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In this study, we intend to investigate the steady-state and laminar flow of a viscous fluid through a circular cylinder fixed between
two parallel plates keeping the aspect ratio of 1:5 from cylinder radius to height of the channel. The two-dimensional, in-
compressible fluid flow problem has been simulated using COMSOL Multiphysics 5.4 which implements finite element’s
procedure. The flow pattern will be investigated by using the Reynolds number from 100 to 1000. The reattachment length formed
at the back of the cylinder and drag force when the fluid comes to strike with the front surface of the cylinder is expressed in terms
of Reynolds numbers. We propose to calculate the velocity and the pressure before and after the cylinder. For this purpose, two-
line graphs before and after the cylinder will be drawn to check the impact of cylinder on both velocity and pressure. It was found
that the percentage change in the velocity as well as pressure before to after the cylinder is changing their behaviours at Re = 700.
The study is important because the empirical equations between the vortex’s lengths formed along the cylinder using the linear

regression process obtained in this study may be used for future implementation.

1. Introduction and Literature Review

When the fluid with any material properties comes to strike
with any type of cylinders or obstacles of any shape, the
formation of the recirculation [1-3] at the back of the ob-
stacles often takes place. That complex movement is sur-
rounded freely over the cylinders wrapped up by the flow
[4, 5]. When such types of problems are under consider-
ation, then one more thing could be discussed more rig-
orously, which is the drag force applied by these circular
cylinders. There have been made several studies like

observation by pressure-driven [6, 7] and other studies
about lift force, i.e., the resistance to flow caused by friction
factor of obstacles [8]. Various studies are available for the
flow through the circular cylinders with different approaches
[9-11] where mostly the lift and the drag forces are discussed
within limits. The study of vortex shedding, velocity field,
and pressure near the circular cylinder when the fluid comes
into any region accepts a lot of importance in the field of
computational fluid dynamics. Due to this fact, the fluid flow
through the circular cylinder has a wide range of applica-
tions in the cooling towers, hot wire anemometers, nuclear
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reactors, and fuel rods. Many researchers have put the light
of their best efforts and used different numerical measures to
analyze the fluid flow through a circular cylinder.

Golani and Dhiman [13] used the finite volume approach
and discussed the fluid flow and heat transfer through a
channel enclosed with the circular obstacle with a 50-180
range of the Reynolds number. They found that the lift and
drag coefficients along shedding frequency are increasing with
the increase in the Reynolds number. Rashidi et al. [14]
studied the vortex structure and other flow parameters by the
magnetic field flow through two side-by-side circular cylin-
ders keeping spacing ratio of 1.6 to 4 with the help of the
Stuart number from 0 to 5 and fixing the Reynolds number at
100. They discovered that the vortex formation can be seen
near the cylinder, and the length of the vortex can be reduced
when the magnetic field comes into action. Moreover, a
critical Stuart number was found where the drag force
through the cylinder is minimum. Faycal et al. [15] on ap-
plying the finite volume method through the multigrid ac-
celeration investigated the two-sided lid-driven cavity
induced by a cylindrical shape at the centre of the channel and
tested the flow employing the Reynolds number ranging from
100 to 1500. It was found that when the Reynolds number is
increasing up to 1500, the vortex is formed in the rear sides of
the channel back to the cylinder. Elder [16], while observing
airflow through the screen fitted in the middle of the rect-
angular channel, derived the solution known as asymptotic
that gives the relationship between the numerically calculated
stream-wise velocity to the analytically involving small in-
clination of the screen. Hauke and Hughes [17] derived the
general approach of Galerkin’s least-squares of the finite el-
ement method to solve the compressible and incompressible
fluid flows problems. Memon et al. [18] used three screens in
the rectangular channel to analyze the behaviour of the fluid
flow exhausting the marketable tool COMSOL Multiphysics
5.4 and established that the drag force is decreasing by im-
proving the angles of the screen turning into the clockwise
direction. Memon et al. [19] used different values of the
resistance coefficient of the screen to optimize the fluid ve-
locity passing through the screen using the finite element-
based software COMSOL Multiphysics 5.4. In this way, from
[20-22], different researchers who used their different ap-
proaches were remaining busy to search out the flow be-
haviour through the different obstacles either circular or
noncircular with different approaches. Considering the blood
as the Casson fluid, magnetohydrodynamics impacts [23]
were experienced in solving the fractional partial differential
equation via the Laplace and finite Hankel transformation.
The impacts testing revealed that using the fractional model
brings tremendous changes as compared with those of the
ordinary model, and the implications of the magnetic field
decline the flow rate of the particles in the blood as well as
magnetic particles. For the sake of comparison, an AB
fractional derivative and the Caputo-Fabrizio derivative
technique [24] were applied to the generalized Casson fluid in
the case of free convection which contains the heat generation
and first-order chemical reaction. It was concluded that with
both approaches, the velocities obtained for the particles were
identical in unit time and velocities differ with the
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enhancement of the time. In [25], the generalized Darcy
model was used to check the impacts of anastomosis, vessel
suppression, and obstructions on the total flow regime
through the networks. With the use of similarity transfor-
mation [26], between the two parallel plates, an unsteady
squeezed nanofluid was observed. The governing equation of
mass and energy equations were used to simulate problem. A
study was proposed [27] with a methodology based on the
airway tree admittance to study the problem. This method-
ology was distinct from the traditional quantification, based
on overall impedance using lump parameter models, and was
applied to a matrix formed by admittances of each airway of
the entire conducting part of the bronchial tree. The key
finding of the study was to show how the position and in-
tensity of local obstruction in an airway can affect the overall
as well as regional ventilation which can lead to impaired gas
exchange. A numerical approach was applied named scale-3
Haar wavelets [28] to study the impact of thermal radiation
between the two parallel plates in the presence of magnetic
effects. Convergence analysis of this study showed that the
error could be minimized to zero by increasing the resolution
level. Using the wavelet collocation procedure, an asymmetric
channel was analyzed for its physical characteristics due to
unsteady heat distribution and the spread of nanofluid flow
[29]. The velocity and the temperature profiles were discussed
in the terms of volume fraction, expansion ratio, and the
Reynolds number. The characteristics of thermal transmission
of the nanofluid flow through an asymmetric channel were
discussed [30]. Three main algorithms were applied to the
governing partial differential equations to develop the sim-
ulation in the rectangular channel. The velocity and tem-
perature profiles were discussed in the terms of the Reynolds
number and the volume fraction in addition to the expansion
ratio.

In the current research article, the time-independent,
Newtonian laminar flow through the circular cylinder will
be discussed. The reattachment length of the two vortices
formed at the back of the cylinder will be discussed in the
terms of the Reynolds number. Finally, with the ampli-
fication of the linear regression procedure, the correlation
known as empirical equations between the Reynolds
number and reattachment length will be found. It has
never been done in the previous research articles. The
orientations of the velocity field magnitude and the
pressure before and after the cylinders will be presented
through the line graphs. The percentage changes in the
average values of the velocity of the fluid and the pressure
before and after the cylinder will be presented by the %
change formula of increment or decrement in terms of the
Reynolds number. Finally, the drag force at the front
surface of the cylinder will be expressed in terms of the
Reynolds. After doing this, we will make some conclusion
points at the end.

2. Methodology

2.1. Geometrical Structure and Meshing of the Geometry.
The schematic diagram of the pragmatic channel is shown
in Figure 1. The length of the channel is 4m, and the
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FIGURE 1: The schematic diagram of the channel.

height is 1 m. The aspect ratio from the radius of the
cylinder to the height of the channel is taken as 1: 5. An
average velocity magnitude of U,, depending on the
Reynolds number is introduced from the left entrance of
the channel to start a fully developed flow whereas zero
pressure is being considered at the passage of the channel.
The upper and lower walls along with the boundaries of
the circle are considered fixed with the implication of slip
boundary to avoid viscous effect near the end of that
boundary.

The channel under observation has meshed into small
triangular elements. About 2880 elements are used to de-
compose the whole domain with minimum and average
quality elements 0.633 and 0.9081, respectively, to get ac-
curate results. Figure 2 depicts the meshing.

2.2. Governing Equations. Under consideration, the fluid
flow problem is steady-state, Newtonian, incompressible,
and laminar. The governing equations are elucidated by
employing the boundary conditions through the use of
commercial software COMSOL Multiphysics 5.4; see pro-
cedure in Figure 3. It has been many years that the system of
partial differential equations created by the laws of con-
servation of momentum and mass has been serving to
understand the complicated flow behaviour in the field of
fluid dynamics. Let u and v be the components of the fluid
velocity V than equations (1 and 2) are together called the
Navier-Stokes equations:

V.V :—%Vp+ vV, (1)

V.V = 0. )

Equations (1) are in vector form. We will write them in the
component form with nondimensional form as follows [31]:

ou  du_ 0p (a2u 62u>

“ox T3y T Tox "Re\ox?  3y%)
2 2
DGR R CRANCAA | (3)
0x ay Ox Re\ox® 0y
au ov
—=0.
ox ay

If p and p are the density and viscosity of the air then in
this problem, we have

3
FIGURE 2: The irregular triangular meshes of the geometry.
inertial force
" viscous force’
(4)
Re = PYinL
U

The upper and lower boundaries of the channel in-
cluding the surface of the circular cylinder are considered as
the wall in the problem. Moreover, to finish the viscous
effects seen in the walls, we would apply the slip boundary
conditions which are defined as follows:

u—+v—=20, (5)

where 7 = = <0v/0y,0u/0x> is the normal vector to the
velocity field V= "<uv>.

To authenticate our numerical results, we match our
result by the asymptotic solution resulting by the Elder [4]
while perceiving the airflow pours through the screen
inserted in the rectangular channel. The screen condition
can be defined as follows:

[pV -7]_=0,
(6)
S + 2
p-7 R +p(V- 7)2] - _gp,(v_ z’) ,
where
K = y(V\_f) + (VV)T>,
(7)

« »

where the 11+ 1 sign shows the velocity upstream and
sign shows the velocity downstream. Elder [4] has derived
the following relation where 8 is the angle at which the
screen is attached:

~1)(1+#5+k cos® @
(=1)(1 +7 cos’ ):Zlog(cot(”_y», (8)
(1-n)tan Ok cos" 6 7 2

where k and # are resistance coeflicient and refraction
coeflicient, respectively, and y is vertical length of the outlet.
After achieving reliable results, we will determine our em-
pirical equations by applying the linear regression process. If
best fit linear (9) can be defined, then

y=a+bx, 9)

where A and B can be determined by the formulae as follows:



Step-1: Choose the parameter to construct the geometry of the channel as well
as for the material like length, width, viscosity, and density.

Step-2: Construct the geometry of the observed channel by using the graphics
window of COMSOL Multiphysics 5.4.

Step-3: Choose a blank material and then provide the required parameters for
the density and viscosity of the fluid.

Step-4: Choose a blank material and then provide the required parameters for
the density and viscosity of the fluid.

Step-5: Finding the grid independence solution by trying the different number
of elements and comparing it with the available literature.

Step-6: post-processing.

F1GURE 3: The working Wagon Wheel of COMSOL Multiphysics 5.4.

) (Xi—f)()’iz—ﬂ)
> (xi - E) (10)

b=y -ax.

Let a; be the initial value of any parameter before cyl-
inder and after passing through the cylinder becomes «, |,
then mathematically we can determine the percentage in-
crement or decrement by the formula as follows:

A —
9% increment or decrement = —-—— x 100. (11)

&;

Here, o; are average values either presenting the average
value of the velocity field magnitude or pressure before the
cylinder. Also, «;,, are presenting the average value of either
the velocity magnitude or pressure after the cylinder. For-
mula (11) is often used to find the percentage change in the
quantity from the initial state to the final state. We write
formula (12) more clearly as

final state — initial state

% change = — x 100. (12)
initial state

3. Validation and Comparison with the
Asymptotic Solution

Before working to discuss the numerical results, we need to
compare our results with the asymptotic solution delivered by
Elder 1959 while perceiving the asymptotic solution through
the rectangular passage fitting with the solid screen with in-
clination at the middle of the duct. Equation (9) defines the
discovery of Elder where the left-hand term is planned through
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numerical approximation and the right hand is analytical
observation. Figure 4 shows the stream-wise velocity calculated
at the exit of the channel with screen boundary condition
without cylinder, and Figure 5 is the result with the cylinder. It
displays that our method is a good observation and comparable
with the asymptotic solutions at low and high Reynolds
numbers. In equation (14), the velocity field U is computed
numerically by the finite element procedure. All other pa-
rameters are U, = f(Re), x = 2.2, = 0.78, and 0 = n/4.

The same code is also checked for the validation by
evaluating the drag coefficient for the hydrodynamics flow
through the circular cylinder [32-34] (see Figure 6). It seems
that the maximum percentage error in the accuracy of the
results is +2%.

4. Result and Discussion

The numerical results through the finite element method
via COMSOL Multiphysics 5.4 are obtained to observe the
Newtonian, laminar flow of the air in the presence of a
circular cylinder [35, 36] with the help of the nondimen-
sional Reynolds number from 100 to 1000. Here, we are
going to discuss the Reattachment length formed at the end
of the cylinder and viewed through the streamline pattern
of the velocity field, drag force applied by the cylinder.
When any type of fluid is passing across the cylinder, the
average flow rate (average velocity) of the fluid is increasing
and average pressure is decreasing. To observe the phe-
nomenon, we find the velocity magnitude as well as
pressure before and after the cylinder by drawing two lines
L, and L, before and after the cylinder, respectively, as
shown in Figure 7.

4.1. Reattachment Length and Drag Force. In the field of
thermodynamics, especially for the production of heat
exchangers, often obstacles are used in the channel to create
vortices having a certain reattachment length. The reat-
tachment lengths are responsible for slowing down the
velocity field magnitude and increasing the temperature
distribution over the domain. The streamlined configura-
tion of the velocity field is visualized in Figure 8. It is shown
that at Re=100, there was no reattachment seen at the
boundary of the circular cylinder. However, at Re =200, it
is visualized that two vortices or reattachment lengths are
formed at the right front of the cylinder. Also, by increasing
the Reynolds number from 200 to 1000, the length of the
two vortices is increasing constantly with the increase in
the Reynolds number. At Re =1000 in Figure 6, the two big
vortices of equal size can be seen. We determine that the
reattachment length or length of the vortices is the function
of the Reynolds number and increases with the increase in
the Reynolds number (see Figure 9(a)). Using the linear
regression process, we can determine the empirical
equation that can express the length of the vortices in terms
of the Reynolds number and that can be used for future
exercises.

Vortex length = 0.00086Re + 0.0364. (13)
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FIGURE 5: Stream-wise velocity with screen boundary conditions.

Fluid when to enter into the region and to strike with the
surface of the cylinder with a force has two components such
as lift and drag forces. Basically, the drag force F is given by
the formula as follows:

1
Fd = —CdpuA,

5 (14)

where C,, A, and u are the drag coefficient, area, and ve-
locity of the fluid while the fluid is striking with the front
surface of the cylinder.

We can determine the drag force in COMSOL Multi-
physics 5.4 by integrating the total stress in the y-direction
over the front of the cylinder. The graph through Figure 9(b)
shows the drag force on the front surface of the circular
cylinder with increasing Reynolds number. The drag force
possesses a direct relationship with that of the Reynolds
number and reveals the message that with the increase in the
Reynolds number, the drag force is also increasing.

3 )

29+ g
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O 21F 4
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—o— Numerical results [30]

FiGURE 6: The validation of the present code with other numerical
approaches [32-34].

L L,

O

FIGURE 7: Line L, and L, before and after the cylinder.

4.2. Velocity Field and Pressure. In this stage, we are going to
describe the orientation of the velocity field as well as
pressure before and after the circular cylinder. For this
purpose, we draw two lines before and after the circle which
is equidistant from the circle and to determine the velocity
magnitude as well as pressure by the numerical procedure
through COMSOL Multiphysics 5.4. In Figure 10, we found
the velocity magnitude in line 1 before the circle and line 2
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after the circle, and it is deducted that the flow rate in the
middle of the channel is minimum. It is showing that after
striking off the fluid with the circular obstacle, the fluid
losses it is power and slows down and therefore vortex can be
seen there.

Figures 11(a) and 11(b) represent the percentage
change in the flow rate of fluid before to after the cylinder,
respectively. It is clear that the change in average velocity
V. is increasing with the increase in the Reynolds number
up to Re =700 and then it is decreasing till Re = 1000. Likely
to the velocity field, the pressure is also reducing gradually
when the fluid is passing through the cylinder. In Figure 12,

Re=200

Re:600

Re=1000

x10°

Drag force (N)
[
w

w
(=}
LIS B N N N N B B B N H B B B B N B

200 400 600 800

Re

(®)

(a) Reattachment length via numerical work and regression equation and (b) drag force at the front of the cylinder.

the pressure at lines 1 and 2 is calculated for Re =100, 500,
and 1000 which shows that the pressure at the middle of the
channel is maximum. It is also clear that with the increase
in the Reynolds number, the difference in the pressure is
also increasing. So, while the fluid across the cylinder is
losing it is power for a particular Reynolds number, the
pressure is reducing and becomes negative. In Figure 12(b),
we calculate the percentage increments in the average
pressure before to after the cylinder, and the graph shows
that with the increase in the Reynolds number, increment is
going to decrease up to Re=700 and it is minimum at
Re =700.
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5. Conclusion

The finite element method procedure has been applied to
discretize the momentum and continuity equations to get
the numerical solution for incompressible fluid flow through
the rectangular channel embedded by circular cylinder using
the Reynolds number from 100 to 1000 keeping the aspect
ratio of 1 : 5 from the diameter of the cylinder to the height of
the channel. The vortex length formed at front of the cyl-
inder, drag force related to the Reynolds number, velocity
field orientation, and pressure before and after have been
presented through streamlined patterns and graphs. The
numerical results achieved are compared with the asymp-
tomatic solution provided by the Elder [4]. From our
problem, we can describe the following points:[36], [37-39]

(1) The drag force on the front face of the circular
cylinder is increasing with the increase in the Rey-
nolds number.

(2) In the steady-state flow, the two vortexes can be seen
at the end of the boundary of the cylinder, and the
length of that vortices is the function of the Reynolds
number and increases with the increase in the
Reynolds number. An empirical equation related to
the vortex length of the Reynolds number was
represented by using linear regression.

(3) Velocity magnitude is losing power while passing
through the cylinder, and the increment in the av-
erage velocity is increasing with the increase in the
Reynolds number up to Re=700 and then
decreasing.

(4) The pressure before and after the cylinder is de-
creasing; hence, the increment of the average pres-
sure before to after cylinder is decreasing up to 700
and then increasing unless Re =1000.
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