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ABSTRACT

In the present investigation, a detailed numerical investigation of the flow and
heat transfer characteristics of a channel with an elastic fin (vortex generator)
and an elastic wall has been carried out using finite element method. The Fluid-
Structure Interaction (FSI) model is used to capture the interaction between the
fluid and the solid structure. A sinusoidal time dependent velocity profile has
been imposed at the inlet of the channel and the right half of the upper wall of
the channel is heated and exposed to constant temperature boundary condition.
Due to the sinusoidal velocity profile at the inlet, the elastic fin oscillates
periodically and act as a vortex generator, which causes more turbulence in the
flow. The obtained results showed that the Nusselt number over the heated wall
is affected by the position of the flexible fin, height of flexible fin and elasticity
modulus of elastic fin. Moreover, due to the elasticity of the elastic wall and
sinusoidal behavior of the inlet velocity, the elastic wall oscillates periodically
upward and downward. The Nusselt number values over the heated wall are
increased with decrease of the elastic modulus value of the elastic wall.
However, the decrease in elastic modulus value of the elastic wall contributes to
an increase in the pressure drop inside the channel. It should be added that the
interplay between the fluid motion and the deformable structures leads to
enhanced turbulence, as the flexible fin and elastic wall introduce additional
disturbances and fluctuations into the flow regime. Consequently, this
heightened turbulence level has profound implications for heat transfer
processes within the system.

1. INTRODUCTION

Article History

Received January 17, 2024

Revised May 9, 2024

Accepted May 14, 2024

Available online September 1, 2024

Keywords:

Fluid-structure interaction
Elastic wall

Vortex generator

Heat transfer

Flexible fin

flag in terms of heat transfer performance. Park (2020)

Heat transfer (HT) enhancement in channels has been
an important research topic in recent years due to its
significant impact on the efficiency of many industrial
processes. Different methods have been proposed to
improve the heat transfer rate in channels, including the
use of fins, ribs, and swirl generators. Among these
methods, the use of flexible fins and elastic walls has
shown promising results in enhancing heat transfer while
reducing pressure drop. The present study aims to
investigate the flow and heat transfer characteristics of a
channel equipped with an elastic fin and an elastic wall.
Recent investigations in the literature have shown that the
use of flexible fins and elastic walls can significantly
enhance heat transfer in channels. Mirzaee et al. (2012)
presented a heat transfer system that utilizes a single, wall-
mounted flexible flag located on the bottom wall, with a
fixed bending stiffness. They demonstrated that this
system outperforms a system with a wall-mounted rigid

investigated how the inclination angle of a flexible flag in
the vertical direction and the bending rigidity affects the
HT performance of the system. The study found that a
flexible flag significantly improves thermal efficiency
compared to a rigid flag, due to the generation of vortex
structures that promote flow mixing. Lee et al. (2017)
demonstrated that a system featuring two flexible flags
mounted symmetrically on the top and bottom walls of a
channel achieves improved HT and thermal efficiency
when compared to a system with rigid flags mounted in
the same manner, or to a clean system without any
additional apparatuses. Besides, the performance of this
system surpassed that of a single wall-mounted flexible
flag system, which had identical inclination angle and
Reynolds number values. Ali et al. (2015) introduced aHT
system featuring four wall-mounted flexible flags
positioned in two regions: two symmetrically wall-
mounted flags in an upstream region and
two asymmetrically wall-mounted flags in a downstream
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Nomenclature

velocity

temperature

the elasticity modulus
represents the density
pressure

dynamic viscosity
Cauchy stress tensor

QR v Mm-HC

AL o first and second Lame parameters

) Poisson’s coefficient

H height of the channel

X locations of the flexible fin from the inlet
FSI Fluid-Structure Interaction

Nu Nusselt number

Tin inlet temperature

region. The flags were set at a fixed inclination angle of
150°. Their study revealed that as a result of constructive
interference between the vortices shed from the upstream
flags and those produced by the downstream flags, the
flapping amplitude of the downstream flags is increased.
With an increase in the flapping amplitude, intense fluid
mixing was induced, which hindered the growth of the
thermal boundary layer, leading to an increase in the
overall heat transfer rate for the flexible flags compared to
a rigid case.

Dadvand et al. (2019) conducted a study on heat and
mass transfer enhancement techniques using both passive
and active methods. A microchannel with a cylindrical
obstacle was used, and a flexible beam served as a vortex
generator downstream. The oscillation of the beam
generated periodic vortices that disrupted the thermal
boundary layer, resulting in a significant increase in heat
transfer. The flexible beam showed improved
performance compared to a rigid beam, with increased
heat transfer, decreased friction factor, increased thermal
performance, and enhanced mixing. Hosseini et al. (2021)
investigated the enhancement of heat transfer and mixing
using an elastic vortex generator in a microchannel. The
elastic vortex generator, vibrating due to the forces applied
by the periodic flow, did not require external power input.
Compared to a channel with a rigid vortex generator or no
vortex generator, the flapping motion of elastic vortex
generator generated sequential vortices that swirled the
flow and disrupted the thermal boundary layer, resulting
in a 31.4% increase in the Nusselt number and a 14.5%
increase in the mixing index. The elastic vortex generator
also exhibited lower pressure drop and a 32% increase in
the thermohydraulic performance factor, suggesting its
potential to enhance the efficiency of heat exchangers,
mixers, and reactors. Liao & Jing (2023) conducted a
study on fluidic mixing using a Y-shaped elastic flag in a
two-dimensional mixer. They found that the flag greatly
enhanced mixing at a Reynolds number of 50, with an
optimal branched length. However, at Reynolds numbers
of 10 and 90, the flag did not improve mixing and instead
increased pressure loss. The maximum increase in mixing
efficiency was 431.29% at the optimal branched length,
with  corresponding increases in pressure loss.
investigated the flow behavior and heat transfer
characteristics in a two-dimensional channel with flexible
wings. They examine the influence of Young's modulus of
the wings and Reynolds number on flow behavior, heat
transfer performance, and the dynamic behavior of the
wings. The results reveal three motion modes: deflection,
vibration, and flapping. The numerical analysis shows that
a higher Young's modulus requires a larger Reynolds
number for motion mode transition. The overall

performance coefficient (PEC) is used to assess the
comprehensive performance, with PEC peaks observed
near the rear flexible wing during motion mode transition.
In a specific case, PEC increases by up to 1.145 due to the
combined effects of front flexible wing blocking and rear
flexible wing flapping. Das et al. (2023) conducted a study
on heat transfer and pressure drop characteristics in a
pulsating channel flow using wall-mounted flexible flow
modulators (FFM). The effects of FFM flexibility,
orientation angle, and location were investigated using the
Galerkin finite element method. Results showed that a
single FFM with orientation angle of 6 = 90° offered the
best heat transfer enhancement. The study analyzed
vorticity contours, isotherms, Nusselt number variations,
pressure drop, and power spectrum analysis of thermal
field oscillation and FFM motion. Yaseen et al. (2022)
examined the mixed convection heat transfer and fluid-
structure interaction in a backward-step channel with a
flexible step. Various configurations of the flexible step
were evaluated to achieve optimal cooling. Results
indicated enhancements in the Nusselt number,
particularly with a horizontal flexible wall. The Reynolds
number had a significant influence on the performance
criterion, while the Richardson number did not show a
substantial impact.

Ghalambaz et al. (2017) explored the function of a
flexible baffle through the use of a thin, highly conductive
baffle affixed to one rigid wall of a cavity while leaving
the other end free. As a result, the baffle experienced
natural convection and fluid stresses. The researchers
found that the heat exchange was maximized when the
baffle's modulus of elasticity was minimal. Raisi & Arvin
(2018) examined the natural convection in a differentially
heated cavity that had an elastic top wall and a horizontally
fixed elastic baffle located at the cavity center. This
particular configuration resulted in a higher Nusselt
number compared to a cavity with rigid walls and baffle.
Furthermore, their findings demonstrated that the Nusselt
number increased as the length of the elastic baffle
increased. Soti et al. (2015) investigated heat transfer in
the FSI phenomenon in channel flow. They examined the
effect of an elastic thin plate attached to the leeward side
of a heated rigid cylinder in a channel with laminar flow.
The researchers found that the flexible plate had a
significant impact on the mixing of fluid by directing the
vortices generated near the channel walls into areas of
high velocity. This enhanced the heat exchange process
and improved the overall efficiency. Sabbar et al. (2018)
investigated the heat transfer characteristics of an open
cavity that was connected to a parallel-plate channel. The
cavity featured a flexible vertical wall that was oriented in
the opposite direction to the main flow of the channel. The
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Fig. 1 Schematics of the studied problem: a) without flexible fin and without elastic wall, b) with flexible fin and
without elastic wall, ¢) without flexible fin and with elastic wall, d) with both flexible fin and elastic wall

researchers found that this particular configuration
resulted to an increase of 17% in the Nusselt number.
Ismael et al. (2022) investigated numerically the thermal
performance of a vertical double-passage channel
separated by a flexible thin sheet. They found that the use
of a flexible separator instead of a rigid separator can
passively enhance heat transfer in either passage.
However, the flexible sheet was found to increase the
pressure drop by up to 200%, which resulted in a decline
of the thermal performance criterion to less than one.

Despite the significant progress in the literature, there
is still a need for further investigation of the flow and heat
transfer characteristics of channels with elastic fins and
walls. In this study, we aim to numerically investigate the
effect of an elastic fin and an elastic wall on heat transfer
and fluid flow in a rectangular channel. The effects of the
elasticity and material properties of the fin and wall on the
heat transfer rate and pressure drop will be investigated. In
summary, the present study aims to contribute to the
existing knowledge by providing a detailed numerical
investigation of the flow and heat transfer characteristics
of a channel with an elastic fin and an elastic wall. The
results of this study can be useful for designing more
efficient heat exchangers and cooling systems in various
industrial applications.

2. PHYSICAL MODEL AND GOVERNING
EQUATIONS

2.1 Model Description and Boundary Condition

The schematics of the geometries investigated in the
present investigation are shown in Fig. 1. A channel with

a flexible fin and elastic wall has been considered. The
choice of the specific channel configuration in our
investigation was driven by the objective of studying the
hydrodynamics and heat transfer characteristics in a
system involving both a flexible fin and an elastic wall.
The configuration was designed to explore the individual
effects of the flexible fin and elastic wall separately, as
well as their combined impact on the problem. One
potential application of such a configuration is in the field
of heat exchangers, where the use of flexible fins and
elastic walls can have several advantages. It is worth
mentioning, the effect of the exitance of the elastic fin and
elastic wall will be investigated separately. Then, the
effects of simultaneous use of flexible fin and elastic wall
on the hydrodynamics and heat transfer of the problem
will be investigated.

The height of the channel is H=25mm. A sinusoidal
time dependent velocity profile has been imposed at the
inlet of the channel (U=A+Bsin(2xnft)) and a uniform
temperature of Ti=293K has been considered at the
channel inlet. The sinusoidal velocity profile serves as a
means to simulate and analyze the behavior of the flexible
fin and elastic wall under oscillatory flow conditions,
which is essential for understanding their individual
effects on the hydrodynamics and heat transfer within the
channel. The length of the channel is 200mm as well.
Different heights of the elastic fins studied in the present
study are 8mm, 10mm and 12mm. Different locations of
the flexible fin from the inlet of the channel are also
x=30mm, 60mm and 90mm. Three different values have
also been considered for the elasticity modulus of the
elastic fin including E=10% 10° and 10% Pa. The right
half of the upper wall is a heated wall which is exposed to
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Fig. 3 Variations of the maximum horizontal displacement of the elastic vortex generator (flexible fin) in terms
of time for three different grid numbers

constant temperature boundary condition and its
temperature is T,=350K.

2.2 Numerical Method Validation

Figure 2 depicts the mesh used for the computational
domain in the present numerical study. As seen, a
particular attention has been given to the mesh
distribution, especially in regions proximal to the flexible
fin and elastic wall. This finer control of mesh density
aims to accurately capture the intricate fluid-structure
interactions occurring in these critical areas. Besides, a
grid independence check of the results from grid number
has been carried out. Figure 3 presents the variations of
the maximum horizontal displacement of the elastic vortex
generator (flexible fin) in terms of time for three different
grid numbers of 7925, 11608 and 16117. As seen, with the
increase of the grid numbers from 11608 to 16117, the
maximum horizontal displacement of the elastic vortex
generator does not change considerably. Thus, the grid
with mesh number of 11608 is used as our benchmark
grid.

The independency of the results from the initial time
step size was also investigated. In this regard, three
different initial time step size of 0.005s, 0.001s and
0.0005s were considered. It is important to note that the
employed software in our analysis is designed to choose a
time step smaller than the initial time step size, but it will
not increase the time step beyond that value. Finally, it was

found that by decreasing the initial time step size from
0.001s to 0.0005s, there was no considerable variations in
the obtained results.

In order to check the validity of the numerical method
used in the present study, the obtained results have been
compared with those of Turek & Hron (2006) which
consist of laminar incompressible channel flow around an
elastic object which contributes to self-induced
oscillations of the structure. As seen in Fig. 4, the
variations of the lift force on elastic wall obtained by
present numerical method are in good agreement with
those of Turek & Hron (2006).

In order to validate the used FSI method, the study
conducted by Kittler & Wall (2008) was examined. Their
study examined a square cavity with a flexible bottom
wall. The top wall of the cavity was subjected to a velocity
of (1 - cos(0.4nt)) m/s, while two open gaps were
positioned at the top of the vertical walls. The oscillation
of the lid caused fluid motion within the enclosure,
generating a vortex. Consequently, the interaction
between the fluid and the flexible lower wall resulted in
changes to the bottom wall's shape. These changes were
computed over time. Figure 5 illustrates a comparison
between the results based on present numerical method
and those of Kittler & Wall (2008) regarding the
deformation of the flexible wall after t = 7.5s. The
comparison demonstrates a favorable agreement between
the results.
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Fig. 4 Variations of the lift force on elastic wall obtained by present numerical method in comparison with those
of (Turek & Hron 2006)
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Fig. 5 A comparison between the results based on present numerical method and those of (Kittler & Wall
2008)

2.3 Governing Equations

The continuity equation and momentum equation are
(Ali et al., 2016):

V. (i — Tiy) = 0 )
ou - o - vP -
B_tf + (ty — thyy). Vil = o + uV2i, 2

where 1, denoting the fluid velocity, u,,and denoting the
moving mesh velocity in the fluid domain. The symbols g,
pr, P, and t represent the dynamic viscosity of the liquid,
fluid density, pressure, and time, respectively.

The energy equation is as follows (Ali et al., 2016):

2381

2 (0rE) + V(G — i) (07 +p)) = V. (kVT) (3)

where E, is the total energy and k is the thermal
conductivity.

The equation of motion of the elastic solid domain is
as follows (Lopes et al., 2019):

—

92%dg _
e —V.& = psb

S gt

(4)

Density of solid structurexAcceleration of solid
structure - Surface forces per volume applied on solid
structure =Body forces per volume applied on the
solid

In the above equation, p, represents the density of the
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Fig. 6 Variations of the contour of the velocity magnitude inside the channel at different times for the
channel without fin and also for the channel with a rigid fin located at r=30mm with the height of 12mm

solid, JS denotes the displacements of the solid, represents
the body forces applied on the structure, and & signifies
the Cauchy stress tensor. In the case of an isotropic linear
elastic solid, the stress tensor can be expressed as:

In the given equation, A, and u,; represent the first
and second Lame parameters, respectively, & denotes the
strain tensor, tr signifies the trace function, and | stands
for the identity matrix. In the case of compressible
materials, the Lame parameters can be expressed as a
function of the elastic modulus, E, and Poisson’s
coefficient, v (Lopes et al. 2019).

_ vVE
T (1+v)(2v-1)

AL (6)
E

= 2(1+v) (7)

It should be added that the k — w turbulence model is
used to simulate the turbulent flow within the channel. The
k — w turbulence model is a widely used two-equation
turbulence model that provides accurate predictions of
turbulent flow characteristics, including velocity
fluctuations and turbulence intensity.

ML

The local Nusselt number is defined as:

Ny = ——— (%) )
’ Th=Tintet \ON/ hot surface

Where (0T/0n) is the wvalue of the temperature
gradient over the hot surface.

To obtain the spatially-averaged  Nusselt
number, it is necessary to integrate the local
Nusselt number along the hot wall, using the
following formula:
1 (L

Nu, = Zfo Nu, . dx 9)
1 pt

Nu, = ;fo Nu, . dt (10)

3. RESULTS AND DISCUSSION

3.1 Results for the channel with a flexible fin

Figure 6 shows the variations of the contour of the
velocity magnitude inside the channel at different times
for the channel without fin and also for the channel with a
rigid fin located at r=30mm with the height of 12mm. It
should be noted that the inlet velocity profile is
U=0.08+0.04sin(8xnt) which is a turbulent sinusoidal flow.
As can be seen, due to the sinusoidal nature of the fluid
flow at the entrance of the channel, the distribution of
velocity inside the channel varies with time. In the
presence of the rigid fin, as can be seen, the fluid flow is
deflected due to the collision with the fin, which affects
the hydrodynamics and heat transfer of the flow.

Figure 7 also shows the variations of the velocity
magnitude contour inside the channel in the presence of a
flexible fin with different elastic modulus values. As can
be seen, due to the interaction between the fluid and the
fin structure, the flexible fin is deformed. Moreover, due
to the sinusoidal velocity profile at the inlet, the elastic fin
oscillates periodically and act as a vortex generator, which
causes more turbulence in the flow. In addition, with the
decrease of E value, the fin shows more flexibility against
the fluid flow and as a result, the displacement of the fin
increases.

Figure 8 depicts the time averaged variations of the
local Nusselt number along the length of the heated wall
for the channel with flexible fin located at different
positions inside the channel including r=30mm, 60mm
and 90mm. Figure 9 also shows the temporal variations of
space-averaged Nusselt number over the heated wall for
different positions of flexible fin. As seen, the existence of
flexible has enhanced the heat transfer inside the channel
considerably in comparison with no fin case. Besides, the
Nusselt number has also been considerably affected by the
position of the flexible fin. It is observed that as the
distance of the flexible fin situated at the lower wall
of the channel decreases from the heated wall, the Nusselt
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Fig. 7 Velocity contours at different times inside the channel in the presence of a flexible fin with different elastic
modulus values of E=1e6 Pa (left side) and E=1e5 Pa (right side)
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Fig. 10 Effect of the elasticity modulus (E) of the
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Fig. 11 Time averaged variations of the local Nusselt
number along the length of the heated wall for
different values of elastic modulus of the flexible fin
located at r=30mm and with the height of h=12mm

Fig. 9 Temporal variations of space-averaged
Nusselt number over the heated wall for different
positions of flexible fin

number is increased and the heat transfer between the fluid the temporal variations of space-averaged Nusselt number
flow and the heated wall is enhanced. over the heated wall. Figure 11 also depicts the time
averaged variations of the local Nusselt number along the
length of the heated wall for different values of
elastic modulus of the flexible fin located at r=30mm and

Figure 10 shows the effect of the elasticity modulus
(E) of the flexible fin located at r=30mm and h=12mm on
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h=12mm. As seen, the space averaged Nusselt number has
the highest values for the channel with rigid fin (E=1e22
Pa) and the lowest values for the channel with no fin.
Moreover, it is seen that with the decrease of the elasticity
modulus of the flexible fin, the Nusselt number has been
decreased. This is due to the decrease of the velocity
magnitude in the vicinity for the heated wall in the
existence of flexible fin with lower elastic modulus. It
should be mentioned that although the flexible fin with
lower elastic modulus act as better vortex generator but it
also contributes to lower velocity magnitude near the
heated wall in comparison with a flexible fin with higher
elastic modulus.

Figure 12 shows the effect of the elastic modulus of
the flexible fin on temporal variations of the pressure drop
inside the channel with a flexible fin located at r=30mm
and with the height of h=12mm. As seen, the pressure drop
values have been decreased with decrease of the elasticity
value (E) of the flexible fin. This is due to the lower drag
force over the flexible fin with lower elastic modulus
which is apparently seen in Fig. 13.

Figure 14 depict the influence of the height of the
flexible fin with elastic modulus of (E=1e5 Pa) located at
r=60mm on the temporal variations of space-averaged
Nusselt number over the heated wall. Figure 15 also shows
the time averaged variations of the local Nusselt number
along the length of the heated wall for different height
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Fig. 14 Influence of the height of the flexible fin with
elastic modulus of E=1e5 pa located at r=60mm on
the temporal variations of space-averaged Nusselt
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Fig. 15 Time averaged variations of the local Nusselt
number along the length of the heated wall for
different height values of the flexible fin

values of the flexible fin. As seen, the Nusselt number has
been increased with increase of the height of flexible fin
which denotes better heat transfer from the heated wall.

3.2 Results for the Existence of the Elastic Wall Inside
the Channel

In this section, the effect of the existence of an elastic
wall over the top wall of the channel on the
hydrodynamics and heat transfer of the flow inside the
channel will be studied. The length of the elastic wall is
40mm. Figure 16 shows the velocity magnitude contours
at different times for the channel including an elastic wall
with elastic modulus of (E= 1e6 pa) and s=40mm. As seen,
due to the elasticity of the elastic wall and sinusoidal
behavior of the inlet velocity, the elastic wall oscillates
periodically upward and downward. Thus, the fluid flow
through the channel is totally affected by the oscillation of
the elastic wall and it becomes more turbulent.

Figure 17 depicts the influence of the elastic modulus
value (E) of the elastic wall on the temporal variations of
space-averaged Nusselt number at s=60mm. Moreover,
Fig. 18 shows the effect of the increase of the elastic
modulus value (E) of the elastic wall on the time averaged
variations of the local Nusselt number along the length of
the heated wall (s=60mm). As seen in these figures, the
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Nusselt number values are increased with decrease of the
elastic modulus value of the elastic wall. Thus, unlike the
flexible fin, the decrease of the elastic modulus of the
elastic wall contributes to better HT between the fluid flow
and the heated wall.
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value (E) of the elastic wall on the time averaged
variations of the local Nusselt number along the

length of the heated wall (s=60mm)
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Fig. 19 Influence of the elastic modulus value (E)
of the elastic wall on the temporal variations of the
pressure drop inside the channel including an elastic
wall with s=60mm

The influence of the elastic modulus value (E) of the
elastic wall on the temporal variations of the pressure drop
inside the channel including an elastic wall with s=60mm
has been depicted in Fig. 19. It is found that although the
increase in the elastic modulus of the elastic wall improves
the HT, but as can be seen in this figure, the increase in
elastic modulus has been contributed to decrease in the
pressure drop inside the channel

The effect of the position of the elastic wall on the HT
over the heated wall has also been studied. Figure 20
depicts the time averaged variations of the local Nusselt
number along the length of the heated wall (E=1e6 Pa) for
different position of the elastic wall (s=20mm, 40mm,
60mm). As seen, with increase of the increase of the
distance of elastic wall from the heated wall (decrease of
s value), the Nusselt number and HT have been enhanced.
The existence of the elastic wall at distances close to the
heated wall leads to the collision of the fluid flow with the
oscillating elastic wall and its deflection from its path.
Thus, the fluid flow will be in a weak contact with the
heated wall which contributes to weak HT.
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Fig. 20 Time averaged variations of the local Nusselt
number along the length of the heated wall (E=1e6
Pa) for different position of the elastic wall (s=20mm,
40mm, 60mm)
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Fig. 21 Velocity magnitude contours at different times
for the channel including both flexible fin (E=1e5 Pa,
r=60mm and h=10mm) and elastic wall (E= 1e6 Pa
and s=40mm

3.3. Effects of Combination of Flexible Fin and Elastic
Wall

In this part, the results of the combination of the
flexible fin and the elastic wall on the hydrodynamics and
HT of the flow inside the channel with sinusoidal inlet
velocity profile will be presented. Figure 21 depicts the
velocity magnitude contours at different times for the
channel including both flexible fin (EFF=1e5 Pa, r=60mm
and h=10mm) and elastic wall (E= 1e6 and s=40mm.

Figure 22 depicts the temporal variations of the
contour of turbulent Kinetic energy inside the channel with
both flexible fin (E=1e5 Pa, h=10mm and r=60mm) and
elastic wall (E=1e6 Pa and s=40mm). Turbulent kinetic
energy contour provides information about the energy
associated with turbulent fluctuations, which is important
for understanding the intensity and mixing characteristics
of the flow. Higher turbulent Kinetic energy values
generally indicate higher turbulence levels and can lead to
enhanced heat transfer rates. As seen, the existence of
flexible fin and elastic wall contributes to higher values of
turbulent kinetic energy and higher turbulence level. This
elevated turbulence level subsequently enhances heat
transfer within the system. The presence of both the
flexible fin and the elastic wall significantly influences the
turbulence characteristics within the flow field. This
influence manifests in heightened levels of turbulent
kinetic energy and an overall increase in turbulence
intensity. The interplay between the fluid motion and the
deformable structures leads to enhanced turbulence, as the
flexible fin and elastic wall introduce additional
disturbances and fluctuations into the flow regime.
Consequently, this heightened turbulence level has
profound implications for heat transfer processes within
the system. The intensified turbulence promotes more
vigorous mixing and greater fluid agitation, thereby
augmenting heat transfer rates.

Turbulet Kinetic Energy i
L

0 5 10 15 20 25 30

Fig. 22 Temporal variations of the contour of
turbulent Kkinetic energy inside the channel with
flexible fin (E=1e5 Pa, h=10mm and r=60mm) and
elastic wall (E=1e6 Pa and s=40mm)
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Fig. 23. Temporal variations of space-averaged
Nusselt number of the fluid flow for different cases
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Fig. 24 Total Nusselt number, averaged both
temporally and spatially for the fluid flow across
different configurations of the channel

Figure 23 depict the temporal variations of space-
averaged Nusselt number of the fluid flow for a channel
with no elastic fin and no elastic wall, for the channel with
a flexible fin (E=1e5 Pa, h=10mm and r=60mm) and no
elastic wall, for a channel with an elastic wall (E=1e6 Pa
and s=40mm), for a channel including both flexible fin
(E=1e5 Pa, h=10mm and r=60mm) and elastic wall
(E=1e6 Pa and s=40mm). As seen, the combination of the
flexible fin and elastic wall has been contributed to extra
considerable enhancement of Nusselt number and HT.

Figure 24 depicts the total (time and spatial averaged)
Nu number for the fluid flow inside the channel with no
elastic fin and no elastic wall, the channel with flexible fin
(E=1e5 Pa, h=10mm and r=60mm) and no elastic wall, the
channel with an elastic wall (E=1e6 Pa and s=40mm) and
no flexible fin, and for the channel including both flexible
fin (E=1e5 Pa, h=10mm and r=60mm) and elastic wall
(E=1e6 Pa and s=40mm). Notably, the channel with both
the flexible fin and elastic wall exhibits the highest
average Nusselt number, followed by the channel solely
equipped with the flexible fin. The channel with no elastic
fin and no elastic wall has the lowest average Nusselt
number value as well.
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Fig. 25 Temporal variations of pressure drop for
different studied cases

Figure 25 also shows the temporal variations of
pressure drop for the channel with no elastic fin and no
elastic wall, for the channel with a flexible fin (E=1e5 Pa,
h=10mm and r=60mm) and no elastic wall, for a channel
with an elastic wall (E=1e6 Pa and s=40mm), for a channel
including both flexible fin (E=1e5 Pa, h=10mm and
r=60mm) and elastic wall (E=1e6 Pa and s=40mm). As
seen, utilization of both flexible fin and elastic wall inside
the channel has increased the pressure drop inside the
channel. However, the increase is not considerable.

In order to evaluate the thermal performance of the
channel with flexible fin (E=1e5 Pa, h=10mm and
r=60mm) and no elastic wall, the channel with an elastic
wall (E=1e6 Pa and s=40mm) and no flexible fin, and the
channel including both flexible fin (E=1e5 Pa, h=10mm
and r=60mm) and elastic wall (E=1e6 Pa and s=40mm)
relative to the thermal performance of a channel lacking
both flexible and elastic wall, a metric known as the
thermal performance ratio (Webb, 1994) is introduced

which is defined which is specified as (:Tu)/(%)l/? Nug
0 0

and dPo corresponds to Nusselt number and pressure drop
related to channel with no flexible fin and no elastic wall.
Fig. 26 depicts the values of thermal performance ratio for
the channel with flexible fin (E=1e5 Pa, h=10mm and
r=60mm) and no elastic wall, the channel with an elastic
wall (E=1e6 Pa and s=40mm) and no flexible fin, and for
the channel including both flexible fin (E=1e5 Pa,
h=10mm and r=60mm) and elastic wall (E=1e6 Pa and
s=40mm).

4, CONCLUSION

In the present study, a numerical investigation about
hydrodynamic and HT of sinusoidal flow inside a channel
with an elastic fin (vortex generator) and an elastic wall
were conducted using finite element method and the
following conclusion were drawn from the present
investigation:

- Due to the sinusoidal velocity profile at the inlet,
the elastic fin oscillates periodically and act as a vortex
generator, which causes more turbulence in the flow.
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Fig. 26 Values of thermal performance ratio for the channels with different configurations

- The Nusselt number has also been considerably
affected by the position of the flexible fin. As the distance
of the flexible fin situated at the lower wall of the channel
decreases from the heated wall, the Nusselt number is
increased and the HT between the fluid flow and the
heated wall is enhanced.

- With the decrease of the elasticity modulus od the
flexible fin, the Nusselt number decreases due to the
decrease of the velocity magnitude in the vicinity for the
heated wall. The pressure drop values decreases with
decrease of the elasticity value (E) of the flexible fin due
to the lower drag force over the flexible fin with lower
elastic modulus.

- The Nusselt number increases with increase of
the height of flexible fin.

- Due to the elasticity of the elastic wall and
sinusoidal behavior of the inlet velocity, the elastic wall
oscillates periodically upward and downward

- Unlike the flexible fin, the decrease of the elastic
modulus of the elastic wall contributes to better HT
between the fluid flow and the heated wall.

- Nusselt number and HT are enhanced over the
heated wall with increase of the distance of elastic wall
from the heated wall.

- the combination of the both flexible fin and
elastic wall contributes to considerable enhancement of
Nusselt number and HT while the increase of pressure
drop increases trivially.
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