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ABSTRACT

Numerical study of separation control on symmetrical airfoil, four digits (NACA
0012) by using rotating cylinder with double steps on its upper surface based on the computation of
Reynolds-average Navier- Stokes equations was carried out to find the optimum configuration of
unconventional airfoil for best aerodynamics performance. A model based on collocated Finite
Volume Method was developed to solve the governing equations on a body-fitted coordinate
system. A revised (k-w) model was proposed as a known turbulence model. This model was
adapted to simulate the control effects of rotating cylinder. Numerical solutions were performed for
flow around unconventional airfoil with cylinder to main stream velocities ratio in the range of 1 to
4 and for various positions of the steps on the airfoil from the leading edge, 0.1c, 0.2c, 0.3c, 0.4c,
0.5¢ for the first step and 0.5¢, 0.6¢, 0.7c, 0.8c for the second step with constant step depth and
length of 0.03c and 0.125c respectively. Reynolds number of 700,000 which was based on the cord
length (c), with angle of attacks 0, 5, 8, 10, 12, 15 degrees was considered for the assessment of the
unconventional airfoil performance. The numerical investigation showed that the optimum
configuration for the unconventional airfoil was found to be at velocities ratio (U/Ucw=4) with the
steps positions at 0.5¢ and 0.8c for best airfoil performance.

Keywords: unconventional airfoil, airfoil with rotating cylinder, airfoil with upper steps.
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1. INTRODUCTION

In modern civil transport aircraft, the main objectives to be achieved are the needs of cruise
conditions (low drag) with a particular attention on the economic, as well as aerodynamic efficiency
because most of the flight time is spent during this phase of flight at transonic conditions. Hence,
the shape of the wing must be able to minimize the strength of any shock waves present in order to
reduce the wave drag. In addition, the wing must be able to satisfy the necessary requirements of
take-off and landing. Therefore, complementary high-lift systems are usually employed by combat
aircraft, not only for short take-off and landing, but also to enhance high-speed maneuverability by
delaying the onset of high-speed stall. High-lift system mainly consists of mobile mechanical device
capable of separating some parts of the wing and repositioning them in a suitable configuration in
order to increase the chamber and effective area of the wing. The result of these arrangements is a
new configuration, which allows a significant improvement in lifting capabilities compared to the
clean wing of the cruise configuration. The first practical application of the moving surface for the
boundary layer control was demonstrated by, Favre, 1938. He studied an airfoil with an upper
surface formed by a belt moving over two rollers. The separation was delayed until the angle of
attack reached to 55 degree, where the maximum lift coefficient of 3.5 was realized. Cichy, et al.,
1972, studied the application of rotating cylinder to improve ship maneuverability. Extension force
measurements and flow visualization experiments were conducted using a large circulating water
channel. Three different configurations of rudder were used with the rotating cylinder; (1) in
insulation, (2) the leading-edge of the rudder, and (3) combined with a flap-rudder where the
cylinder being at the leading-edge of the flap. From the overall consideration of hydrodynamic
performance and mechanical complexity, configuration number (2) was preferred as far as power
consumption concerned. Buckholtz, 1986, observed the irregular shape of many insect wings as
well as other studies indicating a higher lift on these wings. A flow visualization scheme was used
to observe and photograph stream lines around two different wing sections. One of these, a sheet
metal model with geometry matching that of a butterfly wing, was studied at a Reynolds number of
1500 and 80 based on corrugation depth. Freymuth,et al, 1989, worked on the airfoil with rotating
cylinder at the nose to demonstrate concept of dynamic separation without dynamic stall. The airfoil
was tested in the wind tunnel with uniform velocity of 61 cm/s and cylinder rotating speed of 3000
r.p.m. at a Re=4300 based on the chord length. They found that for a pitch angle of 20° a speed ratio
was 2.5, for 40° the ratio was 4.2, and at 90° it was 12. An increase in speed ratio beyond the
minimum had no detrimental effect on stall control but resulted in a wall jet passing over the suction
side of the airfoil which continued as a jet behind the trailing edge. These results were inferred from
flow visualization and confirmed by speed profiles obtained with a hot-wire anemometer, after the
final pitch position of the airfoil had been reached. Al- Tornachi, and Abu- Tabikh, 1998,
developed a numerical method to analyze steady incompressible flow around airfoils with turbulent
separation. The model used was a direct viscous- inviscid interaction scheme based on a vortex
panel method. The overall method was relatively simple and allowed for predicting the complete
wing characteristics. Some example calculations were discussed, and good agreement between
calculations and experiment was obtained. Al-Garni, et al., 2000, worked on the experimental
investigation of two —dimensional NACA 0024 airfoil equipped with a leading-edge rotating
cylinder. The airfoil was stated for different angles, and they found that the leading-edge rotating
cylinder increases the lift coefficient of a NACA 0024 airfoil from 0.85 at Uc/U=0 to 1.63 at
Uc/U=4 and delay the stall angle of attack by about 160%. In the same year, Yeung, 2000, studied
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the flow visualization on a corrugated airfoil. He confirmed that the trapped vortices leaded to a
modification of the effective wing shape and an increase in lift. He also, found that the leading-edge
rotating cylinder effectively extend the lift curve of an airfoil without substantially affecting its slop.
Sahu, and Patnaik, 2010, investigated the flow past NACA 0012 airfoil. The simulations were
performed for different angles of attack varying from 0° to 20° in sub- critical Reynolds numbers
range. The results observed that, stall occurred at a=12° and Re=46400.Also, the stall angle was
delayed by using the simple momentum injection technique with the help of one rotating element as
an actuator disc on the leading edge of airfoil. Lukas, et al., 2011, studied the boundary layer
separation, both stall and separation bubbles, related to the low-Reynolds number transition
mechanism. Airfoil of three czech-designed sailplanes and their wing-fuselage interaction were
subjected to study. Effect of passive flow control device-vortex generators was surveyed and
counter- rotating vortex generators was applied. Separation suppression was reached and
consequent drag coefficient reduction of test aircrafts was measured in flight. All above studies
were neither considered the combine effects of leading edge rotating cylinder and the steps on the
upper side of airfoil nor high Reynolds numbers flow.

The present work investigate the combine effect of the rotating cylinder of diameter 0.1c in
leading edge and double steps at different locations with constant depths and length on the upper
side of airfoil. Symmetrical airfoil four digits, (NACA 0012) with Reynolds number of 700000
were considered in this work. Upon the numerical results of all above considered cases, an optimum
configuration of airfoil which is represented by lengths, depths and positions of each step in
addition to the cylinder to mainstream velocities ratio were obtained for the best performance
enhancement of unconventional airfoil.

2. MATHEMATICAL FORMULATION
2.1 Governing Partial Differential Equations

In the present work, the working fluid is air and flow was considered to be steady, two
dimensional mean flows, fully turbulent, incompressible, and Newtonian fluid.

The governing equations were derived in Cartesian coordinate systems. Finite volume methods
for solving differential equations require continuous physical space to be discretized into a uniform
computational space. However, the applications of the boundary conditions require that the
boundaries of the physical space fall on coordinate lines of the coordinate system.

In order to analyze the flow field around the airfoil with rotating cylinder and two steps, solution of
two dimensional Navier-Stokes equations is required, due to the complexity of flow around airfoil
configurations and the dominancy of viscosity effects.

The governing equations for the mean velocity and pressure are the mass and momentum equations,
these are analyzed the averaged Navier- Stokes equations. A two- equation turbulence model (k-w)
is used for the system of the momentum equations.

2.2 Reynolds-averaged Navier- Stokes Equations

The basic governing fluid flow equations for, incompressible flows will be summarized. The
derivation of these equations, details regarding the constitutive relations used and the various
turbulence modeling assumptions employed can be found in several references, White, 1991,and
Ferziger and Peric, 1999.
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Employing indicial notation, the instantaneous form of continuity and momentum equations in
Cartesian coordinates can be written as follows:

0

o () =0 ®
0 dP aTl'j

o (PU) = =gt o @)

Where x; is position vector, t;; is viscous stress tensor. The constitutive relation between stress and
strain rate for a Newtonian fluid is used to relate the components of the stress tensor to velocity
gradients:

aul- au] 2 aui (3)
Ty = U\ 5t | U5 6y
Where u represents the molecular viscosity and §;; is the Kronecker delta. The conservation
equations above hold exactly for laminar flows. For turbulent flows, in the context of RANS
methods, ensemble averaging will be resorted. The time- averaged form of the above equations for
turbulent flows is obtained by mass- averaging. The various flow properties are decomposed into
mean and fluctuating components, as follows:

le:fl]-l_Tllj (5)
p=PF+Pp ©6)

Note that Favre-averaging is used for u; and 7;; (bar and prime denote a Favre- averaging mean
quantity and the fluctuation above this mean, respectively). Reynolds- averaging is used for P (bar
and prime denote a Reynolds- Averaged mean quantity and the fluctuation above this mean,
respectively). After mass- averaging, the mean- flow governing equations become:

J o (7
a_xj (wj)=0
9 oP (8)

TR 0 . T
a—xj(Pujui) = Tox + %, (7 — Puw)

The double correlation between u; and itself, which appears in the term on the right hand side of
equation , is the kinetic energy per unit volume (k) of the turbulent velocity fluctuations and can be
defined as:

Iay! (9)
k= > Wity
The term pw;u; is called the Reynolds-stress tensor and can be shown by:
poi; = —puly (10)
Or
o THTH (11)
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i = (2, 0T 2 0 2
O'ij=—ulu]

%, T ox) " 3Max, 0T3P % (12)

Two major approaches are currently used to model these terms, namely:

(a) Eddy Viscosity Models (EVM)

(b) Reynolds- Stress Models (RSM)
The EVM employ Boussineq’s eddy hypothesis, which relates the Reynolds stresses to the gradient
of mean variables as follows:
Where u; is the turbulent (eddy) viscosity. In the most common models in this category, it is
postulated that eddy viscosity is dependent on the Kkinetic energy of the turbulent velocity
fluctuations (k) and its dissipation rate (&) or some combination thereof (such as w = €/k). These
variables, in turn are computed by solving transport equations which employ some modeling
assumption. On the other hand, the RSM, , estimate the Reynolds stresses by solving transport
equations for o;;. Modeling assumption are required to close the transport equations for o;;; since
the modeled terms are of a higher order than those in the EVM. The RSM are also called second-
order closure or second-moment closure models. Incorporating the above modeling assumption, the
governing equations for turbulent flow using EVM can be expressed as:

e Continuity equation:

Jd (13)
a—xj(Puj) =0
e Momentum equation:
o om; | 0 2 om (14)
. (pu]u <(u + 1e) ( = ai’) — SHe az ' 5ij>

2.3 Boundary Conditions
-Inlet boundary

At inlet, the velocity components (u and v), the static pressure, the turbulent kinetic energy
(k) and its dissipation rate (¢) and (w = €/k) are specified. The values of (k,& and w) are
approximated based on assumed turbulence intensity (Ti) typically between (1% and 6%) and
length scale approximation. Approximate value of (k, e and w) for internal flows can be obtained
by means of the following simple assumed forms, Versteeg and Malalasekera,1995;

3
n = E (ui- Ti)z
k3/2 (16)

— 3/4 —
=G/~ 1=007L

(15)

Where; u;: Inlet velocity.
T;: Turbulence intensity.
L: Equivalent length.
C,, : Universal constant, 0.09
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[: Length scale of turbulence.

Moult, and Srivatsa, 1977, assumed that (k, € and w) are specified with (k) taken arbitrary
as (3%) of the incoming specific kinetic energy and ( €) evaluated with assumed length scale (1)
equals (3%) of the domain dimension.

- Outlet boundary

Usually the velocity is known only where the fluid enters the physical domain. At outlet, the
velocity distribution is decided by what happens within the domain, Moult, and Srivatsa, 1977 and
Versteeg, and Malalasekera, 1995. The velocity gradients normal to the outlet surface are
assumed to be zero.

-Wall boundary

Wall functions are special formula for evaluating effective exchange coefficient at the wall
(Twan), Versteeg, and Malalasekera,1995, summarized the expressions for wall function for
different dependent variables based on dimensionless quantities;

1/2 ~1/4

.+ prECyT8
-, 17
Y 1 My (17)
u+ = ELn(E.y+) (18)

Where (&) is the distance to the wall from the nearby grid node. The constants (k and E) can
be obtained from the law of wall. Usually (K= 0.4107) and (E= 9.793) for smooth wall, Moult,and
Srivatsa, 1977. In a region very close to the wall, kinetic energy of turbulence is set equal to zero.
The value of ( €) is fixed at the near wall point with;

65/4_ k3/2

E = T (19)

-Moving boundary
For viscous flow, velocity components normal to the moving boundary (Rotating cylinder)
are set to zero while velocity components parallel to the moving boundary are specified as follows:

V=w.r (20)

3. NUMERICAL SOLUTION

Computational Fluid Dynamics, commonly known as CFD has becomes an important tool
used for the design and analysis of thermal-fluid systems over the last several decades .Increases in
computing power have permitted more detailed calculations to be undertaken in significantly less
time leading to an expanded envelope for computational modeling. Ultimately, it is desirable to
continue the development of newer and more accurate CFD algorithms while benchmarking current
computational packages. A detailed summary of the CFD methodology and techniques employed
during this study will be discussed in the following sections.
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3.1 GAMBIT Software

Geometry and Mesh Building Intelligent Tolls (GAMBIT v2.4.6) mesh generation software
is discretizing software used to mesh the turbine blade model. The control volumes in this analysis
represent the flow domain on the airfoil with steps and front rotating cylinder. Discretization is the
process of subdividing the surfaces that represent the fluid flow and solid regions into smaller areas
called cells. In CFD, flow variables are solved from one of the cell to the next until the solution for
the entire control volume is completed.

3.2 Geometry Definition

The geometry nodes was built by the developing a computer program to the airfoil
equations in the Microsoft Excel program by using the equations of the airfoil boundaries for upper
and lower parts and making several modifications to give the exact locations and dimensions of the
steps that will be studied.

The testing airfoil and domain was built by the Gambit software with the domain
dimensions 3c in from the airfoil original point which is at the leading edge and 4c back word of the
airfoil trialing edge and 3c for both upper and lower surfaces of airfoil. The airfoil NACA 0012
cord length was 1m, the front rotating cylinder diameter was (0.1c) and the gap between the
cylinder and the airfoil was 1mm.

By importing the vertices of the airfoil coordinates in the Gambit program and convert this
nodes to surface and subtracting from the domain to mesh the domain according to the Reynold
number value and by using the equations (32 to 33) and Table 2 and 3.were the mesh cell number
calculated.

3.3 Turbulence Model (k — w)

Many models under the turbulence model (k — w) can be used in flow field depending on
the type of the applications and the associated boundary conditions that work on it. In the present
study, according to the boundary conditions which can work on the turbulence model (k — w), SST
model had been built on a baseline model, namely, (BSL Model), which combines the Wilcox,1993
(k — w) model near-wall region with the (k — € ) model in the outer part of the boundary layer,
Peng and Eliasson, 2007.

In simulations of separating aerodynamic flow, indeed, the success reached with the SST
model may largely be attributed to the SST assumption inherent in the modeling formulation. The
baseline (BSL) model, on the other hand, enables an alleviation of free stream sensitively in the
outer edge of the boundary layer due to the combined (k — €)model. The shear stress transport
equation is given by, Peng and Eliasson, 2007,as follows:

dpk | 0(pU) _ 0T, _ 2 el 9k (21)
a T o Ui ox, Cificpko + 0x; (” + ck) 0x;

dpw | 0(pUye) _ L KA #e 9k d (22)
o T ax Corfo K U o Cazpw’ +3 “ + om) 0x; +Co ;] 0%
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The first three terms on the right-hand side of Eqgs. 21 and 22 are subsequently the
the dissipation/destruction term and the diffusion term for (k) and(w),
respectively. The last term in the(w) equation is the cross diffusion term. This term does not exist in
the standard (k — w) model but appears in the SST model in the outer part of the wall layer.

production term,

Where T;; is the mass-averaged viscous stress tensor defined as:

Ti; = —pu,u, And can be calculated using the Boussinesq approximation, Davidson, 2009:
au; , 0U)\ 2 aUk (23)
= MUt [(aX] + aXi) 8 8 ]kp

And turbulent eddy viscosity can be calculated from the equation. Peng and Eliasson, 2007:

— aj pk
He max(a; w/fy,SF2) (24)

The coefficients, f, f,and f,,, appearing in the transport equation are empirical function of

the turbulent Reynolds number, R, = u./u, being free of any wall parameters. These empirical
functions take the following forms, Peng. and Eliasson, 2007.

£, = 0.025 + {1 —exp [— (%)3/4]}{0 975 + % exp [_ (ZRTtO)Z]} (25)
f = 1 — 0.722exp l— (1R_(t))4l o6
f, =1+ 4.3exp [ (32)1/2] (27)

And thus:

F, = tanh{[max (2E, 51(;”)]2}

(28)
The model constants are Jones,and Clark,2005 :
Tablel. Constants used in the (k — w) equation.
Ck Cool sz Ca) Ok Ow a4
0.09 0.42 0.075 0.75 0.8 1.35 0.31

186



Number 6 Volume 20 June - 2014 Journal of Engineering

The general form of the (k — w) equation, Fluent is:

a ) _ F] ak 29
a(pk)‘Fa—Xi(PkUJ) =Gk+Yk+a_Xj(Fk a—xi>+5k (29)
a F _ a ow 30
a(pw)+a—)(i(pwUJ)ZGw+Yw+a—)(j(Fw 6_)(j)+Dw+Sw ( )

Where: Gy ,G,,, Yk » Yo, Sk .S, » @and D, represent, the generation of (k), generation of (w),
dissipation of (k), dissipation of (w), source term of (k), source term of (w) and the cross-diffusion
term, respectively.

3.4 Mesh Generation

Standard CFD methods require a mesh that fits the boundaries of the computational domain.
The generation of computational mesh that is suitable for the discretized solution of two
dimensional Navier-Stokes equations has always been the subject of intensive researches. This kind
of problem covers a wide range of engineering applications.

For a complex geometry, the generation of such a mesh is time consuming and often
requires modifications to the model geometry. There are mainly two types of approaches in surface
meshing, structured and unstructured meshing.

In structured mesh, the governing equations are transformed into the curvilinear coordinate
system aligned with the surface. It is trivial for simple shapes, Hanaa 2006 and Nbras, 2009.
However, it becomes extremely inefficient and time consuming for complex geometries. Therefore,
it has been excluded in this study. In the unstructured approach, the integral form of governing
equations is discretized and either a finite-volume or finite-element scheme is used. The information
regarding the grid is directly incorporated into the discretization. Unstructured grids are in general
successful for complex geometries, so it was used in present work.

3.5 Quality of Mesh

It is important to investigate mesh quality and check elements orientation. The importance
of quality parameter is the face alignment; it is the parameter that calculates skew-ness of cells.
Elements with high skew-ness should be avoided. The face skew-ness can be calculated as:
length of shorted face diagonal (31)

length of longer face diagonal

Face skewness = 1 —

This value is in the range of (0.2 to 0.5), FLUENT.

3.6 Grid Independent Test

The way of checking whether the solution is grid independent or not is to create a grid with
more cells to compare the solutions of the two models. Grid refinement tests for drag coefficient
indicated that a grad size of approximately (100,000 cell) provide sufficient accuracy and resolution
to be adopted as the standard for airfoil surface. Fig.1 shows the grid independency test performed
for airfoil surface with steps and rotating cylinder.
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3.7 Mesh Smoothness

The number of cells should be more near the viscosity affected regions like walls and
smaller at non critical regions. Since the critical part of our domain is the region of airfoil near
rotating cylinder surface, a finer mesh is generated there. But, how far the mesh should be refined
near the wall prior to extract any result is depend on the value of y* near the surface and must be
checked. It gives a measure of mesh resolution near the wall boundaries.

It has been shown in Fig.2 that the averaged value of y*for the surface is less than 100
which is within the range of (SSTk — w) turbulence model, Jones, and Clark, 2005.

3.8 Total Cell Count

The final point in a good mesh is the total number of cells generated. It is vital to have
enough number of cells for a good resolution but memory requirements increase as the number of
cells increase. For the present study, an average of (100,000) cell is used. Fig.3 shown the mesh on
the airfoil surfaces
The procedures for calculation the number of the nodes and discretization of the airfoil and flow
domain following (Gambit 2.4.6) are:

Refinement Factor: Coarse, medium, and fine mesh types are available. Mesh density varies
based upon the assigned refinement factor. The refinement factor values for the mesh densities are
given in Table 2.

Table 2. Refinement factors.

Mesh density Re]}‘c;rgcr)r;ent
Fine 1

Medium 15

Coarse 2.25

Using the refinement factor, first cell height is calculated with the following formula,
Gambit 2.4.6:

Yplus x (Characteristic Length®'%® x Viscosity®#7®)]  (32)
0.199 x Velocity®87> x Density?-87>

First Cell Height = Refinement factor

Reynolds number based upon chord length is used to determine Yplus. Yplus values for
turbulent flow conditions are summarized in Table 3.
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Table 3. Flow regime vs. Reynolds number.

Reynolds Elow regime Yplus/Firstcell
number g height

Turbulent,

Re<50000 | enhanced wall Yplus < 10
treatment
Turbulent,

Re>50000 | standard wall Yplus > 30
functions

The number of intervals along each edge is determined by using geometric progression and
the following equation, Gambit 2.4.6.

L Edge_length X (Growth ratio — 1)
08 First Cell Height

Log(Growth ratio)

+10]
Intervals = INT

(33)

The edges are meshed using the first cell height and the calculated number of intervals. The
entire domain is meshed using a map scheme.

4. METHOD OF SOLUTION

The method of analysis involves the numerical solution of flow field equations:

Continuity equation,
Momentum equation and
Transport equation of turbulence.

The solution algorithm implies modified version of SIMPLE method of Patanakar, 1980,
which is an iterative sequence consists of two major parts: the SIMPLE procedure,

The SIMPLE algorithm developed by Patanakar, 1980, involves one predictor step and one
corrector step. It links the solution of the momentum equation with the continuity equation through
the pressure. This is accomplished by solving the momentum equation using the guessed pressure
field or values from the previous iteration for the parameters appearing in the equation. This yields
to new velocity fields.

Thus, the velocity field obtained satisfies the momentum equation but in general violates the
conservation of mass principle. Hence, a correction is introduced into the velocity and pressure
fields, after that the transport equation for turbulent is solved using the new velocity field.

This iteration sequence is repeated until the residual (error) levels fall below pre-determined
maximum allowable limits indicating a converged solution has been achieved. The total maximum
residual is taken to be (1*10-5).

Changing the angle of attack and Re number, and finding the separation points and stall conditions
of the NACAQ012, after that select the optimum locations and dimensions (i.e. depth and length of
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the step) to improve the pressure gradients and to move the separation points to the back and
delaying the stall.

5. RESULTS

Improvement in performance of the conventional symmetrical airfoil, four digits (NACA
0012) with leading edge rotating cylinder and two steps on its upper side is investigated. The
rotating cylinder velocity to main stream velocity ratio,(U/U) in the range of 1,2,3 and 4 and the
change in the positions (0.1c,0.2c¢,0.3c,0.4¢,0.5¢) and (0.5¢,0.6¢,0.7¢,0.8¢) for first step and second
steps respectively, were considered, while, the steps depth and length were kept constant, Finaish
& Stephen 1998. Assessment of airfoil performance was tested for Reynolds number of 700,000
based on the cord length (c).The numerical results will discuss as follow:-

Fig.5 shows the airfoil lift to drag coefficients ratio for velocity ratio of (U/Ux=1). The flow
separation occurs at relatively high angle of attack. The upper surface flow remains attached to the
airfoil up to a distance downstream of the leading edge then at it separates and leads to a large
separation bubble, with reattached towards the trailing edge. The rotation of the leading edge
cylinder results in increased suction over the nose and the smoothness of the transition from the
cylinder to the airfoil surface. The same trend was obtained by Modi, and Mokhtarian, 1988. The
maximum value of the aerodynamic characteristic ratio (lift/drag) reaches up to 34 for the airfoil
with steps position at (0.5c and 0.8c).

From Fig.6 illustrates the increases in momentum injection into the boundary layer as
velocity of rotation increase (U/Ux=4) and, delays the flow separation (stall) from the upper airfoil
surface and consequently, resulting in a high (Clnax). Different flow patterns can be recognized. It
was also noticed that the existence of critical speed is also evident beyond which momentum
injection through a moving surface appears to have relatively less effects and the maximum value of
the aerodynamic characteristics ratio reach to 38 for the airfoil with steps position at (0.5 and 0.8)
at(U/Uwo=2).

The aerodynamic characteristic ratio (lift/drag) slightly increases between the angle of attack
(11° up to 15°) as shown in the Fig.7 for the steps positions at 0.5 ¢ and 0.8 ¢. For the velocity
ration (U/Ux=3) a considerable increases was observed for the same flow conditions (Re=700,000
and a=15) and reaches up to 43.

A significant increases in the ratio of lift/drag for combined effect of step positions and
velocities ratio, (U/Uo0=4) was observed as shown in Fig.8. They cause to delay the separation and
increase in lift/drag ratio. The maximum ratio was found at the airfoil with the step position at 0.5¢
and 0.8c which reached up to 47. The flow developments on the upper side of this airfoil
configuration were expected. The separation of the airfoil trailing edge and of a primary vortex that
separates from the step leading edge induced a secondary vortex in the vicinity of the step. During
events of the flow development, these induced vortices may interact with each other in a
complicated manner; comprise flow reattachments over the airfoil surface. These flow
developments produce large change in the overall lift and drag coefficients.

Fig.9 shows an increase in the lift coefficient with increasing angle of attack for
unconventional airfoil due to the effect of the rotating cylinder and steps position compared with
normal airfoil, NACA 0012. Also, an increase of 31% in lift coefficient for unconventional airfoil
with optimum configuration is obtained when compared with normal airfoil. A same trend for lift
coefficient is obtained with the normal airfoil lift coefficient as shown in Figs.9, 10 and 11.
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A decrease in drag coefficient is noticed for all values of the velocities ratios as the angle of

attack are increasing. A reduction of 26% in drag coefficient for unconventional airfoil with
optimum configuration is obtained when compared with normal airfoil at the same angle of
attack.as shown in Fig.10. The trend of drag coefficient for unconventional airfoil is similar to drag
coefficient.

The optimum configuration for the unconventional airfoil is found to be at velocities ratio

(U/Uxo=4) with the steps position at 0.5¢ and 0.8c as shown in Fig.11. A high ratio of lift to drag
was observed compared with the same airfoil without leading edge rotating cylinder and steps on
the its upper side.

6. CONCLUSIONS

The rotating cylinder considered to be the best and effective flow control device which was
controlling the stall of airfoil flow. The large separation region on stalled airfoil can be
reduced significantly by using the rotating cylinder and two upper steps.

The stalled airfoil flow is sensitive to rotating cylinder speed ratio (U/Ux).

The lift coefficient of the airfoil is also increased with increase of angle of the attack.

The rotating cylinder and upper steps causes a decrease in drag and more increase in lift.

Lift to drag coefficient values of 34,38,43 and 47 are obtained for velocity ratios (U/Uco)
1,2,3 and 4 respectively
The optimum configuration for the unconventional airfoil is found to be at velocities ratio
(U/Uwo=4) with the steps positions at 0.5¢ and 0.8c for best airfoil performance.

Normal airfoil separates at angle of attack 12°, while unconventional airfoil with optimum
configuration separates at angle of attack 15°.
An increase of 31% in lift coefficient for unconventional airfoil with optimum configuration
is obtained compared with normal airfoil.

A reduction of 26% in drag coefficient for unconventional airfoil with optimum
configuration is obtained compared with normal airfoil at the same angle of attack.

NOMENCLATURE:

C: cord (m)

CL: lift coefficient

DL: drag coefficient

P: pressure (N/m?)

Re: Reynolds number

Uco: uniform flow velocity (m/s)

Uc: velocity of the rotational cylinder (m/s)
a: angle of attack (Degree)

u: viscosity (kg/m.s)

u; u;: velocity in tenser notation (m/s)
X;. position vector in tensor notation (m)
8;;: Kronecker delta

p:  density (kg/m®)
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7;;: shear stress (N/m?)
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Figure3. Mesh on the airfoil surfaces.
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Figure4. Geometry and coordinates of the unconventional airfoil consists of front rotating cylinder

and double steps on its upper surface.
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Figure 5. Lift to drag coefficient ratio with various angles of attack (a) at velocity ratio (U/Uco=1).
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Figure 10. Drag coefficient with various angles of attack at steps positions 0.5¢ and 0.8c.
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