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Abstract: Due to its excellent performance and high design freedom, the lattice structure has shown
excellent capabilities and considerable potential in aerospace and other fields. This paper proposes a
method to map the biometric model to the lattice structure. Taking leaf veins as bionic objects, they
are used to generate a bionic design with a gradient lattice structure to improve the performance of a
heat exchanger. In order to achieve the above goals, this article also proposes a leaf vein model and a
mapping method that combine the leaf vein model with the lattice structure. A series of transient
thermal finite element simulations was conducted to evaluate and compare the heat dissipation
performance of different designs. The analysis results show that the combination of the bionic design
and the lattice structure effectively improves the heat dissipation performance of the lattice structure
heat exchanger. The results indicate that the application of bionic design in lattice structure design
has feasibility and predictable potential.

Keywords: bionic design; lattice structure; heat transfer analysis; heat exchanger

1. Introduction

Because of their excellent mechanical properties and multifunctionality, lattice struc-
tures have received widespread attention in both academia and industry. The lattice
structure has a variety of topological configurations, and each unit can be defined by differ-
ent parameters, making the lattice structure have higher designability than the conventional
metal foam [1].

Since the concept of lattice structure was put forward, its ability to dissipate heat
has been widely studied. Studies on the thermal performance [2], effective thermal
conductivity [3,4], as well as applications [5,6] of the lattice materials have been performed
based on the theory of metal foam [7-10]. Wang et al. [11] developed a lattice Boltzmann
method-based computational model to predict the effective thermal conductivity of lattice
structures. Ho et al. applied periodic lattice of Rhombi-Octet unit cell to the design of key
cooling components. The simulation and experimental results show that the periodic lattice
structure improves the thermal performance of the structure [12,13]. Shen et al. [14] re-
placed pin fins of wedge-shaped channels with a Kagome lattice structure, which enhanced
the heat dissipation performance by 20~35%. Based on the principle of thermodynamics,
Deng and Wang [15] developed an efficient method to calculate the effective thermal con-
ductivity of the X-type lattice structure. At the same time, the distribution of the lattice
structure in the heat exchanger is optimized. On the other hand, Sypeck [16] reported the
application of lattice structure in various fields, including a multifunctional heat exchanger
with a lattice core. Yan et al. [17] applied the X-type lattice core material to the design of
the disc brake system to improve its cooling performance.

At the same time, inspired by biological structure, scholars attempted to find design
directions from nature to improve the performance of heat dissipation and heat resistance.
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A variety of biological characteristics have been used as bionic objects to improve the work
efficiency of key component by heat transfer enhancement [18,19], micro-scale structure
optimization [20-23], and reducing surface resistance [24-26]. When nutrients and water
are transported from the root of the leaf to all parts, the leaf veins play a key role as shown
in Figure 1. The process of nutrient transportation is similar to that of heat dissipation in a
structure with concentrated heat load. Zhao et al. [27] proposed a new flat-plate heat pipe
with leaf vein structure and studied the influence of the fractal angles of the vein structure.
It is shown that under the optimal fractal angle, the overall efficiency of the structure can
be 40% higher than that of the structure without bionic design.

Figure 1. Leaf veins in nature, photos are taken by the first author.

Although the application of bionic design has effectively improved the performance
of key components, most of them are used in traditional structures, and there are few
combined applications with lattice structures. This paper proposes a leaf vein-inspired
bionic design method for heat exchanger infilled with graded-density lattice. The heat
exchanger [16] shown in Figure 2 is used to demonstrate the effectiveness of the proposed
bionic design method, where the skin of the exchanger forms an inner cavity filled by
spatially-varying lattice structure cells.

Working fluid
inlet (or outlet)

Working fluid
(pore of lattice cell)

Lattice cell

Figure 2. A typical heat exchanger with lattice structure.
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For each lattice structure cell, the pores of the lattice structure are filled with working
fluid, which can flow directionally in the inner cavity of the exchanger and conduct thermal
convection at the surface of lattice structure. The working process of this kind of heat
exchanger is shown in Figure 3.

(1) Thermal load

(2) Conduction and convection

Figure 3. Working process of heat exchanger with lattice structure. (The direction of the arrow
indicates the direction of heat transfer).

(1) Local temperature variety occurs on the exchanger under thermal load.

(2) Heat is transferred from the local part to the whole structure and working fluid by
heat conduction and convection.

(3) Heat is finally carried out of the heat exchanger by the working fluid.

In this paper, by combining bionic characteristics with lattice structure, a lattice
structure with graded density, rather than uniform density, is generated to optimize the
heat dissipation components and achieve improved heat dissipation efficiency.

The layout of this paper is organized as follows. Section 2 introduces the mathematical
model of heat transfer in lattice cell, vein models, and mapping methods for bionic design.
Section 3 introduces the numerical simulation method and models employed in this work.
Section 4 presents numerical examples to demonstrate the advantages of the bionic designs.
Finally, the conclusions are summarized in Section 5.

2. Models and Methods
2.1. Mathematical Model of Heat Transfer

This paper focuses on the influence of lattice structure design on heat transfer. When
heat is transferred in lattice structure, each lattice cell can be equivalent to a continuous
material with the same mass and conduction properties. Then, the three-dimensional heat
conduction can be written as

)+ (1) 4 2 (1) g o
ax "oy ) Tay\Fewgy ) Taz Moy ) T T Pefelyr

where T is temperature and 0T /dx, 9T /9y, and 0T / 0z are the temperature gradient in x, y,
and z directions, respectively; 0T /97 is the rate of change of temperature over time; ke xy,
ke,yy, and ke -, represent the equivalent thermal conductivity of the equivalent material in x,
y, and z directions, respectively, p. and c. are the density and specific heat capability of the
equivalent continuous material, respectively; and 4 is energy generated per unit volume.
According to the theory of heat conduction, the physical quantity ae = ke/(pecCe) is
the equivalent thermal diffusivity of the material. When the value of a. is large, the diffuse
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of heat in the structure is fast. Thus, it is desired to design lattice structures with large
value of ae.

When the lattice structure is BCC type (also called X-type) [28] (as shown in Figure 4)
and all members in the lattice cell are cylinders of same radius ry,, the equivalent heat
conductivity of the unit cell can be obtained as follows [15]:

k _ 4Amkm l cell,x
o 2 2 2 lcell,y lcell,z
(lcell,x ) + (lcell,y) + (lcell,z)
k _ 4Amkm lcell,y
oy 2 2 2 lcell,x lcell,z
(lcell,x) + (lcell,y) + (lcell,z )
4Amkm lcell,z

@

Koz = 2 Leelt,xlcell
2 o ‘cell,xteelly
\/(Zcell,x) + (lcell,y) + (lcell,z)

where ky, is the thermal conductivity of the parent material of lattice structure; I »,
leeny, and leepy ; are the length of lattice cells in X, y, and z directions, respectively; and

Am = n(rm)2 is the cross-sectional area of lattice members. In this paper, we assume that
leenx = leely = leenn,z = leen; however, our discussion can be applied for other cases as well.
When leeptx = leelly = leell,z = lcenl, the equivalent thermal conductivity coefficients can be
written as

4A
ke,xx - ke,yy - ke,zz - ke - ﬁlimz . km (3)
cell

/rm

IceII,z

y
X
z
Figure 4. A single cell of BCC type lattice structure.
Then, (1) can be simplified as

PT T T 4  pecedT
e I — 4
o a7 92 The T ke ot @)

where the equivalent density p. can be approximately given as

4 ? —39.2(rm)°

o A \/§7Tlcell (T’m) 39 (T’m) Pm (5)

(lcell)3
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When the temperature variation in each lattice cell is much smaller than that of the
whole structure, the heat flux of convective heat transfer in lattice cells can be regarded
as constant and occurring at the center of cell; therefore, the process of convective heat
transfer is determined by Newton’s law of cooling;:

O = h(wa - Tlat)AC (6)

where @ is heat transferred by convection per unit time; Ty, and Tj,; are temperature of
working fluid and lattice, respectively; / is the convective heat transfer coefficient; and A
is the area of the interface between the lattice cell and the working fluid.

In the working process described in Section 1, as the heat conduction effect of the
working fluid itself is significantly less than that of the structure, the convective heat
transfer between the structure and the working fluid can be considered as the only heat
input of the working fluid. When T = T, the approximate expression of the working fluid
temperature at the position of the i-th lattice cell can be written as

h ( Toots

T=1—ATy Tat,i T:TofATg)AC'i

wa,i’T:To = Twtilr—ry—ag ATty (7)

PwiCwi Vivg,i
where p¢ is the density of working fluid, ¢, is the specific heat capacity of working fluid,
and Vy; is the actual volume of working fluid in the i-th lattice cell.

For the BCC type lattice structure, the volume of working fluid, the convective heat
transfer contact area, and the equivalent density of working fluid in the i-th lattice cell can
be, respectively, given as

Vit = (Leen))® — 4V/37leet (Fm ) + 39.2(rm 1) ®)
Aci = 43.53rm ileen — 117.6(rm )%, (i = 1,2,...,N) 9)
T'm,i 2 Ym,i 3
Putei ~ | 1-218( ; +392( 77 ) | owts
cell cell
(i=1,2,...,N) (10)

According to the above model, it can be found that when the structure material and
working fluid of lattice structure are given, the working process of the lattice is mainly
affected by the type and size of lattice structure. However, in an actual situation, the I ¢ 4,
leenn,y and leep ; Of lattice cell is limited by the size of structure and manufacturing process.
Therefore, the design of ry,; for each lattice cell is the main topic of this study. In the
following, we develop a leaf vein-inspired bionic design method to determine the values
of ry, ; for all lattice cells to improve the performance of the heat exchanger.

2.2. Leaf Vein Model

In order to realize the bionic design of lattice structure, by observing the growth law
of leaf vein, this paper presents a parametric model to describe the growth features of
leaf vein. The parametric model describing the growth features of leaf vein is shown in
Figure 5, and the parameters are listed as follows:

V= [Vo,Vl, e ,an,ﬂT
¢ = [xe, "

ng

O = (04,0, .. .,Gns,l]T
T=[y,72 7]
D = [dy,d>, .. .,dnS]T

(11)
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7

where V represents the vertices on the edges of the vein model; v; = [xy;, yvi]T
(i=1,2,...,n) is the coordinates of the i-th vertex—two adjacent vertices represent an
edge, all the edges form the envelope of the vein model; c is the root of the vein model and
vein “grow” from this position; 1, is the number of stages of veins; 0; (Gj=12,...,n,—1)
and 7 (k =1,2,...,ns — 1) represent the bifurcation angle and position of each stage of
veins; and d;(I = 1,2,...,ny) is the diameter of each stage of veins.

V3 V2 V3 V2 V3 V2
0,
o d
2
0
d
A
c" c -
Ns=2, 71=la1/lpz Ns=3, 71=lao/ I Ns=4, 73=la3/ln3
Figure 5. Parametric model describing the growth features of leaf vein.
When the above main parameters vary, the model also changes accordingly, for
instance, when n;, ® and I take different values, the generated models are shown in
Figure 6.
ns =3 ns=>5
8, = 40° 8o = 50°
ns = 4,00 = 45°, 79 = 0.618° 70 = 0.618* 70 = 0.6188

Figure 6. Proposed leaf veins model. NOTE: In the above model, ® and T satisfy the relation of 6; = 0.618 x 6;_1 and
v; = 0.618% x 7;_1 [29].
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(a)

2.3. Mapping Method

After the leaf vein model is generated according to size of exchanger and working
conditions, the leaf vein model is mapped to the lattice structure by the following method
to generate the bionic design of the lattice structure. First, the 3D grids of the lattice
structure are reduced to 2D grids on the x-y plane (Figure 7a); then, the collections of 2D
grids that each stage of leaf veins pass through are obtained (Figure 7b) and named ‘k-th
collection’(k = 1,2,...,n,), and grids that are not mapped by any leaf veins are set as a
collection named ’(# + 1)-th collection’. Finally, the collections of 3D lattice structure are
obtained according to the collections of 2D grids (Figure 7c), thus the lattice structure cells
are divided into different collections according to the distribution characteristics of leaf
veins. The lattice structure cells in a collection have the same radii.

Assume that the relationship between the radii of the lattice structure from collection
of different stages is geometric series and the material of the lattice structure is prescribed,
then the above mass constraints can be written as

ng+1

)3 (”k (4\@7Tlcell (Voﬁ”s_kH) " 302 (7oﬁns_k+l>3> ) = Vini (12)

k

where 7 is the minimum radius value of whole lattice structure as well as the lattice
cells which are not mapped by any leaf veins, j is the ratio of the radii of adjacent stages
collections, Vi is the prescribed volume of the materials constituting the lattice structure,
and 7y, is the count of lattice cells in k-th collection.

(b) (c)

I veins of stage 1 mmm veins of stage 2 veins of stage 3 -~ grid

gird of stage 1 gird of stage 2 gird of stage 3

Figure 7. Bionic model mapping design method. (a) 2D grids of lattice structure. (b) 2D grids collections of different stages.

(c) 3D lattice structure collections obtained by 2D grids collections.

3. Uniform and Bionic Designs
3.1. Working Conditions and Uniform Design

The working conditions and design constraints are as follows: the size of the inner
cavity of the heat exchanger is Ly X Ly x Ly =200 x 200 x 20 mm?. The materials of the
structure and working fluid are aluminum and liquid, respectively. The initial temper-
ature of the whole exchanger is Tp = 273.15 K. Convective heat transfer coefficient is
h = 10,000 W/ (m? - K). Two working conditions are considered in this work:

WC;: The temperature at the center of the lattice structure is a constant value of
Ty = 323.15 K.

WC;: A constant heat sink of T = 323.15 K is applied at the center of the lattice
structure and the heat is continuously transferred to the structure. The heat conduction
area and coefficient are Agn = 100 mm? and gy = 20,000 W/ (m? - K), respectively.
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Considering the influence of design parameters of lattice structure on the performance
of the exchanger, two uniform designs of lattice structure U; and U, with parameters listed
in Table 1 are employed to demonstrate the performance advantage of the bionic designs.

Table 1. The parameters of uniform design models.

Parameters Uniform Design 1 (Uy) Uniform Design 2 (Uy)

R = [rm1,"m2, -+ "mN] /mm [1.0,1.0,...,1.0]T [0.667,0.667, ...,0.667]T
lceu/mm 100 6667
M/kg 0.397 0.397
N 800 2700

3.2. Bionic Design Inspired by Leaf Veins

According to the working conditions and design conditions described in Section 3.1, the
leaf veins model shown in Figure 8 can be established, where the values of V are determined
by the dimensions of the heat exchanger in the x and y directions, the value of ¢ is determined
by the location of the central thermal loads, #s; = 3, and © and I are given as

0y = 40°
91' = 91‘_1 x 0.618
70 = (0.618)*
Yi = vi—1 X 0.618

(i=1,2) (13)

Il veins of stage 1
mmm veins of stage 2
veins of stage 3

Figure 8. Leaf vein model for two working conditions.

Then, graded lattice structures, instead of uniform lattice structures, can be gener-
ated based on the leaf vein model described in Equation (13) and the mapping method
developed in Section 2.3.

Accordingly, two bionic designs, B; and By, corresponding to the uniform designs
can be obtained. The values of the parameters of 7y and other parameters are shown in
Table 2. where the value of beta and the radii of lattice in difference collections of stages
are obtained according to Equation (12).

Table 2. The parameters of bionic design models.

Parameters Bionic Design 1 (Bq) Bionic Design 2 (Bq)
[Ng1, Ns2, Ne3, Ngg] T [32,64,560,144]T [48,192,1380,1080]T
ro/mm 0.5 0.4

B 1.793 1.746
[s1, 72, 753, Ts4) T /MM [2.882,1.607,0.8965,0.5]T [2.1305, 1.220, 0.6986, 0.4] T
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Due to the different densities of the lattice, when the same leaf vein model is mapped
to the lattice structure, different lattice structure collections are obtained as shown in
Figure 9. Compared with By, the number of 2D grids in B, is increased from 400 to 900, as
well as the number of lattice cells being increased from 800 to 2700, the mapping process is
more refined and the mapping results are more obvious when showing the distribution
characteristics of the leaf vein model. Through the comparison of the lattice cells number
in collections, the proportion of the grids in the 4th collection, that is, the grids that are not
penetrated by any leaf veins, has increased significantly, leading to the change of the mass
proportion of lattice structure in each collection.
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Figure 9. Uniform designs and Bionic designs obtained by mapping methods. (a,b) U; and By with .o = 10.0mm. (c,d) Uy
and By with I o = 6.667mm. (e) Lattices with different size in By.
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4. Results and Discussion

In order to verify the effectiveness of the bionic design method, finite element analysis
is carried out to demonstrate the performance advantage of the bionic design over the
uniform lattice design.

4.1. Finite Element Model

Based on the mathematical model described in Section 2.1, a finite element model of
heat exchanger is established. As shown in Figure 10, each member of lattice structure is
modeled as a one-dimensional element and working fluid is modeled by continuous three-
dimensional solid elements. In addition, although the lattice structure and the working
fluid model are separately established in space, the convective heat transfer between the
lattice cells and the corresponding working fluid are considered by Equation (6)

Working fluid model
(3D elements)

Lattice structure model
(1D elements)

AN

TATATAVAVAVAVAY AV AY LV A7 7,7,
AV

AYATAYAYAY LYY AT 47 7

TAVAVAYAVAVAYLY .V v
Tava

Corresponding position

Figure 10. Finite element model.

Due to the use of two-dimensional element to simulate the members of each lattice
cell, the mass of each lattice element needs to be corrected. The mass correction coefficient

of each lattice cell is given as

_ 4v/37tl oy — 39.27, 14)
4\/§7T lcell

For structures with constant mass and working fluid mass and working conditions
above, the steady-state state is the same. Therefore, we take the first 1200 s before the
structure reaches a steady state to observe the heat transferred from the structure to the

working fluid.

Cc

4.2. Working Condition 1

The analysis results transient heat transfer process of U; and B; under WC; are shown
in Figure 11. As the heat transfer process result of U, and B, are similar to those of U; and
By, the results of U, and B; are not shown here. Intuitively, during the heat transfer process
of the first 1200 s, the heat is gradually transferred from the center of the lattice structure to
the edges in both designs, the temperature of the working fluid gradually increases due
to the convective heat transfer process, and its temperature distribution is similar to the
lattice structure. However, at the end of 1200 s, the temperature of edge position of the
lattice structure in Uj is still at a value close to the initial temperature.
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Two indicators are used to evaluate the heat transfer capacity of the heat exchanger:
the average temperature increment of lattice structure AT,ye and the total value of heat
transferred from the structure to the working fluid Q. in the simulation process. The higher
values of the two indicators, the better the heat transfer and heat dissipation performance
of the structure.

The numerical values of AT,ye and Q. are plotted in Figure 12a,b. It can be observed
that the bionic design has a significant increase in both indicators when compared with the
uniform design during the working process, indicating that the heat has a higher transfer
efficiency in the lattice structure of the bionic design.

4.3. Working Condition 2

The heat transfer process results of U; and B; under WC, are shown in Figure 13, and
the values of AT,ye and Q. are shown in Figure 12¢,d and Table 3.

It can be found that under WC;, the center of the uniform design is continuously
heated to a temperature closer to Tg = 323.15 K, but the heat is not effectively diffused
to other positions of the lattice structure. On the other hand, due to the gradient of the
lattice structure of bionic design, the heat in the center of the lattice structure is effectively
transferred to other positions, which means that the temperature of the lattice structure
central Tcenter Of bionic design is continuously lower than the uniform design and ensures
the effective absorption of heat from heat sink to achieve the purpose of heat dissipation.
Thus, the heat transfer efficiency of the bionic design is obviously higher than that of the
uniform lattice design.

time Uy B legend
t =0s
NT11
+5.000 x10*
+4.583x10*
- +4.167 x10*
R
+3. x1
t = 300s ~ +2.917x10?
+2.500x10*
-~ +2.083x10*
+1.667 x10*
+1.250x10*
- +8.333x10°
+4.167 x10°
+0.000x10°
t = 600s
t = 900s
t = 1200s

Figure 11. Transient heat transfer process analysis results of U; and B; under WCj.
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Figure 12. Comparison of numerical simulation results of uniform design and bionic design. (a,b) ATave and Q. of WCy;
(c,d) AT,yve and Q. of WCs.

Table 3. The value of AT,ve and Q. of both designs under 2 working conditions.

. WCq WGC,
Designs
AT, e/K Q] AT, e/K Q]
Uy 5.001 13,780 1.777 4897
By 26.625 70,517 13.634 35,825
ratio 5.32 5.12 7.67 7.31
U, 3.390 9344 0.896 2469
B 23.298 62,106 10.683 28,275
ratio 6.87 6.65 11.91 11.44
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Figure 13. Transient heat transfer process analysis results of U; and B; under WC,.

4.4. Comparison of Heat Transfer Efficiency

In order to clearly compare the heat transfer efficiency between the uniform and
the bionic designs, the required time 7, for the bionic structure to transfer the total heat
transferred by the uniform structure within 1200 s is calculated. The results are shown in
Figure 14. Note that compared with the uniform design, the bionic design greatly shortens
the time required to transfer the same heat. In the four cases listed in this work, the bionic
design B; under WC, takes the longest time to transfer the corresponding heat, which is
85 s and corresponds to only 7.08% of 1200 s, demonstrating that bionic design can improve
the heat transfer efficiency of the heat exchanger.
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Figure 14. The value of 7; of bionic designs under 2 working conditions.

4.5. Comparison between By and B,

In both working conditions, by changing the mass distribution of lattice structure the
bionic design has brought a significant improvement in the heat transfer performance of
the structure. Although the steady state of all designs are the same, the values of ATye
and Q. in the first 1200 s are different. The ratios of the two bionic structures relative to the
uniform design are also shown in Table 3. Although the indicators of B, are lower than
that of By, relative to uniform design, B, has a higher percentage improvement and lower
Ty value. This demonstrates that the refined bionic design is more effective in heat transfer;
a further indication of the effectiveness of the method proposed in this work.

5. Conclusions

To further improve the heat dissipation efficiency of the lattice structure infill heat
exchanger, this paper developed a leaf vein-inspired bionic design method for heat ex-
changer infilled with graded lattice structure. In order to realize the bionic design, we
propose a model to describe the vein model and a mapping method to generate graded
lattice structures according to the leaf vein models. Several transient thermal analyses are
conducted under two types of central thermal loads to analyze and compare the heat trans-
fer and heat dissipation performance of uniform designs and bionic designs. Conclusions
are summarized as follows.

(1) According to the changes in the temperature cloud diagram of the analysis results,
it can be seen that the heat transfer process of the bionic design and the uniform design
both are spread from the center to the edge, but the bionic design has a higher diffusion
rate, especially in the second working condition where the advantages of bionic design are
more obvious.

(2) The numerical values of AT,ye, Qc, and T, in the analysis result indicate that the
performance of the bionic design is significantly better than the uniform design under
the two working conditions. Under the condition of constant mass, it takes less time for
the bionic design to transfer the same heat than uniform design, thereby significantly
improving the heat transfer efficiency of the heat exchanger.

(3) The same leaf vein model combined with different lattice structures can obtain
different bionic design results. When the number of lattice structure cells is increased,
a more refined bionic design can be produced. Comparing different bionic designs, the
performance improvement ratio of fine bionic design is higher, which further demonstrates
the role of bionic design in improving the performance of the structure.
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(4) In many fields, especially aerospace, heat exchangers infilled with uniform lattice
structure have practical applications [30-32]. The mass distribution of the lattice structure
can be changed reasonably based on the proposed method, and the simulation results show
that the heat dissipation performance of the structure is effectively improved. Thus, the
leaf vein-inspired bionic design method has great application prospects.
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