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Abstract

The present work aims to study the e�ect of surface characteristics on the maximum wetted axial length �xmax� of a triangular

microgrooves plate. A series of triangular microgrooves with upper width (W) of 0.4 mm and the vertex angle �a� of 60° was

machined on oxygen-free copper plate. The measured microgrooves plates include one with non-etched surface texture with lined

incisions left by machining tool, and another with chemically etched surface texture with micro cavities. Methanol and ethanol were

used as working ¯uid. The tilt angles of test device �b� and the applied heat ¯ux �q00b� were varied for measurement. The present result

shows that the surface texture with micro cavities will have 10±35% longer wetted axial length as compared with surface texture with

lined incisions. The surface texture performed by chemical etching is e�ective in increasing the capillary performance of low surface

tension ¯uid. A baseline check shows good agreement among the present experimental result and previous study. Ó 2000 Elsevier

Science Inc. All rights reserved.
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1. Introduction

The advancements of semiconductor industry and
packaging technology in recent years have led to the
miniaturization and increasing density of electronics
component. The unit chip heat ¯ux has been tremen-
dously raised with the promoted functions of individual
component. Hence, thermal management becomes a
crucial technique that is related to the performance,
reliability and cost of a product. The heat pipe based on
the phase change heat exchange theory has been min-
iaturized and adopted as a heat dissipation component
in these electronics equipment recently, especially for
heat pipe with groove wicks that is easier to be manu-
factured in miniature range. Besides, studies on minia-
ture heat pipe [1] and micro heat pipe [2] have also been
developed to deal with the increasing heat ¯ux and
temperature uniformity problem in the future. Microg-
rooves are used as wicks in the inner surface to e�ec-
tively promote the evaporation and condensation rates
at both the evaporator and condenser ends. The capil-

lary forces of thin ®lm on the grooves also provide
pumping power for the circulation of condensed ¯uid
from the condenser to evaporator. Therefore, the un-
derstanding on ¯ow behavior of working ¯uid in the
wicks is important in the design of a heat pipe. From the
viewpoint of mechanical engineering, the investigations
on the overall heat transfer and ¯uid mechanics on the
microgroove surface are crucial for the improvement of
heat pipe e�ciency.

The initial contact of working ¯uid on the micro-
groove surface forms very small meniscus. As described
by Holm and Goplen [3], the spreading of ¯uid on the
microgroove surface can be classi®ed into the three re-
gions showed in Fig. 1 including the equilibrium thing
®lm region, the evaporating thin ®lm region and the
intrinsic meniscus region. The forces in the equilibrium
thin ®lm region are dominated by disjoining pressure.
The disjoining pressure would prevent evaporation, and
therefore no wall heat ¯ux could be brought away. For
the evaporating thin ®lm region, both the disjoining
pressure and capillary force are the dominant forces.
However, the e�ects of disjoining pressure on evapora-
tion and heat transfer have diminished in this region.
The capillary force becomes the dominant force and the
e�ect of adhesion force in the thin ®lm on the evapo-
ration rate can be neglected in the intrinsic meniscus

Experimental Thermal and Fluid Science 22 (2000) 103±110

www.elsevier.nl/locate/etfs

* Corresponding author. Tel.: +886-2-2362-1522; fax: +886-2-2364-

4871.

E-mail address: phchen@ccms.ntu.edu.tw (P.-H. Chen).

0894-1777/00/$ - see front matter Ó 2000 Elsevier Science Inc. All rights reserved.

PII: S 0 8 9 4 - 1 7 7 7 ( 0 0 ) 0 0 0 1 6 - 9



region. The increased ®lm thickness will increase the
thermal resistance and change the heat transfer phe-
nomenon. According to Rank and Wayner [4], the
ranges of ®lm thickness for the three regions are ap-
proximately estimated as 5� 10ÿ8, �0:05±10� � 10ÿ6 and
> 10ÿ5 m.

Some analytical models and experimental aspects on
evaporation of thin liquid ®lm on a ¯at plate have been
extensively investigated in the literature, such as the
studies of Potash and Wayner [5], Wayner et al. [6],
Renk and Wayner [4,7], Mizamoghadam and Catton [8],
Schonberg and Wayner [9], and DasGupta et al. [10].
Although these works have clari®ed some physical
mechanism of the microgroove evaporation ¯ow, it is
still not su�cient for application. For the evaporation

¯ow ®eld in microgroove, the heat transfer and ¯ow
phenomena of the intrinsic meniscus in both axial and
cross-sectional directions should be investigated.

The analytical model of the evaporation ¯ow in mi-
crogrooves has been presented in several studies. Ay-
yaswamy et al. [11] saluted the two-dimensional
equations of triangular grooves by the Galerkin
boundary method; the independent parameters include
contact angle and the half angle of microgrooves. Holm
and Goplen [3] constructed a one-dimensional analytical
heat transfer model of capillary trapezoid grooves to
investigate the e�ects of groove spacing and heat
transfer on interline. Stephan and Busse [12] solved the
two-dimensional heat transfer conduction model to es-
timate the shape of liquid±vapor interface and temper-
ature distribution in microgrooves. The in¯uences of
interfacial thermal resistance, disjoining pressure and
surface roughness on the heat transfer coe�cient were
investigated by Khrustalev and Faghri [13]. The com-
parison on their numerical results and experimental data
con®rmed that these parameters have great in¯uences on
surface heat transfer. Ha and Peterson [14] derived an
algebraic equation to estimate the dryout point in the
triangular microgrooves, and a theoretical model for
very small tilt angles were constructed by perturbation
method later [15]. The intrinsic meniscus variation along
the axial direction of the V-shape microgroove was in-
vestigated in both studies.

Xu and Carey [16] studied the heat transfer charac-
teristics of thin liquid ®lm evaporation on the surface of
V-shape microgrooves. Stroes et al. [17] compared the
capillary performance of grooves by the experimental
results of small triangular and rectangular grooves. The
wetted axial lengths of di�erent heat ¯ux and tilt angle
were also estimated using simpli®ed models. The wetted
axial length was proved to be a function of the input
heat ¯ux, the thermophysical properties, and the geo-
metric parameters. Moreover, Peterson and Ha [18] es-
timated the dryout location in the triangular grooves by
the closed-form solution of a simpli®ed governing
equation. The estimated results were also veri®ed by
experimental investigation. Sheu et al. [19] predicted the

Nomenclature
A constant de®ned in Eq. (2)
B constant de®ned in Eq. (2)
C constant de®ned in Eq. (3)
g gravitational acceleration (m=s2)
hfg latent heat of vaporization (J/kg)
K the friction coe�cient by Ayyaswamy et al. [11]
q00b heat ¯ux normal to the bottom plate (W=m2)
Ra average roughness of microgrooves surface

(lm)
r�x� radius of curvature in the intrinsic meniscus at

x (mm)
T temperature (°C)
W the upper width of microgrooves (mm)

x the wetted axial length of microgrooves (mm)

Greek symbols
a the vertex angle of microgrooves (degree)
b the tilt angle of test device (degree)
q density (kg=m3)
r surface tension (N/m)

Subscript
j junction of the adiabatic and evaporating

regions
l liquid
max maximum of axial or groove side direction

length
sat saturation

Fig. 1. Regions of the meniscus on microgroove surface.
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wetted axial length of trapezoid microgroove by both
analytical and experimental models.

For most of the past literature, the triangular shape
microgroove has been taken as the physical and exper-
imental model in the study of heat transfer characteris-
tics of thin liquid ®lm. However, a perfectly smooth wall
surface was assumed in most of these works, few re-
searchers have put e�orts on the e�ect of surface char-
acteristics on the heat transfer phenomenon of thin
liquid ®lm. Hence, the present study estimates the wet-
ted axial length and the dryout location of working ¯uid
in triangular microgrooves of various surface textures
according to the experimental setup as described by
Peterson and Ha [18]. The surface of microgrooves was
chemically etched to change the surface characteristics.
The in¯uence of roughness characteristic on the wetted
axial length of microgrooves with di�erent working
¯uid, ethanol and methanol, was investigated in the
present study.

2. Experimental description and procedure

The main purpose of the present work is to measure
the maximum wetted axial length �xmax� from the origin
to the dryout point on the microgrooves as shown in the
physical model illustrated in Fig. 2 [18]. The test device
was tilted at an angle of b with the adiabatic region at
one end immersed in the working ¯uid, and a uniform
heat ¯ux were supplied to the base of evaporating region
at the other end. Ethanol and methanol with lower free
energy were used as the working ¯uid in the present
study. The capillary forces will act against the frictional
and gravitational forces, and pump the working ¯uid
into the microgrooves on the test device.

The present experimental setup and procedure are
similar to the work of Peterson and Ha [18]. The sche-
matic view of the present experimental setup is shown in
Fig. 3. A ¯exible thermofoil heater that attached to the
base of the microgrooves plate provided a uniform heat
¯ux of the evaporating region for a microgrooves plate.
The thermofoil heater (Minco) has a resistance of 84.3
X and was activated by a DC power supply. A digital
multimeter measured the input power of the heater with
an uncertainty of �0:01 W. The adjustments of tilt
angle and the height of test device were performed by a

precise rotational and two-axis translational positioning
mechanism. The working ¯uid in a small pool was
maintained at a ®xed level by titration during the
measurement. A ¯uorescent light was used for conve-
nience of observation during the estimation of wetted
axial length.

The test device consists of a microgrooves plate, a
heater and an insulation layer is shown in Fig. 4(a). Fig.
4(b) shows the 60 mm� 20 mm microgrooves plate
made by oxygen-free copper with a thickness of 5 mm in
the evaporating region and a thickness of 2 mm in the
adiabatic region. The former region is thicker to ensure
that the uniformity of heat ¯ux on the surfaces of mi-
crogrooves. Oppositely, the adiabatic region was made
thinner to minimize the heat loss by conduction along
the axial direction. Silicone heat transfer compound
(Unick, UH-102) was applied to the base of microg-
rooves plate to reduce thermal resistance at the contact
surface with the heater. Both sides of the microgrooves
plate and the lower surface of the heater were insulated
by ®berglass with thermal conductivity 0.035 W/mK to
prevent heat loss.

Two holes of diameter 0.5 mm with depth 10 mm
were transversely drilled on each side of microgrooves
plate at 1 mm below the evaporating region. The ther-
mocouples of type T (Omega) with diameter 0.025 mm
were embedded in these holes for temperature mea-
surement. Moreover, two thermocouples were, respec-
tively, embedded in the insulation layer at a distance of
5 mm and 10 mm away from the heater to estimate the
heat loss through the insulating layer. The measured
temperatures were recorded by a data logger. From the
input power and the estimated heat loss, the total heat
¯ux on the microgrooves surface can be obtained.Fig. 2. Physical model of microgroove evaporation system.

Fig. 3. Schematic view of experimental setup.
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According to the estimation, the heat losses through the
sidewalls and base of test device can be neglected as
compared to the heat ¯ux provided by the thermofoil
heater.

The 50 triangular microgrooves were machined on
the plate with a total region of 10 mm wide. The upper
width of each triangular microgroove (W) is 0.4 mm,
and the vertex angle (a) is 60°. Two types of surface
texture were used in the present study to investigate the
e�ect of microgroove surface characteristics on the
maximum wetted axial length of heated capillary mi-
crogrooves. The surface texture of the non-etched test
device was the original surface texture left by machining
tool, and the surface texture of the etched test device was
further rough with surface etching by using nitric acid
solution. To discuss the microgroove surface charac-
teristics, the surface texture was qualitatively observed
using a scanning electron microscope (SEM). For the
quantitative analysis, the pro®le measurement per-
formed by an optical surface pro®lometer (ZYGO
Maxim 3D 5700) was considered.

The surface characteristics of microgroove will cause
severe e�ects on the maximum wetted axial length of the
capillary ¯ow. Any dust or oxidized layer can a�ect the
wettability of working ¯uid on the microgroove surface
too. Hence, a cleansing procedure of test device includes
washing away of grease by acetone, pickling of oxidized
layer by a 10% nitric acid solution, a rinse in distilled
water, and ®nally drying by nitrogen gas to prevent
oxidation is necessary for each measurement.

The measurement of the present study was conducted
under an open environment. The temperature of envi-
ronment was controlled within a variation of �3°C by a
digital temperature controller (TOHO Electronics,
TTM-100) to reduce the in¯uence of the environment
temperature on the evaporating process during mea-
surement. A stable environment temperature must be
achieved and maintained for each measurement. Under
the present experimental setup, the evaporation of liquid

would not create a pure vapor environment. Hence, the
temperature measured on the microgroove surface is
assumed to be the vapor saturation temperature. During
measurement, one end of the test device was merged into
a small pool ®lled with working ¯uid. To prevent axial
heat transfer on the test device, the liquid temperature of
small pool should be maintained at the same as the
surface temperature of test device. Therefore, the small
pool was placed in an insulated large pool that acted as
a constant temperature water bath. The temperature
variation of the small pool was controlled within
�0:5°C.

The test device was ®rst mounted on the positioning
mechanism at a ®xed tilt angle. By adjusting the height
of test device, the adiabatic region of test device would
be merged into the working ¯uid. The working ¯uid was
pumped into the grooves by capillary forces until it ar-
rived at a dryout point. To maintain the evaporating
region at a ®xed length, the height of test device was
adjusted slowly until the dryout point touched the upper
edge of grooves. The wetted axial length was then ob-
tained by measuring the distance from the evaporating
region to the upper edge of groove with a reading error
of �1:0 mm. Since the surface roughness might have a
variance among each microgroove, the maximum axial
wetted length of each microgroove might be di�erent;
therefore, an averaged value among the 50 microgrooves
was recorded.

3. Results and discussions

The in¯uence of surface characteristics on the maxi-
mum wetted axial length �xmax� is investigated in the
present study. The result of the present experimental
work is compared with the values of xmax obtained from
the algebraic equation previously presented by Peterson
and Ha [18]:

Fig. 4. (a) Test device; (b) top and side views of the microgrooves plate.
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xmax � rj

2A

�
ÿ Br3

j �
�����������������������
B2r6

j � 8Arj

q �
; �1�

where

A � 4Kvlq00bW
Crhfg

and B � qg sin b
r

; �2�

C � 4 tan2 a
1

tan a

�
� aÿ p

2

�3

: �3�

The axial length, xmax, is a function of rj, A, and B. The
radius of curvature at the junction, rj, can be found by
analyzing the liquid ®lm behavior in the adiabatic
region.

The nonlinear di�erential equation of the adiabatic
region is expressed as

dr�x0�
dx0

� ÿAxmax

r�x0�2 ÿ Br�x0�2: �4�

Since the meniscus completely ®lls the groove at the
origin, the applicable boundary condition becomes

at x0 � 0; r�x0� � r0 � W
cos a

: �5�
The value of rj that is numerically found by Eqs. (4) and
(5) can then be substituted into Eq. (1) to solve the value
of xmax.

The test devices used in the measurement include a
non-etched microgrooves plate and an etched micro-
grooves plate. The SEM micrographs of the non-etched
microgrooves texture in Figs. 5(a) and 6(a) show that
the microgrooves surface is covered with lined incisions.
As shown in these micrographs, most of these incisions
are parallel to the machining direction, which is also the
axial direction of microgrooves. Therefore, it is believed
that the friction between the cutting tool and the copper
plate has formed these lined incisions. As shown in Figs.
5(b) and 6(b), the surface texture of the etched microg-
rooves plate was rough with chemical etching using ni-
tric acid solution. The lined incisions caused by cutting
tool become less obvious as compared with Fig. 5(a).
The texture of the etched surface is clearly showed in
Fig. 6(b). Micro cavities of sub-micron range are evenly
distributed over the microgrooves surface etched by
nitric acid solution.

The micrographs shown in Figs. 5 and 6 reveal the
qualitative observation. However, the actual dimension
of the surface roughness cannot be quantitatively de-
termined. Therefore, a further quantitative analysis was
performed by a non-destructive surface pro®lometer to
measure the surface roughness. The principle of the
pro®lometer is to optically determine the dimension of
roughness by interference patterns. For the present
tested triangular microgrooves, the measurement be-
comes di�cult due to the inclined microgroove surfaces.
Therefore, the microgrooves plate has to be inclined to
form an observable interference patterns. The measured
average roughness �Ra� is 0.391 lm for the non-etched
microgrooves plate, and 0.333 lm for the etched mi-

crogrooves plate. From the qualitative analysis, the
micrographs of the etched and non-etched surfaces show
that the surface texture and pro®le is totally di�erent for
the two cases. However, the quantitative analysis shows
that the two di�erent textures have a very close average
roughness value.

The e�ect of inclination angle �b� on the maximum
wetted axial length �xmax� for working ¯uids of meth-
anol and ethanol are shown in the following ®gures
with two heat ¯ux values for each case. Figs. 7 and 8
show the results for methanol with heat ¯ux of 5150
and 8070 W=m2, respectively, and Figs. 9 and 10 show
the cases for ethanol with heat ¯ux of 3670 and 5480
W=m2, respectively. The values of heat ¯ux and tilt
angle are restricted to the present experimental setup.
The square box is used as the symbol for the measured
results of the non-etched microgrooves surface, and the
hollow circle represents the etched surface. The baseline
check is made with the calculated results of the alge-
braic equation derived by Peterson and Ha [18] that is
shown by solid line in each ®gure. In Figs. 7±10, the
values of xmax show the trend of decrease with increased
inclination angle. The predicted value of the algebraic

Fig. 5. Scanning electron micrographs of microgrooves surface texture

��101�.
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equation lies between non-etched case and etched case
of the experimental data at all inclination angles. The
algebraic prediction has xmax values higher than the non-
etched surface of the experimental data. For the
measured results at all applied heat ¯ux values, the xmax

of the etched surface has a value of 10±20% higher than
the non-etched surface for methanol (Figs. 7 and 8),
and 25±35% for ethanol (Figs. 9 and 10). The higher
values of xmax for the etched surface show that the
capillary performance has been improved by the surface
texture.

As mentioned previously, both the adhesive
force and the capillary force are the dominant forces
in the evaporating thin ®lm region. The surface of

Fig. 7. Wetted axial length for methanol, q00b � 5150 W=m2,

Tsat � 49°C.

Fig. 8. Wetted axial length for methanol, q00b � 8070 W=m2,

Tsat � 57°C.

Fig. 9. Wetted axial length for ethanol, q00b � 3670 W=m2, Tsat � 50°C.

Fig. 6. Scanning electron micrographs of microgrooves surface texture

��2980�.
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microgroove became rough with distributed micro cav-
ities after etching. These micro cavities have a dimen-
sion of the same order or even smaller order (sub-
micron) to the interline region of thin liquid ®lm.
Hence, the force balance between the adhesive force of
the liquid/solid and the cohesive force in the liquid has
been changed. The cohesive force in the thin liquid ®lm
is then decreased due to the existence of these micro
cavities. That is, the adhesive force between the liquid
®lm and solid surface has been relatively raised, and a
better liquid/solid wettability is formed. Consequently,
a longer wetted axial length of microgroove that indi-
cates an improved capillary performance will be ob-
served. It is no doubt that surface roughness is an
important parameter of the surface wettability. How-
ever, the present experimental results show that the
e�ect of surface texture is more obvious because the
measured average roughness of the non-etched surface
(0.391 lm) has found to be close to the value of the
etched surface (0.333 lm). It is obvious that the etched
microgrooves surface texture covered with micro cavi-
ties can e�ectively increase the wettability as compared
to the non-etched surface texture covered with lined
incisions.

The e�ect of surface characteristics on the wetta-
bility of di�erent working ¯uids is discussed. Methanol
and ethanol, which are both low free energy liquid and
highly wetting ¯ow, were used as the working ¯uid.
The results show that the surface characteristics have
di�erent in¯uences on the two working ¯uids. In the
cases of methanol (Figs. 7 and 8), the capillary per-
formance of the etched surface is increased in a range
of 10±20% for both applied heat ¯ux values. However,
a higher increase of 25±35% can be achieved for the
cases of ethanol (Figs. 9 and 10). The discrepancy
might be caused by the higher surface tension of
methanol.

4. Conclusions

The present study explores the vaporization process
of thin liquid ®lm in triangular microgrooves (with
vertex angle of 60°) through experimental method, and
also veri®es the theoretical model presented by Peterson
and Ha [18]. The maximum wetted axial length �xmax�
was measured under the variations of the tilt angle, the
applied heat ¯ux, thermophysical properties of working
¯uid, and surface characteristics of the microgrooves.
For the etched microgrooves surface, the texture with
micro cavities has increased the capillary performance
by 10±35% as compared to the non-etched surface. The
surface characteristic is proved to have more obvious
in¯uences on the capillary performance of working ¯uid
with lower surface energy. The present result shows that
the change of surface texture performed by chemical
etching is e�ective in increasing the capillary perfor-
mance of microgrooves, especially when a low surface
tension working ¯uid is used. Therefore, for the capil-
lary ¯ow problems of microgrooves, the surface texture
is proved to be an important parameter that decides the
capillary performance.
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