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Abstract:

This paper presents a numerical investigation of the three-dimensional flow
field with deformations of two tandem rectangular cylinders. The one-way
Fluid-Structure Interaction (FSI) method simulated the deformation
domain. The Realizable k-& turbulence model was utilized to model
turbulent flow simulation in the three-dimensional flow domain. The
hydrodynamic forces, deformations, and stresses were calculated for
different spacing configurations between the rectangular cylinders.
Structural steel was chosen for the rectangular cylinders, while water was Fluid-Structure Interaction,
chosen for the fluid domain. The flow inlet velocity was maintained at 5 m/s tandem cylinders, turbulent
for all simulations, resulting in a corresponding Reynolds number of 5x10° 0w

based on free stream velocity and cylinder width. The numerical results

demonstrated that the cylinder spacing significantly affected the cylinders'

deformation. The distance ratio between the two tandem rectangular

cylinders to the cylinder height (x/H) was increased from 1 to 5. The front

rectangular cylinder endured a higher pressure load than the rear

rectangular cylinder, with the maximum deformation of the front cylinder

found to be 7.15 mm. Due to the lower pressure on the rear rectangular

cylinders, deformation varied between 0.98 mm and 6.02 mm as x/H

changed from 1 to 5. This research provides valuable insights into the

deformation behavior of tandem rectangular cylinders in three-

dimensional flow fields.
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1. INTRODUCTION

Fluid-structure interaction (FSI) is a rapidly
growing field of research that has gained significant
attention in recent years due to its relevance in
various engineering applications. FSI is concerned
with the interaction between fluid and structures,
which can manifest in various forms, including the
deformation of structures due to fluid forces, the
flow-induced vibration of structures, and the

alteration of fluid flow patterns by the presence of
structures [1, 2].

In particular, the interaction between fluid and
structures in the form of cylinders has become an
important area of investigation in FSI due to its
prevalence in numerous practical applications.
Tandem cylinder systems, in which two cylinders
are placed in close proximity, are of particular
interest as they have been shown to exhibit
complex fluid-structure interaction phenomena.
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Such systems are commonly found in offshore
structures, heat exchangers, bridge piers, water
turbines, offshore wind turbine platforms, and
other applications where flow-induced vibrations
and drag forces can significantly impact the overall
system performance [3, 4]. Understanding the
fundamental mechanisms underlying the FSI in
tandem cylinder systems is crucial for the design,
optimization, and safety assessment of these
structures. Numerical simulations, experimental
studies, and theoretical analyses have been
extensively employed to investigate the complex
FSI phenomena in tandem cylinder systems. These
efforts have led to significant advances in
understanding the interaction between fluid and
cylinders and have provided valuable insights into
the underlying physical mechanisms governing the
FSI phenomena [5].

Numerical simulation methods have become
prevalent in investigating physical and mechanical
problems in various engineering applications. In
fluid mechanics, numerical studies have been
extensively conducted on the interaction between
contiguous rigid bodies and fluid flows. In this
regard, several notable studies have been
summarized in this section. Tabatabaei Malazi et al.
[6] conducted an experimental and numerical
investigation of three-dimensional T-shaped
flexible cylinder deformation using a high-speed
camera system and a two-way FSI numerical
method. The tree models' drag force, deformation,
and stress were evaluated using CFD techniques
across various wind velocities and geometric factors
by Amani-Beni et al. [7]. The deformation of the tree
was solved using the one-way FSI approach. The
findings suggest that wind velocity and the tree's
geometric characteristics significantly influence a
tree's deformation, drag force, and stress.

In another article, the treatment of local scour
around three adjacent piles by simulating the flow
field around them was studied. The simulation
predicted the sediment motion regarding its
advection, erosion, and deposition. Moreover,
studies investigated the impact of pile spacing and
arrangement on flow fields, bed elevation contours,
and scour depth [8]. In previous studies, vegetation
was often modelled as rigid cylinders, but concerns
were raised about the accuracy of such models in
replicating the effects of actual vegetation. A
numerical simulation assessed the consequences of
representing plants as rigid cylinders. The findings
showed that the flow resistance decreases with the
Reynolds number for rigid cylinders and plants.

Furthermore, the Baptist method, which
estimates the impact of vegetation drag and bed
shear stress, underestimated bed erosion within
sparse vegetation in rivers and overestimated the
mean flow velocity [9]. In another study, equations
governing fluid flows in vegetated areas were
derived, assuming vegetation to be straight and
rigid cylinders. The presence of vegetation
significantly affected the dissipation of flow energy
inside and outside the vegetation in the wake flow
region [10].

Additionally, a 3D simulation was conducted to
investigate flow and scour/backfilling around a pile
exposed to waves based on Reynolds-averaged
Navier-Stokes equations, analyzing two types of
beds: sediment bed and rigid bed. For the rigid-bed
case, it was discovered that vortex shedding for
waves around the pile occurs in a "one-cell" manner
with a uniform shedding frequency, unlike in a
steady current where a two-cell structure prevails
[11]. In nuclear reactors, arrays of cylinders are
frequently employed as heat exchangers. Large-
eddy simulations examined a single rigid cylinder
representative of a cylinder in an infinite square
array on a numerical domain, analyzing its spacing
and effect on wall pressure [12]. The relationship
between the state and resistance of submerged
vegetation and its relative bending rigidity was also
determined by studying the submerged
vegetation's state under various inflow conditions
[13]. The variation of drag coefficient in subcritical
open channels was also examined for rigid
vegetation by Liu et al. [14]. Finally, artificial, tree-
like emergent vegetation elements with a relatively
simple structure were used to experimentally
investigate channel flow through tree-like
vegetation, evaluating the canopy's impact on the
flow field. The findings indicate that canopy
porosity significantly affects the sub-canopy flow
intensity [15].

Several studies have explored the effects of
different parameters on the FSI of multiple
cylinders, such as spacing ratio, arrangement
pattern, Reynolds number, mass ratio, damping
ratio, etc. [16] Other notable studies in this area
include the investigation of emergent blade-type
vegetation stems [17] and floating wind turbines
[18]. The present work examines the FSI
characteristics of two rectangular cylinders
arranged in tandem through numerical simulations.
The deformation, hydrodynamic forces, and
stresses of the cylinders were analyzed for different
cylinder spacing.
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The primary objective of this study is to conduct
a numerical investigation into the FSI of two tandem
rectangular cylinders in a complex three-
dimensional flow field. Leveraging advanced CFD
techniques, including the Realizable k-g turbulence
model and the one-way FSI method, the research
explores hydrodynamic forces, deformations,
stresses, and drag coefficients. The aim is to provide
invaluable insights into the behavior of these
tandem structures under varying FSI conditions,
expressed as different x/H ratios. This investigation
significantly contributes to the understanding of
fluid-structure interaction phenomena, offering
essential knowledge for the design, optimization,
and safety evaluation of similar systems in diverse
engineering applications.

2. METHODS

2.1 Computational Model, Boundary Conditions,
and Meshing

Simulations were utilized at the same velocity
for various spacing. To have a better and more
practical understanding, the computational domain,
boundary conditions, and rectangular cylinder
locations are depicted in Figs. 1 and 2.

Slip Wall -

Rectangular

" Outlet
Inlet Cylinders

Wall

—_—___——___________ J
GRS — 15H Symmetry

5H

Fig. 1. Details of the computational domain

Height

Width

Fig. 2. Sketch view of rectangular cylinders

Dimensions and rectangular cylinder size are
presented in Table 1 to specify the cylinders' height,

length, width, and various tested distances. Velocity
inlet, pressure outlet, slip walls, no-slip wall for rigid
bed, and symmetry boundary conditions were
applied in this research, as shown in Fig. 1.

Table 1. Dimensions of the rectangular cylinders in the
computational domain

Height (H) 0.5m
Length (L) 0.01lm
Width (W) 0.1m
Distance between cylinders (x/H) 1,2,3,4,5

Mesh independence studies are commonly
conducted to investigate the sensitivity of the
solution to the mesh elements, numbers, and sizes
to obtain accurate numerical results. This research
tested various mesh configurations to obtain an
independent mesh solution. Specifically, the flow
domain was discretized using 3.2x10° tetrahedron
mesh elements with prism layers over walls, while
the solid domain was discretized using quad meshes
with a size of 0.2 mm. The quality and distribution
of the mesh elements in both the fluid and solid
domains are depicted in Figs. 3-a, b, and ¢,
respectively. These figures demonstrate the
adequacy of the mesh in capturing the complex flow
and solid structures in the simulation. It is worth
noting that the choice of mesh elements and sizes
is critical in achieving accurate and reliable

numerical solutions to fluid-structure interaction
problems. Therefore, the mesh independence study
provides valuable insight into the appropriate mesh
configurations to save computation time [19].

Fig. 3. a) Computational mesh of the fluid domain, b)
enlarged view of the mesh, and c) mesh of the solid
domain

Water was chosen as the fluid to simulate the
current problem, and structural steel was selected
as the solid material for the rectangular cylinders.
The pertinent physical properties of these materials
are listed in Table 2.
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Table 2. Physical properties of the fluid and solid

Water

Density 998.2 kg/m?
Dynamic viscosity 0.001003 Pa-s
Structural Steel

Density 7850 kg/m?3
Young's modulus 2x10"! Pa
Poisson's ratio 0.3

2.2. Computational Fluid Dynamics Simulations

This research used two commercial software
packages, Ansys-Fluent and Static Structural, for the
simulations. The Realizable k- turbulence model
was applied to simulate steady-state turbulent flow
for the three-dimensional fluid domain. The
continuity and momentum equations were utilized
in the simulations. These equations are presented
in reference to expressions 1and 2 [20, 21].

o(pui) _
6t 0x; =0 (1)
d(pw;) | d(pusu;) _
ot ax] - + pgl + (.u +

ko (52 + ‘ZZ’) +5, )

Where p is the fluid density, u; and u; denote the
average velocity components of the fluid, P
represents pressure, S; represents the momentum
equation's source term, u represents the dynamic
viscosity, y; represents the eddy viscosity, which is

k? .
calculated as y; = pCﬂ?, and € is the turbulent

dissipation rate. The transport equations for k and €
for the realizable k-e model can be expressed as [22-
24]:
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In the equations, k represents the turbulent
kinetic energy. € represents the rate of dissipation.
G is turbulent kinetic energy generation, G, is
turbulent kinetic energy generation, and Y, is
fluctuating dilatation contribution to the overall
dissipation rate. The model constants for the

realizable k- turbulence model can be written as
Cie = 144, C3¢ = 1.92, 0, = 1.0, C, = 0.09, and
o, =1.3.

This research employed the SIMPLE algorithm to
couple the continuity and momentum equations to
solve the problem. The solution was deemed
acceptable when the residuals of the x-velocity, y-
velocity, and z-velocity equations were reduced
below 10°®.

The Reynolds number in this research was 5x10°,
as defined in Eq. (6). The free-stream velocity (Uw)
was set to 5 m/s, the characteristic length of the
cylinder was 0.1 m, and the kinematic viscosity of
water was represented by v.

UsoD
Re = == (6)

v
2.3. Computational Structural Dynamics

Simulations

The deformation of a three-dimensional flexible
solid structure can be mathematically described by
Equation (7) [25].

[M]{u} + [C1{} + [KT{u} = {F}  (7)

Here, [M] represents the mass matrix of the
structure, [C] represents the damping matrix, [K]
represents the stiffness matrix, and {F} represents
the load vector acting on the solid structure due to
fluid. The nodal acceleration vector is denoted by
{ii}, the nodal velocity vector by {11}, and the nodal
displacement vector by {u}. The Equation provides a
comprehensive representation of the dynamic
behavior of the solid structure in response to the
fluid forces acting on it.

Total deformation was computed numerically in
a three-dimensional flexible solid structure by
expression (8).

U=.UZ+UZ+ UZ (8)

where Uy, Uy, and U, are component deformations
in the x, y, and z directions, respectively.

The Von Mises stress in a three-dimensional
flexible solid structure can be numerically
calculated using Equation (9).

1
(01—02)2+(02—03)2+(03—01)2]2
2

(9)

O, =

where 07, 05 and g3 are stress states in the x, y,
and z directions, respectively.
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3. RESULTS AND DISCUSSIONS

As a preamble to the fluid flow effect, the results
of the pressure produced by the water acting on the
front surfaces of rectangular cylinders are discussed
and given in Fig. 4. The pressure distribution on the
front surface of the rectangular cylinders against
water flow is shown for both the front (the left
figure) and rear sides (the right figure), where the
x/H was changed from 1 to 5. From the obtained
results in low x/H (in which rectangular cylinders
were close to each other), the rear rectangular
cylinder was not exposed to direct flow, and
pressure levels were low. However, as x/H
increased, the rear rectangular cylinder
experienced a substantial increase in force,
accompanied by a rise in pressure levels, as
illustrated in the contours. As a result of the front
rectangular cylinder being a bluff body, it caused a
massive flow separation, and a large wake was
formed. Therefore, the pressure effect on the rear
rectangular cylinder changed with distance, and the
pressure force was low on the rear cylinder when
the cylinders were close to each other. Moreover,
owing to the flow separation occurring on the upper
side of the front rectangular cylinder, the rear
rectangular cylinder endured substantial forces.
The pressure distribution of the rear rectangular
cylinder illustrates that pressure increased from
bottom to top on the front surface of the rear
rectangular cylinder.

3.1. Flow Structure Results

Fig. 5 (a) shows the velocity vector distribution
of the single rectangular cylinder and (b) the
symmetry plane when the tandem arrangement
was x/H = 1. The velocity was high at the edges of
the front rectangular cylinder, and the velocity
distribution on the rear rectangular cylinder shows
that the velocity value was also high in the central
region of the rectangular cylinder. Hence, the front
rectangular cylinder caused flow recirculation near
the rear rectangular cylinder. In addition, velocity
vectors indicate how the fluid motion in different
positions changed. The fluid velocity decreased to
its lowest (approximately zero) when hitting the
rectangular cylinder as an obstacle in the flow
direction. On the other hand, vortex formation can
be observed in the region between two cylinders.
Also, the flow separation generated recirculation
zones at the rear side of the cylinder visible.

Pressure [Pa] Front Backward Cylinder
Cylinder x/H=1 X/H=2 x/H=3 Xx/H=4 X/H=5

1.300e+004
1.011e+004
7.222e+003 .
4.333e+003
1.444e+003
-1.444e+003
-4.333e+003
7.222e+003
-1.011e+004
-1.300e+004

Fig. 4. The pressure contours at the front and rear side
of the cylinders for different x/H

Velocity
[m/s]

6.0

4.5

3.0

(@) 1.5

0.0

Fig. 5. Velocity vectors around rectangular cylinders. a)
Single cylinder and b) tandem cylinders at x/H=1

3.2. Deformation and Stress Results

The maximum deformation of the rear cylinder
was recorded at different x/H values from 1 to 5 and
demonstrated in Fig. 6. The maximum deformation
value was 7.15 mm for the front rectangular
cylinder. The lowest deformation was obtained at
0.92 mm, while the highest was 6.1 mm for the rear
rectangular cylinders. The results indicated that the
deformation value initially increased with a high
slope. Subsequently, the rate of increase gradually
diminished, and the curve ascended until it reached
its peak, matching that of the front cylinder. It was
realized that the front rectangular cylinder had a
lower effect on the rear rectangular cylinder when
the distance between rectangular cylinders
increased.
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Fig. 6. Maximum deformation (&) of the rear

rectangular cylinder at various x/H

o

Fig. 7 shows the Von Mises maximum stress at
different x/H. It has a similar trend with the
deformation values. It was demonstrated that the
Von Mises maximum stress increased when the
distance between rectangular cylinders expanded
because of the heightened pressure force on the
rear rectangular cylinder. The results show that the
value of the Von Mises maximum was 123 MPa for
the front rectangular cylinder. The value of the Von
Mises maximum stress was changed from 10.8 MPa
to 102 MPa when the value of x/H was changed
from 1to 5.

100+

B )] o)
o o o

Maximum Von Mises Stress (MPa)

N
o

1 2 3 4 5
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Fig. 7. The Von Mises maximum stress of the rear

rectangular cylinder at various x/H

In the Figs. 8 and 9, rectangular cylinder
deformation is compared to the front and rear
rectangular cylinders when the x/H is 5. The front
cylinder experienced a greater pressure load and
endured the highest force exerted by the fluid flow.
The front cylinder experienced higher pressure,
resulting in a maximum deformation of 7.15 mm,
while the other cylinder, subject to lower pressure,
exhibited a maximum deformation of about 6.02
mm.
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Fig. 8. The deformation of a) the front rectangular
cylinder and b) the rear rectangular cylinder at x/H =5 at
V=5m/s
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3.3. Drag Coefficients Results

A drag force is exerted on an object when it is
placed in a fluid flow. The drag force on a
rectangular cylinder during water flow can be
calculated using Equation (10).

Fp = Fp +Fp, = $Pfi.2qdS + § 1, E.64dS (10)

where, FDp is pressure drag, Fp, is viscous drag, p
is the pressure, and 7 is the wall shear stress. After
calculating the force of drag, the drag coefficient
can be calculated using Equation. (11).
Fp

Cp = %”m (11)
Where Cp is the drag coefficient, Fp, is the total drag
force, p is the density of the fluid, U is the velocity
of the fluid, and A is the characteristic area of the
body (rectangular cylinder frontal area).

Figure 9 shows the variation of the total force
with x/H. The front rectangular cylinder had a total
drag force of approximately 772. The value of the
minimum drag force for the rear rectangular
cylinder was 2.62 N when x/H was 1. On the other
hand, it was 610 N when x/H was 5. It was
determined that the total drag force of the rear
rectangular cylinder increased with increasing
distance between the rectangular cylinders.

600
Z 500
g 400+
2
© 3001
o
(=]
= 2001
o
F 1004
0 i
0 1 2 3 4 5
xIH
Fig. 9. The total drag force of the rear cylinder varies
with x/H
1.0
< 0.8
[
<
% 0.6
[=]
Q
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2
£ 0.2
0.0
1 2 3 4 5
xIH
Fig. 10. The drag coefficients of the rear cylinder vary
with x/H

As can be seen from Figure 10, the drag
coefficient increased as the distance between the
cylinders increased. The drag coefficient of the front
rectangular cylinder is nearly 1.23. When x/H was 1,
the rear rectangular cylinder's minimum drag
coefficient was measured as 0.0041. On the other
side, when x/H was 5, it was 0.97. It is seen that the
front cylinder absorbed some of the momentum
coming to the rear cylinder and reduced the drag
force.

4. CONCLUSIONS

The findings of this study have practical
implications in several engineering applications.
They are invaluable for designing stable offshore
structures, optimizing heat exchanger systems,
constructing resilient bridges and buildings in
challenging environments, enhancing the efficiency
of water turbines in hydropower plants, improving
aerodynamic designs in aerospace and automotive
industries, and ensuring the durability of renewable
energy devices like tidal turbines and wind turbines.
Understanding  fluid-structure interaction is
essential for engineering designs across these
diverse applications, ensuring they are efficient,
durable, and capable of withstanding complex
environmental forces.

The present research demonstrates the utility of
numerical simulations for investigating FSI in
complex geometries and flow conditions. This
research focuses on the tandem cylinder system, an
important aspect of FSI that significantly affects
system behavior. The simulations employ the one-
way FSI method and the Realizable k-€ turbulence
model for the three-dimensional flow domain.

The numerical results revealed that the
deformation, pressure force, and stress depend on
the distance between rectangular cylinders. When
the cylinders were positioned close together (low
x/H values), the front cylinder created significant
flow separation, causing low pressure and drag
forces on the rear cylinder. As the distance between
the cylinders increased (high x/H values), the
influence of the front cylinder's flow separation
decreased, resulting in higher pressure and drag
forces on the rear cylinder. This phenomenon
resulted in variations in deformation, stress, and
drag coefficients. The total drag force was almost 99%
lower on the rear rectangular cylinder for x/H = 1
than at the front rectangular cylinder. In addition,
the total drag force on the rear rectangular cylinder
was nearly 21% smaller when x/H was 5, compared
to that on the front rectangular cylinder.

164



M. Tabatabaei Malazi et al. / Applied Engineering Letters Vol.8, No.4, 158-166 (2023)

The research also shows that the rear
rectangular cylinder experienced almost 87% less
maximum deformation than the front rectangular
cylinder at x/H = 1. Moreover, at x/H of 5, the
maximum deformation was reduced by nearly 16%
at the rear rectangular cylinder compared to the
front rectangular cylinder.

The insights gained from this research can be
instrumental in designing structures subjected to
FSI, resulting in more efficient and reliable
engineering designs. Studying diverse geometric
shapes, mainly circular or elliptical cross-sections,
can shed light on their impact on deformation and
pressure distribution. Unraveling turbulent flow
complexities and expanding investigations to
configurations with more than two cylinders,
exploring the influence of surface roughness on
boundary layer formation and drag forces holds
promise. Implementing coupled fluid-structure
optimization algorithms and integrating
experimental techniques like Particle Image
Velocimetry (PIV) can enhance accuracy.
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