
R.E.M. (Rekayasa Energi Manufaktur) Jurnal | Vol.11 No.1/2026 
ISSN online (2528-3723) 
http://doi.org/10.21070/rem.v11i1.1840 
 

Copyright © 2026 Author [s]. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or 

reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, 

in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms 
 

 

Effect of Flow Disturbance Geometry on Thermal Hydraulic Performance of 

Forced Air-Cooled Heat Sinks for CPU Cooling 
 

Annisa Fitriola Suryawati1, Damora Rhakasywi1, Nicky Yongkimandalan1, Bima Rakha 

Adhitama1 

Email corresponding author: rhakasywi@upnvj.ac.id 
 

1 Mechanical Engineering Department, Faculty of Engineering, Universitas Pembangunan Nasional Veteran Jakarta, Jl. Limo 

Raya No.80, Limo, Kota Depok, Jawa Barat, 16514, Indonesia 

  

Article history: Received: 8 May 2026 | Revised: 29 May 2026 | Accepted: 31 May 2026 
 

Abstract. The increasing thermal load in modern electronic devices necessitates efficient and reliable cooling 

strategies, particularly for air-cooled heat sinks in CPU applications. This study numerically investigates the effect 

of flow-disturbance geometry on the thermal–hydraulic performance of a forced air-cooled channel under constant 

heat flux. Three configurations—circular, square, and octagonal—were evaluated against a baseline using a 

validated CFD approach based on the RANS equations with the k–ω SST model, with a 7.65% deviation. The results 

show that geometric disturbances significantly influence temperature distribution and pressure drop. The octagonal 

model achieves the lowest excess temperature across airflow velocities of 1–2 m/s but produces the highest pressure 

drop, while the square model provides notable temperature reduction with moderate pressure loss by improving 

airflow uniformity and disrupting the thermal boundary layer. Overall, the square configuration offers the most 

optimal balance between heat transfer and energy efficiency. 
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INTRODUCTION 

The rapid increase in power density in modern electronic devices, such as CPUs and power modules, has 

significantly intensified the demand for effective thermal management systems to ensure operational reliability and 

sustained performance [1]. Excessive heat generation can accelerate thermal degradation, reduce system efficiency, 

and shorten the lifespan of electronic components [2]. To address these challenges, various cooling strategies have 

been developed, including passive air cooling [3], forced-air cooling, liquid cooling [4], phase-change methods [5], 

and hybrid cooling techniques [6]. Among these approaches, air-cooled heat sinks remain widely used in electronic 

cooling applications due to their simple design, cost-effectiveness, ease of integration, and low maintenance 

requirements compared to more complex solutions such as liquid cooling systems [7]. The thermal performance of 

heat sinks is strongly influenced by geometric parameters, including fin height, spacing, and thickness, as well as 

airflow conditions [8]. Previous studies have shown that airflow characteristics, such as the fan inlet impingement 

angle, can significantly affect thermal performance, where simplified assumptions like uniform impingement may 

underestimate the actual base temperature by approximately 16% [1]. Another strategy to enhance cooling 

performance involves modifying the internal channel configuration, such as implementing mini-channel heat sinks, 

which have demonstrated significant reductions in peak temperature, reaching up to 34.1 °C [2]. Despite these 

improvements, further geometric and flow-control modifications are still required to enhance the effectiveness of air-

cooling systems and meet the increasing thermal demands of modern electronic devices. 

Approaches to improving heatsink cooling performance have included several liquid-based methods. A previous 

study on liquid cooling reported that Al2O3/Water and SiC nanofluids improved heatsink cooling performance by 

only 2–3%, indicating limited enhancement in convective heat transfer compared to the additional system complexity 

introduced [9]. Another study showed that nanofluid velocity and the geometry of the heat-source attachment area 

significantly affected heatsink thermal performance [10]. Increasing nanofluid velocity reduced the average heatsink 

temperature, while the connection length between the LED and the heatsink strongly influenced the maximum 

temperature distribution, demonstrating that cooling effectiveness remained highly dependent on operating conditions 

and system configuration. In addition to liquid cooling, phase-change cooling methods using PCM with metal-oxide 

nanoparticles (Al2O3, SiO2, and TiO2) have also been investigated [11]. The study reported surface-temperature 

reductions of 8–15 °C and a maximum efficiency improvement of 9.2% compared to uncooled conditions. However, 

the enhancement remained relatively moderate considering the increased material requirements, thermal-storage 

limitations, and operational complexity associated with PCM integration. 

Although liquid cooling, PCM cooling, and hybrid thermal-management techniques have demonstrated 

measurable improvements in heat-dissipation capability, their implementation generally requires more complex 
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systems, higher manufacturing costs, and additional maintenance. Therefore, despite the development of advanced 

cooling techniques, air-cooled heatsinks continue to be widely used because of their lower cost, simpler configuration, 

and better compatibility with compact electronic systems. Nevertheless, further improvements are still required to 

satisfy the increasing thermal-management demands of electronic devices, especially since many previous studies 

reported only limited temperature reductions despite employing more complex cooling approaches. One promising 

method to improve the thermal performance of air-cooled heatsinks is the introduction of flow-disturbance 

mechanisms. Such modifications can enhance airflow mixing, and improve convective heat transfer around the 

heatsink surfaces without significantly increasing system complexity. Therefore, the present study investigates the 

capability of an air-cooling system to dissipate a prescribed heat flux through flow-disturbance modifications. The 

findings are expected to provide further insight into the effectiveness of airflow-manipulation strategies for improving 

the thermal performance of air-cooled heatsinks while maintaining a simpler and more economically feasible cooling 

configuration compared with previously reported advanced cooling methods. 

METHODS 

A. Geometry and Boundary Conditions 

Referring to the previous study by Yu Li et al. [12], the model geometry and boundary conditions used in the 

present study were developed to represent an air-cooling configuration under a constant heat-flux condition. The 

computational domain consists of a rectangular cooling channel designed to simulate airflow passing over a heated 

surface. The geometry includes the main channel length (L), channel height (H), jet length (L jet), and channel height 

(Hch), which were selected based on typical dimensions used in compact electronic cooling applications. These 

parameters were carefully defined to ensure that the airflow distribution within the channel accurately represents 

forced-convection conditions commonly encountered in air-cooled thermal management systems. The detailed 

geometric dimensions used in the numerical model are summarised in Table 1 and Figure 1. These parameters include 

the channel width (W), channel length (L), and channel height (H), which serve as the primary references for 

constructing the computational domain. The selected dimensions ensure consistency with previously validated 

numerical configurations while allowing the investigation of airflow behaviour under modified flow conditions. This 

approach enables a systematic evaluation of the influence of flow-disturbance structures on the thermal performance 

of the air-cooling configuration. 

Table 1. Geometry specification details 

Details Size (mm) 

W 1.5 

L 60.5 

Ljet 45 

H 23.9 

Hch 10 
 

 

 

 

(a) 

 
(b) (c) 

Figure 1. Model geometry details (a) 2D Baseline geometry details, (b) 3D Baseline geometry details, and (c) 

computational domain of the configuration. 
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In this study, a flow-disturbance modification was incorporated into the cooling channel to intensify airflow mixing 

and enhance convective heat transfer under a constant heat-flux condition. The disturbance elements were strategically 

placed within the channel to increase local turbulence, redistribute the airflow pattern, and reduce the thickness of the 

thermal boundary layer adjacent to the heated surface. By disrupting the formation of a stable boundary layer along 

the channel walls, these structures are expected to strengthen the interaction between the airflow and the heat-transfer 

surface, thereby improving the overall cooling performance. To systematically examine the effect of disturbance 

geometry on airflow behavior and thermal characteristics, three different configurations were evaluated, namely 

square, circular, and octagonal shapes, as depicted in Figures 2(a), 2(b), and 2(c), respectively. All configurations 

were positioned identically within the channel to ensure a fair comparison and to isolate the influence of geometric 

variation. These geometrical modifications were designed to assess their capability in altering flow structures and 

promoting more uniform airflow distribution within the cooling channel. Achieving better airflow uniformity is crucial 

in forced convection systems, as non-uniform flow can result in localized hot spots and degrade overall thermal 

performance. 

Furthermore, the presence of these disturbance elements is expected to generate secondary flow structures, increase 

local mixing intensity, and promote stronger interaction between the working fluid and the heated surface. Differences 

in geometric shape are also anticipated to influence the strength of flow separation, recirculation zones, and wake 

formation downstream of the disturbance elements. Therefore, a comparative evaluation of square, circular, and 

octagonal disturbance geometries provides a systematic approach to understanding their effectiveness in improving 

airflow uniformity and enhancing the convective heat-transfer capability of the proposed air-cooling channel 

configuration. In addition, these geometric variations may significantly affect the pressure drop characteristics within 

the channel, which directly influence the required fan power and overall energy efficiency of the system. Geometries 

that induce stronger turbulence typically enhance heat transfer but also introduce higher flow resistance, leading to 

increased energy consumption. Conversely, milder disturbances may reduce pressure penalties but provide limited 

thermal improvement. Therefore, evaluating both thermal and hydraulic responses is essential to identify an optimal 

configuration that balances enhanced heat transfer performance with acceptable energy requirements for practical 

engineering applications. 

 

   
(a) (b) (c) 

Figure 2. Modified geometries (a) Model 1, (b) Model 2, and (c) Model 3. 

 

B. Meshing Refinement 

To effectively capture the complex geometry of the cooling system, the computational domain was discretised 

using an unstructured tetrahedral mesh and a structured mesh for the domain. This meshing strategy provides 

flexibility and accurate representation of the surfaces. Figure 3 illustrates these details. Figure 3(a) presents the local 

mesh refinement around the heatsink using a structured quadrilateral mesh. Figure 3(b) shows the global mesh 

distribution within the L-type domain. The system consists of an aluminum heatsink block placed inside the L-type 

domain with a velocity inlet and a pressure outlet. Thus, the inlet velocity was set to 1.5 m/s while considering fan 

power consumption. Velocity-inlet conditions were applied at the inlet, while a no-slip condition was applied on the 

internal channel surfaces. The entire module was assumed to be adiabatic, with the inlet air temperature fixed at 20°C. 

The material properties employed in the simulation are shown in Table 2. 

 

Table 2. Material properties 

Materials 
ρ  

(kg·m—3) 

C 

(J·kg—1·k—1) 

k  

(W·m—1·k—1) 

µ  
(𝐠 𝒎−𝟏 𝒔−𝟏) 

Aluminum 2719 871 202.4 - 

Air 1.16 1006 0.0260 1.83 × 10⁻⁵ 
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(a) (b) 

Figure 3. (a) Local mesh refinement around the heatsink, (b) Global mesh distribution around the L-type domain  

 
C. Grid Independence Test 

The accuracy of Computational Fluid Dynamics (CFD) simulations is strongly influenced by the quality of the 

mesh employed. To ensure model reliability, a grid independence test was conducted using different mesh 

configurations, where the coarse mesh consisted of 6.666 × 10⁵ elements, the medium mesh consisted of 10⁶ elements, 

and the fine mesh consisted of 1.5 × 10⁶ elements. The Richardson extrapolation technique, generalised by Roache 

[13], was applied as the methodological basis. Equations (1) and (2) were used to estimate the numerical error for both 

the coarse and fine mesh cases, while a safety factor of 1.25 was adopted. The relative error values obtained, as 

presented in Table 3, indicated that mesh refinement affected the convergence index. As illustrated in Figure 4, a 

higher mesh resolution was associated with improved accuracy. Therefore, the fine mesh configuration was selected 

for the subsequent simulations. 
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Table 3. Result of grid convergence index 

Mesh Fine Medium Coarse 

Temperature 33.25466548 33.1533  33.1493 

𝒑̿  7.959651791 

R 1.5  

GCIfine 0.016% 

GCIcoarse 0.0006% 

𝒇𝒓𝒉= 0 33.2588514 
𝑮𝑪𝑰𝒄𝒐𝒂𝒓𝒔𝒆
𝑮𝑪𝑰

𝒇𝒊𝒏𝒆𝒓
𝐩̿ 

 1 

Error 0.01259% 0.31733% 0.32942% 

 

 

 

 

Figure 4. Mesh Sensitivity  

 

D. Governing Equations 

To investigate the thermal performance of a cooling system, the study begins by analysing the fluid flow dynamics 

using the Reynolds-Averaged Navier-Stokes (RANS) equations for continuity and momentum, shown in Eq. (8) and 

(9) [14]. The k-omega SST model is used to analyse the flow over the boundary, and its mathematical expressions can 

be found in equations (10) and (11)[15]. 
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RESULT AND DISCUSSIONS 

A. Validation 

Figure 5 presents the validation of the computational results against the experimental data reported by Yu Li et al. 

[9] for the baseplate temperature as a function of flow velocity. As illustrated in Figure 5, both the numerical and 

experimental results exhibit comparable temperature trends, with only a 7.65% deviation, confirming that the 

simulation accurately captures the thermal characteristics of the heatsink. The agreement between the experimental 

measurements and numerical predictions emphasises the reliability of the computational approach in reproducing 

thermal performance. This consistency demonstrates that the methodology employed is robust, and the validated 

numerical model can therefore be confidently utilised to investigate further thermal behaviour under different 

operating conditions. 

 
Figure 5. Validation of computational results against experimental data. 

 

B. Analysis 

The relationships between excess temperature and pressure drop across the five airflow rates (1–2 m/s), as shown 

in Figure 6, reveal distinct thermal–hydraulic behaviours for each configuration compared with the baseline case. 

From the temperature perspective, the baseline configuration shows a gradual decrease in excess temperature as 

airflow increases because higher inlet velocity intensifies momentum transport near the fin surfaces, thereby thinning 

the thermal boundary layer and improving convective heat transfer. However, this reduction remains relatively 

moderate because the flow over the baseline geometry is still dominated by stable boundary-layer development with 

limited secondary flow generation. Model 1 exhibits a more consistent and slightly steeper temperature decrease than 

the baseline because the introduced disturbance promotes local recirculation and interrupts boundary-layer growth, 

allowing cooler air to contact heated regions more effectively, particularly at intermediate flow rates. Model 2 

demonstrates a sharper decline in temperature between 1.25 and 1.5 m/s, indicating that the disturbance geometry 

reaches a flow-transition condition where vortex formation and fluid mixing become stronger, enhancing heat 

transport from the fin surfaces. Nevertheless, the improvement becomes less significant at higher velocities because 

the flow begins to stabilize again as inertial effects dominate the local disturbance interaction. Meanwhile, Model 3 

shows the most pronounced reduction in excess temperature across all five flow rates, consistently outperforming the 

baseline and the other models, particularly at higher velocities (≥ 1.5 m/s). This behaviour indicates that the stronger 

geometric disturbance in Model 3 continuously disrupts the thermal boundary layer, intensifies turbulence production, 

and increases fluid mixing near the heated surfaces, resulting in the most effective overall thermal performance. 

In terms of pressure drop (ΔP), all configurations exhibit a positive correlation with airflow because increasing 

velocity raises wall friction and form drag within the heatsink channel. The baseline maintains a moderate ΔP increase, 

serving as a reference. Model 1 shows a slightly higher ΔP because the additional disturbance induces local flow 

separation and recirculation, producing a trade-off between improved heat transfer and increased resistance. Model 2 

presents a comparable or slightly lower ΔP at lower velocities but rises more significantly at higher flow rates as 

stronger vortex interaction increases momentum loss. Model 3, however, exhibits the highest ΔP among all 

configurations, especially above 1.5 m/s, because the intense turbulence and repeated flow disruption create 

substantial aerodynamic losses. Therefore, although Model 3 delivers the best cooling performance, Model 2 can be 

considered the optimal configuration overall due to its more favorable balance between enhanced convective heat 

transfer and manageable pressure drop across the tested flow conditions under the investigated operating conditions. 
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(a) Baseline (b) Model 1 

  
(c) Model 2 (d) Model 3 

Figure 6. Temperature and Pressure differences of the models. 

 

 Figure 7 illustrates the temperature contour distributions for all configurations at V = 1.5 m/s, emphasizing how 

geometric disturbances influence the thermal behavior of the heatsink. In the baseline case, the temperature field 

remains relatively stratified, with smooth and nearly parallel isotherms indicating minimal flow disturbance. The 

thermal boundary layer develops steadily along the heated surface, leading to a concentrated high-temperature region 

near the bottom wall and suggesting limited convective heat transfer. When internal structures are introduced, the 

thermal patterns begin to change. In Model 1, the circular obstacles slightly perturb the flow, as seen from the mild 

bending of the isotherms around the structures. This reflects the onset of weak recirculation zones, which provide a 

small degree of mixing and only a marginal reduction in the thermal boundary layer thickness, resulting in a 

temperature distribution still similar to the baseline. 

In Model 2, the presence of square geometries leads to stronger flow disruption due to sharper edges, producing 

more noticeable deformation of the temperature contours. This indicates enhanced mixing compared to Model 1, with 

a more distributed temperature field and a moderate reduction in localized high-temperature regions near the heated 

surface. However, the improvement remains limited, as warmer zones are still clearly visible. In contrast, Model 3 

shows a different trend. Although the octagonal structures generate significant disturbance and complex contour 

deformation, the temperature field reveals a wider spread of higher temperatures, particularly near the lower region. 

Overall, the results indicate that increasing geometric complexity does not necessarily improve thermal performance 

under these conditions. While Models 1 and 2 provide slight enhancements in mixing, Model 3 exhibits less effective 

heat removal, as indicated by the broader high-temperature distribution. Therefore, Model 2 demonstrates the most 

balanced thermal behavior among the modified configurations, followed by Model 1, while Model 3 performs the 

least effectively. 
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(a) Baseline (b) Model 1 

  
(c) Model 2 (d) Model 3 

Figure 7. Heatsink Contour 

 

Figure 8 presents the three-dimensional temperature distribution within the computational domain at V = 1.5 

m/s, providing a clearer representation of the airflow behavior and heat-transfer characteristics compared with the 

contour distribution shown previously in Figure 7. In the baseline configuration, the airflow remains relatively uniform 

and stratified, with limited interaction between the upper cold-air region and the lower heated surface. This condition 

produces weak air homogenization because the cooler air mainly flows through the upper channel, while the hotter 

fluid remains concentrated near the bottom wall. Consequently, convective heat transfer becomes less effective 

because the stable thermal boundary layer suppresses momentum exchange and limits thermal-energy transport from 

the heated surface to the bulk airflow. The absence of significant flow disturbance also minimizes vortex formation, 

causing the thermal field to remain localized near the heat source and resulting in inefficient heat dissipation. In Model 

1, the introduction of circular obstacles begins to disrupt the uniform flow structure. The airflow experiences localized 

deviation and mild recirculation around the obstacles, partially interrupting the thermal boundary layer and promoting 

limited mixing between hot and cold fluid regions. This mechanism improves air homogenization by allowing cooler 

air to penetrate closer to the heated wall. However, the generated vortices remain relatively weak and spatially 

confined, so the hot region near the heated surface is still concentrated within the lower section of the channel. As a 

result, the enhancement in convective heat transfer remains modest and produces only a slight improvement in overall 

thermal performance. 

Model 2 exhibits a more significant improvement in airflow homogenization and thermal transport. The square 

geometries induce stronger flow separation and more stable recirculation zones, intensifying momentum exchange 

between fluid layers. This phenomenon enables cooler air to reach the heated surface more effectively while 

simultaneously transporting heated fluid away from the wall region. The resulting increase in turbulent mixing reduces 

thermal stratification and produces a more uniformly distributed temperature field throughout the computational 

domain. From a convective heat-transfer perspective, this configuration improves thermal-energy extraction more 

efficiently than Model 1, as indicated by the reduced concentration of high-temperature regions and the stronger 

interaction between the core airflow and the heated surface.In contrast, Model 3 generates the strongest flow 

disturbance but not the most effective heat-transfer performance. Although the octagonal structures produce intense 

mixing and complex recirculation patterns, the temperature field indicates that heated fluid is redistributed within the 

domain rather than effectively removed downstream. Excessive flow disruption increases local flow resistance and 

prolongs the residence time of heated air near the lower region, causing thermal accumulation and a wider spread of 

elevated temperatures. Therefore, despite the higher mixing intensity, Model 3 results in less efficient heat dissipation 

than Model 2, indicating suboptimal thermal-management performance. 
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(a) Baseline (b) Model 1 

  
(c) Model 2 (d) Model 3 

Figure 8. Domain Contour 

CONCLUSION 

This study numerically investigated the effect of flow-disturbance geometry on the thermal–hydraulic performance 

of a forced air-cooled heatsink under a constant heat-flux condition. The results demonstrate that the introduction of 

internal geometric disturbances significantly alters the airflow structure, temperature distribution, and overall 

convective heat-transfer behaviour. From a quantitative perspective, Model 3 consistently achieved the lowest excess 

temperature across the tested velocity range (1–2 m/s), indicating the highest cooling capability. However, this 

improvement was accompanied by the largest pressure drop (ΔP), especially at higher velocities (≥ 1.5 m/s), reflecting 

a substantial increase in flow resistance and energy consumption. In contrast, Model 1 provided only a slight reduction 

in temperature compared to the baseline, with a relatively small increase in ΔP, indicating limited enhancement in 

thermal performance. Model 2 exhibited a more balanced thermal–hydraulic behaviour within the intermediate 

velocity range (1.25–1.5 m/s) while maintaining a moderate pressure drop. This indicates that Model 2 achieves a 

favourable compromise between enhanced convective heat transfer and acceptable aerodynamic penalty. Overall, 

although Model 3 delivered the best cooling performance in terms of temperature reduction, its high pressure drop 

makes it less efficient for practical applications. Model 2 was identified as the optimal configuration, offering the best 

trade-off between thermal enhancement and energy efficiency, supported by both quantitative data and qualitative 

flow behaviour. 
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