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As an innovative type of passive flow control structure, the
protrusion exhibits great potential for heat transfer enhancement. In
this paper, genetic algorithm is used for the dimensional
optimization of a protruded micro-channel. The protruded microchannel is studied at four mass flow rates. In all the cases, thermal
performance is selected as the objective function that represents
both heat transfer and flow friction. The radius of the protrusion 𝑅𝑅
and the distance 𝛿𝛿 are selected as the two optimized parameters,
and their ranges are decided by physical topologies. The objective
function thermal performance is calculated by an auto-CFD batch
program. The results shows that there are two peaks of 𝑇𝑇𝑇𝑇 values
when 𝑅𝑅 and 𝛿𝛿 change in the cases with flow rates equaling 4 ×
10−5 kg⋅s-1 and 6 × 10−5 kg⋅s-1, while at the other two flow rates, the
𝑇𝑇𝑇𝑇 values increase monotonously. The global optimal solutions for
the four flow rates and two local optimal solutions are given in this
research, and it is helpful to choose the best design variables to
achieve the highest thermal performance. It also can be found that
at all the different flow rates, the optimized shape of micro-channel
has the same point that (𝑅𝑅 − 𝛿𝛿) is nearly 45 𝜇𝜇𝜇𝜇 in the studied
ranges of optimized parameters.
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Introduction
Heat transfer plays an important role in many modern industries, such as
automotive, aerospace, integrated circuit, and cryogenic industries. It has been estimated that
more than 80% of the energy utilization involves the heat transfer process [1]. As some
researches show, the local power density of chips or some other high-density integrated
circuits has reached 300 W⋅cm-2 or higher [2], which inevitably brings out high heat flux for
these electronic devices. Moreover, high efficient heat transfer can not only save much energy
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during these process, but also can reduce the accident rates, especially in electronical devices,
which are frequently supposed as serious problems due to overheat. Commonly, raising
temperature by 10 K, the reliability of the electronic product will be reduced by half than the
original value [3]. Thus, we need to find an optimal flow control structure. During the last
few years, many flow control structures have been proposed to get better thermal performance,
such as dimples/protrusions[4, 5], corrugated plate [6], pin-fins [7, 8], inner V-grooves, ribs,
etc. The investigations about fluid flow and heat transfer characteristics in different channels
have been studied separately in many aspects. Roth [9] et al. evaluated the heat transfer in
straight silicon channels with integrated in-line and staggered pin-fin arrays at clearance to
diameter ratios of 0.50-0.77 in the laminar flow regime at Reynolds numbers ranging from 9
to 246. The measurements showed that a significant portion of the fluid flows below the pin
fins in the clearance bypass region, leading to heat transfer results that show an improvement
over an unfinned reference geometry.All these researches show that flow control structures
can effectively enhance or influence heat transfer in the internal flow. In these different flow
control structures, protrusion and pin-fin are the two flow control structures which have best
thermal performance in low Reynolds number [10], so protrusion is used as the flow control
structure in this research. In another aspect, heat transfer efficient changes greatly with
respect to physical dimensions of flow control structures in micro-channel. As for the
optimization of physical dimensions of flow control structure, there are many researches have
been done all around the world and most of these researches focus on the parameters of flow
and heat transfer. Rao [11] et al. used a new proposed optimization algorithm named as ‘Jaya
algorithm’ to do the dimensional optimization of a micro-channel heat sink. The results
obtained by the application of Jaya algorithm are found much better than TLBO algorithm [12]
and a hybrid multi-objective evolutionary algorithm. Xie et al. [13] computational optimized
the internal cooling passages of a guide vane by a gradient-based algorithm. Lin et al. [14]
developed a combined optimization procedure to look for optimal design for a micro-channel
heat sink. The geometry and flow rate distribution were considered for optimization. The
optimization was proven effective only for the double-layer MCHS with a specific dimension.
Based on the foregoing reviews, it is observed that some of the researches [9, 10,
15, 16] had only involved different types of flow control structures without any optimization.
Hence, it cannot show the best thermal performance of each type of flow control structures.
Some of the researchers [14, 17, 18] had considered only flow friction as the objective for
optimization. This is not comprehensive for micro-channel heat sink, and some of the
researchers use empirical or fitting formula such as response surface methodology, and then
to take the extreme value as the optimal solution. This is not accurate enough. So in this study,
an auto-CFD batch program is used to call some commercial software to solve every cases
directly, and the dimensional optimization is done for the same type of flow control structure,
and also, both heat transfer and flow friction are considered using a parameter TP in the
optimization process.
Numerical methods
Governing equations and data reduction

Water with constant properties is considered as working fluid in this study, the
conservation equations for mass, momentum and energy are usedto get the flow and thermal
characteristics.
The Fanning friction factor f[19] is calculated and it is defined as:
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where ℎ is heat transfer coefficient, 𝑘𝑘 is fluid thermal conductivity, and ℎ can be derived from
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where 𝑞𝑞 ″ represents the heat flux, and Δ𝑇𝑇 is the average temperature difference between the
wall and the fluids [3, 20, 21].
The whole thermal performance factor 𝑇𝑇𝑇𝑇 considers both the heat transfer and
the friction resistance, which is described as:
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Physical models and boundary conditions

A schematic diagram of the geometry and the computational domain is showed
in Figure 1. In the micro channel, the fluid flow will develop into typical periodic flow
structures after a certain flow distance. At this situation, only one periodic domain was
considered with periodic boundary conditions applied at the inlet and outlet for the simulation.
The original rectangular micro-channel is 50 μm (height)× 200 μm (width) in cross -section,
and the periodic length is 150 μm. Protrusions, which can be regarded as passive flow control
structures [22], are arranged on one external wall of the channel. The flow is fully developed
with a fluid bulk temperature of 300 K, a uniform heat flux of 𝑞𝑞 ′′ = 5 × 105 W⋅m-2and no-slip
boundary conditions are specified at the external surfaces of the micro-channel.

Figure 1. Schematic diagram of boundary conditions.
The flow rate is set for the periodic boundary, flow rates 2 × 10-5 kg⋅s-1, 4 × 10-5
kg⋅s-1, 6 × 10-5 kg⋅s-1 and 8 × 10-5 kg⋅s-1 are specified on the periodic inlet boundary
automatically by the optimization main program.

The radius of protrusion 𝑅𝑅 and the distance between sphere center and external
wall 𝛿𝛿 are the two parameters optimized in this study. The lower range and upper range of
these two parameters are shown in Tab. 1. The negative value of 𝛿𝛿 means the sphere centre is
located inside of the rectangle channel.
Design variable
R

δ

Lower range / µm
10
-10

Upper range / µm
60
20

Table 1. Design variables and their ranges for the flow control structures.
Optimization methods
Thermal performance of these studied cases is influenced by many parameters.
Flow type and the number of vortices may change largely due to small changes of flow
control structure size, and so to the thermal performance. At this situation when a new vortex
appears or flow separates from the flow control structures suddenly, the thermal performance
may be discontinuous. So some approximation methods such as the response surface
methodology (RSM) and pattern search algorithm [23, 24] are not appropriate in some
occasions.
The genetic algorithm (GA) is used to find the optimal flow control structure.
This algorithm is often used as a global search method that does not need gradient
information. An implementation of the GA main program is schematically shows as flow
chart in Figure 2.

Figure 2 Flow chart of the main program
Model validation
The meshes that all have tetrahedral elements are generated for the physical
model, and are refined in the near-wall regions where the gradients of variables are very high.

The usage of tetrahedral elements is because this type of elements is convenient to be
generated by ICEM automatically using RPL file by the software’s playing scripts function.
In another aspect, the physical models change greatly in different cases, so the block method
to generate hexahedral elements is impractical. What’s more, using a constant mesh number
to control the mesh quality is not suitable when the model changes greatly. In this study, the
global element seed size and global element scale factor are used to control the mesh size in
all the cases. Tab. 2 shows three cases with different global element seed size that are used to
generate meshes of physical model with 𝑅𝑅 equaling 50 μm and 𝛿𝛿 equaling 10 μm, and the
relative difference of thermal performance and Nusselt number is listed. The last case is used
to generate meshes in the following study. Comparing with previous published results
[10],𝑁𝑁𝑁𝑁difference is less than 1%, therefore, the proposed model could be used to simulate
the flow and heat transfer characteristics in the microchannel.
Case
1
2
3
4

𝑁𝑁𝑁𝑁
2.9900
2.8493
2.7984
2.7903

Seed size
5.0
3.5
2.0
1.0

Difference %
5.00
1.76
0.29
-

Table 2. Grid independence validation at the condition of Q = 6 × 10−5 kg⋅s-1.

Results and discussion

Effect of the distance δ on the temperature and flow fields
Effect of the distance 𝛿𝛿 on heat transfer performance is analyzed. First of all, the
results of flow rate equaling 2 × 10−5 kg⋅s-1are calculated. At this flow rate, the optimization
process is carried out three times to avoid local optimized solution. The total number of the
cases which are simulated is 487. The results of the three times all reveal that the best solution
is as follows, the highest thermal performance is 2.41 when 𝑅𝑅 equals 52.85 μm and 𝛿𝛿 equals
8.91 μm. For detailed research, Table 3 lists some of the cases with the same protrusion
radius. Figure 3 shows the variations of thermal parameters with 𝛿𝛿 atflow rate equaling2 ×
10−5 kg⋅s-1. The temperature distribution on the protruded wall of these cases are shown in
Figure 4, and also the temperature distribution and streamlines in the stream-wise middle
sections are shown in Figure 5.
Case
250
263
217
204

𝑅𝑅

𝛿𝛿

𝑇𝑇𝑇𝑇

𝑓𝑓/𝑓𝑓0

29.05
-10.00
1.73
0.85
29.05
0.65
1.65
0.72
29.05
11.29
1.91
0.61
29.05
17.10
1.39
0.57
Table 3. The results of four cases with the same radius when δ varies.

𝑁𝑁𝑁𝑁/𝑁𝑁𝑢𝑢0
1.64
1.47
1.26
1.15

Figure 3. Variations of f/f0, Nu/Nu0 and TP with  at flow rate equalling 𝟐𝟐 × 𝟏𝟏𝟏𝟏−𝟓𝟓 kg⋅s-1.

Figure 4 . Temperature distribution (unit: K) on the structured walls, 𝐐𝐐 = 𝟐𝟐 × 𝟏𝟏𝟏𝟏−𝟓𝟓 kg⋅s-1: (a)
case 250; (b) case 263; (c) case 217; (d) case 204.

Figure 5. Temperature distribution (unit: K) and streamlines in the stream-wise middle
sections (Case: 𝐐𝐐 = 𝟐𝟐 × 𝟏𝟏𝟏𝟏−𝟓𝟓kg⋅s-1):
(a) case 250; (b) case 263; (c) case 217; (d) case 204.

The distance 𝛿𝛿 is growing larger from (a) to (d) in Figure 5, and from this
pictures it can be easily found that temperature gradient becomes much larger as 𝛿𝛿 grows. In
Figure 5(a), the fluid flows into this channel and quickly impinges onto the protrusion, flow
separates near the trailing edge of the protrusion and reattaches quickly before next period. As
the sphere center of protrusion goes along the outward direction of the rectangle channel,the
vortices before the protrusion disappears gradually first (Figure 5a,b,c), and then the vortices
near the trailing edge of the protrusion disappears when the sphere center moves further along
the outward direction (Figure 5a,b,c,d). But in another aspect, the vortices has great benefit to
the mixing of cold and hot fluid which is beneficial to convective heat transfer. So the heat
dissipated in large δ cases are much larger. The average temperature of the structured wall
changes slightly as the sphere center moves along the outward direction. But the temperature

of the flow region decreases quickly when the sphere center moves along the outward
direction, while, heat is mainly dissipated by the fluid which absorb heat from the external
walls and take it out of the channel. So the higher the flow region temperature is, the more
heat is dissipated.
In another aspect, flow friction also is a factor that influences the usage of
micro-channels. Considering both Table 3 and Figure 3, it can be found that the relative
Fanning friction 𝑓𝑓/𝑓𝑓0 increases with the increasing of 𝛿𝛿. This is mainly because the throat
opening area changes regularly with the moving of sphere center.
At last, the whole heat transfer performance is evaluated by thermal
performance 𝑇𝑇𝑇𝑇, which considers both the heat transfer augmentation and the increase of
friction loss [16]. 𝑇𝑇𝑇𝑇 increases first when 𝛿𝛿 changes from -10 µm to 0.65 µm, and then
decreases when δ increases from 0.65 µm to 11.29 µm, and again increases when 𝛿𝛿 increasing
from 11.29 µm to 17.10 µm.
Effect of the radiusR on the temperature and flow fields
All the cases with the same distance 𝛿𝛿 = 0.65 µm when flow rate equals
4 × 10 kg⋅s-1are analyzed in this section. After several times optimization, the total number
of cases carried out in this flow rate is 911. Figure 6 shows the 𝑓𝑓/𝑓𝑓0 , 𝑁𝑁𝑁𝑁/𝑁𝑁𝑢𝑢0 and
𝑇𝑇𝑇𝑇variations with the changing of protrusion radius. It can be obviously observed that all
these three parameters increase with the increasing of radius 𝑅𝑅 . The maximum thermal
performance is reached at 𝑅𝑅equaling 45 µm when 𝛿𝛿 equals 0.65 µm.
Figure 7 shows the temperature distribution and streamlines on the stream-wise
middle sections at flow rate equaling4 × 10−5 kg ⋅ s −1 . The average temperature of the fluid
domain raises up quickly with the increasing of protrusion radius. 𝑁𝑁𝑁𝑁/𝑁𝑁𝑢𝑢0 is larger when
protrusion grows bigger. Moreover, the temperature of the center region in Y-direction is
lower than that near the external walls, which is just because the external walls are heated by
a constant heat flux. But there also is a high temperature region near the trailing edge of the
protrusion especially in the last three figures (Figure 7b,c,d). Furthermore, when protrusion
grows bigger individually, the positions of separation and reattachment move along the antiflow direction and flow direction, respectively, therefore, the separation bubble grows larger
gradually (Figure 7a,b,c,d). At last, the separation bubbles almost fills the whole domain
between the protrusions.
−5

Figure 6. Variations of f/f0, Nu/Nu0 and TP with R (unit:𝛍𝛍𝛍𝛍) at flow rate equaling𝟒𝟒 ×
𝟏𝟏𝟏𝟏−𝟓𝟓 kg⋅s-1.

Figure 7. Temperature (unit: K) distribution and streamlines in the stream-wise middle
sections (Case: 𝐐𝐐 = 𝟒𝟒 × 𝟏𝟏𝟏𝟏−𝟓𝟓 kg⋅s-1, 𝛅𝛅 = 𝟎𝟎. 𝟔𝟔𝟔𝟔 𝛍𝛍𝛍𝛍):
(a) R=13.97 𝛍𝛍𝛍𝛍; (b) R=19.52 𝛍𝛍𝛍𝛍; (c) R=30.63 𝛍𝛍𝛍𝛍; (d) R=40.16 𝛍𝛍𝛍𝛍.

Optimization result

The final results are obtained and all the parameters including 𝑅𝑅, 𝛿𝛿 and 𝑇𝑇𝑇𝑇 are
extracted from the simulation results. Table 4 lists these three parameters. It can be found that
the (𝑅𝑅 − 𝛿𝛿) is nearly 45 µm in all the four cases, which reveals that flow friction has little
influence on the thermal performance in this study. While the heat transfer has remarkable
impact on thermal performance, the increasing of 𝑁𝑁𝑁𝑁/𝑁𝑁𝑁𝑁0 makes higher thermal
performance in these cases.
The optimal solution of the four flow rates are all the same, and the detailed
parameters are listed in Table 4. While, in middle flow rates, there also are two local optimal
solutions that can be get using genetic algorithm.These two local optimal solutions have much
smaller flow friction than the global optimal solutions, which may be useful at some special
situations. While in the local optimal solutions, the sphere center is located insidethe
rectangle channel, this is much different from the cases studied by some other researchers [2,3]
while they use fixed sphere center and always put the sphere center out of the rectangle
channel or on one of the external walls. Furthermore, it can be easily found that 𝑇𝑇𝑇𝑇 increases
with the increasing of flow rate quickly, flow rate has much larger influence than the shape of
flow control structures.

𝑸𝑸 × 𝟏𝟏𝟎𝟎𝟓𝟓 / 𝐤𝐤𝐤𝐤 ⋅ 𝐬𝐬 −𝟏𝟏

𝑹𝑹/𝛍𝛍𝛍𝛍

2
59.21
4
60.00
4
38.57
6
60.00
6
37.78
8
60.00
Table 4. Global and local optimal solutions for protruded
rates.

𝜹𝜹 / 𝛍𝛍𝛍𝛍

𝑻𝑻𝑻𝑻

16.13
2.51
15.16
3.30
-6.13
3.20
16.13
4.22
-7.10
4.05
15.16
5.95
micro-channel with different flow

Figure 8 Temperature distribution of global optimal solutions. (a) 𝐐𝐐 = 𝟐𝟐 × 𝟏𝟏𝟏𝟏−𝟓𝟓 kg⋅s-1; (b)
𝐐𝐐 = 𝟒𝟒 × 𝟏𝟏𝟏𝟏−𝟓𝟓 kg⋅s-1; (c) 𝐐𝐐 = 𝟔𝟔 × 𝟏𝟏𝟏𝟏−𝟓𝟓 kg⋅s-1; (d) 𝐐𝐐 = 𝟖𝟖 × 𝟏𝟏𝟏𝟏−𝟓𝟓 kg⋅s-1.

Figure 9 Temperature distribution of two local optimal solutions. (a) 𝐐𝐐 = 𝟒𝟒 × 𝟏𝟏𝟏𝟏−𝟓𝟓 kg⋅s-1; (b)
𝐐𝐐 = 𝟔𝟔 × 𝟏𝟏𝟏𝟏−𝟓𝟓 kg⋅s-1.

Figure 8 shows the temperature distribution of the global optimal solution at
different flow rates. All of the four optimal solution has the similar shape.It can be found
from the result that the more the protrusion cut into the rectangle channel, the higher 𝑇𝑇𝑇𝑇 can
be get in the selected ranges for 𝑅𝑅 and 𝛿𝛿 , which reveals that friction has much smaller
influence on the value of 𝑇𝑇𝑇𝑇 in this study. Figure 9 shows the two local optimal solutions
listed in Table 4.The local optimal solution is a shape with smaller flow friction and lower
heat transfer performance, which gets a lower peak before the 𝑅𝑅 reaches the upper limit of its
range.Considering both the local optimal solutions (Figure 9a, b) and global optimal solutions
(Figure 8b, c), it can be found that the temperature gradient in the local optimal solutions is
much larger. Because the value of 𝑇𝑇𝑇𝑇 has little difference, the maximum and minimum values
of temperature in local optimal solution are larger and smaller than that in the global optimal
solutions, respectively. Finally, the same as mentioned above, these two local optimal
solutions can be useful at some special situations when flow friction is limited exactly.
Conclusions

In this research, dimensional optimization of a protruded micro-channel is done
using the genetic algorithm, the sphere radius of protrusion 𝑅𝑅 and the distance 𝛿𝛿 between
sphere center and external walls are the two parameters which are optimized, from which we
can get the following conclusions:
1. There are two peaks of 𝑇𝑇𝑇𝑇 values when 𝑅𝑅 and 𝛿𝛿 changes in the cases with flow rates

equalling 4 × 10−5 kg⋅s-1and 6 × 10−5 kg⋅s-1, which means 𝑇𝑇𝑇𝑇 increases firstly with the
increasing of 𝑅𝑅 and 𝛿𝛿, and then decreases, after reach a local minimum value of 𝑇𝑇𝑇𝑇, once
again, it increases with the increasing of 𝑅𝑅 and 𝛿𝛿. While at the other two flow rates, the
𝑇𝑇𝑇𝑇 values increases monotonously.
2. The global optimal solutions for the four flow rates are given in Table 4, it’s helpful to
choose the best design variables listed in this table to get the highest thermal performance.
3. There also shows two local optimal solutions in Table 4, which can be used in some
special situations when flow friction or pressure drop is exactly restricted.
4. It can be found that in all the different flow rates, the optimized shape of micro-channel
has the same point that (𝑅𝑅 − 𝛿𝛿) is nearly 45 µm, which means the more the protrusion cut
into the rectangle channel, the higher thermal performance can be get in the studied
ranges of 𝑅𝑅 and 𝛿𝛿.
Nomenclature (Word Style TS Strong)

Cp-Specific heat capacity [J⋅kg-1⋅K-1]
Dh-Hydraulic diameter [m]
f-Fanning friction factor
k-Thermal conductivity [W⋅m-1⋅K-1]
L-Periodic length [m]
𝑞𝑞′′-Heat flux [W⋅m-2]

𝑄𝑄 -Mass flow rate [kg⋅m-1]
U-Velocity in flow direction [m⋅s-1]
Greek symbols
𝛿𝛿 -Distance [m]
𝜇𝜇-Viscosity [Pa⋅s]
𝜌𝜌-Fluid density [kg⋅m-3]
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