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ABSTRACT

A simulation-based study is carried out on microchannel heat sink with smooth surface
and square ribs embedded surface. The heat sink is made of microchannels where each
channel is 150 µm in width, and 1 cm in length. Water is used to study the heat sink.
The study is conducted for a range of Reynolds numbers, from 100 to 500. The fluids’
inlet and outlet temperatures, and the surface temperatures are used to calculate the
thermal performance. According to the investigation, a higher Reynolds number raises
the heat transfer coefficient and increasing Nusselt number. Additionally, it has been
noted that raising the Reynolds number lowers the friction factor. It was evident that
the square ribs microchannel had a higher heat transfer rate than the smooth channel.
Additionally, it is observed that the heat sink with square ribs microchannels overall
friction factor is higher than the heat sink with smooth channels. It is also found that
the pressure drop increases with increasing Reynolds number.
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INTRODUCTION

Microchannels, which are commonly described as flow tunnels with a
hydraulic diameter of less than 1000 µm, are being used more and more
in heat transfer devices of all sizes (Mathew &Weiss, 2015). The advantages
of microchannels include improved surface area density and enhanced heat
transfer coefficient, which can lead to either an increase in the device’s
heat duty for the same volume or a decrease in the device’s volume for the
same heat duty (Mathew & Weiss, 2015). The quest for improving the heat
transfer coefficient in microchannels continues to this day. There are several
passive techniques for raising the heat transfer coefficient in microchannels.
Changing or partially restricting flow pathways is a common practice in
passive techniques.

Numerous variations of the microchannel, a passive technique for
enhancing heat transmission, have been studied to better understand their
performance (Mathew et al., 2010; Zheng et al., 2013a, 2013b). Only
three walls—the bottom wall, two sidewalls, and the zigzag microchannel
itself—are subject to a constant heat flux. Numerical research was done by
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Sui et al. (2010) to understand the performance of wavy microchannels in
laminar flow.

They investigated three different situations: constant temperature,
constant heat flux, and conjugate heat transfer. They compared the
performance of each case to that of a straight microchannel under similar
conditions. Mathew et al. (2010) used simulation-based research to
examine the performance of two different zigzag microchannel designs under
continuous heat flux. Heat flux is applied to every wall of the microchannel.
They used the Nusselt number and friction factor to gauge performance.
Zheng et al. (2013a) examined the thermohydraulic performance of a
microchannel with a square cross-section and rounded corners when the
heat flux was constant. The thermal performance of microchannels under
conditions of continuous heat flux was determined. Some studies were
carried out experimental testing on minichannel to examine heat transfer
enhancement including (Daadoua et al., 2024 and Alnaimat et al., 2020).
Microchannel can be utilized in different heat transfer applications (El Kadi
et al., 2021; Alnaimat et al., 2023).

This work focuses on microchannels with square cross-sections and ribs
on the sidewall, as seen in Figure 1. The heat flux is distributed on the
microchannel’s two sidewalls. The performance of the microchannel is
determined using the friction factor and Nusselt number. This study will
analyse a microchannel’s performance in relation to its Reynolds number. The
channel width W = 150 µm, and channel length L = 1 cm. Two different
microchannels were examined including channel with smooth and square
ribs with ribs dimension of 20 µm × 20 µm. The distance between each ribs
is 1 mm. Despite some studies by Alnaimat et al. (2023) discusses the impact
of the manifold on the flow maldistribution, this analysis assumes that the
flow is uniform in all channels.

Figure 1: Schematic of microchannel view smooth and square ribs indicating
dimensions and flow direction.

MATHMATICAL MODELING

The microchannel depicted in Figure 1 is described using a mathematical
model. It consists of the continuity equation, energy equation, and Navier-
Stokes equations. Alnaimat et al. (2024) state that the continuity equation
is represented by Equation (1), the Navier-Stokes equations by Equation (2),
and the energy equation by Equation (3).
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∇ · Vf = 0 (1)

ρfVf ·∇Vf = −∇Pf + µf∇
2Vf (2)

ρfCp,fVf ·∇Tf = kf∇
2Tf (3)

Where Vf (m/s) is the the fluid velocity vector, Pf (Pa) is the static pressure
of the fluid, Tf (K) represents the static temperature of the fluid, µf (Pa.s) is
the fluid viscosity, ρf (kg/m3) represent the fluid density, kf (W/mK) is the
fluid thermal conductivity and Cp,f (J/kgK) is the fluid specific heat capacity.
The flow is assumed to be Laminar in the microchannel, and negligible
heat loss between the microchannel and the surrounding environment, and
negligible viscous heat transfer.

This study’s modeling is established using a mathematical modeling
approach similar to that described by Alnaimat et al. (2022, 2024). Boundary
conditions for the model include the following: The microchannel’s inlet has
a known velocity vector, as shown by Equation (4); its temperature at the
inlet is known, i.e., Tf,in = 293 K; its four walls have no-slip flow conditions;
its outlet has zero gauge pressure, or Pf,out = 0; Equation (5) shows that a
constant heat flux is applied to the two sidewalls of the microchannel; and
its top wall and outlet are adiabatic.

Vf ,inRe
µf

ρfDhy
(4)

q′′ = 200, 000
W
m2

(5)

where q′′ is the heat flux applied to the walls, and Dhy (m or µm) is the
hydraulic diameter of the microchannel. The simulation is carried out using
the Fluent module of Ansys Workbench. The SIMPLE algorithm is used in
this paper. Once the field variables are determined, the Nusselt number and
friction factor are obtained using equations (6) and (7), respectively.

Nuavg =

(
havgDhy

)(
kf
) (6)

favg =

(
1PfDhy

)(
2 L
cos θ ρfu

2
f

) (7)

In microchannels, Nuavg represents the average Nusselt number, favg the
average friction factor, havg (W/mK) the average heat transfer coefficient,1Pf
(Pa) the pressure drop between the inlet and outlet, and uf (m/s) the average
velocity within the microchannel. The microchannel’s average heat transfer
coefficient is obtained using equation (8).
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havg =
q
′′

LMTD
=

q
′′[ [(

Tw,out−Tf ,out
)
−

(
Tw,in−Tf ,in

)]
ln
[(
Tw,out−Tf ,out

)
/
(
Tw,in−Tf ,in

)]
] (8)

The LMTD is the log mean temperature difference represented by the
fluid’s inlet temperature T̄f,in, the fluid’s average outlet temperature T̄f,out,
the the temperature of the edges surface at the microchannel’s inlet T̄w,in and
at its outlet T̄w,out.

The fluid used in the study is water and its thermophysical properties used
are (ρf = 1000 kg/m3, µf = 0.001006 Pa.s, kf = = 0.597 W/mK and
Cp,f = 4181 J/kgK). Studies are done for Reynolds number ranging from
100 to 400 and parametric study is carried out to understand the influence
of hydraulic diameter, and Reynolds number.

Several assumptions underlie the model, such as minimal viscous
dissipation and external heat transfer, steady state operation, functioning in
a continuum regime, and no phase shift during flow. Since the validity of
the continuous regime pertaining to flow in microchannels has already been
established by researchers, this work employs computational fluid dynamics
without any modifications.

RESULTS AND DISCUSSION

The heat transfer coefficient and pressure drop of square rib microchannels
with Reynolds numbers ranging from 100 to 500 are displayed in Figure 2.a.
The vertical axis on the right indicates the pressure drop, and the vertical axis
on the left indicates the heat transfer coefficient. The relationship between
the friction factor and Nusselt number and Reynolds number for square
ribs microchannels across the same range of Reynolds numbers is shown
in Figure 2.b. The vertical axes on the left and right, respectively, display
the friction factor and Nusselt number. The friction factor and Nusselt
number of the square ribs microchannel are higher than those of the straight
microchannel because it is clear that the square ribsmicrochannel has a higher
pressure drop and heat transfer coefficient than the smooth microchannel.
The rise in the heat transfer coefficient at a given Reynolds number is
caused by the frequent breakdown of boundary layers and the emergence of
secondary flows, which are flows that are perpendicular to the main direction
of flow.

It is clear that square ribs microchannels break the boundary layers
when the velocity contours of the smooth and square ribs microchannels
are shown at similar locations along the microchannel’s length in Figure 3.
It is clear that both the Nusselt number and the heat transfer coefficient
increase as the Reynolds number grows. This is because secondary flows
are intensifying and the boundary layer is more disturbed. At every Reynolds
number considered in this work, the heat transfer coefficient and Nusselt
number of a square ribs microchannel are higher than those of a smooth
microchannel, and the discrepancy grows as the Reynolds number rises.
The velocity and temperature contours at the designated locations of the
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microchannels (middle and outlet) with square ribs surface are displayed
in Figure 3, Figure 4 and Figure 5 at Re =100, 500 and 500, respectively.
The temperature contours at the designated locations of the microchannel
with smooth surface are displayed in Figure 6 for different Reynolds numbers
Re = 100, 500 and 500. In both the smooth and square ribs microchannels,
it is clear that the temperature is highest at the lowest Reynolds number.
Additionally, it is demonstrated that the channel corners and the areas close
to the two side surfaces exhibit the highest temperature.

Figure 2: Comparison of (a) havg and 1P with Re and (b) Nuavg and favg with Re of
square ribs microchannels ( ) havg or Nuavg and ( )1P or favg (Dhy = 300µm, L= 1 cm).

As illustrated in Figure 2.a, the pressure drop associated with square ribs
microchannels is greater than that of smooth microchannels for a given
Reynolds number because of the frequent disruption of boundary layers and
the presence of secondary flows in square ribs microchannels as opposed to
straight microchannels. As can be shown in Figure 2.b, the friction factor of
the square ribs microchannel is larger than that of the smooth microchannel
for the same Reynolds number. The friction factor of both smooth and square
rib microchannels is observed to decrease as the Reynolds number increases,
despite the fact that the pressure drop increases. The relationship between
the Reynolds number and the Nusselt number is depicted in Figure 2.b, in
contrast. As the Reynolds number increases, the friction factor falls due to the
way it is computed. The friction factor is inversely proportional to the square
of the average flow velocity and directly proportional to the pressure drop.
However, the observed decrease in friction factor with Reynolds number
can be explained by the fact that the pressure drop increase with Reynolds
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number is less than the square of the average flow velocity increase with
Reynolds number, even though both the pressure drop and average flow
velocity increase with increasing Reynolds number.

Figure 3: Velocity and temperature contour plot at location 1 and 2 of square ribs for
Re = 100 (Dhy = 300 µm, L = 1 cm).

Figure 4: Velocity and temperature contour plot at location 1 and 2 of square ribs for
Re = 300 (Dhy = 300 µm, L = 1 cm).
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Figure 5: Velocity and temperature contour plot at location 1 and 2 of square ribs for
Re = 500 (Dhy = 300 µm, L = 1 cm).

Figure 6: Temperature contour plot at location 1 and 2 of smooth channel for Re = 100,
300, 500 (Dhy = 300 µm, L = 1 cm).

CONCLUSION

In this study, the thermohydraulic performance of microchannels with
square ribs under a constant heat flux was thoroughly investigated. The
performance is examined using the friction factor, Nusselt number, heat
transfer coefficient, and pressure drop across the 100–500 Reynolds number
range. The friction factors, pressure drops, heat transfer coefficients, and
Nusselt numbers of microchannels with square ribs are found to be greater
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than those of smooth microchannels. In this paper, the effect of Reynolds
number on the performance of microchannel with smooth surface and square
ribs is investigated. It has been determined that an increase in Re results in a
higher enhanced heat transfer coefficient as well as a higher pressure drop.
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