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a b s t r a c t

Microchannels with superhydrophobic surfaces are a promising candidate for electric cooling with mild
frictional penalty. Frictional and thermal performance of laminar liquid-water flow in such micro-
channels is numerically investigated for various shear-free fractions and Reynolds numbers. The struc-
tures on superhydrophobic surfaces include square posts and holes, transverse and longitudinal grooves.
Combined frictional and thermal performance of microchannels is evaluated by a goodness factor, and is
compared with that of smooth plain channels. It is found that with increasing shear-free fractions, both
friction factor and average Nusselt number deteriorate for four surface patterns; however, goodness
factor is improved significantly over smooth plain channels. In general, superhydrophobic surfaces
containing longitudinal and transverse grooves exhibit the lowest and highest frictional and thermal
performance, respectively; however, combined performance of these two are on opposite. Among four
surface patterns, longitudinal grooves have the highest goodness factors, except at high shear-free
fractions or high Reynolds numbers where overall performance is surpassed by square posts. At very
low or high shear-free fractions, frictional and thermal performance of two-dimensional square posts
and holes approaches that of one-dimensional longitudinal or transverse grooves. Our study suggests
microchannels with superhydrophobic surfaces as promising candidates for efficient cooling devices.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Temperature plays a crucial role in the operation of electrical
devices. For example, a rise of 2 �C in temperature will reduce the
8

reliability of a silicon chip by about 10% [1]. It is thus very important
to find effective solutions of heat removal for electrical devices.
With the increase of power density and the miniaturization of
electronic packages, conventional cooling approaches employing
air as coolant is not able to meet the cooling demand. Since the
classical experimental work by Tuckerman and Pease [2], who
described superior cooling capability for extremely high power
density devices, direct liquid cooling incorporating microchannels
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has been gaining extensive attention, as reviewed by Garimella and
Sobhan [3] and Hassan et al. [4]. Conventional microchannel heat
sinks usually employ straight channels, inwhich the heat transfer is
not very efficient. Various approaches have been proposed to
improve the heat transfer performance of microchannel heat sinks
by introducing complicated channel geometries, for example by
using wavy channels [5e7], zigzag channels [8], or fractal-like
branching channels networks [9], tree-shape microchannels nets
[10], coiled or even hybrid-geometry channels [11]. However, the
trade-off is that the required pressure gradient to drive the liquid
coolant through microchannels also increases significantly and can
become prohibitive with the decrease of the channel dimension.
Therefore, it is of vital importance to seek an effective methodology
to reduce the required pressure gradients to reasonable levels.
Superhydrophobic surfaces are promising candidates for meeting
this requirement; however, its potential for incorporation into
microchannel heat sinks has not been well explored so far.

Superhydrophobic surfaces are usually formed by patterning
micro- or nano-posts, holes or grooves on a solid substrate surface,
as shown in Fig. 1, followed by treating the surface-textured sub-
strates with a thin hydrophobic layer. If the cavity size between the
patterned elements is sufficiently small, such as at the order of
microns or even smaller, the liquid flowing through the channel
will not penetrate the cavities, and a Cassie or dewetted state is
thus maintained. A pocket of air or vapor is trapped in the cavity,
and thus the effective contact area between the flowing liquid and
the solid wall is reduced, as well as required pressure gradient
across the microchannel.

There have been numerous previous research efforts mainly
targeted at investigating the hydraulic performance of super-
hydrophobic surfaces patterned with different geometries. Philip
[12,13] employed the conformal mapping technique to analyze the
laminar flow through a circular tube with longitudinal grooves
modeled as shear-free stripes, and significant reduction in flow
resistance was observed. Similar reduction was verified by the
experimental work in microchannels patterned with longitudinal
grooves by Ou and Rothstein [14] as well as Maynes et al. [15].The
superhydrophobic surfaces exhibit different effective slip perfor-
mance if the grooves are oriented transversely, and these were
investigated analytically [16e19], numerically [15,20] and experi-
mentally [21,22]. All previous investigations have shown consis-
tently that the flow resistance for channels with longitudinal
grooves is always lower than that for transverse grooves, regardless
of the driving mechanism which is either pressure-driven or shear
driven flows.
Fig. 1. Schematic of straight channe
Besides grooves, superhydrophobic surfaces containing post or
hole patterns can also serve as effective means for reducing the
flow resistance in microchannels [23e25]. Amongst these studies
Ybert et al. [25] systematically derived scaling laws to investigate
the flow resistance corresponding to different shear-free fractions
for patterned geometries including square posts, square holes and
grooves. However, their study is limited to Stokes flow regime. Till
now, there is no systematic study of the frictional performance of
microchannels with various superhydrophobic patterns by taking
into account the effect of inertia, although inertial effect on indi-
vidual patterns has been considered [20,26,27].

Furthermore, up to date, the study of thermal performance in
microchannels containing superhydrophobic surfaces has been
rather limited. To our best knowledge, the only study was carried
out byMaynes et al. [28] using numerical simulation. They explored
the laminar flow and thermal transport in a microchannel
patterned with periodically repeating transverse ribs at constant
wall temperature, and found that the thermal performance de-
teriorates with increasing relative groove length, increasing relative
rib/groove module length or decreasing Reynolds numbers, and
furthermore, the thermal-hydraulic performance of the patterned
microchannel investigated is superior to the classic parallel plate
micro-channel over a large range of parameters investigated. So far,
there is no systematic study of the thermal performance of
microchannel heat sinks with various superhydrophobic patterns,
and the combined hydraulic and thermal performance is also
largely unknown. The objective of this work is thus to systemati-
cally investigate the frictional and thermal performance of laminar
liquid-water flow in microchannels with superhydrophobic sur-
faces with various geometries including longitudinal and trans-
verse grooves, square posts and square holes at different flow
Reynolds numbers and shear-free fractions.

In the following sections, the physical model and numerical
formulation will first be explained. This will be followed by a dis-
cussion concerning the influence of shear-free fraction and Rey-
nolds number on the frictional and thermal performance in
microchannels patterned with four different geometries of super-
hydrophobic surfaces. After that, the combined frictional and
thermal performance is evaluated in terms of the goodness factor
under different shear free fractions and flow Reynolds numbers.
Finally some conclusions will be drawn based on comparison of
frictional, thermal and combined performance for four different
surface patterns and smooth plain microchannel. These results may
be useful for the design of microchannel-based heat sinks con-
taining superhydrophobic surfaces.
l patterned with square posts.
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2. Mathematical formulation

In Fig. 1 a schematic diagram of a straight microchannel con-
taining superhydrophobic surfaces is shown. Take the square posts
as example, the square posts are patterned in-line on both the
upper and lower walls of the microchannel with height of 2H, and
they are arranged on a square lattice with the edge length of E. A
square post region in the upper wall of microchannel is enlarged in
the right diagram of Fig. 1, and it is shown that the hatched region
represents the solid post or no-slip region, whereas the unshaded
region corresponds to the gas region. The capillary number
Ca ¼ mUin/s of the flow in the microchannels is assumed to be
sufficiently small, where s is the surface tension of water. This
implies that viscous forces are negligible compared to surface
tension forces, and that the deformation of the watereair interface
is negligible. Hence, the airewater interface can be assumed to be
flat. Due to low thermal conductivity and viscosity of air compared
with water, watereair interface can be regarded as shear-free and
adiabatic. For simplification the water flow region in the micro-
channels is taken as the computational domain, excluding air re-
gion in the cavity. The x-direction is liquid flow direction where a
pressure gradient is applied to drive the flow, the y-direction is
transverse to the flow direction, and the z-direction is parallel to
the direction of the channel height, the origin is located at the
center of mid-plane normal to z direction. The square posts are
arranged in a periodic array along both the x- and y-direction,
therefore flow in the microchannels becomes periodically devel-
oped in the x-direction and is symmetric in the y-direction. Besides
square posts, several other geometric configurations, such as,
transverse grooves and longitudinal grooves, square holes have also
been studied for performance comparison in this work, as shown in
Fig. 2. Due to the symmetry and periodicity of the geometric con-
figurations, the computational domain can be simplified [20,28],
which is chosen as the region bounded by dashed lines in the xey
plane from the mid-plane of the channel to the upper wall in the z-
direction, as shown in Fig. 1. The flowing liquid in the microchannel
Fig. 2. Configurations of four surface patterns.
is considered as liquid water with the inlet temperature of 293 K
and an absolute pressure of 1 atm, the governing equations are
given as follows:

Continuity equation:
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Other salient parameters are defined as follows:

Relative pattern width L ¼ E=H (4)

Dimensionless shear� free fraction dg ¼ Ag
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(5)

Reynolds number Re ¼ rUinDh
m

(6)
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where Ag is the area corresponding to the shear-free region (the
unshaded region in Fig. 2), As is the area corresponding to the no-
slip solid region (the hatched region in Fig. 2), Pr is the Prandtl
number, Dh is the channel hydraulic diameter (Dh ¼ 4H), H is half
height of channel, p is the pressure, q is the non-dimensional
temperature, TW is the wall temperature, Tin is the inlet bulk tem-
perature, Tout is the outlet bulk temperature, DTm is the log mean
temperature difference. The term cp is the specific heat capacity at
constant pressure, and l is the thermal conductivity of the fluid.
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The required boundary conditions are:
At the inlet and outlet of the computational domain (x ¼ �E/2

and x ¼ E/2):
Periodic boundary conditions for the dimensional velocity

components and non-dimensional temperature:

uin ¼ uout; vin ¼ vout; win ¼ wout; qin ¼ qout (14a)

Along the side boundaries (y ¼ �E/2 and y ¼ E/2):

Symmetrical boundary condition :
vu
vy

¼ vw
vy

¼ v ¼ vT
vy

¼ 0

(14b)

Along the upper boundary (z ¼ H):

Solid region : no slip : u ¼ v ¼ w ¼ q ¼ 0 (14c)

Gas region : shear� free :
vu
vz

¼ vv

vz
¼ w ¼ vT

vz
¼ 0 (14d)

Along the lower boundary (z ¼ 0):

Symmetrical boundary condition :
vu
vz

¼ vv

vz
¼ w ¼ vT

vz
¼ 0

(14e)

The governing equations are discretized using the finite volume
method [29,30], central difference scheme and the stability-
guaranteed second order difference (SGSD) scheme [31]are adop-
ted to discretize the diffusion terms and convection terms,
respectively. In order to improve the coupling between the pressure
and the velocity so as to accelerate the convergence, the newly
proposed CLEARER algorithm on collocated grid [32] is employed.
As the velocity boundary condition is set for the inlet and outlet, as
in Eq. (14a), the pressure boundary condition is not needed at both
boundaries. For each iteration, the pressure correction equation is
solved to satisfy the continuity equation for mass conservation.
When the relative maximum mass residual in the computational
cell is less than 1.0 � 10�9, the iteration process for solving the flow
field is terminated, and that for solving the temperature field
subsequently begins. When the relative difference of total heat flux
between two successive iterations is less than 1.0 � 10�8, the so-
lution for temperature field is considered to have converged. A non-
uniform grid is adopted in order to improve solution accuracy, with
finer grid spacing near regions where velocity or temperature
variations are large. After a grid independence study is performed, a
grid system using 122 � 66 � 66 is eventually adopted in the
subsequent numerical simulations for square posts and square
holes. While for the transverse groove and longitudinal groove
configurations, the number of grid points is reduced in the sym-
metrical direction due to their two-dimensional (2D) flows
characteristics.

3. Results and discussion

3.1. Numerical validation

The frictional performance of micro-channels with longitudinal
grooves and transverse grooves has previously been investigated
analytically by Philip [12,13] and Teo and Khoo [19], respectively.
Therefore, in order to validate the developed code and model,
computations were carried out for the fluid flow in straight
microchannels patterned with longitudinal and transverse grooves.
The results are presented for a relative pattern width L ¼ E/H ¼ 1.0
in Fig. 3(a). The lines correspond to the analytical results, whereas
the symbols correspond to the present numerical results. In
general, reasonably good agreement is observed. For convenience,
the frictional performance is expressed using the product of friction
factor and Reynolds number fRe hereafter. When the shear-free
fractions in transverse and longitudinal grooves approach zero,
the channels approach a straight channel consisting of two parallel
plates, and the product fRe approaches the asymptotic value 96 for
the fully developed flow. To further validate the present model,
fully developed heat transfer in the straight channel was also
numerically simulated at constant wall temperature condition.
When the Reynolds number is more than 100, the axial heat con-
duction in the fluid can be ignored, and the convective heat transfer
become dominant, the Nusselt number obtained from the numer-
ical simulation equals to7.52, which is in agreement with the
theoretical value of 7.54. These results show the present model is
accurate for the simulation of flow and heat transfer in
microchannels.

3.2. Comparison of frictional performance

3.2.1. Effect of shear-free fractions
The flow resistance in the micro-channels is caused by the shear

stress between the moving liquid and the no-slip solid wall. In
Fig. 4, the frictional performance of microchannels with square
posts, square holes, transverse grooves and longitudinal grooves is
compared for different shear-free fractions at Re ¼ 1, 100 and 1000,
respectively. It is obvious that with the increasing the shear-free
fractions for all four surface patterns, the frictions decrease
dramatically. For the range of shear-free fractions investigated at
the three different Reynolds numbers, the microchannels with
longitudinal grooves almost yield the lowest frictional performance
among the four surface patterns, intuitively because the flow over
longitudinal grooves does not experience the periodic acceleration
and deceleration at the trailing edge and leading edge of no-slip
solid walls which happen for other geometries. On the contrary,
in a channel with transverse grooves the flow experiences the
strong acceleration and deceleration, and the overall friction is thus
much larger than that in the longitudinal grooves. As the two-
dimensional surface pattern of square posts and square holes can
be considered as the combination of one-dimensional surface
pattern of transverse grooves and longitudinal grooves, the fric-
tional performance of microchannels with square posts and square
holes lies in between that with transverse grooves and longitudinal
grooves, as seen in Fig. 4.

For all Reynolds numbers, it is interesting to observe that at
lower and upper limits of shear-free fractions considered, the
frictional performance of microchannels with two-dimensional
square posts or holes approach that of one-dimensional grooves.
For example, for a shear-free fraction of dg < 0.2, the frictional
performance of microchannels with square holes and longitudinal
grooves are equivalent, and for dg < 0.4 the microchannels with
square posts show almost identical frictional performance as those
with transverse grooves. However, for large shear-free fractions, the
frictional performance of microchannels with square holes be-
comes almost comparable to that with transverse grooves; simi-
larly the frictional performance of microchannels with square posts
becomes comparable to that of longitudinal grooves. The inter-
esting phenomena can be explained as follows. For a microchannel
with square posts, the shear free parts can be considered as the
combination of narrow transverse gaseous grooves and longitudi-
nal gaseous grooves at low shear-free fractions. Since longitudinal
grooves produce less friction than the transverse grooves, the
friction of square posts are thus mainly determined by that of
transverse grooves, and so that the square posts and transverse
grooves are almost equivalent under low shear-free fractions.
While under high shear-free fractions, the square holes can be



Fig. 3. Comparison between numerical results and analytical results.
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considered as the combination of narrow transverse solid stripes
and longitudinal solid stripes grooves, so the square holes and
transverse grooves are almost equivalent under high shear-free
fractions. For the square holes under low shear-free fractions and
square posts under high shear-free fractions, they are equivalent as
the longitudinal grooves, which can be explained from the view-
point of scaling laws, as discussed by Ybert et al. [25].

Although the microchannel with longitudinal grooves always
has the best frictional performance in a wide range of shear free
fractions, compared with those with other three surface patterns, it
is found, however, at very large shear-free fraction the micro-
channel with square posts exhibits a lower frictional performance if
the Reynolds number is low to moderate, say less than 100. For
example, at dg ¼ 0.95, the friction of microchannel with longitu-
dinal grooves can be 8% higher than that of square posts, because
the two-dimensional square posts have much shorter edge of solid
patch along flow direction than one-dimensional longitudinal
grooves under the same shear-free fractions.

3.2.2. Effect of Reynolds numbers
Numerical study by Davies et al. [20] shows that inertial effects

have a great influence on the friction performance in microchannel
patterned with transverse superhydrophobic grooves, and their
effects on the global frictions are investigated as well as the effects
of shear-free fraction, here the study is extended to more surface
patterns, including square posts, square holes and longitudinal



Fig. 5. Influence of Reynolds number on friction for four surface patterns at L ¼ 1.0.
Fig. 4. Influence of shear-free fraction on friction for four surface patterns at L ¼ 1.0.
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grooves. Fig. 5 shows the influence of Reynolds number on the
friction in microchannels with the square post-, square hole-,
transverse groove- and longitudinal groove-geometries corre-
sponding to shear-free fractiondg ¼ 0.5, 0.75 and 0.95 at relative
pattern width L ¼ 1.0. It can be observed that with the increasing
Reynolds number, fRe products keep almost constant under Re< 20,
because the flow inside the microchannels can be regarded as
viscous Stokes flow, and the inertial effects are not significant
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compared with the viscous effects. With the increasing Reynolds
number when Re > 20, in microchannels with square posts, square
posts and transverse grooves, the inertial effects become signifi-
cant, the flow undergoes spatially-periodic accelerations and de-
celerations at the edges of the solid patches or ribs along the flow
direction, the product of friction and Reynolds numbers fRe exhibits
a dependence on the Reynolds number. With further increase in
Reynolds numbers, the flow accelerations and decelerations be-
comes significant, leads to larger overall frictions over the channels,
and fRe increases more rapidly at large Reynolds numbers. How-
ever, for longitudinal grooves fRe always keeps constant. This is
attributed to the absence of the non-linear convective acceleration
term in the governing equation for the fluid momentum in fully
developed flow in the channel.
3.2.3. Streamwise variation of skin friction
For further investigation, the variation of skin friction, as defined

in Eq. (12), along the flow direction for four surface patterns at
Re¼ 100, L ¼ 1.0 and dg ¼ 0.7 is provided in Fig. 6. The main feature
for square posts, square holes and transverse grooves is that their
skin friction jumps at the edge of solid patches or ribs, and the value
at the edges can be much larger than the average value. At the
leading edge, the boundary layer is very thin at its early develop-
ment, hence the corresponding velocity gradient is very large, and
so is the skin friction. However, the microchannel with longitudinal
grooves exerts an invariable friction performance along the flow
direction because the flow over it is identical in every cross section.
It is noted that in Fig. 6 the Fanning friction factor is adopted, which
is one fourth of the Darcy friction factor in Fig. 4.
3.3. Comparison of heat transfer performance

3.3.1. Effect of the shear-free fraction
In Fig. 7 the dependence of the module-averaged Nusselt

numbers on the shear-free fraction is illustrated in microchannels
with square posts, square holes, transverse grooves and longitu-
dinal grooves under three different Reynolds numbers at L ¼ 1.0. It
can be found that Nu decreases with the increasing shear-free
fractions. At low values of dg, the average Nusselt numbers for
four surface patterns are only weak function of the shear-free
fraction, while at high values of the shear free fraction, the Nus-
selt numbers drop dramatically with increasing shear-free frac-
tions. As expected, for Re ¼ 100 and 1000 when the axial heat
conduction in fluid is negligible, with the decrease of shear fraction,
Fig. 6. Friction distribution along X direction at Re ¼ 100, L ¼ 1.0 and dg ¼ 0.7.

Fig. 7. Influence of shear-free fraction on Nusselt number for four surface patterns at
L ¼ 1.0.



Fig. 8. Influence of Reynolds number on Nusselt number for four surface patterns at
L ¼ 1.0.
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the Nusselt numbers approaches the value of 7.54, corresponding to
fully developed laminar convective transport in a parallel plate
channel at constant wall temperature.

As the Reynolds number in microchannel cooling is usually at
the values of 100e200, the case at Re ¼ 100 is taken as an example,
as shown in Fig. 7. Due to no flow acceleration and deceleration in
microchannels with longitudinal grooves, the heat transfer per-
formance is the poorest among four surface patterns. On the con-
trary the heat transfer performance for the transverse grooves is
the best, and the heat transfer performance for square posts and
square holes are somewhere in between. As previously introduced,
the two-dimensional surface patterns of square posts and square
holes can be considered as the combination of one-dimensional
longitudinal grooves and transverse grooves, therefore the heat
transfer performance in microchannels with square posts and
square holes may be close to those of longitudinal grooves and
transverse grooves, especially at low or high shear-free fractions.
For example at the shear-free fraction of dg < 0.5, the non-slip re-
gion in microchannel with square posts is similar to that in the
transverse grooves, so it has the equivalent Nusselt numbers as that
with transverse grooves; similarly at dg > 0.9 it has the equivalent
Nusselt number as that with longitudinal groove. At the shear-free
fraction of dg < 0.3 the microchannel with the square holes has the
equivalent Nusselt numbers as that with longitudinal grooves, and
at dg > 0.6 it has the equivalent Nusselt numbers as that with
transverse grooves.
3.3.2. Effect of Reynolds numbers
The dependence of the module-averaged Nusselt numbers on

the Reynolds numbers for four surface patterns at dg ¼ 0.5, 0.75 and
0.95 at L ¼ 1.0 is presented in Fig. 8. For the microchannels with
square posts, square holes and transverse grooves, it can be seen
that with increasing Reynolds numbers, the average Nusselt
numbers increase. This is because the thermal boundary layer near
the solid patches or ribs becomes thinner, hence the temperature
gradient there increases correspondingly, so does the total heat
flux. While for the microchannel with longitudinal grooves, the
Nusselt number increases with increasing Reynolds number and
finally approaches a constant after Re > 20. This is because at
reasonably high Reynolds number, the axial heat conduction in the
liquid can be neglected, the average Nusselt number is only related
to the convective heat transfer coefficient, which is independent of
Reynolds number. However, for transverse grooves, square posts
and square holes, the flow patterns are significantly affected by the
Fig. 9. Nusselt number distribution along X direction at Re ¼ 100, L ¼ 1.0 and dg ¼ 0.7.
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Reynolds numbers as discussed above, so the Nusselt numbers
changes strongly with the Reynolds number.

3.3.3. Streamwise variation of Nusselt numbers
In Fig. 9 the variations of local Nusselt numbers along stream-

wise direction in microchannels with square posts, square holes,
transverse grooves and longitudinal grooves are provided at
Re¼ 100, L¼ 1.0 and dg¼ 0.7. The local Nusselt number is calculated
with Eq. (13), which is derived from the convective heat transfer
coefficient over the solid patches or grooves. Because the shear-free
liquidegas interface is considered as adiabatic, the Nusselt
numbers of microchannels with square posts and transverse
grooves are zero at both ends of the channels. At the leading edge of
the solid patches or grooves, there is a steep increase in local
Nusselt numbers, which may be attributed to the growth of the
thermal boundary layer. Similar phenomenon appears near the
trailing edge of the solid patches or grooves, which may be caused
by the local fluid deceleration in the transition between the solid
region and the following shear-free region. It is noted that the jump
of Nusselt numbers are more significant at the leading edge than
those in the trailing edges. When compared with Fig. 6, the local
Nusselt numbers show the similar trend along streamwise direc-
tion as the skin frictions.

3.4. Comparison of goodness factor

From the above analysis on the friction and thermal perfor-
mance in micro-channels with superhydrophobic surfaces, it is
shown that with the increasing shear-free fraction both the friction
Fig. 10. Influence of shear-free fraction on F
and average Nusselt number decrease. Here a question may arise
regarding how to evaluate the overall performance of the micro-
channels patterned with different surface geometries. Here the
‘goodness factor’ proposed by London [33] is introduced, which is
defined as

F ¼ j
f
¼ Nu

fRePr1=3
(15)

and it is taken as a measure of the combined hydrodynamic and
thermal effect of the superhydrophobic surfaces. For the fully
developed laminar flow in a parallel-plate channel at constant wall
temperature, the goodness factor is a constant

Fc ¼ Nuc
fcRecPr1=3

¼ 7:54
96*71=3

(16)

Here the parallel-plate channel is taken as the reference to
evaluate the performance of microchannels with superhydrophobic
surface patterns. When F/Fc > 1, the heat transfer enhancement
over the straight smooth channel is achieved under the identical
pumping power consumption.
3.4.1. Effect of shear-free fractions
Fig. 10 shows the dependence of the ratio of goodness factor F/

Fc on the variation of shear-free fractions at L ¼ 1.0. Although both
the Nusselt numbers and frictions decrease with the increasing
shear-free fractions, it is very exciting to find that the ratios of F/Fc

always increase, and they are always greater than unity at Re ¼ 100
/Fc for four surface patterns at L ¼ 1.0.
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and 1000, which suggests overall advantage over the smooth
microchannels.

For flows with Reynolds number at the order of 100, the
microchannels with longitudinal grooves have higher ratio of
goodness factor F/Fc than those with other three surface patterns
for moderate shear-free fractions, and thus serves as a promising
surface pattern for microchannel cooling. While at very high shear-
free fraction dg > 0.9, the microchannel with square posts has the
highest ratio of goodness factor. It is noted that transverse groove
always has the lowest F/Fc in the variation range of shear-free
fractions.

3.4.2. Influence of Reynolds numbers
The variation of ratio of goodness factor F/Fc with Reynolds

number at dg¼ 0.5, 0.75 and 0.95 at L¼ 1.0 is provided in Fig. 11. It is
found that at low Reynolds numbers the values of F/Fc is always
lower than unity, which indicates the disadvantage of super-
hydrophobic surface patterns over the smooth plain surface. Since
the heat transfer performance under such low Reynolds number is
very poor, these operating conditions are seldom applied in
microchannel cooling.

With the increasing Reynolds numbers, the ratios of goodness
factors F/Fc for four surfaces patterns will increase significantly
first and then mildly. The ratio becomes larger than unity when
Reynolds number is of order 10, which means the four surface
patterns can perform better than the smooth plain surface for most
general flow conditions. It is found that at dg ¼ 0.95 there are peaks
for transverse grooves and square holes at around Re ¼ 500. This is
because at such high Reynolds number, the increase rate of friction
is more than that of Nusselt number, leading to decreasing good-
ness factor.
Fig. 11. Influence of Reynolds number on F
At low to moderate shear-free fractions, i.e., dg ¼ 0.5 and 0.75,
the microchannel with longitudinal grooves always has the highest
F/Fc, while that with transverse grooves has the lowest values. At
dg ¼ 0.5 the microchannel with square posts almost has the
equivalent ratio of goodness factors as that with square holes
throughout the variation range of Reynolds number, while at
dg ¼ 0.75 the microchannel with square posts has higher ratio of
goodness factors. At dg ¼ 0.95 the value F/Fc of microchannel with
longitudinal grooves is surpassed by that of square posts at Re > 50.

4. Conclusion

Numerical simulations are conducted to investigate the flow and
thermal transport in straight micro-channels with surfaces
patterned with square posts, square holes, transverse and longi-
tudinal grooves. The influence of shear-free fractions and Reynolds
numbers on frictional and thermal performance is studied in de-
tails; the combined frictional and thermal performance is also
evaluated in terms of a goodness factor. The main conclusions are
summarized as follows:

1. With the increasing shear-free fraction, both the friction and
module-averaged Nusselt number in microchannels for four
surface patterns decrease, whereas the goodness factor which
reflects the combined frictional and thermal performance
increases.

2. With increasing Reynolds numbers, the average Nusselt
numbers in microchannel with square posts, square holes,
transverse grooves increase consistently, and the products of
friction factor and Reynolds number keep constant first and
then increase. The Nusselt number in microchannel with
/Fc for four surface patterns at L ¼ 1.0.
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longitudinal grooves increases first and approaches a constant,
and fRe is always a constant. The goodness factors increases
rapidly first and then mildly, even approaches constant values
for all surface patterns considered.

3. The two-dimensional square posts and holes can be considered
as the combination of one-dimensional longitudinal grooves
and transverse grooves. At low shear-free fraction or high shear-
free fraction, the square posts and square holes may exhibit the
one-dimensional frictional and heat transfer performance as
longitudinal and transverse grooves.

4. In general, the microchannel with transverse grooves has the
lowest relative goodness factors, and that with longitudinal
grooves own the highest relative goodness factor, except at high
shear-free fractions and high Reynolds numbers, where they are
surpassed by square posts.

The present study suggests the microchannels with super-
hydrophobic surfaces as promising candidates for incorporation
into efficient cooling devices, where the friction is very high. Future
work should include carrying out systematic experiments to vali-
date the results of the present numerical predictions.
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