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Abstract

The boundary layer separation from the airfoil surface has a large and direct
effect on the aerodynamic characteristics of the airfoil, so that, the control of this
separation will improve these characteristics.

The present work has dealt with the effect of rough surfaces models on the
performance of airfoil which has been investigated experimentally.

experimental investigation will be carried out for selected airfoil model
(symmetrical with four-digit NACAQ0012) and the flow is presented for six models
of rough surface (Mo.1 ,2 ,3 ,4 ,5 and 6) as (40, 60, 80, 100, 120 and 200 holes
per inches) respectively. Models were investigated for Pressure, lift and drag
coefficients curves with different angles of attack (0°, 2°, 4°, 6°, 8°, 10°, 12°, 14°,

and 16°) and investigated for mean velocity profile at zero angle of attack.

Experimental tests are conducted in open-typed wind tunnel at the chord
Reynolds number numbers (1.39x10° 1.67x10° and 1.86x10°) and the results
indicate that the rough surface models are the key parameters for controlling the
airfoil characteristic. The rough surface technique is able to alter the flow
properties and thus to improve the aerodynamic characteristics performance. The
most effective rough surface model is (Mo.6), by comparison to smooth surface,
the results show an increment in lift slope curve about (8-17%) and a decrement
in drag about (12-18%) for NACAO0012 over the angles of attack range from (0°
to 16°).
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CHAPTER ONE

INTRODUCTION

1.1 Research background

The measurement of the pressure distribution across the chord of an aircraft
wing in flight is often carried out during flight testing on new aircraft designs or
any scale wind tunnel testing that has been carried out. The four main forces acting
on an aircraft are lift, drag, thrust and weight. During steady-state flight, the
weight force of an aircraft will be balanced by the lift generated, while for a
powered aircraft the drag of the aircraft will be balanced by the thrust produced.

The relationship between the forces is shown in Figure (1.1).

Thrust

ﬂ Weight

Figure (1.1) : Forces on an aircraft in flight [1]



CHAPTER ONE INTRODUCTION

The distribution of pressure over an airfoil creates a net resultant force that
Is typically broken up into components; lift and drag forces relative to the free

stream direction or normal and axial forces relative to the airfoil.

The distribution of pressure is characterized by pressures much lower than
atmospheric pressure over the upper leading edge of the wing. This is associated
with the area of largest surface curvature and as the air is accelerated around the
leading edge the static pressure is lowered. As the air travels towards the trailing
edge over the upper surface the pressure recovers toward atmospheric pressure.
The airflow over the lower surface is characterized by a stagnation point on the
lower leading-edge surface, where the kinetic energy of the air is converted
completely to static pressure. This point is the point of highest absolute pressure.
The air pressure over the lower surface is typically higher than atmospheric
pressure, with the pressure reducing towards the trailing edge. See Fig (1.2) where
Red lines represent pressures lower than atmospheric while blue lines represent

pressures higher than atmospheric [1]

Figure (1.2): Typical distribution of pressure over an airfoil [1]

3
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1.2 Develop pressure distribution on airfoil

Various methods have been developed for measuring the pressure over an
airfoil in flight. The most common method involves wrapping small diameter
tubes around the airfoil section. The tubes are used to pipe the air pressure from
discrete points on the airfoil section to a pressure sensor. On another side, drag
reduction is considered an important parameter to develop the pressure
distribution on surfaces bodies exposed to a fluid flow. Fish swimming, for
example, can be very instructive in exploring the mechanism of drag reduction
because it has developed as a result of many millions of years of evolution.
However, this is not the only form used by sharks to be fast. They have a slippery
form that reduces pressure drag, and their specialized skin layer (dermal denticles)
helps reduce skin friction drag, which is what inspired the riblets. There is limited
accurate data on the velocities of pelagic sharks because of inherent difficulties
dealing with predatory animals and because of problems simulating their
environment [2]. According to [3], the swift hammerhead shark can fly at a
maximum speed of 72 kilometers per hour (about 45 miles per hour). One of the
ways in which fast-swimming sharks reach such incredible speeds is due to the
scales they have. These scales have fine grooves running in a streamline pattern,

designed to create a graceful motion figure (1.3).

i \ b\
[ 4 5 & 3
! I o
i R 0 \ . ST
- k. RN >
\ )

Figure (1.3) photo: scales of great white shark [4].
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The topic of riblets has addressed numerous international conferences, both
from the perspective of basic fluid mechanics as well as various practical
applications. Because of the reduction in drag on civil transport aircraft, the
efficiency of civil aircraft is affected, but also of course, expense, and the
atmosphere. Around 22% of the direct operating cost for a standard long-range
transport aircraft is made up of fuel consumption, for large transport aircraft, even
a 1% drag reduction will lead to a 0.2% cost decrease. It’s found a 1% of drag
reduction may results in involving an extra 10 passengers or an additional 1.6 tons
on empty weight [5]. Drag reduction is a major task, but skin or viscous friction
drag accounts for around 40-50% of the overall drag under cruise conditions.
estimated fuel saving of 1 — 2 percent for the A320 experimental aircraft with
riblet film added to the surface, fig (1.4). In addition, the German airplane
manufacturer used riblet surface fuselage. This approach helps planes save 8% on

fuel by contrasting covered plane techniques.

Airbus riblet
film application

Figure (1.4) 1% -2% reduction in fuel if 70% of airplane covered
with riblet film - French Airbus [5].

5
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1.3 NACA Airfoil

The airfoil is the cross-section of the aircraft wing or the turbine blade or
any engineering application that requires a high lift and low drag. Airfoils have
the potential for use in the design of aircraft, propellers, rotor blades, wind
turbines, and other applications of aeronautical engineering. Accordingly, the

airfoil is designed with an appropriate geometry to achieve that purpose.

There are many types of airfoils based on geometry of cross section. The
NACA airfoil used in this work is the NACA 0012 airfoil which is classified
within a family of the symmetric four-digit series. The first digit specifies the
maximum camber (m) in percentage of the chord (airfoil length), the second
indicates the position of the maximum camber (p) in tenths of chord, and the last
two numbers provide the maximum thickness (t) of the airfoil in percentage of
chord.[6]

The various terms related to airfoils are defined below

e The suction surface (upper surface) is generally associated with

higher velocity and lower static pressure.
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e The pressure surface (lower surface) has a comparatively higher
static pressure than the suction surface. The pressure gradient
between these two surfaces contributes to the lift force generated for

a given airfoil.[7]

|

x-location of Maximum thickness
- MAXIMUM  ——
thickness Maximum camber

Leading edge Mean camber line

circle

Canl
~
‘-.
'I

e . s s . . . e e
———

\ Chord line

x-location of
maximum camber

- Chord

x=0 X=¢C
(Leading edge) (Trailing edge)

Figure (1.5) Airfoil-section geometry and it is nomenclature[7]

The geometry of the airfoil is described with a variety of terms :

e The leading edge is the point at the front of the airfoil that has
maximum curvature (minimum radius).

e The trailing edge is defined similarly as the point of maximum
curvature at the rear of the airfoil.

e The chord line is the straight line connecting leading and trailing
edges.

e The mean camber line or mean line is the locus of points midway

between the upper and lower surfaces


https://en.wikipedia.org/wiki/Leading_edge
https://en.wikipedia.org/wiki/Trailing_edge
https://en.wikipedia.org/wiki/Chord_(aircraft)
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1.4 Background of boundary layer

The phenomenon of boundary layer is a layer near to a surface where viscous
effects are prominent. When real fluid flows over a solid body or a solid plate, the
fluid particles adhere to the boundary of the stationary surface and the
phenomenon of no slip condition occurs. This results that the velocity of fluid
near to the boundary will be same as that of boundary. If the boundary is
stationary, the velocity of fluid at the boundary will be zero. Further away from
the boundary, the velocity will be increase gradually and as a result of this
variation of velocity, the velocity gradient will exist. The velocity of fluid
increases from zero velocity on the stationary boundary to the free stream velocity
of the fluid in the direction normal to the boundary. The boundary layer can be
divided according to nature and structure of the flow into laminar (LBL) and
turbulent (TBL) and there is a very short region between them which is known as
the transition region from LBL to TBL, this is shown in the figure (1.6). In the
laminar region, the fluid molecules flow at low velocities, in straight and parallel
lines. For the flow around the airfoil, this region occurs close to the leading edge
of airfoil and develops towards the downstream. In the turbulent region, strong
vortices are developed, the layer thickness increases and the flow becomes a
rough. For the flow around the airfoil at low angles of attack, the turbulent region
occurs after the maximum thickness of the airfoil and develops towards the
downstream. On the other hand, at high attack angles, the turbulent region

approaches the leading edge of the airfoil.[8]



CHAPTER ONE INTRODUCTION

Edge of the
;V boundary layer

N
Sepration

stream line

Separation
region

Figure (1.6) Boundary layer velocity profile [9]

In the aerodynamic applications such as the wings of aircrafts, due to the nature
of the airfoil geometry, the flow starts as laminar then converts to turbulent, thus
the layer thickness grows. This is shown in figure (1.6). When the attack angle
increases, the boundary layer near the surface becomes sluggish and the local
velocity in this location approaches to zero. Accordingly, adverse pressure
gradients are generated on the airfoil surface which forcing the air to flow in the
opposite direction therefore, its separation from the surface. As the attack angle
increases, the flow separation point approaches the airfoil leading edge. Thus, the
separation bubble size will increase as shown in figure (1.3). This will lead to the
occurrence of the stall condition which means a reduction of the lift force and
hence the airfoil efficiency. So that, the boundary layer separation from the body

surface in these applications is considered undesirable.
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1.5 Boundary layer Separation Control

Passive or active separation control can be defined as a form of control.
Passive flow control is usually applied by changes to boundary conditions, such
as adjusting the pressure gradient or free-stream turbulence level by introducing
passive devices, such as spoilers, riblets, or large break-up devices (LEBO).
However, it appears that the amount of improvement that can be made in passive
flow control methods is small, but even for growing consumer demand on
economically efficient aerodynamic devices, such as wings, blades, combustion
chambers, and transportation vehicles. Active flow management provides the best
prospect of meeting improved aerodynamic performance demands. tables (1.1)
and (1.2) compare between the benefits and drawbacks of passive and active

method of Separation. [10]

Table 1.1 Benefits and drawbacks of Passive Flow Control methods.[9]

Advantages Disavantages
Easy to implement Re dependent
No external energy source Off-design sensitivity

No mechanical or electro-mechanical parts Often associated drag penalty

10
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Table 1.2: Benefits and drawbacks of Active Flow Control methods.[9]

Advantages Disavantages

Adjustable Technically more complex
Adaptability to variable flow conditions External energy source necessary
Separation management for off-design

performance

Closed-loop feedback possible

The functional significance of the issue of laminar to transition and
transition to turbulent flow in boundary layers is important. In order to
comprehend these physical problems, Transitional experiments need to be
coupled with the principle of control and reduction. For example, the high skin
friction drag associated with laminar boundary layer flow is attractive to those
who want to build high performance vehicles and airplanes. However, in some
situations, such as with combustion, mixing and heat transfer is useful for the
turbulent boundary layer. Reattachment and separation of laminar and turbulent
flows occur in many real-world engineering applications, particularly in external
flows including around airfoils and buildings. Internal flow systems such as

diffusers, combustors, and channels with sudden expansions.

We can use the Boundary Layer prototype model to build our design. In the
working section of the wind tunnel, we put a model. The aspect ratio of a model
should be equal to the original, to ensure accuracy. In the low-speed wind tunnel,
there is some speed limitation. Classification of the wind tunnel is very important

for the observation point of view [10].

11
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1.6 Problem Statement

Whenever there is relative movement between a fluid and a solid surface, whether
externally round a body, or internally in an enclosed passage, a boundary layer
exists with viscous forces present in the layer of fluid close to the surface.
Boundary layers can be either laminar or turbulent. A reasonable assessment of
whether the boundary layer will be laminar or turbulent can be made by

calculating the Reynolds number of the local flow conditions.

Flow separation or boundary layer separation is the detachment of a boundary
layer from a surface into a wake. When the boundary layer separates, its remnants
form a shear layer and the presence of a separated flow region between the shear
layer and surface modifies the outside potential flow and pressure field. In the
case of airfoils, the pressure field modification results in an increase in pressure
drag, and if severe enough will also result in stall and loss of lift, all of which are
undesirable. For internal flows, flow separation produces an increase in the flow
losses, and stall-type phenomena such as compressor surge, both undesirable

phenomena.

Another effect of boundary layer separation is regular shedding vortices. VVortex
shedding produces an alternating force which can lead to vibrations in the
structure. If the shedding frequency coincides with a resonance frequency of the

structure, it can cause structural failure

12
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1.7 Objectives of study

The main aim of this research is to improve the NACA 0012 airfoil aerodynamic
characteristics (increasing the lift, reducing the drag, and improving the airfoil
performance) by using the technique of the cover the airfoil surface with woven
wire.

Therefore, this study embarks on the following objectives while achieving the aim
of this research:

1. To experimentally investigate the turbulent flow, lift, and drag
properties of symmetrical airfoil surface NACA 0012 with six
models of rough surfaces in an open circuit low-speed wind tunnel.

2. Studying the effect of the grid dimensions of rough surface models
on the characteristic of airfoil NACA 0012.

3. To compare the results over the rough surfaces with the baseline test

results conducted with the smooth surface under the same conditions.

4. he rough surface introduced on the wall of the airfoil. It has been
shown that a small change in the dimensions of these surfaces can

alter the response of the system for the lift and drag.

1.8 Scope of the Present Work

The present work is characterized by the following:

1. The airfoil NACA 0012 was adopted with span and chord of 300 mm, 150

mm respectively.

2. A new kind of rough surface (woven wire) with six models of rough based

on grid size.

13
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The experimental work was carried out in lab field at low speed wind
tunnel in order to obtain flow behavior and aerodynamic characteristic
The working fluid is air at turbulent, incompressible, viscous, steady flow
for two dimensional.

Inlet operation parameters at a different range of Reynolds numbers,
1.39x10°, 1.67x10° and 1.86x10°

The performance of pressure distribution on airfoil surface was evaluate in

terms of lift coefficient, drag coefficient, and pressure coefficient

1.9 Thesis outline

The thesis will be structured as follows:

Chapter 1: The first chapter has outlined the background to the research
project. The origin and objectives of the thesis have also been outlined.
Chapter 2: The second chapter will present a review of literature relevant
to the problem of measuring the pressure distribution on an airfoil section
Chapter 3: The third chapter will outline the development of the pressure
distribution measurement system. The details of the system will be
described. also describe the testing that was carried out.

Chapter 4: The fourth chapter describes the testing that was carried out and
the experimental results that were gathered.

Chapter 5: This chapter will present conclusions from the project and

recommendations for future research work.
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CHAPTER TWO

LITERATURE REVIEW

The boundary layer has to be analyzed before we can think about velocity
profiles. So many papers have been published on boundary layer growth that it is
hard to keep track of them all. The analysis of the boundary layer is just about
making something. The definition of relative velocity is very important in this
relative world, as the study of relative motion helps with the stabilization of
moving and stationary parts. When it comes to high-velocity vehicles or aircratft,
it is important to understand the boundary layer. Some research papers about
different objects are contained in the working section of the wind tunnel, and in
this chapter, we define the following parameters: inclination, roughness, velocity,

and pressure gradient.

2.1 Definition of Airfoil

Airfoil is known as a sold body with a wing cross-section view which is designed
with a curve in the surface. when an airfoil moving in fluid produces a force called
aerodynamic force, one component is the lift which is perpendicular to the line of
motion, and drag which is parallel to the line of motion. There are two types of
airfoil, symmetrical airfoil wish has the same upper and lower surfaces and the
cord with the camber lines are the same, the second type is non-symmetrical
airfoil which has different upper and lower surfaces, this type has different cord

and chamber lines.
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2.2 Type of Aerodynamic surfaces

There are many types of Many Aerodynamic surfaces that include flat plate and
airfoil surfaces, studies concerning the experimental analysis for those surfaces in

this chapter.

2.2.1 Flat plate surfaces

An experimental investigation is conducted by Vivek Gupta [11] This
research was performed in a low-speed wind tunnel in the laboratory. studying the
boundary layer's impact on flat plates with 50cm width and 100cm length with
varying surface roughness. In this analysis, four different surface roughness
grades (40, 50, 60, and 120) are employed. For grains in the 40, 50, 60, and 120
Grades, the numerical value is 375 micrometers, 345 micrometers, 290
micrometers, and 125 micrometers respectively. Velocity measurement is
obtained on rough flat plate (different grade emery papers stacked on wood
surface) at defined locations. In the experiment, the flat plate is being tilted to
create negative pressure. The boundary layer developed to clarify how fluid
moves over a flat surface. The result shows that raising the incline from horizontal
would increase the boundary layer thickness. Also, the impact of roughness on

the boundary layer will contribute to an increase in the boundary layer thickness.

Experimental investigation for the characteristics of a turbulent flow field
over a riblet surface plate models and compared with a smooth surface is done by
Noor H. Al-Fatlawie [12]. Several experiments were conducted in a low-speed
open-type wind tunnel. With a steady air flow of 20 m/s and a Reynolds number

of 4.9 x 10° based on the length of the flat plate.
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Two models, sinusoidal and straight riblets with two different values of a/A
ratio are studied to learn about drag reduction in turbulent flow over a riblet-

covered surface, as seen in figures (2.1) and (2.2).

The cross-section of all riblets are rectangular cross-section with the same
wetted area. The parameters selected 12 kinds for the sinusoidal model and 12
kinds for the straight model, in order to investigate the details of drag reduction
for the shape and dimensions of riblet. Different nature of the flow over sinusoidal
and straight riblet surfaces as well as on the smooth flat plate is noticed by looking
at mean velocity, shear stress and turbulent skin friction coefficient in the near-
wall flow field. The research showed that the form, width, and height of the riblet,
as well as the lateral spacing, are key factors in reducing drag. There has been a
10-14% skin friction drag reduction obtained with straight rivets, and the best
dimensions are (s=1mm, h=0.25mm, and w=1mm). Riblets displaying sinusoidal
effects minimize the drag coefficient by 19%. Dimensions that produce the
greatest drag reduction for this Riblet model are (h=0.125mm, and w=2mm, and
s=2mm). It has been indicated that surface geometry variations which change the

near-wall structure of the flow have been effective in drag reduction.
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Figure (2.1) Figure (2.2)
a- test plate diagram a- test plate diagram
b- sinusoidal riblet Cross-section [12] b- straight riblet Cross-section [12]

Rzuge [13] conducted an analysis to discover how riblets affect drag
reduction. The riblet was made up of an adhesive tape of varying thickness (h =
6.5, 13, and 19.5), width (w = 93, and 186), and spacing (s = 93, and 186). 13
different surfaces are tested (including the smooth one). To obtain the velocity
distribution on each surface, and to measure the momentum thickness, a free-
stream velocity of 35 m/s was used. The data show that manipulated surfaces such
as riblets (h=6.5, w=93, s=186) minimize drag by 10%, but the other surfaces

normally increase drag.
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An experiments study on riblets were performed by Walsh [14]. The
rectangular, V-groove, and semicircular groove riblets shown in Figure (2.3) are
all being tested to find out which form aligns with the flow the best, the drag
reduction occurred when the geometric condition of s+< 30 and h+< 25, s+=s u
t/v and h+=h u t/v, for a symmetric V — groove riblet was found. Also, the drag
reduction was 8% for the symmetric V-groove riblet with h+(=s+) =12, and for

the riblet with broad valley curvature and sharp peaks, which has h+=8 and s+=16.

Additional experimental evidence supports the finding that reduced drag
occurs in adverse pressure gradients at slower speeds are shown by Debisschop
[15] for a flat plate boundary layer of applied adverse pressure gradients. Both V-
groove (h=s) and trapezoidal groove (h=0.5s) riblets used a specially-designed
skin friction drag balance for their experiments. The reduced skin friction drag
achieved in the range of 12-13% was calculated. Also, in adverse pressure
gradients, riblets become more effective. The increased effectiveness appears to

be common, and is not restricted to V-grooves with h=s.

Parker[16] applied the V-rivet-produced surfaces having unique
dimensions (h/s=0.22 and 1) to a smooth plate, machining in a longitudinal
direction, in order to lower the viscous drag on a body. After the riblet was
applied, the resulting effect on skin friction drag force was measured and tests
have shown that the plate could minimize turbulent skin friction drag by up to 7
percent, depending on the size of the riblet. According to the boundary layer study
of the turbulent flow characteristics on a smooth surface and the riblet surfaces,
the laminar sublayer increased in thickness on the riblet surfaces. At a Reynolds
number of (1.17x10°), a 6.83% drag reduction was observed for the surface

covered with the symmetric riblet (h/s=1).
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Semicircular riblet

s P14
w5 5nse T

Rectangular riblet

V — groove riblet

Figure (2.3) Some Riblet Configurations [14]

2.2.2 Airfoils surfaces

Yan Zhang [17] Investigated the effect of distributed-leading-edge roughness on

performance of low-Reynolds-number airfoils. This was achieved using a closed-

circuit low-speed wind tunnel. The tunnel test section was 1.0 ft by 1.0 ft (30 cm

by 30 cm) cross-section. Leading-edge roughness was simulated by using thin

plastic strips with roughness components. The hemi-spherical shapes were
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developed to be the rough models. Four different roughness patterns (two
distribution patterns and two roughness heights) were designed to explore
different variables that could potentially influence the results. A substantial
reduction in lift coefficients is observed for all cases of roughness. Large
roughness caused the aerodynamic stall to be substantially advanced, while small

roughness appears to delay the stall angle.

An experimental study is carried out by Michael F.Kerho [18] to establish
how boundary layer formation and transition are influenced by the presence of a
large distributed roughness, experimentally by placing a large distributed
roughness close to the leading edge of an airfoil. This study included the use of
the NACA 0012 airfoil model, which is a two-dimensional model that was placed
vertically in the tunnel, At Re numbers of 0.75 * 10°, 1.25 * 10°, and 2.25 * 109,
the airfoil had a span of 0.8573 m, with a chord of 0.5334 m. Distributed
roughness was developed by molding hemispherical forms in staggered rows into
plastic strips of 0.5 inches wide by 4 inches long. A controlled experiment has
found that the transitional boundary layer formed by high dispersed roughness
varies significantly from the smooth model. There were no completely formed
turbulent boundary layers found near the roughness region. In comparison, it was
found that a transitional boundary layer was formed when the roughness was
found to be spread over a wide area. The strength levels of streamwise turbulence
in the transitional zone, caused by roughness, were found to be significantly lower

than in the smooth region.

An experimental investigation is conducted by Diane R. Bloch [19] To find
out the impact of distributed roughness on the boundary layer, aerodynamic

characteristics, and efficiency of the Wortmann FX 63-137 airfoil, tests were
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performed to discover this knowledge. Consideration needs to be provided to the
extra roughness added to the airfoil's leading edge, as well as the suction
peak. Reynolds numbers of 80,000, 100,000, and 200,000 are considered along
the chord. Measurements involving force balance, pressure distribution, and flow
visualization were used. When the distributed roughness was applied, the
separation bubble moved forward. The direction of the suction peak roughness
had a substantially greater effect on the stability and performance of the aircraft.
the lack of difference in roughness height did not have a significant effect. The
application of roughness became more and more harmful as Reynolds number
increased. It was found that the distributed roughness height prediction method to

correct the transition position was ineffective.

Walid Chakroun [20] investigated the effects of surface roughness on the
aerodynamic characteristics of the airfoil by varying the roughness position and
size. NACA 0012 were carried out on the Samples, where the Reynolds number
was set at 1.5%10° based on chord, with symmetrical airfoils. They ran different
roughness size and roughness position in experiments with various attack angles.
Velocity and pressure profiles were measured, as well as drag coefficients and
lift, for the grid 36 (500 um) roughened and smooth versions.As Roughness on
the surface increases, which results in a reduction in lift and an improvement in
minimum drag due to an increase in skin friction. Roughness on the surface can
be seen to cause a decrease in the stall angle, as well as adding lift in the stall area.
Compared to other cases of roughness, the airfoil model has a minimum drag and
maximum lift up to the stall angle, whereas the roughness is situated at the trailing

edge.
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Adel Ahmed [21] experimentally investigated the effect of surface
roughness on a NACA 0012 airfoil. The experiments include measurements for
the drag coefficients, lift coefficients and pressure distribution. Two different
rough surfaces (P80 and P120) (80 um and 120 um) are analyzed, and their data
are compared to the smooth surface. The angles of attack range of-15° to 30° with
3° steps with two Reynolds numbers 3.4 x 10° and 1.7 x 10°. It is found that the
roughness has a large effect on the flow over the airfoil. With increasing
roughness size on the surface, the minimum value for the drag coefficient
increases. The lift over angles of attack from 0° up to around 10° decrease. In the
stall region (beyond a = 10°), the lift of the rough surface is seen to increase
corresponding to value for the smooth surface, with a higher increase for the larger
roughness size. The separation mechanism is also affected by the presence of

surface roughness, where roughness is found to delay the separation.

An experimental investigation is carried out by Mahbubur Rahman [22]
To detect the effect of integrating the vortex generator (VG) on a NACAO0012
airfoil at zero to twenty-degree angle of attack with flow separation control. A rise
in lift coefficient and a decrease in drag coefficient occur as the vortex generator
Is introduced at large incident angles (VG). This paper found that the fluid flow
and aerodynamic forces that act on the airfoil are affected by VG. This
experimental investigation is using vortex generator methods to investigate
modern passive flow control. This group of methods is generally used to
accomplish lift enhancement, drag reduction, flow separation control. Using a
wind tunnel with a Imx1m test section, a test speed of 25m/s, and an inclination
of 0-20 degrees, an experiment was performed in which an airfoil was tested both

with and without a vortex generator.

The test results of this study indicated a significant increase in lift coefficient and

a significant decrease in drag coefficient. In order to obtain these results, vortex
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generators were used by Comparison of lift coefficient, drag coefficient, and
pressure coefficient of airfoil between one that has a vortex generator and one that

does not.

Nibras Mohammed [23] investigated numerically and experimentally the
effect of longitudinal riblet surface models on the performance of straight and
swept wings. Numerical investigation involves solving the covering equations
(Continuity and Navier-Stokes equations) for examining drag reduction by using
the known package FLUENT version (6.1). Two selected airfoil models
(symmetrical with four-digit NACAO0012 and unsymmetrical with five-digit
NACAZ23015) will be carried out for numerical solution .the solution of the flow
equations is presented for seven models of riblet three models (Mo.1, 2 and 3) as
U, V and semi-Circular riblets and four models (Mo.4, 5, 6 and 7) as U-riblet with
fillet with taking into account the effect of riblet height (h=0.1, 0.15, 0.2 and
0.25mm). Models were investigated at chord Reynolds number (3.56x105) with
different angles of attack (0°, 5°, 10°, 12°, 15° and 17°). Pressure coefficient,
kinetic energy, streamlines, velocity vectors, shear stress, lift and drag coefficient
are presented as a result.

Open-typed wind tunnel is separately conducted the experimental tests and
flow visualization at the chord Reynolds number (3.56x105) and smoke tunnel at
chord Reynolds number of (1x104). The results indicate that the key parameters
for controlling the boundary layer characteristic is the riblet surface models. The
riblet surface technique is able to alter the flow properties and thus to improve the
aerodynamic characteristics performance. The most effective riblet surface is U-
riblet with fillet model (Mo.4, h=0.1mm).

by compare to smooth models, the results show a small increment in lift
slope curve about (3-7%) and a decrement in total drag about (5-9%) for
NACAO0012 and Ilift increase (3-8%) and total drag decrease (6-11%) for
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NACAZ23015 over the angles of attack range from (0° to 17°). For the swept wing,
the U riblet with fillet (Mo.4) has shown the greatest drag reduction in comparison
with a smooth model for all measurements, max reduction was (6.7%) at (a=0°).
Results also show that the computational and experimental works give fair

agreements in improving the solutions and the analysis.

To test the lift force induced by the wake of a NACA 0012 Airfoil, an
experimental analysis is done by Md. Mahbub [24] are tested the 0 to 90-degree
angle of attack and the Reynolds number, 5.3 to 5.1x104, to study the near wake
of the airfoil with low to ultra-low Reynolds number. The lift force is measured
by a load cell, the laser-Doppler anemometry, is used to monitor detailed flow
structure, particle image velocimetry, and laser-induced fluorescence flow
visualization. The airfoil stall is observed at Rec > 1.05 x 10* and is characterized
by a decrease in lift energy, but it decayed at Rec = 5.3 x 10%.This result connected
to the position where the bubbles are separated, which can be seen at the high

values of Rec.

Zambri Harun [25] An experimentally-investigated flow features,
including converging-diverging riblets, were applied to an airfoil in order to
explore their effect. For use on the NACA 0026 airfoil, the Riblet sheets are added
to the surface. When the yaw angle is zero, £10 the Riblet height and spacing of
h are one millimeter, and the distance between the Riblet is two millimeters. Using
a Reynolds number of 200, the riblets strip has an approximate chord percentage
of 7.5%, when the differential pressure parameter, 3, has a value of 0.5 to 0.8. If
no riblets are presented, a pronounced wake will be shown in the velocity profile.
The flow's logarithmic area is underlain by a very thin layer of vortices that have

a large-scale size of approximately 20d (d is the boundary layer thickness). The
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spectral analysis shows that all forms of riblets split these 20d features into smaller

features between 3d and 4d away from the near wall.

An experiment was performed to investigate the impact of Reynolds
numbers from 1x106 to 10106 on clean and rough airfoils by K. Kaiser [26] The
final concept was tested using a wind tunnel and by simulations using the Navier-
Stokes solver. The overall dimensions of the two-dimensional wind tunnel
physical model are 2400 mm in span and 500 mm in chord. Increasing the
performance is illustrated by the rough surface configurations, which include the
use of zig-zag tape for transition fixing and carborundum-based dispersed
roughness around the nose. However, on the other hand, no severe reduction in
the maximum lift occurs in a clean surface configuration. An rise in drag has

caused the lift-to-drag ratio to drop from around 95 to about 85.

Coustols[27] Dragged findings on an LC100D airfoil with riblets were seen
for low-speed applications. where only the upper (or suction) surface of the airfoil
is covered with riblets. wake survey was used to make measurements of drag
varying from 0° to 6°. At a=0° and 2°, overall drag reduction was approximately
2%, and no drag reduction was observed at high a; the corresponding viscous drag
reduction was calculated to be approximately 7%. Riblets did not perform well at
higher angles because boundary layer separation was postulated to be a major

cause.

Raju [28] performed an experimental work in a low-speed wind tunnel on
a (13.6% thick) GAW (2) airfoil model, with trailing edge thickness ratio of
(0.5%) with V-riblet films applied between (0.1 and 0.96 c) on both the top and

bottom surfaces. Three micro manometers were used to measure the free stream
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dynamic pressure, model surface, and the base pressure. complete drag was
measured using pitot and static measurements in the wake. The use of a hot wire
anemometer to find vortex shedding behind the base proved the presence of the
vortex. the data presented here shows that drag reduction is sustained to an airfoil

incidence of (6°) and it is only within these results (7 percent ).

Viswanath [29] conducted an in-depth study of the various applications for
ribs on airfoil, wings, and wing-body or aircraft configurations at different speed
regimes, as well as effects including pressure gradients and three-dimensionality.
Tests on wind tunnels and flight tests have provided convincing evidence to show
that riblets from low-speed to moderate supersonic Mach numbers are effective.
optimized riblets have demonstrated skin friction drag reduction in the range of
5-8% at low incidence and in moderate adverse pressure gradients. Good evidence
is found at low speeds to suggest that riblets are more effective in adverse pressure
gradients. As long as the local angle between surface streamlines and riblet
orientation is small (approximately 10°), riblet remain effective providing drag
reduction comparable to two dimensional airfoils. Restricted data available on

wing-body configurations indicates that a drag reduction of 2-3% is possible.

Riblets on a swept wing can be influenced by two variables: the flow's
pressure gradient and the amount of yaw angles that occurs between the flow's
surface streams and direction of grooves. Mclean et al. [30] The records indicated
that skin friction drag reduction can be obtained on a T-33 jet trainer with riblet
film glued on the upper layer over one wing, with a swept angle of about 9°. This
means that the testes were produced in the flight Mach number range of 0.35 to
0.70. Seven percent to 83 percent of the local wing chord is filled by Riblets with
groove height of 0.033 and 0.076mm. Results from the tests showed that, when

28



CHAPTER TWO LITERATURE REVIEW

under zero pressure gradient conditions, riblets with h=0.033 and 0.076mm
resulted in skin friction drag reduction of approximately 6 — 7 percent. McLean
et al performed a flight evaluation of two significant facets: gradients of pressure
that can impact effectiveness and yaw angle on riblets. On the T—33, a smooth
plastic film was mounted instead of the conventional riblets of x/c=0.5, which was
roughly where the adverse pressure gradients started. Measurement has shown a
slightly lower friction drag reduction (about 2% to 3%) relative to what was found
when riblets extended all the way up to x/c=0.83, providing evidence that riblets
are very effective in adverse pressure gradients. In a different flight, the riblets
were oriented at 15° to the flight direction, and the results showed a lower drag
reduction (about 3%) which indicates that the riblet effectiveness degrades

relatively strongly when the yaw angle is different under flight conditions.

The effectiveness of riblets of different sizes on an airfoil was tested
experimentally by Squire & Savil [31] at subsonic and transonic Mach numbers.
Ina wind tunnel at Reynolds and Mach numbers of 0.50 and 0.88, the experiments
were performed. riblets decreased the overall skin friction drag by 5% for zero
pressure gradient flows at both Mach numbers. the corresponding mean h+ range
was 10-15. They discovered that for transonic Mach numbers, riblets perform
almost as well as at lower speeds when no adverse pressure gradient conditions
occur. In addition, it's likely that the drag can still be minimized by increasing the

number of grooves, while also decreasing their size.

In 2017, Luo et al [32], controlled the boundary layer separation on the
NACA 0012 airfoil numerically using a micro-cylinder close to the leading edge.

At Reynold number equals 600,000 and high attack angles (16" to 23%). It was
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found that the micro-cylinder can delay the flow separation hence, it can improve

the airfoil efficiency.

The aerodynamic characteristics of NACA 0012 airfoil with and without
dimple were simulated numerically by Amit K. Saraf et al [33] in 2017. The
study was carried out using an inward single dimple at different positions (75%,
50%, 25% and 10%) of the chord from the leading edge. This was at a constant
air speed of 7.3 m/s and a variable attack angle. It was concluded that the dimple
at the position of 75%c increases the lift by 7% and reduces the drag by 3% as

compared with the smooth airfoil.

In an experimental study, vortex-generators were used to improve the
aerodynamic performance of the NACA 63,217 and NACA 23012 airfoils in 2015
by Siméao Ferreira et al [34]. The results indicated that using this technique in
case of the NACA 23012, the maximum lift coefficient increases approximately
by 14% comparing with the smooth airfoil. In addition, the drag coefficient
remains approximately constant for 2° attack angle. Whereas, in the case of the
NACA 63,217, the increase in the maximum lift is 9% and the drag does not

increase for about 3° attack angle.

In 2016, Gildersleeve et al [35] studied experimentally an effect of
cylindrical pins on the NACA 0012 flapped airfoil aerodynamic behaver at
different Reynolds numbers. For delaying the flow separation on the upper surface
and enhancing the airfoil performance. The results showed that the cylindrical
pins technique can reduce the separation region and increase the lift coefficient,

therefore it can improve the airfoil performance.

Domel et al [36], in 2017, examined experimentally the NACA 0012 airfoil
performance without and with shark skin-inspired denticles at Reynolds number
of 40,000, a variable attack angle from 0° to 24° and airfoil chord length of 68
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mm. The results demonstrated that using this technique reduces the drag, increases

the lift and largely improves the aerodynamic performance of the airfoil.

The aerodynamic efficiency of NACA 0012 airfoil without and with
dimples was studied experimentally in 2017 by Rasal et al [37]. The study was
carried out by adding dimples on the airfoil surface at 30%c from the trailing edge
at conditions of 6 and 10 m/s air velocity, 30 cm chord length, 0 to 23-degrees
range of the attack angles and 1%c, 2%c and 3%c size of the dimpled surface. It
was found that the airfoil aerodynamic efficiency is improved by using the

dimples specially with the 3%c size.

Leknys et al [38] in 2018 investigated experimentally an effect of tripwires
on the NACA 0012 airfoil performance. The investigation was carried out by
using the tripwires at the airfoil leading edge with different diameters (2, 1.6, 1.2,
and 0.95) mm at 20,000 Reynold number and different attack angles. The results
showed that the tripwires technique improves the airfoil efficiency for a wide

range of attack angles, but it becomes ineffective after the stall angle.
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2.3 Summary

In this chapter, it is noticed that there are many experimental works into the
analysis of pressure distribution and drag reduction by longitudinal riblets over
different surfaces (flat plate, airfoil, wing and flying body) as well as the
effectiveness of longitudinal riblets of varying shapes including triangular,
rectangular and semi-circular at different speed regimes were studied
experimentally.

In this study experiments were carried out using stainless steel wire mesh
as six different rough surfaces (Mo.1, Mo.2, Mo.3, Mo.4, Mo.5 and Mo.6) and a
smooth surface of airfoil for comparison. The tests have been achieved for two
dimensional, steady, turbulent, incompressible, viscous flow. All cases were used
for the pressure measurement in the low-speed wind tunnel at Reynolds numbers
(1.39x10°, 1.67x10° and 1.86x10°) based on the mean velocity and airfoil chord
length. Rough surfaces were applied on 50% of the airfoil area, and pitot tube was
utilized to measure the dynamic pressure in the working suction of wind tunnel.
The experimental results included pressure, mean velocity profile, lift, drag
coefficients curves for the airfoil.

Comparisons between the results of the present experimental work for the
rough surfaces models (Mo.1, Mo.2, Mo.3, Mo.4, Mo.5 and Mo.6 ) and others
researches are presented in this paragraph. It is found that the results for rough
module (Mo.6) of computational work agree well with the results obtained by
[23] Nibras Mohammed wish is investigated experimentally the effect of
longitudinal riblet surface models on NACA 0012. For other surfaces module
(Mo.1, Mo.2, Mo0.3, Mo.4 and Mo.5) the results obtained agree with [13] W.
Chakroun, and [20] A.A. Abdel-Rahman which is show that the smooth surface
Is more efficient than other modules (Mo.1, Mo.2, Mo.3, Mo.4 and Mo.5).
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CHAPTER THREE

EXPERIMENTAL WORK

This chapter involves the experimental work of this study for investigating
the aerodynamic performance of NACA 0012 airfoil with and without a rough
surface experimentally. This would be carried out by adding that rough surface

(woven wire) on the airfoil surface

The experiments were conducted in the Al-Furat Al-Awsat Technical
University / Engineering Technical College- Najaf in the Fluid Mechanics
laboratory. The tests were performed in an open circuit wind tunnel at low speed.
The ultimate aim of the experimental research in the present work is to investigate
the impact of roughness and flow characteristics over the test surfaces. The
experiments are repeated a significant number of times for various rough surface

cases.

3.1 Testing Equipment

In the following section, the equipment used in the experimental work are

described by means of the work theory and suitable figures.

3.1.1 Wind Tunnel

In this section the main overview for wind tunnel design and its properties

are explained.
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Mainly, a wind tunnel contains three structure part, which are the
contraction, test section, and diffuser, see figure (3.1). The first component is the
contraction (effuse) which has two general functions turbulence reduction and
near-isentropic flow acceleration. It has multiple flow devices; these devices are
a screen and honeycomb. There are different shapes of the honeycomb cross-
section area. rectangular, circular, and hexagonal are the most popular shapes.
Plastic or metal is usually used to made honeycomb. Wind tunnel usually has only
a single honeycomb section. The flow then enters the test section or working
suction where the model is fixed. The test section length is 600 mm, width is 305
mm, and height is 305 mm in which an airfoil is mounted horizontally. In order to
perform and give full visibility, the upper and sidewalls of the test section are
made from acrylic. There are two holes located on the working section of the
upper body of the machine, which house two pitot devices and two wall taps used
to measure the static pressure upstream of the working section. The test section is
used to simulate the flight environment and to get uniform flow as accurately as
can. Working section can be an open or close loop. The air then goes through a
grille and a diffuser, which is designed to re-expand and slow the flow, and then
to an axial fan. Loose objects are stopped from damaging the fan due to the grille.
The air goes through a silencer unit, passes through the fan, and then is discharged
out into the atmosphere, see figure (3.2). The air mean velocity at the test section
was (15,18 and 20 m/s), the Reynolds number is based on the mean velocity and
airfoil chord length was (1.39x10°, 1.67x10° and 1.86x10°) respectively
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Figure (3.1) General layout for Wind Tunnel
[
Pitpt static tube

Inlet cone

Figure (3.2) Actual diagram of Wind Tunnel
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3.1.2 Airfoil Test Model

The NACAO0012 airfoil with 150 mm chord and 300mm span and 2 kg
weight is used in the current test. The Airfoil Model is a symmetrical NACA0012
segment airfoil that spans the entire width of the wind tunnel, Fig (3.4). There are
20 pressure-tapping locations on the airfoil. see table (3.1), Ten points are above
the chord line, and ten points are below it. Tapping was spaced, so that those on
the bottom are positioned at differing locations relative to those on the top. They
are attached to the airfoil inside of small metal tubes that emerge from the airfoil
and attach to flexible labelled pipes with adaptors to join a larger pipe. Included
in the package is a manifold plate that makes it possible to make the smaller tubes
into the larger pipes. Pressure taps of (Lmm) diameter were mounted on the upper
(10 tap) and lower surface (10 tap) of airfoil in the midspan through models to

provide measurements of static pressure. figure (3.5)

Lift

Chord Line

Relative Wind

> \ > Drag
Angle of y
Attack a a(+)

Figure (3.3) lift and drag force on Airfoil

N\
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Figure (3.4) Test model airfoil (NACAO0012)

Table (3.1) Tapping position on NACA 0012 Airfoil

Lower Surface | Distance From Upper Surface | Distance From
~ Tapping Leading Edge : Tapping | Leading Edge
2 1.52 1 0.76
4 7.62 3 3.81
6 15.24 5 11.43
8 22.86 7 19.05
10 41.15 9 38.00
12 59.44 11 62.0
14 LTS 13 80.77
16 96.02 15 101.35
18 114.30 17 121.92
20 129.54 19 137.16
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137.16 mm

A

‘38.00 mm

Upper surface

Airflow

Lower surface

41.15 mm

>
d

129.54 mm
150 mm

A

A

Figure (3.5) Airfoil Tapping distribution

3.1.3 Rough Surfaces Models

Before starting the experiment, the rough surface is prepared. Stainless steel
304L woven wire is applied to introduce surface roughness. A wide selection of
grades of woven wire are used for this experiment. The size of the mesh of a rough
surface is dependent on the relative amount of rough woven wire that is being
used. The surface roughness increases as the number of holes (mesh per in) of the
woven wire decreases. 40 Grades of surface roughness have more roughness than
(60, 80, 100,120 and 200 Grade) Fig (3.6). Table (3.2) using the (300*150 mm)
sizes of woven wire to cover the airfoil surface. Rough surfaces were applied on
50% of the airfoil area, for the purpose of pasting rough surface (woven wire) to
the airfoil surface, the surfaces are fixed by using double sided adhesive tape.
Figure (3.7)
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Figure (3.6) rough surfaces models
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Rough surface Mo.6

Figure (3.7) airfoil with rough surfaces were applied on surface

Different grades of roughness are being used in my experiment to demonstrate the
effects of roughness on the boundary layer. These are some characteristics of the

rough surface. Table (3.2)

41



CHAPTER THREE

no. mesh per in. size (mm) hole wire dime.
Mo.1 40 300*150 0.425 mm 0.190 mm
Mo.2 60 300*150 0.169 mm 0.25 mm
Mo.3 80 300*150 0.18 mm 0.120 mm
Mo.4 100 300*150 0.1 mm 0.150 mm
Mo.5 120 300*150 0.125 mm 0.06 mm
Mo.6 200 300*150 0.075 mm 0.08 mm

EXPERIMENTAL WORK

Table (3.2) Rough surfaces dimensions

3.2 Measurement Devices

3.2.1 Pitot Static Tube

The pitot-static probe or pitot-static tube is one of the most devises used for
calculate the local velocity of air. It also used for airspeed measuring in aircraft.
The principal of operation is very simple based on Bernoulli’s equation to

determine the dynamic pressure (pressure difference) which given by:
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1
P dynamic= > p V2 = P stagnation — P static  ...ee..ne. 1)

The tunnel reference velocity was determined using a typical ellipsoidal
nosed Pitot-static tube with a curved junction. A 4 mm OD stainless steel tube has
a collet style mounting chuck (bush) mounted on the upper side of the working
section to allow for full motion through the working section, as shown in figure
(3.8). It has five measuring holes, the center (forward-facing) hole of 1mm
diameter indicates stagnation (total) pressure and the four (side—facing) holes of
1 mm diameter indicate static pressure. The pitot-static tube can determine the
difference between total and static pressure and thus velocities, from dynamic

pressure and fluid velocity relation. Total pressure is equal to static pressure plus

dynamic pressure.

Figure (3.8) Pitot — static Tube.
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3.2.2 Pressure Display Unit

The pressure display module is part of wind tunnel. The module fits into
the control and instrumentation frame of the wind tunnels. It provides a means to
measure and display 32 different pressures from models. The module contains 32
calibrated pressure transducers rated at a maximum of +7 kPa. The module has an
integral liquid crystal display with a scroll control that allows the user to read all
32 channels at any time. All pressures are measured with respect to atmosphere.
The 32-Way Pressure Display can be interfaced to a PC that allows pressure

measurements to be displayed, captured, conveniently tabulated, graphed, and

exported to a spread sheet package for further processing. Figure (3.9)

Figure (3.9) 32-Way Pressure Display units
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3.2.3 Lift and Drag Component Balance

For studying the forces on airfoils and similar objects in wind tunnel, it is
Important to use equipment for measuring the different forces which the airfoil is
subjected. The single-component balance was used to give a means to calculate
the lift and drag forces on the airfoil fixed in the subsonic wind tunnel. The
balance is mainly constricted from aluminum alloy and the general framework is
secured to the side of the working section of the wind tunnel. The models which
are used with the balance should be provided with a mounting stem of a 12 mm
diameter which is inserted inside the module and used to support the module by
tightened it by model clamp. The forces acting on the module are transmitted to
the force plate which is transfer the forces to strain gauge load cell through a

flexible cable, the load cell measures the lift and drag force and shows the result

on the display units, see figure (3.10).

Balance Assembly Back plate Load cell

Protractor* Model Clump*

Display Unit

Figure (3.10) Lift and Drag Component Balance
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3.3 Principle of Operation

As pointed out in the preceding discussion, the experimental work was
employed in this study to investigate the effect of rough surfaces on aerodynamics
characteristic on NACAOQ0012 at open loop wind tunnel. For the wind tunnel tests
the experiments were conducted to measure the pressure distribution at (10) tap
on upper surface and (10) tap on lower surface for smooth and rough surface
model of NACA.

There are two main testing conditions:
(1) Smooth airfoils.
(2) Rough model surfaces airfoils.

For the above two testing conditions, tests were carried out at Reynolds numbers
(1.39x10°, 1.67x10° and 1.86x10°) based on chord length at the angles of attack
(0,2,4,6,8,10,12,14 and 16). Measurement are done for smooth and rough models
surface on NACAO0012. Repeatability of the pressure readings ensured by
repeating the first reading at each measuring group until the readings difference

Is not more than (3%).
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3.4 Procedure of Experimental Work

Before each test, the following procedure must be done:

1.

Measuring the ambient temperature to calculate the air density. These
values are summarized in Table (3.3), together with other experimental
parameters.

Checking whether the velocity in the tunnel is constant.

Fixing the model in the test section of the wind tunnel. Figure (3.11)
Checking the pressure probes and connecting the tubes to the mainfold
plate wish transfer pressure to pressure display unit.

Operating the wind tunnel and waiting sometime about 3 minute to reach
steady state then recording the reading of pressure when they reach
steadiness.

Repeating steps (2-5) by changing the rough surface dimensions. see
figure (3.14)
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Table (3.3) Experimental Parameters

Description Symbol Amount Units
Freestream velocity Us 15-18-20 m/s
Air density p 1.164 Kg/m?
Air dynamic viscosity u 1.872x10° Kg/m.s
Reynolds number Re - -
Air Temperature Ta 30 C°
Atmosphere pressure Patm 101.325 KN/m?

Pitot static tube

—
{ canm®
. Aerofoil Qut let
Airflow —1
—_—
1-20
Working Section o \Q{-)O\QSO oXe,
0 0% O\Q
000000

32-Way Pressure
Display Unit

Figure (3.11) Fit the Airfoil inside working suction and connect the pipes to the

manifold plate
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3.5 Theoretical Calculations for Experimental Work

As it is known, when fluid flows over a solid surface, a layer is formed at
the surface at which the velocity gradient is very high. The fluid is retarded in this
layer on an account of viscous resistance. This layer is known as boundary layer.
In this layer, velocity increase rapidly from zero at the boundary surface (i.e. no
slip) to that equal to the main stream velocity at the outer edge of the boundary
layer. The thickness of the boundary layer (8) is usually taken as the normal
distance between the plate and the point where the velocity is 0.99 times the

velocity of main flow.
Air Density:

From a combination of the atmospheric pressure, the gas constant, and the

ambient temperature, determine the density of the air in the wind tunnel:

p=p/RT ... (2)

Two Dimensions Assumption:

As the airfoil fully spans the working section of the wind tunnel, the air
cannot flow around the wing edges or ‘wing tips', as in a real airfoil. The air flow
Is only over the upper and lower surface of the wing. This is two dimensional
airflow. Flow around wing tips adds the third dimension, but creates additional

drag and other complications.
Wing Areas :

This is simply the plan view of the airfoil, which is the product of the span
and the chord.

Wing Area = chord x span .......... 3)
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Pressure Coefficient Cp

the pressure coefficient is given as:

P—Pw

Coefficient of Lift CLand drag Cp

A larger wing of a certain design can offer more real or simple lift or drag
than a smaller wing of the same design, so to compare wings of different sizes,
there must be an account for the difference in size, engineers calculate this by

using a non-dimensional value that is called the lift or drag coefficient.

Cl=L/Gp uls) ... (5)

Co=D/Cp uls) ... (6)

The equation shows that you can use the coefficient of lift or drag with the air and

airfoil properties to calculate basic lift or drag.
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Finding Coefficient of Lift

When graphing the coefficient of pressure against the distance along the
airfoil, the coefficient of lift is plotted underneath the line. In order to make the
distance along the airfoil non-dimensional, it must be divided by the chord length

to yield a fraction x/c, with values between 0 and 1.

A
-Cp B=A
A= -
B=-
s (- B) - (-A) = 0 lift
Area B ----
0 —
+Cp
-
0 1

x/c

Figure (3.12) Finding Coefficient of Lift [33]
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Upper surface
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Seane®

Y
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Figure (3.13) Finding Coefficient of Lift [33]

Ci=AreaB-AreaA  .......... 9)

The difference between the two areas (B-A) is the lift coefficient. At O degrees
incidence, for a symmetrical airfoil both areas would be equal and negative, giving
a lift of 0. Figure (3.12)

If the area under the upper surface curve is greater and negative, while the lower
surface gives positive pressure coefficients, then you have a net positive lift
coefficient. Figure (3.13)
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Velocity Measurement:

To calculate the local velocities from measurements devices, for

incompressible flow Bernoulli's equation used as follows:
Ps+Py=Pi=Constant ...l (10)
AP =Py = Py — Ps
Pi=pul (11)

Dynamic pressure can be expressed in terms of:

Pa = (AH p)water g (12)
From equations (11) and (12):

U= [29 (AHp)water]1/2

p air
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Experimental Work

l

Prefabrication of airfoil and surface modules

|

Prepare the module

|
| |

Rough surface Smooth surface

}

For each rough Status in wind tunnel

module

l

Prepare wind tunnel, measurement devise and tools

| : _
! !

Pitot-static tube for measure velocity 32 pressure unit for measure pressure

Figure (3.14) procedure of experiment work
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1 Introduction

Experiments were carried out using stainless steel wire mesh as six different
rough surfaces (Mo.1, Mo.2, Mo.3, Mo.4, Mo.5 and Mo.6) and a smooth surface
of airfoil for comparison. The tests have been achieved for two dimensional,
steady, turbulent, incompressible, viscous flow. All cases were used for the
pressure measurement in the low-speed wind tunnel at Reynolds numbers
(1.39x10°, 1.67x10° and 1.86x10°) based on the mean velocity and airfoil chord
length. Rough surfaces were applied on 50% of the airfoil area, and pitot tube was
utilized to measure the dynamic pressure in the working suction of wind tunnel.
The experimental results included pressure, mean velocity profile, lift, drag

coefficients curves for the airfoil.

4.2 Experimental Results

Experiments were carried out using airfoil model (NACA 0012) in a subsonic
wind tunnel. The experimental results included pressure, velocity profile and lift,
drag coefficients curves for the airfoil with and without rough surfaces at different
angles of attack (0,2,4,6,8,10,12,14 and 16) for rough models (Mo.1, Mo.2, Mo.3,
Mo.4, Mo.5 and Mo.6) at Reynolds numbers (1.39x10°, 1.67x10° and 1.86x10°)
based on chord. Tables (4.1) and (4.2).
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Table (4.1) rough surfaces cases for C, C., Cp

Case study Surface

Case 1l

Case 2

Case 3

Case 4

Case 5

Case 6

Case 7

module

Smooth

40 holes per
in (Mo.1)
60 holes per
in (Mo.2)
80 holes per
in (Mo.3)
100  holes
per in
(Mo.4)

120  holes
per in
(Mo.5)
200
per in
(Mo.6)

holes

15,18 and 20

15,18 and 20

15,18 and 20

15,18 and 20

15,18 and 20

15,18 and 20

15,18 and 20

57

Air velocity  Angle of attack

0,2,4,6,8,10,12,14
and 16
0,2,4,6,8,10,12,14
and 16
0,2,4,6,8,10,12,14
and 16
0,2,4,6,8,10,12,14
and 16
0,2,4,6,8,10,12,14
and 16

0,2,4,6,8,10,12,14
and 16

0,2,4,6,8,10,12,14
and 16

Measurement

Cp; CL; CD

Cp; CL: CD

Cp, CL; CD

Cp; CL; CD

Cp; CL; CD

Cp; CL; CD

Cp; CL; CD
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Table (4.2) Rough surfaces cases for velocity profile measurement

Case study

Case 1l

Case 2

Case 3

Case 4

Case 5

Case 6

Case 7

Surface
module

Smooth

40 holes per
in
60 holes per
in
80 holes per
in
100 holes per
in
120 holes per
in
200 holes per

In

Air velocity

15,18 and 20

15,18 and 20

15,18 and 20

15,18 and 20

15,18 and 20

15,18 and 20

15,18 and 20
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Angle
attack

ZEro

ZEro

ZEro

Z€ero

ZEero

ZEro

ZEro

of Measurement

Velocity profile

Velocity profile

Velocity profile

Velocity profile

Velocity profile

Velocity profile

Velocity profile
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4.2.1 Effect of Roughness on Velocity Profile

Streamwise mean velocity profiles were measured in the longitudinal (y)
plane with respect to the airfoil centerline for both with and without rough
surfaces at positions x=0.20L, where L is length of working suction, as shown in
figures (4.1 — 4.3) for Reynolds numbers (1.39x10°, 1.67x10° and 1.86x10°)
respectively. All measurement of velocity profile was done at a constant angle of
attack (0O degree). Presence of the rough surface will strongly influence the
velocity profile near the wall of the airfoil, indicating a reduction in the
momentum transferred from the fluid to the wall. For most rough surface cases in
the present investigation, the velocity profiles shift slightly downward compared
with the smooth surface. This happens because of the reduction in the vorticity of
the fluid or the smallest size of turbulent eddies in the boundary layer. This effect
shifts the profiles in this direction. Similar results were obtained at different

Reynolds numbers so they are not influent on velocity profile.

4.2.2 Effect of Roughness on Pressure Distribution

NACA 0012 chordwise pressure distribution measured at various angles of
attack (0°, 2°, 4°, 6°, 8°, 10°, 12°, 14°, and 16°), for smooth and rough surfaces
(Mo.1, Mo.2, Mo.3, Mo.4, Mo.5 and Mo.6). Pressure coefficients distribution
along airfoil chord for NACA 0012 are presented in figures (4.4 - 4.8), figures
(4.9 - 4.13) and figures (4.14 - 4.18) for Reynolds numbers (1.39x10°, 1.67x10°
and 1.86x10°) respectively. In this model (Mo.6, 200 holes per inch), the
chordwise pressure distribution on the rough surface is very different from other
surfaces. Pressure distribution with rough surface has a greater pressure area than

a pressure distribution area with smooth surface and other modules (Mo.1, Mo.2,

59



CHAPTER FOUR RESULTS AND DISCUSSION

Mo.3, Mo.4, and Mo.5) due to inflows towards the wall carry high streamwise
momentum and, when reaching smooth wall, spread laterally. This creates an
extended area of the surface with high streamwise velocity gradient. If there is
inflow, there will be a rise in pressure at the smooth wall, on the rough surface
which can disrupt the lateral motion of the inrush directly below the inflow. As a
result, the size of region with high streamwise velocity gradient is then decreased.
The larger area with rough surface will result in model (Mo.6) which has larger

area for all measurement.

4.2.3 Roughness Effect on Lift and Drag

It is known that the pressure distribution is sensitive to the effect of rough
surfaces. Figure (4.19), Figures (4.21) and Figures (4.23), show the variations of
the lift coefficient verses angle of attack for both smooth and rough surfaces at
Reynolds numbers (1.39x10° 1.67x10° and 1.86x10°) respectively. Figures
(4.20), Figures (4.22) and Figures (4.24), show the variations of the drag
coefficient verses angle of attack for both smooth and rough surfaces at Reynolds
numbers (1.39x10°, 1.67x10° and 1.86x10°) respectively. Figure (4.25), Figure
(4.26) and Figure (4.27), show the variations of the lift/drag ratio verses angle of
attack for both smooth and rough surfaces at Reynolds numbers (1.39x10°,
1.67x10° and 1.86x10°) respectively.

The result shows a small increase in lift curve slope about (8-17%) and a
decrease in drag about (12-18%) for NACA 0012 over an angle of attack range
from (0° to 16°), when the flow is modified within the rough surface model
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(Mo.6). The slope of (CI) increases and decreases in (Cd) obviously results from
reducing the thicknesses in boundary layer caused by rough surface; essentially

rough surface leads to a lower viscous effect on the airfoil.

The results also showed that stall angle of attack at (a=12°) are unaffected
by rough surfaces, so the (CI/Cd) ratio increases to maximum value (Cl/Cd=13,
14.5, 25) for Reynold numbers (1.39x10°, 1.67x10° and 1.86x10°) respectively as
seen in figures (4.25 to 4.27). The rough surface model (Mo.6) has shown the
greatest potential for drag reduction, with maximum recorded reduction of (18%)
at Reynold number (1.86x10°), also it gives highest value enhancement in lift
coefficient of (17%) for NACA 0012 at Reynold number (1.39x10°).

4.2.4 Lift Performance with Angle of Attack

Results of lift increase for rough surface model (Mo.6) for Reynold number
(1.86x10°) at each angle of attack are shown in figure (4.39 b) for NACAO0012.
This implies that roughness on the surface increases lift but at an angle of attack
up to 10°, and then decreases at a higher angle of attack, Surface model (Mo.6)
has proved the greatest lift increase. The lift increase for Surface model (Mo.6)
on NACAO0012 increased initially with angle of attack about at (a=10°) then
decrease to at (a=16°).
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4.3 Comparison of the present work with others researches

Comparisons between the results of the present experimental work for the
rough surfaces models (Mo.1, Mo.2, Mo0.3, Mo.4, Mo.5 and Mo.6 ) and others
researches are presented in this paragraph. It is found that the results for rough
module (Mo.6) of computational work agree well with the results obtained by
[18] Nibras Mohammed wish is investigated experimentally the effect of
longitudinal riblet surface models on NACAOQ0012. For other surfaces module
(Mo.1, Mo.2, Mo.3, Mo.4 and Mo.5) the results obtained agree with [13] W.
Chakroun, and [14] A.A. Abdel-Rahman which is show that the smooth surface
is more efficient than other modules (Mo.1, Mo.2, Mo0.3, Mo.4 and Mo.5).
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160
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140 —@— mesh 40

120 —®—mesh 60

mesh 80
100
—@— mesh 100
80 —@— mesh 120

60 —@— mesh 200

40

20

distance from the center of working suction
(mm)

4 6 8 10 12 14 16
air velocity (m/s)

Figure (4.1) Velocity profile Distribution For smooth and Rough Surfaces with constant
Angles of Attack at Re =1.39x10°
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Figure (4.2) Velocity profile Distribution For smooth and Rough Surfaces with constant
Angles of Attack at Re = 1.67x10°
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Figure (4.3) Velocity profile Distribution For smooth and Rough Surfaces with
constant Angles of Attack at Re = 1.86x10°
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Figure (4.4) Pressure Coefficients Distribution Along Airfoil Chord For NACA
0012 at Re = 1.39x10°and Angle of Attack a) 0=0 b) 0=2
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Figure (4.5) Pressure Coefficients Distribution Along Airfoil Chord For NACA
0012 at Re = 1.39x10°and Angle of Attack a) 0. =4 b) o =6
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Figure (4.6) Pressure Coefficients Distribution Along Airfoil Chord For NACA
0012 at Re = 1.39x10°and Angle of Attack a) o =8 b) a =10
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Figure (4.7) Pressure Coefficients Distribution Along Airfoil Chord For NACA
0012 at Re = 1.39x10°and Angle of Attack a) 0. =12 b) a =14
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Figure (4.8) Pressure Coefficients Distribution Along Airfoil Chord For NACA
0012 at Re = 1.39x10°and Angle of Attack o =16
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Figure (4.10) Pressure Coefficients Distribution Along Airfoil Chord For NACA
0012 at Re = 1.67x10° and Angle of Attack a) a =4 b) a =6
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Figure (4.11) Pressure Coefficients Distribution Along Airfoil Chord For NACA
0012 at Re = 1.67x10° and Angle of Attack a) o =8 b) a =10
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Figure (4.12) Pressure Coefficients Distribution Along Airfoil Chord For NACA
0012 at Re = 1.67x10° and Angle of Attack a) o =12 b) a =14
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Figure (4.13) Pressure Coefficients Distribution Along Airfoil Chord For NACA
0012 at Re = 1.67x10° and Angle of Attack o =16
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Figure (4.14) Pressure Coefficients Distribution Along Airfoil Chord For NACA
0012 at Re = 1.86x10%nd Angle of Attack a) a =0 b) a =2
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Figure (4.15) Pressure Coefficients Distribution Along Airfoil Chord For NACA
0012 at Re = 1.86x10%nd Angle of Attack a) a =4 b) a.=6
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Figure (4.16) Pressure Coefficients Distribution Along Airfoil Chord For NACA
0012 at Re = 1.86x10°and Angle of Attack a) o =8 b) a =10
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Figure (4.17) Pressure Coefficients Distribution Along Airfoil Chord For NACA
0012 at Re = 1.86x10°and Angle of Attack a) 0. =12 b) a =14
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Figure (4.18) Pressure Coefficients Distribution Along Airfoil Chord For NACA
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Figure (4.19) Lift Coefficients Verses Angle of Attack for smooth and rough
surfaces at Re = 1.39x10°

80



CHAPTER FOUR RESULTS AND DISCUSSION

0.30
—@—smooth
mesh 40 A
0.25 mesh 60
mesh 80
0.20 mesh 100
mesh 120

mesh 200

CD []
o

0.10
0.05

0.00
0 2 4 6 8 10 12 14 16 18

angle of attack , a (°)

Figure (4.20) Drag Coefficients Verses Angle of Attack for smooth and rough
surfaces at Re = 1.39x10°
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Figure (4.21) Lift Coefficients Verses Angle of Attack for smooth and rough
surfaces at Re = 1.67x10°
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Figure (4.22) Drag Coefficients Verses Angle of Attack for smooth and rough
surfaces at Re = 1.67x10°
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Figure (4.23) Lift Coefficients Verses Angle of Attack for Smooth and Rough
Surfaces at Re = 1.86x10°
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Figure (4.24) Drag Coefficients Verses Angle of Attack for smooth and rough
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Figure (4.26) Experimental Cl /Cd Ratio Verses Angle of Attack For NACA
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

From the discussion of the experimental results for the present work, the

following conclusions may be drawn:

5.1 Conclusions

1) The distribution of pressure area with a rough surface is greater than a
smooth surface. Surface model (Mo.6) has a greater total surface area for
all measurements.

2) The results show clear evidence of a small increase in lift and a decrease in
drag for NACA 0012 over different angles of attack, when the flow is
modified within the rough surface models (Mo.6). Model (Mo.6) has a
maximum drag coefficient recorded reduction of (18%), also it gives the
highest value of enhancement in lift coefficient of (12%) for NACA 0012.

3) Stall angle of attack is unaffected by roughness, so the (CI/Cd) ratio
increases to maximum value (Cl/Cd=25) for NACA 0012 at Reynold
number 1.86x10°

4) The rough surface flow velocity gradient was lower than the smooth surface
gradient, thus meaning a decrease in the momentum, energy, and

displacement thicknesses.
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5.2 Recommendations for Future Work

The increase in lift and decrease in drag of wing is importance to the aircraft

performance involving fluid flow. Controlling boundary layer (active or passive)

leads to drag reduction and lift enhancement on airfoil. For future work, the

following points can be recommended:

1)

2)

3)

4)

5)

6)

Repeating the previous experiments for the same conditions by using flow
visualizations to recognize the flow structure qualitative on the smooth and
modified surface.

Studying experimentally the distribution of skin friction coefficient and
shear stress on the rough surface models.

For studying the effect of heat and rough surface on boundary layer
characteristics, we can add a heat source function on the airfoil model with
rough surfaces.

Mathematical model to estimate the lift and drag theoretically and to
compare with the experimental work.

Repeating the use of wind tunnel for the same conditions of the previous
experiments and the same rough surface models on the flat plate to estimate
the lift and drag behavior.

Influence of rough surface models on the wake area being tested

experimentally and theoretically.
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Table A.1 Smooth Surface Data(pressure) at Re=1.39x10°

x/c Pt Pt Pt Pt Pt Pt Pt Pt Pt
a=16 a=14 a=12 a=10 a=8 a=6 a=4 a=2 a=0
0005 -020 023 -052 -046 -036 -029 -020 -0.12 -0.07
0025 -017 -019 -044 -037 032 029 022 -018 -0.14
0076 -018 020 -030 -033 -028 -026 -021 -0.19 -0.16

0.127 -0.18 -0.19 -0.25 -0.24 -0.24 -0.23 -0.19 -0.18 -0.15

@

(]

"'g 0.253 -0.17 -0.18 -0.20 -0.20 -0.20 -0.18 -0.17 -0.17 -0.15

g 0413 -0.16 -0.16 -0.16 -0.16 -0.15 -0.15 -0.15 -0.15 -0.13

;: 0.538 -0.15 -0.17 -0.14 -0.14 -0.14 -0.14 -0.14 -0.14 -0.12
0.676  -0.17 -0.17 -0.12 -0.13 -0.13 -0.13 -0.12 -0.13 -0.12
0.813  -0.15 -0.15 -0.10 -0.10 -0.11 -0.11 -0.11 -0.12 -0.12
0914 -0.13 -0.13 -0.08 -0.08 -0.08 -0.08 -0.08 -0.09 -0.09
0.010 0.01 0.00 0.00 0.00 0.00 0.00 -0.02 -0.04 -0.08
0.051 -0.03 -0.05 -0.03 -0.04 -0.06 -0.06 -0.10 -0.11 -0.15
0.102 -0.06 -0.06 -0.05 -0.06 -0.08 -0.08 -0.11 -0.13 -0.15

o 0.152  -0.06 -0.07 -0.06 -0.07 -0.08 -0.10 -0.11 -0.13 -0.14

"'g 0.274  -0.08 -0.08 -0.07 -0.08 -0.08 -0.10 -0.11 -0.12 -0.13

g 0.396  -0.09 -0.09 -0.07 -0.09 -0.09 -0.10 -0.10 -0.12 -0.12

§ 0.518  -0.08 -0.08 -0.08 -0.08 -0.09 -0.09 -0.10 -0.11 -0.11

0.640 -0.10 -0.10 -0.08 -0.09 -0.10 -0.10 -0.11 -0.11 -0.11

0.762  -0.11 -0.10 -0.10 -0.10 -0.10 -0.10 -0.10 -0.10 -0.11

0.864 -0.12 -0.11 -0.10 -0.10 -0.10 -0.10 -0.10 -0.11 -0.11
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Table A.2 rough Surface (Mo.1) Data(pressure) at Re=1.39x10°

x/c Pt Pt Pt Pt Pt Pt Pt Pt Pt
a=16 a=14 a=12 a=10 a=8 a=6 a=4 a=2 a=0
0.005 -018 -020 -022 -029 -028 -021 016 -0.10 -0.05
0025 -017 -020 022 -031 -029 -024 020 -017 -0.14
0076 -020 021 -025 -034 -031 -026 -023 020 -0.17

0.127 -0.18 -0.19 -0.21 -0.26 -0.23 -0.23 -0.21 -0.18 -0.16

@

(]

"'g 0.253 -0.18 -0.19 -0.20 -0.19 -0.20 -0.18 -0.18 -0.17 -0.16

g 0413 -0.16 -0.17 -0.16 -0.15 -0.15 -0.15 -0.15 -0.14 -0.13

;: 0.538 -0.17 -0.17 -0.17 -0.14 -0.14 -0.14 -0.14 -0.14 -0.14
0.676  -0.18 -0.17 -0.17 -0.13 -0.13 -0.13 -0.13 -0.13 -0.13
0.813 -0.17 -0.15 -0.15 -0.12 -0.12 -0.12 -0.12 -0.12 -0.12
0914 -0.15 -0.13 -0.12 -0.10 -0.10 -0.08 -0.08 -0.08 -0.08
-0.08 0.02 0.02 0.02 0.02 0.02 0.00 -0.02 -0.05 -0.08
-0.15 -0.03 -0.03 -0.03 -0.03 -0.05 -0.07 -0.10 -0.11 -0.15
-0.15 -0.05 -0.04 -0.04 -0.05 -0.07 -0.08 -0.11 -0.13 -0.15

@ -0.14 -0.06 -0.06 -0.06 -0.06 -0.08 -0.10 -0.11 -0.13 -0.14

"'g -0.13 -0.07 -0.07 -0.07 -0.07 -0.08 -0.10 -0.10 -0.11 -0.13

g -0.13 -0.08 -0.08 -0.08 -0.08 -0.09 -0.10 -0.11 -0.12 -0.13

§ -0.12 -0.08 -0.08 -0.08 -0.08 -0.08 -0.09 -0.10 -0.11 -0.12

-0.12 -0.10 -0.10 -0.10 -0.09 -0.10 -0.10 -0.11 -0.11 -0.12

-0.11 -0.11 -0.10 -0.10 -0.10 -0.10 -0.10 -0.11 -0.11 -0.11

-0.13 -0.13 -0.13 -0.11 -0.11 -0.11 -0.11 -0.11 -0.12 -0.13
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Table A.3 rough Surface (Mo.2) Data(pressure) at Re=1.39x10°

x/c Pt Pt Pt Pt Pt Pt Pt Pt Pt
a=16 a=14 a=12 a=10 a=8 a=6 a=4 a=2 a=0
0.005 -010 -0.11 -0.15 -023 -021 -0.15 -0.08 -0.03  0.00
0025 -010 -010 -014 -022 -020 -017 -0.12  -0.08 -0.05
0076 -015 -015 -018 -028 -025 -021 -016 -0.15 -0.11

0.127 -0.13 -0.13 -0.15 -0.24 -0.21 -0.18 -0.14 -0.12 -0.11

@

(]

"'g 0.253 -0.13 -0.13 -0.14 -0.15 -0.15 -0.13 -0.13 -0.12 -0.11

g 0413 -0.11 -0.11 -0.11 -0.10 -0.10 -0.10 -0.10 -0.08 -0.08

;: 0.538 -0.12 -0.12 -0.11 -0.09 -0.09 -0.09 -0.08 -0.07 -0.07
0.676 = -0.13 -0.13 -0.12 -0.08 -0.08 -0.08 -0.08 -0.08 -0.07
0.813 -0.12 -0.12 -0.10 -0.08 -0.07 -0.07 -0.07 -0.07 -0.07
0914 -0.10 -0.08 -0.07 -0.05 -0.04 -0.03 -0.03 -0.03 -0.03
0.010 0.05 0.05 0.05 0.05 0.05 0.05 0.03 0.00 -0.03
0.051 0.00 0.00 -0.01 0.00 -0.02 -0.03 -0.07 -0.08 -0.10
0.102 -0.01 -0.01 -0.02 -0.02 -0.03 -0.04 -0.07 -0.08 -0.10

o 0.152  -0.01 -0.01 -0.02 -0.02 -0.03 -0.04 -0.06 -0.07 -0.09

"'g 0.274  -0.02 -0.02 -0.02 -0.02 -0.03 -0.03 -0.05 -0.06 -0.08

g 0.396  -0.04 -0.04 -0.04 -0.04 -0.05 -0.05 -0.06 -0.07 -0.08

§ 0.518  -0.05 -0.05 -0.05 -0.04 -0.05 -0.05 -0.05 -0.06 -0.07

0.640 -0.05 -0.05 -0.05 -0.03 -0.04 -0.05 -0.05 -0.05 -0.05

0.762 -0.05 -0.05 -0.05 -0.03 -0.03 -0.04 -0.05 -0.05 -0.05

0.864  -0.08 -0.08 -0.07 -0.07 -0.07 -0.07 -0.07 -0.07 -0.07
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Appendix The Experimental Data

Table A.4 rough Surface (Mo.3) Data(pressure) at Re=1.39x10°

x/c Pt Pt Pt Pt Pt Pt Pt Pt Pt
a=16 a=14 a=12 a=10 a=8 a=6 a=4 a=2 a=0
0005 -016 -018 -020 -029 -026 -021 -015 -0.10 -0.05
0025 -017 -017 -020 -031 -028 -025 020 -0.17 -0.13
0076 -018 -018 -021 -033 -030 -026 -021 -0.18 -0.16

0.127 -0.18 -0.18 -0.19 -0.29 -0.29 -0.27 -0.21 -0.18 -0.14

@

(]

"'g 0.253 -0.17 -0.17 -0.18 -0.18 -0.18 -0.17 -0.17 -0.16 -0.15

g 0413 -0.16 -0.16 -0.16 -0.15 -0.15 -0.15 -0.13 -0.13 -0.13

;: 0.538 -0.15 -0.15 -0.16 -0.14 -0.14 -0.14 -0.13 -0.12 -0.12
0.676  -0.17 -0.17 -0.16 -0.12 -0.12 -0.12 -0.12 -0.12 -0.12
0.813  -0.15 -0.15 -0.13 -0.11 -0.10 -0.10 -0.10 -0.10 -0.10
0914 -0.13 -0.13 -0.12 -0.08 -0.08 -0.08 -0.08 -0.08 -0.08
0.010 0.01 0.01 0.00 0.00 0.00 0.00 -0.02 -0.05 -0.09
0.051 -0.04 -0.05 -0.05 -0.05 -0.06 -0.07 -0.10 -0.13 -0.15
0.102 -0.06 -0.07 -0.07 -0.07 -0.07 -0.08 -0.11 -0.13 -0.15

o 0.152  -0.06 -0.07 -0.07 -0.07 -0.07 -0.08 -0.11 -0.12 -0.14

"'g 0.274  -0.07 -0.08 -0.08 -0.07 -0.08 -0.09 -0.10 -0.11 -0.13

g 0.396  -0.08 -0.08 -0.08 -0.08 -0.08 -0.10 -0.10 -0.11 -0.12

§ 0.518  -0.08 -0.08 -0.08 -0.08 -0.08 -0.09 -0.10 -0.10 -0.11

0.640 -0.10 -0.10 -0.10 -0.10 -0.10 -0.10 -0.11 -0.11 -0.11

0.762  -0.10 -0.10 -0.10 -0.10 -0.10 -0.10 -0.10 -0.11 -0.11

0.864 -0.12 -0.11 -0.11 -0.10 -0.10 -0.10 -0.10 -0.11 -0.11
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Appendix The Experimental Data

Table A.5 rough Surface (Mo.4) Data(pressure) at Re=1.39x10°

x/c Pt Pt Pt Pt Pt Pt Pt Pt Pt
a=16 a=14 a=12 a=10 a=8 a=6 a=4 a=2 a=0
0005 -013 -015 -034 -031 -026 -020 -012 -0.07 -0.02
0025 -012 -014 034 -031 -027 -022 016 -012 -0.07
0076 -015 -016 -033 -030 -026 -024 -020 -0.16 -0.13

0.127 -0.13 -0.14 -0.19 -0.19 -0.18 -0.16 -0.14 -0.13 -0.11

@

(]

"g 0.253 -0.13 -0.14 -0.15 -0.15 -0.15 -0.14 -0.13 -0.12 -0.10

g 0413 -0.11 -0.13 -0.11 -0.11 -0.11 -0.11 -0.10 -0.10 -0.08

;: 0.538 -0.12 -0.12 -0.09 -0.09 -0.09 -0.09 -0.09 -0.08 -0.07
0.676 = -0.13 -0.13 -0.10 -0.10 -0.10 -0.10 -0.09 -0.08 -0.08
0.813 -0.12 -0.12 -0.08 -0.08 -0.08 -0.08 -0.08 -0.08 -0.08
0914 -0.10 -0.10 -0.05 -0.05 -0.05 -0.05 -0.05 -0.05 -0.05
0.010 0.05 0.05 0.05 0.05 0.05 0.05 0.03 0.01 -0.02
0.051 -0.02 -0.02 0.00 -0.01 -0.02 -0.03 -0.07 -0.08 -0.11
0.102  -0.02 -0.02 -0.01 -0.02 -0.03 -0.04 -0.07 -0.08 -0.11

o 0.152  -0.02 -0.02 -0.01 -0.02 -0.03 -0.04 -0.06 -0.07 -0.10

"'g 0.274  -0.03 -0.03 -0.02 -0.02 -0.03 -0.05 -0.05 -0.07 -0.08

g 0.396  -0.04 -0.04 -0.04 -0.04 -0.05 -0.05 -0.06 -0.07 -0.08

§ 0.518 -0.04 -0.04 -0.04 -0.04 -0.04 -0.04 -0.05 -0.06 -0.07

0.640 -0.05 -0.05 -0.05 -0.05 -0.05 -0.05 -0.05 -0.06 -0.07

0.762 -0.07 -0.07 -0.05 -0.05 -0.05 -0.06 -0.06 -0.07 -0.07

0.864 -0.10 -0.10 -0.07 -0.07 -0.07 -0.07 -0.08 -0.08 -0.08
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Appendix The Experimental Data

Table A.6 rough Surface (Mo.5) Data(pressure) at Re=1.39x10°

x/c Pt Pt Pt Pt Pt Pt Pt Pt Pt
a=16 a=14 a=12 a=10 a=8 a=6 a=4 a=2 a=0
0005 -011 -016 -039 -035 -028 -020 -0.11  -0.07  0.00
0025 -010 -014 -035 -031 -026 -020 -0.15 -0.10 -0.07
0076 -015 -016 -031 -030 -028 -025 -020 -0.16 -0.13

0.127 -0.13 -0.14 -0.19 -0.19 -0.18 -0.16 -0.14 -0.12 -0.10

@

(]

"'g 0.253 -0.13 -0.14 -0.17 -0.16 -0.15 -0.14 -0.13 -0.12 -0.10

g 0413 -0.11 -0.13 -0.11 -0.11 -0.11 -0.10 -0.10 -0.10 -0.08

;: 0.538 -0.12 -0.12 -0.10 -0.10 -0.10 -0.09 -0.09 -0.08 -0.07
0.676 = -0.13 -0.13 -0.09 -0.09 -0.09 -0.08 -0.08 -0.08 -0.08
0.813 -0.12 -0.12 -0.08 -0.07 -0.07 -0.07 -0.07 -0.07 -0.07
0914 -0.10 -0.08 -0.05 -0.05 -0.05 -0.05 -0.04 -0.04 -0.03
0.010 0.06 0.06 0.05 0.06 0.06 0.05 0.03 0.01 -0.02
0.051 0.00 0.00 0.00 0.00 -0.02 -0.03 -0.06 -0.08 -0.10
0.102 0.00 0.00 0.00 0.00 -0.02 -0.03 -0.05 -0.07 -0.09

o 0.152 0.00 0.00 0.00 0.00 -0.02 -0.03 -0.05 -0.07 -0.08

"'g 0.274  -0.02 -0.02 -0.02 -0.02 -0.03 -0.03 -0.05 -0.05 -0.07

g 0.396  -0.04 -0.04 -0.03 -0.03 -0.04 -0.04 -0.06 -0.06 -0.07

§ 0.518 -0.04 -0.04 -0.03 -0.03 -0.03 -0.04 -0.04 -0.05 -0.05

0.640 -0.05 -0.05 -0.03 -0.03 -0.03 -0.05 -0.05 -0.05 -0.05

0.762 -0.06 -0.05 -0.03 -0.03 -0.03 -0.04 -0.05 -0.05 -0.05

0.864  -0.08 -0.08 -0.07 -0.07 -0.07 -0.07 -0.07 -0.07 -0.07
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Appendix The Experimental Data

Table A.7 rough Surface (Mo.6) Data(pressure) at Re=1.39x10°

x/c Pt Pt Pt Pt Pt Pt Pt Pt Pt
a=16 a=14 a=12 a=10 a=8 a=6 a=4 a=2 a=0
0.005 -012 -015 -043 -041 033 -021 -015 -0.07  0.00
0025 -010 -012 036 -032 -027 -020 -017 -0.10 -0.07
0076 -015 -016 -026 -025 -026 -021 -018 -0.15 -0.11

0.127 -0.12 -0.13 -0.19 -0.19 -0.18 -0.16 -0.14 -0.12 -0.10

@

(]

"'g 0.253 -0.13 -0.13 -0.15 -0.16 -0.15 -0.13 -0.13 -0.12 -0.10

g 0413 -0.11 -0.12 -0.11 -0.11 -0.11 -0.10 -0.10 -0.09 -0.08

;: 0.538 -0.12 -0.12 -0.09 -0.09 -0.09 -0.09 -0.08 -0.07 -0.07
0.676 = -0.13 -0.12 -0.08 -0.08 -0.09 -0.08 -0.08 -0.08 -0.07
0.813 -0.12 -0.12 -0.08 -0.07 -0.08 -0.07 -0.07 -0.07 -0.07
0914 -0.10 -0.08 -0.05 -0.05 -0.05 -0.05 -0.05 -0.05 -0.05
0.010 0.06 0.06 0.05 0.06 0.06 0.06 0.05 0.01 -0.02
0.051 0.00 0.00 0.00 0.00 -0.02 -0.03 -0.05 -0.07 -0.10
0.102 0.00 0.00 0.00 0.00 -0.02 -0.03 -0.05 -0.07 -0.09

o 0.152  -0.01 -0.02 0.00 0.00 -0.02 -0.03 -0.05 -0.07 -0.09

"'g 0.274  -0.02 -0.02 -0.01 -0.02 -0.02 -0.03 -0.05 -0.06 -0.08

g 0.396  -0.04 -0.04 -0.03 -0.03 -0.04 -0.05 -0.06 -0.07 -0.08

§ 0.518 -0.02 -0.03 -0.03 -0.02 -0.02 -0.03 -0.04 -0.04 -0.05

0.640 -0.05 -0.05 -0.03 -0.03 -0.03 -0.04 -0.05 -0.05 -0.05
0.762 -0.06 -0.05 -0.03 -0.03 -0.03 -0.04 -0.05 -0.05 -0.05

0.864  -0.09 -0.08 -0.07 -0.07 -0.07 -0.07 -0.07 -0.07 -0.07
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Appendix The Experimental Data

Table A.8 Experiment Data(velocity) at Re=1.39x10°

Position Velocity m/s

y smooth Mo.1 Mo.2 Mo.3 Mo.4 Mo.5 Mo.6

0 10.93 5.84 7.73 8.26 8.46 8.57 8.76
10 14.31 7.15 10.12 10.53 11.68 11.68 13.70
20 14.60 10.53 13.06 13.70 14.31 14.43 14.43
30 14.66 13.70 14.43 14.43 14.60 14.60 14.84
40 14.66 14.54 14.60 14.78 14.89 14.84 14.89
50 14.78 14.60 14.60 14.89 14.89 14.89 14.89
60 14.84 14.60 14.89 14.89 14.89 14.89 14.89
70 14.89 14.84 14.89 14.89 14.89 14.89 14.89
80 14.89 14.84 14.89 14.89 14.89 14.89 14.89
90 14.89 14.89 14.89 14.89 14.89 14.89 14.89
100 14.89 14.89 14.89 14.89 14.89 14.89 14.89
105 14.89 14.89 14.89 14.89 14.89 14.89 14.89
110 14.89 14.89 14.89 14.89 14.89 14.89 14.89
115 14.89 14.89 14.89 14.89 14.89 14.89 14.89
120 14.89 14.89 14.89 14.89 14.89 14.89 14.89
125 14.89 14.89 14.89 14.89 14.89 14.89 14.89
130 14.89 14.89 14.89 14.89 14.89 14.89 14.89
135 14.89 14.89 14.89 14.89 14.89 14.89 14.89
140 14.60 14.60 14.60 14.60 14.60 14.60 14.60
145 11.68 11.68 11.68 11.68 11.68 11.68 11.68
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Appendix The Experimental Data

Table A.9 Experiment Data(velocity) at Re=1.67x10°

Position Velocity m/s

y smooth Mo.1 Mo.2 Mo.3 Mo.4 Mo.5 Mo.6
0 13.70 5.84 8.26 9.24 9.60 9.95 10.12
10 16.42 8.26 11.31 12.04 13.06 13.70 15.73
20 17.03 12.39 14.89 16.00 17.03 17.03 17.03
30 17.33 16.00 17.03 17.13 17.28 17.18 17.23
40 17.52 17.13 17.52 17.52 17.43 17.28 17.43
50 17.52 17.28 17.52 17.52 17.52 17.43 17.52
60 17.52 17.38 17.52 17.52 17.52 17.52 17.52
70 17.52 17.43 17.52 17.52 17.52 17.52 17.52
80 17.52 17.52 17.52 17.52 17.52 17.52 17.52
90 17.52 17.52 17.52 17.52 17.52 17.52 17.52
100 17.52 17.52 17.52 17.52 17.52 17.52 17.52
105 17.52 17.52 17.52 17.52 17.52 17.52 17.52
110 17.52 17.52 17.52 17.52 17.52 17.52 17.52
115 17.52 17.52 17.52 17.52 17.52 17.52 17.52
120 17.52 17.52 17.52 17.52 17.52 17.52 17.52
125 17.52 17.52 17.52 17.52 17.52 17.52 17.52
130 17.52 17.52 17.52 17.52 17.52 17.52 17.52
135 17.03 17.03 17.03 17.03 17.03 17.03 17.03
140 14.89 14.89 14.89 14.89 14.89 14.89 14.89
145 13.06 13.06 13.06 13.06 13.06 13.06 13.06
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Appendix The Experimental Data

Table A.10 Experiment Data(velocity) at Re=1.86x10°

Position Velocity m/s

y smooth Mo.1 Mo.2 Mo.3 Mo.4 Mo.5 Mo.6

0 14.89 5.84 8.26 8.86 9.24 9.69 10.53
10 18.47 8.26 12.39 13.06 14.31 14.60 17.52
20 19.59 13.70 17.03 18.47 18.93 19.42 19.46
30 19.72 18.00 19.37 19.81 19.37 19.81 19.81
40 19.81 19.37 19.81 20.02 19.59 19.81 19.81
50 19.81 19.72 19.72 20.15 19,72 20.02 19.94
60 20.02 19.81 19.81 20.24 19.81 19.94 20.02
70 20.24 19.90 19.81 20.24 20.24 20.24 20.24
80 20.24 20.02 19.81 20.24 20.24 20.24 20.24
90 20.24 20.24 20.24 20.24 20.24 20.24 20.24
100 20.24 20.24 20.24 20.24 20.24 20.24 20.24
105 20.24 20.24 20.24 20.24 20.24 20.24 20.24
110 20.24 20.24 20.24 20.24 20.24 20.24 20.24
115 20.24 20.24 20.24 20.24 20.24 20.24 20.24
120 20.24 20.24 20.24 20.24 20.24 20.24 20.24
125 20.24 20.24 20.24 20.24 20.24 20.24 20.24
130 19.37 19.37 19.37 19.37 19.37 19.37 19.37
135 18.47 18.47 18.47 18.47 18.47 18.47 18.47
140 15.45 15.45 15.45 15.45 15.45 15.45 15.45
145 8.26 8.26 8.26 8.26 8.26 8.26 8.26
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Appendix Wind tunnel data

Table B.1 Technical data for wind tunnel

3700 mm long x 1900 mm high x 1065 mm depth
Combined assembled weight 293 kg

Dimensions and weight

Operating Environment Altitude up to 2000 m
Temperature range 5°C to 40°C
Maximum relative humidity 80% for temperatures up to
31°C, decreasing linearly to 50% relative humidity at 40°C
Overvoltage category 2 (as specified in EN61010-1).
Pollution degree 2 (as specified in EN61010-1).

Working Section 305 mm x 305 mm x 600 mm

Nominal Air Velocity 0to36m.s’

Fan Motor AC Three-Phase Axial Variable Speed

Electrical Supply

Type Three-Phase AC #

Voltage (depends on order) 415Vor 220V

Supply Current 16 A (415 V)/20 A (220 V) 50 Hz to 60Hz

External connections 2 x 4 way |EC type sockets to back of Instrumentation Frame.

Output value is the same as the supply phase to neutral value.

Circuit Protection

Drive Unit (415 V) Three phase 16 A MCB (Miniature Circuit Breakers)
(220 V) Three phase 20 A MCB

IEC Outlets 10 AMCB

Low Voltage Instrumentation Supply 2 AMCB
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Appendix

Wind tunnel data

Table B.2 wind tunnel reference data at v=20 m/s and 8 angle of incidence

Reading of
manometer Local
Distance hr Local Relative
From (mm H,0) Relative Static
Leading Edge or pressure | Static Head Pressure
Tapping x display hy-h,, Pr-Py
Number (mm) x/c pr (kPa) (mm H;0) (kPa) G,
START 0 0 0 I 0 0
1 0.76 0.005 118 -0.89 343
3 3.81 0.025 -0.76 0.47 -1.81
" 5 11.43 0.076 -0.77 -0.48 -1.85
% 7 19.05 0.127 -0.65 0.36 1.39
a 9 38.00 0.253 -0.53 -0.24 0.92
i " 62.00 0.413 045 | T oae .0.62
- 13 80.77 0.538 -0.40 0.1 -0.42
15 101.35 0.676 -0.37 -0.08 -0.31
17 121.92 0.813 -0.33 004 | -015
19 137.16 0914 -0.29 0 0
END 150 1.00 0 0
START 0 0 0 0 0
2 1.52 0.010 -0.03 0.26 1.001
4 7.62 0.051 -0.09 0.2 0.77
o 6 15.24 0102 | -0.16 0.13 0.501
é 8 22.86 0152 | -019 0.1 0.385
-f 10 41.15 0.274 -0.24 0.05 0.193
- 12 59.44 0.396 -0.22 0.07 0.27
= 14 77.73 0518 |  -0.27 0.02 0.077
16 96.02 0.640 -0.27 0.02 0.077
18 114.30 0.762 -0.27 0.02 0.077
20 129.54 0.864 -0.29 0 0
END 150 100 0 D 0
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Appendix Calibration

There is error percentage in most readings of the measuring devices. In this

section, the error percentage for all devices has been determine as follow:
Pressure Measurement:

The error percentage in pressure readings of 32-Way Pressure Display units which
result from the reading of pressure probe is taken by comparing the experiment
reading with the reference reading of the model, figure (c-1) the test was done at
wind tunnel air velocity (20.72 m/s) and angle of attack (8 degree). error percentage

for mean pressure is estimated from calibration to be (£7 %).

-4.0
upper ref.
-3.5
lower ref.
3.0 upper exp.
-2.5 lower exp.
-2.0
— -1.5
o
© 1.0
-0.5

0.0
x/c

0.5

1.0

1.5

Figure (c-1) coefficient of pressure reference reading with experiment reading at

angle of attack (8 degree) and air velocity (20.72 m/s)

113



AadAl

Clial gall o dabiite 45 g3 1 mdasd aladiil il 4y pride Ay i Aul 50 6 jal Al Jll o2a J b
(9 el Aalinn 5 1Y)

ey Jhlile Zlia 73 5ad Ao Caaall dpig) dsil) KN 8 elialinn o 0¥ s by jal Gl jLEsY)
4 sllaall 43 s2al) e J anll Adlita slay) 3 (8 gaa hana e alasind o3 (NACA 0012 ) 3o
Lelley ) 5(M0.1,2,3,4,5,6 ) Sselle Ll il (Sanall o guall (0 7 3ai A pladins) o5 s
psad Ll die <yl gilall (sl e (e el dua sl 8 458 40, 60, 80, 100, 120, 200)
Algiyy alael ESE 5 (0°, 2°, 4°, 6°, 8°, 10° 12° 14°, and 16°) Adide il
5l SOl aie de ) hasgie Aate ¢ haall | (1,.39%10°,1.67%10° and 1.86x10°)
) DA e L) o () gl JSEL sl

) vie CilS gl adl Slial se 5 7 sl g 5l (e (5 gea Gt S sa (385 (A e Aalead) ol
cilie ol g mlandl 4588 (<8 G @ jelal & (1.39%10°, 1.67x10° and 1.86x10°) s,
Oend ML 5 Gl pailad diasi o a8 sl 45 588 4085 ()| ) sgd) asad) (ailiad aSal)
4 gy o Jiay (521 5 6 2l 23 sadll IS el DS Allad 3Ll SS1 | Galiall ¢ sgl) Gl o2
OB g8l @l (e 8y G edal )| ale¥) o) ae &5 e dry jall dua sl 8 S5 200
O A 9 o g2 Wl g5 e alaic YL NACAD012 FLall 9618-12 Jlade Il & lads 59%17-8
.(0° to 16°).



NACA 0012 £ 3 ith i e Ao Jaall a0 )93 dalas 4gddias 4 50

(o) Aadia Al
5. 981 elilun LS ddin and
il load) duaiay B S piale 4y 3 Ja clithia (e ¢ 32

il
Oms (re ) Dl

O Ll aie dase .J.e.i

2021/ nsS



	DISCLAIMER
	LIST OF TABLES
	LIST OF FIGURES

