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Abstract. The transport phenomena in microchannel are significant in designing MEMS devices. The

current study investigates numerically the simultaneously developing unsteady laminar flow and heat
transfer inside a twisted sinusoidal wavy microchannel. At the inlet sinusoidal varying velocity component
is applied. Varying pulsating amplitude and frequency represented by the Strouhal number was studied for
Reynolds numbers ranging from 1 to 100. The governing equations are solved with a finite volume based
numerical method. In comparison with steady flow, it was found that imposed sinusoidal velocity at the
inlet can provide improved heat transfer performance at different amplitudes and frequencies while keeping

the pressure drop within acceptable limits.

1 Introduction

In the modern era of high speed computing and
intensive use of integrated circuits, the thermal
management of devices has become a key area where
improvements can be brought. Better thermal
management option for a system can increase its
durability and efficiency, as well as showing a way of
possible lesser power consumption which has become a
point of attraction in these days. With day-by-day
increased use and miniaturisation of electronic devices,
use of micro and mini devices, their thermal
management has become point of concern. Researchers
observed that, decreasing channel dimensions to micro-
scale, can lead to increase in heat transfer rates as well as
improving heat-sinking capability. Microchannel heat
sinks (MCHS) represent an innovative cooling
technology for the dismissal of large heat through a
small area. It provides very high surface area to volume
ratio, which enhances heat transfer rate.

Extensive researches on micro-channel heat
exchangers (MCHE) has been done till date. In their
pioneering work, Tuckerman & Pease [1] observed
thermal resistance of 0.09°C/W. They worked on
rectangular micro-channel having width of 50 pm and
302 um depth. Water was used as the cooling medium
and a constant heat flux of 790 W/cm2 was applied.
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Kandilkar et al. [2] reported in details about heat
exchange characteristics and the flow behavior for
micro-channels and mini-channels. A comparison of
different cooling technologies was presented by
Kheirabadi et al. [3]. The work examined liquid cooling;
spray cooling, air-cooling, pool boiling, heat pipes and
jet impingement. It was predicted that by the year 2020,
liquid cooling would be the norm for high performance
computing, whereas air-cooling will be viable for
general purpose computing.

Although heat transfer enhancement by means of
flow pulsation for turbulent forced convection was a
subject of investigation since many years [5], the effect
of pulsatile flow on microchannel heat transfer received
rather recently attention. Nandi and Chattopadhyay [4]
found enhanced performance in microchannel heat
transfer as a result of introduction of pulsation. They also
presented a detail study of effect frequency and
amplitude on thermal performance of MCHE. Leng et al.
[6] numerically experimented and proposed design
improvement in micro-channel heat sink having double
layers. Upon investigating simultaneously developing
flow in a microchannel using pulsating flow at inlet.

The friction factor, convective heat transfer
coefficient and the effects of inner wall surface
roughness for laminar and turbulent flow in micro tubes
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were studied by Choi et al [7]. The experimental results
were significantly different from the correlations in the
conventional theories. Kazmierezak et al. [8]
experimented for single-phase forced convention in deep
rectangular micro channels. Two configurations were
tested, a single channel system and multiple channel
system. In the case of the multiple channel system the
channels were 251 pm wide and the channel walls were
119 pm thick. In both systems the channels were
approximately 1000 um deep and defined a projected
area of 2.5 cm x 2.5 cm. Deionized water was used as
the working fluid, Reynolds number ranged from 173 to
12900. The experimentally obtained local Nusselt
number agrees reasonably well with classical developing
channel flow theory. An experimental and theoretical
investigation on single-phase heat transfer in micro
channels was done by Hetsroni et al [9]. They discussed
several aspects of flow in micro-channels as pressure
drop, transition from laminar to turbulent etc. They
considered the problem of heat transfer corresponding to
small Knudsen number. They analysed the data of heat
transfer in micro-channels with hydraulic diameters
ranging from 60 pm to 200 pm. They also discussed the
effects of geometry, axial heat flux due to thermal
conduction through the working fluid and channel walls
as well as the energy dissipation. They found that the
effect of energy dissipation on heat transfer in micro-
channels is negligible under typical flow conditions.
Judy et al. [10] performed experiments on both round
and square micro channels with hydraulic diameters
ranging from 15 to 150 um. They tested distilled water,
methanol, and isopropanol over a Reynolds number
range of 8 to 2300. Their results showed no
distinguishable deviation from laminar flow theory.

Flow visualization and pressure drop studies on
micro-channels, conducted by Liu and Garimella [11],
with hydraulic diameters ranging from 244 to 974 pm
over a Reynolds number range of 230 to 6500. They
were able to measure the onset of turbulence through
their flow visualization, and compared their pressure
drop measurements with numerical calculations. Their
results showed that both conventional turbulent
transition and pressure drop correlations are valid on the
micro scale. Upon experimenting micro channels of 349
um hydraulic diameter, Qu and Mudawar [12] found that
the friction factor data agreed well with classical theory.
Gogineni et al [13] investigated for laminar convective
heat transfer co-efficient in a rectangular micro-channel
under constant wall heat flux. They worked on Reynolds
Number ranging between 100 — 400. They found high
heat transfer intensity near the channel inlet while it is
decreasing towards the downstream. A 3D rectangular
channel with vortex promoters was investigated by Icoz
and Jaluria [14]. The vortex promoters had circular,
square, and hexagonal shapes, and were located ahead of
two tandem-heating sources. Different blockage ratios
were considered. They reported that the hexagonal shape
is best to remove heat from the first heat source and the
circular one is optimal when heat removal from the
second source is the main aim. The square vortex
promoter gave a reasonable combination of heat transfer

and pressure drop. Meis et al. [16] studied the heat
transfer enhancement in micro-channels using vortex
promoters. Here a laminar 2D flow of water was
considered with vortex promoters of circular and
rectangular shapes. Different designs were studied and a
useful design was chosen which both thermal efficient
and not expensive in terms of pumping power based on
the plots of thermal efficiency and pressure drop.

Mohammed et al. [15] studied heat transfer
enhancement and friction factor in a wavy micro-channel
and reported that with increase in wave amplitude of the
channel, the friction factor also increases. Goldstein et
al. [17] found that separation and reattachment
significantly affects the heat transfer augmentation while
experimenting in a corrugated wall channel. Rush et al.
[18] investigated for heat transfer enhancement through
wavy channels and found higher enhancement near the
exit of the channel. They also reported that, with
increase in Reynolds number, the highly enhanced zone
shifted towards the channel entrance. Upon investigating
on sinusoidal corrugated plate channels, Metwally et al.
[19] found that the waviness of the channel enhances the
generation of transverse vortices and it increases with
increase in the Reynolds number. Experimental and
numerical investigations on serpentine micro-channel
were done by Al-Neame et al. [20]. They found an
increase in heat transfer about 35% and reduction of total
thermal resistance about 19%. Patankar et al. [21]
showed in their numerical study in periodically varrying
cross-section ducts, that there are huge recirculation
zones due to the varying cross sections. Thermal
performance of converging-diverging micro-channels
was studied by Ghaedamini et al. [22]. They found better
thermal performance with increase in waviness. Xie et
al. [23] executed heat transfer investigations in
transverse wavy micro-channel. They found enhanced
heat transfer rates coupled with reduced pressure drop.
Masliyah et al. [24] studied heat transfer enhancement in
square twisted tube. They found that the twisted nature
of the channel enhances swirl generation and better
mixing of the fluid, thus enhancing heat transfer.
Bhattacharyya et al. [25-35] studied the effects of inserts
on the overall heat transfer. The analysis was carried out
in the all three flow region, with the results of thermal
performance greatly supporting the use of inserts as a
means of augmenting heat transfer.

From the above literature survey, it is evident that the
prior works mainly focused on geometrical modification
of the flow passage and moderate thermal performance
comes at the cost of a high pressure drop. Studies on the
use of flow pulsation at inlet (active technique) are very
rare. Based on the above findings, the present study aims
to work on both of them (i.e. twisted flow passage to
pertain out of plane mixing and flow pulsation at inlet).
Three-dimensional micro-channels under pulsating flow
at inlet are investigated in the present study. The main
aim was to enhance heat transfer rate by increasing
recirculation and mixing of the flowing fluid.
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2 Geometry

Fig. 1 shows the schematic of the sinusoidal wavy
microchannel. The height of the channel follows a path
as per the following function

y = Aysin (5x) ()

The channel cross section was a square of 0.50 mm
breadth. The channel was made 25 cm long and the wave
amplitude (Ay,) of the channel was taken as 1 mm. The
channel was made taking a pitch (S) of 5 cm and
wavelength (A) as 2.5 cm.

_ A Amplitude to
Y= 7 wavelength ratio

S
&= — Twist Ratio (TR)
Da

Fig. 1. Computation domain.

Numerical

3 Mathematical and
Description

The following assumptions were made for the
mathematical description of the flow: (1) flow is
unsteady, (2) flow is laminar, (3) flow is incompressible,
(4) radiation heat transfer is negligible [36], (5) viscous
dissipation is negligible, (6) body forces are negligible,
and (7) material properties are constant. Based on these
assumptions, the following governing equations describe
the flow.

Continuity Equation
it V. (pw) =0 )

Momentum Equation
duy; , 9(ujyy)

= _ 9%, Ty,
at ox; Bxi+ Rev Yj ©)
Energy Equation
oy w9 L p2
ac T W ax; RePrV T )

p: static pressure, Re: Reynolds number, Pr: Prandtl
number, t: time, T: static temperature, u;: the velocity
vector, X;: Cartesian coordinates, p: density)

On the walls, no slip boundary conditions prevail for the
momentum equations, while assuming an isothermal
boundary for the energy equation (T,=330K). At the
inlet, the velocity is assumed to be spatially uniform, but
variably in time. A sinusoidal velocity fluctuation was
added to the uniform velocity profile to obtain a
sinusoidally variable (time dependent) flow at the inlet.
The inlet velocity can be represented by the following
equation:

Uin = Uy {1 + A sin(2rft)} (5)
Where, u;, is the mean velocity and A is the amplitude.
The frequency of the inlet pulsation comes from the

dimensionless Strouhal number (St) which is defined as
St= f.Dh/um.

S R

Fig. 2. Meshing of computational domain.

The commercial Package ANSYS Fluent 19.2 was used
for the investigation purpose, which is based on the finite
volume based method. To examine the effect of
Reynolds number and amplitude of the inlet pulsation, a
range of Reynolds numbers (1 — 100) and amplitudes
(0.10 - 1.00) were investigated. The expanded form of
the governing equation and solution procedure may be
found in Nandi and Chattopadhyay [5].

An unstructured grid with non-uniform structure density
distribution was created. After performing a grid
independence study, a grid with 758693 nodes was
identified to deliver sufficient grid independent results
and, thus, chosen for computation. A close view of the
meshing is shown in Fig. 2.
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The computational model was verified by computing
developing flow in the tested microchannel. In the
current study, studies were performed within the range
of 1 <St <10 and 0.1 <A <1 corresponding to typical
microchannel study. The observed data plot in Fig. 3
showing the instantaneous axial velocity in the middle of
the channel confirms that that the flow field is fully
periodic, following the periodic pulsation at the inlet.
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Fig. 4. Comparison of time average Nu with Re for different
amplitudes.

4 Results and Discussion

Computations were carried out in the range 1< St < 10
and 0.10 < A < 1. Time averaged data (e.g. time
averaged Nu and f values in the developing region) were
used for the calculations.

It is evident from Fig. 4 that at very low Re and low
amplitude (A) of the inlet pulsation, the average Nusselt
number values are very close to that of a steady case.
This is caused by the weak swirl generation at low
Reynolds number (Re) as the viscous force predominates
in that case over the effect of the channel geometry.

With increase is pulsation amplitude (A) and Re,
augmentation of heat transfer and hence greater values of
Nu are found. This is due to better mixing of fluid
caused by the flow pulsation and recirculation generated
by the twisted and wavy nature of the channel geometry.
The steady one is also showing minimum heat transfer.
The current work is compared with the established work
of Nandi and Chattopadhyay [5] in Fig. 5 and the current
geometry shows better results.
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Fig. 5. Comparison of time average Nu with Re with previous
study
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Fig. 6 Comparison of thermal development length with varying
Re for different St.

Thermal development length (L) is an important
parameter which was examined for a range of Re and
Strouhal numbers (St) in the present study. Fig. 6 shows
the thermal development length as a function of Re for
different Strouhal numbers with increase in St, it shows
shorter development length as compared to the steady
case. This is the result of inlet flow pulsation and better
mixing of near wall fluid with the core fluid.

Fig. 7 shows variation of the friction factor as a function
of the pulsation amplitude for different frequency and its
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comparison with previous well-established works and
steady case. It is evident from the figure that the current
geometry is providing better thermal result with minimal
increased pressure drop. Also, one can see that the
steady case is showing higher friction factor f in
comparison with pulsating flow situations.
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Fig. 7. Variation of f with A for different St at Re = 100.
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Fig. 8. Comparison of enhancement ratio with St for different
A at Re =100.

Performance enhancement ratio () is defined as n =
(Nugye / Nug). Here, Nu,y, is the time averaged value of
local Nu at a particular position and Nu, is the value for
steady case at same position. It is the measure of thermal
performance of the proposed geometry. n as a function
of St at different A and constant Re is shown in Fig. 8.
The results were also compared with the previous work
of Nandi and Chattopadhyay [5]. Figure shows that at Re
=100, St = 10 provides the maximum efficiency. This is
due to the inlet flow pulsation which is overlaid with the
core fluid flow of the micro-channel, causing the flow
being unsteady enough to provide proper mixing of
fluid.

Conclusion

Effects of pulsatile flow inside sinusoidal wavy micro-
channel was investigated by solving the solution of
transient 3D Navier — Stokes equations numerically.
Sinusoidal fluctuating velocity components were added
to the mean flow at inlet. The channel wall was kept at
constant temperature. Enhanced thermal performance
was found as a result coupled with minimal pressure
penalty even at low Re. The effect of flow pulsation on
thermal development lengths was also examined.
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