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Louvered fin heat exchangers are widely used in automotive air 

conditioning systems owing to their compact structure and excellent 

heat transfer performance. To further improve their thermal-

hydraulic performance, this study proposes a novel hyperbolic 

dimpled louvered fin. Numerical simulations were performed to 

compare the flow and heat transfer characteristics of the hyperbolic 

dimpled louvered fin with those of the conventional louvered fin over 

a Reynolds number range of 100–500. In addition, the structural 

parameters were optimized using response surface methodology. The 

results show that the dimpled structure enhances local flow 

disturbance, induces vortex formation, and improves convective heat 

transfer. The optimal parameter combination was determined as an 

aspect ratio of k = 4.3, a louver angle of θ = 29.4°, and a fin pitch of 

Lp = 2.08 mm. Among these parameters, the louver angle had the 

greatest influence on the comprehensive performance factor, and a 

significant interaction was observed between the louver angle and 

the aspect ratio. Under the optimized conditions, the hyperbolic 

dimpled louvered fin exhibited better overall performance than the 

conventional louvered fin. Compared with the conventional louvered 

fin, the heat transfer factor j increased by 2.3%–4.4%, the friction 

factor f increased by 2.5%–3.1%, and the comprehensive 

performance factor JF increased by 2.1%–3.5%. These results 

indicate that the proposed fin structure can enhance heat transfer 

while causing only a limited increase in flow resistance, providing 

useful guidance for the design of high-performance louvered fin heat 

exchangers. 
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1 Introduction 

The rapid development of new energy vehicles (NEVs) has increased the demand for 

enhanced energy efficiency and thermal performance in automotive air conditioning systems[1, 

2]. Therefore, maximizing the heat exchange efficiency of heat exchangers in confined spaces 



has become a key area of focus for researchers worldwide[3, 4]. Parallel-flow heat exchangers, 

recognized for their compact design, lightweight construction, and excellent heat transfer 

performance, are widely used in these systems[5]. These exchangers typically consist of flat 

tubes, headers, and fins, with louvered fins being the most commonly used type[6-9]. Louvered 

fins are particularly effective in enhancing heat transfer by increasing the heat transfer surface 

area, disrupting fluid flow, and disturbing the boundary layer, which improves heat exchange 

efficiency. Therefore, investigating the heat transfer performance of louvered fins is of 

considerable importance[10, 11]. 

Louvered fin heat exchangers are widely used in various heat-transfer applications and 

have been extensively investigated using experimental and numerical methods. Previous 

studies on louvered fin heat exchangers have mainly focused on two aspects. The first aspect 

concerns structural modification of fins to improve their convective heat transfer characteristics. 

Ferrero et al.[12] numerically investigated 40 different louvered fin configurations and 

demonstrated that fin structure has a significant influence on heat transfer performance. Kong 

et al.[13] proposed a slotted fin design and numerically analyzed continuous and alternating 

slot configurations. Their results showed that the slotted fins generated stronger swirling flow, 

and that the staggered tube bundle with continuous slots exhibited superior overall performance. 

Saleem and Kim[14] investigated the air-side thermal-hydraulic performance of louvered fin 

flat-tube heat exchangers with different redirection louvers, showing that the modified louver 

arrangement significantly affected local heat transfer, pressure drop, the Colburn j factor, 

friction factor, and the performance evaluation criterion. 

The second aspect concerns the optimization of geometric parameters to improve the 

heat transfer efficiency and comprehensive performance of fins. Nair et al.[15] numerically 

analyzed the performance of three-dimensional compact heat exchangers and investigated the 

effects of fin pitch, fin–tube arrangement, and tube spacing on heat transfer. They concluded 

that appropriate optimization of these parameters can significantly improve heat exchanger 

performance. Nakhchi et al.[16] examined the turbulent flow characteristics and thermal 

performance of porous louvered heat exchangers with different tilt angles, and concluded that 

enhanced fluid mixing between the tube walls and the surrounding regions is the main 

mechanism of heat transfer enhancement. Yang et al.[17] optimized the micro-channel structure 

of an elliptical louver fin and investigated the effects of fin thickness and the spacing between 

adjacent louvers on the comprehensive performance of the fin. Their results indicated that the 

optimized geometric parameters could improve the overall thermal-hydraulic performance 

within the investigated Reynolds number range. Although previous studies have demonstrated 

that both fin structural modification and geometric parameter optimization can improve heat 

transfer performance, most of them mainly focused on individual parameters, while the coupled 

effects among multiple structural parameters remain insufficiently understood. 

Existing studies have shown that heat transfer performance can be improved to some 

extent by designing novel fin structures or optimizing geometric parameters. However, most 

research primarily focuses on individual factors, with limited attention given to the synergistic 

effects of multiple factors. Therefore, this study introduces a novel hyperbolic dimpled louvered 

fin design. Numerical simulations are conducted to analyze the flow and heat transfer 

performance of the proposed design, and the interactions between multiple factors are examined 



using Response Surface Methodology (RSM) to optimize the fins' heat transfer performance. 

This study provides a theoretical basis for understanding the heat transfer enhancement 

mechanisms in louvered fin heat exchangers. 

2 Numerical model and method 

2.1 Geometric model 

The conventional louvered fin has a regular rectangular configuration and periodic 

structural features. Fig. 1 presents a partial section of an automotive air conditioning condenser. 

Since louvered fins exhibit periodic structural features, this study focuses on a single unit cell 

of the fin. The side view of the single-column fin structure is shown in fig. 2, with the fin 

dimensions provided in tab. 1. 

 

Figure 1. Schematic of the louvered fin heat exchanger structure. 

 

Figure 2. Dimensions of the louvered fin structure. 

Tab. 1. Structural parameters of the model. 

Parameter Value Parameter Value 

Unit fin length L/mm 2 Fin thickness δ/mm 0.1 

Fin pitch Lp/mm 2 Inlet fin length S1/mm 1.2 

Periodic fin pitch Fp/mm 1.6 Turn zone length S2/mm 1.4 

Fin width Fd/mm 31.8 Louver angle θ/° 30 
 

The hyperbolic dimpled louvered fin is developed based on the conventional rectangular 

louvered fin by forming embossed semi-ellipsoidal and hemispherical features on the fin 

surface. The model is shown in Fig. 3, with a major axis (c) of 1.7 mm, a minor axis (b) of 0.3 

mm, and a cavity depth (e) of 0.25 mm. The aspect ratio, denoted as k, is defined as the ratio of 

the major axis to the minor axis (k = c/b). 



  

(a) Front view of the fin (b) Side view of the fin 

Figure 3. Structure of the hyperbolic dimpled louvered fin. 

2.2 Mathematical model 

To simplify the numerical calculations, the following basic assumptions are made: 1. The 

fluid (air) is modeled as an incompressible medium; 2. The temperature gradient along the fin 

length is neglected, assuming a uniform temperature distribution in this direction; 3. The effects 

of temperature-dependent variations in the physical properties of air, such as viscosity and 

thermal conductivity, are neglected. Based on these assumptions, a three-dimensional steady-

state incompressible laminar flow model is employed for the analysis, and the following 

governing equations are established: 

Continuity equation: 
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Energy equation: 
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2.3 Boundary conditions 

The computational domain and boundary conditions of the louvered fin are shown in fig. 

4. The domain includes half of the fins and the surrounding fluid region, with a velocity inlet 

at 280 K and a pressure outlet. The flat-tube wall is set as an isothermal boundary at 300 K. The 

SIMPLE algorithm is used for pressure–velocity coupling, and second-order upwind schemes 

are adopted for the momentum and energy equations. 

 

Figure 4. Computational domain and boundary conditions. 

2.4 Mesh generation and independence validation 

Grid independence was validated by evaluating the heat transfer factor j and the friction 



factor f, ensuring the reliability of the results. The results, shown in fig. 5, reveal significant 

fluctuations in grid counts between 500,000 and 2.2 million, indicating that grids with fewer 

than 2.2 million elements produce unstable results. However, for grid counts exceeding 2.2 

million, both the heat transfer factor j and the friction factor f stabilized, confirming grid 

independence. 

 

Figure 5. Variation of heat transfer factor and friction factor with mesh density. 

3. Numerical validation and performance evaluation 

3.1 Validation of the numerical method 

Figs. 6 and 7 show the variation of the heat transfer factor j and friction factor f with 

Reynolds number Re (200–550) from three simulation sets. The results were compared with 

data from Chang et al.[18, 19] and the empirical formula[20]. The maximum deviation of j is 

8.6%, and f has a maximum deviation of 19% from the empirical formula. Compared to 

experimental data, j shows a maximum deviation of 17.5%, and f shows a maximum deviation 

of 5%. All deviations are within an acceptable range, confirming the simulation reliability. 

 

Figure 6. Comparison of heat transfer factor for numerical validation. 



 

Figure 7. Comparison of friction factor for numerical validation. 

3.2 Performance evaluation criteria 

This study utilizes CFD software to simulate the heat transfer and flow characteristics on 

the air side of louvered fin heat exchangers, with Reynolds numbers ranging from 100 to 500. 

Three performance metrics are evaluated: the heat transfer factor j, the friction factor f, and the 

comprehensive performance factor JF. The comprehensive performance factor JF serves as a 

key indicator of fin performance, as it accounts for both heat transfer efficiency and flow 

resistance. Specifically, higher JF values indicate improved heat transfer efficiency or reduced 

flow resistance, both contributing to enhanced heat exchange performance. In this study, JF is 

the primary criterion for evaluating the heat transfer performance of the louvered fins. The 

corresponding data processing formula is as follows: 

The Reynolds number (Re) and Nusselt number (Nu) are calculated using the following 

formulas: 
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The expression for the heat transfer factor (j) is as follows: 
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The expression for the friction factor (f) is as follows: 
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The expression for the comprehensive performance factor (JF) is as 

follows: 
1/3

j
JF

f
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In the equation, Pr represents the Prandtl number, assumed to be 0.7, ΔP denotes the 

pressure difference between the inlet and outlet (Pa), and L is the length of the louvered fin flow 

channel (m). 



4. Analysis of numerical simulation results 

4.1 Fluid velocity and trajectory analysis 

Figure 8 illustrates the velocity and flow trajectory distributions of the hyperbolic 

dimpled louvered fin and the conventional louvered fin. In the conventional louvered fin, the 

fluid flow is relatively uniform, with nearly parallel streamlines and a regular velocity 

distribution. In contrast, the flow in the hyperbolic dimpled louvered fin is more complex 

because the dimpled structure acts as a vortex generator, resulting in non-parallel streamlines 

and stronger local flow disturbance. The induced vortices generate more intricate flow patterns 

near the fin surface, thereby enhancing heat transfer performance compared with the 

conventional louvered fin. 

 

  

(a) Conventional louvered fin (b) Hyperbolic dimpled louvered fin 

Figure 8. Velocity and flow trajectory distributions of the two louvered fins at Re = 300. 

4.2 Heat transfer performance analysis 

The heat transfer performance of the hyperbolic dimpled louvered fin and the 

conventional louvered fin was compared by examining the temperature contours at Re = 300, 

as shown in fig. 9. The results show that the temperature gradient in the fluid region around the 

hyperbolic dimpled louvered fin is more pronounced than that around the conventional louvered 

fin. 

 

 

(a) Conventional louvered fin 

 

(b) Hyperbolic dimpled louvered fin 

Figure 9. Temperature distribution across the fin cross-section at Re = 300. 

Fig. 10 shows the temperature contours of the two louvered fins at Re = 300 on a cross-

section located at X = 0.8 mm in the seventh-fin region. As indicated by the temperature 

annotations, the fluid temperature near the hyperbolic dimpled louvered fin ranges from 296.00 

K to 298.36 K, which is higher than that near the conventional louvered fin, ranging from 

294.67 K to 297.33 K. This difference can be attributed to the protruding dimpled structure, 

which increases the heat transfer area and enhances local flow disturbance. In addition, the 

dimpled structure produces a more pronounced thermal wake than the conventional louvered 

fin.[21] 



  

(a) Conventional louvered fin (b) Hyperbolic dimpled louvered fin 

Figure 10. Temperature contours of the fin cross-section at Re = 300. 

Fig. 11 compares the heat transfer factor, j, of the hyperbolic dimpled louvered fin and 

the conventional louvered fin at different Reynolds numbers. The heat transfer factor of both 

fins decreases as the Reynolds number increases. Nevertheless, the hyperbolic dimpled 

louvered fin maintains higher j values than the conventional louvered fin throughout the 

investigated Reynolds number range. The growth rate of j increases from 1.8% to 3.8%, 

indicating that the dimpled structure enhances local flow disturbance and contributes to 

improved convective heat transfer[22]. 

 

Figure 11. Comparison of heat transfer factor and growth rate of j. 

4.3 Friction performance analysis 

Pressure loss is a critical indicator for evaluating the performance and operational 

efficiency of heat exchangers. Fig. 12 compares the friction factor, f, of the hyperbolic dimpled 

louvered fin and the conventional louvered fin at different Reynolds numbers. The results 

indicate that, within the Reynolds number range of 100 to 500, the friction factors for both fin 

types decrease as the Reynolds number increases. The hyperbolic dimpled louvered fin exhibits 

a slightly higher friction factor than the conventional louvered fin, with an increase of 

approximately 1.9%–2.5% over the investigated Reynolds number range. This indicates that 

the dimpled structure enhances flow disturbance while causing only a limited increase in flow 

resistance. 

 



 

Figure 12. Comparison of friction factor and growth rate of f. 

4.4 Comprehensive performance evaluation 

The hyperbolic dimpled louvered fin enhances heat transfer while causing only a limited 

increase in flow resistance. As shown in fig. 13, the comprehensive performance factor, JF, of 

the hyperbolic dimpled louvered fin is consistently higher than that of the conventional 

louvered fin over the Reynolds number range of 100–500. The growth rate of JF ranges from 

1.2% to 2.9%, indicating that the dimpled structure improves the overall thermal-hydraulic 

performance of the louvered fin. 

 

Figure 13. Comparison of comprehensive performance factor and growth rate of JF. 

5. Response surface analysis and model optimization 

5.1 Experimental design scheme for response surface methodology 

To investigate the impact of structural parameters on heat exchanger performance, 

numerical simulations were conducted using the Box-Behnken method at a flow velocity of 

3.65 m/s. The analysis focuses on the effects of the aspect ratio (k, 4–5), louver angle (θ, 25–

35°), and fin pitch (Lp, 1.8–2.2 mm) on the comprehensive performance factor (JF) of the 

hyperbolic dimpled louvered fin. 

The JF is used as the evaluation metric, and Response Surface Methodology (RSM) is 

employed to analyze its variation and underlying causes. The design variables and their 

corresponding values are listed in tab. 2. 

 

 



Tab. 2. Experimental design factors and levels. 

Level 
A B C 

Aspect ratio k Louver angle θ (°) Fin pitch Lp (mm) 

-1 4 25 1.8 

0 4.5 30 2.0 

1 5 35 2.2 

Based on the three factors and three levels in tab. 2, a Box-Behnken experimental design 

was conducted using Design-Expert software, resulting in 17 experimental runs. The JF values 

for each run were obtained through numerical simulations, and the experimental design and 

corresponding results are presented in tab. 3. 

Tab. 3. Experimental design and results. 

Run A B/° C/mm JF 

1 4.5 35 2.2 0.03655 

2 4.5 30 2 0.039365 

3 4 25 1.8 0.0364 

4 4.5 35 2 0.0373 

5 5 25 1.8 0.03615 

6 4 30 2 0.0391 

7 5 30 2.2 0.03785 

8 4 25 2 0.0373 

9 4.5 25 2.2 0.0374 

10 5 35 2 0.03625 

11 4 30 1.8 0.03875 

12 5 30 2 0.0379 

13 4.5 30 2.2 0.03915 

14 4.5 25 1.8 0.0373 

15 4 35 2 0.03705 

16 4 30 2.2 0.039 

17 5 30 1.8 0.03765 

5.2 Response surface analysis 

Figure 14 compares the JF values predicted by the response surface model with the 

corresponding simulation results. The solid line represents the predicted trend, while the data 

points correspond to the actual values. The deviation between the predicted and actual values 

is within 5%, indicating excellent model fit and high reliability of the data. 

 

 

 

 

 

 

 

 

 



 

 

 

Figure 14. Comparison between predicted and simulated JF values. 

Fig. 15 shows the response surface and contour plots of the interactive effects on JF. The 

contour plot highlights the factor combinations resulting in the highest JF values, while the 3D 

response surface provides a clearer visualization of factor interactions. The color gradient from 

blue to red indicates increasing JF, with the red region corresponding to higher values. 

Fig. 15 shows that the response value (JF) first increases and then decreases with 

increasing levels of the three factors, indicating a nonlinear relationship between the structural 

parameters and the comprehensive performance. This trend results from the combined effects 

of heat transfer enhancement and pressure loss. Taking factor A, the major-to-minor axis ratio, 

as an example, an increase in A can strengthen local flow disturbance and enhance convective 

heat transfer. However, when A exceeds an appropriate range, the accompanying increase in 

pressure loss may offset the benefit of heat transfer enhancement. Therefore, a proper balance 

between heat transfer enhancement and flow resistance is required to obtain a higher JF value. 

Further analysis of the response surfaces for AC and BC shows that, when A or B, the louver 

angle, is held constant, variations in C, the fin pitch, produce relatively small changes in the 

response surface, with a narrower color range and lower curvature. In contrast, when C is fixed, 

changes in A or B lead to more pronounced color gradients and greater surface curvature, 

indicating that A and B have stronger effects on JF than C. For the AB response surface, the 

curvature and color variation are more significant, and the corresponding contour plot exhibits 

a clear elliptical pattern with closely spaced contour lines. This indicates a significant 

interaction between A and B, meaning that the effect of one factor depends on the level of the 

other. By comparison, the interaction between B and C is moderate, while that between A and 

C is the weakest. 



 

(a) Influence of factors A and B on JF 

 

(b) Influence of factors A and C on JF 

 

(c) Influence of factors B and C on JF 

Figure 15. Response surface and contour plots of JF. 

5.3 Comparison of optimization results 

Based on the response surface analysis, the optimal structural parameters were 

determined as follows: k = 4.3 (c = 1.72 mm, b = 0.4 mm), θ = 29.4°, and Lp = 2.08 mm. To 

evaluate the effect of optimization, a comparative analysis of the comprehensive performance 

factor JF was conducted among the conventional louvered fin, the initial hyperbolic dimpled 

louvered fin, and the optimized hyperbolic dimpled louvered fin, as shown in fig. 16. Over the 

investigated Reynolds number range, the optimized design exhibits the highest JF values 

among the three fin configurations. Compared with the conventional louvered fin, the JF of the 

optimized hyperbolic dimpled louvered fin was 2.1%–3.5% higher, indicating that the response 

surface optimization further improves the comprehensive thermal-hydraulic performance. 



 

Figure 16. Variation of JF with Re for three fin configurations. 

5.4 Comparison with representative louvered fin configurations 

To further assess the comparative performance of the optimized hyperbolic dimpled 

louvered fin, two representative modified louvered fin configurations were selected: the zigzag 

louvered fin reported by Wanglertpanich and Kittichaikarn[8] and the airfoil louvered fin 

reported by Zhang et al.[11]. To ensure consistency, the comparison was conducted under the 

same operating conditions, Reynolds number definition, and JF evaluation method as adopted 

in the present study. 

Fig. 17 shows the JF growth rates of the three louvered fin configurations over the 

Reynolds number range of 100–500. The JF growth rate of the present hyperbolic dimpled 

louvered fin ranges from 2.10% to 3.50%, which is comparable to those of the zigzag and airfoil 

louvered fins. At low and intermediate Reynolds numbers, the present design exhibits slightly 

higher JF growth rates than the other two configurations. At higher Reynolds numbers, its 

performance remains at a similar level, although the zigzag louvered fin shows slightly higher 

values at Re = 400 and 500. These results indicate that the optimized hyperbolic dimpled 

louvered fin achieves a comprehensive performance improvement comparable to that of 

representative modified louvered fin designs. 

In addition to its comparable performance improvement, the proposed structure retains 

the basic framework of the conventional louvered fin and introduces only localized dimpled 

features on the fin surface. These features can be formed by local embossing or stamping 

without requiring additional inserts, separately mounted vortex generators, or major 

reconstruction of the louver arrangement. Since compact automotive heat-exchanger fins are 

commonly manufactured from aluminum or aluminum-alloy sheets with good ductility and 

formability, the proposed local dimpled structure can be readily integrated into the conventional 

fin manufacturing process. Compared with forming periodic zigzag surface patterns or 

reshaping the louver section into an airfoil profile, the present design provides a favorable 

balance between thermal-hydraulic performance improvement and manufacturing simplicity. 



 

Figure 17. Comparison of JF growth rates among representative louvered fin configurations. 

6. Conclusions 

This study introduces a geometric model of a hyperbolic dimpled louvered fin heat 

exchanger. By integrating numerical simulations with Response Surface Methodology (RSM), 

the heat transfer characteristics and comprehensive performance of the structure were 

extensively analyzed. The effects of the aspect ratio (k), louver angle (θ), and fin pitch (Lp) on 

the comprehensive performance factor (JF), as well as their interactions, were investigated, 

resulting in the determination of the optimal structural parameters. The key conclusions drawn 

from the study are as follows: 

(1) Over the investigated Reynolds number range, the hyperbolic dimpled louvered fin 

maintains higher heat transfer factor and comprehensive performance factor values than the 

conventional louvered fin, further demonstrating the superior thermal-hydraulic performance 

of the proposed structure. 

(2) Within the studied range, the influence of the three factors on the JF follows the order: 

louver angle (θ) > aspect ratio (k) > fin pitch (Lp). Among all interactions, the interaction 

between θ and k is the most significant. 

(3) According to the response surface analysis, the optimal parameter combination is k = 

4.3, θ = 29.4°, and Lp = 2.08 mm. Under these optimized conditions, the hyperbolic dimpled 

louvered fin heat exchanger shows improvements in j, f, and JF by 2.3%-4.4%, 2.5%-3.1%, 

and 2.1%-3.5%, respectively, within the Reynolds number range of 100 to 500, compared with 

the conventional louvered fin heat exchanger. 
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Nomenclature k 
The ratio of the major axis to the 

minor axis. 

Sm The source term λa 
The air thermal conductivity / 

W·m⁻¹·K⁻¹ 

P The static pressure ma The air mass flow rate / kg·s⁻¹ 

δ The fin thickness Cpa The specific heat at constant 



pressure / J·kg⁻¹·K⁻¹ 

ui 
The velocity component in the i-

direction 
ha 

The heat transfer coefficient on 

the air side / W·m⁻²·K⁻¹ 

uj 
The velocity component in the j-

direction 
de The characteristic length / m 

gi 
The gravitational body force in 

the i direction 
ua 

The maximum velocity of air / 

m·s⁻¹ 

Fi 
The external body force in the i 

direction 
a  The air density / kg·m⁻³ 

keff 
The effective thermal 

conductivity coefficient 
Nu The Nusselt number 

hi The specific enthalpy Sh The volumetric heat source term 

Jj 
The combined j-direction 

diffusion flux 
Pr 

The Prandtl number (assumed to 

be 0.7) 

τij The stress tensor ΔP 
The pressure difference between 

the inlet and outlet / Pa 

b 
The minor axis of the elliptical 

dimple / mm 
L 

The flow channel length of the 

louvered fin / m 

c 
The major axis of the elliptical 

dimple / mm 
e 

The depth of the hemispherical 

dimple / mm 

μ The dynamic viscosity / Pa·s f The friction factor 

j The heat transfer factor JF 
The comprehensive performance 

factor 
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