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Abstract: A microchannel heat sink (MCHS) is a potential solution for chip and battery thermal
management. The new microchannel structure is beneficial for further improving the thermal-
hydraulic performance of MCHSs. Inspired by leaf veins, six new channel structures were designed,
and the effects of the channel structures (three parallel structures named PAR I, II, and III and three
pinnate structures named PIN I, II, and III), channel depths (0.4, 0.8, and 1.6 mm), and heat fluxes
(20, 50, and 80 kW/m2) were investigated via numerical simulation. The cooling medium was water,
and the heating area was 40 × 40 mm2. Both PAR II and PIN III exhibit superior overall performance,
characterized by the highest Nusselt number and the lowest heating wall temperature. Moreover,
PIN III demonstrates the lowest standard deviation in heating wall temperature, while PAR II exhibits
the lowest friction factor. The greater the channel depth is, the larger the solid–liquid contact area is,
leading to a reduced wall temperature at the interface under identical conditions of inlet Reynolds
number and heating wall heat flux. Consequently, an increase in the Nusselt number corresponds to
an increase in the friction factor. The maximum value and standard deviation of the heating wall
temperature increase with increasing heat flux, while the Nusselt number and friction factor remain
unaffected. The overheating near the two right angles of the outlet should be carefully considered for
an MCHS with a single inlet–outlet configuration.

Keywords: leaf vein; bionic; microchannel heat sink; thermal-hydraulic characteristics

1. Introduction

With the rapid advancement of microelectronics and the increasing popularity of
electric vehicles, the demand for efficient heat management in chips and batteries has
become more critical than ever before [1–4]. Inadequate dissipation of heat can not only
lead to equipment malfunction but also pose serious safety risks such as fires. Therefore,
finding effective solutions to enhance heat transfer performance is a pressing challenge.
One potential solution lies in the utilization of microchannel heat sinks (MCHSs). These
innovative structures allow for the placement of a larger number of channels within
limited spatial constraints, thereby significantly increasing the overall heat transfer area. By
maximizing the surface contact between the cooling medium and hot components, MCHSs
offer improved thermal efficiency compared to traditional cooling methods. However,
conventional microchannel structures have limitations. One major drawback is high flow
resistance, which hinders efficient fluid circulation through narrow channels. This can
result in an increased pressure drop and reduced overall cooling effectiveness. Additionally,
inadequate temperature uniformity across different regions within microchannels further
compromises their performance. Consequently, the development of more innovative
microchannel structures is necessary to address these shortcomings.

During the extensive process of natural evolution, numerous efficient fluid trans-
port structures, such as tree crowns, leaf veins, and animal respiratory systems, have
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emerged [5–8]. These structures have been finely tuned by nature over millions of years
to optimize fluid flow and maximize efficiency. The application of these structures to
the design of microchannels is anticipated to address the aforementioned issues and fur-
ther enhance the overall performance of MCHSs. A summary of the pertinent studies is
presented below.

Inspired by the venation patterns of leaves, Asadi and Pourfattah [9] developed novel
MCHSs for power electronic systems, which achieved superior cooling performance at
an assumed heat flux of 100 W/cm2, including temperature reduction and uniformity, in
comparison to conventional MCHSs with linear channels. Peng et al. [10] designed MCHSs
featuring symmetrical and asymmetric secondary microchannels for electronic equipment
and observed a more significant impact of the branching angle on the performance of
asymmetric MCHSs due to enhanced vortex generation. Subsequently, they constructed
MCHSs with tertiary microchannels based on the actual venation patterns of Osmanthus
leaves and Voronoi diagrams and found that the addition of tertiary microchannels en-
hanced MCHS performance, with a higher channel density corresponding to an improved
performance. For proton exchange membrane fuel cells (PEMFCs), Xia et al. [11] developed
a leaf-like flow field structure and observed that compared to the conventional serpentine
configuration, the novel design exhibited a reduced pressure drop, more uniform reaction
gas distribution, and increased power output (up to an 8.5% improvement). Regarding
the thermal management of lithium-ion batteries (LIBs), Alnaqi [12] and Deng et al. [13]
explored leaf-like channels. Alnaqi [12] achieved heat transfer enhancement (up to 14%)
by incorporating nanoparticles and elevating the inlet velocity via a 255 × 168 mm2 heat
sink with an inlet velocity ranging from 0.01 to 0.05 m/s and corresponding Reynolds
numbers between 200 and 1000. Deng [13] derived the optimal maximum temperature
and temperature uniformity of LIBs, along with relevant structural parameters such as
the width ratio, length ratio, and branching angle of the channels. They highlighted that
the heat dissipation and power consumption requirements of LIBs could be met by ap-
propriately designing the channel thickness and inlet velocity. The optimized range was
determined with a width ratio of approximately 3/4, a length ratio of approximately 1/2,
and a bifurcation angle ranging from 30◦ to 50◦.

Inspired by other natural structures, Chen et al. [14], Wang et al. [15], Tan et al. [16],
Yenigun and Cetkin [17], Han et al. [18], and Tan et al. [19] have recently designed inno-
vative MCHSs for high heat flux chip cooling. Chen et al. [14] revealed that tree-shaped
MCHSs exhibit significant advantages in terms of both heat transfer and pressure drop
compared to those with traditional serpentine flow patterns. The tree-shaped structures
demonstrated the inherent advantage of maintaining a uniform temperature on the heating
wall. Moreover, the local pressure loss resulting from confluence flow was greater than that
caused by diffluence flow. Wang et al. [15] compared the flow and heat transfer characteris-
tics of symmetric/asymmetric tree-like branching networks and symmetric/asymmetric
(offset) leaf-like branching networks. The impact of asymmetry was negligible for tree-
like branching networks with a low number of branches. However, in leaf-like branch-
ing networks, offsetting could significantly reduce the pressure drop while maintaining
the maximum temperature difference between the inlet and outlet of the flowing fluid.
Tan et al. [16] developed four MCHSs, including ternate veiny, lateral veiny, snowflake-
shaped, and spider-netted microchannels. The simulation results demonstrated that the
spider-netted microchannel exhibited optimal performance. Experimental data corrobo-
rated the superior heat transfer capabilities of the spider-netted microchannel compared to
those of the straight microchannel. The temperature difference between the heat sources
cooled by these two channels reached up to 9.9 ◦C at a heat flux of 100 W/cm2. This was at-
tributed to the enhanced convective fluid mixing in the spider-netted microchannel, which
in turn improved the heat transfer efficiency. Furthermore, two design principles were
proposed: maximizing the overall flow distribution within the channels and minimizing
any difference in the flow rate. Yenigun and Cetkin [17] examined the characteristics of par-
allel, tree-shaped, and hybrid channels. They found that the flow resistance of tree-shaped
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channels was less than that of parallel channels. When the flow resistance was minimal, the
peak temperature in the tree-shaped channels was lower; however, as the flow resistance
increased, the parallel channels demonstrated superior cooling performance. Hybrid chan-
nels exhibited the lowest peak temperature and highest volume flow rate across the entire
area. Han et al. [18] developed spider-netted MCHSs and employed topology optimiza-
tion techniques to enhance the thermal efficiency. Their topological MCHSs, which were
designed to minimize temperature differences and pressure drops, exhibited the best over-
all heat dissipation capacity, with a temperature difference reduction of 57.4% compared
to spider-netted MCHSs for a Reynolds number of 2056.8. Tan et al. [19] analyzed the
temperature distribution in two-phase spider-netted MCHSs with nonuniform heat flux
and optimized a structure capable of achieving temperature uniformity within 2 ◦C for
150 W/cm2. In addition, Wang et al. [5] proposed a cold plate with spider-netted channels
for thermal management of LIBs. Among the structural parameters of the spider-netted
channel, the cooling performance of the cold plate was most significantly influenced by
channel width, while channel angle had a minimal effect. However, increasing the channel
width beyond 3 mm did not lead to further improvement in cooling performance. The
optimal thermal balance for LIBs was achieved at a channel angle of 120◦.

From the above summary, it is evident that there is a dearth of research concerning the
performance of MCHSs inspired by bioinspired structures, with the primary focus being
on leaf veins and spider webs. However, the natural diversity of leaf-vein structures far
surpasses that reported in the current literature, offering a wealth of possibilities for the
optimization of MCHSs. In this study, six types of MCHSs based on leaf-vein structures
were designed and analyzed to investigate their cooling performance and optimize their
channel configurations. Furthermore, the influence of channel depth and heat flux on heat
sink characteristics was examined.

2. Design of Bioinspired MCHSs
2.1. Natural Prototype

The pattern of veins within a leaf blade is referred to as venation. These veins are
composed of vascular tissues, which play a crucial role in efficient fluid transport and heat
exchange. The leaf veins connect the blade to the petiole and extend from the petiole to
the stem. Through natural selection, various types of venation have emerged in plants
(https://openstax.org/books/biology-2e/pages/30-4-leaves, accessed on 26 November
2023), with parallel and pinnate venation being the most prevalent [20]. As shown in
Figure 1, for parallel venation, multiple veins run parallel to each other from the base to the
tip of the leaf blade; for pinnate venation, it is characterized by one central vein called the
midrib with smaller secondary veins branching out from it, similar to feathers on a bird’s
wing. Each type of venation has its own advantages depending on various ecological factors,
such as light availability, water availability, and temperature regulation requirements.

2.2. Physical Model of MCHSs

Figure 2 illustrates the physical model of the six MCHSs inspired by the intricate
structure of leaf venation. The design incorporates two different arrangements: parallel
(PAR) and pinnate (PIN). For all MCHSs, the aggregate thickness is 1.8 mm, the channel
height (H) is 0.8 mm, the inlet and outlet width (W) is 1.6 mm, and the heat exchange area
consists of a 40 × 40 mm2 surface.

https://openstax.org/books/biology-2e/pages/30-4-leaves
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In addition to the main channel, the PAR I presented in Figure 2a also comprises
14 branch channels symmetrically distributed on both sides of the main channel, and all
channels are established through exit contraction. The PAR II depicted in Figure 2b features
a contracted main channel, while the remaining channels are straight channels. Similarly,
PAR III shown in Figure 2c includes 10 symmetrically arranged arc-shaped channels. PIN I
presented in Figure 2d consists of a main channel and 20 contracted branch channels, which
are symmetrically distributed with an angle of 30◦. PIN II illustrated in Figure 2e consists
of a main channel and 18 contracted branch channels symmetrically arranged, featuring an
angle of 30◦. The PIN III shown in Figure 2f is analogous to that in Figure 2e, except for the
interleaved arrangement of the branch channels.

The cross-sectional liquid area ratio and solid–liquid contact area of the various MCHSs
are delineated in Table 1. To ensure the effectiveness of performance comparisons across
different structures, it is imperative to maintain consistency in these two indicators among
various MCHSs. Here, the former hovers at approximately 15%, and the latter reaches
approximately 1000 mm2.

Table 1. Synopsis of the flow area data for various MCHSs.

MCHS Liquid Area Ratio a Solid–Liquid Contact Area (mm2)

PAR I 14.47% 942.99
PAR II 14.74% 1015.09
PAR III 16.46% 1148.48
PIN I 16.30% 1386.75
PIN II 14.98% 1032.30
PIN III 15.00% 1033.15

a It is the ratio of the bottom area of the flow channel to that of the heat sink.

3. Numerical Method
3.1. Assumptions

In the numerical simulation of MCHSs, the following fundamental assumptions are
employed: laminar and stable fluid flow is assumed; incompressible Newtonian and
viscous fluids are utilized; the physical properties of fluids and solids remain constant; and
the thermal radiation and volume forces are neglected.

3.2. Governing Equations

Based on the above assumptions, the steady-state conservation equations of mass
(continuity), momentum, and energy can be expressed as follows:

∇ · ρ f u = 0 (1)

ρ f (u·∇u) = −∇p + µ f∇2u (2)

ρ f cp, f (u·∇T) = λ f∇2T (3)

λs∇2T = 0 (4)

where the subscripts f and s represent fluid and solid, respectively, u denotes the flow
velocity, µ represents the viscosity, cp represents the specific heat at constant pressure, and
λ symbolizes the thermal conductivity.

3.3. Boundary Conditions

The commonly utilized manufacturing materials for MCHSs include aluminum and
copper, with the former possessing a low density and the latter exhibiting high thermal con-
ductivity. In terms of single-phase liquid cooling, water, antifreeze, fluorinated liquids, etc.,
are frequently employed as common fluids. Here, copper was chosen as the solid phase,
while water was employed as the fluid phase.
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The inlet temperature of the water was regulated to 20 ◦C, and a uniform inlet velocity
was maintained. A pressure-based outlet with a gauge pressure of 0 Pa was utilized for
the outlet boundary condition. The heat flux at the bottom wall of each MCHS was set to
constant values (20, 50 and 80 kW/m2), whereas the remaining walls were configured as
nonslip adiabatic surfaces.

3.4. Meshing

The generation of the computational mesh for the physical model of MCHSs was
accomplished using ANSYS Meshing. Taking the PIN III model as an example, Figure 3
depicts an unstructured grid for both the fluid and solid domains. The unstructured mesh
consists of tetrahedra and triangular prisms. To more accurately capture the complex flow
phenomena near the wall, it is essential to implement grid encryption.
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Figure 3. Computational mesh.

To further investigate the impact of the mesh quantity on the calculation outcomes, a
comprehensive analysis was conducted using four different mesh quantities, as outlined
in Table 2. The aim was to ensure that the chosen mesh quantity would not significantly
affect the accuracy and reliability of the results. Upon decreasing the mesh quantity from
41.77 million to 24.84 million, various parameters were closely examined for any noticeable
changes. It was observed that all the key indicators, including the maximum heating wall
temperature (Tmax), standard deviation of the heating wall temperature (Tσ), Nusselt num-
ber (Nu), and friction factor (f ), exhibited absolute change rates below 3.5%. Considering
both computational efficiency and result accuracy, a final decision was made to select
a mesh quantity of 24.84 million for subsequent calculations. This choice strikes an op-
timal balance between achieving reliable results while minimizing the computational
resources needed.
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Table 2. Numerical results at different mesh quantities.

Mesh Quantity Tmax (◦C) Tσ (◦C) Nu f

2.484 × 107 315.16 2.26 13.23 0.32
3.130 × 107 314.93 2.25 13.50 0.32
3.470 × 107 314.83 2.27 13.66 0.32
4.177 × 107 314.86 2.30 13.68 0.32

3.5. Solution Strategy

The solution of the governing equations was carried out using ANSYS Fluent 2019 R1.
The governing equations were discretized employing the second-order upwind method,
with a pressure-based solver employed. The velocity and pressure were coupled via the
SIMPLE method. The residuals of the continuity equation, momentum equation, and
energy equation were set to 1 × 10−4, 1 × 10−4, and 1 × 10−6, respectively.

3.6. Data Reduction

The MCHS inlet section is rectangular, and the inlet Reynolds number (Re) can be
calculated as

Re =
ρ f uinuDh

µ f
(5)

where uin is the flow velocity and Dh denotes the hydraulic diameter.
The convective heat transfer coefficient (h) is defined as

h =
q

Tw − Tf
(6)

where q denotes the heat flux, Tw represents the wall temperature at the solid–liquid
interface, and Tf denotes the average temperature of the fluid.

Tf =
Tin + Tout

2
(7)

The Nusselt is defined as
Nu =

hDh
λ f

(8)

For an MCHS, it is imperative to not only focus on the maximum heating wall tem-
perature (Tmax), which reflects the worst-case scenario of the performance under specific
operating conditions but also address the uniformity of the heating wall temperature. To
quantify this aspect, the parameter of wall temperature standard deviation (Tσ) was chosen.
The calculation method for this parameter is as follows [13]:

Tσ =

√√√√∫
A0

(
T − Tavg

)2dA∫
A0

dA
(9)

where A0 represents the heating wall area, and Tavg denotes the average temperature of the
heating wall.

The Darcy–Weisbach friction factor (f ) is defined as

f =
2∆pDh

ρ f Lu2
in

(10)

where ∆p is the pressure drop, and L is the length of the main channel (40 mm).
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4. Results and Discussion
4.1. Effect of Leaf-Vein Structure

The influence of various leaf-vein structures on the thermal-hydraulic characteristics
of MCHSs was investigated under the conditions of q = 50 kW/m2 and H = 0.8 mm. As
illustrated in Figure 4a, within the range of Re examined, the Nu value of the PAR II MCHS
is the highest, while that of PIN I is the lowest. The larger Re is, the larger Nu is. For the
PAR II MCHS, the Nu value increases from 8.51 to 17.75 as Re increases from 400 to 1600; for
PIN I, the Nu value ranges from 5.59 to 12.41. As illustrated in Figure 4b, PIN I exhibits the
highest Tmax, while the other models exhibit more similar values. At a Re of 400, the Tmax
value for the PIN I MCHS reaches 340.31 ◦C, whereas at a Re of 1600, it attains 310.83 ◦C.
As illustrated in Figure 4c, within the Re range examined, the MCHS with the minimal Tσ

is PIN III, while the maximum is PAR III. As Re increases from 400 to 1600, the Tσ of PIN
III decreases from 4.30 to 1.58. As illustrated in Figure 4d, the f of the PAR III MCHS is
minimal, whereas that of PAR I is maximal. When Re equals 400, f is 0.37; when Re reaches
1600, f reduces to 0.15.
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The indicators of various MCHSs at Re = 1000 are presented in Table 3. Among them,
PAR II and PIN III exhibit the highest Nu with values of 14.59 and 13.26, indicating their
superior heat transfer performance. On the other hand, in regard to Tmax, PIN III and PAR II
show the lowest readings with values of 315.09 and 315.11, respectively. This suggests that
these two MCHSs have a better ability to maintain lower maximum temperatures compared
to others. Furthermore, the Tσ value for PIN III is the lowest among all the MCHSs, which
is 2.21 ◦C. In terms of the friction factor (f ), PAR II ranks second lowest among all of the
MCHSs considered with a value of 0.26. A lower f value implies a reduced pressure drop,
which can lead to energy savings and improved overall efficiency. Considering all of these
factors together, it becomes evident that both PAR II and PIN III demonstrate optimal
results in regard to their combined performance.
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Table 3. Summary of characteristics of various MCHSs at Re = 1000.

MCHS Nu Tmax (K) Tσ (◦C) f

PAR I 13.24 316.44 2.45 0.40
PAR II 14.59 315.11 3.12 0.26
PAR III 13.08 315.51 3.22 0.20
PIN I 10.34 316.62 3.06 0.28
PIN II 13.23 315.16 2.26 0.32
PIN III 13.26 315.09 2.21 0.32

The temperature contours at the top and bottom of the six MCHSs at q = 50 kW/m2

and H = 0.8 mm are presented in Figures 5 and 6, respectively. Note that the contours
are obtained via Ansys CFD-Post 2019 R1. The temperature gradually increases from the
inlet to the outlet for all heat sinks, indicating a progressive heating process as the fluid
flows through them. Interestingly, lower temperatures are found near the main channel
compared to those in the branch channels. This can be attributed to a higher flow rate and
increased convective heat transfer in the main channel, leading to more efficient cooling.
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Figure 5. Top temperature contours of various MCHSs at Re = 1000.

In terms of different flow structures, distinct variations in the temperature distribution
can be observed. In the PAR flow structure, it is noteworthy that PAR II exhibits the lowest
temperature among all the heat sinks. Among the PIN structures, PIN III stands out with
its lowest temperature, while PIN II closely approximates it.

Additionally, interesting observations can be made regarding two right angles close
to the outlet region in all MCHSs due to their square shape and arrangement of in-
lets/outlets along an intermediate axis. Significantly higher temperatures are observed
near these angles, suggesting potential areas of concern for localized hotspots or reduced
cooling efficiency.



Energies 2024, 17, 311 10 of 14

Energies 2024, 17, x FOR PEER REVIEW 10 of 15 
 

 

In terms of different flow structures, distinct variations in the temperature distribu-
tion can be observed. In the PAR flow structure, it is noteworthy that PAR II exhibits the 
lowest temperature among all the heat sinks. Among the PIN structures, PIN III stands 
out with its lowest temperature, while PIN II closely approximates it. 

Additionally, interesting observations can be made regarding two right angles close 
to the outlet region in all MCHSs due to their square shape and arrangement of inlets/out-
lets along an intermediate axis. Significantly higher temperatures are observed near these 
angles, suggesting potential areas of concern for localized hotspots or reduced cooling 
efficiency. 

 
Figure 5. Top temperature contours of various MCHSs at Re = 1000. 

 
Figure 6. Bottom temperature contours of various MCHSs at Re = 1000. Figure 6. Bottom temperature contours of various MCHSs at Re = 1000.

4.2. Effect of Channel Depth

Illustrating the PIN III MCHS as an example, this study delved into the heat transfer
characteristics of various MCHS configurations, including those with channel depths of
0.4, 0.8, and 1.6 mm. The findings presented in Figure 7 demonstrate that within the
studied Re range, an increase in channel depth results in a corresponding increase in Nu, a
decrease in Tmax, and a decrease in Tδ, along with an increase in f. These results suggest
that augmenting the depth of microchannels has a positive impact on enhancing Tmax and
Tδ, albeit at the expense of compromised resistance performance.
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The temperature contours of the top and bottom walls of the PIN III MCHS are
presented in Figure 8 for q = 50 kW/m2 and Re = 1000, revealing a gradual decrease in
temperature with increasing H.
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It is noteworthy that certain studies have focused on comparing the influence of
channel width to ensure a constant heat flux corresponding to the fluid contact area,
whereas this study specifically emphasizes maintaining a predetermined heat flux at the
heating surface, which aligns with frequent observations in practical applications.

4.3. Effect of Heat Flux

As an example, the heat flux of the heating wall in the PIN III heat sink was set to 20, 50,
and 80 kW/m2. The influence of the heat flux on heat sink performance was investigated
under the same Re. As illustrated in Figure 9, the heat flux does not affect Nu. When Re
ranges from 400 to 1600, the Nu values for the heat sink are 7.24, 9.73, 11.68, 13.26, 14.59,
15.75, and 16.77. With the increase in the heat flux, Tmax also rises, along with an increase in
Tδ. In addition, the heat flux has no impact on f.

The temperature contours of the top and bottom walls of the PIN III MCHS are
presented in Figure 10 for H = 0.8 mm and Re = 1000. It clearly demonstrates a gradual
increase in temperature with the increment in the heat flux.

This observation suggests that variations in the heat flux have no discernible impact
on the cooling efficiency and pump power consumption of MCHSs, whereas they do exert
an influence on the temperature. Certainly, to meet the uniform temperature requirements,
a higher heat flux necessitates an increased flow rate and subsequently leads to greater
pump power consumption.
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5. Conclusions

Inspired by the intricate patterns of leaf veins, six MCHSs with distinct structures were
meticulously designed. Through rigorous numerical simulation, an in-depth investigation
was conducted to explore the thermal-hydraulic characteristics of these MCHSs while also
examining the influence of channel depth (H = 0.4, 0.8 and 1.6 mm) and heat flux (q = 20,
50 and 80 kW/m2) on their overall performance. The key findings are as follows:

(1) Among the six vein configurations, PAR II and PIN III exhibited the highest Nu with
values of 14.59 and 13.26 at q = 50 kW/m2, H = 0.8 mm, and Re = 1000, respectively,
while PIN III and PAR II demonstrated the lowest Tmax with values of 315.09 and



Energies 2024, 17, 311 13 of 14

315.11 K, respectively. Additionally, PIN III displayed the lowest Tσ with a value of
2.21 ◦C, whereas PAR II had the second lowest f with a value of 0.26. Consequently, a
combination of PAR II and PIN III yielded superior overall performance.

(2) An increase in channel depth results in an increase in Nu, a decrease in Tmax and
Tσ, and an increase in f. Augmenting the channel depth can enhance heat transfer;
however, this increase comes at the expense of increased flow resistance. Moreover, a
higher heat flux led to an amplification of Tmax and Tσ without affecting Nu or f.

(3) For MCHSs such as the squares used in this study with a single inlet–outlet configu-
ration, addressing local overheating near right angles close to the outlet to prevent
excessive Tmax is an important area for further investigation.

(4) The present study offers valuable insights into the optimization of various MCHS
designs for specific applications based on their thermal-hydraulic properties. By
comprehending these factors, more efficient cooling solutions can be devised.
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Nomenclature

A0 heating wall area [m2]
cp specific heat [J/kg K]
Dh hydraulic diameter [m]
f Darcy–Weisbach friction factor [–]
h heat transfer coefficient [W/m2 K]
L length [m]
Nu Nusselt number [–]
p pressure [Pa]
q heat flux [W/m2]
Re Reynolds number [–]
T temperature [◦C]
u velocity [m/s]
∆p pressure drop [Pa]
Greek symbols
ρ density [kg/m3]
λ thermal conductivity [W/m K]
µ viscosity [Pa·s]
Subscripts
avg average
f fluid
in inlet
out outlet
s solid
w wall
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