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ABSTRACT

ABSTRACT

This thesis investigates thermal enhancement in semi-circular corrugated channels using vortex
generators (VGs). Improving heat transfer while limiting pressure losses is an important challenge
in compact heat exchangers and thermal systems. Corrugated channels and VGs improve heat
transfer by increasing flow mixing and disturbing the thermal boundary layer. However, the
combined interaction between these enhancement techniques remains insufficiently studied,
particularly for semi-circular corrugated channels. In addition, limited studies have investigated
the influence of VG shape, size, and streamwise position in semi-circular corrugated channels or
compared curved single-body vortex generators with conventional winglet-type and multi-pair
configurations. Therefore, the novelty of the present work lies in the combined investigation and
optimization of VG geometry, size, and position together within the same corrugated channel
configuration.

A numerical investigation was performed under turbulent steady-state conditions using the SST
k—w turbulence model. Different VG geometries, sizes, and positions were examined to evaluate
their influence on the flow structure and thermal-hydraulic performance.

The results showed that vortex generators changed the flow behavior inside the corrugated
channel by reducing the recirculation zones near the walls and improving fluid mixing. The results
showed that the concave-up vortex generator (CUVG) provided the best overall performance
among the investigated geometries. The size and position of the VG had a strong influence on the
thermal behavior, where a 5 mm VG placed near the corrugation entrance (d=-2) produced the
highest heat-transfer enhancement of approximately 121%. However, this configuration also
caused the largest pressure-drop increase, reaching nearly 12.5 times that of the baseline channel.
The maximum performance evaluation criterion (PEC) reached approximately 0.96, indicating a
good balance between heat-transfer enhancement and pressure loss. The comparison between
single-body and two-pair VG arrangements also showed that the single-body configuration
provided better overall thermal-hydraulic performance.



ABSTRACT

Overall, the study demonstrates that combining optimized vortex generators in semi-circular
corrugated channels can significantly improve thermal performance while maintaining acceptable

hydraulic losses, making these configurations promising for compact heat exchanger applications.

Vi
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CHAPTER 1

1. INTRODUCTION

Improving heat transfer performance while maintaining acceptable energy consumption and
pressure losses has become a major challenge in modern thermal engineering applications [1,2].
Every aspect of our daily life depends on energy in various forms, from electricity and mechanical
power to thermal energy. Among these, heat transfer plays a particularly vital role, as it is involved
in numerous applications such as power generation, industrial processes, heating, and cooking.
The growing global demand for energy, along with the need to improve energy efficiency, has

made thermal energy management a key focus of current research.

Heat transfer plays a significant role in many engineering applications, including heating,
ventilation, and air conditioning systems, heat exchangers, and cooling devices [3,4]. Methods for
enhancing heat transfer performance are generally classified into three categories: active, passive,

and compound techniques.

Passive heat transfer enhancement methods are widely used because they are simple,
inexpensive, and capable of providing good performance [5]. These methods are applied to
systems without the need for any external energy input, unlike active methods. One of the main
challenges in thermal engineering is improving heat transfer while maintaining acceptable pressure
losses and achieving high overall thermal-hydraulic performance, particularly in compact heat
exchangers. Common passive techniques include the use of corrugated channels, and vortex
generators (VGs). Each technique enhances heat transfer through different mechanisms such as
flow recirculation, and vortex generation [6-9]. In many cases, two or more of these methods can
be combined to achieve even greater heat transfer improvement. The main objective of combining
these enhancement methods is to maximize the Performance Evaluation Criterion (PEC) by
increasing heat transfer enhancement while minimizing the associated pressure-drop penalty.
However, the combined interaction between these techniques and their overall thermal-hydraulic
behavior is still not fully understood, which motivates the present study.
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Global Energy Demand and Efficiency Challenge — Need for improved thermal systems

Heat Transfer Enhancement Techniques (Passive, Active, and Compound Methods)

Passive Enhancement Methods

Corrugated Channels Vortex Generators (VGS)
- Increase surface area - Enhance fluid mixing
- Promote fluid recirculation - Disrupt boundary layer
v
Nanofluids

- Improve thermal conductivity
- Enhance convective transfer

v l v

Combined Passive Enhancement Approach — Corrugated geometry + VGs + nanofluid

l

Improved Thermal and Hydraulic Performance
— Higher heat transfer efficiency
— Reduced energy consumption

1.1Corrugated channels

Corrugated channels are channels whose surfaces are modified with periodic shapes or surface
patterns. The main goal of this design is to increase the contact area between the fluid and the
surface and to promote better fluid mixing. Many studies have investigated this technique, and the
number of related publications has increased significantly, especially in recent years (see Figure
1.1).
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Figure 1.1 Number of publications on corrugated channels per year.

Corrugated channels are widely used for heat transfer enhancement because they significantly
improve thermal performance. Many experimental and numerical studies have investigated their
behavior, and the results consistently demonstrate that corrugated channels can effectively increase
the heat transfer efficiency [10-16]. Ahmed et al. [17] investigated both numerically and
experimentally three different corrugated channel designs trapezoidal, sinusoidal, and straight.
Their results showed that the corrugated designs achieved better heat transfer performance
compared to the straight channel, especially the trapezoidal shape, due to the stronger flow
recirculation and enhanced near-wall mixing generated by the sharp corrugation geometry. Ajeel
et al. [18] examined a half-sinusoidal corrugated design combined with nanoparticles through
numerical and experimental analysis. When comparing corrugated and straight channels, they
found that the corrugated geometry offered higher thermal performance, mainly because the
corrugations promoted boundary-layer disruption and intensified fluid mixing near the heated
surface. Alfellag et al. [19] reviewed recent advancements in compact heat exchangers using
different corrugated designs, such as helical, wavy, zigzag, and converging-diverging patterns.
According to their findings, heat transfer was enhanced but friction was also raised when helical
and transverse corrugations were made wider and taller while the pitch ratio was decreased. This
behavior was attributed to the stronger vortex formation and increased momentum losses caused
by intensified flow disturbance. Performance was improved by zigzag and wavy designs, although
pressure drops were increased. The enhanced thermal behavior was linked to repeated flow
separation and reattachment along the corrugated walls, which simultaneously increased hydraulic
resistance. Heat transfer in microchannels was more affected by wave amplitude than wavelength,
and cross-corrugated surfaces outperformed V-corrugated ones. Pressure drop was lessened while

3
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retaining a high heat transfer efficiency due to perforated corrugated surfaces. Azman et al. [20]

conducted a numerical study on sawtooth-shaped corrugated pipes with different pitch heights and

distances. The findings demonstrated that significant recirculation, backflow, and a smaller

boundary layer allowed corrugated pipes to perform better in heat transfer than smooth pipes.

However, these same mechanisms increased wall friction and flow resistance, resulting in larger

hydraulic losses. Because of the longer total pipe length, larger pitch gaps further exacerbated the

pressure drop.

Table 1.1 Summary of previous studies on heat transfer enhancement in corrugated channels.

References

Type of corrugations

Effect on performance

Bahaidarah [21]

Islamoglu [22]

Naphon [23]

Ahmed et al. [24]

Arc and sinusoidal

Sharp-edged and sinusoidal

Arc-shaped, V-shaped, and
trapezoidal

Sinusoidal, trapezoidal, and

triangular

The increase in the Nusselt number
(Nu) corresponding to augmentation in
Reynolds number (Re) is monotonic
The average Nu is higher for arc-
shaped corrugation configurations than

that for sinusoidal configurations.

The rounding off of the corrugation
peaks resulted in the decrease in Nu due
to the change in the fluid flow pattern
(i.e. size and structure of separation

region).

With a decrease in the wavy pitch of the
arc-shaped channel the sharpness of the
edges increases which augments the

turbulent intensity of flow.

The performance of trapezoidal
corrugated channel was found
dominant over sinusoidal corrugated
channel for Re<220, whereas at higher
Re  performance of sinusoidal
corrugated channel was found

dominant.
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Tokgoz and Sahin
[25]

Dutta et al. [26]

Ferhat et al. [27]

Singh et al. [28]

Kurtulmus and Sahin
[29]

Rectangular

V-corrugations

Rectangular, sinusoidal,
triangular, and trapezoidal

Sinusoidal

Sinusoidal

The thermal boundary layer of the
corrugated channel becomes thinner
than that of the straight channel
because of increased vorticity
concentrations, flow separation, and
flow reversal, which augments the heat

transfer.

The Nu for the corrugated channel was
found to be higher than that for a

straight channel.

The corrugated walls with artificial
roughness in the heat exchanger helped
in the improvement of the thermal-
hydraulic performance and heat

transfer rate.

The decrease in the wave length and D
results in the increment of pressure

drop and Nu.

The enhancement in the frequency of
pulsation increases the average heat

transfer rate.

Table 1.1 summarizes previous studies comparing corrugated and straight channels. Most

studies reported that corrugated channels provide better heat transfer performance because the

corrugated surfaces promote stronger fluid mixing and increase the effective heat transfer area.

Ahmed et al. [17] reported that trapezoidal corrugations provide better thermal performance than

sinusoidal geometries at low Reynolds numbers, whereas sinusoidal configurations become more

effective at higher Reynolds numbers. Similarly, Naphon [23] showed that sharper corrugation

edges intensify turbulence and heat transfer, while Islamoglu [22] demonstrated that smoothing

the corrugation peaks reduces the enhancement because of weaker separation regions. Tokgoz and

Sahin [25] and Dutta et al. [26] both concluded that corrugated channels outperform straight

channels due to stronger recirculation and thermal boundary-layer disruption; however, Tokgoz

5
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and Sahin emphasized the role of vorticity concentration, whereas Dutta et al. mainly associated
the enhancement with V-shaped corrugation geometry. In addition, Ajeel et al. [18] showed that
combining corrugated geometries with nanoparticles further enhances thermal performance due to
improved thermal conductivity and intensified mixing near the corrugated walls. Alfellag et al.
[19] and Azman et al. [20] also reported that increasing corrugation height or decreasing pitch
ratio enhances thermal mixing, but they noted that stronger recirculation zones significantly
increase hydraulic resistance. These comparisons indicate that the reported thermal-hydraulic
behavior strongly depends on corrugation geometry and operating conditions. The corrugated
geometry generates recirculation zones within the fluid, which promote mixing and enhance
thermal exchange. This effect can be further strengthened by incorporating vortex generators

(VGs), which induce stronger flow disturbances and improve overall thermal performance.

1.2Vortex generators

The vortex generator is a solid body that can be designed in multiple ways. They help control
and redirect the fluid flow by directing it toward specific regions, increasing the contact between
the fluid and the surface, and improving the thermal efficiency [30-36]. Figure 1.2 illustrates the
number of publications related to vortex generators and how this number has increased over the

past 25 years.

700 I |

il

2000 2001 2002 2003 2004 2005
Year

Number of Publications
N w 3 (3] [=2]
o (=] o (=] (=]
(=] (=] o o (=]
1 1

Figure 1.2 Number of publications on VGs per year.

Numerous studies have investigated the role and effect of VGs both numerically and
experimentally. Ruifang et al. [37] examined the optimal design and inflow angle of the VG used
for three-dimensional rotational effects. The VG showed improvement in the aerodynamic
performance of the wind turbine by delaying airflow separation on the blade section. This

6
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improvement was associated with the ability of the VGs to control vortex formation and maintain
attached flow over the blade surface. Xu et al. [38] conducted a numerical study on different VG
shapes inside a rectangular channel to evaluate their impact on heat transfer and flow resistance.
The half-cylinder VG produced the best thermohydraulic performance out of the five VG types
examined in the study. Subsequent investigation showed that the best performance was achieved
when these VGs were arranged in a side-lined row. Furthermore, efficiency was first increased by
expanding the VG length, but it eventually decreased. The initial enhancement was attributed to
stronger longitudinal vortex generation and improved near-wall mixing, whereas excessive VG
size increased flow blockage and momentum losses, leading to higher hydraulic resistance and
lower overall efficiency. Higher flow resistance and worse overall performance were the results
of larger VG radii and smaller spacing. This behavior indicates that excessive vortex interaction
can intensify frictional losses without providing proportional heat transfer enhancement. The
application of vortex generators in corrugated channels to boost heat transfer and improve flow
characteristics has been investigated by many researchers. By introducing VGs, they aimed to
minimize the recirculation zones caused by the corrugated surface, leading to better fluid
movement and more efficient thermal performance [39—41]. These studies specifically inserted
VGs in curved or corrugated channels to redirect the flow, reduce dead zones, and enhance mixing
near the walls, thereby significantly improving overall heat transfer efficiency.

Modi and Rathod [42] investigated three types of VGs: sinusoidal, wavy, and elliptical curved
rectangular winglets inside a semi-circular corrugated channel. They found that the curved and
wavy VGs enhanced heat transfer more effectively owing to the smoother guidance of the fluid
toward the walls, which increased the fluid—surface contact and improved the thermal
performance. The smoother curvature of these VGs also promoted more stable vortex structures
and reduced abrupt flow separation compared with conventional straight winglets. Brodnianska
and Kotsmid [43] investigated cylindrical VGs in a novel wavy corrugated channel and found that
they significantly enhanced heat transfer and thermal performance, although with a slight increase
in pressure drop, achieving a maximum thermal performance factor of approximately 0.82. The
pressure penalty was mainly caused by intensified vortex-induced mixing and increased wall
friction near the corrugated surfaces. Akcay [44] studied the effects of different rectangular winglet
VGs, both solid and perforated, on the hydraulic and thermal performance of a semi-corrugated
channel under pulsating flow. The results showed that the thermal performance improved
significantly as the pulsation amplitude and frequency increased, with only a small increase in the
friction factor. The pulsating flow enhanced periodic boundary-layer disruption and strengthened
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vortex interaction, while the perforated winglets reduced resistance by allowing partial fluid
passage through the VG body. Additionally, perforated winglets were found to reduce friction
compared with solid winglets, making them more efficient under certain conditions. Tanougast
and Hriczo [45] examined the effect of two-pair winglet VGs on a semi-circular corrugated
channel. The VGs enhanced heat transfer by reducing the recirculation zones and thinning the
thermal boundary layer, achieving a performance evaluation criterion (PEC) of 0.88. The
improved performance was linked to stronger near-wall mixing generated by the interaction
between the corrugation-induced flow structures and the longitudinal vortices produced by the
VGs. In a related study, Tanougast et al. [46] investigated a single-body VG with three shapes
(concave up, concave down, and straight) in the same channel. They found that the single-body
VGs provided a higher PEC of 0.94, whereas the concave-up VGs offered slightly higher heat
transfer, with a PEC of 0.93. This behavior suggests that VG geometry strongly affects vortex

stability and the ability to direct high-momentum fluid toward the heated walls.

Table 1.2 Summary of previous studies on VGs.

References Type of VGs

Gholami et al. [47] Wavy rectangular winglet
Sawhney et al. [48] Wavy delta winglet

Gong et al. [49], Lotfi et al. [50-52] Curved Rectangular winglet

Wu et al. [53], Song et al. [54], Lu and Zhou Curved Delta winglet
[55], Lin et al. [56]
Esmaeilzadeh et al. [57] Curved Trapezoidal winglet

Several studies have shown that vortex generators can improve heat transfer by enhancing fluid
mixing and disturbing the thermal boundary layer. Xu et al. [38], Modi and Rathod [42], and
Tanougast et al. [46] reported that curved VG geometries generally provide better thermal-
hydraulic performance than straight winglets because they produce stronger and more stable
vortices. Akcay [44] showed that perforated winglets can reduce pressure losses compared with
solid VGs. Other studies [43,45] also reported improved performance in corrugated channels,
although the PEC values varied depending on VG geometry, arrangement, and channel
configuration. Overall, these studies indicate that the effectiveness of vortex generators strongly
depends on their geometry and interaction with the channel flow.

Vortex generators enhance heat transfer mainly by increasing near-wall mixing and repeatedly

disturbing the thermal boundary layer. However, stronger vortices also increase wall shear stress

8
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and pressure drop. Therefore, achieving good thermal-hydraulic performance requires balancing

heat-transfer enhancement with hydraulic losses.

1.3Research Gap and Motivation

Previous studies generally agree that corrugated channels and vortex generators enhance heat
transfer by increasing flow separation, vortex formation, and near-wall mixing. However,
contradictions exist regarding the optimal geometry and configuration. Some studies report
trapezoidal corrugations as the most effective design, while others show that sinusoidal or
triangular profiles can provide better performance depending on Reynolds number and geometric
ratios. Similarly, vortex generator studies report different optimal VG shapes and arrangements,
since heat transfer enhancement is often accompanied by significant pressure penalties that
strongly depend on VG size and placement. In many previous studies, the VG geometries were
selected in a relatively conventional or random manner without considering geometric consistency
with the corrugated channel profile or systematically evaluating the influence of VG size and
streamwise position.

Although semi-circular corrugated channels have demonstrated promising thermal performance
and have been experimentally validated in several previous studies, their combined interaction
with vortex generators remains insufficiently explored. This channel configuration is also
attractive for practical heat exchanger applications because it offers effective thermal enhancement
while maintaining a relatively simple geometry that is easier to manufacture and implement
compared with more complex enhanced surfaces commonly used in compact thermal systems.
However, limited attention has been given to achieving geometric consistency between the vortex
generator shape and the corrugated surface in order to maximize vortex generation, suppress
recirculation zones near the walls, and improve fluid mixing. In addition, the effects of VG size
and streamwise position on flow structure and thermal-hydraulic behavior in semi-circular
corrugated channels remain insufficiently explored. Furthermore, most previous studies focused
mainly on conventional winglet-type or multi-pair VG arrangements, while direct comparisons

with optimized single-body VG configurations are still limited.
1.40utline of the thesis

Previous studies have widely investigated corrugated channels, and vortex generators as passive
heat transfer enhancement techniques. However, the combined interaction between corrugation-
induced recirculation zones and vortex generator-induced longitudinal vortices has not been
sufficiently examined in a systematic manner. In addition, limited attention has been given to the

consistency between VG geometry and corrugated surface shape, and only few studies have
9
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reported a detailed optimization of VG type, size, and streamwise position in semi-circular
corrugated channels. To address these gaps, this thesis provides a comprehensive numerical
investigation of VG optimization modeling in a corrugated channel, for improved thermal—
hydraulic performance and stability.

Chapter 1 introduces the importance of corrugated channels, and vortex generators in heat-
transfer applications. It reviews previous research, highlights key findings reported in the
literature, and identifies the main limitations and research gaps that motivate the present work. The
chapter also presents the objectives and original contributions of the thesis.

Chapter 2 presents the mathematical and physical models used in this study. It describes the
governing equations for fluid flow and heat transfer, and the turbulence model. The chapter also
explains the evaluation parameters percentage enhancement, pressure-drop ratio, and performance
evaluation coefficient which are essential for assessing thermal and hydraulic performance. The
geometry, boundary conditions, and numerical procedure are discussed in detail, including the use
of ANSYS Fluent for the simulations.

Chapter 3 focuses on the numerical verification process. It includes the mesh-independence
study, the confirmation of steady-state behavior, and an evaluation of the geometry using a 3D
model. The chapter then presents the validation of the numerical results against available
experimental data for both thermal and hydraulic characteristics. Additional validation is
performed against previous studies involving channels with vortex generators but different
configurations.

Chapter 4 investigates three different VG shapes. The aim is to determine which geometry best
fits the corrugated channel while providing an effective balance between hydraulic losses and heat-
transfer enhancement. The chapter identifies the most suitable VG type for this configuration.

Chapter 5 examines the influence of VG size. Several dimensions are tested to understand their
impact on boundary-layer disruption, vortex formation, pressure drop, and overall thermal
performance. After evaluating the results, the optimal VG size is selected.

Chapter 6 analyzes the effect of VG position. Because VG position strongly affects both the
flow structure and the heat-transfer rate, this chapter identifies the most effective location inside
the corrugated channel.

Chapter 7 compares the performance of a single VG body (the chosen configuration) with two-
pair VG arrangements, as many previous studies have focused on two-pair layouts. This

comparison highlights the differences in thermal behavior, vortex interaction, and hydraulic cost.

10
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2. NUMERICAL METHODOLOGY

In this chapter, the mathematical formulation used in the present study is introduced. It includes
the governing equations such as the Navier—Stokes equations, the energy equation, the turbulence
model, and evaluate key performance parameters. The geometry of the studied domain and its
specific details, including boundary conditions, are also defined. In addition, the numerical
procedure implemented in the ANSY'S software is described, explaining how the computational

setup was established to solve the governing equations within the defined domain.

2.1 Governing equations

The governing equations, which include the continuity, momentum, and energy equations, are
derived by applying the basic conservation laws to a fixed small control volume that approaches
zero in size. This method, known as the Eulerian approach, is used to describe the behavior of the
fluid at each point in the domain. By applying the principles of mass conservation, Newton’s
second law for momentum, and energy conservation, the fundamental equations that govern fluid
flow and heat transfer are obtained. The general form of these governing equations can be written
as [58]:

a(p®)
ot

+ div(pU®) = div(Ty grad®) + S,. 1

In this formulation, @ represents a general variable that can denote quantities such as u, v, w, or T,
while Ty is the generalized diffusion coefficient associated with that variable. The first and second
terms on the left-hand side of Equation (1) correspond to the unsteady and convective terms,
respectively. On the right-hand side, the first term represents the generalized diffusion term, and
the second term, S4, is a generalized source term that accounts for all the remaining terms in the
governing equations, excluding the unsteady, convective, and diffusion terms. The specific

definitions of I';, and S, are given in Table 2.1.

Table 2.1 Coefficient and source term of the general governing equations.
Equation p D I'p So
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Continuity p 1 0 0
Momentum p u; u opP
pfi ox,
Ener T K S
ay p /cp T/ Cp
In Table 2.1, X; represents the spatial coordinates, while

u; denotes the corresponding velocity components. f; refers to the body forces acting on the fluid.
The symbols P, p, u, K, and Cp represent pressure, density, dynamic viscosity, thermal
conductivity, and specific heat capacity, respectively. S; denotes the thermal source or sink term.
This general formulation has been widely applied in numerical heat transfer to solve various
practical engineering problems.

In this study, water was modeled as a viscous, Newtonian, and incompressible fluid with
constant thermophysical properties. The flow was assumed to be steady [59] and turbulent. To
simplify the analysis while capturing the essential flow characteristics, a two-dimensional (2D)
simulation was carried out in the x—y plane. This approach allowed for a detailed investigation of
the primary flow direction along the x-axis, the formation of recirculation zones, and the
development of the thermal boundary layer, in accordance with previous two-dimensional studies
[42,44,60]. The selected 2D approach was considered suitable for the present configuration
because the vortex generators were extruded uniformly across the channel width, resulting in
predominantly two-dimensional flow behavior with limited spanwise variation. Body forces were
neglected because their influence on the flow field was considered insignificant. The governing
equations for the conservation of mass, momentum, and energy in Cartesian coordinates are
expressed as follows [61]:

e Mass conservation equation:

ou) _
axl- . 2

The continuity equation ensures mass conservation throughout the computational domain and

describes the incompressible nature of the flow inside the corrugated channel.
e Momentum conservation equation:

I(upu;) 6P+ 0 ou; — 3
ax]' B axl- ax] K ax] pu iuj .
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The momentum equation governs the transport of fluid momentum and accounts for the effects
of pressure gradients, viscous forces, and turbulence-induced momentum exchange generated by
the corrugated geometry and vortex generators.

e Energy conservation equation:

Woul) 9 (£ _k)oT 4
0x; dx; \\Pr Pr.) dx; |

The energy equation describes heat transport within the fluid domain and includes the combined
effects of convection and thermal diffusion, which are strongly influenced by vortex-induced
mixing near the heated walls.

Due to the presence of turbulence, the Reynolds-averaged Navier—Stokes (RANS) equations
introduce additional unknown terms, known as Reynolds stresses, represented by —pru’j. These
terms arise from the averaging process and require a turbulence model to close the system of
equations. In the present study, the shear stress transport (SST) k—w model was adopted to provide
closure [62]. This model combines the advantages of the standard k—w formulation near the wall
and the k—& model in the free-stream region, offering improved accuracy for flows involving strong
adverse pressure gradients and separation [63]. The SST k—» model is particularly suitable for
corrugated channels equipped with vortex generators because it provides improved prediction of
near-wall flow behavior, thermal boundary-layer development, adverse pressure gradients, and

flow separation generated by the complex channel geometry.

_ ou; N ou; 2 - 2 Ouy 5
puiu; = U ox; " ox; 3P ij 3llt 9%, ijr 5
e The turbulent kinetic energy (k)
auik_a[(+ )ak]+G v
e The specific dissipation rate (w)
Juyw 0 Jw + G v 4D
axi N ax] @ ax] @ @ @ /

In these equations, G, denotes the rate of turbulent kinetic energy generation resulting from the
mean velocity gradients, whereas G, represents the production rate of w associated with the mean

flow. The terms Y;, and Y,, account for the dissipation of k and w due to turbulence effects. The

2
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turbulent viscosity u; is incorporated into the momentum and energy equations, influencing the
Reynolds stresses and enhancing the effective thermal diffusion. These transport equations enable
the numerical model to capture the influence of turbulence on flow mixing and thermal boundary-

layer development inside the corrugated channel.

2.2 Evaluation parameters

The pressure drop across the channel was determined using the following relation:

AP = Py — Poy.,
8
The average Nusselt number (Nu) is obtained as follows [64]:
— hbDn
Nu = i 9

where h represents the convective heat transfer coefficient (W/(m2-K)), K is the thermal
conductivity of the working fluid (W/(m-K)), and D, denotes the hydraulic diameter (m) of the
corrugated passage, expressed as [65]:

10
The friction factor (f) is calculated using the following equation [66]:
2 Dy, AP
= L p u2 ' 11

To quantify the increase in pressure loss caused by the VGs relative to that of a plain wavy
channel, the pressure drop ratio (PR) is defined as [67]:

PR — APVGS 1
APwygs 12

where APy, and APy, are the pressure drops in channels with and without VGs, respectively.
The percentage enhancement (PE) quantifies the improvement in heat transfer when VGs are

applied and is given by [68]:

(Nuygs — Nuyygs) 1

PE (%)= Nuyyg
S

00, 13
where Nuy s and Nuy, s denote the Nu for channels with and without VGs.

The overall thermal-hydraulic performance was assessed using the Performance Evaluation
Criterion (PEC) [69]:
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N Uygs

AP VGs (%).
( / AP WVGS)
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2.3 Physical Model

The semi-circular corrugated channel used in this study is illustrated in Figure 2.1. The
channel has a total length of 500 mm and consists of an inlet section (L1 = 200 mm), a test
section (L2= 200 mm), and an outlet section (L3 = 100 mm). To ensure fully developed flow and
prevent backflow, the inlet and outlet sections (L1 and L3) were designed with a height greater
than the main channel height (H) [60]. The maximum and minimum heights of the channel are
10 mm and 5 mm, respectively. The corrugated geometry follows a wavy profile characterized

by a wavelength (P) of 10 mm and a pitch diameter (D) of 5 mm.

In the first stage of the study, three different types of vortex generators (VGs) were examined:
concave-up vortex generators (CUVGs), concave-down vortex generators (CDVGS), and straight
vortex generators (SVGs). Each VG has a width (S) and length (B) of 5 mm and is positioned at
the entrance of each corrugation section to enhance flow mixing and heat transfer. The vortex
generators were extruded uniformly across the full channel width, resulting in a spanwise-constant
geometry without localized side-edge effects. Therefore, the dominant flow structures were
primarily governed by streamwise recirculation and near-wall mixing within the x—y plane. Based
on the results of this comparison, the configuration that exhibited the best overall thermal-

hydraulic performance was selected for further analysis.

In the second stage, the influence of VG size and placement position was investigated using the
selected VG type. Three VG sizes (2, 4, and 6 mm) and three positions relative to the corrugation
entrance (d =—2 mm, 0 mm, and +2 mm) were analyzed to assess their impact on the flow structure

and heat transfer enhancement.
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Figure 2.1 The physical model.

2.4 Boundary conditions

The following boundary conditions are imposed in solving the Navier—Stokes equations:

» At the entrance to the channel

The fluid enters with a temperature of T =298 K at a flow velocity determined by the Reynolds
number (10000-30000), the inlet turbulence intensity was set to 5%, a typical value for internal

channel flows, to provide a physically realistic representation of the inflow conditions

Re
u = _ﬂ
pDp 15

* Near smooth and corrugated walls

The no-slip and impermeability conditions (u = v =0) were applied at all solid surfaces,
including the smooth and corrugated walls as well as the channel boundaries in the height
direction. The channel walls are made of copper with a thermal conductivity of 387.6 W/m-K. The

upstream and downstream smooth channel walls are assumed to be adiabatic, while a constant heat

flux of 10000 W/m? is applied at the corrugated section

oT
—koy = Aw 16

* To the output
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The flow is assumed to occur under atmospheric conditions and to be fully developed, leading

to a zero normal gradient for all physical quantities governed by differential transport equations

ou v oT
5—0, a—o, 5—0, P—Patm- 17

2.5 Numerical procedure

This study was carried out using ANSYS Fluent, a commercial computational fluid dynamics
(CFD) software that employs the Finite Volume Method (FVM) to discretize and solve the
governing equations of mass, momentum, and energy. In the F\VM, the computational domain is
divided into a finite number of small control volumes, and the integral form of each conservation
equation (2) is applied to every cell. This ensures that the conservation of mass, momentum, and
energy is maintained over the entire solution domain [70]. The fluxes through the cell faces are
evaluated and balanced, resulting in a set of algebraic equations that approximate the behavior of
the flow field.

The Pressure-Based Coupled Solver (PBCS) was adopted in this study. This solver provides a
fully coupled approach in which all governing equations (continuity, momentum, and energy) are
solved simultaneously as a single system [71]. This method improves stability and convergence,
particularly for complex, highly coupled flow problems such as turbulent and mixed convection

flows.

The discretization of the governing equations (2, 3, and 4) was performed using a second-order
upwind scheme for pressure, momentum, energy, and turbulence quantities to ensure higher
numerical accuracy and minimize false diffusion [72]. Spatial gradients were computed using the
least-squares cell-based method, which provides accurate gradient estimation for unstructured and

irregular meshes.

Convergence was monitored based on the residuals of the governing equations (2, 3, and 4).
The solution was considered converged when the residuals of the energy equation dropped below
107, while those of the momentum, continuity, and turbulence transport equations (6 and 7) were
below 10~*. In addition to the residual criteria, overall mass and energy balances were checked to

ensure global solution consistency.
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Pressure-based coupled solver

4C>| Update properties

Solve momentum equations

v

Solve pressure correction continuity equation
Update pressure field and mass flow rates

Solve energy, species, turbulence, transport equations
and other scalar equations

Figure 2.2 Schematic representation of the pressure-based coupled solver (PBCS) scheme used
in ANSYS Fluent.
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3. MESH INDEPENDENCE AND MODEL VALIDATION

In this chapter, the steady-state verification and evaluation of the 3D model are presented. The
assumptions made in this study are supported by references from previous research and further
validated through our own numerical investigations. To ensure the accuracy and reliability of the
results, a grid independence test was conducted, followed by an analysis of the convergence
behavior of the model within the simulation software. Furthermore, the numerical model was
validated by comparing its results with those from previous experimental and numerical studies,
both for cases without VGs and for cases incorporating VGs. This comprehensive verification
process confirms the robustness of the computational setup and strengthens the confidence in the
results obtained in the subsequent chapters.

3.1Steady-state verification

To verify the steady-state assumption in this study, two monitoring points were selected one
located at the wall of the channel and the other at the centerline. The velocity and temperature
variations with time were recorded at these points to examine how the hydrodynamic and thermal

fields evolved during the simulation.

Figure 3.1 presents the velocity and temperature profiles at the channel wall. It can be observed
that the velocity remains nearly constant over time, with only a minor fluctuation at the very
beginning of the simulation. The velocity value at the wall is essentially zero, which confirms the
validity of the no-slip boundary condition; this is expected since viscous effects cause the fluid
velocity to vanish at the wall. The temperature, on the other hand, shows a slight transient variation
during the first second due to the imposed wall heat flux, but the difference is less than 1 K. After
this initial adjustment, it stabilizes and remains constant throughout the rest of the simulation

period.

Figure 3.2 shows the same profiles at the midline of the channel. Here, the velocity initially
varies by about 0.2 m/s during the first second before reaching a steady value, while the
temperature fluctuates by approximately 0.06 K before becoming stable. This small transient

behavior occurs as the flow develops and the solver begins to converge toward a steady solution.

In the numerical setup, each time step was set to 0.1 s with 20 iterations per step. During the

initial time steps, the residuals of the governing equations (2, 3, and 4) had not yet reached their
8
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convergence criteria, resulting in minor variations in the monitored parameters. Once the residuals
dropped below the predefined thresholds (after approximately the first second), both velocity and
temperature remained constant with time. This confirms that the flow and heat transfer fields are

independent of time, and therefore the system can be accurately treated as steady-state in the
subsequent analysis.
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Figure 3.1 Velocity and temperature profiles with time at the wall of the corrugated channel.
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Figure 3.2 Velocity and temperature profiles with time at the centerline of the corrugated
channel.

3.2Evaluation of 3D model effects

To evaluate whether a full three-dimensional analysis was necessary, an additional 3D
simulation was performed by extruding the channel 50 mm along the z-axis, as shown in Figure
3.3. The main flow direction remained along the x-axis. Velocity contours were examined at
several cross-sectional planes located at z = 10, 20, 30, and 40 mm. The results showed very
similar flow patterns to those obtained from the 2D model, with no significant variation along the
z-direction, indicating a uniform flow throughout the channel depth. A slight difference was
observed at the channel centerline, where the 3D model exhibited slightly higher velocity
concentration due to the influence of four confining walls, whereas the 2D model was limited to

interaction with only two walls.

It should also be noted that the vortex generators investigated in the present study were extruded

across the full channel width rather than being localized winglets with finite spanwise dimensions.

10
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Consequently, the generated flow structures were predominantly two-dimensional, and the
dominant enhancement mechanism was associated with suppression of recirculation zones,
boundary-layer disruption, and near-wall flow acceleration within the x—y plane. Since the primary
objective of the study was to investigate the influence of VG geometry, size, and position on the
thermal-hydraulic behavior and recirculation characteristics of the corrugated channel, the 2D
approach was considered sufficient to capture the dominant flow physics with substantially lower
computational cost. Nevertheless, it is acknowledged that the 2D model cannot fully resolve
detailed three-dimensional secondary vortices and complex spanwise flow interactions, which

represents a limitation of the present study.

Similar two-dimensional approaches have also been adopted in previous investigations of
corrugated channels and vortex-generator-enhanced flows [42,44,60]. These studies demonstrated
that 2D simulations can reasonably capture the dominant thermal-hydraulic behavior and

recirculation characteristics while significantly reducing computational cost.

11
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Figure 3.3 Three-dimensional model of the corrugated channel extruded along the z-axis for
comparison with the 2D simulation.
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3.3Mesh Independence Study

The mesh plays a crucial role in determining the accuracy of the numerical results. A mesh
independence test was conducted to identify the coarsest grid capable of producing reliable and
accurate results. Five different mesh configurations were examined, with the total number of nodes
varying between 98,037 and 557,168. To better capture the near-wall effects, ten inflation layers
were generated adjacent to the channel walls (Figure 3.4) and around the VGs to capture the
boundary layer development and local velocity gradients with high precision in these regions. The
relative error between successive meshes was calculated using Equation (18) as described in [18],

where M;, ; denotes the current result and M; represents the preceding Nu value

* 100.

Error(%) = |$
13

18

To further assess the numerical uncertainty associated with mesh refinement, the Grid
Convergence Index (GCI) method proposed by Roache [73] was also considered. Three
representative meshes (coarse, medium, and fine) containing 98,037, 226,732, and 557,168 nodes,
respectively, were selected for the analysis. Based on the average Nusselt number, the calculated
fine-grid GCI was approximately 2.12%, indicating low mesh-related numerical uncertainty and
confirming mesh-independent behavior of the numerical solution.

A notable reduction in error was observed with progressive mesh refinement. Although the
finest mesh provided slightly lower numerical variation, the difference in the average Nusselt
number between the meshes containing 392,205 and 557,168 nodes was only approximately
0.51%. Therefore, the mesh comprising 392,205 nodes (Figure 3.5) was selected for the numerical
simulations because it provides a satisfactory balance between numerical accuracy and
computational cost.

13
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Figure 3.5 Variation of the relative error with the number of nodes.
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3.4Convergence Behavior

The convergence behavior of the solver was tracked using the residuals of the continuity,
momentum, and energy equations (2, 3, and 4). As illustrated in Figure 3.6, the residual plots for
a representative simulation confirm that all residuals declined to adequately low magnitudes,
ensuring the accuracy and stability of the numerical solutions. Furthermore, the stability of the
solution was verified by tracking the h and AP, which showed consistent relative variations over
the iterations, guaranteeing dependable values for the Nu and f.
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Figure 3.6 Convergence of residuals during the simulation.
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3.5Validation

To ensure the reliability of the simulation results, a validation study was conducted prior to the
main analysis. The model was compared with the experimental work of Ajeel et al. [18], who
investigated a semi-circular corrugated channel under similar conditions. Figure 3.7 shows the
variation in the average Nu over a Re range of 10,000-30,000, indicating that the numerical
predictions are in good agreement with the experimental data. The average relative error between
the numerical and experimental Nusselt number values was approximately 5.31%, while the
maximum deviation remained below 8.55%, confirming the reliability of the present numerical
methodology for predicting heat-transfer behavior in the corrugated channel without VGs. This
close agreement validates the precision of the numerical setup and the suitability of the selected
modeling method for estimating heat transfer in corrugated channels. It is important to note that
this validation was conducted for the baseline case (channel without VGs). An additional
comparison with a numerical study incorporating VGs [60] The comparison showed good
agreement in the predicted thermal-hydraulic trends and heat transfer enhancement, indicating that
the present numerical methodology can reasonably capture the dominant flow structures and
vortex-induced mixing generated by the VGs, and further confirmed the robustness of the proposed
numerical methodology. The comparison with the numerical study involving VGs showed an
average relative error of approximately 4.04%, while the maximum deviation remained below
6.18%, further confirming the capability of the present numerical methodology to predict the
thermal-hydraulic behavior of corrugated channels equipped with vortex generators. Moreover,
the AP results obtained from the simulation were validated against experimental data [74], with
deviations remaining below 13%, demonstrating the reliability of the hydraulic performance
prediction (Table 3.1).

Overall, the validation procedure included thermal and hydraulic comparisons for the baseline
corrugated channel, as well as additional verification for configurations involving vortex
generators. The good agreement obtained in all cases confirms the capability of the present
numerical methodology to predict the dominant thermal-hydraulic behavior of corrugated
channels equipped with vortex generators within the investigated operating conditions. In addition,
mesh-independence assessment and Grid Convergence Index (GCI) analysis were performed to
further evaluate the numerical uncertainty and reliability of the computed results in cases where
direct validation data were unavailable.

16
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Figure 3.7 Validation of present CFD results against literature data: average Nu for channels

with and without VGs.

Table 3.1 Validation of CFD pressure drop against experimental data for the baseline channel,
showing percentage deviations.

Re Friction Factor f

AP Numerical (Pa) 4P Experimental (Pa) Difference %

10000 0.0204 148 132 12.1%
20000 0.0153 450 400 12.5%
30000 0.0131 872 800 9.0%
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4. EFFECT OF VORTEX GENERATOR TYPE

Chapter 4 presents a detailed analysis of the numerical results obtained for the corrugated
channel equipped with VGs. Although vortex generators are widely recognized as effective
passive heat-transfer enhancement devices, the influence of VG shape on the interaction between
vortex-induced flow structures and the natural recirculation zones inside semi-circular corrugated
channels remains insufficiently understood. In particular, limited attention has been given to
achieving geometric consistency between the vortex-generator shape and the corrugated surface
in order to improve fluid mixing while minimizing pressure losses. Therefore, this chapter
investigates the effect of different VG geometries on the thermal-hydraulic behavior of the
corrugated channel. The discussion begins with qualitative flow visualization, including velocity
contours, streamlines, and vortex structures, to illustrate the fundamental flow mechanisms
induced by different VG configurations. These observations are then supported by quantitative
results through velocity profiles, wall shear stress, local heat transfer coefficients, and turbulent
kinetic energy distributions. Finally, the thermal-hydraulic performance is evaluated using global
parameters such as the Nusselt number, pressure drop, percentage enhancement, pressure ratio,
and the performance evaluation criterion. This step-by-step analysis allows a clear understanding
of how VGs influence the flow behavior and heat transfer characteristics in corrugated channels
[P1].

Figure 4.1 presents the semi-circular corrugated channel equipped with the investigated vortex-
generator geometries. Three VG configurations were considered: concave-up vortex generators
(CUVGs), concave-down vortex generators (CDVGs), and straight vortex generators (SVGs). The
VG dimensions and channel geometry were maintained identical to those described in Chapter 2
unless otherwise specified. The VG height and geometric dimensions were kept constant for all
configurations to isolate the effect of the VG shape on the thermal-hydraulic performance. The
vortex generators were positioned at the entrance of the corrugation section for all investigated
cases. A uniform inlet velocity corresponding to Reynolds numbers between 10,000 and 30,000
was applied at the channel inlet, while a constant heat flux was imposed along the heated
corrugated wall. The outlet was defined using a pressure-outlet boundary condition.

18
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Figure 4.1 Schematic of the investigated vortex-generator geometries in the corrugated channel.

4.1Flow field characteristics

Figure 4.2 presents the velocity contours and streamlines for various VGs geometries. The fluid
flow is concentrated in the middle of the channel, where recirculation zones, also known as dead
zones, are observed. This behavior is primarily due to the pitch of the corrugated section. The
introduction of VGs alters the flow direction, directing the fluid toward the channel walls and
thereby enhancing the contact between the fluid and the wall surface. Each VGs geometry
influences the flow differently. The CUVGs guide the flow more smoothly along the corrugated
wall, while still showing small recirculation zones in the corners of the corrugation. This smoother
flow guidance promotes stronger near-wall mixing and more effective thermal boundary-layer
disruption. The CDVGS, on the other hand, creates larger recirculation zones in the corners and
boosts the velocity within the pitch region. However, the larger corner vortices reduce the
effectiveness of fluid interaction near the heated wall compared with the CUVGs. The SVGs
provides a balanced performance between the CUVGs and CDVGs. In contrast, the VGs in general
tend to generate an additional recirculation region in the channel core, which contributes to a
higher pressure drop. These VGs induce secondary flows and swirling motion, which intensify
mixing in the channel and disrupt the thermal boundary layer along the walls. This enhancement
of fluid-wall interaction promotes convective heat transfer, leading to higher local and overall heat
transfer rates. The regions of increased velocity and turbulent kinetic energy downstream of the
VGs further confirm the mechanism by which heat transfer is improved, despite the accompanying

pressure drop penalty [P1].
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Velocity Magnitude
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Figure 4.2 Velocity contours and streamlines for different VG types [P1].

4.2Vortex structure analysis

Figure 4.3 presents the vorticity magnitude contours for the different VG shapes. The vorticity
inside the channel is generally higher at the pitch of the corrugated section, which leads to the
formation of recirculation zones near the walls. The insertion of VGs increases the vorticity
further, while simultaneously redirecting the fluid toward the heated walls and generating
additional vortical structures around the VG corners. The CUVGs exhibit higher vorticity values
at their corners, resulting in a larger recirculation zone downstream of the VG. These stronger
vortical structures enhance near-wall mixing and contribute to more effective disruption of the
thermal boundary layer. In contrast, the CDVGs intensify the vorticity at the pitch of the corrugated
section, which explains why the recirculation zone at the corrugated corner (see Figure 4.2) is
larger for CDVGs compared to the other configurations. This indicates that part of the flow energy
in the CDVG configuration is concentrated within the corner recirculation regions rather than

being utilized for near-wall heat transfer enhancement [P1].
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Vorticity Magnitude
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Figure 4.3 Vorticity magnitude contours for different VG types [P1].

Figure 4.4 shows the vorticity distribution along the channel height at three representative
streamwise locations: the entrance, middle, and exit of the corrugation. In the channel without
VGs, the highest vorticity occurs at the entrance of the corrugation, primarily due to the pitch,
which induces a strong recirculation zone. When VGs are installed, the vorticity increases
significantly, especially at the middle of the corrugation where the VGs are located, indicating
stronger vortex generation and enhanced momentum exchange within the channel core. At the
entrance, the vorticity is elevated due to the combined effects of the pitch and upstream flow, while
at the exit, the vorticity decreases as the flow relaxes downstream. The streamlines in Figure 4.2
clearly illustrate the formation of secondary flows induced by the VGs, and the corresponding heat
transfer coefficient at the wall shows enhancement in regions of elevated vorticity, confirming that
secondary flows contribute directly to thermal performance improvements. Other VG types show

similar behavior, which is why only the CU-VG type is presented here for clarity [P1].
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Figure 4.4 Vorticity distribution along the channel height at the entrance, middle, and exit of the
corrugation [P1].
4.3Near-wall flow behavior

Figure 4.5 presents the wall shear stress along the bottom corrugated section as a function of x
(m). For the channel without VGs, the shear stress is highest near the entrance, then decreases,

reaching its lowest values at the corners after the pitch, which can be considered dead zones. The
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use of VGs increases the shear stress, especially at the middle of the channel. This increase is

caused by stronger near-wall flow acceleration and enhanced momentum exchange generated by

the vortical structures. This behavior is directly related to the local h: greater fluid contact with the

wall produces higher shear stress, which enhances heat transfer (Figure 4.6). Higher wall shear

stress also indicates thinning of the viscous and thermal boundary layers, allowing more efficient
heat transfer between the wall and the fluid. The CUVGs increase the shear stress mainly at the

middle of the corrugation, while the CDVGs produce higher shear stress near the entrance of each

corrugation section (Table 4.1). This difference reflects the distinct vortex distribution generated

by each VG geometry and explains the variation in their thermal-hydraulic performance. [P1].
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Figure 4.5 Distribution of wall shear stress along the corrugated section [P1].

Table 4.1 Peak wall shear stress and average trend for different VG types [P1].

Case  Peak wall shear stress (Pa) Average trend (approx.)
WVGS ~20-25 ~1.0
CUVGs ~90-100 ~2.5-2.7
CDVGs ~80-85 ~2.2-2.3
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SVGs  ~70-75 ~2.0-2.1

Figure 4.6 shows the local h along the lower corrugated wall for the different VG geometries,
plotted against the streamwise distance (x-axis). This representation highlights how the coefficient
varies along the channel length and how the VG shapes influence the local distribution. In the case
of the channel WVGs, the local h is highest at the entrance of each corrugation (the pitch) and
decreases toward the middle of the corrugated wall. The use of VGs increases the heat transfer
coefficient at the center of the corrugated wall, resulting in more uniform heat transfer along the
corrugated section. The peak of the h occurs at the middle of the corrugation, which corresponds
to the region of increased vorticity induced by the VGs, as shown in Figure 4.4. This behavior
confirms that stronger vortical structures enhance momentum exchange and continuously disrupt
the thermal boundary layer near the heated wall. The CDVGs improves the h notably around the
pitch, while the CUVGs enhances it just after the entrance of the corrugation, where the geometry
redirects the flow more effectively toward the wall. The smoother curvature of the CUVGs
promotes stronger near-wall mixing and more stable vortex development, which explains their
superior local heat transfer performance. The SVGs provides average values, with values falling
between those of the other two types. This enhancement in heat transfer is supported by the
hydraulic effect observed in the velocity contours and streamlines, where the increased contact
between the fluid and the wall is evident. The local h values were extracted from the profiles
(Figure 4.6) and summarized in Table 4.2. It is evident that CUVGs achieve the highest local peaks
(~2.7 x 10* W/m?K), followed by CDVGs and SVGs, while the baseline case remains significantly
lower (~1.9 x 10* W/m2K) [P1].
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Figure 4.6 Distribution of local heat transfer coefficient along the corrugated section [P1].

Table 4.2 Peak local heat transfer coefficient and average trend for different VG types [P1].
Case Peak local h (x10* W/m?K)  Average trend (approx.)

WVGS ~1.9 ~1.0

CUVGs ~2.6-2.7 ~1.7-1.8
CDVGs -~23-24 ~1.5-1.6
SVGs  ~2.1-22 ~1.4-1.5

4.4Velocity and turbulence characteristics

Figure 4.7 presents the x-velocity profile and turbulent kinetic energy along a vertical line
located at the mid-length of the corrugated section (y-axis direction). This illustrates how the flow
develops across the channel height and how VGs affect the velocity distribution and turbulence
intensity. The velocity is higher at the center of the channel where the fluid flow is concentrated.
The presence of VGs alters the velocity profile, reducing the velocity in the center and increasing
it near the walls. This redistribution of velocity indicates that the VGs redirect part of the core flow
toward the heated surfaces, which enhances fluid—wall interaction and weakens the low-velocity
regions near the corrugated walls. All three types exhibit similar effects, with slight differences.
Notably, the CUVGs shows higher velocity values compared to the other configurations. This
behavior is associated with the smoother flow guidance produced by the concave-up geometry,
which accelerates the flow more effectively along the corrugated wall.

The VGs also increases the turbulent kinetic energy within the channel, thereby enhancing heat
transfer. The CDVGs generates more turbulence near the walls due to the difference in movement

between the wall and the fluid. At the same time, the CUVGs increases turbulence in the central
25
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region, specifically in the layer between the recirculation zone and the main fluid flow. This
interaction region promotes stronger momentum exchange between the recirculating flow and the
high-velocity core flow, leading to more effective thermal boundary-layer disruption. This
comparison is made at the middle of the corrugated wall. The SVGs generates less turbulence
compared to the other two types [P1].
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Figure 4.7 Profiles of x-velocity and turbulent kinetic energy along a vertical line at the mid-
length of the corrugated section [P1].

4.5Global thermal and hydraulic performance

Table 4.3 Overview of average Nu and pressure drop for various VG types across different Re
[P1].
Nu AP
Re WVGs CUVGs CDVGs SVGs WVGs CUVGs CDVGs SVGs

10000 194.45 336.1 326.56 318.3 1123.93 8191.48 7432.96 6625.37
15000 266.09 460.78  446.34 43595 2503.78 17921.05 16200.42 14432.04
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20000 329.86 573.39 565.94 541.76 4336.47 303749 27663.45 24575.09
25000 389.69 680.64 659.49 643.91 6637.79 45502.82 41990.26 37097.41
30000 448.08 79171 76535 746.15 94575 63726.09 59362.92 52307.76

Figure 4.8 illustrates the variation of the average Nu and AP with the Re in the corrugated

section. This representation highlights how both thermal and hydraulic performance change with

increasing flow rates. The Nu (Equation (9)) and AP (Equation (8)) both rise with increasing Re

due to higher velocities, which improve heat transfer, while viscosity has a greater effect. The use

of VGs increases the average Nu, which can be explained by the rise in local heat transfer
coefficient. The CUVGs exhibits the highest Nusselt number, followed by the CDVGs and then

the SVGs. This superior performance of the CUVGs is associated with their ability to generate

stronger and more stable vortices while directing the flow more effectively toward the heated

corrugated wall. The AP shows a similar trend, increasing with Re. As seen earlier, the fluid

interacts with the VGs and creates recirculation zones behind them, which is the main reason for

the rise in AP [P1].
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4.6Performance enhancement and pressure ratio

We compare the Nusselt number enhancement and pressure drop increase caused by using VGs
relative to the case without VGs. The results are expressed as percentage enhancement (Equation
(13)) for Nu and as a pressure drop ratio (Equation (12)), plotted against the Re, as shown in Figure
4.9. Heat transfer is improved by the use of VGs, with CUVGs showing the greatest enhancement,
reaching up to 77%, followed by CDVGs and SVGs, with the lowest improvement reaching around
63%. The superior enhancement obtained with the CUVGs is attributed to the stronger vortex
structures and improved near-wall flow redirection generated by the concave-up geometry, which
intensify thermal boundary-layer disruption along the corrugated wall. The pressure drop increases
by about 7 times with CUVGs, about 6.5 times with CDVGs, and less than 6 times with SVGs.
This increase is mainly associated with stronger flow blockage, vortex formation, and momentum
dissipation generated by the VGs inside the corrugated section. The enhancement in heat transfer
comes with the cost of increased pressure drop. The baseline Nusselt number without VGs is
moderate for the corrugated channel in this Re range, providing a meaningful reference for

assessing the absolute improvement [P1].
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Figure 4.9 Variation of PE and PR with Re for different VG types [P1].

4.70verall performance evaluation

Figure 4.10 illustrates the variation of the PEC with Re for different VG geometries. This
representation highlights the balance between heat transfer enhancement and pressure drop
increase, showing how each VG type performs across the range of Re according to Equation (14).
The PEC rises with increasing Re, which means that the VGs offer better enhancement relative to
the pressure drop at higher Re. At higher Re, the generated vortical structures become stronger and
more effective in disrupting the thermal boundary layer, while the relative influence of viscous
losses decreases. The PEC values are between 0.89 and 0.94, which is close to one. These values
are considered good for keeping balance between the gain in heat transfer and the loss in pressure
drop. In practical heat exchanger design, a PEC above 0.9 is generally considered worthwhile,
indicating significant thermal performance improvement without excessive hydraulic penalty. The
SVGs shows greater balance compared to the other types, except at one point where the CDVGs
is higher at Re = 20,000. This behavior suggests that the SVG configuration generates moderate
vortex intensity with lower flow resistance, whereas the CUVGs and CDVGs produce stronger
vortical structures accompanied by larger hydraulic losses. If we just consider the heat transfer
enhancement, the CDVGs gives better effect in the range Re = 10,000-24,000, and the CUVGS in
the range 24,000-30,000 [P1].
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These findings demonstrate that vortex generators can significantly improve the thermal

performance of semi-circular corrugated channels by enhancing fluid mixing and disrupting the

thermal boundary layer. Among the investigated configurations, the CUVGs provided the highest

heat-transfer enhancement because their geometry directed the flow more smoothly toward the

corrugated wall, increasing fluid—wall interaction and generating stronger secondary vortices near

the heated surface. This behavior reduced the thermal boundary-layer thickness and improved

convective heat transfer more effectively than the CDVG and SVG configurations. The study also

showed that achieving geometric consistency between the vortex-generator profile and the

corrugated wall can improve vortex-induced mixing and thermal performance in compact

corrugated channels. These observations provide useful guidance for the design of enhanced

compact heat exchangers where thermal performance and pressure-drop balance are important

considerations.
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5. EFFECT OF VORTEX GENERATOR SIZE

Although vortex generators are widely used to improve heat transfer, the effect of VG size on
the interaction between vortex-induced flow structures and the recirculation zones inside semi-
circular corrugated channels remains insufficiently understood. In particular, increasing the VG
size may enhance fluid mixing and wall interaction, but it can also produce a considerable
pressure-drop penalty. Therefore, identifying an appropriate VG size that provides effective
thermal enhancement while maintaining acceptable hydraulic performance is still an important
challenge. This chapter investigates the influence of VG size on the thermal and hydraulic behavior
of the corrugated channel. After identifying the most suitable VG shape in the previous chapter,
the size is treated here as a key geometric parameter controlling flow disturbance and boundary
layer development. The analysis begins with isotherm contours and streamlines to illustrate how
different VG sizes modify the flow structure and thermal fields. This is followed by a detailed
examination of wall shear stress, local heat transfer coefficient, velocity distribution, and turbulent
kinetic energy. Finally, the global performance is evaluated using the average Nusselt number,
pressure drop, percentage enhancement, pressure ratio, and performance evaluation criterion
(PEC), allowing a clear assessment of the trade-off between heat transfer enhancement and
hydraulic penalty associated with increasing VG size [P10].

Figure 5.1 presents the semi-circular corrugated channel equipped with vortex generators of
different sizes. The VG size parameter S was varied while maintaining the remaining geometric
dimensions and operating conditions identical to those described in Chapter 2. Three VG sizes
(S=2, 4, and 6 mm) were investigated to evaluate the influence of the VG dimension on the flow
structure and thermal-hydraulic performance. A uniform inlet velocity corresponding to Reynolds
numbers between 10,000 and 30,000 was applied at the channel inlet, while a constant heat flux
was imposed along the heated corrugated wall. The outlet was defined using a pressure-outlet

boundary condition.
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Figure 5.1 Definition of the vortex-generator size parameter S.

5.11sothermal and flow visualization

Figure 5.2 shows the isotherm contours and streamlines for different VG sizes. In the corrugated
section without VG. The channel pitch generated a recirculation zone in the channel. which acts
as a dead zone for the fluid. This region was clearly visible in the isotherm contours as a thick,
thermal boundary layer. This behaves like an insulating layer and reduces the heat transfer
efficiency of the system. When VGs is introduced. The thermal boundary layer becomes thinner,
leading to better heat transfer. Even at the smallest size (S = 2 mm). The effect on the thermal
boundary layer can be observed. and as the size increases. The layer became progressively thinner
(S = 6 mm). This behavior indicates that larger VGs generate stronger vortical structures and
promote greater momentum exchange between the core flow and the near-wall region. The VGS
redirect the flow direction by disrupting the large recirculation zone attached to the wall. However,
they simultaneously create new recirculation zones downstream of VGS. These downstream
vortices intensify mixing and continuously refresh the fluid near the heated surface, but they also
increase momentum dissipation inside the channel. For small VG sizes. the induced recirculation
occurs mainly in the middle of the channel. leaving a larger stagnant zone at the corrugation
corners. As the VG size increases, the central recirculation becomes stronger, while the dead zones
near the corrugated corners are reduced. This demonstrates that larger VGs interact more
effectively with the natural recirculation generated by the corrugated geometry, resulting in
stronger suppression of low-velocity regions and more uniform thermal behavior along the wall.
[P10].
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Static Temperature
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Figure 5.2 Isotherm contours and streamlines showing the effect of different VG sizes [P10].

5.2Near-wall flow characteristics

Figure 5.3 shows the variation in the wall shear stress along the bottom corrugated section as a
function of x. In the case without VGs. The shear stress follows a wave-like distribution and
reaches its highest value at the corrugation pitch. When VGs is introduced. The shear stress
increased and became more uniform along the corrugated wall as the VG size increased. This
behavior is associated with stronger near-wall flow acceleration and improved fluid-wall
interaction. For small VG sizes, the effect was more localized near the pitch region, indicating
limited influence over the middle of the corrugated wall. As the VG size increases. The shear stress
increased significantly along the entire wall. This shows that larger VGs affect a wider portion of
the flow field and interact more effectively with the corrugation-induced recirculation. The peak

shear stress values for each case are summarized in Table 5.1 [P10].
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Figure 5.3 Distribution of wall shear stress along the corrugated section [P10].

Table 5.1 Peak wall shear stress along the corrugated wall [P10].

Case Peak shear stress (Pa) Average trend (approx.)

WVGS ~20-25 Localized at corrugation pitch
S=2 ~40-50 Higher near pitch. limited spread
S=4 ~70-80 Increased along wall. more uniform
S=6 ~110-120

Strong and nearly uniform along wall

Figure 5.4 shows the local h along the lower corrugated section as a function of x. The local h

exhibited a trend similar to that of wall shear stress, confirming the strong relationship between

near-wall flow behavior and local heat transfer enhancement. In the case without VGs. The
coefficient reaches higher values only at the pitch of the corrugation. where the flow had a better

contact with the wall. When the VGs was introduced, the h increased not only at the pitch but also

in other parts of the corrugated wall. This demonstrates the key role of the VVGs, which made the

heat transfer distribution more uniform. This significantly improves the overall thermal

performance. The size of VGs also plays an important role. A smaller VGs primarily enhanced the

heat transfer near the pitch. A larger VGs increases the effect along almost the entire corrugated

wall. This indicates that larger VGs generate a wider flow interaction region and suppress low-

velocity zones more effectively. However. One limitation is that the VGs cannot fully eliminate

blind spots at the corrugation corners. where it is difficult to achieve peak heat-transfer efficiency.

The peak local heat transfer coefficients for the different cases are summarized in Table 5.2 [P10].
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Figure 5.4 Distribution of the local heat transfer coefficient along the corrugated section [P10].

Table 5.2 Peak local heat transfer coefficient along the corrugated wall [P10].

Case

Peak local h (x10* W/m?K)

Average trend (approx.)

WVGS

~0.9-1.0

Peaks only at pitch. weak elsewhere

S=2

~1.6-1.7

Localized near pitch. limited spread

S=4

~2.0-2.1

Higher along wall. moderate uniformity

S=6

~2.6-2.7

Strong. nearly uniform along wall

5.3Velocity and Turbulence Characteristics

Figure 5.5 shows the x-velocity and turbulent kinetic energy (TKE) profiles along the vertical

line at the center of the corrugated section. Before adding VGs. the x-velocity profile was

parabolic. with the flow concentrated at the channel center. After introducing VGs. The flow

separated near the top and bottom walls of the channel. This increased the velocity near the wall.

This redistribution of the flow weakens the stagnant regions near the corrugated surfaces and
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promotes stronger fluid—wall interaction. However, it simultaneously increased the shear stress.

Negative velocity values appeared in the profiles owing to recirculation zones. This indicates that

the fluid moved in the opposite direction. As the VG size increases. The velocity near the walls

also increased. providing a greater contact surface for heat transfer, but also intensifying the shear

effects. The turbulent kinetic energy was much lower in the case without VGs than in the cases

with VGs. The presence of the VGs significantly increased the turbulence. This is particularly

evident when comparing the turbulence profiles with the streamlines shown in Figure 5.2. Larger

VG sizes resulted in higher turbulence levels because of the stronger vortical structures generated

within the channel. These stronger vortices enhance momentum exchange and thermal boundary-

layer disruption more effectively, which explains the improved thermal performance obtained with

larger VG sizes. [P10].
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Figure 5.5 Profiles of x-velocity and turbulent kinetic energy along the vertical line at the mid-
length of the corrugated section [P10].
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5.4Global Thermal and Hydraulic Performance

Table 5.3 Overview of average Nu and pressure drop for various VG sizes across different Re

[P10].
Nu AP
Re WVGs S=2 S=4 S=6 WVGs S=2 S=4 S=6
10000 194.45 282.238 34299 3958 112393 5167.289 8536.781 14323.97
15000 266.09 385.66  472.27 550.82 2503.78 11535.48 18784.33 31347.72
20000 329.86  478.77 589.47 695.04 4336.47 19880.08 32225.44 53480.68
25000 389.69 569.4 703.97 839.29 6637.79 30370.92 48969.57 80970.46
30000 448.08 659.28 821.41 986.5 94575 4332536 69414.89 114600

Figure 5.6 shows the variation in the average Nu and AP as a function of the Re. The Nu is

directly related to the heat transfer coefficient (see Equation 9). This is because the VGs enhances

the local h. They also increased the average Nu. As the VG size increases. the average Nu increased

accordingly. Larger VGs generate stronger flow disturbances and wider vortex interaction regions,

which improve near-wall mixing and thermal boundary-layer disruption. In addition. the Nu

increases with the Re. reflecting the effect of the higher flow velocity on strengthening the heat

transfer. On the other hand. The AP was also significantly affected by VGs. Compared to the case

without VGs. The AP was significantly higher, particularly at large Re. This difference is mainly

due to the viscous effects and recirculation zones generated by the VGs (see Figure 5.2). As the

VG size increases, the intensified vortical structures produce greater momentum dissipation inside

the channel, leading to larger hydraulic losses. The key results are presented in Table 5.3 [P10].
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Figure 5.6 Variation of average Nu and pressure drop with Re for different values of VG size
[P10].

5.5Performance Enhancement and Pressure Ratio

Figure 5.7 presents the PE (Equation (13)) of heat transfer and PR (Equation (12)) as functions
of the Re. The enhancement yielded promising results. The smallest size (S =2 mm) provided the
lowest level of improvement. reaching about 47%. whereas S = 4 mm achieved approximately
83%. and S = 6 mm provided the highest enhancement of up to 120%. In all cases. The
enhancement was more pronounced at higher Re than at lower ones. The improved performance
at larger VG sizes is associated with the stronger flow disturbance and wider wall-interaction
region observed previously. However, the pressure drop ratio highlights the cost of this
improvement in performance. The case with S = 2 mm increased the pressure drop by
approximately five times compared to the baseline. When S =4 mm, a 7.5-fold increase was noted.
and S = 6 mm led to a pressure increase of approximately 12.5 times. This behavior is mainly
attributed to the larger frontal area and stronger flow blockage generated by larger VGs, which
increase momentum dissipation and wall shear stress inside the channel. Thus. A larger VG size
provided a stronger heat transfer enhancement. They also impose a significantly higher pressure
penalty on the system [P10].

39



CHAPTER 5

140 | |

s=2
120+ —— 52::
100 B
;\? 80 -
w
o 60
40 -
20
0
1 1.5 2 25 3
Reynolds Number x10*
13,
12
1 s
o $=4
10 - S=6 4
- 9
o
gl ]
B~ m e o e e p—— L e o}
7.
sl ]
sl ]
--------------- e S s
4 ‘ s ‘ ‘
1 1.2 14 1.6 1.8 2 2.2 2.4 2.6 2.8 3
Reynolds Number x10%

Figure 5.7 Variation of PE and PR with Re for different values of VG size [P10].

5.60verall performance evaluation

To evaluate the trade-off between the heat transfer gain and pressure drop penalty. The PEC
(Equation (14)) was calculated as a function of the Re (Figure 5.8). The results showed that the
PEC increased with the Re. This indicates that the balance between the enhancement and pressure
loss improved at higher flow rates. For the smallest size (S = 2 mm). The maximum PEC was ~
0.88. This was lower than that in the other cases. The medium size (S = 4 mm) exhibited higher
PEC values across the entire range of Re, indicating a more balanced thermal-hydraulic
performance over a wide operating range. The large size (S = 6 mm) performed better in the higher
Re range (22.000-30.000), where the stronger flow momentum reduced the relative effect of the
hydraulic penalty. The maximum PEC was obtained with S = 6 mm. reached 0.95, which is the
closest value to unity, representing the most favorable balance between thermal performance and

pressure loss [P10].
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Figure 5.8 Variation of PEC with Re for different VG sizes [P10].

These findings demonstrate that the VG size strongly controls the interaction between the
generated vortices and the recirculation zones inside the corrugated channel. Increasing the VG
size intensified the flow disturbance, reduced the thermal boundary-layer thickness, and improved
fluid mixing near the heated wall, leading to higher local and average heat-transfer rates. The
results also showed that larger VGs produced a more uniform distribution of wall shear stress and
local heat transfer along the corrugated surface. However, this enhancement was accompanied by
asignificant increase in pressure loss owing to stronger recirculation and viscous effects. The study
therefore highlights the importance of selecting an appropriate VG size to achieve an effective
balance between thermal enhancement and hydraulic performance in corrugated heat exchangers.

PEC was considered together with the PE and PR. Both S =4 mm and S = 6 mm exhibited good
overall performance. Each of these methods has distinct advantages. For this reason. the VG size
was fixed at 5 mm in the next stage of the study to investigate the effect of the VG positions inside

the corrugated channel.
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6. EFFECT OF VORTEX GENERATOR POSITION

The streamwise position of vortex generators plays a major role in determining the interaction
between vortex-induced flow structures and the recirculation zones formed by the corrugated
geometry. Different VG positions can significantly modify the turbulence distribution, wall-fluid
interaction, and pressure losses inside the channel. However, the influence of VG placement
relative to the corrugation entrance and pitch remains insufficiently explored for semi-circular
corrugated channels. Therefore, identifying an appropriate VG position that maximizes heat-
transfer enhancement while maintaining acceptable hydraulic performance is an important aspect
of thermal system optimization. This chapter focuses on the effect of VG position within the
corrugated channel on flow structure and heat transfer performance. With the VG size fixed based
on the findings of Chapter 5, different streamwise locations are examined to understand how
placement relative to the corrugation geometry influences recirculation zones, turbulence intensity,
and wall-fluid interaction. The discussion starts with isotherm and streamline contours to visualize
the impact of VG position on thermal boundary layer disruption. Subsequently, wall shear stress,
local heat transfer coefficient, velocity profiles, and turbulent kinetic energy are analyzed in detail.
The chapter concludes with an evaluation of the average Nusselt number, pressure drop,
percentage enhancement, pressure ratio, and PEC, providing a comprehensive comparison of the
thermal-hydraulic performance for each VG position [P11].

Figure 6.1 presents the semi-circular corrugated channel equipped with vortex generators
placed at different streamwise positions. The VG position parameter d was varied while
maintaining the remaining geometric dimensions and operating conditions identical to those
described in Chapter 2. The vortex-generator configuration was maintained at the optimized size
of 5 mm. Three VG positions (d=0, -2, and +2 mm) were investigated to evaluate the influence of
the VG location on the flow structure and thermal—hydraulic performance. A uniform inlet velocity
corresponding to Reynolds numbers between 10,000 and 30,000 was applied at the channel inlet,
while a constant heat flux was imposed along the heated corrugated wall. The outlet was defined

using a pressure-outlet boundary condition.
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Figure 6.1 Definition of the vortex-generator position parameter d.

6.1 Isothermal and flow visualization

Figure 6.2 presents the isotherm contours and streamlines for the different VG positions. The
position of the VGs plays a crucial role in the thermal-hydraulic performance of the channel. At

= -2. the VGs position of the VGs eliminated much of the thermal boundary layer, especially
near the corrugation corners. This was also evident in the streamlines. where the recirculation zone
at the corner almost disappeared. Positioning the VGs near the corrugation entrance allows the
generated vortices to interact earlier with the developing recirculation region, resulting in stronger
suppression of the stagnant zones. However. when the VGs was moved to the middle (d = 0) or
further downstream (d = +2). The effect gradually weakened thereafter. and larger recirculation
zones appeared at the corrugation corners. Placing the VGs at d = —2 also generated a larger
recirculation zone in the center of the channel. This enhanced fluid mixing and increased the
turbulence. This improved the heat transfer. On the other hand. This configuration significantly
increased the pressure drop across the reactor. Conversely, moving the VGs to d = +2 reduced the
central recirculation. leading to a lower pressure penalty, less mixing, and weaker thermal

performance [P11].
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Figure 6.2 Isotherm contours and streamlines showing the effect of different VG positions [P11].

6.2Near-wall flow characteristics

Figure 6.3 shows the shear stress distribution along the bottom corrugated wall for different VG
positions. For d = 0. The shear stress reached its peak value at the middle of the corrugated wall.
In contrast, at d = —2. The highest values were observed near the corners. This is consistent with
the streamline and velocity behavior discussed previously. The upstream placement (d = -2)
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redirects the flow toward the wall earlier, increasing near-wall momentum exchange in the corner
regions. Each position has its own influence. enhancing wall-fluid contact in different regions of
corrugation. Case d = +2 exhibited the weakest overall shear stress. indicates a reduced interaction
between the fluid and wall compared with the other cases. The corresponding peak values are
listed in Table 6.1 [P11].
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Figure 6.3 Distribution of wall shear stress along the corrugated section [P11].

Table 6.1 Peak wall shear stress along the corrugated wall [P11].
Case Peak shear stress (Pa) Average trend (approx.)

WVGS ~40-50 Low; peaks mainly at pitch

d=-2 ~150-160 High at corners; strong wall contact

d=0 ~170-180 Highest in middle; strong uniformity
d=+2 ~120-130 Moderate; weaker overall effect
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Figure 6.4 shows the local h along the bottom wall of the corrugated section for different VG
positions. At d = —2. The VGs significantly increased the h at the corrugation corners compared
with other cases. This behavior indicates more effective suppression of the low-velocity regions
in these areas. In contrast, at d = 0. The enhancement was higher in the middle of the corrugated
wall but was less pronounced at the corners. The case with d = +2 shows the weakest overall
performance. due to low turbulence and reduced velocity near the wall. This prevents the fluid
from being effectively driven into these areas. The peak values for each configuration are listed in
Table 6.2 [P11].
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Figure 6.4 Distribution of the local heat transfer coefficient along the corrugated section
[P11].

Table 6.2 Peak local heat transfer coefficient along the corrugated wall [P11].

Case

Peak local h (x10* W/m?K)

Average trend (approx.)

WVGS

~0.9-1.0

Peaks only at pitch; weak elsewhere

d=-2

~3.2-3.4

Strong at corners; enhanced spread along wall

d=0

~3.6

Higher in middle; weaker at corners
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d=+2 ~2.3-24 Moderate; weaker overall due to low turbulence

6.3Velocity and Turbulence Characteristics

Figure 6.5 shows the x-velocity and turbulent kinetic energy (TKE) profiles along the vertical
line at the middle of the corrugated section for various VG positions. When VGs is placed at d =
0. The velocity near the walls exhibited the greatest increase. Along the middle line of the channel,
the velocity becomes negative owing to the influence of the central recirculation. In contrast. at d
= —2. The velocity along this line also decreased to a negative value. However, the effect was
stronger because of the larger recirculation zone formed upstream (Figure 6.2). For d = +2.
Recirculation was still observed. However, the line passes through the center of the recirculation
zone. The velocity captured along that line was close to zero rather than negative values. The
turbulent kinetic energy profiles further highlight this effect. Both d = -2 and d = 0 produced
significantly higher turbulence than d = +2. where a weaker recirculation zone results in much
lower turbulence. Along the middle line. d = 0 exhibited the highest turbulence intensity. This is
because the flow is forced to divide and concentrate more strongly around the VGs at this location.
This concentrated flow interaction increases local momentum exchange and promotes stronger

mixing within the channel core [P11].
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Figure 6.5 Profiles of x-velocity and turbulent kinetic energy along the vertical line at the mid-
length of the corrugated section [P11].

6.4Global Thermal and Hydraulic Performance
Table 6.3 Overview of average Nu and pressure drop for various VG positions across different
Re [P11].
Nu AP
Re WVGs d=0 d=-2 d=+2 WVGs d=0 d=-2 d=+2

10000 194.45 336.1 399.09 323.59 1123.93 8191.48 14394.38 7966.91
15000 266.09 460.78 555.01 460.43 2503.78 17921.05 31703.37 17928.72
20000 329.86 573.39 700.26 572.15 4336.47 30374.9 54411.41 30392.25

25000 389.69 680.64 84548 680.06 6637.79 45502.82  82593.7  45527.93
30000 448.08 79171  993.64 789.9 94575 63726.09 117250.8 63767.62

Figure 6.6 shows the variation in the average Nu (Equation (9)) and AP (Equation (8))with the
Re for different VG positions. The results indicate a clear difference in the heat transfer when the
VGs is inserted. The case with d = —2 achieved the highest average Nu. was significantly higher
than that of the other positions. This improvement is associated with the stronger suppression of
the recirculation zones near the corrugation corners, resulting in more effective utilization of the
heated wall area. This improvement is linked to the stronger enhancement at the corrugation
corners. This is reflected in the overall average performance. The cases with d =0 and d = +2 show
similar results. with d = +2 slightly lower and d = 0 slightly higher. However, the differences are
relatively small compared to the gap with d = —-2. For AP. The position at d = -2 again shows the

highest penalty for the same reason as above. as the VGs near the entrance created a large
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recirculation zone that strongly resisted flow. In contrast. d = 0 and d = +2 resulted in lower
pressure drops. with d = +2 being slightly higher than that for d = 0. This behavior is attributed to
the proximity of the VG to the next corrugation entrance, which locally restricts the flow passage
and increases resistance. The corresponding values are listed in Table 6.3 [P11].
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Figure 6.6 Variation of average Nu and pressure drop with Re for different values of VG
position [P11].

6.5Performance Enhancement and Pressure Ratio

Figure 6.7 presents the PE (Equation (13)) and PR (Equation (12)) as functions of the Re for
different VG positions. The heat transfer enhancement reached approximately 121% for d = 2.
compared to 77% and 76% for d = 0 and d = +2, respectively. The superior performance of d = —
2 is consistent with the stronger interaction between the generated vortices and the corrugation-
induced recirculation observed in the previous flow visualizations. The enhancement was more
pronounced at higher Re than at lower ones. highlighting that the use of VGs is especially effective
in higher-flow regimes. On the other hand. The PR exhibited the highest penalty at d =-2. reaching

nearly 12.5 times the baseline. This was significantly higher than that of the other positions. which
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is approximately seven times. As the Re increased, the difference in the PR between the cases
decreased. This suggests that the influence of the VG-induced flow resistance becomes less

dominant relative to the overall flow momentum at higher Re [P11].
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Figure 6.7 Variation of PE and PR with Re for different VG positions [P11].

6.6 Overall performance evaluation

Figure 6.8 presents the PEC (Equation (14)) as a function of the Re for different VG positions.
The configuration with d = 0 showed higher PEC values only in the Re range of 10000-15000. In
contrast, the d = -2 configuration achieves higher PEC values overall, particularly at Re = 30000,
where it reaches 0.96, which is very close to the ideal value of 1, indicating an excellent balance
between heat transfer enhancement and pressure drop. This behavior confirms that positioning the
VG near the corrugation entrance allows more effective utilization of the generated vortical
structures over the entire corrugated section. This configuration also exhibited favorable PE
results, suggesting that a VG with spacing S =5 mm represents an optimal position and size. Such

a VG can be implemented in real-world applications, such as heat exchangers, to significantly
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improve thermal performance while maintaining acceptable pressure losses. The key results are
presented in [46] [P11].
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Figure 6.8 Variation of PEC with Re for different VG positions [P11].

These findings demonstrate that the streamwise position of the vortex generator strongly
influences the interaction between the generated vortices and the natural recirculation zones inside
the corrugated channel. Placing the VG near the corrugation entrance (d = -2) promoted stronger
fluid mixing and significantly reduced the recirculation regions near the corrugation corners,
leading to a thinner thermal boundary layer and improved wall-fluid interaction. This
configuration produced the highest heat-transfer enhancement and PEC among the investigated
cases, indicating a more favorable thermal-hydraulic balance. The results also showed that the
location of the VG controls the distribution of turbulence and wall shear stress along the corrugated
surface, which directly affects the local and average heat-transfer behavior. These observations
provide useful design guidance for optimizing vortex-generator placement in compact corrugated

heat exchangers.
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7. SINGLE VG Vvs. TWoO-PAIR VG CONFIGURATION

The use of additional VG pairs can enhance vortex interaction and fluid mixing inside
corrugated channels; however, it may also increase pressure losses because of the stronger flow
obstruction. Direct comparisons between single-body and two-pair VG configurations in semi-
circular corrugated channels remain limited, particularly when both arrangements are positioned
inside the corrugated section. Furthermore, the influence of vortex interaction between VG pairs
on the overall thermal-hydraulic balance is still not fully understood. Therefore, evaluating
whether a two-pair arrangement provides meaningful advantages over a single optimized VG
configuration is important for the design of compact heat exchangers. This chapter presents a
comparative analysis between a single VG configuration and a two-pair VG arrangement within
the corrugated channel. The objective is to assess how increasing the number of vortex generators
influences the flow structure and overall thermal-hydraulic performance. The discussion begins
with velocity contours and streamlines to highlight differences in flow interaction, vortex
development, and mixing intensity between the two configurations. The comparison is then
extended to global performance indicators, including the percentage heat transfer enhancement,
pressure ratio, and performance evaluation criterion. This focused analysis provides insight into
whether the use of multiple VGs offers additional benefits compared to a single VG configuration,
considering both heat transfer improvement and the associated pressure loss [P5].

Figure 7.1 presents the geometry with the same dimensions described in Section 2. It also
illustrates the configuration of the two-pair winglet-type VGs. In this arrangement, each VG pair
is attached at the midpoint of the semi-circular corrugation wall. The VGs extend from the surface
with an extrusion height (F) of 2 mm, a length (L) of 4 mm, and a thickness (E) of 0.5 mm. Three
different spacings between the two winglets were examined, with distances (A) of 2, 4, and 6 mm
[P5].
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Figure 7.1 Geometry of the corrugated channel showing the two-pair vortex generator
arrangement.

7.1Flow field visualization

Figure 7.2 shows the velocity contours. The velocity is concentrated in the middle of the
channel, while dead zones appear near the corrugation corners because of the corrugation pitch.
The use of VGs redirects the flow toward the walls, increasing the near-wall velocity and
improving fluid—wall interaction. As the distance between the VGs increases, the velocity near the
walls becomes higher. This indicates that wider VG spacing allows the generated vortices to
develop more effectively before interacting with adjacent flow structures. At A =6 mm, the near-

wall velocity is the highest, resulting in better contact between the fluid and the wall [P5].

Velocity Magnitude

[ s ]0.00€+00 2.68e-01 536e-01 8.04e-01 1.07e+00 1.34e+00 1.61e+00 1.88e+00 2.14e+00 2.41e+00 2.68e+00

Figure 7.2 Velocity contours for the two-pair VG configuration [P5].
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Figure 7.3 presents the velocity streamlines. The dead zones correspond to fluid recirculation
regions that reduce the local heat transfer efficiency near the corrugated walls. The VGs reduce
the recirculation zones near the wall but generate a larger recirculation region in the middle of the
channel, which contributes to additional pressure loss. The spacing between the VGs also affects
the flow structure. Increasing the VG distance reduces the recirculation near the corrugated wall
while enlarging the central recirculation region. This behavior suggests that wider spacing allows
stronger vortex development in the channel core, leading to enhanced mixing but also greater

momentum dissipation [P5].

Figure 7.3 Streamlines for the two-pair VG configuration [P5].
7.2Heat transfer enhancement and pressure ratio

Figure 7.4 present the PE (Equation (13)) and PR (Equation (12)) varying with Re. The VGs
show a good effect on heat transfer enhancement, which increases respectively with the increase
of the distance. The highest value is for A = 6 mm, about 86%, while the lowest is for A =2 mm,
about 22%. A = 4 mm shows average performance. The improved enhancement at larger spacing
is associated with stronger development of the generated vortices and a wider interaction region
between the flow core and the heated walls. The pressure drop increases more than 9 times at the
largest distance, while it is about 5 times and 4 times for A =4 mm and A = 2 mm, respectively.

For comparison, the best configuration of the single-body VGs (CUVGs) yielded a higher heat-
transfer enhancement of around 121%, though with a larger pressure penalty of nearly 12.5 times.
This indicates that the single-body VG produces stronger and more concentrated flow disturbance
than the two-pair configurations, resulting in greater thermal enhancement but also higher

momentum loss [P5].
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Figure 7.4 Variation of PE and PR with Re for the two-pair VG configuration.

7.30verall Performance Evaluation

To balance between heat transfer enhancement and pressure drop, the thermal hydraulic
performance coefficient was measured (Equation (14)), as shown in Figure 7.5. The smallest
distance has a lower PEC compared to the other two distances. The cases A =4 mm and A =6 mm
range between 0.83 and 0.88, which is close to one, with each having an advantage within a
specific Reynolds number range. A = 4 mm shows higher values for Re between 10,000 and
26,000, while A =6 mm performs better above 26,000. This indicates that larger spacing becomes
more effective at high flow rates, where the stronger flow momentum supports better vortex
development with a relatively lower hydraulic penalty.

For comparison, the single-body configuration exhibits higher PEC values across most Re. At
Re = 30,000, the PEC reaches approximately 0.96, which is very close to the ideal value of one,
indicating a stronger overall balance between heat-transfer enhancement and pressure drop than

the two-pair cases. This behavior is consistent with its higher heat-transfer performance reported
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earlier. Based on these results, the single-body VG (CUVGS) provides the best overall thermal-

hydraulic performance among the configurations studied.
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Figure 7.5 Variation of PEC as a function of Re for the two-pair VG configuration.

These findings demonstrate that using two VG pairs does not necessarily improve the overall
thermal-hydraulic performance of the corrugated channel. Although the two-pair arrangement
intensified vortex interaction and flow disturbance, the additional vortices generated strong flow
interference and larger recirculation regions inside the channel, leading to a significant increase in
pressure losses. In comparison with the optimized single CUVG configuration (S=5mmand d =
-2), the two-pair arrangement produced less favorable thermal-hydraulic behavior because the
excessive vortex interaction weakened the overall flow organization and reduced the performance
balance. The results therefore indicate that a properly positioned single VG can provide more
efficient enhancement than two VG pairs, highlighting the importance of controlled vortex
generation rather than increasing the complexity of the VG arrangement.

A comparison with previous study involving two-pair winglet vortex generators further
highlights the effectiveness of the present optimized configuration. For example, previous
investigations employing different paired rectangular winglet vortex generators in compact heat
exchangers reported maximum heat-transfer enhancements of approximately 112%. In the present
study, the optimized single-body concave-up vortex generator combined with the selected size and
position achieved a higher enhancement of approximately 121%. This improvement indicates that
geometric consistency between the vortex generator shape and the corrugated channel profile plays
an important role in strengthening near-wall mixing and improving thermal-hydraulic

performance.
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8.

THESES-NEW SCIENTIFIC RESULTS

This thesis presented a comprehensive numerical investigation of heat transfer enhancement in

a semi-circular corrugated channel using combined passive enhancement techniques, including

vortex generators. The study systematically examined the influence of VG geometry, size, and

streamwise position. The main original contributions and findings of the thesis are summarized as

follows:

T1.

T2.

T3.

A novel contribution of this thesis is that | investigated three different vortex generator
geometries in relation to the corrugated channel shape, which has received limited attention
in previous studies. The geometry of the vortex generators strongly influences the flow
behavior and heat transfer characteristics in corrugated channels. Concave-up vortex
generators generate stronger and more stable vortical structures, which enhance fluid mixing
and effectively disrupt the thermal boundary layer, resulting in the highest heat transfer
enhancement among the investigated designs. Concave-down and straight vortex generators
also improve heat transfer compared to the baseline configuration, but with relatively weaker
vortex intensity. These findings demonstrate that VG geometry plays a key role in controlling

vortex strength and heat transfer performance [P1] [P2].

This thesis demonstrates the influence of vortex generator size on the thermal-hydraulic
performance of corrugated channels. In this work, | investigated the effect of VG size on flow
disturbance, thermal boundary-layer development, and pressure-drop behavior. The results
demonstrate that increasing the vortex generator size significantly enhances heat transfer in
corrugated channels by intensifying flow disturbance, thinning the thermal boundary layer,
and promoting stronger fluid mixing. This leads to higher local and average Nusselt numbers.
However, the thermal improvement is accompanied by an increase in wall shear stress and
pressure drop. Among the investigated configurations, moderate VG sizes (S = 4-6 mm)
provide the most favorable thermal-hydraulic compromise, achieving PEC values close to
unity, which indicates efficient performance without excessive hydraulic penalties. This
finding highlights the importance of VG size optimization in corrugated channels, which has

received limited attention in previous studies [P10] [P2].

This thesis demonstrates the importance of vortex generator streamwise position on the flow

structure and thermal-hydraulic performance in a corrugated channel. In particular, | studied
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T4.

the influence of VG placement relative to the corrugation geometry. The position of the vortex
generator plays a critical role in determining overall performance. Locating the VG near the
corrugation entrance (d = —2) produces the highest heat transfer enhancement due to stronger
mixing and suppression of recirculation zones, resulting in a maximum PEC of approximately
0.96. Although this configuration induces a higher pressure drop, it offers the best overall
thermal-hydraulic balance. This confirms that strategic placement of VGs is as important as
their size in achieving optimal heat exchanger performance. This result highlights that
accurate VG positioning within corrugated channels is a key design parameter, and its
systematic assessment has received less attention compared to VG geometry and size in

previous studies [P11].

Another contribution of this thesis is the direct comparison between a two-pair vortex
generator configuration with a single-body concave-up vortex generator (CUVG) to determine
which arrangement provides better thermal-hydraulic performance in a corrugated channel.
In this part of the work, | compared the thermal enhancement produced by paired and single-
body VG configurations under identical operating conditions. Many previous studies have
employed two-pair vortex generator configurations in corrugated channels. The results show
that although the two-pair configuration enhances heat transfer, its maximum improvement
(approximately 86%) remains lower than that achieved by the single-body CUVG, which
reaches about 121%. This indicates that a properly designed single-body VG can outperform
more complex multi-VG configurations. This demonstrates that a well-designed single VG
can outperform more complex multi-VG configurations while avoiding unnecessary

geometric complexity [P5] [P2].
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