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Abstract: The corrugated channels are common passive heat transfer enhancement methods
in many applications. For better heat transfer, this channel could be improved further with
another passive heat transfer enhancement method, which is vortex generators. This work
focuses on the numerical investigation of wavy corrugated channels with inserted vortex
generators, and we investigated the placement effect of the VGs. This model is simulated
using ANSYS Fluent, which is commercial software based on the finite volume method, a
suitable method for such CFD problems.
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1 Introduction

Heat transfer plays an important role in many engineering applications, such as HVAC systems,
heat exchangers, and cooling devices. Methods for enhancing heat transfer performance are gen-
erally divided into three categories: active, passive, and compound techniques. Passive methods
include the use of vortex generators (VGs), extended surfaces, surface modifications, irregular
boundaries, and different corrugated channel geometries. These techniques are cost-effective and
operate without the need for external power sources, but they typically provide lower heat transfer
coefficients [1], [2].
Many experimental and numerical studies have looked at heat transfer in corrugated channels.
Compared to straight channels, the corrugated ones generally improve heat transfer. This is
mainly because the corrugations help mix the fluid more and increase the surface area in contact
with the flow. However, they also tend to cause a higher pressure drop. In some cases, the cor-
rugations create recirculation zones, which can reduce flow efficiency and limit the overall heat
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transfer performance [3], [4], [5].
To improve both heat transfer and flow characteristics, vortex generators (VGs) have been widely
studied as devices that actively influence fluid motion. By creating swirling flows, these devices
enhance mixing, disturb boundary layers, and increase thermal performance. When placed cor-
rectly inside channels, vortex generators can raise local flow velocity and turbulence, leading to
better convective heat transfer [6], [7], [8], [9]. The shape of the vortex generator plays a major
role in its effectiveness—it influences the strength and direction of the vortices formed, helping to
steer the flow into specific regions where heat transfer can be intensified.
In this study, we examined the thermal and hydraulic performance of a wavy corrugated channel
with full-circle vortex generators and investigated the effect of VG placement at different Reynolds
numbers.

2 Numerical model

Figure 1 shows the geometry of the channel, which includes an inlet and outlet section (L1 = 200
mm and L2 = 100 mm, respectively) designed to prevent backflow. The test section (L3 = 200
mm) consists of waves with a maximum height (H) of 15 mm and a minimum height (h) of 5
mm. The wavelength (P) is 20 mm. Full-circle vortex generators with a diameter (D) of 6 mm are
placed at varying distances (d = 4, 6, and 8 mm) from the start of the wave to the center of the
vortex generator. In this model, water is selected as the working fluid.

Figure 1: Geometry and vortex generations definition the wavey channel

The governing equations, which include the conservation of mass, momentum, and energy, can
be expressed in the following mathematical forms [10].

∇.(ρu) = 0, (1)

∇.(ρuu) = −∇p+∇ ·
[
µ
(
∇u+ (∇u)T

)]
, (2)

∇.(ρuCpT ) = ∇.(k∇T − Cpρ(uT )). (3)
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where ρ denotes the fluid density, u is the velocity vector, p is the pressure, µ is the dynamic
viscosity, cp is the specific heat capacity, k is the thermal conductivity, and T is the temperature.
The governing equations are solved under the assumptions of steady, incompressible, and turbulent
flow.

Computational stability and solution convergence become more difficult for higher Reynolds
values [11]. Therefore, the SST k–ω turbulence model was employed to overcome these difficulties.
This model improves the prediction accuracy near the wall region of governing equations, this
model adds two more transport equations, one for the particular dissipation rate (ω) and another
for the turbulent kinetic energy (k).[12].

∇.(ρuk) = ∇.

(
(µ+

µt

σk
)∇k

)
+Gk − Yk, (4)

∇.(ρuω) = ∇.

(
(µ+

µt

σω
)∇ω

)
+Gω − Yω +Dω, (5)

where Gk represents the kinetic energy production rates obtained from the mean velocity gradient
and Gω refers to the production rates of ω which are determined from the mean flow. Yk and Yω

are the dissipation k and ω due to turbulence.

To describe the increase in pressure drop in a wavy channel with VGs relative to an equivalent
wavy channel without VGs, we introduce parameters: the pressure drop ratio (PR) [13]:

PR =
∆pV Gs

∆pWVGs
, (6)

where ∆pV Gs is the pressure drop with vortex generators and ∆pWVGs without vortex generators.
The percentage increase in heat transfer for a wavy channel with VGs, relative to a wavy

channel without VGs, is represented by the percentage enhancement (PE) [13]:

PE =

(
NuV Gs −NuWVGs

NuWVGs

)
100, (7)

where NuV Gs is the Nusselt number with vortex generators and NuWVGs without vortex genera-
tors.

The inlet velocity is determined from the Reynolds number as

Re =
ρuDh

µ
, (8)

with the inlet thermal condition given by

Tin = 298 K. (9)

At the heated wavy walls, a constant heat flux boundary condition is imposed as

−k
∂T

∂n
= q′′. (10)

The straight channel walls and vortex generators are assumed adiabatic, satisfying

∂T

∂n
= 0. (11)

In addition, the no-slip condition is applied at all solid walls as
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u = 0. (12)

At the outlet, fully developed flow conditions are imposed by assuming zero gradients for
velocity and temperature:

∂u

∂n
= 0, (13)

∂T

∂n
= 0. (14)

Table 1: Mesh independence
Mesh Number of nods Nusselt number Relative erorr (%)

1 23198 198.41 -
2 28777 196.72 0.85
3 36804 195.46 0.64
4 80738 194.45 0.51
5 105568 193.54 0.46

To further verify the spatial convergence of the finite volume discretization, a Grid Convergence
Index (GCI) analysis was performed using the three finest meshes (Meshes 3, 4, and 5) following
the method proposed by Roache [15] and Celik et al. [16]. The grid refinement ratio between
Mesh 5 and Mesh 4 was calculated as

r21 =

(
105568

80738

)1/2

= 1.143. (15)

The relative error between the fine and medium meshes was determined using the average
Nusselt number as

e21 =

∣∣∣∣193.54− 194.45

193.54

∣∣∣∣ = 0.0047. (16)

The fine-grid convergence index was then computed as

GCI21 =
1.25× 0.0047

1.1432 − 1
× 100 = 1.91%. (17)

Table 1 presents the grid independence study for five different mesh sizes. A GCI analysis was
additionally performed using Meshes 3, 4, and 5 following the method of Roache [15] and Celik et
al. [16]. The calculated fine-grid convergence index was GCI21 = 1.91%, indicating low numerical
uncertainty due to mesh refinement. Moreover, the relative error between Mesh 4 and Mesh 5
was only 0.46%. Therefore, Mesh 4 was selected for the subsequent simulations as it provides
sufficiently grid-independent results with acceptable computational accuracy.
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Figure 2: The isotherm contour and the velocity streamlines

3 Results and discussion

From a numerical analysis perspective, the present study involves the solution of a strongly coupled
system of nonlinear partial differential equations governing mass, momentum, energy, and turbu-
lence transport. The finite volume method is employed to discretize the governing equations over
complex corrugated geometries containing vortex generators, which introduces additional chal-
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lenges related to mesh quality, numerical diffusion, and spatial convergence. The implementation
of the SST k–ω turbulence model further increases the mathematical complexity of the numerical
formulation due to the coupling between the turbulence transport equations and the mean flow
equations.

Moreover, numerical stability and convergence become increasingly challenging at higher Reynolds
numbers because of the strong interaction between flow separation, vortex formation, and ther-
mal boundary layer development inside the corrugated channel. Therefore, careful attention was
devoted to the selection of discretization schemes, mesh refinement, and convergence monitor-
ing. The performed Grid Convergence Index (GCI) analysis provides a quantitative assessment of
the discretization uncertainty and demonstrates the reliability of the finite volume approximation
adopted in the present work. Consequently, the study contributes not only to thermal engineering
applications but also to the computational and numerical analysis aspects associated with complex
turbulent transport phenomena.

The numerical results are validated against previous experimental data [14], showing a percent-
age error between 3% and 7%, which indicates good agreement.

(a) Performance enhancement (PE)

(b) Pressure ratio (PR)

Figure 3: Comparison of (a) performance enhancement (PE) and (b) pressure ratio (PR).

Figure 2 shows the isothermal contours and velocity streamlines in the wavy channel. The
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thermal boundary layer can be seen forming in the corrugated section due to the wavy walls. This
layer acts like insulation and reduces the efficiency of heat transfer. Using vortex generators (VGs)
helps to thin the thermal boundary layer. The placement of VGs is important when they are closer
to the inlet (d = 4 mm), the thermal layers become thinner. The streamlines show recirculation
zones near the corrugated walls, which is the reason the thermal boundary layer forms there.
Adding VGs reduces the wall recirculation, but also creates new ones in the center of the channel,
which affects pressure drop. The closer the VGs are to the start of the wave, the stronger the
middle recirculation becomes, which increases the pressure drop.

Figure 3 shows the thermal percentage enhancement (PE) and pressure drop ratio (PR) as a
function of Reynolds number. The PE values show that VGs improve heat transfer at all Reynolds
numbers for d = 4 mm and d = 6 mm. But at d = 8 mm, the improvement only appears in
the laminar cases (Re = 500, 1000). This is likely because the VGs are not placed in an effective
position to direct the flow to the right areas. The highest PE is around 110% for d = 4 mm.
However, pressure drop also needs to be considered. The VGs placed at d = 4 mm cause a high
pressure drop more than 20 times higher. The VGs at d = 6 mm give a better balance, with good
enhancement (up to 46%) and less than 5 times the pressure drop.

4 Summary

We conducted a numerical study on the effect of VG placement in a corrugated channel using
ANSYS Fluent. The thermal and hydraulic parameters are presented. The placement of VGs is
very sensitive each time the VGs are inserted closer to the start of the corrugation, they help direct
the fluid toward the walls and make the heat transfer more uniform, which enhances performance.
However, this also increases the pressure drop. On the other hand, placing the VGs in the middle
does not direct the fluid to the important areas and disturbs the heat transfer.
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