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The reliability of the usage of a splitter plate (passive control device) downstream of the obstacle, in
suppressing the fluid forces on a circular obstacle of diameter D = 0.1 mis studied in this paper. The
first parameter of the current study is the attachment of a splitter plate of various lengths (L;) with
the obstacle, whereas the gap separation (G;) between the splitter plate and the obstacle, is used as
a second parameter. The control elements of the first and second parameters are varied from 0.1 to
0.3. For the attached splitter plates of lengths 0.2 and 0.3, the oscillatory behavior of transient flow
at Re = 100 is successfully controlled. For the gap separation, 0.1 and 0.2 similar results are obtained.
However, it is observed that a splitter plate of too short length and a plate located at the inappropriate
gap from the obstacle, are worthless. A computational strategy based on the finite element method
is utilized due to the complicated representative equations. For a clear physical depiction of the
problem, velocity and pressure plots have been provided. Drag and lift coefficients the hydrodynamic
benchmark values are also evaluated in a graphical representation surrounding the obstacle’s
peripheral surface as well as the splitter plate. In a conclusion, a splitter plate can function to control
fluid forces whether it is attached or detached, based on plate length and gap separation between
obstacle and plate, respectively.

During the last decade or so the subject of flow control has received considerable attention and is an evolving
field of Fluid Dynamics. The flow wake behind the bluff structure can induce unsteady forces, which have the
power to ruin the structure’s contact with the flow field. At the same time, a small change in the configuration
can lead to large engineering benefits like drag reduction, lift enhancement, or mixing enhancement. Often CFD
simulation aims to control the fluid forces acting on the obstacles.

Flow control is an intriguing area with numerous real-world applications, especially in aerodynamics. The
uneven wake that appears behind an obstacle causes undesirable structural oscillations, which can lead to fatigue
failure. Controlling the wake phenomena could directly benefit a wide range of engineering applications, includ-
ing skyscrapers, naval risers, bridges, columns, and a few sections of airplanes. The downstream flow regime is
mostly determined by the bluff object’s configuration and the inflow velocity (or the Reynolds number, Re). In
the downstream wake zone, isolated shear layers from both upper and lower regions of the bluff item lift above
a critical Re, producing a Von-Karman vortex street or alternating vortices shedding. As a result of the bluff
object’s oscillating drag force and lift force caused by periodic vortex shedding, a considerable pressure reduction
occurs. Both the devices, passive (without external energy input) and active (with some externally added energy
input) are control strategies to adjust the unstable wake region and decrease the unstable pressures, induced on
the bluff items that have been proposed in the literature! .

The splitter plate is considered as a very effective and useful passive device for flow control that has been
widely investigated in the literature. Splitter plates*, fairings'*-'?, flow control that is suction-based'*!*, con-
trol over moving boundary layer??, the slits that are in a parallel position to the inlet flow'é, the streamlining of
structural geometry!”'8, the helical strakes'**, and many other add-on passive devices*"*? are among the most
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common control measures. Triantafyllou et al.* pointed the absolute instability that directs the vortex dynam-

ics and global wake unsteadiness in the flow is principally modified by these control techniques. Choi et al.!
hypothesized that removing or decreasing the local absolute unsteadiness in the separated shear layers and
wake centreline section could result in substantial control over Von-Karman vortex shedding and a decrease in
unstable forces.

Splitter plates are one of the many passive flow control devices, researched widely in the literature. In lit-
erature, the impact of detached or attached rigid splitter plates is investigated experimentally and numerically.
Hwang et al.?* evaluated the impact of a detachable plate on a circular obstacle and found that forces induced
on the cylinder were significantly lessening. By altering the position of the splitter plate, Akilli et al.”® broaden
the prior experimental research to evaluate the impact of a detached splitter plate on the abolishment of vor-
tex shedding. Ozono®® investigated the impact of a detached splitter plate behind a cylinder in an asymmetric
arrangement on the length and position of the plate. He noticed that as the distance between the cylinder’s
central point and the forefront of the downstream splitting plate increased, the drag coefficient began to fall.
Serson et al.?’ investigated detachable splitting plates and discovered a considerable reliance on high Reynolds
numbers. A significant parameter is a nondimensional gap from the base point of the cylinder to the splitter’s
forefront that determines the wake behavior, according to experiments on the detached splitter plate Rockwell
and Unal®. It has been reported by Cete and Unal® that the drag coefficient of the attached type rigid splitter
plate reduces monotonically as the length of the plate increases up to twice the cylinder’s diameter. The length
of the stiff splitter for which the vortex shedding phenomena is obstructed for flow through a circular cylinder
is the subject of another investigation by Kwon and Choi’.

All the work discussed above is remarkable for the control of wake flow behind a cylinder by a splitter plate
in a viscous flow. Among these various cylinder forms, the circular-shaped obstruction serves as a vital element
of design and structure. These structures frequently contact with fluids and are subjected to forces induced
due to flow, which might result in a disaster within some definite conditions. Recently, an experimental study
by Chen et al.** has been performed for a wind tunnel. They investigated the impact of various gaps between I
adjacent passive jet rings for controlling the VIV. To investigate the plate length’s sensitivity Gao et al.*! provided
an upstream splitter plate to the stagnation point of a circular cylinder. They concluded that the reduction in the
mean drag and fluctuating lift could reach 36.0% and 63.6%, respectively, when L/D was equal to 1.0. To envisage
the VIV response of a cylinder of circular shape immersed in a fluid, Chen et al.*? established, a coupled wake
oscillator dynamic equation.

For our present study we considered, a landmark paper published by Schaefer et al.** on obstacle flow, in
which they investigated a benchmark problem for incompressible flow around a circular cylinder and built a
comparison between results obtained using various solutions methodologies. The fundamental aim of the cur-
rent work is to study the effects of a control splitter plate attached to the cylinder of circular shape on the reduc-
tion of drag and enhancement of lift at Re = 100, for a variety of attached plates of non-dimensional lengths
(Li»i = 0.1, 0.2 and 0.3) and also for detached splitter plate of fixed length L3 = 0.3located at different positions
(Gj,i =0.1,0.2 and 0.3). Moreover, all results for the present work are attained by FEM-based simulations.
Mahmood et al.***> have done FEM computation-based study for analysis of the viscous fluid flow characteristics
inside a channel idriven-cavity. Also, described the effects of shape function for linear as well as quadratic profiles.
For the physical setup of the problem, different hybrid computational meshes based on FEM are described. The
properties of fluid forces across the obstruction were also discussed.

The current work is separated into several categories and organised as follows: in the first and second sections,
the problem is introduced, and the flow configuration and governing equations with constitutive relations are
explained. The third section consists of the description of the numerical scheme and grid convergence. Moreover,
for code validation, the results are compared with the literature. Whereas, all the results and discussion of the
article are provided in the fourth section. The conclusions of this research work are presented in the last section.

Physical problem and mathematical modeling
Consider a flow which is transient, incompressible, two-dimensional viscous fluid have an interaction with
circular cylinder located inside a channel. The height of the channel is H = 0.41 m and L = 2.2 m length is the
dimension of the physical domain with a diameter of cylinder D = 0.1 m placed at C(0.2,0.2) m are consid-
ered. The problem of laminar, incompressible, and unsteady flow past a circular cylinder is examined in this
paper for two different cases: the cylinder with attached and the detached splitter plate. In the case of a split-
ter plate attached to the surface of the cylinder, plates of different lengths L; = 0.1,L; = 0.2 and L3 = 0.3 are
simultaneously introduced in the physical configuration as shown in Fig. 1. For the case of the detached splitter
plate shown in Fig. 2, a spitter plate of fixed length L = 0.3 is located at three different positions, such as at gap
G1 = 0.1,G, = 0.2, and Gg, respectively. For all the cases, the plate thickness is the same, equal to 0.01 m.

For nondimensionalized governing equations, the average velocity Uy,s and length (cylinder diameter D)
scales are employed, respectively.

For analysis, a few assumptions are made.

e The characteristics of transient flow for Newtonian fluid are studied.

It is carried out, the impact of parabolic inlet flow while ignoring the impacts of body forces.

® Assuming the boundary condition (No-slip) on the cylinder’s surface and splitter plates as well as on both
symmetric channel walls.

Scientific Reports |

(2022) 12:13602 | https://doi.org/10.1038/s41598-022-17947-w nature portfolio



www.nature.com/scientificreports/

€=(0.2,0.2)
UO\.lt

—_0.41
=)
Il
)

2.2

Figure 1. Schematic diagram, when a splitter of length L;, where i = 1,2 and 3 is attached with the cylinder.
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Figure 2. Schematic diagram, when a splitter of length L is fitted at various gap separation
Gi, (wherei = 1,2 and 3) from the cylinder.

For a viscous, incompressible fluid in a transient flow across the circular obstacle along with a splitter plate
i.e. attached or detached, the governing equations are the usual continuity and momentum equations. The
dimensionless form of governing equations is defined below:

ux+vy3 =0 (1)
1

-+ 5+ 5] = -+ - [+ 75 o
_ 1

[P+ (5 +375) | = =py + o [V + V] (3)

The conditions imposed on boundary for transient flow field inside a channel with a circular obstruction,
are described as:

Inlet boundary (0,7, 1) =

Outlet boundary uz = v5 = 0,

Sidewallsu =v =0,

Cylindrical surfaceu = v = 0.

The above non-dimensional iequations have been produced by adopting the scaling variables Ly.f, Uy,
the reference lengthUa d the average Veloc1ty, respectively. The dimensionless parameter Reynolds number Re
is defined by Re = ref 'ef with Uy = Umax is the average velocity, Lyef = D = 0.1, Uyax = 1.5,v = 0.001 is
kinematic viscosity*’.

At the post-processing stage, we have deduced the quantities of interest described as:

40, H—
mﬂX)’( )} ,v=0,

® Drag coefficient

o 2Fp
D= 4
pUZ,D (4)
e Lift coefficient
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o= 2
pULD (5)

The non-dimensional drag (Fp) and lift (Fy,) forces act on the circular obstacle.

Numerical procedure

FEM computation is used to achieve and handle a mathematical formulation of governing Egs. (1)-(3). The stable
finite element pair P, — Py satisfying the inf-sup condition has been utilized. The Newton’s iterative process is
used to linearize the discrete non-linear systems*?. For the solution of linearized system, PARDISO solver
is utilized which works for general system Ax = b and is based on LU matrix factorization with special reor-
dering of unknowns and reduce the number of iterations required to achieve the desired level of convergence.
Furthermore, to stabilize the flow at higher values of Re, a cross-wind stabilization technique is implemented.

Weak formulation. The basic mechanism for solving the system of Egs. (1-3) is the ifinite element method.
The initial step is conversion of the Eqs. (1-3) into what is known as “weak formulations” We begin by introduc-
ing test and trial spaces, as follows:

LetW = [H' ()] be the test subspaces for %, v, and for pressure Q = L?(§) is the test space. The weak form
of the above equations is as follows:

/(ﬁerV?)qu:O’ (6)
Q
Re/(ﬁ;—{—ﬂy—}—ﬁy)wdQ—l—Re/f)fwdQ—/(ﬁﬁ—}—uﬁ)wdQ:O, @)
Q Q Q
Re/(V;—FWy—i—Wy)wdQ—l-Re /?ywdQ_/(Vﬁ_{'Vﬁ)WdQ:O, 8)
Q Q Q

In above Egs. (6)-(8) g and w are defined as test functions for pressure and velocity respectively.
In finite-dimensional subspaces, we compute continuous solutions with discrete ones for numerical
approximation.

Using (9) in (6)-(8), the following discrete version is obtained

/ (ahy + %) qr d2 =0, (10)

Q

Re/ <Eh? + Uty + ?hﬂhy) wrdQ2 + RE/T)hY wrdQ — / (ﬂhﬁ + ﬁhﬁ>Wn dQ =0, (11)
Q Q Q

Re/ (Vht— + upvp + Wﬁhy) wrd2 + Re /f)h)T wrdQ2 — / (VhW + Vhﬁ)wh aQ =0, (12)
Q Q Q

Basis function are defined for discrete solution as follows:

d.o.f
up =~ Zﬁkwk (x)’)
k=1
d.o.f
Y Tkpk(x.y) (13)
k=1
d.o.f
B~ Y Bivi(xy)
k=1

where d.o.f depicts the degrees of freedom.
Using Egs. (10)-(12) give rise to
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Figure 3. Drag and lift comparison tests for periodic flow at Re = 100,%.

Research Maximum of Cp Maximum of C,
Present work 3.2157 0.9635
Schifer and Turek® 3.2224 0.9672

Table 1. Comparisons between the present results and the available in the literature for the problem with a
bare cylinder.

Re/ (Th? + upup, + Vhﬁhy) wrdQ2 + Re /ﬁh; wrdQ2 — / (thwhy + ﬁhywh;) dQ =0, (14)
Q Q

Re/ (Vh? + upvp, + thhy) wrdQ2 + Re /f)h7 wrdQ — / (Vh;Wh; + Vhywh;) dQ =0, (15)
Q Q Q

/ (ﬁhy +Vh7,) grdQ =0, (16)

Q

In the matrix form,

0 Re.L, + N(uy,vy) Re.B; Vi

My, + Re.Ly, + Ny (up, vy,) 0 Re.B; |:uh
BY B} 0 P

Fg,
= |:th :| (17)

Here M, is the discrete mass matrix, Ly, is discrete Laplacian operator for the diffusion term and Ny, is the con-
vective matrix at discrete level.

Validation of results. The legitimacy of the numerical results must be established because the current
numerical study is performed using a CFD programme based on PARDISO solver. For authentication of the
present numerical investigation the drag coefficient and lift coefficient of a circular cylinder were evaluated
to compare with previous studies and graphically shown in Fig. 3. From graphs it is observed that, amplitude
increases with increment in refinement level. The latest results are very similar to what has already been reported
numerically by Schafer et al.*, represented in Table 1.

Grid independence test. Mesh refinement is an important step for validation of a finite element model
and gaining reader confidence in the work’s physical results. Figure 4 demonstrates the computational domain
that is meshed using the elements of triangular and quadrilateral shapes. Because of the velocity gradient high
value, the quadrilateral elements iwere utilized near the walls of the cylinder and the edges of the splitter plate.
Moreover, triangular elements were used for the remaining computational domain. The grid independence was
tested on the flow across the circular shaped cylinder with an attached plate of length L, = 0.2. The mesh reso-
lutions were varied to four different levels to observe the spatial convergence. By comparison of the numerical
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Figure 4. Hybrid mesh grid detail.

Cases | Refi tlevels | Number of el ts | Maximum of Cp
1 Normal 7366 2.779997
2 Fine 12,850 2.766796
3 Finer 29,706 2.766353
4 Extra fine 71,436 2.766178

Table 2. Test for grid independence using an attached splitter plate to the circular cylinder.

values in Table 2, it was observed for both case 1 and case 2 that the mesh resolutions were suitable to precisely
estimate impact of splitter plater on the control of hydrodynamic forces. The refinement of grid resolution from
case 2 to case 3, predicted more accuracy of results. However, as the mesh density is increased more as from case
3 to case 4 there was no considerable change on the numerical quantities observed.

Results and discussion

A numerical study was conducted in a two-dimension channel to analyze the reduction in flow induced forces on
a circular cylinder in existence of control passive device, placed at various downstream locations of the cylinder.
Computations are carried out by applying FEM at a fixed Reynolds number of 100. This section presents the
effects of control plates on flow around the cylinder are analyzed for two different arrangements, such that for
the attached splitter plate of different lengths L; = 0.1to L, = 0.2and L3 = 0.3, and for detached plate at various
gap separations G; = 0.1, G, = 0.2, and G3 = 0.3. The results are presented graphically for each case to show the
effect of splitter plate for the reduction in drag force and to control the periodicity of lift force.

Figures 5i-iii and 6i-iii are velocity profiles for the case when the splitter plate is attached to the circular
cylinder and for detachment, respectively. The fluid begins with a parabolic velocity profile as an inlet velocity,
and at a right angle the stagnation point region is created to the flow direction, and the fluid bifurcates about
the circular obstacle with greater velocity, whereas the fluid so close to the side walls admits minimum velocity
or zero velocity due to the no-slip condition. For the case (I), it can be noticed from Fig. 5i that the behavior of
fluid flow is periodic but by increasing the length of the attached splitter plate from L; = 0.1to L, = 0.2 and
L3 = 0.3 the periodicity is overcome. In case (II), splitter plate of length L = 0.3, Fig. 6, ii depict that by locat-
ing the plate at gap G; = 0.1and G, = 0.2 periodicity is under control, while at gap G3 = 0.3 the splatter plate is
unable to overcome periodic flow, shown in Fig. 6iii.

The flow visualizations for fluid motion are shown in this section. Figure 7i-iii illustrates the total pressure
for various splitter plate lengths and Fig, 8i-iii for splitter plate of fixed length L = 0.3.The pressure is maximum
at the stagnation point and becomes minimum when fluid bifurcates around the circular obstacle. For the first
case, each figure shows effects for splitter plate length varying from 0.1 — 0.3. The non-linearity of pressure is
observed in Fig. 7i, as the plate of shortest length L; = 0.1, affects periodicity negligibly. On the other hand, the
plates of lengths L, = 0.2, andL3 = 0.3 overcome periodicity so that pressure becomes linear efficiently, as shown
is adjusted in such a way that for a lesser gap (G; = 0.1, G, = 0.2) between obstacle and plate, the nonlinear
pressure profile becomes linear just after the fluid passes over the obstacle. For the maximum gap G3 = 0.3, the
plate has lesser effects. It is noticed that the pressure between the gap is also minimum (Fig. 8i-iii).

The drag and lift forces are induced here in a channel flow because of the presence of an obstacle of circular
shape centered at (0.2, 0.2) m. These hydrodynamic quantities are produced because of the pressure and viscous
forces imposed on the obstacle. In an unsteady flow regime, oscillation in both drag and lift forces has occurred
which is a result of the vortex shedding formation in the flow. This research aims to control these hydrodynamic
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Figure 5. Influence of attached splitter plates on velocity, of lengths (i) L; = 0.1, (ii) L, = 0.2, (iii) L3 = 0.3
with Re = 100 at t = 10.

(iit)

Figure 6. Influence of detached splitter plate (length L = 0.3) on velocity, placed at gaps (i) G; = 0.1, (ii)
G, = 0.2, (iii)G3 = 0.3 with Re = 100 at t = 10.
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Figure 7. Influence of attached splitter plates on pressure, of lengths (i) Ly = 0.1, (ii) L, = 0.2, (iii) L3 = 0.3
with Re = 100 at f = 10.
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Figure 8. Influence of detached splitter plate (length L = 0.3) on velocity, placed at gaps (i) G; = 0.1, (ii)
Gy = 0.2, (iii) G3 = 0.3 with Re = 100at t = 10.
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Figure 9. Impact of attached splitter plate on drag coefficient (Cp) and lift coefficient (Cp.) w.r.t time (), step

size At = 0.001.

forces over a circular obstacle in an unsteady flow regime. Figures 9i-vi and 10i-vi show the time signals of the
drag and lift coefficients for two different cases at Re = 100. It is evident from Fig. 9i-vi that the drag coeflicient
is decreased by increasing the length of the plate, whereas the value of the lift coefficient is enhanced. It is well
understood that for greater splitter plate length, there is a quick separation of flow and also away from the front
of the circular obstacle. Figure 10i-vi depicts the impact of the second case on drag and lift coefficients. The
splitter plate located at the lesser gap from the obstacle has a great impact on the reduction of drag coefficient
and fluctuating values of lift coefficient. From the Fig. 9ii-vi, it is concluded that the presence of splitter plate
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Figure 10. Impact of splitter plate with various gap separations Gj,i = 0.1, 0.2, 0.3 on drag coefficient (Cp) and

lift coefficient (Cy), w.r.t time (?), step size At = 0.001.

has suppressed the vortex shedding and flow regime turns out to be steady as is evident from the non-oscillatory
drag and lift coeflicients.

Conclusions

The fluid-solid interaction phenomena became so popular in the last decades due to its vast applications, espe-
cially in engineering fields. The damages caused by the unsteady forces (which occur because of this interac-
tion) are very costly. For avoiding disastrous incidents, control devices (passive or active) are highly required.
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Throughout this work, the control effect is investigated by using a passive device i.e., a splitter plate. The splitter
plate is used in the current study in two ways: (I) a splitter plate of various lengths is attached to the circular
obstacle, (II) a spitter plate of fixed length at various gap separations from the obstacle. Using the Navier-Stokes
equation in two-dimension and boundary constraints, the physical problem is mathematically expressed. A
reliable computational tool, the finite element method is required for the current investigation. The results are
shown using graphical patterns. The velocity and pressure variations are represented graphically. The reduction
in drag coefficient and variation in lift coefficient are also represented. The important findings are as follows:

® A comparison of drag and lift coefficient has been done with and without a splitter plate.

e In presence of a splitter plate, a reduction in drag coefficient has been observed.

e For a smaller length of the plate, the lift is periodic; however, with an increase in the length, it converges to
a fixed value and loses its periodic behavior.

e For smaller gap separation, a greater reduction in drag coefficient is observed.

e For larger gap separation, the lift is periodic as well as the drag coefficient.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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