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ABSTRACT

In contemporary scenario, the cémpetition between the aviation giants is largely driven by the
pre-production as well as post-production cost of the airplane. Pre-production cost includes
the designing of aircraft for maximum payload carrying capability, short take-off and landing
distances and less complexity of the installed mechanism. Post-production cost includes the
maintenance, reliability, safety and economics of flight. The prime concern of
aerodynamicists is to maintain the economic viability of flight. One of the way to achieve it is
the use of high lift devices i.e.- Multi element aerofoil. The problems with the current high
lift devices are that they use actuator mechanism having high level of complexity and thus
use more engine power. Plus they are heavy and estimated to have cost about 6-11% of the
total cost of the plane. In addition, there are gaps and overlap in conventional high lift system
which generates the eddies in the flow and thus the drag. All the above listed problems can be
solved by the using morphing concept.

An iterative method would be used in which a five element airfoil would be analysed using
FLUENT and the separation point will be observed at different angle of attack. Based on the
flow separation location, different elements will be associated and disassociated
simultaneously and different possibility of delaying the separation point would be covered.

The use of various lift enhancing devices like flaps, slats, slots etc. to increase the Clmax
during take-off and landing is being presented in this report. The numerical analysis of simple
aerofoil, 3-element aerofoil and 5-element aerofoil is being studied using ANSYS ICEM
CFD and FLUENT software. Finally the concept of morphing wing, its advantages over
conventional high lift system and its implementation as lift enhancing technique is being
studied. :
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CHAPTER 1

INTRODUCTION

1.1 Multi-element airfoil /!

The use of high lift multi element airfoil has been increasing rapidly for better take-off and
landing performance of the aircraft. During landing or taking off of an aircraft, especially
high values of lift coefficient is-required in order to maintain the flight at desired low speed.
The maximum lift coefficient for many conventional low speed aircraft would be only about
1.3 or 1.4 corresponding to a value for the stalling speed. To have lower stalling speeds,
higher values for the maximum lift coefficient are required. Studies have shown that an
increase in 1% in clmax value during fixed approach speed landing may increase the payload
carrying capability of the airplane by 44001bs which is equivalent to 22 passengers. Increase
in L/D by 1% during take-off can increase the payload carrying capability by 2800lbs which
is equivalent to 14 passengers. Other benefits of increased cl includes short take-off and
landing, low stall speeds and it ensures the economic viability of flight. Thus it can be seen
that by increasing the aerodynamic coefficient by just a small value, large benefits can be
attained.

The maximum lift coefficient can be increased simply by increasing the camber of the airfoil.
But this would also increase the drag not only at high incidence angle but also at low angle of
attack. Giving too much_camber to the airfoil would mean that the separation point would be
much forward of the trailing edge and thus large pressure drag would be introduced by the
formation of a region of dead air known as wake. Another disadvantage of increasing camber
is that it would lead to the increase of leading edge radius. Thus the formed dynamic stall
vortex would be of much larger stréngth and it would reduce the maximum angle of attack of
the airfoil. This problem can be overcome by incorporating such devices which increases
maximum lift coefficient at low speeds and rendered ineffective at high speeds. Such devices
are known as high lift devices. They fall under two broad categories:-

e One that alters the geometry of aircraft by increasing the wing camber and effective
chord length such as flaps
e Other which controls the behaviour of boundary layer over the wing such as slot

1.2 Computational fluid dynamics"":'l

In the beginning of 1960s, the researchers came across computational methods to solve their
flow problems around complex geometries. This provided them with a powerful tool of
computational fluid dynamics to analyse the flow within or outside the body. Computational
fluid dynamics provides a third approach in the philosophical study & development of the
entire discipline of fluid mechanics. Throughout most of the twentieth century the use of pure
theory and pure experiment was involved in the practice of fluid mechanics.However the

rs ‘Aakanksha Tiwari, Abhilasha Shah, Deepali Joshi mentored by prof. Page 1
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advent of high speed digital computer combined with the development of accurate numerical
algorithms for solving physical problems on these computers has revolutionised the way we
study and practise fluid dynamics.

However to keep things in perspective, computational fluid dynamics provides a third
approach to physical problems and nothing more than that. We have to still rely on
experiment and theory to validate our results. The future ascent of fluid dynamics will rest on
the proper equilibrium of all the three approaches, with computational fluid dynamics helping
to interpret and understand the result of theory and experiment and vice versa.

The three general governing equations applicable to CFD are: -

e Continuity equation- This states that the net outflow of mass from a control volume is
equal to the time rate of decrement of mass inside the control volume Mathematically
it can be written as follows: -

3. -
S llypdv+ [pV.dS=0

The physical meaning of this equation is that mass cannot be created and nor be destroyed.
The above equation is known as integral form of continuity equation. No assumption was
made during deriving this equation except the fact that flow is continuum. Thus above
equation is applicable to steady, unsteady, incompressible, compressible and any other type
of flow.

e Momentum equation- The net force on a particle is equal to the time rate of change of
linear momentum in an inertial reference frame. The momentum equation in x, y and
z direction can be written as: -

a(pu) . ap |, &1 at. T
Sop HUlpul) = -G T LD o,
a 9p , ét @

L) 4v. o) - - B2 4TR LI y pof,

2o 4y (pwh) = -+ 6"‘“ +5m By pf

¢ Energy equation- Rate of change of fluid inside the element is equal to the net flux of
heat into the element and the amount of work done on the element due to body and
surface forces.

e |
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The steps involved in the computational fluid dynamics are as follows: -

e Pre-processor
e Solver
e Post-processor

The pre-processor involves the following steps -

e Geometry acquisition/Geometry making- This is the first step in simulating any flow
problem in CFD. The geometry on which the simulation has to be done is either to be
made or acquired from other source.

e Discretization- This step involves the division of fluid domain and the geometry into
small elements or volumes with the help of meshes. The mesh can be structured as
well as unstructured.

e Boundary condition- This step involves the dividing of whole fluid domain into
different physical phases like inlet, outlet, wall, symmetry etc.

(73

Solver: -

The discretization process is being done in pre-processor using meshing tools. The actual
flow simulation is done using the solver tools. The solver like fluent provide us with the
varieties of the flow simulation which includes viscous or non-viscous, compressible or
incompressible, whether heat transfer based solution is required or not etc. The boundaries to
the problem are given in pre-processing but the actual initial conditions are given in the
solvers. If suppose a velocity inlet is given to a face in meshing tools then the value of the
velocity flowing through that face is given in solver and so on.

Post-processor: -

Post-processor is used to visualize to results after a simulation has taken place. The post-
processor allows us to visualize the results which we get through the solver. The post-
processor tools give us the contours of pressure, velocity, streamline etc. over the body. The
visualization of the results helps us to infer the physical phenomenon which is taking place
and hence help us to make better planes.

Authors Aakanksha Tiwari, Abhllasha Shah Deepali Joshi mentored by Prof, Karthik Sunderraj Page 3
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CHAPTER 2
PROJECT OBJECTIVES

2.1. Aims and Objectives:

The aim of the project is to study the high lift system for civil aircraft and numerically
analyse the flow field around the airfoil and what are the impact of incorporating flaps and
slats on the airfoil geometry. Finally the use of morphing leading and trailing edge to
overcome the disadvantages of conventional system is studied and the literature will be
verified using ANSYS ICEM CFD and FLUENT sofiware.

Total of four geometries will be.studied which includes:-

e A simple airfoil with no flaps and slats

e Three element airfoil incorporating one slat and single slotted fowler flap
¢ Five element airfoil incorporating one slat and triple slotted fowler flap

¢ A morphed airfoil geometry

The objective of the project is: -

e To study the aerodynamic characteristics of the high lift devices.

e To conduct an ICEM CFD and FLUENT analyses over the above mentioned
geometries

¢ To study the grid dependence behaviour of the flow over the geometries.

e To morph the five-element geometry covering different gaps using various
combinations.

2.2 Methodology:
A structured method is used to accomplish the objectives stated above.

e Numerical analysis was conducted using Ansys ICEM CFD software for the multi
element airfoil

e A BAC 3-11/RES/30/21 airfoil was taken into consideration and three different
geometries with the use of slats and flaps was meshed and analysed.

e Structured meshing was done keeping accuracy in mind using ICEM CFD.

e All the three geometries were given the same boundary conditions and the comparison
of the results was done using coefficient of lift graph.

e The coefficient of lift was calculated at different angle of attacks for all the three
geometries using FLUENT and the graphs and contours were plotted for the same.

Authors: Aakanksha Tiwari, Abhilasha Shah, Deepali Joshi mentored by Prof. Karthik Sunderraj Page 4
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CHAPTER 3
LITERATURE REVIEW

3.1 Airfoil Geometry and Nomenclature®!

Airfoil: It is defines as a section of the wing. It affects the take off & landing distance, cruise
speed, stall speed and handling qualities during different phases of flight.

uppet surface

thickness s
Leading edge /Tramng edge
A~
h'\-\_.‘ k4 M Vi
\oamber \ \
u lower surface mean ot camber ling

Py
% ' chord Tength N

Figure 1: airfoil geometry!'!l

Camber: The curvature characteristics of an aerofoil are determined by its camber. The
equidistant line from the upper surface and the lower surface is known as the mean camber
line.

Chord: It is defined as the straight line joining the leading and the trailing edge of an airfoil.

Thickness: It is measured as the perpendicular distance to the “mean camber line” of the
airfoil from the upper to the lower surface.

Leading edge: The part of an ajrfoil which comes in contact with the air flow first is known
as the leading edge. It can be straight or curved.

Trailing edge: It is the rear edge of an airfoil. All the control surfaces are attached at this end
and the flow separated by the L.E is again attached here.

3.2.1. Aerodynamic Forces on Airfoil ™"

Irrespective of the complexity of the body, the sources of aerodynamic forces and moments
on the body are pressure distribution over the body and shear stress distribution over the
body. The only way by which fluid exerts force on the body is through pressure and shear
stress. The pressure is the normal force acting on a point on the aerofoil whereas shear stress
acts tangentially to the surface. The shear stress is generated due to the friction between the
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fluid and the solid boundary. The point of application of pressure and shear stress is shown in
the following figure: -

Figure 2: pressure and shear point“o'

It is the integration of these two forces over the complete surface which gives a net
aerodynamic force R and the moment M.

n

Figure 3: Aerodynamic force and moment!'”!

Consider one such aerofoil which is inclined at an angle a to the relative wind V. The term
V is called the free stream velocity as it is the velocity of the wind far ahead of the body. The
aerodynamic force R can be resolved into two components viz. one parallel to the free stream
direction known as drag and denoted by D and other perpendicular to the free stream known

as lift which is denoted by L,

- A A —p owy

2
3
L)

Figure 4: aerodynamic forces"
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Apart from this, the aerodynamic force R can be resolved perpendicular and parallel to the
chord line as well, known as normal force (N) and axial force (A) respectively. The angle a is
the angle between the chord line of the aerofoil and the free stream direction and is known as
angle of attack. The lift and drag are related to normal and axial force by the following
relation: -

L = Ncosa — Asina

D = Nsina + Acosa

Lrading edge (LE)

. Yrailing cdpe (TEY
ot

p“&"]

Figure 5: pressure and shear stress distribution"®

Now let us consider the figure shown above which highlights the pressure and shear stress
distribution over an aerofoil whose integration will provide us with the aerodynamic force
and moment over this aerofoil. The chord line of the aerofoil is horizontal and the relative
free stream wind is inclined at an angle of a to the chord line. The point A is situated at the
upper surface of the aerofoil at a distance S, from the leading edge measured along the
curvature if aerofoil. Similarly point B is located at the lower surface of aerofoil at a distance
S measured along the curvature. The pressure and the shear force on the upper surface are
denoted by p, and 7, respectively both being function of S, Similarly the lower surface
quantities are denoted by p; and 7; and both are functions of S,;. The pressure and the shear
stress at the given point are inclined by an angle 0 to the vertical and horizontal respectively,
0 being positive when measured in clockwise direction from the vertical to the p direction and
from the horizontal to the t direction. Consider a cylinder of infinitely long span as shown in
figure below. The shaded region in the figure shows the elemental strip of area ds. N and A’
represents the normal and axial force per unit span resp. Thus the force on the upper surface
on the elemental strip is-given by: -
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AN: = =p,ds, cos 8 — rds, sin
dA} = —p,ds, 3in § + 7,d5, cos 0

Figure6. Pressure and shear forces!!”!

And that on the lower surface is-given by: -

dN;' = F,!tf.ﬁl cas § - 'T;dS; sin @

dA:‘ = pydé‘; sin 8 + 'f;d.ﬁ cos 8

The total normal and axial force can be written as follows after integrating the above
equations: -

TE ¢ o7
N =~ L (p, cos @ + v, sin 6)ds, + m(p: cos @ = 1 sin §)ds,

1€ TE
At = L (—p, 5in 8 + 7, cos O)ds, + I (prsin 6 + 7 cos §)ds,
3 LE

3.3 Kutta Condition'?'""!

When a symmetric smooth body moves with zero AoA through a fluid no lift is generated.
There are two points on an airfoil called the stagnation points where the local velocity of air
flow is zero on the body, one ate the front of the body while the other at the rear. If the
cylinder moves with some AoA the number of stagnation points still remains two, one under
the cylinder while the other on the top of it. Despite of the positive AoA there is no
circulation around the smooth cylinder and hence no lift is generated.

If an airfoil has some AoA then the two stagnation points will lie on the lower surface near
the L.E and on the upper surface near the T.E. Due to the sharp trailing edge of an airfoil in a
real flow, the velocity at the corner in very large. As a result of this, viscous stresses are
created due to large velocity gradients despite of very small viscosity coefficient of air.
Hence the air flow does not follow the airfoil contour and forms a vortex. The vortex formed
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thus induces a downward flow on upper surface of the airfoil hence providing a circulation
effect. It moves the stagnation point downwards. The stagnation point keeps moving
rearwards as the vortex persists as long as the zero local velocity point (stagnation point) is
forward to the T.E. '

~

As the airfoil moves through the air, the stagnation point is at the trailing edge. The flow on
the topside adapts itself to the airfoil’s upper surface. The flow over the upper and lower
surfaces of an airfoil meet at the T.E and leaves the airfoil moving parallel to each another.
This is termed as Kutta condition.

The Kutta condition tells us why the airfoils are always sharp at the T.E, even though it is not
desired from manufacturing and structural point of view. An airplane with a smoothly
rounded wing at the trailing edge would generate no lift or very little lift.

|

Jmp——

(a) No circulation

Figure 7: no circulation!'?

{b) Low circulation

Figure 8: low circulation!'?!
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{c) High circulation

Figure 9: high circulation!?

{d) Circutation such that Kutta condition is satisfied

Figure 10: circulation such that kutta condition is satisfied!'?!
3.4 Boundary Layer Flow!'" |
The boundary layer and its study are one of the main traits of aerodynamics. Practically
friction is present throughout every point in the flow but is of little importance except in the
boundary layer. According to Ludwig Prandtl,” 4 very satisfactory explanation of the
physical process in the boundary layer between a fluid and the solid body can be obtained by
hypothesis of the adhesion of the fluid to the walls, that is, by the hypothesis of the zero
relative velocity between fluid and wall. If the viscosity was very small and the fluid path
along the wall not too long, the fluid velocity ought to assume its normal value at a very short
distance from the wall. In the thin transition layer however, the sharp changes of velocity,
even with small coefficient of friction, produced marked results.

In a simple language, the above statement can be understood as follows. Consider a real
viscid fluid flow past a solid boundary or object. The particles of the fluid tend to adhere to
the body due to force of adhesion between the solid wall and the fluid. Thus the velocity of
the fluid particles adjacent to the wall will be same as that of the wall. If the wall is at rest,
then the fluid particles will also be stationary. This is known as ‘no-slip condition.” The
velocity of fluid at the wall will be zero and goes on increasing as we move farther away
from the wall. As the distance from the wall increases, a point is reached when the velocity of
the fluid will be closed to the free-stream velocity. Thus the region where the velocity varies
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from the 0 to 99% of free-stream velocity is called boundary layer and its thickness is known
as boundary layer thickness. The boundary layer thickness goes on increasing along the chord
of the aerofoil ranging from fraction of the mm at the leading edge to the few per cent of
chord at the trailing edge as shown below. In addition to the velocity boundary layer, there
also exists thermal boundary layer. The surface temperature is denoted by Tw which is also
called wall temperature while the thermal boundary layer thickness is represented by 6t.

s -

I 1~,m1ﬂl1‘yy‘ffé T

Lt Y
T ’ﬁ* (i‘ “‘i_ -
) | o ber =T -
m‘"‘f = #“ ity ity !.:L.f‘ Ff r »
o “p‘; i ) gl br

= ." i Ifw: N Te f‘w i ! - u—” a8
" ' PN

R g

B Velwily Temperatire
peofile prafile

Figure 11: boundary layer!!%

In this particular region the velocity gradient is present and thus shear stress. The layer of the
fluid close to the wall retards the layer just above it due to viscosity. The value of this shear
stress is given by newton as: -

L
dy

The shear stress is basically the rate of transfer of molecular momentum in the lateral
direction of the flow. The molecules carry out a momentum transfer between the fast and
slow moving layers of the fluid thus creating a stress. The shear stress varies from T at the
wall to zero at y=3.
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3.4.1. Properties of the boundary layer flow

¥4 ¥4

%%

(@) (b)

Figure 12: properties of the B.L!""

Boundary layer flow is characterized by high viscous stress and velocity gradient as
discussed earlier. In addition to above, one more important feature of boundary layer flow is
that pressure change across the boundary layer is practically zero, i.e. there is no pressure
change as we move across the boundary layer from y=0 to y=3§. This can be deduce from the
following explanation; as the value of & is quite small hence the value of d8/dx is also small
everywhere. This implies that the streamlines gets curved with a large radius of curvature.
The equation of the variation of pressure across the boundary layer is given by: -

@b _pw
dy R
Since the value of R is large hence we can conclude that dp/dy is practically zero at each

location.

Another fact about boundary layer is that the flow is rotational inside the boundary layer. The
value of curl for a two dimensional flow is given by: -

curl.V = ﬁ-@
N dx ay

Since the value of thickness & is very small hence the first term on right hand side of above
equation is very small and hence can be neglected. Thus the curl has a finite non-zero value
and we can deduce that the flow is rotational everywhere inside the boundary layer.

3.4.2. The boundary layer equations: -

The equations applicable to the boundary layer can be derived using Newton’s laws of
motion. Consider a fluid element of dimensions AxAyAz having density p. According to the
newton’s second law the equation for this elemental volume can be written as: -




{=
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BV
AxAyAz>~ = F
PEI e

Consider the forces that the fluid element is subjected to. Only x momentum equation of the
flow is being written here.

7

u
> (1 + %Ay)Ax

—

Ay

— -« (p +2 - P Ax)Ay
phy| 4% Y

O S—

TAx

/ /2

Figure 13: pressure and shear forces!'"

Taking the unit thickness in z direction, the two dimensional pressure and shear forces which
constitute the right hand side of the equation can be written as: -

— a— ol Snts—

dp Ot
A
ox 9y )Y

The complete equation in x direction can be written as: -

Du dp or
A -2, 97
P xAy@t 3x+ay Ax Ay

Dividing the above equation by AxAy, expanding the left hand side of the equation and
putting the value of T from above equations, we get the equation of motion of the boundary
layer as: -
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" (Ou. Ou Ju) dp @ Ou
p(9t+u,ax+v3y) - 3x+3y(”3y

In addition to the above equation, the momentum equation is also applied to the boundary
flow which can be expressed as: -

d d
Z(pu) + g(pv) =0

The above two equations has three unknowns namely u, v and p but only has two equations.
The third variable can be solved by considering momentum equation in y direction. From our
previous discussions we can write the y momentum equation as: -

aploy = 0

This implies that the pressure changes only in the x direction and not across the boundary.
Hence the pressure at the outer edge of the boundary layer is directly transferred to the
surface. The pressure, thus throughout the boundary layer is p= p(x).

For compressible flows, energy equation has to be added to the boundary layer flow to
completely determine the flow properties. Consider the fluid element as shown below.

[Ck 37+ 7u = pU) + 2(kT 4 7u — pu)AylAX

!

pulbdy| _ pu + r‘.—;':';(pu)Ax]Ay

|
l (&2T

ay

+ T — pU)Ax

Figure 14: Fluid Element!!")

From the conservation of the energy principle, the equation for two dimensional elements can
be written as: -

de 6 -
pasdy o = = plg-w) &5
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Here q and w represent the heat and work transfer across the fluid element having surface
DS; which is bounded by Ax and Ay. The specific internal energy e, of the system moving
with velocity u can be written as: -

e = c,T + 3u® + constant

T
8Y
that the heat transfer can only take place from top and bottom surface and not from the left

and right surface of the fluid element. Applying previous assumptions of Dp/Dy=0 and
Du/Dy >> Du/Dx, the heat flux entering from the bottom face of the fluid element can be
written as: -

While deriving this equation it is further assumed that > %T; and hence we can deduce

— k(9T /dy) Ax

While that from the top face can be written as: -

dT o aT
2= k| A
3y+3y( ByJ y|Ax

The net heat flux entering to the fluid element can be obtained by above two equations as: -

d(, 6 aT
—| k— | AxAy
3y( ay] 2

The work done across the fluid element is transferred from the vertical and horizontal sides
by the pressure and the shear stresses as shown in the figure above. The resultant of the work
done is given by: -

d d d
(2 () 2200 - 5t

Putting the value of work done and the heat flux in the energy conservation equation, we get:-

A Q[J ea J J
p-J;(CvT+ 2) - ay(k dy +ay(7u) 5’;(!’") 'a_;(p")

The physical significance of the above equation is that it states that the rate of change of total
energy inside the fluid element is the sum total of energy due to heat flux and the work done

e ——
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by pressure and stress on the element. The left hand side of the equation can be written in the
form of Cp as: -

2 2
dt 2 a\" p 2

2
= pi L',,T'i'u— _Q+£d_p
2 dt pat

Applying Euler’s equation and newton’s law of viscosity, the above equation can be written
in its final form as: -

d WY _ (1. a( au). (ouY
—e:T+—| = Z | p=— —| = =
pdf(c"“ 2) 9y( 3y)+u3y(“9y)+“(3y)
3.4.3. Displacement thickness: -

Denoted by 6*, displacement thickness is defined as the distance by which the boundary layer
has to be displaced perpendicular to the flow to compensate for the reduction of the mass
flow due to presence of the boundary layer.

Figure 15: boundary ]ayerllol

The expression for the displacement thickness can be written as: -

o= 1-—% dy

Another importance of displacement thickness is that due to presencé of the boundary layer,
the flow retards and thus the streamlines are deflected outwards by a distance &*. This gives
rise to the concept of effective body. Due to presence of this effect the actual shape of the
body seen by the free stream is enlarged and thus the required manipulation needs to be done.
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Figurel6. Effective Body!"!

3.4.4. Momentum Thickness: -

Denoted by 6, momentum thickness is defined as the distance by which the boundary layer
has to be displaced perpendicular to the flow to compensate for the reduction in the
momentum of the flow due to presence of the boundary layer. The expression for momentum
thickness is given by: -

o= 2|1-2 dy

0u u,

3.4.5. Laminar Boundary Layer: -

To define the laminar (or turbulent) boundary layer considers the viscous flow of velocity U
over the flat plate as shown below.

—
— o

TE g

{a)

Figure 17: laminar B,L1'%

Since the plate is stationary, the flow is retarded due to the formation of the boundary layer
which starts from the leading edge of the plate. The distance from the leading edge up to
which the thickness of the boundary layer is 12 — 14% of the chord is called laminar region.
The Reynolds number in this region is below 5 ES.
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3.4.6. Turbulent Boundary layer: -

As the distance from the leading edge increases, the flow becomes unstable and the transition
of the flow from laminar to turbulent takes place. In turbulent region the thickness of the
boundary layer is quite large and the flow is characterized by eddies and momentum transfer.

3.4.7. Factors effecting instability and transition: -
1. Pressure gradient: -.

The favourable pressure gradient has a stabilizing effect on the boundary layer whereas an
adverse pressure gradient has a destabilizing effect. The favourable pressure gradient allows
the flow to smoothly pass over the surface thus having a laminar nature whereas an
unfavourable pressure gradient causes the flow to separate from the surface due to back flow.
Thus the boundary layer destabilizes and the transition takes place from laminar to turbulent.
This phenomenon is verified by Schubauer and Skramstad with the help of oscilloscope. A
curved plate was used in this experiment having favourable pressure gradient at the leading
edge while adverse pressure gradient towards the trailing edge. The results of the experiment
are as shown below: -

0
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Figure 18: B.L Fluctuation!"”!

The above figure clearly explains that the fluctuations in the flow towards the leading edge

are dampened out due to favourable pressure gradient while that towards the trailing edge
amplifies due adverse pressure gradient.

~

2. Suction: -

-~

It is well known fact that suction on any surface decreases the width of the boundary layer
and causes the velocity profile to deviate from the inflection point and hence instability. This
can be explained as following; as the suction pressure increases, the velocity over that surface
will also increase. The increased velocity will act as highly energised flow which is capable:
of delaying separation and hence transition.

e Bl
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3. Heat: -

The viscosity of air is directly proportional to the temperature. This is due to the fact that at
elevated temperatures, the molecular momentum transfer supersedes the inter-molecular
attraction. Thus the viscosity of air increases with the temperature and vice versa. It has been
shown earlier that as we move across the boundary layer perpendicular to the direction of
flow, there exists a temperature gradient. Since the temperature directly effects viscosity and
viscosity inversely affects the Reynolds number, the boundary layer is thus affected.

4. Compressibility: -

The air flow above Mach .3 is considered as compressible since the compressibility is more
than 5 %. At high speeds, the flow compresses as it move along the body and hence the
density of the flow increases. Since the Reynolds number is directly proportional to the
density of the fluid hence increased density has direct effect on the Reynolds number. As the
Reynolds number increases the flow becomes unstable and thus transits from laminar to
turbulent.

5. Roughness: - .

The presence of roughness on the surface of the wall increases the instability in the flow and
thus the transition from laminar to turbulent boundary layer takes place.

6. Centrifugal instability: -

The instability in the flow caused by the curvature of the streamline as it passes through the
body is called centrifugal instability. Consider the case of streamlines as shown below: -

P __________|
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| =

7 Concave

4

Z

Figure 19: centrifugal instability!""

The above figure represents the boundary layer profile over a convex and concave surface.
Let us consider the fluid element abcd as shown in figure. The local curvature radius is r
whereas the local velocity is u..According to Euler’s equation, the local pressure gradient in
polar co-ordinates is given by: -

op _ pu’

——

or r

The above equation signifies that the resultant pressure on the fluid element is exerted
towards the centre of curvature and its magnitude is equal to the centrifugal force in
equilibrium. Thus for the above cases, the pressure force is directed towards the surface in
case of convex shape and away from it in case of concave shape.

If the fluid is disturbed due to roughness present on the wall, then the convex surface will try
to bring back the layer of fluid to its original location thus stabilizing the flow whereas in
case of concave shape, vice versa happens and the flow destabilizes.
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3.5 High Lift Devices!!'*!

- s(m\\
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Figure 20: Typical high lift system and its effect on airplane life!!!

The high lift devices fall mainly into two categories:

The most common type of auxiliary device in the first classification are trailing edge devices
known as flaps. Most common trailing edge devices are:-

e Split flap

e Plain flap

e Single-slotted fowler flap

e Simple slotted flap

e Fixed vane/main double-slotted flap

¢ Articulating vane/main double-slotted flap

e Main/aft double-slotted flap

e Triple slotted flap

1. Split flap: - In case of split flap only the lower part of the trailing edge is deflected. Since
the upper surface remains unchanged thus there are marked reduction separation effects. This
kind of flap adversely effects the operation at low speeds due to formation of wake behind the
flap.
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Figure 21: Split Flap!*?!

2. Plain flap: - A plain flap is one which is deflected downward from the trailing edge
without producing any gap. Its deflection is restricted to 20 degrees due to constraint of over
camberness.

Figure 22: plain flap

3. Single slotted fowler flap: - When extended, single slotted fowler flap creates gap
between the flap and the upper edge or cove of the aerofoil. This is the most weight and cost
effective flap as compared to other fowler flaps. It can be extended maximum up to 40
degrees. '

w
—
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[24]

Figure 23: Single slotted fowler flap

4. Simple slotted flap: - It act as a fowler flap but with very little gap. It has round cavity and
it does not move far away from its wing fixed railing edge. It can be deflected maximum to
35 degrees.

Figure 24: Simple slotted flap!!®!

5. Fixed vane/main double-slotted flap: - It has a vane which is attached rigidly to the main
flap thus producing a double slotted fowler flap. Its maximum deflection is 55 degrees. It has
got a complex mechanism for actuation and provides only a small increment in lift than
single slotted fowler flap.
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Figure 25: Fixed vane/main double slotted flap!®®!

6. Articulating vane/main double-slotted flap: - In this the vane is also extended from its
cove increasing the fowler deflection. The main advantage of such kind is that, for the flap
deflection of 5 to 15 degrees they remain single slotted for the optimum L/D ratio.

. ACTUATOR

FAIRING \\
Y, X,Z
DOWN~—\

Figure 26: Articulating vane/Main double slotted flap'¥

7. Main/aft double-slotted flap: - This type of flap is more complex than the articulating
type. The main flap is the larger element and the aft one is the smaller. The main flap
overlaps the wing and the smaller flap overlaps the main flap. This configuration facilitates
the deflection of main flap of about 35 degrees and that of small vane of about 28 degrees.
Thus the total flap defection adds up to be 62-65 degrees.
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Aluminum track v\
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Figure 27: Main/Aft double slotted flap'*!

8. Triple-slotted flap: - The triple slotted flap is like articulating type with an additional aft
small flap element. The total defection of such kind of flap is about 80 degrees. They provide
higher lift coefficient than any other flap configuration but the edge losses are high.

Fore flap

{}C:L Mid flap

| Aft flap

Various leading edge devices with brief information about each are as follows: -

Figure 28: Triple Slotted flap!?”!

¢ Fixed slot

e Simple Krueger flap

¢ Folding, bull nose Krueger flap
e Two position slat

1. Fixed slot: - A fixed slot type leading edge device is being illustrated below. It is efficient
a low speeds but its drag penalty is unacceptable at high speeds.
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Fixed Slat

Figure 29: Fixed slot!'!!

2. Simple Krueger flap: - It consists of a panel at the lower edge. First the flap is being
rotated about a hinge line and then it is protruded forward so that its upper edge seals with the

lower edge of wing. The maximum deflection of such kind is 60 to 80 degrees.
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Figure 30: Simple Krueger flap!?®!

3. Folding, bull nose Krueger flap: - This type of flap is similar to simple Krueger flap but
it incorporates a retractable D shaped nose at the end of the flap. The advantage of such kind
is that it is more tolerant to the change in angle of attack. It uses more complex mechanism.
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Figure 31: Folding, Bull nose Krueger ﬂapm]

4. Two position slat: - It has two position slats one in deployed and other in stowed
condition. It is used mainly in fighter aircrafts.

(XIRVED
PANEL -

NON ADRUSTABLE
MAXPAUM RETRACT

/
FOLOING
NOSE  FULLY EXTENDED

" ADRISTABLE RETRACT STOR
(TOPRELOAD PaNEL)y 10 FLAT PANEL

RETRACT PQOSITION

Figure 32: Two position slat’*"

Discussed above are different types of high lift devices which are used in civil transport
aircraft. These devices can be used separately as well as the combination of two of them i.e. a
leading edge device in combination with a trailing edge device can be used. In the report
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basic airfoil, three element airfoil (single fixed slot with single slotted fowler flap) and 5-
element airfoil (single fixed slot with triple slotted fowler flap) is being analysed numerically
with the help of CFD software ANSYS ICEM and FLUENT.

op

Figure 33: Cl vs. AoA curve for different flap configuration?!

The disadvantage of such type of high lift geometry is that they are heavy, uses complex
mechanism for their actuation and thus uses more of engine power, has high production as
well as maintenance cost and have exposed édges. The gaps and overlaps resulting from the
extension of these devices lead to the availability of sharp and bare edges. These sharp edges
create vortices and eddy. These eddies compel the boundary layer to transit from laminar to
turbulent and thus increasing skin friction drag. Moreover the separation, resulting from high
camber, occurs at low angle of attack and thus limiting the maximum stall angle. The wakes
thus produced due to separation add to the pressure drag.

Due to the above mentioned reasons concept of morphing leading edge is being studied
numerically to overcome the disadvantages of conventional high lift devices. Morphing
means “Smooth transition from one shape to another”. Morphing concept has less
components thus increases reliability, has no exposed edges thus increases stealth and
aerodynamics of body and it has capability to operate at wide range of speeds and
temperatures. The response time of actuator is very less and it provides excellent strain
resistance to repetitive actuations.

3.6 Turbulence Models”/"’!

“ Turbulent fluid motion is an irregular condition of flow in which the various quantities
show a random variation with time and space coordinates, so that statistically distinct average
value can be observed” - Hinze

The key problem in CFD simulations is selecting the correct turbulence model. Virtually all
engineering applications are turbulent in nature and hence a turbulent model is required.
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3.6.1 Classification of turbulence models:
1. RANS-based models

e Linear eddy-viscosity models
> Algebraic models
> One equation models
» Two equation models
e Non-linear eddy viscosity models and algebraic models
e Reynolds stress transport models
> Large eddy simulations
» Detached eddy simulations and other hybrid models
> Direct numerical simulations

The turbulence models considered for the project are as follows:

e Spalart-Allmaras model: It is a one equation model for the turbulent viscosity. The
model solves the transport equation for a viscosity like variable.

e K-epsilon model: The k-epsilon is a two equation model which uses two extra
transport equations to depict the turbulent properties of the flow. It is one of the most
commonly used models tough it does not show good results in cases of adverse
pressure gradients.

~ The two transported variables used in this model are turbulent kinetic energy, k which
determines the energy in turbulence, and turbulent dissipation, € which determines the
scale of turbulence.
The different k-epsilon models are:
e Standard k-epsilon model : Transport equations for standard k-epsilon model-

For turbulent kinetic energy k,
i) ok
gat-(pk) + '(%(Pkui) = b5 {(u + ) 8_1 + P+ Py = pe = Yar + S

For dissipation ¢,

2

0, 2.2 0 [(, 1\ 0| o€ €
0o = 5 {(u +4) MJ +Cic (Pt CueP) ~Cap+5,

Turbulent viscosity is given as,
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For turbulent kinetic energy k,

O o)+ 2 (k) = 2| (4 2\ 22 ~ pe-
gt'(ﬂk)“‘axj(lo[vuz)— -{(ﬂ+ak) amj}+Pk+Pb pe = Yar + S

For dissipation &,

0 0 0
5(#6)4-67(#6“:') P

i J

) e
[(I.L'I- )6 ]+pC1S€ p02k+\/—+016 Ca PtS.

Where

) k
4 Y i = /28::S:;
Cy, = max[ﬂ 3, 5] n .S'e, S 515

In the above equations, Py depicts the turbulence kinetic energy generation because of the
mean velocity gradient and Py represents turbulence kinetic energy generation cause of
buoyancy.

Turbulent viscosity is given as,

Where

" AT A

. —
= \/Se‘a' Sij -+ il
$hj = Qi — 250001

j = Qij — iz,

Here $2i represents the mean rate of rotation tensor with angular velocity ax .
The constants A, & Asare given as:

A() = 4.04, As = \/Ecosqé R

W
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_ Los _ Syl 5 fee o _1(04  Ow
6= e (YO, W= 5= S"S'J’.S*ﬂ‘2(ax,+axj

Constants

Cie=144, C;=19, 0, =10, 0. =12

e RNG k-epsilon model: This model was developed to take into consideration the
effects of smaller scales of motion. Transport equations of this model are-

For turbulent kinetic energy k,

0 9 K w9k | p
Bt(pk).*- (Pk’“) = 3z [(}H— _a;) 33:3-] + Py, — pe

For dissipation &,

2

o 0 N o | Oe
at(pe)+ axi-(peu‘l) - axj l:(au"i' )a ] + CIE Pl-. CZepk
Where

. Cun®(1 = n/n0)
Cie = Cac t 1+ pn? 7= Skfe

S = (25,;5:;)?

The turbulent viscosity is calculated in the similar manner as of standard k-epsilon.

Model constants,

O'k = 0 7194(1 0)

0 7194(1 30)
Cﬂ = 1421 44
Cez = 1.68(1_92)

B = 0.012(derived from experiment)

e Selection of turbulence model: The realizable k-¢ turbulence model was selected
keeping in mind the effect of circulation and eddies formation. In this model a eddy

e
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viscosity is calculated from a single turbulence scale length. It is easy to lmplement
and computationally cheap.

3.7 Discretization!"!P’!

The dictionary meaning of word discretization is to put something separately or distinctly or
to divide something in parts. In the context of CFD, the word discretization has much more of
the technical meaning although the zest of the word remains the same. The discretization is
defined as a process in which a closed form mathematical expression which comprises of
function, differential or integral terms and has infinite continuum values over a defined
boundary can be approximated by using different expressions which define these values at
finite number of points over the given region. The point might refer to a node, element or cell
which are either randomly located in the domain (unstructured grid) or are arranged in a
sequential order (structured grid).

The close form or the analytical solution of the mathematical equations gives the continuous
values of properties over the complete domain while numerical methods provide the solutions
at defined points (discrete points) also known as grid points. To make it clearer, consider the
grid points in Xy plane as shown in figure below. The grids are spaced equally in x direction
with width of each grid as Ax and similarly in y direction as Ay.

>

{ Ax
e,
2 N | [ ATy Y
Ay{ 7 S [N N7Y
>
é‘ﬁ)j i.j i‘*‘“n‘j
i-Bg-F 0 [& ) i41, j-8

Figure 34: gridsP!

In general, though the spacing between the grids in x Aand‘y direction need not to be uniform
and the user has a choice of using grids of unequal spacing if it satisfies the problem
definition but still an equal spaced grid is chosen because it is easier to program, reduces
computation costs and results in an higher accuracy. The location of a point in a grid 1s
represented by index (i, j) where the i describes the location in x direction and i j in y direction.
Thus if the point p in the figure has value (i, j) then the point just above it will have value (,
j+1). Similarly the values of points at the right, left and bottom of the point p can be written
as (i+1, j), (i-1, j) and (i, j-1) respectively. The above method of discretization is called finite
difference method. The other two methods are finite element method and finite volume
method which will be discussed later.
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3.7.1 Reason for Discretization: -

As being discussed earlier, the analytic solution of the equations give exact values at infinite
points of the flow domain but difficulty arises when these equation are to be used for
complex geometries like the complete aircraft, gas turbine engine etc. or for complex flow
fields like shock wave and boundary layer interaction, flow in a boundary layer with heat
conduction etc. Thus there exists a need to simplify these problems by dividing the fluid
domain into smaller finite points at which the flow properties can be calculated by
approximation methods.

The governing equations of continuity, momentum and energy in the form of differential
equatlons can be written as follows: -

Continuity Equation: -

P g oV =0
3t+V (pV)

X-Momentum equation: -

(pu) o Oty | O1x
T+v (,OHV) &‘i' B =+ 3}’ + bz + pfe

Y-Momentum equation: -

dpv) _ O Oy Oy B
- St Vo (V) = 6y+ 8x+ . +pf;

Z-Momentum equation: -

d{pw) _ b oy c‘}rﬂ Oy
= AL LV [pwV) = Bz+3x 6‘y 8z+pf2

Energy equation: -

D b D a2 () 305
+5 (+5) - ) _ 20m) _ a@;:sr) N a(.;iu)
B{uty,) 8(:;1‘3} B(vry) a{wﬂ}

ay Oz Ox By

O(viy) | Hwte)  Hlwr,)  H(wr.)
= tTax t o T o +of-V

e ]
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Where: -

The above equations are in differential forms having unknowns’ u, v, w, p and T. These
equations can be solved but rigorous mathematical tools will be implemented. To make the
solution easy, the above differential equations can be approximated by using Taylor’s
expansion theorem to change the differential form in the algebraic form.

Ou ] “:H.J Hi-1,; 2
e dr)e.,- LU LSRR

The above method of discretization is called Finite difference method (FDM) which will be
elaborated in the subsequent paragraphs. Another two methods Finite element method (FEM)
and finite volume method (FDM) will also be discussed in detail.

3.7.2 Finite Difference Method: -

The partial derivatives in the governing equation are replaced by the approximate algebraic
terms in this method. The most common process of transformation is the Taylor’s series
expansion. Reviewing our previous discussion on the two dimensional grid, if U; represents
the velocity at the (i, j) th point then the velocity Ui at (1+1 Jj) th can be written using Taylor
series as: -

au\  AxP %\ AR (3PN Axt o)
“‘”‘“‘J“A"(ax)f 2 (de) t o (axs)ﬁ“&'f"(’a"ﬁ),.*

Similarly the velocity at location (i-1, j) can be written as: -

Al Ax (P AR 3%\ Ax' (3 +
i =1 — Ax| = I‘*‘ 2 \a2).” o 5o i+ 4 \axt/,

The above two expressions are exact expression for differential terms if either the series
contains infinite terms which eventually converge or Ax—0. Solving the first of the two
equations for (Du/Dx) i we get the expression as: -
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(?ﬁ :!Jj,;.f»j‘—f{:’jﬂ aztt Ax 33!4 (Ax)lz
e}, Ax )7 \&s) 8 T

1 1 [}
Finite-
drﬁ‘erencf: Truncation error
representation

The first term on right hand side is called finite difference representation while the second
term as truncation error. The truncation error in the above equation can be collectively
written as O (Ax) which means other terms containing order of Ax.

Ju ;] — U :
— ) = — e 4. O(A
(Bx),» Ax +0(ax)

The above equation is known as forward difference equation since the information is taken
from the right side of the point i.e. i+1 and not from the left hand side. Moreover the above
equation is first order accurate since the error terms in the equation contains first degree of
Ax. Similarly the first order accurate backward difference equation can be written as: -

ou w; — iy V
T = — + (A
(ax)',. ax TR

And the second order accurate central difference terms can be written as: -

(a_zf Mg = B
8x) ; T 2Ax

+ O(AL)

The above mentioned algebraic approximations are sufficient for inviscid flow which has
only first order partial differential terms in their governing equations but viscous flow also
contains second order partial differential terms as well in their governing equation. Thus the
second order terms can be approximated as follows: -

8% Mivl — 2u; + 1

) = AT T Oex)

The expressions of y terms are almost same in above equations. The only change that needs
to be done is to replace x by y and i by j.

3.7.3 Explicit formulation: -

e ————
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The way by which any problem would be solved comes under CFD technique. Generally all
CFD techniques comes under two divisions namely Explicit and implicit. The former one is
being explained here. To simplify the explanation let us consider a one dimensional parabolic
heat transfer equation given by: -

T GET

s, ST s

&t O

Let us apply the Taylor’s expansion theorem to the above equation writing DT/Dt in forward
difference form and D*T/Dx” in central difference terms. The transformed algebraic equation
is given by: -

.A ]:_'"”. T _ T, -2+ T )
At (Ax)?

We know that parabolic equations have time marching solutions. Thus the above equation
infers that temperature T at all grid points are known at time step n and the temperature at
time step n+1 is desired. Thus writing above equation taking known and unknown variables
at different sides, we can write: -

T"“"I'WT" (M)E( *ﬂ’Tﬂ )

When the values at n+1 is known then the value are calculated at n+2 thus the solution
marches through time. The above scheme is called explicit scheme because it contains only
one unknown and thus can be explicitly solved. The grid representing such scheme is shown
below. The points 1 and 7 represents boundaries thus the values at these points are known at
each time step

A
Y
L
i 2 P34 5 8 7
B ]
’ “
a’ N
ol AN
T .2 Y VA & 7
—
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3.7.4 Implicit Approach: -

In this type of approach, more than one unknown value needs to be calculated. In our
previous example of one dimensional heat flow, the term D*T/Dx’ is also written at time step
n+1. The equation thus results can be written as: -

ot At , ‘ o Ay o A
.__3-;5-4’:&—1___ 1 4 ~ \A'T"""" — 2 a4 B
2(Ax)° i { { Ar}?-] £ + 2 (Ax) wh

o At

The above equation has three unknowns which can be solved simultaneously and thus called
implicit schemes. The seven point grid governing this equation is shown below: -

i —te—¥ -
T ) 2 3 415 6 7
X ‘
A‘ ] 1
1 - Ax
] l‘,—A-.n\
1 1 2 3 4, 3 6 )
~ /

[

Figure 36: implicit approach®

3.7.5 Comparison of explicit and implicit schemes: -

o The explicit schemes are relatively simple and easy to program but there exists the
problem of stability. The time step in explicit schemes should be kept as small as
possible to get a stable solution. A term known as Courant number(C) is directly
proportional to the time step At. Thus if C=1, the solution is stable while is unstable
at all other values of C. The computation time is increased and so does the cost of
computing.

e The main advantage of implicit scheme is that the solution remains stable over a wide
range of Courant number. Thus larger time steps can be used to get the results faster.
However, the complexity involved in such equations are much more and thus difficult
to program. The solution uses matrix method and hence needs much memory for
storing the results.

o _____|
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3.7.6 Finite Element Method: -

Abbreviated as FEM, finite element method is used basically for structural analysis. Finite
element form of discretization is a complex one thus the explanation of the sane is given for
one dimensional case only. Consider a one dimensional domain which is subdivided into two
subdomains given by e and e,. The end point of each element is called node.

i QE<x<1) 5 " + b *l
° —9
3

Let us assume a variable u(e)(x) which is linear in terms of x. Thus the variable can be written
as: -

u(x) = oy + apx

From the above equation we can write two equations for each node given by x=0 and x=h.
The values at nodes are depicted by u;® and u,®. Solving for a; and a; the final value of
variable u®(x) is calculated as: -

WO (x) = (1 - ﬁ)ui‘” + (5)&«3’ = oy (N=12)

Where UN® represents the value at node N for element e and dby©(x) represents the values of
variable at nodes. These values are called shape functions and attain the value of one at a
node under consideration and zero at the other node linearly varying in between.

. ) O g 0 of
Pt sy 1I]><H>g
4===nk=m==#| Fau-k====" . ¥ " l -
>y

x=0 f=h
6180 6-0"

()¢, X (e) X
d(x)=1- o \‘3’26 (%) =7
0<o(x) <1

These one dimensional problems can be solved by Galerkin’s Method.
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RO P [e} & “(fJ( } B
(b (x). R) = ./; v (X )( Z)dxm()

3.7.7 Finite Volume Method: -

In this method, a cell to cell solution is provided to approximate the partial differential terms.
The FVM deals with integral form of governing equations rather than their differential form.
One of the methods of discretizing using FVM is gauss divergence theorem which states
that,” The surface integral of normal component of vector function F taken arourd a closed
surface S is equal to the integral of divergence of F taken over the volume V enclosed by
surface S.” Mathematically it can be written as: - '

[[ F.nds=[[[ div Fdv

Consider a cell as shown below: -

3.8 Grid Dependence Study'

The flow characteristics while doing a CFD analysis is largely dependent on the Grid
generated. As the number of nodes and cells change, the flow properties and thus the results
tends to change. The CFD is based on numerical method. The governing equations of
continuity, momentum, energy etc. are in the form of differential equation of different order.
The following are the governing equations in the differential conservative form: -

Continuity Equation: -
dp |
o (pV) =0

X-Momentum equation: -

Aow) | o ;. __,_,_?g Oty Oty Org
“-"‘EE"‘{‘V (puV) + .;_ 3

i + phe
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Y-Momentum equation: -

3 :
A, g, " V)M_ég afy+af}?+ rzy+ o
it Oy

Z-Momentum equation: -
| i

W) g )= -5 24 &“’r?*’ +oh

Where: -

?__,a a 3

The differential terms in the above equations can be approximated using Taylor’s expansion
theorem. The differential terms using the above mentioned can be written in second order
accuracy as: - .

@ iU 2
(ax),.. ST T

Where Ax is the cell width or distance between the nodes. As the number of nodes changes,
the value of Ax changes and thus the governing equations gets altered. The above method is
called the discretization. Thus to get values which are independent of the grids a grid
dependence study is performed so that appropriate number of cells can be chosen and the
results can be obtained with minimum error.

3.9 Morphing Conceptm

The high lift systems available at present can be used to achieve the desired increment in
the value of cl during landing and take-off but has low efficiency. Apart from providing
circulation and thus delayed separation point, the gaps and overlaps present in the high
lift systems also produces drag. A fully deflected flap configuration act as a thick aerofoil
and produces a considerable amount of pressure drag,
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Figure 37: wake region

Thus to increase the efficiency of such high lift systems, the aerodynamicists are working on
the concept of morphing. A morphing structure can be defined as one which is capable of
altering its geometric configuration and tune its properties (stiffness and damping) based on
the mission requirement__ and the loading during flight. The definition of morphing in context
of ‘NASA’s Morphing Project’ is, “Efficient multipoint adaptability that may include micro,
macro, structural and fluidic approaches.” Generally it can be described a method in which a
structure can change its interaction with the environment by modifying its shape and
geometry.

Though the morphing concept can be applied to any structure of an aircraft, the main focus is
on the wing. The wing is the main structure of an aircraft which is designed to bear main
loads during flight. The main idea behind morphing is using SMA (shape memory alloys) to
design such structure which is not only capable of withstanding prescribed loads but also
capable of changing its shape to withstand the different ones, Shape memory alloys are an
alloy of titanium which when heated gets soft and deflects while on cooling regains its
original shape with maximum efficiency. The combination of different mechanisms of
actuators, motors and links are used for this purpose.

e
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Figure 38: morphing concept!!"!

The morphing concept can also be incorporated in high lift configuration. The above
mentioned difficulty with the high lift devices can be overcome if same camber can be
achieved without gaps and flaps. The structure can be deployed at particular angle to give the
desired lift without producing the drag. The structure need to be deployed at minimum thus
the effective thickness of the total structure is less than that of fully deployed flaps.
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CHAPTER 4
NUMERICAL ANALYSIS

The use of numerical approximation in the study of algorithms is known as numerical
analysis. It aims at giving approximate, but accurate solutions to arduous problems. A
systematic order is used to conduct the numerical analysis and it is as follows-

e Geometry creation
e Mesh generation
e Boundary conditions

Geometry creation includes, processing of points, formatting, representing the geometry in
forms of points, lines and surfaces to give the geometry a physical definition.

Grid generation is one of the most important and repetitive process before the flow can be
numerically analysed over an object. There are two techniques of mesh generation namely,
structured and unstructured. The accuracy and quality of the result depends on the quality of
the mesh.

Boundary condition defines the flow parameters for a particular geometry. It includes the
selection of different models along with the number of iterations. All the geometries are
solved for different angle of attacks.

4.1. Geometry Creation!

The geometry of all the three namely, basic airfoil, three element airfoil and five element
airfoil was made available. The geometry used for the analysis is BAC 3-11/RES/30/21
airfoil whose thickness and nose radius is 11% and r/c of 0.0137 respectively. The above
mentioned airfoil is used in three conditions-

e BAC 3-11/RES/30/21 with no elements

e BAC 3-11/RES/30/21 with two elements — slats deployed at 25° (thickness at 12.5%)
and a single slotted flap deployed at 20%

* BAC 3-11/RES/30/21 with four elements — slats deployed at 25% and triple slotted
flap deployed at 7.5°, 40°, 20°
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The figures below show the geometry of all the three airfoils created in ICEM CFD.

Figure 39: five element airfoil

Figure 40: three element airfoil

Figure 41: basic airfoil

Parameters Basic aerofoil Three-element Five-element
acrofoil aerofoil
Wing section BAC 3- | BAC 3- | BAC 3=
11/RES/30/21 11/RES/30/21 11/RES/30/21
Overall length (m) | 0.669 0.9201 0.956259
Slats No YM@MZSO Yes, deployed at 25°
Flaps No 1 slot, deployed at|3 slots, deployed at
20° 7.5°, 40°, 20°
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4.2. Grid generationm

To generate a grid enclosing the geometry, a boundary was created. The flow problems were
analysed around the geometry and the enclosed boundary behaved as the test section. All the
three geometries, boundaries were constructed and meshed. The figure below depicts the
boundary constructed for a geometry section.

SR

Figure 42: boundary depiction

In the figure above, AD represents the test section inlet, AB is the bottom, BC is the test
section outlet and CD is the top. The similar boundary is constructed for the basic and five
element airfoil.

Two types of mesh were generated using the test section, structured and unstructured mesh.
Accuracy was the main parameter kept in focus while generating the two grids. The value of
lift in CFD analysis is affected by many factors, one such factor is the type of grid. To
minimize the error due to grids a complete grid independence study is done.

After running the analyses on progressively finer grids to attain the value of lift at some angle
of attack the grid is fine enough and the solution will not change (or change less than a
tolerance) so that the solution is 'grid independent'.

In this report all the three geometries were solved for 0° AoA and 67m/s free stream velocity
and the results are tabulated below :
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SI No. Elements Nodes X Force Y Force Lift CL
1 8087 - 5156 6.17 -1.615 -1.615 0.01698
2 10700 6384 5.8313 -1.712 -1.712 0.01799
3 12992 8396 5.7799 -1.8184 -1.8184 0.01917
4 14627 9476 5.759 -1.816 -1.816 0.01909
5 16916 10988 5.81 -1.878 -1.878 0.01974

Table 2: basic airfoil grid independence study

From the above table it is concluded that on increasing the grid elements lift also increases.
But after a limit of 13000 elements it reduces and increases again with a fine change.

Therefore 12992 elements were selected for basic airfoil analysis.

SI No. Elements Nodes X Force Y Force Lift CL
1 33568 21724 25 154.74 154.74 2.0342
2 35350 - 22908 25.08 156.19 156.19 2.0532
3 37132 24092 25.186 156.579 156.579 2.0736
4 38914 25276 25.21 156 - 156 2.0507
5 42478 27644 25.399 154.94 154.94 2.0367

Table 3: three element airfoil grid independence study

SI No. Elements Nodes X Force Y Force Lift C
1 29945 19336 78.29 509.51 509.51 3.3574
2 32330 20920 78.55 510.34 510.34 3.3647
3 36305 23560 78.78 S14.47 514.47 3.3929
4 37100 24088 79.31 509.103 509.103 3.3556
5 39485 - 25672 79.29 508.612 508.612 3.3533

Table 4: five element airfoil grid independence study

Applying the same approach for three and five element aerofoils it was concluded that set
number three will be used for both cases.

The values selected after conducting the grid independence study were used for analysing the
flow through all angle of attack for all the cases. This will help keep the errors minimum and
will give better accuracy on the lift value. Grids were created using the same values.
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Figure 43: structured mesh - basic airfoil

The above picture shows a structured mesh of a basic aerofoil with no elements. A C type
grid method was used to mesh the aerofoil. This method is mainly used for analysing an
airfoil as it increases the accuracy in computing fluid parameters especially at the leading
edge. From the above shown geometry it is vivid that the mesh gets finer near the geometry,
this is done to save the computing time.

Figure 44: structured mesh - three element airfoil
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Figure 45: structured mesh - five element airfoil

The above two pictures show the mesh generated for three and five element airfoil
respectively. A multi blocking technique was used to block the multi element airfoil where
the test section is cut into various small blocks and meshed. Similar C type grid method is
used to increase the accuracy of the results.

4.3. Boundary conditions'

Boundary conditions are defined as the conditions given to control volume to excel the
effects of flow near the geometry. FLUENT software was used to solve the boundary
conditions and the results were obtained along with the flow data.

The boundary conditions given to the control volume were common to all the three
geometries and are as shown in the table below:

Boundary pgrameters Value
Basic Navier-Strokes equation in | To the control volume
combination with viscous forces
Standard k-¢ turbulence model For eddies and turbulence viscosity
Velocity (m/s) 67 at the inlet
Outlet Outlet vent
Airfoil Wall- no slip condition
Bottom and top Wall
Side walls Symmetry

Table 5: boundary conditions

.

W
e s
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The parameters mentioned in the above table are common to all the three configurations. The
velocity is resolved in its appropriate components as the AoA is changed. The values
obtained are then given to the software and hence solved.

The following equatiohs are used to find the turbulent kinetic energy and dissipation —
o= () 0w
where I = 0.01 (turbulent intensity) and u = 67 m/s

Therefore the value of k = 0.67m*/s>

3
C[li Kz
Where Cp = 0.09 and I;- 0.07L, where L is the characteristic length of the geometry.

Therefore values of epsilon(g) are —

Geometry € value
Basic airfoil with no elements 1.92
Three element aerofoil 1.3989
Five element aerofoil 1.34

Table 6: epsilon values of various configurations

The inlet of the geometry is given velocity inlet and the geometry under the test is given the
condition wall with no slip, this is done to clearly understand the boundary layer effect on
every element and its influence on the elements near it. The outlet is represented as outlet
vent where the flow saturates to the atmosphere. The flow is pressure based, where the input
& output difference is considered in the test section. The bottom and top are taken as wall of
the test section.

The side walls are taken as symmetry to get a 2D flow effect. This was done cause the actual
2-D model was prone to errors. The inlet, symmetry and outlet had problems being exported
in ICEM CFD. To counter this effect an small area was given in z direction and a symmetric
condition was given to both side walls.
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CHAPTTER S

Results and Discussions

5.1.Configuration 1: Basic airfoil:

The basic airfoil was analysed using FLUENT by giving the boundary conditions and the
following graph was obtained between coefficient of lift (C)) and AoA.

) / == Seriesl
0.4 '

Graph 1: Cl vs AoA- basic airfoil

From the figure above it is concluded that the airfoil stalls at an angle of 20°, where the airfoil
experiences stall with a maximum C,of 1.28.

The Fluent software was used to obtain the lift curve by using force data. The X & Y
coordinates of force data for all angle of attack was calculated. Lift was calculated by the
following equation - '

L =Ycosa — Xsing

Further coefficient of lift was calculated using the above equation as shown-

2L
pv2S
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The figures above show the gradual transition of steady and smooth flow to separation of
flow. At 0 & 5 deg AoA the flow satisfies the Kutta condition and leaves the trailing edge
relatively smoothly. This is because the flow above and below the airfoil is smooth.

As the angle of attack increases the streamlines start curling near the leading edge as seen
from the image of velocity vector at 10 deg. At this AoA, the flow starts to separate at the
trailing edge and moves upstream as shown in the figure:26 at 20 deg AoA, the flow stalls at
the T.E. The separation of flow can be resolved by using high lift devices such as slats and
flaps. The presence of high lift devices tend to energize the flow due to the effect of
circulation and hence prevent the flow separation.

Contours of Total Pressure (pascal) Apr 04, 2013

ANSYS FLUENT 14.0 (3d, dp, pbns, ske)

Figure 49: boundary layer at 20 deg AoA

From the velocity vector it is clear that as the angle of attack increases the boundary layer
also increases gradually in thickness. After a certain AoA where the value of Cl is maximum,
stall occurs and the BL from the upper surface is washed off,

The BL thickness in fig 44 shows that the boundary layer starts at leading edge, moving
downstream the BL is washed off and joints with the free stream. The region forms the wake
and considers viscous effects, this can be observed by either reducing the pressure or
increasing the velocity. One can see the transition from laminar to turbulent BL at
approximately the quarter chord of the airfoil. This is the point where the thickness starts to

increase.

e
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5.2.Configuration 2: three element airfoil:

The same conditions as the basic airfoil were fed to the software for the 3 element
airfoil. The resulting coefficient of lift vs angle of attack is shown below.

5.5

5 ﬁ
4 o

cl
3.5 e=@Q==Seriesl
3 -
2.5
2 T T T T T T T ]
0 5 10 15 20 25 30 35 40
AoA

Graph 2: C1 Vs AoA curve for three element airfoil

The maximum coefficient of lift for 3 element airfoil is 5.306 at 30 deg AoA. In comparison
to the basic airfoil where the maximum CI was 1.28 at 20 deg AoA, by application of high lift
devices the maximum coefficient of lift as well as the stall angle is increased.

The images of streamline flow at 5, 10, 15, 20, 25 & 30 deg AoA are shown below-

e 04, 2013
ANSYS FLUENT 140134, 8, porss. ko) |

v 0 ude (s 04,2013
! ‘elocity Vectors Colored £y Velocity Magnfiude (i VS FLUENT unm.u:f'wm.m)

Figure 50: velocity vector at 5§ & 10 deg AoA respectively
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Figure 51: velocity vector at 15 & 20 deg AoA respectively
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Figure 52: velocity vector at 25 & 30 deg AoA respectively

As the angle of attack increases, the flow separation begins at the traiiing edge. The flow

starts separating at 20 deg AoA at the trailing edge. As the AoA further increases the flow
recirculation increases and flow'moves upstream.
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Figure 53: boundary layer at 30 deg AoA
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The boundary layer is re-energized by the circulation effect by the use of slats throughout the airfoil at
the upper surface. Figure-49 shows the conversion of laminar BL to turbulent and eventually washes
off at the leading edge. This transition is countered by boundary layer as shown in figure-49.

This is due to the presence of slats which reenergizes the boundary layer and prevents flow separation.

As the angle of attack increases the re-circulation of air flow also increases and the flow moves
upstream. Figure 46 below shows increasing strength of recirculation that will eventually move
upstream and stall. As the angle of attack reaches 30 deg a counter recirculation takes place, due the
flaps circulatory effect which is at the trailing edge of the airfoil. The velocity of recirculation is
alleviated by the counter circulation of the flaps and hence the flow cannot be attached back to the
airfoil surface and stalls.
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ANSYS FLUENT 14.0 (3d, dp. pbns, ske)

Figure 54: recirculation at 25 deg
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Figure 55: counter circulation at 30 deg
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5.3. Configuration 3: Five element Aerofoil"?!

The boundary conditions for the 5-element aerofoil were assigned same as that of other two
configurations. The results and data for the cl were calculated for 13 different angle of
attacks taking both positive as well as negative values. The results show that the 5 element
aerofoil gets stalled at 15 degrees giving the maximum lift coefficient of 3.59. The graph of
lift coefficient vs. angle of attack is shown below.

five element airfoil

3.7 -
3.6

35 . AN

" 2 N\

cl 33
3.2 / Series2
a2

209 T L] T L4 ]

Graph 3: Cl vs AoA for five element airfoil

The gradual change in lift coefficient suggests that the 5 element aerofoil behaves as the thick
aerofoil. Moreover the value of maximum lift coefficient for 5-element is less than that of 3-
element. This is due to the presence of large wake behind the 5-element aerofoil which adds
up in the total drag. The elements of 5-element aerofoil though gets extended to increase the
plan-form area as well as camber but the downward deflection of the same increases the
thickness which compensates for the increase in lift.

Looking at the velocity contours and the total pressure contour we can say that the boundary
layer gets separated near the leading edge of the aerofoil at 15 degrees angle of attack and
thus it can be concluded that the aerofoil stall is categorized under leading edge stall.
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Figure 56: boundary layer at 15 deg AoA
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Figure 57: velocity vector at 0 & 5 deg AoA for five element airfoil
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Figure 58: velocity vector at 10 & 15 deg AoA for five element airfoil
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y Veloety Agr04, 2013
ANSVS FLUENT 140 (4, dp, pes. tha)

Figure 59: velocity vector at 20 deg AoA for five element airfoil

Stall for five element occurs at 20 deg and is less than the three element airfoil since after extending
the flaps and slats for this airfoil the chord increases and hence it behaves like a thick airfoil. The
figure below shows circulation at 10 deg and counter circulation at 15 deg were it stalls .

‘.‘s +

Velocity Vaclors Colored By Static Prossure (pascal) Apr 08, 2013
ANSYS FLUENT 14.0 (3, dp. phns, tko)

Figure 60: circulation at 10 deg
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Figure 61: counter circulation at 15 deg

Slats are leading edge devices used to enhance lift of an airfoil. It was believed by many
aerodynamicists including Ludwig Prandtl that “slats work by inducing a high energy stream
to the flow of the main airfoil thus re-energizing its boundary layer and delaying stall.
Practically the velocity at the L.E is abated at the main aerofoil because of the circulation
effect produced by the slat thus abating pressure peaks of main airfoil.

The figure below shows. the re-energizing of air flow on the upper surface of the aerofoil due
to the circulation effect on the slat for a five element airfoil. The flow is re attached to the
upper surface of the airfoil as the counter clockwise circulation is fed through a designed slot
to the airfoil’s upper surface.
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Figure 62: slat effect of 5 element airfoil
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Figure 63: coefficient of pressure at 0 deg AoA
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Figure 64: coefficient of pressure at 15 deg AoA

5.4. Comparison

This section deals with the comparative study of all the three geometries. The figure below
shows the comparison of coefficient of lift of all three configurations. From the fig it
becomes vivid that the value of coefficient of lift can be increased by the use of high lift
devices.
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The three element airfoil gives the highest lift coefficient as compared to the other two
geometries whereas the five-element aerofojl gives the highest 1ift coefficient at any angle of
attack. All the three configurations tend to stall at the TE due to the re-circulation of flow.
Though the flow separation was alleviated by the use of high lift devices, the recirculation
still persisted at higher angle of attack. To abate this effect at higher angles the use of
boundary layer control is done. -

1.4 5.5

i i aa

a8 / 4 d
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Graph 4: comparison between various lift coefficient curve
Basic Airfoil :

*  maximum coefficient of lift : 1.28
* Stalling angle : 20 deg

Three Element Airfoil :
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* maximum coefficient of lift : 5.306
*  Stalling angle : 30 deg

Five Element Airfoil :

*  maximum coefficient of lift : 3.59
* Stalling angle : 15 deg
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CHAPTER 6 ;
FUTURE CONSIDERATION

The analysis of five element aerofoil concludes that though the camber and the plan-form of
the aerofoil increases but the increased effective thickness due to downward motion of the
deflected flap increase the pressure drag and thus decreases the efficiency of the high lift
device. The answer to the above mentioned problem is the use of morphing concept. Two
configurations are being produced in this report which can be taken for future work.

6.1. Case 1: 5 element aerofoil at 5 degree angle of attack!®!

The following figure shows the streamlines over the aerofoil. The streamlines shows that the
separation is occurring at the leading edge of the fourth and the fifth element. Thus if the gap
between third and fourth element as well as fourth and the fifth element is reduced or
covered, than the flow will remain attached for the much longer length of the elements. Thus
the separation point will be delayed and the pressure drag can be reduced to considerable
level. This is morphing technique which is currently under observation.

Figure 65: streamline at S deg for five element

Another method is to provide vortex generators at the separation points so that circulation can
be produced and the separation is delayed.

e e T e |
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6.2.Case 2: 5 element aerofoil at 15 degree angle of attack

Since this is the stalling angle, the flow separates from the leading edge of second element.
Due to circulation provided by the gap between third and second element, the flow again gets
attached but gets de-attached immediately at the leading edge. Same phenomenon occurs at
fourth element and thus a large amount of pressure drag is added to the total drag which
reduces the efficiency of the aerofoil. To delay separation point, the gap between first and
second, second and third, third and fourth can be reduced one by one thus creating the
possible combinations of configurations. Another method is to create vortex generators at the
separation points, the reason being mentioned above.

Figure 66: streamline at 15 deg AoA for five element airfoil
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CHAPTER 4.

APPENDIX

R

boundary depiction for five element airfoil

CHAPTER 5:

Pressure contour for three element airfoil:
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Pressure contour for five element airfoil:
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Velocity contour for three element:
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Velocity contour for five element:
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Density contour for five element:
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