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Abstract: A highly efficient thermal management is imperative to overcome the main challenges
associated with heat extraction requirements in electronics. In this study, the flow and heat transfer
characteristics of microchannels with various types of fins were numerically analyzed for Re = 0-500
(Re: Reynolds number). Investigation of the aspect ratio, incident angle, and smoothness as well
as the flow and heat transfer behaviors revealed the exceptional performance of the optimized fin
structure, up to a performance evaluation criterion of 1.53. At large Re values, the fin with a high
aspect ratio, small incidence angle, and high smoothness showed the best performance, as it avoids
stagnation zones because of flares and sharp corners and simultaneously leads to boundary layer
destruction and redevelopment. Interestingly, the microchannel without internal microstructures
performed well at small Re values. Among all the designed variables, the influence of the incident
angle was superior owing to its ability to generate significant vortices by periodically changing the
channel cross-sectional area and flow direction. The conclusions can be innovatively generalized to
other microchannels with fins.

Keywords: microchannel; microstructure; heat transfer; fins

1. Introduction

With the rapid development of micro-electromechanical systems (MEMS) and very
large-scale integration (VLSI), excessive heat loads on devices have become a critical concern
for the electronics industry. An excessive heat load can damage the components and reduce
the precision of the apparatus or other normal working states, and approximately 55% of
device failure is associated with a high operating temperature [1]. Therefore, an efficient
cooling method is urgently required to solve the heat-loading issues.

Microchannels with liquid forced convective heat transfer are among the most promis-
ing and effective solutions [2,3]. They can simultaneously increase the specific surface
area and reduce the cross-sectional area, thereby significantly improving the heat transfer
efficiency with less working fluid. Because of their high efficiencies, compact structures,
and easy integration with microchips, such microchannels are widely applied in machin-
ery [4], chemicals [5], aerospace applications [6], solar energy-based applications [7-9], and
microelectronics [10].

Since the pioneering work by Tuckerman et al. [11] in 1981, researchers have carried
out extensive investigations on the flow and heat transfer characteristics of microchannels.
Tao et al. [12] conducted a unified single-phase convective heat transfer analysis using the
field synergy principle and summarized methods that can improve the thermal performance
of such microchannels, including a decrease in the thermal boundary layer and an increase
in flow interruptions. Over the years, various other studies on microchannels with arrays of
fins that can disturb fluids have been conducted to further enhance the thermal performance
of microchannels.
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To date, several authors have made efforts to identify the most optimized fin shape to
obtain the best performance. Izci et al. [13] simulated microchannels with circular, square,
lozenge-shaped, rectangular, triangular, and airfoil-shaped fins. The corresponding results
revealed that among all these shapes, rectangular fins have the largest Nusselt number (Nu),
whereas conical fins exhibit the best heat transfer capacity. Abdoli et al. [14] investigated the
heat transfer characteristics of staggered fins with different shapes, i.e., hydrofoil, modified
hydrofoil, circular, and symmetrically convex. Their results showed that hydrofoil-shaped
and convex fins reduce pressure by 30.4% and 47.3%, respectively.

Apart from the fin shape, the effect of the fin size and its optimization have remained
at the forefront of microchannel-based research over the years. Guo et al. [15] designed a
silicon-based needle fin with a special shape to investigate the effect of fin height and fin
spacing on the friction coefficient, with Re ranging from 1 to 100. The results showed that
the microchannel with rougher fins exhibited a smaller pressure drop and friction coefficient.
Wang et al. [16] studied the characteristics of annular fin-and-tube heat exchangers with
elliptical fins and analyzed the effects of the ellipse attack angle and diameter ratio on the
thermal performance.

According to previous studies, the arrangement of the fins also play a determinis-
tic role in regulating the thermal performance of microchannels. Limbasiya et al. [17]
evaluated the effect of microchannel fins on forced air convection and noticed that mi-
crochannels with staggered fins showed better thermal performances than the symmetrical
ones. Kang et al. [18] studied the microfluidics in silicon-based microchannels with dif-
ferent fin arrangements and spacings and Re ranging from 60 to 650. According to these
authors, microchannels with cross-arranged fins show higher resistance and heat trans-
fer efficiency, and increasing the density of the fins enhances the thermal performance.
However, Jia et al. [19], who investigated microchannels with fins at different locations,
revealed that the microchannels with uniform fin distributions exhibit the best thermal
performance. In this fin configuration, the bottom wall temperature is the lowest and
is well distributed. In addition, extensive studies have been conducted to analyze the
effects of cavities [20-22], nanofluids [23-27], and other parameters/factors on the thermal
performance of microchannels.

To date, the studies on microchannels have been primarily focused on geometry
optimization of the fin structures, although they have been largely concentrated on simple
comparisons of the effects of different fin structures. The findings of these previous studies
do not shed light on the associated mechanisms, and they fail to provide conclusive data
on optimized fin structures for different cases and applications.

This study was designed to investigate the flow and heat transfer characteristics
of microchannels with fins. First, a series of fins with different aspect ratios, incident
angles, and smoothness values were designed using the control variable method. Then, the
thermal performance of the newly designed microchannel was evaluated and compared
using the Poiseuille number (Po), Nu, and the performance evaluation criterion (PEC).
Finally, the relevant mechanism was analyzed to deduce the parameter design principle
and optimization direction, which can be used as references for designing innovative
microstructures that can be used in high-efficiency cooling systems. The innovations of
this work are as follows: (1) quantitative analysis of the effect of fin structure parameters
on flow and heat transfer characteristics, (2) data summarization into conclusions that can
be generalized to microchannels with other fin structures, and (3) determination of the
mechanism underlying the observed effects of different fin structures on the flow and heat
transfer characteristics of microchannels.

2. Methods
2.1. Physical Model and Simulation Assumptions
The physical model, shown in Figure 1, was designed according to the results obtained

from different scientific research projects undertaken by the authors and the existing
studies [20-22]. The length, width, and height of the microchannels were set to L = 40 mm,
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Unit: mm

W =1 mm, and H = 0.5 mm, respectively. The microchannel was divided into an inlet
section of Li, = 0.8 mm, a middle section, and an outlet section of Loyt = 1.08 mm along the
flow direction. In the middle section, fins were created symmetrically on the sidewall. The
fin width and spacing were I¢ = 0.12 mm and Is = 0.5 mm, respectively. The cross-section of
the fluid domain was 0.3 x 0.3 mm. The top surface of the fluid domain was closed and
did not allow any mass or heat transfer. A constant heat flux density of 30,000 W/m? was
applied to the bottom surface of the solid, and the other walls were thermally insulated.
Silicon was selected as the channel solid, and deionized water was used as the fluid. The
Re range was set to 0-500.

Figure 1. Schematic of the microchannels. All the surfaces are adiabatic except the solid-liquid
contact surface and heating surface at the bottom of the solid. The top surface of the fluid domain is
closed and does not allow any mass or heat transfer. A constant heat flux density of 30000 W/m? is
applied on the bottom surface of the solid. The structural parameters (mm) are H=0.5,L =40, W =1,
Lin =0.8, Loyt =1.02,h =03, w=0.3,1s = 0.5, and 1; = 0.12.

Based on previous studies, here, we analyzed the fin aspect ratio, fin incident angle,
fin smoothness, and their effects on the flow and heat transfer characteristics. Although
the structure of the fin is relatively simple, there are many variables, and thus, the control
variable method was applied.

Figure 2 shows schematic illustrations of the microchannels and fins based on the
established model and considered parameters, and the geometrical parameters of fins are
presented in Table 1.

Table 1. Geometrical parameters of the fins.

1s I¢ 1 o m n
#1 - - - - - -
#2 0.5 mm 0.12 mm 0.04 mm 90° 3
#3 0.5 mm 0.12 mm 0.06 mm 90° 2 3
#4 0.5 mm 0.12 mm 0.08 mm 90° 1.5 3
#5 0.5 mm 0.12 mm 0.06 mm 45° 2 3
#6 0.5 mm 0.12 mm 0.06 mm 26° 2 3
#7 0.5 mm 0.12 mm 0.06 mm 90° 2 5
#8 0.5 mm 0.12 mm 0.06 mm 90° 2 o)
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Figure 2. Schematic illustration of the microchannels and fins with different aspect ratios, incident
angles, and smoothness values.

First, we investigated microchannels without internal microstructures as the control
group. The aspect ratio of fins is defined as the ratio of the fin width to the fin height and
is denoted as “m.” To analyze the effect of fin shape, the fins were marked as #2 (m = 3),
#3 (m = 2), and #4 (m = 1.5) with a fixed fin width of 0.12 mm and different fin heights of
0.04, 0.06, and 0.08 mm, respectively. Next, the incident angle of the fins is defined as the
angle between the mainstream direction, and the plane of the leading edge of the fins and
is denoted as “«.” To investigate the effect of the fin’s leading edge, the fins were marked
as #3 (o = 90°), #5 (o = 45°), and #6 (x = 26°). Similarly, the smoothness of fins, denoted as
“n”, is defined as the number of edges of a single fin, and to evaluate the effect of the edges
and corners, the fins were marked as #3 (n = 3), #7 (n = 5), and #8 (n = c0).

2.2. Boundary Conditions and Data Processing

In this study, the range of Re was adopted as 0-500, and the hydraulic diameter (D)
of the microchannel was set as 0.3 mm. Further, deionized water was used as the working
fluid, and the mean free path (I) was set as 5.752 x 10~ m at normal temperature and
pressure [28].

According to Xu et al. [29], deionized water exhibits laminar flow in a silicon-based
channel with Dy, = 0.03-0.344 mm and Re < 1500; therefore, within the scope of this study,
the flow state of the working fluid can be considered as laminar flow.

The continuous medium hypothesis holds if the Knudsen number is less than 0.001 [30].
The Knudsen number can be calculated using the following equation:

I  5752x1078

Kn— — —
"D, 3x10¢

=1.9173 x 10~* < 0.001. (1)

For the calculation, the following assumptions can be made:

Laminar flow.

The flow satisfies the continuous medium hypothesis.
The flow is steady and incompressible.

The thermophysical properties of the solid are constant.

Ll o
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5. Body force and radiation heat transfer are ignored.

Judy et al. [31] experimentally investigated a rectangular microchannel with Re = 8-2300
and a hydraulic diameter >0.015 mm and found that the traditional theoretical models
can be applied to determine the hydraulic and thermal characteristics of microchannels.
Qu et al. [32] obtained the same results by using a Re of 139-1672 in their experiments.

Based on the aforementioned assumptions and experimental conclusions, the govern-
ing equations for the conservation of mass, momentum, and energy are as follows [28].

u; .

S =0i=123 2)
9 oy o o aw] ..
aixi(pfulu])i ij+8xilyf(8xi+axj) 4,7=1,2,3, 3)

oT

d - d 8ui 2 all] Bui
aixi(pfuchfT) - aixl()\faixl) +Vf

2
2(3795,) +(aTc,+aTc]) ],z,]:1,2,3’ @)

where p represents the density, u represents the fluid velocity, y represents the fluid dynamic
viscosity, p represents the pressure, T represents the temperature, C, represents the specific
heat, and subscript s and f represent solid (silicon) and fluid (deionized water), respectively.
The boundary conditions are as follows:
Boundary conditions at the inlet:

x=0u= Uin, Tffin = 300 K. (5)
Boundary conditions at the outlet:
x =L, pour =1atm, Tr_,,; = 300 K. (6)

A constant heat flux density of 30,000 W/m? was applied to the bottom surface of the
solid, and the following equations were obtained:

oT.
z2=0,qp = —Asa—ns = 30000 W/m?. ?)
All the surfaces were adiabatic, except the solid-liquid contact and heating surfaces at
the bottom of the solid. Thus, we obtain
oT;
=—As—— =0. 8
qJuw Son ( )
In the aforementioned equations, A represents the thermal conductivity; the subscript
in represents inlet; n represents the normal direction to the wall; u represents the velocity;
the subscripts x, y, and z represent the velocity components along the x, y, and z axes,
respectively; the subscript s represents solid (silicon); and the subscript f represents fluid
(deionized water).
The thermophysical properties at room temperature and atmospheric pressure used
in the calculations are presented in Table 2.
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Table 2. Thermophysical properties at room temperature and atmospheric pressure; these properties
were used in the calculations.

Parameter Symbol Value
Density of 998.2 kg /m?
Dioiiied Dynamic viscosity 1y 0.001003 kg/(m-s)
Specific heat Cpt 41827]/(kg-K)
Thermal conductivities As 0.6 W/(m-K)
Silicon Thermal conductivities As 18.5 W/ (m-K)

In the analysis, the flow and heat transfer characteristics are determined by Po and
Nu, respectively. The comprehensive thermal performance is evaluated by the PEC, which
considers both the flow and heat transfer. The calculation formulas are as follows [28,33]:

Re = @, )

1
Po:f~Re:2A£ZZRe, (10)
Nu = %, (11)
PEC = %, (12)

where p represents the density of the fluid, u represents thethe flow resistance within the
investigated range, although this increase is less than that in average flow rate, Dj, represents
the hydraulic diameter of the channel, y# represents the fluid dynamic viscosity of the fluid, f
represents the friction factor, Ap represents the pressure difference, | represents the distance
used to calculate the pressure difference, A represents the thermal conductivity of the fluid,
subscript 0 represents the values for the microchannels without internal microstructures,
and h represents the convective heat transfer coefficient, which can be calculated using the
following equation [28]:

qwWL

A (Tw _ Tf>
Here, A represents the solid-liquid contact area, W represents the channel width,
L represents the channel length, T, represents the qualitative wall temperature, and T
represents the qualitative fluid temperature.
To improve the accuracy of the simulation, the pressure difference was evaluated
only in the fully developed section to eliminate the adverse effects of the inlet section.
The average wall temperature of the solid-liquid phase interface was considered as the

qualitative wall temperature, and the weighted average temperature of the fluid at the inlet
and outlet was adopted as the qualitative fluid temperature.

h= (13)

2.3. Grid Independence and Model Validation

In study, we adopted the ICEM software package and ANSYS FLUENT 19.0 for simu-
lating the meshing and the calculations, respectively. Standard initialization was applied
for the initialization, along with the second-order upwind scheme and SIMPLE algorithm
for discretization and calculations, respectively. When the residual is less than 108, the
result is considered to be convergent.

The primary aim was to confirm the grid independence. The number of grids ranged
from 3.15 million to 58.47 million, increasing by 1.2 times, with a total of six sets. Nu and Po
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were used as the reference quantities to validate the mesh independence of the microchan-
nels with semicircular fins and Re = 25. The deviations were calculated as follows:

e(Nu) = [Nuz = N | 3 500, (14)
U

e(Po) = M % 100%, (15)
1

where e represents the deviation, Nu; and Po; represent the reference values of the smallest
grid No. 6, and Nu; and Po, represent the values of the other grids. The corresponding
results are presented in Table 3.

Table 3. Results of simulation validation.

No. Number of Grids Nu e (Nu) Po e (Po)
1 3,156,796 3.224011 0.50% 91.92736 1.63%
2 5,751,424 3.212655 0.14% 92.44489 1.08%
3 10,698,168 3.207688 0.01% 92.87407 0.62%
4 18,773,490 3.207616 0.01% 93.17941 0.29%
5 33,945,090 3.207572 0.01% 93.33882 0.12%
6 58,475,088 3.208021 - 93.45025 -

The deviation values of grid No. 5 are both less than 0.2%, which can balance the
amount and accuracy of the calculation. Thus, the meshes for the other models were
prepared by considering the size of mesh No. 5.

The calculated results were compared with those of the references to ensure a high
accuracy. The results of the microchannel with no inside structure inside are verified with
the theoretical value of 56.9 derived by Zhang et al. [34]. As presented in Table 4, the
deviation value of the Po calculated from the fully developed sections deviates by less
than 0.26%, which indicates the reliability and high accuracy of this model.

Table 4. Results of model verification.

Re Po Deviation Value
25 56.7555 0.254%
50 56.7555 0.254%
100 56.75547 0.254%
150 56.75547 0.254%
200 56.75884 0.248%
250 56.75545 0.254%
300 56.75545 0.254%
400 56.75382 0.257%
500 56.75571 0.254%

3. Results and Discussion

In this section, we present and discuss the analysis results of the flow and heat transfer
characteristics, along with the effects of the aspect ratio, incident angle, and smoothness.

3.1. Aspect Ratio of Fins

As shown in Figure 3, fins influence the flow and heat transfer characteristics of
microchannels. Within the scope of this study, the Po in the microchannels with fins was
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significantly larger than that in channel #1. As shown in Figure 4, vortices are always
generated in the microchannels, irrespective of the geometric parameters and working
conditions, and as a result, the fins always increase the flow resistance. The effect of Nu
on the heat transfer is negligible when Re < 50, because the fluid only slides through
the fin intervals, and the boundary layers do not redevelop. As shown in the red box
in Figure 4a,c,e, the few vortices formed at the trailing edge of the fin are stagnation
vortices, which cannot promote heat exchange. At a large Re, as depicted in the blue box in
Figure 4b,d f, a part of the fluid separates and forms impact vortices under the interference
of the fins; this fluid part damages and redevelops the boundary layer. Simultaneously,
many hot and cold fluids are mixed, which increases the heat exchange efficiency of the
finned microchannel compared to that of channel #1.

——i1
250 8F——#2m=3
——#3m=2
TF——#im=15
200+
=] =5 6}
& 450} =
5.-
100 - 4t
su C n . I . 1 " 1 3 [ L L 1 1 1
0 200 300 400 500 0 100 200 300 400 500

Re Re

Figure 3. Po and Nu versus Re with different fin aspect ratios (m).

Re =25 Re =500

Figure 4. Streamlines in the transverse central section of the fluid with different fin aspect ratios:
(@) m = 3, Re = 25; (b) m = 3, Re = 500; (c) m = 2, Re = 25; (d) m = 2, Re = 500; (e) m = 1.5, Re = 25;
(f) m = 1.5, Re = 500. The red box indicates the stagnation vortices formed at the trailing edge of the
fins at Re = 25, and the blue box indicates the impact vortices formed in the intervals between fins at
Re = 500.
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The flow characteristics of the finned microchannels with different aspect ratios were
investigated as well. For the microchannels with the same Re, the change in Po owing to
the fins is negatively correlated with the fin aspect ratio. For example, if the aspect ratio
increases from 1.5 to 3, then Po decreases by 35.8% and 48% for Re = 25 and Re = 500. This
result is observed because the higher the aspect ratio, the more pronounced the obstruction
of the main flow in the channel by the fins and the greater the change in the fluid cross-
sectional area. These perturbations result in a higher flow resistance in the microchannels
with a higher aspect ratio.

Next, the heat transfer characteristics of the finned microchannels with different aspect
ratios were investigated. The difference in Nu is negligible when Re < 50. As is evident
from Figure 4a,c,e, the streamlines show that the impact and vortex effects are insignificant,
and the velocity of the vortex formed at the trailing edge of the fin is small, which cannot
promote heat exchange. As Re increases, Nu of channel #2 increases rapidly and gradually
overtakes that of the other cases. As shown in Figure 4b, a smaller rib height results
when only a small part of the channel area is occupied; the fluid bypasses the fins and
then impacts the surface to produce an efficient heat exchange. As shown in Figure 4f,
channel #4, which has a small fin aspect ratio, narrows the effective flow diameter of the
channel and deepens the intervals between the fins. This process prevents most fluids
from reaching the surface of the intervals and leads to the formation of a large area with
small-velocity vortices at the fin interval. These small-velocity vortices do not contribute to
the heat transfer. The performance of channel #3 is in between those of channel #1 and #2,
as depicted in Figure 4d. Within the scope of this study, the advantage of a large aspect
ratio becomes apparent as Re increases.

The aspect ratio of the fin affects the flow and heat transfer characteristics of the
microchannel through the channel cross-sectional area and impact vortex effect. As shown
in Figure 5, for Re < 100, channel #1 is the best choice. Conversely, for Re > 100, channel #2 is
the best, because its large fin aspect ratio results in just slight occupation of the channel area,
and the fluid effectively impacts the surface, leading to the destruction and redevelopment
of the boundary layer.

14}
1.3
1.2

o
N
—

0 100 200 300 400 500
Re

Figure 5. PEC versus Re with different fin aspect ratios.
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3.2. Incident Angle of Fins

In Figure 6, the flow and heat transfer characteristics of the microchannels are depicted
with respect to the incident angle of the fins (o) of #3 (o = 90°), #5 (v = 45°), and #6 (ox = 26°).

10F #1
- gl ——#3a=090°
—o— #5 a = 45°
i : 8| ——#6a=26°
s7f
B zE_
! —o— #3 a = 90° 5t
—o— #5 a = 45°
—o— #6 a = 26° 4r
. : : . N N 3, . , . : .
0 100 200 300 400 500 0 100 200 300 400 500

Re Re

Figure 6. Po and Nu versus Re with different fin incident angles.

The flow characteristics of the finned microchannels with different incident angles were
evaluated in this study. For the microchannels with the same Re, the change in Po due to the
fins is positively correlated with the fin incident angle. For example, if the incident angle
increases from 26° to 90°, then Po increases by 24.0% at Re = 25 and by 7.6% at Re = 500.
This trend is observed, because a larger incident angle results in a more pronounced
obstruction of the main flow in the channel by the fins as well as a greater change in the
fluid cross-sectional area and flow direction. The aforementioned perturbations result in a
higher flow resistance in the microchannels with a higher incident angle.

Next, we investigated the heat transfer characteristics of the finned microchannels with
different incident angles. The difference in Nu is negligible when Re < 50. In Figure 7a,c,e,
the streamlines show that the impact and vortex effects are weak, and the velocity of the
vortex formed at the trailing edge of the fin is small, which cannot promote heat exchange.
As Re is increased, the Nu of channel #6 with a small fin incident angle increases rapidly
and then gradually overtakes that in the others. As shown in Figure 7f, the small fin
incident angle of channel #6 prevents any significant shifting in the fluid direction, thus
avoiding massive stagnation zones. The Nu of channel #3 with a large fin incident angle
saturates after increasing for a short time. Figure 7b indicates an unsatisfactory heat transfer
efficiency of channel #3, because the large incident angle of the fins tends to stagnate at the
trailing edge of the fins, which affects the heat exchange. The performance of channel #6 is
in between that of the aforementioned channels as shown in Figure 7d. Within the scope of
the study, the advantage of the small incident angle becomes apparent as the Re increases.
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#3 a=90°

Re =25

Figure 7. Streamlines in the transverse central section of the fluid with different fin incident angles:
(a) @« =90°, Re = 25; (b) « =90°, Re = 500; (c) o = 45°, Re = 25; (d) « = 45°, Re = 500; (e) o = 26°,
Re =25; (f) o« = 26°, Re = 500.

The incident angle of the fin affects the flow and heat transfer characteristics of the
microchannel by changing the flow direction. Figure 8 reveals that for Re < 100, channel #1
is the best choice, whereas for Re > 150, channel #6 is the best. This is because the small
incident angle of channel #6 is favorable for the flow trajectory, and the flow direction at
the front edge of the fin does not change significantly, causing stagnation. The boundary
layer is effectively broken such that the fluid fully exchanges heat with the wall and thus
enhances the heat transfer characteristics.

1.5}
1.4}
1.3}
O 1.2|
B 1.1]
1.0}
0.9]
0.8]

0 100 200 300 400 500
Re

Figure 8. PEC versus Re with different fin incident angles.
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3.3. Smoothness of Fins

Figure 9 shows the flow and heat transfer characteristics of the microchannels with
respect to the smoothness of the fins (n) of #3 (n = 3), #7 (n = 5), and #8 (n =c0).

[ —o— i1
[——#3n=3
| ——#7n=5

?—a—#ﬂn:m

E-
—a—f#3n=3
I —o—f#Tn=5 Sr
—o—#8 n= oo 4:
T 3L, . . . . .
0 200 300 400 500 0 100 200 300 400 500

Re Re

Figure 9. Po versus Re with different fin smoothness.

The flow characteristics of the finned microchannels with different smoothness values
were investigated. For the microchannels with the same Re, the change in Po owing to fins
is negatively correlated with the fin smoothness. This is because the smoother the fin, the
less pronounced the obstruction of the main flow in the channel by the fins and the greater
the change in the flow direction. The aforementioned perturbations result in a lower flow
resistance in the microchannels with smoother fins.

Next, we evaluated the heat transfer characteristics of the finned microchannels with
different smoothness. The difference in Nu is negligible when Re < 50. As shown in
Figure 10a,c,e, the streamlines show that the impact and vortex effects are not significant,
and the velocity of the vortex formed at the trailing edge of the fin is small, which cannot
promote heat exchange. When 50 < Re < 250, Nu of channel #3 with poor smoothness is
larger than that of the others. As shown in Figure 10b, the relatively angular shape excites
the separation of a large number of fluids and destruction of the boundary layer. As Re
increases, Nu of channel #8, which exhibits an excellent smoothness, increases rapidly and
then gradually overtakes that of the others. As shown in Figure 10f, the smooth shape of the
channel prevents the formation of small-velocity vortex regions. The Nu of channel #3 with
poor smoothness saturates after increasing for a certain time. As shown in Figure 10b, the
unsatisfactory heat transfer efficiency of channel #3 originates from the shaped corners of
the fins, which tend to form a large area of small-velocity vortices at the fin intervals; these
vortices are not conducive to heat transfer. The performance of channel #7 is in between
those of the aforementioned channels, as is evident from Figure 10d. Within the scope of
the study, the advantage of the smoothness becomes apparent as Re increases.

The smoothness of the fin affects the flow and heat transfer characteristics of the
microchannel through the destruction of the boundary layer and formation of small-velocity
vortices. As shown in Figure 11, for Re < 50, channel #1 is the best choice. For 50 < Re < 250,
channel #3 exhibits better characteristics because of the separation of a large number of
fluids and destruction of the boundary layer. Channel #8 can be selected when Re > 250,
because as the smoothness worsens, many regions with lower velocities are formed at
large Re.
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Re =25 Re =500

Figure 10. Streamlines in the transverse central section of the fluid with different fin smoothness:
(a) n=3,Re =25; (b) n=3,Re =500; (c) n =5, Re = 25; (d) n = 5, Re = 500; (e) n = co, Re = 25; (f) n = oo,
Re = 500.
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Figure 11. PEC versus Re with different fin smoothness.

4. Conclusions

In this study, numerical simulations were performed to investigate the flow and heat
transfer characteristics of microchannels with fins with Re ranging from 0 to 500. Fin
structures with different aspect ratios, incident angles, and smoothness were studied, and
the results were innovatively summarized into conclusions that can be generalized to other
microchannels with fins. We also examined the underlying mechanisms and determined
the optimization direction of the fins in the microchannels. The results obtained in this
study will be beneficial for electronic and aerospace applications.

The main findings of this study are as follows:

(1) Fins always increase the flow resistance within the investigated range, although this
increase is less than that in the heat transfer.

(2) Fins do not always promote heat transfer. At low Re, the fluid only slides through the
fin intervals, and the boundary layers do not redevelop. Thus, a smooth microchannel



Machines 2023, 11, 154 14 of 15

without internal microstructures exhibits the best heat transfer characteristics for Re <
100. However, at high Re values, such as Re > 100, microchannels with fins show a
better performance. These observations can be attributed to the redevelopment of the
boundary layer, separation of the mainstream, formation of vortices, and mixing of
the fluids.

(3) Fins with a high aspect ratio, small incidence angle, and high smoothness showed
exceptional performance within the scope of this work. This is because they avoid
low-velocity vortex zones owing to flares and sharp corners and simultaneously
promote mixing of hot and cold fluids, leading to the destruction and redevelopment
of the boundary layer.

(4) The incidence angle is the most critical structural parameter within the scope of this
investigation. It mainly affects the mainstream and boundary layers of the fluid by
periodically influencing the cross-sectional area and flow direction of the channel,
thereby affecting the flow and heat transfer characteristics.
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