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Abstract: With the growing demand for lightweight and high-performance components in automotive and
aerospace industries, aluminum alloy die-castings are evolving toward larger dimensions and thinner walls,
posing significant challenges to thermal management during solidification. Traditional cooling channel
designs often fail to ensure uniform temperature distribution, leading to defects such as shrinkage porosity
and deformation. This study proposes an automated design framework integrating the moving morphable
components (MMC) topology optimization method with particle swarm optimization (PSO) to generate efficient
and manufacturable cooling channel layouts for A380 aluminum alloys. Firstly, a systematic initialization
strategy was developed with component dimensions of 4-10 mm in width and 15-40 mm in length, along with
discrete orientation angles. The optimization process effectively guided components toward high-temperature regions
identified through numerical simulation, followed by post-processing operations including temperature-based sorting,
overlap removal, and component interconnection. The final design with 20 retained components was selected.
Then, castings with a conventional cooling system and without any cooling system were employed as benchmark
cases for comparison with the current optimized design. Compared with the conventional and no-cooling cases,
the current cooling system exhibits a consistently lower temperature standard deviation after 30 s, maintains
superior thermal uniformity throughout solidification, and achieves this improvement without comprising the
average temperature.

Keyw()rds: topology optimization; cooling channel design; die casting; moving morphable components;
aluminum alloy
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1 Introduction

With the continuous advancement of lightweight
and complex structural components in the fields
of new energy vehicles, aerospace, and high-end
equipment manufacturing, the casting and forming
of lightweight metallic materials are encountering
increasingly stringent technical challenges. Among
these materials, aluminum alloys, characterized by
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low density, high specific strength, and excellent
corrosion resistance, have been extensively employed
in aerospace applications (e.g., aircraft fuselages,
engine components, satellite structures) as well as
in automotive manufacturing (e.g., body-in-white,
engine, and chassis systems)""!. Driven by the
growing demand for lightweight design and enhanced
performance, aluminum alloy castings are evolving
toward larger dimensions, higher structural complexity,
and thinner wall thicknesses. For instance, integrated
die-cast aluminum components, which feature large
size and intricate geometries, require highly precise
control of material microstructure and impose stringent
demands on casting processes” ™. Consequently, the
fabrication of such large and complex thin-walled
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aluminum alloy components necessitates advanced die cooling
system designs and meticulous optimization of process
parameters to ensure structural integrity and casting quality®®.

During the aluminum alloy die casting process, thermal
imbalance frequently occurs during the filling and solidification
stages. The cooling system, consisting of channels embedded
within the mold, circulates a cooling medium to reduce
the temperature of specific regions, thereby controlling the
temperature field during the solidification process of the
casting. A properly designed cooling system ensures uniform
contraction of the casting during solidification, effectively
preventing defects such as shrinkage cavities, hot cracks,
and cold shuts. Therefore, the design of the cooling system
has a direct and significant impact on both the quality and
productivity of castings. A well-optimized cooling system
design can accelerate the solidification rate of the casting, thus
shortening the production cycle. Furthermore, by optimizing
the layout and flow path of the cooling channels, the cooling
efficiency can be enhanced, the cooling time reduced, and the
overall production efficiency improved.

Numerous studies have been conducted worldwide on the
simulation and automated design of die cooling channels.
Federica et al.”’ compared two alternative cooling system
configurations for die inserts used in the die casting of light
alloy components. The results demonstrate that the cooling
channels play a significant role in reducing mechanical
stresses and defects in the castings, as well as in shortening the
manufacturing cycle. Chavan et al.™
the placement of cooling channels in a cold-chamber
high-pressure die casting machine. The results show that the
position of the cooling channels has a significant influence
on the stress generated within the die. Pelaccia et al.”

designed and optimized

investigated the efficiency of conformal cooling channel
inserts applied to extrusion dies. The results showed a good
experimental numerical matching had been achieved with
peak errors of 7.5% and 14% in terms of temperature and

"I humerically

extrusion load, respectively. Yavuz et al.!
evaluated the performance of a cooling system for aluminum
low-pressure casting, noting that the flow rate of the cooling
system is affected by the inlet count, the pressure of the
cooling channel, and the ratio between the inlet and outlet
areas. Kurtulus et al."'"! experimentally assessed the cooling
and heating performance of a gravity die casting die equipped
with conformal cooling channels. They observed that a
more homogeneous die surface temperature distribution
was achieved in the conformal cooling die, as well as a
28% shorter cycle time. Shu et al.""”! proposed a conformal
cooling design for die-casting die inserts to enhance thermal
regulation. Compared with conventional cooling channels, the
conformal cooling channels were distributed closer to the die
surface to be cooled, providing better cooling performance,
with an effective cooling efficiency of 54.83%. Dhisale et al.!"”
optimized cooling channel parameters in the low-pressure
die casting process to minimize shrinkage porosity in

aluminum alloy wheels. The improvement of the cooling
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process significantly reduced the shrinkage porosity rate of
the castings. Arunkumar et al.'" examined the flow and heat
transfer characteristics of cooling channels in high-pressure
die casting molds. By optimizing parameters such as flow rate
and nozzle diameter, the maximum heat dissipation rate of the
chip was achieved.

The design of a die cooling system fundamentally concerns
the arrangement and optimization of internal flow channel
structures. Owing to its ability to handle complex geometric
layouts and multi-physics constraints, topology optimization
provides an effective approach for solving this class of design
problems. The moving morphable components (MMC) method
is one of the fundamental approaches in topology optimization,
originally proposed by Guo et al"*'”. Compared with the
conventional variable density method, MMC features fewer design
variables and significantly reduced mesh dependency. Moreover,
it is capable of explicitly representing topology evolution
during the optimization process™”. Takalloozadeh et al.”"!
developed a new topology optimization approach based on
the MMC framework incorporating topological derivatives,
which efficiently computes shape and position sensitivities
without discrete finite element analysis. Wang et al.”*”
presented an MMC-based topology optimization method
that employs a virtual component skeleton (VCS) and
effective connection status (ECS) control scheme, enabling
direct and accurate regulation of the minimum length
scale irrespective of component geometry. Sun et al.””’
developed an explicit topology optimization method based
on the MMC framework for the design of fiber-reinforced
composite materials, which enables simultaneous optimization
of structural layout and fiber orientation while ensuring
component independence. It can be concluded from the
above studies that the MMC method exhibits high flexibility
and performs effectively across various physical scenarios.

In this study, we developed a model for designing the
cooling channels of die casting aluminum alloy bottom shell
based on the MMC method. Firstly, the structural features
and forming characteristics of the die casting aluminum alloy
bottom shell were analyzed, and the filling and solidification
processes were numerically simulated. Secondly, according
to the simulation results, the heat transfer behavior during
solidification was investigated, and the high-temperature regions
within the die casting were identified. Thirdly, based on the
obtained overheating regions, an automatic cooling system
design model was established using the MMC-based topology
optimization approach. Finally, the effectiveness of the proposed
model and the rationality of the designed cooling system were
verified by comparing the topology optimization results with the
overheating regions observed in the die casting process.

2 Method and model

2.1 Analysis of casting structure

The casting investigated in this study was an aluminum alloy
bottom shell die casting used in automotive applications. The
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three-dimensional geometry of the casting is illustrated in
Fig. 1(a). As observed, the overall dimensions of the
component are relatively large, particularly along the length
and width directions, which results in a longer filling process.

The casting features an extremely thin wall, with the minimum
wall thickness being only 2.8 mm. Consequently, insufficient
injection velocity or uneven temperature distribution may
easily lead to defects such as cold shuts.

Fig. 1: Aluminum alloy bottom shell die casting (a) and its gating system (b)

Moreover, a considerable number of positioning holes
and internal structures are embedded within the shell,
imposing stringent requirements on dimensional accuracy
during machining. Local overheating during die casting may
induce thermal deformation, causing significant dimensional
deviations that adversely affect subsequent assembly precision.
Considering these structural characteristics, the gating and
runner system was designed for the die casting aluminum alloy
bottom shell, as shown in Fig. 1(b), to minimize the filling path
and promote simultaneous solidification. Overflow grooves
were arranged in the last filling regions and thick sections
prone to porosity, effectively reducing shrinkage cavities and
internal pores to the greatest possible extent.

2.2 Topology description

In the proposed model, the design objective is the cooling
channel of the die, which is represented as a continuous and
uninterrupted conduit extending from the inlet to the outlet.
The layout of the channel can be freely arranged within the
allowable design domain. To simplify the design objective,
only two-dimensional configurations of the cooling channel
are considered in this study. As illustrated in Fig. 2, the design
variables corresponding to a single casting are defined, from
which the descriptive equation of an individual component can
be expressed as:

Di =[X0,Y0,L0,D0,90] (1)

where D, is the set of descriptive parameters of a single
component, X, and Y, denote the central position of a
single casting within the two-dimensional design domain,
L, is the length of the individual component, D, is the side
length of the square cross-section of the casting (assuming
a square cross-section), and 6, is the angle between the
casting’s longitudinal direction and horizontal axis. The
position of the component above is defined in the global
coordinate system. To facilitate optimization, it is necessary

Lo

(X0.Yo0)

Fig. 2: Topological description of a single component

to transform the component’s global coordinates into its local
coordinate system, as expressed by the following equations:

{X'}_[COSG’ siné HX_XO} @
Y —-sin@ cosd ||Y Y,

where X' and Y' are the relative coordinates with respect to
the component’s centroid, while the X and Y are the global
absolute coordinates.

Subsequently, a Heaviside function is introduced within
the design domain to differentiate the solid material regions
from the voids. In order to ensure that the shape function is
differentiable everywhere, a typical smooth function was

chosen as the Heaviside function. The corresponding shape
equation is defined as follows:

Hy(4°(x;D)) = %(1 +%arctan( ﬂ¢5(x;D))j (3)

where f is a parameter used to control the smoothness of

387




CHINA FOUNDRY Research & Development

Vol. 23 No. 3 May 2026

the Heaviside function. When £ is large, the Heaviside
function approaches a step function. When £ is small, the
Heaviside function becomes smoother, which is conducive to
convergence. ¢ (x; D) is shape function, x is spatial coordinate
point, D is design variables. The detailed definition of the
shape function is as follows:

¢’ (x;D)>0, if xeQ’,
#*(x;D) =0, if x €0Q’, “)
#*(x;D) <0, if xeD\Q,

where Q° is solid domain in the design domain, and 6Q° is
boundary, D\Q?® is void domain in the design domain. After
establishing the topological description of the components, we
can describe the topology of all components and formulate the
corresponding optimization problem as follows:

M0 C(D) = [ H(# (x:D)f -u(x:D)dV )

st. [ H(#* (; D)V <V, K(Dyu=F,D, <D <D

min max

where C(D) is compliance. The objective of this equation is to
minimize the structural compliance. f is external load vector,
u(x;D) is displacement field. In the constraint equations, ¥
is maximum allowable material volume, K(D) is structural
stiffness matrix, u is displacement vector. F is external force
vector, D, and D, are lower and upper bounds of the design
variables. Due to the particularity of the problems in this
study, the structural stiffness matrix, displacement vector, and
external load vector need to be determined based on simulation
and particle swarm optimization.

The MMC method, originally developed for load-bearing
mechanical structure design, is extended to the design of
cooling channels in die-casting dies. Unlike conventional
formulations that focus solely on structural stiffness
optimization, the proposed approach incorporates the
thermal behavior of the die during the casting process into
the topology optimization framework by establishing a
physical analogy between temperature fields and mechanical
loading conditions. Specifically, the transient or steady-state
temperature field obtained from thermal simulations is
transformed into an equivalent pseudo-mechanical load field,
in which regions with higher temperatures are treated as being
subjected to larger virtual loads or assigned higher “thermal
weights”.

Based on this analogy, the cooling channel design problem
can be reformulated within the MMC framework as an
equivalent load-transfer path optimization problem, thereby
enabling the optimized channel layout to naturally evolve
toward regions of intense heat accumulation. Under this
interpretation, the cooling channel functions analogously to
an optimal load-bearing structure in classical MMC-based

topology optimization, redistributing the equivalent thermal
loads by enhancing heat extraction in critical regions.
Accordingly, the movable morphable components are driven to
evolve, translate, rotate, and deform along dominant heat-flow
paths during the optimization process, while maintaining
geometric continuity from the inlet to the outlet.

2.3 Particle swarm optimization

The particle swarm optimization (PSO) algorithm which
(24231 'is employed to solve
the optimization problem after the topological description
of the components has been established. It is inspired by
the foraging behavior of birds and the schooling behavior
of fish. The algorithm simulates a swarm of particles flying

is based on swarm intelligence

through the solution space and searching for the optimal
solution by exchanging information among themselves.
PSO has achieved significant success in solving a wide
range of optimization problems, particularly those that are
high-dimensional, multimodal, nonlinear, and non-convex.

The main equation of the PSO method is as follows:
e+ _ @)
v, =y

(t+1) _ 1@ (¢+1)
Dj —Dj +v;

+ch (pbestj - D;’)) +c,r (gbest - Dj@)
(6)

where

"is velocity of the particle at the next time step, V'
is velocity of the particle at current time step, pbest; is the
historical optimal value of the particle itself, gbest is global
optimal value, w is inertia weight, ¢, and ¢, are learning
factors, D“ is the position of the particle at time ¢, r, and r,
are random numbers uniformly distributed in the interval
[0, 1]. The chosen convergence criterion was defined by the
maximum number of iterations.

The design model of this study aims to utilize the particle
swarm algorithm to conduct a comprehensive exploration of
the temperature field on the surface of the casting. During
the actual calculation process, the optimization object is
presented in the form of components rather than particles.
Therefore, the strong exploration ability in a single step
reduces the dependence on inertia. Thus, the value of w should
be relatively small. Furthermore, since the global maximum
temperature located far from a given component provides
negligible insight for its design, the local learning factor
should be substantially greater than the global learning factor
in the proposed model. Based on the analysis above, the values
of the relevant parameters in the particle swarm optimization
algorithm are presented in Table 1.

2.4 Assumptions of the model

In order to make the design model more reasonable, certain
assumptions and restrictions must be established to clearly
define its applicable scope. The main assumptions are as

Table 1: Main parameter settings in the PSO algorithm

Parameters w & c,

Value 0.1 0.9 0.05
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follows:

(1) Since the casting exhibits a large dimension in length and
width but a relatively small dimension in height, the design of the
cooling flow channels is considered only in the two-dimensional
plane.

(2) In this model, finite element stress analysis is not
involved. To satisfy the requirements of the topology
optimization framework, the temperature field obtained from
numerical simulation is employed as the basis for structural
response analysis, where the temperature values at different
locations of the casting are used as the equivalent external
loads.

(3) To simplify the model, the orientation angle of each
component is restricted to a finite set of discrete values (e.g.,
two or four). This discretization effectively covers the design
space and greatly enhances computational efficiency.

(4) The present model considers only conformal cooling
systems, excluding other types of cooling strategies such as
localized or point cooling.

(5) The present model neglects the effects of the cooling
medium and coolant flow velocity, focusing solely on the
influence of the cooling channel arrangement on the thermal
field of the casting.

3 Numerical simulation of the casting
process

3.1 Setting of simulation parameters

The A380 aluminum alloy was used for the casting in this
study. A380 aluminum alloy exhibits excellent fluidity,
allowing the manufacture of thin-walled and intricately shaped
components with minimal casting defects. It also has a low
tendency toward hot cracking and moderate solidification
shrinkage, which contribute to superior die filling and feeding
characteristics during the die-casting process. The elemental
composition and physical parameters of A380 alloy are shown
in Tables 2 and 3, respectively.

3.2 Simulation of filling and solidification
process

The filling process of the A380 aluminum alloy bottom
shell casting was numerically simulated, and the coupled
results of flow and heat transfer are shown in Fig. 3. As
illustrated, significant variations exist in the filling behavior
across different regions of the casting. The flow path to the
most distant regions is considerably longer, resulting in a
pronounced filling time difference. The overall temperature
near the runner side remains relatively high, whereas the
temperature in regions farther from the runner is markedly
lower. Such a temperature gradient may cause thermal
imbalance during filling, potentially inducing deformation and
other casting defects. Furthermore, as shown in Fig. 3(d), local
overheating occurs in several thick sections at the upper part
of the casting. Therefore, a dedicated cooling system should
be designed to optimize the filling and solidification processes,
ensuring uniform temperature distribution and improved
casting quality.

By analyzing the filling and solidification simulation results,
the temperature field of the bottom shell casting during the
die-casting process was obtained, as shown in Fig. 4. The red
regions highlighted in Fig. 4 represent the overheated zones
identified by the simulation algorithm. As illustrated, these
overheated regions are primarily concentrated at the junctions
of the internal support plates and in locally thick sections of
the bottom shell. These areas are typically the last to solidify
during the forming process, which not only leads to the
formation of shrinkage cavities and porosity, but also induces
overall deformation of the casting due to localized thermal
effects. In addition, residual stresses may develop at the
connection interfaces, further compromising casting quality.
Therefore, for such regions, an appropriately designed cooling
system should be implemented to dissipate excess heat,
thereby achieving simultaneous solidification across the entire
casting and enhancing the uniformity and integrity of the final
product.

Table 2: Elemental composition of A380 alloy

Element

Value (wt.%) 75-95  3-4 0.1 1.3

3.0 0.5 0.3 0.3 0.3 Bal.

Table 3: Physical parameters of A380 alloy

Specific heat
capacity
[Cal-(g-°C)"]

Density

[Cal-(cm-s-°C)™"] (cm?-s™)

(g-cm?)

2.750 0.240 0.350 0.004

4 Optimization results and discussion

4.1 Initialization of components

Before the optimization process, it is necessary to initialize
the size, position, and orientation of the components. Proper

Thermal conductivity Viscosity

Shrinkage rate
of phase
transition

Latent heat

(Cal-g”) Liquidus (°C) Solidus (°C)

95 595 530 0.010

initialization plays a crucial role in ensuring both the accuracy
and efficiency of the model design. The width of each
component represents the internal cross-sectional size of the
cooling channel, the range of component width is 4-10 mm, and
the range of component length is 15-40 mm. The orientation
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Fig. 4: 2D cross-section of temperature field of bottom
shell casting

of each component is determined by the angle between its
axial direction and the horizontal line. Four discrete angles are
selected as the initial orientation options: 0° (180°), 45° (225°),
90° (270°), and 135° (315°). The number and spacing of
components are equally important. Excessive density or an
overly large number of components may result in redundant
calculations and wasted computational resources, whereas
overly sparse spacing or an insufficient number of components
may lead to incomplete coverage of the design domain where
cooling channels are required. Taking all these factors into
consideration, the components are initialized. As shown in
Fig. 5, a truss-like initialization scheme for the components
is adopted. This is a typical initialization result of the cooling
system.

4.2 Optimization results based on MMC
method and PSO method

After completing the initialization of the components, the
optimization of their spatial distribution was carried out
based on the simulated temperature field and the PSO method
described above. Two representative sets of model parameters
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Fig. 5: A typical schematic diagram of component
initialization scheme

were selected to compare the effects of different parameter
configurations on the design outcomes. The specific values
of the two parameter sets are listed in Table 4, and the
corresponding optimization processes and final design results
are illustrated in Fig. 6.

By analyzing the design processes and results under the
two sets of model parameters (Fig. 6), it can be observed that
all components follow the same optimization rule, gradually
moving toward regions with higher temperatures in the thermal
field. As the number of iterations increases, the number of
components within the design space decreases. This reduction
occurs because post-processing operations, such as merging
and deletion, are applied after each iteration. Components
located outside the design space are removed automatically.
Between the two design schemes, the one with a larger number
of components provides more comprehensive coverage of the
overheated regions in the thermal field. However, its resulting
configuration appears disordered and less consistent with
practical cooling system design principles. Therefore, after
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Table 4: Comparison of parameters for the two schemes

Parameter Number of initial Length Width of the Step shift Search radius in PSO
components (mm) component (mm) (mm) method (mm)
Scheme (A) 1,200 20 4 0°, 45°, 90°, 135° 2 20
Scheme (B) 800 30 6 0°, 90° 4 30
(a)

(5] 2
gl ¢ 3¢
5

DA
SCESCHEN ¢
»TOrTe 0T pId
T T4 P
oo,

»
13
»
’

d
d

¢
£

4 PIerle
QKT 5¢
T4 P

Ton
SAR S

T
LIS
S

4 )

LS
X
v
X

T4 P
| 5C D¢
2] 5¢

(b)

Step 0 Step 4

1+-H|'I-I—

N3 -
"‘FE"'I : w !
Trigy PR

Step 20

Step 16

Fig. 6: Design process and results of the two schemes: (a) Scheme A; (b) Scheme B

a comprehensive comparison, the second design scheme is
selected as the preferred solution.

Upon completion of the aforementioned component
design, the resulting component layout cannot be directly
utilized as cooling channels, since a cooling channel
constitutes a unidirectional conduit with defined inlet and
outlet points. Therefore, post-processing of the obtained
component design is required, with the detailed procedure
illustrated in Fig. 7. Firstly, the components are sorted based
on the temperature field of the casting region they cover
[Fig. 7(a)]. The sorting criterion stipulates that components
covering regions with higher average temperatures are assigned
higher priority. Subsequently, components at the end of the
sorted sequence are eliminated [Fig. 7(b)]. As these correspond
to casting regions with the lowest average temperatures, which
require the least cooling. Next, since overlapping between
different components may occur during the design process,
one of the overlapping components is removed [Fig. 7(c)],
following the same prioritization rule (i.e., the component
with lower priority is deleted). Finally, the remaining valid
components are interconnected [Fig. 7(d)] to ensure that the
final design conforms to the physical requirements of a cooling
channel system.

Following the post-processing operations described above,
the final design of the cooling system was obtained. At this
stage, a key adjustable parameter is the number of retained
components, which has a significant impact on the design
outcome. Figure 8 presents the final designs corresponding
to different numbers of retained components, along with
a comparison to a conventional cooling channel design.
Comparing Figs. 8(a), (b), and (c), it can be seen that too
few components (10 components) result in incomplete
coverage of localized hot spots in the casting temperature
field, whereas too many components (30 components) lead to
manufacturability issues and produce a phenomenon similar
to “overfitting” in machine learning. By balancing these
considerations, the design with 20 retained components was
selected. Figure 8(d) shows the conventional cooling channel
design used as a reference. Comparing the selected design with
the conventional one confirms the effectiveness of the cooling
system layout generated by the present model.

4.3 Numerical validation of cooling system
design

To validate the effectiveness and reliability of the proposed

method, comparative simulations were performed under
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(a) Sort by temperature field

(c) Remove overlapping components

>

(b) Delete the components at the end index

(d) Connect the components

Fig. 7: Schematic diagram of component post-processing method (a-d)

Fig. 8: Comparison of cooling system designs with different numbers of retained components and conventional
cooling system: (a) 10 components; (b) 20 components; (c) 30 components; (d) conventional cooling system

identical process conditions for the filling and solidification
processes of castings with and without the cooling system.
Figure 9 shows a comparison of the temperature fields
during different solidification stages. As observed, at
various time points, the temperature distribution within the
casting equipped with the cooling system exhibits better
uniformity than that without cooling. This difference becomes
increasingly pronounced after 150 s of solidification, as clearly
demonstrated by the temperature fields highlighted within the
red rectangles in the figure.

Figure 10 shows the comparison of the temperature field
of the casting on a two-dimensional projection plane near the
cooling system. It can be clearly seen that the overheating
situation in the high-temperature areas has been significantly
improved. Especially in the areas above 380 °C, it has almost
completely disappeared. The thicker and larger the central part
of the casting, the more obvious the temperature improvement
effect.

The temperature field near the cooling channels was
analyzed under three conditions: with a conventional cooling
system, with the current cooling system, and without any
cooling system. Figure 11(a) shows the standard deviation of
the temperature field, which reflects the uniformity of cooling
across the casting and is critical for preventing defects such as
cold shuts and deformation. As shown in Fig. 11(a), after 30 s,
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the standard deviation for castings with both the conventional
and current cooling systems becomes significantly lower than
that of the casting without a cooling system. Moreover, the
current cooling system consistently exhibits a smaller standard
deviation than the conventional system, indicating that it
provides a more uniform cooling process during solidification.
This difference continues to increase over time. Interestingly,
after 90 s, the conventional system shows a higher standard
deviation than the no-cooling case, likely due to its lower
placement accuracy, which results in unnecessary cooling in
regions where it is not required. In contrast, the current system
maintains a lower standard deviation throughout the process,
demonstrating its higher placement precision and effectiveness
in enhancing cooling uniformity.

Figure 11(b) presents the average temperature of the
castings under the three conditions. The average temperatures
of the castings with the conventional and current cooling
systems are similar at each time point and are consistently
lower than those of the casting without a cooling system.
This indicates that the improved cooling performance of
the current system is not primarily due to an increase in the
number of cooling channels, which would naturally reduce the
average temperature, but rather results from the more precise
placement of the channels. The close agreement in average
temperatures between the conventional and current cooling
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Fig. 9: Comparison of simulated casting temperature fields with versus without cooling system at different time
instances: (a) without cooling system; (b) with cooling system
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systems demonstrates that the enhanced uniformity achieved
by the current system arises from its optimized channel layout
rather than simply increasing the cooling capacity. Together,
these results validate the effectiveness of the current cooling
system in simultaneously improving both the uniformity and
efficiency of the solidification process.

5 Conclusions

This study proposes an automated design framework
integrating the moving morphable components (MMC)
topology optimization method with particle swarm
optimization (PSO) to generate efficient and manufacturable
cooling channel layouts. Based on the results of this study, the
main conclusions are summarized as follows:

(1) The integrated MMC-PSO optimization framework
successfully generates physically meaningful cooling channel
layouts by driving morphable components to migrate toward
high-temperature regions during the optimization process.
Comparative analysis using castings with a conventional cooling
system and without any cooling system as benchmark cases
demonstrates that Scheme (B), initialized with 800 components
and optimized parameters, yields a more practical and
manufacturable cooling layout than the denser Scheme (A) with
1,200 components, while maintaining effective thermal coverage.

(2) The proposed post-processing strategy effectively
ensures the manufacturability of the optimized designs. By
incorporating temperature-based component sorting, removal
of low-priority and overlapping components, and final channel
interconnection, the optimized layouts are transformed into
a continuous and physically realizable cooling system with
unidirectional flow characteristics.

(3) Numerical simulations validate the thermal performance
and robustness of the final optimized cooling system.
Compared with both the conventional cooling system and the
no-cooling case, the current design significantly alleviates
overheating, with regions exceeding 380 °C almost completely
eliminated, particularly in the thicker central regions of the
casting. The optimized system consistently exhibits a lower
temperature standard deviation after 30 s and maintains
superior cooling uniformity throughout solidification, whereas
the conventional system even shows a higher standard
deviation than the no-cooling case after 90 s. Meanwhile,
the average casting temperatures of the conventional and
optimized systems remain comparable, confirming that the
improved cooling performance arises primarily from more
precise channel placement rather than increased cooling
capacity. These results demonstrate the effectiveness of
the proposed method in enhancing cooling uniformity and
reducing defect risks such as cold shuts and deformation.
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