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Abstract
The manifold microchannel heat sink (MMCHS) has been widely used in the field of electronic device cooling due to its 
high heat dissipation ability. In order to further reduce the flow resistance and improve the heat transfer performance of the 
microchannel, this paper proposes a novel MMCHS combining trapezoidal cross-section and curved corners and referred to 
as TC-MMCHS.  Al2O3-water nanofluid was used as the coolant. The impacts of the channel cross-sectional shapes, curved 
corners, trapezoidal structure parameters, and nanoparticle volume fraction on the flow and heat transfer performance of 
MMCHS were numerically studied. The results showed that, for the same pumping power, compared with the four MMCHS 
structures, the trapezoidal flat MMCHS (TF-MMCHS) has the lowest thermal resistance and entropy generation, and therefore 
it exhibits the highest overall performance. The introduction of curved corners significantly reduces the flow resistance, and 
compared with TF-MMCHS, the pumping power of TC-MMCHS decreases by up to 11.33%. When the bottom angle is equal 
to 78.7°, the heat transfer characteristics and irreversible losses of TC-MMCHS reach their optimal values. The increase of 
the channel width is not conducive to the improvement of heat transfer characteristics. However, it can significantly decrease 
the pumping power by 69.85%. Compared with the conventional MMCHS which uses deionized water as coolant, the intro-
duction of  Al2O3–water nanofluid into TC-MMCHS reduces the thermal resistance and entropy generation by 14.22% and 
12.36%, respectively. This significantly improves its heat transfer characteristics and reduces irreversible losses.
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List of symbols

Abbreviations
A  The heated surface area  (m2)
cp  Specific heat capacity (J  kg−1  K−1)
D  Hydraulic diameter (μm)
d  Diameter (μm)
H  Height (μm)
HS  Height of the base (μm)
h  Enthalpy
k  Thermal conductivity (W  m−1  K−1)

L  Length (μm)
M  Molecular mass of water (g  mol−1)
m  Total mass flow rate (kg  s−1)
O  Avogadro constant
P  Pressure (Pa)
PP  Pumping power (W)
Q  Total heat flux (W)
q  Heat flux (W  cm−2)
Rt  Thermal resistance (K  W−1)
Re  Reynolds number
r  Radii of the curved corners (μm)
Sgen  Total entropy generation (W  K−1)
s  Entropy (W  K−1)
T  Temperature (K)
Tbm  The maximum temperature of substrate (K)
u  Velocity (m  s−1)
V  Total volume flow rate  (m3  s−1)
W  Width (μm)
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Greek letters
�  Bottom angle of the trapezoid (°)
�  Density (kg  m−3)
�  Dynamic viscosity (Pa s)
φ  Volume fraction of nanoparticles

Subscripts
a  Top of channel
b  Bottom of channel
c  Trapezoidal channel
f  Fin
l  Fluid
m  Manifold
s  Solid
bl  Basic fluid
in  Inlet
nl  Nanofluid
np  Nanoparticle
out  Outlet

Introduction

The continuous development of electronic devices toward 
miniaturization, high power, and integration improved their 
performance. However, this caused a significant growth in 
their heat flow density [1, 2]. If the heat of the electronic 
devices cannot be dissipated in a timely and effective man-
ner, it will reduce their operational stability and service 
life, and it can lead to burning in serious cases. Traditional 
cooling techniques, such as natural convection and forced 
air cooling, are powerless for electronic devices with local 
hotspots reaching 1000 W  cm−2 [3]. To assure the normal 
functioning of electronic equipment, many studies proposed 
a series of efficient cooling technologies including heat 
pipes [4], jet impingement [5, 6], boiling phase change [7, 
8], and microchannel heat sink [9, 10]. Among them, the 

microchannel cooling technology has been widely studied 
and applied due to its outstanding reliability and cooling 
properties [10].

The thermal management technique of microchannel 
heat sinks (MCHS) was first introduced by Tuckerman and 
Pease [11]. They deduced that the MCHS can remove heat 
flow density of up to 790 W  cm−2. However, it also causes 
high pressure loss reaching 241 kPa. Afterward, in order to 
obtain high cooling performance under low pressure drop 
conditions, many researchers performed various optimized 
designs of MCHS structure, such as cavities [12, 13], ribs 
[14, 15], secondary channels [16, 17], wave channels [18, 
19], and channel cross-section shape variations [20, 21], 
as shown in Table 1. Zhai et al. [13] deduced that the fan-
shaped cavities can maintain low pressure loss and improve 
the flow characteristics in the channel. Zhu et al. [14] intro-
duced different shapes of ribs based on fan-shaped cavities 
and achieved the highest performance by combining them. 
Kuppusamy et al. [16] proposed a design approach for sec-
ondary oblique channels, which, respectively, reduces the 
thermal resistance by 76.8% compared with the traditional 
MCHS, and improves the overall performance by 146%. 
Zhang et al. [20] designed three types of microchannels hav-
ing the same cross-section but different shapes (rectangle, 
trapezoid, and circle). When the inlet flow rate is the same, 
they deduced that trapezoid microchannel has the optimum 
cooling ability, while the circular channel has the highest 
pumping power. Although the structural optimization of 
MCHS can improve its cooling performance, it is essen-
tially achieved by breaking the development of boundary 
layers during the flow process, which intensifies the fluid 
disturbances and thus enhances the heat dissipation capac-
ity of MCHS. The problem of large temperature difference 
between the entrance-export and high energy losses caused 
by the long flow process of the coolant in the MCHS has not 
been completely solved.

Table 1  Classification of the microchannel enhanced heat transfer methods

Type Structural optimization Coolant Conclusion References

MCHS MCHS Water Capable of removing heat flux density up to 790 W  cm−2 [11]
MCHS with fan-shaped cavities Water The fan-shaped cavity can maintain a low-pressure drop [14]
MCHS with secondary channels Water Compared to traditional MCHS, the overall performance of 

secondary channel has improved by 146%
[16]

Channel cross-section shapes Water The trapezoidal channel has the best cooling performance [20]
MMCHS MMCHS Water Reduced pressure drop due to shortened channel length [22]

Manifold arrangements HFE-7100 H-type and U-type arrangements reduce pressure drop [24]
Manifold structure shapes Water Parabolic manifolds exhibit the best overall performance [25]
Open MMCHS Water Reduced pressure drop due to the elimination of channel walls 

at the inlet and outlet
[27]

MMCHS with corrugated bottom CuO-water nanofluid Compared with traditional MMCHS, both pressure drop and 
thermal resistance are significantly reduced

[29]



8599Study on the flow and heat transfer performance of nanofluid in a novel manifold microchannel…

To solve the aforementioned problems in the MCHS, Har-
pole and Eninger [22] first proposed the concept of manifold 
microchannel heat sink (MMCHS). They used manifolds 
with alternating inlet–outlet distributions to evenly distrib-
ute the coolant into the microchannels, which drastically 
shortened the flow path of coolant, leading to a remarkable 
reduction in power consumption and thermal resistance. 
Afterward, there has been a proliferation of researches on the 
flow and heat transfer characteristics of MMCHS [23–29]. 
Most of these studies focus on the following two aspects.

On the one hand, some studies tackle the arrangement and 
structural types of the upper manifold. For instance, in the 
design of manifold arrangement, Luo et al. [23] found that 
the traditional Z-type arrangement has lower flow uniform-
ity and heat transfer performance compared with the H-type 
and U-type arrangements. Lin et al. [24] designed HU-type 
and ZU-type arrangements to further decrease the pumping 
power. They deduced that these arrangements decrease the 
pressure loss of the MMCHS and increase its temperature 
uniformity. Chen et al. [25] also deduced that compared with 
the conventional rectangular manifold, the conical manifold 
has lower pressure drop, while the parabolic manifold has 
the highest comprehensive performance.

On the other hand, there are mostly existing researches 
focusing on the optimization of the bottom microchannel 
structure. Mandel et al. [26] used a 2.5-D approach to dem-
onstrate that the fluid causes significant pressure loss when 
passing through sharp turns in the MMCHS. It is evident 
from the MMCHS that sharp turns are mainly caused by the 
contraction and expansion of the inlet–outlet of microchan-
nel as well as its corners. Many studies performed optimized 
designs for the microchannel structure to reduce the pres-
sure loss caused by sharp turns while maintaining low ther-
mal resistance. For instance, Gilmore et al. [27] proposed 
an open MMCHS structure that reduces the pressure drop 
by 25% by eliminating microchannel walls at the inlet and 
outlet. Tang et al. [28] designed the novel MMCHS with 
divergent/convergent channels. They found that for the same 
pumping power, the thermal resistance of new structure is 
reduced by 19.18% compared with the traditional rectangu-
lar channel. Cheng et al. [29] introduced the novel MMCHS 
with corrugated bottom surface for optimizing the bottom 
corner of the microchannel. Their results showed that the 
pumping power and thermal resistance were, respectively, 
reduced by 43.81% and 14.86% compared with the MMCHS 
of flat bottom surface.

It can be deduced from this literature review that the opti-
mization of the inlet–outlet cross section of the microchan-
nel and the channel corners in MMCHS significantly affects 
the reduction of the thermal resistance and pumping power.

In recent years, the widespread adoption of nanofluids 
technology has made it possible to enhance heat transfer by 
adding solid particles to coolants [30, 31]. Compared with 

traditional coolants, nanofluids have higher heat transfer 
coefficient. Therefore, many researchers introduced them 
into the field of microchannels to achieve a better cooling 
effect [32, 33]. Most of the studies on nanofluids focused 
on the size [34], type [35], volume fraction [36], and flow 
state of the nanoparticles [37, 38]. Yue et al. [34] studied the 
effects of nanoparticles with different diameters on the flow 
and thermal properties of the MMCHS. They deduced that, 
when the particle diameter increases, the Nusselt number 
and pumping power decrease, while the entropy generation 
increases. Alfaryjat et al. [35] studied the impacts of four 
nanofluids on the hydraulic and thermal properties of the 
MCHS. They deduced that for the same friction coefficient, 
the  Al2O3–water nanofluid has the highest heat transfer coef-
ficient. Pourfattah et al. [36] found that the heat transfer per-
formance of MMCHS is improved with the increase of the 
concentration of CuO-water nanofluids at the expense of 
increasing the pumping power. Moreover, the comprehen-
sive performance reaches the highest value for a concentra-
tion of nanoparticles of 2%.

It can be deduced from the above literature review that 
MMCHS has higher cooling characteristics and lower pres-
sure loss than MCHS. However, most of the studies on the 
MMCHS are based on conventional rectangular channel 
while not taking into consideration the optimization of the 
channel types. The variation of channel cross section in the 
MCHS has been widely studied and has demonstrated excel-
lent potential in improving the thermal properties [20, 21]. 
In addition, relevant studies confirmed that curved corners 
in channels have better flow characteristics than rectangular 
corners [39, 40]. In order to further enhance the heat transfer 
characteristics and decrease the pressure loss of MMCHS, 
this paper proposes four-channel cross-section shapes of 
the MMCHS, along with the introduction of curved cor-
ner structure. The  Al2O3–water nanofluid was used as 
the coolant. The thermal resistance, pumping power, and 
entropy generation were used as the performance evalua-
tion indexes. The impacts of channel cross-sectional shapes, 
size of curved corners, and nanofluid parameters on the flow 
and heat transfer performance of the MMCHS were finally 
studied.

Physical model and numerical methods

Physical model

Figure 1a illustrates the novel MMCHS structure combin-
ing trapezoidal cross-section channel and curved corners 
and referred to as TC-MMCHS. The heat flux enters the 
TC-MMCHS from the substrate. The coolant enters the 
inlet manifold channel and then flows through the bottom 
trapezoidal channel, removing heat from the heated wall 
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surface through convectional heat exchange. It finally flows 
out through the adjacent outlet manifold channel.

Due to the symmetry of the TC-MMCHS, the simplified 
physical model includes half an inlet manifold channel, a 
trapezoidal cross-section channel, and a complete outlet 
manifold channel, as shown in the purple wireframe in 
Fig. 1a. The geometric parameters of the computational 
domain model are shown in Fig. 1b, where L, W, and H, 
respectively, represent the length, width, and height of the 
entire computational domain model, Lin is the inlet length 

of manifold channel, Lm is the manifold length, Wa and 
Wb , respectively, denote the upper and bottom widths of 
the trapezoidal cross section, Hm is the manifold height, 
Hf , Hc , and Hs , respectively, represent the height of fin, 
channel, and substrate. r represents the radii of the curved 
corner. Table 2 displays the detailed structural parameters 
of the calculation domain.

Governing equations

The following assumptions were introduced to streamline 
the calculation process for the numerical model:

(1) The flow of the fluid is stable, laminar, and incompress-
ible.

(2) Thermophysical properties of the solid materials are 
constant.

(3) Viscous dissipation effects and environmental heat 
losses are neglected.

Based on these assumptions, the control equations for 
flow and thermal transfer in TC-MMCHS under single-
phase flow can be expressed as:

Continuity equation:

Momentum equation:
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Fig. 1  a Schematic of the MMCHS with trapezoidal cross-section 
and curved corners, b structural parameters of the calculation model

Table 2  Structural parameters in the calculation domain

Parameters Description Value/µm

L Length of model 450
L
in

Length of inlet 200
L
out

Length of outlet 100
L
m

Length of manifold 200
W Width of model 40
W

a
Top width of trapezoid channel 10

W
b

Bottom width of trapezoid channel 30
H Height of model 500
H

m
Height of manifold 250

H
f

Height of fin 100
H

c
Height of trapezoid channel 100

H
s

Height of the base 50
r Radii of the curved corners 150
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Energy equation of the fluid and solid:

where ρ represents the density, u is the flow rate, �l and cp , 
respectively, denote the viscosity and specific heat capacity, 
p, k and T, respectively, represent the pressure, heat conduc-
tivity and temperature, the subscripts l and s represent the 
fluid and solid, respectively.

Nanofluid properties

The thermophysical parameters of the equivalent single-
phase flow of  Al2O3–water nanofluid can be deduced from 
the corresponding expressions:

Density and specific heat capacity [35]:

Thermal conductivity [41]:

Dynamic viscosity [42]:

where � represents the volume fraction of nanoparticles, nl, 
bl, and np, respectively, represent the nanofluid, basic fluid, 
and nanoparticle, dbl is the diameter of  Al2O3 nanoparti-
cles, M is the molecular mass of water, and O represents the 
Avogadro constant (6.022 ×  1023).

Table 3 presents the thermophysical parameters of water 
and aluminum oxide at 293 K.

Boundary conditions

The material of the heat sink is made of silicon ( �s = 
2330 kg  m−3, cp,s = 712 J  kg−1  K−1, ks = 148 W  m−1  K−1). 
A constant heat flow density (q) of 400 W  cm−2 is set on the 
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bottom of microchannel. The inlet and outlet of coolant are 
set equal to the velocity inlet and pressure outlet, respec-
tively. The front, back, right, and left sides of the calculation 
model were set as symmetry surfaces with a gradient of null. 
The inner faces are set as non-slip walls, and the other faces 
are set as adiabatic walls. The coupling surface of the fluid 
and solid is set as a conjugate heat transfer surface to achieve 
the continuity of heat flow density.

During the numerical simulation process, the governing 
equations are discretized by using finite volume method, 
followed by iterative solutions. The fluid flow equation is 
then solved by coupling the pressure and velocity using 
the SIMPLEC algorithm. In addition, it is recognized that 
the numerical calculation converges (i.e., the calculation is 
stopped) when the residual values of energy and continuity 
equations are below  10−9 and  10−6, respectively.

Parameter definition

The parameters used to study the flow and thermal perfor-
mance of MMCHS are given by:

(1) Reynolds number:

where D is the hydraulic diameter.
(2) Total thermal resistance of the MMCHS:

where Tbm represents the maximum temperature of sub-
strate, Tin denotes the inlet temperature of nanofluid, Q 
denotes the total heat flow, and A represents the total 
heated area of the entire radiator.

(3) (3) The total pump work is computed as:

where V is the total volume flow rate, ΔP represents the 
pressure drop of the fluid.

(4) The total entropy generation (Sgen) is commonly applied 
to analyze irreversible losses in flow and heat transfer 

(10)Re =
�nfuinD

�nl

(11)Rt =
Tbm − Tin

Q

(12)Q = q × A

(13)Pp = V × ΔP

Table 3  Parameters of nanofluid nanoparticles and water

Material c
p
/J  kg−1  K−1

�/kg  m−3 k/W  m−1  K−1
�/Pa s

Al2O3 773 3880 36 –
Water 4182 998.2 0.597 9.93 ×  10−4
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processes. It is primarily composed of thermal and fric-
tion entropy generation. Therefore, the use of Sgen as 
evaluation index allows to analyze the effects on the 
overall performance of MMCHS [43].

The general expression for entropy generation can be 
determined by the second law of thermodynamics:

where sin and sout represent the entropy flowing into and out 
of MMCHS, respectively. m represents the total mass flow 
rate.

Based on the steady-state assumption, it can be inferred 
that dSsys

/

dt is null, and therefore:

Thus, the expression of total entropy generation is:

Grid independence verification

Grid independence validation is performed to ensure the 
high accuracy and reliability of the numerical calculation 
results. The division of overall grid and near wall grid of 
MMCHS is shown in Fig. 2. The solid domain grid adopts 
a tetrahedral mesh, while the fluid domain grid adopts a 
structured hexahedral mesh and is locally refined. Figure 3 
displays the effect of grid number on Rt and Pp. When the 

(14)
dSsys

dt
= m

(

sin − sout
)

+
Q

Tbm
+ Sgen

(15)hout − hin = Tin
(

sout − sin
)

+
ΔP

�

(16)Q = m
(

hout − hin
)

(17)Sgen =
Q
(

Tbm − Tin
)

TbmTin
+

mΔP

�Tin

grid number increases to 196,780, Rt reaches 0.2277 K  W−1, 
and Pp reaches 0.0685 W. As the grid continues to refine, the 
changes in Rt and Pp tend to stabilize. Therefore, a grid size 
corresponding to the grid number of 196,780 is adopted as 
the standard for the subsequent computational model mesh-
ing, which ensures the high accuracy of the computational 
results and reduces calculation time.

Model validation

In order to verify the accuracy of the adopted numerical 
calculation method, its results are compared with the experi-
mental results of Drummond et al. [44]. HFE-7100 is used 
as the refrigerant, and the heat flux density at the bottom of 
radiator is set in the range of 0–120 W  cm−2. The compari-
son between the experimental and simulation data for the 
average temperature of heated surface at different heat flux 
densities is illustrated in Fig. 4. It can be seen that the maxi-
mum difference between the simulation and experimental 

Solid
domain

Fluid
domain

Fig. 2  Schematic of the grid model
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data is less than 1.1 K, and the error is within 0.5%. There-
fore, the simulation method adopted in this paper is feasible.

Results and discussion

Effect of different channel cross‑section shapes

In this paper, four structural design schemes are proposed 
to investigate the influence of different channel cross-sec-
tion shapes on the flow and thermal performance of flat 
MMCHS (F-MMCHS) (Fig. 5): rectangular flat MMCHS 

(RF-MMCHS), trapezoidal flat MMCHS (TF-MMCHS), 
inverted trapezoidal flat MMCHS (ITF-MMCHS), and 
half ellipsoidal flat MMCHS (HEF-MMCHS). The cross-
sectional area of the channel remains constant across all the 
design schemes, measuring 40 μm × 100 μm. The volume 
fraction of the  Al2O3–water nanofluid is 2%.

Hydrodynamic performance

Figure 6b exhibits the change of Pp with Re for four struc-
tures of F-MMCHS. When the Re of the nanofluid increases, 
the Pp of all the four F-MMCHSs increases and the addition 

Fig. 5  Schematic of the 
F-MMCHS with four different 
structures
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Outlet
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Fig. 6  Variation of the 
performance parameters of 
F-MMCHS with four different 
structures function of Re: a Rt, 
b Pp, and c Sgen

(a) (b)

(c)

0.45

0.40

0.35

0.30

0.25

0.20

0.15
20 40 60 80 100

RF – MMCHS
TF – MMCHS

ITF – MMCHS

HEF – MMCHS

Reynolds number

R
t/K

 W
–1

S
ge

n/
W

 K
–1

P
p/

W

20 40 60 80 100

Reynolds number

20

0.012

0.016

0.020

0.024

0.028

40

0.25

0.20

0.15

0.10

0.05

0.00

60 80 100

Reynolds number

RF – MMCHS
TF – MMCHS

ITF – MMCHS

HEF – MMCHS

RF – MMCHS
TF – MMCHS

ITF – MMCHS

HEF – MMCHS



8604 Z. Tang et al.

becomes progressively larger. For the same Re of 60, the Pp 
of the ITF-MMCHS is maximum (0.076 W) and that of the 
RT-MMCHS is minimum (0.070 W). Figure 7b illustrates 
that ITF-MMCHS has the highest pressure, followed by 
TF-MMCHS, while HEF-MMCHS and RT-MMCHS have 
significantly lower pressures. The high-pressure areas are 
mainly concentrated at the inlet and bottom corners of the 
channel.

From Fig. 7a, it is evident that when the nanofluid flows 
from the upper manifold to bottom microchannel, due to 
the contraction of the channel cross-section area, the fluid 
undergoes a gathering phenomenon and the flow velocity 

rapidly increases. This results in increasing pressure at the 
inlet [27]. Compared to TF-MMCHS and HEF-MMCHS, 
RT-MMCHS and ITF-MMCHS have higher pressure at 
the inlet. The significant pressure variation at the bottom 
corner of the microchannel is mainly due to the sudden 
change in the flow direction when coolant flows through 
the microchannel, resulting in an increase of the pres-
sure. Compared to the other three structural channels of 
F-MMCHSs, the overall uniformity of the flow velocity 
in the ITF-MMCHS is significantly lower. This is mainly 
because there are large flow stagnation zones at the cor-
ners on the two sides of the bottom of the channel, which 

Fig. 7  F-MMCHS contour maps 
with four different structures at 
Re of 60: a velocity, b pressure, 
and c temperature
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results in extremely low flow velocity and maximum pres-
sure loss.

Meanwhile, it can be clearly seen from Fig. 8 that com-
pared to rectangular channel, the narrow upper and wide 
lower structures of trapezoidal and half ellipsoidal channels 
force more coolant to flow through their lower half, resulting 
in a high flow velocity region at the bottom of the channel. 
For inverted trapezoidal channel, the flow velocity of the 
coolant in the middle part of the channel is higher.

Heat transfer performance

Figure 6a demonstrates the relationship between the heat 
transfer performance and Re for the F-MMCHSs with dif-
ferent structural designs. It is evident that with an increase 
of Re from 20 to 100, the Rt of the four F-MMCHSs 
gradually decreases and the heat transfer performance is 
improved. This is due to the fact that the increase in Re 
makes the impact strength between the coolant and the 
wall increase, hindering the development of the thermal 
boundary layer and enhancing its cooling effect. However, 
the rate of decrease of Rt becomes smaller with increasing 

Re. For the same Re, the Rt of the four F-MMCHSs always 
exhibits the following descending order: TF-MMCHS, 
HEF-MMCHS, RF-MMCHS, and ITF-MMCHS.

Figure 7c illustrates the temperature contour maps of 
F-MMCHSs at Re of 60. Compared with RF-MMCHS, 
TF-MMCHS and HEF-MMCHS have higher cooling prop-
erties, while that of ITF-MMCHS is deteriorated. This 
is because the heat flux is set at the bottom of the heat 
sink, so the larger width at the bottom of the microchan-
nel means the larger heat transfer area facing the heat flow 
side, which is beneficial to enhance cooling performance. 
The bottom width of the trapezoidal and half ellipsoidal 
microchannels is larger than that of the rectangular micro-
channel, which improves its cooling properties, while the 
opposite holds for the inverted trapezoidal microchannel. 
This phenomenon indicates that the width of the bottom of 
the microchannel significantly enhances the cooling effect 
[45]. In addition, it is affected by the distribution of cool-
ant flow. It is evident from Figs. 7a and 8 that, compared to 
the rectangular channel, the narrow upper and wide lower 
structures of the trapezoidal and half ellipsoidal channels 
force more coolant to flow through their lower half, which 
promotes the heat transfer. In contrast, the inverted trap-
ezoidal channel makes the coolant flow through the middle 
part of the channel, which reduces its cooling capacity.

Considering the optimization objective of the MMCHS 
(i.e., ensuring that the temperature of the electronic 
devices is within the normal working range while consum-
ing less power), the variation of Rt with Pp in F-MMCHSs 
is further analyzed, as shown in Fig.  9a. When Pp 
increases, the Rt of the four F-MMCHSs shows a gradually 
decreasing trend. However, the magnitude of the decrease 
is gradually reduced. For the same Pp value, the Rt of ITF-
MMCHS is the largest, followed by those of RF-MMCHS 
and HEF-MMCHS, while TF-MMCHS has the smallest 
Rt, and therefore its heat transfer capacity is the highest.

Rectangle
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Fig. 8  Velocity contours and streamlines at the middle section of the 
four channels

Fig. 9  Variation of a Rt and b 
Sgen with Pp for four structures 
of F-MMCHS
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Total entropy generation

From Fig.  6c, when Re increases, the Sgen of the four 
F-MMCHSs gradually decreases. Sgen denotes the sum of 
heat transfer entropy generation and friction entropy genera-
tion, while its trend is consistent with the change of Rt and 
opposite to that of Pp, which suggests that the heat transfer 
entropy generation takes the major role in this case [46]. 
The Sgen of TF-MMCHS is the smallest one, and thus it 
has better flow and heat transfer irreversibility. As previ-
ously mentioned, the cooling performance of ITF-MMCHS 
is the worst, and the pumping power consumption is also the 
highest. Therefore, it has the largest heat transfer entropy 
generation and friction entropy generation. This results in 
the highest total entropy generation, which causes higher 
irreversible energy losses.

When Pp increases, the Sgen of the four F-MMCHSs 
shows a gradually decreasing trend (Fig. 9b), being consist-
ent with the decreasing trend of Rt. This is mainly due to the 
fact that, when Pp is constant, the friction entropy genera-
tion remains unchanged, and the changes in Sgen are only 
related to the thermal performance. Therefore, for the same 
Pp value, the irreversible energy losses of MMCHS with 
four-channel shapes, from high to low, are as follows: ITF-
MMCHS, RF-MMCHS, HEF-MMCHS, and TF-MMCHS. 
As a result, the TF-MMCHS has optimal hydraulic and ther-
mal properties (Fig. 10).

Effect of the radii of the curved corners 
in the microchannel

Curved structures are introduced into the corners of the 
channel (i.e., TC-MMCHS) to minimize the flow resistance 
loss of TF-MMCHS. The influence of different curved radii 
(r) on Rt, Pp, and Sgen of TC-MMCHS is investigated. The 
r values are set to 100, 125, 150, 175, and 200 μm, and TF-
MMCHS is considered as the comparative object.

Figure 11a and b illustrates the velocity and streamline 
clouds of five different locations in TF-MMCHS and TC-
MMCHS with r = 150 μm, respectively. In general, the uni-
formity of the flow velocity of TC-MMCHS is obviously 
better than that of TF-MMCHS. It is well known that, when 
the nanofluid flows through the corner of TF-MMCHS, there 
is almost no coolant flowing through the lower half of the 
microchannel. This reduces its flow uniformity and results 
in increasing the flow resistance. The curved structure per-
fectly avoids this drawback. By comparing P2, P4, PB, and 

Fig. 10  The influence of differ-
ent r values on Rt, Pp, and Sgen
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PD, it can be deduced that the flow uniformity of the latter 
is significantly better than that of the former. Therefore, the 
curved structures at the channel corners have important role 
in reducing the flow resistance.

Figure 10 shows the effects of different r values. As r 
increases, Rt and Sgen also increase. It indicates that the 
cooling properties of TC-MMCHS gradually decrease and 
irreversible losses gradually grow. The dashed lines in 

Fig. 10 represent the thermal resistance (Rt-flat), pump-
ing power (Pp-flat), and entropy generation (Sgen-flat) of 
the TF-MMCHS. It can also be observed from Fig. 12a 
that, for r < 175 μm, the high-temperature area on the 
bottom of the heat sink becomes small, and the Rt value 
is less than 0.2296 K  W−1, which indicates a better heat 
transfer compared with that of TF-MMCHS. However, as 
r continues to increase, Rt becomes higher than Rt-flat, the 

Fig. 12  a Temperature and b 
pressure contour maps of TC-
MMCHS for different r values
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high-temperature area becomes larger, and the tempera-
ture uniformity will deteriorate. This is because when r 
is small, the fluid disturbance at the turning point is more 
pronounced, which helps enhance the heat transfer in the 
corner regions to some extent. However, as r increases, 
the impact intensity decreases, and the flow disturbance 
reduces accordingly, leading to the reduction in cooling 
performance. Therefore, a smaller curved radii are more 
conducive to improving the heat transfer efficiency and 
cooling performance of TC-MMCHS.

As r increases, Pp shows a linear downward trend, 
decreasing by 11.33%, as illustrated in Fig. 10. The intro-
duction of curved corners significantly reduces the pres-
sure at the channel corner in TF-MMCHS (Fig. 12). In 
addition, when r increases, the magnitude of the pressure 
decrease tends to increase. When the coolant flows through 
the curved corner, the flow direction suddenly turns from 
longitudinal to transverse, and there will be a significant 
impact between the nanofluid and microchannel bottom, 
which leads to a significant pressure change in the TF-
MMCHS [47]. The curved corner effectively mitigates the 
impact effect in the turn. Moreover, an increase in r value 
enhances the cushioning effect and reduces the pressure 
drop.

The trade-off between heat transfer performance as 
the cooling benefit and pump power consumption as the 
cooling cost has become an important factor in improv-
ing the comprehensive performance of TC-MMCHS. 
Therefore, it is necessary to comprehensively consider the 
impact of r on Rt and Pp. From Fig. 10, it can be observed 
that as r increases from 100 to 150  μm, Rt increases 
by 0.0009 K   W−1 and Pp decreases by 0.0045 W  K−1, 
while as r increases from 150 to 200 μm, Rt increases by 
0.0050 K  W−1and Pp decreases by 0.0038 W  K−1. The 
difference in the decrease of Pp between the two is rela-
tively small, but the increase in Rt for the latter is 5.6 
times higher than that of the former. Meanwhile, com-
pared to TF-MMCHS, when r = 150 μm, the Rt and Pp 
of TC-MMCHS are smaller. Therefore, when r = 150 μm, 
the comprehensive performance of TC-MMCHS reaches 
the best.

Effect of the cross‑section parameters of trapezoidal 
channel

To enhance the comprehensive performance of TC-
MMCHS, the influence of structural parameters of the trap-
ezoidal cross section is investigated. It mainly includes the 
bottom angle of the trapezoid ( � ) and the width of its central 
part (Wc), where Wc = (Wa + Wb)/2. Figure 13 shows the dia-
gram of the structural parameters of the trapezoidal channel 
cross section.

Effect of the bottom angle of trapezoid

Wc is set to 20 μm and α is varied by adjusting Wb. More 
precisely, α is set to 73.3, 76, 78.7, 81.5, 84.3, and 90°. Fig-
ure 14 illustrates the effect of different α values on Rt, Pp, 
and Sgen of TC-MMCHS.

When � increases, both Rt and Sgen of TC-MMCHS show 
a trend of first decreasing and then increasing. For α = 78.7°, 
both Rt and Sgen reach their minimum value, the heat trans-
fer capacity reaches their optimum, and irreversible energy 
losses are minimized. It can be observed from Fig. 15 that 
for α = 73.3° and α = 90°, there are significantly more high-
temperature areas on the substrate, which results in poor 
heat transfer characteristics. When α is small, although the 
heat transfer region at the bottom of the trapezoidal channel 
increases, the larger width of channel leads to a lower flow 
rate, which suppresses the improvement of the heat transfer 
capacity. When α is large, the convective heat transfer area 
at the bottom of the microchannel decreases, and the high 
flow velocity region moves up, which is not conducive to 
increasing the cooling capacity of TC-MMCHS [20].

From Fig. 14, the increase of � has an improvement effect 
on Pp. However, the decrease effect is not significant, with a 
reduction of only 0.005 W. The fluid flow distribution pro-
vides a good explanation for the occurrence of this phenom-
enon. The high velocity zone is mainly concentrated in the 
lower part of the trapezoidal channel and forms two equal 
vortices, as shown in Fig. 15b. When � gradually increases, 
this region also gradually moves up and the vorticity gradu-
ally decreases. For � = 90°, it is a traditional rectangular 
channel. At this time, the vorticity in the channel is mini-
mized, and the flow velocity distribution is relatively uni-
form, which reduces the flow resistance and minimizes the 

Wb

Wc
Wf

Wa

0.5Lin

α

Fig. 13  Structural parameters diagram of the trapezoidal channel 
cross section
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value of Pp. In practice, it must take into account both the 
cooling properties and required power consumption of TC-
MMCHS. In this study, it is considered that the comprehen-
sive performance of TC-MMCHS reaches its optimal state 
for α = 78.7°.

Effect of the trapezoidal channel width

The variation of the channel width is one of the significant 
factors influencing the overall performance of TC-MMCHS. 
The channel width (Wc) is set to 15, 17.5, 20, 22.5, and 
25 μm, and α is set to 78.7°. Figure 16 shows the variation 
of Rt, Pp, and Sgen of TC-MMCHS for different Wc values.

When Wc increases, both Rt and Sgen show a gradually 
increasing trend. Rt increases from 0.209 to 0.256 W, which 
denotes an increase of 22.49%, while Sgen increases from 
0.0151 to 0.0178 W  K−1, which represents an increase of 
17.88%. It suggests that the increase of Wc is not conducive 
to improving the cooling properties of TC-MMCHS and 
reducing the irreversible energy losses. The increase of Wc 
improves the convective heat transfer area of the microchan-
nel, at the expense of significantly reducing the flow rate of 
nanofluid, as shown in Fig. 17b. The high flow rate region in 
the lower part of the channel significantly decreases, which 
results in significantly reducing the convective heat transfer 
capacity, leading to the increase of Rt and Sgen [48].

Figure 16 demonstrates that increasing Wc significantly 
decreases Pp from 0.136 to 0.041  W, which denotes a 
decrease of 69.85%. The pressure contour maps illustrated 
in Fig. 17a clearly show that the pressure significantly drops 
with the increase of Wc. When Wc is small, the flow resist-
ance becomes greater, which results in higher pressure loss. 
In addition, when Wc increases, the hydraulic diameter 
increases and high flow velocity area gradually decreases, 

which effectively reduces the pressure drop. This is consist-
ent with the results obtained by Yang et al. [49].

In order to further improve the overall performance of 
TC-MMCHS, the interaction effects of the structural param-
eters of the trapezoidal cross section on the Rt, Pp, and Sgen of 
TC-MMCHS are investigated. Combining Figs. 14 and 16, 
both Rt and Sgen exhibit the same trend of variation, regard-
less of the changes in α or Wc. The maximum changes in Rt 
and Sgen caused by the variation in α are 0.010 K  W−1 and 
0.0007 W  K−1, respectively. As Wc increases, the changes 
in Rt and Sgen can reach 0.047 K  W−1 and 0.0028 W  K−1, 
respectively. Therefore, the variation of Rt and Sgen of TC-
MMCHS is mainly influenced by Wc. When α = 78.8° and 
Wc = 15 μm, the values of Rt and Sgen of TC-MMCHS are 
the smallest, with the best heat transfer performance and the 
smallest irreversible losses. At the same time, it can also be 
observed that the change in Wc has a much greater impact on 
Pp than � , and the change in Wc is the dominant factor in the 
pressure drop change of TC-MMCHS. As α and Wc increase, 
the values of Pp show gradually decreasing trend. When both 
α and Wc are maximum (α = 90°, Wc = 25 μm), TC-MMCHS 
has the smallest Pp and the lowest energy consumption.

Effect of the nanoparticle volume fraction

The influence of the volume fraction of  Al2O3–water nano-
fluid ( � ) on Rt, Pp, and Sgen of TC-MMCHS is studied. The 
values of φ are set to 0 (deionized water), 1, 2, 3, and 4%.

Figure 18 shows the variation of Rt, Pp, and Sgen at differ-
ent φ values. It shows that  Al2O3–water nanofluid remark-
ably improves the cooling characteristics of TC-MMCHS 
compared with deionized water (φ = 0). In addition, the 
increase of φ results in gradually increasing the heat trans-
fer capacity, while Rt decreases by 4.13, 8.94, 12.43, and 
16.32%. Moreover, the increase of φ reduces the maximum 
temperature of heat sink surface and significantly improves 

Fig. 14  Effect of different α 
values on Rt, Pp, and Sgen
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its temperature uniformity, as illustrated in Fig. 19. The is 
primarily because the introduction of  Al2O3 suspended par-
ticles improves the heat conductivity, compared with deion-
ized water. When φ increases, the number of nanoparticles 
also increases, which results in enhancing the interaction 

between coolant and microchannel wall, leading to a promi-
nent improvement in the cooling performance [50].

Although the increase of φ favors the cooling perfor-
mance of TC-MMCHS, the corresponding additional 
power consumption increases. From Fig.  18, when φ 

Fig. 15  a Temperature and b 
velocity contour maps in the 
middle cross section of the 
channel for different α values
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increases, Pp linearly increases. This is because the 
increase of φ makes the nanofluid more viscous, and the 
flow resistance grows, which results in increasing the 
power consumption of the heat exchange system. There-
fore, when choosing a suitable φ value, the effects of 
the power consumption and thermal properties should 
be considered. In addition, the increase of φ results in a 
decrease of Sgen by 13.45%, which indicates a decrease 
in the irreversible losses of the system. In this study, the 
magnitude order of the heat transfer entropy generation is 
much higher than that of the friction entropy generation, 
and it takes a dominant role in the Sgen [10]. Therefore, the 
variation trend (gradually decreasing) of Sgen is consistent 
with that of Rt.

Conclusions

In order to improve the flow and heat transfer character-
istics of the conventional MMCHS, this paper proposes a 
novel MMCHS combining trapezoidal cross-section and 
curved corners and using the  Al2O3–water nanofluid as the 
coolant. The superiority of different channel cross-section 
shapes is discussed, and the effects of r, α, Wc, and φ of 
the TC- MMCHS are studied. The main findings are as 
follows:

(1) For the same Re, Rt and Sgen of F-MMCHSs with four 
different structures always exhibit the following pattern 
in descending order: TF-MMCHS, HEF-MMCHS, RF-
MMCHS, and ITF-MMCHS. For the same Pp, the Rt 

Fig. 16  The influence of differ-
ent Wc values on Rt, Pp, and Sgen
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and Sgen of TF-MMCHS are the smallest, exhibiting the 
highest overall performance.

(2) The introduction of curved corners decreases the flow 
resistance of TF-MMCHS and enhances its cooling 
capacity. For Re = 60, the Pp of TC-MMCHS decreases 
by up to 11.33%, compared with that of TF-MMCHS.

(3) The structural parameters of trapezoidal channel have 
different degrees of influence on TC-MMCHS perfor-
mance. When � increases, Rt and Sgen exhibit a trend of 
first decreasing and then increasing. For α = 78.7°, the 
heat transfer properties and irreversible losses reach 
their optimal level. The increase of Wc is not beneficial 

to improving cooling performance. However, it signifi-
cantly reduces Pp (by up to 69.85%).

(4) The  Al2O3–water nanofluid enhances the cooling per-
formance and reduces the irreversible losses in TC-
MMCHS, compared with deionized water (φ = 0). 
When φ increases, Rt and Sgen, respectively, decrease 
by 16.32% and 13.45%, at the expense of increasing Pp. 
Therefore, φ should not have a very large value, and it 
should be optimized based on evaluation indicators.

(5) This nanofluid with low particle concentration and 
small particle size is selected in this study to ensure 
its low deposition rate and avoid blocking microchan-

Fig. 17  a Pressure contours and 
b velocity contours for different 
Wc values
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nels. To improve the flow and heat transfer stability of 
nanofluids, adding surfactants to nanofluids can be con-
sidered in subsequent research. Meanwhile, considering 
the practical processing issues, the current advanced 
manufacturing technology (e.g., 3D printing) can be 
utilized to provide suitable processing methods for the 
heat sink.
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Fig. 18  Effect of � on the Rt, 
Pp, and Sgen of TC-MMCHS
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