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Abstract This paper suggests an innovative design methodology of heat transfer system
based on a so-called adaptive growth law, which is an essential optimum growth
rule of branch systems in nature. The branch systems in nature can grow by adapt-
ing themselves automatically to the growth environments in order to achieve better
global functional performances, such as the maximal absorption of nutrition or
sunlight in plants and the intelligent blood delivery of a vascular system in animal
body. Thus, it can be expected that an optimum layout of heat transfer system
would be obtained by the generation method based on the growth mechanism of
branch systems in nature. First, the emergent process of branch systems in nature
is reproduced in computer model by studying their common growth mechanisms.
The branch systems are grown by the control of a so-called nutrient density so as
to make it possible that the distribution of branches is dependent on the nutrient
distribution. Then, the generation method is applied to the layout design prob-
lem for heat transfer systems. Both the conductive heat transfer system and the
convective heat transfer system are designed by utilizing the generation method
based on the growth mechanisms of branch systems in nature. The effectiveness
of the suggested design method is validated by the FEM analysis and by the
comparison with other conventional optimum design methods.
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1. Introductions

Geometric forms (shapes and topologies) of branch systems in nature, such
as lungs, vascular tissues, botanical tree (canopies, roots, leaves), etc., always
show approximating a globally optimal performance that can minimize the
costs of the construction and maintenance of the fluid transportation system
under restraints of growth environment. So the branch systems are interested
in modeling and visualizing not only by biologists but also by engineers. By
studying the growth mechanisms of branch systems in nature, branch systems
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of plants and animals have been simulated by some kinds of approaches [1]- [4].
On the other hand, development of more intelligent and optimum engineering
systems are expected by utilizing the optimality of branch systems in nature,
and some effort have been done on this issue. For example, a topology design
optimization method to generate stiffener layout pattern for plate and shell
structures has been suggested [5], in which a growing and branching tree model
is applied. The effectiveness of the method is proved because discrete stiffener
layout pattern rather than a vague material distribution can be obtained.

In this paper, an innovative layout design methodology of heat transfer sys-
tem by utilizing the optimality of branch systems in nature is suggested. The
method bases on such essential characteristics of branch systems in nature that
the branches can grow by adapting themselves automatically to the growth en-
vironments and achieve better global functional performances, such as maximal
absorption of nutrition or sunlight in plants and intelligent blood delivery of a
vascular system in animal bodies. Thus, it can be expected that an optimum lay-
out of heat transfer system would be obtained by utilizing the generation method
based on the growth mechanism of branch systems in nature. First, optimality
and growth mechanisms of branch systems in nature are studied, and a repro-
duction approach of emergent process of branch systems is proposed. Branches
are grown by the control of a so-called nutrient density so as to make it possible
that the distribution of branches is dependent on the nutrient distribution. The
growth of branches also satisfies the hydrodynamic conditions and minimum
energy loss principle. If the so-called nutrient density in the generation process
of branch system is referred to as the temperature in a heat transfer system,
the distribution of branches is responsible to the distribution of cooling chan-
nels. Because branch system can grow adaptively corresponding to the nutrient
distribution in order to absorb the nutrition to the maximal extent, the cooling
channel can be constructed adaptively by the control of the temperature so as to
make it possible to achieve comparative uniform temperature distribution of the
whole heat transfer system. Having the similar optimality of branch systems
in nature, the constructed cooling channel can be designed flexibly under any
complex thermal boundary conditions within any shapes of perfusion volumes
to be cooled and will achieve good cooling performance. The design problems
of both the conductive heat transfer system and the convective heat transfer
system are studied, and the cooling performances of the designed heat transfer
systems are confirmed being improved by carrying out the FEM analysis and
by comparing with the results designed by other conventional design methods.
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2. Reproduction of Emergent Process of Branch Systems
in Nature

It is necessary to reproduce the emergent process of branch systems in na-
ture in order to apply the optimality of branch systems in nature to engineering
design, thus a generation approach of the emergent process for a hierarchical
dichotomous branch system being considered as a material or energy trans-
portation system is studied. A certain distributed nutrition density is assigned
in advance in the perfusion space to control the growth of branches to make it
possible that the distribution of branches is dependent on the distribution of the
so-called nutrition density. During the generation process of branch system, the
nutrition density in the whole perfusion space decreases by growing branches
and its distribution tends to be uniform. The prerequisites of constructing such
branch system are briefly described as follows:

1 Branching law stands for the relationship of radii between the parent
branch and the daughter branches, which is adopted at every bifurcation
point. For a dichotomous branch system, it is formulated as the following

Eq.(1).

r()\ = r{\ + ré‘ )]
where g, 71 and 7o are radii of the parent branch and the daughter
branches, as shown in Figure 1. The bifurcation exponent, A, is physi-
ologically reasonable when it is in the range of 2 < A\ < 3. Murray’s
law shows the energy loss for transporting material throughout the whole

network can be made minimum when A = 3.

2 Growing law relates to the growing direction and the growing velocity
for a new branch, which is assumed to be dependent on the local nutrient
distribution. A new terminal site is always positioned at the point with
the highest nutrient density in the local growth space (vicinity) around
the grown branches. If there is more than one such point in the local
growth space, a point is selected by a pseudo random number sequence.

3 The hydrodynamic conditions are assumed as that each terminal branch
has the same flow and pressure so as to bathe the whole perfusion space
evénly. The branches are assumed to be cylinders. Flows in the branches
are assumed as fully developed laminar flow, so they obey Poiseuille’s
law formulated by the following Eq.(2).

= )

where @ is the volumetric flow rate, AP is the pressure drop, 7 and [
are radius and length of the vessel, and v is the dynamic viscosity of the
fluid.
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4 The volume of whole branch system is selected as the cost function, so
the branch system is designed in such a way that the volume of it is
minimized,

n
V => rl; » min 3)
i=1
where r;, [; are radius and length of branch ¢, and n is the total number
of branches.

According to the above prerequisites, the growth process can be implemented
as follows. A certain nutrition density distribution is assigned in a specified
perfusion area in advance. The initial branches are grown, which satisfy the
hydrodynamic conditions and a certain branching law. The local nutrition den-
sities nearby the existent branches are updated. Then a new terminal site is
selected at a point with the highest nutrition density in the growth area. If there
is more than one point having the highest nutrition density, a candidate point
is selected at random by a pseudo random number sequence. Therefore the
density of branch distribution is dependent on the initial nutrition density of the
perfusion area in order to absorb nutrition as much as possible. Next, the new
terminal site is attached to the existent branches near it. For each attachable
candidate branch, the bifurcation point is selected optimally with the objective
of minimum volume of the whole network under the restraint of hydrodynamic
conditions, and the new terminal site connects with the bifurcation point tenta-
tively. The radius of the new branch is decided according to Poiseuille’s law,
and radii of all parents of the new segment are updated according to the branch-
ing law. Then the connection is dissolved but the volume of whole network
for the connection is recorded. By comparing volumes of all possible tenta-
tive connected topologies, a connected topology with the minimum volume is
finally adopted permanently. The growth process will stop when the average
nutrition density in the perfusion area cannot be decreased anymore.

Figure 2 shows the simulation result of the growth process for a 2-dimensional
branch system filled up a circular space. The initial nutrition density is distrib-
uted uniformly, as shown in Figure 2(a). Murray’s law is adopted at each
bifurcation. Figure 2(b)-(d) show the emergent process of the branch system,
in which the total branch number of the finally generated branch system is 6971.
It is found that the branch system can fill up the whole specified space and the
distribution of the branches is dependent on the initial nutrition density in the
original space, which is almost uniform. During the generation process, a trunk
grows at first, and some boughs grow spreading the whole perfusion area at
very initial period. However, a number of twigs grow finally. The simulated
branch system has both thicker and thinner size levels, which is similar to the
branch systems in nature, in which the thicker ones convey long-distance ma-
terial transportation, and the thinner ones exchange material with environment.
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(@) Uniform (b) Number of
nutrient density branch =501

(d) Number of (c) Number of
branch =6971 branch =1001
Figure 1. Geometry of a dichoto-

mous branch system
Figure 2. Growth process of branch system under uni-

formly distributed initial nutrition density (A=3.0, Volume
rate=1.60%)

If the circular perfusion area is considered as a plate with the thickness of 1/14
of its radius, the volume rate of the branch system, i.e., the ratio of the branch
volume to the whole plate volume, is 1.60%.

(a) FEM model (b) Temperature field
(Volume rate=9.71%) T, =57.55°C

Figure 3. FEM model and temperature field for a circular plate with a natural branch-like
conductive cooling channel under uniform heat-generating rate

In conclusion, itis said that the suggested generation method can grow branch
systems to fill up any specified perfusion areas with arbitrarily distributed initial
nutrition densities, and the generated branch systems are qualitatively similar
to the branch systems in nature.
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3. Layout design of Heat Transfer System

If the so-called nutrient density in the generation process of a branch system
is referred to as the temperature in a heat transfer system, the distribution of
branches can be considered corresponding to the distribution of cooling chan-
nels. Because the branch system can grow adaptively depending on the nutrient
distribution in order to absorb the nutrition to the maximal extent, the cooling
channel can be constructed adaptively by the control of the temperature so as
to make it possible to achieve comparatively uniform temperature distribution
of the whole heat transfer system. Therefore, the generation method based on
the growth mechanism of branch systems in nature can be applied to the layout
design of cooling channels in the heat transfer systems.

First, the layout of a conductive heat transfer system is designed and its
cooling performanceis analyzed. The problem s stated as: "a finite-size volume
isto be cooled through a small patch (heat sink) located on its boundary, in which
heat is being generated at every point. "A finite amount of high conductivity
(kp) material is available. Determine the optimum distribution of material &,
through the given volume such that the temperature distribution of the whole
volume is as uniform as possible." The natural branch-like conductive cooling
channel is constructed based on the corresponding original branch system, in
which its cross-section is assumed to be a rectangle with the same thickness
as the plate. The width of the channel, however, is assumed to be the same
diameter as the corresponding branch in the branch system. The ratio of thermal
conductivity of the high conductivity material (k) to the low conductivity (ko)
is assumed as k = kp/ko > 1. A circular plate with the ratio of thickness to
diameter of 0.01 is considered as the finite-size volume to be cooled, in which
the heat generates at every point with the uniform volumetric heat-generating
rate ¢ = 10°W /m?>. The layout of the conductive cooling channel made of a
high conductivity material (k) is based on the original branch system shown in
Figure 2(d), in which some branches with smaller cross-sections are omitted for
the simplicity. It is noted that the distribution of the volumetric heat-generating
rate is identical to that of the so-called nutrient density in the generation process
of the original branch system, which is uniform as shown in Figure 2(a). The
ratio of the thermal conductivities of the high conductivity material (k) to the
low conductivity (ko) is assumed to be 10%. The temperature at the heat sink
located on the boundary is set as T1,;, = 10 °C. The whole structure is insulated
from the environment. Figure 3(a) shows the FEM model generated by some
imaged section slide by Voxelcon. The volume rate of the cooling channel
is 9.71%. Figure 3(b) illustrates the temperature field of the whole plate, in
which the red parts stand for the hot spots, while the blue parts stands for the
comparative cool spots. The maximal temperature is Ty,ax = 57.55 °C. It is
found that the hot spots are distributed over the whole volume.
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Next, the layout of a convective heat transfer system is designed by the gen-
eration method based on the growth mechanisms of branch systems in nature.
The difference between the convective and the conductive heat transfer systems
is that the coolant flow is available to remove the heat in the convective heat
transfer system. The problem can be stated as: "construct an optimum convec-
tive cooling channel in a specified volume applied a certain distributed heat flux,
in which coolant flows through the channel to remove the heat.” A branch-like
convective cooling channel is constructed inside a flat plate, which is based on
the corresponding original branch system. The diameter of each segment in the
cooling channel is assumed to be identical to that of the corresponding branch
in the original branch system. A certain distributed heat flux is applied on the
top surface of the plate, the bottom surface is insulated from the environment,
and the circumference is on the forced air convection. Coolant with a certain
volumetric flow rate is flown through the channel to remove the heat. The vol-
ume to be cooled is assumed to be made of beryllium-copper alloy, thermal
conductivity of which is set as k =260 W/mK. The coolant flowed through the
cooling channels is assumed as water, and its temperature at inlet is assumed
as 20 °C.

Actually, the problem is a transient heat conduction problem between the
solid and coolant in the channel. However, because our goal here is only
to confirm the heat conduction efficiency of the heat transfer system with a
convective cooling channel, the problem is simplified as a steady-state heat
conductive problem. However, it is necessary to consider the energy balance
in the system responsible for the fluid convection. Because the temperature of
coolant becomes higher and higher by passing through the cooling channel from
inlet to outlet, the energy balance due to the fluid convection can be considered
approximately as the distribution change of the temperatures at the channel wall.
The temperature difference at the channel wall between the inlet and outlet of
segment ¢ can be evaluated approximately by the following equation.

gli
Al peCeritici @
where ¢ is the heat flux applied on the channel, p. and C; are density, specific
heat of coolant, respectively. And wu; is the coolant average velocity of branch
1.

Figure 4 shows the FEM models and temperature fields of three circular plates
with branch-like convective cooling channels resulted from different branch-
ing laws. The branch-like convective cooling channels in the heat transfer
systems are constructed based on the corresponding branch systems shown in
Figure 2(d), in which the bifurcation exponents A are 3.0, 2.5 and 3.5, respec-
tively. The thickness of each plate is assumed to be 1/14 of its radius. The
volumetric flow rate of coolant at the inlet is assumed @ = 8 x 1075 m3/s |
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and the heat flux applied at the top surface of the plate is set as ¢ = 5.0 x 10°
W/m?. The left figures in Figure 4 are the middle planes of the FEM models, in
which the volume rates of cooling channels are 1.77% for A =2.5, 1.28% for A
=3.0and 1.32% for A = 3.5, respectively. The right figures in Figure 4 show the
temperature fields that are scaled by the maximal temperature Ty, = 44.67°C
for A = 2.5. And the maximal temperatures are Ti,,x = 33.94 °C for A = 3.0
and Thax = 34.20 °C for A = 3.5, respectively. It is easy to find that the
case of A = 3.0 results the most uniform temperature distribution, and the most
non-uniform one is the case of A = 2.5. It is noted that the volumes of the
convective cooling channels from small to large is put in order as A =3.0, 3.5
and 2.5, which is the same sequence with the uniformities of temperature distri-
butions. As aresult, Murray’s law (A = 3.0) is the most effective branching law
for constructing the branch-like convective cooling channel system. The reason
is that Murray’s law is derived from such principle that the energy loss due to
the viscous friction throughout the whole network is minimal, that provides the
easiest way for the coolant to pass.

Inlet Inlet

Vo lume rate=1.77% To=44.6T C Volume rate=1.28% Toa=3394° C
@A=25 () A=3.0

Vo lume rate=1.32% Toax=3420" C
) A=35

Figure 4. FEM models and temperature fields for heat transfer systems with branch-like
convective cooling channels resulted from different branching laws

In order to validate the effectiveness of the suggested generation method,
the cooling performances between the natural branch-like cooling channel de-
signed by the suggested generation method and the horizontal-vertical tree-like
cooling channels constructed by the constructal theory proposed by Bejan [6]
are compared.
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The unique principle of the constructal theory for designing the conductive
cooling channel is: "every portion of the given volume can have its shape
optimized such that its resistance to heat flow is minimal". By utilizing this
principle, the cooling channel is determined in a sequence of steps consisting
of shape optimization and subsequent construction. It starts from the smallest
building block (elemental system) and proceeds toward larger building block
(assemblies).

Figure 5(a) shows the FEM model and the corresponding temperature field of
a horizontal- vertical tree-like conductive heat transfer system till second con-
struction. The ratio of the thermal conductivities of the high-conductivity ma-
terial to the low-conductivity material is assumed to be k = kyp/ko = 3333.33.
The volumetric heat-generating rate is set as ¢ = 105W /m?, and is distributed
uniformly over the whole volume to be cooled. The volume is a square plate
with the ratio of the thickness to the edge length 0.01, which is derived from
the sequence of shape optimization and construction by the constructal theory.
The temperature at the heat sink end is set as 10 °C, and the whole structure is
insulated from the environment. As shown in Figure 5(a), the volume rate of
the cooling channel, i.e., the k, material in which allocated in the whole volume
is 9.47%, and the maximum temperature is T = 58.25 °C.

FEM model Temperature field

(a) Horizontal-vertical tree-like conductive

FEM model Temperature field

(b) Natural branch-like conductive cooling

Figure 5. Comparison of horizontal-vertical tree-like and natural branch-like conductive
cooling channels
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According to the geometries of the heat transfer system with the horizontal-
vertical tree-like cooling channel, a corresponding branch system is generated
on a square perfusion area applied a uniformly distributed nutrient density. Fig-
ure 5(b) shows its FEM model and the corresponding temperature field. The
volume rate of the cooling channel is 9.62%, which is very close to that of the
horizontal-vertical conductive cooling channel. And the maximum temperature
is Tnax = 53.32 °C, which is a little lower than that of the horizontal-vertical
tree-like cooling channel. It is found that hot spots are distributed over the
whole volume to be cooled in both cases, so it is said that both conductive
cooling channels can achieve good cooling performances. However, it should
be noted it is just because the thermal boundary conditions are very simple
(uniformly distributed heat-generating rates are applied), the simple and regu-
lar distributed conductive cooling channel, i.e., the horizontal-vertical tree-like
conductive cooling channel, is available and effective. If the heat-generating
rate is applied non-uniformly, it is difficult for the constructal theory to design
effective conductive cooling channel, while the flexible natural branch-like con-
ductive cooling channel can be designed adapting to the arbitrary complex ther-
mal boundary conditions. Moreover, the design volume to be cooled can not
be changed arbitrarily and be defined in advance when the constructal theory
is adopted because of the definite time arrow of the construction from small
to large. While the design volume can be defined in advance and the natural
branch-like conductive cooling channel can be designed to fill up the volume
with any shape by the suggested generation method. Therefore, it can be said
that the suggested generation method is more powerful for designing the con-
ductive cooling channel and the designed cooling channel can remove the heat
generated in the matrix effectively.

4. Conclusions

By studying the growth mechanisms of branch systems in nature, an inno-
vative layout design methodology of heat transfer systems is suggested in this
paper. Having the similar optimality of branch systems in nature, the heat
transfer system for cooling can be designed flexibly under any complex ther-
mal boundary conditions within any specified shapes of perfusion volumes to
be cooled, and can remove heat generated in the volume effectively. The ef-
fectiveness of the suggested design method has been validated by carrying out
the FEM analysis and by comparing with other conventional design methods.
It is expected that the suggested method can be applied to some more practical
engineering applications, such as cooling channels in injection moulds, heat
sinks in electronic packages, and so on.
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