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ABSTRACT

The current article dispenses the numerical investigation of a
two dimensional unsteady laminar flow of incompressible
fluid passing a regular pentagonal obstacle in an open
rectangular channel. The centre of attention of this work is
the comparison of drag coefficients estimated for two distinct
cases based on the orientation of face and corner of an
obstacle against the flow direction. The numerical results
shows that the corner — oriented obstacle bring about 42%
larger value of drag coefficient at Re = 500 than face —
oriented obstacle. The substantial growth in the expanse of
vortex behind obstacle (presented as a function of fluid
inertia 25 < Re < 500) is analyzed through the contours and
streamline patterns of velocity field. The two eddies in the
downstream become entirely unsymmetrical at Re = 500 for
both the cases, whereas; the flow separation phenomena
occurs a bit earlier in the face — oriented case at Re = 250.
Two dimensional Pressure — Based — Segregated solver is
employed to model the governing equations written in
velocity and pressure fields. The numerical simulations of
unsteady flow are presented for 50 seconds time frame with
time step 0.01 by using one of the best available commercial
based Computational Fluid Dynamics (CFD) software,
ANSYS 15.0.

Key words: Pentagonal Obstacle, Drag Coefficient, Wake
generation, Von Karman Effects, Reynolds Number.

1. INTRODUCTION

The present work is subjected to numerical investigation of
flow past a pentagonal obstacle surrounded by an
incompressible fluid in a rectangular channel. A flow around
an obstacle is one of the most studied problems in CFD for
investigating the phenomena of flow separation, wake
generation, vortex enhancement behind the obstacle and the
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determination of hydrodynamic forces on the surfaces of
obstacle. Many researchers have been studied the phenomena
of bluff body either by adopting unconventional shaped
bodies or by altering the geometry of well known shaped
bodies in order to observe significant differences in the
characteristics of flow [1], [2]. In [3], two inline square
cylinders were investigated for examining the influence of
Reynolds number over flow characteristics, it is noticed that
the drag coefficient for upstream cylinder continuously
increase with progressive Reynolds number whereas on other
hand, drag coefficient of downstream cylinder gives negative
value as fluid inertia arises. During the review of literature
related to that specific problem, it has been observed that the
obstacles having sharp corners (such as; square, rectangle or
triangle etc.) builds a massive zone of separated flow and
wake in the downstream of an obstacle which eventually
generates periodic vortex shedding that can cause alternating
low pressure zones on the sides of obstacle, this results in
obstacle vibration normal to the flow direction and when
shedding and natural frequencies of the obstacle gets close to
each other resonance may appear which often leads to
structure failure. This underline the urgency of preventing
the resonance condition therefore designs of obstacle plays
an crucial role in suppressing the drag and lift forces over the
obstacle since these forces significantly depends on the
structure of the wake region and size of the vortex behind
obstacle [4], [5].

In [6], researchers investigated the different shaped cylinders
includes; circular, square, corner-oriented hexagonal and
face-oriented hexagonal. Their study primarily based on the
comparison of drag coefficient determined at moderate Re =
200, it is beheld that the value of drag coefficient of face-
oriented hexagonal is comparatively smaller than the drag
coefficient found in the case of corner-oriented hexagonal
cylinder. Such studies encourages scholars to conduct more
research works on unconventional shaped cylinders in order
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to determine the effects of fluid inertia over the flow
characteristics, specifically drag force, [7]. As discussed
earlier that unconventional shaped obstacles getting too
much attention of researchers since they come up with
novelty in order to explore different behaviors of flowing
fluid in open channel. Pentagonal, hexagonal and octagonal
cylinders have been considered for experimental
computation of wind load effects in the study of [8]. The
reason behind using the pentagonal obstacle in the recent
analysis is to observe the fluid forces, such as drag and lift,
over the obstacle and also trying to control the size of the
wake region, because these can be done by either altering the
shape of an obstacle or its surroundings. The current CFD

problem has potential relevance in many practical
applications such as offshore structures, bridge piers,
irrigation system, oil refinery industries, pipe lines,

pharmacological and chemical reactions e.g. [9].

The present study is divided into two cases, in the first of
which, one of the corners of pentagonal obstacle is placed
against the flow direction while in the second case one of the
walls of obstacle is placed against flow. The core of this
work is to analyze the formation of vortex and wake region
in the downstream based on the range of Reynolds number
[25 , 500]. Furthermore; the hydrodynamic forces produced
by the fluid inertia are also measured over the obstacle at the
same range of Reynolds number. The mathematical
equations that govern this problem are the well-known
continuity and Navier — Stokes equations written in pressure-
velocity formulation. The initial mechanism for the
formation of vortex shedding and wake region is
demonstrated and the fluid forces over the cylinder are
computed over the different Reynolds number. The unsteady
simulation of laminar flow is presented at time step 0.01 for
50 seconds, simulation results are only shown at full time
step. The numerical results are obtained by using finite
volume method based on SIMPLE algorithm in a
commercial package of CFD, ANSYS 15.0

2. PROBLEM SPECIFICATIONS

The dynamic features of the pressure and velocity fields of
unsteady laminar flow of linear fluid past a pentagonal
obstacle are examined numerically in an open rectangular
channel of stationary walls. The geometry of present
problem with suitable dimensions is shown in following
figures.
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Figure — 1: Diagram of the flow field around corner — oriented
pentagonal obstacle
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Figure — 2: Diagram of the flow field around face — oriented
pentagonal obstacle

The obstacle is modelled as regular pentagon in an open
rectangular channel. The flow from left to right with the
obstacle of circum radius'R"' immersed in an
incompressible fluid is considered for present study. The
computational region comprises of width 16 times the circum
radius while the upstream and downstream of the regions are
20 and 40 times of the circum radius of the obstacle,
respectively.

3. MATHEMATICAL MODEL

The following system of partial differential equations (1 - 3)
based on conservation laws are best to describe the physical
problem of unsteady laminar flow passing 5 — sided regular
polygon immersed in incompressible fluid in 2-dimensional
rectangular coordinates written in pressure — velocity
formulation with negligible body forces.
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The key step in the development of FVVM is the integration of
governing equations (1 — 3) over the 2D control volume
concerning to discretize them at each nodal point of the
computation domain. The integral form of governing
equations (4 — 6) then transformed into system of linear
equations which is quite easier to solve as compare to the
system of nonlinear PDE’s. The complete process of finite
volume discretization can be seen in standard book of CFD.
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3.1 Boundary Conditions
Following are the boundary conditions defined for the
analysis of mathematical model of flow around pentagonal
obstacle in an open channel.

i Inlet — Parabolic Velocity Profile

2
vxzum—um{lJ
Yo

il Edges of pentagonal obstacle — No Slip condition

At cv

(6)

(u=v=0)
iil. Upper and Lower walls — No Slip
0
u=v=0; P _ 0
iv. Pressure Outlet — Condition (P = 0)

3.2 Numerical Scheme

In this investigation, the numerical solution of continuity and
Navier — Stokes equations which governs the problem of
transient laminar flow past pentagonal obstacle is obtained
through FVM formulation. An approximate solution is
determined by discretizing each term involving in the
governing equations over the 2D control volume (CV).
Second order upwind differencing scheme is adopted for the
discretization of space derivatives while the coupled
equation of pressure — velocity is formed by employing
SIMPLE algorithm to describe pressure field. For time
derivative, fully implicit technique is used due to its
robustness and unconditional stability that suits to general
transient flow calculations. The physical domain of this
problem is meshed into quadrilateral elements to form a fine
structured grid by using mapped face meshing option in
ANSYS ICEM. The mesh of complete flow field with zoom
in view of pentagonal obstacle can be seen in figure.3(a — b).

| 3(a)

3 (b)
Figure — 3 (a — b): Extremely fine structured mesh of the flow field
around corner & face — oriented pentagonal obstacle in2D
rectangular channel. 3 (a) Entire domain 3 (b) Close view
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Since the hydrodynamic forces such as; drag and lift are aim
to be calculated on the edges, where their significance is
quite essential, the element size in the mesh is considered
small enough as per requirement for better approximation of
results. The following equations (7 — 8) are the well known
formulae to compute drag and lift coefficients.

F

Cp = pVL;R (7
F

C. :pV—IéR (8)

Where F, , F_ be the drag and lift forces, p be the density
of a working fluid (for water, p =998.2), V be the inlet

velocity and 'R" is the circum radius of a two dimensional
regular pentagon. The flow characteristics in this problem
are presented as a function of dimensionless number

Re=2R—pV with 1 =1.003e™* as viscosity of fluid.
U

3.3 Mesh Statistics

The computational domain of present study is divided into
small quadrilateral elements to form the fine grid in the
entire channel. The extremely fine mesh is obtained around
the edges of pentagonal obstacle in order to observe and
calculate flow characteristics very efficiently. Following is
table showing the stats of our mesh.

Table. 1: Description of mesh statistics for both the cases.

Quantities Case -1 Case -1
Corner —Oriented  Face — Oriented

No of Nodes 61282 62562
No of Elements 60648 61928

. Min.) 9.06e® Min.) 9.06e
Element Size (m) ((Ma>)<.) et ((Ma>)<.) et
Element Quality 09967 09786
(Avg.) ' '
Orthogonal Quality 09941 09938
(Avg.) ' '
Skewness (Avg.) 2.43¢ 2.45¢

4. EFFECTS OF FLUID INERTIA & DISCUSSION
OF RESULTS

The analysis of unsteady flow past a pentagonal obstacle in a
rectangular channel is conducted for two different cases; in
case — I, one of the corners of pentagon is placed against the
flow direction, whereas in case — Il, one of the sides of
regular pentagon is facing the direction of flow.

The study aims to evaluate the influence of Reynolds number
on the hydrodynamic forces, specifically drag coefficient,
over the surfaces of pentagonal obstacle. The numerical
results shows that the face — oriented obstacle is statistically
favorable since it reduced the drag coefficient value up to
42% when compare to the case of corner — oriented obstacle.
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Although, in both cases, drag coefficient value gradually
decreases with progression of fluid inertia in a similar
manner, such development can be witnessed in fig. 04.
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B Face - Criented
Figure — 4: Comparison of drag coefficient values for corner
& face — oriented obstacle.

E Corner - Oriented

During the simulation of two cases, it is visualized and
obtained through the velocity contours in figure 5(a — €) that
the rate of enhancement in the size of recirculation zone
behind the obstacle of case — | quicker than the case — Il over
the increasing inertia. This is due to the sharpness of
obstacle’s corner as the flow separation occurs earlier in this
case which enforces the vortex to expand in the downstream
faster, relatively.
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Figure — 5 (a —e): Velocity magnitude contours of case — | & case
— Il for different Reynolds numbers in a rectangular channel.

No separation of flow occurs at Re = 25 and drag is only
because of skin friction, the behavior of flow is symmetrical
in the downstream where two small eddies are appeared of
the same size, angle of incident for obstacle do not have any
impact on flow at this stage. At Re = 50, the two vortexes
becomes slightly unsymmetrical in the downstream and
boundary layer has started to separate from the edges of an
obstacle but there is no significant increase in the size of
wake region observed.

As the inertial forces become dominant the unsteady effect
gets prominent, the flow started to separate from the edges of
an obstacle and the two eddies behind it turns into



Farhan Ahmed Shaikh et al., International Journal of Advanced Trends in Computer Science and Engineering, 10(2), March - April 2021, 968 — 974

unsymmetrical to highlights the von — karman effects at Re >
100. The streamline patterns of velocity magnitude in fig 6(a
— e) are presented in this regard to visualize the overall
development.

ONS

(d)

©) = 500
Figure — 6 (a —e): Streamlines of velocity magnitude of case — | &
case — Il for 25 < Re <500 in a rectangular channel.

The vortexes behind the obstacle in case - Il completely
became unsymmetrical and the fluid has been separated from
the edges of the cylinder as Re reaches to 250, the shedding
of vortex is observed at this level which cannot be seen in
case — | at Re = 250. Also, the estimated drag is found to be
different in either case with negligible lift coefficient C,. The
comparison of lift and drag coefficients values is presented
in table 2 based on Reynolds number.

Table. 2: The values of drag and lift coefficients at different
Reynolds numbers of both the cases.

Case — | Case — 11
Re Corner Oriented Face Oriented
Co CL Co Co
25 3.09 1.51e* 2.83 3.04¢?
50 2.59 1.71e? 2.23 2.03¢3
100 2.3 1.67¢3 1.76 1.92¢2
250 2.01 1.32¢2 1.41 1.66e™
500 1.81 1.75¢ 1.27 1.13¢2

It is noticed that corner-oriented pentagonal obstacle having
larger drag coefficient value than face-oriented pentagonal
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obstacle, this fact is in good agreement with existing findings
in [6]. Also, it is known that the obstacle owns larger value
of drag, produces relatively less pressure in the downstream
and vice versa. The pressure contour is available in figure 7
for Re = 500 to closely visualize the pressure stagnation
point and pressure difference in upper and lower streams of
laminar flow in the computational domain.

D e @ @ PO
S UG R S I
P A SRS RC
h A AN b
[Pal

Figure — 7: Pressure contour of case — | & case — Il for Re =500 in
a rectangular channel.

From the review of literature, it can be seen that the findings
of this article are justifying the fact that obstacle having
smooth rounded shape or flat face gives smaller value of
drag coefficient when putting them against the flow direction
[1]; whereas the shapes possesses sharp corners are
comparatively produces larger drag value, [2], [7]. The case
of Re =500 is the case where both studies are found to have
similar flow characteristics to some extent, the
unsymmetrical eddies and phenomena of vortex shedding
can be observed in both the cases in figure.5(e) & 6(e).
During the entire simulation of both cases it is noticed that
the value of drag coefficient is continuously decreasing with
increasing Reynolds number, on the other side, value of lift
coefficient increases as Re reaches to 500.

5. CONCLUSION

The analysis of five sided (Regular Pentagon) obstacle
surrounded by incompressible laminar flow in a 2D
rectangular channel is conducted to explore the effects of
fluid inertia over the characteristics of flow. The first
objective was to develop the numerical model of unsteady
laminar flow of incompressible fluid, which has been
achieved quite successfully. The FVM with SIMPLE
algorithm, has been used in past by various researchers to
conducting an analysis of flow around various shaped
cylinders e.g, [10], [11] is found to be a good technique to
validate the solution of equations which governs the fluid
flow phenomena in the present study. For the numerical
investigation of flow characteristics, the occurrence of flow
separation from the edges of an obstacle is closely monitored
over the predefined range of Reynolds number. It is noticed
for Re = 250 that vortexes in the downstream became
completely unsymmetrical and started to shed and ultimately
form von karman street in case — 11, whereas in case — | at the
same Re, von karman effects are not shown properly. The
generation of wake region behind the obstacle at full time
step for each simulation is also observed and concluded that
the shape and size of the recirculation zone is getting change
with the progression of Re, which results in the pressure
drop, the pressure contours are pretty much helpful to
visualize these effects. The drag coefficient in the first case
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where one of the corners of obstacle placed against the flow
has comparatively larger value than second case. It is
concluded that the drag can be controlled or reduce to some
extent if one of the flat side of pentagonal obstacle is placed
against flow direction. Since the present study is confined to
laminar flow with maximum Re = 500, one can extend the
current investigation to turbulent flow in order to explore the
behavior of flow past pentagonal obstacle. Moreover, the
results of this simulation only presented at full time step, that
is 50 secs, one can simulate the results at different time steps
to highlight the inertial effects at small increment of time.
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