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ABSTRACT

In this paper, numerical simulation for a two-dimensional viscous and incompressible flow past the
elliptical airfoil is presented by Random Vortex Blob (RVB). RVB is a humerical technique to solve
the incompressible, two-dimensional and unsteady Navier-Stocks equations by converting them to
rotational non-primitive formulations. In this method, the velocity vector at a certain point can be
calculated without considering any grid around it, so the RVB method can be treated as a meshless
method. Accordingly, the turbulent flow past a cylinder as well as an elliptical airfoil is investigated. In
both cases, the obtained mean time velocities are compared with available numerical and experimental
results where an acceptable agreement is observed. Having known the velocity field, by employing
momentum balance, the drag and lift coefficients caused by flow past the elliptical airfoil with different
diameter ratios and Re=10° are calculated and compared with experimental data where a good

consistency is achieved.

doi: 10.5829/1je.2017.30.12c.12

1. INTRODUCTION

The elliptical airfoils have developed the rotary wing
aircrafts widely which have gained a crucial role in
modern military and civil tactics. These airfoils
especially have been used for developing and designing
the heliplane aircrafts [1].

The study about elliptical airfoils started from 1929,
where Zahm et al. [2] studied the elliptical airfoils in
wind tunnel and found the drag and lift forces for
special conditions. Hantsche and Wendt [3] found the
compressible potential flow past the elliptical cylinder
at zero angle of attack with no circulation. Johnson et al.
[4] used a numerical method for studying the vortices
behind the elliptical airfoils for low Reynolds number
fluid flow. The turbulent viscous fluid flow past the
elliptical airfoils was simulated and Navier-Stocks
equations were solved with two dimensional and
incompressible fluid assumptions by Kim and Sengupta
[5]. Kown and Park [6] found the aerodynamic
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characteristics of elliptic airfoils at low Reynolds
numbers in wind tunnel, but they did not find the
velocity field and distribution around the airfoils. Assel
[1] calculated the drag and lift forces by using the
Fluent software past the elliptical airfoils for various
angles of attack. Razaghi et al. [7] investigated the
numerical simulation, modeling and optimization of
aerodynamic stall control on a NACAO0015 airfoil using
a synthetic jet actuator. Askari and Shojaeefard [8]
presented a mathematical solution for analyzing the
potential flow over a rotating cylinder by direct solution
of the Laplace’s equation. Mehmood et al. [9] studied
the NACAO0015 airfoil for diffuser design in tidal
current turbine application. Chen et al. [10] considered
the application of blowing over a thick elliptical airfoil
for the purpose of identifying the hierarchy of additional
parameters affecting the flow. Lysak et al. [11]
measured the unsteady lift spectrum for airfoils in
turbulent in a water tunnel experiment. The results
provide validation data for analytical models that
account for the effect of airfoil thickness on the high
frequency gust response. Moreover, in the field of flow
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past other obstacle, some researches can be found in the
literature [9, 12, 13].

One of the most accurate and prosperous methods
for simulation of unsteady two-dimensional viscous
flow is Random Vortex Blob (RVB). The primary
researches can be found in the work of Chorin [14] that
analyze the Navier-Stocks equations with RVB. He
recommended the method in their famous paper [15].
Bill and Majda [16] studied the convergence of method
and increasing the accuracy of simulation that continued
with Benfato and Pulvirenti [17]. Chear [18] used this
method for fluid flow simulation past an impulsively
started cylinder in slightly viscous flow. The published
book of Cottet and Koumoutskos [19] expresses the
Random Vortex Blob for various geometries and fluid
flows. In recent years, some work based on RVB have
been performed in other field of engineering [20-23].

The main advantage of Random Vortex Blob is that
instant velocity distribution is calculated and then time
averaged velocity and velocity fluctuations can be found
easily. Calculating velocity fluctuations leads to
calculate characteristics of turbulent flow depending on
these fluctuations [24]. RVB has advantages and
disadvantages. Some of its advantages include: (1) there
is no simplification of the equations; (2) contrary to
turbulence models, it does not need auxiliary equations;
(3) it is used for laminar and turbulent flows; and (4)
employing Lagrangian method, it is used to calculate
velocity in the high gradient regions. And some of its
disadvantages include: (1) because of employing
Lagrangian method its computation time is high; and (2)
this method cannot be used for three dimensional flows,
because it is based on the two dimensional vorticity
transport equation which is solved in two steps of
convection and diffusion (in the 3D vorticity transport
equation the source term exists that cannot be solved in
two mentioned steps). Accordingly, in this research, for
the first time, RVB is employed in order to calculate the
velocity around an elliptical airfoil. Also, a new method
is used in order to satisfy the boundary condition on the
surface. In this regard, the normal components of
velocity are vanished by sources and sinks located on
the body of airfoil. After the flow is simulated and
vortices move around the airfoil, the velocity field can
be found by summation of vortices, sources and sinks
induced velocities and potential velocity at each time
step. The potential velocity field is an initial condition
in this method.

In the current research, the turbulent flow past the
elliptical airfoil with various diameter ratios and
Reynolds numbers is investigated. Firstly, the
instantaneous velocity field is obtained which leads to
the calculation of mean time velocity field. Secondly, by
the use of instantaneous velocity field and momentum
balance, the instantaneous as well as mean drag and lift
coefficients are calculated.

2. RANDOM VORTEX BLOB

The RVB is a numerical technique to solve unsteady
Navier-Stokes equations converted to a rotational non-
primitive formulation and the vorticity transport
equation is obtain by operating the curl of Navier-
Stokes equations with considering the continuity
equation (VU =0) as:

9 U Vo-Lvie )
ot Re

where o is dimensionless vorticity, U the vector of
velocity, Re=U_D/v the Reynolds number, U, the

magnitude of the upstream velocity, D the vertical
distance cross the flow (the diameter of cylinder or the
small diameter of ellipse), v the kinematic viscosity
and t dimensionless time.

It should be stated that the potential velocity is an
initial condition and the non-slip condition is used as a
boundary condition. The wvortices with permanent
vorticity vanish the tangential velocity on the surface.
After the vortices are created, they move in the flow
field and induce the velocity field around themselves
and the whole calculating area. Also, the vortices
induced the normal component of velocity on the
surface at each time step. Thus, in order to eliminate this
component the sources and sinks are employed in which
they are located in equal distances on the surface. At the
first time step, the tangential component of velocity on
the segments contains a potential velocity but after the
first step due to vortices movement and by using
sources and sinks, it also contains vortices, sources and
sinks induced velocity.

The vortices move around the body by diffusion and
advection mechanisms. This method simulated diffusion
by letting the individual vortex blobs undergo
independent random walk with the displacement
obtained from a Gaussian distribution having zero mean
and o =,/2t/Re variance where t is time and Re is the
Reynolds number [24], but advection is simulated by
calculating the vortices velocity at each time step that
contains vortices, sources and sinks induced velocity
and potential velocity. For more information about this
formulation visit Ref. [24].

3. FORMULATION AND GEOMETRY DESCRIPTION

3. 1. Geometry Figure 1 shows a schematic of
parameters investigated in this study. The thickness
ratio (t/c) between 0.12 and 0.25 are used for practical
usage [6]. Accordingly, the elliptical airfoil section with
t/c=0.16 is used in this paper. Also, the inlet flow is

considered to be uniform.



1905 B. Zafarmand and N. Ghadirzad / IJE TRANSACTIONS C: Aspects Vol. 30, No. 12, (December 2017) 1903-1910

'} ) i
1 '

Figure 1. Elliptical airfoil section

3. 2. Vortices Induced Velocity As already
mentioned, after the vortices are created, they move
around the airfoil, so they induced the velocity field
around themselves and the whole calculating area. This
induced velocity vectors are obtained as [14, 15]:

—il"j‘zi—zj‘ 1

WVI(Zi):;Z;rxmaX( ,5)‘zi—z,.) @)
i=v-1

where ¢ is the radius of vortices and W, (z,) an induced
velocity vector that N vortices with circulation of T,
are making on i" vortex.

z,-1

3. 3. Sources and Sinks Induced Velocity The
vortices induced velocity on the surface at each segment
has a normal vector that is eliminated by creating the
sources or sinks with specific strength at each segment.
Furthermore, this specific strength is obtained with
calculating a matrix equations of Aax=b. The
environment of body is divided to M equal segment
lengths. So, solving the unknown M equations system
lead to producing the M sources or sinks with specific
strength on each segment. It should be mentioned that
a is the sources or sinks strength matrix, b the
vortices induced velocity matrix in each segments with
negative sign and A a matrix that comes from the body
geometry. The induced velocity with M sources or
sinks on the segments at each point of domain can be
calculated by [14]:

W, ()= 3, ()
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where z; is a point on calculating domain, W, (j) the
source and sink induced velocity and r(Q,) the distance

vector from z; element to the position of certain source
or sink.

3. 4. Potential Flow In this study, potential flow
around the body is obtained by conformal mapping in
complex coordinates. The complex potential function

for a circle with radius R by using the conformal
function is:

F(z)=U_(z+R%/2) 4

where U is a velocity of flow far from a body and the

complex potential velocity around this circle can be
found as:

Wp(z):%:uw(l—%) )

The function F(¢) for the elliptical airfoils is:

FE)=U, ¢+ D) ©®
¢
where: dzz(%m)z, a=c, b=t andfor {(2):

(@)= %(z 7y @

B is an angle of attack and ¢ =a* —b?. The complex
potential velocity around the elliptical airfoils can be
given by:

dF U d? z

oo o dF U, d? i
W, (2)=u-iv= - 2 @ CZ)(HW)E (8)

3. 5. Vortices Movement At first, the vortices
on the surface move vertically by the diffusion
mechanism that works by adding a random number to
the new vortices location on the surface. At the next
stage, the extant vortices that are separated from the
surface, move by both advection and diffusion
mechanisms. So, their next location should be found at
each time step. The advection mechanism is used by
calculating the vortex velocity at each time step which
is calculated by summation of vortices, sources and
sinks induced velocity and potential velocity at each
vortex. If z,(t) is a location of vortex in the complex

system at t, the vortex location after At is [14]:
Zy(t+At)=Z,(t)+

[W, (z; (1)) +W,, (z; (1)) +Wq, (z; (1)) | At + 7, ©

where W, (z,(t)) is an induced velocity of other vortices
on j™ vortex, W, (z,t)) is an induced velocity of all
- .th — - -
sources and sinks on j© vortex, W, (z,(t)) is a potential
velocity on j™ vortex location at t and n; is a random

complex number that is simulating the diffusion
mechanism.

3. 6. Lift and Drag Coefficients Aerodynamic
drag is exerted on an object when fluid flow passes
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through it. This force is due to a combination of the
shear and pressure forces acting on the surface of the
object. The determination of these forces is difficult
since it involves the measurement of both velocity and
pressure fields near the surface of the object. However,
based on the momentum balance concept, this force can
also be determined as carrying out the momentum
balance around the object. In order to calculate drag and
lift forces, the velocity and pressure on the control
surface should be obtained. The surface control is
shown in Figure 2. For calculating the mentioned
velocities, obtaining the velocity field in the whole
domain is not necessary, which is an advantage of RVB
method. But, for calculation of pressure and shear stress
at each point of surface control, the velocity of four
points in the vicinity is needed. The pressure
(normalized by pU?) on surface number 1 and 3 is

given as (the second component of Navier-Stokes
equations):
P 1 _,. DV

o =%v2\/ or (10)

and for surface number 2 and 4 as:

8P*:ivzu*_DU (11)
oX Re Dt

It should be stated that the pressure boundary condition
at the intersection surface number 1 and 4 is assumed to
be zero.

Also, the shear stress on surface number 2 and 4 is
obtained as:

j(
By employing momentum balance and neglecting

normal shear stress on the control surface (
o, =(2/Re)(au’/ax’) ), the drag coefficient is formulated as:

%D:j(P*+u“)dy*—j(P*+u*2)dy*+

(12)

A (13)
j U\/ —r dX —J(U\/*—r*)dx
A Ay

Similarly, the lift coefficient is given as:

"=

Ay Az
X

Ag
Figure 2. Surface control

S j(P +V° )dx —i(P*+V*2)dx*+

2 A (14)
I U\/ —r I(U\/*—T*)dy
A A

4.RESULTS AND DISCUSSIONS

In this study, the Fortran language is employed for
analyzing the turbulent viscous flow past the cylinder
and elliptical airfoil section (t/c=0.16) by using the

Random Vortex Blob and find the vorticity distribution
and vortices moving in different time steps.

The first conclusion of this research indicates the
von-Karman street past the cylinder and ellipse truly at
an arbitrary time. The vorticity distribution at different
time steps for cylinder and ellipse are demonstrated in
Figures 3 and 4, respectively. It is assumed that At=0.1
and Re =140000.

According to these figures, it can be observed that
the vortices are produced symmetrically behind the
body and continued until the beautiful circulation of
them is started and the von-Karman street is made. The
reason of the curvature changing is the circulation’s sign
of any vortex that is determined with the sign of
instantaneous tangent velocity vector.

\/omcny distribution at t*=160dt , dt=0.1 and Re =140000
o ex l .
2F 0 ‘ .
1+ sler
St o
Feke ‘
2+
L
D 5 15

X*

Yorticity distribution at t*=200dt , dt=0.1 and Re =140000
T T "

'
b s o - nouw
b, T3
. A
.
.
LY

Figure 3. Vorticity distribution at 160At and 200At past the
cylindrical airfoil section

v
b Lo = now
— T T T

L L

0 1

X*
Figure 4. The instantaneous vorticity distribution past the
elliptical airfoil section (Re=140000, t/c=0.16)
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Also, these Figures show the concentration area
reduce by line stream of the body that is the reason of
the elliptical airfoil generation to decrease the drag force
and the vortex elimination behind the body. The
separation zone occupies a small area around elliptical
airfoil while the wake zone can be seen in a larger area
past the cylinder.

One of the advantages of RVB is visualizing the
instantaneous vorticity distribution as well as velocity
distribution. In this regard, based on the vorticity
distribution, the velocity can be obtained at a certain
point or in a fixed network around the body. This
velocity distribution shows the accuracy of the code that
is implemented by Random Vortex Blob and Fortran
language. This mean velocity is compared with the
experimental results at Re =140000 for various sections
around the cylinder [25], which illustrates the accuracy
of the presented simulating method. It is necessary to
know that in this code the turbulent flow past the
different ellipse can be found by changing the big and
small diameters, a (=c) and b (=t). So, by using a=b the
turbulent flow past the cylinder can be found.

In Figure 5, the results of mean horizontal velocity
and the experimental results for the sections
X" =0,0.3,0.5,0.6,1 are compared with each other. The

mean velocity distribution at all points of the network is
calculated by summation of potential velocity (Wp),
vortex induced velocity (W) and sources and sinks
induced velocity (W) at each point.

Also, the results of mean vertical velocity
distributions are shown in Figure 6 for different
sections. A good correspondence of experimental and
simulating results can be observed. Since there are no
experimental results for the turbulent fluid flow past the
elliptical airfoil section, the results are compared with
the Fluent software results. This problem is simulated
by k—& method for Re=140000 and maximum
iteration of 10 in 50 time steps by Fluent software
without any angle of attack.

X=0 X=0.3 X*=0.5
3 3 3
2 —T 2 —T 22—
1 i 1 ,§ 1
$ 0 0 0
1 ? EY 1 =
2 2 2 2 2

-3

-3 -3 -3 -3
0 1 2 0 1 2 0 1 2 0 1 2 0 1 2
u* u* u* u* u*

Figure 5. Mean horizontal velocity distributions for different
sections around the cylinder (* Experimental result by [27],
line is the simulation result by RVB), Re=140000

x=0.1 *=0.8 =09 *=1.0
3 3 3

J-J) I N ) il B -
05 0 05 05 0 055 o 19 1o 1% o 1

v v v v Nl

Figure 6. Mean vertical velocity distributions for different
sections around the cylinder (* Experimental result by [25],
line is the simulation result by RVB), Re=140000

Figures 7 and 8 demonstrate the results for Re =140000,
At=01 and t/c=0.16. In Figure 7, the horizontal
average velocities of fluid are plotted. The velocities in
the highest and lowest point from the center line (y* =0)
in any section are equal to U_ .

By increasing the distance from the center line, the
difference of the horizontal velocity with U_ is
decreased. Also, this difference is reduced with growing
of x*. In other words, the curvature of average velocity
is decreased due to the diminution of boundary layer

thickness. Moreover, based on Figure 8, vertical average
velocities are symmetric with respect to the center line.

X*=0.4 Xx=0.8 X"=1.2
1.4 1.4 1.4
12 1.2 1.2
1 1 1
L
0.8 h 0.8 & 0.8
0.6 0.6 0.6
0.4 F 0.4 0.4
0.2 s 0.2 0.2 3
= 0 F S = 0
0.2 _-_‘-. 0.2 0.2 [
0.4 0.4 0.4
0.6 0.6 0.6 R
0.8 0.8 0.8 3
1 Al 1
1.2 1.2 1.2
1.4 1.4 1.4
1 0y~ 1 2 1 [UNTERE] 2 1 0y~ 1 2
X=16 X=2 x=3 X'=4
14 14 14 14
2 12 12 1.2
1 1 1 1
[ 08 08 3]
L) 06 0.6 0.6
04 04 04 0
0z 02 02 0z
>0 >0 / >0 >0
a2 i 02 02 22
a4 04 04 24
o8 06 0.6 2.6
a8 08 08 a8
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14 14 14 1 1.4
1 0yt H 1oyt H S TR 2 1 0y 2

Figure 7. Mean horizontal velocity distributions for different
sections around the elliptical airfoil ((4) Fluent software
result, line is the simulation result by RVB) (Re=140000,
t/c=0.16)
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Figure 8. Mean vertical velocity distributions for different
sections around the elliptical airfoil ((&) Fluent software
result, line is the simulation result by RVB) (Re=140000,
t/c=0.16)

The good results of velocity field achieved from
comparing with experimental data indicate that the
computational program is evaluating the viscous fluid
flow correctly and accurately.

Since the RVB analyses unsteady flow, one of the
important applicable results are streamlines and velocity
vectors. The instantaneous streamlines is shown at
Re =140000 in Figure 9 for cylinder at time=350At
with At=0.1.

By drawing the average streamlines, it can be seen
that the irregularity of lines is eliminated and these lines
are regular, that is shown in Figure 10 for cylinder.
Also, Figure 11 shows the instantaneous velocity
vectors for elliptical airfoil section (t/c=0.16) at
Re=140000 and time=120At and Figure 12 demonstrates
average Vvelocity vectors around elliptical airfoil at
Re=140000.

Furthermore, Figure 13 illustrates the average
velocity vectors for an elliptical airfoil with several
angles of attack for Re=100000. According to this
figure, by increasing the angle of attack, the wake zone
in the bottom half of the geometry becomes smaller
while in the upper half gets larger which cause an
increase in the lift force.

In order to obtain the drag and lift coefficients
(Equations (13) and (14)) of elliptical airfoil, the
pressure and shear stress on the surface control is
calculated by the use of velocity at each point of it.
Since the mentioned velocities are instantaneous, the
pressure, shear stress, drag and lift coefficients are
obviously instantaneous. So, for calculating mean drag
and lift coefficients, 300 successive time steps are
averaged.

_1_5%

Figure 9. The instantaneous streamlines for cylinder at
Re=140000 and time=350At

Figure 11. The instantaneous velocity vectors for elliptical
airfoil section (t/c=0.16) at Re=140000 and time=120At

Figure 12. Average velocity vectors around elliptical airfoil at
Re=140000
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Figure 13. Average velocity vectors around elliptical airfoil
with different angles of attack at Re=10° (t/c=0.16)

Figure 14 shows mean drag coefficient at Re=10° versus
different diameter ratios which is compared with
experimental data [26]. According to this figure, in
constant Reynolds number, with increase of diameter
ratio, the drag coefficient is decreased. It should be
noted that due to symmetry of geometry (without any
angle of attack), the lift coefficient is zero.

—Ref. [28]

X

1 % Present work
0.8

UU 0.6 S
0.4 \
2 *

0.2

0

1 2 3 4 5 6

Diameter ratio (c/t)
Figure 14. Mean drag coefficient at Re=10° versus different
diameter ratios compared with Ref. [26]

5. CONCLUSION

In this paper turbulent fluid flow around elliptical airfoil
with different angles of attack and cylinder was
evaluated and the ability of Random Vortex Blob was
indicated. A new method was used in order to satisfy
the boundary condition on the surface. In this regard,
sources and sinks were considered to vanish the normal
component of velocity. Vortex production and vorticity
distribution were presented which prove the high ability
of RVB for simulation of two-dimensional viscous fluid
flow around solid bodies.

Presentation of the average velocity diagrams and
the comparison with experimental data and Fluent
software results indicate the correct simulation of
viscous fluid flow around cylinder and elliptical airfoils.
Also, the pressure and shear stress on the surface control
was calculated which leads to determine the mean drag
and lift coefficients. The mean drag coefficient was
compared with experimental results where an acceptable
agreement was observed.
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