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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 mi-
cro-channel is studied at four mass-flow rates. In all the cases, thermal perfor-
mance is selected as the objective function that represents both heat transfer and
flow friction. The radius of the protrusion and the distance are selected as the two
optimized parameters, and their ranges are decided by physical topologies. The ob-
Jective function thermal performance is calculated by an auto-CFD batch program.
The results shows that there are two peaks of thermal performance values when R
and 0 change in the cases with flow rates equaling 4- 107 kg/s and 6107 kg/s,
while at the other two flow rates, the thermal performance values increase monot-
onously. 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 vari-
ables 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 (R-0) is nearly 45 um 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? or higher [2], which inevitably brings out high heat flux for these electronic devic-
es. Moreover, high efficient heat transfer cannot only save much energy 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 (TP), such as dimples/protru-
sions [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 sepa-
rately in many aspects. Roth ez al. [9] evaluated the heat transfer in straight silicon channels with
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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 TP 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-chan-
nel. 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 pa-
rameters of flow and heat transfer. Rao et al. [11] 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 algo-
rithm [12] and a hybrid multi-objective evolutionary algorithm. Xie ez al. [13] computational
optimized the internal cooling passages of a guide vane by a gradient-based algorithm. Lin ef al.
[14] developed a combined optimization procedure to look for optimal design for a micro-chan-
nel 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 TP of each type of flow control structures. Some of the research-
ers [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 (RSM), 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 TP parameter in the optimization process.

Numerical methods

Governing equations and data reduction

Water with constant properties is considered as working fluid in this study, the con-
servation equations for mass, momentum, and energy are used to get the flow and thermal
characteristics.

The Fanning friction factor, f, [19] is calculated and it is defined:
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where £ is heat transfer coefficient, & — the fluid thermal conductivity. The 4 can be derived from:
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where ¢" represents the heat flux, and AT — the average temperature difference between the wall
and the fluids [3, 20, 21].
The whole TP factor considers both the heat transfer and the friction resistance, which

is described as:
—1/3
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Physical models and boundary conditions

Flow control structure
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A schematic diagram of the geometry
and the computational domain is showed in
fig. 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 in-
let and outlet for the simulation. The original
rectangular micro-channel is 50 um (height) x
200 pm (width) in cross-section, and the peri-
odic length is 150 pm. 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 flu-
id bulk temperature of 300 K, a uniform heat
flux of ¢" = 5-10° W/m? and no-slip boundary
conditions are specified at the external surfaces
of the micro-channel.

The flow rate is set for the periodic boundary, flow rates 2-10°kg/s, 4- 107 kg/s,
6-107kg/s, and 8- 107 kg/s are specified on the periodic inlet boundary automatically by the
optimization main program.

The radius of protrusion, R, and the distance
between sphere center and external wall, J, are the

Period 1 [

Flow direction

Figure 1. Schematic diagram of boundary
conditions

Table 1. Design variables and their
ranges for the flow control structures

two parameters optimized in this study. The low- Design | Lower range | Upper range
er range and upper range of these two parameters variable [pum] [pum]
are shown in tab. 1. The negative value of 6 means R 10 60
the sphere centre is located inside of the rectangle s 10 20

channel.

Optimization methods

The TP 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 TP. At this situation when a new vortex appears or flow separates from
the flow control structures suddenly, TP may be discontinuous. So some approximation
methods such as the RSM and pattern search algorithm [23, 24] are not appropriate in some
occasions.
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Figure 2. Flow chart of the main program

Table 2. Grid independence validation

at the condition of kg/s

Case | Seed size Nu Difference [%]
1 5.0 2.9900 5.00
2 35 2.8493 1.76
3 2.0 2.7984 0.29
4 1.0 2.7903 -

The genetic algorithm (GA) is used to
find the optimal flow control structure. This al-
gorithm is often used as a global search method
that does not need gradient information. An im-
plementation of the GA main program is sche-
matically shows as flow chart in fig. 2.

Model validation

The meshes that all have tetrahedral el-
ements 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 gener-
ate hexahedral elements is impractical. What’s
more, using a constant mesh number to con-
trol the mesh quality is not suitable when the
model changes greatly. In this study, the global
element seed size and global element scale fac-
tor are used to control the mesh size in all the
cases. Table 2 shows three cases with different
global element seed size that are used to gen-
erate meshes of physical model with equaling
50 pm and equaling 10 pm, and the relative

difference of TP and Nusselt number is listed. The last case is used to generate meshes in the
following study. Comparing with previous published results [10], Nusselt number difference is
less than 1%, therefore, the proposed model could be used to simulate the flow and heat transfer
characteristics in the micro-channel.
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Figure 3. Variations of f/f,, Nu/Nu, and TP
with d at flow rate equalling kg/s

Results and discussion

Effect of the distance, 6, on the
temperature and flow fields

Effect of the distance, J, on heat transfer
performance is analyzed. First of all, the results
of flow rate equaling 2 - 107 kg/s are 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:s, the high-
est thermal performance is 2.41 when R equals
52.85 um and J equals 8.91 um. For detailed
research, tab. 3 lists some of the cases with the
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same protrusion radius. Figure 3 shows the variations of thermal parameters with ¢ at flow rate
equaling 2- 107 kg/s. The temperature distribution on the protruded wall of these cases are
shown in fig. 4, and also the temperature distribution and streamlines in the stream-wise middle
sections are shown in fig. 5.

Table 3. The results of four cases with the same radius when varies

Case R 0 P ffo Nu/Nuy
250 29.05 —-10.00 1.73 0.85 1.64
263 29.05 0.65 1.65 0.72 1.47
217 29.05 11.29 1.91 0.61 1.26
204 29.05 17.10 1.39 0.57 1.15
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Figure 4 . Temperature distribution [K] on the Figure 5. Temperature distribution [K] and
structured walls; @ =2 - 10~ kg/s, (a) Case 250, streamlines in the stream-wise middle sections,
(b) Case 263, (¢) Case 217, and (d) Case 204 Case: Q=2 - 105kg/s; (a) Case 250 (b) Case 263,

(c) Case 217, and (d) Case 204

The distance, 0, is growing larger from figs. 5(a)-5(d), and from this pictures it can
be easily found that temperature gradient becomes much larger as 0 grows. In fig. 5(a), the
fluid-flows into this channel and quickly impinges on 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, figs. 5(a)-5(c), and then the vortices near the trailing edge
of the protrusion disappears when the sphere center moves further along the outward direction
figs. 5(a)-(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 J cases are
much larger. The average temperature of the structured wall changes slightly as the sphere cen-
ter 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-chan-
nels. Considering both tab. 3 and fig. 3, it can be found that the relative Fanning friction, f/f;,
increases with the increasing of d. This is mainly because the throat opening area changes reg-
ularly with the moving of sphere center.

At last, the whole heat transfer performance is evaluated by TP, which considers both
the heat transfer augmentation and the increase of friction loss [16]. The TP increases first when
o0 changes from —10 um to 0.65 pm, and then decreases when J increases from 0.65 pm to 11.29
um , and again increases when increasing from 11.29 um to 17.10 um.
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wl . Effect of the radius, R, on the

. B e f‘ t’fNuJ x temperature and flow fields

é 251 = - All the cases with the same distance, 9,
5ol o " Leas & when flow rate equals 4- 10 kg/s are analyzed
—" R in this section. After several times optimization,
150 =) the total number of cases carried out in this flow
Lt rate is 911. Figure 6 shows the f7f;, Nu/Nu,, and
10} TP variations with the changing of protrusion ra-
sl Lt dius. It can be obviously observed that all these
e e ==; il I PR three parameters increase with the increasing of
51001520025 30 35 40 45 radius R. The maximum TP is reached at R = 45

pm when equals 0.65 pm.

Figure 7 shows the temperature distribu-
tion and streamlines on the stream-wise middle
sections at flow rate equaling 4-10 kg/s. The
average temperature of the fluid domain rais-
es up quickly with the increasing of protrusion
radius. The Nu/Nu, is larger when protrusion
grows bigger. Moreover, the temperature of the
center region in Y-direction is lower than that

Figure 6. Variations of f/f,, Nu/Nu,, and TP with
R [pm] at flow rate equaling kg/s

285287289291293295297299301303305

Figure 7. Temperature [K] distribution and
streamlines in the stream-wise middle sections
Case: Q =4x107° kg/s; (a) R =13.97,

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 especial-
ly in the last three figures, figs. 7(b)-(d). Further-

(b) R=19.52, (¢) R =30.63, and (d) R = 40.16 more, when protrusion grows bigger individu-

ally, the positions of separatio and reattachment
move along the anti-flow direction and flow direction, respectively, therefore, the separatio
bubble grows larger gradually, figs. 7(a)-7(d). At last, the separatio bubbles almost fills the
whole domain between the protrusions.

Optimization result

The final results are obtained and all the parameters including, R, J, and TP are ex-
tracted from the simulation results. Table 4 lists these three parameters. It can be found that the
(R —0) is nearly 45 pm in all the four cases, which reveals that flow friction has little influence
on the TP in this study. While the heat transfer has remarkable impact on TP, the increasing of
Nu/Nu, makes higher TP in these cases.

The optimal solution of the four flow rates are all the same, and the detailed parame-
ters are listed in tab. 4. While, in middle flow rates, there also are two local optimal solutions
that can be get using GA.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 inside the 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 TP increases with the increasing of flow rate
quickly, flow rate has much larger influence than the shape of flow control structures.



Yang, K., et al.: Genetic Algorithm-Based Heat Transfer Enhancement ...
THERMAL SCIENCE: Year 2019, Vol. 23, Suppl. 3, pp. S727-S735 S733

Table 4. Global and local optimal solutions for protruded
micro-channel with different flow rates

0107 [kgs ] R [pm] 9 [um] TP
2 59.21 16.13 251
4 60.00 15.16 3.30
4 38.57 -6.13 3.20
6 60.00 16.13 4.22
6 37.78 -7.10 4.05
8 60.00 15.16 5.95

Figure 8 shows the temperature dis-
tribution 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 pro-
trusion cut into the rectangle channel, the
higher TP can be get in the selected ranges
for R and 0, which reveals that friction has
much smaller influence on the value of TP
in this study. Figure 9 shows the two local
optimal solutions listed in tab. 4. The local
optimal solution is a shape with smaller
flow friction and lower heat transfer perfor-
mance, which gets a lower peak before the
R reaches the upper limit of its range. Con-
sidering both the local optimal solutions,
figs. 9(a) and 9(b) and global optimal solu-
tions, figs. 8(b) and 8(c), it can be found that
the temperature gradient in the local optimal
solutions is much larger. Because the val-
ue of TP 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, respec-
tively. Finally, the same as previously men-
tioned, these two local optimal solutions
can be useful at some special situations
when flow friction is limited exactly.

Conclusions

Temperature:
325

322

(c) (d) 319
316

313

310

307

304

y 301

298

-~ 295

Figure 8. Temperature distribution of global optimal
solutions; (a) Q =2-107° kg/s, (b) Q=410 kg/s,
() @=6-10"kg/s, and (d) O =8-10° kg/s

Figure 9. Temperature distribution of two
local optimal solutions; (a) Q = 4- 105 kg/s,
(b) @=6-10° kg/s

In this research, dimensional optimization of a protruded micro-channel is done using
the GA, the sphere radius of protrusion, R, and ¢ the distance between sphere center and ex-
ternal walls are the two parameters which are optimized, from which we can get the following

conclusions.

® There are two peaks of TP values when R and 0 changes in the cases with flow rates equal-
ling 4- 10 kg/s and 6 - 105 kg/s, which means TP increases firstly with the increasing of R
and 0, and then decreases, after reach a local minimum value of TP, once again, it increases
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with the increasing of R and 6. While at the other two flow rates, the values TP increases
monotonously.

e The global optimal solutions for the four flow rates are given in tab. 4, which are helpful to
choose the best design variables listed in this table to get the highest TP.

® There also shows two local optimal solutions in tab. 4, which can be used in some special
situations when flow friction or pressure drop is exactly restricted.

e [t can be found that in all the different flow rates, the optimized shape of micro-channel has
the same point that (R — J) is nearly 45 um, which means the more the protrusion cut into the
rectangle channel, the higher TP can be get in the studied ranges of R and J.

Nomenclature

D, —hydraulic diameter, [m] R —radius of protrusion, [m]

f —Fanning friction factor U - velocity in flow direction, [ms™']
k  —thermal conductivity, [Wm'K™"]

L - periodic length, [m] Greek symbols

Ap — pressure drop, [Pa] o0 —distance, [m]

Q — mass-flow rate, [kgm™] p  —fluid density [kgm™]

q" —heat flux, [Wm™2]
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