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The current investigation analyses the convective heat transfer performance, entropy generation, and entransy evaluation of swirl
flows generated by distorted radial fins (DRF). As swirl flows and various vortical structures induce large temperature gradients,
second law and entransy analyses are necessary to thoroughly evaluate their true thermodynamic influence on heat transfer
enhancement. The results indicated that due to the influence of swirl flows and vortices, all angles of the DRF were capable of
inducing intense fluid mixing, thinner thermal boundary layers, and turbulent eddies. It was found that overaggressive swirl
flows may hinder local heat transfer performances, by enclosing low-velocity heated fluids within the thermal boundary layers.
However, as these overaggressive swirl flows and strong vortices propagate downstream, beneficial fluid mixing was eventuated,
favouring heat transport over large regions. In terms of thermal performances, the maximum heat transfer enhancement was
exhibited by the α = 45° DRF, improving the Nusselt numbers up to 59.3%. Accordingly, the highest performance evaluation
criterion (PEC) of 1.269 was obtained by the α = 45° DRF at the Reynolds number 2389, attributed to the centrifugal effects of
the swirl flows. Optimal entropy generation numbers were also exhibited by the α = 45° DRF at the highest studied Reynolds
number, reducing total entropy generation by 36.81%. Lower entransy thermal resistances were also accredited to greater DRF
angles due to the intense swirl effects. In essence, the study concludes that the effects of swirl flows and vortices significantly
enhance heat transfer, whilst reducing both entropy generation and entransy dissipation rates, leading to optimal thermal
performances.

1. Introduction

Internal forced convection heat transfer has seen a plethora
of applications throughout numerous engineering systems,
inclusive of heat exchangers, IC engines, and gas turbine sys-
tems [1, 2]. As such, great importance has been placed on
enhancing their heat transfer capabilities. There exist two
primary techniques for enhancing heat transfer, which are
active methods, methods that require input from an external
supply of energy, and passive methods, methods that rely on
the use of effective heat transfer area, fluid modification, and
flow alterations [3]. One of the most common passive

methods of heat enhancement is the use of fins or inserts
in flow domains. Mainly, the addition of fins or inserts func-
tions to increase the conductive surface area for heating/
cooling. However, in recent years, studies have found inter-
esting flow occurrences and heat transfer phenomena due to
the presence of fins [4]. These flow structures are simply
known as vortices and are classified based on their rotational
axis direction [5]. Longitudinal vortices rotate perpendicular
to the flow direction, whilst transverse vortices rotate parallel
to the flow direction. The creation of such vortical structures
has shown immense improvements in heat transfer
enhancement, due to various ideal flow characteristics

Hindawi
International Journal of Energy Research
Volume 2023, Article ID 5557828, 25 pages
https://doi.org/10.1155/2023/5557828

https://orcid.org/0009-0004-8447-6678
https://orcid.org/0000-0002-3766-8413
https://orcid.org/0000-0002-7540-7134
https://orcid.org/0000-0001-8735-8651
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/5557828


induced in the flow [6–10]. In spite of the enhanced heat
transfer rates, the presence of fins often leads to increased
pressure drop and friction losses across the system, which
correlates to higher pumping power requirements [11].
Thus, researchers have diverted their attention to creative
fin designs that are capable of generating vortical structures
whilst sustaining pressure drop. Additionally, the combined
effects of modified geometry and nanofluids have shown
compelling heat transfer performances [12–14].

The generation of vortices is primarily due to the pres-
sure difference between the freestream flow and the resulting
pressure after interaction with a blockage in the flow. Trans-
verse vortices are typically due to flow separation, which is
defined as the detachment of the boundary layers from the
body surface, where the reattachment eventuates a recircula-
tion zone, brimmed with transverse vortices [15]. The gener-
ated recirculation zone is due to the pressure difference,
which pulls and impinges the flow inwards, creating trans-
verse vortices. Longitudinal vortices are due to the pressure
difference between the upstream and downstream sides of
the fin, inducing perpendicular rotational motion, which
can eventuate swirling effects to the main flow direction
[16]. Several studies have been conducted on longitudinal
and transverse vortices individually and have reported com-
pelling results. Zheng et al. investigated the thermohydraulic
effects of longitudinal swirl flows utilizing internally grooved
tubes and found that the swirl flows eventuated by the longi-
tudinal vortices highly disturbed the flow fields, leading to
significant heat transfer enhancement [17]. Oon et al.
numerically analysed flow separation utilizing a backward-
facing step [18]. They found that the lowest temperature
was located near the end of the recirculation zone, signifying
maximum local heat transfer within the transverse vortical
structures. Wang et al. found similar results when investigat-
ing the effects of perforated curve fins within an annular
domain [19]. The observed results suggested that lower tem-
peratures emerged within regions of strong and large vorti-
ces, regardless of the types of vortices. Jiang et al.
examined the heat transfer enhancement of a plate heat
exchanger with symmetrically distributed capsules [20].
The results indicated that both transverse and longitudinal
vortices promoted swirling that disrupted the boundary
layers, effectively enhancing heat transfer rates. The study
concluded that vortices and fluid impingement were the pri-
mary contributors to heat transfer enhancement. Although
the presence of the vortical structures promoted swirling,
the influence of swirl flows was lacking within the study,
where thorough evaluation of the effects of swirling flows
could have been the primary contributor to the thermohy-
draulic performance. Chompookham et al. attempted to
study the heat transfer effects of a wedge-ribbed channel
using winglet vortex generators [21]. The authors found sig-
nificant heat transfer enhancement mainly due to two fac-
tors, which are continual interruption of the thermal
boundary layer achieved by recirculating flows and longitu-
dinal vortices that channelled the reverse flow trapped
behind the ribs into the freestream flow. From the literature,
it is commonly known that longitudinal vortices possess
superior heat transfer capabilities compared to transverse

vortices [7], likely due to the swirling effect often associated
with longitudinal vortices. These swirling effects, fittingly
known as swirl flows, possess incredible heat transfer capa-
bilities, due to the intense centrifugal fluid mixing over large
regions of the fluid domain. Nair et al. [6] investigated the
heat transfer performance of swirl-inducing fins. The
authors found that due to the swirling longitudinal vortices,
higher recirculation intensity was effectuated, leading to
increments in local heat transfer coefficient and the Nusselt
numbers. However, the authors failed to conclude if swirl
flow intensity directly correlates to better heat transfer per-
formances. Furthermore, intense, long-lived swirl flows are
difficult to achieve, due to the influence of the constant free-
stream flow [22]. Thus, in order to produce prominent and
prolonged swirling effects, the simultaneous generation and
company of vortical structures could potentially strengthen
and perpetuate swirl flows, whilst intensifying turbulence.
The current paper is aimed at employing fins that are capa-
ble of producing intense swirl flow, strengthened by vortices,
in order to determine its thermohydraulic influence and
assess the correlation between swirl flow intensity and heat
transfer performance.

Historically, one of the main assessors of heat transfer
performance is the performance evaluation criteria (PEC),
which takes into consideration of the frictional losses. It is
defined as the ratio between the Nusselt number improve-
ment and friction factor penalties of employed heat transfer
enhancement methods and a baseline case without any
methods employed. Various studies have utilized this
approach for diverse thermal engineering applications as
an optimization technique [23–26]. Besides this, complex
flows involving large temperature gradients are often inves-
tigated utilizing first law analysis for thermodynamic evalu-
ation. However, this approach does not sufficiently address
the complexity of effective energy dissipation and transfer
mechanisms [27, 28]. This necessitates second law analysis
as an approach to investigate such losses and the true ther-
modynamic influence of the heat transfer enhancement
method. The second law of thermodynamics expresses that
all real processes are irreversible by nature, where entropy
is a measurement of irreversibility and is directly propor-
tional to destroyed exergy [29]. This suggests that as entropy
is generated, energy quality deteriorates. Therefore, in order
to preserve energy quality, or minimize entropy generation,
it is critical to study entropy generation distribution in ther-
mofluid processes. Shiba and Bejan proposed a method to
close the gap between thermodynamics, heat transfer perfor-
mance, and fluid dynamics [30]. Subsequently, entropy gen-
eration minimization (EGM) emerged as an approach for
optimal thermal system designs. Numerous investigations
have been conducted on second law analysis and EGM, to
optimize thermal system performances [31–35]. Mwesigye
et al. numerically analysed the effects of longitudinal vortices
generated by surface-detached twisted tapes [36]. The study
found that the twisted tape inserts effectuated a major reduc-
tion in entropy generation, especially at low Reynolds num-
bers, which determined the optimum Reynolds number for
each specific case. Similar to most literature, the authors pri-
marily focused on the entropy generation due to geometrical
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effects, instead of the entropy generation due to the flow
phenomena. The comprehension of entropy generation
due to flow phenomena is immensely pertinent, as second
law analysis and overall fluid dynamics are fundamental in
every thermal system. Korei and Benissaad [37] evaluated
the entropy generation of nanofluid flow through a 90°

elbow. The study varied the Reynolds number, nanoparticle
concentration, and nanoparticle diameter. In all cases, it was
found that the addition of nanoparticles led to a reduction of
entropy generation, where an increment in the Reynolds
number led to a reduction in viscous entropy and an
increase in thermal entropy. Similar results were also
obtained by Duangthongsuk and Wongwises [38] when ana-
lysing the thermal effects of conical strip inserts on EGM.
Interestingly, it was found that the maximum studied Reyn-
olds number generated the lowest entropy, obtaining vastly
dissimilar results from other studies. Although EGM and
second law analysis have also been applied in recent efforts
studying modified geometries and nanofluid [39–42], second
law investigation on intense and specific fluid phenomena
has been lacking within the current state of the art, necessi-
tating the current paper. Furthermore, as intense swirl flows
and vortices significantly influence the temperature distribu-
tion, energy dissipation, and local flow velocities, second law
analysis could provide a deeper comprehension of the over-
all thermodynamics’ improvement of swirl flows and vorti-
cal structures on heat transfer and fluid mechanics.

Coupled with second law analysis, Guo et al. [43] pro-
posed the novel concept of entransy, which describes the
potential capability of convective heat transfer. This could
be elucidated as the amount of energy transferred is con-
served and the potential of transferring heat is reduced due
to thermal resistances. Thus, for any heat transfer process
between two mediums, the higher temperature medium
loses entransy, whilst the other lower temperature gains
entransy [44]. Hence, as the concept of entransy is not con-
served in heat transfer, entransy dissipation expresses the
loss of potential heat transfer capability due to irreversibil-
ities and could also be utilized as another assessor to specif-
ically evaluate the efficiency of convective heat transfer. Both
entransy and entropy are important, as the concept of
entropy is related to irreversibilities during heat-work con-
version, whilst entransy is the concept of irreversibilities
during convective or conductive heat transfer without work
[45]. This signifies that entransy dissipation expresses the
quantitative irreversibilities purely due to temperature dif-
ferences between mediums, by formulating a form of ther-
mal resistance for entransy. Thus, the development of the
entransy dissipation extremum principles, which states the
primary objective of optimization for heat transfer processes,
involves minimizing entransy dissipation rate (EDR) and
entransy thermal resistance (ETR). Several studies have
implemented entransy evaluation as an approach to opti-
mize heat transfer processes [46–48]. All of which reflects
the importance that the minimalizing of ETR indefinitely
leads to optimal heat transfer. Broadly, state-of-the-art liter-
ature has primarily utilized this approach for optimization of
specific thermal systems, where investigations on the
entransy dissipation of fluid phenomena, such as swirl flows

and vortical structures, are yet to be conducted. Without of
which, the fundamental optimization of convective heat
transfer cannot be achieved. Thus, the current work is con-
ducted to establish the entransy dissipation rate and thermal
resistance of swirl flows and vortices for optimal convective
heat transfer.

Although numerous studies have conducted the separate
thermohydraulic effects of swirl flows and vortices, investi-
gation on the interactions of long-lived, intense swirl flows
that are instantly strengthened by vortices has yet to be thor-
oughly assessed. Furthermore, the correlation between swir-
ling intensity and thermohydraulic performance remains
unexplored. Hence, the current study is aimed at designing
fins that are capable of generating profound swirling flows
and vortical structures, by implementing various distortions
and blockages, fittingly known as distorted radial fins (DRF).
The analysis contributes to filling the research gap, by con-
ducting a numerical analysis on heat transfer enhancement
due to the combined effects of swirl flows and various vorti-
cal structures, to determine their thermohydraulic benefit
and evaluate the relationship between swirl flows and heat
transfer. Presently, little work has been conducted on irre-
versibility analysis, such as entropy and entransy, for fluid
phenomena, whereas previous works merely implemented
first law analysis and have not comprehensively considered
the irreversible losses of swirl flows due to entransy dissipa-
tion and entropy generation. Thus, second law analysis and
entransy evaluation are conducted to assess the true thermo-
dynamics and convective thermal resistances of the studied
fin design when generating intense swirl flows and vortical
structures. Explicitly, the novelty and work innovation of
this work lie in the evaluation of the heat transfer enhance-
ment when combining the effects of swirl flows and vortices,
conducting a second law analysis for these effects, and eval-
uating the ETR of the generated fluid phenomena.

2. Methodology

2.1. Computational Model. Figure 1 depicts an example of
the computation models for the current investigation, which
is the case of the 15° angle of attack (α) DRF. The entire
length of the annular channel is 1.5m, where the centre
length of 1.2m is subjected to a constant heat flux of
20804.57W/m2. The remaining walls such as the outer wall
and inner walls near the inlet and outlet possess adiabatic
boundary conditions. Five sets of DRF were employed, with
seven radial fins per set. Each individual radial fin possesses
a thickness of 2mm, a length of 6mm, and a height of
4.34mm, corresponding to 10.72mm fin diameter. The
radial fins were created by initially setting the base of the fins
onto the inner pipe, with the face of the fin facing the span-
wise direction, and distorting the front face of the fin clock-
wise at the amplitude. The distortion of the fin extends until
the amplitude of the fin faces the streamwise direction, per-
pendicular to the flow direction. Five angles of attacks are
studied, where the base angle of individual radial fins is
angled at 0°, 15°, 25°, 35°, and 45°, where the amplitude of
the fins is kept unchanged perpendicular to the flow, for all
angles of attack. The distance between each set of DRF is
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kept at 0.2m, where the first set and last set of DRF possess a
distance of 0.35m from the inlet and outlet, respectively. The
geometric details of the studied models are provided in
Table 1. Due to the presence of the DRF located on the
heated inner pipe, conductive boundary conditions on the
fins are employed. The boundary conditions utilized for
the current investigation are summarized in Table 2. The
Reynolds number range considered for the current study lies
within the transitional and turbulent regime and ranges
from 2389 to 10752, which corresponds to a flow rate range
of 4–18 l/min.

2.2. Numerical Simulations. In order to simulate and predict
complex turbulent flows, the current investigation is ana-

lysed utilizing ANSYS FLUENT 2022 R1. The algorithm
solution method utilized to solve the Navier-Stokes equa-
tion, which solves for the momentum and energy fluxes
within the computational model, was the semi-implicit
pressure-linked equation-consistent (SIMPLEC) scheme.
Furthermore, a second-order upwind discretization method
was also applied for the pressure, momentum, and turbu-
lence equation to achieve more precise and reliable solu-
tions. The viscous sublayer equations were addressed
utilizing the shear-stress transport (SST) k‐ω turbulence
model, selected distinctively due to its robust and accurate
projection of the fluid phenomena near the vicinity of the
wall. The transport equations governing turbulent kinetic
energy, k, and specific dissipation rate, ω, within the SST

0.55 m
0.35 m

1.5 m

Distorted radial fin

6 mm

2 mm
6 mm

15°
Outer wall

Inner wall�12.75 mm

�32.15 mm

4.34 mm

(a) Two-dimensional side and front view of the annular channel consisting of five (5) DRF sets (α = 15°)

Angle of attack

Base of the fin

Top of the fin

15°

Flow direction

(b) Three-dimensional view and anatomy of the individual DRF (α = 15°)

Figure 1: Schematics and dimensions of the DRF computation model (α = 15°).
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k‐ω turbulence model, are elucidated in the following
equations [49].

∂ ρuik
∂xi

= ∂
∂xj

Γk
∂k
∂xj

+Gk − β′ρkω, 1

∂ ρuiω
∂xi

=
∂
∂xj

Γω

∂ω
∂xj

+ Gk +Dw − βρω2 2

The current model is employed due to its credible sim-
ulation on separated boundary layers, which are critical in
heat transfer investigations. This is primarily because the
SST turbulence model is capable of segregating the flow
domain into two regions, comprised of the near wall
region and the free stream region. The blending function
of the model then switches between the k‐ω and k‐ε
models in their respective preferred regions [50]. This
function of the turbulence model is vital for heat transfer
studies, as it ensures proper capture of the phenomena
within the laminar boundary layer, allowing for a more
accurate depiction of heat transfer in fluid flow. Further-
more, the model allows for exceptionally accurate results
relative to other turbulence models and has proven to
exhibit consistent agreement with experimental findings
[51, 52]. As for the fluid, distilled water at 293.15K is uti-

lized for all the numerical simulations, where the proper-
ties are procured and summarized in Table 3 [53]. Prior
to the employment of the conservation of energy equa-
tions, several assumptions were adopted for the numerical
simulations.

(i) A three-dimensional computational domain analy-
sis is conducted

(ii) Incompressible, steady-state flow, with constant
thermophysical fluid properties, was employed

(iii) Gravitational effects were assumed at y = −9 81m/s2

(iv) No-slip conditions are assumed for the walls of the
computational domain

These assumptions were adopted to minimize computa-
tion expense whilst highly prioritizing accuracy. The absence
and presence of gravitational effects were tested for all the
Reynolds numbers for the case of the smooth pipe and
DRF α = 0°. The rationale for the test was to study the influ-
ence of buoyancy force, which could slightly affect the
numerical results, especially within the laminar regime.
Thus, due to the presence of buoyancy force and natural
convection, gravitational effect was assumed. The three-
dimensional Navier-Stokes equations for incompressible
flows, consisting of the conservation of mass, momentum,
and energy, are described in Equations (3)–(7) [54]. The
governing equations for continuity, momentum, and energy
are written in cylindrical coordinates due to the cylindrical
nature of the model.

Continuity equation:

1
r
∂ rVr

∂r
+
1
r
∂Vθ

∂r
+
∂Vz

∂z
= 0 3

Momentum equation with respect to r:

∂Vr

∂t
+Vr

∂Vr

∂r
+
Vθ

r
∂Vr

∂θ
+Vz

∂Vr

∂z
−
V2

θ

r
= −

1
ρ

∂p
∂r

+
μ

ρ

∂
∂r

1
r
∂
∂r

rvr +
1
r2
∂2Vr

∂θ2
+
∂2Vr

∂z2
−

2
r2
∂Vr

∂θ
+ Sr

4

Table 1: Geometric details of the investigated fin models.

Geometric details Value

Total length, L (m) 1.5m

Heated length, LH (m) 1.2m

Outer pipe diameter, Do (mm) 32.15mm

Inner pipe diameter, Di (mm) 12.75mm

Number of fin sets 5 sets

Number of fins per set 7 radial fins

Fin thickness (mm) 2mm

Fin height (mm) 4.34mm

Fin length (mm) 6mm

Fin angle of attacks, α 0°, 15°, 25°, 35°, and 45°

Table 2: Summary of boundary conditions.

Parameter Boundary condition

Inlet Velocity inlet

Outlet Pressure outlet

Outer wall Adiabatic

Inner wall (near the inlet and outlet) Adiabatic

Heated section of inner wall
Constant heat flux
(20804.56772W/m2)

Distorted radial fins Conductive

Inlet fluid temperature 293.15K

Reynolds number 2,389–10,752

Table 3: Thermophysical properties of distilled water [53].

Thermophysical property Value

Density, ρ (kg/m3) 998.5

Viscosity, μ (kg/m·s) 0.00079

Specific heat capacity, Cp (J/kg·K) 4182

Thermal conductivity, k (W/m·K) 0.6024

Prandtl number, Pr 5.484
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Momentum equation with respect to θ:

∂Vθ

∂t
+Vr

∂Vθ

∂r
+
Vθ

r
∂Vθ

∂θ
+ Vz

∂Vθ

∂z
+
VrVθ

r
= −

1
ρr

∂p
∂θ

+
μ

ρ

∂
∂r

1
r
∂
∂r

rvθ +
1
r2
∂2Vθ

∂θ2
+
∂2Vθ

∂z2
+

2
r2
∂Vr

∂θ
+ Sθ

5

Momentum equation with respect to z:

∂Vz

∂t
+ Vr

∂Vz

∂r
+
Vθ

r
∂Vz

∂θ
+Vz

∂Vz

∂z

= −
1
ρ

∂p
∂z

+
μ

ρ

1
r
∂
∂r

r
∂Vz

∂r
+

1
r2
∂2Vz

∂θ2
+
∂2Vz

∂z2
+ Sz

6

Energy equation:

∂i
∂t

+
1
r
∂ rVri

∂r
+
1
r
∂ Vθi
∂r

+
∂ Vzi
∂z

= −
1
ρ
ρ∇ u +

1
ρ
∇ k∇T +

1
ρ
Φ +

1
ρ
Si,

7

where the S terms, in this case, are defined as the source
terms, describing the initial boundary conditions, and the i
term is the internal energy of the fluid. The energy dissipa-
tion function, Φ, can be expanded and represented in

Φ = μ 2
∂Vr

∂r cos θ

2
+

∂Vθ

∂r sin θ

2
+

∂Vz

∂z

2

+
∂Vr

∂r sin θ
+

∂Vθ

∂r cos θ

2
+

∂Vr

∂z
+

∂Vz

∂r cos θ

2

+
∂Vθ

∂z
+

∂Vz

∂r sin θ

2
+λ ∇ u 2

8

In order to ensure that a sufficient and reliable grid is
chosen for the computational domain, a mesh independence
study was performed. The mesh independence study would
establish consistent results that are independent of the num-
ber of mesh whilst balancing computational resources for
the numerical simulations. The current mesh independence
study employs the Richardson extrapolation method, with
a refinement ratio of 1.3 [55]. The mesh independence study
was performed on the DRF at α = 0°, at the highest flow rate
and Reynolds number, Re = 10,752. The discretized compu-
tational model, comprised of tetrahedral meshes with 15
inflation layers set for the walls and fins, is expressed in
Figure 2(a) for DRF α = 0° and α = 45°. The amount of infla-
tion layers utilized for the current investigation functioned
to achieve adequate y + values that would approximately
equate to 1 and to sufficiently capture the boundary layers
for all simulated flow rates. The inflation layers’ growth rates
were conserved at 1.2, where the first layer thickness of the
walls and fins was set at 0.015mm and 0.014mm, respec-

tively. Accordingly, the regions surrounding critical regions,
such as the fins and heated wall section, are discretized with
finer mesh elements, as a means to maximize coverage on
the flow and heat transfer characteristics. Three mesh sizes
were analysed, inclusive of the course, medium, and fine
mesh sizes, with numbers of elements of 3916348,
8486232, and 18963526, respectively. As depicted in
Figure 2(b), the average Nusselt number and pressure drop
difference between the course and medium mesh were found
to be 12.25% and 4.56%, respectively. However, when refin-
ing from the medium to fine mesh, the relative difference in
the average Nusselt number and pressure drop reduces to
2.55% and 2.26%, respectively. To maximize computation
resources and accurate findings, the medium-sized mesh is
deemed sufficient for the current investigation. However,
to provide additional evidence of the reliability of the
medium-sized mesh, an ultrafine mesh was employed with
an increased number of elements of 20501957, in which
the average Nusselt number and pressure drop between the
ultrafine and fine mesh were 1.54% and 0.44%, respectively.
Furthermore, the difference between the medium and ultra-
fine was merely 4.05% and 2.71%. As the differences between
the results were less than 5%, despite having such large dis-
crepancies between the number of elements for the medium
and ultrafine mesh, evidence of the computational accuracy
of the medium mesh is further substantial. Thus, after exten-
sive consideration to balance computational resource, time,
and reliable findings, the medium-sized mesh was selected.

2.3. Data Reduction

2.3.1. Heat Transfer Performance. The following section con-
tributes to process the results obtained from the numerical
methodology. In order to evaluate the heat transfer of any
system, the convective heat transfer coefficient must first
be derived. The heat transfer coefficient can be obtained uti-
lizing the heat flux, inner wall temperature, and bulk tem-
perature of the fluid. Equation (9) represents the average
heat transfer coefficient and is simply defined as the quanti-
tative characteristics of convective heat transfer for a given
temperature change, whereas Equation (10) describes the
equation for bulk temperature and is defined as the
energy-average fluid temperature across the fluid domain
[56].

h = q′′
Tw − Tb

, 9

Tb =
T i + To

2
, 10

where q″ represents the heat flux per unit length, whilst Tw,
Tb, T i, and To represent the wall, bulk, inlet, and outlet tem-
perature, respectively. Accordingly, the hydraulic diameter
of the annular channel and the average Nusselt number
can then be computed utilizing Equation (11) and Equation
(12), respectively [57]. The hydraulic diameter can be
defined as the characteristic diameter of noncircular con-
duits, typically as a ratio of the cross-sectional area and the
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wetted perimeter, whereas the Nusselt number is dimension-
less and is often defined as the ratio of convective heat trans-
fer to conductive heat transfer.

Dh = 2 ro − ri , 11

Nu =
qconvective
qconductive

=
hDh
k

, 12

where ro, ri, and Dh denote the outer pipe radius, inner pipe
radius, and hydraulic diameter, respectively. The k term in
Equation (12) is the thermal conductivity of the working
fluid. Equation (13) elucidates the equation to procure the
Reynolds number and is defined as the ratio of inertial forces
to viscous forces within a fluid [58].

Re =
ρUDh
μ

, 13

where ρ represents the density of the fluid, U is the flow
velocity, and μ is the dynamic viscosity. Utilizing Darcy
Weisbach’s pressure drop equation in Equation (14), the
friction factor could be obtained. The friction factor is

another dimensionless number utilized to define the pres-
sure loss due to the frictional interaction between the fluid
flow and the channel walls.

f =
2ΔPDh
Lρv2

14

Finally, the PEC can be calculated utilizing the average
Nusselt number and friction factors, defined in Equation
(15). The PEC describes the ratio of improved heat transfer
ratio and increased friction factor ratio [59]. It factors the
heat transfer gain and frictional losses in order to thoroughly
analyse the thermohydraulic benefit when employing heat
transfer enhancement methods.

PEC =
Nu/Nus
f /f s

1/3 , 15

where Nu and f represent the average Nusselt number and
friction factor for each specific case, whilst Nus and f s repre-
sent the average Nusselt number and friction factor for the
case of a smooth annular channel.

(a) Enlarged view of the discretization of the DRF α = 0° (left) and α = 45° (right) near the midsection, of the medium mesh size, with

roughly 8,486,232 number of elements. The consistency and gradual uniformity of the inflation layers and elements can be observed
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2.3.2. Second Law Analysis. The second law analysis is per-
formed following methodologies formulated by Bejan [60]
and Ratts and Raut [61]. As aforementioned, the thermo-
physical properties of the working fluid remain constant,
regardless of temperature fluctuations. Thus, the calculation
of the second law analysis could simply be adopted by apply-
ing the first law of thermodynamics on a control volume of
length dx, experiencing constant heat flux from the inner
wall to the fluid flow, described in the following.

dq = q′′p dx = hpdx Ts − Tb =mCpdT , 16

where p and Cp represent the wetted perimeter of the chan-
nel and the specific heat capacity, respectively. The specific
heat capacity is a thermophysical property detailing the
amount of heat required to increase the temperature of the
material by one degree Kelvin per unit mass [62]. Utilizing
Equation (17), the second and fourth terms of the previous
equation can be integrated and modified into Equation
(18), as terms such as heat flux and specific heat capacity
are assumed to remain constant throughout the channel.

dT
dx

=
q′′p
mc

, 17

T x = T i +
q′′p
mCp

x, 18

where m is the mass flow rate and x is an arbitrary point.
The Stanton number is defined as the ratio of the heat trans-
fer coefficient to the thermal capacity of the fluid and can be
expressed in Equation (19), where it could also be utilized by
substitution into Equation (18), to simplify and formulate
Equation (20) [63].

St =
h

ρUCp
, 19

T x = T i +
4St Ts − Tb

Dh
x 20

Accordingly, the second law analysis could be applied to
the same control volume, formulating the entropy produc-
tion rate, defined in the following.

Sgen =mds −
q′′

T + Ts − Tb
, 21

where ds can be defined as the internal reversible process for
incompressible fluids, described by the Gibbs equation in the
following.

ds =
CpdT

T
−
dP
ρT

22

Updating Equation (21) with the Gibbs equation, Equa-
tion (23) can be formulated.

Sgen
dx

=
mCp4St
Dh

Ts − Tb
2

T i + 4St Ts − Tb /Dh x 2

+
m

ρ T i + 4St Ts − Tb /Dh x
−
dP
dx

,
23

where the pressure gradient at the end of the right term can
be expressed in

−
dP
dx

=
f ρU2

2Dh
24

The total entropy generation rate can be determined uti-
lizing Equation (25), where the first and second terms are
the entropy generation due to thermal irreversibilities and
viscous irreversibilities, respectively. Both terms can be
expressed separately in Equation (26) and Equation (27).

Sgen,total =
q′′

2
πD2

hL

NukT2
b

+
8m3 f L

π2ρ2TbD
5
h
, 25

Sgen,th =
q′′

2
πD2

hL

NukT2
b

, 26

Sgen,f =
8m3 f L

π2ρ2TbD
5
h
, 27

where L is the length of the fluid domain. Another parame-
ter worth exploring includes the Bejan number (Be), primar-
ily utilized as a ratio of the contribution of thermal
irreversibilities over the total entropy generation. Be values
between 0 and 1 and describes the dominant entropy gener-
ator between the thermal and viscous terms. When the Be
ranges closer to 1, thermal irreversibilities dominate,
whereas if Be is lesser than 0.5, viscous entropy dominates.
Be is defined in the following.

Be =
Sgen,th
Sgen,total

28

Lastly, the thermodynamic benefit of the heat transfer
enhancement method could be determined by employing
the entropy generation number, Ns, which is defined as the
Sgen,total for each specific case as a ratio to the Sgen,total for that
of a smooth annular channel. At Ns < 1, the thermodynamic
system permits lesser irreversibilities, with increased heat
transfer. The entropy generation number can be expressed
in

Ns =
Sgen,total
Sgen,totals

29

2.3.3. Principle of Entransy Dissipation. The methodologies
proposed by Guo et al. [43] and Wu et al. [64] pioneered
the current data reduction for the principle of entransy
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dissipation. The basic definition of entransy can be
expressed in

E =
1
2
QvhT =

1
2

mCvT T , 30

where Qvh and the bracketed term on the right is the internal
thermal energy stored in the fluid, V is the volume, and Cv is
the molar heat capacity. It should be worth noting that the
molar heat capacity is defined similarly to specific heat
capacity, which is the amount of heat required to raise one
mole of substance by one degree Kelvin or simply the heat
capacity of one mole of a substance [65]. Under constant
heat flux, the entransy balance equation for a fluid flowing
continuously within a pipe can be expressed as [66]

1
2
mCpT

2
o =

1
2
mCpT

2
i +mCp To − T i Tw − ΔE, 31

where ΔE is the EDR. The left-hand side of Equation (31)
depicts the entransy outflow carried by the fluid medium,
whilst the right-hand side represents the entransy inflow,
across the channel wall and entransy dissipation. Thus, the
EDR can be reorganized and defined as

ΔE = 1
2
mCp To − T i 2Tw − T i − To 32

The equivalent thermal resistance of multidimensional
heat transfer or ETR could then be calculated, for the case
of specific heat flux.

Rh =
2Tw − T i − To
2mCp To − T i

=
ΔE

Q2
w
, 33

where Rh is the ETR and Qw is the total heat transfer by the
constant heat flux, which can be calculated utilizing the def-
inition of specific heat capacity, defined in the following.

Qw =mCp To − T i 34

Equation (33) describes the equivalent convective heat
transfer thermal resistance or ETR for specific heat fluxes.
The equation expresses that for specific heat fluxes, heat
transfer is optimized when entransy dissipation is mini-
mized, due to proportional minimization of equivalent ther-
mal resistance. It should be worth noting that for the
boundary condition of a given wall temperature, maximizing
entransy dissipation with minimized thermal resistances
would lead to optimized heat transfer [67]. In both cases,
minimization of ETR is the primary objective. Thus, for
the current boundary condition of specific heat flux, the
smallest EDR and ETR are often associated with optimal
heat transfer performances.

2.4. Numerical Validation. The simulated results for a
smooth annular channel were validated utilizing existing
theoretical correlations. The simulated Nusselt numbers of
the smooth annular channel were compared with the theo-

retical Nusselt number correlation by Gnielinski, defined in
Equations (35)–(40), and Petukhov, defined in Equation
(41) [68].

NuGn =
f ann/8 RePr

k1 + 12 7 f ann/8
0 5 Pr2/3 − 1

1 +
Dh
L

2/3
Fann,

35

k1 = 1 07 +
900
Re

−
0 63

1 + 10Pr
, 36

f ann = 1 8 log10Re
∗ − 1 5 −2, 37

Re∗ = Re
1 + a In a + 1 − a2

1 − a 2In a
, 38

Fann = 0 75a−0 17, 39

a =
Di
Do

, 40

NuPe =
f /8 RePr

1 07 + 12 7 f /8 0 5 Pr2/3 − 1
41

Furthermore, the friction factors of the simulated results
were also validated utilizing the Petukhov and Blasius theo-
retical correlations, found in the following [8].

f Pe = 0 79 In ReDh
− 1 64 −2, 42

f Bl = 0 316 Re−0 25
Dh

43

The validation and comparison with the theoretical cor-
relations previously mentioned for a smooth channel are
illustrated in Figure 3. From the figure, the simulated Nusselt
number exhibits a close resemblance to Gnielinski’s theoret-
ical Nusselt number, particularly at high Reynolds numbers.
This can be attributed to the recent experimental modifica-
tions conducted specifically on an annular domain by Gnie-
linski, which further improves the accuracy of the
correlations. However, the simulated results diverge from
the theoretical Nusselt number by the Petukhov correlations,
with increasing Reynolds number. This discrepancy is likely
due to the difference in the types of conduits utilized, as Pet-
ukhov’s theoretical correlations primarily consider circular
conduits, instead of annular conduits. Such variation could
induce significant influences on the heat distribution and
fluid friction, which subsequently affects the accuracy of
the current numerical result and the theoretical correlations.
As a result, the average deviations for the average Nusselt
number for the Gnielinski and Petukhov theoretical correla-
tions are 8.17% and 7.71%, respectively. Additionally, the
simulated friction factors for the smooth annular channel
were also compared with theoretical correlations by Petu-
khov and Blasius. The simulated friction factor exhibits sim-
ilar trends with the theoretical friction factors by both
correlations, approaching near convergence at the highest
studied Reynolds number. This is a result as both friction
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factor correlations intented use, covers flow regimes above
Re=10,000. The average deviation from the numerical fric-
tion factor with the Petukhov and Blasius correlations was
14.88% and 17.76%, respectively. Thus, due to the accurate
comparison of the numerical results and theoretical correla-
tions, the computational model is sufficiently accurate and
capable of predicting the heat transfer performance utilizing
the currently employed computational models.

3. Results and Discussion

3.1. Thermohydraulic Performance Analysis. To compare the
thermohydraulic performance of various angled DRF, the
average Nusselt number against the Reynolds number is
graphically illustrated in Figure 4. Depicted in Figure 4,
employing DRF could effectively achieve significant heat
transfer enhancement compared to a smooth channel. The
thermal enhancement due to DRF is likely due to the gener-
ated vortices which intensify turbulence and fluid mixing
and further thins boundary layers after each obstacle inter-
action. Furthermore, due to the curvature and distortion of
the DRF, the flow may experience swirling near the heated
walls, strengthened by the vortices, which could significantly
affect heat transfer augmentation. Accordingly, the swirling
effect then increases streamline density and flow velocities
near the inner tube and annular regions, resulting in large
temperature gradients, continual tearing and thinning of
the boundary layers, intense fluid mixing of hot and cold
fluids, and, ultimately, heat transfer enhancement. It should
be worth noting that the buoyancy force and gravitational
effect could also slightly enhance fluid mixing. However, this
phenomenon is merely valid for all cases in the laminar
regime, while in the transitional and turbulent regime, force
convection dominates, leading to negligible gravitational and

buoyancy forces. From the figure, higher angled DRF gener-
ally exhibits higher heat transfer performances, compared to
lower angles. This signifies that heat transport significantly
benefits from higher distortion of the DRF, accompanied
with more intense fluid phenomena. Interestingly, the α = 0
° and α = 25° DRF did not appear to show promising heat
transfer results compared to other angled DRF. This may
be due to the α = 0° and α = 25° DRF development of unique
flow structures that may hinder the generation of swirl flows
or vortices that did not contribute to heat transfer enhance-
ment as much as other angles. Another possible phenome-
non may be due to the decay of the swirl flows and
vortices generated by the α = 0° and α = 25° DRF, which
could significantly affect the bulk temperature and pressure
gradients, impeding heat transfer. Thus, unique generated
flow phenomena and flow regimes, distinctive to each indi-
vidual angled geometry, could significantly influence heat
transfer capabilities. It should be worth noting that at higher
Reynolds numbers, the convective heat transfer performance
exhibits further enhancement for all cases, due to increased
turbulent eddies penetrating the thermal boundary layer,
which induces profound fluid mixing. Thus, for incremental
Reynolds number, the average Nusselt number exhibits
enhancement for all cases. Overall, the employment of the
α = 45° DRF achieved the maximum Nusselt number
enhancement between 28.9% and 59.3%, compared to a
smooth channel.

In terms of hydraulic effects, the influence of DRF on
pressure drop and friction factor with various Reynolds
numbers is demonstrated in Figures 5(a) and 5(b), respec-
tively. From Figure 5(a), it can be noted that the addition
of the DRF significantly alters the pressure drop, especially
at higher angles and Reynolds numbers. Accordingly, the
friction factor has an inverse relationship with the Reynolds
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Figure 3: Validation and comparison of the simulated Nusselt number and friction factor with theoretical correlation equations by
Gnielinski, Petukhov, and Blasius for a smooth conduit. The simulated results for the Nusselt number and friction factors indicate good
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number, exhibiting diminishing viscous effects with incre-
mental Reynolds number, due to intensified inertial effects
that are relative to the viscous effects. From the figures, sig-
nificant enhancement of pressure drop and friction factors
resulted due to the presence of the DRF. For all angles of
the DRF, the presence of the fins induces greater fluid resis-
tance to the flow, often accompanied with intensified fluid
phenomena that amplified resistances. The vortical struc-
tures and swirl flows would then effectuate secondary flows
causing additional resistance to the flow. Furthermore, the
constant shifting in pressure zones due to the swirling effect,
vortical structures, and secondary flows significantly aug-
ments momentum, increasing pressure drag forces after each
interaction with the DRF, contributing to higher overall
pressure loss penalty and friction factors. Amongst the
angles of the DRF, the α = 45° is shown to possess the highest
pressure drop and friction factors. This is due to the rela-
tively larger blockage and distortion of the α = 45° fins com-
pared to lower angles, which could possibly lead to fluid
stagnation at the leading edges of the fins, resulting in flow
hindrance. Thus, the larger blockage yielded more intense
swirling effects and higher turbulent intensity, fluid stagna-
tion, and higher pressure gradient, and surface friction vis-
cous dissipation resulted, leading to increased friction
factors and pressure drops. Relative to a smooth channel,
the maximum friction factor enhancement was 266.8% for
the α = 45°, at Re = 10752.

3.2. Qualitative Thermohydraulic Performance Analysis. In
addition to the quantitative analysis of the thermohydraulic
performance, a qualitative approach is also conducted to
thoroughly visualise the fluid phenomena that contributed

to the thermohydraulic performance of various angled
DRF. Figure 6 illustrates the temperature contour and the
velocity streamlines of the heated walls and fins, for various
DRF angles. From the figure, swirl flows are generated after
interaction with the DRF, which causes an angular shift of
the tangential freestream flow, resulting in a centrifugal
effect. The centrifugal effects of the swirl flows then induce
turbulent eddies that are capable of continual tearing of the
viscous sublayers between the freestream regions and the
heated walls, aiding heat transfer between the mediums.
The presence of swirl flows enables radial flows, in which
the interaction with the tangential freestream flow causes
chaotic advection, significantly contributing to intense fluid
mixing. As the gaps between each individual DRF tighten
associated with increased DRF angles, the tangential free-
stream flow accelerates, leading to more chaotic and intense
swirl flows. Furthermore, due to the streamwise blockage at
the amplitude of the fin, transverse vortices are created
which forces inward impingement of the freestream flow
towards the heated walls. During the impingement process,
colder fluids within the freestream flow are integrated with
the hot fluids near the heat wall regions, whilst simulta-
neously, the heated fluids near the inner wall are driven into
the freestream region. Thus, due to the generation of the
transverse vortices and centrifugal effects of swirl flows, the
cold fluids in the freestream region and the hotter fluids near
the heated wall regions experience intensive mixing, eventu-
ating high temperature gradients and thinning boundary
layers near the walls, leading to improved heat transfer
performances.

From the wall temperature contours, the swirling effects
are less effective for local heat transfer at greater angles,
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Figure 4: Nusselt number as a function of the Reynolds number for various DRF angles. The figure describes the increasing Nusselt number
values with incremental Reynolds numbers.
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whereby the α = 0° and α = 15° have shown more prominent
fluid swirl mixing at finned regions. From observation, the
figure indicates that higher intensity swirl flows are gener-
ated at regions near the trailing edges of high angled DRF

fins, whereby the circulation of these intense swirl flows
may impinge the flow towards the downwash region, trap-
ping heated fluids within the thermal boundary layer near
the fins, which hinder local fluid mixing and heat transfer
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performance at the finned regions. It should also be noted
that due to the immense blockage and distortion of higher
angled DRF, fluid stagnation at the leading edges and
backward-flowing vortical structures between the radial fins
cause thermal boundary layer thickening, diminishing fluid
mixing at the leading edges of the fins, and ultimately result-
ing in local heat transfer retardation. This is likely because
the high blockage of high angled DRF can result in low-
pressure regions at the base of leading edges of the fins,
which can cause flow hindrance and fluid stagnation. Fur-
thermore, due to the distortion and unique geometry of
the DRF, backward-flowing vortices and secondary flows
could also develop, coupled with the low-pressure regions;
the flow exhibits profound pressure drag, which could
impede local heat transfer. These phenomena are illustrated
in Figure 6, whereby higher temperatures near the heated
walls are exhibited behind and in front of the DRF at higher
angles, impeding local heat transfer at leading and trailing
edges of the DRF. However, besides the local finned regions,
as the swirl flow propagates and eventually decays, signifi-
cant heat transfer enhancement is exhibited by high angled
DRF, over large regions distant from the fins. This is illus-
trated in Figure 6, in which lower wall temperatures are
revealed for higher angled DRF, signifying better heat trans-

fer between the heated wall and fluid medium, due to the aid
of intense swirl flows and vortical structures that enabled
heat transfer regions beyond the DRF. Overall, despite local
heat transfer hindrance at finned regions, swirl flows have
shown promising overall heat transfer enhancement, where
swirl flow intensity should be highly considered and opti-
mized for individual cases, to achieve optimal heat transfer
performances.

Figure 7 depicts the turbulence kinetic energy flooded
with flow velocity streamlines. The figure illustrates the
effects of the presence of all angled DRF on the turbulent
kinetic energy, which is the quantitative measure of turbu-
lence intensity. The presence of the DRF induces high turbu-
lent kinetic energy in regions at the fin tips and midsection
of the DRF. This is attributed to the formation of transverse
and longitudinal vortices at the fin tips and the swirling
effect after each interaction with the fins, which results in
increased turbulent kinetic energy in the base and midsec-
tion of the annular conduit. Evidence from Figure 7 denotes
higher turbulent kinetic energy resulting from higher angled
DRF. The mechanism is attributed as higher angled DRF,
comprised of tighter flow margins, translates the tangential
freestream flow into a centrifugal motion and stronger swirl
flows are created, leading to increments in turbulent kinetic
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Figure 6: Wall temperature contour with velocity flow streamline at Re = 9,558 for various DRF angles (3rd DRF, x between 0.7m and
0.8m). Due to the presence of the DRF, prominent swirling effect is effectuated by all angles of the DRF.
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energy. From the observation, stronger vortices were devel-
oped by the α = 25° and α = 35° DRF in comparison with
other angles, despite being within the middle range of the
studied DRF angles. This implies that distinctive vortical
structures are developed with each individual DRF angle,
which could uniquely contribute to or hinder swirl flows
and heat transfer. This could also rationalise the Nusselt
number results of the α = 0° and α = 25° DRF, in which the
vortical structures generated at the leading edges of the fin
tips impede the centrifugal effect and overall heat transfer
enhancement, especially at higher Reynolds numbers, where
vortices could significantly influence swirling and, therefore,
thermal performances. Comparing the thermal results with
Figure 7 would conclude a direct correlation between higher
turbulent kinetic energy due to swirl flows, resulting in
higher heat transfer enhancement. However, the significant
effects of vortices should not be neglected and could also
hinder heat transfer enhancement by impeding the swirl
flow or fluid mixing. The results would signify that vortical
structures generated by the DRF are primarily located at
the fin tips and are inferior, where swirl flow dominates a
majority of the freestream region. This would suggest that
swirl flows are the primary contributor to heat transfer
enhancement, as it dominates fluid mixing at the heated
regions, where vortices simply aid and influence the strength
of swirl flow.

Figures 8 and 9 depict the Q-criterion with velocity con-
tours of the vortical structures and swirl flows and velocity
contour and streamlines in a transverse plane, respectively,
at Re = 9558. The Q-criterion, defined as the instantaneous
velocity gradient tensor, is utilized to visualise vortical struc-
tures. The figure illustrates strong vortical structures being
generated at the amplitude of the DRF fins, whilst swirl flows
are generated near the midsection of the fin, further con-
firming the findings in Figure 7. The Q-criterion clarifies
that higher angled DRF is capable of generating larger and

stronger vortices, followed with more intense swirl flows,
compared to lower angles. This further validates that swirl
flows are broadly influenced by the flow restriction between
each individual DRF, in which turbulent vortical structures
may aid or hinder the intensity of swirl flows. Thus, due to
the beneficial vortical structures, amplified swirl flows gener-
ated by higher angled DRF were capable of higher heat
transfer enhancement compared to lower angles. Besides,
the figure depicts that the larger and stronger vortices gener-
ated by higher angles influencing the centrifugal effect have
shown to effectuate low flow velocity regions at the base of
the fin. Due to the low flow velocities, stagnant fluids with
high temperatures are exhibited near the base of finned
regions of high angled DRF. As aforementioned and further
depicted in Figures 8 and 9, the strong vortices coupled with
intense swirl flows impinge and enclose low-velocity hot
fluids within the thermal boundary layer, restricting local
fluid mixing, which results in the hindrance of local heat
transfer performances. Furthermore, Figure 8 also depicts
backward-flowing vortices and secondary flows developing
at the base of leading edges of the DRF, which visualises
the possibility of heat transfer hindrance due to this phe-
nomenon. Interestingly, as the vortices and swirl flow prop-
agate downstream, the vortices and swirl flows begin to
encourage fluid mixing over relatively larger regions, leading
to overall enhanced heat transfer. These phenomena are
absent for lower angled DRF accredited to weaker swirl flows
and vortical structures that quickly dissipate and could not
enhance heat transfer, as effective as higher angled DRF.
Hence, stronger vortices and swirl flows eventuated by
higher angled DRF encourage and yield superior overall heat
transfer performances, whilst relatively weaker vortices and
swirling effects generated by lower angles that are easily dis-
sipated do not achieve satisfactory overall heat transfer per-
formances. Furthermore, the intense propagated fluid
phenomena generated by high angled DRF enables influence
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Figure 7: Turbulent kinetic energy contour with flow velocity streamlines at Re = 9558 (3rd DRF, x between 0.65m and 0.8m). The
obstruction and distortion of the DRF forms vortices and eventuates swirl flows, which induces increments in turbulent kinetic energy.
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on the bulk and wall temperatures far from the DRF, cover-
ing and effectuating heat transfer enhancement over large
regions of the fluid domain. Dissimilarly, as the relatively
weaker swirl flows effectuated by lower angled DRF are
generated, the influence of the freestream flow eventually
dominates within short distances from the DRF, leading
to reduced heat transport at farther regions from the fins.
This is depicted in Figures 4 and 6, where the overall
quantitative and qualitative thermal transport for high
angled DRF is more effective than lower angled DRF. It
should be noted that, from Figure 9, minimal vortices
are also observed, which may be because vortical struc-
tures are very quickly merged into the swirl flows after
each interaction with the fins.

3.3. Performance Evaluation Analysis. The PEC assesses spe-
cific heat transfer enhancement methods on the heat transfer
gains with respect to the fluid friction penalty, compared
with that of a smooth channel or baseline case. Figure 10
describes the PEC for various DRF angles against the Reyn-
olds number. From the figure, all DRF angles exhibit deteri-
orating PEC with incremental Reynolds number. This may
be attributed to the exponential enhancement in the inten-
sity of vortices and swirl flows with increasing Reynolds
number, which significantly contributes to increased friction
factors with diminishing heat transfer gains, resulting in
lowered PEC performances. As observed, the highest and
lowest PEC was achieved by the α = 45° DRF, at the lowest
and highest studied Reynolds number, respectively. This sig-
nifies that higher angled DRF significantly benefits from low
flow rates, creating optimal swirl flow strengths with mini-
mal viscous influence for optimized heat transfer gains.

However, compared to lower angles, greater angled DRF also
exhibits drastic diminishing results with incremental
Reynolds numbers, due to the severe friction factors, owing
to relatively larger blockages and overintensified fluid phe-
nomena. At the highest Reynolds number studied, all cases
of the DRF exhibit unjustifiable heat transfer gains, obtain-
ing PEC lower than a smooth channel, signifying more fric-
tional losses compared to heat transfer gains of the DRF,
relative to the smooth channel. This may be a result of over-
intensified swirl flows associated with high Reynolds num-
bers that had depreciating heat transfer enhancement with
escalated viscous effects. Another phenomenon worthy of
discussion could be the influence of vortices. As vortical
structures strongly influence all aspects of the swirl flows,
especially at high Reynolds numbers, the formation of tur-
bulent and chaotic vortices could hinder beneficial swirl
flows for heat transfer enhancement. This is further exacer-
bated, as the chaotic vortices also cause increased fluid resis-
tance and drag forces, resulting in further hindrance of the
PEC at high Reynolds numbers. Hence, although higher
swirling intensity, associated with high Reynolds number
and DRF angles, is capable of achieving higher thermal per-
formances, the viscous influence of the phenomenon is often
unjustified at high Reynolds numbers. Similarly, at low
Reynolds numbers, favourable swirl flows with beneficial
vortical structure may have ensued, achieving satisfactory
heat transfer gains with minimal fluid friction. In terms of
the general trend of the PEC, lower angled DRF have shown
slightly better overall results within the studied Reynolds
number range. Specifically for the α = 15°, the angle pos-
sessed reasonable heat transfer gains that outweighed fluid
friction for a majority of the studied Reynolds number
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range. This may be attributed to the ideal strength and con-
dition of the swirl flow which enabled effective and beneficial
fluid mixing, coupled with relatively lesser viscous influence,
compared to other angles. Thus, for optimal performance at
high Reynolds numbers, lower DRF angles are more advan-
tageous, whereas, in the laminar regime, higher DRF angles
are favourable. Despite obtaining the lowest PEC at high
Reynolds numbers, the highest PEC of 1.269 was achieved
by the α = 45°, attributed to favourable intensified swirl flow
strengths and vortices, with justifiable friction factors, specif-
ically at Re = 2389.

3.4. Second Law Analysis. To comprehend the true thermo-
dynamic nature of the heat transfer enhancement method,
second law analysis is required. Second law analysis involves
determining entropy generation rate, which occurs due to
the presence of irreversibilities. As employment of the DRF
may induce large temperature gradients, which could signif-
icantly reduce irreversible losses, conducting second law
analysis could be utilized as an assessor for optimization
and practicality. Figure 11 exemplifies the entropy genera-
tion rate due to thermal and viscous irreversibilities with
varying Reynolds numbers, for all DRF angles. In terms of
thermal entropy generation rate, incremental Reynolds
numbers are observed to yield diminishing thermal entropy
generation rates for all conduit designs. This is because tur-
bulence and the fluid phenomena intensify with higher
Reynolds numbers and amplified fluid mixing and turbulent
eddies effectuate, leading to enhanced heat transfer rates.

Furthermore, as thermal irreversibilities are inversely pro-
portional to heat transfer rates, higher heat transfer rates
and bulk temperatures of the fluid would directly corre-
spond to lower thermal irreversibilities generated. From
the figure, the use of DRF has shown significant improve-
ment in thermal EGM, compared to a smooth channel. As
observed, lower thermal entropy generation rate can be
achieved by employing higher angled DRF. This is attributed
to the creation of ideal and intense heat transfer phenomena,
such as the centrifugal effects of the swirl flows and vortical
structures that reinforced it, which led to overall enhanced
heat transfer performance. Indicated previously, as the
employment of lower angled DRF yields overall weaker fluid
phenomena, marginal heat transfer gains were achieved,
resulting in inflated thermal irreversibilities. Thus, the
resulting amplified Nusselt number and bulk temperature
as a result of higher intensity swirl flows and larger temper-
ature gradients, often incidental to increasing DRF angles,
lead to a significant reduction in thermal irreversibilities.
In terms of thermal EGM, the best performing case was
the α = 45°, where thermal irreversibilities were reduced by
22.34%–36.81% compared to a smooth conduit. The result-
ing thermal irreversibilities depict good correspondence to
the heat transfer performances from the first law analysis,
signifying that lower entropy generation indefinitely leads
and corresponds to optimal heat transfer augmentations.
Similarly, the figure also depicts the effects of increasing
DRF angles and Reynolds number on the viscous entropy
generation rates. Evidence suggests that the introduction of
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greater angled DRF indefinitely results in higher viscous
irreversibility generation, in comparison to lower angles.
This can be accredited to the immense blockage and fluid
occurrences of higher angled DRF, which results in chaotic
pressure distribution and increments in the friction factors,
significantly affecting the viscous entropy generation rate
as stated in Equation (27). Furthermore, as increased flow
velocities effectuate rise in the mass flow rates and Reynolds
numbers, viscous irreversibilities are enhanced with incre-
mental Reynolds numbers. Hence, due to the direct correla-
tion between blockage, intense fluid occurrences, and
viscous irreversibilities, the greatest DRF angle of α = 45°
exhibited maximum viscous entropy generation rate
enhancement up to 266.8% at the highest studied Reynolds
number. Figure 12 represents the total entropy generation
rate for all conduits, under various Reynolds numbers. The
figure clearly illustrates that the total entropy generation
rates show similar characteristics with the thermal entropy
generation rates, preliminarily implying that total entropy
generation is predominantly generated due to thermal irre-
versibilities, compared to viscous irreversibilities. In essence,
the variation of the DRF angles could significantly affect the
resulting fluid phenomena, temperature gradients, and pres-
sure distribution, leading to consequential impacts on the
Nusselt number, bulk temperature, and friction factors, in
which minuscule changes of these circumstances could nota-
bly affect the entropy generation rates. Thus, the lowest total
entropy generation rates achieved were 0.1021, for the case

of α = 45° at Re = 10752, accredited to its remarkable heat
transfer capabilities.

The Be quantifies the contribution of entropy generation
attributed specifically to heat transfer irreversibilities, as a
ratio of thermal entropy generation to total entropy genera-
tion. Figure 13 describes the distribution of the Be with
respect to varying Reynolds numbers and DRF angles. From
the results, the Be tends to rapid reduction with incremental
Reynolds number, with greater reductions for higher angled
DRF. This may result as increasing Reynolds numbers and
flow velocities cause significantly greater velocity gradients
compared to temperature gradients, which indicates the
greater role that viscous irreversibilities play at higher Reyn-
olds numbers. This phenomenon was especially accurate for
greater angles, where greater blockages, intense fluid phe-
nomena, and fluid frictions corresponded to greater viscous
irreversibilities. The lowest Be of 0.964 was obtained by the
α = 45° DRF, indicating that, despite operating at the highest
studied Reynolds number, thermal entropy dominates and
contributes to 96.4% of total entropy generation. Interest-
ingly, at the lowest Reynolds number studied, the highest
Be was obtained, at roughly Be = 0 99, which was exhibited
by all DRF cases. This can be attributed to two factors: lower
viscous irreversibilities generated at low Reynolds numbers
and maximum thermal irreversibilities generated at low
Reynolds numbers. Hence, at low Reynolds numbers, ther-
mal entropy generation significantly influences entropy gen-
eration, whilst the presence of viscous irreversibilities can be
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neglected, as it merely contributes to less than 1% of the total
entropy generation rate.

Similar to the PEC, the dimensionless entropy genera-
tion number could provide insightful information on the
thermodynamic benefit of the DRF compared to a smooth
channel. As expressed in Equation (29), the primary goal
of the entropy generation number is to minimize its value
to values at least lower than 1, as it would signify lesser irre-
versibilities permitted and higher heat transfer gains. As
shown in Figure 14, the entropy generation number is plot-
ted against increasing Reynolds numbers. The figure depicts
increasing entropy generation number with incremental
Reynolds numbers, indicating deteriorating thermodynamic
performances with higher flow rates for all DRF angles,
compared to that of a smooth channel. The figure also
depicts that lower angle suffers from relatively higher
entropy generation numbers compared to higher angled
DRF. This is a result of higher angled DRF, such as the α
= 45°, generating lower thermal irreversibilities, and as ther-
mal entropy generation dominates the total entropy genera-
tion, higher angled DRF results in lower entropy generation
numbers compared to lower angles. Thus, despite of higher
hydraulic disadvantages, the entropy number generated for
higher angled DRF is significantly lower than that of lower
angled DRF due to greater intensity of swirl flows which sig-
nificantly enhanced heat transfer with diminishing thermal
entropy generation rates, whereby the optimal entropy num-
ber of Ns = 0 632 was achieved by the α = 45° DRF at Re =
2389, implying that the optimal operating Reynolds number
is at Re = 2389 and the employment of the α = 45° DRF is
capable of reducing total entropy generation up to 36.8%,
in comparison to a smooth channel.

3.5. Entransy Evaluation. In order to evaluate the genuine
heat transfer performances, purely by convective heat trans-
fer, entransy evaluation must be conducted. Entransy evalu-
ation establishes the thermal potential energy and
irreversibilities of heat transfer, at which higher entransy
conserved correlates to lower EDR and ETR and, therefore,
higher heat transfer performance. Thus, incorporation of
entransy evaluation is critical to minimize losses for heat
transfer systems, providing quantified statistics on the prac-
ticality of various fluid phenomena for heat transfer
enhancement. Reduction of entransy due to entransy dissi-
pation and thermal resistances can be obtained utilizing
Equation (32) and Equation (33), respectively, which
expresses EDR and ETR for turbulent convective heat trans-
fer. Figure 15 shows the effect of incremental Reynolds num-
ber with EDR for various DRF angles. From previous
sections, the first law analysis determined that heat transfer
is enhanced with increasing Reynolds number and DRF
angles. Accordingly, with increased heat transfer rates, the
thermal potential energy and EDR of the turbulent flows
generated by various angled DRF are significantly reduced
with incremental Reynolds numbers. This is because the
thermal potential energy mainly focuses on the entransy of
the wall and, thus, is largely dependent on wall temperatures.
Hence, due to the effective convective heat transfer capabil-
ities of swirl flows generated by the DRF, especially at higher
Reynolds numbers, the wall temperatures experience mas-
sive reduction, resulting in reduced EDR as the heated walls
lose temperature. The findings confirm with the theory of
entransy, in which the walls lose thermal potential energy
with reduction in temperature, whereas the fluid gains ther-
mal potential energy with increased temperatures. This
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phenomenon is especially evident for higher DRF angles and
Reynolds numbers. Interestingly, EDR reduction is notice-
ably lower and gradually tends to flat at higher Reynolds

numbers compared to that at lower Reynolds numbers, for
all studied cases. This may be because at low Reynolds num-
ber, the flow exhibits weaker turbulence intensity followed
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by relatively weaker swirl flows. Thus, at low Reynolds num-
bers, convective heat transfer and wall heat dissipation are
minimal, resulting in higher EDR. As the EDR tends to flat
with incremental flow rates, this may signify the existence
of an optimal flow rate, in which a minimum EDR can be
achieved, specific for individual cases. Furthermore, the
trend also proves that irreversibilities due to entransy dissi-
pation cannot be dismissed, as long as there exists a temper-
ature difference between mediums. This phenomenon is
known as the principle of entransy dissipation extremum,
whereby the primary goal is to determine the minimum
Reynolds number, in which entransy dissipation is at mini-
mum. From the figure, it can be observed that the entransy
dissipation extremum occurs near the Reynolds number
above 10000, where all DRF angles meet at a point of singu-
larity and the trend tends to flatline, signifying the minimum
EDR with maximum heat transfer capabilities.

Figure 16 depicts similar results, with an inverse rela-
tionship between ETR and the Reynolds number. Accredited
to increased heat transfer capabilities with higher Reynolds
numbers, lower ETR is exhibited between the heated wall
and the fluid medium. As the lowest ETR corresponds to
the best performing DRF angle in terms of heat transfer,
Figure 16 indicates that lower ETR favoured higher angled
DRF, with the best performing angle being α = 45°. Similar
findings were also established from first law and second
law analysis, where Figures 4 and 12 demonstrate that α =
45° was the best performing design in terms of average Nus-
selt number and lowest total entropy generation rate, within

the studied Reynolds number range. This denotes that,
although local heat transfer is hindered at leading and trail-
ing edges of high angled DRF, due to intense and enduring
swirl flows that propagate downstream from the fins, lower-
ing of wall temperatures over larger regions was effectuated,
downstream of high angled DRF. Compared to ineffective
and weaker swirl flows generated by lower angled DRF, the
swirl flows quickly dissipated and decayed over a short dis-
tance away from the fins, due to the influence of the free-
stream flow, resulting in wall temperature rise after a
distance from the fins. This could be observed in Figure 6,
whereby cooler and hotter wall temperatures are exhibited
by the α = 45° and α = 0° DRF, respectively, in regions dis-
tant from the fins. Furthermore, the increase in wall temper-
ature for the case of the lower angled DRF significantly
affected the outlet temperatures and overall EDR, which
rationalises the superiority of higher angled DRF, in terms
of minimization of ETR. In essence, the lowest EDR and
ETR of 9573.25W·K and 0.00326K/W, respectively, were
achieved by the α = 45°, at the highest studied Reynolds
number, reflecting the lowest generation of convective heat
transfer irreversibilities amongst all studied cases. Moreover,
the employment of DRF could significantly reduce ETR, up
to 19.71%, relative to a smooth channel.

4. Conclusion

The current investigation comprises of an analysis of swirl
flows in the heat transfer performances, entropy generation,
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and entransy evaluation for radial fins within an annular
domain, under various Reynolds numbers. In this paper,
the heat delivery performances were mainly attributed to
intense swirl flows and vortical structures that significantly
influenced the strength and direction of the centrifugal
effects. The combined effects of the swirl flows and vortices
led to immense improvements in fluid mixing, continual
tearing and thinning of boundary layers, and turbulence
intensification. The major findings are as follows:

(i) In terms of heat transfer, the α = 45° yields supe-
rior overall heat transfer performances within the
entire Reynolds number range studied, enhancing
the Nusselt number between 28.9% and 59.3%

(ii) Intense swirl flows generated by the DRF were
capable of impeding local heat transfer by trapping
low-velocity and heated fluids within the thermal
boundary layer. However, as these intense swirl
flows begin to propagate, significant heat transfer
enhancement was exhibited over large regions of
the fluid domain, compared to relatively weaker
swirl flows easily influenced by the freestream flow

(iii) Distinct vortices developed with each individual
DRF angle could significantly influence the
strength and direction of the swirl flows, impeding
or enhancing the centrifugal effect and overall heat
transfer enhancement. This suggests that, in the
current context, swirl flows are the primary con-
tributor to heat transfer enhancement, where vorti-
ces are inferior and merely aid swirling

(iv) The highest PEC of 1.269 was achieved by the α
= 45° DRF at Re = 2389, due to its effective gener-
ated fluid phenomena coupled with reasonable vis-
cous influences

(v) Although the highest entropy generation rates
were exhibited at lower Reynolds numbers, in
comparison with a smooth pipe, optimal entropy
generation number of Ns = 0 632 was found at Re
= 2389, for the case of the α = 45° DRF, signifying
a 36.8% reduction in total entropy generation com-
pared to a smooth channel

(vi) Due to the intense swirling effect that encouraged
fluid mixing over larger regions, minimum ETR
of Rh = 0 000326K/W was achieved by the α = 45°
DRF at Re = 10752. Thus, the employment of
DRF could reduce ETR remarkably, decreasing
ETR by up to 19.71%

(vii) In spite of the significant hydraulic effects, the
analysis and evaluation from second law and
entransy principles found that the α = 45° DRF
was the optimal DRF angle. The intense swirl flows
and vortices enabled significant influence on the
bulk, wall, and outlet temperatures, generating
lower irreversibilities compared to weaker swirl
flows generated by lower angled DRF

(viii) From all three (3) heat transfer optimization anal-
yses, the α = 45° DRF was the optimal design,
achieving the highest heat transfer enhancement
and lowest irreversibility generation rates, attrib-
uted to the generation of intense swirl flows, in
which the optimal operating Reynolds number
was found at Re = 2389 for the first and second
law analyses and Re = 10752 for entransy analysis

5. Future Work

The previous discussion has established the significance of
various DRF angles, Reynolds numbers, swirl flows, and vor-
tices on the first law, second law, and entransy evaluation.
However, with the increasing need for higher heat transfer
capabilities, further improvements in future works could sub-
stantially push the scientific boundaries of the current study.

(i) From the analysis, further optimization of the
geometry of the DRF could be employed. As the
DRF, especially at high angles, experiences fluid
stagnation at the base of the leading edge due to
low-pressure zones, implementing more aerody-
namic or streamlined geometries could immensely
improve the hydraulic influence of the design

(ii) More thorough analysis on the effects of the DRF
parameters could be conducted. Parameters such
as the fin height, number of fins per DRF set, fin
length, fin thickness, and number of DRF sets in
the fluid domain could lead to significant impacts
on the fluid phenomena, changing the dynamics of
the thermohydraulic performance

(iii) As the DRF has shown to have massive improve-
ments at lower Reynolds numbers, employment of
the DRF in natural convection or within low flow
rates in the laminar regime could provide more
insight into the investigation of swirl flows gener-
ated by the DRF. These could unlock untapped
knowledge on the effectiveness of swirl flows and
the centrifugal effect

(iv) Other forms of application could be explored with
the utilization of the DRF and swirl flows, such
as microchannel, nuclear applications, or solar
applications

(v) The turbulent kinetic energy and turbulence dissi-
pation of swirl flows and vortices could potentially
bridge the knowledge gaps in the study of swirl
flows and the decay of swirl flows on heat transfer
enhancement

(vi) Combined employment of swirl flows and nano-
fluids could potentially lead to immense heat trans-
fer augmentation, in which the swirl flows could
significantly enhance and complement the heat
transfer mechanics of nanofluids. This could also
bridge the gaps in the impacts and behaviour of
swirl flows for non-Newtonian fluids
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Nomenclature

Symbols

Be: Bejan number
Cp: Specific heat capacity (J kg-1K-1)
Di: Inner diameter (mm)
Do: Outer diameter (mm)
Dh: Hydraulic diameter (mm)
E: Entransy (W.K)
f : Friction factor
h: Heat transfer coefficient (W/m2K)
k: Thermal conductivity (W/mK)
L: Length (m)
LH: Heated length (m)
m: Mass flow rate (kg/s)
Nu: Nusselt number
Ns: Entropy generation number
p: Perimeter (m)
P: Pressure (Pa)
Pr: Prandtl number
q″: Heat flux (W/m2)
Q: Volumetric flow rate (l/min)
Qvh: Internal energy stored (J)
Qw: Total heat transfer (W)
Rh: Entransy thermal resistance (K/W)
Re: Reynolds number
Sgen,th: Thermal entropy generation (W/K)
Sgen,total: Total entropy generation (W/K)
Sgen,f : Viscous entropy generation (W/K)
St: Stanton number
Tb: Bulk temperature (K)
T i: Inlet temperature (K)
To: Outlet temperature (K)
Tw: Wall temperature (K)
U : Velocity (m/s).

Greek Symbols

α: Angle of attack (°)
μ: Dynamic viscosity (Pa·S)
ρ: Density (kg/m3).

Abbreviations

DRF: Distorted radial fins
EDR: Entransy dissipation rate
EGM: Entropy generation minimization
ETR: Entransy thermal resistance
PEC: Performance evaluation criteria.
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