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ABSTRACT

Micro air vehicle (MAV) is defined as unmanned air vehicles with wing to wing span of 15 cm
and weight not more than 100 grams, specifications defined by American Defense Advanced

Research Projects Agency (DARPA). MAYV finds its applications in surveillance, rescues and

other strategic military purposes. The design of a Micro air vehicle (MAV) is an emerging new

area of current research. Especially, the problem of aerodynamic behavior of the flapping wing
of an mav is a very challenging problem for researchers. It is particularly helpful for design and
development of Micro Air Vehicles where optimized lift and thrust generation is very much
required. In the present research, the impact of airfoil shapes on the flapping performance has
been investigated by comparing the lift and drag coefficients by using three different airfoils
which include flat plate, ellipse and NACAO0014 of same thickness in pure plunging motion.
Computations were carried out at various Reynolds number that cover entire spectrum from
fully laminar to fully turbulent flow regime and at various reduced frequencies in order to
explore behavior of different shapes of airfoils and their correlation with Reynolds number and
reduced frequencies. Unsteady incompressible Navier Stokes equations in this study were
solved assuming flow to be laminar at low Reynolds number whereas for high Reynolds S-A
turbulence model has been used to carry out computations. O-type grid has been used to
descretize the computational domain. Results obtained show that the airfoil shape has strong
influence on flapping performance and its correlation with the Reynolds number and reduced
frequency has also been found which leads to the conclusion that at high Reynolds number and

for higher reduced frequencies, shaped airfoils that is NAC0014 produces best thrust.


http://www.darpa.mil/
http://www.darpa.mil/

Chapter 1: INTRODUCTION

11 MOTIVATION

Defense Advance Research Project Agency (DARPA) has defined MAVs as vehicles
having a span of 15cm, weight of 50gms and a flight speed of 15-20 m/sec. These types of
vehicles have advantages of small size and have applications in surveillance, reconnaissance,
targeting and sensing purpose [1, 2]. MAVs can be broadly categorized into three types that is
Fixed wing MAVs, Rotary wing MAVs and Flapping wing MAVs as shown in figure 1-1, 1-2
and 1-3 respectively. Fixed wing MAVs are efficient but they lack the ability to hover and hence
not suitable for application confined in space [1, 3]. Rotary wing MAVSs are able to hover but
they are less efficient than Fixed Wing MAVs [3]. When the MAVs scale is below 15cm with
the conventional layout fixed wing it cannot obtain enough lift to drag ratio and unable to fly at
low Reynolds number [4]. Therefore, flapping wing MAVs can be used which provide high lift

to drag ratios as compared to fixed wings MAVS.

Figure 1-1 Fixed Wing Micro Air Vehicle [1]



Figure 1-2 Rotary wing Micro Air Vehicle [1]

Figure 1-3 Flapping wing Micro Air Vehicle [1]

MAVs usually operate in a low Reynolds number regime of 10° — 10° which is about
the same at which large insects and small birds operate [1]. So it may be beneficial to take
inspiration from natural flyers to learn their flight physics because fixed wing aircrafts,
helicopters and propellers become less efficient as the speed and the size decreases which also
causes the Reynolds number to decrease. This is because the viscous forces increase which
causes thicker boundary layer to form and flow separation causes loss of lift and increased
pressure drag [5]. Flapping wings are now being actively studied because they provide greater
efficiencies even at low Reynolds number. In this range of low Reynolds number, MAVs like
birds and insects achieve flight by flapping their wings which results in unsteady

aerodynamics. This concept of flapping wing is actually motivated by observation of the flight



of birds and insects, which use various mechanisms not only to overcome the difficulties of
low Reynolds number, but to exploit the associated aerodynamic phenomena. Traditional
aircraft design uses fixed wing attempts to ensure that the flow remains attached to the airfoil
(unstalled) all the times whereas these natural mechanisms that is flapping motion rely on the
vortices (low pressure regions) that separate from the leading and trailing edges of the wings,

which are responsible to create much higher lift and thrust than is possible with fixed wings

[5].

Figure 1-4 Von Karman Street indicative of drag [8]

In order to gain insight of flow physics that is the formation of leading and trailing edge
vortices, the manner in which the vortices interact with the airfoil and themselves, how they
contribute to lift, thrust and propulsion, various experiments and computational studies have
been carried out. Birnbaum [6] observed the condition that leads to thrust generation when an
incompressible air is made to pass over plunging airfoil. He suggested that the sinusoidal
flapping (plunging) airfoil can be an alternative to conventional propeller and also beneficial
for designing MAVs due to thrust generation along with high lift production. In 1930s Von
Karman and Burgers [7] gave the theoretical explanation of thrust and drag produced by the

airfoils based on the orientation of vortices observed in the wake of the airfoil. They observed



that two rows of counter rotating vortices in the wake could produce thrust on an airfoil in an
incompressible flow which differs from the wake that is produced in case of stationary airfoil.
When the flow is made to pass over the stationary airfoil at low Reynolds number, Von
Karman Street is observed in the airfoil wake in which upper row consists of clockwise
vortices and the lower row consists of counter clockwise vortices as shown in figure 1-4. This

type of wake is momentum deficit and produces drag.

Figure 1-5 Reverse Von Karman Street indicative of thrust [8]

However, a sinusoidally oscillating airfoil generates a vortex street behind an airfoil which
depends on the plunge velocity of an airfoil. Hence the vortex behind an oscillating airfoil can
be drag indicative or thrust indicative in which the upper row consists of counter clockwise
vortices and the lower row consists of clockwise vortices as shown in figure 1-5. This type of
Vortex Street is known as Reverse Karman Vortex Street. Their work showed that the

oscillating airfoil is capable of producing satisfactory amount of thrust.

1.2 OBJECTIVE
The main aim of the present research is to investigate the thrust production of 2-D airfoils in

pure plunging motion at various conditions which include



i.  Different airfoil shapes
ii.  Different Reynolds number valid for small aerial vehicles

iii.  Different reduced frequencies

Different shapes of airfoils have been used to explore the effect of shape of the airfoils on thrust
production. Similarly, Reynolds number has also been varied to see the persistence of reverse
vortex shedding over a range of Reynolds number valid for small aerial vehicles and the
systematic investigation of reduced frequencies has also been carried out in order to see the
Reverse vortex shedding for the intensity of unsteadiness. Computations has been performed by
systematically varying the Reynolds number from a laminar regime (i.e 1000) to partially
turbulent/transition regime (10,000) and then to fully turbulent (25,000). The values of reduced
frequencies that have been used lie well in the range for biological flyers. Simply speaking, we
are systematically investigating the plunging motion whose severity is determined by the reduced
frequency (k) and then at a given Reynolds number to see the effect of change of shape on thrust
production. Basically the objective is to give better explanation of thrust production of the
airfoils in pure plunging motion at the above mentioned conditions and systematically arranging

them to see their effect on thrust production.

1.3  THESIS OUTLINE

Brief outline of the whole thesis is described below

e Chapter one describes the brief overview and motivation on which the present research is
carried out.

e Chapter two consists of detailed literature review describing experimental and numerical
studies conducted on the airfoils in pure plunging motion.

o Chapter three covers the details of airfoil geometry and the computational setup that is used
to carry out the numerical simulations. Commercial CFD package Fluent has been used to

solve the 2D Navier Stokes equation.



Chapter four consists of validation and sensitivity studies which include grid independence
and domain independence that were performed to prove the independence of the numerical
solver. It also covers the time step and turbulence model sensitivity studies.

Chapter five comprises of the systematic investigation of effect of different shapes of
airfoils on thrust generation at various reduced frequencies at Reynolds number of 10,000.
Chapter six and seven cover the details of thrust generation of three different shapes of
airfoils at Reynolds numbers of 1000 and 25,000.

Chapter eight concludes the overall study carried out throughout the course of research
work. A qualitative and critical analysis for all the cases discussed in the previous chapters

will be carried out and summarized.



Chapter 2: LITERATURE REVIEW

Knoller [9] and Betz [10] were the first to describe the change of effective angle of
attack of an oscillating airfoil which results in the generation of normal force component
having both lift and thrust component. This phenomenon is known as knoller - Betz effect as
shown in figure 2-1. They were the first to observe the unsteady flow dynamics of flapping

wings.

Figure 2-1 Lift (L) and Thrust (T) components of normal force vector (N) of airfoil in pure plunging motion

(6]

Katzmayer [11] verified the knoller — Betz effect by placing stationary airfoil in wind
tunnel having a sinusoidal oscillating wind stream and measured the average thrust. Flow
physics and the effect of flapping parameters on thrust generation have been investigated

numerically by using unsteady panel method and Navier Stokes equation during past decade.

Ashraf et al [12] reviewed the progress of CFD on flapping wing aerodynamics. They
analyzed the effect of amplitude, non dimensional flapping velocity and reduced frequencies
on thrust generation and efficiency of plunging airfoil at Re = 20,000. Computations were

performed using NACAO0012. Results agreed very well with the published data [13]. They also



found that very high values of thrust coefficient are obtained at K = 2.0 and h = 24. But the

efficiency comes out to be very low at the same conditions.

Tuncer and Platzer [14] computed the unsteady, viscous low speed flow over
NACAO0012 in pitching/plunging motion at various reduced frequencies, amplitudes and phase
shifts. Navier Stokes solver has been used for this purpose. They identified the flow separation
and thrust producing vortices are found to be in good agreement with the water tunnel
experiments. They concluded that high thrust can be obtained when the airfoil is made to
plunge at higher frequencies in the presence of large leading edge vortices but the propulsive
efficiency becomes significantly low. However in case of combined pitch and plunge motion,
high propulsive efficiency along with high thrust production can be obtained because the flow

remains attached to the airfoil.

Miao and Ho [15] explored the effect of span wise flexure amplitude on the
aerodynamic performance of flapping airfoil at various Reynolds number and reduced
frequencies. Flow was assumed to be viscous and computed for plunging airfoil. Flexure
amplitude was varied from 0 to 0.7 with the interval of 0.1. They found that the thrust
indicative wake is produced for flexure amplitude less than 0.5 of chord length. Also there is
an increase in propulsive efficiency for flexure amplitude of 0.3. They also calculated thrust
and propulsive efficiency at various Reynolds numbers and reduced frequencies and came to

conclusion that propulsive efficiency is strongly correlated to reduced frequency.

Liangyu Zhao and Shuxing Yang [16] also investigated the effect of airfoil thickness on
aerodynamic performance of the airfoil in pure plunging motion. Studies were performed from
NACA0002 to NACA0020. Figure 2-2 represents these profiles with thickness varying from

2% to 20%.
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Figure 2-2 Profiles of NACA airfoil with varying thickness [16]

They observed that increase of the thickness of the airfoil results in increasing time
averaged thrust coefficient and propulsive efficiency. This increasing trend was found to be
linear upto a thickness value of about 12%. After this value, the effect of thickness is not much
pronounced. Also the lift plots are identical for all the airfoils. Figure 2-3 represents the plot

showing the variation of the thrust and propulsive efficiency due to change of the thickness of

the airfoil.
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They found that the increase of thickness of the airfoil reduces the strength of Leading Edge
Vortex (LEV) and also its shedding is delayed. Hence thrust and propulsive efficiency of
airfoil increases without reduction in lift. They also investigated the impact on lift, thrust and
propulsive efficiency by varying the location of maximum thickness of the airfoil. Figure 2-4
shows the geometries of airfoil with maximum thickness location. As the point of maximum
thickness is moved towards the leading edge, there is an increase in thrust and propulsive

efficiency of airfoil as shown in figure 2-5 whereas there is no change in the lift coefficient.

y ,-"'I c
(=]

-0.25

01 02 03 04 05 06 07 08 09 1

Loc:30% e Loc: 45%
- - Loc: 35% —— Loc: 50%
Loc: 40%

Figure 2-4 Airfoil shapes with different location [16]

Ashraf [17] numerically investigated the effect of airfoil thickness and camber effect on
the propulsive efficiency and thrust generation of an airfoil in the Reynolds number range of
200-20x10°. The study was performed using NACA series airfoils with thickness varying from
6% to 50%. Only seven airfoil sections of thickness 6%, 12%, 15%, 20%, 30%, 40% and 50%
were used. Computations were performed at reduced frequency of K = 2.0 and plunging
amplitude of h = 0.25 and 0.5. For pure plunging motion, computations were carried out
reduced frequency K = 2.0 and plunge amplitudes of h = 0.025 and 0.5 and for pitching/
plunging motion at h = 0.5 and 6 = 15° and 30°. Decrease in thrust and propulsive efficiency is

observed with the increase in thickness of airfoil upto some critical value of thickness for
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Reynolds number (Re) = 200 as shown in figure 2-6 because more rounder leading edge

weakens the suction peak.
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Figure 2-5 Trends of C; and 5 versus Loc [16]
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Figure 2-6 Crnean @nd 5 variation with the thickness of plunging airfoils [17]

At high Reynolds number, thrust and propulsive efficiency increases with the increase of

thickness of the airfoil. Performance of airfoil was also checked by varying camber location

at Reynolds number of 2000. Little variation in thrust was found by varying camber location.

Guerrero [18] carried out the parametric study to explore the effect of cambering on

aerodynamic performance of the airfoils in heaving motion. Airfoils were assumed rigid and
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incompressible Navier Stokes equation was employed to carry out computations. For this
purpose, numerical computations were performed at Reynolds number equal to 1100 and at
different reduced frequencies and strouhal numbers. It was observed that time averaged lift
coefficient is strongly affected due to variation of airfoil camber in heaving motion whereas
the change in time averaged thrust coefficient and propulsive efficiency is not much

pronounced.

Wen and Liu [19] studied the mechanism of thrust generation for viscous flow past
airfoils in plunging motion by discussing the contribution of pressure and viscous forces.
Computations were carried out by varying thickness of elliptic airfoils and also for different
shapes of airfoils. They observed that for ellipse having 1% thickness, viscous forces are
responsible for thrust generation whereas pressure forces can be ignored from Reynolds
number 50-5000. With the increase of thickness of airfoil, thrust changes to drag as shown in

figure 2-7.
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Figure 2-7 Variation of various aerodynamic coefficients Vs thickness of ellipse [19]

Flow was also simulated on different shapes of airfoils having same thickness at
Reynolds number of 100. NACAO0012, elliptic and reverse NACAO0012 have been

considered. The results showed that NACAO0012 produces largest amount of thrust as
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compared to other two airfoils. The values of coefficient of drag of the three shapes are given

in table 2-1.
Table 2-1 The drag Coefficient of different airfoils (Re=100) [19]
Airfoil Re =100
Cq Cay Cap
NACAQ012 -1.17 0.27 -1.44
Ellipse -0.34 0.1 -0.44
Reverse NACA0012 0.36 0.52 0.87

Young and Lai [20] investigated the effect of amplitude and frequency in the wake of
plunging airfoils. Flow past the plunging airfoil was computed by using incompressible
Navier stokes equation at Reynolds number of 30,000. It is observed that there is a close
agreement between the numerically computed wake structures with that obtained in the
experiments. They also concluded that the wake produced by the plunging airfoils strongly

depends on both the strouhal number and reduced frequency at the given Reynolds number.

Young and Lai [21] carried out a comparison of aerodynamic forces produced by
plunging NACAO0012 at Reynolds number of 20,000 by using Navier Stokes code was made
with that of UPM (unsteady panel mehod) and Garrick analysis. UPM and Garrick analysis
predict that aerodynamic forces increase with the increase of Kh but have little variation with
increase of reduced frequency K. This is because the two codes are based on kutta condition
and does not allow flow separation. However Navier stokes predicted that aerodynamic
forces are a strong function of reduced frequency. It was also concluded that the frequency
dependence is due to the shedding of vortex from the leading edge of the airfoil. Large
amount of thrust is produced by the airfoil at high values of reduced frequencies because of
the formation of another leading edge vortex on the opposite side of the airfoil as the

previous vortex is not convected far downstream. At lower values of K, propulsive efficiency
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is reduced because the vortex travels far downstream over the airfoil surface which results in

drag production for a larger portion of the plunge cycle.

T. Benkherouf a, M.Mekadem [22] explored the effect of flapping frequency on the
flow physics of the self-propelled flapping airfoils. Simulations were carried out using
NACAO0014. In this research, no velocity was set at inlet flow. Flapping frequency was
varied from 0.1 to 20 Hz for plunging amplitudes of 10%, 17.5%, 25% and 40%. It was
observed that the propulsion velocity found to increase with both the flapping amplitude and
frequency.

Above discussion shows that most of the studies related to geometry of the airfoil
were carried out by varying the thickness of the same type of airfoil showing that change in
the thickness of the airfoil results in change of geometry of airfoil which affects the
aerodynamic force coefficient that is thrust coefficient of the airfoil. A very few studies were
conducted to compare the aerodynamic performance of different shapes of airfoils in
plunging motion. Wen and Liu [19] compared the aerodynamic performance of three
different shapes of airfoils as discussed previously but their research was only focused on the
thrust generation of different shapes of airfoils at Re = 100. In addition, studies were also
conducted to see the effect of variation of reduced frequency and plunge amplitude at some
particular Reynolds number on the thrust generation of the airfoil by investigating the flow
physics. Afore mentioned studies shows that the aerodynamic performance of different

shapes of airfoils has not been explored enough.

In the present research, comparison of lift and thrust generation of different shapes of
airfoils has been carried out at various Reynolds numbers that covers the entire spectrum
from fully laminar to fully turbulent regime and then by varying the flapping frequency at the
given Reynolds number (that lie in fully laminar, laminar to turbulent and fully turbulent

flow regimes) in order to have the real insight of the variation in the lift and thrust coefficient
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due to change in airfoil geometry and to explore the correlation of the change of geometry of

airfoil with the Reynolds number and flapping frequency of the airfoil.

15



Chapter 3: COMPUTATIONAL SETUP

3.1 PHYSICAL MODEL

The present study focuses on the airfoils in pure plunging motion. Therefore, in order to
simulate the plunging motion, the flow field around the airfoil is modeled in two dimensions
with the axis of airfoil perpendicular to the dimension of flow. A circular flow domain has
been created around the airfoil. This circular domain has been divided into two halves.
Boundary of one half has been defined as inlet and the boundary of the other half represents the
outlet. The flow moves from left to right with the free stream velocity. The problem setup is

shown in figure 3-1.

Flow direction Outlet

L]

.
L

Inlet

\

Airfoal

Figure 3-1 Schematic diagram of flow field around an airfoil

Zhao and Yang [16] employed NACAO0014 for plunging motion. Therefore,
NACAOQ0014 has been chosen as baseline for the present research. It has been modeled in
GAMBIT software by importing coordinates in the form of .txt file and exported to
commercial CFD package software FLUENT for numerical computations. National Advisory
Committee of Aeronautics (NACA) has designed airfoil shapes called NACA airfoils for

aircraft wings. NACA airfoils are represented by four digits following the word NACA.
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These four digits represent the profile of the airfoil. First digit represents the maximum
camber of the airfoil as percentage of chord length. The distance of maximum camber from
the leading edge of the airfoil in tens of percent of chord is represented by the second digit
whereas the last two digits denote the maximum airfoil thickness in terms of percentage of
chord length [23]. For NACAOQ0014, 00 represents no camber and 14 describe the 14%

thickness to chord length ratio. Profile of NACAO0014 is shown in figure 3-2.

Figure 3-2 NACAOQ0014 Profile

3.2  AIRFOIL MOTION KINEMATICS

Following equation defines the pure plunging motion of an airfoil

y(t) = hc Cos (wt) (3.1) [16]

where y(t) stands for instantaneous position of the airfoil, h denotes dimensionless stroke
amplitude with respect to chord length, c represents the chord length of an airfoil section and

w Is the angular frequency. Figure 3-3 represents the plunging motion of the airfoil.
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Figure 3-3 Plunging motion of an airfoil section [16]
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3.3 NUMERICAL METHOD
Two dimensional unsteady Navier Stokes equations have been solved by using commercial
CFD package based on finite volume technique. Details of conditions set in Fluent are as

follows.

3.3.1 PRESSURE BASED SOLVER

Fluent uses two types of solvers

e Pressure based solver

e Density based solver

Pressure based solver is recommended for low speed incompressible flows whereas
density based solver for high speed compressible flows. Velocity field is obtained from the
momentum equations in both the methods. In pressure based solver, the pressure field is
extracted by solving pressure or pressure correction equation which is obtained by
manipulating continuity and momentum equations. In both methods fluent solves the
governing integral equations for mass and momentum and for energy (when appropriate) and
other scalars such as turbulence. Fluent uses finite volume technique in which domain is
descretized into control volumes using computational grid. Governing equations are then
integrated over individual control volumes to construct algebraic equations for unknowns
(discrete dependent variables) variables such as velocity, pressure, temperature etc. Algebraic
equations are then linearized and the resultant linear equations are solved to get updated
values of unknown variables. Pressure-velocity coupling scheme has been used for the
pressure based solver. In this scheme, pressure and velocity equations are solved in a fully

coupled manner [24]. Flow chart of coupled pressure based solver is shown in figure 3-4.
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Figure 3-4 Flow chart of coupled pressure based solver [24]

Coupled pressure based solver offers five algorithms. PISO (Pressure implicit with splitting
of operators) has been used for the present simulations. This algorithm is recommended for
transient problems and it maintains a stable calculation with larger time step. So in order to

save the computational time, this scheme has been chosen in the present research.

3.3.2 MESH

The descretization of a geometric domain into simple small elements is called mesh.
There are generally two types of mesh, structured and unstructured mesh. In structured mesh,
the word structured usually refers to the way the grid information is addressed by the
computer [25]. In the structured mesh, a mapping function is constructed that transforms a
curvilinear mesh to a uniform Cartesian grid. This allows a given’s point neighbor to be
easily identified and accessed which helps in speedy CFD calculations. Structured mesh is
basically of three types that is C-grids, H-grids and O-grids. In this research, O-type mesh is

made around the airfoil. An O-grid will have lines of points where the last point wraps
19



around and meets the first point as shown in figure 3-5. This will result in grid lines that look

like the letter 'O". [25, 26].

Example O-Gnd
R

Joined Boundaties

4
-

Figure 3-5 O-Type grid [25]

The purpose of using structured grid instead of unstructured grid is due to several reasons.
Firstly, the structured grids run much faster than the unstructured grids. Although
unstructured grids are much easier to create, a high quality structured mesh usually takes
about as long as creating high quality unstructured mesh. Also the unstructured solvers are
often (but not always) more dissipative as compared to a high resolution structured solver.

Therefore unstructured grids are not unsuitable for some applications [25].

3.3.3 DESCRETIZATION
3.3.3.1 TEMPORAL DESCRETIZATION

Governing equations must be descretized in both space and time for transient
simulations. In temporal descretization, every term in differential equation is integrated over

time step At [24]. Integration of transient term is shown below

2 _ F(p) (3.2) [24]
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where the function F represents any spatial discretization. First order accurate temporal

descretization using backward differences is as follows

% _ F) (3.3) [24]

The above equation has been solved implicitly as follows

®n+1_ (Dn

At

= F(p™1) (3.4) [24]

Above equation is implicit because @™+ in a given cell is related to @™** in neighboring cell

through F(@™*1).

Pl = gn + AtF(@™D) (3.5) [24]

The implicit equation is solved iteratively at each time step before moving to the next time
step. The advantage of using implicit scheme is that it is unconditionally stable with respect
to time step size. In this study, initially two values of time steps have been used that is 1e-5
and 3e-5 for the validation studies. After performing validation studies, the time step size of

1e-5 has been finalized and used for further numerical simulations.

3.3.3.2 SPATIAL DESCRETIZATION
Fluent store the value of scalar @ at all cell centers by default. Whereas the face
values @ are required for convection terms. These values must be interpolated from the cell

center values. This is achieved using an upwind scheme. In an upwind scheme the face value
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@z is derived from the quantities in the upstream cell. Fluent offers several upwind schemes

which includes first order upwind, second order upwind, power law and QUICK.

In pressure based solver, all the equations are solved by using first order upwind
scheme for convection by default. When the flow is aligned with grid, first order upwind
descretization can be used. This type of descretization scheme is used when the flow is
aligned with the grid. For the flows which are not aligned with the grid, first order upwind
descretization increases the numerical error. So for tetrahedral and triangular grids where the
flow is not aligned with the grid, accurate results will be obtained by using the second order
descretization. It also gives better results for quad/hex grids especially for complex flows.
For rotating and swirling flows, the QUICK and third order MUSCL (Monotone Upstream-
Centered Schemes for Conservation Laws) descretization are used because they give better
convergence than the second order upwind descretiazation for these types of flows. In the
present study, the second order upwind spatial descretization has been used because the

airfoil is in plunge motion and due to complexity of flow [24].

3.3.4 BOUNDARY CONDITIONS

Flow variables specified at boundaries of computational model are known as boundary
conditions. In present research simulations have been carried out at low Reynolds number that
is 10,000 initially for the validation case. Boundary conditions on the outer surface of the
computational domain are specified as inlet and outlet. Far field boundary conditions are
therefore set as velocity inlet and pressure outlet. In velocity inlet boundary conditions, the
flow velocity along with the scalar properties of the flow at the velocity is specified at the
inlet. This type of boundary condition is used for incompressible flows. For compressible
flows, setting velocity inlet boundary condition leads to nonphysical results. In the Pressure
outlet boundary conditions, static (guage) pressure is specified at the outlet boundary. Free
stream velocity is specified at inlet which is 34.7 m/sec in the present research whereas zero

static pressure is defined at pressure outlet. A no-slip boundary condition is specified on the
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wall of the airfoil surface which means that the incoming fluid will stick to the wall and
moves with the same velocity as the wall, if it is moving. A reference pressure of 1 atm has

been taken throughout the simulations.

3.3.5 TURBULENCE MODEL

Reynolds number is the parameter that characterizes the type of flow. It determines
whether the flow is laminar or turbulent. At low Reynolds number, flow is usually assumed
to be laminar. Flows at Reynolds number larger than 5000 are typically (but not necessarily)
turbulent. Transport quantities fluctuate in turbulent flows. These fluctuations are small in
scale but of high frequency. Therefore, it is computationally expensive to solve these
equations directly in practical engineering calculations. These small scale fluctuations can be
removed by time averaging the instantaneous transport equations which results in giving a
modified set of equations that are computationally less expensive to solve. These modified
equations contain additional unknowns and hence turbulence models are needed to solve
these unknowns in terms of known quantities.

In this research, computations have been performed at Reynolds number of 1000,
10,000 and 25,000 respectively. Therefore, flow has been assumed as laminar at Reynolds
number of 1000 and Spalart-Allmaras turbulence model (SA) model has been used for
10,000 and 25,000.

Initially, the baseline airfoil NACA0014 has been simulated by assuming the flow to
be turbulent at Reynolds number of 10,000 and simulations were carried out using S-A and
K-g turbulence models. Results obtained by using S-A turbulence model are found to be in
agreement with the literature. Therefore S-A turbulence has been finalized for simulating
flows at high Reynolds number of 10,000 and 25,000 respectively.

The Spalart-Allmaras model is a one equation model that solves the modeled

transport equation for eddy viscosity. It is usually recommended for wall bounded flows in
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aerospace applications and has been found to give good results for applications in which

boundary layer is subjected to adverse pressure gradients.

336 y'VALUE

y" is the non dimensional distance from the wall to the first grid point. A very fine mesh
is required to resolve turbulence eddies in the boundary layer. The purpose of setting the y*
value is to ensure enough resolution of boundary layer profile to get accurate turbulence

effects [24]. This dimensionless wall distance is defined by the following equation

+ W

y' = (3.6)

where, u is the friction velocity at the nearest wall, y is the distance to the nearest wall and
v is the local kinematic viscosity of the fluid. For present research, the value of y* is set

equal to 1 while using S-A turbulence model during the computations.

3.3.7 DYNAMIC MESHING

Dynamic Meshing technique available in fluent is used when the shape of domain
changes with time due to motion on the domain boundaries. This technique can be used for
both steady and unsteady problems. There are two types of motion in this technique
prescribed motion (in which the linear and angular velocities can be specified at the centre of
gravity of solid body with time) and unprescribed motion (in which the subsequent motion is
determined based on the solution at the current time). Volume mesh is updated automatically
by FLUENT [24].

In the present research the motion kinematics of airfoil is achieved using User
Defined Function (UDFs) based on the centre of gravity of airfoil. For defining the plunging
motion of airfoil, DEFINE_CG_MOTION macro was used. It is then hooked in fluent in
order to achieve the desired motion. Airfoil has been treated as rigid body and the whole

mesh moves with the airfoil. The compiled UDF provides Fluent with the necessary angular
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velocities at every time step and updates the node positions on dynamic zones based on solid

body kinematics. UDF written in C language for plunging motion is given in Appendix-A.
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Chapter 4: VALIDATIONS AND SENSTIVITY STUDIES

4.1 INTRODUCTION

This chapter focuses on the validation studies performed in order to assess the
independence of numerical solver on grid and domain size. Time step sensitivity and
turbulence model sensitivity studies has also been carried out to have the appropriate time

step size and the turbulence model that may be able to capture the results.

4.2 FORCE CALCULATION
The aerodynamic performance of the plunging airfoil can be evaluated by computing

lift coefficient (C,) and drag coefficient (Cp) which can be calculated by the following

equations

__ b
(L = 0.5pU2S (4.1)
F.
CT = — CD = O.SpDZIZS (42)

where F, and F, represents the components of resulting aerodynamic force along the
horizontal and vertical direction of airfoil surface, U is the free stream velocity, p is the
density of the fluid and S is the reference area of airfoil which is equal to chord length (c) of
an airfoil in 2D simulations. Therefore the time averaged lift and thrust coefficient can be

evaluated from the following equation

Cr=—Cp=—1 [/ Ca(t)dt (4.3)

¢, ==[" C(Dadt (4.4)

T

26



4.3 GRID GENERATION

Grids for all the cases in this study has been generated using Gambit software and have
same mesh topology that is O-type mesh as shown in figure 4-1. The grid lines normal to the
airfoil surface and extending towards the outer surface are named as ‘i’ and the grid lines

longitudinal to the airfoil surface cutting the normal grid lines are termed as j’.
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Figure 4-1 O — Type grid around the airfoil

The first grid point is located at a distance of 0.0002¢ through the edge meshing scheme of “First
Length”. This high density clustering near the airfoil ensures that y+ of approximately 1.0 is
achieved for calculations involving turbulence models at higher Reynolds number and to provide

a good computational space for the flow solution. Figure 4-2 shows the grid close up view.
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Figure 4-2 Grid close up view

4.4 VALIDATIONS AND SENSTIVITY STUDIES

Flow past plunging NACAO0014 airfoil has been computed at Re = 10,000, h = 0.4, K
= 2.0, U =34.7 and ¢ = 0.064 and compared to the published results of Liangyu Zhao and
Shuxing Yang [16]. Following validations and sensitivity studies have been carried out in
order to assess the independence of numerical solve over grid and domain and to choose

appropriate time step size and turbulence model.

Grid independence study

Domain independence study

o Time step sensitivity study

Turbulence model sensitivity study

44.1 GRID INDEPENDENCE STUDY

Grid independence study has been carried out to achieve a set of grid points for which
the solution of the computational case does not further change if the grid points are increased
in the computational domain. It has been performed by using two grid sizes that is
401x201(401 points on airfoil surface, 201 in vertical direction) and 401x301. Size of

domain has been kept 20c with a time step size of 1le-5. Flow has been assumed as laminar
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since the reference paper has simulated the plunging motion of the airfoil by assuming the
flow to be laminar. Plots of lift and drag coefficients for both grid sizes are shown in figure
4-3 and 4-4 respectively. It is observe that plot of C; is found to be in close agreement with
the published results of Zhao and Yang [16] whereas the values of Cj, are slightly over
predicted which is due to the different grid topology and time step size used. Since the
present is study is of qualitative nature and we are achieving 90-95% results, therefore these

results are quite acceptable.
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Figure 4-3 Time variation of lift Coefficient
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Figure 4-4 Time variation of drag Coefficient

4.4.2 DOMAIN INDEPENDENCE STUDY
The domains of 15c and 20c have been numerically solved for the grid dimension of
401 x 201. Grid size of 401x201 has been used with a time step size of 1le-5. Flow has been

assumed as laminar. It is observed that even by changing domain sizes, there is no variation



in C;, and C;, plots as evident from figure 4-5 and 4-6 respectively. Results indicate the good
agreement for both the domain extents. The values of drag are slightly over predicted in
comparison with the values of published results. This may be due to the change of grid
topology and time step size for the present study in comparison to the reference paper. As 90-
95% of the results have been achieved, therefore the obtained results are acceptable and any

one of the grid size can be used for further simulations.
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Figure 4-5 Time variation of lift Coefficient
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Figure 4-6 Time variation of drag Coefficient

443 TIME STEP SENSTIVITY STUDY
In time independent step sensitivity study, time step sizes of 1le-5 and 3e-5 has been

used by keeping the domain size of 20c and grid size of 401x201. Laminar flow has been
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assumed during the simulations.. Aerodynamic force coefficient plots obtained are shown in

figure 4-7 and 4-8 respectively.
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Figure 4-7 Time variation of lift Coefficient
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Figure 4-8 Time variation of drag Coefficient

Lift and drag plots obtained with the time step of 1le-5 are found to be in good
agreement with the literature. The values of drag are over predicted with both the time step
sizes. This may be due to the change of time step size used in the present study as compared
to that used in the reference paper. So the same conclusion can be drawn as in the previous
case that is the present study is of qualitative nature and 90-95 % of the results have been

achieved. So the results obtained are quite acceptable.
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444 TURBULENCE MODEL SENSTIVITY STUDY

In this research, simulations are also performed at both low and high values of
Reynolds numbers. Therefore turbulence model sensitivity study has also been carried out in
order to capture the turbulence effects at high Reynolds numbers of 10,000 and 25,000. For
this purpose, S-A turbulence model and K-€ turbulence models has been used to simulate the

plunging airfoil with the domain size of 20c, grid size of 401x201 and a time step of 1e-5.
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Figure 4-9 Time variation of lift Coefficient
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Figure 4-10 Time variation of drag Coefficient
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Figure 4-9 and 4-10 represents the lift and drag time histories. It is seen that there is
difference in the lift plots for the two cases as compared to original case. This difference is
because the reference paper assumed the flow to be laminar, so the difference may be due to
turbulence effects. Difference in the plots of drag histories is also observed. The value of
drag is slightly over predicted with S-A turbulence model as compared to the reference paper
which is again due to laminar flow assumption by Zhao and Yang [19]. Drag plot obtained
with K- € turbulence model has a large difference in values with those of the reference case.
It is because the value of y* of 1 has been maintained during the grid generation whereas

different y* is recommended for K- € turbulence model.

45 CONCLUSION

From the above studies, it can be concluded that there is no change in the
aerodynamic force coefficients even by changing domain and grid sizes. However, time step
size of 1e-5 is giving better results as compared to 3e-5 which leads to the conclusion that
higher time step size is unable to capture the flow physics. Based on these computations,
domain size of 20c, grid size of 401x201, time step size of 1e-5 has been used for all the next
simulations. For higher Reynolds number, SA model has been employed in order to capture

turbulence.
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Chapter 5: AIRFOIL SHAPE EFFECT ON AERODYNAMIC
PERFORMANCE AND SYSTEMETIC INVESTIGATION OF REDUCED
FREQUENCY AT REYNOLDS NUMBER (Re) OF 10,000

5.1 COMPARISON OF DIFFERENT SHAPES OF AIRFOILS ON AERODYNAMIC

PERFORMANCE

This chapter covers the comparison of aerodynamic force coefficients of different
shapes of airfoils in pure plunging motion at Reynolds number of 10,000. The cross sections
used for comparison purpose include NACA0014, Ellipse and flat plate as shown in figure 5-
1. Thickness of all the three cross sections of airfoils is kept constant that is 14% of chord
length. Since the validation studies were performed on NACAO0014, results of validation
serve as baseline and lift and drag coefficients of the other two cross sections are compared
with it. These cross sections has been chosen for comparison purpose as previous literature
was focused mostly on these cross section airfoils for MAV applications but only
independent studies that is the effect of various parameters which includes Reynolds number

effect, reduced frequency effect, thickness effect etc were carried out.

NACA0014 Elliptic Flat Plate

Figure 5-1 Cross sections of airfoils

C, Vs time plot and Cp, Vs time plot are shown in figure 5-2 and 5-3 respectively. These plots
reveal that the variation of both C; and Cp is sinusoidal in behavior. It is observed that C,
attains a maximum and minimum value of approximately +3.5 and -3.5 for all the three

shapes of airfoils.

From C, Vs time plot, the maximum value of C, for ellipse is 0.1 and minimum

value of Cp is -0.31. Similarly for flat plate, maximum and minimum value of C, equals to
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0.24 and -0.3. NACAO0014 has Cj, variation between 0.08 to -0.61. These values are shown in

table 5-1.

Table 5-1 Instantaneous maximum and minimum values of coefficient of lift and drag at

Re =10,000, K=2.0

Airfoil Re =10,000, K=2.0
CL max CL min CD max CD min
NACAO0014 +3.5 -3.5 0.08 -0.61
Ellipse +3.5 -3.5 0.1 -0.31
Flat Plate +3.5 -3.5 0.24 -0.3
——————————— lr[t]*-“:' E”lF\'SE
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Figure 5-2 Lift Vs Time Plot, K =2.0 Figure 5-3 Drag Vs time Plot, K=2.0

Figure 5-2 shows that lift Vs time plots for all the three cases are identical qualitatively as
well as quantitatively. It is interesting to note that C; attains a very high positive and negative
values (cyclic symmetric in nature). However, there is a visible difference in C,, Vs time plots
as shown in figure 5-3. Drag plots are quite similar in behavior but differ in values as evident
from the graph. Ellipse and NACAQ014 are more negative as compared to the flat plate. Now,

this is a very interesting phenomenon that all the three shapes of airfoils are producing same
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amount of lift but different amount of drag. In order to investigate the reason behind this
phenomenon, flow physics of all the cases should be explored. For this purpose vorticity
contours have been plotted for all the three cross sections of airfoils. But before comparing
the flow physics of all the three cases, we will investigate why C; attains very high positive
and negative values as compared to drag. Therefore, considering the vorticity plots of a
particular case that is NACAQ0014 as shown in figure 5-4. Vorticity contours have been
plotted for eight points marked on displacement plot (y (t)) for one complete plunge cycle as
shown in figure 5-2. These points are marked alphabetically from A to H. Figure 5-3

elaborates the position of the airfoil at these instants.
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Figure 5-4 Position of the airfoil during one plunge cycle

Point A is the start of down stroke and the airfoil is at uppermost position. At this
position low pressure vortex is located at the forward portion of lower side of the airfoil. At
this point airfoil experiences positive lift because the local static pressure on the upper surface
of airfoil is less than lower surface. From point A to C airfoil moves toward the midpoint of
down stroke cycle and a new vortex is formed near the leading edge of airfoil while the
vortex on the lower surface of the airfoil moves towards the trailing edge. At this point, airfoil

experiences very high lift and value of coefficient of lift is maximum. From point C to E,
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airfoil moves towards its lowest position which results in decreasing lift coefficient due to
shedding of vortex from the trailing edge of the airfoil. Meanwhile, the vortex on upper

surface of the airfoil moves towards centre along the chord of airfoil and lifts off the airfoil.
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Figure 5-5 Vorticity contours of NACA0014

This leading edge separation and formation of vortex core shows that the forces
acting on an airfoil are dominant by pressure and viscous forces are very small. Therefore,
large pressure forces when multiplied by the value of Ax (which remains almost same for

each element) gives very large positive and negative values of C; .
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Figure 5-6 Vorticity plots of NACA0014, Ellipse and Flat Plate

Now comparing the vorticity plots of all the three shapes of airfoils as shown in figure
5-6. It is observed that vortex structures are quite similar at all the instants showing that each
cross section is producing same amount of lift. Now the question arises regarding difference
in Cp Vstime. In order to explore the difference in drag produced by the airfoils, considering
only the ellipse and flat plate. Both the airfoils are divided into four halves as shown in figure
5-7. Ellipse is divided vertically at the point of maximum thickness that is 50% of chord
length. Similarly, the flat plate is also divided vertically at half of the chord length.

Horizontally both the airfoils are divided at centre that is at the chord of the airfoil.

Upper Front Upper Rare
Upper Front Upper Rare

NN
e U N

Lower Front Lower Rare

Lower Front Lower Rare

ELLIPSE FLAT PLATE

Figure 5-7 Four halves of ellipse and flat plate
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The drag coefficient of the four halves of the airfoils is then found out by calculating the area
under the curve of pressure coefficient Vs y at the three points representing the contribution
of each half of the airfoil in the total drag at the particular point. These points are maximum,
mean and minimum value of drag coefficient marked as point A, B and C in the figure 5-3.

This represents the contribution of each half of the airfoil in the total drag at that point.

Figures 5-8, 5-9 and 5-10 represent the pressure coefficient plots of the two airfoils at point
of maximum, mean and minimum values of drag coefficient and table 5-2 represents the
values of coefficient of drag of four different halves of the airfoils at the three points. Also
the Vorticity plots of both the airfoils at these three points are shown in figure 5-11, 5-12 and
5-13. For maximum value point, lower front portion of both the airfoils is producing
maximum drag and the low pressure leading edge vortex almost reaches at the mid of the
lower surface of the airfoils as evident from vorticity plots as this point (Figure 5-11). Hence
this low pressure vortex starts to produce suction on the rare side of the airfoil which is also

evident Cp Vs y plot at this point as shown in figure 5-8.

The pressure coefficient plot at mean value point shows that the elliptic airfoil is creating the
large suction peak as compared to flat plate. The values of drag coefficient mentioned in
table 5-2 also show that the upper front portion has negative drag coefficient which means
that it is contributing in thrust. At this point the low pressure vortex reaches the lower rear
portion of both the airfoils and contributes in drag production as the table 5-2 represents that
the lower rear portions have maximum values of drag as compared to other halves. Hence at
this point, upper front and lower rear portions are producing the major chunk of positive and
negative drag by both the airfoils. At this point ellipse has more negative values as compared

to flat plate.
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Figure 5-11 Vorticity plots at maximum value of drag coefficient

Figure 5-12 Vorticity plots at mean value of drag coefficient

Figure 5-13 Vorticity plots at minimum value of drag coefficient

Table 5-2 Drag coefficients of four halves of the airfoils

MAXIMUM POINT MEAN POINT MINIMUM POINT
AIRFOIL HALVES

Ellipse Flat Plate Ellipse Flat Plate | Ellipse | Flat Plate
Upper front 0.0385 0.0795 -0.2489 -0.0650 -0.4072 -0.3835
Upper rear -0.0414 -0.0431 -0.0232 -0.0339 -0.0162 0.0226
Lower front 0.1523 0.1848 -0.0183 0.1070 -0.0712 -0.1661
Lower rear -0.0721 -0.0086 0.1121 0.0760 0.1292 0.1775
Coefficient of drag 00773 | 02126 | -0.1783 | 00841 | -0.3654 | -0.3455
(Calculated)
Coefficient of drag
(From Cd plot at point 0.09 0.234 -0.177 -0.1102 -0.380 -0.3329
c)
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At the point of minimum value of drag, the pressure coefficient plot shows that
ellipse is again showing the larger suction peak as compared to flat plate. Vorticity plots at
this point show that low pressure leading vortex is formed at the upper front portion of both
the airfoils which contributes in thrust production by lowering the values of drag coefficient
this portion as shown in table 5-2. The value of ellipse is more negative as compared to flat
plate as in the case of mean value point. The plots of Cp Vs y of mean and minimum value
points shown in figure 5-9 and 5-10 represent that the leading edge of elliptic airfoil is
creating the large suction peak. It is also observed that somewhere between y =0 to y = 0.02
is actually taking the suction peak. In this region the leading edge curvature of ellipse is more
prominent and produces less drag as compared to the flat plate. Therefore, we can say that

the curvature has an effect on the thrust produced by the airfoil.

Drag acting on small element of the airfoil is given by the following expression
D = [, (—pdAsiné + t,dAcos6) (5.1)

Where P represents the pressure forces that act normal to the surface of the airfoil whereas
the t,, represents the shear forces acting tangential to the surface of the airfoil. So, the total
drag acting on an object is due to the combined effects of pressure forces and wall shear. The
part of the drag due to wall shear stress is called Skin friction drag since it is caused by
frictional effects and the part due to pressure is called pressure drag. Pressure drag is also
called form drag or profile drag. This type of drag generally arises due to the form or shape
of the object whereas skin friction drag is caused due to the interaction of the particles of air
to the surface of the airfoil. The expression in equation 5.1 shows that the pressure forces are
multiplied by the dAsin6 which actually represents Ay (the height of element in vertical
direction). Therefore, the integration of pressure and viscous forces around the airfoil (in x-
direction) when multiplied by Ay (the height of element in vertical direction) results in

change in magnitude of drag. For flat plate the value of Ay is prominent only at the leading
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and trailing edges whereas for ellipse the value of Ay is there for most of the part of cross
section. For NACA0014, Ay has greater value as compared to ellipse and flat plate and

produces greater thrust.

Velocity vectors for the three airfoils have also been plotted at the same three points
at which Cp plots have been drawn that is maximum, mean and minimum value of drag
coefficients shown in figure 5-14. At the point of maximum values of drag coefficient, the
low pressure region is at the middle of the lower surface of the airfoil. At the trailing edge,
reversed flow is observed at the upper trailing edge. It is observed that the velocity vectors at
this portion are in opposite direction to that of free stream direction. Moreover, significant
difference is observed for the three airfoils at the trailing edge. For NACAQ0014 and ellipse
more of the velocity vectors are in opposite direction to free stream direction showing that
these vectors are contributing in thrust and hence lowers the value of coefficient of drag as

compared to flat plate.

At the mean value point of drag coefficient, a low pressure region is found to separate
from the leading edge of the three airfoils. More velocity vectors are observed to change their
direction opposite to free stream in case NACAO0014 as compared to ellipse. Therefore the
more reverse flow is induced for NACAO0014 and ellipse. For flat plate flow reversal is
negligible and high value of drag coefficient at this point as compared to the other two

airfoils.

For minimum value point, the low pressure region significantly increases for the three airfoils at
the leading edge decreasing the value of coefficient of drag. Strong flow reversal is observed in
case of NACA0014 as compared to ellipse as more of the velocity vectors are observed in the
opposite direction of free stream and hence producing more thrust. However, for flat plate least

flow reversal is observed as compared to other two airfoils.
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Figure 5-14 Velocity vectors of NACAQ0014, Ellipse and Flat Plate

Now investigating the contribution of viscous forces for the three airfoils. Table 5-3
represents the contribution of pressure and viscous forces of the three airfoils at the point of
minimum value of drag coefficient. These values show that pressure forces are dominating. The
value of viscous coefficient is negative for both NACAOQ014 and ellipse. These values of viscous
coefficients show that the shear forces are thrust producing. Also the percentage contribution of
viscous forces in thrust production is greater for NACA0014 (that is 2.5%) as compared to
ellipse (only 1.3%). For flat plate, the value of viscous coefficient is positive which shows that
viscous forces are drag producing in case of flat plate and their contribution is even greater than

thrust producing viscous forces for NACAO0014 and ellipse. These values of viscous coefficient
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of the three airfoils justify the conclusions drawn by observing velocity vectors of the three

airfoils

Table 5-3 Contribution of pressure and viscous forces at point of minimum value of drag coefficient

Re =10,000, K=2.0

Pressur | Viscous Total Pressure Viscous Total Cv/Cp
Airfoil eforce | force force | coefficient | coefficient | coefficient
n n n Cp Cv Co
NACAO0014 -28.65 -0.78 -29.43 -0.60 -0.016 -0.62 2.5%
Ellipse -17.66 -0.25 -17.91 -0.37 -0.005 -0.37 1.3%
Flat Plate -16.14 0.44 -15.70 -0.34 0.009 -0.33 2.7%

Table 5-4 represents the mean values of drag and lift coefficients of all the three cross

sections. It is observed that time average lift coefficient over one complete cycle is zero

whereas time averaged drag coefficient is nonzero. This is due to the fact that the cycle of

motion of an airfoil is symmetric. Since lift vector acts perpendicular to the surface of airfoil,

during down stroke it is pointed upward and during upstroke it acts in the downward

direction. Both the vectors cancel each other and hence yield zero mean value.

Table 5-4 Mean Values of C; and Cp

Airfoil Re = 10,000, K=2.0
C, Cp

NACAO0014 0.00 -0.27

Ellipse 0.00 -0.17

Flat Plate 0.00 -0.07

However, drag vector does not change its direction as it acts along the surface of the airfoil.

During upstroke and down stroke, only the alignment of the drag vector is changed. Hence

we find a finite value of drag. Also all the three crossections produce negative drag. As thrust




is negative of drag, hence thrust is produced by all the three shapes of airfoils. The reason
behind the thrust generation instead of drag is due to the formation of Reverse Karman
Vortex Shedding in the wake of airfoil in which the upper row consists of counter clockwise
vortices and lower row consists of clockwise vortices as evident from figure 5-5. These
vortices are momentum surplus as compared to the upstream flow and gives thrust to the

airfoil.

52 REDUCED FREQUENCY EFFECT

Reduced frequency is actually the non dimensionalized form of flapping frequency It
is used to describe the flapping frequency of the airfoil. Systematic investigation of reduced
frequency has been carried out to see the effect on aerodynamic performance by seeing the
flow behavior of the plunging airfoils. For this purpose, computations were also performed at
reduced frequencies of K = 1.0 and K = 0.5 for same conditions as defined in the previous
section for reduced frequency of K = 2.0. The corresponding values of the above mentioned

reduced frequencies in Hz are shown in the table 5-5.

Table 5-5 Reduced frequencies and their corresponding values in Hz

REDUCED FREQUENCY | FLAPPING FREQUENCY
K (H2)
2.0 1725
1.0 86.2
0.5 43.1

These values of flapping frequencies in Hz give the information about the flapping cycle of
the plunging airfoil. For reduced frequency K = 2.0, the corresponding flapping frequency in
hertz is 172 which shows that airfoil plunges 172 times per second. This means that the
airfoil completes it flapping cycle that is wing up, wing down and wing up, 200 times every
second. Similarly, K = 1.0 and 0.5 represents that the airfoil flaps 86 and 43 times per second.

It is seen that with the decrease in value of reduced frequency, the value of flapping
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frequency in Hz also decreases. This means that decreasing reduced frequency causes the
number of flaps to reduce and hence the unsteady effect is also reduced. As for biological
flyers, the flapping frequency ranges between 10-600 Hz [27], the chosen frequencies are

within this range showing that the choice of reduced frequencies is suitable for present study.

Figure 5-15 and 5-16 show the C, Vs time and Cp, Vs time plots at reduced frequency,
of K = 1.0 and figure 5-17 and 5-18represent the lift and drag time histories at reduced

frequency of K = 0.5 respectively.

Lift Vs time plot for reduced frequency K = 1.0 shows that maximum and minimum
values of coefficient of lift for NACA0014 and ellipse are almost equal that is 1.5 and -1.4

respectively. Flat plate has a slightly higher value of coefficient of lift that is 1.7 and -1.7.

From drag history, flat plate has a maximum and minimum value of C; equal to 0.11
to -0.79 respectively. Ellipse has Cj, variation between 0.08 to -0.16 and NACA0014 has
0.06 to -0.21. These values of maximum and minimum lift and drag coefficients are given in
table 5-6.

Similarly for K = 0.5, the value of coefficient of lift has been reduced as evident from
figure 5-17. For ellipse C, varies between 0.65 and -0.65. NACA0014 has C; variation
between 0.7 and -0.7 whereas for flat plate lift coefficient has maximum and minimum value

of 1 and -1 as shown in table 5-7.

From figure 5-18, value of C, varies between 0.076 and 0.025 for flat plate, 0.05 and -0.03

for ellipse and 0.04 to -0.05 for NACA0014 as presented in table 5-7.
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Table 5-6 Instantaneous maximum and minimum values of coefficient of lift and drag at Re = 10,000,

K=1.0
Airfoil Re = 10,000, K=1.0
CL max CL min CD max CD min
NACA0014 +1.5 -14 0.06 -0.21
Ellipse +1.5 -1.4 0.08 -0.16
Flat Plate +1.7 -1.7 0.11 -0.79

Table 5-7 Instantaneous maximum and minimum values of coefficient of lift and drag at Re = 10,000,

K=0.5
Airfoil Re =10,000, K=0.5
CLmax CLmin Cp max Cp min
NACAO0014 +0.7 -0.7 0.04 -0.05
Ellipse +0.65 -0.65 0.05 -0.03
Flat Plate +1.0 -1.0 0.076 0.025

From above discussion of instantaneous maximum and minimum values of C;
and Cp, we can conclude that the value of C, decreases with the decrease in the value of
reduced frequency. Also the maximum value of coefficient of lift becomes slightly greater
for flat plate as compared to ellipse and NACAOQ0014. However, the plots of coefficient of
drag shifted towards the positive values with the decrease in the reduced frequency (K)
indicating that the thrust produced by the airfoils is decreased. The value of coefficient of lift
decreases because the vortex becomes the sizable fraction of chord before separating at
reduced frequency K = 1.0 as evident from vorticity contours in figure 5-19. A very high
value of coefficient of lift for flat plate is also observed as compared to other two cross

sections which is due to the formation of stronger vortex as compared to NACA0014 and
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ellipse as observed in figure 5-19. At K = 0.5, low pressure vortex is not formed in case of
ellipse and NACAO0014 because at such low reduced frequency unsteady effect is not very
prominent whereas for flat plate low pressure vortex is visible which is responsible for high

value of lift coefficient as compared to the other two cases.

Table 5-8 Mean lift and drag coefficients at K= 2.0, K=1.0, K= 0.5, Re = 10,000

K=20 K=1.0 K=0.5
Airfoil _ _ _ _ _ _
C; Cp C; Cp C; Cp
NACAO0014 0.00 -0.27 0.00 -0.067 0.00 -0.002
Ellipse 0.00 -0.17 0.00 -0.05 0.00 0.007
Flat Plate 0.00 -0.07 0.00 0.01 0.00 0.048

Table 5-8 represents the mean values of Coefficient of drag and lift at all reduced
frequencies that is K = 2.0, 1.0 and 0.5 respectively. It is seen that at reduced frequency K =
2.0, thrust is produced by all the three shapes of airfoils. When the value of reduced
frequency has been reduced to K = 1.0, value of mean coefficient of drag increases for all the
three cases. Value of mean coefficient of drag remains negative for NACA0014 and ellipse
for this reduced frequency showing that very small amount of thrust is produced at K = 1.0
whereas for flat plate C;, becomes positive showing no thrust generation. For K = 0.5, value
of Cp becomes zero for NACA0014 and ellipse and greater than zero for flat plate. In order
to explore the reason behind this reduction in thrust generation, vorticity contours of all the
three cross sections have been plotted as shown in figure 5-19 and 5-20. It is observed that
the vertical spacing between the two rows of vortices in the wake decreases with the
decrease in reduced frequency which reduces the thrust produced the airfoil. Also the wake
is found to be near the airfoil for K = 2.0 hence producing a significant amount of thrust. For
K = 1.0, wake vorticity is located farther from the airfoil which results in reduction of thrust.

Similarly, for K = 0.5, wake vorticity moves further away from airfoil which results in drag
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production. Pressure and viscous forces at reduced frequencies of K = 1.0 and 0.5 are
tabulated in table 5-9 and 5- 10 respectively. At reduced frequency of K = 1.0, although the
unsteady effect is reduced the pressure forces are still dominating as visible difference is
there for all the three cases. For K = 0.5, the values of pressure forces are very low and also
the difference in values for the three shapes is not very prominent. Hence as the unsteady
effect is reduced, the contribution of viscous forces in drag starts increasing and airfoil shape

effect is reduced.

Table 5-9 Pressure and viscous forces for the three shapes of airfoils at Re =10,000 and K = 1.0

Airfoil Re = 10,000, K=1.0
Pressur Viscous Total | Pressure Viscous Total
e force force force | coefficie | coefficient | coefficie
nt nt
n n n
NACA0014 -10.15 0.09 -10.06 -0.21 0.001 -0.21
Ellipse -7.76 0.23 -7.52 -0.16 0.004 -0.15
Flat Plate -3.96 0.54 -3.42 -0.08 0.011 -0.07

Table 5-10 Pressure and viscous forces for the three shapes of airfoils at Re = 10,000 and K =0.5

Airfoil Re = 10,000, K=0.5
Pressure Viscous | Total | Pressure | Viscous Total
force force force | coefficient | coefficient | coefficient
n n n
NACA0014 -2.99 0.67 -2.31 -0.063 0.014 -0.049
Ellipse -2.53 0.79 -1.73 -0.05 0.016 -0.036
Flat Plate 0.38 0.61 1.0 0.008 0.012 0.02
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d)

SUMMARY

From the above discussion, following points can be summarized

Variation of C;, and Cj, is sinusoidal in behavior with respect to flow time.

All the airfoils produces same amount of lift at high reduced frequency of K=2.0 at the given
Reynolds number whereas there is a visible difference in thrust produced by each shape of airfoil.
Vorticity plot of all the three cases are similar showing that same amount of lift is produced by
each cross section.

Difference in thrust produced by the airfoils is due to change in geometry of airfoil showing that
shape effect is dominant at high reduced frequencies and at high Reynolds number of 10,000.

At low reduced frequencies, flat plate produces high lift coefficient and the difference in thrust

produced by the three shapes of airfoils starts to decrease.
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Figure 5-19 Vorticity Contours of NACA0014, Ellipse and Flat Plate at K=1.0
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Chapter 6: AIRFOIL SHAPE EFFECT ON AERODYNAMIC
PERFORMANCE AND SYSTEMETIC INVESTIGATION OF REDUCED
FREQUENCY AT REYNOLDS NUMBER (Re) OF 1000

The effect of airfoil shape on the aerodynamic performance of plunging airfoils in laminar
regime has also been investigated. Computations have been performed at a Reynolds number
of 1000 and at reduced frequencies of K = 2.0, 1.0 and 0.5 respectively. All other parameters

are kept same as mentioned in the validation studies. Flow has been assumed as laminar.

E Mipae
[Fllat P late
HACADDYS

Lift coefficient, CI

i i 1 L i e i s 1 & 3 s 31
Hos 00525 0055 00575 006 00625
Fhover time, 1

Figure 6-1 C; Vs time plot at Re = 1000, K= 2.0
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Figure 6-1and 6-2 represents lift and drag histories at reduced frequency of K=2.0. It
is observed that the behavior of C;, and Cp, is sinusoidal. The plots of C, are identical for all
the three shapes of airfoil whereas the plots of C,, vary for all the three cases. The values of
Crmax 18 3.9 and C,,,;,, 1S -3.9 for all the three cases. The maximum and minimum values of

coefficient of lift and drag are shown in table 6-1.

Table 6-1 Instantaneous maximum and minimum values of coefficient of lift and drag at Re = 1000,
K=20

Airfoil Re = 1000, K=2.0
CL max CL min CD max CD min
NACA0014 +3.9 -3.9 0.06 -0.7
Ellipse +3.9 -3.9 0.08 -0.4
Flat Plate +3.9 -3.9 0.23 -0.22

The mean values of coefficient of drag and lift at Reynolds number of 1000 and

reduced frequency K=2.0 are represented in table 6-2.

Table 6-2 Mean lift and drag coefficients at K =2.0, K=1.0, K=0.5, Re = 1000

K=2.0 K=1.0 K=05
Airfoil C, <, C, < C, <,
NACA0014 |  0.00 -0.13 0.00 0.03 0.00 | 0.09
Ellipse 0.00 0074 | 0.00 0.04 0.00 | 0.0
Flat Plate 0.00 0.032 | 0.0 0.08 0.00 | 013

Lift and drag histories at reduced frequency K =1.0 are represented in figure 6-3 and
6-4. These plots show that the variation of C; and Cj is sinusoidal. From lift plot, slight
difference in the maximum and minimum values of coefficient of lift is observed. Flat plate

has a little high maximum and minimum value of lift coefficient as compared to ellipse and
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NACAO0014. Drag history shows that the difference between the plots of C,, for NACA0014
and ellipse is very less as compared to flat plate which is more toward the positive values of
coefficient of drag. The maximum and minimum values of coefficient of lift and drag for all
the three cases are given in table 6-3 whereas the mean values of coefficient of lift and drag

at K=1.0 are represented in table 6-2.

Table 6-3 Instantaneous maximum and minimum values of coefficient of lift and drag at Re = 1000,
K=1.0

Re =1000,K=1.0
Airfoil
CL max CL min CD max CD min
NACA0014 +1.4 -1.4 0.16 -0.08
Ellipse +1.3 -1.3 0.195 -0.075
Flat Plate +1.6 -1.6 0.28 0.01

Figure 6-5 and 6-6 represents the C, Vs time and Cj, Vs time plot at K = 0.5. The behavior of
C, and Cp remains sinusoidal as in the case of higher reduced frequencies. C; Vs time plot
depicts that the behavior of C, variation is quite similar for NACA0014 and ellipse
guantitatively as compared to flat plate as it achieves very high positive and negative values
of C, as compared to other two cross sections. Same type of behavior is observed in C, Vs
time plot. The instantaneous variation of coefficient of drag is quite similar for NACA0014
and ellipse as compared to flat plate which is showing very high positive values of maximum
lift coefficient. Table 6-4 summarizes the maximum and minimum values of coefficient of

lift and drag at reduced frequency K = 0.5.
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Now comparing the present case with that of Reynolds number of 10,000 at K=2.0, it
is seen that C; Vs time plots are quite similar qualitatively as well as quantitatively. C, Vs
time plots for both cases reveals that the maximum and minimum values of coefficient of
drag at Re =1000 has been increased as compared with that at Reynolds number of 10,000.
Also the mean values of the coefficient of drag show that the thrust produced by all the three
shapes of airfoils is decreased. This increase in drag is because the viscous forces dominate
the flow at this Reynolds number. Since the viscous forces dominate at low Reynolds
number, therefore the contribution of pressure forces in generation of thrust is decreased and
contribution of viscous forces is increases as compared with that at Re =10,000 as shown in
table 6-4. The difference in the pressure forces of each shape of airfoil is prominent showing
that the shape effect is dominant at the given conditions. Although the wake behind the flat
plate consists of Reverse Karman Vortex Street, the mean value is still positive showing that
drag is produced which is again due to increase in viscous forces as the wake of the airfoil

has the secondary effect on drag/thrust generation of the airfoil.

Table 6-4 Pressure and viscous forces for the three shapes of airfoils at Re = 1000 and K = 2.0

Airfoil Re =1000, K=2.0
Pressure | Viscous Total Pressure | Viscous Total
force force force | coefficient | coefficient | coefficient
n n n
NACA0014 -20.62 0.544 -20.08 -0.437 0.0115 -0.425
Ellipse -14.88 -0.105 -14.988 -0.315 -0.0022 -0.317
Flat Plate -13.56 1.73 -11.83 -0.287 0.0366 -0.250

At K=1.0 and 0.5, plots of C; are very similar to that at Re = 10,000. From drag

histories, it is seen that at Re = 10,000, difference between the Cp, plot for all the three shapes
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of airfoils is prominent but at Re = 1000, the plots of ellipse and NACAO0014 are very close
but difference is prominent as compared to flat plate. Also the mean values of coefficient of
drag at Re = 1000 shows that drag is produced by all the airfoils. This is again due to increase
in viscous forces at this low Reynolds number. At K = 1.0 and 0.5, unsteady effect is reduced
which results in more diffused vortex causing decrease in the thrust produced by the airfoils
as the pressure drag increases. Viscous and pressure forces of all the three cases at K = 1.0
and 0.5 are shown in table 6-5 and 6-6 respectively. The values of pressure coefficient for the
three cases at this Reynolds number show that the shape effect reduces with the decrease in

reduced frequency.

Table 6-5 Pressure and viscous forces for the three shapes of airfoils at Re = 1000 and K= 1.0

Airfoil Re =1000,K=1.0
Pressure | Viscous | Total | Pressure | Viscous Total
force force force | coefficient | coefficient | coefficient
n n n
NACA0014 -5.67 1.87 -3.79 -0.12 0.039 -0.08
Ellipse -4.96 1.74 -3.22 -0.10 0.036 -0.06
Flat Plate -2.49 2.14 -0.34 -0.052 0.045 -0.00

Table 6-6 Pressure and viscous forces for the three shapes of airfoils at Re = 1000 and K = 0.5

Airfoil Re = 1000, K=0.5
Pressure | Viscous Total Pressure Viscous Total
force force force coefficient | coefficient | coefficient
n n n
NACA0014 -0.0286 3.22 3.20 -0.0006 0.0684 0.0677
Ellipse -0.219 3.50 3.28 -0.0046 0.0742 0.069
Flat Plate 1.44 2.50 3.948 0.0305 0.05310 0.083
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Vorticity plots of the three shapes of airfoils at Reynolds number of 1000 presented in
figure 6-7 for reduced frequency of K =2.0 are quite similar when compared with the plots at
Reynolds number of 10,000 referred in figure 5-6. This shows that the same amount of lift is
produced by all the cross sections at both Reynolds numbers. This is also evident from the
lift coefficient plots as shown in figures 5- 2 and 6-1 as these plots are similar qualitatively as
well as quantitatively. Same is the case for K=1.0 and 0.5. Lift histories of all the three
shapes of airfoils are same at both the reduced frequencies as shown in figure 5-15, 5-17 and
6-3, 6-5 respectively. The vorticity contours are also same showing the similarity in lift
produced by all the three cases at both Reynolds number. Only the difference is in the wake

of the airfoil which contributes in the thrust/drag produced by the airfoils.

SUMMARY

a) At low Reynolds number of 1000, for high reduced frequencies, all the shapes
produces same amount of lift as in case of Re =10,000.

b) Difference in thrust produced by the three shapes of airfoils is also observed at high
reduced frequency.

c) Drag coefficient decreases of all the three airfoils as compared to the case of Re
=10,000.

d) With the decrease of Reynolds number, viscous forces increase which causes the

decrease in thrust production.
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Chapter 7: AIRFOIL SHAPE EFFECT ON AERODYNAMIC
PERFORMANCE AND SYSTEMETIC INVESTIGATION OF REDUCED
FREQUENCY AT REYNOLDS NUMBER, Re = 25,000

Computations have also been carried out at Reynolds number of 25,000 in order to explore
the behavior of the three airfoils in pure plunging motion in the fully turbulent flow regime.
SA turbulence model has been used in order to capture the turbulence effects at this Reynolds

number. Systematic investigation of reduced frequencies has also been carried out at K=2.0,

1.0 and 0.5.
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Figure 7-1 Lift Vs time plot at Re = 25,000, K=2.0  Figure 7-2 Drag Vs time plot at Re = 25,000, K = 2.0

Figure 7-1 and 7-2 shows the variation of coefficient of lift and drag with time for the
three shapes of airfoil at reduced frequency of K=2.0. These plots depict that the variation of
C, and Cj, is sinusoidal as for the previous cases. It is also seen that the variation of Cj is
similar for all the three shapes of airfoils but the variation of C; differs for all the three
cases. There is a significant difference in plots of C,, of the three airfoils and NACA0014 is

more towards the negative values. The values of Cjqx 1S 3.2 and Cppin 1S -3.2 for all the
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three cases. The values of Cpax @aNd Cpmin Tor the three cross sections are shown in table 7-

1. Mean values of coefficient of lift and drag are tabulated in table 7-2.

Table 7-1 Instantaneous maximum and minimum values of coefficient of lift and drag at Re=25,000,

K=2.0
Airfoil Re = 25,000, K=2.0
CL max CL min CD max CD min
NACAO0014 +3.2 -3.2 0.15 -0.42
Ellipse +3.2 -3.2 0.2 -04
Flat Plate +3.2 -3.2 0.32 -0.37
Table 7-2 Mean lift and drag coefficients at K = 2.0, K= 1.0, K= 0.5, Re = 25,000
Airfoil K=2.0 K=1.0 K=05
C, Cp C, Cp C, Cp
NACAO0014 0.00 -0.30 0.00 -0.10 0.00 -0.02
Ellipse 0.00 -0.19 0.00 -0.06 0.00 -0.01
Flat Plate 0.00 -0.10 0.00 0.00 0.00 0.03

It is observed that the thrust is produced by all the three shapes of airfoils.
NACAO0014 is producing greatest thrust while the thrust produced by the flat plate is least.
This is again due to the reverse Karman vortex street in the wake of airfoil. The generation of
thrust at this Reynolds number is again due to the contribution of pressure forces as shown in

table 7-3.

Lift and drag histories at reduced frequency of K=1.0 are shown in figure 7-3 and 7-4.
Variation of €, and Cp is sinusoidal. C; Vs time plot depicts that the behavior of

NACAO0014 and ellipse is almost similar whereas the flat plate has slightly high value of
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Cimax that is +1.7 and C,,;, has a value of -1.7. Drag history shows that the difference
between the plots of the coefficient of drag is very prominent even at this low reduced
frequency at Re=25,000. The trend of variation of coefficient of drag for the three cross
sections is similar to the behavior of the airfoils at reduced frequency of K=2.0 that is the plot
of NACAQ014 is more towards the negative values. The values of Cp,,i, has been increased
and Cpmax has been increased in comparison to the values at K=2.0. These values are shown

in table 7-4.

Table 7-3 Pressure and viscous forces for the three shapes of airfoils at Re = 25,000 and K = 2.0

Re = 25,000, K=2.0

L Pressure Viscous Total Pressure Viscous Total
Airfoil L. . L.
force force force | coefficient | coefficient | coefficie

nt
n n n

NACAQ0014 -32.77 -0.64 -33.41 -0.69 -0.013 -0.70

Ellipse -18.93 -0.35 -19.29 -0.40 -0.007 -0.40

Flat Plate -18.30 0.067 -18.23 -0.38 0.001 -0.38

Table 7-4 Instantaneous maximum and minimum values of coefficient of lift and drag at Re = 25,000,
K=1.0

Airfoil Re = 25,000, K=1.0
CLmax CLmin Cp max Cp min
NACA0014 +1.7 -1.7 0.04 -0.26
Ellipse +1.7 -1.7 0.06 -0.18
Flat Plate +1.7 -1.7 0.1 -0.08
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Mean values of lift and drag coefficient are shown in table 7-3. Mean values of drag

coefficient represents that thrust is produced by NACAO0014 and ellipse whereas flat plate is

producing zero drag. Now again investigating the contribution of pressure and viscous forces

in drag production. The values are shown in table 7-4. These values show that thrust

generation is due to pressure forces showing that airfoil shape effect is dominant at Re =

25,000 and K = 1.0.

Table 7-5 Pressure and viscous forces for the three shapes of airfoils at Re = 25,000 and K = 2.0

Re = 25,000, K=1.0

Airfoil Pressure | Viscous | Total force | Pressure Viscous Total
force force . coefficient | coefficient | coefficient
n n
NACAO0014 -12.52 0.15 -12.36 -0.269 0.003 -0.26
Ellipse -8.98 0.17 -8.81 -0.19 0.003 -0.18
Flat Plate -4.55 0.35 -4.19 -0.09 0.007 0.08

Table 7-6 Instantaneous maximum and minimum values of coefficient of lift and drag at Re = 25,000,

K=0.5
Airfoil Re = 25,000, K =0.5
CL max CL min CD max CD min
NACAO0014 +1.0 -1.0 0.04 -0.075
Ellipse +1.0 -1.0 0.04 -0.06
Flat Plate +1.0 -1.0 0.07 0.02

For K = 0.5, the variation of C;, and Cj remains sinusoidal as shown in figure 7-5 and

7-6. At this reduced frequency, the difference in the variation of coefficient of lift of flat plate

becomes more prominent in comparison with the other two cross sections. In case of drag
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coefficient, the difference in maximum and minimum values of coefficient of lift of ellipse
and NACAO0014 has been reduced as the plots of both cross sections comes quite close to
each other. The maximum and minimum values of coefficient of lift and drag are shown in
table 7-6. Mean values of drag and lift coefficient are shown in table 7-2. It is observed that
NACAO0014 and ellipse are producing thrust at such a low reduced frequency at the Reynolds

number of 25,000.

Comparing the results with that obtained at Re=10,000, it is observed that the trend of
variation of both C; and Cj is quite similar at all reduced frequencies. Plots of C; are also
similar quantitatively for both Reynolds number. Comparing C, plots reveal that at all
reduced frequencies, the plots shifted more towards negative side as the values of Cp,y,4, and
Cpmin decreases. This results in decreasing the mean values of coefficient of drag which

shows that the greater amount of thrust is produced by the airfoils in this regime.

Now comparing the vorticity plots of all the three shapes of airfoils at Re = 25,000
with the baseline case that is Re = 10,000 at reduced frequency of K = 2.0. The vorticity
contours of the three shapes of the airfoils are identical as shown in figure 5-5 and 7-7 which
shows that same amount of lift is produced by all the three cross sections at both Reynolds
number. This is also evident from lift plots in figures 5-3 and 7-1 as the variation of lift
coefficient for both Reynolds numbers is similar qualitatively as well as quantitatively. The
vorticity plots also remains same for K = 1.0 and 0.5 for the two Reynolds numbers that is a
large vortex is seen in case of flat plate as compared to other two cross sections for both
Reynolds number for K = 1.0 which shows that the value of coefficient of lift should increase
for flat plate as compared to ellipse and NACAOQ014. This increase in the value of lift
coefficient is also prominent in the lift coefficient plots of both Reynolds numbers as shown

in figure 5-7 and 7-3 respectively. Similarly, for K = 0.5, vorticity contours of all the three
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shapes of airfoils represented in figure 5-12 and 7-9 shows that the unsteady effect is reduced
very much and flow separation is a little bit prominent only for flat plate showing that the
high lift is produced by this cross section as compared to the other two cases at both
Reynolds number. Same is evident from the lift plots of both Reynolds numbers as shown in

figure 5-9 and 7-5 respectively.

SUMMARY

a) Plots of coefficient of lift remains same showing that the same amount of lift is
produced by all the shapes at K=2.0 as in the case of Re =10,000.

b) Difference in drag is observed for all the three airfoils at all reduced frequencies

c) Drag coefficient becomes more negative as compared to the case of Re = 10,000 at all
reduced frequencies.

d) Thrust increases with the increase of Reynolds number because forces decrease with

the increase of Reynolds number.
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Figure 7-7 Vorticity contours at Re=25,000, K = 2.0
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82



NACAO0014 ELLIPSE FLAT PLATE

Position A
€, =080 €, =0.76] €, =081]
Cp =0.02 Cp =0.032 Cp =0.07

RS = s

S -
—— =

Position B

€, =0.62] ¢, =058 €, =0.69]
Cp =-0.02 Cp =-0.01 Cp =0.02

c::,ﬁc_—:_,ﬁm

Position C
€, =077} c,=0.72| gL Z%‘%lé
Cp =-0.06 Cp =-0.053 b=
Position D
¢, =069] C, =_O.66 ! C, =_0.93 l
C, = -0.063 Cp =-0.052 Cp =0.018

— L AT

——E |

83



NACAO0014 ELLIPSE FLAT PLATE

Position E

¢, =0211

C, = 0.025 ¢, =0.247 c,=0297

C, =0.032 C, = 0.069

e
<

4 e e Y

Position F
c,=-0627
C, =-0.023 c,=-0587 c,=-069 7
C, =-0.011 C, = 0.029
Position G
c,=-0777 ¢, =-0.737
Cp = -0.067 C, =-0.053 c,=-0917
C, =0.012
Position H
_ c,=-0667
e il Cp = -0.051 c, =-0.937
C, = -0.063 v
D - .
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Chapter 8: CONCLUSION
In this research, the plunging motion of three different shapes of airfoils has been
investigated numerically by studying the effect of three different parameters one of which
was reduced frequency (K) effect; one was Reynolds number effect and the last one airfoil
shape effect on the aerodynamic force coefficients. The shapes of airfoils include
NACAO0014, ellipse and flat plate having same thickness. Now trying to explain clearly the

effect of all these parameters independently on the force coefficients as follows

1) First of all explaining the reduced frequency (K) effect on the aerodynamic force
coefficients irrespective of Reynolds number and airfoil shape. Computations were carried
out at the reduced frequencies of K = 2.0, 1.0 and 0.5. From the results shown in previous
chapters it is seen that with the variation of reduced frequency (K), the mean value of
coefficient of lift comes out to be zero for all the three shapes of airfoils. It is because the
mean attack remains zero for the whole cycle of plunging motion, therefore the lift remains
zero. It is also observed that with the increase of reduced frequency (K), more thrust is
produced. This is due to the fact that increase in the value of reduced frequency increases the
unsteady effect and hence the vertical spacing between the upper and lower row of the
vortices in the wake of the airfoil increases which results in more thrust production. At low
values of reduced frequencies, the unsteady effect is reduced and the thrust produced by all
the airfoils is also reduced as the vertical spacing between the upper and lower row of
vortices is also decreased. The variation of coefficient of drag with the reduced frequency (K)

is shown in figure 8-1, 8-2 and 8-3 respectively.
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2) Now explaining the effect of Reynolds number irrespective of reduced frequency (K)
and shape of airfoil. It is observed that the behavior of coefficient of lift is same at all
Reynolds number. Plots of drag coefficient Vs Reynolds number are shown in figures 8-4, 8-
5 and 8-6 respectively. It is seen that as the Reynolds number increases, more and more
thrust is produced by all the airfoils. The reason behind this increase in thrust is that as the

Reynolds number increases, fluid becomes less and less viscous which offers less drag to the

airfoils.
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3) As the main aim of the present research is to explore the shape effect at various Reynolds
numbers, therefore summarizing the airfoil shape effect on the aerodynamic force
coefficients irrespective of the effect of reduced frequency and Reynolds number. It is seen
that the more the airfoil has curvature, the more thrust is produced by the airfoil. NACA0014
has more curvature as compared to ellipse and flat plate therefore it produces best thrust as
compared to the other two cross sections at all Reynolds numbers which is evident from
plots of ¢, VsKandCp, VsRe.

Hence form the above discussion, it can be concluded that best thrust is produced by
the airfoil having more curvature, when there is more unsteadiness that is when the airfoil is

made to plunge at high reduced frequency and at high Reynolds number.

89



APPENDIX - A:

UDF OF PLUNGING MOTION

#include"udf.h"

/**************************************************************************

*hkkhkkhkkkikikkkikik

This function defines velocity of center of gravity for pure plunging motion

Equation of Plunging motion is y(t) = hc coswt----------- (Airfoil)

KEAKAKEAKAAEAKAAAAAARAAAAAAAAAAIAAAIAAAITAAAAAAAAAAAAAAkAAAkAAhkArhkhhhkhkrhkhrhhihiiiiiiixkx

************/

static real velocity=0.0;

DEFINE_CG_MOTION (plung,dt,vel,omega,time,dtime)
{

Thread*t;

face t*f;

real pi=3.14159;

[*real velocity;*/

real w=1084.375;

real amp=0.0256;

real wt;

[*reset velocities */
NV_S(vel,=,0.0);
NV_S(omega,=,0.0);
if('Data_Valid_P())
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return;

I* Get the thread pointer for which this motion is defined */
t=DT_THREAD(dt);

I* vel [1] is the vertical plunging velocity */

velocity = -w*amp*sin(w*time);

wt=w*time;

Message ("Time = %f, wt = %f, velocity = %f\n" time,wt,velocity);

}
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RECOMMENDATIONS/FUTURE WORK:

To investigate the airfoil shape effect on thrust production in combined (plunging +
pitching) motion at various Reynolds numbers and reduced frequencies.
To investigate the airfoil shape effect on thrust production at an angle of attack in pure

plunging motion at various Reynolds numbers and Reduced frequencies.
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