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Abstract: Flow control is a significant topic of research in the field of aviation. Researchers in this field are
continuously trying their best to find various flow control strategies in order to extract aerodynamic benefits by
applying them. Applying moving surface at the leading edge of aerofoil is a type of strategy among the various
types of active flow control strategies. In the present research work a rotating cylinder is added on the leading
edge of the aerofoil as a moving surface in order to control the flow over its surface. The moving surface boundary
layer control is applied to NACA 0018 airfoil for investigating its aerodynamic benefits and effectiveness. The
moving surface is created by rotating a smooth cylinder at the leading edge of the aerofoil. The peripheral velocity
of the cylinder injects momentum to the upper surface boundary layer of the aerofoil and thus delays its
separation. This results in the gain in both the maximum lift coefficient and the stall angle. The work has been
done at four different Reynolds Number i.e., at Re = 1.4 X 10°, 1.85 X 10°, 2.3 X 1P, 2.8 X 1(¥ at different angles

of attack.
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INTRODUCTION

One of the most important factor for flying an aerial
vehicle is the amount of lift generated during flying.
The generation of lift depends mainly on the nature of
deflection of the free stream air, which in turn depends
on the orientation of the aerofoil and its curved shape.
Due to this reason researchers are relentlessly investing
efforts to find out aerofoil with improved performance
which in turn gives more efficient wing. Some recent
trends are flapping wing, flying wing, boundary layer
suction, boundary layer blowing, vortex generator,
boundary layer control etc. are some of the ways of
increasing the performance of aerofoil'. Out of these
methods, efforts on boundary layer suction, boundary
layer blowing, and vortex generator are found in
various literatures”®. But less effort was made on
investigating the influence of momentum injection on
the performance of aerofoil. Recently some researches
have been conducted on this topic’-'. To continue the
flow of these researches, some avenues are found out
according to the suggestion of previous researches. One
way of this investigation is incorporating rotating
cylinder at the leading edge of aerofoil which is nothing
but an active flow control strategy. By this method, the
advantages of momentum injection are extracted and
utilized in increasing the performance of aerofoil. In
aeronautics, Reynolds number 103 constitutes an
important speed regime as many unmanned aerial
vehicle operates in this regime. So it is imperative to
investigate aerofoil performance in this regime. But
little work was done in this speed regime. Thus, this
research aims for performance investigation of aerofoil
having a rotating cylinder at the leading edge in the

Reynolds number range of 10° regime. For conducting
this research a symmetric aerofoil, NACA 0018 was
chosen.

Performance of NACA 0018 (without rotating
cylinder) were investigated and data from the modified
NACA 0018 aerofoil (with rotating cylinder at the
leading edge) was obtained at four different Reynolds
number: 1.4 X 10° to 2.8 X 10° with zero rpm and five
other rpm starting from 3000 to 5000 with an interval of
500 rpm. Results obtained through experiment were
then compared with the simulation data of NACA 0018
aerofoil. This comparison showed that at lower
Reynolds number (at 1.4 X 105 and 1.85 X 10°) stall
was delayed as well as maximum lift coefficient was
increased while at Reynolds number 2.3 X 107 stall was
delayed without any increment in maximum lift
coefficient. Finally at Reynolds number 2.8 X 10° stall
was little delayed with a slight decrease in maximum
lift coefficient because of increase in velocity ratio as
well as vibration.

EXPERIMENTAL SETUP

To analyze the effect of momentum injection on the
performance of aerofoil, NACA 0018 airfoil equipped
with a rotating cylinder at the leading edge of the
airfoils was used.

After getting the airfoil co-ordinates, these were
exported to Solidworks and designed using it. The
complete wing for the wind tunnel testing was designed
and constructed by wood. Measurements were checked
back with reference and the wing surface was made
smooth by burnishing. For experiment in this AF100
subsonic wind tunnel installed at the Applied
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(i)
Figure 1. (i) Experimental Setup, (ii) Schematics of NACA 0018 Airfoil with groove at the leading edge.
Note: Details of Regions depicted by A and B are shown in Figures 2 and 3.

() (ii) (iii) (iv)

Figure 2. Components of Region A : (i) Front connecting arm, (ii) Hobbywing Seaking 4800kv brushless
motor, (iii) Coupler, (iv) Front sidewall disc

(i) (iif)

Figure 3. Components of Region B: (i) Rear connecting arm, (ii) Rear Sidewall Disc, (iii) Cylinder Cap,
(iv) Full View of Rear Section
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Aerodynamics Laboratory of Military Institute of
Science & Technology and the wing was hanged in a
cantilever manner.

In this experiment, the cylinders were rotating at the

leading edge of the wing. A groove was cut at the
leading edge of the wing so that the cylinders could
rotate at a higher rpm. Sufficient clearance was kept in
order to avoid friction.
The assemblage of components of designed
experimental setup is shown in Fig. 1. In this setup
region A consists of front connecting arm, motor,
coupler, front sidewall disc. Region B consists of rear
connecting arm, cylinder cap and rear sidewall disc.
These components are first designed in Solidworks and
then fabricated using CNC of CNC Laboratory of
Mechanical Engineering Department of Military
Institute of Science and Technology.

The following description represents how the
assembly is established: The cylinder cap is attached to
the rear connecting arm. It is mounted through press
fitting. The cylinder one end is connected to the
cylinder cap and tighten by the plug screw on both
sides. The coupler is connected to the other end of the
cylinder with screws. The three component balance is
required to opene to set the rear side wall connecting
disc. After the disc is fixed, the connecting arm with
bearing attached on it is fixed on the disc and angle is
set accurately with the help of the angle measurement.
Also a foam sealing is done with scotch tape to cover
the groove and air leak. The motor is fixed with
connecting arm and the connecting arm is inserted into
the front side wall disc.

Then the three component balance is attached. From
the front side wall direction, the wing is inserted and the
wing is set at the same angle with the cylinder angle.
The front side wall disc is also fixed with the front side
wall of the wind tunnel. The motor shaft is attached to
the coupler with screws. The whole assembly is shown
in Fig. 1. The following equations 1 and 2!7'® are used
to calculate lift coefficient and drag coefficient at
various angles of attack.

Lifting Force

The lifting force acting on a body in a fluid flow can
be calculated

L=12CLpV A (D

Drag Force

The drag force acting on a body in fluid flow can be
calculated

D=Cp12pVv*A 2

where, L = lifting force (N), C. = lifting coefficient,
D = drag force (N), Cp = drag coefficient, p = air
density (kg/m?), v = flow velocity (m/s), A = body area
(m?)

The experiments were carried out in an open loop
wind tunnel having test section of 0.30 X 0.30 X 0.60
m’. A wind tunnel model of NACA 0018 aerofoil
having chord length of 0.15m with grooved leading

edge was used to accommodate the rotating cylinder
there. The test section was equipped with three
component balance which could measure the lift force,
drag force and pitching moment. The aerofoil was
supported at ¢/4 chord position by a 10 mm rod which
was mounted on support plate of the balance. The
balance has the provision to place the aerofoil at
different angles of attack. To support the rotating
cylinder and driving motor properly at the leading edge
of the aerofoil for its different angle attack, the back
plate of the test section was modified. The rear end of
the rotating cylinder was mounted on the bearing
housed in the brackets placed at front plate and back
plate of the test section. The cylinder was coupled with
the driving motor with a coupler. The position of the
bracket which supports the cylinder motor assembly
could be changed along with the change of angle of
attack of the aerofoil so that in all cases the rotating
cylinder was at the leading edge of the aerofoil.

The wind tunnel fan is driven by a 380V variable
speed motor. The speed of the test section was varied
by varying the speed of the motor and flow velocity was
measured by pitot static tube and sensitive transducer
whose out signal indicated velocity directly through
variable data acquisition system.

RESULTS AND DISCUSSIONS

In all cases, direction of rotation was considered
clockwise where the flow direction was from left to
right. It was because only this direction of rotation
associated with the flow direction could inject
momentum on the upper surface of aerofoil.
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Figure 4. Effect of leading edge rotating cylinder on
the lift and stall characteristics of NACA 0018 at
various RPM at V=15 m/s.

Figure 4. represents the behaviour of modified
NACA 0018 aerofoil in terms of lift coefficient and
compares it with the behaviour of NACA 0018 aerofoil.
The graph shows that performance of modified NACA
0018 degrades at 0 rpm but performance improves with
the introduction of rotation. The maximum lift
coefficient of modified NACA 0018 increases as the
rpm of cylinder increases. As the rpm increases the
rotating cylinder at the leading edge increases the
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upstream air velocity and forces the air on the upper
surface to remain attached. As a result the stall is
delayed. From Figure 4. it is evident that NACA 0018
aerofoil stalls at around 12 degree at velocity 15 m/s
whether modified NACA 0018 aerofoil at the velocity
stalls at 20 degree at all rpm starting from 3000 to 5000
with an interval of 500 rpm. It is also clear that as the
rpm increases the value of maximum lift coefficient
increases. At all rpm maximum lift coefficient of
modified NACA 0018 is greater than the NACA 0018
aerofoil. As the rpm of the cylinder increases the local
air velocity over the upper surface of the aerofoil
increases and as the local velocity of air increases the
lift coefficient also increases.
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Figure 5. Effect of leading edge rotating cylinder on
the drag characteristics of NACA 0018 at various RPM
at V=15 m/s.

From Figure 5. it can be concluded that in almost all
rpm the drag coefficient of modified NACA 0018
increases with an irregular behavior.

One phenomena worth of noticing is: at 0 and 5 degree
angle of attack at 0 rpm the Cp value is negative. It is
anticipated that this occurs due to wake generated
behind the cylinder. Because of wake the pressure
behind the cylinder is negative and it has a suction
effect on the modified NACA 0018 aerofoil which
causes it to have a tendency to move forward as a result
of which the drag is negative here.
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Figure 6. Effect of leading edge rotating cylinder on
the lift and stall characteristics of NACA 0018 at

various RPM at V=20 m/s.

Figure 6. represents the behaviour of modified NACA
0018 aerofoil at 20 m/s velocity in terms of lift

coefficient and compares it with the behaviour of
NACA 0018 aerofoil. The graph shows that
performance of modified NACA 0018 degrades at 0
rpm but performance improves with the introducing of
rotation. The maximum lift coefficient of modified
NACA 0018 increases as the rpm of cylinder increases.
With the rpm increase, the rotating cylinder at the
leading edge speeds up the upstream air and forces the
air on the upper surface to remain attached. As a result
the stall is delayed. From Figure 6. it is evident that
NACA 0018 aerofoil stalls at around 12 degree at
velocity 20 m/s where modified NACA 0018 aerofoil at
the velocity stalls at 20 degree at all rpm starting from
3000 to 5000 with an interval of 500 rpm. It is also clear
that as the rpm increases the value of maximum lift
coefficient increases. As the rpm of the cylinder
increases the local air velocity over the upper surface of
the aerofoil increases and as the local velocity of air
increases the lift coefficient also increases.
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Figure 7. Effect of leading edge rotating cylinder on
the drag characteristics of NACA 0018 at various RPM
at V=20 m/s.

From Figure 7. it can be decided that in almost all rpm
the drag coefficient of modified NACA 0018 increases.
In this case also the coefficient of drag is negative here.
It is for the same reason as explain earlier in the case of
15 m/s.
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Figure 8. Effect of leading edge rotating cylinder on
the lift and stall characteristics of NACA 0018 at
various RPM at V=25 m/s.

Even though the modified NACA 0018 aerofoil
behaves in a similar manner at Reynolds number 1.4 X
10° and 1.85 X 10° but Figure 8. reveals that its
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behavior changes at Reynolds number 2.3 X 10°. It is
anticipated that, this occured because of the effect of
vibration which becomes predominant at higher
velocities.

Figure 8. shows that modified NACA 0018 stalls at 15
degree at Reynolds number 2.3 X 10° while it stalled at
20 degree at Reynolds number 1.4 X 10 and 1.85 X 10°
which is a major change in behaviour of modified
NACA 0018 aerofoil. In addition to that, unlike the
previous Reynolds numbers the Clmax does not surpass
the Clmax of NACA 0018 at all rpm rather at this
Reynolds number 2.3 X 10°, only at 4000, 4500 and
5000 rpm the Clmax exceeds the Clpnax of NACA 0018
aerofoil while at 0, 3000 and 3500 rpm the Clmax is
lower than the Clyax of NACA 0018 aerofoil.
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Figure 9. Effect of leading edge rotating cylinder on
the drag characteristics of NACA 0018 at various RPM
at V=25 m/s.

From Figure 9. it can be resolved that in almost all rpm
the drag coefficient of modified NACA 0018 increases.
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Figure 10. Effect of leading edge rotating cylinder
on the lift and stall characteristics of NACA 0018 at
various RPM at V=30 m/s.

From Figure 10. it is clear that the behaviour of NACA
0018 entirely changes at velocity 30 m/s or at Reynolds
number 2.8 X 10°. Like the Reynolds number 2.3 X
10%, in this case also the stall occurs at 15 degree.
Unlike the behaviour of modified NACA 0018 at
Reynolds number 1.4 X 10°, at this Reynolds number at
all rpm the Clpmax is much lower than that of the NACA
0018 aerofoil. At this Reynolds number, Clyax increases
with the increment in rpm except at 5000 rpm at which
Clmax decreases. At this point maximum velocity of the

range of this investigation coincides with the maximum
rpm which makes the vibration predominant which
probably has affected the overall flow pattern, as a
result of which Clnax decreases as well as the stall also
occured earlier at 15",
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Figure 11. Effect of leading edge rotating cylinder
on the drag characteristics of NACA 0018 at various
RPM at V=30 mvs.

From Figure 11. it can be said that in almost all rpm the
drag coefficient of modified NACA 0018 increases.

CONCLUSIONS

Experiments carried out in this investigation clearly
defined the behaviour of modified NACA 0018 at four
different Reynolds number 1.4 X 105, 1.85 X 10%,2.3 X
10% and 2.8 X 10° which is summarized as below:

At velocity 15 m/s or Reynolds number 1.4 X 10%:
performance of modified NACA 0018 improves both in
terms of stall angle and Clyax. Also in this case Clmax
gradually increases with the increment in rpm. So, if the
requirement of an unmanned aerial vehicle at Reynolds
number 1.4 X 103 is such that it required stalling to be
delayed with a rise in Clmax, then this modified NACA
0018 will serve that purpose. In addition to that basing
upon the change in requirement from case to case the
Clmax can be varied also.

At velocity 20 m/s or Reynolds number 1.85 X 10
Like the previous Reynolds number the performance of
modified NACA 0018 improves both in terms of stall
angle and Clpax in this case. Also in this case Clpax
gradually increases with the increase in rpm. So, if the
requirement of an unmanned aerial vehicle at Reynolds
number 1.85 X 107 is such that it required stalling to be
delayed with a rise in Clnax like the previous case, then
this modified NACA 0018 will serve that purpose. Like
the previous case Clnax can be varied also.

At velocity 25 m/s or Reynolds number 2.3 X 10%:
Unlike the previous cases in this case modified NACA
0018 exhibits improved performance in terms of stall
angle but mixed performance in terms of Clpax. Stalling
occurs after 15 degree where the increment in Clyax
takes place only at higher rpm namely 4000, 4500 and
5000. If the performance requirement is such that the
unmanned aerial vehicle requires to perform variably at
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Reynolds number 1.85 X 103 then this modified NACA
0018 aerofoil will serve the purpose best.

At velocity 30 m/s or Reynolds number 2.8 X 10°:
Unlike the previous all cases, in this case Clmax
decreases compared to the NACA 0018 aerofoil. If the
performance requirement is such that the Clpax is
required to lower at all rpm then this modified NACA
0018 aerofoil will serve the purpose best. In this case
Clmax increases with the increment in rpm except the
case of 5000 rpm.

The results found that the performance of modified
NACA 0018 aerofoil greater than the performance of
NACA 0018baerofoil at all rotational spped at lower
Reynolds number but at some rotational speeds at
higher Reynolds number. It is expected that if the
vibration effect can be reduced then performance of
modified NACA 0018 aerofoil will exhibit superior
performance both in terms of lift coefficient as well as
stall angle at all rpm of all Reynolds Number. Thus
rotating cylinder as a moving surface at the leading
edge of aerofoil can be considered as an effective flow
control strategy.
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