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Abstract: Aerofoil, the cross-sectional shape of a wing, has a significant role in any aircraft due to its capability of generating adequate lift to hold 
that aircraft in the air with less drag. The design of the aerofoil with desired aerodynamic characteristics is not so easy till date. Although, at early 
stages of technical development, it was compromised with the performance due to the random designing while test in a flow section. But as time 
rolled on to the later phase of the development era, Wright brothers (Orville Wright and Wilbur Wright) came with the cambered section. At 
present NACA (National Advisory Committee for Aeronautics) has given a proper definition for Aerofoil, which helps us design aerofoil using 
formula instead of randomizing it, to achieve the optimal performance to some extent. In this work, an experimental investigation was carried out 
to enhance the performance of an Aerofoil NACA 4311 by surface modification. Initially the aerodynamic performance of three different shapes 
viz. cambered, flat and symmetrical shaped aerofoil was checked experimentally. Based on this investigation it was concluded that symmetrical 
aerofoil gave quite better performance than cambered and flat shaped aerofoil. After surface modification by placing dimples of different sizes and 
shapes at suction surface of symmetrical aerofoil, it was found that the medium semi cylindrical dimples gave better aerodynamic performance as 
compared to other modifications. 
 
Index Terms: Aerofoil, Lift, Drag, Stall angle, Lift to Drag ratio, Reynolds number.   

——————————      —————————— 

 

1. INTRODUCTION 
THE thought of birds‘ flying transformed into technology on 
the day of 17th December, 1903 when Wright Brothers gave 
human race new wings and thereafter continuous endeavours 
is going on this field. Researchers have put in their enormous 
effort with progress to a great extent but still, there are many 
more findings to be done to get freedom in the air. Continuous 
attempts have been made to enhance the performance of lift, 
speed and aerodynamic efficiency of an aircraft by reducing 
drag. Aircraft wings are the lifting surfaces with the chosen 
aerofoil sections [1]. These wings provide lift by creating a 
situation where the pressure above the wing is lower than the 
pressure below the wing. Since the pressure below the wing 
is higher than the pressure above the wing which makes an 
aircraft fly from the ground. The amount of lift needed by a 
plane depends on the purpose for which it is to be used. 
Heavier planes require more lift while lighter planes require 
less lift than that for the heavier ones. Thus, depending upon 
the use of aeroplane, aerofoil section is determined. Many 
aerofoils designed only for supersonic cruise performance, 
such as a diamond aerofoil, have very low lifting 
characteristics at slow speeds. To counteract this, for some 
wing designs, cambered aerofoils are used in some sections 
to provide lift for subsonic operation.  
From the commercial passenger carriers to supersonic 
fighters used in defence services, everywhere there has been 
an exponential growth in the aviation industry. However, still 
there is a vast scope for further improvements. Here is a 
study that makes one such attempt. At present, different kinds 

of surface modifications are being studied to improve the 
manoeuvrability of the aircraft. Vortex generators are the most 
frequently used modifications to an aircraft surface [2]. 
Surface modification with vortex helps in delaying boundary 
layer separation and this type of flow control is more efficient 
than the other boundary layer control. Here dimples are used 
which act like vortex generator. In order to verify the effect of 
dimples, this computational study has been made starting 
from the study of inward and outward dimpled aerofoil. Based 
on the drag analysis, outward dimples were chosen due to 
better performance. Thereafter the study of different types of 
aerofoil shape such as – symmetrical, cambered and flat is 
done. Transition from laminar to turbulent flow due to the 
positioning of dimples at the surface strongly influences the 
flow separation and the skin friction, thus affecting 
aerodynamic characteristics of aerofoil [3]. Vortex generators 
create turbulence by creating vortices which delays the 
boundary layer separation resulting in decrease of pressure 
drag and also an increase in the angle of stall. A stall, as a 
threat to safe flight, is a condition in aerodynamics and 
aviation industries where the angle of attack increases 
beyond a certain value such that the airflow starts to separate 
and the lift begins to decrease drastically [4]. This critical 
angle is depended upon the aerofoil section or profile of the 
wing, its planform, its aspect ratio, and other factors, but is 
typically in the range of 8° to 20° relative to the incoming wind 
for most of the aerofoils. Airplane wing performance is often 
tainted by flow separation which mainly depends on the 
proper design and effective modifications [1]. Furthermore, 
non-aerodynamic constraints are often to be used in conflict 
with the aerodynamic restrictions, and flow control is required 
to overcome such problems.The surface modifications which 
are being considered in this study are layers of hexagonal 
dimples, semi cylindrical dimples and continuous strips; and 
the position of dimple layers in reference to chord.  Flow 
remains attached with the surface at lower angle of attack. As 
soon as the angle of attack increases, the flow separation 
begins from the particular regime of aerofoil surface to the 
trailing edge of the aerofoil. The separated regions on the top 
of the aerofoil increase in size with the angle of attack and 
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hinder the wing's ability to create lift. At the critical angle of 
attack, separated flow is so dominant that, further increase in 
angle of attack produces less lift, efficiency and vastly more 
drag [5]. In order to verify the effect of the series of dimples, 
results of hollow and solid dimples and relative position of 
dimple series with respect to the chord have been made. 
Through this experimental study, it is aimed at making 
aircrafts more manoeuvrable by defining the layers of dimples 
with their respective position over the aerofoil surface. Also, it 
is looking for improving performance by more CL/CD ratio i.e. 
increasing aerodynamic efficiency. Aerodynamic efficiency is 
one of the key parameters that determine the weight and the 
cost of an airplane. Roughly speaking, an aircraft's range is 
directly proportional to its aerodynamic efficiency without any 
increase in fuel usage. Improved aerodynamics is critical to 
both commercial and military aircraft. For commercial aircraft, 
improved aerodynamics reduces operating costs. It also 
significantly contributes to the national security by improving 
efficiency and performance of military aircraft. The results 
justify the increase in the overall lift and aerodynamic 
efficiency, reduction in drag at higher angle of attack of the 
aerofoil. In this study, an attempt is made to enhance the 
aerodynamic efficiency by adding dimples of a particular 
geometrical shape and of a particular size to the surface of 
NACA 4311 aerofoil. 
 
1.1 Statement of the Problem 
The design of the aerofoil with desired aerodynamic 
characteristics is not so easy till date. Although, at early 
stages of technical development, it was compromised with the 
performance due to the random designing while test in a flow 
section. But as time rolled on to the later phase of the 
development era, Wright brothers (Orville Wright and Wilbur 
Wright) came with the cambered section. At present NACA 
(National Advisory Committee for Aeronautics) has given a 
proper definition for aerofoil, which helps us designing aerofoil 
using formula instead of randomizing it, to achieve the optimal 
performance to some extent. So there was a need to 
investigate and enhance the performance of an aerofoil NACA 
4311 by surface modification.  
 
1.2 Objective of the Work 
The general objective of the study is to increase aerofoil 
efficiency. Now-a-days boundary layer manipulation becomes 
serious effort to enhance performance. After some angle of 
attack the flow separation leads to loss of lift (stall). Flow in 
upper surface creates turbulence in boundary layer of an 
aerofoil. By this condition the flow becomes more resistant to 
separation, and more lift can be generated due to delayed 
stall. In boundary layer when flow separates, a loss of lift and 
an increase in drag cannot be avoided. The objective is to 
postpone separation in tailing edge of an aerofoil so that the 
lift can be increased and drag be reduced.  
 
The research objectives of the study are as follows: 
1. To conduct experimental study for aerodynamic 

performance of cambered, flat and symmetrical aerofoil. 
2. To compare the aerodynamic performance of cambered, 

flat and symmetrical aerofoil and select the best one for 
further analysis. 

3. To conduct experimental study of effect of surface 
modifications using hexagonal dimples, semi cylindrical 

dimples and continuous strips of different size on the 
aerodynamic performance of NACA 4311 aerofoil.  

4. To compare the aerodynamic performance of all above 
three types of surface modifications and find out the 
optimal solution. 

 
1.3  Definition of Key Terms 

 
 

Figure1: Key Terms associated with an aerofoil section of 
NACA 4311 

 
Various terms associated with aerofoils are described below 
[6]: Pressure Surface: Pressure surface is the lower surface, 
where a comparative higher pressure acts due to the design 
consideration as well as flow condition as per Bernoulli‘s 
equation. This pressure surface at the bottom is the basic 
cause to generate lift for aerofoil. Suction Surface: Suction 
surface is the upper surface, where a comparative lower 
pressure acts due to design consideration as well as flow 
condition as per Bernoulli‘s equation. This low pressure at the 
top and the high pressure at the bottom is the basic cause, 
resulting in the difference of pressures that leads to create lift 
for an aerofoil. Trailing Edge: Trailing edge is the part at the 
end of an aerofoil with respect to airflow where the maximum 
curvature is found. This part also helps in the formation of lift 
by turning the flow pattern as per designing of the aerofoil 
surface. Leading Edge: Leading edge is the front edge of the 
aerofoil where the incoming airflow initially strikes and 
generally a surface is built in such a manner where the 
maximum curvature is found. Chord: Chord is the straight line 
drawn between leading edge to trailing edge of an aerofoil. 
Features of the aerofoil are described in percentage of the 
chord measured from leading edge to trailing edge.  
Chord Line and Chord Length: Chord line is the connection 
line between leading and trailing edge and it is straight. Chord 
length is the measured length of the chord line. Thickness: 
The thickness of an aerofoil deviates as per approach 
towards the chord progress. It is being measured through two 
ways: one which is perpendicular to the camber line and other 
which is measured perpendicular to the chord line. Mean 
Camber Line (MCL): Mean camber line is the line which is 
equally divide the surface and passes in the middle of upper 
and lower surfaces is called as mean camber line. The MCL 
for a cambered aerofoil generally is above the chord line 
whereas it is coincident with the chord line in case of 
symmetric aerofoils.  
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Maximum Thickness: Maximum thickness is the maximum 
separation from the bottom edge of lower surface to the top 
edge of upper surface of an aerofoil. It is generally 0.12c or 
12% of the chord Maximum Camber: Maximum camber is the 
maximal distance at any particular point from the Mean 
Centre Line to the chord line. Maximum Camber is generally 
expressed as a % or fraction of the chord. Leading Edge 
Radius: Leading edge radius is the radius of the circle that 
creates the curvature of the leading edge of the particular 
aerofoil. Stalling Speed: Stalling speed is the slowest speed 
at which aircraft stalled to level flight condition. It is defined in 
terms of the maximum lift coefficient as follows: 

      L =  
 

      
C    Or  V =

√ 

 
, 

Here L = W 
Where,   

V   = Velocity of air flow (m/Sec) 
ρ   = Density of air (Kg/m3) 
S   = Surface of aerofoil (m2)      L   = Lift force (N) 
C  = Coefficient of lift                  W = Weight of wing (Kg) 

Angle of Attack (Ø): Angle of attack or Angle of Incidence is 
defined as the angle between the chord line and the relative 
direction of the wind or flight path. In take-off and landing 
operations from short runways, such as Naval Aircraft Carrier 
operations, aircraft may be equipped with angle of attack 
or Lift Reserve Indicators (LRI). These indicators measure the 
angle of attack directly and help the pilot fly close to the 
stalling point with greater precision. Angle of attack indicators 
are used by pilots for attaining the maximum performance. 
Total Aerodynamic Force (TAF): Total aerodynamic force is 
the total force on the aerofoil produced by the aerofoil shape 
and relative flow of air. A total aerodynamic force is generated 
when a stream of air flows over and under an aerofoil that is 
moving through the air. The point at which the air separates to 
flow about the aerofoil is called the Point of Impact. Lift: Lift is 
the perpendicular component of Total Aerodynamic Force 
(TAF) to the relative wind or flight path.  Lift is 
the component of this force that is perpendicular to the 
oncoming flow direction. Lift conventionally acts in an upward 
direction in order to counter the force of gravity, but it can act 
in any direction at right angles to the flow. Drag: Drag is the 
parallel component of Total Aerodynamic Force (TAF) to the 
relative wind or flight path. A drag force is the resistance force 
caused by the motion of a body through a fluid, such as water 
or air. A drag force acts opposite to the direction of the 
oncoming flow velocity. This is the relative velocity between 
the body and the fluid. Flap: Flap is an artificial moving 
surface attached at trailing edge and inboard to fuselage to 
provide high lift or drag to the aerofoil section. When flap is 
deflected downwards, the lift coefficient increases due to 
increase in camber of aerofoil sections. Stall Angle: Generally, 
by the increase in Angle of Attack, lift also increases but after 
a certain angle the lift starts decreasing. That angle is called 
Stall Angle and the placed condition is called as Stall. 
 

2 LITERATURE REVIEW 
Dwivedi et al. [7] adopted a simple approach for experiment 
on aerodynamic and static stability analysis of different types 
of wing shapes. They tested the reduced scale sized wings of 
different shapes like rectangular, rectangular with curved tip, 
tapered, tapered with curved tip, etc. in low speed subsonic 
wind tunnel at different air speeds and different angles of 
attack. The authors found that the tapered wing with curved 

tip was the most stable at different speeds and ranges of 
working angles of attack. Nazmul et al. [8] studied with two 
different planforms like wooden model with straight leading 
and trailing edge i.e. rectangular planform and another model 
with curved leading edge and straight trailing edge which 
were prepared with NACA 4412 aerofoil in equal length (span) 
and surface area. Both the models were tested in a closed 
circuit wind tunnel at air speed of 85.35 kph (0.07 Mach) i.e. 
at Reynolds number 1.82 × 10

5
. After analysing the data, it 

was found that the curved leading edge wing planform was 
having higher lift coefficient and lower drag coefficient than 
the rectangular wing planform. The critical angle of attack of 
two planforms remained around 16° beyond which stall 
occurred. Rathod [9] done his experiments with the help of 
subsonic wind tunnel with variable wind velocity. Symmetric 
aerofoil NACA 0017 was used in his experiment. In result he 
showed that the stall occurred nearly to the 16

o
 angle of 

attack. He also concluded that with increase in angle of attack 
velocity drag reduced up to a certain limit and after that it was 
considerably high. Gerakopulos et al. [10] analysed 
symmetrical aerofoil NACA 0018 in his experiments. Pressure 
distribution at the surfaces was measured and calculation was 
done to figure out the relationship between the performance 
of aerofoil and the development of separated flow region. 
With the help of measured data two distinct regions were 
identified, first was of rapid and linear growth of coefficient of 
lift at low angle of attack and second was of more gradual and 
linear growth at the high pre-stall condition Ranzenbach et al. 
[11] demonstrated the ground effect for a single element 
aerofoil configuration. They performed experiments and did 
numerical studies on single element symmetrical and 
cambered aerofoils. They found that the lift force reaches a 
maximum at a ground clearance of approximately 0.01% of 
chord length. Beyond this the aerofoil and ground boundary 
layers were found to merge, which was given as the 
explanation for reduced lift force very close to the ground. 
However, very close to the ground, these codes tend to give 
very high values of lift. Gall et al. [12] addressed that aerofoil 
profile was an important parameter for wing designing 
because wing efficiency totally depends upon aerofoil profile 
and its surface condition. This research also suggested that 
the roughness on the aerofoil was the cause to delay the flow 
separation. Surface modification helped in delaying boundary 
layer separation that directly made effect in drag and the 
outcome was more efficient than that in the case of the other 
boundary layer control methods. Hui Hu [13] investigated 
laminar flow separation on a modified surface with bubble 
over an aerofoil and it bursts suddenly causing stall when 
angle of attack (AOA) increases greater than 12

o
 and it was 

found that addition of bumpy surface can be done in order to 
delay the flow separation on the aerofoil surface. Dhiliban et 
al. [14] studied aerodynamic performance of aerofoil by 
providing rear roughness. Significant reduction in drag was 
seen when the roughness provided on the upper surface of 
aerofoil with the AOA above 5

o
. Bhogle et al. [15] conducted 

another experiment where the aerofoil suction surface was 
modified with dimples from 3% of chord length to 70% of 
chord length of NACA 0012 aerofoil in order to delay the flow 
separation and improve the performance of aerofoil. In their 
work, NACA 0012 aerofoil was considered for analysis of wind 
turbine blade. The performance of an aerofoil was measured 
by lift to drag ratio, which could be increased either by 
increasing the lift force or decreasing the drag force. The lift 

https://en.wikipedia.org/wiki/Vector_(geometric)#Vector_components
https://en.wikipedia.org/wiki/Gravity
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and drag forces were calculated at different angle of attack 
varying from 0

o
 to 20

o
 and experiment were conducted 

covering the angle of attack as 0°, 10°, 15°, 17°, 19°, and 20°. 
But this study did not clearly mention the correct position of 
dimples in reference to chord. Deepanshu [16] studied flow 
control over aerofoil using different shaped dimples by placing 
outward and inward dimples on the wing model and found 
that dimples on the surface of aircraft wing model didn‘t affect 
the pressure drag much but it affected its aerodynamics 
performance when the aerofoil was positioned at different 
angle of attacks. Dimples delayed the boundary layer 
separation by creating more turbulence over the surface.   
After reviewing the various research papers and conference 
proceedings related to aerodynamic performance of aerofoil, 
the research gap was identified. The details of the gap 
identified are given below: 
i. Previous works were done to enhance the aerodynamic 

efficiency, to make an increase in lift, to reduce drag force 
and to delay boundary layer separation by changing the 
geometry of aerofoil or by surface modification with vortex 
generators or by placing dimples in upper surface of an 
aerofoil. 

ii. In previous works only the single shape like circular 
dimples were used for surface modification to study the 
aerodynamic performance of aerofoil. 

iii. There was a scope to examine the aerodynamic effect of 
surface modification by placing the different sizes and 
shapes of dimples on the suction surface of aerofoil. 

 

3 EXPERIMENTAL SETUP 

The details of the experimental setup and description of wind 
tunnel are presented in this section. The experimental 
procedures for the different phases of experiments are also 
mentioned here. 
 
3.1 Description of the Wind Tunnel 
As per the defined scheme, the experiments were conducted 
at 7.4 m long low speed wind tunnel located in the Fluid 
Mechanics Laboratory of Christian College of Engineering 
and Technology, Bhilai, India. The body of the wind tunnel is 
made of wood with honeycombed structure. It was further 
reinforced by wooden strips to maintain the strength of the 
tunnel. The body of the tunnel is divided into three major 
sections i.e. inlet section called as Effuser, centre part called 
as Test section and outlet section called as Diffuser. Effuser is 
3.8 m long which is gradually convergent towards the centre 
and made of wooden strip of honey combed structure as 
mentioned above. Face of the effuser is made of much closed 
and meshed rectangular structure that facilitated laminar air 
flow at the entry of the section. A test section is at 4 m 
downstream of tunnel entrance as shown in Fig. 2 and Fig. 3. 

 
Figure 2: Schematic diagram of wind tunnel 

 
Figure 3:  Actual photograph of wind tunnel  

 
Three sides of thick Perspex made rectangular test section of 
0.3×0.3×0.9 m3 as shown in Fig. 3 were used in placing the 
models and provided clear visibility while tests were 
conducted. A small Perspex side window and total top thick 
Perspex cover can be opened whenever requirement arises; 
otherwise both the panels remained closed during an 
experimental run. A connecting rod that is attached with a 
special mechanism at the bottom of test section arranged for 
holding the model under test is shown in Fig. 4 (c). An angle 
protector set with angle turning mechanism monitored the 
defined angle of attack whenever test was carried out. 
Continuous divergent, 3.4 m long wooden honeycomb end 
section is the diffuser. At the end of the diffuser, blower is 
attached to create the flow of air within the tunnel. A 
photographic view of different sections of the tunnel is shown 
in Fig. 4 (a) and Fig. 4 (b). A bend Pitot tube is positioned at 
that section to observe the velocity of the flow while 
experiments were conducted. A specially designed hot air gas 
indicator was also used to record the velocity of flow. A long 
data acquisition control panel was placed on the stand where 
fifteen Piezometer tubes are mounted to record the pressure 
if required, at the different section of aerofoil under test as 
shown in Fig. 4 (d). Three separate digital indicators were 
used to record drag force, lift force and velocity for every 
change of circumstances in the experiments. An on/off switch 
mounted over the panel to start and stop the blower as and 
when requirement arises during the period of experiment is 
shown in Fig. 4 (d). 

 
Figure 4: A photographic view of (a) Front part of blower 
coupled with motor, (b) Test section with Angle turning 

mechanism (c) Connecting rod, (d) Data acquisition system 
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4 MATHEMATICAL MODEL USED 
Equations used in the experiment are given as below [17]:  

 

L =  
1

2
C  ρAV

  

 

D =
1

2
C  ρAV

  

 
Where, 

 L is defined as lift force and D is drag force (N) 

 ρ is the density of the fluid (Kg/m3) 

 V is the velocity of the fluid/air with respect to the 
object/aerofoil (m/s) 

 C  is the coefficient of lift 

 C  is the coefficient of drag 

 

M =
μ

C
 

Where, 

 M is the Mach number 

 μ is velocity of the moving aircraft   

 C is the speed of sound at the given altitude 
 

5 AEROFOIL PROFILE USED IN EXPERIMENT 
The NACA aerofoils are aerofoil shapes for air ship wings 
which are designed by the National Advisory Committee for 
Aeronautics (NACA). The state of the NACA aerofoils is 
depicted regarding arrangement of digits taking after "NACA". 
The numerical code can be gone into mathematical 
statements of aerofoil to produce the cross-area of the 
aerofoil and compute its properties. The NACA aerofoil 
arrangement, the 4-digit, 5-digit, and adjusted 4-/5-digit, were 
created utilizing scientific comparisons that portrays the 
camber of the mean-line (geometric centreline) of the aerofoil 
area and additionally the segment's thickness conveyance 
along the length. Later, including the 6-Series, confused 
shapes were inferred utilizing hypothetical techniques. Prior to 
the National Advisory Committee for Aeronautics (NACA) 
added to these arrangements, aerofoil configuration was 
somewhat discretionary outlines aside from past involvement 
with known shapes and experimentation with adjustments to 
those shapes. 
 
5.1 Four Digit NACA Series 
The NACA 4311 four-digit wing sections that is used for the 
test is described below [18]: First digit: Provides maximum 
camber which is in percentage of the total chord length, here 
‗4‘ is the 1

st
 digit that indicates maximum camber is 4 % of the 

chord. Second digit: Provides the distance of maximum 
camber from leading edge in tens of percentage of the chord, 
here ‗3‘ indicates maximum chamber positioned at 30% of the 
chord length from the leading edge. Last two digits: Describe 
maximum thickness of the aerofoil as percentage of the chord 
i.e. ‗11‘ as describe above, the design aerofoil has thickness 
of 11% of the chord. The NACA 0015 aerofoil is a symmetrical 
aerofoil where the ‗00‘ is indicating that it has no camber. The 
‗15‘ indicates that the aerofoil has a 15% thickness to chord 
length ratio. 

 
Figure 5: Diagrammatic representation of NACA four digits 

aerofoil 
Purposeful aspect of considering the NACA 4 – digit series 
over the other aerofoils: Though there are various types of 
wings available but the researchers generally use NACA 4311 
in thier experiment because it has good stall properties and 
has low roughness effect. Despite having the benefits, it has 
also a low lift coefficients and a relatively high drag. Taking all 
the facts into account including the influence of wing‘s 
geometry in aerodynamic efficiency it has been also shown 
that NACA 4-series aerofoils yield peak power coefficients as 
great as NACA‘s other digit aerofoils and have broader and 
flatter power coefficient-tip speed ratio curve. These are 
mainly used for general aviation, supersonic jet, helicopter 
blades, missiles and rockets. Their lift and drag values differ 
from each other and vary with changing angle of attacks. That 
is the reason why the researchers want to use different 
planforms of NACA 4311 to undergo various test in wind 
tunnel to observe their different aerodynamic characteristics. 
 

6 RESEARCH METHODOLOGY 
 
6.1 Aerodynamic Performance of Different Shapes of 
Aerofoil 
In aerodynamics, the main source of the airplane drag is 
related with the wing. Around two-thirds of the total drag of 
typical transport aircraft at cruise conditions is produced by 
the wing. The drag stems from the vortices shed by an 
aircraft‘s wings, which causes the local relative wind 
downward and generate a component of the local lift force in 
the direction of the free stream. By designing wings, which 
force the vortices farther apart and at the same time create 
vortices with larger core radii, it is possible to reduce the 
amount of drag, which is induced by the aircraft, significantly. 
Airplanes which experience less drag require less power and 
therefore less fuel to fly an arbitrary distance, thus making 
flight commercial, more efficient and less costly. An efficient 
wing plays a vital role to make the flight safe, smooth, 
effective and less costly. So the geometry of aircraft wings is 
most important which is based on aerofoil. So in this work 
changing the shape of aerofoil was studied which gave high 
aerodynamic efficiency. Eventually, the selection of basic 
lifting surfaces of aircraft, aero-wing, is one of the very vital 
issues on the basis of lift, drag and performance. The 
designing of the Aerofoil with desired aerodynamic 
characteristics is not so easy till date. From the beginning 
enormous number of scientist and engineers worked hard in 
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this field for development of proper shape and designing of 
aerofoil. Here a little effort was taken to study the 
performance of varying design of aerofoil with the help of low 
velocity wind tunnel. An experimental investigation and an 
enhancement in the performance of an aerofoil of different 
shapes were considered for the study. The study was 
conducted at Mach number 0.71 and Reynolds number 
2.11×10

5
 as well as altering the shape of three different 

aerofoil. All the aerofoil has been tested for a wide range of 
angle of attack from 0° to 20° at a step of 2° interval. Initially 
the aerodynamic performance of three different shapes viz. 
cambered, flat and symmetrical shaped aerofoil was checked 
experimentally. Based on this investigation it was concluded 
that symmetrical aerofoil gave quite better performance than 
cambered and flat shaped aerofoil [19]. So this symmetrical 
aerofoil shape was considered for further analysis. 

 
Figure 6: Symmetrical aerofoil 

 
6.2 Enhancement of Aerodynamic Performance by 
Surface Modification  
It was evinced that, transition from laminar to turbulent flow 
due to the modification at the surface strongly influences the 
flow separation and the skin friction and thus affecting the 
airfoil aerodynamic characteristics. So, the alteration of 
surface of aerofoil with dimples is a vital issue on the basis of 
lift, drag and performance. Here the work presents an effort to 
study the performance of aerofoil by modifying the suction 
surface with the help different shape and sizes of dimples. It 
was already known and cited above that dimples in general 
act as vortex generator and in turn retard flow separation at 
higher angle of attack. So, obviously in most of the cases the 
performance is directly affected by the cause of flow 
separation at higher angle of attack and here this vortex 
generator delayed the separation of flow that enhances the 
efficiency. This work was carried out by putting hexagonal 
dimples, semi cylindrical dimples and continuous strips at the 
suction surface for comparison. The results are compared 
between them and at the end the final result is evaluated and 
compared with the different surface modifications. Regular 
symmetrical Aerofoil such as NACA 4311 aerofoil was 
considered and wooden models for rectangular wing and 
curved leading-edge wing were prepared having the span of 
305 mm and surface area of 4148 mm

2
. For rectangular wing, 

the chord length is 136 mm throughout length of the span. 
The multi-tube Piezometer mainly consists of a water tube 
and 2 manometer glass tubes connected to the tapping points 
in wing model surfaces. Each limb was fitted with a scale 

graduated in mm to measure the difference of water height 
fixed on the data acquisition control panel of the wing tunnel. 
The static pressure was calculated from the difference in 
water height level in all the cases, though the pressure 
variation was not studied in this experiment. Fig. 7 represents 
a regular symmetrical aerofoil made up of wood. The upper 
surface was modified for the experimental work by the 
addition of different type of dimples. 

 
Figure 7: Regular symmetrical aerofoil 

 
6.2.1 Surface Modification using Hexagonal Dimples 
Surface modification of the above described aerofoil was 
done by applying different hexagonal dimples of sizes: 8 mm, 
10 mm, and 12 mm respectively. The position of dimples was 
chosen at 66% of the chord length from the leading edge of 
the aerofoil because in the previous experiment at this 
position got the best result with respect to all other positions 
at the suction surface of the aerofoil. Here, Fig. 8 (a), (b) and 
(c) depicted the different sizes of dimples modified surfaces 
that was taken for experimental testing in low velocity wind 
tunnel. 

 
Figure 8: The aerofoil surface modified with hexagonal 
dimples of sizes (a) 8 mm, (b) 10 mm, and (c) 12 mm 

 
6.2.2 Surface Modification using Semi Cylindrical 
Dimples 
Fig. 9 (a), (b) and (c) show the modified surface with different 
sizes of semi cylindrical dimples i.e. small, media and large; 
and that were taken for experimental runs to make a 
comparison with the hexagonal size of dimple modified 
surfaces. 
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Figure 9: The aerofoil surface modified with semi cylindrical 
dimples of different sizes as shown in (a) 25×22×10 (small), 

(b) 25×14.5×7 (medium) and (c) 25×11×5 (large)  
 
6.2.3 Surface Modification using Continuous Strips  
Fig. 10 (a), (b), and (c) illustrate the different sizes of 
continuous strips that were placed at the suction surface of 
the given aerofoil. The length, width and height of the strips 
were 305×22×10 as large strip, 305×14.5×7 as medium strip 
and 305×11×5 as small strip respectively. The position of the 
strip was selected at 66% of the chord length from the leading 
edge of the aerofoil as earlier.  

 
Figure 10: The aerofoil surface modified with the strip of 

varying sizes (a) 305×22×10 (thick), (b) 305×14.5×7 
(medium) and (c) 305×11×5 (narrow).  

 
6.3 Designing of Regular Symmetrical Aerofoil with 
Surface Modification 
As the first step for creating the aerofoil model, the data of 
airfoil was taken from the NACA database where data 
regarding various airfoils are stored like a repository. Those 
coordinates of aerofoil were saved in an Excel file. Then, data 
of NACA 4311 profile were imported to AutoCAD and a curve 
was generated. Thereafter, a surface was generated to 
complete the modelling of the airfoil. Following this, the 
hexagonal dimples were created and placed at the 66.6% of 
the chord length from leading edge on the suction surface of 
aerofoil. After that, solid aerofoil was brought into ANSYS 
work bench for simulation of flow over the modified surface. 
Only the basic analysis was carried out to show the flow 
profile and velocity profile of the air stream above the suction 
surface of aerofoil in normal as well as modified condition. 
The regular aerofoil structure of NACA 4311 modified with 
hexagonal dimple in the single row is illustrated in Fig. 11. 

 
Figure 11: Graphical design of aerofoil (NACA 4311) with 

hexagonal dimples  
Flow variation above the suction surface and velocity profile 
at the suction surface of regular aerofoil is shown in Fig. 12. 
Flow pattern at the highest thickness extended to maximum 
as compared to leading and trailing edge section. If we look 
into the velocity contour over the regular aerofoil it is vivid that 
the velocity gradually increases from the leading edge to 20% 
of the chord length and again it gradually decreases when the 
aerofoil is placed at zero-degree angle of attack. Stagnation 
velocity observed before the curvature section of the leading 
edge of the aerofoil. Similarly at the trailing edge velocity is 
recorded as the minimum as shown in the sky-blue zone. 

 
Figure 12: Velocity contour in aerofoil 

 
The change of flow variation above the suction surface and 
velocity profile of dimple-modified surface is shown in Fig. 13. 
After selecting the symmetrical aerofoil, surface modification 



INTERNATIONAL JOURNAL OF SCIENTIFIC & TECHNOLOGY RESEARCH VOLUME 8, ISSUE 12, DECEMBER 2019          ISSN 2277-8616 

 

528 

IJSTR©2019 

www.ijstr.org 

was done by placing 8 mm hexagonal dimples. In a 
subsequent step a simulation was done in ANSYS to study 
the profile of flow separation. Here due to the hexagonal 
dimples at the surface, the flow pattern and the velocity 
contour totally changes from the regular aerofoil. Flow pattern 
at the suction surface forms two loop structure where a larger 
loop at the leading edge and a smaller loop towards the 
trailing edge closed to dimple. Now velocity contour is 
extended when it is compared with regular aerofoil and very 
low velocity is observed just beyond the zone of vortex 
generator. In the comparison it was also observed that dimple 
modified surface recorded highest velocity 52.7 m/sec which 
is lesser than 54.09 m/sec, which was found in the regular 
aerofoil. The presence of vortex generator decreases the 
negative velocity. It means that the flow circulation at the 
trailing edge diminishes which indicates delayed flow 
separation and that may cause the effective increase of lift 
and efficiency by retarding the drag coefficient of the surface. 

 
Figure 13: Velocity contour in aerofoil with hexagonal dimples 
 

7 RESULTS AND DISCUSSION 
Experiment was conducted in a wind tunnel of low velocity. 
The findings from the experiment are discussed through two 
segments – data sets and discussion of the obtained results 
along with the plotting in a translucent manner. A wooden 
aerofoil surface modified with hexagonal dimples, semi 
cylindrical dimples and continuous strips were taken into 
account. They all were placed at the 66% of the chord length 
from leading edge and the following observations were 
recorded. 
 
7.1 Data Analysis 
 
7.1.1 Regular symmetrical aerofoil 

 
Table 1: Dataset of regular symmetrical aerofoil 

S. No. AOA Lift Force Drag Force Lift/Drag 

1 0 1.14 0.32 3.56 

2 2 1.25 0.32 3.90 

3 4 1.39 0.32 4.30 

4 6 1.49 0.32 4.65 

5 8 1.59 0.33 4.71 

6 10 2.22 0.42 5.22 

7 12 2.58 0.45 5.66 

8 14 3.45 0.55 6.12 

9 16 4.90 0.75 6.53 

10 18 5.35 0.75 7.13* 

11 20 2.31 2.12 1.08 
*
Maximum Efficiency 
Fig. 14 describes the plot of coefficient of lift (CL), coefficient 
of drag (CD) and coefficient of lift to drag ratio (CL/CD) in 
varying angle of attack (Ø) in the range of 0° to 20° 
respectively. The value of CL varies from 1.14 to 2.31 for a 
range of angle of attack from 0°

 
to 20°

 
respectively, and 

maximum value of CL is recorded as 5.35 at 18°. Similarly, the 
value of CD varies from 0.32 to 2.12 for angle of attack from 
0° to 20°, and the minimum value of CD was found as 0.32 up 
to 6°

 
angle of attack. The performance i.e. CL/CD also varies 

accordingly and maximum value is observed as 7.13 at 18° 
angle of attack. Plot also clearly describes that performance 
of the aerofoil is suddenly fallen at 18° angle of attack due to 
stall. 

 
Figure 14: Coefficient of lift (CL), coefficient of drag (CD) and 

coefficient of lift to drag ratio (CL/CD) in varying angle of attack 
(Ø) for regular symmetrical aerofoil 

 
7.1.2 Modified surfaces with varying sizes and shapes of 
dimples 

 
Table 2: Dataset of modified suction surface with 8 mm 

hexagonal dimples 
S. No. AOA Lift Force Drag Force Lift/Drag 

1 0 2 0.29 6.90 

2 2 2.21 0.31 7.12 

3 4 2.51 0.34 7.38 

4 6 3.56 0.36 9.88 

5 8 4.48 0.37 12.11 

6 10 4.57 0.43 10.63 

7 12 5.00 0.42 11.90 

8 14 5.24 0.44 11.90 

9 16 5.29 0.44 12.02* 

10 18 4.65 1.05 4.43 

11 20 4.39 1.15 3.82 
*
Maximum Efficiency 
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Table 3: Dataset of modified suction surface with 10 mm 
hexagonal dimples 

S. No. AOA Lift Force Drag Force Lift/Drag 

1 0 1.78 0.27 6.59 

2 2 2.21 0.29 7.62 

3 4 2.57 0.32 8.03 

4 6 3.29 0.35 9.40 

5 8 4.07 0.39 10.44 

6 10 4.57 0.43 10.63 

7 12 4.9 0.46 10.65* 

8 14 4.97 0.48 10.35 

9 16 4.24 1.05 4.04 

10 18 4.74 1.09 4.35 

11 20 4.90 1.36 3.60 
*
Maximum Efficiency 

 
Table 4: Dataset of modified suction surface with 12 mm 

hexagonal dimples 
S. No. AOA Lift Force Drag Force Lift/Drag 

1 0 0.14 0.32 0.44 

2 2 1.57 0.32 4.91 

3 4 1.77 0.32 5.53 

4 6 1.89 0.33 5.73 

5 8 2.05 0.34 6.03 

6 10 2.57 0.37 6.95 

7 12 2.92 0.39 7.49* 

8 14 2.97 0.41 7.24 

9 16 3.02 0.43 7.02 

10 18 2.49 1.1 2.26 

11 20 2.31 1.15 1.85 
*
Maximum Efficiency 

Figure 15 (a) Coefficient of lift (CL), (b) Coefficient of drag 
(CD), and (c) Coefficient of lift to drag ratio (CL/CD) for 
symmetrical aerofoil with 8 mm, 10 mm and 12 mm 

hexagonal dimples 
 
Fig. 15 exhibits the plot of coefficient of lift (CL), coefficient of 
drag (CD) and coefficient of lift to drag ratio (CL/CD) in the 
vertical axis for three different modified surfaces and the 
horizontal axis represents angle of attack for the above plots.  
Fig. 15 (a) shows the CL value of all three different sizes, such 
as 8 mm, 10 mm and 12 mm of hexagonal dimples of 
modified surfaces in varying angle of attack (Ø) for the range 
of 0° to 20° respectively. The plot depicts that modified 
surface with 8 mm hexagonal dimples is superior as 
compared to modified surfaces by 10 mm and 12 mm 
hexagonal dimples. The value of CL for all dimple-modified 
surfaces constantly increases from 0° to 16° and thereafter it 
decreases and the highest value of lift coefficient is noted 
approximately at 16°

 
angle of attack. It is also revealed that 

modified surface with 8 mm hexagonal dimples produces 
6.43% and 75.16% higher CL value as compared to modified 
surfaces with 10 mm and 12 mm hexagonal dimples.  
Fig. 15 (b) demonstrates the CD value of modified surfaces by 
all three different sizes, such as 8 mm, 10 mm and 12 mm of 
hexagonal dimples in varying angle of attack. The plot for CD 
for all three different sizes of dimple modified surfaces 
followed very close curve up to 16° angle of attack and 10 
mm dimple modified surface confirm early stall as compared 
to other two surfaces. Fig. 15 (c) shows the value of CL/CD of 
modified surfaces by all three different sizes dimples in 
varying angle of attack for the entire range. The plot clearly 
shows that surface modified with 8 mm hexagonal dimple is 
the best amongst all the modified surfaces. The highest value 
of CL/CD for surface modified by 8 mm dimples is traced as 
12.02 at 16°

 
Ø which is 13% and 60% higher than modified 

surfaces by 10 mm and 12 mm dimples respectively. 
 

Table 5: Dataset of modified suction surface with narrow strip 

S. 
No. 

AOA 
Lift 

Force 
Drag 

Force 
Lift/Drag 

1 0 0.5 0.29 1.72 

2 2 0.76 0.30 2.53 

3 4 1.63 0.32 5.09 

4 6 2.44 0.33 7.39 

5 8 2.67 0.35 7.62 

6 10 3.90 0.38 10.26 

7 12 4.14 0.39 10.61 

8 14 4.35 0.40 10.87 

9 16 4.65 0.41 11.34* 

10 18 4.75 1.10 4.32 

11 20 4.13 1.33 3.11 
*
Maximum Efficiency 

 
Table 6: Dataset of modified suction surface with medium 

strip 
S. No. AOA Lift Force Drag Force Lift/Drag 

1 0 0.36 0.56 0.64 

2 2 1.15 0.48 2.40 

3 4 1.93 0.46 4.20 

4 6 2.74 0.45 6.09 

5 8 3.6 0.42 8.57 

6 10 4.1 0.4 10.25 

7 12 4.44 0.42 10.57 

8 14 4.75 0.46 10.33 

9 16 5.73 0.44 13.02* 

10 18 4.4 1.12 3.93 

11 20 4.53 1.33 3.41 
*
Maximum Efficiency 

 
Table 7: Dataset of modified suction surface with thick strip 

S. No. AOA Lift Force Drag Force Lift/Drag 

1 0 0.51 0.61 0.84 

2 2 0.69 0.6 1.15 

3 4 0.96 0.6 1.60 

4 6 2.03 0.55 3.69 

5 8 2.45 0.54 4.54 

6 10 3.13 0.52 6.02 

7 12 3.73 0.5 7.46 

8 14 4.6 0.5 9.20* 

9 16 4.64 0.52 8.92 

10 18 4.82 0.54 8.93 
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11 20 4.55 1.14 3.99 
*
Maximum Efficiency 
Fig. 16 is the plot for (a) coefficient of lift (CL) for modified 
surfaces with 8 mm, 10 mm and 12 mm hexagonal dimples, 
(b) coefficient of lift (CL) for modified surfaces with thick strip, 
medium strip and narrow strip and (c) coefficient of lift (CL) for 
modified surfaces with large, medium and small cylindrical 
dimples in varying angle of attack (Ø) in the range of 0° to 20° 
respectively. 
 In Fig. 16 (a) 8 mm dimples give the maximum value of CL. It 
is 5.29 at 16°

 
angle of attack. It is also the highest value of CL 

as compared to the modified surfaces by 10 mm and 12 mm 
dimples. In Fig 16 (b) the value of CL of modified surface by 
medium strips is 5.73 at 16°

 
angle of attack whereas the value 

of CL is 4.82 for thick and the value of CL is 4.75 for narrow 
strip at 18°

 
angle of attack. Experimental result shows strip-

modified surfaces produces very close trends for varying 
sizes of strips, i.e. varying strip thickness has no prominent 
effect to alter the value of CL. The value of CL for medium 
strip-modified surface is recorded as 20.63% and 18.88% 
higher than narrow strip and thick strip-modified surfaces if 
the other parameters remain same. Fig. 16 (c) demonstrates 
the plot of coefficient of lift (CL) for large, medium and small 
semi cylindrical dimples in varying angle of attack (Ø) and the 
small, medium and large cylindrical dimples gave the 
maximum value of 4.89, 5.84 and 5.61 at 14°

 
angle of attack 

respectively. By comparing all the modified surfaces, it is seen 
that medium semi cylindrical dimples give the best lift 
coefficient of 5.84 at 14°

 
angle of attack. The result also 

shows that 8 mm hexagonal dimpled surface is the best 
amongst the other two different sizes of hexagonal dimple 
modified surfaces and similarly the medium strip amongst the 
other strips and medium semi cylindrical dimples amongst the 
other semi cylindrical dimples. 

Figure 16: Coefficient of lift (CL) for (a) 8 mm, 10 mm and 12 
mm hexagonal dimples, (b) thick strip, medium strip and 
narrow strip and (c) large, medium and small cylindrical 

dimples 
 

Table 8: Dataset of modified suction surface with small semi 
cylindrical dimples 

S. No. AOA Lift Force Drag Force Lift/Drag 

1 0 1.56 0.12 13.00 

2 2 1.75 0.19 9.21 

3 4 2.01 0.19 10.58 

4 6 2.49 0.21 11.86 

5 8 3.12 0.22 14.18 

6 10 4.13 0.23 17.95* 

7 12 4.56 0.26 17.54 

8 14 4.89 0.35 13.97 

9 16 4.57 1.01 4.52 

10 18 4.23 1.09 3.88 

11 20 4.04 1.16 3.48 
*
Maximum Efficiency 

 
Table 9: Dataset of modified surface with medium semi 

cylindrical dimples 
S No. AOA Lift Force Drag Force Lift/Drag 

1 0 2.1 0.18 11.67 

2 2 2.46 0.23 10.70 

3 4 2.93 0.24 12.21 

4 6 3.91 0.24 16.29 

5 8 5.31 0.29 18.31 

6 10 5.56 0.3 18.53* 

7 12 5.72 0.33 17.33 

8 14 5.84 0.4 14.60 

9 16 5.61 1.07 5.24 

10 18 5.21 1.11 4.69 

11 20 4.94 1.34 3.69 
*
Maximum Efficiency 

 
Table 10: Dataset of modified suction surface with large semi 

cylindrical dimples 
S No. AOA Lift Force Drag Force Lift/Drag 

1 0 1.96 0.2 9.80 

2 2 2.16 0.26 8.31 

3 4 2.83 0.26 10.88 

4 6 3.71 0.27 13.74 

5 8 4.82 0.29 16.62 

6 10 5.11 0.31 16.48 

7 12 5.52 0.33 16.73* 

8 14 5.61 0.40 14.03 

9 16 5.41 1.27 4.26 

10 18 4.65 1.29 3.60 

11 20 4.84 1.57 3.08 
*
Maximum Efficiency 

 
Figure 17: Coefficient of coefficient of lift (CL) for 8 mm 
dimples, medium cylindrical dimples and medium strip 

dimples 
 
Fig. 17 describes the plot of coefficient of lift (CL) for 8 mm 
hexagonal dimples, medium cylindrical dimples and medium 
strip modified surfaces in varying angle of attack (Ø) from 0° 
to 20° respectively. The value of CL for 8 mm hexagonal 
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dimples modified surfaces varies from 2 to 4.39, the value of 
CL for medium semi cylindrical dimple modified surface varies 
from 2.1 to 4.94 and the value of CL for medium strip modified 
surface varies from 0.36 to 4.53 for an entire range of angle of 
attack. The maximum value was recorded as 5.29 for 8 mm 
hexagonal dimple modified surface and 5.73 for medium strip 
modified surface at 16° angle of attack, whereas the 
maximum value of CL found as 5.84 for medium semi 
cylindrical dimples at 14°

 
angle of attack respectively. By 

comparing all the modified surfaces, it is found that medium 
semi cylindrical dimples give maximum value of CL at 14°

 

angle of attack. Thereby comparing the effect of all the 
shapes (hexagonal, semi cylindrical and strip) and sizes 
(large, medium and small), it was proved that the medium 
semi cylindrical dimples are the best of all other modified 
surfaces. 

 
Figure 18: The coefficient of drag (CD) for modified surfaces 
(a) 8 mm, 10 mm and 12 mm hexagonal dimples, (b) thick, 
medium and narrow strip and (c) large, medium and small 

semi cylindrical dimples 
 
Fig. 18 shows the coefficient of drag (CD) for 8 mm, 10 mm 
and 12 mm hexagonal dimples, coefficient of drag (CD) for 
thick strip, medium strip and narrow strip dimples and 
coefficient of drag (CD) for large, medium and small semi 
cylindrical dimples. In Fig. 18 (a) it was found that CD of 8 mm 
10 mm and 12 mm among which the 10 mm gives the lowest 
drag coefficient as 0.27 at 0° angle of attack compared to the 
8 mm which gives 0.29 at 0°

 
angle of attack and in 12 mm 

0.32 at 0° angle of attack. In Fig. 18 (b) it is the comparison of 
CD for thick strip, medium strip and narrow strip among which 
the narrow strip gives the minimum drag efficiency 0.29 at 0°

 

angle of attack. Similarly, in Fig. 18 (c) the minimum 
coefficient of drag of small semi cylindrical gives value as 
0.12 at 0°

 
angle of attack as compared to the other two 

modified surfaces. 

 
Figure 19: Coefficient of drag (CD) for 8 mm hexagonal 

dimples, small cylindrical dimples and narrow strip modified 
surfaces 

 
Fig. 19 illustrates the plot of coefficient of drag (CD) for 8 mm 
hexagonal dimples, small semi cylindrical dimples and narrow 
strip modified surfaces in varying angle of attack (Ø) for 0° to 
20° respectively. The value of CD for 8 mm dimples varies 
from 0.29 to 1.15 for gradual higher angle of attack from 0°

 
to 

20°, and minimum value noted as 0.29 at 0°. Also, the value 
of CD for narrow strip surface varies from 0.29 to 1.33 for 
same angle of attack. The value of CD for small semi 
cylindrical dimples recorded as 0.12 to 1.16 for 20°

 

respectively. The lowest value of CD is found as 0.12 for small 
strip-modified surface at 0°

 
angle of attack. By comparing all 

the modified surfaces at higher angle of attack it is found that 
the value of CD for small semi cylindrical dimples produces 
better result at higher angle of attack i.e. at 18°.Fig. 20 shows 
the coefficient of lift to drag ratio (CL/CD), also called as 
performance, in varying angle of attack (Ø) in the range of 0° 
to 20°. Fig. 20 (a) describes the coefficient of lift to drag ratio 
(CL/CD) for modified surfaces by different types of hexagonal 
dimples. In that, the maximum aerodynamic efficiency is 
viewed in case of 8 mm dimples, i.e. 12.02 at 16°

 
angle of 

attack where the value varies from 6.9 to 3.82 at 0° to 20° 
angle of attack. Similarly, surfaces modified with 10 mm and 
12 mm dimples generate 10.65 and 7.49 value of CL/CD at 12°

 

angle of attack respectively. The plot also illustrates that the 
performance of surface with 8 mm dimples held good up to 
20° angle of attack as compared to surfaces modified with 10 
mm and 12 mm hexagonal dimples. Fig. 20 (b) shows the 
performance of strip modified surface aerofoil. The medium 
strip give highest value of CL/CD 13.02 at 16° angle of attack 
as compared to narrow and thick strip which is 11.34 and 9.20 
at 16° angle of attack. Fig. 20 (c) depicts the plot of efficiency 
of different semi cylindrical dimples modified surfaces, where 
the trends show the efficiency for semi cylindrical dimples 
suddenly drops to the lowest value at 2°. The reason for this 
drop may be the flow pattern over the modified surface has 
been detached at the lower angle of attack and in turn it 
causes the initial flow separation that increases the drag. In 
all the cases the performance curves follow the similar pattern 
and despite the closest value, the surface modified with 
medium semi cylindrical dimples produces best result before 
stall. The performance of surface modified with medium semi 
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cylindrical dimples prominently increases with the increase of 
angle of attack till 12°. Surfaces modified with small, medium 
and large semi cylindrical dimples show a fluctuating increase 
of performance with the increase of angle of attack throughout 
the range of study. The highest value of CL/CD for medium 
semi cylindrical dimples is measured as 18.53 at 10°

 
angle of 

attack.  

Figure 20:  Coefficient of lift to drag ratio (CL/CD) 
 
Fig. 21 illustrates the plot of coefficient of aerodynamic 
efficiency (CL/CD) for modified surfaces with 8 mm hexagonal 
dimples, medium semi cylindrical dimples and medium strip in 
varying angle of attack (Ø) for entire range of study. The 
highest value of efficiency (CL/CD) was observed as 12.02, 
13.02 and 18.53 for modified surfaces with 8 mm hexagonal 
dimples, medium strip and medium semi cylindrical dimples 
respectively. It was observed that the efficiency curve for 
modified suction surface with medium semi cylindrical dimples 
shows a peculiar behaviour at lower angle of attack from 0° to 
8° compared to the other two cases. Here from 0° to 2° the 
efficiency gradually decreases and thereafter efficiency 
continuously increases up to the angle of stall. This indicates 
that from 0°

 
to 2° the continuous cylindrical strips create more 

drag and as soon as it reaches a particular angle of attack, 
i.e. more than 2°, the flow pattern becomes streamline. Hence 
creates less drag that may cause the higher efficiency. By 
comparing the results, it can be concluded that the value of 
CL/CD for modified surface with medium semi cylindrical 
dimples produces 54.16% higher efficiency than modified 
suction surface with 8 mm hexagonal dimple and 42.31% 
better efficiency than medium strip dimple‘s result. 

 
Figure 21: Coefficient of aerodynamic efficiency (CL/CD) for 
the 8 mm hexagonal dimples, small semi cylindrical dimples 

and narrow strip modified surfaces 
 

8 CONCLUSIONS AND FUTURE SCOPE 
 
8.1 Conclusions 
Experimental investigation to find out the effect of shape and 
size of dimples at the suction surface of the lift producing 
aerofoil has been studied in details. The CAD model of the 
defined aerofoil was made to analyse the flow characteristics 
of the modified surface by placing hexagonal dimples. 
Surface modification also was done to show how the varying 
modification looks like and the comparative study was carried 
out with the help of the results obtained from the accumulated 
data, based on the experiment at low velocity wind tunnel. 
The following are the conclusions drawn based on the 
comparative study of different surface: 

 A total of 33 experiments were conducted for three 
different shapes of aerofoil to study the performance of the 
varied aerofoil shape keeping the thickness and projected 
surface area unchanged. For every single shape of 
aerofoil 11 experiments were conducted keeping a wide 
range of angle of attack from 0° to 20° at a step of 2° 
interval. Based on the performance the symmetrical 
aerofoil has proven quite better result than the cambered 
and the flat aerofoil. But at lower angle of attack the flat 
aerofoil shows prominent performance at higher critical 
angles.  

 The value of CL for all dimple modified surfaces constantly 
increases from 0° to 16° and thereafter it decreases. By 
comparing different sizes - 8 mm, 10 mm and 12 mm 
dimples, it is found that 8 mm dimples give high lift which 
is 12.02 at 16°

 
angle of attack whereas higher 

aerodynamic efficiency (CL/CD) is 12.02 at 16°
 
angle of 

attack. It is also observed that 8 mm hexagonal dimple 
modified surface produces 12.86% and 60.48% higher 
efficiency (CL/CD) as compared to 10 mm and 12 mm 
hexagonal dimple modified surfaces respectively. The 
performance of 8 mm dimple modified surface holds good 
up to 18° angle of attack when it is compared to the 
modified surfaces with 10 mm and the 12 mm hexagonal 
dimples.  

 By comparing all the modified surfaces of different shapes 
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of narrow, medium and thick strip, it is found that medium 
strips give higher CL value as compared to the small and 
the thick strip which is 5.73 and higher efficiency (CL/CD) 
as 13.02 at 16°

 
angle of attack whereas narrow strips give 

less CD as 0.29.  

 By comparing small, medium and large semi cylindrical 
dimples, it is found that the medium semi cylindrical 
dimples give higher efficiency as 18.53 at 10°

 
angle of 

attack. Modified surfaces with small and large semi 
cylindrical dimples show an increase in performance with 
the increase of angle of attack throughout the range of 
study. But it happens in a fluctuating manner.  

 The result also illustrated that 8 mm hexagonal dimple 
modified surface is the best among the other two modified 
surfaces with different sizes of dimples. Similarly the 
medium strip among the other strip modified surfaces and 
the medium semi cylindrical dimples among the other semi 
cylindrical dimple modified surfaces are the best for 
alteration of surfaces. The highest values of efficiency 
(CL/CD) were observed as 12.02, 13.02 and 18.53 for 
modified surfaces with 8 mm hexagonal dimples, medium 
strip and medium semi cylindrical dimples respectively.  

 By comparing all the results, it can be concluded that the 
efficiency (CL/CD) for the modified surface with medium 
semi cylindrical dimples produces 54.16% higher efficiency 
than the modified suction surface with 8 mm hexagonal 
dimples and 42.32% better efficiency than medium strips 
dimples at 10°

 
angle of attack. 

 Therefore, coming to the conclusion of the experiment 
regarding the effect of the shape and size of dimples on 
aerodynamic efficiency, it is concluded that the medium 
semi cylindrical dimple modified surface is giving the best 
result with respect to all other surface modifications. 

 
8.2 Future Scope  

Here the study presents a very keen interest to find out the 
maximize value of lift coefficient, to minimize the value of drag 
coefficient as well as detecting the highest value of efficiency 
by altering the suction surface of aerofoil by applying different 
types of dimples and continuous strips. The basic motivation 
of this study is to improve the performance of the airborne 
equipment and to save fuel and transportation cost. As 
performance of an aircraft is directly proportional with the 
production of lift and efficiency of aerofoil surface; and 
inversely proportional to the drag, various surface 
modifications were taken into consideration to alter the 
performance of the aerofoil surface. Here the modifications 
were made only by applying dimples of various shape and 
sizes at the place of 66% of the chord from leading edge and 
the results were obtained based on the experimental runs 
done in a low velocity wind tunnel. In spite of this alteration, 
there are a lot of opportunities still remain for future work in 
the same field. These are summarised as given below: 

 Study can be done by putting square, semi-circular, 
mushroom head and snap head dimples on aerofoil 
surfaces for further clarification of the result. 

 Only a semi-circular continuous strip of three varying 
diameters were used for study, which can be extended to 
some different kinds of shape such as square, trapezoidal 
and wedge shaped continuous strip for examination. 

 In place of the continuous strip a certain number of strips 
in small sizes can also be used to find out the 
performance. 

 Continuous/staggered arrangement of strips could be 
considered for the study to check the result. 

Other designs and considerations also can be thought of to 
enhance the performance. 
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