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Abstract— Boundary layer is the layer of fluid in the
immediate vicinity of a boundary surface where the effects of
viscosity are significant. It is a thin layer of flowing gas or liquid
in contact with a surface such that of an airplane wing or the
inside of a pipe. Boundary layer separation is the detachment of
a boundary layer from a surface into a wake. Separation occurs
in flow that is slowing down, with pressure increasing, after
passing through the thickest part of a streamline body, for
example. A theoretical study on flow separation delay which
involves methods using passive flow separation delay techniques
is studied in this report. This report reviews the suction control
over boundary layer method in depth there by making it easy to
understand controlling of boundary layer separation. Analysis on
Flow separation delay over NACA-23015 airfoil are conducted by
varying velocity and Slots placement along the chord. This work
helps further researchers in identifying and selecting the best
position for suction Slots for better aerodynamic properties in
designing a wing.

Keywords— Boundary layer, boundary layer separation, flow
separation control.

I. INTRODUCTION

Boundary layer is the layer of fluid in the immediate
vicinity of a boundary surface where the effects of viscosity
are significant. It is a thin layer of flowing gas or liquid in
contact with a surface such that of an airplane wing or the
inside of a pipe. The aerodynamic boundary layer was first
defined by Ludwig Prandtl in a paper presented on August 12,
1904 at the third International Congress of Mathematicians
in Heidelberg, Germany. It simplifies the equations of fluid
flow by dividing the flow field into two areas: one inside the
boundary layer, dominated by viscosity and creating the
majority of drag experienced by the boundary body. The
pressure distribution throughout the boundary layer in the
direction normal to the surface (such as an airfoil) remains
constant throughout the boundary layer, and is the same as on
the surface itself. The thickness of the velocity boundary layer
is normally defined as the distance from the solid body to the
point at which the viscous flow velocity is 99% of the free
stream velocity (the surface velocity of an inviscid
flow).Displacement thickness is an alternative definition
stating that the boundary layer represents a deficit in mass flow
compared to inviscid flow with slip at the wall. It is the
distance by which the wall would have to be displaced in the
inviscid case to give the same total mass flow as the viscous
case.

Boundary layer separation is the detachment of a boundary
layer from a surface into a wake. Separation occurs in flow that
is slowing down, with pressure increasing, after passing
through the thickest part of a streamline body, for example.
The boundary layer separates when it has travelled far enough
in an adverse pressure gradient that the speed of the boundary
layer relative to the surface has stopped and reversed direction.
The flow becomes detached from the surface, and instead takes
the forms of eddies and vortices. The fluid exerts a constant
pressure on the surface once it has separated instead of a
continually increasing pressure if still attached. Flow
separation results in reduced lift and increased pressure drag,
caused by the pressure differential between the front and rear
surfaces of the object.

Different studies have been undergone in order to delay the
boundary layer separation of an airfoil at higher angle of
attacks. Different methods and techniques were introduced to
delay the boundary layer separation. The methods and
techniques are as follows:

1. Streamlining the body shape
Suction control over boundary layer
Injecting high velocity fluid in boundary layer
Providing slots near leading edge of aircraft wing
Providing rotating cylinder at leading edge
Providing artificial roughness
Increasing velocity of fluid; etc.

Nouokwd

A. Streamlining the body shape:

Providing a given body with a sleek shape that decreases
the friction produced between the body and the fluid.
Streamlined body shape helps the boundary layer to be
attached longer than a rigid structure.

B. Suction control over boundary layer:

By providing a vacuum chamber or section at the internal
portion of a body in order to reattach the separated boundary
layer.

C. Injecting high velocity fluid in boundary layer:

Injecting high velocity fluid at the region of separation in
order to increase the velocity of the oncoming fluid there by
reattaching the separated boundary layer.
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D. Providing slots near leading edge of aircraft wing:

By providing a slat at the leading edge of the aircraft wing
we create a slot through which the oncoming fluid passes and
reenergizes the boundary layer thereby reducing the boundary
layer separation.

E. Providing rotating cylinder at leading edge:

By providing a rotating cylinder at the leading edge the lift
coefficient is increased there by keeping the boundary layer
attached to the surface of the wing compared to the normal
design.

F. Providing artificial roughness:

Providing artificial roughness to a smooth surface it creates
a small pocket where the fluid gets trapped and acts as a low-
pressure region which helps the fluid flowing above to get
attached to the surface there by reattaching the boundary layer.

G. Increasing velocity of fluid:

By increasing the velocity of the fluid, it affects the
Reynolds number which in fact affects the boundary layer
separation there by reattaching the separated boundary layer.

A theoretical study on flow separation delay which involves
methods using passive flow separation delay techniques is
studied and a method is proposed where the airfoil design is
modified by inserting Slots and computational analysis is
conducted in order to check the feasibility of the design to
increase the angle of attack of the airfoil by reattaching the
boundary layer to the airfoil. A passive method of reattachment
of boundary layer is studied and executed.

1. METHODOLOGY

Analysis on Flow separation delay over NACA-23015
airfoil are conducted by varying velocity and Slots placement
along the chord. Analysis was conducted on both the designs
of airfoils i.e., on normal airfoil design and the Slotted airfoil.
Computational analysis was done using ANSYS 2021 R1
Software. Models were created using Catia v6 and Fusion 360
software.

Coordinates of the airfoils were downloaded from airfoil
tools website. Airfoils were designed along with an enclosure
with 100mm chord length. Angle of Attack used were
0°,5°,10°,15°,20°. The dimensions of the enclosure are as
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- i:igure3: Airfoil Designing Step-3
These models were imported to ANSYS and were
computationally analyzed to get the values of coefficient of
drag and coefficient of lift. The mash to the imported geometry
is given below._

igure4: Airfoil in Fluent Workbench Step-1
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Figure5: Airfoil in Fluent Workbench Step-2

Calculations were done in ANSYS Fluent through which
the Drag-Force, Lift-Force, Coefficient of Drag, Coefficient of
Lift, were calculated. For 5m/s velocity Laminar model was
used, 10m/s Spalart-Allmaras was used, 15m/s to 50 m/s K-
epsilon and K-omega were used. Results were obtained for

follows; Length-400mm, Breadth-250mm, Arc radius- both the normal airfoil design and the airfoil with Slots.
135mm. = - o= T
3 IEIL0=2¥@ CIL
SRR Figure6: Airfoil Designing with Slot Step-1
) lfigurel: Airfoil Designing Step-1
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Figurel5: Streamline for Both with and Without Slot at 25m/s
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Figureg':mSIotted Airfoil in Fluent Workbench Step-2

I1l.  RESULTS

Calculations were done at 7 different velocities for 5
different angles of attack in order to compare the results
obtained between the normal airfoils and the Slotted ones. The
results for each airfoil at different AOA and velocities are as
follows:

NACA 23015 Airfoil: NACA 23015 Airfoil with Slot:

A. 0° Angle of Attack: -

1)5m/s- - " e
Plot for Both with and Without Slot at 50m/s

Figurel6: Pressure Plot for Both with and Without Slot at 50m/s

Figure10: Pressure Plot for Both with and Without Slot At 5m/s =T ===
Figurel8: Streamline for Both with and Without Slot at 50m/s
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Figure19: Drag and Lift force values, Coefficient of Drag and lift values for
NACA 23015 Airfoil at 0° AOA

Figurel2: Streamline for Both with and Without Slot at 5m/s
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Figure20: Drag and Lift force values, Coefficient of Drag and lift values for
NACA 23015 Airfoil with Slot at 0° AOA

B. 10° Angle of Attack: -
1)5m/s-
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Figure28: Velocity Plot at 10° for Both with and Without Slot at 50m/s
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Figure21: Pressure Plot at 10° for Both with and Without Slot at 5m/s
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Figure29: Streamline at 10° for Both with and Without Slot at 50m/s
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Figure30: Drag and Lift force values, Coefficient of Drag énd lift values for
NACA 23015 Airfoil at 10° AOA

Figure23: Streamline at 10° for Both with and Without Slot at 5m/s
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Figure24: Pressure Plot at 10° for Both with and Without Slot at 25m/s Figure31: Drag and Lift force values, Coefficient of Drag and lift values for

NACA 23015 Airfoil with Slot at 10° AOA

C. 20° Angle of Attack: -
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Figure32: Pressure Plot at 20° for Both with and Without Slot at 5m/s

Figure26: Streamline at 10° for Both with and Without Slot at 25m/s

1JERTV10I S060052 www.ijert.org 169
(Thiswork islicensed under a Creative Commons Attribution 4.0 International License.)


www.ijert.org
www.ijert.org
www.ijert.org

Published by :
http://lwww.ijert.org

International Journal of Engineering Research & Technology (IJERT)

I SSN: 2278-0181
Vol. 10 I ssue 06, June-2021

Figure33: Velocity Plot at 20° for Both with and Without Slot at 5m/s

Figure34: Streamline at 20° for Both with and Without Slot at 5m/s
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Figure41: Drag and Lift force values, Coefficient of Drag and lift values for
NACA 23015 Airfoil at 20° AOA
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Figure42: Drag and Lift force values, Coefficient of Drag and lift values for

NACA 23015 Airfoil with Slot at 20° AOA

D. Graphs: -
NACA 23015 Airfoil NACA 23015 Airfoil with Slot
1)5m/s-
a Clvs ADA
Figure43: Cl Vs AOA
o Cdvs ADA
Figure37: Streamline at 20° for Both with and Without Slot at 25m/s oz o
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Figure44: Cd Vs AOA
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Figure38: Pressure Plot at 20° for Both with and Without Slot at 50m/s = /r gy
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Figure40: Streamline at 20° for Both with and Without Slot at 50m/s
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Figure47: Cd Vs AOA
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Figure49: Cl Vs AOA

Figure50: Cd Vs AOA
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Figure51: Cl Vs Cd

From the above results of pressure plots, velocity plots,
Streamline, Cl vs AOA, Cd vs AOA, Cl vs Cd graphs it is
found that the airfoils with Slots show a greater lift force and
coefficient of lift compared to the original designs. There is a
slight reduction in the drag force and coefficient of drag
produced in the Slotted airfoils than the original ones. From
the observations we can infer that at higher Angles of Attack
it is possible to attach the boundary layer to the upper surface
of the airfoil by the Slots method there by increasing the lift
produced and reducing the drag of an airfoil.

IV. DISCUSSION

The pressure contour and velocity contours are discussed
with the principles that describes the velocity of air is passed
through the domain in positive X direction, the air strike gets
on the airfoil leading edge. After that, the air passed over the
airfoil, due to tear off the air from influencing of airfoil shape.
At the nose of the airfoil, the velocity is drastically reduced and
pressure is increased.

At the nose of the airfoil pressure is 3 to 4 times higher than
the atmospheric pressure. The upper surface flow velocity is
high compared to lower surface flow, the upper surface creates
a low pressure and low surface creates a high pressure.

Over the upper surface, the boundary layer has been formed
due to viscosity and shear stress between air and airfoil
surface. At the end of the trailing edge, the separation of the
boundary layer is formed so that point pressure is reduced,
velocity is increased.

It satisfied Bernoulli's principle, it states that an increase in
the speed of a fluid occurs simultaneously with a decrease in
static pressure or a decrease in the fluid’s potential energy.

Lift force is continuously increased when the angle of
attack is increased till the stall angle is achieved.

Drag force is proportional to angle of attack for all the cases
analyzed. Separation of boundary layer on the upper surface is
varying when the angle of attack is varied. Relative velocity is
varying on upper and lower surface. Minimum drag coefficient
occurs at a small positive angle of attack corresponding to a
positive lift coefficient and builds only gradually at the lower
angles.

It is observed during the process of methodology that there
is an increase in the coefficient of lift and lift force and a
decrease in drag force and coefficient of drag on the Slotted
airfoils compared to the original airfoils. The passive flow
separation method using Slots on the airfoils is helpful to
reattach the separated boundary layer by which the airfoil can
produce greater lift at an increased angle of attack of 20°
without any help of high lift devices.

By placing the Slot inlet near to the 1/4" position the airfoil
chord where there is a likely chance of formation of stagnation
point at higher angles of attack the boundary layer is reattached
to the airfoil by reenergizing the flow through the passage from
the Slot. From the methodology the flow separation on the
original airfoil design starts at 15° AOA whereas the flow is
still attached on the Slotted airfoils.

At lower AOA the Slotted airfoils are not that useful as the
flow gets distorted due to Slot there by decreasing the lift force
and coefficient of lift and increasing the drag force and
coefficient of drag. So Slotted airfoils are more useful at higher
AOA’s compared to lower AOAS by which we can deduce that
the boundary layer is reattached successfully at higher AOAs
to the Slotted airfoils compared to the original airfoils. Only
the effective design and placements of the Slots are observed.

The AOA’s and Velocities were restricted as this analysis
mainly concerns the climb phase of aircrafts mission profile
where the takeoff speed and AOA are not that high.

VI CONCLUSION

The flow simulation over the airfoil is successfully done for
all cases. The drag force, lift force and their respective
coefficients are successfully achieved. A contour plot for
pressure and velocity is varying along the entire domain for all
the different cases of observation.

A theoretical study on flow separation delay which involves
methods using passive flow separation delay techniques is
studied in this report. This report reviews the suction control
over boundary layer method in depth thereby making it easy to
understand controlling of boundary layer separation. Analysis
on Flow separation delay over the airfoil are conducted by
varying velocity and Slots placement along the chord.

Effective placement of Slots observed was at approximately
nearer to 1/4" position of the chord length of the airfoil. Slotted
airfoils are useful at higher angle of attack where the boundary
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layer separates easily for the original airfoils. Only the
effective design and placements of the Slots were shown in the
results.

From the above results it is found that the airfoils with Slots
show a greater lift force and coefficient of lift compared to the
original designs. There is a slight reduction in the drag force
and coefficient of drag produced in the Slotted airfoils than the
original ones. From the observations we can infer that at higher
Angles of Attack it is possible to attach the boundary layer to
the upper surface of the airfoil by the Slots method thereby
increasing the lift produced and reducing the drag of an airfoil.
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