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Abstract: Water-cooled heat sinks are efficient cooling solutions for high-heat dissipation applications in industrial
and electronic systems. This study investigates water-cooled heat sinks’ thermal and hydrodynamic performance
through Computational Fluid Dynamics (CFD) simulations. The fluid flow distribution, heat transfer characteristics,
and thermal efficiency of various cooling channel geometries were examined under controlled conditions, including
a mass flow rate of 0.05 kg/s, an inlet fluid temperature of 22℃, and a convection film coefficient of 80 W/m²℃
between the fluid and heat sink. Additionally, the convection coefficient between the heat sink body and its fins to the
environment was set at 10 W/m²℃, with an ambient temperature of 22℃ and a heat flux of 10,000 W/m² applied
to the heat sink’s base. The analysis reveals that the coolant channel geometry, flow velocity, and the materials’
thermophysical properties strongly influence the system’s thermal performance and pressure drop. The optimized
channel configuration significantly enhanced the heat dissipation efficiency, achieving an increase of 49.1% and a
temperature reduction of 59℃. Furthermore, a thermal efficiency of 40.97% and an overall system efficiency of
45.04% were attained. These findings highlight the substantial role of optimized channel geometries in enhancing
the performance of water-cooled heat sinks, leading to more efficient and effective cooling systems. The study
demonstrates that CFD simulations can be a powerful tool in identifying key design parameters that maximize heat
transfer efficiency in water-cooled heat sinks.
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1 Introduction
1.1 Background

To meet the growing demand for heat removal, high-efficiency, low-resistance compact heat exchangers have
gained more traction in engineering applications. Based on the investigation of flow and heat transfer mechanisms in
microchannels with multilayer variable cross-section shapes and different channel formations, microchannel heat
sinks have been verified as an effective cooling technology for high heat flux. In the modern era, thermal efficiency
has become one of the key aspects in the design and development of electronic devices and cooling systems. This is
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increasingly important given the increasing need for devices with high performance, low energy consumption, and
high reliability [1].

Despite significant advancements in water-cooled heat sinks, limited research exists on the comparative thermal-
hydraulic performance of aluminum and structural steel under identical operating conditions. Single-phase flow
maldistribution has been investigated experimentally and numerically by several studies. Using the pressure flow
equation and the flow distribution equation, Park et al. [2] studied the flow distribution in parallel branches of various
headers analytically and empirically. It was found that uniform flow is produced when the header is seen as an infinite
reservoir, and analytical and experimental results concur well. Prasetyo et al. [3] and Trisnoaji et al. [4] examined the
flow pattern in the parallel manifold with three distinct header shapes, namely, rectangular, triangular, and trapezoidal.
It was found that the triangular header has a more uniform flow distribution irrespective of the Reynolds number.
Prasetyo et al. [5] used CFD to study the flow maldistribution at the inlet manifold. It was found that the header with
the helical baffle has the least irregularity. The fluid’s viscosity, flow rate, and flow inlet configuration all impact
the flow distribution in microchannels. Because of the inertial effect, flow maldistribution rises at high flow rates
and low viscosities. In addition, it was found that manufacturing tolerances impact flow distribution when there
is a slight difference in channel diameters. Using analytical and numerical techniques, the optimal header design
for a mini-channel heat sink was determined that minimizes flow maldistribution. The findings demonstrated that
appropriate distributor and collector header design can enhance fluid distribution within the parallel mini-channel,
improving heat transfer and the heat sink’s hydraulic performance.

One of the key components in a cooling system that supports thermal efficiency is the heat sink. As a device
designed to absorb and dissipate heat from a heat source, heat sinks are essential in maintaining the optimal
performance of electronic devices, such as computers, industrial machinery, and refrigeration equipment [6]. One of
the widely used heat sink technologies is the water-cooled heat sink. This system offers high heat transfer capabilities
compared to air-based cooling systems [7]. As a cooling medium, water has a greater specific heat capacity than air,
allowing it to absorb heat more efficiently. In addition, water-cooled heat sinks can be integrated into a more compact
system, which enables applications in devices with space constraints [8].

However, heat sink performance depends on the design, the fluid flow mechanism, and the material used. The
choice of heat sink material is an essential factor that affects thermal conductivity, heat transfer efficiency, weight, and
manufacturing cost [9]. Aluminum is one material that is often used because it has high thermal conductivity and is
lightweight and relatively economical. On the other hand, materials such as structural steel also have potential in
specific applications, especially for more substantial structural requirements or in environments that require high
resistance to stress and corrosion [10].

These material variations open up opportunities to explore how the combination of cooling medium (such as
freshwater) and heat sink material can affect the performance of the cooling system [11]. In the context of this
research, the performance analysis of water-cooled heat sinks that use aluminum as the primary thermal material
compared to structural steel as a standard material is the main focus [12]. This research aims to provide an in-depth
insight into the comparison of thermal efficiency, heat distribution, and potential applications of both materials in
modern heat sink design [13].

1.2 State of the Art

Significant progress has been made in optimizing microchannel heat sinks and their associated cooling systems
in recent years, with a primary focus on enhancing both heat transfer and hydraulic performance. This has been
largely achieved through the optimization of header designs for mini-channel heat sinks. Numerical and analytical
modeling techniques have been employed to fine-tune distributor and collector header designs, and it has been found
that improving these configurations significantly enhances both thermal and hydraulic performance. This optimization
results in more uniform flow distribution, which is crucial for enhancing heat transfer, especially in compact systems
with high heat flux demands [14].

In parallel, experimental investigations have explored the effects of varying flow rates and fluid viscosities on the
thermal performance of microchannel heat sinks. These studies have demonstrated that flow maldistribution and
thermal performance degrade under high flow rates and low viscosities. However, these issues can be mitigated
through optimized header designs that ensure better flow uniformity and, consequently, more efficient heat dissipation.
This research is particularly valuable in applications where precise flow control and effective heat transfer are
essential [15].

Another critical aspect of heat sink performance is the material choice. A comparative study of aluminum and
structural steel as materials for water-cooled heat sinks has shown that while aluminum offers superior thermal
performance due to its high thermal conductivity, structural steel provides better mechanical properties such as
enhanced resistance to stress and corrosion. This makes structural steel more suitable for long-term durability in
demanding environments, while aluminum is preferred for applications where maximum heat transfer efficiency is
needed [16].
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Table 1 provides a summary of these findings. Numerical and analytical modeling to optimize header design for
mini-channel heat sinks has shown that optimizing the distributor and collector header designs improves heat transfer
and hydraulic performance. This is particularly important as uniform flow distribution is essential for efficient heat
dissipation in high heat flux systems.

Table 1. The summary of state of the art

Methodology Findings References
Numerical and analytical modeling to

optimize header design for mini-channel
heat sinks

Optimizing the distributor and collector header
designs improved heat transfer and hydraulic

performance.
[14]

Experimental investigation of microchannel
heat sinks under various flow rates and

viscosities

Flow maldistribution and thermal performance
worsened at high flow rates and low

viscosities, and optimized header design
mitigated this.

[15]

Comparative study on water-cooled heat
sinks using different materials (aluminum

vs. steel)

Aluminum showed better thermal
performance, but steel had superior mechanical

properties for long-term use.
[16]

Optimizing header designs and choosing appropriate materials are essential for enhancing the performance of heat
sinks. This study aims to evaluate water-cooled heat sinks’ thermal and hydrodynamic performance using aluminum
and structural steel under identical operating conditions, optimizing channel geometry and material selection for
industrial applications.

2 Methodology
2.1 Experimental and Numerical Approach

This study uses numerical simulations and experimental investigation to assess the performance of water-cooled
heat sinks composed of structural steel and aluminum. Because structural steel and aluminum have different
mechanical and thermal characteristics, materials were first selected and processed. To remove variability caused by
structural variances, these materials were manufactured into heat sink prototypes with identical geometric patterns.
With proportions suited for popular cooling arrangements, the heat sink design obtained a central water channel and
parallel rectangular fins for effective heat dissipation [17].

The closed-loop water cooling system was part of the experimental equipment. To maintain constant flow rates,
freshwater was used as the coolant and was pumped through the heat sink. The heat source was a resistive heating
element that simulates different heat loads at regulated power inputs. While flow meters and power meters were used
to track coolant flow rate and heat input, thermocouples were positioned strategically on the heat sink and inside the
water channels to detect temperature distribution [18].

Every heat sink was under the same operating conditions as part of the testing process. Temperature readings at
the coolant intake, outlet, and heat sink surface were recorded when heat input levels were systematically changed.
Critical performance metrics like temperature distribution, heat transfer coefficient, and thermal resistance are the
main focus of data analysis. The simulation and experiment data were compared to uncover patterns and confirm
results. The study culminates with a comparative analysis of the two materials, emphasizing their distinct benefits and
drawbacks regarding structural characteristics, thermal efficiency, and possible uses in several industries [19].

In terms of CFD setup, ANSYS was used for numerical simulations combined with a steady-state analysis
approach. The steady-state model is suitable for scenarios where the system reaches an equilibrium, and the heat
transfer characteristics do not change with time. The k − ω Shear Stress Transport (SST) model was selected as the
turbulence model for these simulations, which provides accurate predictions for flow separation and heat transfer in
complex geometries. This model combines the advantages of the k − ω model and the original k − ω model, offering
better performance in both near-wall and free-stream flows.

The meshing was conducted with a fine grid to ensure accurate results, especially in regions with high gradients.
Boundary conditions included a constant mass flow rate and inlet temperature for the coolant, with heat flux applied
to the bottom surface of the heat sink. The simulations ran until convergence, ensuring residuals are below a specified
threshold. Subgraph (a) of Figure 1 shows the flowchart and subgraph (b) of Figure 1 shows the visualization of the
pipes. Table 2 presents various physical and mechanical properties of structural steel.

Subgraph (a) of Figure 2 illustrates the stress-number of cycles (S-N) curve for structural steel and subgraph (b) of
Figure 2 depicts the strain-life parameters for structural steel. Table 3 presents the physical properties of fresh water.
Table 4 outlines the physical properties of aluminum.
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(a)

(b)

Figure 1. (a) Flowchart; (b) Visualization of the pipes

2.2 Explanation of Boundary Properties

Boundary properties are essential in CFD simulations to model how the heat sink system interacts with its
environment. Heat flux at the base of the heat sink measures the quantity of heat transferred from the source to the
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heat sink, and this research uses constant heat flux values (e.g., 50 W, 100 W, or 150 W) to analyze thermal load
impacts [20].

(a)

(b)

Figure 2. (a) S-N curve; (b) Strain-life parameters

Table 2. Structural steel

Structural Steel Property Value
Density 7850, 0 kg/m3

Derive from Young’s modulus and Poisson’s ratio
Young’s modulus 2e + 11 Pa

Poisson’s ratio 0,3
Bulk modulus 1, 6667e + 11 Pa
Shear modulus 7, 6923e + 10 Pa

Isotropic secant coefficient of thermal expansion 1, 2e− 051/◦C
Compressive ultimate strength 0 Pa

Compressive yield strength 2, 5e + 08 Pa
Tensile ultimate strength 4, 6e + 08 Pa

Tensile yield strength 2, 5e + 08 Pa
Isotropic thermal conductivity 60, 500 W/m · ◦C
Specific heat constant pressure 434, 00 J/kg · ◦C

Isotropic resistivity 1, 7e− 07Ω · m
Isotropic relative permeability 10000

At the coolant inlet, temperature and flow rate were set to ensure consistency and stable flow conditions, affecting
heat transfer efficiency. The coolant outlet was specified using a pressure outlet condition to determine the temperature
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and pressure of the coolant as it exits the system. Convective heat transfer on the fins was modeled based on the
temperature difference, coolant characteristics, and flow velocity [21].

The heat sink’s adiabatic surfaces were used to simulate real-world scenarios where heat dissipation mainly occurs
through fins and channels. No-slip boundary conditions at water channel walls ensure accurate modeling of fluid
behavior and heat transfer rates. These properties enable precise thermal and fluid dynamics simulations, leading to
optimized heat sink designs [22, 23].

Table 3. Fresh water

Fresh Water Property Value
Density 997, 40 kg/m3

Isotropic thermal conductivity 0, 60400 W/m · ◦C
Specific heat constant pressure 4179, 0 J/kg · ◦C

Table 4. Aluminum

Aluminum Property Value
Density 2689, 0 kg/m3

Isotropic thermal conductivity 237, 50 W/m · ◦C
Specific heat constant pressure 951, 00 J/kg · ◦C

2.3 Mathematical Equations

This subsection presents the mathematical expressions and relationships utilized to quantify the performance
metrics of the cooling systems, including temperature reduction, heat dissipation efficiency, and overall thermal
performance [24].

(a) Temperature reduction

∆T = Tno cooling − Twith cooling (1)

where, Tno cooling is the maximum temperature of the heat sink without water cooling, Twith cooling is the maximum
temperature of the heat sink with water cooling, and ∆T is the temperature difference (reduction). This equation was
derived from the basic principle of measuring the difference in temperature before and after applying the cooling
system. It indicates that the system can lower the heat sink’s temperature and prevent overheating.

(b) Heat dissipation efficiency

ηheat removal =
Qoutput

Qinput
× 100% (2)

where, Qoutput is the water absorbed heat energy, and Qinput is the total heat energy applied to the system.
This equation is based on the conservation of energy principle, indicating how effectively the cooling system

converts the applied heat into heat removed by the cooling medium. The derivation follows the standard approach for
calculating efficiency: the ratio of sound output to the total input.

(c) Thermal efficiency

ηthermal =
∆T

Tno cooling
× 100% (3)

where, ∆T is the temperature reduction and Tno cooling is the maximum temperature without cooling.
This metric evaluates the cooling system’s impact based on the proportional decrease in temperature. The

derivation considers the ratio of the temperature reduction to the initial maximum temperature, providing a percentage
representing the cooling system’s effectiveness in lowering temperature.

(d) Overall system efficiency

ηoverall =
ηcooling + ηthermal

2
(4)
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This equation was designed to provide a holistic efficiency metric for the water-cooling system by considering
both heat transfer efficiency ηcooling and thermal efficiency ηthermal . The overall efficiency equation averages these two
efficiencies, reflecting a balanced view of the system’s performance. The derivation is based on the need to account
for multiple efficiency aspects, offering a comprehensive system evaluation.

3 Results
3.1 Contour Result

This subsection delves into the detailed analysis and visualization of the heat sink system’s performance through
contour plots. These plots illustrate temperature distributions, fluid flow patterns, and heat flux variations across
different components, providing crucial insights into the thermal behavior and efficiency of the system.

Based on the numerical analysis, the system with liquid cooling in Figure 3 demonstrates significantly better
thermal performance than those without liquid cooling in Figure 4 and Figure 5. Under the condition with liquid
cooling in Figure 3, the maximum temperature reaches approximately 26℃, while the minimum temperature is
around 22℃, resulting in a relatively small temperature difference of about 4℃. This indicates a uniform temperature
distribution, as the liquid coolant effectively absorbs and dissipates heat from the system.

Figure 3. With liquid cooling steady-state thermal

Figure 4. Without liquid cooling steady-state thermal

In contrast, the system without liquid cooling exhibits a significantly higher maximum temperature of 85.268℃ in
Figure 5, with the minimum temperature remaining at 83.972℃. This creates a much more significant temperature
difference of approximately 60.28℃. The uneven heat distribution is evident in Figure 5, where red areas highlight
significant heat accumulation. Meanwhile, Figure 4, which presents the solid model without temperature gradients,
represents the condition without liquid cooling, where heat is not efficiently dissipated.

This comparison highlights the importance of liquid cooling in maintaining thermal stability and preventing
extreme temperatures that could damage materials or reduce device performance. Liquid cooling reduces the

182



maximum temperature by up to 56℃ compared to the system without liquid cooling. Additionally, the more uniform
temperature distribution helps minimize thermal stress on materials, thereby extending the operational lifespan of
the device. This analysis underscores that liquid cooling is highly recommended for practical thermal management
applications.

Figure 5. Temperature distribution with liquid cooling steady-state thermal

Figure 6. Water flow temperature with liquid cooling steady-state thermal

Figure 7. Body temperature with liquid cooling steady-state thermal
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Based on the numerical analysis, the system with liquid cooling demonstrates excellent thermal performance, as
shown in Figure 6 and Figure 7. In Figure 6, the temperature of the liquid coolant ranges from 22℃ at the inlet to
22.22℃ at the outlet, resulting in a minimal temperature increase of just 0.22℃ along the flow path. This indicates
that the liquid coolant effectively absorbs heat from the system while maintaining a stable temperature. Similarly,
Figure 7 illustrates the temperature distribution on the system’s body, with a maximum temperature of 22.22℃
near the coolant flow paths and a minimum temperature of 22℃ in areas farther from the coolant. The temperature
difference across the body is also just 0.22℃, demonstrating a uniform temperature distribution.

This uniformity indicates that the liquid cooling system absorbs heat efficiently and distributes it evenly across
the body, preventing hotspots and maintaining thermal stability. The numerical comparison highlights the system’s
capability to support a maximum temperature of only 22.22℃, far below critical levels that could damage materials or
degrade performance. Overall, Figure 6 shows the coolant’s effectiveness in absorbing heat. In contrast, Figure 7
demonstrates the uniform temperature distribution across the system’s body, making the liquid cooling system highly
suitable for applications requiring precise temperature control.

Figure 8 presents the temperature distribution in an isometric view. The maximum recorded temperature is
144.92℃, while the minimum temperature is 143.47℃. The heat distribution is higher in the central bottom area,
which is in direct contact with the heat source. The cooling fins exhibit a significant temperature gradient, with
lower temperatures at the fin tips, indicating heat transfer to the surrounding environment through natural convection.
However, the relatively small temperature difference between the maximum and minimum values suggests limited
convective cooling efficiency without liquid cooling.

Figure 8. Temperature without liquid cooling steady-state thermal in an isometric view

Figure 9. Temperature without liquid cooling steady-state thermal in a cross-sectional view

In Figure 9, which shows the temperature distribution in a cross-sectional view, the central base area exhibits the
highest temperature, with dark red colors indicating concentrated heat. The heat gradually dissipates outward from
the base to the fins, demonstrating the fins’ ability to spread heat. Nevertheless, the uneven temperature distribution
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highlights the limitations of this passive cooling system. Overall, while the fins assist in transferring some heat,
additional cooling methods, such as liquid cooling, are required to enhance heat dissipation efficiency and achieve
more effective temperature reduction, particularly in high-heat-load applications.

Different materials, such as aluminum and steel, significantly influence the contour plots due to their varying thermal
conductivity. With its higher thermal conductivity, aluminum allows for more uniform temperature distributions,
facilitating faster heat transfer across the material. This characteristic helps reduce hotspots and promotes effective
thermal management, as seen in aluminum component systems. In contrast, steel, with lower thermal conductivity,
tends to exhibit more pronounced temperature gradients and less uniform heat distribution. As a result, aluminum is
often preferred in applications where efficient heat dissipation and thermal stability are critical. For example, the
maximum temperature on the heat sink surface using aluminum is 40°C, compared to 65°C for structural steel. As a
result, aluminum is often preferred in applications where efficient heat dissipation and thermal stability are critical.

3.2 System performance with and without water cooling

The figures and table below illustrate a comparison of system performance with and without water cooling,
focusing on temperature reduction and efficiency metrics. Based on Table 5, the water-cooling system demonstrates a
heat dissipation efficiency of 49.1%, effectively transferring nearly half of the generated heat to the cooling medium.
It achieves a significant temperature reduction of 59℃, highlighting its superior cooling performance. The system’s
thermal efficiency is 40.97%, reflecting its effectiveness in reducing thermal buildup. Additionally, the overall system
efficiency, which incorporates all performance factors, is 45.04%, indicating robust yet improvable performance.

Table 5. The result of the mathematical equation solution

Parameter Result
Heat dissipation efficiency 49.1%

Temperature reduction 59◦C
Thermal efficiency 40.97%

Overall system efficiency 45.04%

In subgraph (a) of Figure 10, the bar chart reveals a notable difference in maximum temperature between the
two systems. The system with water cooling maintains a substantially lower maximum temperature, underscoring
the efficacy of active cooling, while the system without water cooling exhibits significantly higher temperatures,
demonstrating the limitations of passive cooling. Subgraph (b) of Figure 10 evaluates various efficiency aspects of the
water-cooling system, showing a cooling efficiency of approximately 49.1%, a thermal efficiency of 41%, and an
overall efficiency slightly below 50%. These metrics highlight the system’s capability to manage heat effectively,
though there is room for optimization to enhance thermal and overall performance. The water-cooling system
substantially improves temperature management and efficiency compared to passive cooling methods.

4 Discussion

The results of this study demonstrate the significant advantages of water-cooling systems over passive cooling
methods in managing heat loads. As shown in subgraph (a) of Figure 10, the use of water cooling reduces the
maximum temperature from 144°C (without water cooling) to 85°C (with water cooling), representing a substantial
41% reduction in maximum temperature. This finding highlights the effectiveness of water cooling in mitigating
thermal stresses on electronic components, ensuring their reliability and longevity.

These findings are consistent with prior studies on liquid cooling systems, which have repeatedly demonstrated
the advantages of water-cooled microchannel heat sinks in high heat flux scenarios. For instance, Prasetyo et
al. [3, 5] reported similar temperature reductions and improvements in thermal management efficiency when utilizing
water-cooled heat sinks. The observed 49.1% heat elimination and the 41% reduction in maximum temperature align
well with theoretical predictions, further validating the efficacy of water cooling. These consistent results across
different studies reinforce the reliability and effectiveness of water-cooling systems in high-performance applications.

Further analysis of the system’s performance metrics, as illustrated in subgraph (b) of Figure 10, underscores the
efficiency of the water-cooling system:

(a) Efficiency of the water-cooling system (49.1%): Nearly half of the input heat is successfully dissipated,
showcasing water-cooled systems’ high heat transfer capability, particularly under high heat flux conditions.

(b) Thermal efficiency based on temperature reduction (41%): This efficiency directly correlates with the observed
decrease in maximum temperature, reinforcing the ability of water cooling to control heat effectively.

(c) Overall efficiency of the water-cooling system (43%): This reflects the combined performance of the cooling
system, including thermal dissipation and operational factors. While slightly lower than the dissipation efficiency, it
emphasizes consistent and reliable performance.

185



(a)

(b)

Figure 10. (a) Maximum temperature; (b) Water cooling efficiency

These metrics illustrate that water cooling reduces temperature and ensures stable thermal management under
operational conditions. The slight discrepancy between the 49.1% efficiency of heat dissipation and the 43% overall
efficiency may be attributed to minor losses such as fluid friction, pump energy requirements, or imperfect heat
exchange at the interface.

This study emphasizes the novelty of comparing the thermal-hydraulic performance of aluminum and structural
steel under identical operating conditions, a comparison not extensively covered in previous research. The significant
41% temperature reduction achieved by water cooling has practical implications for industries requiring effective
thermal management. This substantial reduction indicates water cooling’s potential to enhance the reliability and
longevity of electronic components by mitigating thermal stresses.

The study systematically analyzes the factors influencing heat dissipation performance as follows:
(a) Flow structure: The cooling channels’ design and the coolant’s flow pattern significantly affect heat transfer

efficiency.
(b) Flow rate: Higher flow rates enhance the coolant’s ability to absorb heat but may also introduce increased fluid

friction and pumping requirements.
(c) Material properties: The heat sink materials’ thermal conductivity and specific heat capacity (aluminum vs.

structural steel) are crucial in determining the overall thermal performance. Aluminum, with its higher thermal
conductivity, shows superior heat dissipation compared to structural steel, which offers better mechanical properties.

The heat transfer dynamics within the system, particularly the slow temperature increases of water from the
inlet (22℃) to the outlet, indicate water’s high specific heat capacity, enabling it to absorb substantial heat without
significant temperature variations. This property ensures:
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(a) Thermal absorption is stable, preventing rapid temperature spikes.
(b) Improved temperature uniformity is critical for minimizing localized thermal stresses and ensuring system

reliability.
Overall, this study reinforces the role of water cooling in high-performance applications, mainly where efficient

heat dissipation and temperature control are critical. The results align with existing studies and provide practical
insights into optimizing cooling systems for real-world scenarios. Future work should improve system designs, such
as optimizing water flow rates, channel geometries, and material properties, to further enhance thermal efficiency and
operational reliability.

5 Conclusions

With a thermal efficiency of 40.97%, the water-cooling system effectively dissipates 49.1% of the input heat,
significantly reducing the maximum temperature by 59℃. The overall system efficiency is measured at 45.04%,
demonstrating that water cooling outperforms passive cooling technologies in thermal management. This study
confirms the effectiveness of water-cooling systems in lowering heat sink temperatures and improving thermal
efficiency. By examining the results alongside previous research and considering the implications for various
applications, it becomes clear that water cooling is a vital solution for contemporary thermal management challenges.
These systems are viable and sustainable for broad adoption, and future research should focus on improving them.

When comparing the advantages of aluminum and structural steel, several key factors emerge, particularly
in thermal and mechanical performance. Aluminum boasts high thermal conductivity, facilitating efficient heat
dissipation, making it especially effective for applications requiring quick heat management. In contrast, structural
steel has lower thermal conductivity but is still viable for applications where heat dissipation is not a primary concern.

Regarding mechanical performance, aluminum is lightweight and exhibits high thermal conductivity, but its
mechanical strength is inferior to that of structural steel. In contrast, structural steel offers superior mechanical
strength, is resistant to stress and corrosion, and is better suited for applications demanding long-term durability and
high structural integrity.

In real-world applications, these materials shine in various industries. In electronics, aluminum is ideal for
devices requiring efficient heat management, such as computers and servers. Structural steel, however, is favored in
devices situated in harsh environments where durability outweighs heat management requirements. Similarly, in the
automotive industry, aluminum is utilized for components like car radiators that need rapid heat dissipation. At the
same time, structural steel is employed for high-strength parts such as frames and chassis, which also need to resist
corrosion. Lastly, aluminum is suited for equipment generating substantial heat in manufacturing, necessitating quick
heat management. At the same time, structural steel is used in machinery that requires high strength and resilience to
severe environmental conditions.

The results of this study highlight the importance of selecting the right material based on specific applications and
heat management needs. Aluminum excels in thermal efficiency, while structural steel offers significant mechanical
advantages. Water cooling has proven to be an effective solution for thermal management, and further research should
focus on improving system designs, such as optimizing water flow rates, channel geometries, and material properties,
to further enhance thermal efficiency and operational reliability.
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