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Available online 30 April 2025

having cuts in between. Parametric studies were performed by utilizing the propylene
glycol as the coolant fluid, while the Reynolds number are diverse between 510.9 to 608.2.
The flow is modelled as steady and 3D flow. Comparative analysis between simulated and
experimental data was first conducted as validation purposes with deviation of 0.49% to
9.81%, and 1.08% to 12.48% for P4rp and Nusselt number respectively. The predicted
results depicted the design features that affect the flow behaviours such as sharp corner
edge that diminish Coanda effect and promotes flow separation, reverse flow and
recirculation zone, and interrupts boundary layer. These behaviour causes the increment

Keywords: of heat flux and (Tout-Tin)/(Tw-Tm), while decrement in wall shear stress that finally augment
Microchannel heat sink; interrupted; the heat transfer. Comparative analysis showed that the increment in heat flux by 26.3%
redeveloping boundary layer; flow t0 33.3%, (Tout-Tin)/(Tw-Tm) by 25% to 42.8%, and decrement in wall shear stress by 25% to
dynamics 35.7%, indicating improved flow characteristics.

1. Introduction

A small-size-channel heat sink is a unique channel design used to offer superior heat dissipation.
The channel’s size can be categorized according to the hydraulic diameter, as summarized in Figure
1, from nanoscale to macroscale. Its smaller dimension in hydraulic diameter promotes a higher
surface-to-volume ratio while increasing the contact surface of the microchannel’s wall with the
coolant fluid. As more contact surface is formed, the heat transfer can be swiftly removed from the
channel’s wall and carried away by the coolant fluid. This causes a higher temperature difference
between the heat source and the fluid, which is an indicator of the enhancement in heat transfer
rate.
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The fluid dynamics of the flow behaves the same generally for all channel size, except for some
parameters which are more pronounced as the hydraulic diameter becomes smaller. As the fluid
flows through the channel, the velocity decreases along the flow due to the wall and fluid friction,
and the viscosity of the fluid itself. The surface roughness generates more friction that causes the
flow to rotate and overlap each other [1]. The heat transfer can be extended by introducing the flow
interrupter such as wavy or curvy wall, obstacles like ribs, fins, or baffles within the channels [2,3].
These obstructions force the fluid to flow around them, breaking up the stagnant layer and promoting
turbulence. Additionally, sudden changes in channel width, such as expansions or contractions, or
interruption disrupts the Coanda effect or fluid’s cling to the channel’s surface that causes flow
separation and detachment from the channel’s wall, leading to boundary layer redevelopment [4].
The disruption results in a thinner thermal boundary layer, reducing the overall thermal resistance
and improving heat transfer [5]. This thermal boundary layer is the thin layer of fluid near the heated
surface wall where the fluid’s temperature changes rapidly from the surface temperature to the bulk
fluid temperature.

Since the study of flow in microchannel are huge as compared to minichannel’s flow, some flow
dynamics of microchannel’s flow are being reviewed here to support the data of minichannel flow
behaviour. Among other approaches of heat transfer augmentation method is utilizing wavy or
twisted channels. These curved walls induce secondary flows within the fluid, further disrupting the
boundary layer and enhancing heat transfer [6,7]. In addition to that, any interruption to flow causes
rapid changes in velocity and increases the velocity gradient. This directly causes the growth of wall
shear stress after each interruption but decreases along the channel [8,9]. Any sharp edges cause the
fluid to precede the wall’s shape and recirculate to form a recirculation zone with nearly low velocity
to stagnant flow at the centre of the circulation flow [10]. The vortex boundary is developed as a
separator between the recirculation zone and the core fluid region. However, the vortex is not strong
enough without any driving force, and the flow separation diffuses with a blurred vortex boundary.
The core region that has higher velocity after sudden expansion also generates more velocity gradient
that grows the wall shear stress. Moreover, a higher velocity gradient affects the higher heat flux that
energizes the force to heat transfer enhancement.

All the flow dynamics that occur in the microchannel flow have been extensively investigated by
utilizing numerical and experimental approaches in various parametric studies, including aspect ratio,
coolant types, and microchannel configurations at diverse applications [11-14]. Straight channel
designs are paid less attention nowadays except for their benefits in easier manufacturing and less
cost. Meanwhile, numerous microchannel configurations, as shown in Figure 2, had been approached
to boost the heat transfer and had been reviewed by several researchers in the past [15-19].
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While existing research has explored boundary layer interruption techniques in microchannel
heat sinks, several gaps remain. These include a limited understanding of the flow dynamics passing
through the curving areas, obstacles, interruption, or any minichannel configuration as mentioned
previously. All these shapes directly affect the flow dynamics in terms of the fluid velocity,
temperature, wall shear stress, and wall heat flux that either promotes or inhibits the heat transfer
growth. The integration between all these is presented in the discussion part. Hence, this study
significantly addressed this understanding to further modify the minichannel heat sink design to
augment the heat dissipation for cooling purposes.

2. Methodology

This section explains in detail the procedure of the simulation work that is methodically
conducted.

2.1 Model Details

There are 4 designs of the minichannels: straight, Design A, Design B, and Design C minichannels,
as shown in Figure 3. Design A to C consists of cuts in between the straight channel, known as an
interrupted minichannel. Figure 4 shows the view of interrupted minichannel that consists of 11
channels with height, Hcy, of 8 mm and a width, We, of 2 mm while the total length, Lcn is 50 mm. The
cut’s length, L. is 2 mm. The detail dimension is shown in Table 1. There are two-semi circle manifolds
at both sides of the heat sink and the fluid coolant flows in and out vertically. The bottom surface is
heated with constant heat flux. The top part of the heat sink is attached with pyrex and the other
walls are assumed to be adiabatic. In order to solve the Navier-Stokes and energy equations, the
following assumptions are made: i) the flow is assumed to be in a steady state and three-dimensional,
ii) the flow is homogeneous and laminar, and iii) the properties of the fluid and solid are taken to be
constant.

inle » tlet

(c) (d)
Fig. 3. Top view of the (a) straight and (b) design A, (c) design B
and (d) design C microchannel heat sink
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alloy 6061 k heater

Fig. 4. Outer view of aluminum alloy-Design A
heat sink with pyrex on the top and flat heater
attached at the bottom of the heat sink

Table 1

Dimensions of the rectangular minichannel heat sink

Design Cut number, Channel’s length, Length ratio,

n Len (mm) Le/Len

Straight 0 50 0

A 2 48 0.0417

B 6 44 0.5455

C 8 34 0.238095
2.2 Numerical Modeling

The finite volume method is used for modeling the fluid flow and heat transfer in interrupted
minichannel heat sink. During pre-processing, the whole domain includes the fluid and solid domain
are defined. The volume occupied by both the fluid and solid are divided into grids or meshes. The
structured meshes are used to suit the computer’s memory allocation and to obtain possible time to
avoid expensive computational time. The mesh sizes are varied and the most suitable mesh are
selected whereby the Nusselt number is no longer changing due to grid size variation. The Nusselt
number represents the ratio of convective to conductive heat transfer. It shows the effectiveness of
convection to the conduction alone. The physical models and boundary conditions are then defined.
All the governing equations are solved iteratively as a steady-state flow. The partial differential
equations are discretized using Finite Volume Method (FVM) and thermal parameters are calculated
at each of the nodes. The standard SIMPLE algorithm is used to solve the pressure equation. The first
order upwind scheme is used for both the momentum and energy conservation equations.

2.3 Single Phase Model Governing Equations

The governing equations are a set of equations used to model the behavior of fluid flow and
thermal flow in the minichannel heat sink. The governing equations for mass, momentum, and
energy, and also the heat diffusion in solid domain as displayed in Eq. (1) to Eq. (5), and Eq. (6) for
the whole domain are used to predict the velocity, pressure and temperature profile, and heat
transfer coefficient [15].

Continuity equations for the coolant:

ou v ow
Ei 5, =0 (1)
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Momentum equations:

d(uw) , d(uv) | duw)\ _  dp 8 (du\ , @ (ou) , 8 (du
pf( dx + dy + 0z )_ 8x+uf<8x(8x)+8y(8y)+az(az)>+pfx (2)
o(uv) , d(wv) , d(vw)\ _ _a_p i a_v i Q i 8_1;
oy (A2 2 20) 90 (2(20) 1 2(%2) 4+ 2(2)) 4 o )
otuw)  d(wv) , O(ww)\ _ _a_p i B_W i a_w i a_w
oy (A2 200 2y _ S0y (2 (20) 1 2 (2) 1 2 (2 ) 4, @
Energy equation in fluid domain is shown as:
oy oy s\ = o (ETr 22T | 2°Tf
prp'f(u 6x) + (U ay) + (W 62) - kf(ax2 + ay? + d0z2 )' (3)
and for solid domain is written as:
0%, | 9Ty | 0T _
kS (ax2 + oy? + 622) =0 (6)

2.4 Boundary Conditions

The flow type in the minichannel is modelled by imposing appropriate boundary conditions. This
is to obtain an accurate CFD solution that reflects the real condition as in the experimental work. The
boundary conditions specify the fluid behaviour at the boundaries of the whole domain.

2.4.1 Velocity inlet

The fluid enters the computational domain through the inlet face. The incoming flow is assumed
to be constant at a specified temperature as the experimental value. The coolant velocity at all fluid-
solid boundaries is assumed to be equal to the solid boundary and this applies to the no-slip
condition. The inlet velocity in radial and transverse direction is assumed to be zero and only
tangential velocity acting on the inlet surface as in Eq. (7). The inlet velocity is calculated at a certain
Reynolds number as in Eq. (8).

Uy—0 = Uiny Vx=0 = 0, Wx—o = 0, Ty—g =T (7)
Rey
i = 2 &)

2.4.2 Wall boundary

There are three types of wall boundaries. First, the heat flux at the bottom of the heat sink is
assumed to spread equally. Since the energy equation is solved, the heat flux from the heater is
shown in Eqg. (9) and the amount of heat absorbed by the fluid from the wall through conduction is
calculated using Eq. (10).
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T,
Qpottom = ksE (9)

qr = mgcp,dT (10)

The coupled wall is imposed on the faces inside the computational domain which defined the
solid-fluid interface. The solid-fluid interface wall receives heat transfer from the wall through
conduction using Eq. (11).

T,
Qinterface = kg 5z (11)

The outer surrounding of the heat sink is wrapped with a rock wool. Hence, the wall surrounding
the model is assumed to be adiabatic as shown in Eq. (12) as no heat flows in and out of the boundary.

aTs
L= (12)
2.4.3 Outlet boundary

The pressure out of the computational domain is set to be the same as atmospheric pressure,
and being set at the channel outlet.

2.4.4 Internal boundary

The interior boundary conditions are specified at the faces that are formed in between several
multi blocks within the computational domain. There are flows crosses through these faces as the
fluid flows across the cells. This is to ensure connections between the multi blocks.

2.4.5 Thermophysical properties

The thermophysical properties of the coolant fluid in this study are assumed to be constant and
shown in Table 2.

Table 2

Thermal properties of fluids at T = 300K

Coolant o (kg/m3) k (W/mK) ¢o(J/ kgK) U (Ns/m?)
Propylene Glycol Water, pgw 1010.0000 0.45200 3939.194 0.00076714

2.4.6 Grid independence test

The grid independence test is done by changing the global mesh size and the suitable mesh size
is selected at which Nusselt number variation is minimized and approaches constant as the mesh size
is varied. The difference of Nusselt number value for very coarse grid to a very fine grid is less than
3% even though there is a bump in Nusselt number value for conventional microchannel heat sink.
This shows that the very coarse grid is acceptable in predicting the Nusselt number. From this test,
the optimum mesh size is chosen for the whole domain which refers to 341531, 408340 and 585153
number of cells for conventional, design A and design B type while mesh size of 120 x 100 x 21 for
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682825 number of cells for design C type. Figure 5 shows the mesh used for all type of heat sink for
minichannel.

(b)

(d)
Fig. 5. The meshed domain for (a) straight, (b) design A, (c) design B and (d) design C type
heat sink

2.4.7 Convergence

The CFD is run using double precision for all cases to obtain high precision in the CFD solution.
The governing equations are solved until convergence is attained. Residuals below 10 are obtained
to minimize deviations of the CFD solutions with the true value.

2.4.8 Postprocessing

The final step in numerical work is how the results of the determined parameters are extracted
using mass-weighted averaging technique. The mass-weighted average of a quantity is computed on
the surfaces of interest such as the local temperature and pressure on the fluid domain, while the
heat flux and wall shear stress are computed on the wall surface.

The variable properties that are used to predict the fluid and thermal flow are outlet temperature,
Tout, inlet temperature, Ti,, mean temperature, Tm, wall temperature, Twai, and heat flux, g”. For
validation purpose, some of the variables are taken at the same point as in the experimental work.
For Tour and Tin, these values are computed through mass-weighted averaging performed on the
outlet and inlet surface. Tn, is calculated based on Eq. (13).

TintTout

Ty = 5

(13)

The heat flux, g” is defined as the heat absorbed to the fluid and is represented as Eq. (14).
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q' = mc, (Tout — Tin) (14)

Meanwhile, the heat transfer coefficient and Nusselt number are calculated as in Eq. (15) and Eq.
(16) respectively.

_a __a
h = AT~ Ty—Tm (15)

Nuzhx% (16)

For variable properties, computed values are taken along the surface of the targeted region. For
example, the local temperature, velocity and pressure distribution are computed at the centerline of
the channel. Meanwhile, the wall stress shear is computed on the centerline of the channel’s bottom
wall. Some of the local predicted properties are computed on the side wall, bottom wall or mean line
of the channel as shown in Figure 6.

-
[, #+1— side wall
Cd

Mean line

Fig. 6. Lines of side wall, bottom wall and
middle line shows the location of computed
predicted data for a single channel

3. Results

This section portrays the simulated results that includes the validation part and the
predetermined output parameters.

3.1 Validation

The numerical data is compared to experimental data for validation purposes. The length ratio,
L/Lcnof 0,0.08333,0.181818 and 0.238095 are correspondingly referred to straight, design A, design
B and design C minichannel type as shown in Table 1. In this study, the deviation of Pgrop, and Nusselt
number as in Figure 7 and Figure 8 lies from 0.49% to 9.81%, and 1.08% to 12.48% respectively. Some
of these experimental data may be under-predicted or over-predicted the experimental data due to
uncontrolled environment temperature.

Referring to Figure 7, the pressure drop occurs within the channel is due to friction losses along
the channel, losses in manifold and losses in bend areas. The variation in pressure drop for propylene
glycol-water is observed as much as 17%. The pressure losses depend much on the Reynolds number
of the flow. With the same Reynolds number, the ratio of kinematic viscosity to the density (or kinetic
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viscosity) of fluid very much affects the velocity distribution between the inlet and outlet of a
minichannel heat sink. This ratio affects the velocity distribution in the fluid and results in pressure
drop variation. As shown in Figure 7, some discrepancies exist between numerical and experimental
data. At the mini-scale, the surface forces become dominant which affect much in experimental data
and overpredicted the pressure drop. Besides, the geometry deviations of the actual heat sink are
sensitive due to manufacturing tolerances, edge imperfections and unsmooth surface roughness. All
this causes underpredicted and overpredicted pressure drop.

As the velocity increases, the temperature difference between the outlet and inlet heat sink
decreases and the heat absorbed by the fluid increases. This leads to the increment in heat transfer
and Nusselt number as shown in Figure 8. The average Nusselt number for all fluid depends on the
channel’s design, and the ratio of specific heat to thermal conductivity, of fluid. Besides, the variation
of Nusselt number for each fluid is also affected due to minichannel configuration which will be
discussed further.

A correlation displayed in Eqg. (17) shows the Nusselt number of a fully developed laminar flow in
rectangular ducts with constant heat flux condition, which is 3.99 [20]. Using this equation, the
Nusselt number for fully developed flow for straight microchannel in this study is approximately
5.815. At the same aspect ratio of 4 which equivalent to height to width ratio, a as in this study, the
Nusselt number is predicted as 5.33 [21].

Nu = 8.235(1 — 1.883a + 3.767a? — 5.814a3 + 5.361a* — 2a®) (17)
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Fig. 7. Parop Of experimental and numerical for straight and interrupted
minichannel heat sink using propylene glycol water at various Reynolds
number
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3.2 Velocity Vector

Figure 9 shows the velocity vectors of propylene glycol-water mixture in all type of minichannel
heat sink. High flow rate is observed in channels 5 and 7 as in Figure 9(b) causes some of propylene
glycol water to splatter off in the direction of the flow and some reverse back into channel no 6. All
minichannels show high flow in channel number 1, 2, 5-7, 10 and 11. Lower flow distribution occurs
in the rest of channels. This is because very high flow from the main inlet circulates and cannot be
distributed evenly among all channels. A sharp-edge inlet of each channel separates the flow from
the left manifold. Very high velocity in the left manifold due to accumulated fluid volume is forced to
flow into minichannels that have very high difference inlet in hydraulic diameter. This sharp-edge
inlet channel acts as a constriction which decreases the flow area and causes a great loss. This results
in very low velocity in each channel’s inlet.
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Fig. 9. Velocity vector of propylene glycol-water for (a) straight, (b)
design A, (c) design B and (d) design C type minichannel type

At each of sharp-edge of cut section, the Coanda effect is avoided to occur. This phenomenon
occurs when the fluid which is initially cling to the solid body surface after high velocity from the inlet
being separated from the wall surface and induces the swirling flow. This promotes the fluid
circulation and flow separation as in as in Figure 10 at each bend or curve that leads to stagnant flow
or low velocity region and yields drops in pressure [22]. Even though the losses might be very small
and negligible in most high Reynolds number cases, this is significant in this study which deals with
laminar and low Reynolds number. As the fluid flows along the channels, the magnitude of the
velocity decreases due to friction along the channel surface. As there are more cut sections formed
in each channels, the magnitude of circulation becomes smaller and lower the fluid mixing.
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Higher velocity due to accumulation of fluid at the inlet and outlet are observed in conserving the
constant mass flow rate throughout the control surface of each domain. In the direction of fluid flow
(to the right), the control surface becomes wider and the velocity gradually decrease towards the
end of the channel while increasing back and accumulated at the outlet manifold.

. ;\ )
1 flow separation

Fig. 10. Flow separation at cut section area
3.3 Heat Flux

Figure 11 shows the local heat flux computed on the side wall and bottom wall of the channel for
all types of minichannel. As the fluid flows along the channel, the fluid temperature near the wall
becomes hot. Hence, the temperature difference of the wall and the fluid temperature becomes
higher. At the cut sections, there is a sudden drop of heat flux, which nearly approaches zero as in
Figure 11(a). There is no wall in this region, except for flowing fluid. Comparing the heat flux between
all types of minichannels, the heat flux starts to decrease and increase back at the inlet and outlet of
cut section respectively. This happens because the velocity increases and decreases while disturbs
the velocity gradient. At each of cut section, lower velocity yields higher temperature and heat flux
approaches zero because there is no wall on the side channel as in Figure 11(a). This causes shorter
thermal entrance length [23].

Figure 11(b) shows the wall heat flux at the bottom wall of the channel. It directly influences the
overall heat transfer process in a microchannel heat sink. The bottom heat flux is increasing along
the channel. There are several bumps of heat flux value according to the number of cut section. A
higher heat flux implies a greater amount of heat energy being transferred through a given area. This
necessitates a stronger driving force for heat transfer, such as a larger temperature difference
between the heat source at the bottom wall and the fluid.

At each of cut section, velocity of fluid is lower. Hence, it causes lower fluid temperature in that
area. This results in higher temperature differences between the wall and fluid interface near the
wall and leads to higher heat flux in each cut section area. The heat transfers continuous to occur as
the heat flux increases, showing there exists temperature differences between cold fluid and the hot
wall. No thermal equilibrium is attained since the bottom heat flux is continuously increasing until
the end of the channel. The highest heat flux at the side and bottom wall is attained in design C with
the use of propylene glycol-water.
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3.4 Wall Shear Stress

Figure 12 shows the bottom wall shear stress for all type of minichannel heat sink. The highest
wall shear stress is depicted in the middle channel since the fluid flows with the highest velocity in
this channel. The velocity gradient is the highest in design C shows the highest heat transfer rate in
the minichannel. At each cut section, the wall shear stress is fluctuated due to variations in velocity
gradient as the fluid flows along the channel.

The temperature ratio as shown in Figure 13 explains the behaviour of heat transfer coefficient.
The highest heat transfer coefficient is attained in design C type minichannel with the highest
temperature ratio of 0.52. High irregular flow in design C type as compared to other design due to
number of cut section as observed in other work of Dang et al., [24] causes high fluctuation in local
velocity that affects the temperature ratio.

Higher wall shear stress lead to increased turbulence and mixing within the fluid, while
corresponds to a thinner boundary layer and resulting in improved heat transfer coefficients. This is
particularly evident in microchannels with complex geometries. While increased wall shear stress
improves heat transfer, it also contributes to higher pressure drop.
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Fig. 12. Wall shear stress at bottom of channel for (a) straight, (b) design A,
(c) design B, and (d) design C of minichannel heat sink for propylene glycol
water at Re»=510.9
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Although a range of Reynolds numbers was investigated in the simulations, more research is
necessary to see whether this result can be applied to higher Reynolds number. Higher flow regimes
could cause flow instabilities or change the reported improvements in heat transfer in practical

applications.
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Besides, the simulations were conducted using water, propylene glycol-water, and ZnO-water
limiting the generalizability of the findings to other coolants. Different fluids possess varying
thermophysical properties that could impact the flow dynamics and heat transfer characteristics.
Studies employing other coolants would be necessary to assess the broader applicability of the
interrupted minichannel designs.

In addition to that, the idealized channel geometry was assumed in the simulations. However, in
a real-world fabrication, manufacturing flaws like surface roughness, dimensional variances, or
irregularities in the cut geometries are unavoidable. These flaws may greatly impact the performance
of heat transfer and flow patterns. To measure the effect of manufacturing tolerances on the
effectiveness of the interrupted minichannel designs, more research is required.

4. Conclusions

A computational fluid dynamics (CFD) study was conducted to assess the performance of
interrupted minichannel heat sinks as compared to a straight channel design. The interrupted
minichannles here refers to some cuts in between the straight channel. Four minichannel
configurations; a straight channel and three interrupted designs (A, B, and C) were examined. All
channels had a rectangular cross-section with a hydraulic diameter of 0.032 m and incorporated cuts.
Parametric analyses were performed using propylene glycol-water mixture as coolants, with
Reynolds numbers ranging from 510.9 to 608.2. The flow was modeled as steady and three-
dimensional flow. Model validation against experimental data for pressure drop and Nusselt number
yielded deviations of 0.49% to 9.81% and 1.08% to 12.48%, respectively for distilled water and
propylene glycol-water mixture. Simulation results indicated that design features, such as sharp
corners at every cuts part, influenced flow behavior by inducing flow separation, recirculation, and
boundary layer disruption. Comparative analysis showed that the increment in heat flux by 26.3% to
33.3%, (Tout-Tin)/(Tw-Tm) by 25% to 42.8%, and decrement in wall shear stress by 25% to 35.7% as
compared to straight minichannel heat sink. All these indicates the increment in heat transfer within
each channel which will be investigated for further study. Apart from that, the interrupted
minichannel heat sink outperform the straight channel based on the parametric studies done and
design C outperform the other designs. The flow behaviors such as flow separation, reverse flow,
recirculation zones, and boundary layer interruption are caused by the interrupted designs. These
designs are effectively responsible for disrupting the thermal boundary layer, promoting enhanced
heat transfer.
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