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Abstract—This work relies on the constructal design method associated with exhaustive search and
genetic algorithms to perform geometric optimization of an asymmetric tri-forked pathway of highly
conductive materials (inserts) that remove a constant heat flux from a body and deliver it to three
isothermal heat sinks. It is shown numerically that the global thermal resistance, represented by the
maximum excess of temperature, can be minimized by means of geometric evaluation subject to two
constraints, the total rectangular area where the forked pathway is circumscribed and the tri-forked
pathway area, and seven degrees of freedom. A parametric study is performed to show the influence
of the degrees of freedom over the global thermal resistance. The optimal geometry was obtained
for a 40% area fraction, leading to a maximum excess temperature seven-times minimized with
a thermal performance 627 % better than a once optimized architecture, showing the importance
of the design for thermal performance. For higher values of aspect ratio, height/length, the optimal
configuration is highly asymmetrical, while for lower ratios the bifurcated branches has low influence
over the thermal performance of the system. The optimal tri-forked pathway presented a 307 % lower
thermal global resistance compared to a V-shaped pathway on the same conditions.

DOI: 10.1134/5181023281901003X

1. INTRODUCTION

The constructal law dictates the universal phenomenon of generation and evolution of design
(pattern, shape, structure). This phenomenon is observed in both animate and inanimate systems. Along
with the first and second law, the constructal law elevates thermodynamics to a science of systems
configuration [1—3]. It has been applied successfully to find shapes that facilitate the flow in animate
and inanimate systems [4—9].

The constructal law shows that, besides the conventional “arrow” of time given by the second law
of thermodynamics, there is another one for flow organization. This flow organization arrow has been
presented since the birth of thermodynamics, but it was not recognized until recently, with the advent
of the constructal law [10]. In macroscopic terms, this is the physics of the phenomenon of design, the
natural tendency of flow systems to evolve into configurations that provide greater access over time[11].

Bejan et al. [5] showed that the configurations of things found in nature are arranged in such a way
that maximize the flow through it, and that the constructal law can predict such configurations. Fur-
thermore, they showed that this phenomenon can be transposed to the engineering field, in applications
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such as renewable energy, refrigeration, heat exchangers, convection, among others [12—18], where the
optimal configuration is the one that can evolve into smaller and more complex structures, thus allowing
more flow through it.

This link between engineering and the constructal law has been widely discussed. according to Reis
and Bejan [6], the constructal law dictates the rules for the best geometry in all scales, showing that
these rules are derived from a physical principle and not simply assumed a priori.

Fins have been vastly studied with constructal design. Assemblies of plate and cylindrical T-shaped
fins were first studied by Bejan and Almogbel [19]. With the increasing advancements in computers and
processors, more complex geometries were studied, now using numerical models instead of analytical
solutions. The performance of Y-shaped fin assemblies was analyzed by Lorenzini and Rocha [20]
and better results were observed for the optimized Y-shaped geometry, comparing to the previous T-
shaped form. Moreover, a T-Y fin assembly with a cavity between the two branches was studied by the
same authors [21], showing that a smaller cavity volume and larger fins volume improve the system
performance. Twice Y-shaped fins were analyzed by Xie et al. [22] corresponding to a geometry with six
degrees of freedom. This twice Y-shaped structure had a thermal performance 36.7% better than the
single Y-shaped fin.

One of the applications for the constructal theory in engineering was the study of conduction
pathways. Since the early 2000s, several geometries of conduction pathways were studied. For instance,
X-shaped conduction pathways within a square-shaped box were studied. Results showed that, for
larger values of area fraction, the X-shaped configuration performed 51% better than the I-shaped
configuration [23]. Afterwards, even more complex geometries were studied in [24], such as ‘phi’- and
‘psi’-shaped pathways, obtaining even better configurations, reducing the global thermal resistance in
46% compared to the previously mentioned X-shaped configuration.

Concerning heat conduction through highly conductive materials utilizing the constructal design, an
application for heat generating systems was studied, with several geometries being analyzed. Y-shaped
pathways with different conductivities of the root and branch sections were studied, distributing the
hot spots on the body uniformly and obtaining an improvement of 30% over the Y-shaped pathways
with uniform body conductivity [25]. In other scope, a topological analysis of conduction pathways was
performed, defining an optimal topology utilizing a nonlimited volume of solid (VoS) function and using
it to define a finite geometry limited by conduction pathways of the system [26], while some studies
considered the contact resistance in [- and T-shaped bodies [27, 28]. Recent studies also analyzed the
influence of conductive pathways in bodies with nonuniform heat generation [29].

The shape variation on symmetric and asymmetric high-conductive trees affects the overall thermal
conductance of a heat generating domain, showing that asymmetric boundary conditions induce the
geometries to become asymmetric to achieve the best configurations [30]. This effect is observed in a
study of an asymmetric V-shaped pathway [31], which determined numerically the best configurations
considering constant heat flow being dissipated by two heat sinks on the extremities of the branches.
Highly asymmetric geometries were obtained, allowing for a better heat flow through the pathway. These
configurations were determined for various volume fraction values relying on the constructal design and
Genetic Algorithm.

Based on that V-shaped pathway, this work proposes the optimization of an asymmetric system
with one more heat sink in the middle of the system, a tri-forked pathway, which at the best authors
knowledge, has not been presented in the literature yet. Besides the new heat sink, this tri-forked
pathway was designed with the same boundary conditions as the previous work, for the sake of the
optimal geometries comparison.

2. MATHEMATICAL MODEL

Consider the tri-forked pathway sketched in Fig. 1. It receives a constant heat flux delivered to the
body at the bottom, i.e., y = 0 and —Dgy/2 < 2 < Dy/2, which is conducted through the body. Heat
is removed through the end of the three branches that are in touch with heat sinks. Two sinks are
located at the top boundary surface of the domain, i.e., y = H, and one is at the right boundary surface,
i.e., x = L/2. The pathway configuration for heat transfer analysis is two-dimensional, with a third
dimension (W) sufficiently long in comparison to H and L, allowing those to define the area where the
tri-forked pathway is inserted. The heat transfer rate through the root section (¢1) and the temperature
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Fig. 1. Tri-forked pathway geometry domain.

of the sinks (7) are known. The maximum temperature (7},4, ) occurs at the root section (y = 0) and
its value varies with the geometry.

The objective of the analysis is to determine the optimal geometry parameters (Dy, D1, Ds, D3,
H,, Hy, Ly, H, and L) for a given value of area ratio () that is characterized by the dimensionless
minimum global thermal resistance (T}42 — T0)/q1- According to constructal design, this optimization
is subjected to two constraints, namely, the total area (i.e., the area where the tri-forked high conductive
pathway is inscribed) constraint,

A=HIL, (1)

and the pathway area constraint,

HDy, LH, HD, H,D; HDy H,Dy LHy HyDy LD; Ds3Dy

b= Ty T e Ty 2 4 4 4 4 PG
where the subscript p means pathways, which can be expressed as a fin volume fraction
p = Ap/A. (3)

The analysis that gives the global thermal resistance as a function of geometry consists in numerically
solving the heat conduction equation along the tri-forked pathway where the pathways are considered
isotropic with constant thermal conductivity k,:

%0 020

oz T o =¥ ®)

where the dimensionless variables are
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T -1
0= 5

and

S~ oo o o Dy, D1,D2,D3,H,L,Hy, H.
2.9, Do, D1, Dy, Dy, H, Ly Hy = 0 70 078 0 2 (6)

The boundary conditions for the domain shown in Fig. 1 are given by

00 1 DO 5 Do 5
= — <F< =
9 B, at , ST, and § =0, (7)
and
6 = 0 at the sinks of length Dl, D5 and Dg, (8)
and
00 . .
o = 0 at the other surfaces (adiabatic), (9)
n

where 72 is the normal unit outward vector to the boundary surface.

The dimensionless forms of Egs. (1) and (3) are thus defined as

1=HI, (10)

HDy, LH, HDy H\D\ HD, HDy LH, HyDy LDs DsDg
Y= + + - - - + - . (1)
2 4 2 2 2 4 4 4 4 4

The maximum excess of temperature, 0,4, is also the dimensionless global thermal resistance of the
construct,

Tmam - TO
Omaz = . 12

2.1. Degrees of Freedom

To find the optimal geometry, the definition of the degrees of freedom for the optimization becomes
necessary. These degrees of freedom are dimensionless, thus being more general for future analysis. For

the purposes of this work, seven degrees of freedom were chosen for further optimization: Dy, Dy /Dy,
Dy /Dy, D3/ Dy, Hy/ Dy, L1/ Dy, and H/L. With each of these degrees of freedom optimized, added with
©, the optimal geometry of the system can be fully defined.
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Table 1. Numerical mesh grid convergence (¢ = 0.4, Dy =0.2, D1/Dy = Dy/Dy = D3/Dy=0.5, H/L = 0.5,
Li/Dy=0.4, Hy/Dy = 0.5)

Number of elements 07,0 107,00 — 0251 /67 |
67 1.8877 1.85 x 1072
348 1.9232 6.25 x 1073
1392 1.9353 2.42 x 1073
5568 1.9400 8.24 x 1074
22272 1.9416 —

3. NUMERICAL MODEL

The function defined by Eq. (12) can be determined numerically, by solving Eq. (4) for the temperature
field in every assumed configuration of degrees of freedom: Dy, Dy /Dy, D2/ Dy, D3/ Dq, Ha/ Dy, L1/ Dy,
and H/L (for a given ), and calculating 6,,,,, to see whether its value can be minimized by varying the
configuration. In this sense, Eq. (4) was solved using a finite element code, based on triangular elements,
developed in the MATLARB package, precisely the PDE (partial-differential-equations) toolbox [32, 33].
The mesh grid was nonuniform in both & and § spatial coordinates, and varied from one geometry to the
next. The appropriate mesh size was determined by successive refinements, increasing the number of

elements four times from one mesh size to the next mesh size, until the criterion |(#nae — Gz ) /Fnaz| <

1 x 1073 was satisfied. Here 67,40 represents the maximum temperature calculated using the current

mesh size, and 6% corresponds to the maximum temperature using the next, for which the number of
elements was increased four times. Table 1 gives an example on how the grid independence was obtained.
The following results were performed by using a range from 2,000 to 10,000 triangular elements.

Concerning the accuracy of the numerical code, the numerical results obtained using the code in
MATLAB PDEtool toolbox have been extensively compared with results from the literature in previous
studies of cavities and fins [19—21]. For the sake of brevity, the verification is not repeated in this work.

3.1. Optimization Procedures

The constructal design method is employed to determine the restrictions, the degrees of freedom
and the performance parameter of the evaluated flow system [I1—4, 9, 31]. To obtain an optimal
geometry for the seven degrees of freedom, the optimization process was performed with two distinct
optimization methods: exhaustive search and Genetic Algorithm. The first part of the optimization
process was performed using exhaustive search, which allows for a better analysis of the influence of
the degree of freedom of interest over the system and allows for the calibration of the Genetic Algorithm
for the subsequent optimizations. It was used for the first three degrees of freedom of the system
(D1/Dy, D2/ Dy, and Ds/Dy). A description of the main steps used for geometrical optimization in the
present problem is depicted in Fig. 2, since definition of flow system with the constructal design up to
optimization process. The description of the exhaustive search algorithm used in this work is presented
in Fig. 3. For the second part of the optimization, i.e., for other degrees of freedom, only the Genetic
Algorithm was utilized [34]. The description of the Genetic Algorithm used in the present work is shown
in Fig. 4.

3.2. Genetic Algorithm Configurations

A genetic algorithm was used for the optimization of the fourth- and other higher-level degrees of

freedom (D, Ha/Dy, L1/Dy, and H/L). This change in optimization methods is mainly due to the
unviability of the exhaustive search for higher-level optimizations due to the exponential increase of the
numbers of simulations for each degree of freedom that is added. In this way, the Genetic Algorithm
was calibrated with the results obtained from the exhaustive search optimization and then it was set to
optimize the next degrees of freedom.
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Constructal design method

Step 1: Define precisely the flow system to be studied
Tri-Forked pathway, thermophysical properties, boundary conditions

v

Step 2: Identify the flow (what is flowing and its magnitude)
Heat flux between the heated root and three heat sinks

\ 4

Step 3: Identify the meaning of providing easier access (facilitate
the flow) for the physical problem.
Decrease the maximum excess of temperature (named the performance indicator) in the domain

Step 4: Solution of the physical problem to calculate performance indicator
Numerical solution of energy equation in tri-forked pathways

Step 5: Identify the constraints of the problem (areas and volumes)
Tri-forked pathway and total arcas

A

Step 6: Identify the degrees of freedom for changing the geometry of
the system and flow parameters to be evaluated
B..D/D,, DJD,, DD, HID,, L/D,, HIL and ¢

Step 7: Calculate the maximum or minimum performance indicator and
geometries which allows the achievement of the best performance
Calculate the maximum excess of temperature seeking to minimize this
magnitude for several studied geometries

Optimization

Step 8: Choice of an optimization method to find the best performance and
evaluate the effect of geometry over flow system performance
Exhaustive search for variation of D/D.. D/D, and D/D, (Fig. 3) and Genetic Algorithm
for variation of other degrees of freedom and ¢ (Fig. 4)

Fig. 2. Flowchart with application of constructal design and optimization methods for the present problem.

The validation and application of genetic algorithm on engineering problems have been extensively
studied [34]. For the sake of brevity, this discussion is not shown here. The main parameters used for the
binary, single-objective, elitist, Genetic Algorithm are shown in Table 2.

4. OPTIMAL TRI-FORKED PATHWAY GEOMETRY

The numerical work consisted of determining the temperature field in a large number of configurations
of the type shown in Fig. 1. This same process of determining the temperature field was repeated in the

present study for several values of Dy, D1/Dy, D3/ Dy, D3/ Dy, Hy/ Dy, L1/Dgy, H/L, and .
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_Algorithm 1. Exhaustive search-based optimization
l: (enmx )7" - w
2: D,/Dy « 0.5,D3/Dy « 05,0y « 0.2,H,/Dy « 2,L,/Dy « 2,H/L « 1, « 0.4

3: ford, € {0.01,0.02,...,50} do
4: y =« maxTemperature(d, ,D,/Dy,D3/Dy , Do, Hy /Dy , Ly /Dy, H/L, )
S: i, y < (gmax )rn
6. (enmx )m - }’
7 (D1/Dg ), < dy
8: (Bmax )Zm -
9: ford,€{0.1,0.2,..,10} do
10: ford, € {0.01,0.02,...,50} do
11: y « maxTemperature(d, ,d, ,D3/Dqy, Dy, Hy /Dy , Ly /Dy ,H/L, )
12: ify < (enmx )Zm
13: (gmax )Zm L y
14: (Dy/Dy )z, = dy
15: (Dy/Dy), « d;

16: (anmx )3m & co
17: ford; € {0.1,0.2,...,10} do

18: ford, € {0.1,0.2,..,10} do

19: ford, € {0.01,0.02,...,50} do

20: y « maxTemperature(d, ,d, ,d3,Dy, Ha/Dy , Ly /Do , H/L, )
21: lfy < (Bmax )3m

22: (omnx )3m - y

23: (Dy /Dy )3, < d,

24: (D2/Dg )20 « d>

25: (D3/Dg ), < ds3

Fig. 3. Exhaustive search algorithm used for the optimization of D1 /Dy, D2 /Dy, and D3/ D.

Table 2. Genetic algorithm parameters

Parameter Value
Population size 40
Creation function Uniform
Crossover function Scattered
Mutation probability 5%
Crossover fraction 80%
Generations 200
Stall limit 20 generations

Figure 5 exhibits the effect of the ratio Dy /Dy over the dimensionless maximum excess of tem-
perature, 6,,4,, for various values of Do/Dy, and for fixed values of Dy = 0.2, H/L=1, p=04,
Hs/Dy =2, L1/Dy =2, and D3/Dy = 0.5. Results show that the increase of the parameter Dy /Dy
improves significantly the thermal performance. The once minimized maximum excess of temperature for
Dy /Dy = 0.5 was (0paz)m = 2.90225, with (D1/Dy), = 0.56. The best configuration was (D2 /Dg), =
1.7, where (042 )2m = 2.6793, with (D1/Dg)2, = 0.02. Moreover, changes in the ratio Dy /Dy also led
to different effects of the ratio Dy /Dg over the thermal performance of the tri-forked pathway. Note that
the number of times minimized (or optimized) stands for the number of degrees of freedom that were
considered in the analysis.

The optimal results shown in Fig. 5 are summarized in Fig. 6, which shows the effect of the middle
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Algorithm 2. Genetic algorithm-based optimization
1: H,/Dy < 2,Li/Dy «2,H/L «1,¢p < 0.4
2: D,/D, € {0.01,0.02,...,50},D,/D, € {0.01,0.2,...,10}, Ds/D, € {0.01,0.2, ...,10}
3: ford, €{0.10,0.15,...,0.25} do
4: _ (Bmax )3m < GAscript( Dy /Dy, D2 /Dy, D3/Dyo, do, H2/Do, Ly /Do, H/L, $)
5: D, € {0.01,0.02, ...,0.99}
6.
7
8

for h, € {1.0,15,...,3} do
(Bax )am < GAscript( D, /Do:Dz/Do'D3/Do’borhz'Ll/Do'H/L' ®)
: H,/D, €{0.1,0.2,...,10}
9: forl, €{05,1.0,..,2}do
10: (Bimax Jsm < GAscript(D, /DolDz/Do:D3/Do'50'H2/Do-11:H/L-¢)
11: L,/D, € {0.1,0.2,...,10}
12: for h€ {0.1,0.2,..,10} do

13: (Bmax Jem « GAscript(Dy /Do, D2 /Do, D3/Do, Do, Hy /Do, Ly /Do, h )

14: H/L € {0.1,0.2,..,10}

15:  for phi € {0.3,0.4,0.5,0.6,0.7} do

16: (Bmax )7m « GAscript( Dy /Dy, D, /Dy, D3/Dy, Dy, Hy /Dy, Ly /Dy, H /L, phi)

Fig. 4. Genetic algorithm description used for the optimization of the remaining degrees of freedom.

295 1 " 1 " 1 " 1 " 1 " 1 " 1
2.90 4 _
2.85 4 L
Bmax
2.80 o
DZ/DO = 10
2.75 4 ¢=04 I
H/L=1.0

1 _ Dp=02

D,/Dy=15 D3 o 05
2.70 4 Ly/Dy=20 [

D;/Do = 1.7 H,/Dy= 2.0

I e I X 1 ) 1 ¥ 1 . 1 s T L

0.0 0.1 0.2 03 0.4 0.5 0.6 0.7

D, /D,

Fig. 5. Influence of the degree of freedom D1 /Dy over the maximum excess temperature (6maz) for different values
Of Dz /Do.

sink size (Ds/Dy) over the once minimized maximum dimensionless temperature, (0,142 )m, and its
respective optimal ratio (D1/Dy),. It can be seen a decrease of (0,42 )m With the increase of Dy/Dy. It
is also noticed that the best configuration is the one with the smallest D; /Dy, which can be interpreted
as the system minimizing the left branch of the tri-forked pathway to achieve the best flow configuration.
Figures 7a—7c illustrate the temperature distribution for the best configurations with: (a) D2/ Dy = 0.5,
(b) DQ/DO = 1.0, and (C) (DQ/D())O =1.7.

Next, the ratio D3/Dy was analyzed. Figure 8 shows the optimization of the twice optimized
temperature (0,42 )2m as a function of the ratio D3/ Dy. It is noticed a great influence of the ratio D3 /Dy
over the twice minimized maximum dimensionless temperature, (0,42)2m, reducing it as the ratio
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0.6 2.95

T T T T
| I [ | | Py
1 H/L=10 |
05 - Do=02 1 599
Dy/Dy= 17
- Ly/Dy=20 |}
H,/Dy= 2.0
04 & 2.85
(D1/Do)o
03 — - 2.80
b t (Grax)m
0.2 — (Omax)m I~ 2.75
0.1 - - 2.70
0.0 77— 77— 2.65
0.6 0.8 1.0 1.2 1.4 1.6 1.8

D3/Do

Fig. 6. Effect of the middle sink size (D2/Dyg) over the optimal left sink size (D1/Do), and the optimal excess
temperature (@maz )m.

\ANAR/

29 i 238 27
0 ' 0 i 0
D,/Dy = 0.5 Da/De = 1.0 D;/Dg = 1.7
(D1/Do), = 056 P o (D1/Do), = 0.02
(Bma) = 2.8988 Oy 27665 O = 2.6793
@ ) ©

Fig. 7. Once-optimized geometries for: (a) D2 /Do = 0.5 and (D1/Dg)o = 0.56; (b) D2/Do = 1.0 and (D1/Do)o =
0.33; (C)(Dz/Do)o = 1.7, and (Dl/Do)o = 0.02. (emaz)zm = 2.6793 in (C)With D3/D0 = 0.5, Do = 0.2, H2/DO =
Ll/Do = 2, H/L = 1, and<p =0.4.

increases. The value for the three times optimized maximum dimensionless temperature was (8,42 )3m =
2.1309, obtained with the configuration of (D1/Dy)3, = 0.01, (D2/Dg)2, = 0.1, and (D3 /Dy), = 3.2. It
is important to notice that the optimal ratio for the leftmost branch (D; /Dy) remains basically constant
and as small as the resolution previously defined. In addition, it is noticed a great reduction in the ratio
of the middle branch of the pathway (Ds/Dy). It is worth mentioning that the optimal configuration
is the one with the highest ratio D3/Dgy and lowest ratios D1/Dy and Ds/Dy. This is because the
system minimizes the heat transfer through these two pathways and dissipates most of the heat through
the right branch. Figures 9a—9c¢ show the optimal configurations for D3/Dy = 1.0, D3/ Dy = 2.0, and
(D3/Dy), = 3.2, respectively. Up to this point, results showed that the definition of an asymmetric
domain led to the generation of an optimal shape with high level of asymmetry. Then, it is clearly shown

that the restriction of flow system domain has a higher influence over its generated shape.
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2.7 T T T T T T T 2.0
¢ =04
H/L=10 |
2.6 - 50 =0.2
e Li/Dg=20 | 16
H,/Dy = 2.0
2.5 K
— 1.2
(D2/Do)o
s - (D2/Do)o
B max
(emax)Zm T ( max)Zm | 0.8
23 —
- (D1/Do)20
— 0.4
22—
(D1/Dg)20
N7 T 7T cr 1 —1%
0.0 0.5 1.0 1.5 2.0 25 3.0 35

D3/Dqo

Fig. 8. Results from the third level of optimization, including the right sink size (D3/Dg), showing the influence of
this degree of freedom over the twice-minimized excess temperature (@maz )2m, on (D1/Do )20, as well as on the once-
optimized middle sink (D2/Do)o.

N VAW ViN

% 25

\ i . ‘ ‘ 2.1

w w i -

D3/Do e 0.5 D3/D0 = 10 D3/D0 = 32

(D3/Dg)o =17 (D3/Dg), = 0.8 (D3/Dg)o=0.1 0
(D1/Dg)20 = 0.03 (D1/Dg)20 = 0.02 (D1/Dqg)20 = 0.01
(Bmax)am= 2.6793 (Omax)2m= 2.4642 (Omax)2m=2.1293
(@ (b) (©

Fig. 9. Optimal topologies from the third optimization for: (a) D3 /Do = 1.0; (b) D3/Do = 2.0; and (¢) D3 /Do = 3.2,
with Do = 0.2, H2/Do = L1/Do = 2, H/L = 1, and ¢ = 0.4.

For the subsequent degrees of freedom, Dy, Hs /Dy, L1/ Dy, H/L, the best configurations were found
using genetic algorithm (GA ) with the configurations previously described in Section 3.2.

The first degree of freedom optimized with GA was Dy, with Hy/Dy=L1/Dy =2, H/L =1, and
¢ = 0.4. The results of the optimization are shown in Fig. 10a. From here onward, for clarity purposes,
the influence on the previous degrees of freedom is not shown, as we are interested in the overall effect of
each degree of freedom. The best configuration, illustrated in Fig. 10b, was found for (Dyp), = 0.13,
(Dg/Do)QO = 78, (Dg/Do)go = 0.1, and (Dl/D0)4O = 0.09, resulting in a (Gmax)4m = 1.7729. The
found configuration shows that for these given degrees of freedom, the system adapts in such a way
that it maintains a similar pattern, as found at the last step of optimization, i.e., still dissipating most of
the heat received at the base through the right branch. However, opposite to the previous configuration,
the middle branch is narrower, becoming less important in the process of heat diffusion.
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2() 1 1
¢ =04 ‘
1 H/L=1.0 i
Ly/Dy = 2.0 =

Hy/Dy= 2.0

2.74

(emax) 3m

I (Do)o =013
1.7 . : . : : (D3/Do)20 = 7.8
0.10 0.15 0.20 0.25 (D5/Dg)3, = 0.1
D, (D1/Dg)4o = 0.09

(Omax)am= 17729

(a) (b)

Fig. 10. (a) Optimization of Do, showing the effect of the degree of freedom over the three times-optimized excess
temperature; (b) topology of the optimal geometry for the fourth optimization level with Hao/Do = L1 /Do = 2, H/L =
1,and ¢ = 0.4.
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Fig. 11. (a) Optimization of Ha /Do showing the effect of the degree of freedom over the four times-optimized excess

temperature; (b) topology of the optimal geometry for the fifth optimization level with L1/Dg =2, H/L =1, and
p=04.

For the next degree of freedom, Hy/Dy over the four times minimized maximum excess of tem-
perature, (0maz)am, is presented in Fig. 11a and the optimal configuration, shown in Fig. 11b, was
found for (HQ/D())O = 2, (Do)go = 013, (Dg/Do)go = 78, (DQ/D0)40 = 0.1 and (Dl/D0)5O = 009,
resulting in a (Omaz)sm = 1.7729 (for L1/Dg =2, H/L =1, and ¢ = 0.4). Coincidentally, this was
the same geometry obtained at the last step of optimization, seen Fig. 10b. The influence of Hy/D,
over the (0,,4z )4m shows that this parameter has influence over the dimensionless temperature. For the
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Fig. 12. (a) Optimization of L1/Do showing the effect of the degree of freedom over the five times-optimized excess
temperature; (b) topology of the optimal geometry for the sixth optimization level with H/L = 1 and ¢ = 0.4.

optimization of this degree of freedom, the system maintains the same behavior as seen in the previous
optimization, still increasing the size of the right branch till the inferior limit when y = 0.

Afterwards, the optimization was performed for Ly/Dy considering H/L = 1.0 and ¢ = 0.4, as

shown in Fig. 12a. The optimal configuration was found for (L1 /Dy), = 1.1,(Ha/Dg)2o = 2.1,(Dp)30 =
0.16, (Dg/D0)4o = 6.2, (DQ/D0)5O = 0.1, and (DI/DO)GO = 007, resulting in a (Hmm)ﬁm = 1.6697.
The optimal configuration is shown in Fig. 12b. For this configuration, it is seen that the right branch is
as large as possible, with the other branches a lot smaller in comparison. This happens because the right
heat sink is the closest to the heat source, thus the system morphs in such a way to form a configuration
where most of the heat is dissipated through that branch.

After that, the aspect ratio H/L was also considered as a degree of freedom to the system
(Fig. 13a). The best configuration, shown in Fig. 13b, was found for (H/L), = 0.1, (L1/Dq)2, = 1.6,
(HQ/D())?,O =0.1, (D0)40 = 07, (Dg/D0)5o = 0.1, (DQ/D())GO = 1.4, and (Dl/D0)7O = 007, resulting
in a(@maz)7m = 0.3994. After allowing the system to change its slenderness factor, it is noticed that the
system tries to become as short as possible, given that this configuration makes the middle heat sink
closer to the heat source. With this, the system can dissipate the heat in a more efficient way through it.
In addition, the contribution of lateral branches for heat exchange become peripheral, thus making them
as thin as possible, and the configuration displaces toward a more symmetric shape.

Analyzing the results of the performance improvement over each optimization step, it is noticed that,
for a fixed slenderness ratio (H/L), the rightmost branch ratio (Ds/Dy) was significantly greater than
the other parameters, being three times more relevant than the optimization of D/ Dy and almost fifteen
times more than Dy. This shows that the system optimizes itself relying a lot more on the adaptation of
the branches and conditions imposed to them than the area in contact with the heat source itself, when it
cannot change its height to length ratio. However, when allowing the freedom to change its slenderness,
it is seen that this becomes dominant in the optimization of the case where you have a direct sink in the
middle of the pathway, since it changes the shortest distance between the heat source and a heat sink.

After analyzing each optimization step and finding the best configuration for ¢ = 0.4, the same
optimization was performed for different values of the area fraction. These results are shown in Fig. 14.
As expected, the seven times minimized maximum excess of temperature decreases as the area ratio
@ increases. This happens because there is more area available to exchange heat in the system.
Figures 15a—15c illustrate the best geometries for ¢ = 0.3, 0.5, and 0.7, respectively. For ¢ = 0.4, it
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Fig. 13. Optimization of H/L showing: (a) the effect of the degree of freedom over the six times-optimized excess
temperature; (b) topology of the optimal geometry for the seventh (and final) optimization level with ¢ = 0.4.

is already shown in Fig. 12. [t can also be noticed that the increase of ¢ led to an augmentation of
thickness of the central branch and reduces the participation of lateral branches in the heat transfer flux.
[t is important to note that at each level of optimization, the system enhances its thermal performance.
The fully optimized architecture has a maximum excess of temperature 6.27 times smaller than the
once-optimized geometry, which is very significative. This result highlights the importance of the given
degrees of freedom for the system in such a way to maximize the current access, as described by the
constructal law. Also, results obtained here are compared with those found for a V-shaped considering
the same thermal conditions and area fraction [31]. The maximum excess of temperature obtained for the
tri-forked shape was 307 % smaller than the one reached for the best V-shaped pathway. Results showed
that, for the present thermal conditions, the increase of complexity led to a better thermal performance.

5. CONCLUDING REMARKS
Constructal design associated with a Genetic Algorithm was employed for geometrical optimization
of a complex tri-forked pathway with seven degrees of freedom: Dy /Dy, D2/ Dy, Ds/Dy, Dy, Ha/ Dy,
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Fig. 15. Optimal geometries for: (a) ¢ = 0.3; (b) ¢ = 0.5; and (¢) ¢ = 0.7.

L1/Dy, and H/L. The focus point of the optimization was to minimize the global thermal resistance,
represented by the maximum excess of temperature of the system. The tri-forked pathway was subject
to two geometric constrains: the total area where the tri-forked pathway was inscribed (A) and the
tri-forked pathway area (A, ). For the first part of the optimization, constructal design associated with
exhaustive search provided the best configurations for the first three degrees of ireedom. The effect of
each degree of freedom over the system was analyzed. On the second part of the optimization, Genetic
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Algorithm was used to extent the search of the optimal shapes for the other degrees of freedom. In
addition, it allowed the analysis of the influence of the area ratio (¢) over the optimal geometry.

For the best geometry (with all degrees of ireedom optimized), it was obtained an excess temperature
of (Ormaz )70 = 0.3994 (for ¢ = 0.4), which accounts for an improvement of 627 % over a one degree of
freedom-optimized geometry, highlighting the importance of freedom for a flow system. The optimal tri-
forked geometry has a 307 % better performance over the optimal V-shaped geometry, showing that
the tri-forked pathway is an evolution in design of the V-shaped pathway. Other important observation
was obtained when the ratio H/L was varied. For higher ratios of H/L an asymmetrical optimal shape
is achieved, while for lower ratios of H/L the bifurcated branches had low influence over thermal
performance of the system.

Finally, other ideas arise from the present study. As the greatest improvement comes from reducing
the distance between the base and the middle sink, a question that arises is concerned with the influence
of different sink temperatures (or other thermal conditions) and its influence over thermal resistance of
the system and its architecture. This will be analyzed in future works.

NOTATIONS
A—area [m?]
Dy—length of single branch [m]
D;—length of left branch [m]
Dsy—Tlength of central branch [m]
Ds—length of right branch [m]
H—nheight [m]
H,—height of left branch [m]
Hy—height of right branch [m]
k—thermal conductivity [W m=! K—!]
L—Ilength [m]
L,—length of central branch at the branching point [m]
g—heat transfer rate [W]
T—temperature [K]
V—volume [m?]
W—width [m]

Greek Symbols

f—dimensionless temperature
p—volume fraction

Subscripts
m—minimized
rm—ux-times minimized
o—optimal
ro—x-times optimized
p—pathway
0—ambient

Superscript

(") dimensionless variables
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