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ABSTRACT

Nature provides man with various interesting structures, offering him a constant source of manufacturing
tools and invention. The main purpose of the present paper is to investigate the effect of shark-inspired
fins, which are installed on the top and bottom plates of a sprung cylinder on the vibration response and
heat transfer of square cylinder. Two fin sizes, i.e. small and big, are used. Three configurations for the fins
on the top and bottom plates of the square cylinder are considered: at the corners of the square cylinder,
spaced from the corners, and in the middle of the plates. The results indicate that adding fins increases
the amplitude of vortex-induced vibrations and extends the lock-in region which is both intensified as
the size of fins increases. In particular, for the cylinder equipped with small fins in configurations 1-3,
the maximum VIV amplitude increases by, respectively, 36 %, 57 % and 52 % compared with the plain
cylinder. In contrast, shark fins can lower the galloping amplitude by as much as 87 % and shrink the gal-
loping zone such that for big fin size in the second and third configurations, the galloping zone and its
corresponding vortex-shedding mode are not observed. Adding fins to the cylinder augments heat trans-
fer. The increase in mean Nusselt number depends on vortex-shedding mode, and the rise in Nusselt
number is higher in the 2P + 2S mode.

© 2022 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Ain Shams Uni-
versity. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).

1. Introduction

Flow-induced vibration (FIV) occurs when a structure is excited
to vibrate due to the destabilizing forces exerted from the fluid
flow. If the structure is completely rigid and restrained, the vortex
generation frequency can be estimated as a function of the non-
dimensional Strouhal number. Experiments show that on a com-
paratively extensive range of Reynolds numbers, the Strouhal
number is almost constant and close to 0.2 [1,2]. By contrast, when
a structure can oscillate, i.e. a flexible structure with non-rigid sup-
ports, a phenomenon called lock-in is observed over a range of cer-
tain parameters. At low flow velocities, the vortex-shedding
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frequency is analogous to that for a rigid fixed structure and is con-
trolled by the non-dimensional Strouhal number [3,4]. When the
flow velocity rises, the vortex generation frequency approaches
the oscillation frequency of oscillator and is no longer governed
by the Strouhal number. In fact, the vortex generation frequency
synchronizes itself with the oscillation frequency of structure
and locks on it. As the former frequency comes close the natural
frequency of oscillator, resonance happens and the cylinder oscilla-
tions, so called the vortex-induced vibrations (VIV), tend to rise
[5,6]. Such vibrations can cause damage and irreparable destruc-
tion to the structure. Reduced service life and even degradation
due to FIV impose high costs to different industries. This is espe-
cially important in the case of heat exchangers, chimneys, nuclear
exchangers, bridge foundations, piers and coastal equipment, oil
platforms, drilling rigs and cooling towers [7,8]. Since the reduc-
tion of oscillating forces and impeding the vortex-shedding
increase the useful life and stability of structures, this issue is con-
sidered to be a practical engineering problem. In recent years,
extensive investigations have been focused on reducing the
vortex-shedding and consequently FIV using various passive and
active methods [9-11]. Passive control methods are simpler to
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Nomenclature

U Velocity(m/s)

Rmean Mean value of total heat transfer coefficient (W/mzl()

have. Spatial average of the convective heat transfer coeffi-
cient (W/m?K)

CL Lift coefficient

Cp Heat capacity (J/kgK)

F; Lift force (N)

Ly Downstream length (m)

Ly Upper length (m)

Too Temperature of inlet fluid (K)

T Surface temperature (K)

Uy Inlet velocity (m/s)

Us Square velocity (m/s)

fn Reduced natural frequency

m* Non-dimensional mass of the cylinder

y Velocity of the square cylinder (m/s)

y Acceleration of the square cylinder (m/s?)

A Area (m?)

D Cylinder diameter (m)

h Convection heat transfer coefficient (W/m2K)

H Rectangular computational domain of the height (m)

k Thermal conductivity coefficient (W/mK)
Nuave. Spatial average of the Nusselt number
Numean Mean value of the overall Nusselt number
Nu Nusselt number
P Pressure (Pa)
Re Reynolds number
t Time (s)
T Temperature (K)
X,y Coordinate
Y Non-dimensional movement of the cylinder
c Damping coefficient
ks Spring stiffness
m Mass(kg)
y Displacement of the square cylinder(m)
Greek
p Density(kg/m?)
v Kinetic viscosity(m?/s)
[N Natural frequency
Damping ratio
A Outward vector of the plane normal to the cylinder

implement and do not require an external energy source, and are
thus widely used to mitigate structural vibrations [12]. FIV control
methods such as simple and helical bump, wavy cylinders, helical
strakes, wire meshes and small-size tabs can usually be adopted to
alter the mechanism of vortex-shedding and consequently reduce
the fluctuations brought about by altering or modifying the form
and geometry of bluff-body [13].

For example, Owen, et al. [14] experimentally examined the
amplitude of VIV and the drag coefficient associated with a circular
cylinder incorporating hemispherical bumps. They showed that
adding a bump to the cylinder could reduce the drag coefficient
by 25 % and suppress the vortex-shedding. Constantinides and
Oakley Jr [15] used the second-order finite element method
(FEM) to study the vortex-induced motion of a circular-section
cylinder. They observed that helical strakes with the geometrical
characteristic P/H = 0.25D/15.0D (in which H and P is the strake
height and pitch) can perfectly attenuate the amplitude of oscilla-
tions in the synchronization region. Based on a sequence of empir-
ical experiments, Zeinoddini, et al. [16] examined the FIV
amplitude of rough and smooth cylinders in horizontal and vertical
configurations. They found that trinary strakes by the geometric
characteristics displayed a similar behavior in reducing the ampli-
tude of VIV in both arrangements. Huera-Huarte [17] studied the
effect of wire meshes of different sizes and densities on the vibra-
tion of a cylinder. By examining the vibration response and the
amplitude of drag coefficient on the cylinder, they determined
the condition leading to the most reduction in VIV: 95 % in the
amplitude of the cylinder oscillations and 20 % in the drag coeffi-
cient. Based on a series of experimental tests, Senga and Larsen
[18] evaluated the forced vibrations of straked circular cylinders
with different configurations. They tried to predict the straked
cylinder response using hydrodynamic coefficients and empirical
models. Assi and Bearman [13] examined the VIV of a wavy cylin-
der from the perspective of vibration and frequency response, and
then compared the results with those of a plain cylinder. They real-
ized that the vortical structure did not differ from that of the plain
cylinder. Aguirre-Lépez, et al. [19] evaluated the flow field round a
baseball modeled as a circular cylinder. Their objective was to
examine the influence of a single bump placed at different angles
relative to the horizontal axis on the aerodynamic coefficients.

The drag coefficient and friction pressure were found to be directly
proportional to the lift coefficient for a single-bump cylinder.
Xu, et al. [20] practically explored the vibration response of
side-by-side elastic cylinders with and without helical strakes.
They displayed that for the case where one of the cylinders had a
strake, the FIV amplitude decreased. For the case where both
tandem cylinders equipped with helical strakes, the control
method performed as satisfactorily as that seen for an isolated
cylinder.

Kang, et al. [21] inspected the effects of bumps on the energy
cycle and free vibrations of a cylinder in low-Reynolds flows. They
also inspected the effects of the circumferential bumps on vortex-
induced vibration of a cylinder at low Reynolds number of 150.
They realized that the energy transfer ratio increased significantly
when the bumps were placed at 0 = 60" or 0 = 75. In some of the
methods mentioned above, delaying the flow separation leads to a
reduction in lift and drag forces, hence decreasing the heat trans-
fer. In certain studies, in addition to studying VIV, heat transfer
has also been investigated. Kang, et al. [21] investigated the heat
transfer of a cylinder equipped with splitter plates in the cross
flow, and observed that lowering the size of vortices and narrowing
them reduced the amount of heat transfer.

Aside from VIV, galloping is another subset of FIV specific to
cylinders with non-circular cross-sections as in a square-section
cylinder. Galloping is a self-excitation instability that leads to
low-frequency/high-amplitude vibrations in the range of Reynolds
numbers higher than those of VIV [5,22]. In the galloping region,
the cross-flow motions of the body create destabilizing forces,
which further growth these motions. Once the inlet velocity
exceeds the galloping critical value, the magnitude of oscillations
rises continuously as the flow velocity increases. One of the non-
circular bluff bodies considered as a fundamental case in vibration
analysis is the square cylinder. As discussed earlier, several meth-
ods have been used to reduce the VIV in circular cylinders, while
few researches have been conducted on square cylinders. For
example, Wu, et al. [23] used numerical simulations to examine
the vortex-induced vibration of a twisted square cylinder with sev-
eral twist angles along the lines of 0" and 45°. They showed that
the twisted faces of this square cylinder change the flow separation
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points along with the vortex-shedding frequency, which affects the
distribution of aerodynamic forces exerted to the square cylinder.
Dash, et al. [24] numerically inspected the efficacy of double split-
ter plates in drag reduction of square-section cylinders and the
resulting improvement in the wake regime. Using two splitter
plates with optimized length and distance, they could annihilate
the vortical structure and greatly decrease the lift and drag coeffi-
cients on the square cylinder.

The number of geometries whose special features can be tai-
lored to meet our demands is aplenty. For instance, fishes can
actively move their fins through the water, thus adjusting the flow
around them. In recent years, there have been many attempts at
modifying the flow or enhancing the heat transfer in various appli-
cations using the shape of the fins and body of these creatures [25-
28]. For instance, inspiring from the protrusions on shark fins, Zhu
and Gao [29] could increase the FIV amplitude of a circular cylinder
for energy harvesting purposes. They utilized two symmetric fin-
shaped strips with different installation angles to improve the effi-
cacy of the energy harvesting system. The effect of the presence of
the cylinder on the heat transfer of nanofluid in a wave-shaped
chamber has been investigated by Hatami and Safari [30]. They
found that heat transfer increases when the cylinder is located in
the center of the chamber. In a study, Hatami, et al. [31] investi-
gated the movement of spherical particles in the flow using the
Ms-DTM method. The use of forced vibrations of the cylinder in
the presence of nanofluids [32,33] and magnetic field [34] can be
effective on heat transfer in the desired geometries.

The above literature review indicates that despite the large
number of studies on the effect of adding protuberances or bumps
with different geometries on the vortical structure and free vibra-
tions of circular cylinders, few studies have dealt with the impact
of employing any protrusion on the heat transfer and free oscilla-
tions of cylinders with square cross-section. Also, no study has
been carried out on the effect of adding a fin on the free vibrations
of a square cylinder or its heat transfer. In the present article which
is inspired by nature, certain fins similar to those on sharks are
considered on the top and bottom faces of a square cylinder. This
is followed by a comprehensive evaluation of the effect of fin size
and position on the vortex shedding mechanism, lift and drag
forces, heat transfer and VIV of the square cylinder using numerical
fluid-structure simulations.

2. Numerical approach
2.1. Governing equation

Using numerical studies, the current paper investigates the
influence of fins on the vibrations and heat transfer of an oscillat-
ing sprung cylinder with one degree of freedom, as demonstrated
in Fig. 1a. The dimensions of this square cylinder and the solution
domain are taken as D x D and 35D x 20D. In addition, the arrange-
ment of the square cylinder in the solution domain is displayed in
Fig. 1a. The temperature of the cylinder surface is higher than that
of the surrounding fluid. As observed in Fig. 1b, the shape of the
fins is inspired by shark fins. To evaluate the effect of fin size and
location on the top and bottom plates of the square cylinder on
the velocity and temperature fields, three different configurations,
i.e. Configs. 1-3, and two different sizes, i.e. small and big, are
assumed as depicted in Fig. 1b. In Config. 1, four fins are exactly
installed in the corners of the square cylinder. The fins in Config.
2 are transferred a little backward. In Config. 3, the fins are next
to each other in the center of top and bottom plates of the square
cylinder. Fig. 2a demonstrates the actual size of small and big fins
in the three mentioned configurations. For an incompressible
unsteady flow with the density p, the kinematic viscosity +, the
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thermal conductivity k and the heat capacity at constant pressure
Cp, the equations of conservation of mass, momentum and energy
are written as [1,2].

= —

V.U=0 (1)
ol — — = 1= —

Gt (U -U).VU=— TP+ WU 2)
pcp(%: +(U - U,).VT) = kV2T (3)

where t, T, U, Us, P,p, C,, kandv are time, temperature, flow velocity,
dynamic mesh velocity , static pressure, fluid density, specific heat
capacity, thermal conductivity coefficient and kinetic viscosity,
respectively. The flow enters the left boundary of solution domain

_
with the velocity U,, and temperature T.,. The % = 0 for velocity
and constant temperature (T, ) are assumed at the upper and lower
boundaries of the solution domain. In contrast, the no-slip condition
and constant temperature (T) are posited for the square cylinder
and its fins. A detailed representation of boundary conditions is dis-
played in Fig. 1a. Throughout the study, the definition of Reynolds
number, convective heat transfer coefficient and Nusselt number
are taken as [2].

Re=U.D/v (4)

k or

he oot OO
Ts—Ts achlinder

()

Nu = hD/k (6)

where y is the outward vector of the plane normal to the cylinder.
The spatial average of the convective heat transfer coefficient,
have (t), and the mean value of total heat transfer coefficient, hmean,
are, respectively, defined as.

e ©) = (5 [[ hat )
A

o = ([ (g haayae) ®
0 A

Also, the spatial average of the Nusselt number, Nu,y., and the
mean value of the overall Nusselt number, Nuean, are defined as.

Nugpe = M 9)
k
hmeanD
Nupean = K (10)

When free flow hits the square cylinder, oscillating forces are
exerted to its body as a result of vortex-shedding. Depending on
the number of degrees of freedom, this phenomenon yields struc-
tural vibrations if the cylinder is either elastic or mounted on an
elastic foundation. Here, the oscillation of the rigid square cylinder
is perpendicular to the free flow direction, and a simple mass-
spring-damper system is used to model its behavior as in [35,36].

J+ 2Ly + wjy = Fi/m (11)

where m, ks and c are the mass, spring stiffness and damping coef-
ficient, respectively. Also, w, = +/ks/m and { = c¢/2vksm are the
natural frequency and the damping ratio, respectively. Furthermore,
F; is the lift force, and (y,y,y) are, respectively, the displacement,
velocity and acceleration of the square cylinder in the cross-flow
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Fig. 1. a) General problem configuration and boundary conditions, and b) Different configurations of utilized fins.

direction. The non-dimensional form of Eq. (11) is derived as
[35,36].

¥+ 4nf,0y + nf,)’Y = (2, /) (12)

where Y =y/D is the non-dimensional movement of the cylinder
and (Y, Y) are the corresponding terms of velocity and accerlation
in the cross-flow direction. Also, m* is the non-dimensional mass of
the cylinder and f; = (%)\/m is the reduced natural fre-

quency. The main reason for modeling the vibration behavior of a
elastically-mounted cylinder in the form of a one-degree-of-
freedom mass-spring-damper system is the predominance of the
transverse (y-direction) displacement amplitude compared to the
streamwise (x-direction) counterpart; So that the ratio of the max-
imum amplitude of transverse motion to the streamwise vibrations
for the plain square cylinder in the lock-in and galloping regions are
calculated as 100 and 12, respectively [36].

2.2. Solution procedure

The governing equations are numerically solved according to
the finite volume technique using ANSYS Fluent. The second-
order upwind procedure is exploited to interpolate the flux terms
on the surface of elements. The second-order upwind scheme is
accurate enough to predict complex phenomena in the region of
flow separation and cylinder wake [11]. SIMPLE procedure is also
utilized to link the pressure and velocity fields. The lift force on
the cylinder for the transient solution is found using the explained
method, then read by the user-defined function (UDF) code.
Accordingly, the net force on the cylinder from the damper, spring,
and fluid flow is obtained. Next, the acceleration and velocity for
the solution time step are determined. This is followed up by
updating the computational mesh based on the cylinder motion
which produces a new mesh in the next iteration. An unstructured
mesh with triangular elements is used in the present study. The
mesh elements in the proximity of walls and behind the cylinder
are selected to be very fine so that dependent variables that display
a notable gradient in these regions can be estimated with reason-
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Fig. 2. a) Actual size of adopted fins, and b) Utilized computational domain.

able accuracy. Irrespective of initial conditions, the flow field in
this problem attains a stable periodic state after enough time. This
study assumes similar initial conditions so that step-by-step com-
parison of all geometric configurations is possible. To this aim, the
flow field at the beginning of each numerical solution is considered
to be stationary. The numerical results should be independent of
the size of grid elements. Mesh independency is studied using sev-
eral different grids, leading to a mesh shown in Table 1. For this
purpose, three meshes with different number of nodes have been
considered and the lift coefficient has been estimated for each
mode. The results show that the difference for C2 mode is the low-

Table 1

The efficacy of grid size on the current solution for Re = 100.
Cases C1 c2 c3
Cells number 9105 21,400 65,300
o 0.383 0.34 0.3381
Error (%) 13% 0.52 % 0

est compared to C3. Therefore, the mesh corresponding to the C2
mode for Fin config.1 is selected to continue the solution. For Fin
config. 2 and 3, this check has been done to choose the suitable
mesh and shown in Fig. 2.
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The convergence criteria for the continuity equation, momen-
tum and energy are considered to be 0.001, 0.00001 and
0.000001, respectively. This implies the selection of an optimal
mesh for a desired problem. Choosing the right time step decreases
the wall-clock time, thus the rise in computational speed. In the
end, a time step of 0.01 s is preferred.

The readers are advised to visit [2,37] for more details on the
numerical solution method and the fluid-solid interaction. In the
following, to validate the utilized numerical solution, the obtained
results for both thermal and vibration sections have been com-
pared with the literature. First, the mean Nusselt number of a
square cylinder with Pr=0.7 in terms of Reynolds number has
been compared with the results obtained in Ref. [38]. As can be
seen in Fig. 3a, the results of the present work have shown a very
good agreement with the results obtained from the mentioned ref-
erence; So that the error percentage for all considered Reynolds
numbers is below 2 % and in most cases below 1 %. Second, in order
to validate the combination of flow and structure solution, the
parameters of the reduced natural frequency, non-dimensional
mass of the cylinder, and the damping ratio according to the Ref.
[39]; are considered as 0.1439, 10, and O, respectively, and the
maximum transverse displacement of the square cylinder in terms
of Reynolds number is shown in the Fig. 3b. As can be seen, the
results of the present work are in good agreement with the results
obtained from the mentioned reference.

3. Numerical results

This study investigates how adding fins to a square cylinder
oscillating in the cross-flow direction affects its vibrations and heat
transfer characteristics. To this end, four shaped bumps inspired by
shark fins are considered in three different configurations and two
sizes. To examine the effect of fins in both synchronization and gal-
loping regions, numerical simulations are performed at Reynolds
numbers (60 < Re < 230). The non-dimensional mass of the cylin-
der is equal to 10 and the natural frequency is defined as
fn=f.D/U, =14.39/Re. Moreover, a rectangular computational
domain of the height H=20D and upstream and downstream
boundaries of (L,,Ls) = (10D,25D) is considered with 35,764
elements.

Fig. 4 displays the changes in the maximum non-dimensional
cylinder displacement with Reynolds number for the small fins of
Configs. 1-3. Also shown are the variations in the lift and drag coef-
ficients on the cylinder in terms of Reynolds number. Furthermore,
for all cases, the response of a plain cylinder is added for compar-
ison. As mentioned earlier, for a plain square cylinder, when the
flow velocity rises, the VIV is the first phenomenon that occurs
first. This is where the vortex separation frequency comes close
to the oscillator natural frequency. In the frequency synchroniza-
tion (lock-in) region, self-excitation vibrations with a relatively

a) 7 b
( ) sharma and eswaran ( ) 14
6 —&— present study
1.2
1 .
§
=§ § 0.8
< > 06+
0.4
2t
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Fig. 4. The variations in the maximum displacement, lift and drag coefficients as a
function of Reynolds number for the small fins of Configs. 1-3.

large amplitude are detected for the square cylinder. After the
cylinder exits the lock-in region, once the inlet velocity exceeds a
critical value, it enters the galloping zone, which is specific to
cylinders with non-circular sections. In the galloping zone, the
structural movements lead to the generation of aerodynamic
forces, which further increase these oscillations. One observes here
that the amplitude of galloping vibrations is much greater than
that of VIV (almost 5 times larger). As a result, the reduction in gal-
loping amplitude is more important than VIV.

T T
4 sen and mittal
—&— present

T T T T T

170 190 210 230 250

Fig. 3. a) Mean Nusselt number in terms of Reynolds number, and b) Maximum transverse displacement of the square cylinder in terms of Reynolds number.
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Fig. 5. The vorticity and isothermal contours in the fully developed state as a function of Reynolds number for the non-finned cylinder.

For the square cylinder equipped with small fins in Config. 1,
which employs four fins in the cylinder corners, the maximum
VIV amplitude increases by 36 % compared to that of plain cylinder.
Then, the flow velocity increases and after the cylinder exits the
lock-in region, it enters the galloping zone at Re = 160. One
observes that the amplitude of cylinder oscillations in the galloping
zone decreases by 39 % on average.

For the square cylinder equipped with small fins in Config. 2
where the fins are moved a little backward from the cylinder cor-
ners, the lock-in region widens slightly and starts at lower flow
velocities than those of plain cylinder. Also, the maximum VIV
amplitude increases by 57 %. Thereafter, the galloping zone initi-
ates at higher flow velocities than those of plain cylinder (from
Re = 190). Here, the cylinder oscillation amplitude in the galloping
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zone decreases by 64 % on average. Finally, the square cylinder
equipped with small fins in Config. 3, where the fins are placed
next to each other in double arrangement in the middle of top
and bottom sides of the cylinder, is investigated. Here, similar to
the previous configurations, the maximum VIV amplitude
increases by 52 % in comparison with non-finned case. Further-
more, the synchronization region expands which was also
observed in Config. 2. Nevertheless, the vibration behavior of this
cylinder in the galloping zone is almost identical to that of the
cylinder in Config. 1. Last but not least, the amplitude of cylinder
vibrations in the galloping zone which starts at Re = 170 decreases
by 30 % on average.

In what follows, the effects of small fins in different configura-
tions on force coefficients are evaluated. The trend of changes in
the maximum amplitude of lift coefficient on square cylinder, as
expected, is completely in line with the vibration behavior of cylin-
der. Nonetheless, with increasing flow velocity and after the lock-
in region, the amplitude of lift coefficient acquires an increasing
trend which is even intensified after the galloping zone. Regarding
the small fins in Config. 2 which result in the largest reduction in
the galloping amplitude, unlike other configurations, the decrease
in the lift coefficient compared with that of the plain cylinder is
obvious. Here, the amplitude of the lift coefficient on the cylinder
decreases by 31 % on average.

The next observation is that the changes in the drag coefficient
for the square cylinder equipped with small fins in all configura-
tion are higher than those of the lift coefficient. Addition of small
fins to the cylinder, particularly in Configs. 2 and 3, increases the
maximum amplitude of drag coefficient in the lock-in region to a
large degree in comparison with the plain cylinder. This is followed
by a behavior similar to what was observed in the cylinder oscilla-
tions amplitude; both in terms of the Reynolds number at which
the galloping zone starts, and in terms of the average value of gal-
loping amplitude over the entire studied area.

Fig. 5 shows the vorticity and isothermal contours in the fully
developed state at different Reynolds numbers for the plain cylin-
der (without fins). For lower Reynolds numbers (60 < Re < 80),
one observes that the vortices are alternately shed from the top
and bottom corners of the cylinder, indicating the 2S mode of vor-
tical structure. As the Reynolds number increases, the distance
between the vortices gradually decreases and the size and strength
of vortices increase. As long as the cylinder is outside of the gallop-
ing zone, the vortex-shedding mode remains 2S. After the cylinder
enters the galloping zone, it can be seen that the vortex-shedding
mode gradually changes from 2S to 2P + 2S. In the 2P + 2S vortex-
shedding mode, two vortices from one surface and one vortex from
another surface, are alternately shed during a complete vibration
cycle, which is especially recognizable for Re > 190.

Moreover, according to the isothermal contours, the change in
these contours is similar to that in vorticity contours. With increas-
ing Reynolds number, the size and intensity of vortices grow. The
vortices detach from the sides of the cylinder which include the
hot fluid. In addition, the rise in the size and intensity of vortices
mixes up the fluid and increases the average fluid temperature.
The start of galloping zone and the change in the vortex-
shedding mode intensifies this effect.

Fig. 6 displays the variations in the amplitude of Nusselt num-

ber Nu = (Numax — NUpmin)/2 and the mean Nusselt number
Nupean as a function of Reynolds number for a cylinder with small
fins in Configs. 1-3. For the sake of compromise, the thermal
response of the plain cylinder is also involved. It can be seen that
in the synchronization and galloping regions, the amplitude of
the Nusselt number fluctuations of the finned cylinder is greater
than that of the non-finned case. With increasing Reynolds num-
ber, the average Nusselt number grows as a higher Reynolds num-
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Fig. 6. The variations in the amplitude and mean of Nusselt number as a function of
Reynolds number for the small fins of Configs. 1-3.

ber yields a stronger and more intense turbulence in the cylinder
wake. This is also accompanied by a greater average fluid temper-
ature. The values of the mean Nusselt number of the finned cylin-
der is greater than that of the cylinder without fin, and the values
of this growth for Configs. 1-3 are 85 %, 70 % and 66 %, respectively.
The highest increase in the mean Nusselt number of the finned
cylinder compared to the non-finned cylinder occurs in the gallop-
ing zone. The maximum growth value of the mean Nusselt number
in the finned cylinder belongs to Config. 1.

Fig. 7 shows the effect of adding small fins with different config-
urations on the vorticity contours of square cylinder at different
Reynolds numbers. For a better understanding, the plots of the
changes in cylinder displacement (Fig. 4) and the vorticity contours
of plain cylinder (Fig. 5) should be considered simultaneously. The
trend of the reduction in the distance between vortices in the 2S
vortex-shedding mode for cylinders with small fins in Configs. 2
and 3 is observed at lower Reynolds numbers. This is attributed
to the earlier onset of the lock-in region in these configurations.
Another conclusion is the conversion of 2S mode to 2P + 2S, espe-
cially for Config. 2 which starts at higher Reynolds numbers. This is
also related to the cylinder displacement diagram.

Fig. 8 shows the effect of adding small fins in different configu-
rations on the isothermal contours of square cylinder at different
Reynolds numbers. This is better understood by concurrently con-
sidering the plot of the changes in displacement and mean Nusselt
number and the isothermal contours of plain cylinder. The change
in the vortex-shedding mode and the rise in the number and inten-
sity of vortices behind the cylinder increase the turbulence and the
width of the area at the back of the cylinder. As mentioned, the
vortices contain hot fluid. A growth in their size and strength
causes a greater degree of mixing in the computational field and
increases the average fluid temperature. This effect is enhanced
by entering the galloping zone and the subsequent change in the
vortex-shedding mode.

Fig. 9a displays the wvariations in the maximum non-
dimensional motion of the cylinder with Reynolds number for
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Fig. 7. The vorticity contours in the fully developed state as a function of Reynolds number for the cylinder with small fins of Configs. 1-3.

big fins in Configs. 1-3. Also shown are the changes in the lift and
drag coefficients on the cylinder as a function of Reynolds number.
For all cases, the response of plain cylinder is added for compari-
son. As can be seen, adding big fins to the cylinder further increases
the VIV amplitude in the lock-in region compared with what is
observed for small fins. In addition, the lock-in region expands to
a greater degree in comparison to the plain cylinder, particularly
in Configs. 2 and 3. In fact, the addition of big fins to the square
cylinder makes the maximum oscillation amplitude in the lock-in
region approach the values associated with circular cylinder
(Fig. 3a in reference [37]).

By contrast, adding big fins has a profound impact on the reduc-
tion of galloping amplitude such that the amplitude of square
cylinder in the galloping zone for big fins in Configs. 2 and 3

decreases by 87 % on average compared to the plain cylinder case.
The corresponding value for small fins reaches a maximum of 64 %
in the best scenario. One observes here that adding big fins pro-
duces two conflicting effects on the cylinder’s vibration response:
increasing the VIV amplitude and perfectly attenuating the gallop-
ing amplitude. Given the more critical condition of square cylinder
in the galloping zone compared to the lock-in region (i.e. larger
amplitude and wider coupling area), it seems that the reduction
of galloping amplitude has priority.

In the following, the effect of big fins in different configurations
on the lift and drag coefficients is reevaluated. Here, one observes
again that the changes in the maximum magnitude of lift coeffi-
cient are related to the vibration magnitude of the square cylinder.
The increase in the lift coefficient amplitude is evident in the lock-
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Fig. 8. The isothermal contours in the fully developed state as a function of Reynolds number for the cylinder with small fins of Configs. 1-3.

in region, whereas a decrease in the galloping region is expected.
For example, the magnitude of lift coefficient on the cylinder
equipped with big fins in Config. 2 is reduced by an average of
43 % in the galloping zone compared to the plain cylinder. Simi-
larly, the drag coefficient changes are greater when the fins, espe-
cially big ones, are added. The multiplication of the drag coefficient
amplitude in the lock-in region and its significant decrease in the
galloping zone are clear.

Fig. 9b displays the variations in the amplitude of Nusselt num-

ber Nu = (NUmax — NUpin)/2 and the mean Nusselt number Nupmean
with Reynolds number for a cylinder with big fins in Configs. 1-3.
For the sake of compromise, the thermal response of the plain
cylinder is also involved. With increasing fin size, the amplitude
of Nusselt number in the lock-in region sees a notable jump, while
it decreases at higher Reynolds numbers with the reduction in the
galloping amplitude in comparison with the case of a cylinder with
smaller fins. The maximum value of amplitude changes in two
cases of Big fins Config. 2 and Config. 3 occurs at a smaller Reynolds
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number compared to the case of Big fins Config. 1. In this scenario,
unlike the cylinder with small fins, the largest growth in the mean
Nusselt number belongs to the case of Config. 3. In the galloping
zone, the mean Nusselt number for the cylinder with big fins is
lower than the cylinder with small fins. The reason behind this
thermal behavior is that the changes in the Nusselt number are
straightly proportional to the magnitude of cylinder displacement.
Furthermore, the amplitude of oscillations for the cylinder with big
fins is lower than that of the cylinder with small fins.

4. Conclusion

The current article focuses on the numerical investigation of the
free vibration and heat transfer of a finned square cylinder. These
fins have the same shape as shark fins and are located on the top
and bottom surfaces of the cylinder. The effects of the size and
position of fins on the vortex-shedding, heat transfer and FIV of
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Fig. 9. The changes in the maximum displacement, lift and drag coefficients, the amplitude and mean of Nusselt number as a function of Reynolds number for the big fins of

Configs. 1-3.

cylinder in both synchronization and galloping regions are studied.
The main results are summarized as follows:

4.1. Effect of small fins on vibration response and vortical structure

For the square cylinder equipped with small fins in Configs. 1-3,
the maximum VIV amplitude increases by, respectively, 36 %, 57 %
and 52 % compared with the plain cylinder. Furthermore, the gal-
loping zone starts at higher velocities, particularly in Config. 2. Fur-
thermore, the magnitude of galloping oscillations for the cylinder
with small fins in Configs. 1-3 decreases by 39 %, 64 % and 30 %,
respectively. Also, the trend of reduction in the distance between
vortices in the 2S vortex-shedding mode for cylinders with small
fins in Configs. 2 and 3 is observed at lower Reynolds numbers as
the lock-in region starts earlier in these configurations. Also, the
2S mode transforms into 2P + 2S, which specifically starts at higher
Reynolds number for Config. 2 and is related to the plot of changes
in the cylinder displacement.

4.2. Effect of big fins on the vibration response and vortical structure

Adding big fins to the cylinder further increases the VIV ampli-
tude in the lock-in region compared to what is seen for small fins.
The synchronization region is also much wider than that of plain
cylinder, especially in Configs. 2 and 3. On the other hand, the addi-
tion of big fins has a great impact on reducing the galloping ampli-
tude so that on average, the square cylinder amplitude in the
galloping zone for big fins in Configs. 2 and 3 decreases by 87 %
in comparison with the plain cylinder. By contrast, the same quan-
tity in the best case for small fins reaches 31 %.
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Also, the trend of reduction in the distance between vortices in
the 2S vortex-shedding mode for cylinders with small fins in Con-
figs. 2 and 3 is observed at lower Reynolds numbers. Also notewor-
thy is the proximity of the 2S vortex-shedding mode to C(2S) for a
cylinder in Config. 2 at Re = 87.5, which is the same as the vortex-
shedding mode of a circular cylinder at the peak of the lock-in
region. This temporary mode change is due to the significant rise
in the VIV amplitude of square cylinder equipped with big fins in
Config. 2 at this Reynolds number. Another point of interest is that
the vortex shedding mode remains 2S for big fins in Configs. 2 and
3 and the conversion to the 2P + 2S mode does not occur. This is
explained by the significant reduction of galloping amplitude,
although the 2P + 2S mode is of course seen in Config. 1 at higher
Reynolds numbers.

4.3. Effect of small and big fins on heat transfer

Adding fins to the square cylinder clearly increases the amount
of heat transfer compared with the no-fin case. A higher Reynolds
number results in a greater mean Nusselt number. The highest
increase in the mean Nusselt number of the finned square cylinder
occurs in the galloping zone. The fin size affects the vortical struc-
ture mode and the amplitude of cylinder displacement. The use of
big fins causes the greatest changes in the Nusselt number ampli-
tude for Configs. 2 and 3 take place in the lock-in region and at
Re = 87.5. Regarding small and big fins, the highest growth in the
mean Nusselt number belongs to, respectively, Configs. 1 and 3.
Finally, in the galloping zone, the mean Nusselt number of the
cylinder with small fins is higher than that of the cylinder with
big fins.
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