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To enhance the cooling capacity of traditional microchannels for high heat flux electronic devices, a microchannel design with
staggered semi-elliptical ribs is proposed in this paper. Through numerical simulations, the flow characteristics of the designed
microchannel are compared with those of a smooth one, and the effects of rib width (W), rib height (H,), and rib length (L,), on
the thermal-hydraulic performance are investigated under laminar flow conditions. The results show that the periodically
arranged ribs induce periodic vortices within the microchannel, effectively promoting fluid mixing and enhancing heat transfer.
W, and H, have similar effects on microchannel performance, with an increase in them leading to an enhanced thermal
performance at the expense of deteriorated hydraulic performance. Additionally, L, has a comparatively weaker influence, with
both the heat transfer and flow resistance initially growing with increasing L, and then declining. To strike a balance between the
two performances, a multi-objective optimization on the three geometrical parameters is conducted at a Reynolds number (Re) of
440. Combined with simulation data, artificial neural networks are trained as surrogate models, and a multi-objective genetic
algorithm is employed to derive the Pareto front. Using the TOPSIS decision-making method, an optimal compromise solution is
determined as W, = 0.2415 mm, H, = 0.0976 mm, and L, = 0.6486 mm. Performance testing on the optimized microchannel
reveals that it exhibits high heat transfer, middle flow resistance, and excellent overall performance, with the performance

evaluation criterion (PEC) falling between 1.572 and 1.723 within the Re range of 220-660.
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1 Introduction

In recent years, electronic devices have been advancing to-
wards high integration and miniaturization to meet the
growing demand for improved performance and smaller size.
Consequently, the heat flux generated within electronic de-
vices has surged significantly. For instance, the heat dis-
sipation requirement for traditional integrated circuits has
reached 100 W cm >, while in very large-scale integration
and advanced military equipment, it has exceeded
1000 W cm * [1,2]. High heat flux can lead to elevated op-
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erating temperature, which in turn, jeopardizes the stability
and lifespan of electronic devices. According to statistical
data, high temperature stands as the predominant cause of
electronic device failures, accounting for approximately 55%
of such failures [3]. To ensure the prolonged and stable op-
eration of high power-density electronic devices, there is a
critical need for efficient cooling technologies with small
equipment size [4,5].

Microchannel cooling technology was initially introduced
by Tuckerman and Pease [6], and it offers several ad-
vantages, including high heat transfer efficiency, large spe-
cific surface area, and compact dimensions. These qualities
make it an effective solution for dissipating heat from high
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heat flux electronic devices [7]. However, for traditional
microchannel heat sinks (MCHSs) with straight channels, the
flow is predominantly in a laminar state, and the boundary
layer continuously thickens along the mainstream direction,
which deteriorates the cooling capacity. Therefore, extensive
research has been conducted to improve the heat removal
performance of microchannels. Contrasted with active heat
transfer enhancement methods, passive methods are free of
additional external components and often have high stability
and robust in operation, thus garnering more attention [3].
Typical passive methods for channels include the use of
additives in the fluid [8], alteration of the channel shape
[9,10], surface treatment [11], and incorporation of spoilers
such as ribs, fins, and cavities [12—14]. Of these, spoilers can
increase the heat transfer area, introduce disturbances to the
fluid, and serve as vortex generators to induce vortices that
can promote the mixing of cold and hot fluids, making them
an efficient and popular method.

Spoilers in microchannels are primarily incorporated with
two designs: one arranged on the bottom of the micro-
channel, and the other arranged on the side walls. The ribs or
fins on the bottom of the microchannel are usually situated
near the central area, and they lead to enhanced heat transfer
and high flow resistance [15]. In contrast, although spoilers
on the sidewalls may not provide the same thermal perfor-
mance due to the disturbances more closely to the walls, they
offer better hydraulic performance. This configuration is
particularly advantageous in specific laminar scenarios
where strict constraints exist on power consumption and
system volume. Chai et al. [16—18] comprehensively studied
the thermal-hydraulic characteristics of laminar heat transfer
in an MCHS with fan-shaped ribs on sidewalls. Compared
with a smooth MCHS, they reported 6%—101% and 4%-—
103% increases in average Nusselt number for MCHS with
aligned and offset fan-shaped ribs respectively, as well as the
improved overall performance. Di Capua H et al. [19] nu-
merically investigated the flow and heat transfer of micro-
channels with forward triangular ribs on sidewalls. They
found the periodic break-up of boundary layer and vortices
generated behind the ribs, leading to fluid mixing. As a re-
sult, the heat transfer and flow resistance increased si-
multaneously. Pan et al. [20] designed and fabricated an
MCHS with fan-shaped cavities, and the experimental results
revealed that it represented better heat transfer than a straight
one. Khan et al. [21] designed an MCHS with rectangular
ribs as turbulators, and the best turbulator arrangement ex-
hibited the maximum Nusselt number of 21.8 within the
studied flow conditions. The effects of rib geometry on the
heat transfer and fluid flow of MCHS were numerically
analyzed by Lori and Vafai [22]. The results showed that the
rectangular and backward triangular ribs resulted in the
highest pressure drop, while the elliptical ribs provided the
highest thermal and overall performances. Wang et al. [23]
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and Lan et al. [15] designed MCHS with truncated ribs, and
they found that compared with continuous ribs, truncated
ribs could reduce flow resistance without heat transfer loss.
Li et al. [24] designed an MCHS with dimples and pin-fins
on sidewalls. The numerical results suggested enhanced heat
transfer due to the optimized flow structures with symme-
trical vortices.

However, it should be noted that ribs or fins located on the
side walls with a height close to the channel will impose a
great impact on the incoming flow, resulting in significant
lateral velocity. Therefore, the induced vortices are typically
local lateral vortices. In comparison to lateral vortices,
longitudinal vortices extend along the mainstream direction
and cover a larger region, suggesting the potential to achieve
more efficient fluid mixing and thinning of the boundary
layer [25]. Moreover, the increase in flow resistance caused
by longitudinal vortices is less than that by lateral vortices
[26,27]. Due to the superior performance, there is a growing
number of research dedicated to developing new spoilers that
can induce longitudinal vortices. Wang et al. [28] numeri-
cally studied the laminar heat transfer of a rectangular mini-
channel with discrete double-inclined ribs on the bottom
wall. Their results showed that the heat transfer was en-
hanced effectively by the double-inclined ribs which induced
longitudinal vortices. Chen et al. [29] conducted experiments
on microchannels with a few pairs of longitudinal vortex
generators (LVGs), and they reported 12.3%-73.8% and
3.4%-45.4% increases in thermal performance of micro-
channels with aspect ratios of 0.0667 and 0.25, respectively.
Ebrahimi et al. [30] and Zhang et al. [31] discussed the im-
pacts of geometric parameters of LVG pairs on the flow and
heat transfer characteristics of different configurations of
microchannels. Goniil et al. [32] designed a microchannel
with delta winglet-type vortex generators. They found that
heat transfer enhancement primarily depended on the vortex
structure, and the flow field with longitudinal vortices
showed better thermal performance than that with transverse
vortices. Cheng et al. [33] proposed an MCHS with LVGs
and bypass jet flow, and the numerical results indicated that
the induced longitudinal vortices contributed to the drastic
mixing of the coolant fluid. Zheng et al. [34] explored the
thermal-hydraulic characteristics of a mini-channel with
trapezoidal cross-section LVGs on the bottom wall, and they
found it exhibited better overall performance than rectan-
gular LVGs. Feng et al. [35] conducted experimental and
numerical investigations on mini-channels with the inser-
tion-type LVGs. Their results indicated the generation of
vortex flow and favorable overall performance. Overall,
longitudinal vortices can enhance the thermal performance
of microchannels while usually maintaining good overall
performance. However, existing spoilers capable of inducing
longitudinal vortices are mostly arranged on the bottom wall.
As mentioned earlier, this design may lead to relatively
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higher flow resistance.

Recently, Feng et al. [36] reported a microchannel with
staggered triangular ribs arranged on both the bottom and top
surfaces. The numerical results demonstrated the generation
of vortex flow, enhanced heat transfer, and reasonable flow
resistance. The maximum performance evaluation criterion
(PEC) of 1.502 was achieved occurring at a Reynolds
number of 639. However, there were regions with very low
velocity behind the right-angled ribs, which deteriorated the
heat transfer to a certain extent. Al-Asadi et al. [37] com-
pared the heat transfer of microchannels with quarter and
half cylindrical ribs on the bottom wall. They found that in
most cases, the quarter cylindrical ribs did not effectively
reduce the thermal resistance, primarily due to the presence
of large low-velocity regions behind them. On the contrary,
microchannels with half-cylindrical ribs exhibited greatly
enhanced heat transfer. This suggests that ribs with ex-
panding-constricting cross sections may provide better per-
formance for microchannels than those with solely
expanding cross sections, as they can reduce low-velocity
regions. It is consistent with the results of Lori and Vafai
[22].

In addition to designing enhanced structures, parameter
optimization is another effective approach to further improve
microchannels’ performance. Compared to selecting a so-
lution from limited samples, the use of optimization algo-
rithms allows for the exploration of the upper limit of
performance to achieve greater improvement. Among them,
intelligent optimization algorithms, such as the genetic al-
gorithm (GA), stand out for the advantages of global search
capability, high efficiency, and wide applicability, which
have been extensively adopted in the optimization of con-
vective heat transfer [38—41]. Another crucial aspect of op-
timization design is the forward problem-solving scheme,
which involves obtaining the output physical performance
based on input parameters. Unlike computational fluid dy-
namics (CFD) requiring iterative calculations, constructing a
surrogate model based on a certain number of samples to fit
the input and output can significantly improve efficiency
while maintaining an acceptable level of accuracy. There-
fore, combining surrogate models with intelligent optimi-
zation algorithms is an efficient and accurate method to
perform optimization design. Yang et al. [42] presented a
parameter optimization on two types (A type and B type) of
MCHS with response surface methodology (RSM) and GA.
Compared with the original designs, the heat transfer of the
optimal designs for the A-type and B-type were increased by
12.67% and 8.31%, respectively. Husain and Kim [43]
conducted an optimization design on an MCHS with thermal
resistance and pumping power as objective functions. The
Pareto front was obtained by the non-dominated sorting
genetic algorithm II (NSGA-II) coupled with surrogate
models. Artificial neural networks and NSGA-II were em-
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ployed by Sikirica et al. [44] to optimize microchannels with
secondary channels and with ribs. The trained surrogate
model was demonstrated to make accurate predictions. The
obtained designs could attain temperatures lower by more
than 10% compared to original designs under the same
pressure limit, or pressure drops reduced by more than 25%
when limited by temperature. Das and Hiremath [45] carried
out a multi-objective optimization on a butterfly-wing vortex
generator to balance the trade-off between the increment of
heat transfer and the decrement of flow resistance and total
entropy-generation. Wang et al. [46] implemented a numer-
ical and experimental optimization on a bidirectional-ribbed
microchannel. The selected optimal compromise solution by
the Technique for Order Preference by Similarity to Ideal
Solution (TOPSIS) decision-making method showed good
overall performance.

Based on the literature review, a microchannel design with
staggered semi-elliptical ribs is proposed in this paper to
induce longitudinal vortices for high heat transfer without
significantly increasing flow resistance. The ribs are de-
signed with an expanding-constricting cross section to re-
duce low-velocity regions. Numerical simulations are
conducted to analyze the flow characteristics within the
ribbed microchannel. The effects of rib width, rib height, and
rib length on the thermal and hydraulic performances of the
microchannel are explored. Subsequently, artificial neural
networks are combined with GAs to conduct a multi-objec-
tive optimization on the three geometric parameters. Finally,
the TOPSIS method is employed to determine an optimal
compromise solution from the Pareto front, striking a bal-
ance between thermal and hydraulic performances.

2 Numerical simulation

2.1 Physical model

The microchannel with semi-elliptical ribs is depicted in
Figure 1, where two columns of ribs are arranged diagonally
in the cross-sectional direction. Given the symmetry of
MCHS, only a single microchannel with symmetry boundary
condition is considered, which is a commonly employed
simplification in the numerical simulation of MCHS. The
computational model consists of both the fluid and solid
domains, with the latter incorporating the ribs. The glass
cover at the top of the microchannel is neglected. To prevent
backflow at the microchannel outlet, the fluid domain is
extended by 5 mm, which is over 10 times of its character-
istic length. As shown in Figure 1(b) and (c), the length L,
width W, and height H of the solid domain are 20, 0.6, and
0.6 mm, respectively. The width W, and height H, of the
fluid domain are both 0.4 mm. The distance between ad-
jacent ribs in the same column is 1 mm. The design para-
meters of the ribs include the rib width W, rib height H,, and



Cui P, et al.

Sci China Tech Sci

October (2024) Vol.67 No.10 3155

Figure 1 Schematic diagrams and dimensions of the designed microchannel. (a) Physical model; (b) cross-sectional view; (c) top view.

rib length L., with the investigated values presented in
Table 1.

2.2 Numerical method and boundary conditions

In this study, several assumptions are made to simplify the
numerical simulation. The coolant water is treated as a
continuous, incompressible Newtonian fluid. The flow is
assumed to be single-phase, steady, and laminar. Viscous
dissipation, radiation, and gravity effect are neglected. Based
on the assumptions, the governing equations are formulated
as follows.
Continuity equation:

V - (pU)=0. ()
Momentum equation:

V-(UU)=-Vp+V-wVU+VUY)). (2)
Energy equation for fluid domain:

V- (pecpUT) =V - (AEV T). 3)

Energy equation for solid domain:

Table 1 Investigated parameter values of the ribs

Parameter Value (mm)
W, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30
H, 0.03, 0.6, 0.9, 0.12, 0.15, 0.18
L 0.3, 0.4, 0.5, 0.6, 0.7

V - (AsV T)=0, 4)
where U represents velocity vector, p denotes pressure, and 7'
is temperature. The dynamic viscosity u is represented by a
piecewise linear function of temperature, with breakpoints
provided in Table 2 [47]. The relationships for the density p,
thermal conductivity 4, and specific heat capacity c, of water
as functions of temperature are given by egs. (5)—(7) [15],
respectively. In eq. (5), T'is in °C, while in egs. (6) and (7), it
is in K. The thermal conductivity A, of the solid material,
silicon, is a constant value of 148 Wm ' K.

p =(998.84+18.225T—7.92 x 10 °T*
—5.545x10°T°+1.498 x 107'T*
-3.933x107'°7%) /(1 + 1.816 x 107°T), (5)

¢, = 8958.9-40.5357+0.112437°~ 1.014x 10 *T7,  (6)

A =—0.58166+6.3556 x 10 °T—7.964 x 10°°T*. (7)

The boundary conditions are set as follows. At the inlet of
the fluid domain, uniform velocity and temperature dis-
tributions are imposed, and the inlet temperature is 293.15 K.
The outlet of the fluid domain is set as a pressure outlet with
a gauge pressure of 0 Pa. Symmetric boundary conditions are
applied to the two sides of the solid domain. At the bottom of
the solid domain, a uniform heat flux of ¢ = 100 W cm s
adopted. No-slip and coupled boundary conditions are uti-
lized at the fluid-solid interfaces. The top surface of the fluid
domain and the surfaces of the fluid extension section are
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Table 2 The relationship between the dynamic viscosity and temperature of water

T (K) i (kgm's) T (K) u (kgm s T (K) i (kgm's) T (K) p (kgm's")
293.15 1.0016x10°° 313.15 6.527x10"* 333.15 4.660x10 " 353.15 3.541x10°*
303.15 7.972x10™* 323.15 5.465%x10* 343.15 4.036x10°* 363.15 3.142x10°*

assigned no-slip and adiabatic boundary conditions, while
the remaining solid surfaces are considered adiabatic.

Numerical simulations are performed on the ANSYS
Fluent 19.0 platform. The governing equations are dis-
cretized with the second-order upwind scheme, and the
pressure-velocity coupling is implemented using the Cou-
pled algorithm. The solution is considered converged when
the residuals for the continuity equation, momentum equa-
tion, and energy equations are below 107, 10°, and 10°°,
respectively.

2.3 Data reduction

The hydraulic diameter D, of the microchannel is defined as

— 2’/Vchl—lch
Dy = Wen+Hey* (8)

The definition of the Reynolds number (Re) is as follows:
_ PintinDy
Re == 9
¢ Hin ©)
where the subscript “in” represents the inlet. The fanning
friction factor (f) is employed to characterize the hydraulic
performance of the microchannel, which is expressed as

_ _ApD,
/= 2puil (1o
where Ap is the pressure drop between the inlet and outlet of
the microchannel, and the subscript “m” denotes that this
physical quantity is based on the arithmetic mean tempera-
ture at the inlet and outlet of the microchannel. The Nusselt
number (Nu) is used to characterize the thermal performance
and defined as

Nu = % 11
fm
The convective heat transfer coefficient (%) is given by
_ qLW
AT Ty (12

where A is the heat transfer area of the interface between
the fluid and solid and is variable with the parameters of the
ribs. T, is the average temperature of the heated wall, and 7;,
represents the arithmetic mean temperature at the inlet and
outlet of microchannel. Ribs can enhance heat transfer but
also lead to an increase in flow resistance, so the PEC is used
to assess the overall performance of the microchannel:

Nu/ Nu,
TR 9

where the subscript “0” denotes the smooth microchannel.

PEC =

2.4 Validations of grid independence and numerical
method

The computational domain discretization and mesh genera-
tion are performed using the Fluent Meshing 19.0 software.
Hexahedral grids are adopted in the central regions of both
the fluid and solid domains, and boundary layers are added to
capture local hydraulic and thermal characteristics. Poly-
hedral grids are filled between the boundary and central re-
gions, which can reduce the grid number while maintaining
computational accuracy. The test condition is set as W, =
0.15 mm, A, =0.15 mm, L, = 0.5 mm at Re = 440. Using the
same grid generation method, four mesh sets are created with
grid numbers of 1334702, 2817672, 4936959, and 8659267,
respectively. The obtained Nu and f from each mesh system
are presented in Figure 2. Compared with the results of the
mesh system containing 8659267 grids, it is found that when
the grid number reaches 4936959, the relative errors of Nu
and f'are 0.59% and 0.92%, respectively. This suggests that
the effect of further increasing grid number on the simulation
results is negligible. Considering both computational accu-
racy and efficiency, the mesh system with 4936959 grids is
chosen for subsequent simulations.

To verify the adopted numerical method, the simulation
results of an MCHS with fan-shaped reentrant cavities are
compared with the experimental results by Chai et al. [48].
The microchannel examined in their study featured a hy-
draulic diameter of 0.133 mm and a length of 10 mm. The
cavity had a field angle of 120° with a radius of 0.1 mm.
Silicon was employed as the solid material, and distilled
water served as the working fluid. The inlet temperature was

Relative error:- Nu 40.12
0.10
0.08
0.06 «
0.04

0.02

0.00

1335 2818 4937

Grid number (x10%)

8659

Figure 2 Validation of grid independence.
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set to 293 K, and the heat flux was 0.6 MW m >, With the
same physical model and operating conditions, Figure 3
displays the comparison between the simulation results ob-
tained using the described numerical method and the ex-
perimental results by Chai et al. In this figure, Nu and f,,,Re
represent the thermal and hydraulic performances of the
MCHS respectively. Overall, the simulation results closely
agree with the experimental data. When Re is less than 700,
both the Nu and f,,,Re from numerical simulations fall within
the margin of experimental error. For the cases of Re ex-
ceeding 700, the errors slightly increase, but the maximum
relative errors remain below 10%. These test results de-
monstrate the reliability of the numerical method employed
in this paper, where Re is in the range of 220-660.

3 Results and discussion

3.1 Comparison of flow field characteristics

The influence of semi-elliptical ribs on the flow field of the
microchannel is analyzed initially. Figure 4 presents a
comparison of velocity and streamline contours at different
cross sections within a single channel unit for both the
smooth and designed microchannels at Re =440. In this case,
W., H,, and L, are taken as 0.2, 0.15, and 0.5, respectively.
Since variations in the flow field of the smooth microchannel
are relatively small, only the contours at two cross sections,
namely x = 10.5 mm and x = 11.1 mm, are displayed. It can
be observed that the flow in the smooth microchannel de-
velops a thick boundary layer due to the absence of dis-
turbance, especially in the corners of the channel. However,
in the microchannel with semi-elliptical ribs, the ribs gen-
erate disturbances to the fluid and induce longitudinal vor-

Velocity (m/s) 10.5 mm 11.0 mm

11.5 mm
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16 30
® Nu, by experiment [48]
—0— Nu, by numerical simulation
14 g f,..Re. by experiment [48] 427
—D—fappRe, by numerical simulatio
12
424
104 { R
S 421 &
= { k§
sk
418
6L
4}k 415

L L L L L L L 12
200 300 400 500 600 700 800 900
Re

Figure 3 Verification of present numerical results with experimental re-
sults by Chai et al. [48].

tices of varying sizes within the channel. As the flow
approaches the ribs, these vortices gradually form and extend
from near the walls towards the central area of the channel.
The low-velocity regions at the corners of the channel gra-
dually diminish as well. When the fluid flows over the ribs,
the reduction in flow area leads to an increase in local ve-
locity, thus intensifying the local jet effect. In this scenario,
there is essentially no low-velocity region, and the induced
two pairs of vortices mostly disappear. Nevertheless, once
the fluid gradually passes over the ribs, the adverse pressure
gradient causes boundary layer separation, accompanied by
the generated tangential velocity, resulting in the formation
of new vortices and low-velocity regions. Consequently, the
periodically arranged ribs induce periodic vortices and low-
velocity regions. The rear sections of semi-elliptical ribs
serve as a flow-diverting structure and occupy a portion of

280 | | L 1 | | 1 L |

2.52 \J

294 Flow

1.96 Z i N

1.68

P . . L
01 02 03 04 05 01 02 03 04 05

1.40

x=10.5mm x=11.1mm

1.12

0.84

0.56

0.28

0.00

Smooth microchannel

y(mm) |

x=10.5mm x=10.7 mm

ol [ [ N R [ R L L b
01 02 03 04 05 01 02 03 04 05 01 02 03 04 05 01 02 03 04 05 01 02 03 04 05
x=10.9 mm

x=11.1 mm x=11.3 mm

Microchannel with staggered semi-elliptical ribs

Figure 4 Comparison of the velocity and streamlines contours at different cross sections between the smooth and designed microchannels at Re = 440.
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space, which is conducive to reducing low-velocity regions.
Compared to the smooth microchannel, the introduction of
semi-elliptical ribs significantly reduces the thickness of the
boundary layer. On one hand, the increase in local velocity
contributes to a thinner boundary layer, while on the other
hand, the ribs periodically disrupt the development of the
boundary layer.

3.2 The effect of rib width

Figure 5 illustrates the distributions of velocity, streamlines,
and temperature at the cross section of x = 10.7 mm for
different rib widths W, at Re = 440, while keeping H, =
0.15 mm and L, = 0.5 mm. In Figure 5(a), when W, is small,
the influence of ribs on the flow field is limited, and vortex
flow is not significant. As W, increases, the vortices become
more prominent, and the vortex regions gradually expand.
When W, reaches 0.20 mm, the vortex flow almost affects the
entire flow field at the cross section. Since the ribs are ar-
ranged diagonally, the vortices are also distributed diag-
onally, while their locations shift with the change of W,. A
larger W, enhances the jet effect, creating a greater dis-
turbance, which results in the continuous thinning of the
boundary layer and faster disappearance of the low-velocity
regions. Comparing Figure 5(a) and (b), it is evident that the
temperature distribution is consistent with the velocity dis-
tribution, indicating the influence of the velocity field on the
temperature field. In the straight channel region without ribs,
the vortices can entrain the hot fluid from the lower part of
the microchannel and the cold fluid from the upper part into
the central region, promoting the mixing of hot and cold
fluids and improving temperature uniformity. In the ribbed
regions, the ribs on the bottom and top surfaces of the mi-

Velocity (m/s)

[ |
3.0 293.15

00 03 06 09 12 15 18 21 24 27

ymm) bl Lo L L 11
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crochannel induce positive and negative z-velocity to the
fluid respectively, which also improves fluid mixing. Con-
sequently, the temperature uniformity of the fluid is im-
proved significantly due to the larger vortices and
entrainment caused by the increased W,. When W, reaches
0.2 mm, there are no large regions of low temperature in the
center of the microchannel. The strong disturbance and jet
effect also lead to a thinning of the thermal boundary layer.
The addition of ribs in the microchannel has a minimal im-
pact on the area of the fluid-solid interface but greatly en-
hances heat transfer due to the introduced disturbances and
vortices.

To quantitatively analyze the influence of W, on the ther-
mal-hydraulic performance of the microchannel, the varia-
tions of Nu and f'with W, at different Re numbers are plotted
in Figure 6. As shown in Figure 6(a), Nu increases with the
increase of W, within the Re range of 220-660. This en-
hancement can be attributed to the fact that larger W, enlarges
the vortex flow regions and local jet effect, leading to a
thinner thermal boundary layer and improved temperature
uniformity. Consequently, the thermal performance of the
microchannel is enhanced. It is noted that the growth rate of
Nu gradually decreases, especially when W, exceeds
0.25 mm. This is primarily due to the expansion of low ve-
locity regions behind the ribs, which weakens heat transfer to
some extent. Furthermore, the thermal performance of the
microchannel improves with the increasing Re, which pro-
vides larger velocity and a thinner thermal boundary layer.
For W, ranging from 0.05 to 0.30 mm and Re within the
range of 220-660, Nu falls in the range of 6.04-21.99.

Regarding the hydraulic performance, as depicted in Fig-
ure 6(b), f gradually increases with the increment of ¥, and
the growth rate becomes larger. This can be attributed to the

Temperature (K)

301.58  310.02
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326.88 33532 343.75

——l

E
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Figure 5 Contours of velocity, streamlines, and temperature at the microchannel cross section of x = 10.7 mm for different ¥, at Re = 440.
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Figure 6 (Color online) Variations of (a) Nu and (b) f with W, at different Re numbers.

higher local velocity resulting in larger viscous stress, and
expanded vortex regions rendering greater loss of mechan-
ical energy. By comparing Figure 6(a) and (b), it is evident
that when W, becomes excessively large, the growth rate of
Nu is significantly smaller than that of f, which means the
loss of pump power outweighs the gain of heat transfer. For
W, ranging from 0.05 to 0.30 mm and Re within the range of
220-660, f falls in the range of 0.025-0.240.

Figure 7 depicts the relationship between the PEC and W,
at different Re numbers. As W, gradually increases from a
small value, both Nu and fincrease, but the increase in heat
transfer outweighs flow resistance, resulting in higher PEC
values. However, when W, exceeds a critical value, further
increasing in W, lead to diminishing returns in heat transfer
compared to flow resistance. This transition is characterized
by a gradual decrease in PEC, although it remains greater
than 1. The PEC exhibits this increasing-decreasing trend
with W, for different Re numbers, but the critical transition
values of W, vary with Re. In the cases of high Re numbers,
this transition occurs at smaller W, values. This is because
larger Re values provide higher velocity and thinner
boundary layer, so a small W, is required for further en-
hancement without significant increase in flow resistance.
Therefore, to achieve high overall performance, a large W, is
preferable for low Re conditions, while a small W, is desir-
able for high Re conditions. Notably, the maximum PEC
value in Figure 8 is observed at W, = 0.25 mm and Re = 330,
with a specific value of 1.619.

3.3 The effect of rib height

Keeping W, =0.20 mm and L, = 0.5 mm, the influence of rib
height H, on the thermal and hydraulic characteristics of the
microchannel is analyzed. Figure 8 displays the distributions
of velocity, streamlines, and temperature at the cross section
of x = 10.7 mm for different H, values at Re = 440. In Figure
8(a), it can be seen that the ribs of different heights induce
vortices within the microchannel. As H, increases, the
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Figure 7 (Color online) Variations of PEC with W, at different Re
numbers.

characteristics of vortices initially become more pronounced
while then diminishing, as evidenced by the spiral and
curved streamlines. This decline can be attributed to that
when H, is too large, flow separation leads to a significant
expansion of low velocity regions in the height direction.
However, the length of straight channel within one unit to
dissipate the low velocity regions remains unchanged. As a
result, the development of vortices is constrained by the low
velocity regions. Nevertheless, larger H, values still induce
substantial vortex sizes, stronger disturbances, and promi-
nent jet effect. As demonstrated in Figure 8(b), the thermal
boundary layer gradually thins, and the temperature uni-
formity of the fluid improves with increasing H,, resulting in
enhanced heat transfer. When H, reaches 0.12 mm, the
temperature distribution has been significantly improved
while showing smaller changes as H, further increases.

The variations of Nu and f with H, at different Re numbers
are illustrated in Figure 9. From Figure 9(a), it can be ob-
served that Nu increases with increasing H, and Re. This is
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Figure 8 Contours of velocity, streamlines, and temperature at the microchannel cross section of x = 10.7 mm for different H, at Re = 440.
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Figure 9 Variations of (a) Nu and (b) f with H, at different Re numbers.

primarily attributed to stronger disturbances and higher ve-
locity. However, the rate of increase in Nu with H, gradually
diminishes, particularly at Re = 660, where the growth in Nu
becomes minimal after H, reaches 0.12 mm, and it is less
than that shown in Figure 6(a). The reason behind this is that
larger H, leads to extended low velocity regions, resulting in
weakened fluid mixing and less pronounced vortices. Similar
to the effect of W, increasing H, leads to an increase in f, and
the growth rate becomes larger. This is also due to the in-
creased viscous stress and mechanical energy loss. Overall,
for H, ranging from 0.03 to 0.18 mm and Re within the range
0f 220-660, Nu and fof the microchannel fall in the ranges of
6.52-20.16 and 0.025-0.243, respectively.

The variations of PEC with H, at different Re numbers is
presented in Figure 10. As H, increases, PEC shows an in-
crease-decrease trend. When H, is below a certain critical
value, the enhancement in Nu is greater than that in f, re-
sulting in an increase in PEC. However, as H, surpasses this

0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20

(b)

W=0.20 mm

0 1 1 1 L 1 1 1 1
0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
H_(mm)

critical value, further increase in A, leads to a situation where
the enhancement in heat transfer becomes relatively weaker
compared to the increase in flow resistance. This results in a
gradual decrease in PEC. Similarly, for lower Re conditions,
a larger H, is preferable to achieve high PEC values, whereas
the opposite holds true for higher Re conditions. The max-
imum PEC value in Figure 11 is observed at A, = 0.09 mm
and Re = 660, with a specific value of 1.635.

3.4 The effect of rib length

Figure 11 provides the distributions of velocity, streamlines,
and temperature at two segments of longitudinal sections for
different rib lengths L, at Re = 440. The two sections are
positioned at y = 0.2 mm and y = 0.4 mm, respectively. As
shown in the previous contours, the y coordinate of the mi-
crochannel ranges from 0.1 to 0.5 mm, so the two sections
pass through the centers of two ribs within one channel unit.
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Figure 10 Variations of PEC with H, at different Re numbers.

In the x direction, they span from 10.5 to 11.5 mm. It can be
observed that when L, is small, the ribs’ curvature is large,
resulting in an effect similar to that of a large H,. This leads
to significant low-velocity regions behind ribs, and the de-
velopment of vortices is constrained. It is noted that low-
velocity regions are also observed in front of the ribs, which
originate from the previous channel unit and have not com-
pletely disappeared yet. With a gradual increase in L,, the
low-velocity regions initially contract and then expand,
while vortices become more significant and then diminish
correspondingly. The reduction in low-velocity regions is
related to the change in the position of flow separation and
the drainage of the rear section of the ribs. The subsequent
increase is attributed to the decrease in the length of the
straight channel within a single unit for dissipating the low-
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velocity regions. The temperature distribution presented in
Figure 11(b) correlates with the velocity distribution. When
L, is small, the distinct high and low-velocity regions result
in temperature stratification. Moreover, noticeable regions
with high temperatures are observed behind the ribs, as
marked in Figure 11(b). As L, increases, the fluid mixing is
strengthened, leading to improved temperature uniformity
and weakened temperature stratification. However, ex-
cessively large L, exacerbates the expansion of low-velocity
regions, deteriorating fluid mixing and reducing temperature
uniformity once again. The optimal temperature distribution
for heat transfer depicted in Figure 11(b) is achieved at L, =
0.5 or 0.6 mm.

The variations of Nu, f, and PEC with L, at different Re
numbers are presented in Figure 12. It is found that all three
physical quantities initially increase and then decrease with
the increase of L,. This trend is related to the changes in
vortex flow, low velocity regions, and temperature uni-
formity within the microchannel. The microchannels with L,
= 0.5 and 0.6 mm exhibit higher thermal performance, which
is consistent with the better temperature uniformity and
thinner thermal boundary layer shown in Figure 11(b). In
comparison to W, and H,, the influence of L, on the micro-
channel performance is relatively weaker, specifically on
hydraulic performance. It is because when L, is small, al-
though the low velocity regions are large, they limit the
development of vortices and subsequent mechanical energy
loss. When L, is large, the increase in local velocity is not
significant as that of W, and H,, and the vortices are still
limited by the short straight channel. Therefore, the energy
loss caused by L, is not as large as that by W, and H,. Fur-
thermore, as Re increases, the corresponding L, for the
transition points where Nu and f change from increasing to
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Figure 11 Contours of velocity, streamlines, and temperature at the segmented longitudinal sections of y = 0.2 mm and y = 0.4 mm for different L, at Re =

440.
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Figure 12 (Color online) Variations of (a) Nu, (b) f, and (c) PEC with L, at different Re numbers.

decreasing becomes larger. This is because high flow velo-
city can reduce low velocity regions, and weak local dis-
turbances caused by large L, has a more pronounced
enhancement effect compared to situations where the low
velocity regions are larger. Comparing Figure 12(a) and (b),
it can be seen that increasing L, within a certain range (0.4—
0.6 mm) is capable of improving thermal performance
without significantly deteriorating hydraulic performance,
which is conducive to achieving high overall performance. In
general, the influence of L, on the thermal and hydraulic
performances of the microchannel is weaker than that of W,
and H,, while they show similar impacts on the overall per-
formance. The maximum PEC value in Figure 12(c) is ob-
served at L. = 0.6 mm and Re = 550, with a specific value of
1.641.

3.5 Comparison with previous works

According to the numerical results, the microchannel design
proposed in the present work exhibits excellent overall per-
formance. To provide a more intuitive representation of its
performance, the PEC of the microchannel with W, =
0.20 mm, H,=0.12 mm, and L, = 0.5 mm is compared to that
of several previously reported microchannel designs. This

comparison is illustrated in Figure 13, where examples in-
clude microchannels with fan-shaped ribs by Chai et al. [18],
truncated fins by Lan et al. [15], staggered triangular ribs by
Feng et al. [36], offset forward triangular fins by Chai et al.
[49], half cylindrical ribs on the bottom wall by Al-Asadi
et al. [37], semicircular grooves by Zhu et al. [50], and
butterfly insert by Sudheer and Madanan [51] capable of
introducing vortices. As shown in Figure 13, the PEC values
of different microchannels exhibit varying trends with Re.
Microchannels with truncated fins [15], staggered triangular
ribs [36], and butterfly insert [51] exhibit a pronounced in-
crease in PEC with increasing Re, while microchannels with
fan-shaped ribs [18] and offset forward triangular fins [49]
initially experience an increase in PEC followed by a con-
tinuous decrease as Re increases. Additionally, there are
microchannels, as observed in refs. [37] and [50], whose
PEC is relatively less affected by Re. In comparison to these
microchannels, the proposed microchannel consistently
maintains the highest PEC values within the Re range of
220-660. Furthermore, the PEC exhibits minimal variations
with Re, remaining at a high level. In summary, the proposed
microchannel design can maintain high overall performance
over a relatively wider range of Re, rendering it suitable for
more flow conditions.
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Figure 13 (Color online) Comparison of PEC with previous works.

4 Multi-objective optimization

4.1 Description of the optimization problem

According to the previous section, the three geometric
parameters of the semi-elliptical ribs, rib width (W), rib
height (H,), and rib length (L,), all have noticeable effects on
the microchannel performance. The parameter combination
in Section 3.5 is selected from limited cases, which may not
fully represent the optimal performance of the microchannel
across the entire design space. Consequently, it is essential to
consider both the thermal and hydraulic performances of the
microchannel and optimize these geometric parameters to
achieve further performance improvement. With a fixed Re
number of 440, the two selected objective functions are the
heat transfer enhancement factor (J; = —Nu/Nu,) and the
friction factor ratio (J, =f/f;). By introducing a negative sign
in J;, the optimization objective of maximizing heat transfer
is transformed into minimize J;, harmonizing it with the
minimization of J,. This adjustment facilitates the applica-
tion of optimization algorithms which usually involve
minimizing objective functions and streamlines the optimi-
zation procedure. The two optimization objectives represent
the extent to which the thermal performance and flow re-
sistance of the designed microchannel increase compared to
a smooth one. Based on the results of parameter analysis,
when W,, H,, and L, are too small, there is no significant
enhancement in microchannel performance. Conversely,
when they are too large, the increase in flow resistance ob-
viously outweighs the improvement in heat transfer, which is
unfavorable for achieving high overall performance. There-
fore, the design ranges for W,, H,, and L, are set as [0.10,
0.25 mm)], [0.06, 0.18 mm], and [0.4, 0.7 mm], respectively.
The optimization problem for the ribbed microchannel can
be described as finding the optimal combination of (W,, H,,
L,) within the feasible solution range to minimize the ob-
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jective functions J; and J, as much as possible, under the
operating condition of Re = 440.

4.2 Fitting of ANN

Before conducting multi-objective optimization, it is neces-
sary to establish the relationship between the input para-
meters and output objective functions. Given that relying
solely on numerical simulation will require a large number of
cases and consume a significant amount of solution time,
Artificial Neural Networks (ANNs) [52] are employed and
trained as surrogate models to capture the functional re-
lationship between the inputs and outputs. For the dataset, 80
samples are created through numerical simulation. The se-
lected specific values within the design space are as follows:
[0.1, 0.15, 0.2, 0.25 mm] for W, [0.06, 0.09, 0.12, 0.15,
0.18 mm)] for H,, and [0.4, 0.5, 0.6, 0.7 mm] for L. Out of the
80 sets of data, 70% sets are used for training, 15% sets for
validation, and 15% sets for testing. Architecture of the
employed fully-connected neural network is illustrated in
Figure 14, which consists of an input layer, a hidden layer,
and an output layer. To achieve nonlinear mapping, the
Sigmoid function [52] is used as the activation function. The
number of neurons in the hidden layer significantly influ-
ences the performance of the ANN model, so it is essential to
conduct an independence test on it. During the training
process, mean squared error (MSE) and regression coeffi-
cient (R’) are utilized to evaluate the fitting performance of
the model. The formulas for MSE and R” are as follows:

1 N
MSE = %>~ (0 = ¥iaw) s (14)

(15)

Smaller MSE and larger R* values indicate better perfor-
mance of the prediction model. Furthermore, the input is
normalized to [0,1], and the Levenberg-Marquardt algorithm
[52] is utilized for training.

The independence test results for the number of neurons in
the hidden layer are presented in Table 3 below. It is ob-
served that as the number of neurons increases, the MSE on
the validation set exhibits an overall trend of initial decrease
followed by an increase, while R” shows the opposite trend.
The reason is that when the number of neurons in the hidden
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Figure 14 Diagram of the neural network architecture.
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Table 3 Independence test on the number of neurons in the hidden layer
Jy = —Nu/Nu, I = flfy
Number of neurons in the
hidden layer MSE R MSE R?
1 9.501E-03 0.818 5.443E-04 0.973
2 3.990E-03 0.927 4.114E-04 0.982
3 2.285E-03 0.956 2.625E-04 0.989
4 1.214E-03 0.975 1.454E-04 0.996
5 1.413E-03 0.972 8.605E-05 0.994
6 1.434E-03 0.972 5.740E-05 0.996
7 1.081E-03 0.980 6.169E-05 0.998
8 1.299E-03 0.977 7.693E-05 0.998
9 1.535E-03 0.971 7.559E-05 0.997
10 9.551E-04 0.980 5.017E-05 0.998
11 8.945E-04 0.983 1.116E-04 0.995
12 2.018E-03 0.960 1.071E-04 0.996
13 1.468E-03 0.973 2.343E-04 0.988
14 1.215E-03 0.975 2.765E-04 0.995
15 1.469E-03 0.972 1.213E-04 0.994
16 1.973E-03 0.968 2.233E-04 0.993
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Figure 15 (Color online) Comparison between the CFD and predicted results. (a) Nu/Nuy; (b) fifo.

layer is small, the model’s prediction capability is in-
sufficient, indicating underfitting. In this situation, as the
number of neurons increases, MSE decreases and R’ rises.
However, when the number of neurons becomes too large,
the prediction model, despite its high accuracy on the
training set, experiences a noticeable decrease in accuracy on
the validation set, indicating overfitting. Based on the test
results, the ANN models for objectives J; and J, are con-
figured with 11 and 10 neurons in the hidden layer, respec-
tively. The comparison between the 80 sets of predicted and
simulated results is presented in Figure 15. The upper and

lower bounds of prediction error for J; are 3.98% and
—3.84%, respectively. For J,, they are 2.37% and —2.50%.
The results suggest that the established prediction models are
accurate and reliable.

4.3 Optimization results

The NSGA-II [53] is employed for multi-objective optimi-
zation in this study. As a heuristic algorithm, it seeks the
optimal solution through iteration. The parameter settings for
NSGA-II are listed in Table 4. Combined with the well-
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Table 4 Parameter settings of NSGA- 11
Parameter Value
Population size 200
Pareto fraction 0.3
Generation 50
Crossover fraction 0.8
Migration fraction 0.2
Function tolerance 10°

trained ANN models, the obtained Pareto front by NSGA-II
is presented in Figure 16, containing 60 non-dominated so-
Iutions. Compared to dominated solutions, these non-domi-
nated solutions exhibit higher heat transfer at the same flow
resistance or lower flow resistance at the same heat transfer
performance. Point A in the upper-left corner of the Pareto
front represents the solution with the highest thermal per-
formance within the design range. Moving along the Pareto
front towards the lower-right side, thermal performance
gradually decreases, while hydraulic performance improves
until the point B, which represents the solution with the
minimum flow resistance. To balance the competing thermal
and hydraulic performances, a classical decision-making
method, TOPSIS [53], is employed to select an optimal
compromise solution from the Pareto front. The core prin-
ciple of TOPSIS is that the chosen compromise solution
should be geometrically closest to the ideal positive solution
and furthest from the ideal negative solution. The former
refers to the ideal solution that each objective achieves its
most satisfactory value, while the latter refers to the ideal
solution that each objective achieves its worst value. The two
are denoted as points P and N in Figure 16, respectively. The
final selected optimal compromise solution is marked as
point O, with W, = 0.2415mm, H, = 0.0976 mm, L, =
0.6486 mm. Accordingly, the microchannel with the opti-
mized ribs has a heat transfer enhancement factor of Nu/Nu,
=2.499, a friction factor ratio of f/f, = 3.155, and a PEC value
of 1.704, exhibiting excellent overall performance. To vali-
date the optimization results, numerical simulation is con-
ducted on the optimized microchannel at Re = 440. The
numerical results reveal that the optimized microchannel has
Nu/Nuy=2.559, flify=3.316, and PEC = 1.716. The relatively
errors of the predicted results for the three performances are
2.32%, 4.84%, and 0.69%, respectively. This demonstrates
the reliability of the optimization results.

The optimization is conducted under the fixed condition of
Re =440, while flow condition is usually variable in practice.
Therefore, performance testing on the optimized micro-
channel obtained at Re = 440 is extended to a wider Re range
of 220-660. In order to intuitively show its thermal-
hydraulic performance, Figure 17 presents a comparison of
Nu, f, and PEC between the CFD-simulated microchannels in
Section 3 and the intelligently optimized microchannel.
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Figure 16 (Color online) The obtained Pareto front and optimal comprise
solution.

Within the data shown in Figure 17, it is evident that the
optimized microchannel showcases high heat transfer and
middle flow resistance, thus achieving excellent overall
performance. Notably, except for the flow condition of Re =
220 where the PEC of the optimized microchannel is close to
the highest, it achieves the highest PEC values at other four
flow conditions. Therefore, the optimized microchannel not
only achieves superior performance under the flow condition
for multi-objective optimization, but also demonstrates ex-
cellent performance across various flow conditions. The Nu,
f, and PEC of the optimized microchannel fall in 12.63—
21.96, 0.081-0.114, and 1.572-1.723, respectively. The
performance testing verifies the excellent performance of the
optimized microchannel and the effectiveness of multi-
objective optimization.

5 Conclusions

In this study, numerical simulations are conducted to com-
pare the flow characteristics of the designed microchannel
with semi-elliptical ribs to those of a smooth microchannel.
The effects of three geometrical parameters, rib width (7)),
rib height (H,), and rib length (Z,), on the thermal and hy-
draulic performances of the microchannel are analyzed
within the Re range of 220-660. To further improve the
microchannel performance, a multi-objective optimization
on the ribs is performed using the ANN-based surrogate
models in conjunction with NSGA-II. Subsequently, an op-
timal compromise solution is determined from the Pareto
front using the TOPSIS method, and performance testing on
the optimized microchannel is carried out. The main con-
clusions can be drawn as follows.

Periodically arranged staggered semi-elliptical ribs induce
periodic vortices within the microchannel. Increasing W,
leads to more pronounced vortex flow and enhanced fluid
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Figure 17 Comparison of Nu, f, and PEC between the CFD-simulated microchannels in Section 3 and the intelligently optimized microchannel.

mixing. However, as H, and L, increase, the characteristics of
vortices become initially more significant while then di-
minishing. Furthermore, the ribs intensify the local jet effect
and generate disturbances to the fluid, resulting in the thin-
ning of the thermal boundary layer. Consequently, heat
transfer in the microchannel is significantly enhanced.

Both the Nusselt number (Nu) and fanning friction factor
(f) of the microchannel increase with rising W, and H,.
However, they exhibit a trend of initial growth followed by a
decline as L, increases. The PEC initially increases and then
decreases as all three rib parameters increase. The influence
of L, on the thermal and hydraulic performances of the mi-
crochannel is comparatively weaker than that of W, and H,,
but they have a similar impact on the overall performance.
Within a specific range, increasing L, enhances heat transfer
without causing significant deterioration in hydraulic per-
formance.

Among the numerically examined configurations, the mi-
crochannel with W, = 0.20 mm, H, = 0.12 mm, and L, =
0.5 mm demonstrates excellent overall performance, show-
ing minor variations across different Re numbers. The Nu
ranges from 12.32 to 19.56, franges from 0.076 to 0.116, and
PEC ranges from 1.524 to 1.589.

At Re =440, the Pareto front considering both heat transfer
enhancement and flow resistance is obtained, and the se-
lected optimal compromise solution is W, =0.2415 mm, H, =
0.0976 mm, and L, = 0.6486 mm. Performance testing shows
that the optimized ribbed microchannel exhibits high heat
transfer and middle flow resistance, thus achieving excellent
overall performance. Within the Re range of 220-660, the
PEC ranges from 1.572 to 1.723. Overall, this paper presents

a ribbed microchannel design capable of achieving excellent
overall performance across wide laminar flow conditions.
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