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A B S T R A C T

In this paper, a three dimensional (3D) numerical model of a rectangular microchannel with longitudinal vortex
generators (LVGs) is developed. The impacts of length, width, longitudinal spacing, and number of LVG pairs are
discussed. To improve the flow and heat-transfer performance, the Taguchi method is employed for optimiza-
tion. Three evaluation indexes—Nusselt number (Nu), Fanning friction factor (f), and overall efficiency (η)—are
selected. The analysis of the influence degree of the geometric parameters of LVGs are carried out by intuitive
analysis of the Taguchi method results, and the optimum combinations of geometric parameters are also de-
termined. Also, the second-order dimensionless correlations involving multiple impact factors are obtained
through response surface analysis. Results show that the number and longitudinal spacing of LVG pairs are the
main impact factors for Nu. Regarding the flow resistance, the number and length of LVGs have a much stronger
influence than other parameters. Two optimum combinations for Nu and overall efficiency are acquired, which
achieve a 23.6% and 7.2% increase for Nu and overall efficiency, respectively, compared with the original
model. The maximum differences between the correlations and test models are less than 15% for all of the
evaluation indexes. The present investigation can be beneficial for the design and optimization of LVGs-en-
hanced microchannel heat sinks.

1. Introduction

With the rapid development of micro-electro-mechanical systems
(MEMSs), fluid flow and heat transfer at the micro-scale have been the
focus of many researchers. Owing to their small size, MEMSs have high
heat flux, which imposes a higher requirement for the system's heat-
transfer characteristics. Since Tuckerman and Pease [1] first applied a
rectangular microchannel to a new heat sink as an effective way to
enhance heat transfer, allowing a high power density, microchannels
have been studied by numerous researchers, including their application
in single-phase forced-flow cooling [2–4], two-phase cooling [5,6]. To
improve the performance of the microchannel, many researchers have
done a lot of research on the optimization of the microchannel heat
sink. Wang et al. [7] numerically optimized the geometric parameters
of the microchannel heat sink, including channel number, aspect ratio,
and width ratio of the channel to pitch while nanofluid was as the
coolant. Lin et al. [8] developed a wavy microchannel heat sink with
changing wavelength along the flow direction. The numerical in-
vestigation shows that the new design has a better thermal performance
than the straight and the original wavy microchannel. Chuan et al. [9]

proposed an innovative concept which replacing solid fins by porous
fins in the microchannel heat sink to reduce flow resistance. They found
that compared with the conventional heat sink, the porous fins make
43.0%–47.9% pressure drop decrease while the price is less than 5%
increase of thermal resistance under the simulation conditions in this
paper. In addition, some researchers designed and developed the
double-layered microchannel heat sinks [10–12] which have better
heat dissipation performance.

Although smooth microchannels can be applied to cooling in high-
power-density devices, to achieve a higher cooling performance, cir-
cular [13,14] and square [15,16] micro-pin fin arrays have been ap-
plied in microchannels. However, longitudinal vortex generators
(LVGs) [17], which can generate longitudinal vortices and effectively
disturb the flow boundary layer, have been widely used in heat ex-
changers or heat-transfer units of conventional scale [18–20]. Thus, the
technology of incorporating LVGs into microchannels is deemed to be
another effective way of improving heat-transfer performance. Some
researchers experimentally and numerically investigated the thermo-
hydraulic performance of LVGs in the microchannel and optimized the
structure of LVGs by the parametric study. Liu et al. [21] conducted
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experimental investigations on the liquid-flow and heat-transfer per-
formance in rectangular microchannels with LVGs, and considered the
influence of number, attack angle, and arrangement of LVGs. They
found that LVGs can decrease the critical Reynolds number compared to
a smooth microchannel. The results show that the LVG-enhanced mi-
crochannel increased the heat-transfer performance by 9%–21% for
laminar flow and by 39%–90% for turbulent flow compared with a
smooth microchannel with the Reynolds numbers varying from 170 to
1200. Based on Liu's study, Chen et al. [22] experimentally investigated
the impact of the aspect ratio of microchannels and the number and
height of LVG pairs. They found that the lower the aspect ratio of the
microchannel and height of the LVGs, the more heat-transfer perfor-
mance was increased. These results indicate that the critical Reynolds
number increases with the reduction of the number of LVG pairs. Eb-
rahimi et al. [23] numerically studied heat-transfer and flow char-
acteristics in microchannels with different arrangements of LVG pairs
and found that microchannels equipped with LVGs increased heat-
transfer performance by 2%–25% compared to smooth microchannels
with the Reynolds numbers varying from 100 to 1100. Datta et al. [24]
conducted numerical heat-transfer and flow-processes studies in mi-
crochannels with different LVG attack angles and reported that LVGs
with a 30° attack angle for Reynolds numbers greater than 600 showed
the best overall performance and, further, that a larger channel length
downstream of the second LVG pair enhanced heat transfer. In Ref.
[25], Datta et al. used the genetic algorithms and obtained the ex-
pression of Nusselt number, friction factor involving Reynolds number
and location of vortex generator. The predicted model shows that
compared with the smooth channel, the vortex generator increased the
heat-transfer performance by 40–135% while the pressure drop in-
creased by 62–186.7% with the increase of Reynold number. Zhang
et al. [26] were the first to apply LVGs to micro-gaps of three-dimen-
sional (3D) stacked chips. They numerically investigated the flow and
heat-transfer performance of micro-gaps with LVGs and considered the
influence of different arrangement parameters. Their results indicate
that decreasing transverse spacing and increasing height of micro-gaps
and number of LVG pairs can enhance heat transfer. The overall per-
formance of micro-gaps equipped with LVGs could, therefore, be better
than that with smooth micro-gaps.

As mentioned above, LVGs can effectively enhance the heat-transfer
performance in microchannels, and many investigators have studied the

impact of microchannel structures and arrangements of LVG pairs.
However, in these studies, control variable method is widely used, and
attack angle and number of LVGs are the main objects of investigation.
Moreover, there are few available studies focused on the influence
degree and optimum combinations of LVG structure parameters in the
microchannel. In addition, thermo-hydraulic performance correlations
showing the impact of LVGs parameters have yet to be presented with
respect to microchannels. The expressions obtained by Ref. [25] only
considered the influence of the LVGs arrangement and Reynolds
number while the impact of LVGs structure themselves such as length
and width are not considered.

In this paper, the effect of the length, width, longitudinal spacing,
and number of LVGs on the flow and heat transfer characteristics of
microchannels is numerically investigated. The influence mechanism of
LVGs geometric parameters is analyzed. Furthermore, the Taguchi
method [27] is employed to determine the influence degree of different
parameters and optimized combinations of different parameters for
heat-transfer and overall performance. Moreover, the second-order
multiple regression models are set up by response surface methodology
(RSM) and thermo-hydraulic performance correlations of Nusselt
number, friction factor, and overall efficiency are presented, con-
sidering the impact of four LVG geometric parameters and Reynolds
number. The results shown in this paper are meaningful for the en-
gineering application of flow and heat transfer in microchannels.

2. Model description and numerical method

2.1. Physical and computational model

A schematic of a rectangular microchannel with LVGs is shown in
Fig. 1. The length, width, and height of the microchannel, shown in
Fig. 1(a), are 20, 1.5, and 0.1 mm, respectively. Fig. 1(b) shows the
geometric parameters of LVGs; that is, l, b, and β are the length, width,
and attack angle of the LVGs, respectively. According to the results on
LVGs investigated by Leu et al. [28] and Wu and Tao [29,30], LVGs
with an attack angle of 45° provided the best heat-transfer enhance-
ment. Therefore, in this paper, β is set at 45°. Sl represents the long-
itudinal spacing of symmetrical LVG pairs and St the distance between
two adjacent LVG pairs. In the present work, the impacts of varying the
structure (l, b, Sl) and the number (N) of LVGs are the main objects of

Nomenclature

List of Symbols

Ach Base area of the microchannel, m2

b Width of LVGs, m
CR Contribution ratio
cp Specific heat kJ (kg K)kJ (kg K) 1

Dh Hydraulic diameter, m
f Fanning friction factor
H Height of channel, m
h Heat-transfer coefficient W (m K)2 1

k Thermal conductivity W (m K) 1

L Length of channel, m
l Length of LVGs, m
N Number of LVG pairs
Nu Nusselt number

p Pressure drop, Pa
p Static pressure, Pa
Re Reynolds number

T Temperature differences, K
T Temperature, K
Sl Longitudinal spacing of two LVGs, m

St Distance between two adjacent LVG pairs, m
SNR Signal-to-noise ratio
Uin Inlet velocity, m2 s−1

W Width of the microchannel, m

Greek symbols

Generalized variable
β Attack angle of LVGs, rad

Overall efficiency
µ Dynamic viscosity, Pa·s

Density, kg m 3

Generalized diffusion coefficients
S Generalized source term

Subscripts

avg Value of average
in Inlet
max Value of maximum
out Outlet
s Smooth channel
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investigation, while the dimensions of the microchannel remain the
same. Owing to the symmetric arrangement of the microchannel and
LVGs, the computational domain, which is shown in Fig. 1(c), can be
reduced to half of the microchannel.

2.2. Mathematical description

In this study, we focused on the single-phase laminar flow and heat-
transfer characteristics of microchannels. Deionized water was used as
the working fluid with an inlet temperature of 298 K and assumed in-
compressible. Silicon (Si) was selected as the LVG material. The tem-
perature-dependent thermo-physical properties of deionized water and
Si are shown in Table 1. The governing equations include mass, mo-
mentum, and energy equations. The general form of them can be
written as follow:

u
x

v
y

w
z x x y y z z

S( ) ( ) ( )+ + = + + +

(1)

The variables used in differential equations are shown in Table 2.
To describe the flow and heat-transfer characteristics well, some

parameters are defined as follows. The Reynolds number (Re) is defined
as

Re U D
µ
in h

in
=

(2)

where

D H
H

2W
Wh =

+ (3)

The Nusselt number mentioned in this paper is the average Nusselt
number which is calculated by using the following correlation,

Nu hD
k

h

m
=

(4)

where

h q
T

= (5)

q mc T T( )/Ap out in ch= (6)

The Fanning friction factor is adopted to represent the resistance
and is defined as

f D p
L U2

h

in
2=

(7)

2.3. Numerical method and boundary condition

In this study, Fluent 17.0 was employed to simulate the fluid-flow
and heat-transfer processes. The solution method was based on the
SIMPLE algorithm, and the second-order upwind scheme was adopted
to discretize the convection term. The convergence conditions were
defined as follows: the residuals of the energy equation and other
equations were less than 10−8 and 10−6, respectively. In the present
computational model, the channel wall thickness was neglected. All the
interfaces between the wall and the fluid were under no-slip boundary
conditions, and the side walls and top wall were adiabatic. The sym-
metry plane was under the symmetric boundary condition. The tem-
perature of the bottom wall remained 323.15 K. The inlet velocity was
considered to be uniform. The boundary conditions for the temperature
and the velocity at the outlet are shown as follow,

u
z

v
z

w
z

for velocity, 0= = =
(8)

T
z

for temperature, 0=
(9)

2.4. Grid independency and model verification

Non-uniform grids were generated by ANSYS meshing based on the
sweep method. The inflation layer, a local mesh encryption method,
was applied to the near-wall grids. Four grids with different mesh
densities were generated to carry out the grid independence test. The
results of the Nusselt number and pressure drop for different grids at
Uin = 2.28 m/s, Re = 482 are shown in Table 3. There was little dif-
ference (less than 1%) in the results between the third and fourth grids,
while the mesh number increased by 55%. Thus, the third grid was
chosen for the simulation.

To validate the grid and numerical simulation method, a geometry
with the same structure as the “G2” model in Ref. [21] was established.
In “G2” model, the length (l), width (b), attack angle (β) and the
number (N) of LVGs are 0.4 mm, 0.05 mm, 45° and 5, respectively. And
the longitudinal spacing of symmetrical LVG pairs (Sl) is 0.2 mm. Fig. 3
shows the data of the present numerical simulation and that of Liu et al.
[21]. As shown in Fig. 2, the maximum deviations of the Nusselt

Fig. 1. Schematic of microchannel of LVGs: (a) physical model, (b) geometric
parameters of LVGs, and (c) computational domain.

Table 1
Temperature-dependent thermo-physical properties of silicon and Deionized-
water [18].

Properties Silicon Deionized-water

μ(Pa·s) / 0.0194–1.065 × 104T+1.489 × 10−7T2

k (W/(m·K)) 290-0.4T −0.829 + 0.0079T-1.04 × 10−5 T2

cp (J/(kg·K)) 390 + 0.9T 5348–7.42T + 1.17 × 10−2 T2

ρ(kg/m3) 2330 998.2
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number are less than 5%. Therefore, the numerical method is con-
sidered reliable.

3. Taguchi method

The Taguchi method was used to optimize the design and improve
the robustness of the product. The Taguchi method can be used to de-
sign a series of factor combinations, according to the number and levels
of impact factors. By analyzing the results of the experiments, an op-
timal impact factor combination can be obtained. In this work, the
Taguchi method was employed to investigate the effect degree and
optimize the structure of the LVGs.

3.1. Selection of influence factors and objectives

In the present study, Nusselt number and Fanning friction factor

were adopted as the evaluation indexes of heat transfer and flow re-
sistance, respectively. To evaluate the overall performance, the overall
efficiency (η) was defined as [23,31,32].

Table 2
Variables in different equations.

Equations S

mass 1 0 0
x-momentum u µ/ p x1/ /
y-momentum v µ/ p y1/ /
z-momentum w µ/ p z1/ /
Energy (Fluid) T k c/( )p fluid 0
Energy (Solid) Tsolid ksolid 0

Table 3
Grid independency.

Mesh number/104

(grid size)
Uin = 2.288 m/s, Reynolds number 482 l = 400 μm, b= 50 μm,
Sl = 200 μm, N= 5

Nu Differences/% Δp/Pa Differences/%

100 (0.08 mm) 6.104 17.4 71404.9 3.5
149 (0.05 mm) 7.572 2.5 73287.75 0.97
194 (0.03 mm) 7.40 0.16 73697.14 0.42
310 (0.02 mm) 7.3881 0 74005.5 0

Fig. 2. Comparison of simulation results with experimental data of Liu et al.
[16].

Fig. 3. Impact degree of geometric parameters on Nu, f, and η: (a) Nu, (b) f, and
(c) η.
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Nu Nu
f f

/
( / )

s

s
1/3=

(10)

Hence, the objectives included Nusselt number, Fanning faction
factor, and overall efficiency. Four impact factors, including the length
(l) and width (9b) of LVGs, longitudinal spacing (Sl) of LVGs, and
number (N) of LVGs, and four levels in each impact factor, were con-
sidered, as shown in Table 4. The parameter values shown in Table 4
are determined according to Ref [21] and the requirement of Taguchi
method. Also, the upper and lower value of the parameters are limited
by the structure of the microchannel. Based on the theory underlying
the Taguchi method, an orthogonal experiment with four factors and
four levels, L16 (44), was designed as shown in Table 5.

3.2. Signal-to-noise ratio

Signal-to-noise Ratio (SNR) is an important parameter in the
Taguchi method used to evaluate the robustness of a system. Generally,
a large SNR is favorable for robustness. The optimal object is to get a
large SNR for the evalution indexes. However, for evaluation indexes in
this paper, large Nu and overall efficiency, and small f are expected. So
two definitions of the SNR were used [28]:

SNR
n Y

10lg 1 1

i

n

i
lb

1
2=

= (11)

SNR
n

Y10lg 1

i

n

isb
1

2=
= (12)

where SNRlb and SNRsb are appropriate for the larger-the-better–type
characteristics and smaller-the-better–type characteristics, respectively,
Y is the value of the index and n represents the replicated experimental
units which is one in this paper. Eq. (11) is applied to Nusselt number
and the overall efficiency, and Eq. (12) is applied to friction factor. For
example, when Eq. (11) is applied to calculate the SNRNu, the expres-
sion is shown as:

SNR
Nu

10lg 1
1

1
Nu

i 1

1

2=
= (13)

where, Nu is calculated by Eq. (4).

4. Results and discussions

Table 6 shows the numerical simulation results of orthogonal design
and the SNR of Nu, f and η computed by Eq. (11) and Eq. (12).

Since there is more than one different factor between any two
combinations, the data processing is necessary, and some parameters
are defined. SNRavg is the average SNR of same impact factor in the
same level, which is defended as.

SNR i j
SNR i j
n

( , )
( , )

avg
k
n

1= =
(14)

where i is the studied impact factor, j is the level of the factor and n is

the number of cases in Table 5 which include the studied impact factor
and the level.

The range (R) of each impact factor is selected to represent the
ability of influence, which is defended as.

R SNR i j SNR i jmax( ( , )) min( ( , ))i avg avg= (15)

where i is the number of impact factors and j is the level of the factor.
To represent the influence ratio clearly, the contribution ratio (CR) is
defined as

CR i R
R

( ) i

i
m

i1
=

= (16)

where m is the number of impact factors.

Table 4
Levels of each factor with LVGs.

Levels Factors (Code)

L (A) [length
of LVGs (μm)]

b (B) [width
of LVGs
(μm)]

Sl (C) [longitudinal
spacing (μm)]

N (D) [number
of LVGs]

1 300 40 100 3
2 350 45 200 6
3 400 50 300 9
4 450 55 400 12

Table 5
Orthogonal array of L16 (44).

Test number Factor

A B C D

1 1 1 1 1
2 1 2 2 4
3 1 3 3 2
4 1 4 4 3
5 2 2 1 2
6 2 1 2 3
7 2 4 3 1
8 2 3 4 4
9 3 3 1 3
10 3 4 2 2
11 3 1 3 4
12 3 2 4 1
13 4 4 1 4
14 4 3 2 1
15 4 2 3 3
16 4 1 4 2

Table 6
Simulation results.

Test number Response and SNR

Nu SNRNu f SNRf η SNRη

1 6.808 16.660 0.04903 26.191 1.0825 0.6885
2 7.879 17.930 0.06322 23.983 1.1511 1.2222
3 7.451 17.444 0.05527 25.150 1.1383 1.1253
4 7.820 17.865 0.06060 24.351 1.1587 1.2797
5 7.057 16.972 0.06201 24.151 1.0376 0.3208
6 7.709 17.740 0.06658 23.533 1.1069 0.8823
7 7.144 17.079 0.05282 25.544 1.1081 0.8918
8 8.459 18.546 0.07250 22.793 1.1806 1.4422
9 7.283 17.246 0.07769 22.193 0.9933 −0.0584
10 7.478 17.476 0.07025 23.067 1.0548 0.4632
11 8.490 18.578 0.08066 21.866 1.1435 1.1649
12 7.144 17.079 0.05282 25.545 1.1081 0.8918
13 7.309 17.278 0.09477 20.467 0.9330 −0.6020
14 7.197 17.143 0.06415 23.857 1.0463 0.3930
15 8.736 18.827 0.09057 20.860 1.1322 1.0782
16 7.751 17.787 0.07667 22.308 1.0618 0.5210

Table 7
CR of each factor for evaluation indexes.

Factors CR

Nu f η

A 7.00 44.60 32.10
B 11.16 4.06 16.24
C 37.90 7.31 42.92
D 43.93 44.03 8.74
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4.1. Analysis of the Taguchi method

4.1.1. Analysis of impact degree
Based on the simulation results and calculation of SNRavg, the

factor-effect plot shown in Fig. 3 was obtained. Fig. 3(a) and (b)

represent the influence on Nusselt number and friction factor, respec-
tively. From Fig. 3(a), it can be seen that the spacing and number of
LVG pairs have a significant influence on Nusselt number. The reason is
that increasing the number of LVGs pairs increases the heat-exchange
area and generates more vortexes that are beneficial for heat transfer.
The spacing of the LVG pairs can, furthermore, influence the distribu-
tion of velocity. Table 7 shows the contribution ratio of the impact
factors calculated by Eq. (16). Compared to the CR shown in Table 7,
the impact degree of different impact factors is D > C > B > A for
Nusselt number. The sum of the contribution ratios of the longitudinal
spacing and number of LVGs is more than 80%. Hence, the number and
the spacing of the LVGs should be considered the main factors when
optimizing the heat-transfer characteristics of microchannels.

As shown in Fig. 3(b), the length and number of LVGs have sig-
nificant effects on the friction factor, because with increasing number of
LVG pairs, more longitudinal vortexes are generated, leading to more
loss of resistance. Moreover, the projected area on the cross-section
increases with increasing LVG length, which means that more fluid will
be influenced. By comparing the CR shown in Table 7, the effect orders
of different impact factors are A > D > C > B for friction factor. The
length and number of LVG pairs have a great influence on the friction
factor, with CR of 44.6% and 44.0%, respectively.

Fig. 3(c) reveals that the length and spacing of LVG pairs have a
significant effect on the overall efficiency, while the other factors have
lower impacts. Regarding Nusselt number, the LVG spacing is the sig-
nificant impact factor, while the influence of length is unremarkable.
Conversely, the length of LVGs has a significant influence on friction
factor, while the influence of spacing is insignificant. Although the
number of LVG pairs both has the most significant influences on Nusselt
number and friction factor, its impact on the overall efficiency is
minimal. What's more, as shown in Table 7, the sum of the CR of the
length and spacing of LVGs is 75.02%. Hence, the length and spacing of
LVGs should be considered the main impact factors affecting overall
efficiency.

4.1.2. Analysis of the mechanism of LVGs
In this section, the mechanism of LVGs and the influence of in-

vestigated parameters on heat transfer and flow resistance are analyzed.
Fig. 4 shows the streamline distribution on the specified plans. Plan a is
located at z= 1.2 mm. Plan b is located at half of the microchannel
height (y = 0.05 mm). From Fig. 4(b), the longitudinal vortices gener-
ated by the LVGs can be observed. The two longitudinal vortices are
located in the downstream of the flow direction. The longitudinal
vortices can disturb the flow boundary layer which is beneficial for the
fluid mixing and enhanced heat transfer. Also, as shown in Fig. 4(c),
there are two transverse vortices behind each side of the LVGs pairs.
The disturbance of the fluid in the region behind the longitudinal vortex
is strengthened by the transverse vortices. Moreover, they also in-
creased disturbance in the downstream region. However, the genera-
tion of the vortices also causes higher pressure losses.

Fig. 5 shows the influence of longitudinal spacing on velocity

Fig. 4. Streamlines distribution on the specified plan: (a) Locations of plans and
(b) streamlines on the specified plan a and (c) streamlines on the specified plan
b.

Fig. 5. Velocity distribution in specified plane b with different Sl values: (a) Sl = 0.1 mm and (b) Sl = 0.3 mm.
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distribution and Fig. 6 shows temperature distribution. It can be seen
from Fig. 5 that the increase of spacing has a significant influence on
the fluid flow of the microchannel combined with LVGs. In the case
with small longitudinal spacing, because of the small flow area between
the LVGs pairs, there is high fluid velocity zone in the region between
the LVGs and the side wall of the microchannel, especially in the region
of LVGs tail end in the direction of flow. In the case with large long-
itudinal spacing, it can be seen that the high-speed region also appears
in the middle of the longitudinal vortex pair, which is more conducive

to fluid mixing. As shown in Fig. 6, increasing the longitudinal spacing
of LVGs can facilitate better mixing of the high- and low-temperature
fluids. In addition, the large longitudinal spacing of LVG pairs leads to
better temperature uniformity in the outlet.

Fig. 7 shows the influence of length of LVGs on velocity distribution
and Fig. 8 shows temperature distribution. The different influences of
LVGs length on heat transfer and pressure drop can be demonstrated by
comparing Fig. 7(a) and (b). From Fig. 7 it can also be seen that in-
creasing the LVG length causes a large low-velocity-fluid region behind

Fig. 6. Temperature distribution in specified plane b with different Sl values: (a) Sl = 0.1 mm and (b) Sl = 0.3 mm.

Fig. 9. Velocity Temperature distribution in specified plane b with different b values: (a) b = 0.04 mm and (b) b= 0.05 mm.

Fig. 7. Velocity Temperature distribution in specified plane b with different Sl values: (a) l= 0.3 mm and (b) l = 0.45 mm.

Fig. 8. Temperature distribution in specified plane b with different Sl values: (a) l= 0.3 mm and (b) l = 0.45 mm.
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the LVGs as well as a high-velocity-fluid region near the side wall of the
microchannel, which increases the pressure drop obviously. However,
as shown in Fig. 8, the differences of temperature distribution with
various length are not obvious.

Fig. 9 and Fig. 10 present the influence of LVGs width on velocity
distribution and temperature distribution, respectively. It can be seen
that there is little difference of both velocity distribution and tem-
perature distribution since the width of LVGs influenced the LVGs
structure inconspicuously.

By the comprehensive comparison of Figs. 5–10, the impact degree

of factors can be explained. Comparing Figs. 5, 7 and 9, it can be seen
that the velocity distribution depended on the length of LVGs strongly
which means variations of length of LVGs can impact the pressure drop
significantly. However, the variation of width influences the velocity
distribution inconspicuous. Comparing Figs. 6, 8 and 10, it can be seen
that the influence of the longitudinal space of LVGs on temperature
distribution are significant while the influence of varying width is in-
conspicuous.

4.1.3. Optimal LVGs structure
Regarding the Nusselt number and overall efficiency factor, the

optimization objective is to obtain the factor combinations that have
the largest SNR. The levels of each impact factor showing the largest

Fig. 10. Temperature distribution in specified plane b with different Sl values: (a) b = 0.04 mm and (b) b= 0.05 mm.

Table 8
Comparison of optimized structure with original model.

Evaluation index Original model Optimized model Difference (100%)

Nusselt number 7.31 9.03 23.6
Overall efficiency 1.09 1.18 7.2

Fig. 11. Two-factor CCD model.

Table 9
Levels of each factor with LVGs for RSM.

Levels Code of factors (actual value)

A B C D E

[length of
LVGs
(μm)]

[width of
LVGs
(μm)]

[longitudinal
spacing (μm)]

[number of
LVGs]

Reynolds
number

1 −1 (300) −1 (40) −1 (100) −1 (3) −1 (169)
2 0 (350) 0 (45) 0 (200) 0 (6) 0 (253)
3 1 (400) 1 (50) 1 (300) 1 (9) 1 (338)

Table 10
Parameter linear transformation.

Factors Linear transformation expression l0 = 0.35 mm,
b0 = 0.045 mm, Sl0 = 0.2 mm, N0 = 6, Re0 = 253.5
l = 50 mm b = 5 mm Sl = 0.1 mm N = 3
Re = 84.5

L length of LVGs l l l
l
0=

B width of LVGs b b b
b

0=
Sl longitudinal spacing Sl

Sl Sl
Sl

0=

N number of LVGs N N N
N

0=
Re Reynold number Re Re Re

Re
0=

Table 11
Coefficients of regression RSM.

Source Nu f η

b0 5.91 0.095 1
b1 0.024 7.173E-003 −0.034
b2 −0.019 −3.813E-004 −6.441E-003
b3 0.045 −1.092E-003 0.017
b4 −0.076 0.012 −0.044
b5 0.44 −0.026 −0.063
b1,2 0.018 1.303E-004 9.281E-003
b1,3 0.031 −2.748E-004 −1.844E-003
b1,4 0.023 2.723E-003 −0.016
b1,5 0.031 −6.423E-004 −3.406E-003
b2,3 −0.020 1.344E-004 −0.010
b2,4 −0.023 3.212E-004 −0.011
b2,5 −0.015 8.666E-005 −9.469E-003
b3,4 +0.020 −3.536E-004 0.010
b3,5 7.187E-003 4.691E-004 6.031E-003
b4,5 0.021 −2.193E-003 0.012
b1,1 2.307E-003 +4.776E-003 −0.019
b2,2 −3.743E-003 −0.014 0.067
b3,3 0.012 3.502E-003 −0.014
b4,4 −0.057 3.519E-003 −0.022
b5,5 −0.020 0.012 −6.517E-003
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SNR for Nu and f can be deemed as the level of optimal combinations
for heat-transfer and overall characteristics, respectively [33]. It can be
determined from Fig. 3 that the optimal impact factor combinations are
A4B2C3D4 for Nusselt number and A1B2C3D4 for overall efficiency.
Furthermore, the model “G2” in the literature [21], which shows good
heat-transfer-enhancement performance, was chosen as the original
model. Table 8 shows the verification of the optimal combination ob-
tained. As presented in Table 8, the optimal structures improve by
23.6% and 7.2% for Nusselt number and overall efficiency, respec-
tively, compared with the original model.

4.2. Regression analysis

4.2.1. Response surface methodology design
Although the Taguchi method can be used to analyze the impact

degree of multiple parameters on object factors and obtain the optimal
combinations, it is difficult to obtain the correlations between thermo-
hydraulic performance and structure parameters. Furthermore, re-
sponse surface methodology (RSM) is usually adopted to establish a
multiple regression model to explain the influence of investigated fac-
tors on heat-transfer performance [34,35]. In this paper, central com-
posite design (CCD), the most popular RSM design, is applied to the
second-order model fitting. Fig. 4 shows the two-factor CCD model.
Each CCD model contains factorial points, center points, and axial
points. In Fig. 4, the red vertex of the square represents the factorial
points which are used to fit linear and interaction terms. The star points
represent the axial points which are used to estimate the quadratic
terms. The value of α determines the position of the axial runs. Different
α value means different CCD design.

The second-order multiple regression can be expressed as

Z b b X X b X( ) ( )
i

N

j i

N

i j i j
i

N

i i i0
1

1

1
,

1
,

2= + + +
= = + = (17)

where Z represents the response factors; X is the impactor factors; b is
the coefficient; N is the total number of impact factors and ε is the error
term.

Considering the limitations of the microchannel structure, the face-
centered design was adopted. In central composite face-centered de-
sign, the value of α shown in Fig. 11 is selected as one which means the
axial points are in the face center of the cube. So the level of each factor
is three (−1,0,1) for the face-centered design. The impact factors, codes
and levels for RSM are given in Table 9.

To evaluate the accuracy of the model, analysis of variance
(ANOVA) was carried out. P-values less than 0.05 indicate that the
influence of the item is significant. In appendix A, it can be seen that the
linear terms of C, D, and E are the significant model terms for Nu.
Similar to the ANOVA of Nu, the linear terms of A, D, and E; interaction
terms A•D and D•E; and quadratic terms B2 and E2 are the significant
model terms for f. The linear terms of A and C, interaction terms D•E,
and quadratic terms B2 are the significant model terms for η.

4.2.2. Multiple regression model of responses
According to the analysis of the RSM, the second-order multiple

regression correlations in dimensionless form between impact para-
meters and Nu, f, and η can be obtained. To satisfy the dimensionless
requirement and unify parameters variation range, the linear transfor-
mation of model parameters as shown in Table 10 is carried out. The
correlations are expressed as follows:

Y b b l b b b S b N b Re b l b b l S b
l N b l Re

b b S b b N b b Re b S N b S Re b N

Re b l
b b b S b N b Re

• • • • • • • • •
• • • •

• • • • • • • • • • •

• •
• • • • ,

l l

l l l

l

0 1 2 3 4 5 1,2 1,3 1,4

1,5

2,3 2,4 2,5 3,4 3,5 4,5

1,1
2

2,2
2

3,3
2

4,4
2

5,5
2

= + + + + + + + +
+

+ + + + + +

+
+ + + +

(18)

where the coefficients of each term of the regression model are pre-
sented in Table 11. The correlation can be used to predict the values of
Nu, f, and η within the range of the present study. As shown in Table 11,
the influence of terms on evaluation indexes are reflected on the value
of the coefficients. It can be seen that for the linear terms, the number of
LVGs and Reynolds number have a considerable influence on the heat
transfer and flow resistance. It is evident that there are differences on
the order of magnitudes among these coefficients as shown in Table 11.
The models are not sensitive to those items which have a small order of

Fig. 12. Comparison of simulation results with correlation results.
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magnitude coefficients. Moreover, the full-form second regression
model is very complex and not convenient for application. Hence, the
items which P-values less than 0.5 according to the ANOVA are re-
moved from the correlations to simplify the correlations. The simplified
correlations are expressed as follows:

Nu b b l b b b S b N b Re b l b b l

S b l N b l Re
b b S b b N b b Re b S N b N Re b N

• • • • • • • •

• • • • •
• • • • • • • • • • • ,

l

l

l l

0 1 2 3 4 5 1,2 1,3

1,4 1,5

2,3 2,4 2,5 3,4 4,5 4,4
2

= + + + + + + +

+ +
+ + + + + +

(19)

f b b l b S b N b Re b l N b l Re b N

Re b l b b
b S b N b Re

• • • • • • • • •

• • •
• • • ,

l

l

0 1 3 4 5 1,4 1,5 4,5

1,1
2

2,2
2

3,3
2

4,4
2

5,5
2

= + + + + + + +

+ +
+ + +

(20)

b b l b b b S b N b Re b l b b l N b

b S b b N
b b Re b S N b S Re b N Re b b b N

• • • • • • • • •

• • • •
• • • • • • • • • • ,

l

l

l l

0 1 2 3 4 5 1,2 1,4 2,3

2,4

2,5 3,4 3,5 4,5 2,2
2

4,4
2

= + + + + + + + +

+
+ + + + + +

(21)

where, the coefficients of the simplified correlation are contained
within Table 10. To verify the accuracy of the simplified correlation,
nine new test cases which are not employed to the second-order model
fitting are simulated. The comparison of simulation and correlation
results was carried out and the results are shown in Fig. 12. Over the
range of test cases, the maximum differences between value predicted
by the correlations and simulation results are less than 5%, 15% and
10% for Nusselt number, friction factor, and overall efficiency,

respectively. From the validation, the correlations presented is con-
sidered to be reliable.

5. Conclusions

Based on the present work, the following conclusions can be drawn.

(1) According to intuitive analysis, the number and spacing of the LVG
pairs have the dominant impact on Nusselt number. The length and
number of LVG pairs have a high CR for the friction factor. In the
range of parameters investigated, the length and spacing of LVGs
have a significant influence on overall performance.

(2) The optimal impact factor combinations for Nusselt number and
overall efficiency were determined using the Taguchi method. The
optimal structures for Nusselt number and overall efficiency in-
creased by 23.6% and 7.2%, respectively, compared with the ori-
ginal model.

(3) The reliable dimensionless correlations for Nu, f, and η were es-
tablished based on analysis of the RSM. Moreover, the correlation
results have good coherence with simulation results over the range
of cases tested especially for Nusselt number and overall efficiency.
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Appendix A. Analysis of variance (ANOVA)

Table A1 shows the ANOVA results for the response surface quadratic model. In Table A1, SS denotes the sum of squares, df the degree of
freedom, and F the value of F-distribution. P is calculated by the value of F-distribution.

Table A1
ANOVA results for Nu, f, and η.

Source Nu f η

df SS F P SS F P SS F P

A 1 0.020 2.60 0.1175 1.794E-003 65.73 < 0.0001 0.039 19.28 0.0001
B 1 0.012 1.55 0.2226 5.765E-006 0.21 0.6493 1.411E-003 0.70 0.4094
C 1 0.068 8.66 0.0063 3.812E-005 1.40 0.2469 9.522E-003 4.73 0.0380
D 1 0.20 25.34 < 0.0001 4.520E-003 165.56 < 0.0001 0.066 32.74 < 0.0001
E 1 6.66 853.96 < 0.0001 0.024 861.09 < 0.0001 0.13 66.21 < 0.0001
A•B 1 0.011 1.39 0.2473 3.125E-008 1.145E-003 0.9732 2.757E-003 1.37 0.2515
A•C 1 0.030 3.89 0.0581 1.531E-006 0.056 0.8144 1.088E-004 0.054 0.8178
A•D 1 0.016 2.10 0.1581 2.365E-004 8.66 0.0063 8.288E-003 4.12 0.0517
A•E 1 0.032 4.04 0.0539 1.378E-005 0.50 0.4831 3.713E-004 0.18 0.6708
B•C 1 0.013 1.68 0.2049 1.531E-006 0.056 0.8144 3.465E-003 1.72 0.1999
B•D 1 0.016 2.11 0.1570 2.531E-006 0.093 0.7629 3.894E-003 1.93 0.1749
B•E 1 7.503E-003 0.96 0.3349 7.812E-007 0.029 0.8668 2.869E-003 1.42 0.2423
C•D 1 0.013 1.69 0.2036 3.781E-006 0.14 0.7125 3.424E-003 1.70 0.2025
C•E 1 1.653E-003 0.21 0.6488 9.031E-006 0.33 0.5696 1.164E-003 0.58 0.4532
D•E 1 0.014 1.81 0.1891 1.488E-004 5.45 0.0267 4.729E-003 2.35 0.1362
A•A 1 1.632E-005 2.092E-003 0.9638 6.235E-005 2.28 0.1415 8.481E-004 0.42 0.5214
B•B 1 3.822E-005 4.898E-003 0.9447 5.185E-004 18.99 0.0002 0.011 5.59 0.0249
C•C 1 3.603E-004 0.046 0.8314 3.066E-005 1.12 0.2980 4.519E-004 0.22 0.6392
D•D 1 8.158E-003 1.05 0.3150 3.066E-005 1.12 0.2980 1.145E-003 0.57 0.4568
E•E 1 9.825E-004 0.13 0.7253 3.283E-004 12.03 0.0017 1.051E-004 0.052 0.8209
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