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ABSTRACT

Wavy walls are investigated in this paper as a passive scheme
to improve the heat transfer performance of low Reynolds
number laminar flows in microchannel heat sinks for
electronics cooling applications. Three-dimensional laminar
fluid flow and heat transfer characteristics in micro-wavy
channels are numerically studied for a 500 pm hydraulic
diameter channel by varying the wavy feature amplitude at
different Reynolds numbers (10, 20, 50 and 100). In addition,
flow measurements are made using micro-PIV technique for
understanding the fundamentals of fluid flow in the wavy
microchannels for the considered Reynolds numbers. Based
on the comparison with straight channels, it was found that
wavy channels can provide improved heat transfer
performance, while keeping the pressure drop within
acceptable limits. Accordingly, wavy channels are to found to
provide an improvement of up to 26% in the overall
performance compared to microchannels with straight walls
and hence are attractive candidates for cooling of future
electronics.
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NOMENCLATURE
wave amplitude, m
hydraulic diameter, m
channel height, m
channel length, m
u Nusselt number averaged on the heated channel wall
static pressure, Pa
performance factor
Reynolds number
channel width, m
Cartesian x-coordinate, m
Cartesian y-coordinate, m
Cartesian z-coordinate, m
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Greek symbols

A difference in value between inlet and outlet of a
channel

€ relative error in the fundamental variables in the
numerical simulation

A wave length or pitch of the wavy channel
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Subscripts

avg average

w wavy channel

s straight channel

INTRODUCTION
Thermal management is a key obstacle to scaling down the
size of modern electronic devices. One of the solutions
proposed is to enhance heat transfer by utilizing single phase
microfluid channels. However, traditional microchannels pose
problems such as high pressure drops in narrow passages.

Various passive enhancement techniques were suggested
in the literature to boost the performance of microchannel
flows at high Re including the use of wavy surfaces for
channel walls. Wavy channels are easy to manufacture and are
a relatively cost-effective means to realize improved heat
transfer performance passively. They were traditionally
employed in high Re flows in large-scale heat exchangers [1]
and recently in low Re and creeping flows in microfluidics and
mixing applications as in lab-on-a-chip [2] and in
microevaporators [3]. Kowalewski et al. [4] studied wavy
channel (~1.6 mm hydraulic diameter) flows, with crests and
troughs of the wavy structure facing each other, in the Re
range of 1 to 3000 and observed the onset of flow instability at
Re as low as 60. Hsieh et al. [5] experimentally studied the
role of different kinds of passive ribs in wavy microchannels
(between 100 um and 200 um hydraulic diameters) in
improving the mixing for 0.027 < Re < 0.081.

Flow recirculation and mixing were observed with large
wave amplitudes in pressure driven creeping flows above a
critical Re. The value of critical Re depends on flow
conditions and channel geometry but, in general, flow
instabilities that result in mixing were found to occur for Re >
100 [1,4]. For creeping flows in microfluidic applications
[2,5], the only mode of transport was found to be through
diffusion. Hence, to promote mixing under such conditions
(microchannel flows with Re << 1), artificial means were
employed as in [6,7].

Observing that most of the prior investigations were
concerned with large, or at least moderately large, Reynolds
number flows, or creeping flows, it appears interesting to



study the transport in intermediate Reynolds number flows (1
< Re < 100), which can find many applications in cooling of
electronics. The considered Re range is also appropriate for
liquid flows in microchannels (which provide substantially
high heat transfer coefficients compared to air) for electronics
cooling, since it was observed from prior literature that higher
Re would result in flow transition in wavy channels, which
leads to large pressure drops.

In general, as observed from prior studies, it is difficult to
obtain performance enhancement passively in the considered
Re regime. Therefore, another motivation for this study is to
analyze whether channels with wavy surfaces can be used as
potential passive performance enhancement mechanism in the
intermediate Re flow regime (10 < Re < 100) by proper
contouring of the wavy surfaces themselves without any
extraneous enhancement features that might complicate the
implementation and/or result in increased pressure drops.

Therefore, sinusoidal wavy channels with different wave
amplitude and Re were experimentally and numerically
analyzed with focus on observing the fundamental flow
mechanism and identify the geometric and flow conditions
that contribute to an enhanced overall performance. The
following equation was used to define the profiles of the wavy
channel walls, where y is the coordinate in the transverse
direction to the flow, and x is coordinate in the flow direction.
The schematic and the nomenclature are shown in Fig. 1.
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Fig. 1. Schematic of wavy channel

The channel length was 20 mm with 2 mm straight
sections at the inlet and the outlet. The wavy section spanned
the middle 16 mm length of the channel. The parameters wave
amplitude, 4, and the Re were varied.

EXPERIMENTAL SETUP
The focus of the experiments was to characterize the flow
through the wavy channels using a micron resolution particle
image velocimetry (pu-PIV) setup.

Fig. 2 shows the schematic of the experimental setup. The
flow was unidirectional and driven using a syringe pump. The
average flow velocities in the channel were 0.02 m/s and 0.04
m/s, which correspond to a Re of 10 and 20, respectively,
based on the channel hydraulic diameter. The flow of
deionised water was examined through the top wall of the
channel using a microscope (Nikon Eclipse TE2000-S). The
flow is seeded with red fluorescent polystyrene spheres, 2 um
in diameter (Invitrogen Corporation). An Nd:YAG (532 nm,
20 mJ) double pulsed laser was employed as the light source
to excite fluorescence of the tracer particles. For flow imaging,
visualization and particle tracking, a high-resolution (1280 x
1024 pixels) 8 bit, 80C60 Dantec HiSense camera (Dantec
Dynamics) was used. The area covered by the camera is 1 mm
X 0.8 mm. The concentration of the fluorescent particles was
tailored such that a sufficient number of seed particles fell
within depth of correlation [8] of each interrogation region so
that erroneous vector measurements are minimized. A total of
100 images were captured for each 4 and Re in this study.

The wavy channels considered were square shaped with
uniform cross-section (D = 500 um) and were fabricated by
rapid prototyping technique using a high resolution Viper SLA
system (3D Systems, Inc.) with a resolution of less than 40
um. The surface roughness was assumed not to affect the
results, especially far from the walls because of a Re
considered. This was confirmed by comparing the results with
the numerical simulations, which did not include any surface
roughness. The SLA channels were covered with thin glass
plate (300 um) on the side that is exposed to the laser (shown
as transparent cover in Fig. 2).
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Fig. 2. Schematic of the experimental setup

The significance of Brownian motion in the p-PIV
measurements can be determined by calculating the Brownian
motion coefficient [9]. For values of the Brownian motion
coefficient close to unity, Brownian motion has a negligible
effect on the measured velocity. For the flow experiments
performed in this study, the Brownian motion coefficient was
found to be ~0.98 because of the very small time period
between two laser pulses, indicating that it is reasonable to
neglect the Brownian motion effects.



The experimental error in the analysis of the PIV images
can be estimated by assuming that the measured particle
displacements are accurate to within approximately 1/10™ of a
seed particle image diameter [10]. For the u-PIV experiments,
the image diameter for a particle in the object plane can be
approximated as given in [11]. Using the same theory for the
present experiments showed an uncertainty of ~3.6% in the
post-processed data.

NUMERICAL SIMULATION
The three dimensional forced convection flow and heat
transfer were modeled using a commercial CFD solver,
FLUENT [12]. Only half of the channel was modeled owing
to the symmetry in the longitudinal direction to the flow.

Assumptions

1. No thermophysical property variation with temperature.

2. Fluid is incompressible, Newtonian and viscous.

3. No velocity-slip at the walls.

4. Temperature and heat flux continuity at all the solid
boundaries.

Boundary conditions

For the flow simulations, a constant fluid inlet velocity
(based on the considered Re) was specified, along with the
outlet pressure. For thermal simulations, a constant fluid inlet
temperature (300 K) was specified and all the walls were
assumed as insulated. A heat source (1 cm X | cm) was
assumed at the channel center (with center at 10 mm from
flow inlet) in the flow direction on the other side (straight
surface) of one of the two wavy surfaces.

Grid independency

A hexahedral mapped mesh was used for all the
simulations. Various grids of sizes from 10,000 nodes to 3.4
million nodes were employed for checking the mesh
independency of the solution as shown in Fig. 3. The
difference in the flow pressure drop and the Nusselt numbers
between the solutions on the grids with 1.4 million and 3.4
million nodes was found to be about 0.4% and 0.3%
respectively. Hence, to save computing time and memory, the
grid with 1.4 million nodes was used for all the simulations in
this study.

A relative error, €, of less than 10™ was assumed as the
convergence criteria for velocity and pressure variables, while
g < 107 was assumed for temperature to stop the iterating
procedure. The velocity-pressure coupling was achieved using
SIMPLEC [13] method.

RESULTS AND DISCUSSION

Flow field

First, the flow is characterized at different locations along the
flow direction from inlet to outlet. Fig. 4 shows the ensemble-
averaged velocity vectors in channels for varying 4 with Re
for different wave segments as obtained from post-processing
of the flow visualization data. It can be observed from the raw
images in the figure that there exists no secondary flow even
when the amplitude increased from 50 pm to 150 pum.
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Fig. 3. Grid independency studies
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Fig. 4. Velocity vectors obtained from experimental
observations

For each set of experiments, sufficient time was allowed
to pass after switching on the syringe pump to allow the flow
to reach steady state. The unmeaningful vectors were removed
through accurate masking. No smoothing of vector fields was
performed. The data were taken at locations far enough



downstream of the microchannel entrance to ensure fully
developed flow and avoid any entrance length effects [14].
This was verified by taking measurements at different
downstream locations and comparing the mean velocity
profiles.

Numerical simulations were then performed for
comparison of the velocity profiles with those obtained using
experiments. A good agreement was found between the
simulation results and the experiment values of the velocity
field as shown in Fig. 5 for a case of 4 =200 um and Re = 20
at a depth of 180 um from the wall (location of the plane of
observation in the experiments).
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Fig. 5. Comparison of velocity profile between experiments
and simulation data

Fig. 6 shows the results obtained from the simulations for
a case shown in Fig. 4 in addition to a large amplitude case (4
=200 pm) for Re = 10.

For the Re considered in the present study, the flow was
found to be essentially streamlined and contoured along the
walls of the wavy channels. In addition to the cases considered
for experiments, the numerical simulations were extended to
include more cases, with an A = 200 pm and for a Re of 50
and 100. The results showed no boundary layer separation
even up to a Re of 100, as seen in Fig. 7. Contrary to
conventional observations of pressure driven flows in channels
with properly tailored wall profiles (example, sinusoidal [4])
having transversely oriented wavyness, no vortical structure
was observed because of the low Re and microscale size of the
channels. The flow seems to be dominated by viscous forces
and a fully developed parabolic Poiseuille flow type behavior
was exhibited, and no recirculations can be observed.

It is interesting to note from Fig. 7, that at high Re, the
maximum velocity deviated from the centerline and is inclined
towards the wave crests/peaks of the walls, even though the
velocity profile resembles a parabolic profile. This behavior
was found to intensify with increase in 4.
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Fig. 6. Velocity vectors (values in m/s) obtained from the
numerical simulation
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Fig. 7. Velocity vectors (values in m/s) obtained from the
numerical simulation
(a) A =50 um, Re = 100 (b) A =200 um, Re = 100

Heat Transfer
Heat transfer analysis was performed numerically for all the
cases considered. A heat flux of 10 W/cm? was assumed for a



chip size of 1 cm” located at the channel center with respect to
the flow direction. An inlet temperature of 300 K was
assumed. The wall material was assumed as copper and the
fluid as water.

Fig. 8 shows the temperature field as obtained from the
numerical simulations.
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Fig. 8. Temperature plots

It can be observed from Fig. 8 that the averaged wall
temperature is lower for channels with high A4 and for high Re.
In addition, the local temperature of the wavy walls can be
seen to be lower at the wave peaks along the flow direction for
the observed favorable conditions (high 4 and Re). But high
Re in microscale channels results in high pressure drops as
well, which might adversely affect the overall performance.

Overall performance

To characterize the overall performance (by simultaneously
considering the augmentation in both heat transfer and
pressure drop), a performance factor was defined which
compares the overall performance of a wavy channel with that
of a smooth channel based on the condition of a constant
pumping power (as definition in [15]). Equation (2) shows the

definition.
Nu,,
Nu (2)
PF =22

The PF was calculated for all the cases based on the
numerical simulation results for pressure drop and wall
averaged Nusselt number. The results are plotted in Fig. 9.

The most noteworthy observation from the figure is that
the performance of the channels gets reversed when Re
increases from 10 to 100. This can be explained by

considering the velocity profiles as shown in Figs. 6 and 7 and
the associated discussion. For 10 < Re < 50 in the channels,
irrespective of the amplitude, the flow follows the waviness of
the channel surfaces. Hence, the maximum velocity location
always remains close to the centerline (see Fig. 6), as in
symmetrical Poiseuille flow and there is no significant heat
transfer enhancement in high amplitude channels as well. In
the range of Re considered for the uniform cross-section
channels (10 < Re < 100), the pressure drop is expected to be a
weak function of the channel geometry (from the experimental
observation of lack of secondary flow in Fig. 4), and is
governed predominantly by the channel length. Therefore, the
channels with larger amplitudes have larger flow lengths,
compared to the one with smaller amplitude, resulting in
increased pressure drops. This increase in pressure drop
overshadows the marginal improvement in heat transfer
resulting in poor overall performance of large amplitude
channels.
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Fig. 9. Performance factor as a function of Re for various
wave amplitudes

But as the Re is increased, it can be observed that the
hydrodynamic boundary and thermal boundary layers are
thinned due to a biased shift of the maximum velocity from
the centerline towards the wave peaks. This results in
significantly enhanced thermal performance. Therefore, the
negative effect of increase in pressure drop for channels with
higher amplitudes is overcome by the more dominant positive
effect of increase in heat transfer resulting in an improved
overall performance.

Table 1 shows the pressure drop and Nu for different
channels with increasing Re. The above conclusion is evident
by comparing the augmentations in pressure drop and Nu
between 4 = 50 um and 4 = 200 um channels. While the
pressure drop ratio remained almost the same with increasing
Re, the Nu showed a significant improvement, thereby,
contributing to a better overall performance. The reverse
performance was found between Re of 20 and 25 (see Fig. 9).
The prediction of overall performance reduction for some
cases in the table suggests that factors like wave length, phase



difference, mean distance between the walls, and wave
amplitude interact to create a complex mechanism that affects
the overall performance.

Table 1. Performance numbers

A (um) Re AP,/ AP | (Nu,~Nuy)/Nus (%)
10 1.01 0.45
5 20 1.02 0.56
50 1.02 0.97
100 1.03 123
10 1.06 1.46
20 1.07 2.04
100 50 1.10 3.67
100 114 6.49
10 114 3.02
20 1.16 4.56
150 50 123 837
100 132 2147
10 125 5.4
20 1.8 8.47
200 50 141 15.29
100 158 46.89
CONCLUSIONS

Passive heat transfer enhancement in the form of wavy
channels for electronics cooling is pursued in the present
paper. Square cross-section channels of side 500 pm were
used and low Reynolds number (10 < Re < 100) liquid flow in
laminar regime was studied using p-PIV experiments as well
as 3D CFD/HT numerical simulations.

It was found that wavy surfaces can be potential
candidates for performance improvement in low Re laminar
flow regime with proper tuning and selection of the geometric
and flow parameters without employing any extraneous
mixing aids. The performance improves with increase in
Reynolds number and the wave amplitude. The better
performance of large amplitude channels was ascribed to the
thinning of boundary layer at the wave peaks as a result of the
compounding effect of geometry and the flow velocity. Flow
visualization using p-PIV and those obtained from the
numerical simulations confirm the absence of secondary flow
throughout the channel in the considered Reynolds number
range.

In summary, the performance of wavy channels compares
or exceeds the performance of a straight channel for Re > 20
by up to 26%. With proper tailoring of the wavy surfaces
using further analysis and optimization, it is anticipated that
enhanced performance can be observed even for Re < 20.
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