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Abstract: This paper numerically studies the thermal performances of electroosmotic flow (EOF) in a
symmetric Y-shaped microchannel heat sink (MCHS) having a constant total channel surface area,
that is, constant convective heat transfer area. It is found that the average convective heat transfer
coefficient of EOF increases with the increasing driven voltage, which is attributed to the increase of
EOF flowrate with the increasing driven voltage. However, the maximum MCHS temperature shows
an increasing after decreasing trend with the driven voltage owing to the dramatically increasing
Joule heating when the voltage is large enough. Further, both the maximum MCHS temperature
and average convective heat transfer coefficient are sensitive to the cross-sectional dimensions of
the Y-shaped microchannels. The thermal performances of EOF in the Y-shaped MCHS show a
strengthening to weakening trend with the increasing daughter-to-parent channel diameter ratio of
the Y-shaped microchannel with circular cross-sectional shape, and show a similar strengthening
to weakening trend with the increasing daughter-to-parent channel width ratio and the increasing
microchannel height of the Y-shaped microchannel with rectangular cross-sectional shape. These
cross-sectional dimension dependences of thermal performances are related to the increasing to
decreasing trend of EOF flowrate changing with the microchannel cross-sectional dimensions.

Keywords: microchannel heat sink; electroosmotic flow; thermal performance; convective
heat transfer

1. Introduction

The development of miniaturization and integration means microelectronic devices are faced with
the challenge of high heat flux, thus, excellent heat dissipation techniques are highly desirable for the
cooling of these devices. Among many heat dissipation techniques, microchannel heat sink (MCHS)
with advantages like compactness, miniaturization, and low cost is proved to be a technique with
excellent heat dissipation capability, which is suitable for the cooling of microelectronic devices [1–15].
However, owing to the extremely small characteristic dimension of the microchannel, the fluidic
resistance in the microchannel is large, which can be easily found from the Hagen–Poiseuille’s law
for laminar flow within a microtube that the fluidic resistance is inversely proportional to the fourth
power of its hydraulic diameter [16]. Thus, a larger pump power is needed to drive the fluid flowing
in a microchannel compared with what is used to drive the same amount of fluid in a macrochannel.
Furthermore, the conventional MCHS with parallel channel layout displays problems like large
temperature gradient and bad temperature uniformity. Thus, how to reduce the fluidic resistance of
fluid flow in the MCHS and improve its thermal performances inspires considerable scientific interests.

To improve the fluidic and thermal performances of MCHS, alternative fluid driving schemes can
be used to replace the typical pressure-driving scheme. It has been widely accepted that when a solid
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comes into contact with an ionic liquid, the solid–liquid interface can be spontaneously charged, and
then an electric double layer (EDL) with nonzero local net charge density near the charged solid–liquid
interface [17–19] can be generated owing to the electrostatic interaction. This will incur a different
driving scheme named electroosmotic flow (EOF) [19–25], that is, the liquid can be driven to move
in a microchannel through a voltage difference between the inlet and outlet of the microchannel.
This is because the local charge density within the EDL is nonzero, and the applied voltage difference
will exert an electric body force on the liquid to drive the fluid. The transport process of EOF has
been widely studied and used in various microfluidic devices [24–29]. For example, Herr et al. [24]
analytically and experimentally investigated EOF in cylindrical capillaries with nonuniform surface
charge distributions. Xuan and Li [25] studied EOF in microchannels with arbitrary cross-sectional
geometry and charge distribution. Horiuchi and Dutta [26] theoretically studied the Joule heating effect
of EOF in two-dimensional straight microchannels and analyzed its thermal performances including
temperature distribution, heat transfer coefficient, and Nusselt number. The thermal performances
of EOF-based MCHS have also inspired considerable research. For example, Shamloo et al. [27]
numerically studied the heat transfer of mixed EOF and pressure-driven flow (PDF) in straight
microchannels with asymmetrical and symmetrical surface charge distributions. Husain and Kim [28]
investigated the thermal performances of MCHS for EOF, PDF, and mixed EOF and PDF, and they
found that application of an external electric field could enhance the flow rate, and consequently
reduce the thermal resistance. Maynes and Webb [29] analytically studied the convective heat transfer
of the thermally fully-developed EOF in a parallel plate microchannel and microtube under imposed
constant wall heat flux and constant wall temperature boundary conditions.

It should be noted that, though some studies have been performed to analyze the fluidic and
thermal performances of EOF within an MCHS, most of the previous studies focused on the MCHS
with parallel channel layout [24–29], which has the problem of large fluidic resistance and large
temperature gradient. Thus, the channel layout of MCHS needs further optimization to improve its
fluidic and thermal performances. MCHS with treelike branching channel layout inspired by natural
structures like leaf veins and tree roots was found to display advantages, including smaller fluidic
resistance and better temperature uniformity, compared with the MCHS with conventional parallel
channel layout [7–10,30–35]. However, most previous studies regarding treelike MCHS focused on the
pressure-driven flow, and there is less research on the thermal performances of EOF within a treelike
MCHS. Considering the Y-shaped microchannel is the elemental component unit of complex treelike
networks with large branching numbers and large branching levels, this paper will study the thermal
performances of EOF in a Y-shaped MCHS. Further, the effects of channel cross-sectional dimensions of
the Y-shaped microchannel on the maximum MCHS temperature and average convective heat transfer
coefficient of EOF will also be studied, and the possible underlying mechanisms will be investigated.
Both circular and rectangular channel cross-sectional shapes are considered. The present study on the
thermal performances of EOF in the Y-shaped MCHS will be helpful to design the EOF-based MCHS
with optimal fluidic and thermal performances.

2. Numerical Model

2.1. Geometry Configuration of the MCHS

To simplify the analysis, the symmetric Y-shaped microchannel consisting of a parent microchannel
and two daughter microchannels, as shown in Figure 1, are used in this paper. The two daughter
channels have the same cross-sectional dimensions and channel length to keep the symmetry of
the Y-shaped microchannels. A circle and rectangle with uniform height are chosen as the channel
cross-sectional shapes. The microchannel lengths are set to be constant as l0 = 4000 µm for the
parent channel and l1 = 2828.44 µm for the two daughter channels. The diameters of the Y-shaped
circular microchannels and widths and heights of the Y-shaped rectangular microchannels are set to be
adjustable to study the effects of microchannel cross-sectional dimensions on the thermal performances
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of EOF in the MCHS. During the adjustment of cross-sectional dimensions, the total channel surface
area for convective heat transfer is set to be a constant of S = 2,112,620 µm2. The detailed cross-sectional
dimensions of the Y-shaped microchannels with circular and rectangular cross-sectional shapes are
listed in Tables 1–3. The MCHS dimensions are fixed at Ls ×Ws × Hs = 6434 × 3000 × 200 µm3 and the
branching angle of the Y-shaped microchannels is set to be 60◦.
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Figure 1. A schematic figure of the Y-shaped rectangular microchannel heat sink (MCHS).

Table 1. Cross-sectional dimensions of the Y-shaped circular microchannels.

Adjusted Diameter Ratio β = d1/d0 of the Daughter Channel and Parent Channel

β 1 0.9 0.8 0.7 0.6 0.5 0.4 0.3
d0 (µm) 70.22 74.595 79.465 85.025 91.4 98.8 107.475 117.775
d1 (µm) 70.22 67.1355 63.572 59.5175 54.84 49.4 42.99 35.3325

Table 2. Cross-sectional dimensions of the Y-shaped rectangular microchannels with adjusted
widths ratio.

Adjusted Widths Ratio κ =W1/W0 of the Daughter Channel and Parent Channel

κ H (µm) W0
(µm)

W1
(µm) H (µm) W0

(µm)
W1

(µm) H (µm) W0
(µm)

W1
(µm)

1

40

70.44 70.44

60

50.35 50.35

80

30.214 30.214
0.9 74.775 67.2975 53.45 48.105 32.075 28.8675
0.8 79.675 63.34 56.955 45.564 34.18 27.344
0.7 85.253 59.6771 60.945 42.6615 36.576 25.6032
0.6 91.66 54.996 65.536 39.3216 39.334 23.6004
0.5 99.096 49.548 70.135 35.0675 42.54 21.27
0.4 107.808 43.1232 77.12 30.86 46.306 18.5224
0.3 118.163 35.4489 84.581 25.3743 50.8 15.24
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Table 3. Cross-sectional dimensions of the Y-shaped rectangular microchannels with adjusted uniform
channel height.

Adjusted Rectangular Channel Height H of the Parent Channel and Daughter Channel

H (µm) κ
W0

(µm)
W1

(µm) κ
W0

(µm)
W1

(µm) κ
W0

(µm)
W1

(µm)

20

0.3

151.438 45.4314

0.5

127.25 63.625

0.8

102.34 81.872
30 134.937 40.4811 113.183 56.5915 91.014 72.8112
40 118.163 35.4489 99.096 49.548 79.675 63.34
50 101.426 30.4278 84.987 42.5 68.323 54.6584
60 93.005 27.9015 77.925 38.9625 62.64 50.112
70 84.578 25.3734 70.135 35.0675 56.955 45.564
80 67.704 20.3112 56.71 28.355 45.574 36.4592

2.2. Governing Equations

In this paper, EOF is assumed to be three-dimensional, incompressible, Newtonian, and
steady-state laminar flow. In order to study the thermal performances of the EOF in the Y-shaped
MHCS, a uniform heat flux is applied to the bottom surface of the MCHS and the heat is removed by
EOF driven by an applied voltage difference between the inlet and outlets of the Y-shaped microchannel.
Both the fluid flow and heat transfer of EOF can be governed by the following equations.

The modified Navier–Stokes equation containing the electrical body force [36].{
∇·v = 0

ρ(v·∇v) = −∇p +∇·(µ∇v) + ρeE
(1)

where v is the velocity; ρ is the liquid density; ∇p is the external pressure gradient, which is set to be
zero in this paper to keep pure EOF; µ is the liquid dynamic viscosity; ρe is the charge density within
the EDL; and E is the electric field strength, which is related to the electric potential as follows [36]:

E = ∇Φ (2)

where Φ is the electrical potential, which can be simplified as the linear superposition of the applied
electric potential ϕ, and the EDL electric potential ψ is as follows [36]:

Φ = ϕ+ψ (3)

The applied electric potential is governed by the following [36]:

∇
2ϕ = 0 (4)

The EDL electric potential is given by the following [36]:

∇
2ψ = −

ρe

ε
=

2n0ze
ε

sin h(
zeψ
kbT

) (5)

where ε is the liquid permittivity, n0 is the liquid bulk ionic concentration, z is liquid chemical valence,
e is the elementary charge, kb is the Boltzmann constant, and T is the absolute temperature.

The heat transfer is governed by the following energy equations [37]. ρcp f (
→
v ·∇T f ) = k f∇

2T f + λE2 + Ψ for fluid flow
ks∇

2Ts = 0 for solid heat sink
(6)
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where cpf is the liquid specific heat, Tf is the temperature field within the liquid, kf is the liquid thermal
conductivity, λ is the liquid electrical conductivity, λE2 is the Joule heating, Ψ is the viscous dissipation,
ks is the solid thermal conductivity, and Ts is the temperature field within the solid heat sink.

MCHS is made of silicon and deionized water with good heat transfer performances including
high heat capacity and thermal conductivity is chosen as the working liquid. The thermophysical
properties of silicon and deionized water are assumed to be temperature independent, as listed
in Table 4.

Table 4. Thermophysical properties of silicon and deionized water.

Materials Density
(kg/m3)

Thermal
Conductivity
(W/(m × K))

Specific
Heat

(J/(kg × K))

Viscosity
(Pa × s)

Electrical
Conductivity

(S/m)

Permittivity
(F/m)

Si 2329 130 700 – – –
Water 996 0.6 4182 1.0 × 10−3 5.5 × 10−6 70.8

2.3. Initial and Boundary Conditions

In the numerical simulation, the initial and boundary condition are set up as follows. All of the
channel walls satisfy the no-slip velocity boundary condition, temperature continuity, and have a
uniform zeta potential of −100 mV. The inlet voltage is set to be a given value from 500 V to 500 kV and
the outlet voltage is zero to drive the deionized water with an inlet temperature of 293.15 K. Further,
the inlet pressure and outlet pressure are set to be zero to keep the pure EOF. A uniform heat flux of
10 kW/m2 is applied to the bottom surface of MCHS, and the other MCHS surfaces are adiabatic. With
these initial and boundary conditions, the thermal performances of EOF-based MCHS are numerical
studied using commercial software COMSOL. To analyze the convective heat transfer performances of
EOF in the MCHS, the average heat transfer coefficient h is calculated as follows [38,39].

h =
cp f qm(Tout − Tin)

S(Tw − T f ave)
(7)

where qm is the mass flowrate, Tout is the outlet average temperature of the liquid, Tin is the inlet
average temperature of the liquid, S is the total microchannel wall area, Tw is the average temperature
of the channel walls, and Tfave is the average liquid calculated by (Tin + Tout)/2.

2.4. Model Validation

To maintain the accuracy and computational efficiency of the numerical simulation, the grid
independence test was firstly carried out based on the method in the literature [40]. Table 5 gives an
example of the grid independence test for the Y-shaped rectangular MCHS with the uniform channel
height of 40 µm and channel width ratio of one under the applied voltage of 30 kV. Four groups of
tetrahedral mesh with different numbers of 2.05 × 104, 4.37 × 104, 1.07 × 105, and 3.02 × 105 were used
for the grid independence test. The average inlet velocity, the average outlet velocity, the maximum
MCHS temperature, and their relative errors were calculated. It can be found that the numerical results
with sufficient accuracy can be obtained for the simulation with a mesh number of 1.07 × 105, and
this meshing was chosen. The similar grid independence test was performed for each simulation to
maintain the accuracy of the numerical results and make sure the numerical results are independent of
the grid size.
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Table 5. Example of grid independence test.

Test
Number i

Mesh
Number vin [m/s] (vin

i+1
−vin

i)/vin
i vout [m/s] (vout

i+1
−vout

i)/
vout

i Tmax [K] (Tmax
i+1
−Tmax

i)
/Tmax

i

1 2.05 × 104 0.393931 – 0.18262 – 307.1497 –
2 4.37 × 104 0.393709 1.55 × 10−3 0.18122 −7.7 × 10−3 307.8948 2.43 × 10−3

3 1.07 × 105 0.393999 0.74 × 10−3 0.18059 −3.5 × 10−3 308.7434 2.76 × 10−3

4 3.02 × 105 0.393844 −0.39 × 10−3 0.18076 0.94 × 10−3 309.0823 1.1 × 10−3

To further verify the feasibility of the aforementioned numerical model, theoretical models
to solve the velocities and flowrate in the Y-shaped microchannels with circular and rectangular
cross-sectional shapes are further established to compare the theoretical and numerical data of velocity
and flowrate, respectively.

In this paper, the cross-sectional geometries of each microchannel are set to be much larger than
the EDL thickness of the deionized water; thus, the steady EOF velocity in the parent and daughter
microchannels can be given by the Helmholtz–Smoluchowski equation as follows [20].

vi =
ε0εζEi
µ

=
ε0εζVp,i

µli
(8)

where Vp,i is the voltage difference along each microchannel; li is the microcahnnel length; and i is
the index of the microchannels, where i = 0 for the parent channel and 1 for the daughter channel in
this paper.

The corresponding total EOF flowrate Qv within the parent and daughter microchannels can be
expressed as follows:

Qv,i = viAiNi =


Niε0εζVp,iπd2

i
4µli

for circular
Niε0εζVp,iWiH

µli
for rectangle

(9)

where Ai is the cross-sectional area of each channel, N is the branching number and is equal to 2 for
Y-shaped microchannel in this paper, di is the diameter of each circular microchannel, Wi is the width
of each rectangular microchannel, and H is the uniform rectangular channel height.

Owing to the symmetry of the Y-shaped microchannels, the following dimensionless parameters
are introduced to give the cross-sectional dimension relationships of the Y-shaped microchannels.

γ = l1
l0

β = d1
d0

κ = W1/W0

(10)

where γ is the daughter-to-parent channel length ratio of the Y-shaped microchannels, β is the
daughter-to-parent channel diameter ratio of the Y-shaped circular microchannels, and κ is the
daughter-to-parent channel width ratio of the Y-shaped rectangular microchannels.

Under the assumption of incompressible, Newtonian, and steady-state laminar flow, the EOF
should obey the mass conservation law, thus,

Qv,0 = Qv,1 (11)

Correspondingly, there is
Qv,1

Qv,0
=

NVp,1A1l0
Vp,0A0l1

= 1 (12)

Thus,
∆Vp,1

∆Vp,0
=

 γ

β2N
for circular

γ
κN for rectangle

(13)
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and

Vp,1 =

 Vp,0
γ

β2N
for circular

Vp,0
γ
κN for rectangle

(14)

If the total voltage difference Vp along the inlet and outlets of the Y-shaped microchannel is a
given parameter, it can be expressed as follows:

Vp = Vp,0 + Vp,1 =


Vp,0

1−( γ

β2N
)

2

1− γ

β2N

for circular

Vp,0
1−( γκN )

2

1− γκN
for rectangle

(15)

Then,

Vp,i =


Vp

1− γ

β2N

1−( γ

β2N
)

2 (
γ

β2N
)

i for circular

Vp
1− γκN

1−( γκN )
2 (
γ
κN )

i for rectangle
(16)

Further, the Helmholtz–Smoluchowski velocity in each microchannel of the symmetric Y-shaped
microchannel can be expressed as follows:

vi =
ε0εζVp,i

µli
=



ε0εζVp(1−
γ

β2N
)( γ

β2N
)

i

µli[1−
(
γ

β2N

)2
]

for circular

ε0εζVp(1−
γ

β2N
)( γ

β2N
)

i

µli[1−
(
γ

β2N

)2
]

for rectangle
(17)

Correspondingly, the total flowrate in the Y-shaped microchannels can be further expressed as
follows:

Qv = Qv,0 = Qv,1 = v0A0 =


ε0εζVp(1−

γ

β2N
)πd2

0

4µl0[1−
(
γ

β2N

)2
]

for circular

ε0εζVp(1−
γ
κN )W0H

µl0[1−(
γ
κN )

2
]

for rectangle
(18)

In this paper, the total channel surface area is set to be constant, thus, there is,

S =

 πd0l0
1−(Nβγ)2

1−Nβγ for circular

2Hl0
1−(Nγ)2

1−Nγ + 2W0l0
1−(Nκγ)2

1−Nκγ for rectangle
(19)

If l0 and γ are given parameters, the cross-sectional dimension of the parent microchannel can be
given as follows: 

d0 = S
πl0

1−Nβγ
1−(Nβγ)2 for circular

W0 =
S−2Hl0

1−(Nγ)2

1−Nγ

2l0
1−(Nκγ)2

1−Nκγ

for rectangle
(20)

Introducing Equation (20) into Equation (18), the EOF flowrate within the Y-shaped MCHS under
the constant total channel surface area can be further expressed as follows:

Qv =


ε0εζVpS2(1− γ

β2N
)

4πµl03[1−
(
γ

β2N

)2
]
[ 1−Nβγ

1−(Nβγ)2 ]
2

for circular

ε0εζVpH[S−2Hl0
1−(Nγ)2

1−Nγ ](1− γκN )

2µl02[1−( γκN )
2
]

1−(Nκγ)2

1−Nκγ

for rectangle

(21)



Coatings 2020, 10, 380 8 of 14

On the basis of the numerical simulations and the theoretical models, Equations (17) and (21),
Figure 2 gives the comparisons between the theoretical and numerical results of EOF velocity in the
parent microchannel and EOF flowrate both for the Y-shaped circular microchannels and Y-shaped
rectangular microchannels with H = 60 µm. It can be found that the numerical and theoretical data
are in good agreement with each other, which means the present numerical models and methods
are feasible.
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Figure 2. Validations of electroosmotic flow (EOF) velocity in the parent microchannel (a) and EOF
flowrate (b).

3. Results and Discussion

3.1. Effects of Applied Voltage on the Thermal Performances

On the basis of the numerical simulation, Figure 3 gives the effect of different applied voltage on
the average convective heat transfer coefficient of EOF in the Y-shaped MCHS with different geometries
and configurations. It can be found from Figure 3 that, for each Y-shaped MCHS, the average
convective heat transfer coefficient of EOF shows an increasing trend with the increasing applied
voltage, which is related to the linearly increasing EOF flowrate with the increasing applied voltage,
as shown by both the theoretical and numerical results in Figure 4. This is because the increasing
applied voltage generates increasing electric field strength within the microchannel, which enlarges
the Helmholtz–Smoluchowski velocity of EOF and the corresponding flowrate, and then leads to the
increasing convective heat transfer capability characterized by the average convective heat transfer
coefficient, as shown in Figure 3. These results are similar to the previous studies regarding the
effects of applied voltage on the flowrate and thermal resistance of the electroosmotically enhanced
microchannel heat sinks with parallel channel layout [28].

Although both the flowrate and the convective heat transfer coefficient show increasing trends
with the increasing applied voltage, the maximum temperature of the MCHS shows a non-monotonous
trend with the increasing applied voltage, as shown in Figure 5. When the applied voltage is large
enough, the maximum MCHS temperature increases with the increasing applied voltage. This is
directly related to the Joule heat effect [26]. On the basis of the definition of Joule heat as λE2, Joule
heat increases quadratically with the increasing applied voltage. When the voltage is large enough, the
increasing Joule heat will exceed the heat dissipation capability of EOF, resulting in the increase of the
maximum MCHS temperature.



Coatings 2020, 10, 380 9 of 14

Coatings 2020, 10, x FOR PEER REVIEW 9 of 15 

Coatings 2020, 10, x; doi: FOR PEER REVIEW www.mdpi.com/journal/coatings 
 

 
Figure 3. Effect of applied voltage on the average convective heat transfer coefficient of EOF in the Y-
shaped microchannels with different geometries and configurations. 

   

 
Figure 4. Effect of applied voltage on the flowrate of EOF in the Y-shaped microchannels with 
different geometries and configurations. 

Although both the flowrate and the convective heat transfer coefficient show increasing trends 
with the increasing applied voltage, the maximum temperature of the MCHS shows a non-
monotonous trend with the increasing applied voltage, as shown in Figure 5. When the applied 
voltage is large enough, the maximum MCHS temperature increases with the increasing applied 
voltage. This is directly related to the Joule heat effect [26]. On the basis of the definition of Joule heat 
as λE2, Joule heat increases quadratically with the increasing applied voltage. When the voltage is 
large enough, the increasing Joule heat will exceed the heat dissipation capability of EOF, resulting 
in the increase of the maximum MCHS temperature. 

Figure 3. Effect of applied voltage on the average convective heat transfer coefficient of EOF in the
Y-shaped microchannels with different geometries and configurations.

1 
 

 

Figure 4. Effect of applied voltage on the flowrate of EOF in the Y-shaped microchannels with different
geometries and configurations.

Coatings 2020, 10, x FOR PEER REVIEW 10 of 15 

Coatings 2020, 10, x; doi: FOR PEER REVIEW www.mdpi.com/journal/coatings 
 

 
Figure 5. Effect of applied voltage on the maximum temperature of the Y-shaped microchannel heat 
sink with different geometries and configurations. 

3.2. Effects of Channel Cross-Sectional Dimensions on the Thermal Performances 

The channel cross-sectional dimension is an important factor to influence the thermal 
performances of the MCHS; therefore, this present work investigates these effects for the EOF within 
the Y-shaped MCHS. Figure 6 gives the results of the effects of the daughter-to-parent channel 
diameter ratio on the maximum MCHS temperature and average convective heat transfer coefficient 
of the Y-shaped circular MCHS. It can be found that both the maximum MCHS temperature and the 
average convective heat transfer show non-monotonous trends with the increasing daughter-to-
parent channel diameter ratio of the Y-shaped circular microchannels. Specifically, the maximum 
MCHS temperature shows a decreasing after increasing trend, however, the average convective heat 
transfer coefficient shows an opposite trend from decrease to increase. This means that the thermal 
performance displays a manner of first strengthening and then weakening. To further analyze the 
reasons for these results, Figure 7 gives the effect of the daughter-to-parent channel diameter ratio on 
the flowrate of EOF. It can be found that the EOF flowrate within the Y-shaped circular microchannels 
shows a transition from increasing to decreasing with the daughter-to-parent channel diameter ratio, 
which can be used to explain the trends of maximum MCHS temperature and average convective 
heat transfer. For the non-monotonous trend of flowrate with the daughter-to-parent diameter ratio, 
it has actually been well-recognized in both the living and nonliving treelike transport systems to 
obtain the maximum transport efficiency, which is known as Murray’s law. The results of EOF 
flowrate shown in Figure 7 show the EOF within the treelike branching microchannel displaying 
similarity to Murray’s law, which has been reported in our recent studies [10,41]. 

 

Figure 6. Effect of daughter-to-parent channel diameter ratio on the maximum temperature and 
average convective heat transfer coefficient of the Y-shaped circular MCHS. 

Figure 5. Effect of applied voltage on the maximum temperature of the Y-shaped microchannel heat
sink with different geometries and configurations.



Coatings 2020, 10, 380 10 of 14

3.2. Effects of Channel Cross-Sectional Dimensions on the Thermal Performances

The channel cross-sectional dimension is an important factor to influence the thermal performances
of the MCHS; therefore, this present work investigates these effects for the EOF within the Y-shaped
MCHS. Figure 6 gives the results of the effects of the daughter-to-parent channel diameter ratio on
the maximum MCHS temperature and average convective heat transfer coefficient of the Y-shaped
circular MCHS. It can be found that both the maximum MCHS temperature and the average convective
heat transfer show non-monotonous trends with the increasing daughter-to-parent channel diameter
ratio of the Y-shaped circular microchannels. Specifically, the maximum MCHS temperature shows a
decreasing after increasing trend, however, the average convective heat transfer coefficient shows an
opposite trend from decrease to increase. This means that the thermal performance displays a manner
of first strengthening and then weakening. To further analyze the reasons for these results, Figure 7
gives the effect of the daughter-to-parent channel diameter ratio on the flowrate of EOF. It can be found
that the EOF flowrate within the Y-shaped circular microchannels shows a transition from increasing to
decreasing with the daughter-to-parent channel diameter ratio, which can be used to explain the trends
of maximum MCHS temperature and average convective heat transfer. For the non-monotonous trend
of flowrate with the daughter-to-parent diameter ratio, it has actually been well-recognized in both the
living and nonliving treelike transport systems to obtain the maximum transport efficiency, which
is known as Murray’s law. The results of EOF flowrate shown in Figure 7 show the EOF within the
treelike branching microchannel displaying similarity to Murray’s law, which has been reported in our
recent studies [10,41].
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Similarly, Figure 8 gives the effects of the daughter-to-parent channel width ratio and channel
height on the maximum MCHS temperature and the average convective heat transfer coefficient of
the Y-shaped rectangular MCHS with different geometries and configurations. Similar results with
the Y-shaped circular MCHS are obtained for the Y-shaped rectangular MCHS. Both the maximum
MCHS temperature and average convective heat transfer coefficient are sensitive to the cross-sectional
dimensions of the Y-shaped rectangular microchannel. The maximum MCHS temperature shows
a decreasing to increasing trend with the increasing daughter-to-parent channel width ratio of the
Y-shaped rectangular microchannel having a given uniform channel height, and with the increasing
channel height of the Y-shaped rectangular microchannels having a given daughter-to-parent channel
width ratio. However, the average convective heat transfer coefficient shows an opposite trend with
the maximum MCHS temperature. Further, Figure 9 gives the effects of the daughter-to-parent channel
width ratio and channel height on the EOF flowrate in the Y-shaped rectangular microchannel, which
is found to display increasing to decreasing trends. This can be used to explain the effects of the
daughter-to-parent channel width ratio and channel height on the maximum MCHS temperature and
average convective heat transfer coefficient.
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In addition, it should be noted that the trend of flowrate and the trends of thermal performances
are not exactly consistent, thus it can be found that the optimal cross-sectional dimensions, where
the flowrate and thermal performances are largest, are not exactly the same. Further, although
simplified theoretical models have been established to predict the optimal channel cross-sectional
dimensions to achieve the maximum EOF flowrate within a Y-shaped microchannel under a given
applied voltage [10,41], a simplified method to predict the optimal channel cross-sectional dimensions
to achieve the maximum convective heat transfer efficiency is not established because of the complexity
of the convective heat transfer, which is not only related to the flowrate, but also depends on other
factors like Joule heat, aspect ratio of the rectangular channel, thermal boundary condition, and
Reynolds number, which can inevitably affect the thermal performances [27,42,43]. Nevertheless,
the present work found that flowrate influences the thermal performances in a positive manner, and
both the flowrate and thermal performances of EOF in a Y-shaped MCHS show strengthening to
weakening trends with the cross-sectional dimensions both for the circular MCHS and the rectangular
MCHS. This provides the inspiration that the flow and thermal performances of the Y-shaped MCHS
can be enhanced by optimization of the design of the cross-sectional dimensions.

4. Conclusions

This paper numerically studied the thermal performances including maximum MCHS temperature
and average convective heat transfer coefficient of EOF in a Y-shaped MCHS with two channel
cross-sectional shapes of circle and rectangle, and investigated the effects of microchannel cross-sectional
dimensions of the Y-shaped microchannel on the maximum MCHS temperature and average convective
heat transfer coefficient under the constraint of constant total microchannel surface area. The findings
in this paper showed that the EOF flowrate displayed an increasing to decreasing trend with the
increasing daughter-to-parent channel diameter ratio of the Y-shaped circular microchannel and the
increasing daughter-to-parent channel width ratio and increasing channel height of the Y-shaped
rectangular microchannel. This further resulted in the average convective heat transfer coefficient
first increasing and then decreasing with the increasing daughter-to-parent channel diameter ratio of
the Y-shaped circular microchannel and the increasing daughter-to-parent channel width ratio and
increasing microchannel height of the Y-shaped rectangular microchannel; however, the maximum
MCHS temperature shows an opposite trend to that of the convective heat transfer coefficient. This
means the cross-sectional dimensions of a Y-shaped MCHS could be optimized to obtain the maximum
EOF heat and mass transport efficiencies, which still need further study.
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