Oxford X-MAX, UK) and Fourier transform infrared spectroscopy
(FT-IR, Nicolet IS50-Nicolet Continuum, USA). After ultrasonic mod-
ification treatment, the modified aluminum surface showed a clear
increase in carbon content and a slight decrease in oxygen content,
as shown in Table 1. It can be explained that under the influence
of extreme temperature and pressure the unprotected aluminum
surface can easily react with oxygen and water, resulting in the
formation of AIOOH and Al,03 on the porous microstructures [32].
In the previous literature [33-35], organic adsorption was observed
on aluminum oxide and metal oxides with an-OH group. There-
fore, AIOOH and Al,03 could adsorb organic matter from the ambi-
ent water and this process was accelerated under high temperature

Table 1
Chemical composition of the original aluminum surface (S1) and the modified alu-
minum surface (S2-S4) with different modification times.

Element S1 S2 S3 S4
C 14.99 24.77 29.71 22.68
(o] 5.45 2.20 2.54 2.16
Al 78.47 71.70 66.15 73.96
Mn 1.09 1.33 1.60 1.20
0/Al 0.07 0.03 0.04 0.03
C/Al 0.19 0.35 0.45 0.31
—9S1 i
S2 metal oxides group
gi -CHZT l'CHz' _C:HZ_

clf,. | Ehs

Intensity (a.u.)

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm’™)

Fig. 7. FT-IR results of original aluminum (S1) and ultrasonic-modified aluminum
(S2-54).

condition, causing the appearance of hydrophobic groups (-CHs,-
CH,-) [36], which is demonstrated in Fig. 7. These hydrophobic
groups helped to form a low-surface-energy coating on the porous
microstructures so that the modified surface became hydrophobic.
Namely, the combined effect of rough porous aluminum surface
coupled with organic matter leads to the opposite change in wet-
tability of the modified surface with water, which be explained by
the Cassie-Baxter model [37].

Obviously, the hydrophobic aluminum surface is not beneficial
to the improvement of the capillary performance of the aluminum
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Fig. 8. Contact angle images of acetone on the plane surface: (a) S1, (b) S2, (c) S3 and (d) S4.

grooved wicks. However, due to the incompatibility between alu-
minum and water, water cannot be used as the working liquid in
the aluminum heat pipes. On the other hand, many low surface
tension liquids have been widely used as the working liquid in the
manufacture of aluminum heat pipes, such as acetone and HFC-
7100, whose wetting performance on the aluminum surface is dif-
ferent from water due to their difference in surface tension. Hence,
in order to explore the effect of porous microstructures with a low-
surface-energy coating on the wetting performance of the working
liquid in aluminum heat pipes, it is necessary to conduct a similar
contact angle test with acetone.

In our preliminary experiment, acetone spread fast on the mod-
ified aluminum surface. The complete spreading processes of ace-
tone on the modified plane surfaces were recorded and shown
in Fig. 8. The apparent contact angle of acetone on the bare alu-
minum surface was 20.3 + 1°, indicating that the original alu-
minum surface was oleophilic. For the modified surfaces, acetone
was absorbed into the modified surface within 1 s upon it touched
the surface. As shown in Fig. 8, the static contact angles of acetone
on the modified surfaces were nearly 0°, indicating that the hy-
drophobic modified aluminum surface was readily wetted by ace-
tone. It is demonstrated that the low-surface-energy organic mat-
ter coating on the modified aluminum surface has no negative ef-
fect on the wetting of acetone, while the porous microstructures
can promote the complete wetting of acetone on the modified sur-
face. It can be concluded that the aluminum surface became hy-
drophobic and superoleophilic after ultrasonic modification treat-
ment.

3.3. Capillary rise test

Capillary rise height is an important index for the capillary per-
formance evaluation of the wick in heat pipes. Based on the above

analysis and the wettability test results of the modified aluminum
surface, acetone was chosen for the subsequent capillary perfor-
mance evaluation. Fig. 9 shows a series of IR images of the four
wick samples at six specific time. It is obvious that the liquid in
all wick samples rose rapidly within 15 s, and then the capillary
rise velocity tended to be gentle after 15 s until the quasi-static
equilibrium state occurred. For a more intuitive analysis, the cap-
illary rise heights at different time were measured and connected
via B-Spline as shown in Fig. 10. The capillary rise height in the
first 5 s was almost proportional to time, which is regarded as the
initial stage. And the following capillary rise stage is noted as the
long-time stage in which the liquid rose at a decreasing rate due
to the effect of gravity. By comparing the capillary rise height of
the four wicks, it is apparent that the modified wicks exhibited
faster rise velocity and higher rise height than the bare grooved
wick while the difference between these modified wicks was very
slight. It seems that the micro-hollows on the groove surface can
remarkably reduce the capillary radius of the grooved wick. Ac-
cording to Eq. (1), these micro-hollows will provide extra capil-
lary force to promote the flow of liquid in the interconnect mi-
crochannels against gravity. It is indicated that the low-surface-
energy coating on the modified surface has a negligible effect on
the capillary performance of grooved wick with acetone as the
working liquid, which is in accord with the result of wettability
test. On the other hand, according to the observation in Fig. 5, the
slight difference between these modified wicks indicates that the
porous microstructures at the bottom of the groove can enhance
capillary performance more significantly than that at the sidewall
of the groove. Namely, excessive modification cannot further sig-
nificantly enhance the capillary performance of the groove wicks,
if the depth of the ultrasonic modification can reach the bottom
of the groove to fabricate porous microstructures sufficiently. The
color of the liquid in the modified grooves became darker after
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Fig. 9. IR images of capillary rise processes of the grooved wicks at six specific time.
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Fig. 10. Measured capillary rise height as a function of time for the grooves with
different modification times.

30 s in Fig. 9, indicating that more working liquid was adsorbed in
the modified grooves due to the porous microstructures. The ad-
sorption of the working liquid supported the second capillary rise
at a low velocity, corresponding to the rising process between 30
and 80 s in Fig. 10. The similar phenomenon was also reported by
Zeng et al. [14]. As depicted in Fig. 10, the capillary rise heights

Table 2
The calculation results of capillary performance parameter (AP.-K).
Sample AP:K (N)
Without gravity Eq. (3) With gravity Eq. (5)
S1 7.35e-6 3.22e-6
S2 3.52e-5 3.38e-5
S3 3.81e-5 3.21e-5
S4 4.63e-5 3.42e-5

of the modified wicks were about 35.1 mm, while that of the bare
grooved wick was only about 11.4 mm, indicating an increase for
approximately a factor of 3 in the maximum capillary rise height.

In order to calculate the capillary performance parameter
(AP:K), the linear fits between the square of capillary height
(h?) and time (t) in the initial stage and between the capillary
rise velocity (dh/dt) and reciprocal of capillary height (1/h) in the
long-time stage were conducted and shown in Fig. 11 based on
Eq. (5) and Eq. (3), respectively. As shown in Fig. 11, the linear fit-
ting curves matched well with the experimental data, and slope
k; and k, were obtained. The capillary performance parameter can
be calculated from Eq. (4) and Eq. (6), respectively. The calculation
results are listed in Table 2. It is found that the modified grooved
wicks have higher AP.-K than the bare grooved wick, e.g., the S2
exhibited AP.-K of 3.38e-5 N in the case with gravity, which was
an order of magnitude larger than that of 3.22e-6 N for the S1.
However, the difference of AP.-K between the modified grooved
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Fig. 11. Linear fits (a) between square of capillary height (h?) and time (t) in the initial stage based on Eq. (3); (b) between capillary rise velocity (dh/dt) and reciprocal of

capillary height (1/h) in the long-time stage based on Eq. (5).

wicks was negligible in the long-time stages. In addition, the AP.-K
values of the modified grooved wicks in these two stages were
similar. It is indicated that the influence of gravity on the capil-
lary rise process is greatly weakened due to the capillary force of
the porous microstructures, justifying the prominent comprehen-
sive capillary performance of the modified grooved wicks. In link
with the previous analysis of capillary rise height, it can be con-
cluded that the ultrasonic modification method is an effective ap-
proach to enhance the capillary performance of the grooved alu-
minum wicks.

4. Conclusions

In this study, an ultrasonic modification method was developed
to fabricate porous microstructures on the aluminum groove sur-
face. Cavitation collapse impact induced by ultrasonic vibration in
water was used to modify the groove surface. The behavior of the
modified grooved wicks with different modification times was in-
vestigated by surface morphology characterization, wettability test
and capillary rise test. Experimental results show that appropri-
ate ultrasonic modification times can realize an excellent distribu-
tion of porous microstructures throughout the aluminum groove
surface, while excessive ultrasonic modification may cause dam-
age to the top of the grooves. After ultrasonic modification, the
aluminum surface became hydrophobic and superoleophilic due to
the formation of the layer of porous microstructures with a low-
surface-energy organic matter coating. The negative effect of low
surface energy cannot inhibit the enhancement of the capillary
performance with acetone since the porous microstructures reduce
the capillary radius of the wick greatly. The porous microstructures
at the bottom of the groove enhanced capillary performance more
significantly than that at the sidewall of the groove. The maximum
capillary rise height and capillary performance parameter (AP-K)
were increased for a factor of 3 and an order of magnitude, respec-
tively. So, ultrasonic modification is an effective approach to en-
hance the capillary performance of the grooved aluminum wicks.
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