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ABSTRACT

The behavior of single-phase flow and conjugate heat transfer in micro-channel heat sinks (MCHS) subjected to a
uniform heat flux is investigated by means of numerical simulations. Various geometrical configurations are
examined, particularly, the combinations of rectangular solid and perforated blocks, used to create a disturbance
in the flow. The analysis focuses on several key aspects and related metrics, including the temperature distribu-
tion, the mean Fanning friction factor, the pressure drop, the Nusselt number, and the overall heat transfer coeffi-
cient across a range of Reynolds numbers (80–870). It is shown that the introduction of such blocks significantly
enhances the heat transfer performances of the MCHS compared to the straight-through flow channel. Specifi-
cally, a case is found where the Nusselt number increases by 2.3 times relative to the reference case. The integra-
tion of perforated blocks facilitates the generation of vorticity within the channel, promoting the mixing of cold
and hot fluids. Notably, MCHS incorporating perforated rectangular blocks exhibit more pronounced heat trans-
fer benefits at Reynolds numbers smaller than 400.
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1 Introduction

As feature sizes shrink and clock frequencies increase, managing the heat generated by high-power
electronics, such as central processing units (CPUs), graphics processors (GPUs), projectors, light-
emitting diodes (LEDs), and high-power lasers, is becoming more challenging. It’s clear that total power
consumption is rising, and power distribution across the device area is highly uneven [1]. Currently, the
high-performance microprocessor chip, specifically the AMD TR 3970X, has a Thermal Design Power
(TDP) rated at 280 watts. Under peak load conditions, the heat flux generated can surpass 220 watts per
square centimeter [2]. Furthermore, the International Technology Roadmap for Semiconductors (ITRS)
specifies that to ensure the safe operation of semiconductor devices, their junction temperature must be
maintained below 85 degrees Celsius [3].
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The use of microchannel heat sink (MCHS) has become increasingly popular in high-density integrated
electronic circuits with higher operational frequencies, as they require efficient heat dissipation.

The MCHS, a cooling technique, was initially developed by Tuckerman et al. in 1981 [4]. Their design
resulted in a maximum temperature increase of 71°C above the water inlet temperature, with a pressure drop
of 2.2 bar. Following the pioneering work of Tuckerman and Pearse, extensive research has been conducted
to enhance the thermal and hydraulic performance of MCHS. Steinke et al. [5] undertook an analytical
examination of the friction factor associated with single-phase liquid flows in MCHS, engaging in an
exhaustive evaluation of experimental data to pinpoint inconsistencies. Rosa et al. [6] conducted a
comprehensive review of both experimental and numerical data pertaining to single-phase heat transfer at
the micro-scale. They determined that the heat transfer mechanisms within MCHS can generally be well-
explained by the theoretical models and correlations developed for the macro scale. Nonetheless, they
highlighted that it is crucial to take into account the scaling effects, which involve various factors such as
the entrance length effect, conjugate heat transfer phenomena, viscous dissipation, and the impact of
temperature on fluid properties. Jilte et al. [7] examined the cooling properties of a recirculating flow heat
sink with four distinct channel configurations. The findings demonstrated that the heat removal rate of the
Nano fluid-cooled device exceeded that of the water-cooled counterpart. A multitude of experimental and
numerical investigations have been executed to assess the thermal performance of MCHS, primarily
concentrating on microchannels with smooth interior surfaces [8–11]. Hybrid nanofluids might boost
thermal and heat transfer efficiency over single or standard coolants. Extensive research, including both
numerical and experimental studies, has explored their thermal and exergetic performance in
microchannel cooling systems [12,13]. Owing to the miniature dimensions of the channels, the flow
within microchannels tends to be predominantly laminar. Nevertheless, in certain application contexts, it
has been shown that inducing turbulent flow within MCHS can yield enhanced thermal performance over
that of laminar flow [14–17]. Consequently, microchannels with smooth interiors may not be adequate for
applications where higher heat transfer demands are necessary.

Numerous other studies have focused on examining the impact of cross-sectional shapes on the
hydrothermal performance of MCHS by investigating various shapes, including circular, triangular, and
trapezoidal [18–21]. Gunnasegaran et al. [22] conducted a numerical study on the influence of three
different cross-sectional channel shapes, namely rectangular, trapezoidal, and triangular MCHS. The
findings indicated that the rectangular MCHS demonstrated the highest heat transfer enhancement. In a
similar vein, Alfaryjat et al. [23] conducted a numerical study to assess the effects of three distinct shapes
—hexagonal, circular, and rhombus—on the performance of Microchannel Heat Exchange Systems
(MCHS). The findings indicated that the hexagonal-shaped MCHS had the highest heat transfer
coefficient, whereas the MCHS with a rhombus cross-section demonstrated the lowest friction factor.

Although MCHS can achieve high thermal performance, further enhancements are needed to address the
increasing thermal requirements of electronic devices. Ribs represent a widely utilized method of flow
disruption, extensively implemented to augment heat transfer. This is attributed to their effectiveness in
disrupting and reforming thermal boundary layers, as well as enhancing mixing via the creation of
vortices and chaotic advection.

Chai et al. [24–26] performed a computational study to evaluate the effects on heat transfer and fluid
dynamics within a microchannel heat sink that was equipped with ribs in a fan shape. This analysis
focused on the impact of three principal geometric factors: the height, width, and pitch of the ribs, and
also considered two rib arrangement methods: in-line and staggered. The research results indicated that
ribs characterized by shorter heights and wider spacings were more effective in enhancing heat transfer
efficiency. Specifically, the study concluded that microchannels with forward triangular offset ribs
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achieved the highest performance at Reynolds numbers below 350, while semi-circular ribs exhibited the
highest performance at Reynolds numbers exceeding 400. In a separate study, Hong et al. [27] conducted
research on forced convection heat transfer within a microchannel heat sink that incorporated finned
structures. Their findings indicated that by fine-tuning the dimensions of the strip fins, it was possible to
achieve enhancements in thermal efficiency while also minimizing the associated pressure drop.

Li et al. [28] compared the thermal efficiency of heat sinks with varying cavity and rib shapes on the
sidewall. Their findings indicated that heat transfer improves as the thermal boundary layer is
redeveloped. The researchers also underscored the significant impact of cavity and rib structures on the
heat transfer properties of each heat sink. In a separate study by Soleymani et al. [29], a novel heat sink
design was presented. This design incorporates two distinct regions: a background zone comprising
rectangular microchannels and a hotspot zone composed of rounded rectangular pin-fins and NACA
0024 airfoil pin-fins. Through the optimization of the pin-fin geometry, this design effectively mitigated
the heat flux in the hotspot region. In their work, Ding et al. [30] introduced an efficient design that
combines in-line and staggered micro-pin fins within the core areas and single-layer baffles around them.
This arrangement effectively optimized the trade-off between pumping power and heat transfer efficiency,
leading to a reduction in Tmax from 332.3 to 324.3 K, along with a 148% rise in pressure drop.

Utilizing materials with superior thermal properties in the construction of MCHS is a passive technique
that can enhance their thermal performance [31]. Ceramic materials are known for their exceptional stability
at high temperatures and minimal deformations under harsh conditions [32–35]. Certain ceramics and
ceramic matrix composites exhibit excellent thermal properties that make them suitable for use in mini/
micro heat channel heat sinks [36,37].

Vajdi et al. [38] investigated a study on heat transfer and fluid flow in a ZrB2 heat sink using water as a
coolant. The results showed that the heat sink’s maximum temperature could be maintained below 360 K by
dissipating a heat flux of 3.6 MW/m2. Fattahi et al. [39] performed numerical simulations of a heat exchanger
made of AlN. The research indicated that heat exchangers constructed from AlN could achieve a 59%
improvement in heat transfer compared to those made from Al2O3. Additionally, the effectiveness of the
heat exchanger was found to be enhanced by 26%. Two additional ceramic materials, titanium diboride
(TiB2) and beryllium oxide (BeO), exhibit outstanding thermophysical properties [40–43]. There is a
growing interest in the application of these ceramic materials for thermal management and efficient
energy utilization.

Furthermore, some researchers proposed more innovative pin–fin arrangement configurations. Gao et al.
[44] performed an experimental and numerical study to improve the comprehensive performance of
microchannel heat sinks integrated with various arrangements of micro pin-fin arrays. Studies reveal that
the pin-fin arrangements featuring a mix of uniform and gradient staggered designs exhibit the highest
pressure losses but offer a balanced thermal dissipation capability. In contrast, configurations with a full
distribution of pin-fins outperform all other partial pin-fin arrangements in terms of heat transfer
efficiency. Shi et al. [45] have introduced a pin fin structure with a staggered flow guidance design. A
numerical study has been conducted to assess its thermal and hydraulic properties at different heights and
densities, and the findings have been juxtaposed with those of the traditional rectangular pin fin setup.
The outcomes indicate that this structure notably enhances heat dissipation efficiency and temperature
uniformity, without adversely affecting the pressure drop. Inspired by the Clematis Montana flower, Xu
et al. [46] and his team have crafted an innovative structure resembling a petal. The heat transfer
coefficients (HTCs) and frictional pressure drops (FPDs) for R113 in both pin fin and plate channels,
each with a height of 1 mm, were examined under atmospheric conditions. The experiments were
conducted with a mass flux (G) ranging from 50 to 250 kg/m²s and a heat flux (q) between 5 and
140 kW/m². The pin fin channel slightly outperformed the plate channel in terms of HTCs. These HTCs
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were significantly influenced by the heat flux (q) and showed no correlation with the mass flux (G) or vapor
quality (x), indicating that nucleate boiling predominantly governed the heat transfer process. Pandy et al.
[47] have developed a density-based topology optimization technique that is utilized for creating free-
form and non-traditional fin structures. The study indicates that refining the dimensions of drop-oblique-
trapezoidal and oval-shaped (DOTO) fins can significantly improve the efficiency of heat sinks.

The complex variations in the internal flow channel structure of microchannels can effectively enhance
the overall heat dissipation performance of the microchannel heat sink, such as offset strips, protrusions,
recesses, and louvers. The refined design incorporates a variety of angles, widths, and spacings, coupled
with a diminished channel height, all aimed at controlling the pressure drop. A pivotal element of this
research is the thorough optimization of these variables. The innovative design features additional
branches within the channel, positioned at intervals that become shorter as the design progresses. These
branches are sparser at the inlet where the flow is still nascent, and their concentration grows as one
moves towards the outlet. Such a configuration promotes the re-establishment of the boundary layer and
augments the intermingling of the flow. In this research, a variety of microchannel flow setups have been
designed, each with a unique pattern of rectangular block perforations, labeled as Cases 1 to 5. These
configurations have been analyzed through simulation across a Reynolds number span from 80 to 870.
The objective of this study is to evaluate the thermal and frictional characteristics, to understand the
mechanisms behind heat transfer, and to identify the most effective setup by assessing the
thermohydraulic performance.

2 Methodolog

2.1 Geometric Structures
The heat sink is composed of a series of parallel rectangular flow channels. Fig. 1 displays a simplified

representation of a basic rectangular microchannel, and Table 1 lists the detailed structural measurements.
The current study takes into account the computational model of a microchannel heat sink that features
five rectangular blocks with perforations, along with their respective configurations of dimensional
parameters, as shown in Fig. 2. Case 1 includes a rectangular block and a perforated block; Case
2 includes a perforated block and a rectangular block; Case 3 is a combination of periodic perforated
blocks and rectangular blocks, where the rectangular block is longer; Case 4 is a combination of periodic
rectangular blocks and perforated blocks, where the perforated block is longer; Case 5 is a periodic
combination of perforated blocks. To grasping the variations in fluid dynamics and heat transfer, a
comparison is made using a simple rectangular microchannel. Given the periodic nature of the
microchannel heat sink, and to minimize the mesh cell count and computational time, only a portion of
the structure is considered for the current numerical simulation, as depicted in Fig. 1. In the
computational model, two half-walls are positioned on either side of the channel.

Figure 1: Schematic diagram of the three-dimensional configuration of a simple rectangular microchannel
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Figure 2: (Continued)

Table 1: Dimensions parameters of microchannel heat sink (unit: mm)

H H L W W W W H Hb Lb Lg Lb1 Lb2

1.2 1 38.4 1 0.8 0.2 0.4 1 0.8 14 0.3 0.4 1
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2.2 Conservation Equations
In MCHS, flow is typically laminar, with the critical Reynolds number falling within the range of

1000 to 1500 [48,49]. As such, this study employs a laminar flow model for the numerical analysis,
maintaining the Reynolds number for the fluid flow under 1500. The specific dimensions of the model
used in this numerical simulation are presented in Table 1.

When developing the numerical model for internal flow and heat transfer in microchannel heat sinks, the
following assumptions are made [24]: (1) The fluid in the microchannels is incompressible, with no phase
changes, and the flow is laminar; a three-dimensional, steady-state numerical simulation method is
employed. The material properties of the solid components within the microchannel heat sink are
considered uniform and unaffected by temperature changes. (2) Due to the small scale of the
microchannel heat sink, temperature gradients are deemed insignificant, resulting in the omission of
radiative heat transfer from the analysis. In the heat transfer range discussed in this paper, forced
convection is predominant over natural convection, thus the latter is not considered. (3) Except for the
surface designated for heating, all other surfaces are modeled as adiabatic.

Figure 2: Different configurations of microchannels (a: Case 1, b: Case 2, c: Case 3, d: Case 4, e: Case 5)
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Under the aforementioned assumptions, the governing equations for continuity, momentum, and energy
for the fluid domain are formulated as follows [24–26]:

r � ðqUÞ ¼ 0 (1)

qðU � rUÞ ¼ �rP þr � ðlrUÞ (2)

qcpðU � rTf Þ ¼ jfr2Tf (3)

In this context, U represents the velocity vector of the fluid, P denotes the pressure, and T signifies the
temperature. The variables q, l, cp, and jf correspond to the water’s density, dynamic viscosity, specific heat
capacity, and thermal conductivity, respectively.

In the case of the solid domains, the velocity vector is zero, necessitating the use of only the energy
equation, which can be formulated as follows [24–26]:

jsr2Ts ¼ 0 (4)

Here, js denotes the thermal conductivity of copper.

2.3 Boundary Conditions and Computational Procedure
In the numerical simulation calculations of this paper, the boundary conditions are set as follows. A

velocity inlet boundary condition is applied at the inlet of the heat sink, with the fluid inlet temperature
specified as a constant value (u ¼ uin, T ¼ Tin ¼ 293 K). At the outlet of the heat sink, a pressure outlet
boundary condition is utilized (P ¼ Pout ¼ 0).

The base surface of the heat sink is uniformly heated by a constant heat flux (q ¼ 400,000 W=m2), and
all other surfaces are set to be adiabatic. The interface between the fluid domain and the solid domain is
established as a solid-liquid interface with no-slip conditions.

In this study, the computational fluid dynamics (CFD) software ANSYS FLUENT 2023 R1 is employed
to obtain numerical solutions. The Finite Volume Method (FVM) was employed along with the relevant
boundary conditions. For the analysis of the flow field, the SIMPLE algorithm was utilized, while the
convective term was approximated using a second-order upwind differencing scheme. The diffusion terms
in both the energy and momentum equations were approximated using a second-order central difference
method [16]. To ensure the convergence of the solution, residual criteria of 10−6 are set for all variables,
encompassing velocity components, temperature, and mass. Before the discretization of the governing
equations, mesh generation is carried out within the computational domains.

2.4 Data Reduction and Formulation
The definitions for the Reynolds number (Re) and the hydraulic diameter (Dh) are as follows [24]:

Re ¼ qf umDh

lf
(5)

Dh ¼ 2HcWc

Hc þWc
(6)

Here, ρf signifies the volumetric average density of the fluid, um is the mean velocity of flow in the
unobstructed channel segment, and μf refers to the fluid’s dynamic viscosity.
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The mean Fanning friction factor (f) and the pressure drop (Δp) can be determined through the following
method [24]:

f ¼ DpDh

2qf Lu2m
(7)

Dp ¼ Dpin � Dpout (8)

Δpin and Δpout represent the average pressures at the inlet and outlet of the channel, respectively, while L
denotes the length of the entire channel.

The average heat transfer coefficient h and Nusselt number Nu are expressed as [24]:

h ¼ qwAb

2ðWc þ HcÞLDT (9)

Nu ¼ hDh

kf
(10)

In the equation, qw represents the heat flux density, Ab denotes the area of the heat source, and ΔT
represents the logarithmic mean temperature difference between the microchannel wall and the cooling fluid.

To assess the overall effectiveness of various microchannels, this study utilizes a Performance
Evaluation Criterion (PEC). The PEC is calculated as the ratio between the heat transfer coefficient of a
microchannel equipped with rectangular block inserts and that of a microchannel without any inserts,
with the condition that both are operating at the same pump power [24].This is calculated as follows:

PEC ¼ Nu=Nu0

ðf =f0Þ1=3
(11)

The terms Nu0 and f0 correspond to the Nusselt number and friction factor respectively for the basic
rectangular channel.

2.5 Grid Independence Test
Owing to the intricate nature of the numerical domain, the fluid region is discretized using an

unstructured grid through the Fluent meshing process. Fig. 3 illustrates the computational grid used in
Case 0. Four different density mesh computational models are used to calculate the pressure drop at the
inlet and outlet to verify the accuracy of the model calculations as uin = 1 m/s and q = 40 W/cm². The
difference between the mesh division with the highest number of grids and the other three types of grid
divisions is represented by Eq. (12) [24], where M2 denotes the mesh division with the most grids, and
M1 represents the other three grid divisions with fewer grids. As can be seen from Table 2, under the
conditions of 1.21 million to 1.39 million grid divisions, the difference in pressure drop at the inlet and
outlet of the heat sink is 0.7%, which is less than 1%. The temperature difference between the inlet and
outlet of the heat sink is 0.6%, which is also less than 1%. The numerical calculations under these two
mesh division conditions can be considered accurate, and considering the optimization of computational
resources, a grid count of 1.21 million is selected for the numerical calculation of the rectangular
straight microchannel heat sink model. Other models also follow this method to verify grid
independence.

E ¼ M2 �M1

M1

�
�
�
�

�
�
�
�
� 100% (12)
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2.6 Validation with Experimental Data
To validate the reliability of the numerical computation methods used in this model, the pressure drop

and fluid temperature difference numerical results for the inlet and outlet of the rectangular straight
microchannel heat sink model were compared with experimental data [48]. As shown in Figs. 4 and 5,
the figures present a comparison of the pressure difference and temperature difference at the inlet and
outlet of the microchannel heat sink under different Reynolds numbers. It is evident from the figures that
the discrepancies with the experimental results for both temperature difference and pressure drop are less
than 10%. Therefore, this confirms the precision of the numerical computation methods used in this
simulation.

Table 2: Grid independence verification

Number of grids (million) 0.85–0.98 0.98–1.21 1.21–1.39

E%(△P) 35% 9% 0.7%

E%(△T) 31% 7% 0.6%

Figure 3: Computational grid for Case 0
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Figure 4: Comparison of temperature difference between numerical simulation and experiment [48]
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3 Results

This section details the outcomes of numerical simulations performed using ANSYS FLUENT 2023 R1.
It explores the impact of various channel optimization designs, such as the integration of perforated
rectangular blocks with standard rectangular blocks, and the diverse configurations of these two
disturbance types, specifically in Cases 1 through 5. The study thoroughly examines their influence on
temperature profiles, average fanning friction factors, pressure losses, Nusselt numbers, and the overall
heat transfer performance coefficient. The main objective of this research is to improve the heat sink’s
capabilities by optimizing thermal transfer efficiency and minimizing pressure drop, thereby ensuring a
more even temperature distribution. This is crucial for cooling systems that need to maintain temperatures
for the dependability and performance of electronic equipment.

3.1 Flow Structure
To analyze the impact of five optimized channel structures on the flow characteristics of a heat sink,

Fig. 6 presents the velocity contour (at the y = 0.25 mm cross-section) under the initial conditions of a
heat flux density of 40 W/cm² at the base of the heat sink, an inlet velocity of 1.2 m/s, and an inlet fluid
temperature of 300 K for the optimized channel structures. It is evident from the figure that in Case 0,
due to the absence of any disturbance structures within the channel, the fluid velocity in the center of the
channel is higher than that near the channel walls, resulting in a clear stratification of fluid velocities,
which is detrimental to the thorough mixing of cold and hot fluids. In the channel structures of Case 1 to
Case 5, where disturbance structures have been introduced, Fig. 6 clearly shows different stratifications of
fluid velocities before and after the disturbance structures. From Case 1 and Case 2, it can be seen that
the introduction of disturbance structures interrupts the fluid velocity, causing the high-velocity fluid in
the center of the channel to mix thoroughly with the low-velocity fluid near the channel walls after
entering the interrupted area, due to the relatively larger fluid space in the interrupted region, leading to
an overall reduction in fluid velocity within the interrupted area. At the exit of the interrupted region, the
contraction of the fluid channel due to the structure causes the fluid to form a higher pressure, leading the
fluid to gather towards the center of the interruption at the exit, where the velocity is lower and the
pressure is relatively smaller, creating a reverse pressure gradient. Case 3 and Case 4 introduce additional
periodic rectangular blocks and perforated rectangular blocks within the channel, which periodically mix
high and low-velocity fluids, generating periodic pressure gradients, reducing the laminar stagnation zone,
and facilitating the mixing of cold and hot fluids. Case 5, building on Case 3 and Case 4, further
perforates the rectangular blocks. This structural design of the blocks causes the fluid to form more

Figure 5: Comparison of pressure drop between numerical simulation and experiment [48]
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interrupted areas within the channel. The presence of these interrupted areas not only leads to more mixing of
cold and hot fluids within the areas but also creates a velocity-weak zone near the center of the channel, with
relatively higher velocities near the two channel walls. This periodic interrupting structure effectively
disrupts the velocity boundary layer, allowing for more efficient mixing of high and low-velocity fluids
within this region.

Fig. 7 presents the velocity streamline diagrams for the five optimized structures. In Case 0, since no
rectangular blocks are introduced, the flow field distribution throughout the channel is relatively uniform.
In Cases 1 and 2, the introduction of interruption structures clearly generates vortices at the intervals of
the rectangular blocks, and similar vortex formations can also be observed in Cases 3 and 4. The
inclusion of these rectangular and perforated block structures periodically creates more interruption
intervals, which alter the speed and direction of fluid flow, thereby affecting the fluid’s boundary layer.
The presence of interruption structures leads to more complex flow patterns within the boundary layer,
influencing it by altering the velocity distribution inside the boundary layer, making the fluid more prone
to mixing and forming vortex flow. This vortex flow accelerates heat transfer, thereby enhancing the heat
dissipation efficiency of the heat sink. Moreover, the interruption structures can disturb the flow within
the boundary layer, creating more irregular fluid motion, increasing the degree of fluid mixing, and
steepening the velocity gradient within the boundary layer. At the same time, these vortices that change
the speed and direction of fluid flow can reduce fluid flow resistance, decrease energy consumption,
increase the contact area of the fluid, speed up heat transfer, and strengthen the efficiency of heat
exchange. In Case 5, since all the rectangular blocks have been perforated, the interruption intervals for
the fluid are further increased, resulting in the formation of fluid vortices at every interval of the blocks.
It is worth noting that although the formation of vortices near the rectangular blocks can fully mix the
cold and hot fluids, continuously breaking down the thermal boundary layer, and thereby enhancing the
heat transfer capability, the presence of the stagnation area near the blocks also increases the thermal
resistance. This weakens the convective heat transfer process between the fluid around the blocks and the
wall surface, which to some extent affects the heat transfer performance of the microchannel.

Fig. 8 shows the pressure distribution at the y = 0.25 mm cross-section for six different configurations
under an inlet velocity of 1.2 m/s and a heat flux density of 40 W/cm2. Among Case 0 to Case 5, the fluid
transport pressure decreases in the direction of fluid flow. Particularly in Case 3 to Case 5, where multiple
blocks and perforated blocks are introduced, the pressure drop is irregular and particularly concentrated in

Figure 6: The velocity distribution in the x–z middle cross-section
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the areas near the blocks. This indicates that the non-smooth structure of the microchannel impedes the flow,
being the main source of increased pressure drop in microchannels. In these three optimized structures, the
fluid continuously expands and contracts near the blocks, forming interlaced flows. These blocks and
perforated blocks cause an increase in pressure drop, and the interlaced flow disrupting the boundary
layer flow state more significantly increases the pressure drop of the microchannel heat sink.

The local pressure drop within the flow channels of these three structures varies, but the total pressure
drop is essentially the same, so within a certain Reynolds number range, local high pressure drops cannot
become the decisive factor for the overall pressure drop. Due to the introduction of blocks and perforated
blocks, the equivalent diameter of the flow channel periodically contracts and expands, which is
beneficial for fluid flow within a low Reynolds number range. However, as Re increases, the pressure
loss caused by the fluid becomes more pronounced. In Case 4, since only the smaller rectangular blocks
are perforated, there is a larger pressure gradient when the fluid encounters non-perforated rectangular
blocks, and at the same time, the equivalent diameter of the main flow channel decreases after being
obstructed by the rectangular blocks, therefore the pressure drop in the Case 4 structure is the greatest.

Fig. 9 displays the varying patterns of the friction factor ratio (f/f0) for the straight-through microchannel
and the five optimized structure microchannels at different Reynolds numbers when the heat flux is
40 W/cm2. As expected, compared to the straight-through microchannel, the friction factors for the
optimized structure microchannels all increase. The increase in friction factor is due to the rectangular
blocks and perforated blocks in the fluid flow path, which expand the channel surface and provide
additional flow resistance for the fluid flow. It can also be seen from the figure that as Re increases, the f/

Figure 7: The streamline patterns within the x–z planes for all cases at a channel height of 0.25 mm

Figure 8: The pressure distribution across the mid x–z cross-sectional plane
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f0 for various optimized structures shows an increasing trend, with Case 5 having the highest f/f0 value. This
is mainly because Case 5 periodically arranges more rectangular blocks and perforated blocks, and the
introduction of these blocks causes disturbances and obstructions to fluid flow, leading to changes in the
fluid flow path and uneven velocity distribution, thereby increasing the frictional resistance of the fluid.
In Case 5, the fluid has to overcome greater resistance caused by the blocks, making the fluid flow more
complex, which leads to an increase in the friction factor.

3.2 Heat Transfer
Temperature cloud maps of through-type flow channels and optimized structure flow channels are

shown in Fig. 10. The initial conditions of this cloud map (cross-section at y = 0.25 mm) are as follows:
the heat flux density at the bottom surface is 40 W/cm², and the inlet flow velocity is 1.2 m/s. From the
cloud map, it can be observed that in Case 0, the fluid has the highest temperature at the outlet, while in
Case 4, the fluid has the lowest temperature at the outlet. In Case 0, no blocks are added, while only a
small amount of blocks are added in Case 1 and Case 2, which reduces the overall disturbance of the
fluid, resulting in a thinner thermal boundary layer and consequently an increased temperature gradient.
In Case 3 to Case 5, the number of rectangular blocks and perforated blocks increases, causing the flow
path of the fluid to bifurcate and increasing the interaction between the fluid and the solid surface. This
exacerbates the periodic interruption of the boundary layer, which is beneficial for enhancing the heat
exchange between cold and hot fluids. The addition of these periodically increased blocks increases the
overall disturbance of the fluid, leading to a reduction in the temperature gradient. In Case 4 and Case 5,
the temperature exhibits a wavelike distribution because the fluid undergoes lateral flow in the interrupted
structure. As mentioned above, this type of flow, when the fluid flows along the channel direction, allows
for better mixing of cold and hot fluids. Fig. 10 also shows that the temperature difference between the
inlet and outlet of the microchannel heat sink with a combination of rectangular blocks and perforated
rectangular blocks (Case 3–Case 5) are lower than those of the traditional rectangular channel. This
indicates that the use of rectangular blocks or perforated rectangular blocks in the channel enhances the
heat transfer performance of the heat sink. This is because the internal disturbance structures in the
channel can promote the formation of secondary flows and ensure the mixing of the central flow with the
fluid near the wall surface, which strengthens the fluid disturbance and thins the thermal boundary layer,
with Case 5 showing the best heat transfer effect. However, the generation of these secondary flows and
the mixing process of the fluid are mostly accompanied by pressure drop losses. The pressure cloud map
of the flow channel given in Fig. 8 also confirms this point; except for the traditional rectangular channel,
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Figure 9: the Darcy friction factors for MCHS incorporating flow obstructions, across Cases 1 to 5,
normalized against Case 0. The subscript “0” indicates the reference case, which is Case 0

FDMP, 2025, vol.21, no.1 99



adding periodic disturbance structures in the channel will increase the pressure drop between the inlet and
outlet of the coolant. Therefore, establishing a balance between enhanced heat transfer and pressure drop
loss is essential for finding the optimal structure with the best comprehensive heat transfer and fluid
performance. To select the optimal structure, this part is discussed in detail in Section 3.3.

Fig. 11 illustrates the variation of the Nusselt number for each optimized model at a heat flux of
40 W/cm2 under different Reynolds numbers. It can be observed from the figure that in all model
structures, the Nusselt number increases with the increase in the Reynolds number, indicating that the
heat sink will exhibit enhanced thermal transfer capabilities. Compared to the straight-through
microchannels, the microchannels with optimized structures have higher Nusselt numbers. This is
primarily because the introduction of rectangular blocks and perforated blocks expands more heat
conduction surfaces, which aids in the mixing of cold and hot fluids, and the boundary layers near each
block will re-develop, as described in Fig. 11. It is also evident that the performance of Case 5 is superior
to that of other optimized structure microchannels. The presence of rectangular blocks and perforated
blocks disrupts the temperature profile, thereby preventing the thermal boundary layer from fully
developing. The re-establishment of the thermal boundary layer, coupled with the enhanced fluid mixing
due to the expanded surfaces, collectively contribute to the improvement of heat transfer performance.

Additionally, it is evident from the figure that when Re varies between 100 and 400, there is a significant
increase in Nu/Nu0, and after Re exceeds 400, the rate of increase in Nu/Nu0 slows down. This is primarily

Figure 10: The temperature distribution across the mid x–z cross-sectional plane
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Figure 11: the comparative heat transfer performance of MCHS with varying design configurations,
specifically Cases 1 through 4, in reference to Case 0 (The subscript “0” refers to the baseline scenario,
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due to the fact that at lower Reynolds numbers, the flow is more affected by the presence of the blocks,
leading to more pronounced changes in the heat transfer characteristics. As the Reynolds number
increases beyond 400, the disturbance of the fluid becomes more severe when it flows in the channel.,
and the effects of the blocks on the flow and heat transfer become less pronounced, resulting in a slower
rate of increase in the Nusselt number ratio.

3.3 Performance Evaluation
Fig. 12 shows the variation of the overall heat transfer performance coefficient (PEC) with respect to the

Reynolds number when the heat flux is 40 W/cm2. In all cases, the overall heat transfer performance
coefficient of the optimized structure microchannels is greater than 1, demonstrating the significance of
optimized structure microchannels in enhancing the performance of straight-through microchannels.
Across the entire range of Reynolds numbers, Case 5 consistently outperforms Cases 1 to 4 in overall
thermal performance, but this advantage diminishes after the Reynolds number exceeds 400. This could
be attributed to the slowdown in the rate of increase of the Nusselt number for Case 5 compared to the
increase in friction factor as the Reynolds number increases. Therefore, within different Reynolds number
regions, the trends in Nusselt number and friction factor affect the changes in heat transfer effectiveness.
In this study’s optimized structures, when Re is less than 400, the increase in the Nusselt number
primarily drives the improvement in the overall heat transfer performance coefficient; however, when Re
is greater than 400, the increase in friction factor begins to negatively impact the heat transfer
effectiveness, leading to a downward trend in the comprehensive heat transfer performance. Thus, Case
5 exhibits the most optimal overall heat transfer efficiency, which is also confirmed by the heat
dissipation analysis presented earlier. Therefore, the periodic addition of rectangular blocks and perforated
blocks within the channel is beneficial for enhancing the comprehensive thermal transfer effectiveness of
the heat sink, albeit at the cost of greater pressure loss.

4 Conclusion

In this study, numerical simulations are utilized to provide a quantitative analysis of the variations in
thermal efficiency and fluid dynamic properties among different channel configurations (Case 0–Case 5)
in MCHS. The effects of different channel optimization structures, including the combination of
perforated rectangular blocks with rectangular blocks and various arrangements of these two types of
blocks, specifically Cases 1 to 5, on temperature distribution, mean fanning friction factor, pressure drop,
nusselt number, and overall heat transfer performance coefficient are comprehensively investigated for a
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range of Reynolds numbers (80–870). The structure and geometry of the channel as well as the heating flux
are fixed. The main findings can be summarized as follows:

(1) Compared with straight-through microchannel heat sinks (Case 0), the heat transfer performance of
microchannel heat sinks with blocks is higher; periodic rectangular blocks create transverse recirculation
zones within the flow channel, and periodic perforated rectangular blocks create longitudinal
recirculation zones. The interaction of these two effects enhances the fluid disturbance within the
optimized structure of the microchannel heat sink, thereby strengthening the heat transfer performance.
(2) In contrast to the straight-through microchannel heat sink, the incorporation of perforated rectangular
blocks and rectangular blocks into the flow channel creates a larger heat transfer area, which facilitates
the enhancement of heat exchange effectiveness.
(3) Among the evaluated scenarios, the optimized flow channel (Case 5) shows a 2.3-fold increase in the
Nusselt number compared to the conventional straight-through flow channel (Case 0). Additionally,
Case 5’s friction factor is 2.6 times greater than that of Case 0. Case 5 exhibits the most favorable
overall heat transfer characteristics, with a 29% improvement in thermal exchange efficiency in
comparison to Case 0.
(4) Incorporating a module of perforated rectangular blocks into the flow channel facilitates the
formation of vortices, which promotes the mixing of cold and hot fluids, consequently improving
heat transfer efficiency.
(5) When the Reynolds number is below 400, the perforated rectangular blocks significantly enhance the
overall heat transfer performance of the MCHS. Additionally, when the Reynolds number exceeds 400,
the improvement effect declines.
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