
Effect of vortex generator shape and attack angle on thermal-hydraulic performance of a 

finned-tube heat exchanger 

 

Josip Batista1*, Paolo Blecich1, Mateo Kirincic1, Fran Torbarina2 

University of Rijeka, Faculty of Engineering, Vukovarska 58, Rijeka. Croatia1 

University of Rijeka, Faculty of Maritime Studies, Studentska 2, Rijeka, Croatia2 

josip.batista@riteh.uniri.hr 

 

Abstract: The objective of this study is to numerically investigate the fluid flow and heat transfer performance of a finned-tube heat 

exchanger (FTHEX). The analysis focuses on the implementation of three vortex generator (VG) configurations: rectangular winglet (RW), 

delta-winglet upstream (DWU), and delta-winglet downstream (DWD) — mounted on the fin surface in a “common-flow-up” orientation. 

Attack angles of 15°, 30°, and 45° are considered for each VG type to evaluate their impact on the heat exchanger’s heat transfer potential 

and friction losses. The air-side Reynolds number, based on the outside tube diameter, was varied within the range 684 ≤ Re ≤ 1532. The 

results indicate that among the tested configurations, the RWP setup with an attack angle of 45° achieves the highest enhancement in the air-

side Nusselt number, with improvements ranging from 20% to 45% compared to the reference configuration, but at the expense of a higher 

pressure drop. For attack angles αvg = 15° and αvg = 30°, the highest overall performance (TPF factor) is achieved with the rectangular 

winglet configuration across the entire Reynolds number range. At an attack angle of αvg = 45°, the heat exchanger with downstream delta 

winglets shows higher TPF values compared to the other configurations, except at Re = 1278. 

Keywords: HEAT EXCHANGERS, HEAT TRANSFER ENHANCEMENT, VORTEX GENERATORS, NUMERICAL ANALYSIS. 

 

1. Introduction 

Finned-tube heat exchangers (FTHEXs) are widely used across 

various industries, including aerospace, chemical processing, 

refrigeration, and electronics cooling. A key challenge in their 

design is achieving optimal thermal performance while operating 

within constraints such as limited space, minimal flow resistance, 

and reduced material usage. In most cases, the primary source of 

thermal resistance in these devices is on the gas side [1]. To 

enhance heat transfer efficiency, researchers have proposed a 

number of innovative techniques.  

Longitudinal vortex generators (VGs), as a passive heat transfer 

enhancement technique, have been extensively studied for 

improving the performance of heat exchangers. These small flow-

disturbing devices create longitudinal vortices that promote fluid 

mixing, disrupt the boundary layer, and delay flow separation. As a 

result, the convective heat transfer on the gas side is increased, 

making them an effective and energy-efficient solution for compact 

and high-performance heat exchanger designs [2]. The conventional 

shapes of vortex generators are usually in form of delta wings, 

rectangular wings, delta winglets, rectangular winglets, and 

trapezoidal winglets. Rectangular and delta winglets are preferred 

VG shapes, representing the most widely investigated 

configurations in experimental and numerical studies. 

The application of VGs to improve the thermal performance of 

heat exchangers dates back to the mid-1970s when Edwards and 

Alker [3] conducted one of the first experimental investigations on 

the effects of delta winglets and block-shaped inserts on the average 

Nusselt number (Nu) in rectangular air ducts. In the initial phase, 

VGs were mainly installed on flat heating plates or channel walls. 

The first studies on their integration into FTHEXs were carried out 

by Fiebig et al. [4,5], who demonstrated through experimental and 

numerical analyses that longitudinal vortices induced by delta 

winglet pairs can significantly reduce thermal resistance and 

increase heat transfer rates.  

He et al. [6] numerically identified the optimal punching 

arrangement for delta winglets in inline-tube FTHEXs, while 

Hwang et al. [7] examined the flow and heat transfer characteristics 

of delta winglets placed upstream of the tubes. Their results 

confirmed that enhanced fluid mixing and boundary-layer 

disruption contribute to improved thermal performance, with 

minimal pressure drop penalties, particularly at higher Reynolds 

numbers. Wu and Tao [8] further analyzed the influence of attack 

angle on thermo-hydraulic performance, finding that larger angles 

of attack generally improved heat transfer. Salviano et al. [9] 

employed a genetic algorithm to optimize winglet position and 

inclination, showing that reduced frontal area could lower pressure 

losses without sacrificing thermal enhancement. Modi and Rathod 

[10] demonstrated that perforated rectangular winglets can both 

improve thermal performance and reduce pressure loss. 

Modifications to straight rectangular winglets, such as curved 

[11,12] or wavy [13] designs, have been shown to further increase 

efficiency. Comparative studies highlight that performance 

differences between delta and rectangular winglets often depend on 

operating conditions. Li et al. [14] reported that rectangular 

winglets provided slightly better overall thermo-hydraulic 

efficiency, while Hu et al. [15] observed that rectangular winglets 

were advantageous at low inlet velocities and delta winglets at high 

velocities, with differences in Nu and j/f generally within 5%. 

In this paper, the comparative thermal-hydraulic performance of 

FTHEX with three VG shapes (rectangular, delta-winglet upstream 

and delta-winglet downstream) was systematically evaluated.  All 

configurations have identical dimensions and are arranged in a 

„common flow up‟ layout. Three angles of attack (15°, 30°, and 

45°) were investigated in order to improve air-side heat transfer 

performance and overall FTHEX performance. 

2. Mathematical model, numerical solving and 

validation 

The study examines fluid flow and heat transfer process 

occurring in a crossflow air-water FTHEX. Aluminum fins are 

vertically attached to copper tubes to enhance air-side heat transfer, 

forming channels through which the air is heated. In this 

investigation, pairs of VGs are symmetrically positioned on the fin 

surface near the circular tubes and arranged in a “common-flow-up” 

configuration, as illustrated in Fig. 1. Three types of VGs are 

considered: rectangular winglet (RW), delta-winglet downstream 

(DWD) and delta-winglet upstream (DWU), having identical height 

and length but differing in the orientation of the hypotenuse of their 

side profiles. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1 Three-dimensional view of a fin segment with rectangular and delta 

winglet VGs. 
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The main dimensions of FTHEX, are as follows: longitudinal 

tube pitch XL = 30 mm, transverse tube pitch XT = 60 mm, fin pitch 

Fp = 2.81 mm, fin length Lx = 90 mm, fin thickness δf = 0.2 mm, 

inside tube diameter di = 14.8 mm, outside tube diameter do = 15.9 

mm. Winglet height equals 0.65 Fp (Hvg = 1.827 mm) and chord 

length of each winglet is 0.9 do (Lvg = 14.31 mm). The central 

distances between the tube and the winglet in the airflow direction 

and in the spanwise direction are ∆x = 0 mm and ∆y = 13 mm, 

respectively. 

Computational domain consists of three subdomains: air, water 

and solid (fin, tubes and vortex generators). A schematic view of 

the computational domain has been shown in Fig. 2. The 3D 

numerical model was developed under the assumptions that air and 

water are incompressible Newtonian fluids with constant thermal-

physical properties, and that viscous dissipation is negligible. 

Perfect thermal contact between fins and tubes was considered, 

while heat transfer and fluid flow are in steady state with turbulence 

modeled in both air and water flows. 

 

 

 

 

 

 

 

Fig. 2 The computational domain. 

 

Based on the stated assumptions, the governing conservation 

equations for the air and water subdomains include the continuity 

equation to satisfy mass conservation and the Reynolds-averaged 

Navier–Stokes momentum equations for the x, y, and z directions. 

Energy transfer is described by the steady-state energy equation, 

with Reynolds stresses determined using the Boussinesq 

approximation. Turbulence closure is achieved via the SST k-ω 

model, which combines k-ω accuracy near walls with k-ε robustness 

in the free stream, solving transport equations for turbulent kinetic 

energy k and specific dissipation rate ω. In solid domains, steady-

state heat conduction governs thermal behavior.  

Suitable boundary conditions are defined at the outer 

boundaries of the calculation domain and at the interfaces between 

subdomains, appropriate boundary conditions are specified. The 

uniform velocity and temperature profiles are assigned to the air 

inlet and fully developed velocity and temperature distributions are 

prescribed at the water inlets. At both the air and water outlets, the 

flow is assumed to be fully developed, with no variation of field 

variables along the streamwise direction. Symmetry boundary 

conditions are applied to the front, back, top, and bottom planes of 

the domain. Heat transfer at fluid–solid interfaces is modelled by 

near-wall boundary layer treatment, while the no-slip condition 

ensures that fluid velocity at solid surfaces is zero due to viscous 

effects. 

The governing equations and boundary conditions are solved by 

Fluent 18.2. The computational region is discretized with a 

hexahedral mesh using multi-block grid approach. To achieve good 

accuracy with shorter computation time, all simulations were 

performed with the grid size of approximately 1.6 million control 

volumes. The SIMPLE algorithm is applied to ensure the pressure-

velocity coupling. The second order upwind scheme is used in the 

discretization. The least squares cell-based gradient method was 

used to evaluate the values of a scalar at the cell faces, secondary 

diffusion terms and velocity derivatives. The iteration process stops 

when the convergence criteria are achieved. The convergence 

criteria were: 10-5 for continuity, momentum, turbulence kinetic 

energy and turbulent frequency equations and 10-9 for energy 

equation. A comparison between experimental and numerical 

results for the baseline air-water FTHEX with plain fins is presented 

in Fig. 3. The results comprise values of air-side Nusselt numbers 

Nu and air-side pressure drops ∆p for different inlet air velocities 

uair,in: 0.46 m/s, 0.65 m/s, 0.86 m/s and 1.04 m/s. The comparison 

between numerical predictions and experimental data shows good 

agreement of the analyzed variables. The agreement between 

experimental and numerical results demonstrates that the chosen 

computational domain and mathematical model, incorporating fully 

developed water inlet flow, together with the applied numerical 

procedure, can reliably simulate the flow and heat transfer behavior 

within the examined FTHEX. 

 

 

 

 

 

 

 

 
 

 

Fig. 3 Experimental validation. 

3. Results and discussion 

The vortex generator‟s angle of attack relative to the airflow 

streamlines (αvg) is one of the parameters that most strongly 

influences the amount of heat exchanged in the recirculation zone 

and the process of forming secondary flows, i.e., vortices that 

further enhance convective heat transfer between the air and the fin. 

A comparison of results was made for three angles of attack: 15°, 

30°, and 45°. Numerical simulations were carried out under the 

following conditions: Tair,in = 295 K, Twater,in = 313 K, 0.46 m/s ≤ 

uair,in ≤ 1.04 m/s, uwater,in = 0.76 m/s. For the given inlet air velocities, 

the Reynolds number (Re), based on the tube‟s outer diameter, 

ranges between 684 and 1532. 

From the comparison of air-side Nu for three different vortex 

generator configurations and three angles of attack (Fig. 4), it can 

be observed that the Nu is highest for the FTHEX with rectangular 

winglet vortex generators (RW) for the given ranges of air-side 

Reynolds numbers, at all analyzed angles of attack. 

 

 

  

 

 

 

 

 

 

 

 

 

Fig. 4 The effect of winglet shape and attack angle on Nusselt number. 

 

Compared to the reference heat exchanger with plain fins, the 

Nu in the heat exchanger with RW increases between 13.1% and 

30.4% for an angle of attack of αvg = 15°, between 17.5% and 
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43.7% for αvg = 30°, and between 19.7% and 45.2% for αvg = 45°. 

At higher Re, and thus higher inlet air velocities, convective heat 

transfer between the air and solid surfaces becomes more intense, 

resulting in higher Nu. The Nu is slightly higher in the heat 

exchanger with downstream delta winglets (DWD) compared to the 

upstream delta winglet configuration (DWU). The maximum 

relative increase in Nu for the DWD configuration is 27% at an 

attack angle of αvg = 45°, while for the DWU configuration it is 

21% at an angle of attack of αvg = 30°, compared to the reference 

plain fin case. 

Heat transfer enhancement is often associated with additional 

flow resistance, which results in a higher pressure drop. Fig. 5 

shows the dependence of air-side pressure drops on Reynolds 

numbers for the considered FTHEX configurations and analyzed 

angles of attack. The smallest pressure drop is observed for the 

reference case with plain fins. The largest pressure drop occurs in 

the configuration with the rectangular winglets, due to their larger 

surface area compared to the other two shapes. As the vortex 

generator‟s angle of attack increases, a sharper rise in pressure drop 

is noticeable, caused by higher form drag that obstructs the airflow 

streamlines and induces more intense vortex formation. From the 

perspective of pressure drop, a comparison of the three analyzed 

VG shapes shows that the lowest values are obtained in the heat 

exchanger with the upstream delta winglets. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 The effect of winglet shape and attack angle on air-side pressure 

drop. 

 

Fig. 6 shows velocity vector distributions in the central xy-plane 

between the fins (z = 1.405 mm), at Re = 1532. The recirculation 

zone behind the tube is largest for the case of the FTHEX with plain 

fins. This zone is a consequence of the form drag of the tube, where, 

due to an unfavorable pressure distribution along its surface, reverse 

airflow occurs in the region behind the boundary layer separation 

point. Heat transfer is poorest within this zone. This issue can be 

mitigated by installing vortex generators, which form a nozzle-like 

passage that directs the airflow streamlines behind the tube. The 

VGs with a rectangular shape contribute most to the reduction of 

poor heat transfer zones, which also decrease with increasing angle 

of attack for all three winglet configurations. The analysis of the 

velocity vector field in the central plane shows low velocity zones 

behind the VGs, particularly at αvg = 45°, which indicates the 

presence of intense secondary flow structures. 

 

 

 

 

 

 

 

 

 

 

Fig. 6 Comparison of velocity vector distributions at xy mid-plane obtained 

numerically at Re = 1532. 

Yun and Lee [16] defined the volume goodness factor Nu/f 1/3 as a 

measure for evaluating the flow and heat transfer performance on 

the gas side of FTHEX. Here, f refers to the Fanning friction factor, 

a dimensionless parameter that characterizes the pressure drop due 

to friction in the flow passages of the heat exchanger. A higher 

volume goodness factor indicates better heat transfer for the same 

fan power required to compensate for the air-side pressure drop, and 

allows for the design of a more compact heat exchanger while 

maintaining the same thermal-hydraulic characteristics. The 

comparison of the volume goodness factors of heat exchangers with 

vortex generators and the reference heat exchanger with plain fins is 

presented using the factor TPF = Nu/Nuref × (fref/f)
1/3. The 

dependence of the TPF factor on the air-side Re for the VG attack 

angles of 15°, 30°, and 45° is shown in Fig. 7. The TPF factor 

increases with increasing Re, except for the case of the heat 

exchanger with RW at αvg = 45°, where a slight decrease is 

observed at Re = 1532. From Figs. 4 and 5 (at αvg = 45°), it can be 

concluded that both the Nusselt number and the air-side pressure 

drop are higher at Re = 1532 compared to Re = 1278, but the TPF 

decreases due to the lower value of their ratio. Furthermore, after 

Re = 1278, a sharper increase in air-side pressure drop is observed 

compared to the Nu, which increases only slightly. For 

αvg = 15° and αvg = 30°, the heat exchanger with RW configuration 

achieves the highest TPF values over the entire range of Re. At  

αvg = 45°, the heat exchanger with downstream delta winglets 

attains higher TPF compared to the other configurations, except at 

Re = 1278. 

 

 

 

 

 

 

 

 

 
Fig. 7 The effect of winglet shape and attack angle on overall thermal-

hydraulic performance. 
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4. Conclusion 

A numerical investigation was performed to assess the effect of 

vortex generator (VG) shape and attack angle on the thermal–

hydraulic performance of a finned-tube heat exchanger (FTHEX). 

Three VG configurations: rectangular winglet (RW), upstream delta 

winglet (DWU), and downstream delta winglet (DWD) were 

analyzed at attack angles of 15°, 30°, and 45° for air-side Reynolds 

numbers between 684 and 1532. Results showed that the RW 

configuration produced the highest air-side Nusselt numbers for all 

attack angles, with enhancements of 13.1–45.2% compared to the 

reference case with plain fins. However, this improvement was 

accompanied by higher pressure drops, which increased with attack 

angle due to greater form drag and more intense vortex formation. 

Velocity vector analysis confirmed that all VG types reduced 

recirculation zones behind the tubes, with the RW shape providing 

the largest reduction. Comparison of TPF values showed that heat 

exchanger with RW VGs provided the best overall performance at 

15° and 30°. At 45°, the DWD configuration reached higher TPF 

values than the other VG types, except at Re = 1278, owing to a 

more favorable trade-off between heat transfer and flow resistance. 

Therefore, a separate analysis should be conducted for each FTHEX 

design to ensure the most suitable choice of vortex generator type 

and geometry, balancing thermal enhancement with acceptable flow 

resistance. 
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