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ARTICLE INFO ABSTRACT
Article history: The Spalart-Allmaras turbulence model is used to study the flow patterns around a semi-
Received 14 September 2023 circular cylinder surrounded by water in two dimensions with various angles of strike

Received in revised form 29 November 2023 owing to rotating the cylinder by an angle. The rotation angle ranges from zero to 360°
Accepted 16 December 2023 and the ANSYS Fluent software is employed to implement the required simulation. The
Available online 31 December 2023 Spalart-Allmaras turbulence model is used to determine the flow velocity vector, velocity
contours, and pressure contours. Moreover, this turbulent model is used to calculate
three different non-dimensional parameters, the drag coefficient, lift coefficient, and
skin friction factors. Two different Reynolds numbers (Re) are adopted in the calculation
of the three non-dimensional parameters with various values for the angle of the
cylinder rotation. Here, the semi-circular cylinder is considered stationary but it is placed
in a water domain in various positions. Due to the scarcity in information about using
the Spalart-Allmaras turbulence model as compared with other models, which are
widely used to investigate the flow around the cylinder, three turbulent models are

Keywords: employed to verify the results obtained by the Spalart-Allmaras model, these models are
Turbulent flow; semi-circular cylinder; k — € (standard), k — € (RNG), and k — € (Realizable). Results show an excellent
drag coefficient; lift coefficient; skin agreement between the four turbulent models compared, where there is no significant
friction variation in the obtained results, all results are very similar.

1. Introduction

The flow around a body or an obstacle represents a challenge owing to the interaction between
fluid and solid. The interest in this subject rises from the change in the flow field around a solid body,
causing many changes in the pressure, flow velocity, streamlines, or any hydraulic parameters, which
dominate this subject. This subject have a wide variety of engineering requests such as design of
electronic items like transistors for best cooling, bridge pier design, extended surface design, and
more. The flow around a cylinder body has been investigated for many decades, while the flow
around a semi-circular body has been less often investigated than the cylinder body.

A review of some previous works related to flow around a cylinder and semi-circular cylinder is
provided. Lysenko et al., [1] numerically investigated the turbulent flow over a semi-circular cylinder
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utilizing large eddy model, to achieve the simulation, OpenFOAM CFD is used to perform this
purpose. In this numerical investigation a Re equal to 50000 based on the diameter and zero impact
angle is adopted. Isaev et al., [2] investigated numerically and experimentally the turbulent flow of
air around semi-circular cylinder. The numerical investigation is done in two dimensions at Re equal
to 50000 and zero angle of attack. The unsteady Reynolds Average Navier Stokes method (URANS)
with different turbulent models is used. In addition, different structure grids and different
approximation methods are used in this numerical investigation. The wind tunnel tests are used to
validate the turbulent flow in two dimensions. Yamagata et al., [3] conducted an experiment work in
uniform flow to investigate the Aeolian tone from a semi-circular cylinder, considering different
attack angles. They found the Aeolian tone sound spectrum at the peak of the semi-circular cylinder
is smaller than Aeolian tone sound spectrum at the peak of the circular cylinder. Wornom et al., [4]
performed a computational analysis for the flow field around a circular cylinder. Here, the hydraulic
regime is considered subcritical with the Reynolds number up to 2 x 10° adopting a variational
multiscale Large Eddy Simulation method. Tsutsui [5] investigated the applied wind force on the
cylindrical structure with a low aspect ratio; the cylinder is placed in a turbulent boundary layer. Two
different cylinder diameters are used while Reynolds numbers depended on the diameter, which
varied from 1.1 x10* and 1.1 x10°. In addition, the thickness of the turbulent boundary layer at the
position of the cylindrical structure varied from 26 mm-120 mm. The range of the aspect ratio varied
from 0.125-1. Flow visualizations are performed depending on the surface oil-flow pattern method.
Zhang et al., [6] studied the flow pattern around a cylinder with a circular section in the critical regime
by using a compressible wall-resolved Large Eddy Simulation (LES) for the first time. It is found that
the results have good agreement with the previous experimental and incompressible LES data.
Yagmur et al., [7] did a numerical study to reveal the flow characteristics around a semi-circular
cylinder; a computational fluid dynamic is used with Reynolds number equal to 3.2. The flow
characteristics such as velocity field, streamline patterns, vorticity, Reynolds stress correlations,
turbulent kinetic energy, drag and pressure coefficients have been studied. Reynolds averaged
Navier-Stokes, Detached Eddy Simulation and Large Eddy Simulations referred to the turbulent
model, which are adopted in the analysis of fluid-structure interaction. Barratt et al., [8] studied
experimentally the impinging of a round jet on a long cylinder that has a circular section, the round
jet is considered fully turbulent. Here, Re=20000 is based on the jet diameter. The study dealt with
the kinematics of the boundary layer transmission that happens and produces a second thermal peak
on the cylinder surface downstream of the primary thermal peak near the stagnation point when
placed inside the jet’s potential core. The spectral analysis is done for the data of shear stress at the
wall and time-resolved of velocity inside both turbulent and laminar boundary layers. Pereira et al.,
[9] examined the flow field around a cylinder that has a circular section at Re = 140000 by using RANS
(Reynolds-Averaged Navier—Stokes equations) and SRS (Scale-Resolving Simulation). The work
concentrated on three objectives; (i) to estimate the aptitude of notable RAMS and SRS models in
order to simulate the flow regime correctly, (ii) comparison between the predictions of the chosen
methods and the available measurements from experimental, (iii) inspect the key modeling of the
flow parameters that participate to the observed results. Salaheldin et al., [10] investigated the
turbulent flow by adopting a numerical computation three-dimensions around a vertical pier, which
has a circular cross section. Different turbulent models are used; also, the obtained results are
compared with many experimental available data. In spite of noticeable defects of the k-€ model in
the solution of the three-dimension open channel and geophysical flows, many variants of this
turbulent model are found to work successfully in reproducing the profile of the measured velocity.
Also, a contrast is found between the model results with measured bed shear stress. Behrouzi et al.,
[11] performed numerical computations around single pier and twin bridge piers by adopting fluent
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model in order to simulate the turbulent kinetic energy and flow velocity. The pier and piers have a
circular cross section. For both twin piers and single pier, the flow velocity components, velocity
contours, and streamlines are investigated. Mammar and Soudani [12] studied numerically the flow
around a cylinder in a channel with a fixed bed. CFD code is employed to analyze the field of flow and
kinetic energy around the cylinder. The turbulent model used in this study is the standard k-e. The
predicted kinetic energy and velocity are compared with measured data. Sowoud et al., [13] studied
numerically the turbulent flow pattern over a circular cylinder in subcritical regimes, the cylinder is
considered smooth and uniform. Also, the variation effect of the Reynolds number on the flow
characteristics is studied. The standard k-e is employed to describe the turbulent model. The
investigation addresses the following: velocity components, pressure contours, pressure coefficient,
and drag coefficient. The numerical computation is done in two dimensions by employing ANSYS
Software. Catalano et al., [14] carried out a large eddy simulation of the flow around a circular
cylinder at high Reynolds numbers.

In this work, the computational fluid dynamic is implemented by utilizing ANSYS Fluent software
in two dimensions flow field. The investigation is divided into three parts and these parts are:

i.  Examine the velocity vector, velocity contour, and pressure contour to realize the flow field.
ii.  Calculate the drag coefficient, lift coefficient, pressure coefficient, and skin friction factor.
iii.  Compare the results of the Spalart-Allmaras turbulence model with that of other well-known
turbulence models.

The interest of the numerical simulation of this hydraulic issue is that the semi-circular cylinder is
rotated by an angle from 0° to 360 in the water flow domain. Therefore, the impact of the rotation
angle is considered for both points 1 and 2. Furthermore, this simulation deals with four different
turbulent models in order to give perspective to the interaction between water flow and the semi-
circular cylinder. The paper consists of four parts, these parts are methodology, results and
discussion, comparative study and conclusions.

2. Methodology

In this section, we summarize in brief the geometric set up, boundary conditions, numerical
method of turbulent model including governing equations of the solution, and mesh independency.

2.1 Geometric Set-up

Figure 1 gives complete details of the hydraulic problem geometric setup, including dimensions
of the hydraulic domain and semi-circular cylinder dimensions, as well as the water flow direction.
The geometric setup is done in a two-dimensional flow field using ANSYS Fluent software. Figure 1
involves the rotational angle of the semi-circular cylinder in the flow domain. In all cases, the flow is
normal to the semi-circular cylinder regardless of the angle value. In other words, the flow is parallel
to the longitudinal sides of the hydraulic domain. The water flow is an incompressible material with
density and viscosity. Here, the distance which has been used between the upstream of hydraulic
regime and rear face of semicircular cylinder equal to 10D. This distance was used in many previous
published works like Alonzo-Garcia et al., [15], Singha and Sinhamahapatra [16], Qasim and Jabbar
[17], Qasim et al., [18-20], and Jabbar et al., [21,22]. In the present work, the distance between the
upstream and the center of the cylinder is taken also as 10D. Moreover, the turbulence in fluid flow
results from the interaction between the walls and the layers of the flowing fluid. Therefore, the
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amount of disturbance occurring does not depend on time, but rather depends primarily on the
speed of flow (Reynolds number). Although turbulence means a change in flow properties such as
speed, pressure, etc. over time, in models describing the turbulence occurring in these matters is
done on the basis of their average value, plus the amount of oscillation occurring in them. In such
cases, when one wants to describe any of the flow properties, the average value is taken for a specific
period of time. From the above, it can be said that averaging a particular state for a specific period
of time is equivalent to solving that problem as a steady state. Therefore, in this research, the
problem is solved as a steady state. The boundary layer around the surface of cylinder remains
laminar and the wake is completely turbulent for R, > 300 [23]. Based on this information, we adopt
steady state analysis.

10D 30D

4
v

5
e
" l '

Outlet

Fig. 1. The geometric set up of the hydraulic problem
2.2 The Boundary Conditions
Upstream flow velocity is adopted at the inlet, while at the outlet the pressure is set to zero gauge
pressure. The no slip condition is applied between flow and the semi-circular cylinder as well no slip
condition is applied between flow and the side walls.

2.3 The Governing Equations

The Reynolds-Averaged Navier-Stokes (RANS) set of equations for steady, incompressible flow of
a fluid are given as:

ou;

L

O ()= _9p 0| (0w 0w 2o Ou Oy

axi(u‘uf)_ aXi+aXi[‘u(6Xj+aXi 36‘Jaxl)]+axi( P Y (2)

2.4 Numerical Method of Turbulent Models

The current simulations were achieved by adopting ANSYS software, four different turbulent
models are used to perform the required solution of the hydraulic problem, and these turbulent
models are:
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2.4.1 Spalart-Allmaras model

This model is a relatively easy one-equation model [24]. The transported variable in this model,
7, is identical to the turbulent kinematic viscosity except in the near-wall region. The value of ¥ is:

a , - 1o OV
2 (o) = G, + [ (G + o0 2+ Coop (Z) -1 +55 )
where G, is the production of turbulent viscosity, and Y,, is the destruction of turbulent viscosity.

oyand C,,are the constants and v is the molecular kinematic viscosity. Sy is a user-defined source
term. The turbulent viscosity, u,’, is computed from:

Ut = PV fiq (4)

3 ~
v . .
where f,; = X_3)ic3 , X = —. The production term, G, , is modelled as:
v1

G, = Cp pSV (5)

where $ =S + — Zdz fvl and f,, =1— Xf . The terms k and Cp, are constants, d is the distance
vi

from the wall, and S is a scalar measure of the deformation tensor. The destruction term Y, is given
by:

~\ 2
Y, = Cwlpfw (2) (6)
1+¢S, 1/6 v
where fW =g |:g6+C‘?/33:| , =T + CWZ (T6 - T'), andr = gklzldz.

The model constantsCyq, Cy2, 0%, Cp1, Cw1, Ciw2, Cw3, @and k have the following values €1 =

0.1355; Cpp = 06220y = 2,Cp1 = 7.1; Gy = 2+ L2920, = 0.3;C,p5 = 2,5 = 0.4187.

2.4.2 k — € standard model

The standard k — € model is the simplest two-equation complete turbulence [25]. In this mode,
the turbulence kinetic energy, k, and its rate of dissipation, €, are obtained from:

0 d dk
o (okup) = = | (1 +2) ZE] + Gy + Gy — pe = Yu + S )

7] 7] 7] 2
o (ew) = 2| () S5 4 Cie £ (G + CoeG) = Crep S+ 5, (8)

where Gy, is the generation of the turbulence kinetic energy, G, is the generation of the turbulence
kinetic energy due to buoyancy, Y), denotes the influence of the fluctuating dilatation in compressible
turbulence to the total dissipation rate, o;, and o, are the turbulent Prandtl numbers, S, and S are
source terms defined by the user. The terms C;¢, C,c.and Cs, are constants.

The turbulent viscosity y; is calculated by combining k and € as follows:
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pC — (9)
The model constants Cy¢, Cy¢, Cy, 0 and o, are equal respectively to 1.44,1.92,0.09, 1, and 1.3.

2.4.3 k — € (RNG) model

The RNG k — € turbulence model is created from the instantaneous Navier-Stokes equations by
means of a mathematical technique called renormalization group RNG methods [26]. The RNG k — ¢
model has an identical formula to the standard model:

F) F) ok
a_xi(pkui) = 3%, [ak.ueff a_xl] + Gy + G — pe — Y + Sk (10)

d 0 a 2
6_Xl- (pgui) = a_XL [aslueff a_;l] + Cls % (Gk + C3sGb) - CZep % - Rs + Se (11)

The scale elimination procedure results in a differential equation for turbulent viscosity:

p2leY _ v
d (@) = 172 e (12)

where: v = ”Ziand C, = 100. The model constants are C;, = 1.42 and C,, = 1.68.

2.4.4 k — € realizable model

The modelled transport equations for k and € in the realizable model are [27]:

9 -9 He) Ok — e —

o (k) = oo [ (1 29) 25 + G + G = pe = Yo + 5 (13)
0 0 [(y ) 2

ox; (Pe) = 50 [(u + 08) 3| T PCSe — PCai o+ Gt CaetGy + S (14)

The modeling of the turbulent viscosity is done as in other k — & models, where the eddy
viscosityu; is calculated from:

M = pC — (15)

n ou; Ouj
where C; = max [0 43 ] n= S S =/28;;S;j,and S;; = (ax — a_le)
The model constantsCls, C,, oy and o, are equal to 1.44, 1.9, 1, and 1.2 respectively [27].

2.5 Drag Coefficient, lift Coefficient, and pressure coefficient

The drag coefficient, CD, is defined as:

CD = —=2

16
2P UozoAref ( )
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where, Fp is the drag force, Uy, is the free-stream velocity, Ayer is the reference area measured in
square meters.

Now, we deal with the calculation of the semi-circular cylinder projection area (reference area),
which is adopted in the current study. For unit depth, the reference area (see Table 1):
Aper =Y1+Y2 (17)
For the range 0° < 0 < 1809, Y1 is equal to the radius of the cylinder and Y2 is given by:
Y2 =R |cos(8)| (18)
While for the range 180° < 6 < 3609, Y2 is equal to the radius of the cylinder and Y1 is given by:

Y1 =R |cos(6)] (19)

We summarize the details of Y1, Y2 and A,..; for four selected angles in Table 1.

Table 1

The reference area for drag coefficient

=0 0 =90’ 6 =_1 _0° _ 0 =270

— - -

Yl Y1 Y Y2
y2 ]Y.?

Yi=R Y1=R Y1=R Y1=0

Y2=R Y2=0 Y2=R Y2=R

Aves = 2R Aor =R Aves = 2R Arer =R

Concerning lift coefficient, CL, it is defined by:

Fp,

CL=+—— (20)
3PUS Arey
where F is the lift force.
The reference area (wing area) in this case is related to x1 and x2 as shown in Table 2:
Arer = x1 + x2 (21)

For the range 0° < 0 < 1809, then x2 is equal to the radius of the cylinder R and x1 is given by:
x1 =R |sin(6)| (22)

While for the range 180° < 6 < 3609, then x1 is equal to the radius of the cylinder and x2 is
given by:

x2 = R |sin(8)| (23)
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Table 2
The reference area for lift coefficient
6=0 8 =90 6 =180° 6 =270°
: . x2 1 x] !
! x2 oxd 1 @
: x2 1 ,'1—NXI :
x1=0 x1=R x1 =R x1 =R
x2 =R x2 =R x2=0 x2 =R
Aref - R Aref == ZR Aref - R Aref - 2R

The pressure distribution is well described and understood by using the pressure coefficient, CP,
which is defined by:

cp = Zlam (24)

~pU%
where P is the pressure at any point on the body is surface and P, is the atmospheric pressure.
2.6 Mesh Independence

Before explaining the mesh independence test, we must mention here that the structure mesh
tool is used for highly accurate meshing. Inflation and edge size were adopted on the edge and near
of the cylinder to dense mesh structures. After the mesh was generated, the setup fluent ANSYS 2020
ran at steady state. Pressure base was used for incompressible fluid. The second-order upwind
scheme is applied to discretize the momentum equations for a more accurate solution.

Figure 2 shows the relation between the number of elements around the semi-circular cylinder
circumference and both drag coefficient and lift coefficient. It is seen from the figure that after 1000
elements, then both of the coefficients remain constant without any variation regardless of the
increase in the of elements. Therefore, the number of elements equal to 1000 is adopted in the
current study. Figure 3 shows the elements distribution in the hydraulic domain and where the dense
elements became concentrated.

1228 2.5E-05
1227
1226 2.0E-05
1.225
1.224 1.5E-05
e 1223 o
1222 1.OE-05
1.221
1.22 5.0E-06
—e—CD
1.219 ——cL 0=80°
1218 0.0E+00
0 200 400 600 800 1000 1200 1400

Number of element on the simi - cylinder
Fig. 2. The variation of drag coefficient and lift coefficient with
the number of elements
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Fig. 3. The element mesh distribution in the hydraulic domain
3. Results and Discussion

This study deals with investigating the flow around a semi-circular cylinder in two dimensions.
Here, the cylinder is considered stationary and placed in the domain with different orientations.
Rotation angle are varied from 0° to 360° and two values of Re number are considered, 2653.9 and
26539. Figure 4 consists of three parts, velocity vector, velocity contour, and pressure contour. The
distributions of all the previous hydraulic variables are plotted for different angles; these angles are
referred as the rotational angle of a semi-circular cylinder in the water field. These angles range from
zero to 180 to introduce a good reasonable and feasible description of the water field, which is
surrounding a semi-circular cylinder. The velocity patterns and pressure patterns are calculated by
the Spalart-Allmaras model.

The discussion relies on two major items; flow direction relative to the cylinder and the position
of the stagnation points. Here, two stagnation points must be recognized, the first at the head portion
of the cylinder and called the forward stagnation point, while the second called the base point. Due
to the variation in the values of the angle, both points will move depending on angle value relative
to the water flow. Regarding the velocity vector, for cases when the rotation angles ranges from zero
to 90, for an angle equal to zero, when the flow strikes the cylinder leading part. Here, the flow will
divide into two parts: one part goes to the right side of the cylinder, while the other goes to the left
side. At the cylinder’s rear part, the flow recirculated at downstream of the cylinder. The interesting
point will relate to the position of the stagnation points. Both stagnation points approximately lay at
the same line. When the angle is equal to 10, 20, and 30 the flow behavior is similar to the flow
behavior when the angle is equal to zero. For angles above 30" (from 40 to 80'), the recirculation of
the flow moves toward the curve portion of the cylinder and this appears clearly, at angle 90 the
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flow behavior is similar to the flow around the cylinder when the angle is equal to zero. As the angle
increases, both stagnation points will move and the difference in the location of the two points
appears clearly. When the angle values from 100to 170, the flow behavior is similar to the flow
behavior when the angle values from 40°to 80 . The remarkable point of the problem appears clearly
at angle 180, when the flow behavior is similar to the flow behavior when the angle is equal to zero
and 90°. Also, at angle 180 both stagnation points lay at the same line. When the angle equals to
190, the flow behavior is similar to the flow behavior when angle values from 40 to 80 . The
congruence in the flow velocity vector relies mainly on the angle values; also, these values have a
direct impact on the location of the stagnation points. The velocity vector alteration depends on the
separation points. Here, it is important to recognize two different types of separation points, mobile
separation points and fixed separation points. For the curve portion of the semi-circular cylinder, the
separation points are considered mobile points, regardless of the values of the angle. As the semi-
circular cylinder rotates by an angle, the straight line of the cylinder becomes inclined. Consequently,
the separation points on the inclined line are considered mobile points. The angle of rotation has a
direct effect on the boundary layer detachment, therefore as detachment increases, the flow
separation will increase too. For the velocity contour, a positive flow field surrounds the semi-circular
cylinder in all directions, the location of the flow separation appears clearly in Figure 4, and this zone
is around the solid boundary along the cylinder perimeter. For the pressure field, which surrounds
the semi-circular cylinder changes from positive to negative depending on the values of the angle.
When the angle is equal to zero, the positive pressure is surrounded along the portion of the cylinder
perimeter as compared with negative pressure, when the angle ranges from 10  to 190 the negative
pressure surrounded along portion of the cylinder as compared with positive pressure. The variation
in both velocity and pressure field appears clearly due to the inversely proportional relationship
between them. Here, we must mention that as the cylinder rotation angle increases, the angle of
attack between flow and cylinder will change.
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0 =180° i1ty . g
Fig. 4. Velocity vector, velocity contour, and pressure contour for different angles of rotation

Figure 5 shows the relation between drag coefficient and angle of rotation. This relation is built
by the Spalart-Allmaras turbulent model. The numerical computation for the trend in the relationship
between the two dimensionless parameters is based on two different Reynolds numbers. The first
Re=2653.9 and the second Re=26539. Here, the second Reynolds number is greater than the first by
tenfold. Also, Figure 5 shows a nonlinear and harmonic relationship between the two investigated
parameters. The two curves are symmetrical about the angle 180, have the same behavior, and have
the same shape regardless of the angle values. The two curves depend on the values of the Reynolds
number. When the Reynolds number increases, then the drag coefficient will decrease, because of
flow separation. This is applicable to the second curve, where the Reynolds number is greater than
the first curve by tenfold and this leads to reduction in the values of the drag coefficient of the second
curve. This clarification is allowable when the range of angle from zero to 150 and from 210 to 360 .
When the angle range between 160 and 220 then both curves are congruent or identical regardless
the difference in Reynolds number values. This happens because the separation of flow occurs at the
sharp corner (point of meeting between line and curve) and the separations point are considered
fixed and considered independent of Reynolds number values, therefore, both curves are similar. For
both curves, the variation in drag coefficient depends on the viscous effect. Generally, the drag
coefficient relies on the flow velocity and frontal area of the body (projection area), so for any curves
(curve 1 or curve 2) the flow velocity is considered constant, therefore the frontal area has a major
influence on the values of the drag coefficient owing to inverse proportion between drag coefficient
and frontal area of the body. Furthermore, the drag coefficient is influenced by the angle of cylinder
rotation because of this angle is used to calculate the frontal area. In addition, the figure gives the
values of peak, maximum, and minimum with the variation of the angle values.
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Fig. 5. Relationship between drag coefficient
and rotation angle

Figure 6 shows the relation between lift coefficient and angle of rotation. This relation is built by
the Spalart-Allmaras turbulent model. The numerical computation for the trend in the relationship
between the two dimensionless parameters is based on two different Reynolds numbers. The first
Re=2653.9 and the second Re=26539. Here the second Reynolds number is greater than the first by
tenfold. Figure 6 produces nonlinear and harmonic relationship between the two investigated
parameters. The two curves are symmetrical about the angle 180 and have the same behavior and
shape regardless of the angle values. In addition, the two curves are identical. From the two curves,
we infer that the lift coefficient is independent of Reynolds numbers values. From the figure, the lift
coefficient has zero value when the angle is equal to zero and 360 because the flow is normal to the
semi-circular cylinder. When the semi-circular cylinder makes an angle with flow direction, the lift
coefficient values will fluctuate between positive and negative values respectively. In addition, the
flow pattern around a semi-circular cylinder becomes non-symmetrical. Here, this angle leads to
differences in pressure distribution on the upper part and lower part of a semi-circular cylinder, so
this will reflect directly on the values of the lift coefficient.
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Fig. 6. Relationship between lift coefficient and

rotation angle
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For more clarification, for angle values between zero and 60°, it is shown from Figure 7 that the
projection area will decrease when the angle values from zero to 60°. As the projection area
decreases, the drag coefficient will be increased due to the inverse proportion between drag
coefficient and projection area according to Eq. (16). For angle values between 60 and 90, Figure 7
shows that the projection area will decrease.

—&— Reference Area ~d—Wing Area
10 & Py &

0.9D

o
)
=)

0.7D

Area (nf) (for unit depth)

0.6D

0.5D

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360
o
Fig. 7. Relationship between the reference area and
rotation angle

In addition, the drag coefficient will be reduced too because of the drag force, which is exerted
in the semi-circular cylinder and this will reflect directly on the values of the drag coefficient owing
to the direct proportion between drag coefficient and drag force according to the Eq. (16). For angle
values between 90" and 100’ degree, the drag coefficient will decrease while for angle between 100
to 130 the drag coefficient will increase. Also, when angle values from 90 to 100" the projection
area will decrease while, for angle value from 100° to 130" the projection area will increase,
therefore, we infer that both the drag force and the projection area will dominate the values of the
drag coefficient. For angle values between 130 and 180 degrees, the drag coefficient is increased
suddenly. Also, from Figure 7, for angles values from 130 to 180, the projection area will increase
with the angle. Here, in this case, the drag force is considered great and dominates the values of the
drag coefficient owing to the direct proportion between them based on Eq. (16) and the projection
area has no direct effect. The same behavior is shown for the remaining portion of the curve shown
in Figure 5 owing to the curve being symmetrical about the angle 180°. Also, from Figure 7, for angle
values from zero to 30, the lift coefficient and the wing area are increase gradually. Here, the lift
coefficient is more affected by lift force owing to the direct proportion between them according to
Eg. (20). In this situation, the lift force is high as compared with the wing area. For angle values from
40 to 90, the lift coefficient decreases gradually, also for the same values of angle the wing area
increases gradually. As the wing area decreases, the lift coefficient increases due to the inverse
proportion between them according to the Eq. (20). For angle values from 100 to 130, the lift
coefficient increases with the angle values. Here, the wing area decreases with increasing the angle
value, as the wing area decreases the lift coefficient increases owing to the inversely proportional
between them. Also, for angle values from 130 to 180, the lift coefficient decreases sharply with
increasing in the angle values. Here, the wing area increases with increasing the angle value, as the
wing area increases the lift coefficient decreases owing to the inversely proportional between them.
The same behavior is shown for the remain portion of the curve shown in Figure 7. As well, Figure 7
shows an interesting relationship between the effective area of the semi-circular cylinder and various
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values of the angle. Here, the effective area is pointed to the projection area of the semi-circular
cylinder which shares in the calculation of the drag coefficient and this area has inverse proportion
with drag coefficient. Therefore, any increase or decrease in this area will be reflected directly on the
values of the drag coefficient without any contrast. While in the lift coefficient, the effective area is
pointed to wing area and this is responsible for the control of the value of the lift coefficient. This
area has inverse proportion with lift coefficient without any contrast. The projection area is
considered normal to the flow direction while wing area is considered parallel to the flow direction.
Here, because of the significant influence of the effective area, it is important to remark that the
difference that occurs in both values of drag and lift coefficients is related to the rise in the values of
drag and lift forces respectively.

Figure 8 shows the relationship between the skin friction factor and the angle of rotation, which
is built by Spalart-Allmaras turbulent model. The numerical computation for the trend relationship in
the between the two dimensionless parameters is based on two different Reynolds numbers. The
first is Re=2653.9 and the second is Re=26539. Here the second Reynolds number is greater than the
first by tenfold. Figure 8 produces nonlinear and harmonic relationships between the two
investigated parameters. The two curves are symmetrical about the angle 180" and have the same
behavior and shape regardless of the angle values. It is obvious from the Figure 8 that Reynolds
number has a major impact on the determination the values of the skin friction factor. As Reynolds
number increase, the skin friction factor decreases. The contrast in the values of the skin friction
factors is based on the flow velocity and the area of the cylinder, which has direct contact with fluid,
so these two variables will dominate the values of the skin friction factor. As well, the angle has an
important effect in the determination of the skin friction factor because it shares in the
determination of the cylinder area that has a direct contact with the fluid.
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Fig. 8. The trend in the relationship between skin
friction factor and rotation angle

Both Figure 9 and Figure 10 have been plotted for Re = 2653.9. For Figure 9, the pressure
coefficient values change from positive to negative or adverse. When the angle is equal to 90 degree
or 270 degree, both curves are identical, while for an angle equal to zero the curve is symmetrical
around angle 90 degree and all the values of pressure coefficient are negatives for angle 180 degree.
In general, this behavior is attributed to the change in flow separation along the curve of the
semicircular cylinder which rely on the orientation angle of the semicircular cylinder. In other word,
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the alteration in the flow angle attack has a direct impact on the pressure coefficient values. Figure
10, for all the selected angles the pressure coefficient values are negative except for angle 180 degree
in which the pressure coefficient is changed from negative to positive or adverse and this occurs.
Here, the values of the pressure coefficient rely on flow separation. For the flow beside the straight
line, fixed separation point of flow occurs at the corner where the curve portion and straight line
portion intersect.
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Fig. 9. Variation of pressure coefficient at the straight surface
at Re = 2653.9
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Fig. 10. Variation of pressure coefficient at the curved surface at
Re = 2653.9

Due to the lack of studies regarding employing the Spalart-Allmaras turbulent model in
investigating the flow field characteristics around the semi-circular cylinder, we use three widespread
turbulent models to verify the results obtained by the Spalart-Allmaras turbulent model and these
models are k-€ (standard), k- (RNG), and k-€ (Realizable ). The comparative study deals with three
parts: the first part gives a good agreement with the obtained results from the different turbulent
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models; the Spalart-Allmaras has a moderate location among the curves of the remainder turbulent
models without any contrast. The second part gives an excellent agreement in the obtained results
from the different turbulent models, there is no variation among the curves. In addition, the third
part gives a good agreement with the obtained results from the different turbulent models. Here,
the first part deals with the drag coefficient (Figure 11), the second part deals with the lift coefficient
(Figure 12), and the third part deals with the skin friction factor (Figure 13). These three
dimensionless parameters are drawn with all values of the angles. It is visible from Figure 11, Figure
12 and Figure 13 (drawn with Reynolds number equal to 2653.9) that the comparative study satisfies
the required target from the numerical study, it is confirmed that the use of various turbulent models
does not affect the hydraulic parameters regardless of the angle values.
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Fig. 11. Variation of drag coefficient with Fig. 12. Variation of lift coefficient with
rotation angle using different turbulent rotation angle using different turbulent
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Fig. 13. Variation of skin friction with rotation
angle using different turbulent models
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3.1 Comparative Study

Figure 14 illustrates the semi-circular cylinder drag coefficient for different attach angles at
Re=6.7x 10*. It is seen from the Figure 14 that both the previous study done by Yamagata et al., [3]
and the current study have the same trend in the relation between the drag coefficient and the attack
angles without any variation, this point strengthens the current study and gives an invaluable
indicator. It should be stated here that Yamagata et al., [3] adopted constant surface area when
evaluating the drag coefficient and for the sake of comparison, the same assumption is considered.

—s—Present Work

—e—Yamagata et al. [3]
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Fig. 14. Comparative study for the relation
between the drag coefficient and rotation
angle

4. Conclusions

The water flow past a semi-circular cylinder with various angles of attack, was examined using
the Spalart-Allmaras turbulence model in ANSYS Fluent. The current paper focused on the flow
velocity vector, velocity contours, and pressure contours in order to produce a good image about
flow direction around the cylinder and how the velocity field will change owing to the variation in the
value of angles. For example, based on the flow velocity contours, it is clear from contours at angle
150°,160°,170° and 180°, all the flow velocity magnitudes of the field are to somewhat identical and
there is variation. In addition, the pressure field reflects how the pressure changes from positive to
negative or from negative to positive and will reflect directly on the lift coefficient, while the flow
velocity behavior will reflect directly on the drag coefficient and skin friction factor. The study
adopted two different Reynolds numbers to express the impact of this number on the drag
coefficient, lift coefficient, and skin friction factor. Reynolds number value has a direct effect on the
drag coefficient and skin friction factor while in the case of lift coefficient the result shows there is
no direct relation between the lift coefficient and Reynolds number. To ensure that the computed
values of drag coefficient, lift coefficient, and skin friction factor using Spalart-Allmaras are suitable
and reasonable. We use three different turbulent models to check the obtained results; moreover,
the computed values by using the other turbulent models give results are somewhat very similar to
results computed by using Spalart-Allmaras without any contrast in the results. The pressure
coefficient values are based mainly on the flow separation along the wetted perimeter of the

211



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 112, Issue 2 (2023) 191-213

semicircular cylinder. We advise further work analysis of the flow around the semicircular cylinder
under the effect of different values of the Reynolds number.
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