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Symbol		Description				       			SI Unit

F			Force								N
c			Airfoil Chord (where 0.25c is the ¼ chord point)		m
τ			Shear Stress							N/m2
MC/4			Moment at the 0.25c point					Nm
L			Lift Force							N
D			Drag Force							N
R			Force Vector Sum of the Lift and Drag Forces		N
V, V∞, U∞		Free-stream Velocity						m/s
ρ			Density							kg/m3
A			Planform Area							m2
CD			Drag Coefficient						-
CL			Lift Coefficient						-
CP			Pressure Coefficient						-
q			Dynamic Pressure						kg/ms
EK			Kinetic Energy						J
m			Mass								kg
ΑOA, α		Angle(s) Of Attack 						º
μ			Dynamic Viscosity						Pas
ν			Kinematic Viscosity						m2/s
b			Airfoil Span							m
αL=0			Angle of Zero Lift						º
CLmax			Maximum Lift Coefficient					-
L/D			Aerodynamic Efficiency or Lift to Drag Ratio		-	
NACA			National Advisory Committee on Aeronautics		-
Ma			Mach Number							-
Re			Reynolds Number						-
PS			Static Pressure							Pa
PT			Total Pressure							Pa
S			Strouhal Number						-
f			Vortex Shedding Frequency					Hz
h, d			Frontal Height of Airfoil					m
DR			Drag Reduction Agents					-
MDF			Mechanical Degradation in Flow				-
V			Voltage							V
R 			Resistance (or Resistor – R1, R2, etc.)				Ω
VOUT			Output Voltage						V
VEX			Excitation Voltage						V
k, SG			Strain Gauge Factor						-
ε			Strain								-
α			Resistive Temperature Coefficient of Gauge Grid		K-1
β			Linear Thermal Expansion Coefficient			K-1	
ΣT			Thermally Induced Strain					-
DSI			Digital Strain Indicator					-
DAQ			Data Acquisition						-
L, l			Length								m
σ			Stress								Pa
Z			Section Modulus						m3
I			Moment of Inertia						m4
c			Distance from neutral axis of a beam to its top or 		m
bottom surface (beam thickness  2)
E			Young’s Modulus						Pa
PG			Power Dissipated      						W
PD			Power Density							W/m2
VAMP			Voltage Supply to Amplifier Circuit				V
SC			Circuit Sensitivity						V
VO			Output Voltage						V
PCB			Printed Circuit Board						-
ZAR			Zero Adjustment Range					V
C			Capacitor							-
VR			Variable Resistor or Potentiometer				-
T			Transistor							-
BS			Bridge Supply							-
IP			Amplifier Input						-
OP			Amplifier Output						-
SFDR			Spurious Free Dynamic Range				-
S			Frontal Area of Airfoil					m2
C			Frontal Area of Wind Tunnel Test Section			m2
R2			Correlation (Data Linearity) Coefficient			-
LR(LL) 			Lift Output due to Lift Force Applied 			-
LR(DL) 		Lift Output due to Drag Force Interaction 			-
DR(LL) 		Drag Output due to Lift Force Interaction 			-
DR(DL) 		Drag Output due to Drag Force Applied 			-
Kij			Interaction Coefficient					-
FR			Output Reading with no Interaction Correction 		-
FL			Output Reading with Interaction Correction			-
Ra			Average Surface Roughness					μm
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Abstract


Design and Validation of a Force Measurement System 
for the Analysis of Airfoil Lift and Drag Characteristics

Niall Manning


One of the aims of this research was to reduce the flow separation and therefore the pressure drag generated by a wing section, through the adding of surface modifications. The modifications consisted of roughening the surface of polystyrene airfoils using a sand blasting technique, which resulted in a dimpled surface. This idea originated from the design of a golf ball, as the dimples are known to delay flow separation which allows the ball to travel further. In relation to wing design, there has been very little research available that either proved or dismissed the theory of using a roughened airfoil surface to reduce the pressure drag created by flow separation. Therefore three types of airfoils were tested, the NACA 0006, 0024 and 4424 profiles. Different levels of surface roughness, created by the dimples, were applied to various portions and sides of the airfoils. These were in turn tested on the three airfoil types, including a series of tests with a split flap configuration and the use of end-plates to reduce the induced drag component. The wind tunnel testing was conducted up to a flow velocity of 23m/s, which led to a maximum Re of 321,227 and 588,141 for the single and split flap airfoil testing respectively.

The overall research was split into two phases, where in each phase a force measurement system was designed in conjunction with a series of experimental tests. Therefore, during Phase 2 of the research, a new external strain gauge balance (System 2) was developed specifically for the DCU wind tunnel and with the nature of the testing in mind. This followed on from the previous design (System 1) which had certain measurement errors and design inadequacies. Aside from the improved mechanical design of System 2, strain gauge amplifier circuits and a data acquisition system were also developed. The resulting set-up was very sensitive and stable, which was necessary for the low drag and lift forces involved, with a sensitivity of 0.71N/V corresponding to a minimum load response of approximately 0.0007N, with respect to the slightly more sensitive drag measurement. Therefore, the design of the force measurement system was the main aim of this research. 

As a result, it was necessary to validate the design with extensive experimental testing, which formed the secondary aim of the research. The resulting dimples patterns tested promoted less flow separation in particular tests, however these dimples were also found to have a negative effect on lift generation. An important finding also was that in some of the tests the dimple patterns created an increase in the lift force. In addition, large aerodynamic instabilities were observed in tests where dimples were applied to the frontal sections (<0.33c point) of the airfoils, on their low pressure side. By adding a high level of surface roughness (high Ra) via the dimples, to the middle and last 1/3rd sections on the low pressure (flow separation) side of a NACA 0024 airfoil, from 10° angle of attack onwards the drag force generated compared to the baseline (unmodified smooth airfoil) decreased. However, the lift force also decreased from approximately 8° onwards and at 20° there was a drag decrease of 11.15% and a lift decrease of 8.46%. This therefore led to an overall marginal increase in the aerodynamic efficiency of 3.13%. Overall, the effects varied depending on the airfoil test configuration, the surface modification and the angle of attack. A smoke flow visualisation system was also developed and photographs were captured to provide a further analysis of some of the experimental results.

I

VIII

Chapter 1 – Introduction


Experimental testing in wind tunnels is an essential analysis technique in the design of aircraft wing sections. As part of this, it is necessary to utilise a force measurement system to characterise the aerodynamic performance of a given wing design, hence here lies the main focus of this research. Secondly, it can be observed that all wing sections on modern aircrafts are generally as smooth as possible. In contrast, the design of a golf ball incorporates dimples which are known to reduce drag and increase the flight distance of the ball. This reduction in drag is achieved through a reduction in flow separation, which due to its shape, is a major contributor to the overall drag generated. Therefore, if these dimples decrease the drag generated by a golf ball, then this raises the hypothesis as to why they are not seen on current wing designs. There has been very little research conducted that either proves or dismisses this theory in relation to wing design. So part of this research will investigate the nature of flow separation, along with wind tunnel testing of different dimple patterns applied to airfoil test models. This allowed conclusions to be drawn in order to validate the overall design of the force measurement system and to assess if such dimple patterns can reduce drag by delaying flow separation, in airfoils similar to that experienced by golf balls and the like. 
	

[bookmark: _Toc133393208][bookmark: _Toc259616561][bookmark: _Toc273437344]1.1 Aims


There are four key aims identified within this research project. There are defined as follows:

1. To study the nature of flow separation and recent research of drag reduction techniques similar to this work, from an in-depth literature review. In addition, strain gauge theory and balance design principles were researched in order to effectively design the force measurement system.

2. To design and develop a highly accurate external strain gauge balance and data acquisition system.

3. To validate this design by conducting baseline experimental tests with airfoils in a wind tunnel. Also, it was assessed whether dimples can reduce the baseline drag values of the airfoils by delaying flow separation.

4. To analyse these experimental results in conjunction with the theory covered in the literature review. Following this, it would be possible to draw conclusions as to potential applications of this technique, if proven successful.

[bookmark: _Toc133393209]Therefore, the four main aims were set out in a chronological order for the progression of the research. In summary, the overall aim of this research was to design and develop a force measurement system for the aerodynamic testing of airfoils. As part of the validation of the design, it was investigated whether a dimpled surface on an airfoil can reduce the level of flow separation generated. After obtaining a series of drag and lift baseline experimental results from a wind tunnel, test models were modified by adding dimples through a sand blasting technique to increase their surface roughness. By experimenting with many different modifications, based on the degree of surface roughness achieved and with respect to their location on the airfoils, any possible decrease in drag compared to the baseline results could be observed for various airfoils (NACA 0006, 0024 and 4424) and angles of attack (AOA). The effects of these modifications on lift generation were also examined.


[bookmark: _Toc259616562]








[bookmark: _Toc273437345]1.2 Chapter Overview


· Chapter 2 is a Literature Review which encompasses the background research and aims to introduce topics such as aerodynamics, fluid mechanics and the nature of flow separation in particular. This chapter also covers in detail recent research into new drag reduction techniques and includes theory regarding strain gauge measurement.

· Chapter 3 concentrates on the experimental and procedure background of the research. This covers the work involved with the design, set-up and calibration of the experimental equipment. This equipment includes the wind tunnel and the two different strain gauge balances/instrumentation set-ups (Systems 1 and 2) developed during the two separate phases of the overall research. Chapter 3 also covers the manufacture of the airfoil test models, the application of the dimples, the testing methodology, experimental errors due to the blockage ratio and the set-up of the equipment involved with the smoke flow visualisation photography.

· Chapter 4 analyses the experimental results obtained from the wind tunnel testing. These results are presented and discussed in relation to the theory covered in Chapter 2.

· Chapter 5 addresses the conclusions observed from this research and recommends future work which can be conducted in this field.








[bookmark: _Toc257992248][bookmark: _Toc259616589][bookmark: _Toc273437346]Chapter 2 – Literature Review
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[bookmark: _Toc257992250][bookmark: _Toc273437348]2.1.1 Reference Axes

In Figure 2.1 the reference axes about which all forces and moments act on an aircraft are illustrated. The three force components are: the side force, the lift force and the drag force. As can be seen by the x, y and z axes, these three forces act at right angles to each other. The position where the z-axis crosses with both the x and y axes is the centre of gravity of the aircraft and it is about this point where all the forces and moments act [1]. The three moments acting on the aircraft are pitch, yaw and roll. These encompass the three basic movements that an aircraft can make. Therefore, it can be seen that there are a total of six aerodynamic forces and moments which can act on an aircraft or on any object moving through the air for that matter. 

[image: illustration demonstrating the 3 forces applied to a plane in flight.]
[bookmark: _Toc133393212]









[bookmark: _Toc257992251]Figure 2.1: Aircraft reference axes [2].
[bookmark: _Toc273437349]2.1.2 Airfoil Nomenclature

[image: ]
Figure 2.2: Parameters used to describe the profile of an airfoil

As can be seen in Figure 2.2, the overall shape of an airfoil is dictated by several characteristics, as described below [1]:

Mean Camber Line - This line is described by the loci of points situated halfway between the upper and lower surfaces of the airfoil. 

Chord Line - This is the straight line connecting the leading and trailing edges of the airfoil. The length of this line is the chord (c) of an airfoil. In the case of symmetric airfoils, which have no camber and are therefore symmetric about the mean camber line, both the chord and the mean camber line will be identical. As can be seen in Figure 2.2, the portions of the airfoil above and below the chord are not mirror images of each other so therefore the airfoil is cambered.

Camber - The camber of an airfoil is the maximum distance between the mean camber line of the airfoil and its chord line.

Leading Edge - This is the forward extremity of the airfoil and is located at one end of the chord line.

Trailing Edge - This is the rearward extremity of the airfoil and is located at the other end of the chord line.

[bookmark: _Toc133393214][bookmark: _Toc257992252]Thickness - This refers to the maximum thickness of the airfoil. For the majority of airfoils, this point is usually located approximately at the 0.25c (1/4 chord point) in from the leading edge. Just like the centre of gravity of the aircraft discussed in relation to Figure 2.1, at this point on the airfoil the aerodynamic centre can be found. It is about this point where all the forces and moments appear to act.

Span - Figure 2.2 represents a 2-D drawing or side view of an airfoil. However, the width of an airfoil is referred to as the span. The relationship of the ratio between the chord length and the span leads to a term known as the aspect ratio, which will be discussed later.


[bookmark: _Toc273437350]2.1.3 Force Components acting on an Airfoil

The drag force acting on an airfoil will always act parallel to the airflow in which the airfoil is moving through [3]. On the other hand, the lift force acts in a direction perpendicular to the direction of the air flow [3]. Therefore, these are in effect x and y force components when the airfoil is modelled in a Cartesian format with the origin located at the aerodynamic centre of the airfoil. The six aforementioned aerodynamic forces and moments acting on an airfoil are due to only two basic sources: shear stress distribution due to viscous effects and pressure distribution due to normal stresses over the airfoil [3]. 

The viscous effects are due to the viscosity of the air which in turn has an effect on the frictional force generated over the airfoil. Air would have a very low resistance to being deformed by the shear stress due to its very low viscosity. The surface of the airfoil will experience a ‘tugging’ force in the direction of the airflow, in other words the frictional force generated due to viscosity. This force acts tangential to the surface and is defined as the shear stress, τ [3]. The pressure distribution acts on the airfoil perpendicular to the surface at a given point, these are therefore defined as normal stresses [3]. The pressure at a particular point on an airfoil is dependent on the air flow velocity. As each action has an equal and opposite reaction, the flow near the surface of the airfoil experiences a retarding force. The result of this is the slowing of the flow velocity in the region close to the surface [3]. This in turn effects the development of the boundary layer, which is a crucial aspect of drag generation (discussed later). 
Therefore, if the pressure force and the shear stress which are distributed over the complete airfoil surface, acting perpendicularly and tangentially to the surface respectively, are integrated there will be a resultant moment (Mc/4) and aerodynamic force (R) [3]. These two force/moment components can be seen in Figure 2.3 and they act through the aerodynamic centre, hence c/4 meaning the 1/4 chord point (0.25c).

[image: ]
Figure 2.3: The resultant moment Mc/4 and aerodynamic force R [4].

In addition, R can be further split into two components as can be seen in Figure 2.3. The lift force (L) will be the component of R perpendicular to V∞, which is the air velocity. The drag force (D) will be the component of R parallel to V∞. The drag force exerted on a body can be calculated by the following formula [3]:


D =   ρV²ACD    								Equation 2.1

Where: ρ is the density of the air, A is the planform area (chord length by the span) of the airfoil, CD is the coefficient of drag of the airfoil and V is the velocity of the airfoil. If the drag force is known, the drag coefficient can be calculated by manipulation of Equation 2.1:


CD = D / ρV2A 								Equation 2.2

The dynamic pressure over the airfoil (q) is equal to 0.5ρV2 and it forms part of Bernoulli’s equation. The dynamic pressure represents the kinetic energy (EK = 0.5mV2) of a unit volume of air (m is mass in kg derived from one cubic meter of air) [3]. The lift force can be calculated using a very similar method, except the only difference is that a value of the coefficient of lift, CL, must be known [3]:


L =   ρV²ACL    								Equation 2.3

The calculation of CL is achieved in the same manner as Equation 2.2. The lift force varies approximately linearly with the density of the fluid [3]. In addition, the lift coefficient varies approximately linearly with the angle of attack (AOA or α) of the wing up to the stall point [3]. The stall point is the AOA at which the maximum amount of lift force is generated and if the airfoil goes beyond this point, the lift will dramatically decrease. This phenomenon is based around flow separation and vortex shedding which will be discussed later.
[bookmark: _Toc133393215][bookmark: _Toc257992253]

[bookmark: _Toc273437351]2.1.4 Lift Generation and the Coanda Effect

[image: ]
Figure 2.4: Diagram of pressure distribution above and below an airfoil.

For the generation of lift, there exists a difference in pressure between the top and bottom surfaces of an airfoil, as illustrated in Figure 2.4. The reason as to why there is this difference in pressure is due to a difference in the velocity of the airflow flowing above and below the wing [3]. There will be a higher velocity of airflow over the top of the wing and therefore a lower pressure according to Bernoulli’s equation. The opposite is true for the flow below the wing, with a lower velocity and higher pressure. The exact application of Bernoulli’s equation will be discussed later. Therefore, the higher pressure beneath the wing will create an upward force, forcing the airfoil to move from a region of high to low pressure. This can also be described as a suction force acting on the top of the airfoil [3]. Again, this lift force will appear to act through the aerodynamic centre and acts perpendicularly to the free-stream airflow. Free-stream flow refers to the airflow that is sufficient distance away from the airfoil not to be disturbed as it moves through the air. As the difference in pressure between the upper and lower surfaces is greatest over the front part of the airfoil (as can be seen in Figure 2.4), most of the lift force is generated in this region [5]. 

However, there has been a recent trend to design airfoils to give a more constant low pressure region over the entire top surface. This more uniform distribution of low pressure and lift provides both structural and aerodynamic advantages [5]. When airflow reaches the leading edge of an airfoil it is forced to change direction and follow the shape of the airfoil [5]. In Figure 2.5, the flow streamlines around an airfoil are illustrated. On the left of Figure 2.5, it can be seen that the free-stream airflow streamlines are parallel to each other, then change in direction, and follow the top and bottom surfaces of the airfoil. Both the top and bottom surfaces of the airfoil cause the airflow to change in direction, with usually a greater amount occurring on the top surface [5]. 

[image: ]
Figure 2.5: Diagram illustrating the turning of the airflow around an airfoil.
It has been discussed that the pressure difference and the directional change in the flow streamlines creates the lift, but a further explanation is required as to what actually causes this flow vector adjustment in order for it to follow the path of the airfoil’s surfaces. This can be explained by the Coanda Effect and this principle is illustrated in Figure 2.6. 

[image: ]
Figure 2.6: A thin stream of water following the curvature of a spoon illustrating the Coanda Effect.

Henri Coanda, a Romanian aeronautical engineer established the principle that if a stream of fluid flows over a solid surface that bends away from it, it will tend to follow the curvature of the surface [5]. This effect is caused by the dynamic viscosity (μ) of the fluid which causes the flow to ‘stick’ to the surface. Viscosity is related to the density of a fluid, the more dense the higher the viscosity. Even though air has a very low viscosity the air particles will tend to follow a curved surface also, such as an airfoil. Therefore, the viscosity of a fluid which can be measured by different types of viscometers, will define the viscous force generated by that fluid. However, in many situations it is necessary to relate the ratio of the viscous force of a fluid to its inertial force. This ratio is defined by the kinematic viscosity (ν) and it is the density of the fluid which characterises the inertial force [1]:

ν = 										Equation 2.4

There is a popular misconception amongst elementary aerodynamics information sources known as ‘equal-transit time’ [5]. This concept puts forward the theory that the air flow over the top surface has to travel further. In turn, this means that in order for the flow above and below the airfoil surfaces to meet at the trailing edge at the same time, the flow above must travel quicker resulting in lower pressure according to Bernoulli’s Equation. This theory has been proved incorrect over the years and in reality the extent of the low pressure found on most airfoils means that the airflow is travelling much faster than this theory would imply [5].

However, it is the fact that the viscosity of the flow, the Coanda Effect, will cause the flow closely or ‘stick’ to the surfaces and the flow has to turn to a greater extent when flowing around the top surface. As a result, from the conservation of mass theorem, the flow streamlines will decrease in size due to the constriction of flow through the large turning effect and they will increase in velocity [3]. As the flow streamlines increase in velocity they will create a region of lower pressure. It is this principal generation of low pressure above the airfoil which can be explained as the mechanism for lift generation.

[bookmark: _Toc133393216]
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The aspect ratio is an important design factor of a wing as it will have a direct effect on the lift and drag characteristics of a wing section. It is defined as the ratio of the span squared to the wing area [6]:

Aspect Ratio  =  								Equation 2.5

Where: b is the span of the wing and S is the wing area.

Equation 2.5 is used for wing sections that vary in chord length along their span. The wings on modern commercial airplanes have a longer chord length at their root section (the end connecting with the fuselage) and a shorter chord at their tips. Wings with this design are known as swept wings and the degree of sweep determines the lift and drag characteristics of the wing [7]. Figure 2.7 shows the factors which determine the aspect ratio of a wing.

[image: ]
Figure 2.7: Diagram of two wings of different aspect ratio.

As opposed to swept wings, the wings illustrated in Figure 2.7 are rectangular as both ends of the wing have the same chord length. With rectangular wing sections the aspect ratio is easier to calculate as it is simply the span divided by the chord length [6]. It was found in early wind tunnel tests that the rates of change of lift and drag coefficients with the angle of attack were strongly affected by the aspect ratio [6]. Wings with low aspect ratios were found to have lower lift curve slopes and generated less lift and higher drag at high AOA [6]. 

A very important factor which is directly affected by the aspect ratio is what is known as induced drag. Induced drag is created by the pressure difference between both wing surfaces, which causes flow around the wing tips from the high pressure side to the low pressure side [7]. This flow around the wing tips is illustrated in Figure 2.8.

[image: ]
Figure 2.8: Diagram showing the flow around the wing tips which creates trailing vortices.

The wing tip vortices as shown in Figure 2.8, which trail behind the wing, are known as the ‘downwash’ [7]. The kinetic energy associated with this downwash has to be supplied by the wing in the form of work on the air and this induces a drag force on the wing [7]. In other words, the downwash has the effect of tilting the undisturbed air downwards, which causes a local induced increase in the AOA with additional drag (induced) occurring [7]. The downwash also occurs towards the wing root but it is strongest at the wing tips [7]. Therefore, the induced drag is a consequence of the lift developed and for this reason it is also known as drag due to lift [7]. An important point is that the minimum induced drag increases with the square of the lift [7]. In terms of wing design, the aspect ratio should be as high as structurally possible as the induced drag decreases with increasing aspect ratio [7]. 

However, larger wings obviously will weigh heavier which leads to the requirement of stronger supports connecting the wing to the fuselage, which in turn leads to further weight. This creates a design paradox where even larger wings are required to create extra lift for this increased weight. However, winglets can be used to reduce wing tip vortices and these devices are relatively light. Such winglets are illustrated in Figure 2.9. These winglets can be seen on modern commercial and military aircraft and they vary in size and shape depending on the flow conditions over the wing.
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                                   (a)				                        (b)
Figure 2.9: (a) Diagram of a wing section with a winglet at its tip which reduces the induced drag, (b) Diagram looking at the leading edge of the wing. 


[bookmark: _Toc257992255][bookmark: _Toc273437353]2.1.6 Aerodynamic Efficiency

While wing sections are designed to be as streamline as possible, a particular drag force will always exist. This drag force will increase as the α of the wing increases. The fact that the drag force increases greatly as α increases is the major reason why an aircraft stalls when the rate of climb is too high. Not only does the drag force increase significantly, but the lift force generated also decreases as the drag force slows the aircraft down. As α increases, so too does the coefficient of lift (CL). It can be seen that CL varies linearly with α in Figure 2.10. CL is represented by the vertical axis and α is represented by the horizontal axis. It can be seen that the linear part of this graph crosses the horizontal axis at a negative value of α. This is because the point at which the airfoil produces no lift is at a negative α, not at 0º. In Figure 2.10 this negative αL=0 (zero lift α) point is the case for cambered airfoils and this point is usually located between -1º and -2º [1]. However, airfoils with no camber (symmetric) should not produce lift at 0º [1]. As α increases, the flow starts to separate from the wing and a high drag force is generated. Stall occurs where the linear part of the graph ends, as indicated in Figure 2.10. Flow separation will be further discussed in Section 2.2.5. The drag increases to a point where the wing cannot create enough lift to keep the aircraft airborne. The higher the coefficient of lift is prior to stall the better, as the stalling speed will be lower [3]. 
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Figure 2.10: Diagram illustrating the linear relationship of the lift coefficient with the angle of attack up to the stall angle of an airfoil.

It is desirable for an airfoil to generate the greatest amount of lift possible while at the same time producing as little drag as possible. The higher this lift to drag ratio is, the more efficient the design of the airfoil. This equation can be described as [3]:





Aerodynamic Efficiency = = ρV²ACL / ρV²ACD =  		Equation 2.6

The principle of aerodynamic efficiency can be further illustrated by the design of a wing on a glider aircraft. As there is no form of propulsion on a glider, in order to increase the range of a glider’s flight it is not enough just to increase the lift force of the wing. By reducing drag as much as possible also, thereby maximizing the above ratio, this ensures that the glider will have a longer range. In terms of aircraft design, a high aerodynamic efficiency would also help to reduce fuel consumption. It is common for modern wing designs to have lift to drag ratios of 100:1 [1]. Using Equation 2.6 an L/D curve can be plotted and the highest point on the curve, which is known as (L/D)MAX, will be the most efficient α [7].





[bookmark: _Toc133393213][bookmark: _Toc257992256][bookmark: _Toc273437354]2.1.7 National Advisory Committee on Aeronautics - NACA 

The National Advisory Committee on Aeronautics, NACA, was established in 1915 [3]. This committee is responsible for the majority of theoretical data available on airfoils today. The investigation of a large group of related airfoils was made in the NACA variable-density wind tunnel at Gottingen during the period from April 1931 to February 1932 [8]. These tests involved studying the effects of varying properties of an airfoil such as the camber and thickness and how this in turn affects the lift and drag characteristics [8]. These experiments were carried out using wing test models that spanned from one side wall of the wind tunnel to the other [3]. Therefore, the airfoils analysed did not have wing tips, thereby ignoring the effects of wing tip vortices and induced drag as previously discussed. As a result, the data collected from these tests are referred to as infinite wing data [3]. These studies by NACA contributed to the large development of aircraft wing sections, propellers, turbine and helicopter rotor blades used today. The NACA database of airfoils contains hundreds of designs and they are named in terms of their profile. There are different classes of NACA airfoils, however the 4-digit class will be discussed here. This class of airfoil was used in the experimental testing and the exact profiles used will be discussed in Section 3.1. The 4-digit class is described in the form of NACA pmxx, where [6]:
 
· p represents the maximum value of camber as a percentage of the chord length. 
· m defines the distance out from the leading edge for the maximum camber along the chord and in tenths of the chord.
· xx represents the maximum thickness of the airfoil as a percent of the chord length. 

Therefore, in the case of the NACA 4412 airfoil, if it has a chord length of 1m the maximum thickness of the airfoil will be 12% of 1m, which is 12cm. The airfoil will have a maximum camber value of 4% of the chord length and this would be 4cm. Finally, this maximum camber will be located 4/10ths, 40cm, along the chord from the leading edge. The mean line of the airfoil is used to describe the upper and lower co-ordinates in a vertical direction, which describes the shape of the airfoil. This mean camber line is therefore used to describe the thickness distribution of the airfoil from the leading edge to the trailing edge. Therefore, the upper-surface and lower-surface co-ordinates of the airfoil can be described as a function of the distance from the mean camber line. Equations can be used to create hundreds of data points with respective x and y coordinates relative to the leading edge origin. These data points therefore define the shape of the airfoil and the equations used are described in NACA literature.


[bookmark: _Toc257992257][bookmark: _Toc273437355]2.1.8 The Use of Wind Tunnels in Aerodynamic Design

The American Air Force has several wind tunnels including one at Wright-Patterson AFB in Ohio and one at Arnold Engineering Development Centre, Tennessee [5]. The US Navy also has tunnels at the David Taylor Naval Ship R&D Centre in Carderock, Maryland and the Naval Ordnance Laboratory at White Oaks, Maryland [5]. In addition, all of the major aeronautical and automotive corporations worldwide have at least one wind tunnel. An example of a sport that greatly benefits from wind tunnel testing is Formula One. Most Formula One teams have one or more wind tunnels and these are used intensively. Without this facility their ability to continuously develop their cars and remain competitive would be almost impossible. Wind tunnels are not exclusively used for the design of cars and aircraft, but also in the design of buildings. As there is a requirement for new skyscrapers to be taller and incorporate more features, their ability to resist motion due to strong winds becomes even more important.

Frank H. Wenham who was a Council Member of the Aeronautical Society of Great Britain, is generally credited with designing and operating the first wind tunnel in 1871 [2]. Wenham had tried several simple experiments, but his unsuccessful experiences led him to urge the Council to raise funds to build a wind tunnel. The wind tunnel was 3.66m in length and 0.46m2 in cross-sectional area [2]. A fan upstream of the test models, driven by a steam engine, propelled air down the test section. Wenham mounted various shapes in the tunnel and measured the lift and drag forces acting on these shapes.

With the advent of the wind tunnel, aerodynamicists finally began to understand the factors that controlled lift and drag generation, but they were still confused by the effect of model scale [2]. The problem with this was whether the experimental results obtained with a scale model could be applied to the real full sized aircraft. Almost all wind tunnel tests were and still are performed with scale models, because wind tunnels capable of handling full sized aircraft are too expensive to build and operate. In a set of experiments in 1883, Osborne Reynolds demonstrated that the airflow properties over a scale model would be the same for the full scale object if a certain flow parameter were the same in both cases [2]. This factor, now known as the Reynolds Number, is a basic parameter in the description of all fluid flow scenarios.
[bookmark: _Toc133393217]
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[bookmark: _Toc273437356]2.2 Fluid Mechanics


A fluid, such as water or air, deforms under the action of shearing forces as previously discussed. Analysing a fluid at rest is relatively straightforward, however when a fluid flows over a solid surface shear forces are created. This leads to the nature of the flow being more complex. This section will describe in detail the various mechanics involved with fluid flow and what effect they have on the flow around an airfoil in particular.
[bookmark: _Toc133393218]

[bookmark: _Toc257992259][bookmark: _Toc273437357]2.2.1 Incompressible & Inviscid Flow

A flow can be defined as being incompressible if its density (ρ) remains constant [3]. This applies when the velocity of the fluid is less than 30% of the speed of sound [3]. Although in reality no flow can be truly incompressible, many aerodynamic problems can be modelled as incompressible. Not only is there little or no loss in accuracy, but the analysis can be greatly simplified [3]. Aerodynamic forces acting on an airfoil depend on the compressibility of the air. As an airfoil moves through the air, the air particles are forced to flow around the airfoil, as described before. If the airfoil is travelling at a speed less than 30% of the speed of sound, the speed of sound in air being 343m/s at 20ºC, the density of the air can be assumed to remain constant [3]. When an object is travelling at a very high speed, a great deal of energy is required to compress the air and change its density [3]. The compressibility of air at a given speed can be defined by the following formula [3]:


Fluid Compressibility =					Equation 2.7
Equation 2.7 is also known as the Mach Number (Ma) [3]. When the molecules in a flow move, they transport their mass, momentum and energy from one point to another. As a result, properties such as mass diffusion and thermal conduction exist in airflow [3]. In reality all flows contain these properties and are called viscous flows as a result. When a fluid has no resistance to shear stress it is known as an inviscid fluid [3]. Just like the assumption of incompressibility, many flow scenarios can be modelled with the effects of viscosity ignored. Such inviscid flows can be modelled with little or no loss in accuracy and greater simplicity [3].
[bookmark: _Toc133393219]

[bookmark: _Toc257992260][bookmark: _Toc273437358]2.2.2 Reynolds Number – Laminar and Turbulent Flow

The Reynolds Number (Re), developed by Osborne Reynolds in 1883, is a measure of the ratio of inertia forces to viscous forces in a flow [3]. This number can be used when analysing an object as to whether the flow around it is laminar or turbulent, as follows [3]:


Re   =    								            Equation 2.8

Where: V is the velocity (m/s) that the fluid is travelling (or object velocity), l is the length (m) of the object and µ is the dynamic viscosity (Pas) of the fluid.

Equation 2.8 is quite adaptable to different fluid flow scenarios. This is so as V can be either the velocity of the fluid or the velocity of an object moving through the fluid. In terms of wind tunnel testing, V would be the airflow velocity as the test model would be stationary in the tunnel. Also, if the flow is through a pipe, l would be the internal diameter of the pipe with a different symbol such as D in its place. The top of the equation, ρVl, is a measure of the inertial forces in the fluid while µ is the viscous force of the fluid [3]. For an airfoil in free-stream flow, a Re of less than 500,000 signifies that the flow around the airfoil is laminar [9]. However, typically a value of 1,000,000 signifies turbulent flow and any value in between these represents a transition region from laminar to turbulent flow [9]. Therefore, from Equation 2.8, turbulent flow occurs where the inertial forces overpower the viscous forces of the fluid. As a result the velocity vectors of the fluid are carried off from the viscous flow direction, resulting in random, unsteady flow [3]. A further description of laminar and turbulent flow will be given in Section 2.2.4.

As mentioned in Section 2.1.8, tests conducted in a wind tunnel can be said to be valid for the full-scale object if the value of Re is the same in both cases. Therefore, once the value of Re is calculated for the full-scale object, several factors can be adjusted to achieve the same value for the wind tunnel tests. The density of the airflow, its velocity and the size of the object can be altered to achieve this. Changing the density of the airflow is only possible however with the use of a variable-density wind tunnel [7].


[bookmark: _Toc133393220][bookmark: _Toc257992261][bookmark: _Toc273437359]2.2.3 Bernoulli’s Equation & Velocity Measurement

The early part of the eighteenth century saw great advances made in the area of theoretical fluid dynamics. Daniel Bernoulli in the 1700’s investigated the forces evident in a moving fluid [3]. There are many different forms of this equation, but as this research is dealing with incompressible flow the following equation can be utilised [3]:

PS + ρV2   =   PT								Equation 2.9

Where: PS is the static pressure, V is the velocity of the fluid and PT is the total pressure which is regarded as a constant. Thus, Equation 2.9 is in the form of: Static Pressure + Dynamic Pressure = Total Pressure.

The total pressure will remain constant in steady uniform flow, however will vary over time inside a wake (region of separated flow) where the velocity is fluctuating over time due to the high level of turbulence [10]. In addition, Equation 2.9 is similar to the equation for the conservation of momentum [3]. It is possible to use a Pitot-Static tube in conjunction with an inclined manometer to measure the total pressure (PT) and the static pressure (PS) in a wind tunnel. Once this has been conducted and as the density will be known, the calculation of the velocity at a particular point in a wind tunnel can be calculated by re-arranging Equation 2.9 for V (velocity) and solving [3]. The density will be known as in the case of a non-pressurised tunnel, it will be equal to the density of air at sea level, assuming of course the tunnel is not in a room a great deal above sea level. 

When a fluid is at rest, the motion of all the particles is random and the pressure of the fluid is regarded as the static pressure [11]. However, when the fluid is in motion, there exists an ordered momentum of the random moving particles through collisions of the particles [11]. The pressure associated with the momentum of the ordered motion of the fluid is called the dynamic pressure. It can be seen that the dynamic pressure component of Equation 2.9 is similar to the equation for kinetic energy, with mass replaced by density [11]. If the velocity slows from one point in a flow stream to another, there will be a change in pressure [3]:



P1 + ρV12   =   P2 + ρV22 							Equation 2.10

Equation 2.10 relates velocity and pressure changes from one point in a fluid stream to another. Therefore, if the velocity increases from one point to another, there will also be a pressure decrease between both points in the fluid stream. 


[bookmark: _Toc133393221][bookmark: _Toc257992262][bookmark: _Toc273437360]2.2.4 Boundary Layer Development
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Figure 2.11: Diagram illustrating the different boundary layer conditions for laminar and turbulent flow.

As an object moves through the air, the fluid in contact with the surface of the object adheres to it and as a result has the same relative velocity as the object. These molecules in turn slow down the molecules just above them by the molecules colliding off them [11]. As one moves away perpendicularly from the surface, the velocity of the air molecules gradually increases as the effect of friction from the object reduces. Therefore, there is a thin layer of fluid near the surface where the velocity ranges from zero at the surface to free-stream velocity at the edge of the boundary layer. The thickness of the boundary layer is affected by the Re and therefore a laminar or turbulent boundary layer may exist [11]. As can be seen in Figure 2.11, for a laminar boundary layer the velocity increases gradually out from the surface and the velocity vectors are parallel to each other. As for the turbulent boundary layer, there is a more rapid increase in velocity and as a result the boundary layer is thinner, although this aspect is not illustrated in Figure 2.11. However, in the turbulent boundary layer the motion of the air molecules are not parallel to each other but are random in order. An important note is that fluid flow just above the top of the boundary layer reacts with it as if it is a solid surface. Therefore, a thick boundary layer caused by flow separation actually increases the effective thickness of the airfoil [11]. Reduction of boundary layer thickness and delaying flow separation are key factors involved with the reduction of drag. These principals form the basis of this research and are further discussed in Section 2.2.5.

One of the most difficult problems in the prediction of drag is concerning the transition of laminar to turbulent flow. Quite often transition is considered to be an issue that is limited to low Re flight vehicles, such as gliders and single-engine propeller aircraft [12]. This problem also applies to smooth models tested in wind tunnels under quite low Re, for example Re < 10,000 [12]. When considering a commercial airplane for example which travels at high velocities, it would be incorrect to assume that the boundary layer is automatically turbulent [12]. In fact, the majority of aircraft manufacturers do not add a design feature on the wings with regards to laminar flow control to delay transition [12].

During in-flight tests on a B737-100 airplane, infrared thermography was used and this indicated extended regions of laminar flow even at cruise conditions [12]. In Figure 2.12 the transition pattern is highlighted with the test conducted at an AOA of 3.1º at a Ma of 0.68 (approximately 840km/h) at 32,700 feet [12]. In Figure 2.12, the white area marks the region of the slat (frontal section of wing) exposed to laminar flow with the grey area representing the turbulent flow. This test proves that the fully turbulent flow assumption should be applied with caution, even when considering high Re flight applications [12]. Therefore, while a high Re (such as Re > 1 × 106) will indicate turbulent flow, the boundary layer in such scenarios will be laminar unless the flow is tripped into turbulence by surface roughness or by a sudden change in curvature [12]. 

[image: ]
Figure 2.12: Infrared thermography highlighting the flow located approximately at 50% of the span of the wing [12].

The value of CD at low AOA is mainly a function of Re and the extent of the laminar boundary layer [13]. It is moderately affected by the airfoil thickness ratio, with an increase in the thickness increasing the drag coefficient [13]. On the other hand an increase in the camber has far less of an effect on the drag coefficient [13]. However, an increase in camber has a strong effect on the lift coefficient as was discussed in Section 2.1.6, with regards to αL=0, CLmax and the stalling angle.  






[bookmark: _Toc133393222][bookmark: _Toc257992263][bookmark: _Toc273437361]2.2.5 Flow Separation, Vortices & Wake Formation

(a) Flow Separation

The reduction of the thickness of the boundary layer as a result of delaying flow separation is an important concept for drag reduction. The flow separation over a wing section results in not only the loss of lift and the increase of drag, but in addition generates aerodynamic noise, reduces aerodynamic stability and decreases aerodynamic efficiency leading to higher fuel consumption. When the airflow first reaches an airfoil, it forms a stagnation point at its leading edge [3]. At this stagnation point the flow is greatly reduced in speed and a region of high pressure is formed. From this point onwards, the flow accelerates thereby forming a boundary layer [3]. As fluid moves over an airfoil, it is gradually slowed down by the skin friction forces caused by the resulting shear force generated by the shear stress at the surface [3]. 

In addition to the frictional forces, the adverse pressure gradient (high moving into low pressure) generated by the gradually slowing flow over the airfoil also contributes to the velocity reduction. As the AOA is further increased, the flow in the boundary layer reduces in velocity to a point where the kinetic energy of the fluid is too low to overcome this adverse pressure gradient. At this point the flow separates from the airfoil and flow reversal occurs. The separated shear layer is inviscidly unstable and vortices are formed due to the Kelvin–Helmholtz mechanism [3]. These vortices that are created are referred to as Von Karman Vortex Shedding [3]. This is illustrated in Figure 2.13. As the fluid flow a greater distance vertically out from the airfoil possesses enough energy to continue moving forward, a swirling of the fluid is generated. This resulting swirling fluid, or vortices, is known as a wake. The separation of a fluid from an object’s surface can be reduced if the object is well streamlined, just like an airfoil.


[image: ]
Figure 2.13: Illustration of flow separation from an airfoil at a high AOA with the resulting vortex shedding.

It can be seen in Figure 2.13 that the velocity profile across the wake (U) varies in velocity. The flow will be at its slowest at the centre of the wake and increase in velocity as it moves towards the free-stream flow at the edges. When viewing the wake in a 3-D sense, its centre point with respect to the horizontal and vertical planes is usually where a peak in turbulence, velocity deficit and energy loss is found [10]. At the separation point, the skin friction coefficient reaches a value of zero and the wall shear stress vanishes, as the flow is essentially not in contact with the surface [14]. There is now a large pressure difference acting on the airfoil with high pressure at the front and a low pressure region at the rear of the airfoil where the flow has separated. This type of drag is known as pressure or form drag and is different to viscous (skin friction) drag [7]. When a laminar boundary layer separates however, the flow may re-attach as a turbulent boundary layer some distance downstream [7]. The region of separated flow that has re-attached is known as a separation bubble, which grows rapidly in size as the AOA of the airfoil is increased [7]. The reason as to why this occurs is because the free-stream flow above the airfoil mixes with the top of the separated layer and adds extra flow energy to the separated flow [7]. As a result, the flow then has the energy to re-establish a boundary layer at the surface. At a particular AOA, which depends on the airfoil and flow conditions, the separated layer will fail to re-attach to the airfoil [7]. This will in turn create a greater amount of pressure drag, such as the case that is illustrated in Figure 2.13. 
However, an important aspect which also has an effect on the point of flow separation is the thickness of the airfoil. Flow separation occurs near the leading edge of thin airfoils, with thin airfoils being classed as having less than 12% thickness-chord ratio [7]. On the other hand flow separation tends to occur near the trailing edge with thick airfoils, that being airfoils of 12% thickness-chord ratio or more [7]. Therefore, thin airfoils have a characteristic known as leading edge stall and thick airfoils are referred to having trailing edge stall. With the case of thin airfoils, if the flow starts to separate it will do so at the leading edge and may form a separation bubble or remain fully detached, depending on the flow scenario. However, thick airfoils which experience trailing-edge stall have the feature that as the AOA is increased, the point of flow separation will progressively move towards the leading edge due to the increasing adverse pressure gradients. Therefore, the severity of the flow separation will increase.

With a pressure drag, also known as Form drag, there will be a large pressure difference between the front and rear of the airfoil due to flow separation [3]. This is much more detrimental than viscous (skin friction) drag when dealing with a blunt object such as a sphere or an airfoil at a relatively high AOA. The addition of pressure and viscous drag is called the profile drag of a two-dimensional body or parasite drag for a three-dimensional body [3]. For a given airfoil, it is possible to calculate the induced drag from a set of equations and the profile drag can then be found by subtracting the theoretical induced drag from the total drag found from wind tunnel tests [15]. However, these different elements of total drag may be found depending on the nature of the wind tunnel force measurement technique. Therefore, the total drag generated on an airfoil is the addition of the pressure, viscous and the induced drag. However, a fourth form of drag exists at transonic and supersonic speeds, which arises from the radiation of energy away from the body in the form of pressure or shock waves [3].  This formation of shock waves leads to what is known as wave drag [3]. Depending on the geometry of the object and the profile of the shock wave, heat transfer may occur from the shock wave to the body or from the shock wave to the air surrounding it [3]. As this research is concerned with subsonic flow, a more detailed discussion of shock wave formation is outside the scope of this section. Therefore, these different drag components are summarised in Figure 2.14.
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Figure 2.14: Summary of the four individual components of drag that can add to give the total drag force experienced by a body.

For an object of large frontal area such as an airfoil at a high AOA, the pressure drag can be reduced by a turbulent boundary layer [3]. It is delayed by the larger kinetic energy associated with a turbulent boundary layer, thus this boundary layer type is more desirable. With a streamlined object, such as an airfoil at 0° AOA or a flat plate, skin friction contributes mostly to total drag instead, with a laminar flow profile more desirable here. Thus, the lower kinetic energy of the fluid will create less skin friction drag [3]. 
[bookmark: _Toc133393223]
(b) Vortices & Wake Formation

When analysing a bluff body such as a cylinder, or in relation to this research an airfoil at a high AOA, the Re has a large impact on the flow and formation of vortices. As can be seen in Figure 2.15, Case 1 illustrates the flow moving at a Re of less than one past a cylinder. In this scenario there will be no wake evident and the streamlines are symmetrical [10]. As the Re value is increased above 1 in Case 2, the streamlines separate from the body and a pair of stationary vortices, known as Floppl vortices, are formed [10]. 

[image: ]
Figure 2.15: The development of vortex structures behind a cylinder as the Re increases.

These vortices in Case 2 are closed loops, however as Re is increased these vortices stretch in length and elongate further downstream as in Case 3. Typically, for Re > 40, they detach from the rear of the object and trail away in a shedding pattern [10]. This is illustrated in Case 4 for Re approximately equal to 40 and in Case 5 the Re of the flow increased beyond this [10]. Therefore in Case 5, fully formed vortices that are counter-rotating with respect to the flow are trailing (shedding) the cylinder. This scenario is known as Von Karman vortex shedding as discussed earlier and its frequency is related to the Strouhal Number, S [10]:

S = 									Equation 2.11

Where d represents the diameter of the object, or in the case of an airfoil, it would represent its frontal height. The f symbol is the frequency of the vortex shedding and U∞ is the free-stream velocity. The Strouhal Number (S) is a non-dimensional expression of the ratio of the vortex shedding frequency to the characteristic flow frequency [10]. Upon comparing the S to the Re of flow past a cylinder for example, S increases as the value of Re increases up to 1 × 103 [10]. At this point the value of S is approximately 0.22 and its value slightly decreases as Re is increased beyond 1 × 103 [10]. 

As a wake is highly turbulent it will exhibit a lot of fluid mixing between the different vertical layers, as the particles move in chaotic patterns. The velocity in the wake will be lower than it is in the free-stream with respect to the direction of the free-stream flow [10]. This is so as the particles in the turbulent wake have their kinetic energy utilised in the spiralling motion of the vortices, rather than being concentrated into parallel streamlines as in the free-stream flow. Therefore, the energy loss from the linear motion of the free-stream is converted into the random moving vortex structures [10]. It would be correct however to state that some of the energy loss from the free-stream flow by the formation of wakes is also converted into sound and heat transfer effects. Energy being converted in heat becomes particularly evident at transonic and supersonic speeds as shock waves start to form. As discussed before, the formation of regions of separated flow will create aerodynamic noise. This is a design concern for car manufacturers for example, as reducing the aerodynamic noise will improve the overall noise levels within the car. 


[bookmark: _Toc257992264][bookmark: _Toc273437362]2.2.6 Use of Dimples to delay Flow Separation

A sport that benefits from the effect of surface modifications to reduce drag is golf. The dimples on a golf ball, regarded as a rough surface, create a turbulent boundary layer at the front of the golf ball. As a result, the dimples can also be referred to as ‘turbulators’ [16]. As the air molecules in the turbulent boundary layer have more kinetic energy, the flow separation is delayed as the particles have enough momentum to counteract the effects of the adverse pressure gradient. Therefore, the flow separation is delayed to a region further along the golf ball or perhaps eliminated. The effect of such surface modifications are illustrated in Figure 2.16. The ball in Figure 2.16(a) is smooth, with an early separation point and a high drag force. However, the ball in Figure 2.16(b) has a rough ‘dimpled’ surface just like a golf ball, thereby delaying flow separation and producing less drag. As discussed earlier, in this scenario a turbulent boundary layer is more desirable as the pressure drag is a much larger component of the overall drag force (compared to the skin friction drag). Therefore, the dimples create turbulence, delay separation and reduce the overall drag as a result. 
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                                         (a)                                                             (b)
Figure 2.16: (a) This is the smooth ball with an early separation point, (b) this shows the dimpled ball with a delayed separation point and reduced drag [16].

Although turbulence increases skin friction drag, this is very small in comparison to the large reduction in the pressure drag. It can also be observed that the smooth ball in Figure 2.16(a) produces a larger wake with more vortex shedding. This along with early flow separation causes larger drag forces. In contrast, the thinner delayed wake in Figure 2.16(b) reduces the pressure differential between the front and rear of the ball. The difference between the high pressure at the front of the ball and the low pressure at the rear is reduced, thereby reducing the pressure drag. Except under special circumstances, laminar boundary layers can only exist for relatively short distances in a region in which the pressure increases in the flow direction [7]. Therefore, by creating a turbulent boundary layer further upstream of where the flow previously separated will create a greater resistance to flow separation. 

In terms of the current research, this forms the hypothesis of dimpling airfoils and thereby increasing their surface roughness in order to give the previously separated molecules enough kinetic energy to have a delayed point of flow separation. Therefore, while it is expected that the dimples increase the skin friction drag, it is the aim of the research that a reduction in the larger pressure drag component will result in an overall total drag reduction. While the dimples on a golf ball are usually circular smooth indentations, this research will involve the testing of smaller irregular indentations made by a sand blasting technique, onto airfoil test models. 


[bookmark: _Toc257992266][bookmark: _Toc273437363]2.3 Recent Research into New Drag Reduction Techniques


There have been various forms of research conducted during recent years into developing new methods of drag reduction. These techniques researched include for example using AC current and plasma discharges, rotating surfaces, blowing jets and surface modifications for example in order to delay flow separation. This section will discuss such techniques in detail, analyse their advantages and disadvantages and discuss how they relate to the current research.

There are essentially two control methods for reducing flow separation: passive and active control. Active control involves continuous adjustment of a variable that affects the flow based on measurements of quantities of the flow field. This often requires the use of a feedback system, which has sensors and other electronic equipment to adjust the particular variable. This requires auxiliary power thereby adding weight to the object in question and can affect the overall design of the object due to the presence of the respective components. On the other hand, passive control usually involves some kind of design modification, such as different surface patterns, to the object itself. The advantage of this control technique is that it will have a much smaller effect on the overall design or concerning the weight added to the object. Therefore, as a dimple effect is added to the surface of the airfoils in this research, these modifications are considered as a passive control method to reduce flow separation. While the passive techniques may be more relevant to the current work, it was worthwhile researching and discussing active techniques for a broader understanding of recent drag reduction research. Therefore, this section will discuss recent drag reduction developments under these two main categories.


[bookmark: _Toc273437364]2.3.1 Passive Control

In the research carried out by Whitmore et al. [17], the roughness of the front section and top side (referred to as the forebody) of a model representing a ‘blunt’ shape of a space shuttle’s re-entry capsule was modified. The roughness was altered by adding micro-machined overlays to the surface [17]. The current generation of re-usable space shuttles all have large base areas compared to those of conventional aircraft. Based on the original lifting-body concept, the shuttle is essentially a large wing on the base side. However, this base side leads to large regions of separated flow, resulting in large negative base (rear) pressure coefficients. As a result, space shuttles have low lift-to-drag ratios resulting in very steep landing glide slopes [17]. The aim of this research work was to investigate the theory that as the forebody surface roughness increases, thus that the base pressure drag decreased [17]. 

The work carried out by Whitmore et al. [17] was based on the previous research conducted by Hoerner in 1965. Hoerner found a correlation between the base pressure drag and the skin friction drag generated on the forebody. Hoerner hypothesised that as the forebody drag increased, the boundary layer thickness on the forebody increased as it moves towards the rear of the body [17]. This increase in thickness reduced the effectiveness of the ‘jet pump’ which was caused by the shearing of the external flow (free-stream flow) on the separated flow just behind the body (base pressure drag) [17]. Therefore, by increasing the forebody surface roughness, which increases the skin friction drag and therefore the boundary layer thickness, this thicker boundary layer acts as an insulator between the separated flow behind the body and the external flow field. 

In Figure 2.17(a), bodies with a large amount of flow separation occurring on one surface lie on the steep portion of a Hoerner’s curve [17]. As a result, a small increment in forebody frictional drag should result in a large decrease in the base drag. Therefore, in the work by Whitmore et al. [17] it was necessary to optimise the level of surface roughness on the forebody so that there was a minimum increase in frictional drag with the largest reduction in base drag, a compromise in other words. The surface overlays used to ‘roughen’ the forebody consisted of a parallel bar grid pattern, achieved by etching grooves into the material [17]. The parameters used to describe the profile of the overlays tested can be seen in Figure 2.17(b). 
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(a)                                                                (b)
Figure 2.17: (a) Graph of the Base Drag Coefficient to the Friction Coefficient published by Hoerner in 1965, (b) Side view of the micro-machined surface overlays used to ‘roughen’ the surface of the test model [17].

The model tested in the research by Whitmore et al. [17] was a cylinder at a wind tunnel velocity of 28m/s, which based on the length of the model resulted in a Re of 2.25  105. The cylinder had a semi-spherical front section and a flat rear section, as can be seen in Figure 2.18. The wind tunnel turbulence intensity levels were large enough such that the flow was turbulent upon reaching the leading edge of the model [17]. This would be the case for the high Re flow flowing over a space re-entry capsule travelling at very high velocity. The test measurements were performed by surface pressure probes in the model which allowed integration over the model to provide the drag forces [17]. In addition, the drag was measured by wake velocity profiles by using a traversing Pitot-Static probe [17]. 
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Figure 2.18: 2-D CFD simulation representative of a plan view of the wind tunnel test conditions [17].

The test model as can be seen in Figure 2.18, from a plan view, was approximately 100mm in length and 115mm in height [17]. Several different levels of surface roughness were tested by altering the Σ (spacing between bars), τ (bar height) and λ (bar width) parameters of the surface overlays in Figure 2.17(b). A maximum drag reduction through optimising the additional friction drag and reduced pressure drag was found to be approximately 15% [17]. When the drag reduction of 15% was scaled to a typical re-entry capsule, drag savings of 45,000N was found to be possible [17]. 

Therefore, while the aim of the research carried out by Whitmore et al. [17] was based around the idea of pressure drag reduction through surface modifications, there were several aspects in which this differed from the current research presented in this thesis. Firstly, the addition of the surface overlays and the mechanism by which the pressure drag would hopefully be reduced is different. As discussed earlier, the overall effect of the increased frictional drag and thicker boundary layer would provide a reduction in the shearing effect of the external free-stream flow on the separated flow behind the model. This is different to the proposed technique in the current research, where the dimples will directly create a turbulent boundary layer and add kinetic energy to the previously separated flow. Therefore, it could be said that this would have a more direct affect on the properties of the momentum of the boundary layer and its ability to overcome adverse pressure gradients. This is different to the cushioning effect of the thickness of the boundary layer with regards the external free-stream flow interacting with the separated wake region. In addition, the grooves that were tested by Whitmore et al. [17] were different to the dimple patterns tested in this research.

The presence of an object in front of another object can affect the drag produced by the latter. A passive control technique was developed by Igarashi and Terachi [18], through the placement of a small rod upstream of a flat plate which was perpendicular to the flow. The rod was positioned in various places and at various angles in front of the plate and the rod’s diameter was also altered. The maximum reduction of the drag coefficient achieved was approximately 25% compared to the drag without the rod in place. This technique achieved a drag reduction as the wake from the rod altered the pressure distribution around the plate [18]. Also it was found that as the Re increased, the amount of vortex shedding emanating from the control rod increased thereby leading to a larger delay of flow separation on the plate [18]. As it was due to this vortex shedding striking the plate which caused the drag reduction, a larger flow separation zone behind the rod lead to a more turbulent flow over the plate [18]. In addition to this it was found that the larger the control rod the larger the reduction in drag experienced by the plate as the size and intensity of the vortices reaching the plate increased [18]. Due to the drag mechanism being created by the separated flow from the rod which is unsteady by nature, the lift and drag forces experienced by the plate fluctuated over time and were time-averaged as a result [18]. 

Omni-directional reductions in drag were also achieved for a circular cylinder subjected to cross-flow by attaching cylindrical rings along its span [19]. The addition of the rings in the research by Nakamura and Igarashi [19] reduced the drag force by 18% even though the projected area of the cylinder increased, due to the addition of the rings. Also, due to the suppression of vortex shedding the fluctuating lift forces were reduced [19]. In addition, different diameter rings were tested with their span-wise width and their pitch varied. The optimum level of drag reduction was then found by altering these parameters. The cylinder had an aspect ratio of 20 and was positioned perpendicular to the flow. It was found that, in addition to altering the parameters of the rings, the level of drag reduction increased with an increase of the Re [19]. This effect is similar to that observed by Igarashi and Terachi [18], where an increase in the Re led to a reduction of flow separation. However, the largest Re that was tested in the research by Nakamura and Igarashi [19] was 38,000, which was quite low and indicated a very smooth laminar flow. If this flow were at a higher velocity such that the flow over the cylinder was turbulent with a high Re, the effectiveness of the rings may decrease due to the already higher kinetic energy flow type. 

Experimental and numerical studies were carried out analysing the turbulent flow over dimpled surfaces. The research carried out by Lienhart et al. [20] in addition to the work of Whitmore et al. [17] are the closest of these passive techniques discussed, in relation to the research presented in this thesis. The shallow dimples tested by Lienhart et al. [20] were distributed regularly over the wall of a plane channel with a large aspect ratio. However, unlike the research presented in this thesis, the analysis by Lienhart et al. [20] was concerned with reducing frictional drag and not pressure drag. The effect of the shallow dimples on viscous drag was assessed by measuring the resulting pressure drop in the channel. In addition to the investigations on the internal flows, the external flow was also analysed and boundary-layer profiles were measured using a Pitot-tube rake [20]. This research follows on from the work carried out by Russian scientists ten years earlier, Alekseev et al. (according to [20]), who discovered that dimples may be useful for drag reduction. This former research found that the skin-friction drag of a turbulent flow over surfaces with a regular arrangement of shallow dimples caused a drag decrease of 20%. Following this work however, no clear explanation was given as to why the dimples caused this decrease in skin-friction drag [20].

In this more recent research by Lienhart et al. [20] two types of dimple patterns were tested. One pattern had a diameter of 15mm and depth of 0.75mm and the larger dimples had a diameter of 47mm and depth of 2mm. The smaller dimple pattern tested was a great deal larger in diameter than the dimples tested by Alekseev et al [20]. It was proposed by Alekseev et al. (according to [20]), that the dimpled surface reduced drag by an interaction of the boundary-layer flow in the wall vicinity and the outer flow. From the Computational Fluid Dynamics (CFD) simulations conducted in the research by Lienhart et al. [20], it was observed that inside the dimples the wall shear stress and therefore the velocity gradient decreased. At the front edge of the dimple this led to a very small re-circulation region and at the rear edge of the dimple large values of wall shear stress were observed. Therefore, it can be concluded that the dimples led to a modified pressure distribution compared to the case of a smooth surface. However, it was also found that there is a slight decrease in the average shear force and an increase in the pressure force which approximately cancelled each other out [20]. 

Therefore, from the CFD simulations carried out it was found that the dimples did not decrease the drag, but actually slightly increased it by approximately 2-4% depending on the dimple pattern and the simulation type conducted [20]. These numerical results were then verified by experimental results. Therefore, while the shear stress decreased slightly, there was a slightly larger increase in the pressure force which led to the slight increase in drag observed [20]. Even though the dimple patterns that were tested in the research presented in this thesis were much smaller than the ones tested by Lienhart et al. [20], it is generally acknowledged that they would lead to an increase in skin-friction drag. Therefore, it is expected that at low AOA the overall drag may increase as the viscous drag dominates due to very little if any flow separation occurring. However, it is hoped as the AOA increases and higher levels of flow separation and pressure drag are created, thus becoming far more dominant than the viscous drag, that the dimples will add kinetic energy to the previously separated flow in the boundary layer and decrease the overall drag.

Another drag reduction technique is through using what is known as drag reduction (DR) agents. These DR agents are typically high molecular mass polymers, such as polyisobutylene and polystyrene, and are used in applications such as: oil pipelines, fire fighting, transport of slurries, sewer systems, cooling systems, airplane tank filling and even in biomedical systems involving blood flow [21]. They are used at very low concentrations, 10 to 50ppm (parts per million), to accelerate the flow in various fluid flow scenarios which can result in a drag reduction of over 50% [21]. In fact at every major airport around the world DR agents are used in aircraft refuelling. Without the use of these agents, the refuelling would actually take approximately twice as long [21]. 

The visco-elasticity and altered rheology of the polymer solution, compared to the previous fluid, were identified as the characteristics that resulted in the drag reduction [21]. As the smallest turbulent eddies in the flow are much larger than the polymer molecules added themselves, the mechanism of drag reduction operates at the continuum level and not at spatial levels where a single polymer molecule could interact directly with a turbulent eddy [21]. However, a drawback of such DR agents is that they experience mechanical degradation in turbulent flow which reduces their ability to reduce drag, known as mechanical degradation in flow (MDF) [21]. Thus, these agents are more suited to laminar flow profiles and higher viscosity fluid flow, such as oil compared to water, as the MDF is higher for lower viscosity fluids.
The flow structure behind a NACA 0012 airfoil covered with a V-shaped micro-riblet film (known as MRF) was investigated experimentally by Lee and Jang [22]. These results were compared to a smooth airfoil of the same size. The chord length of the airfoils were 75mm and the tests were conducted up to a maximum Re of 51,400. Figure 2.19 illustrates the properties of the micro-riblet film tested by Lee and Jang [22], however a magnified illustration of the actual film tested. At a wind velocity of 3m/s the drag force on the MRF covered airfoil was approximately 6.6% lower than that of the smooth airfoil [22]. However, at 9m/s the MRF caused an increase of the drag force by approximately 9.8% [22]. Therefore, the film reduced the skin-friction drag at the lower flow velocity, however as the Re increased the riblets were found to increase the viscous drag. Again, this research by Lee and Jang [22] was focused on analysing the effect of surface modifications on viscous and not pressure drag. 
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Figure 2.19: Diagram illustrating the MRF with their various size properties and orientation with respect to the airflow [22].

Ideal groove sizes depending on the nature of the flow were also investigated [22]. The parameters optimised included the spacing between the grooves and the height of the riblet tips for such V-shaped grooves [22]. An explanation for the drag reducing property of the riblets was that they restricted the span-wise movement of longitudinal vortices [22]. In other words the riblets dampen the cross-flow velocity fluctuations thereby reducing the momentum transfer and the shear stress. It is when the riblets were spaced close enough together they did not allow large stream-wise vortices to settle inside the riblet valleys [22]. It is this suppression of the near-wall vortex generation and the damping of the vortices that reduced the overall drag created by the object [22].

In this current research, this principle forms the basis for the possible drag reducing mechanism of the dimples. The dimples are essentially depressions as opposed to protrusions such as the riblets. The valleys of the grooves of the riblets are similar to the depressions of the dimples, so the drag reducing mechanism should be similar. However, the issue in relation to the current research is concerning the size of the dimples and whether they are too small to effectively suppress the near-wall vortex generation and the span-wise momentum transport of these vortices. For example the MRF tested by Lee and Jang [22] were of the scale of two hundred V-grooves over an area of 6cm by 6cm. The height of each groove was 176.8µm and the spacing between the groove tips was 300µm. Also, the width of the valley between the grooves was 50µm. Therefore, while these are groove patterns and obviously different to the dimple patterns tested in this research, their width of 300µm (0.3mm) was similar to the average diameter of the dimples in this research.

The airfoils were tested by Lee and Jang [22] at 0° AOA, so the drag reduction of the riblet film was achieved by reducing skin friction drag as opposed to pressure drag. It was found from these tests that the riblets were only effective at lower airflow velocities as they increased the drag as the Re increased. It was found that at a fixed flow speed, increasing the riblet spacing decreased the drag reduction effect of the riblet surface [22].  From the smoke flow visualisation carried out, an increased drag of the smooth airfoil was identified by the smoke filaments becoming thicker and also having a half loop shape due to active span-wise momentum transport [22]. Also, the increase of the drag force was seen to increase the size and amount of the vortices formed behind the airfoil. Also, these vortices were not located at the wake centre due to reduced vertical momentum transport [22]. For the MRF airfoil the case was opposite. Therefore, the MRF grooves caused strong vertical movement toward the wake centre-line and reduced the size of the vortex formation region [22]. However, with the MRF airfoil tested at higher speeds the riblet grooves acted as a surface roughness and stream-wise vortices interact with each other [22]. This in turn enhanced the turbulent kinetic energy and the Reynolds shear stress leading to an increasing drag force [22]. 

In the “protrusion height theory” developed by Bechert et al. [23], it was believed that the ideal design for riblets is such that they have y+ value of 3 to 5. The equation for calculating the y+ value was as follows [23]: 

y+  =  								         Equation 2.12

Where: µt is the kinematic viscosity, y is the vertical height of the riblets and v is the velocity of the flow.

In general over the last couple of decades, plenty of research activity has been conducted on the use of riblets for viscous drag reduction. From results taken from wind tunnels and flight tests, they confirm the effectiveness of riblets from low to moderate supersonic speeds. Skin friction drag reduction in the range of 5-8% have been measured on airfoils at low AOA and in mild adverse pressure gradients [24]. In flight tests the riblet provided a reduction in drag as long as the local angle between the surface streamlines and riblet orientation is relatively small, in the order of <10º [24]. However, there is only limited data available on wing-body configurations that show that the total drag reduction of approximately 2-3% is likely [24]. In the context of commercial aircraft, depending on its size, skin friction drag accounts for about 40-50% of the total drag during cruise conditions [24]. Different shapes including: triangular, rectangular, trapezoidal, saw-tooth and scalloped cross-sections have been investigated experimentally. Initial studies commenced in the early 1980’s by Walsh at NASA Langley Research Centre (according to [24]). The research was devoted to optimising the riblet size and shape for a maximum drag reduction for a given flow scenario. Following these initial studies, other riblet shapes such as L-shaped riblets were analysed by Tang and Clark (according to [24]) and shark-skin shape riblets by Bechert et al. (according to [24]), leading onto the research previously discussed by Lee and Jang [22].

Riblets with symmetric v-grooves, height equal to spacing, with adhesive backed film manufactured by the 3M company in the USA, have been widely investigated [24]. Maximum viscous drag reduction in the range of 4-8% were measured [24]. Wallace et al. (according to [24]) showed that wall shear stress is increased near the groove peaks but appreciably reduced in the valley leading to a net drag reduction. A total drag reduction of a little less than 2% was reported by Szodruch (according to [24]), based on fuel consumption measurements in flight tests in the Mach number range of 0.77-0.79 on an Airbus A-320 aircraft, with a riblet coverage of about 70%. While a total drag reduction of 2% sounds small, this could in turn lead to huge savings in fuel costs over a year. 

However, there are certain issues such as the cost of the riblet films, time and cost of installation, the need for maintenance and the performance degradation due to aging riblets and dirt build up. Also, a major consideration is the orientation of the riblets with respect to the airflow. This in many ways is different to the use of dimples, which may not have this orientation problem due to their similar profile in any direction.

An alternative passive control method is known as passive ventilation of the wake of bluff bodies. As the drag of bluff bodies is determined mainly by the pressure drag caused by flow separation as previously discussed, minimising the size of the wake generated is an important feature for the reduction of drag. Therefore, in this research by Grosche and Meier [25], the drag reduction was achieved by a bypass channel made by a central bore through the body. Figure 2.20 illustrates this duct through the spherical shaped test model. Typically a straight circular duct tested would have had a cross-sectional area of less than 3% of a bluff body cross-sectional area [25]. Essentially, this duct provides a flow through the body from the stagnation point at the front of the body to the near-wake region in the separated flow area at the rear [25]. 

Bypass flow has two main effects, firstly the addition of the vented air into the wake causes a pressure increase in the wake and this reduces the pressure differential between the front and rear of the body, thereby reducing the pressure drag [25]. The other effect is that the channel provides an addition of momentum from what is known as the “jet flow” [25]. As this jet flow is driven by the pressure difference it aligns the free shear layers of the wake to itself and draws them closer to the surface of the body [25]. As a result, this leads to a more streamlined shape of the external flow field which results in a lower pressure drag. From testing different shaped vents in spheres in a wind tunnel, Grosche and Meier [25] found that drag reductions of 50% were achieved for supercritical Re, with tests carried out to a maximum Re of 4.5 × 106. However, for subcritical Re with laminar flow separation, the drag reduction was found to be not as great. This was explained to be the case as the bypass flow cannot compensate for the much larger separation area associated with laminar separation at low Re [25].
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Figure 2.20: Diagram of the central bore used through the sphere in order to reduce the pressure drag caused by flow separation [25].
Therefore, one of the main disadvantages is that the size of the venting duct is very dependent on the Re of the flow. Also, when one considers the application of this technique to an airfoil, in theory its fundamental principal should also work. However, the main problem would be with the duct itself as it approaches the thinning trailing edge of the airfoil. Perhaps it could be practical if the duct was to be bored upwards from the leading edge stagnation point diagonally towards the upper surface of the airfoil near the trailing edge. It could then ventilate outwards and add momentum into the low pressure separated flow region at this point. However, its location would depend highly on the point and degree of flow separation.

It is also possible for researchers to look at nature for inspiration of new drag reduction ideas. Shark skin consists of a grain like surface, much like sand paper and studies have shown its ability for the reduction of drag. The degree of the surface roughness varies depending on the part of the shark’s body. Therefore, it can be said that through millions of years of evolution, this feature has developed to enable a shark along with its overall body shape to swim as efficiently as possible. Bionic non-smooth surfaces (BNSS) derived from this feature, were tested by Tian et al. [26], and were shown through CFD simulations to reduce the drag on bodies of revolution.  This research leads on from the earlier work by Won et al. (according to [26]), who highlighted the ability of such a surface modification to reduce flow separation along surfaces in a channel. Also, leading edge tubercles which grow on the skin were found to delay the stall on humpback whales flippers by Miklosovic et al. (according to [26]). Speedo (according to [26]) also developed a swim suit that was worn by athletes in the Athens Olympics in 2004 with the same texture as shark skin. Through tests it was found to reduce the frictional force by 4% as the swimmer moves through the water (according to [26]).

A new type of electric wire for overhead transmission lines was developed to reduce the drag force under a typhoon weather condition. The unique configuration of the low drag wire was actually conceived in association with the dimples found on a golf ball by Eguchi et al. [27]. This new wire is cylindrical in shape like normal wires but contains 12 small semi-circular grooves that are spirally engraved on the surface. The drag reduction mechanism of what is in effect a roughened cylinder was caused by the turbulent transition promoted by the semi-circular spiral grooves [27]. From smoke flow photography tests it was found that free shear layer oscillations were occurring over the grooves at a lower frequency compared to the case of a smooth wire with separated flow [27]. In addition, inside the grooves a circulating vortex flow under this free shear layer was observed [27]. This free shear layer oscillation was explained as being self-induced and is known as a cavity tone phenomenon [27]. This theoretical model indicated that the instability of the free shear layer tended to increase as its thickness reduced or as the Re was increased [27].


[bookmark: _Toc273437365]2.3.2 Active Control

Several studies over the years have demonstrated the ability of plasma actuators to control airflow over airfoils for velocities up to approximately 30m/s. The plasma actuator consists of a dielectric barrier discharge actuator which is made of two metallic electrodes separated by a dielectric device [28]. The application of a sine AC high voltage between both of these electrodes generates a weakly ionized plasma discharge which in turn induces an electric wind [28]. This electric wind is placed parallel to the wall in the direction of the flow over the airfoil [28]. Therefore the actuator induces airflow reattachment or even complete elimination of flow separation, by adding momentum to the flow through the plasma discharge. 

However, more recent research has shown that a 110m/s detached airflow can be reattached by the plasma actuation technique.  All of the studies revealed that this control technique was most effective at the higher AOA and also when the actuation was located at the leading edge of the airfoil [28]. Previous research of this technique was unable to identify if the delay in flow separation was due to the momentum added by the plasma discharge itself, or due to the laminar to turbulent transition created by the discharge at the leading edge of the airfoil [28]. In a study by Jolibois et al. [28], a NACA 0015 airfoil was tested with this actuator and it showed the ability of the dielectric barrier plasma discharge technique to effectively control the flow around the airfoil (conducted at a Re of 400,000). The plasma discharge was able to fully reattach the flow for AOA up to 17º.

Similar to the work by Jolibois et al. [28], is the use of an electro-hydrodynamic (EHD) actuator. These actuators produce ionisation of the flowing air and add localised momentum to the flow through a collision process of the migrating charged particles with the neutral particles present in the flow field [29]. In between these electrodes across the span of the airfoil a homogenous luminescence can be seen were the surface is covered by a thin film of ionised air [29]. This ionised film of air is produced by a DC potential difference between the electrodes. In the research carried out by Sosa and Artana [29], the effect of the EHD actuator on the aerodynamic performance of a NACA 0015 airfoil was analysed. The testing was carried out at a Re ≤ 50,000 and a maximum flow velocity of 5m/s [29]. The airfoil tested had a chord of 200mm and a span of 450mm [29]. From this it was found from surface pressure readings that previously separated flow remained attached with the activation of the EHD actuator. Smoke flow visualisations were also carried out to validate the surface pressure distribution measurements.

The experiments indicated that for low Re numbers, the effects of the actuation of the plasma sheet depended on the power supplied to the actuator [29]. It also depended on the relative distance between the actuator and the flow separation point. Also, the power consumption of the actuator increased greatly as it moved away from the separation point which, depending on the airfoil geometry and flow conditions, may be more beneficial in terms of reducing flow separation. These aspects were also true for the plasma actuator developed by Jolibois et al. [28]. Therefore, a disadvantage of this technology that must be factored into any application is the power consumption of the actuator. In other words, would the high levels of power that may be required be justified by a relatively large reduction in drag. Another disadvantage is that in the case of a laminar boundary layer separation, with a laminar separation bubble being formed and reattachment in the form of a turbulent boundary layer, these actuators are quite ineffective at reducing drag [29]. However, the advantages of the actuators are that they have no moving parts with a very short response time and a relatively good efficiency of power to energy conversion [29].

Various forms of vortex generators have been tested over the years to control flow separation and this technique was previously discussed in the passive drag reduction category. However, recently vortex generators have been tested in an active control sense. In 1998, Osborn et al. [30] tested what is known as a high-frequency deployable micro vortex generator system (or HiM-VG) experimentally. This system produced an oscillatory flow field at frequencies ranging from 30 to 70Hz and it was found to be very effective in reducing flow separation on the upper surface of a deflected flap [30]. 

Following on from this research, in 2008 Shan et al. [31] carried out similar research testing both an active and a passive vortex generator. However, in this case the frequency of the sinusoidal forcing of the active generator was chosen close to the natural frequency of separation. In this research, the subsonic flow over a NACA 0012 airfoil subject to a 6º AOA was analysed [31]. To start with, the introduction of the passive vortex generator was found not to alter the frequency of separation, however it did partially eliminate it and reattached the majority of the separated shear layer to the airfoil. The size of the separation zone prior to testing the passive vortex generator was reduced by more than 80% [31]. On the other hand, the flow control with the active vortex generator was found to be even more effective with the separation zone disappearing completely. 

However, a problem with this research was that the AOA analysed was relatively small. Therefore, the flow separation control did not produce a significant reduction in the drag force due to the low level of resulting flow separation. It would have been more beneficial to investigate the effects of both the active and passive vortex generator at higher AOA, where more flow separation would have been evident, leading to a relatively higher amount of possible drag reduction. Also, compared to the previous work of Osborn et al. [30], this research was focused on a numerical investigation as opposed to an experimental analysis. Therefore, this research may have its own uncertainties as it was not validated against any experimental work. 

Another type of active flow separation control is the use of the rotational movement of a component connected to the object in question. In the research by Beaudoin et al. [32], an actuator was used to control the rotational velocity of a cylinder on a geometry representing a backward-facing step at a Re of 20,000. The cylinder was located at the edge of this step and was found to effectively control the flow separation. The process by which this works is based on if a cylinder rotates it will inject air particles at a high velocity into the region where flow separation is occurring. Therefore, the tangential velocity of the cylinder is known as the ‘injection velocity’, as it is the velocity at which the particles are shot into the region in question [32]. Generating such a transverse force through the rotation of a part is referred to as the Magnus effect after the discoverer of this effect [32]. Through flow visualization, it was found that the size of the low pressure region behind the body decreased and therefore a reduction in drag was achieved [32]. The diameter of the cylinder was 10mm and the rotational frequency could reach 250Hz, which corresponds to a tangential velocity of approximately 7.5m/s [32].  Figure 2.21 shows two images, (a) the device without the cylinder rotating and (b) with the cylinder at a rotational frequency of 250Hz. 
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Figure 2.21: In these two images the free-stream velocity was 2m/s with (a) representing no rotation of the cylinder, and (b) representing the cylinder rotating at a frequency of 250Hz or 15,000rpm [32].

It was also found that the faster the rotation of the cylinder, the lower the drag force [32]. This is logical as the faster the rotation, the higher the velocity of air molecules travelling from the cylinder into the region of flow separation. The idea of using a rotating cylinder in this research originated from the idea of a “moving wall” to reduce relative velocities at flow boundaries [32]. This original research goes back to the work of Modi et al., in 1991, and up to more recent work by Patnaik and Wei in 2002, leading to this research by Beaudoin et al., in 2006, according to [32].

A large-eddy simulation (LES) of turbulent flow separation by You and Moin [33] over a NACA 0015 airfoil was carried out to highlight the effectiveness of jets as a separation control technique. This analysis was conducted at a Re of 896,000 and there was a small slot applied across the entire span from which the jets blew/sucked in air from a cavity inside the airfoil. The simulation results were compared to the 2005 experimental data of Gilarranz et al. In both of these works, the jet actuation effectively delays the onset of flow separation and causes an increase in the lift coefficient of 70% (according to [33]).  The idea of using suction to control flow separation goes all the way back to one year after the first powered flight, where Prandlt developed the concept of the boundary layer a proposed the suction technique. 

The application of jets to control flow separation was based on their ability to add momentum to the boundary layer as with many other active and passive techniques discussed so far. The jets in this case provide an addition of vertical structures to the boundary layer, which in turn increase its momentum and delays the point of flow separation [33]. The additional vertical structures also promoted boundary layer mixing and as a result momentum was exchanged between the boundary layer and the free-stream flow [33]. In the suction technique, the low momentum flow in the boundary layer was removed by the suction and this prevented downstream flow separation [33]. On the other hand, the technique of blowing air tangentially into the boundary layer increases the kinetic energy of the flow, and this also prevented downstream flow separation [33]. The advantage of this active method was that in comparison to passive and active vortex generators, this did not introduce a drag penalty when the flow was attached. It must be noted though that there are many variables used to control such a jet. These variables include parameters such as: the amplitude, frequency and location of the actuation, much like the issues with the plasma and EHD actuators previously highlighted [33]. 

Thus, this concludes the discussion on passive and active flow separation control techniques recently developed. Firstly, a quick summary of the main findings of the active technology research will be given. While many of these techniques can be very effective in delaying or even eliminating flow separation in particular scenarios, most of the techniques share similar disadvantages. The addition of the respective components required in most active techniques will thus add weight to a wing section in which they are installed. Also, the addition of this equipment may have implications to the overall wing design. This is so as it may reduce the storage capacity of the fuel in the wing as the equipment will occupy a portion of the internal structure of the wing. This is also in addition to the fact that the wing profile may have to be altered, which may in turn add a drag penalty itself or a small loss in the lift coefficient. There is also the aspect of the electrical power required to operate this equipment and this may affect the overall fuel consumption of an aircraft. Also, there may be serious safety concerns regarding the installation of such electrical equipment in the wing section of a commercial airliner. Therefore, these aspects plus the issues concerning device location with respect to the changing flow scenarios and the levels of power supply required, must be compared to the advantages of improved aerodynamic efficiency that a particular technique may offer.

However, the discussion on passive methods would be more applicable to this research. While dimpled surfaces have been tested, there exists very little research in relation to two aspects. Firstly, any research conducted into the use of dimples appears to be concerned with the reduction of skin friction drag, such as that by Lienhart et al. [20], as opposed to reducing the pressure drag caused by flow separation. Secondly, this aspect is particularly true in relation to airfoil research, where the aim would be to reduce flow separation through the addition of dimples to the surface. While Whitmore et al. [17] tested groove patterns and their effect on pressure drag reduction, the mechanism by which they were explained to work and the surface modification type itself is of course different to the current research. Therefore, from reviewing recent research critically and thoroughly, this validates the novelty of the work presented in this thesis.


[bookmark: _Toc257992267][bookmark: _Toc273437366]2.4 Recent Numerical Developments of Drag Calculation  


During recent years, the process of evaluating an aerodynamic design has progressed greatly due to rapid developments in computational simulation software. Through the use of CFD, analysing designs is starting to supersede experimental techniques in terms of time required and accuracy. The following section will briefly present recent numerical developments in drag calculation, which have lead to more complex equations that require the use of such software in order to be utilised. While the research discussed in this thesis is based around experimental testing methods only, it is the presentation of such equations compared to the empirical drag equation described in Section 2.1.3, that illustrates the knowledge base gained from this Literature Review chapter. Therefore, the equation developed by van Dam [34] will be highlighted, which follows on from developments by other researchers over the last few decades before CFD software was as sophisticated as it is now. In Appendix A, a thorough explanation of how this equation was derived is presented. However, Equation 2.13 that was developed by van Dam [34], is used for drag prediction in the Reynolds-Averaged Navier-Stokes solver model in CFD software.

D =  ∫∫ Δs dSExit  +  ∫∫ (ψξ) dSExit					Equation 2.13

Where: the first integral represents the sum of the viscous and wave drag forces (Δs), the second integral represents the induced drag component, Ψ is known as the cross-flow stream function, ξ is the stream-wise trailing vorticity and R is the gas constant [34].

Equation 2.13 developed by van Dam [34] in 1999 was based on the works, in chronological order, by: Maskell (1973), Wu et al., Weston, van der Vooren and Slooff, Nikfetrat and van Dam, Brune, van Dam et al., Janus and Chatterjee, Cummings et al. and Kusunose (1998), according to [34].
[bookmark: _Toc133393225][bookmark: _Toc257992268][bookmark: _Toc273437367]2.5 Alternative Drag & Lift Force Measurement Techniques


For the experimental testing conducted in this research two separate external strain gauge balances (referred to as Systems 1 and 2) were used to measure the aerodynamic forces. In Sections 2.6 and 2.7, a discussion will be presented on strain gauge theory and an introduction to strain gauge balances, respectively. However, this section will briefly highlight some of the other main techniques used for the measurement of lift and drag forces in wind tunnel testing. 

It is possible to relate the degree of energy loss from the free-stream inside the wake to the drag force imposed by the air on a test model [10]. By integrating the velocities in the wake across several points it is possible to equate this energy loss from the free-stream into the total drag force acting on an airfoil, for example [10]. This follows on from theory previously covered with regards to wake formation and vortex shedding, where the drag force is created by an energy loss through the formation of a wake. This technique is known as the integral momentum method and a Pitot-Static tube is used to measure the pressures at various points in the wake. From using Bernoulli’s Equation, it is possible to calculate the velocity at a point in the wake (U) and therefore the velocity deficit in the wake (U1) can be written as [10]:

U1 = U∞ - U								            Equation 2.14

Where U∞ is the free-stream velocity. As one moves away from the centre of the wake, U converges to U∞. The total drag (D) can then be found by considering the conservation of momentum theory in a control surface representing a vertical plane with respect to the free-stream flow [10]:

D = hρ (U∞ -) dy							Equation 2.15

Where h is the frontal height of the airfoil. If Equation 2.14 is re-arranged for U (where U = U∞ - U1) and substituted into Equation 2.15, the resulting equation is found [10]:

D = hρ (U∞ -) dy							Equation 2.16

Therefore, the velocity deficit (U1) is integrated across various points in a vertical plane (dy), which leads to the calculation of drag [10]. Generally the greater the velocity deficit in the wake and therefore the greater the energy loss, the larger the drag force. As mentioned in Section 2.2.5, it is possible to calculate the induced drag from a set of equations and the profile (pressure and viscous) drag can then be found by subtracting the calculated induced drag from the total drag found from the integral momentum method [15]. The probe used in this process is usually placed a particular distance behind the trailing edge in terms of the chord length of the airfoil (or length of the particular object being tested). However, this location varies depending on the model being tested, the airflow conditions and most importantly the amount of flow separation and therefore size of wake present [10]. In addition, by recording the fluctuating velocities of the flow in the wake over a period of time, it is possible to analyse the power spectrum of the recorded signal through the use of Fast Fourier Transform (FFT) functions [10]. Therefore, the frequency of the peaks identified in the power spectrum can be correlated as the vortex shedding frequency [10]. The frequency of the vortex shedding can reveal a good deal of information regarding the nature of the flow separation and the effect of any drag reduction technique being tested. 

Another method of calculating drag and lift forces is through the use of pressure readings along various points on the test model itself. It is possible to install a number of pressure ports inside the test model and these can record the pressure differential between the upper and lower surfaces of an airfoil for example. Therefore, a decrease in pressure at particular pressure ports would be indicative of a region of flow separation [10]. It is also possible to integrate the pressure readings across both the upper and lower surfaces of the airfoil and calculate the lift force [10]. In addition to the previous methods of measuring aerodynamic forces in wind tunnel testing, it is possible to determine the velocity of the flow at a point by a technique known as ‘Hot-Wire Anemometry’. This involves the measurement of velocity with the use of a thin wire positioned perpendicular to the flow. Therefore, this technique can be used to measure the free-stream velocity in a test section, the velocity deficit in the wake of a test object and the free-stream turbulence intensity level [35]. Figure 2.22 illustrates the size of the measuring element of a typical hot-wire anemometer.

[image: ]
Figure 2.22: Picture illustrating the typical size of the measuring element of a hot-wire anemometer [36].

The wire is heated by a supply voltage and the anemometer maintains it at a constant temperature. However, as airflow moves over the wire it will cool down as a result. Therefore, in order for the anemometer to maintain the wire at a constant temperature, the voltage supply must increase to compensate for the heat loss of the wire. Through measuring the increase in voltage as a result of the heat loss from the wire, this can be related to the velocity of the fluid. This is possible to calculate through the use of King’s Law. This equation relates the voltage applied to the wire (V) and the velocity of the airflow (U) [10]:

V2 = V02 + B''								Equation 2.17

Where: V0 is the voltage across the element under zero flow conditions and B'' is a constant determined form the calibration process of the anemometer.

Therefore, the rate of the heat loss to the fluid is equal to the electrical power supplied to the element (V2/R), where V is the voltage drop across it and R is its resistance [10]. Usually in place of the V02 term in Equation 2.17 is a constant known as A'', which takes into account any conductive heat losses from the wire to the wire supports as air flows over it [10]. However, unless very high accuracy is required, this constant can be place by the V02 term. Also, the  term which can also be written as U0.5 has been found through experimental testing to be closer to U0.45 [10]. This is so as the value of this exponent changes varying on the device itself and also with respect to the velocity of the airflow over the element. Therefore, as no universal calibration is available each anemometer must be calibrated for best results, thus allowing the determination of the constant B''. However, if care is taken during usage and if calibrations are performed at frequent intervals, an accuracy of better than 1% can even be achieved for the measurement of flow in turbo-machinery [10].


[bookmark: _Toc273437368]2.6 Strain Gauge Theory


If a metal wire is stretched, it will become slightly thinner and longer and this results in an increase in its electrical resistance. This is so as the smaller the cross-section of a metal wire, the higher its electrical resistance. On the other hand, if the wire is placed under a compressive force, it will become slightly thicker and will shorten. This will of course lead to a decrease in its electrical resistance. If the stresses exerted on the wire are kept within the elastic limit of the material, it can be used as a measuring element for a physical force [37]. This is possible as the amount of applied force can be calculated from measuring the change in resistance of the metal wire. This principle forms the fundamental operation of a strain gauge. A strain gauge is essentially comprised of a very thin metallic wire arranged in a grid formation [37]. The strain gauge is fixated to the object being tested. Therefore, when the object experiences a force, the surface onto which the strain gauge is adhered to will deform slightly, as will the gauge. When an excitation voltage is applied across both ends of the wire, known as the strain gauge terminals, any change in the resistance of the wire due to an applied force can be measured. An overview of a strain gauge is illustrated in Figure 2.23. 

[image: http://www.ibiblio.org/obp/electricCircuits/DC/00204.png]
Figure 2.23: Diagram illustrating the change in resistance due to an applied force [38].
[bookmark: Carrier,_strain_gauge][bookmark: Bonded_strain_gauge]
These very thin strips of metallic foil, typically about 0.025mm in diameter, are deposited onto a non-conductive substrate material known as the carrier [37]. It is the back of this carrier that is fixated to the surface being tested with the use of a special adhesive. The term ‘bonded gauge’ is given to such a strain gauge and the object being tested is usually known as the ‘test specimen’. Therefore, as the test specimen experiences a strain, this will in turn cause the metallic strips on the strain gauge to either stretch or compress, depending on the nature of the force applied. By measuring the corresponding very small change in the output voltage signal due to the very small change in resistance, it is possible to equate this to a force [37]. This would be possible from a calibration procedure which would be conducted before the experimental testing begins. To create an electrical circuit, the strain gauge is wired to other resistors which forms what is as known as a Wheatstone bridge circuit. There are various forms of such a circuit, with the Kelvin bridge circuit being another [37]. The Wheatstone bridge type will be used in this research. 

There are essentially three main variations of a Wheatstone bridge circuit: a quarter bridge, half bridge and a full bridge circuit. The difference between the three circuits is the amount of strain gauges used in the place of the resistors. A quarter bridge has one gauge with three resistors, a half bridge has two gauges and two resistors and a full bridge has four active gauges in the place of the resistors that comprise the circuit. As full bridge circuits were used in the measurement of the lift and drag forces in the experimental testing, this format of circuit will be discussed. In addition, this configuration of circuit has advantages over the other two, such as improved sensitivity and linearity as discussed below.

Therefore, in Figure 2.24 an example of a full bridge strain gauge circuit can be seen. The four resistors (R1, R2, R3 and R4) are replaced by strain gauges, which in this example are mounted on a beam which is experiencing a bending strain. In this scenario a force is being applied at one end of the beam and it is constrained in all degrees of freedom at the other end. Therefore, the upper surface of the beam would be in tension due to the nature of the applied force and the bottom surface would be in compression. In this set-up where a full bridge circuit can be utilised to measure the bending strain of the beam, it would be necessary to mount two gauges on the upper surface and two on the bottom surface. Following this, R1 and R4 in the circuit will be in tension, leading to an increase in resistance from before. The opposite is the case for R2 and R3 mounted on the bottom surface. 
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Figure 2.24: Illustration of a full-bridge circuit and an example of how it can be used in order to measure bending strain, adapted from [39].

Therefore from the circuit diagram on the left of Figure 2.24 it can be seen that its bottom half (R2 and R4) will contain gauges experiencing opposite strains. The same is true for R1 and R3 on the top half of the circuit, which all together will cause the bridge to be unbalanced by the applied force through the changes in resistances of the gauges. The result of this allows for a measureable output voltage. This requires a precision voltmeter located at the centre of the bridge, which provides an accurate measurement of this imbalance [40]. The beam in Figure 2.24 is known as the ‘substrate’ onto which the gauges are fixated through a special adhesion process. 

When there is no force applied to the beam (Figure 2.24), the four strain gauges will have equal resistance and therefore no voltage output will be detected from the circuit. The bridge circuit will be balanced as a result and this leads to the following equation with respect to the four strain gauges as in Figure 2.24 [40]:



 =   							                        Equation 2.18

In Equation 2.18, R represents the nominal (un-deformed) resistance of the gauges as no force has been applied. Therefore, when a force is applied to the substrate, the strain gauge resistances will change and this will unbalance the bridge circuit [40]. The resulting non-zero output voltage is described by the following equation [40]:



VOUT = VEX ( - ) 					            Equation 2.19

Where: VOUT is the output voltage and VEX is the input (excitation) voltage. 

In Equation 2.19, the values of the four gauges will have changed slightly from their nominal resistance value as in Equation 2.18, due to the applied force. Therefore, if the bracket terms are multiplied out in Equation 2.19, the following equation is obtained [40]:

VOUT = VEX                                                                     Equation 2.20

In Figure 2.24, the four gauges will either experience tension or compression effects. Therefore the four gauges will be subject to the following resistance value changes [40]:

R1 and R4 = R + ΔR (tension)							Equation 2.21

R2 and R3 = R - ΔR (compression)						Equation 2.22

Where: R is the unstrained nominal resistance value and ΔR is the change in resistance (increase/decrease) of the strain gauge. 

Therefore, if Equations 2.21 and 2.22 are substituted into Equation 2.20 and it is multiplied out and tidied up, the following equation is obtained [40]:

VOUT = VEX 								Equation 2.23

[bookmark: Linearity,_strain_gauge_bridge_circuits][bookmark: Strain_gauge_circuit_linearity]Each strain gauge has a property known as the gauge factor (k), which varies depending on the type of gauge. The gauge factor relates its change in resistance (ΔR) to its change in length (ΔL). The gauge factor is constant regardless of strain for a given strain gauge and can be expressed as follows [37]:

Gauge Factor = k =  =              			            Equation 2.24

Following on from Equation 2.24, it is possible to re-arrange for strain: 

Strain exerted on gauge = ε =           					Equation 2.25

In relation to Equation 2.23, as the relationship of ) is equal to (VOUT/VEX), it is also possible to define strain as:

Strain exerted on gauge = ε =  					Equation 2.26

This therefore leads to the well known expression which relates the excitation voltage, gauge factor and strain to the output voltage [40]:

VOUT = VEX × k × ε								Equation 2.27

One problem with strain gauge measurement is due to a difference in the thermal conductivity of the strain gauge foil grid in relation to that of the substrate. This can lead to what is known as a thermally-induced strain, as both elements expand and contract differently with respect to temperature changes. Temperature changes can arise from a change in the ambient temperature surrounding the test set-up or from the heating/cooling of the gauge itself based on changes of the VEX. If the substrate material and the resistive element of the strain gauge have linear expansion coefficients of βS and βG respectively, then the gauge bonded to the substrate experiences a thermally induced strain (ΣT) per 1ºC defined as [40]:

ΣT =  + (βS - βG)								Equation 2.28

Where: α is the resistive temperature coefficient of the gauge foil.
However, strain gauge manufacturers produce what are known as self-temperature compensated gauges. The foil grid in these gauges have their linear expansion coefficients matched to a particular substrate material such as aluminium or mild steel for example. However, as mentioned earlier an advantage of a full bridge circuit is that it provides temperature compensation. This aspect eliminates errors which arise from temperature variations between the foil grid and the substrate.

[bookmark: _Toc133393230]
[bookmark: _Toc257992269][bookmark: _Toc273437369]2.7 Internal and External Strain Gauge Balances


A strain gauge balance is effectively a device which has surfaces machined on it in order to be sensitive to a particular applied load [41]. Strain gauges are in turn mounted onto these surfaces so that when a slight deformation is created in this surface from a particular aerodynamic load, this is converted into a measurable strain [41]. This is possible because as the strain gauge deforms slightly, along with the surface onto which it is mounted, its foils will be slightly stretched or compressed. This leads to a change in the cross-sectional area of the foils which in turn causes their resistance value to change slightly. 

The measureable strain output is usually read by some type of Digital Strain Indicator (DSI). For more complex output signals that are changing rapidly over time, it is possible to record these signals by what is known as a Data Acquisition System (DAQ). This allows for the output signals to be time-averaged and the resulting aerodynamic force can be calculated as a result. This would be possible from the calibration process which is conducted with the balance prior to testing. Therefore, the output can be converted to a particular force or moment through pre-defined equations [41]. There are two main types of balances that are currently used in wind tunnel test measurement: internal and external balances. Internal balances are inserted directly into the test model in the wind tunnel as can be seen in Figure 2.25(b). The balance is inserted typically into the aft position of the test model and the balance and test model are supported by a streamline strut [41].  
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                                (a)                                                                             (b)
Figure 2.25: (a) A close-up picture of an internal balance [42], (b) this shows the overall set-up [43].

An internal type of balance is also known as a sting balance [41]. This type of balance is usually constructed from one solid piece of high strength aluminium [41]. This can lead to particular advantages which will be covered later. The balance in Figure 2.25(a) has internal parts that will be sensitive to a particular force generated in the wind tunnel and strain gauges are mounted to these surfaces. Figure 2.26 illustrates the set-up of an external balance. External balances are used in situations where internal balances are not practical for various reasons. The external balance itself is located outside of the wind tunnel, as opposed to being inside the test model as in the case of the internal balance. The aerodynamic loads are transmitted from the test model through support strut(s) to the balance. The type of external balance in Figure 2.26 is known as a pyramidal balance due to its design configuration which isolates the forces and moments being measured [35]. 

Therefore, it can be seen that the test model is supported by a strut, as with the internal balance set-up, however the actual balance is located underneath the wind tunnel. This is the usual configuration for the external balance type, however other configurations are possible and these may be more effective for particular test conditions. The strut in this case transmits the loads generated from the test model to the balance, which in turn measures the desired forces and/or moments. 
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Figure 2.26: Set-up of an external balance [44].

There are particular advantages and disadvantages with each set-up and careful consideration must be given when deciding which set-up would be most suitable, according to the nature of the testing. As can be seen in Figure 2.26, as the space was not restricted as it would be in the case of an internal balance fitting into a test model, longer strain gauges can be used. This allows for a more sensitive measurement set-up and also the possible large amount of wiring is easier dealt with, compared to the case of an internal balance. However, with an internal balance, this set-up allows for the balance to be directly in line with the forces generated by the test model. On the other hand, external balances can be located a distance away. This is perhaps the greatest advantage of the internal design. 

An external balance usually needs to be designed to be capable of separating the various aerodynamic forces/moments that are transmitted through the strut(s) in order to read one particular force or moment [35]. As there are potentially three aerodynamic forces and three aerodynamic moments acting on a model, this can prove to be a difficult task. However, on the other hand, an internal balance may be intrusive to the airflow around the model. This is particularly true for small test models, where an internal balance may lead to inaccuracies in results. Also, some test models may not suit this set-up such as airfoils, as the insertion of the balance into the rear of the airfoil would not be feasible. The main two advantages of external balances are its great resolving power and its ability to hold its calibration over very long periods of time [35]. As mentioned, one main disadvantage is the time and effort required to align or reduce the interactions between the six force/moment components. However, it is possible to calibrate the interactions and not align the balance through what is known as an interaction matrix method [35].

Therefore, this is the conclusion of Chapter 2 which was the literature review. In this chapter there were seven main parts: ‘Aerodynamics’, ‘Fluid Mechanics’, ‘Recent Research into New Drag Reduction Techniques’, ‘Recent Numerical Developments of Drag Calculation’, ‘Alternative Drag and Lift Force Measurement Techniques’, ‘Strain Gauge Theory’ and ‘Internal and External Strain Gauge Balances’. In addition, the last two sections of this chapter which covered theory on strain gauge circuits and introduced the balance devices in which they are installed, leads into the start of Chapter 3 (Experimental Equipment and Procedures). A detailed discussion on the design of the two strain gauge balances that were used in this research (Systems 1 and 2), along with all of the other aspects of the experimental testing, will be given in Chapter 3.
















[bookmark: _Toc273437370]Chapter 3 – Experimental Equipment and Procedures


To start with a brief introduction will be given in order to explain the research methodology and the resulting layout of this chapter. The overall research was split into two separate parts and these are referred to as ‘Phase 1’ and ‘Phase 2’. Correspondingly during each phase there was a separate strain gauge balance and instrumentation set-up designed and used to measure the lift and drag forces. These were referred to as ‘System 1’ and ‘System 2’ respectively. The reason as to why System 2 was designed was in order to correct the measurement errors and to improve the performance of System 1. Therefore, Figure 3.1 illustrates a flow-chart of the overall research and it can be seen that System 2 was designed following on from the results obtained with System 1. The airfoil test models used in conjunction with the dimple patterns applied to them, with the two variables of location and degree (surface roughness), were central to both phases of the research. 

[image: ]
Figure 3.1: Flow-chart illustrating the various components of the overall research.
[bookmark: _Toc259616590][bookmark: _Toc273437371]3.1 Airfoil Profiles Tested


There are hundreds of different wing profiles designed to date, so it was necessary to choose wing profiles that have well known aerodynamic properties. It was decided to use the NACA 4-digit series as their properties are well known. This NACA series of wing profiles have been used commercially for many years as aircraft wings/flaps, helicopter rotor blades and turbine blades to mention but a few applications. 

For Phase 1 of the research (Figure 3.1 Red Zone) the following profiles were tested: a thin symmetric profile (NACA 0006), a thick symmetric profile (NACA 0024) and a thick cambered profile (NACA 4424). For Phase 2 (Figure 3.1 Blue Zone) it was decided that it was better to test the two symmetric profiles only, as this allowed a wider range of surface modifications to be tested. This enabled an evaluation of the dimple effect to reduce drag on wing sections that have different thickness values which, as discussed in the last chapter, affects the way in which the flow separation develops. In addition, from the Phase 1 testing, the two symmetric profiles showed more promising results as opposed to the cambered NACA 4424 profile. 

Figure 3.2 shows a CAD drawing of the three separate profiles. As a result of the manufacturing process, the chord lengths and spans varied slightly between the airfoils. However, Figure 3.2 illustrates the maximum cross-section dimensions in millimetres of the models tested, with the span having a maximum value of 210mm.







          [image: ]
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Figure 3.2: (a) CAD drawing illustrating the maximum cross-sectional dimensions of the NACA 0006 test models, (b) the corresponding dimensions for the NACA 0024 profile, (c) the corresponding dimensions for the NACA 4424 profile (units in mm).

A point to note is that the maximum 12mm thickness of the NACA 0006 airfoils would have equated to a chord length of 200mm. However, 10mm was trimmed off the original length as the airfoils were very fragile at their trailing edge and it would have been difficult to add dimple modifications without causing damage at this location. The location of the maximum thickness as indicated in Figure 3.2 occurred at approximately 30% of the chord length (0.3c), in from the leading edge [6]. The support strut hole was located at the aerodynamic centre of the airfoils (0.25c), as it was at this point where the drag and lift forces appeared to act through. The test models (8 of each profile initially produced at the start of the research), were cut to the required dimensions from high density polystyrene using an automated hot-wire cutting machine, by a CNC-milling company called ‘Made In Hollywood’ located in Dundalk, Co. Louth. This was so as this company specialised in manufacturing products from polystyrene foams and this allowed for a quick and very accurate production of the required test models. The polystyrene material was chosen as it was lightweight and the surfaces of the airfoils could be easily modified, with regards to adding the dimples through a sand blasting technique. However, when the support strut holes were cut through the airfoils the hot-wire cutter had to pass through one of the airfoil surfaces, which created a slot in the airfoils. It was deemed that the best position for this to occur was at the leading edge of the airfoil. Even though a filler material was later used to seal the slots, if this was located on the upper or lower surfaces of the airfoil it might have interfered with the modification process. 

Therefore, following the manufacture and delivery of the airfoils, it was necessary to carry out additional work on each airfoil in order for them to be fully ready for testing. To start with the area around the slot was masked so that no damage would have been incurred to the surrounding parts of the airfoil, as can be seen in Figure 3.3(a). In order to seal the slot a ready-mixed polyfiller was used that provided a strong seal when set and it was also sand-able. When this filler material set, it was then sanded with fine grade sand paper to provide a smooth finish, as shown in Figure 3.3(b).
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Figure 3.3: (a) This photograph shows the slot after being masked, (b) the airfoil with the filler set and sanded.

In addition, as a result of the cutting process, the surfaces of the airfoils were slightly rough and a smoother finish was desired before they could be used as test models. Therefore, each airfoil was sanded initially with a medium P320 grade sand paper, and then finished with a very fine P600 grade. In Figure 3.4, a comparison can be seen between a fully prepared test model and an airfoil before any of this preparation work. It can be observed that a finished model was lighter in colour and this was as a result of the sanding process.
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Figure 3.4: A comparison between a finished airfoil ready to be tested on the left and an airfoil before any preparation work on the right.


[bookmark: _Toc273437372]3.2 Airfoil Surface Modification Process

[bookmark: _Toc273437373]3.2.1 Application of Dimples

A sand blasting rig was used to create the dimples on the surfaces of the airfoils tested. There were two main aspects identified regarding the application of the dimples to the airfoils: their degree and their location. By degree, this signified what level of surface roughness the dimples created. It was possible to alter this parameter by changing the pressure of the sand blasting rig and/or the duration of the process. Several different degrees were achieved, but the two main ones tested were a high and a low roughness dimple effect. This was characterised by the average roughness value (Ra) and this aspect is discussed in the next section, with calculations presented in Chapter 4. The other factor was the location of the dimples. This was whether they were applied to both the top and bottom surfaces of an airfoil, or to different sections on the low pressure side of an airfoil only where flow separation may specifically have been occurring. For the application of the dimples to different sections on the low pressure (flow separation) side, locations such as the front, middle and rear were chosen. These different sections that were dimpled can be seen in Figure 3.5(a). The order in which the testing was carried out was planned to allow the maximum usage of each test model. The sections surrounding the area to be dimpled were masked with strong insulation tape, so that no damage from the sand blasting process was caused to other areas that were to be left smooth. Figure 3.5(b) shows a resulting modification after the tape was removed. 
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Figure 3.5: (a) Different sections were marked out on the sides of the airfoil prior to applying the protective tape, (b) this shows a resulting modification to the second/middle 1/3rd section.
The sand blasting rig that was used for the application of the dimples can be seen in Figure 3.6. This rig had a door which closed over and sealed the blasting chamber and there were two slots in this door through which the operators arms could be inserted, to control the blasting gun and hold the airfoil. The air supply to the sand blaster was powered by a generator which operated up to a maximum pressure of approximately 5 bar. However, all of the process parameters were kept constant between different modifications, with the spraying time being the only factor changed to achieve a higher surface roughness effect.
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Figure 3.6: The sand blasting rig that was used to create the dimple modifications.


[bookmark: _Toc273437374]3.2.2 Surface Roughness Value

The degree of the surface roughness achieved by the dimples can be quantified. The study of surface roughness, known as metrology, has derived many different methods, equations and standards for defining the surface roughness of a component [45]. The standard that was used during the research was abbreviated as ‘Ra’ (arithmetic mean), the value of which symbolised the average roughness value of a surface [45]. In other words, the roughness was calculated based on the variation of the peaks and valleys along a surface (protrusions and depressions), with respect to a mean line [45]. For this a Laser Optical Profiler was used to obtain the Ra value for a sample corresponding to the highest degree of dimples tested. 

The resolution of the Laser Optical Profiler resulted in an interval of 49.21 microns (0.049mm) between each measurement point along the surface of the sample. On the sample a section measuring 5mm by 5mm was scanned. In Figure 3.7 the plot obtained from the LabVIEW software used in conjunction with the profiler can be seen. The numbers on the axes are representative of the 5mm length and width of the section scanned. Therefore, in relation to the resolution of the measurement there would have been approximately 413 data points representative of an area of 1mm2.

[image: ]
Figure 3.7: Plot obtained from the LabVIEW software of a 5mm by 5mm section scanned from the dimpled ‘high Ra’ specimen.

In order to compute the actual Ra value, three rows of data were extracted from the 100 by 100 matrix of data points. One row of measurement data points was taken from one side of the sample, one from the middle and another from the opposite side. Therefore, the Ra value was calculated for each row of data points and the average of these three values was taken to be the final Ra value. The equation used was as follows [45]:

Ra = 								Equation 3.1
Where: N was the number of height measurements (100 in this case), z was the height of each measurement and  was the average height of all measurements (N).
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[bookmark: _Toc273437376]3.3.1 Phase 1 Testing

In Table 3.1, all of the wind tunnel tests conducted during Phase 1 of the research (Figure 3.1 Red Zone) are listed in chronological order. There were two test models used for each of the three profiles selected (NACA 0006, 0024 and 4424). The majority of the experimental tests were conducted by adding dimple modifications to the low pressure surface of the airfoil, where flow separation occurred. The dimples were added to various locations, such as those detailed in Section 3.2.1, in addition to dimpling the full flow separation side. This was so as adding dimples to the other (high pressure) side of the airfoil would have only increased the viscous drag generated. In some tests however, a modification was applied to both sides of the airfoil to verify this and the ‘Airfoil Side’ column in Table 3.1 details this aspect. For each of the 24 tests conducted, drag and lift measurements were made in angle of attack (AOA) increments of 2º, from 0° to the respective stall angles of the three different profiles. The stalling AOA for these were approximately: 12º for the NACA 0006 profile, 18º for the NACA 0024 profile and 20-22° for the NACA 4424 profile [6].











	
	Dimple Modification
	

	Test No.
	NACA Profile
	Test Model No.
	Location
	Degree (Ra)
	Airfoil Side

	1
	0024
	3
	Unmodified – Baseline
	-

	2
	0024
	3
	Middle 1/3rd
	High
	Separation

	3
	0024
	3
	Middle & Last 1/3rds
	High
	Separation

	4
	0024
	3
	Full
	High
	Separation

	5
	0024
	3
	Full
	High
	Both

	6
	0024
	4
	Unmodified – Baseline
	-

	7
	0024
	4
	1/2 to 3/5ths
	High
	Separation

	8
	0024
	4
	1/2 to 2/3rds
	High
	Separation

	9
	4424
	6
	Unmodified – Baseline
	-

	10
	4424
	6
	First 1/2
	Low
	Separation

	11
	4424
	6
	Full
	Low
	Separation

	12
	4424
	6
	Full
	Med
	Separation

	13
	4424
	6
	Full
	High
	Separation

	14
	4424
	6
	Full
	High
	Both

	15
	0006
	1
	Unmodified – Baseline
	-

	16
	0006
	1
	Middle 1/3rd
	High
	Separation

	17
	0006
	1
	Middle & Last 1/3rds
	High
	Separation

	18
	0006
	1
	Full
	High
	Separation

	19
	0006
	1
	Full
	High
	Both

	20
	0006
	2
	Unmodified – Baseline
	-

	21
	0006
	2
	Full
	Low
	Separation

	22
	0006
	2
	Full
	Low
	Both

	23
	4424
	5
	Unmodified – Baseline
	-

	24
	4424
	5
	Second 1/2
	Low
	Separation


Table 3.1: Experimental matrix table listing the details of all tests conducted during Phase 1.
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Phase 2 of the experimental testing was split into two main parts:

1. The NACA 0006 and NACA 0024 profiles were tested with various dimple patterns (low/high Ra and different locations) across a wide range of AOA, to fully investigate the effects on drag and lift – known as the ‘Single Airfoil Testing’. As part of this testing, end-plates were also used to analyse the effect of the dimples as a result of reducing the relatively large induced drag component associated with the airfoils.

2. Both of these profiles were also tested in a split flap configuration in order to investigate the effect of adding dimples to an airfoil section with a flap. This was conducted by adding the dimples to both airfoils separately and to both at the same time to observe any interaction effects – known as the ‘Split Flap Airfoil Testing’.

In terms of the design of the end-plates they were semi-circular in shape and can be seen in Figure 3.8. They were constructed from thin sheets of clear PETG Copolyester, such that they would not have restricted the view if this set-up was used for smoke flow visualisation photography. These end-plates were also easily attached to and removed from the airfoils with screws and this was necessary in order to apply further dimple modifications between tests. The use of four screws was required on either side to prevent any gaps between the end-plates and the sides of the airfoil from occurring, particularly at the mid-chord point. Therefore, these screws and end-plates were expected to create an additional drag force, but dimple modification tests with these end-plates were compared against a relative baseline. 

[image: ]
Figure 3.8: Photograph of the semi-circular end-plates used to reduce the induced drag.

As the majority of wing sections on aircrafts contain flaps, should a modification to an airfoil be proven successful it would be necessary to investigate any effect it would have on a smooth flap at its trailing edge. In addition, by adding dimple modifications to the flap itself, this may also have drag reducing benefits. In past research it has been shown that an object which is upstream of another can reduce the drag generated by the trailing object, through the turbulent flow and vortex shedding over the trailing object delaying its point of flow separation [18]. This property may be applicable to a wing and flap configuration, where flow that is tripped into turbulence by the dimples on the main wing section, reduces the pressure drag generated by the flap. The type of flap configuration that was tested is known as a split flap as previously mentioned and this is illustrated in comparison to a plain flap in Figure 3.9. However, as Phase 2 was an improvement of the Phase 1 research, the split flap and end-plate testing were conducted during Phase 2 only.
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Figure 3.9: Comparison between a standard ‘Plain Flap’ and the ‘Split Flap’ configuration as tested in this research.

The type of flap that is the most widely used on commercial airplanes is known as a fowler flap [5]. When it is deployed it slides backwards and down and this extends the effective chord length of the overall wing section, thereby increasing its lift characteristics [5]. While this may have been somewhat difficult to construct and adjust, the plain flap type was also considered. However, the split flap was chosen due to its ease of construction. Unlike the plain flap which would have required a circular cut through the main airfoil for the leading edge of the flap to be located. The split flap configuration was simply achieved through the arrangement of two different airfoils, as seen in Figure 3.10.

Therefore, both the NACA 0006 and 0024 profiles were tested as the flap. In terms of the orientation of the flap in relation to the main section, the leading edge of the flap was positioned 35mm in from the trailing edge of the main airfoil (flap offset in Figure 3.10). Also, the minimum gap labelled in Figure 3.10 between both of these airfoils was maintained at 12mm. This gap was defined as the minimum perpendicular distance between both airfoils by lines tangential to each airfoil. In addition, the strut hole in the side of the main airfoil was sealed with tape so that it would not add any disturbances to the flow.
[image: ]
Figure 3.10: The experimental set-up of the NACA 0024 split flap configuration.

However, a problem arose when the AOA of the flap was increased as this 12mm gap decreased. Therefore, in order for this gap to remain constant which was important for the comparison of each test result, the height from the tunnel floor to the chord line of the main airfoil needed to be increased. The easiest and most time efficient method of doing this was to place spacers underneath the support frame, as illustrated in Figure 3.10. By using spacers that corresponded to a height difference due to a particular change in the AOA, they were easily inserted and removed from underneath the support frame base. In addition, as the flap had its AOA increased a small gap between its leading edge and the 35mm flap offset point (Figure 3.10) on the main airfoil resulted. Therefore, this was compensated for by marking a line on the main airfoil at the 35mm point and aligning both airfoils with respect to this after each AOA change. It was also necessary to place weights on top of the support frame base to prevent the main airfoil from moving during a test.

Another important point is that the drag and lift forces were measured from the flap airfoil only. If the main airfoil and flap were both joined together this would have created a counter-clockwise moment during testing, in relation to Figure 3.10, on the very sensitive balance (System 2). Therefore, it was decided it would be most practical to insert the balance strut into the flap airfoil only and to measure the forces from this airfoil. Following this, the main airfoil remained at 0º AOA and therefore it was only the AOA of the flap that was adjusted. This allowed for a thorough investigation of the dimple effect on the flap and on the main airfoil, through a wide range of AOA. Therefore, the airfoil test models (in both the Single and Split Flap Airfoil Testing) were tested with their AOA varying from 0º to 20º, which was past their typical stall angles previously defined in Section 3.3.1, with respect to the NACA 0006 and 0024 profiles used for the Phase 2 testing. 

Therefore, in Table 3.2 all of the wind tunnel tests conducted during Phase 2 are listed in chronological order. The order in which the modifications were added to a particular test model was such that it maximised its usage. The ‘Airfoil Side’ column simply indicates to which side of the airfoil the modification was added to. Therefore, ‘Separation’ was the upper and therefore lower pressure side, with the ‘High Pressure’ side being the lower surface of the airfoil. The chord length and span of each test model used (Phase 1 and 2) are detailed in Appendix B. In relation to the details on the ‘NACA Profile’ and the ‘Test Model Number’, it can be seen which respective test numbers were conducted under the category of Single or Split Flap Airfoil Testing. In the ‘Test Model Number’ column, regarding the split flap testing, the F symbols refer to the flap airfoil and the M symbols refer to the main airfoil. Some of these airfoils (main and flap) were tested individually also.















	
	Dimple Modification
	

	Test No.
	NACA Profile
	Test Model No.
	Location
	Degree (Ra)
	Airfoil Side

	1
	0024
	1
	Unmodified – Baseline
	-

	2
	0024
	1
	First 1/3rd
	High
	Separation

	3
	0024
	1
	First + Second 1/3rds
	High
	Separation

	4
	0024
	1
	Full
	High
	Separation

	5
	0024
	1
	Full
	High
	High Pressure

	6
	0024
	1
	Full
	High
	Both

	7*
	0024
	2
	Unmodified – Baseline
	-

	8*
	0024
	2
	Middle 1/3rd
	High
	Separation

	9*
	0024
	2
	Mid + Last 1/3rd
	High
	Separation

	10*

	0024

	2

	First 1/3rd
Mid + Last 1/3rd
	Low
High
	Separation
Separation

	11
	0024
	F1
	Unmodified – Baseline
	-

	12

	0024
0024
	M1
F1
	Unmodified – Baseline
Unmodified – Baseline
	-
-

	13

	0024
0024
	M1
F1
	Unmodified
Mid + Last 1/3rd
	-
Low
	-
Separation

	14

	0024
0024
	M1
F1
	Unmodified
Mid + Last 1/3rd
	-
High
	-
Separation

	15

	0024
0024
	M1
F1
	Full
Mid + Last 1/3rd
	Low
High
	Both
Separation

	16

	0024
0024
	M1
F1
	Full
Mid + Last 1/3rd
	High
High
	Both
Separation

	17

	0024
0024
	M1
F1
	Full
Full
	High
High
	Both
Both

	18
	0006
	F2
	Unmodified – Baseline
	-

	19

	0024
0006
	M2
F2
	Unmodified – Baseline
Unmodified – Baseline
	-
-

	20

	0024
0006
	M1
F2
	Full
Full
	High
High
	Both
Both

	21
	0006
	F2
	Full
	High
	Both

	22
	0024
	M2
	Unmodified – Baseline
	-

	23
	0024
	M2
	Mid + Last 1/3rd
	High
	Separation

	24

	0024

	M2

	Mid + Last 1/3rd
Full
	High
High
	Separation
High Pressure


*Indicates if a test was conducted with end-plates attached to the airfoil.
Table 3.2: Details of all tests conducted during Phase 2 listed in chronological order.
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The experimental testing carried out as part of this research was conducted with the use of an in-house wind tunnel in DCU. The wind tunnel was an open circuit type with a closed test section. With the open circuit type of wind tunnel, the air flows in through the inlet (known as the contraction zone) and flows through the test section where the object being studied is positioned. Following this the air flow is allowed to expand in a controller manner through a diffuser section and flows out to the free air. The airflow basically follows a straight path all the way through the wind tunnel. This is in comparison to the other main type of wind tunnel known as a closed return wind tunnel (Prandtl or Göttingen type), where the air is re-circulated continuously rather than new air being drawn in [35]. Also, the test section of the DCU wind tunnel has solid boundaries (closed jet or NPL type) as opposed to an open jet or Eiffel type, which has no such walls [35]. One advantage of the open jet configuration would be that the airflow would not be constrained by any boundaries. This would eliminate any blockage effects which can exaggerate the true forces that would be acting on a test model if it were moving through open air.

The free-stream velocity measurements were made at the centerline (in relation to width and height) of the test section and in the exact location where an airfoil was located during testing. The device that was used for these measurements was a TSI Thermal Anemometer TA410 and this can be seen in Figure 3.11(a) with a close-up photograph of the measuring element in Figure 3.11(b). The flow velocity was displayed in units of m/s on the digital screen of the anemometer and the probe was inserted in through a hole located on the top of the test section.  This device was used to calculate the wind tunnel velocities applicable for Phase 2 of the research, as certain modifications were made to the tunnel (at the end of Phase 1) which altered these velocities. However, for Phase 1 testing, the tunnel velocities were known from previous research where a Pitot-Static tube and manometer set-up was used for the measurements. The results from both of these sets of measurements will be discussed in Section 4.1.1.
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       (a)                                                                                     (b)                                      
Figure 3.11: (a) The thermal anemometer used for the velocity measurements, (b) a close-up photograph of the measuring element at the tip of the probe.

In Figure 3.12 two photographs that were taken from either end of the wind tunnel can be seen. Included are labels indicating the various parts of the wind tunnel. The fan (Ziehl-Abegg ZAC 710-43 short cased axial type with an external rotor motor) was located at the end of the diffuser section and the air was sucked through the wind tunnel test section, rather than being blown through it. A six bladed axial fan was chosen for this wind tunnel as it provided a compact flow with an efficiency of the order of 90% [46]. The fan generated a maximum airflow velocity of approximately 27m/s (97km/hr) before any modifications were made to the tunnel during Phase 2. This was in order to accommodate the new balance design (System 2) and to reduce the test section flow turbulence.
[image: ]                                  (a)						          (b)
Figure 3.12: (a) This shows the view from the air outlet (fan and diffuser section), (b) this photograph shows the view from the air inlet (contraction zone).

Initially, the air flow is sucked through the test section through a honeycomb mesh (approximately the same cross-sectional size as that of the test-section (0.3m by 0.3m) and 0.205m in length) to create a parallel steady flow. Honeycombs are effective for removing swirl and lateral velocity variations, as long as the flow yaw angles are not greater than 10º [46]. The optimum cell shape for a flow straightener mesh observed from tests conducted over the years is hexagonal and the optimum cell diameter depends on the flow conditions of a given wind tunnel [46]. These lateral components of turbulence are almost completely eliminated in honeycomb meshes where the cell length to the cell diameter ratio is 10 or greater [46]. The diameter of the hexagonal cells in the honeycomb mesh used in this research (Figure 3.13) was approximately 20mm, and the ratio of the cell length (205mm) to the cell diameter (20mm) was 10.25. In addition, the honeycomb cell walls are very thin with a value of 0.15-0.20mm approximately, therefore the overall mesh would have created as little blockage to the flow as possible.

However, for Phase 2 of the research, due to the accumulated wear and tear of removing and inserting the flow straightener section during test model changes, its outer periphery became damaged. An example of this can be seen in Figure 3.13(a), where the cells located at the edges of the mesh were no longer of hexagonal shape and instead were jagged and distorted. Therefore, these cells would only add to the free-stream turbulence in the test section as the flow through these cells will be not exiting in a clean parallel streamline fashion. As it was not possible to fix these cells properly, it was decided to seal these cells so that no air flow passes through them. Therefore, the modifications made to the honeycomb mesh can be seen in Figure 3.13(b).
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                                    (a)                                                                        (b)
Figure 3.13: (a) This picture highlights part of the damaged periphery of the honeycomb mesh from usage over the last few years, (b) the outsides of the mesh were taped off and cells partially covered by the tape were also sealed.

In addition, the contraction zone as labelled in Figure 3.12(b) had a contraction ratio of approximately 12:1, which also aided in creating very low flow turbulence [46]. The contraction zone produced a uniform flow and also reduced the inlet pressure and velocity losses, as the flow was gradually contracted into a cross-sectional area of that of the test section [46]. As for the diffuser section, in order for air flow to expand into a streamlined manner a boundary slope of 10º or less was required [46]. Thus the diffuser section in the wind tunnel had a slope of 9.8º to allow correct airflow expansion [35]. It was important to have a good degree of flow steadiness in the diffuser otherwise the pressure recovery would have fluctuated over time [46]. This would therefore result in fluctuations in the wind tunnel velocity and the aerodynamic forces acting on a test model [46]. This is undesirable as it would have created more difficulties regarding the measurement of the aerodynamic forces on a test model. Therefore, the possibility of flow separation within the tunnel and the turbulence which this would have created, was greatly reduced by the proper design of the diffuser section [46]. As can be seen in Figure 3.14 a wire mesh protected the fan from an object or part of an object becoming loose in the test section and being sucked into it.

[image: ]
Figure 3.14: Picture of the wind tunnel test section.

In Figure 3.14, the point at which the strut that connected the strain gauge balance (for Systems 1 and 2) to the airfoil test model was inserted was through the 50mm diameter hole in the side wall, closest to the flow straightener section. The reason for this was because the flow will just have passed through the honeycomb mesh at this point and the flow will be more likely to be uniform, rather than further down the test section. In addition, in Figure 3.14 it can be seen that there was a support table to which the strain gauge balance was mounted. However, this was applicable to System 1 during Phase 1 of the research as System 2 utilised a different mounting mechanism. Following on from this there were some modifications made to the tunnel to reduce the flow turbulence and to accommodate System 2. The reason as to why the flow turbulence was reduced further during Phase 2 of the research was as a result of the increased sensitivity of the newly designed strain gauge balance (System 2). Therefore, as the drag force is proportional to the velocity of the airflow squared, less variation in the flow velocity through the test section will therefore result in a more steady measurement of drag [46].
Following on from this modification, the process of installing what are known as turbulence reduction screens was carried out. These screens usually consist of a thin wire mesh and also are usually positioned after the honeycomb mesh in a given wind tunnel [46]. However, as the honeycomb mesh was sized for and installed after the contraction zone and before the test section, it was necessary to place these screens before the honeycomb mesh in the contraction zone. The mesh screens, like the honeycomb cells, reduce the amount of flow turbulence in the test section. However, unlike the honeycomb mesh which reduced the lateral component of flow turbulence, these screens reduced its longitudinal component [46]. Therefore, the screens and the honeycomb mesh worked together to reduce the free-stream flow turbulence passing over the airfoils in the test section. 

In general, the smaller the mesh cells of a screen, the greater the reduction in turbulence [46]. However, this would also have more of an impact on the flow velocity through the wind tunnel, therefore a compromise needs to be reached. Also, when multiple screens are used, if they are placed too close together the small wake that is formed as the flow moves through each screen does not have time to dissipate before reaching the next screen [46]. A minimum spacing of 500 times the screen wire diameter is recommended as a design guideline when screens are being placed in the settling chamber prior to the contraction zone [46]. However, as the current research wind tunnel did not contain a settling chamber, where usually a large honeycomb mesh and the turbulence reduction screens are located, the screens were instead positioned inside the contraction zone. The wire mesh screens used had a wire diameter of 0.8mm with square cells of size 12mm by 12mm.

Therefore, before any modifications were made to the honeycomb mesh or before installing any of the mesh screens in the contraction zone, the degree of flow turbulence in the test section was assessed. While it is possible to use a Pitot-Static tube to measure the average flow velocity, it would be necessary to data-log the fluctuations of the velocity over time due to the turbulence to calculate what is known as the turbulence intensity level. These fluctuations would be then related to the average velocity value which leads to a percentile value of the turbulence intensity [35]. However, as the equipment for conducting this technique was not available, an alternate analysis method was devised. By measuring the drag and lift of a smooth unmodified NACA 0024 airfoil at 0º AOA in the test section, the standard deviation of the output signals recorded by the data acquisition (DAQ) system (with System 2) was used to provide an insight into the level of the flow turbulence. Therefore, the fluctuations of the output signals would have been due to the flow turbulence, as no lift or flow separation would have been found to occur. 

The values of the standard deviation before modifying the honeycomb mesh or installing the turbulence reduction screens, were 0.14N and 1.06N for the drag and lift output signals respectively. Firstly, after making the modifications to the honeycomb mesh the standard deviation values were reduced to 0.12N for the drag and 0.82N for the lift. As it was not known initially how many turbulence reduction screens should be used and what the spacing between each should have been, the process of inserting and arranging the screens was carried out until the standard deviation values of the recorded signals were at their lowest value. After deciding on the final arrangement of the screens, the standard deviation values were reduced further to 0.1N and 0.51N for the drag and lift respectively. Overall, as a result of modifying the honeycomb mesh and inserting the screens, the standard deviation value of the drag measurement was reduced by 30% and by 52.2% for the lift. Therefore, these values signified the reductions in the different flow turbulence components which would have otherwise affected the drag and lift measurement. Therefore, the resulting configuration of the screens can be seen in Figure 3.15. It can be observed that there are four screens and these had approximately a 40mm spacing between each. 

[image: ]
Figure 3.15: The resulting final arrangement of the four turbulence reduction screens inside the contraction zone.
In addition to modifying the honeycomb mesh and adding the turbulence reduction screens, during the Phase 2 experimental testing, the various joints in the wind tunnel assembly were sealed with insulating tape. This is illustrated in Figure 3.16 and by doing so it prevented any air flow losses through the test section, which in turn would have affected the flow velocity and the level of turbulence. In Figure 3.16(b) it can be seen that a wire mesh the same type as those installed inside the contraction zone, was fitted at the end of the test section to prevent any loose objects from being sucked into and damaging the fan. The protective mesh from Phase 1, as illustrated in Figure 3.14, was a good deal larger in cell size and it was preferable to use a finer mesh.

[image: C:\Research\Research Photos\Wind Tunnel\DSCI0777.JPG][image: ]                                                 
                                  (a)                                                                           (b)
Figure 3.16: (a) This photograph shows the sealing of the flow straightener section containing the honeycomb mesh with black insulating tape, (b) the end of the test section leading to the diffuser.

In relation to this aspect of sealing parts of the wind tunnel, due to System 2 having a much higher sensitivity, it was observed that air was being sucked in through the holes in the tunnel side walls through which the balance strut passed. The rapid acceleration of this flow through these holes as it joined the free-stream flow in the test section created additional turbulence. Therefore, these holes were covered with tape (Figure 3.17) as much as possible, only leaving a rectangular slot which would allow for the small deflections of the strut without any contact affecting the experimental results.

In relation to lowering the standard deviation values of the recorded drag and lift force signals as discussed earlier, this last modification further reduced these values to 0.09N and 0.38N respectively. This therefore equated to an additional standard deviation reduction of 14.3% for the drag and 25.6% for the lift. This brought the overall reduction, compared to the case before any modifications were made to the tunnel to reduce the flow turbulence, to 40% for the drag and 64.4% for the lift.

[image: ]
Figure 3.17: Addition of sellotape to the holes in the side walls which was found to cause a significant drop in test section flow turbulence.
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Even though a given wind tunnel set-up may have a highly accurate force measurement system, considerations must be given to any errors that may result from the test section flow quality. One principal effect is known as the ‘Blockage Ratio’. Blockage of air flow occurs in a wind tunnel where the test object is large in comparison to the width and height of the wind tunnel. This blockage effect can be defined in terms of a ratio, which is a relationship between the frontal area of the wind tunnel test section (C) and the frontal area of the test model (S) [35]. In terms of the experimental testing that was carried out in this research, this ratio would have been at its greatest when the airfoils were at their highest AOA. Both the chord length and the span of the airfoil can affect its effective frontal area. The blockage ratio can be calculated using the following formula [35]:


Blockage Ratio   =   							 Equation 3.2
Due to the small gap that existed between the tunnel walls and the wake emanating from the airfoils, in order to satisfy the continuity of flow and Bernoulli’s equation, the free-stream flow had to accelerate around the wake [10]. The reduction in pressure in this region drew the wake towards the walls of the tunnel. As a result, this increased its true size which led to an increase in the drag force acting on an airfoil [10]. Also, in the case where the wake was larger in size at the higher AOA, and as it was compacted into a tighter space than the size it would naturally have developed into, this increased its turbulence intensity [35]. Typically a drag measurement error of 20% can be observed at a 30% blockage ratio [35]. 

In addition, the proximity of the test section boundaries to the airfoils influenced the effective angle of incidence of the flow [46]. This aspect is known as ‘streamline curvature’, which affects the true AOA of airfoils, thus resulting in the airfoils having better lift-to-drag ratios [46]. The proximity of the tunnel walls to the sides of the airfoil can also increase the effect of the induced drag, as local flow separation can occur at the sides of the airfoils [35]. The static pressure can also vary along the test section, due to the boundary layer along the tunnel walls becoming thicker, which reduces the ‘effective frontal area’ of the test section [35]. Therefore, the pressure is lower towards the end of the test section and this would have drawn the airfoils in the flow direction. The effect of this was that it produced a small additional drag force which was known as ‘horizontal buoyancy’ [35]. 

Calculations of the blockage ratio relevant to the experimental testing will be presented in Section 4.1.3. In addition to this, another guideline states that the model span should be less than 0.8 of the width of the wind tunnel [35]. This consideration was taken into account during the manufacture of the test models. Therefore, as the width of the test section was 300mm, this guideline would have allowed a maximum model span of 240mm. However, the test models produced for the testing had a maximum span of 210mm (0.7 of the width), which was therefore well within the specification.
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As the principal aim of the research was to investigate the potential effect on drag reduction by adding dimples to a wing section, in addition to the effects on the lift force, it was necessary to have equipment capable of performing measurements to a high degree of accuracy and repeatability. While a great deal of testing was conducted during Phase 1 of the research, due to certain performance issues and measurement errors with System 1, a greatly improved design of System 2 was necessary. In this section, both designs will be briefly highlighted and Sections 3.6 and 3.7 will explain the design/operation of System 1 and System 2 in more detail respectively. In Figure 3.18 a comparison of the operational principals of both designs can be seen, with System 1 on the left and System 2 on the right.
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Figure 3.18: Operational comparison between System 1 on the left and System 2 on the right.

Therefore, in Figure 3.18 the first main difference that can be observed between both of the designs is that with System 2 the strut holding the airfoil is supported on both sides. With System 1, the loads were only transmitted to one end of the strut. Therefore, System 2 spanned the full width of the test section. A photograph of System 1 during calibration can be seen in Figure 3.19. The airfoil test model was located at the end of the strut, with the strut end located halfway across the span of the test model. The drag and lift forces were transmitted through the strut to the flexures, at which point strain gauges mounted to their surfaces created output strain readings. Data from a calibration process was then used to equate the output strain readings to an aerodynamic force. This strain gauge balance was designed to be used in two set-up orientations, one for measuring drag and one for measuring lift (further discussed in Section 3.6). System 1 was secured to a support table located to the side of the tunnel, however a different set-up was used for System 2 as will be seen.
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Figure 3.19: Photograph illustrating the strain gauge balance (System 1) used during Phase 1 of the research.

As previously mentioned, certain measurement errors and design inadequacies of System 1 led to the design of System 2. These improvements were not just from a mechanical design aspect, but a much more sophisticated instrumentation set-up was also developed, which led to a system of much higher accuracy, sensitivity and stability. In Figure 3.20(a) the loading mechanism on the flexures for System 2 can be seen. Therefore, there was a separate flexure on either side of the tunnel for measuring drag and lift. Taking the two drag flexures for example, split between these was a full bridge circuit as opposed to only the one full bridge circuit used in the case of System 1. Figure 3.20(b) shows the set-up of System 2 with respect to the wind tunnel test section.

[image: ]
 (a)
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 (b)
Figure 3.20: (a) Diagram illustrating the method by which the drag and lift flexures detected the separate force components, (b) a plan view of the test section showing the full width of System 2.
Both devices were capable of adjusting the AOA of an airfoil in the 0° to 20° range. However, another advantage with System 2 over the previous design was that the AOA of the airfoil could be adjusted in steps of 1° as opposed to 2°. Therefore, both Systems 1 and 2 fell into the category of external strain gauge balances, with the support strut inserted through the sides of the test models. This was determined as the most ideal balance configuration for the test conditions, as will be explained in more detail in relation to System 1 and System 2 design, in Sections 3.6 and 3.7 respectively.


[bookmark: _Toc273437382]3.6 System 1 Design


Before this device was designed it was decided that an external strain gauge balance set-up would be the most suitable configuration for this research, as an internal balance would interfere with the airflow leaving the airfoil. This would in turn have affected the wake produced by the airfoil and would inevitably produce uncertainties in the results. Apart from this, the main problem with using an internal balance would be due to it not being compatible with airfoil testing. The insertion of an internal balance through the trailing edge of an airfoil would not be practical and this problem is illustrated in Figure 3.21, as it effectively affects the airfoil profile under investigation.
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Figure 3.21: Diagram highlighting the difficulty involved with using an internal balance for the testing of airfoils.

Although this internal ‘sting’ type of balance would have been a good deal smaller in cross section than the span of the airfoil, it would still have had a large impact on the flow leaving the trailing edge of the airfoil. The internal balance would also need to have been of certain cross-sectional size to allow for strain gauges to fit onto the strain members, which would have limited the sensitivity of the balance. Conversely an external balance allows a support strut to be inserted into the side of the airfoil, thereby having very little effect on the flow over the airfoil. Another advantage of the external type of balance is that there is no restriction on its size. This allows for longer strain gauges to be used along with longer strain members, which in turn increases the measurement sensitivity. Therefore, the external type of balance was the most practical for the test conditions and is why this type was chosen at the outset of the design of System 1 (and also utilised in System 2). The ‘elastic parallelogram’ formed the basis for the initial design. This concept was adapted from the popular design used for internal balances and Figure 3.22 illustrates the nature of its operation.

[image: ]
Figure 3.22: Diagram of the elastic parallelogram concept.

Strain gauges can be positioned according to the numbers on what are known as flexures. These would be sensitive to a particular force acting on the test model. The forces generated on the test model in the wind tunnel would be transmitted through a streamline strut, which would be inserted perpendicularly through the side of an airfoil. The airfoil is connected to this elastic parallelogram located outside of the wind tunnel. Therefore, the strain induced in the elastic elements would be detected by the strain gauges. The strain reading could then be converted into a force via calibration data. The main advantages of using flexures as the elastic force measuring members were as follows [35]:

1. They can be designed to withstand loads in any direction.
2. There was no lost motion between the coupled members.
3. Flexures were essentially frictionless, thereby eliminating hysteresis effects.
4. They were virtually wear-proof, therefore their characteristics remained constant over a long period. This allowed for greater repeatability of test results.

Therefore, once the balance was positioned exactly parallel to the airfoil in the wind tunnel, the force acting on the balance flexures would be exactly aligned with the direction of the drag force acting on the model. The initial design concept is illustrated in Figure 3.23.
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Figure 3.23: Initial design concept with the elastic parallelogram flexure set-up.

This external balance would then be secured to a rigid mounting surface. Therefore, while this initial design concept can only measure the drag force, the next step was to incorporate a method for measuring the lift force. If the elastic parallelogram was rotated clockwise by 90º, such as that shown in Figure 3.24, it would deflect due to the lift force and the effect of the drag force on the flexure would be cancelled out. 
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Figure 3.24: Revised design concept for the incorporation of lift measurement.

At this point it was decided that the support strut would replicate the profile of a NACA 0024 airfoil. A chord length of 25mm was chosen for the strut profile and this led to a maximum thickness of 6mm (24% of 25mm). As discussed in Section 3.1 the thinnest test model profile was the NACA 0006. Accordingly, the maximum thickness of these test models was 13mm and the dimensions of the strut allowed adequate clearance for the insertion into this profile. However, when considering the relatively low forces generated during the testing, this strut machined from Aluminium 6082-T6 was stiff enough as to not deflect during testing. 

As well as eliminating slippage, as compared to a circular strut for example, this strut produced very little drag due to its aerodynamic shape and therefore had as little effect on the results as possible. The strut was inserted into the test models at their aerodynamic centre, located at the 0.25c point in from the leading edge and the point at which all of the aerodynamic forces appear to act through. Coincidentally, this was also very close to the point where the maximum airfoil thickness was located. Therefore, as can be seen in Figure 3.25, adequate clearance was given to around the hole for the strut.
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Figure 3.25: Diagram illustrating the location and size of the strut hole in the thinnest profile selected (NACA 0006) for the wind tunnel testing.

The next step was to design a method of measuring/changing the AOA of the test model and securing the strut to the balance. Therefore, it was decided that the trailing edge of the support strut would meet up with lines that indicated the AOA of the test model. The support strut was inserted into the airfoil such that its chord line was aligned correctly with the chord line of the test model. However, there was a requirement for two sets of AOA engravings, one for lift and one for the drag orientation set-ups. Therefore, the strut was inserted into a circular component which in turn could be rotated and locked into position for a particular AOA. This circular component can be seen in Figure 3.26 and it was locked into position by a screw from the top of the balance.
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Figure 3.26: Diagram illustrating the AOA markings for the drag and lift set-ups.

Also as can be seen in Figure 3.26 there was a groove machined into the circular component which was exactly in line with the chord line of the strut, to correctly indicate the AOA of the test model. There were ten AOA markings at either side of the 0º point, which was indicated by the central longer marking, each marking represented a step of 2º thereby giving an AOA adjustment range of 20º. This range was adequate for the stall angles of the respective airfoil profiles which were detailed in Section 3.3.1.

Ordinarily, when the elastic parallelogram concept is used in internal balances, the flexures and the upper and lower surfaces of the parallelogram are machined from one solid piece of metal. Therefore, the next concept was the option of having detachable flexures in order to increase its versatility and the range of forces that could be measured. The concept for the insertion and removal of different flexures can be seen in Figure 3.27. The flexures slotted into ‘connection blocks’, one located at either end of each flexure. Two screws then secured each end of the flexure to each block. This assembly was then screwed into position in corresponding slots in the balance. 
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Figure 3.27: Final concept of flexure assembly.

At this point, a specific flexure thickness was required to match the size of the slots in the connection blocks. This was chosen as 1.5mm as a result of testing different flexure sizes. While the width of these connection blocks and the flexures were set at 20mm, the length of the flexures and their material could be adjusted to suit a particular testing set-up. In relation to the other components of the balance, as with the strut it was decided to machine these from Aluminium 6082-T6. On another point, it was noted that in the drag set-up once the strut was connected to the balance, there would be an offset strain created on the flexures. Therefore, it was decided that a counterweight would applied to correct this imbalance. This can be seen in Figure 3.28(a) which highlights the final design of System 1 in its drag set-up. Figure 3.28(b) illustrates the balance in its lift orientation and it can be seen that this counterweight was removed.
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(a)
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(b)
 Figure 3.28: (a) Finalised design in its drag set-up, (b) balance in its lift set-up.
The strain gauge type that was used with this balance had a grid length of 8mm and a grid width of 2mm. Figure 3.29 illustrates one of these gauges and they also had a resistance of 120Ω. The full specifications of these gauges used are detailed in Appendix C.
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Figure 3.29: Enlarged view of the 120Ω strain gauge type used with this balance.

The instrumentation that was used to read the outputs from the strain gauges was a Vishay P-3500 Digital Strain Indicator (DSI), which can be seen in Figure 3.30. The lead wires from the strain gauge circuitry were wired to terminals on the ‘Switch and Balance Unit’, which is on the right of Figure 3.30. This unit was then in turn wired accordingly to the DSI on the left from which the strain outputs were read from a LCD screen. These readings had units of micro-strain (με).
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Figure 3.30: The DSI that was used in conjunction with the strain gauge balance.
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For Phase 2 of the research a new strain gauge balance and instrumentation set-up was designed, to correct some of the measurement errors with System 1 and to improve the sensitivity and stability of the force measurement system. One of the key design aims for System 2 was to greatly increase its accuracy, especially concerning the measurement of drag. Considering the tunnel airflow velocity and the size of the test section, which dictated the size of the airfoils, even the maximum drag forces generated were still quite small. Therefore, as the principal aim of the research was to observe any drag reductions due to the dimple effect, maximising the sensitivity of drag measurement was a priority. However, this aspect can create a problem where the drag measurement may also become sensitive to interactions with the larger lift forces. In addition, maintaining adequate output signal stability and recording these larger scale fluctuating outputs also required consideration. Therefore, this section will describe the process by which System 2 was designed in relation to these aspects and regarding correcting the design issues associated with System 1. 

At this stage it is worth pointing out that the design and implementation of this much more sophisticated balance, not to mention the time required for the optimisation of the instrumentation set-up as will be discussed later, occupied a significant part (14 months approximately) of the overall research. As this was also true for System 1, however to a lesser extent (11 months approximately), it can be said that the overall research was concerned with creating a facility that could measure the aerodynamic forces, which otherwise did not exist, as much as it was involved with the actual testing of the dimple patterns and with other research aspects.


[bookmark: _Toc273437384]3.7.1 Design of Main Balance Assembly

As with the design of System 1 it was decided to use the concept of strain members that are subjected to bending forces. Firstly, from a mechanical design perspective it was necessary to design flexures that would have a lower flexural stiffness than those used with System 1. In other words, the flexures needed to be longer and thinner so that the maximum drag and lift forces would be much closer to their flexural yield strength. This section will focus on the overall balance assembly, with a further discussion on the flexure design presented in Section 3.7.2. As will be discussed in Sections 3.7.3 and 3.7.4, the other design elements for increasing the measurement sensitivity were concerned with the strain gauge selection and the DAQ set-up respectively.

One component that System 1 and 2 shared was the use of the same NACA 0024 support strut (415mm in length). However, as this section develops it will be seen that the methods by which it was supported and how it transmitted the forces to the flexures were different. Therefore, the first main error with System 1 was that it effectively operated as a cantilever set-up. This set-up meant that the strut was creating a moment on the flexures and therefore the lift and drag forces were not isolated properly. In order to solve this problem it was decided to incorporate a strut that spanned the full width of the test section. This strut would be supported on both sides of the tunnel and as a result would eliminate this cantilever effect. 

The second main conclusion from the previous balance design was the need for two strain gauge bridges, one for lift and one for drag measurement. Therefore, while a design aim was to significantly reduce any interactions through the cross-coupling of the forces, any small interaction effects present with System 2 could be accounted for fully by an interaction matrix method from the calibration data. Also, in comparison to the previous design where the balance itself was rotated to be sensitive to a particular force, two sets of flexures with two separate strain gauge circuits aligned permanently with the respective forces was deemed more efficient. 

While it would have been possible to design a device that can measure all six aerodynamic loading components, this would have led to a much more complex design with potentially more error sources. This was true not only from a mechanical point of view but also from a strain gauge, electrical wiring and instrumentation standpoint. However, it must be pointed out that the two principal forces that were desired to be measured during the testing were the lift and drag forces. The basic concept of System 2 (Figure 3.31) was a support strut assembly that served two main purposes. Firstly, these would securely hold the strut and test model in place in the wind tunnel and they would also measure the lift and drag forces transmitted from the strut. It can be seen that the components at either end of the strut contained the flexures that had strain gauges mounted onto them. This overall arrangement therefore eliminated the cantilever effect error and allowed for two separate bridges for the measurement of the lift and drag forces individually. 
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Figure 3.31: Diagram illustrating the initial design concept following on from the main errors with System 1.

The orientation of the lift/drag flexures in Figure 3.31 are actually the opposite to that of the final set-up (lift flexures closest to airfoil) and the reasoning behind this aspect will be discussed later. As two full bridge circuits were used separately to measure these two forces, the four strain gauges in each circuit were mounted between the two respective flexures (one either side of tunnel). Therefore, on each flexure there were two gauges, one on each surface. This of course follows on from the theory previously discussed in Section 2.6, where one gauge would be in tension and the other would be in compression as the flexure experienced a bending force. The next step was to incorporate a method of altering the AOA of the airfoil without affecting the alignment of the flexures.
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Figure 3.32: Design concept for the rotation of the airfoil through different AOA without affecting the alignment of the flexures.

Therefore, the AOA of the airfoil was adjusted by rotating the strut which was secured to the yellow coloured ‘rotatable’ components in Figure 3.32. As the flexures could not be connected directly to each other, ‘Connection Blocks’ as labelled in Figure 3.32 formed the linkages between the flexures and the AOA adjustment components. The AOA markings were inscribed along the outer surfaces of the red and yellow (AOA Indicator) components in Figure 3.32. Once the airfoil was set at the desired AOA, a screw was tightened in the AOA Indicator components which secured the airfoil at that AOA. Therefore, it was only these yellow components or the inner parts of the AOA Indicator that rotated along with the strut and airfoil. This therefore ensured that the lift and drag flexures constantly remained aligned with the respective forces acting on the airfoil. 

As it was important to minimise any interaction effects between the measurement of both forces, this arrangement allowed for the drag flexures to be insensitive to the lift forces and vice versa for the lift flexures. This was so as the lift force acted on the effective width of the drag flexures and vice versa with respect to the drag acting on the lift flexures. Therefore, it was the plane in which the forces acted that allowed for the relevant flexures to be sensitive through their small thickness, yet very insensitive to the opposing force through their effective thickness (due to their width) in that plane. The mathematical modelling of the flexures with respect to this effect and the strain distribution acting on them will be covered in more detail in Section 3.7.2. 
In relation to the AOA Indicator, highlighted in Figure 3.33, this was designed to adjust the AOA in 1° increments. Due to the required diameter of these components, circular cuts were made in these in order to reduce their weight. In addition, the two parts had a thickness of 6mm each. Therefore, it was possible to adjust the AOA in a range from 0° to 20°, which was adequate for the respective stall angles of the airfoil profiles. A protrusion from the fixed (red) part was inserted into a hole in the rotatable (yellow) part and as can be seen in Figure 3.33 two screws fixed the airfoil at a particular AOA.
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Figure 3.33: CAD drawing of the two parts which secured the strut in place and allowed for accurate AOA changes to be made without effecting the orientation of the flexures.

In relation to the diameter of the two parts (86mm), this value actually only achieved AOA markings in 2° increments. However, a resolution of 1º was made possible by splitting the AOA markings into two groups located in different locations around the circumference. One group of markings was used for the even AOA steps (2º, 4º etc) and another for the odd AOA steps (1º, 3º etc). In Figure 3.34 the technique by which the AOA was read is illustrated. The three grooves on the fixed part were used in conjunction with these AOA steps.
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Figure 3.34: Illustration of the method by which the AOA was adjusted in 1º increments in the 0° to 20° range.

Therefore, in Figure 3.34 it can be seen that the 45° marker on the fixed part was used to make adjustments from 2° to 20° in 2° even increments. In addition, the 90° marker was used for the 1° to 19° range in odd 2° steps. This of course prevented these parts being larger in diameter which would have added weight to the system. Also, these markings were located on the respective components on each side of the tunnel. This was in order to prevent any misalignment or slight twisting of the relatively weak flexures. Similar to System 1 this balance had the feature of using interchangeable flexures. The advantages of this were that different sets could be used to suit different test conditions and also should a flexure become permanently damaged, it was possible to replace it. In addition, the process of applying the strain gauges to these flexures when out of the assembly allowed for easier handling. Therefore, while the flexures were designed specifically for the test conditions, the ability to replace these with different gauges also, allowed for great versatility regarding any future testing by other students with this balance. Therefore, another aspect that was needed to be addressed was the method by which both ends of the balance assembly were supported. This therefore led to the design that can be seen in Figure 3.35. As was seen previously in Figure 3.20(b), there was one of each of these overall assemblies located on either side of the test section. 
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Figure 3.35: The evolution of the design led to the balance as illustrated in the above solid model drawing.

The support brackets onto which these sat were manufactured also for this set-up and therefore were not present for System 1. During the installation of these brackets to the tunnel frame, it was ensured that both sides of the balance would be secured level such that the flexures were correctly aligned with the lift and drag forces. The various parts of the balance, apart from the flexures, were manufactured from Aluminium 6082-T6. The mechanical properties of this material are listed in Appendix D. Therefore, the manufactured final design, following the selection and installation of the gauges and flexures, can be seen in Figure 3.36. 
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Figure 3.36: System 2 in operation during the testing of an unmodified NACA 0006 airfoil.
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[bookmark: _Toc273437385]3.7.2 Design of the Flexures

The flexures consisted of rectangular strips of metal, which acted as the strain members and onto which the strain gauges were mounted. In this section, the method by which one set of flexures (for example drag) were highly sensitive to their primary (drag) force, yet at the same time very insensitive to their secondary (lift) force will be discussed. Following this it will be shown how the flexural stiffness of the flexures were chosen relative to the expected aerodynamic forces. 

Firstly, it is worth pointing out that the flexures were tried in different set-ups, that is the drag flexures were positioned closest to the AOA Indicators/test section with the lift flexures closest to the upright support frames and vice versa. This was carried out by having loads applied to the strut in a similar fashion as to carrying out a calibration. During preliminary wind tunnel testing with quarter bridge circuits applied to the flexures, it was found that when the drag flexures were positioned closest to the strut they experienced more torsional effects, through rotation along their length. In other words the effects of the pitching moment fluctuating at high AOA in conjunction with the vortex shedding, had a larger effect on the longer drag flexures when in this position. In the same test set-up there was also a notable vibration of the lift flexures at higher AOA, due to the fluctuating pitching moment and lift force. Therefore, from this it was concluded that the flexures would be positioned such that the drag flexures were located closest to the support uprights, with the lift flexures closest to the AOA Indicators.

Regarding the modelling of the forces on the flexures in order to select suitable dimensions/material, it was observed that it would have been incorrect to model the flexures as cantilever beams. This was so as the load applied to the end of each flexure always acted parallel to the fixed support (end furthest from test section), even as the flexure deflects. Therefore, in relation to Figure 3.20(a), the force direction at the free ends of the flexures always acted parallel to the respective lift/drag force. As a result, the flexure loading mechanism was defined as a thin beam that was free and guided at one end and fixed at the other end [47]. This resulted in a loading scenario where the flexures were capable of withstanding twice the maximum load, for the same material and dimensions, compared to a cantilever set-up. In Appendix E, the equations used to calculate the dimensions of the final flexure sets used are presented. The material chosen for the flexures was Stainless Steel 304 and the mechanical properties of this material are listed in Appendix D. 

Due to the loading profile on the flexures, in order to maximise the output level from the strain gauges, these were positioned as close as possible to the fixed support end of the flexures. This was so as the strain exerted on the flexures dropped off from its maximum value in a linear fashion towards their free end. Figure 3.37 highlights the relationship between the ‘effective thickness’ of the flexures, with regards to the primary and secondary forces acting on the flexures in different planes, which demonstrates how a flexure was insensitive to its respective secondary force.
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Figure 3.37: Diagram illustrating how the force direction affected a flexure, which led to a sensitivity that was highly influenced by the effective thickness of the flexure in that plane.

Figure 3.37 represents one of the lift flexures as an example, however with the force acting downwards. The deflection and consequently the strain exerted by a force on the flexure were primarily influenced by the effective thickness of the flexure in the plane in which the force was acting. Therefore, in this case the lift force is the primary force and the actual thickness of the flexure acts as the effective thickness in the lift force plane. However, for the secondary (drag) force, the effective thickness of the flexure is then the actual width of the flexure. This property of the thickness, with regards to the force direction, had the greatest influence on the strain exerted on a given flexure. This is discussed in further detail in Appendix E. 

The thickness had a square relationship with the strain exerted on a flexure, for example by increasing the thickness by a factor of ten, this would decrease the strain exerted on the flexure by a factor of one hundred. As opposed to Figure 3.37 the actual thickness of the flexures used (0.6mm) was much smaller in relation to their width (20mm), thus reducing their sensitivity to the secondary forces. As the thickness of the flexures was the greatest parameter in relation to their strain sensitivity, the slots in the connection blocks being 5mm wide were more than sufficient. Therefore, in reality flexures much thinner than this would be required, as was the case for the testing conducted. 
From the calculations presented in Appendix E, the length of the drag and lift flexures were determined to be 55mm and 35mm respectively (active strain lengths), and the corresponding force that would need to have been applied to the strut to cause failure to the drag and lift flexures (structural capacity) was 9.38N and 14.74N respectively. Therefore, while it was important that the flexures were as sensitive to strain as possible, the situation where they experience stresses close to their yield strength was avoided. The calculations conducted were based on the maximum forces observed during the Phase 1 testing. However, the wind tunnel velocity was reduced as a result of the modifications conducted to reduce the test section turbulence and this is discussed further in Chapter 4. Therefore, during the design of the flexures the maximum expected lift and drag forces were estimated from the Phase 2 velocity data, this led to an actual factor of safety during testing of 3.76 for the drag flexures and 1.72 for the lift flexures. 


[bookmark: _Toc259616596][bookmark: _Toc273437386]3.7.3 Selection of Strain Gauges

Due to the requirement for greatly increasing the measurement sensitivity with System 2, the measurement sensitivity was maximised by using strain gauges with different properties to those used with System 1. One of the most direct methods for increasing the measurement sensitivity was through increasing the excitation voltage (VEX), supplied to the strain gauge circuits. Therefore, the strain gauges selected, in conjunction with the improved instrumentation set-up discussed in Section 3.7.4, allowed for this increase. A much higher level of signal amplification was used with System 2 (Section 3.7.4), which increased the measurement accuracy. However, creating much higher output signal levels required careful consideration of the signal stability in order to produce consistent and repeatable results. In addition to the low levels of forces produced during the testing, especially regarding the drag force, similar to other metals the stainless steel flexures had a maximum strain of only 0.11% (Appendix D).

It is generally true that the longer a strain gauge is, the wider the range of strain it will detect. However, as the peak strain occurred at the fixed end of the flexures and dropped off from this point, thus using a long gauge would have proved to be counterproductive. A gauge typically produces an output approximately equivalent to the average value of the strain along its length [37]. On the other hand, the higher the VEX the greater the amount of heat produced by a gauge and a larger gauge grid would aid in the dissipation of the heat (to flexure primarily and also to air). If the heat was dissipated effectively, the output signal stability would have been affected. As a result, in relation to increasing the grid area it was desirable to increase its width more so than its length. Another important aspect that was considered was the resistance value of the gauges. As increasing the VEX was a primary goal, in order for less heat to be generated by the gauges, high values of gauge resistance was chosen. This allowed for a much higher VEX to be used without adversely affecting the stability of the output signals from the instrumentation. As mentioned previously, this aspect was important as measurement errors would have been introduced as a result.

In Chapter 4, calculations will be presented highlighting the improved characteristics of the strain gauges used with System 2, as compared to those used with System 1. The gauges chosen had a resistance value of 1000Ω, which were significantly higher than the 120Ω gauges used with System 1. In Figure 3.38, a comparison of the gauge types used with Systems 1 and 2 can be seen. The gauges chosen for System 2 (supplied by Omega Engineering Limited UK) had a grid size of 13mm in length by 8mm in width. This was in contrast to the strain gauges used with System 1, which had a grid size of 8mm in length by 2mm in width. Therefore, as mentioned previously in relation to increasing the size of the grid area (6.5 times greater) to aid in heat dissipation, there was a larger change in the width as opposed to the length in order to reduce the strain averaging effect. The full specifications of the gauge type used with System 2 are listed in Appendix C. 
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Figure 3.38: Picture illustrating the differences in size between the System 1 gauge type on the top, to the System 2 gauge type on the bottom.

Another consideration that was taken for the gauge type selected for System 2 was surrounding the gauge backing material (carrier) [48]. The polyimide E backing was chosen as it was tough, very flexible and had a high peel strength, as opposed to the slightly inferior polyester carrier associated with System 1. This resulted in the gauges being less prone to damage during installation. This backing type also had a very low elastic modulus and this minimised any possible reinforcement of the flexures due to the presence of the gauge [48]. As a result, it had virtually no effect on the strain produced and this aided in maximising the accuracy of the set-up. Regarding the gauge alloy selected, this was constantan for both gauge types. This alloy (45% nickel and 55% copper) had the best overall combination of properties, such as a relatively high gauge factor which remained virtually constant with respect to strain level and temperature [48]. In addition, the constantan foil had a good fatigue life which allowed for its properties to remain constant over time [48]. 


[bookmark: _Toc259616601][bookmark: _Toc273437387]3.7.4 Instrumentation and Data Acquisition Set-Up

As mentioned in Section 3.7.3, the system sensitivity was primarily increased by increasing the VEX. The DSI used with System 1 only provided a fixed VEX of 2Vdc. Therefore, it was necessary to construct two strain gauge amplifier circuits, with one used separately for lift and drag measurement for System 2. In conjunction with this, a voltage power supply was used to provide the higher level of VEX required. Due to the resulting very high sensitivity and fast response rate of the system, System 2 was able to detect very small changes in lift and drag and these forces changed rapidly over time during testing. As a result, it was necessary to implement a DAQ set-up to record and time-average the drag and lift forces. Therefore, this section explains the instrumentation used and the advantages associated with it, compared to the relatively less sophisticated set-up used with System 1.

The printed circuit boards (PCBs), amplifier chips (Figure 3.39(a) and (b) respectively) and the various separate resistors, transistors, diodes and capacitors required for the construction of the amplifier circuits were obtained from Radionics.
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(a) 						      (b)	
Figure 3.39: (a) The PCB into which all of the various components were installed and soldered, (b) the 24 pin dual in line (DIL) amplifier chip which controlled the signals generated from the circuit.

The 24 pin amplifier chip fitted into the centre of the PCB, marked ‘IC1’, with the pins located in their correct arrangement. The characteristics of this chip were that it generated low noise levels, low levels of drift and that it acted as a linear direct current amplifier [49]. The maximum allowable VEX was actually not dictated by the threshold of the gauges, but by the strain gauge amplifier circuits themselves. The maximum permissible voltage supply to the amplifier chip was 20V, therefore 19V was selected on the voltage power supply (VAMP) for safety. With a VAMP of 19V, as a result of the voltage drop due to the strain gauge amplifier circuitry, the actual VEX supplied across each full bridge circuit (lift and drag) was 10Vdc. This was therefore 5 times higher than the VEX supplied by the DSI used with System 1.

Another advantage with this resulting higher VEX was that a higher signal to noise ratio was possible. Noise interference on the output could have been created by the other components in the instrumentation set-up and this would have affected the stability of the signals [48]. Therefore increasing the VEX created a much higher level of output signal and any noise present would have been a much smaller fraction of the overall signal. This aided in creating an output with higher resolution and stability. The amplifier circuits also had a high input impedance, which ensured that there was negligible current flow produced through the lead wires, thereby minimising any lead resistance voltage drops [37]. The fully constructed strain gauge amplifiers allowed the adjustment of factors such as the gain and the zero output voltage point, independently for the lift and drag measurement. It was possible to adjust the gain by taking out two resistors from the PCB and replacing them with ones of higher or lower value. As a result, the gain range was adjustable from 3 to 60,000 and it was set at its default value of 1000 for the testing (Phase 2). Compared to System 1, this was much higher as the DSI only produced a fixed gain of 40. 

Therefore, in addition to the higher VEX increasing the output signal levels, this very large increase in the gain amplified these signals a large amount also. It was observed during the calibration of the system and throughout Phase 2 of the testing, that this increase was achieved in conjunction with a very stable output with virtually no drift. In Appendix F, details such as the specifications of the amplifier circuits, circuit diagrams and the equations for changing the gain and the zero adjustment range (ZAR) are listed. Therefore, the final set-up of the two strain gauge amplifier circuits can be seen in Figure 3.40. In addition to being able to control the zero output voltage point by adjusting the VR2 potentiometer, the VR1 potentiometer was used to set the bridge supply voltage. 

This could have been used to decrease the voltage supply to the strain gauges in the case where too high of a fixed voltage supply was used to power the amplifier circuit. However, in this application the VR1 potentiometer was adjusted to always allow the full flow of voltage supply to the gauges. The two copper plates which were connected to the two transistors (T1 and T2) were fitted as they alleviated the initial very small amount of drift observed on the output. Therefore, by acting as heat-sinks they drew heat away from these transistors and therefore away from the circuit.
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Figure 3.40: The completed strain gauge amplifier circuit.

Another aspect that can be seen in Figure 3.40 is the shielding of the circuits. The lead wires were individually wrapped in aluminium foil and grouped together to form a ‘faraday cage’ in order to prevent any possible magnetic loops between the wires, which would have caused noise interference. In addition, the two circuits were shielded with aluminium box covers, covered internally with insulating tape to prevent short circuits, while in use. Therefore, these steps were taken to prevent any interference between the lift and drag amplifier circuits and their respective wiring. On the left and right hand sides of the amplifier circuits, terminals were located into which the various inputs and outputs were wired as follows:

(a) Left of Strain Gauge Amplifier

This side of the PCB had the connections for the two inputs and the two outputs for one of the strain gauge circuits. These were the positive/negative bridge supply voltages (+BS and –BS) and the two positive/negative outputs from the gauge circuit (+IP and –IP). In addition, a short wire was used at these terminals to connect the +BS to the compensation terminal (C). This was a wiring aspect to do with the amplifier circuit, which allowed the full adjustment of the VR1 and VR2 potentiometers. The two cables containing the wiring that were fed into the left of the PCB were wired separately to a drag/lift flexure on either side of the balance, this due to the fact that a particular full bridge circuit (drag or lift) was split between a flexure on either side of the balance. 

The lift and drag flexures located on the instrumentation side of the wind tunnel, referred to the side of the tunnel where the amplifier circuits, power supply and so on were located, contained the respective +BS wiring that went to each PCB. On the other hand the opposite side of the balance was fed by the respective two –BS wires, one into the left of each amplifier circuit. Therefore, each flexure which contained two gauges (one on either surface) were wired with either a + or – BS wire, a +IP wire and a –IP wire. Following on from this, the lift and drag full bridge circuits were wired corresponding to the circuit diagram in Figure 3.41(a). In Figure 3.41(b) the terminals corresponding to the left and right hand sides of the amplifier circuit can be seen. Therefore, in Figure 3.41(a) the two gauges fed by a +BS corresponded to those on the flexures (lift and drag) on the instrumentation side of the tunnel. 
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(a)                                                                     (b)
Figure 3.41: (a) This illustrates the wiring of the two full bridge circuits, where C represents a gauge under a compressive force and T represents a gauge under a tensile force, (b) the terminals corresponding to the left and right hand sides of the amplifier circuit.

(b) Right of Strain Gauge Amplifier 

The four input/output terminals on the right hand side of the amplifier circuit were connected as follows: one wire connected the +VS (positive voltage supply) to the positive output on the right (master) side of the power supply, 0V (ground) connected to the positive output on the left (slave) side of the power supply, OP (output) connected to the positive port for the respective drag or lift channel on the DAQ card (thick grey cable in Figure 3.40) and another from the OP to the oscilloscope (Channel 1 or 2 for drag and lift respectively) and the –VS (negative voltage supply) terminal was connected to the negative output on the left of the power supply. 

In relation to the two channels on the DAQ card, the negative input was fed from the negative output on the right of the power supply. Also, from the same terminal on the power supply, two wires were separately connected into the respective cables going to the oscilloscope (Channel 1 and 2). Concerning the grounding between both sides of the dual power supply, a short wire was used to connect the positive output on the left to the negative sense terminal on the right hand side. As mentioned earlier, the positive output terminal on the left of the power supply fed the 0V terminal on the right of the amplifier circuits. Therefore, the overall complete instrumentation system set-up can be seen in Figure 3.42.

The voltage input to the amplifier circuits was supplied by a Thurlby Thandar Instruments 32V-3A Dual Power Supply. Apart from the DAQ set-up, the outputs from the amplifier circuits were also fed to a Tektronix TDS210 Two-Channel Digital Real-Time Oscilloscope. The oscilloscope allowed for the visual inspection of the output signals, in terms of their level and to observe the signal stability or any possible drift and noise interference effects. The DAQ card used was a National Instruments USB-6009 and the data was captured through LabVIEW SignalExpress 2009 software. This software was installed on an IBM Lenovo ThinkPad T60 laptop. The full scale measurement range of the DAQ card was 20V, with a 14-Bit resolution which was equal to 16,384 bits, thus dividing the full scale measurement range by the number of bits this resulted in a resolution of 1.22 × 10-3 V/bit (1.22mV/bit) [50]. The DAQ card also had a large dynamic range, which defined the noise level generated relative to the full input range [50]. The spurious free dynamic range (SFDR) of the card meant that the noise level created on the measurement signals was less than 0.0005% of the full input range [50]. More details on the specifications of the DAQ card are listed in Appendix G. 
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Figure 3.42: This photograph illustrates the final set-up of System 2, including the strain gauge balance and the instrumentation/DAQ set-up.


[bookmark: _Toc273437388]3.8 Application of Strain Gauges


Following the material and sizes of the drag and lift flexures being chosen, the next step was to apply the strain gauges to them. A good deal of care was given to this process, because if the bonding of the gauges to the flexures were not adequate certain errors would have occurred during testing, such as creep, offset strain and hysteresis effects. A thorough calibration process was later conducted which checked for such errors. While a similar process was conducted during both phases of the research, this section details the work carried out for the application of the gauges with respect to System 2.

The first step was to fully degrease the flexures with acetone, in order to remove any oil or dirt residue. Next, the surfaces were roughened slightly with very fine grade sand paper and this aided in the gauge bonding to the surface. After this process, it was necessary to mark out the points on the flexures as to where the strain gauges were to be positioned. This was necessary to ensure that the gauges were located in the same respective positions as each other and also to ensure the proper alignment of the gauges. If the gauges were positioned in such a way that their sides were not parallel to the edges of the flexures, there would have been an inaccuracy in the measurement due to an increase in the lateral strain sensitivity. Therefore, with a scribing tool two light lines were etched on the flexure that indicated the horizontal and vertical alignment points of the gauge. After this step, the surface of the flexure was cleaned a final time with acetone to remove any sanded particles or fingerprints. Following this, the fully prepared flexure and the strain gauge were laid on lint free paper. In Figure 3.43(a), the flexure can be seen with the two inscribed lines. These lines etched on the surface did not cause any strain measurement errors, as they were used for the alignment of the gauge carrier which was wider than the gauge grid.
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[image: ]                                    (a)                                                                            (b)                                                                            
Figure 3.43: (a) Photograph of one of the flexures fully prepared for bonding with the gauge in its protective film on the left, (b) these are from left to right: the pH solution, the activator and the cyanoacrylate adhesive.

Figure 3.43(b) illustrates the products that were used for the bonding of the strain gauges. Firstly, the area on the flexure to which the gauge was to be applied was coated with some pH solution and this maintained the correct surface acidity level for the bonding process. The next step was to prepare the gauge for bonding and in Figure 3.44(a) the process by which this was carried out can be seen. In order to allow the accurate alignment of the gauge and to prevent directly touching it, sellotape was applied over the top of the gauge, but did not cover the loose ribbon leads. Therefore, the strain gauge sat on an aluminium strip suspended between two weights and it was important that this strip was cleaned as thoroughly as the flexure itself. Once that the tape had been applied to the gauge the next step was to apply the activator, which was seen in Figure 3.43(b). This was in the form of a felt tip marker and it was spread over the surface of the flexure, resulting in a clear film. The Loctite activator and cyanoacrylate adhesive was used to bond the Polyimide E backed gauges to the stainless steel flexures, resulting in a very strong bond. 
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                                      (a)                                                                               (b)
Figure 3.44: (a) Photograph illustrating the placement of a gauge on an elevated cleaned surface which allowed for easier positioning of the tape and handling, (b) the flexure with the strain gauge bonded to it before the removal of the tape to check the bond quality.

After approximately 60 seconds (to allow for the activator to fully dry) a small drop of adhesive was applied to the surface. The sellotape with the gauge was then held at either end and oriented so that the strain gauge was directly aligned with the area to which it was to be applied. During the placement of the gauge onto the flexure air bubbles were prevented from being trapped under the gauge. Figure 3.44(b) illustrates the flexure and strain gauge at this point in the process.

The adhesive fully cured after a few minutes and following this the sellotape was carefully peeled back to ensure that the strain gauge was bonded firmly to the flexure. Therefore, this process was conducted for the 8 gauges in total that comprised the two full bridge circuits, and 24 hours was given before any loads were applied to the flexures. Thus, the next step once all the lead wires were soldered was to arrange these into groupings and wire these accordingly into the terminals on the left sides of the respective lift and drag strain gauge amplifiers, and then calibrate.


[bookmark: _Toc273437389]3.9 Calibration


The calibration that was conducted for Systems 1 and 2 had many purposes, such as to determine the balance sensitivity, stability and to check the repeatability of load data. Another important property that was checked was linearity and this was assessed through the deviation in the graph of the input load and the output reading from a straight line. The more linear that the relationship was, the more accurate the balance was in relating the output to the correct corresponding aerodynamic force. Through the calibration process it was also possible to assess any force interactions, whereby a load applied in the lift direction for example caused a change in the drag measurement output reading. However, due to the design of System 2, it was possible to use a force interaction matrix method to compensate for any small interactions that resulted. These interactions were significantly lower than those with System 1 which validated its effective design.

Even though achieving high sensitivity was one of the main goals when designing System 2, another important factor was stability as mentioned before. Having a highly sensitive system was only useful if the output readings, both under load and in the case where no load was applied, did not fluctuate over time. This could have occurred due to many factors such as: electromagnetic interference, inadequate heat dissipation from the gauges, an unsuitable excitation voltage and/or gain level which would have led to a poor signal to noise ratio. Also, if there was a change in balance sensitivity over time due to gauge bonding issues, the calibration data obtained prior to commencing the testing would no longer have been valid. Hysteresis was also checked during the calibration procedures of Systems 1 and 2. This was the degree of repeatability of the balance to give the same reading when measuring the same force. This aspect was checked by applying increasing loads to the maximum load value and then gradually removing all the weights individually. By recording the output at each load level and checking that the two sets of results were equal (increasing and decreasing loads), it was found from the calibration processes that no signs of hysteresis were evident. 

Another source of error is known as strain gauge creep and this can generally occur if a load is applied to a balance suddenly [51]. Therefore, during the Phase 1 and Phase 2 testing with Systems 1 and 2 respectively, as the AOA and therefore the flow separation increased there would have been sudden force changes due to the fluctuating loads. This creep aspect had the potential of affecting System 2 more as the flexures were mechanically more sensitive than those in System 1, which led to a greater range of strain exerted on the gauges. At a given load the gauge output can decrease with time from an initial value, with the rate of decrease being larger for the first few seconds and then decreasing afterwards approaching an asymptotic value [51]. The magnitude of the change of the output with time is approximately proportional to the strain properties of the material to which the gauge is bonded [51]. This creep effect itself is the result of a partial relaxation of the bonding material used [51]. According to the tests conducted during the System 1 and 2 calibration processes it was observed that no creep effects occurred, that is when a load was applied to the balance the output remained constant when left for an extended period of time. However, during the Phase 1 and 2 testing, the fan speed was turned up in increments over a period of a several seconds, rather than being turned straight to full speed. By doing this, any possible risk of dynamic loading damage to the flexures/gauges would have been minimised.


[bookmark: _Toc273437390]3.9.1 System 1

For the calibration of System 1 a range of weights were applied through a pulley system (Figure 3.19). During the Phase 1 testing the strut was positioned such that its end was located at the midpoint of the span of the test models. Therefore, during the drag and lift force calibration the weights were applied to this portion of the strut in a distributed manner. Weights applied were in increments of 0.5N. In Figure 3.19 the balance was in its drag measurement set-up and this was then rotated onto its side as discussed in Section 3.6, for the calibration of the lift force. In addition, in Figure 3.19 it can be seen that the force was being applied in the lift direction and this was to check the force interactions. From this calibration procedure the output readings from the DSI during testing could be converted to a force through pre-defined equations. The results of this calibration will be discussed in Chapter 4.


[bookmark: _Toc273437391]3.9.2 System 2

As with the calibration conducted for System 1, care was again taken to ensure that the loads applied, which simulated the lift and drag forces, were aligned correctly with the balance. For the calibration the maximum loads that were applied were determined from the Phase 1 testing results. Therefore, loads were applied that exceeded the maximum expected forces by a small amount to ensure that the full range of drag/lift forces was covered. At the same time it was ensured that the maximum drag and lift loads applied during calibration were still within the elastic limits of the flexures. In Figures 3.45 and 3.46, the process of conducting the drag and lift calibration can be seen. Similar to the calibration of System 1, loads were applied to the strut in a distributed manner. 
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Figure 3.45: The set-up for the drag calibration.

Loads for System 2 were applied in increments of 0.1N for the drag calibration and 0.5N for the lift calibration. At a particular load, say 1.5N, this was removed before increasing it to 1.6N to check if there was any offset error (non-zero reading) occurring on the instrumentation. This was in conjunction with checking for any hysteresis effects for both the drag and lift calibrations, as previously mentioned. In relation to checking the stability and for drift errors of both the drag and lift outputs, a 1N load was applied separately during both calibrations and the set-ups were left static for an hour. At the end of the hour for both tests no change in the output reading was observed, thereby indicating that both circuit outputs were very stable. 
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Figure 3.46: The lift calibration set-up.

During the lift and drag force calibrations, the very small outputs that were produced on the other respective (drag or lift) channels were recorded also. These results were therefore the force interactions which caused a slight change in the output from the particular secondary force. While this created a large measurement error with System 1, it was a great deal smaller with System 2 due to its effective design. 







[bookmark: _Toc273437392]3.10 Wind Tunnel Operation and Force Measurement Procedures


In previous sections the design and set-up of all the equipment used in the experimental testing (Phase 1 and 2) have been discussed. In the following sections the procedures involved with using the Phase 2 equipment are covered. In relation to System 1, the insertion and removal of airfoils from the test section was more straightforward. This was so as the strut connection point in the balance could be loosened and the strut slid away from the test section. As a result, the test model was then removed from the end of the strut inside the test section. For the insertion of another airfoil, this process was simply reversed. In addition, the support table onto which System 1 was secured to could be rotated, which allowed for greater flexibility when making adjustments. However, with System 2 due to its necessary design, more components needed to be adjusted. In addition, System 1 did not use the more sophisticated instrumentation and DAQ software associated with System 2. Therefore, in Section 3.10.2 the process of how the software and instrumentation was used and how the voltage values recorded were converted into forces with the calibration data, are discussed. Also, as System 2 was developed to correct the measurement errors and performance inadequacies associated with System 1, this may remain as a permanent system that could be used by future students. As a result, the discussion focuses on System 2 in the following sections.


[bookmark: _Toc273437393]3.10.1 Insertion and Removal of Test Models

In order to place or remove a test model into/from the wind tunnel, the flow straightener (honeycomb) section and the contraction zone were slid back from the test section. Therefore, these two parts of the wind tunnel were left bolted together and the joint between both sections was sealed by insulating tape. This was an easier process than unscrewing the complete flow straightener section each time an airfoil change was required. This process is illustrated in Figure 3.47. In order to remove an airfoil and insert another one, the balance needed to be adjusted as previously mentioned. Firstly, a screw in the AOA Indicator on both sides of the balance was loosened. Following this, the screws securing the balance uprights to the guide rails were loosened and the uprights were carefully slid back (away from test section). This process was conducted carefully to ensure that no damage was caused to the flexures. At this point in order to remove the strut from the tunnel, one of the AOA Indicator components still attached to the ends of the strut needed to be removed. Therefore, the final step was to pull the strut and airfoil against the relevant side wall of the tunnel, thereby carefully removing the strut from the airfoil, and then the airfoil. 
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Figure 3.47: The contraction zone and honeycomb section were slid backwards for the removal/insertion of a test model.

Once an airfoil was set-up in the wind tunnel, the final step was to take measurements and position the airfoil such that its sides were equidistant to the tunnel walls. Following this, the two sides of the balance were set to a particular AOA, which usually was 0º for the start of a new test. With a spirit level, as in Figure 3.45, during the re-tightening process it was checked that the balance was aligned correctly. 





[bookmark: _Toc273437394]3.10.2 DAQ Set-Up and Derivation of Force Values

Following on from this, the next topic to discuss was the process concerning the actual measurement of the aerodynamic forces with the DAQ system. The two strain gauge amplifiers required at least 5 minutes to warm up fully to a steady-state condition before readings could be taken. During this period the output drifted slightly, however after this the output readings on either the oscilloscope or recorded by the LabVIEW software remained very stable. It was initially thought that an output reading of approximately 0V would be used, through the adjustment of the VR2 potentiometer with respect to Figure 3.40. However, it was observed from initial testing that this set zero point needed to be adjusted to a negative value. This was so as the maximum input voltage range of the DAQ card was -10V to +10V. The maximum output voltage from an initial setting of 0V, due to the lift force fluctuations, came close to 10V. Therefore, the VR2 potentiometer on the lift strain gauge amplifier was adjusted to -5V approximately, to allow for the full output range of the lift force.

The next step was then to run the DAQ system in order to record the output on the drag and lift channels through the LabVIEW software. This was conducted with the wind tunnel turned off in order to get a ‘zero load’ output reading for comparison with the outputs recorded when the tunnel was turned on. This was necessary because over the duration of a test, the zero load output voltage would change slightly in value. However, this was not as a result of any errors associated with the system, but rather due to the slight changes in the temperature of the gauges as the flexures were loaded and unloaded during testing. Therefore, by recording the ‘zero load output’ and time-averaging the data, a voltage output value was obtained as a reference. This value was then subtracted from the corresponding time-averaged value obtained during an actual test. Therefore, this voltage output difference was used in conjunction with the calibration data to obtain an equivalent force. 

When recording a signal over time in order to find a time-averaged value of a fluctuating output, as in the case of the drag and lift forces, the two variables that needed to be set were the sample rate and the sampling duration. The sample rate was the frequency at which the outputs from the drag and lift circuits were sampled (recorded), in terms of samples per second (Hz). The other parameter was how long to perform the data sampling process for, which determined the total number of samples recorded. Initially it was unsure as to what values both of these parameters should have been set at. Therefore, a NACA 0024 test model was set-up in the tunnel at 20º AOA, such that a high level of flow separation and vortex shedding were occurring. In addition, this was the highest AOA that the airfoils were tested to and at this point the highest rate of fluctuation in the lift and drag forces would have occurred. Therefore, if the system was set-up to satisfactorily time-average the lift and drag forces at this AOA, it would also have been adequate for the less fluctuating forces at the lower AOA.

Initially a fixed sample rate of 500Hz was selected. Tests were conducted with the airfoil subjected to forces in the tunnel and the sample time was increased in increments of 10 seconds. This process continued until the mean of the signal recorded remained approximately the same, even if the sampling time was further increased, to ensure that enough sampling time was being allowed to properly average all of the lift and drag fluctuations that occurred over time. Therefore, a sample time of 60 seconds was selected and a similar process was then carried out in relation to the sample rate. By increasing the sample rate to a point where a sufficient amount of data points were being taken, such that increasing it any further had no effect on the signal mean, led to the final sample rate being determined. This was selected as 3kHz (over the 60 seconds of data acquisition 180,000 samples were recorded). 

Additionally, in relation to the sample rate, the fact that it was set at 3kHz meant that it was not too low for the effects of aliasing to occur [37]. Therefore, the signals recorded contained enough data points which allowed for a very accurate profile of the output signals from the amplifiers to be captured. For a validation of the overall set-up of System 2, it was possible to analyse the measurement noise and the stability of the recorded zero load output signals. As a guideline the standard deviation of the recorded signals (drag and lift channels) should be less than 0.010V [37]. The overall set-up produced standard deviation values that were usually between 0.003V and 0.004V during the experimental testing. Therefore, this validated the overall set-up in relation to the output signal stability and highlighted its consistency over time. 

Following on from this, once the system had stopped recording the outputs under zero load conditions the signals would have looked similar to those in Figure 3.48. Therefore, this process of running the DAQ software before turning on the tunnel was conducted prior to each test at a different AOA. Immediately following this the wind tunnel was turned on and a few seconds was given before starting the recording process. This was to allow for the fan speed and the test section flow to reach equilibrium. Once the sampling time had elapsed the two recorded signals were displayed and the software would have indicated that the DAQ process had finished. At this point the tunnel fan was then turned off and the necessary AOA change was made to the airfoil, before repeating the above process for the next test. 
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Figure 3.48: One of the voltage output signals (zero load) recorded before turning on the tunnel.

For a particular overall test of an airfoil and dimple modification, all of the DAQ signals recorded were saved to a “.seproj” file labelled with the test conditions for that airfoil. Therefore, prior to recording the output signals corresponding to a particular AOA, these were labelled with the AOA information and whether these signals were the zero load output signals or the signals corresponding to tunnel operation. The drag output signal from the testing of an unmodified NACA 0024 airfoil at 15º AOA can be seen in Figure 3.49, where on the bottom left of the Figure the recorded and saved signals from previous tests were observed. This therefore illustrates the signal analysis (Playback) part of the software, where the mean and standard deviation values were obtained. However, before switching from ‘Monitor/Record’ to the ‘Playback’ function, it was necessary to add a new step to the project from the ‘Add Step’ tab. Therefore, this was achieved by clicking: Add Step → Analysis → Time-Domain Measurements → Statistics. The steps that were taken to set-up the software are explained in further detail in Appendix H.
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Figure 3.49: The signal analysis part of the software where the mean, standard deviation and other values could be obtained.

Once the mean and standard deviation values were measured, these values were then entered into an Excel spreadsheet. An example of a portion of such a spreadsheet can be seen in Figure 3.50. By calculating the difference between the zero load (tunnel off = OFF) mean voltage output and the corresponding non-zero load (tunnel on = 0°, 1°, etc) mean voltage output, the ‘Total Mean’ voltage output representative of a drag or lift force generated at a particular AOA could be obtained. This resulting value could then be related to a force from the calibration data discussed in Chapter 4. 
[image: ]Figure 3.50: Typical Excel spreadsheet which was used to calculate the total voltage output corresponding to a lift or drag force at a particular AOA.


[bookmark: _Toc273437395]3.11 Smoke Flow Visualisation Set-Up


Flow visualisation can be divided into two main categories and the first category is surface flow visualisation. This is where the medium used is applied to the surface of a test model, such as tufts or oil flows [35]. The second category is off-surface techniques such as smoke flow or streamers and the smoke flow method was used in this research [35]. The process of smoke flow visualisation was achieved by injecting a fine stream of non-toxic smoke into the flow through the test section. As the smoke stream flowed through the tunnel it described the flow patterns around the airfoils. The presence of the smoke flowing through the wind tunnel does not affect the characteristics of the flow as the smoke is neutrally buoyant [35]. As the smoke particles were so fine their mass did not affect the momentum of the free-stream flow, or the development of the boundary layer on the airfoils. This allowed for a direct comparison between the results obtained with System 2 and the characteristics observed from the photography. While this process was conducted at the end of the Phase 2 testing, it was carried out in a relatively short period of time, and more shows an additional visual feature to the results. It could also be said that the overall experimental testing conducted in this research contained both quantitative (Systems 1 and 2) and qualitative (smoke flow) aspects.

Therefore, this smoke flow visualisation process was conducted with the wind tunnel fan turned to its lowest speed setting, which created a flow velocity through the test section of approximately 8.15m/s. Conducting the smoke flow visualisation tests at this low speed achieved the best results in terms of the quality of the photography. This was so as at higher flow speeds the smoke stream experienced degradation, known as mechanical degradation in flow (MDF) and the smoke stream became less visible as a result [21]. The smoke generator system was supplied by Aerotech A.T.E. (Aerodynamic Test Equipment) Limited in the UK. The oil flow to the tip of the probe through a supply line was provided by a pump and the oil flow rate was adjusted by a knob on the control unit. However, this knob needed to be turned on first before activating the voltage supply to the vaporiser tip in order to prevent any damage. The oil used that was added to the reservoir inside the control unit was ‘Shell Ondina EL’ oil and it was a medicinal quality mineral clear oil. Therefore, it was perfectly safe if the smoke was inhaled or if the oil came into contact with skin. 

It was important that the voltage supply was increased slowly or else the 3 amp fuse located in the back of the control unit corresponding to the vaporiser would blow. In addition, when the unit was finished being used this knob was turned down slowly to zero first and the oil flow rate knob was left on for a few seconds. This allowed for some oil to flood the tip of the vaporiser and this prevented a carbon build-up. Therefore, by altering the oil flow rate and the voltage supply, a smoke output could be generated to suit particular test conditions. However, caution was required if the probe was used with an oil flow rate insufficient for the operating conditions, as the temperature of the vaporiser thus could rise above the ignition point of the oil. This could in turn result in a flame being produced at the vaporiser tip. The operational guideline was such that a transparent heat haze should not extend outwards for more than 12mm from the tip before condensing into visible smoke, and once the correct oil was used no ignition of the surrounding vapour loaded air would result, so there was no safety concern in this regard. Optimum conditions existed when the visible smoke plume started no further than 3mm from the vaporiser tip. The smoke generator control unit and the swan neck probe containing the vaporiser can be seen in Figure 3.51(a) and (b) respectively.
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   (a)                                                                          (b)
Figure 3.51: (a) The control unit of the smoke generator, (b) the vaporiser tip at the end of the probe from which the smoke emanated.

While different set-ups were tested in order to maximise the quality of the smoke stream through the test section, the best result was achieved by inserting the probe tip directly into the honeycomb mesh at the start of the flow straightener section. By doing so a solid steady stream of smoke exited from one of the cells and flowed over the airfoil. This arrangement can be seen in Figure 3.52. As these tests were conducted at the lowest wind tunnel velocity the contraction zone was left detached. Tests that were conducted both with and without the contraction zone showed no visible difference in the smoke flow photography. In addition to this, tests conducted with System 2 showed very little difference in the values between the cases where the contraction zone was and was not attached.
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Figure 3.52: The insertion of the probe tip into the honeycomb mesh which achieved the best smoke stream flow quality.

Therefore, the probe tip was easily inserted into the start of the honeycomb mesh without having to seal any gaps that would have been present between the flow straightener section and the contraction zone. The added benefit of this was to do with the start-up phase of the smoke generator. As it was necessary to turn on the pump first so that flow was present at the tip of the vaporiser prior to turning on the voltage supply, if this probe was present in the honeycomb mesh many droplets of oil would have trickled into the cell in which it was inserted. Should the tunnel be turned on following this, the hot oil droplets that were not vaporised during the heat-up period would have been sucked through the test section. This would have caused surface damage to the test models and the test section would also have needed cleaning. Therefore, the method by which this start-up process was conducted was to create the proper smoke generation with the probe outside of the honeycomb mesh and then to insert it with the tunnel turned on.

However, even with this procedure the ‘oil flow rate’ and the ‘heater voltage’ were finely adjusted to ensure that no surplus oil was being drawn into the test section, while at the same time ensuring the density of the smoke stream was adequate. Therefore, these two values selected resulted in a pump speed setting of 3 and a heater voltage of approximately 22.5V. The speed setting numbers in Figure 3.51(a) for the pump were arbitrary values however. The probe which was held in position by a clamp was inserted into the honeycomb mesh such that the smoke stream flowed a small distance above the top of the airfoil. This allowed a smoke flow visualisation of the low pressure side of the airfoil and the entry point of the probe was adjusted depending on the AOA of the airfoil. Therefore, the overall set-up of the equipment used for the smoke flow visualisation photography can be seen in Figure 3.53.
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Figure 3.53: The overall set-up of the smoke flow visualisation equipment.

The camera that was used to capture the flow images was a Canon EOS-1000D 10.1 megapixel digital SLR. An additional lens (EF 50mm f/1.8 II) was purchased with it for this application. This lens had a larger aperture than the standard 18-55mm kit lens and this allowed for more light to enter the camera, which was necessary when taking photographs with a very quick shutter speed. This was beneficial as it was intended to use the quickest shutter speed (1/4000th of a second) in order to capture an ‘instantaneous’ photograph of the flow. If the standard lens was used, even with the strong tunnel lighting, this shutter speed would have resulted in under-exposed photographs. The camera was mounted on a tripod and this was aligned such that only a particular portion of the test section, containing the airfoil and some distance downstream of it, was in view. 

In addition to the quick shutter speed used, a slower shutter speed of 1/200th of a second was used to produce photographs that resulted in a more solid and ‘fluid-like’ streamline of the smoke flow. This therefore allowed for a comparison between different images which resulted in different flow characteristics being observed. The camera settings took a good deal of experimentation with in order to produce optimal photographs. The shooting mode used was ‘Tv Mode’ and this allowed the setting of the shutter speed to be a priority. However, this mode also allowed for the adjustment of other camera settings. Therefore, the ISO speed (light sensitivity of the image sensor) was set at 1600, as this allowed for a very quick response to the light conditions in conjunction with the quick shutter speed that was used. The exposure was set to -1 and 2/3rds and this decreased the exposure of the images in order to have better detail between the contrasting white smoke and the black backing screen. The black backing screen used for this contrasting effect, which can be seen in Figures 3.53 and 3.54, was installed on the inside of the test section in order to eliminate any reflections that would otherwise have affected the photography.

The other feature of this set-up was the lighting rig which was required to sufficiently illuminate the test section from the top for the quick shutter speeds that were used. This rig consisted of three 500W fluorescent spot lamps which generated very strong lighting conditions and this can be seen in Figure 3.54. Whether the lights in the room were turned on or off had no noticeable effect on the quality of the photographs taken. As labelled in Figure 3.53, aluminium foil was placed underneath the test section. This was so in order to help increase the intensity of the lighting as some of the light would have been reflected back upwards. 


[image: ]
Figure 3.54: The lighting rig positioned on the top of the wind tunnel test section.










[bookmark: _Toc204490931]





[bookmark: _Toc273437396]Chapter 4 – Results & Discussion


[bookmark: _Toc204490932][bookmark: _Toc273437397]4.1 Wind Tunnel Testing Parameters

[bookmark: _Toc273437398]4.1.1 Wind Tunnel Velocity

In relation to Section 3.4.1, where the modifications that were made to the wind tunnel in order to reduce flow turbulence levels were discussed, these changes altered the flow velocity through the wind tunnel. The fan speed controller allowed for five speed changes in the air flow through the tunnel and each corresponding velocity value was known prior to making these modifications. The previous velocity measurements were made by using a Pitot-Static tube and manometer set-up and by using an air velocity meter (thermal anemometer). The five velocity readings gathered between these two devices showed very close agreement.  With the two devices there were three separate readings taken at each fan speed setting, which also were close in agreement and these were averaged. Therefore, the resulting average values for the five speed settings measured by both devices and the average values between these results can be seen in Table 4.1 (results that were measured in previous research) [52].

	Fan Speed Setting
	Thermal Anemometer
	Pitot-Static Tube /
Manometer
	Average Values

	
	
	
	

	1
	11.16m/s
	10.64m/s
	10.90m/s

	2
	16.13m/s
	15.95m/s
	16.04m/s

	3
	19.90m/s
	19.35m/s
	19.63m/s

	4
	23.29m/s
	23.38m/s
	23.34m/s

	5
	27.05m/s
	27.45m/s
	27.25m/s


Table 4.1: Table detailing the averaged values for each measurement device and the final velocity readings taken as the average between these [52].

As the previous measurements of velocity conducted with anemometer in addition to a Pitot-Static tube and manometer showed close agreement [52], it was decided for the measurement of the new tunnel velocities that the use of one of the two devices would be sufficient. As it was mentioned above that with each device three runs were conducted at each speed setting which led to an average value, the fluctuations between the readings was slightly less for the anemometer and therefore was deemed to be slightly more consistent. In addition, as the differential pressure measurement reading from the manometer is conducted by observing the level of the fluid and reading a value from a scale, it could be argued that some human error may be present in the readings. As the reading from the anemometer is conducted by observing a value in m/s displayed on its digital screen, this level of uncertainty will be removed from the measurements. The anemometer, which had been recently calibrated, had an accuracy of 5% and a resolution of 0.01m/s. Therefore, the readings taken corresponding to the wind tunnel configuration during Phase 2 of the research, are presented in Table 4.2.

	Fan Speed Setting
	Velocity (m/s)

	
	

	1
	8.15

	2
	12.20

	3
	16.20

	4
	19.55

	5
	23.20


Table 4.2: Velocity values for the modified tunnel corresponding to the five fan settings.

When comparing the Phase 2 velocities to those from Phase 1, the velocity at each speed setting decreased by an average of 3.57m/s. Therefore, while the modifications reduced the flow turbulence through the test section, the screens in the contraction zone and the small reduction in the area through which flow could pass through the honeycomb mesh, directly reduced the flow velocity. However, the higher the fan speed setting the less the relative difference in the Phase 1 and 2 velocities. For example, at fan setting number 5 there was a decrease in velocity by 14.86% (4.05m/s) while at setting number 1 the decrease in velocity was 25.23% (2.75m/s). Therefore, the higher the flow velocity the lower the relative reduction compared to the previous values.


[bookmark: _Toc273437399]4.1.2 Reynolds Number Calculations

In the case of wind tunnel testing carried out in this research, it was necessary to determine if the flow was laminar, turbulent or in a transition between both states. The calculation of this value for a particular tunnel velocity aided in the analysis of the experimental results. A point to note is that in the case of the testing carried out in this research, the flow was modelled as incompressible. This was so due to the relatively low wind tunnel speeds used, which led to an assumption of constant air density (ρ), with little or no loss in the accuracy of the calculation of the Re values. Therefore, the value of the density was taken as the corresponding value at 20ºC which was the average temperature of the room in which the tunnel was located. Corresponding to the atmospheric pressure at sea level, the density would therefore have a constant value of 1.204Kg/m3 [35]. Another variable to be defined is the dynamic viscosity (μ) of the flow, which again at 20°C has a value of 1.8e-5Kg/m-s [35]. This is different to the kinematic viscosity (ν), which is the dynamic viscosity divided by the density and takes the form of 1/ν when relating the inertial forces to the viscous forces in the calculation of Re [35]. Therefore, by using Equation 2.8 with the variables defined above, the maximum Re representative of fan speed setting number 5 (23.2m/s) in Phase 2 of the research was: 


Re   =      =   321,227      	

In this calculation, l was taken as the longest chord length from the test models that were used (0.207m for Phase 2 in Appendix B). Therefore, when considering this Re value the airflow around the test models was in the region below 500,000 and was therefore laminar [9]. While the majority of all tests conducted were carried out with the maximum flow velocity of 23.2m/s, some additional tests were carried out at lower fan speed settings. It is also worth pointing out that the smoke flow visualisation photography was conducted at the lowest fan speed setting. Therefore, the Re corresponding to each speed setting using the same values from the above calculation apart from V, can be seen in Table 4.3.

	Fan Speed Setting
	Velocity (m/s)
	Re

	
	
	

	1
	8.15
	112,845

	2
	12.20
	168,921

	3
	16.20
	224,305

	4
	19.55
	270,689

	5
	23.20
	321,227


Table 4.3: Calculation of the Re for each of the five wind tunnel velocities.
With regards to the split flap airfoil testing (Phase 2) the value of l was taken as 0.379m. This was so as the largest chord lengths of the main airfoil and flap used were both 0.207m. In terms of the orientation of the flap in relation to the main section, the leading edge of the flap was positioned 0.035m in from the trailing edge of the main airfoil. Therefore, with the flap at an AOA of 0° this would lead to an overall effective chord length of 0.207m + 0.207m – 0.035m, which was equal to 0.379m. Based on this value and V at 23.2m/s, this led to a maximum Re of 588,141. Therefore, this number signifies that the flow was just inside a transition region from laminar to turbulent flow [9].


[bookmark: _Toc273437400]4.1.3 Blockage Ratio Effect Calculations

As the tunnel test section was 0.3m by 0.3m, its frontal area (C) was 0.09m². The maximum value of the frontal area for a single airfoil set-up occurred when an airfoil was at 20º AOA. In terms of the largest airfoil tested, the NACA 0024 airfoil 207mm in chord length and 210mm in span was chosen for this assessment. By calculating the frontal height from a CAD drawing this led to a value of 83mm. Therefore, as the frontal height at 20º AOA was 83mm and the span (frontal width) was 210mm, this produced a frontal area (S) of 0.01743m2. As the values of S and C were now known, it was possible to calculate the blockage ratio from Equation 3.2:

Blockage Ratio (%)   =      =   0.1937   =   19.37%

A blockage ratio of 19.37% is less than the 30% guideline, at which value an error of approximately 20% would have been expected [35]. Since this value was only the case for the NACA 0024 airfoil at the maximum AOA of 20º, for the most part the values of the blockage ratio during the testing were a good deal less. While it could be argued that smaller airfoils could have been used to alleviate the errors that arose due to the blockage ratio, doing so would have generated lower drag and lift forces. In relation to the smaller drag forces this would have made an accurate measurement of any changes in drag more difficult, even with the highly sensitive set-up of System 2. Therefore, a compromise had to be made between the blockage ratio error and the measurement sensitivity. Even though the test conditions would have altered the true lift and drag values generated by the airfoils, in contrast to the case if they were in a larger test section, it was the relative (like with like) comparison between the test results that was deemed important.

In relation to the previously discussed components of the blockage error, the flow angularity may not have been exactly zero with respect to the 0º AOA indicator on the balance. As an example from the various tests that were conducted, it was observed that at 0º as indicated on the balance the typical lift force for a NACA 0024 airfoil read as 0.49N. Therefore, true 0º would have been located at approximately -1º AOA from the backward extrapolation of the increase in the lift force between 1º and 2º. This -1° offset of true 0° AOA (flow angularity error) is common in wind tunnel testing as a result of the contributing components of the blockage error [35]. While the strain gauge balance only had markings to indicate in the positive 0º to 20º AOA range, it was reasonable that this relatively small error was ignored as all tests were conducted on a comparative basis.

Regarding the split flap airfoil testing, as the main airfoil was maintained at 0º the additional blockage ratio of this airfoil was relatively easy to calculate. The frontal height of the airfoil was effectively the maximum thickness of the airfoil. As this was 24% of the chord length (207mm) for the NACA 0024 airfoil, the frontal area of this airfoil was 0.0497m (frontal height) by 0.201m (frontal width or span) which was equal to 0.0099m². In addition, it was necessary to consider the two weights and the two sets of spacers, in the case where they were all in place corresponding to 20º AOA as in Figure 3.10, in terms of their frontal areas. These two values were 0.0038m² and 0.0003m² respectively. However, the additional effect of the support frame was deemed to be negligible. Therefore by adding these respective frontal areas together, combined with the frontal area of the largest NACA 0024 airfoil tested as the flap at 20º AOA, this resulted in a total frontal area of 0.0315m². When this value was substituted into Equation 3.2, in relation to the frontal area of the tunnel test section, this resulted in a maximum blockage ratio of 34.97%. While this was a relatively high blockage ratio, which would have led to different drag and lift values than would have been applicable to testing with a negligible blockage ratio, it was the relative comparison between different surface modifications that was important to investigate.

It must be noted that the effect of the support strut was neglected in the calculation of the blockage ratios. Overall, it would have had a minimum effect on the blockage ratio value as it was quite small in frontal area compared to the airfoil. Due to its streamline shape any interference effects would have been small and equal for all tests. As a result of the insertion of the support strut into the quarter chord point of the airfoils, at 20º AOA there was a smaller gap to the bottom of the wind tunnel than that of the gap to the top. However, these gaps were still much more than the clearance to the sides of the tunnel. Therefore, in relation to the guideline where the model span should be less than 0.8 of the tunnel width [35], this was also adequately met in this case.


[bookmark: _Toc273437401]4.2 Surface Roughness Measurement


After averaging the three rows of data points the Ra value was found to be 107 microns (μm). This averaged value was a more accurate representation of the surface roughness, as the roughness was non-uniform across the sample. This corresponded therefore to an average surface roughness height of 0.107mm. This exact process was also conducted for a sample representative of an airfoil prior to being sanded, as discussed in relation to the preparation of the test models in Section 3.1. This led to a Ra value of 21 microns. Therefore, when the airfoils were dimpled with a ‘high Ra’ surface modification, they had over 5 times the surface roughness value of the airfoils prior to sanding. However, as a result of the high level of surface smoothness achieved by the sanding process with the very fine P600 grade sandpaper, it was not possible to accurately measure the Ra value of a corresponding sample with the profiler. As a result, for the purposes of this analysis and in relation to the P600 grade of sandpaper used, it was reasonable to assume that the Ra value of the sanded and fully prepared test models would have been significantly less than 21 microns [45].
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[bookmark: _Toc273437403]4.3.1 System 1

In Figure 4.1 it can be seen that the calibration process revealed a high linearity between the loading and output readings taken. These loads were in increments of 1N, as 0.5N would have been unnecessary due to the high linearity observed during an initial calibration. Therefore, in relation to Figure 4.1, it was only necessary to calibrate for the lift force. In Section 4.4, a further discussion will be presented on the reasons behind this and how the drag and lift forces were resolved during testing. This overall procedure was necessary due to certain measurement errors and design inadequacies associated with System 1.


Figure 4.1: Calibration graph for the lift force.


[bookmark: _Toc273437404]4.3.2 System 2

In relation to Section 3.9.2, where the calibration procedure for System 2 was discussed, the calibration results graph for the drag set-up can be seen in Figure 4.2. It can be observed that the data points illustrate a very high linearity and in the graph the trend-line equation can also be seen. This will be discussed in more detail in relation to the calculation of the aerodynamic forces from the output voltages recorded by the DAQ system.

Figure 4.2: The resulting graph from the drag calibration process.

Therefore, similar to the drag force calibration graph, the lift calibration graph can be seen in Figure 4.3. The cluster of data points at the start were due to the 0.1N incremental loading and from 1N onwards the force applied was in steps of 0.5N. Similar to the drag calibration, it can be observed that there was a very high linearity of the output with respect to the input. The corresponding trend-line equation can be seen also in Figure 4.3. The R2 value (known as the square of the correlation coefficient) was an indicator of the linearity of the data points, with a value of 1 indicative of an excellent linear alignment. Therefore, in Figure 4.2 for the drag calibration, the R2 value was only fractionally less than 1. However, in Figure 4.3 in relation to the lift calibration this value was exactly 1. These two respective values validated the overall linearity of the strain gauge balance over the range of forces applied.


Figure 4.3: The results graph of the lift force calibration.

The lightest calibration weight used (0.1N) resulted in an average of 140mV output for the drag measurement and an average of 85mV output for the lift measurement. In relation to the two calibration graphs, as a result of their very high linearity these ‘average’ values were calculated from data sets that had readings with very similar respective increments. Therefore, in order to convert an output voltage reading to a force in N, this was simply conducted by re-arranging the trend-line equations for x (load in N) and substituting in for y (output in mV).

Following on from the calibration data presented above, the next topic discussed was concerned with the force interactions. During the lift calibration the output from the drag strain gauge circuit was recorded at each load increment and vice versa for the drag calibration. The balance was designed with the proper alignment of the flexures and the secondary force insensitivity due to the respective flexure having a large effective thickness in the secondary force plane. However, it was very difficult to completely eliminate interaction effects between the measurement of these two forces. Therefore, the small amount of force interaction observed was accounted for by a force interaction matrix method [35].

The two force interactions were defined as: LR(DL) which was the lift force interaction recorded due to the drag force applied during the drag calibration, and DR(LL) was the drag force interaction recorded when applying the lift force during the lift calibration [35]. Therefore, the R subscript indicated the load read and the L subscript indicated the load applied. These two resulting interaction graphs are presented in Appendix I. Following this logic, the two main calibration graphs, Figures 4.2 and 4.3, were known as DR(DL) and LR(LL) respectively. In relation to LR(DL), even though the drag calibration was conducted in increments of 0.1N, in order to compare this to DR(LL), every 0.5N applied in the drag direction resulted in an increase of 8.29mV on average on the lift output. On the other hand, by applying the lift forces, the drag output reading decreased by 13.42mV on average for every 0.5N of lift force applied. Therefore, not only were the lift forces much larger than the drag forces, which led to an overall larger degree of interaction with respect to the drag output, the interaction was also larger (13.42mV vs. 8.29mV). This was due to the fact that the drag flexures themselves were more sensitive than the lift flexures, on account of their longer length. Consequently as with the excellent linearity of the drag and lift calibrations, the two force interaction graphs were also very linear with R2 values close to 1. This aspect was important also as it ensured high accuracy when applying the interaction matrix method across the range of forces tested.

Thus, the methodology behind the force interaction matrix will now be explained. While this method could be applied to include all six force and moment components in a 3-D model, in this case it was applied for the valuation of lift and drag only. The linear approximations that related the load readings to the separate force components (which influenced the output), where the Kij values represented the interaction coefficients, were determined by [35]:

LR = K11LL + K12DL								Equation 4.1

DR = K21LL + K22DL								Equation 4.2

Therefore, when Equations 4.1 and 4.2 were put into matrix form they were represented by [35]:

(FR) = [Kij]  (FL)								Equation 4.3

In order to calculate the actual individual force components contributing to a particular force reading, it was necessary to invert the [Kij] matrix. Therefore, an expression for the actual loading corrected for interaction effects was [35]:

(FL) = [Kij]-1  (FR)								Equation 4.4

By multiplying the uncalibrated readings (FR) with the derived interaction matrix [Kij]-1, the loadings calibrated for interaction effects (FL) were obtained [35]. As the interaction on the lift force due to an applied drag force was so small, it was determined that it was only necessary to account for the effect of the lift force on the drag readings. For example, at 20º AOA the drag force observed during testing of the NACA 0024 airfoil only produced approximately 40mV of an increase in the lift reading. From the calibration data this was equivalent to approximately 0.05N of a force reading error on the lift measurement. Although, the DAQ was used to time-average the data, the maximum fluctuations in the output of drag and lift at 20º AOA were of the order of a few volts. Therefore, considering this was the largest interaction at the maximum AOA tested, the correction of this interaction was completely unnecessary.

In order to utilise Equation 4.4, it was first necessary to obtain the slopes (interaction coefficients) from the four graphs (two primary force calibrations and two secondary force interactions) and relate them to the Kij variables in Equations 4.1 and 4.2, where: 

LR(LL) = Lift Output due to Lift Force Applied = K11 = 861.08
LR(DL) = Lift Output due to Drag Force Interaction = K12 = 16.215
DR(LL) = Drag Output due to Lift Force Interaction = K21 = -24.333
DR(DL) = Drag Output due to Drag Force Applied = K22 = 1404.7

Therefore, as these four interaction coefficients were known, it was possible to construct the interaction coefficient matrix [35]:

[Kij]   =      =   

Therefore, the next step was to find the inverse of this matrix [35]:	

[Kij]-1   =   
Therefore, following on from Equation 4.4 which calculated the forces calibrated for the interaction effects, this equation was then written as [35]:

FL   =   [Kij]-1     =        	Equation 4.5

Where LR was the lift force read (uncalibrated for interactions) and DR was the drag force read, also uncalibrated for interactions. The LR and DR vector in Equation 4.5 was in this arrangement as it followed the arrangement of Equations 4.1 and 4.2, which created the resulting order of the [Kij] and [Kij]-1 matrices. Therefore, in relation to FL in order to obtain DL or LL (interaction corrected forces), the two matrices on the right of Equation 4.5 were multiplied [35]:

FL = = 

As it was only necessary to calibrate for the interactions of the lift force on the drag readings, it’s deduced:

DL = 		Equation 4.6

Therefore, in order to obtain the true drag force corrected for interaction effects due to the lift force, DL, Equation 4.6 was used. However, since the calibrations were conducted in N (load applied) and mV (output reading), the corresponding graphs had their trend-line slopes based on these units also. As these in turn led to the values of the [Kij]-1 matrix, the values that were substituted into Equation 4.6 for LR and DR had to be in units of mV. This led to a value of DL in N, which corresponded to the units of the x-axis (load applied) of the drag force calibration graph in Figure 4.2.
 
In summary, as an applied lift force at a given AOA caused a slight decrease in the drag output reading due to the nature of the interaction, the true drag reading was slightly higher than the uncorrected reading and Equation 4.6 correctly accounted for this. Therefore, in relation to the Phase 2 testing results presented in this chapter, the values of the drag force in all of the graphs were those which were corrected through this technique. However, the lift forces were calculated somewhat more easily by manipulation of the trend-line equation in Figure 4.3. From the test results it was found that in the case of the lift force being at its maximum and where the interaction was greatest, this produced an error of 6.26% in the drag reading. On one hand this relatively small maximum error illustrated the effectiveness of the design of the strain gauge balance. However, even though this was the maximum error, in the interest of accuracy it was correct to account for this interaction effect.


[bookmark: _Toc273437405]4.4 Phase 1 Test Findings and System 1 Errors


During Phase 1 of the research the strain gauge balance used (System 1) to obtain the experimental results had certain measurement errors. This led to a level of uncertainty in the results, which resulted in the need to design a new force measurement system (System 2) before further testing was conducted (Phase 2). Due to the large amount of testing conducted during Phase 2, it is not possible to go into detail regarding the Phase 1 testing results in this section. However, the main conclusions that were drawn are summarised below:

· A major trend that was noticed with both the NACA 0006 and 0024 airfoil modification test results was that quite a strong relationship existed between the % lift loss and % drag reduction values (compared to baselines). When the lift increased at a particular AOA the drag also decreased and vice versa. 

· A cambered NACA 4424 airfoil was also tested and although the drag was found to decrease and increase compared to the baseline between different AOA, the loss in lift outweighed any drag reduction in general. 

· With regards to the NACA 0006 profile, a significant result was achieved by dimpling the full flow separation side only with a low Ra. In this case, not only did the drag mostly decrease slightly in a fluctuating pattern, but an average lift increase of 7.66% was also observed. 

· The most promising result from the tests conducted with the NACA 0024 profile was achieved by dimpling the middle 1/3rd section on the separation side with a high Ra. This modification resulted in a 6% reduction in drag on average with no loss in lift.

Therefore, while there were small drag reductions and lift increases observed, in general for a particular airfoil these two forces were found to fluctuate in value by a large amount over different AOA. For example, Figure 4.4 illustrates this effect in relation to the NACA 0024 profile, on a high Ra dimple effect applied to its middle 1/3rd section on the flow separation side.
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Figure 4.4: Graph of % Drag Reduction against the AOA for the NACA 0024 profile.

It can be seen that the % drag reduction (relative to the baseline values) fluctuated as the AOA was increased. At 0º it can be noted that there was approximately a 7.5% reduction in drag. While there would have been no pressure drag or flow separation occurring at this AOA, the presence of the dimples must have decreased the skin friction drag. In general a roughened surface acts to increase the skin friction drag of an object, but as discussed in Section 2.3.1, riblets can be used to decrease this component of drag. Lee and Jang [22] found that micro-riblets reduced the skin friction drag by restricting span-wise movement of longitudinal vortices. This reduced the cross-flow fluctuations of velocity and therefore reduced the shear stress [22]. While the width of the riblets would have been relatively close in value to the average width of a dimple, this mechanism only worked at a very low Re. For flow velocities greater than 3m/s the riblets caused an increase in skin friction drag and as the flow velocity applicable to Phase 1 was 27m/s, this should have resulted in a large skin friction drag increase. Therefore, at 0° AOA the 7.5% drag reduction did not agree with theory. 

Following on from this, another test was conducted where the middle and last 1/3rd sections were dimpled on the separation side to a high Ra, but there was no change in drag at 0º. Rapid changes in the drag and lift forces produced between each 2º increment in the AOA were observed, which could not be explained for any logical reason, which resulted in a large degree of uncertainty with the results. Therefore, the conclusion was attributed to the measurement errors with System 1 and one of the main errors identified was concerned with a cross-coupling effect of the drag and lift forces. This in other words meant that both of these forces were not being isolated properly, which made the measurement of lift and drag difficult, as the cantilever type arrangement of the system created a moment on the balance. However, while a force interaction matrix method could have been used to correct for the cross-coupling effects, similar to that presented in Section 4.3.2 for System 2, this would have required two individual circuits for lift and drag measurement in order to be utilised. Another large error with System 1 was that a drift in the sensitivity of the balance occurred over time. There was a reduction in sensitivity of the drag measurement and an increase in sensitivity of the lift measurement. Figure 4.5 illustrates the % increase in the values taken between the lift calibration conducted after testing, compared to the one conducted before testing commenced. There was a 67% peak value increase at a load of 1N and an average of a 43% increase from this point onwards. 


Figure 4.5: Graph of lift sensitivity increase after testing compared to before.
While different sets of calibration data were used, some uncertainty still existed over the results taken. In addition, the system exhibited random offset errors which were non-zero readings that remained on the output when a load was removed from the balance. These problems were attributed to ‘slipping calibration’ and the cause for these errors may have been due to one of the strain gauges having a poor bond with the flexure to which it was attached [35]. This was why great care was especially taken during the application of the larger gauges with respect to System 2. 

In relation to the Digital Strain Indicator (DSI) used with System 1, while it was relatively easy to set-up, using it had some limitations. Firstly, the VEX supplied to the gauges was fixed at 2Vdc, which was not high enough to maximise the sensitivity of the strain gauge circuit. This was in addition to the other drawback with the DSI which was that the signal amplification (gain) produced was fixed at 40. This was not as high as would have been desired in order to generate a sufficiently large output reading. While the balance was in its lift configuration set-up in Figure 4.6, it was also found that due to the cantilever effect the drag measurement was in fact more sensitive in this set-up. As a result of the large interaction of the drag and lift forces it was necessary to devise a method for isolating these forces from the readings taken. Therefore, the displacement of the strut during testing was recorded with a ruler, and from a calibration process the corresponding lift force was subtracted from the overall output value read from the balance instrumentation. The resulting reading was noted as the drag force, however this method was inefficient and had its uncertainties due to the measurement error involved with the strut and ruler technique.
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Figure 4.6: The technique used to account for the interaction effects.

It must be noted also that for the tests conducted with System 1, the lift values obtained were negative, as the test models were tested at negative AOA such that they created downforce. The reason behind this was due to the balance being less sensitive in the measurement of negative lift as opposed to positive lift. As the measurement of drag was deemed to be the most important aspect, the lower sensitivity of lift measurement in this set-up reduced the interaction effects of lift on drag measurement. Therefore, during the calibration process weights were suspended from the strut which simulated downforce. In Figure 3.19 however, the calibration of positive lift was being conducted but this was prior to discovering the lower lift sensitivity. 









[bookmark: _Toc273437406]4.5 Improved Performance of System 2


In relation to choosing a suitable gauge for System 2, the following equation demonstrates how the resistance value of the gauge was selected [37]:

Power Dissipated = PG = 							Equation 4.7

Where RG is the resistance value of the gauge and VG is the voltage across a gauge (equal to half the VEX) [37]. Therefore, in Equation 4.7 it can be seen that by increasing the resistance of a gauge, the power dissipated through heat decreases. As a result, gauges with a high resistance value of 1000Ω were selected for System 2. This was significantly higher than the 120Ω gauges used with System 1. Therefore, in relation to Equation 4.7 the PG of one of the gauges (System 2) was equal to 0.025W. In this calculation the value of VG was taken as 5Vdc as the voltage across one gauge was equal to half the VEX [37]. Following on from this, the power density was defined by the following equation [37]:

PD = 									Equation 4.8

As a result, the PD related the relationship between the PG and the area (A) to which it was applied [37]. With the grid area of the gauge type used with System 2 being 9.36 × 10-5m2, 5.85 times larger than the grid area of the System 1 gauge type, the PD was 267.09W/m2. As two gauges were positioned on opposite sides of the thin flexures in the same relative locations, this aspect was also taken into account. Therefore, even in the case where the PG value was doubled, but still acted over the same area, this would have led to a PD of 534.19W/m2. However, as a guideline for thin steel sections the maximum allowable PD would be 1500-3000W/m2 [47]. As a result, it can be seen from the calculations that even the value of 534.19W/m2 would still be well within this guideline. This therefore validated the ability of the gauges to withstand a higher VEX with a low level of gauge heating being produced, resulting in much higher measurement sensitivity and signal stability.

The gain level set on the amplifier circuits was 1000 and while this could have been increased much further, not only were the output signals already sufficiently large but a higher gain could have led to noise problems and reduced signal stability. However, this was much higher than the fixed gain of 40 produced by the DSI used with System 1. Due to the resolution of the DAQ card being approximately 1mV, this value would have corresponded to a minimum load response (sensitivity) associated with the drag and lift measurement [47]. In terms of the drag sensitivity, where 0.1N of load corresponded to 140mV (0.71N/V) output from the calibration process, 1mV corresponded to 0.0007N approximately. However, it must be stated that this value of 0.0007N was extrapolated from the calibration data, as the smallest load applied was 0.1N. However, this would have been a reasonable approximation due to the very high linearity observed from the calibration process. 

As the maximum drag force generated during the Phase 2 testing was approximately 2.5N, which produced an output of 3300mV, this resulted in a ratio of 3300:1 of the maximum to minimum loads (1mV corresponded to a 0.0007N minimum load). Another way of analysing this was that the minimum reading was 0.03% approximately of the full scale value. As 0.03% was equal to 3 drag counts, where 1 drag count would have been equal to 0.01% of full scale, the resolution of the set-up of System 2 was of very high order [47]. In terms of the maximum lift force which was approximately 8.5N, the lift sensitivity of 85mV per 0.1N load led to a minimum lift force response of 0.0012N approximately. As the full scale output equalled 7360mV, this resulted in a ratio of 7360:1 of the maximum to minimum loads. Therefore, the minimum reading was 0.014% of full scale or 1.4 lift counts approximately.
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[bookmark: _Toc273437408]4.6.1 Baseline Results – NACA 0024 and NACA 0006

Before starting to discuss the results that corresponded to the various dimple modifications made to the test models, it is first necessary to analyse the baseline results to which the modifications are compared to. The baseline results were the drag and lift values measured from a fully smooth airfoil, prepared as discussed in Section 3.1, in the AOA range from 0° to 20°. In this section the baseline results for the NACA 0024 profile will be discussed first and following this the NACA 0006 baseline results will also be analysed. For the rest of this chapter the ‘NACA’ parts of the names of the two airfoil profiles will be omitted and they will be referred to as either ‘0006’ or ‘0024’ airfoils/profiles.

(a) 0024 Profile

It was discussed in Section 3.4.2 that the static pressure varied along the test section, due to the boundary layer along the tunnel walls becoming thicker [35]. This reduced the ‘effective frontal area’ of the test section and the result of this was that the pressure is lower towards the end of the test section. As a result, this would have had the tendency to pull the airfoil in the flow direction and this produced a small additional drag force, known as ‘horizontal buoyancy’ [35]. As discussed in Section 2.1.5, wings of low aspect ratio would have a high induced drag component [7]. As all of the airfoils used in both phases of this research had an aspect ratio close to 1, this would have resulted in a high amount of induced drag being evident. The proximity of the tunnel walls to the sides of the airfoil may also have increased the effect of the induced drag, as local flow separation may have occurred on the sides of the airfoil [35]. This effect may have been more severe for the thicker 0024 profile. As the blockage ratio increased, the wake formation behind the airfoil would have been exaggerated in size. This was due to the accelerated flow around the edges of the wake resulting in lower pressure, which acted to expand the wake and therefore led to an increase in drag [35]. Also, as the wake formation behind the test object was compacted into a smaller space than it would naturally expand to, this increased its turbulence intensity [35]. 

In addition, the proximity of the test section boundaries to the airfoil would have had an influence on the effective angle of incidence of the flow [46]. This is known as ‘streamline curvature’ and it can affect the true AOA of the airfoil [46]. These resulting errors due to the blockage ratio not only affected the baseline results, but would have applied to all of the testing results. However, while the drag and lift forces and the resulting coefficients (CD and CL) at a given AOA would be different to those without such blockage effects, these errors would be consistent for similar tests. As a result, this allowed the drag and lift values to be compared on an equal basis. Therefore, in Figure 4.7 the baseline drag and lift results for the 0024 profile can be seen.



Figure 4.7: Baseline drag and lift values for the 0024 profile.

Although the 0024 profile was symmetrical such that it should not have produced any lift at 0° AOA, Figure 4.7 shows that it was generating 0.49N of lift. The reason for this can be explained by the flow angularity in the test section as a result of the blockage ratio. Although at 0° AOA the blockage ratio would be at its smallest value (largest is at 20° AOA = 19.37%), this would still equal 11.54% in relation to Equation 3.2. As mentioned above, the relatively close proximity of the test section boundaries to the airfoil would have influenced the effective angle of incidence of the flow. This ‘streamline curvature’ would have in turn affected the true AOA of the airfoil, resulting in it having a better lift to drag ratio [46]. Therefore, it was calculated from the data that the true 0° AOA was located at approximately -1°. This effect of the true AOA being slightly lower than that indicated on the balance is a common occurrence in wind tunnel testing in cases where the blockage ratio is not sufficiently low [35]. 

While the strain gauge balance only had markings to indicate the positive 0º to 20º AOA range, it was decided that it would be reasonable that this relatively small error could be ignored as all tests will be conducted on an equal basis. In relation to the general trend of the lift for the 0024 baseline, the increase in the lift force was approximately equal between each 1º AOA increment up to 10º. The relative lift increase in the 10º to 20º range between each 1° increment decreased in value slightly, as the AOA was increased towards 20°. However, it can be seen in Figure 4.7 that the overall trend was quite linear. However, a major point that could be noticed with the lift curve is that no stall point was evident. The stall angle for a 0024 profile should occur at approximately 18° [6]. The reason as to why the airfoil does not appear to be reaching a stalling point can be explained by the improved lift to drag ratio, as a result of the streamline curvature and high blockage ratio [46].

The coefficients of drag (CD) and lift (CL) were calculated for the 0024 baseline test. At an AOA of 18°, taken as the maximum typical stalling AOA, these coefficients were calculated with the equations discussed in Section 2.1.3. The values of the density and the velocity of the air flow were taken from Section 4.1.2. In addition, the planform area (chord length by span) of the airfoil was required for the CD and CL calculations (Appendix B). Therefore, from the drag and lift force values at 18° AOA in Figure 4.7, the CD and CL values were 0.161 and 0.573 respectively. As a result, the CD value was approximately 10 times higher than the theoretical value, with the CL value being approximately half the theoretical value [6]. However, these theoretical values were applicable to an infinite wing (no wing tips) for which the effect of wing tip vortices and the resulting induced drag would not have been accounted for. As the level of induced drag would have been high for the airfoils tested in this research, as they had an aspect ratio of approximately 1, this accounts for some of the difference. In addition, the relatively high blockage ratio adversely affected the drag and lift characteristics as discussed above. Consequently, at 18° AOA the lift to drag ratio was equal to 3.55 and this value is in stark contrast to a typical value in the range of 12 to 20, which is the case for wings on commercial airplanes [1].

(b) 0006 Profile

The baseline results of lift and drag for this profile can be seen in Figure 4.8. It can be observed that the testing was only conducted up to 15° AOA, as opposed to 20° for the 0024 airfoil, as the airfoil became quite unstable at 15° with large fluctuations in the drag force particularly. As shown in the x-axis of Figure 4.8 increments of 3° were used and in the majority of the test results presented in this chapter, it was more efficient to use larger increments than 1°. Although the balance was designed to make AOA changes in 1° increments, using larger increments saved time during the testing. However, it is important to state that doing this did not produce drag and lift force graphs which would have been any different in profile to equivalent graphs with smaller AOA increments. The drag and lift forces did not increase and decrease in value rapidly over small AOA increases. Therefore, any increase or decrease in the drag or lift values compared to the baseline results occurred in a more gradual fashion as the AOA was increased, thereby allowing larger AOA increments to be used. 

When the standard deviation values of the drag and lift signals recorded at 12° and 15° AOA were compared, it was observed that the drag variation increased by 2.5 times. As the drag flexures were longer in length than the lift flexures, their lower torsional rigidity led to a higher sensitivity in relation to a largely fluctuating pitching moment. In comparison to the 0024 profile at 15° AOA, the 0006 profile was producing 3.45% more drag and 2.01% more lift. In addition, the standard deviation value of the drag signal at 15° AOA was 4.35 times higher (1.77 times higher for the lift) than the 0024 profile. Although there was no sign of stalling evident for the 0006 airfoil, as with the 0024, thinner profiles will have a lower stalling angle [6]. As a result, the 0006 profile should have stalled at an AOA between 10° and 12° [6]. The high instability of the 0006 airfoil can be explained by a more severe induced drag component occurring. As this profile was 4 times thinner than the 0024, the pressure differential between both sides of the airfoil mixed more easily. Therefore, the flow that was drawn from the lower high pressure side to the upper low pressure side would have had less distance to travel around the thinner sides of the 0006 profile. Therefore, a larger amount of wing tip vortices formed, which not only affected the drag and lift characteristics, but also created aerodynamic instability [3]. 

As mentioned earlier, the lift and drag levels at 15° AOA were similar to the respective values for the 0024 profile. However, while the two different airfoils had nearly identical spans, the chord length of the 0006 was a good deal less (190mm compared to 207mm). Therefore, this led to the 0006 airfoil having a planform area 7.77% less which should result in lower values of drag and lift at a given AOA. This is in addition to the fact that the thinner 0006 profile should produce less drag at a given AOA [6]. Therefore, the fact that the 0006 airfoil was producing similar drag values at 15° AOA to the 0024 airfoil, can be explained by the greater level of induced drag associated with the thinner profile. While the blockage caused by the 0006 airfoil was less due to its lower thickness and overall size, at 15° AOA this was still equal to a relatively high value of 11.66%. For example, when the blockage ratios of both profiles were compared at 20° AOA, despite the reduced thickness and smaller overall size of the 0006 profile, this still generated 78.32% of the blockage that the 0024 profile created. Thus, the blockage errors discussed before in relation to the 0024 profile also applied to the 0006 profile, perhaps to a slightly lower extent. Even though at 15° AOA the 0006 profile would have been experiencing high levels of induced drag and flow separation, the high blockage ratio increased its stalling angle [46]. 


Figure 4.8: Baseline results of lift and drag for the 0006 profile.

As discussed in relation to the baseline 0024 values of CD and CL, similarly these values were calculated for the 0006 profile. The theoretical stalling angle at 12° yielded values of CD and CL of 0.115 and 0.486 respectively. This resulted in a CD value being approximately 11.5 times higher and the CL value approximately 60% of the respective theoretical values [6]. Also, at 12° AOA the lift to drag ratio was 4.21, which was slightly higher than that of the 0024 airfoil at its stalling AOA of 18°.
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In Section 3.2.1 it was discussed that the two main parameters regarding the application of dimples to the airfoils was their location and their degree of surface roughness. The locations to which the dimples were applied were divided into 1/3rd sections, on the low pressure flow separation side, as highlighted in relation to Figure 3.5. In general, if the high pressure side of the airfoil was dimpled it would have a modification applied to its full surface. This was primarily conducted to observe the effect on skin friction drag and on any possible interaction of the flow leaving both surfaces at the trailing edge. In addition, the two different degrees of the dimple effect tested consisted of a low and a high surface roughness (low/high Ra). It was also discussed in Section 3.2.1 that the variables involved with the use of the sand blasting rig to create a dimple pattern could be kept constant, therefore this led to very little difference between the relative low or high Ra modifications. In order to produce a less fragmented discussion and analysis of the results, due to the number of tests conducted in the research, some results are grouped together into the same graph. This enabled an easier comparison of different tests rather than discussing each one individually. 

Therefore, the first two modifications that are discussed are the application of a high Ra dimple effect to the first 1/3rd section and to the first and second 1/3rd sections, on the flow separation side of the airfoil. All other parts of the airfoil were left fully smooth in both cases. In Figure 4.9 the results of these dimple modifications in relation to drag can be seen. These are compared to the baseline drag values for this particular airfoil, which are the same as those in Figure 4.7.


Figure 4.9: First two tests conducted with the 0024 airfoil.

Therefore, the first major characteristic that can be observed for both of these modifications is that the testing was only conducted up to 8° AOA. The reason for this was, due to the application of dimples to the frontal section on the flow separation side, this resulted in very high aerodynamic instability. As a result, the largely fluctuating lift and drag forces caused the flexures to vibrate at a level that was more than desirable. Even though it can be seen that for the two modifications the drag forces at 8° AOA were still relatively low, upon analysing the standard deviation values of the recorded signals on the DAQ software, the resulting large values indicated highly fluctuating drag and lift forces. For the first 1/3rd modification, the values of the standard deviation of the lift and drag signals at 8° AOA were similar to the respective values for those at 20° for the baseline results. However, the fully smooth airfoil was still very stable at 20° AOA, with no rapid fluctuation in the drag or lift forces. Therefore, if the two sets of signals had quite similar values of standard deviation, the frequency of the fluctuations in the output signals should be different. This concept is illustrated in Figure 4.10, where the drag voltage output signals recorded for the baseline at 20° AOA and the first 1/3rd modification drag signal at 8° are compared.
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Figure 4.10: (a) First 1/3rd modification drag signal at 8°, (b) baseline drag signal at 20°.
It can be observed in Figure 4.10(a) and (b) that the blue boxes highlight similar parts in time for each signal. However, in these boxes in Figure 4.10(b), it can be seen that the output values are more concentrated and vary less over time, leading to thicker and wider groupings of the signal peaks. On the other hand in the corresponding boxes in Figure 4.10(a), the spikes in the voltage output vary more rapidly over time and this led to a thinner and sharper profile of the signal peaks. In fact, the standard deviation value of the drag signal for the baseline was 0.46N while the corresponding value for the first 1/3rd modification was lower at 0.36N. Therefore, this shows that while the outputs recorded from different tests may have had similar values of standard deviation, one signal could vary much more rapidly over time and have higher fluctuation frequencies as a result. This explains the reason as to why the first 1/3rd modification at 8° AOA resulted in a relatively low value of standard deviation, but created large fluctuations in the drag and lift forces. Therefore, the testing was stopped at this point to prevent any damage occurring to the flexures.

With reference to the first and second 1/3rd modification, the lift and drag outputs had a standard deviation of approximately three times greater magnitude at 8° AOA compared to the first 1/3rd modification. However, from a visual point of view when the testing was being conducted, it was difficult to observe a noticeable difference in the severity of the fluctuations at 8° AOA between both tests. Therefore, after analysing the drag and lift voltage output signals, this may be explained by the fact that the forces were not fluctuating as rapidly compared the first 1/3rd case, but fluctuated by a greater overall amount. As a result, the frequency of the fluctuations was lower but the range over which they fluctuated (amplitude or peak-to-peak values) was higher and this led to higher standard deviation values. 

In relation to the actual drag values obtained for the two modifications, the first 1/3rd high Ra dimple effect caused a drag increase of 8.86% at 0° AOA. This was caused by the dimples tripping the boundary layer into turbulence at the front of the airfoil which in turn led to a higher value of skin friction drag. As the AOA was increased the drag becomes slightly higher relative to the baseline, where the turbulent boundary layer and increased Reynolds shear stress led to an increased drag force. This agrees with theory as when the transition point shifts forward it leads to an increase in drag [1]. However, an analysis of any possible reduction in pressure drag could not be conducted due to the testing being stopped at 8° AOA (before its level would have become significant). However, the results for the other modification were quite different and at first glance there did not appear to be an easy explanation for these results. It can be observed in Figure 4.9 that at 2° AOA there was a large drop in drag to a near zero value of 0.08N. Following this, the drag remained lower than the baseline up to 8° AOA. Therefore, if it is a case where extending the dimples to the 2/3rds point along the separation side of the airfoil could decrease the skin friction drag, it would be expected that dimpling the full separation side would also result in a lower drag force. However, as will be seen later, the drag forces generated by this modification resulted in a higher value of drag at each AOA compared to the baseline. Therefore, the dimple modification to the first and second 1/3rd sections must have had a unique effect on skin friction drag.

The lift results for the two modifications, compared to the baseline values of lift, can be seen in Figure 4.11. Overall, the two modifications exhibited similar values of lift up to 6° AOA where the lift forces dropped below that of the baseline, especially in relation to the first 1/3rd modification. It can also be observed that the first and second 1/3rd modification produced 28.7% more lift compared to the baseline at 2° AOA. This was also the point where the drag generation was almost zero, in relation to Figure 4.9.


Figure 4.11: Lift results compared to the baseline for the first two modifications tested.

However, when the unusual drag effects in relation to the first and second 1/3rd modification in conjunction to the high instability generated by the modifications at a relatively low AOA were assessed, it can be stated that these two modifications produced quite a negative overall effect on the aerodynamic performance of the airfoil. Following this, the remaining modifications conducted to this airfoil are highlighted in two separate graphs, again one for drag and one for lift. The effect of these modifications firstly on drag, in relation to the baseline results, can be seen in Figure 4.12. These tests consisted of a high Ra application of the dimples to the full flow separation side, to the high pressure side only (airfoil inverted from last test) and to both sides of the airfoil. 


Figure 4.12: Drag results compared to the baseline for the remaining modifications to this airfoil.

These modifications increased the drag forces at each AOA compared to the baseline. Although the application of the dimples to the high pressure side produced very similar levels of drag to the baseline at the higher AOA, in general these modifications had an overall negative effect on the drag force. As with the previous two modifications discussed in relation to Figures 4.9 and 4.11, the application of the dimples to the full separation side (Full Sep Side) or to both sides (Full Both) caused large instability effects. However, these two modifications in relation to Figure 4.12 generated larger fluctuations in their drag signals in comparison to the relative fluctuations in their lift signals. Therefore, when the last 1/3rd section of the airfoil was dimpled (full separation side modification) this resulted in slightly less fluctuations of the forces, and allowed the testing to continue to 10° AOA as opposed to 8° (Figures 4.9 and 4.11). With regards to the test where both sides of the airfoil were dimpled, this was slightly more stable again as the testing continued to an AOA of 12°.
The addition of the dimples to the bottom high pressure side of the airfoil, regarding ‘Full High P’ in Figure 4.12, did not affect its stability and the testing was able to be conducted up to 20°. However, when the dimples were added to the frontal part of the flow separation side, large instabilities were observed greatly fluctuating the lift and drag forces. While the first and second 1/3rd modification discussed in relation to Figure 4.9 produced a drag reduction in the low AOA range, it can be seen in Figure 4.12 that by adding dimples to the rest of the parts of the upper and lower surfaces of the airfoil caused the drag to increase compared to the baseline. While it can be logically explained that a drag increase was expected by adding dimples to the high pressure side, as it increased the skin friction drag, it is unusual that the dimpling of both sides caused a reduction in drag compared to the full separation side modification. In Figure 4.12 it can be observed that when the high pressure side was dimpled, adding dimples to the upper surface had no effect on the levels of drag produced. 

The lift curves from the tests where dimples were applied to the high pressure side and to both sides of the airfoil are shown in Figure 4.13. Therefore, in relation to dimpling both sides of the airfoil, the lift dropped off significantly from the baseline and are attributed like above to the large fluctuations in the forces. From the results it can be concluded that dimpling part of the flow separation side, irrespective of the high pressure side being dimpled or not, had a negative effect on the lift generation. Irrespective of the modifications where parts of the flow separation side were dimpled, this acted to decrease the lift curve slope and created large instabilities due to the rapidly changing forces. However, dimpling both sides of the airfoil fully had the greatest negative effect on the lift generation. For the test where the full separation side was dimpled only, this dropped away from the baseline more gradually but had the same approximate values as ‘Full Both’ at 8° and 10° AOA.
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Figure 4.13: Comparison of lift results for high Ra modifications to the high pressure side and to both sides of the airfoil.

While the effects of the dimple modifications discussed so far have had largely an overall negative effect on the aerodynamic performance of the airfoil, dimpling the full high pressure side actually increased the lift generation compared to the baseline. Therefore, in relation to Figure 4.13 from 5-6° AOA onwards (Med AOA Range) there was a slight increase in the lift curve. At 20° there was an increase of 7.04% in the lift force compared to the baseline. However, in reference to Figure 4.12, while the drag increased against the baseline at low AOA, from 12° onwards (High AOA Range) it was quite similar in value to the baseline. Therefore, the % change in lift and drag forces generated by the high pressure side modification compared to the baseline, can be seen in Table 4.4.
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Table 4.4: Percentage change in the drag and lift forces at each AOA compared to the baseline.

While in Figure 4.13 it appears that the lift increase became larger compared to the baseline as the AOA was increased, the actual value of % lift increase (relative increase with respect to the increasing baseline lift force) remained somewhat constant. While in Table 4.4 it can be observed that there was a large increase in drag in the low AOA range, from 12° onwards there would have been an overall increase in aerodynamic efficiency. The reason as to why the % drag increase values in Table 4.4 became smaller as the AOA was increased, was due to the fact that the increased skin friction drag became a much smaller component of the overall drag force. As there would have been no pressure drag, a very small lift force and therefore virtually no induced drag acting at 0°, it would be reasonable to state that this modification increased the overall skin friction drag of the airfoil by 64.12% at 0°. Therefore, as a result of adding a high Ra dimple effect to the high pressure side this led to an average lift increase across the full AOA range of 6.84% (average of ‘Lift % Increase’ values in Table 4.4).

As the turbulent boundary layer had a higher kinetic energy than the laminar boundary layer on the top surface of the airfoil, this acted to deflect the flow downwards at the trailing edge of the airfoil. This is therefore similar to the principle whereby the rotation of trailing wing tip vortices (induced drag) deflects the flow field behind a wing downwards (downwash), thereby causing a slight local increase in the angle of incidence of the flow around the wing. In other words, the resultant velocity direction at the aerodynamic centre of the airfoil was inclined downwards relative to the direction of the undisturbed free-stream flow [1]. As a result, the effective AOA at the aerodynamic centre was inclined by the downwash angle [1]. 

As the % increase in the lift force was quite similar across the full AOA range, the tilting effect may have become slightly larger as the AOA increased. For example, at 2° AOA there was a lift increase of 5.7% and at 18° the lift increase was 5.74%. At 18° the lift force generated in the baseline test was 8.04N which was much higher than the 1.5N generated at 2°. This would equate to an effective change in the AOA of 0.11° at 2° AOA (5.7% of 2°) and 1.03° at 18° AOA (5.74% of 18°). These calculations were approximated but the theory of conducting these calculations would be correct due to the fairly high linearity of the baseline lift curve. The reason as to why the effective tilting of the flow directly behind the wing became greater as the AOA was increased is because, as the flow separation increased from the top surface of the airfoil, this increasing low pressure region was more easily drawn downwards. Therefore, the turbulent boundary layer created by the dimples on the high pressure side led to a flow of higher kinetic energy leaving the trailing edge, which had a stronger tilting effect as both the AOA and the flow separation increased. 

Therefore, as adding dimples to the frontal section of the airfoil on the flow separation side was found to cause large aerodynamic instabilities, the next series of tests conducted analysed the effect of leaving the frontal section smooth while dimpling other parts of the airfoil. As a result it was decided to leave the first 1/3rd section smooth and to apply the high Ra dimple effect to the middle and last 1/3rd sections. This required the use of another test model and the baseline values of this airfoil had to be acquired first. Therefore, in Figure 4.14 the drag results of the baseline compared to two other modification tests can be seen. These two tests were therefore: the middle and last 1/3rd sections dimpled with the same high Ra effect as in previous tests and following this the full high pressure side was also dimpled with the same high Ra effect.




Figure 4.14: Drag results of two further modifications to the 0024 profile compared to the baseline values.

Therefore, in relation to not dimpling the frontal (first 1/3rd) section on the flow separation side, this eliminated the instability problems associated with the previously discussed tests. Upon analysing the standard deviation values of the signals recorded at each AOA from each test, these were all in close agreement. Therefore, no significant difference was noticed in terms of fluctuating forces during the testing compared to the tests where the first 1/3rd was dimpled. As discussed before, dimpling the bottom high pressure side of the airfoil had virtually no effect on the aerodynamic stability of the airfoil. In relation to the middle and last 1/3rd modification there was a slight increase in drag from 5° to 15° AOA, peaking at 10°. At 20° AOA it was observed that there were minor drops in drag for the two modifications, with the larger being 2.47% for the test where the high pressure side was dimpled. A smaller 1.35% drop in the drag force at 20° was the case for the other modification (Mid + Last 1/3rd). It was difficult to state whether the dimples reduced the flow separation marginally as a result of these small decreases. 

In addition, as both sides of the airfoil were dimpled in the case where the high pressure side was dimpled, the effect whereby the turbulent boundary layer on the bottom surface created a tilting of the flow should have been cancelled out by the turbulent flow leaving the top surface. For the test where the high pressure side was dimpled, it can be seen that at 0° AOA the drag for this modification was higher than the other two tests. This was due to the presence of the dimples on the high pressure side adding to the skin friction drag. However, as the AOA increased the drag generated became marginally smaller than that of the middle and last 1/3rd test, possibly due to the interaction between the turbulent and laminar boundary layer flow leaving both surfaces. In the case where the high pressure side was not dimpled, this created a small additional drag force. Therefore, while there may have been a reduction in flow separation created by the dimples, the overall drop in the drag force was possibly limited by the increase in skin friction drag.

In relation to the effects of these modifications on lift generation compared to the baseline, these results can be seen in Figure 4.15. There was a lift increase for the middle and last 1/3rd modification, due to the turbulent boundary layer on the upper surface decreasing the pressure above the airfoil, which in turn led to a higher pressure differential between both sides. The kinetic energy of the flow above the airfoil was converted into turbulent fluctuations, as a result of the turbulent boundary layer created by the dimples, which in turn lowered the pressure profile above the airfoil. However, when the high pressure side of the airfoil was then dimpled this in turn cancelled out the increased lift effect, as can be seen in Figure 4.15. 
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Figure 4.15: Comparison of lift results to the baseline for the two modifications to the 0024 profile.
Therefore, in relation to the middle and last 1/3rd test, as the AOA increased, the relative % lift increase compared to the baseline dropped off slightly. In Table 4.5 the values of the lift forces compared to the baseline can be seen. The large 144.18% lift increase at 0° AOA occurred due to a decrease in the pressure above the airfoil, which produced a sensitive effect on the lift generation. This was due to the fact that at 0° there was a small amount (0.33N) of lift force being generated, as a result of the flow angularity in the test section due to the blockage effect. However, as the AOA increased the % lift increase relative to the baseline became smaller in value (2.64% at 20°).

However, in the test where the high pressure side was only dimpled this also led to a lift increase, with an average value of 6.84% across the full AOA range (Table 4.4). The mechanism by which this created a lift increase was due to the downward tilting of the local flow field around the airfoil, as a result of the turbulent flow leaving the bottom of the airfoil. On the other hand it would be reasonable to assume that this effect was occurring in relation to the middle and last 1/3rd test, although to the opposite effect. It could be argued that the turbulence intensity of the boundary layer may not be as strong in comparison, as the dimple modification started at 33% along the airfoil chord as opposed to starting at the leading edge. However, in the case where the dimples were on the bottom high pressure side, the effect whereby the turbulent boundary layer acted to lower the pressure was suppressed by the higher pressure region. Therefore, the dimples were found to increase the lift when located on both sides of the airfoil by these two different mechanisms.
	AOA (°)
	Baseline (N)
	Mid+Last 1/3rd (N)
	% Lift Increase

	0
	0.33
	0.81
	144.18

	5
	3.34
	3.55
	6.44

	10
	5.38
	5.75
	6.79

	15
	7.23
	7.52
	4.01

	20
	8.70
	8.93
	2.64







Table 4.5: The % lift increase achieved by the middle and last 1/3rd modification.

Also, it can be concluded that the presence of dimples in the first 1/3rd section on the low pressure side of the airfoil caused large aerodynamic instabilities and fluctuations of the drag and lift forces. When the dimples were located ahead of or at the aerodynamic centre, this caused a large instability in the pitching moment. This agrees with theory as the maximum lift co-efficient is sensitive to leading edge roughness [1,6]. In addition, increasing the surface roughness at a point more than approximately 0.2c from the leading edge has little effect on the lift curve slope [1,6]. This can be seen in Figure 4.15 where the dimpling of the middle and last 1/3rd section did not have a notable negative effect on the lift curve. As the aerodynamic centre was located at the quarter chord (0.25c) point, also the same point at which the strut was inserted, by not adding dimples in the first 1/3rd (0 to 0.33c) section this prevented such instabilities. 

The rapid formation of a turbulent boundary layer immediately following the stagnation point, in relation to the laminar flow regime based on the chord length of the airfoils, caused a large instability at the front of the airfoil. This effect may also have been exaggerated by the fact that the flexures, due to their relatively weak flexural and torsional nature, were mechanically very sensitive to force fluctuations. As the strain gauge and overall instrumentation set-up was also very sensitive, this explains the large fluctuations that were observed on the output signals. However, on the other hand when a laminar boundary layer was allowed to form at the leading edge, a transition into turbulence further along the airfoil did not appear to cause such instabilities.


[bookmark: _Toc273437410]4.6.3 Modification Test Results - NACA 0024 with End-Plates

The next set of results that will be discussed featured the use of end-plates (winglets) in order to reduce the wing tip vortices and induced drag component. This therefore allowed an analysis of the effect of the dimples on lift and drag in the scenario where this effect was greatly reduced or perhaps eliminated. It is worth pointing out that the testing with the use of end-plates was only conducted with the 0024 profile. This was so as attaching the end-plates to very thin 0006 airfoils would have been quite difficult. As it was necessary to easily attach and remove the end-plates in order to add new modifications to an airfoil, the insertion of screws into the sides of the 0006 profile would not have been feasible.

At first glance of the end-plates used in Figure 3.8 it may appear that these were relatively small in height, especially near the front and rear of the airfoil due to their semi-circular shape, however this was necessary for two reasons. Firstly, there was the issue of tunnel size restrictions and secondly the effect of the additional weight was also considered. This was not from a point of view where the flexures had to support more weight, since they were able to withstand much higher upward lift forces, but rather from the fact that the weight would have created a moment about the 0.25c (strut) point. Therefore, in relation to Figure 3.8 a clockwise moment was created on the flexures located on the side of the tunnel from which the photograph was taken. This was simply because the majority of the weight was acting to the right of the 0.25c point. This was an important consideration in relation to the relatively low torsional rigidity of the flexures, especially in relation to the longer drag flexures. While the end-plates could have been re-shaped to correct for this, this would have required an extension to their front or through the use of small weights added to a particular point. This would not only have been a meticulous process but in the case where the end-plates could have been extended forwards, this would have interfered with the flow reaching the leading edge of the airfoil. In Figure 4.16 the lift and drag results for an unmodified 0024 airfoil with these end-plates are compared to the baseline results without the end-plates.


Figure 4.16: Comparison of 0024 baseline results with and without the use of end-plates (EP).

At 0° AOA there was a large increase in the lift force in the test with the end-plates attached. Therefore, the end-plates created a shift in the true AOA of the airfoil as a result of the moment that acted on the flexures. As a result, the additional lift force generated at 0° AOA with the end-plates (1.81N) was extrapolated to be equivalent to the lift force generated at 3.7° approximately, for the baseline test without end-plates. Even though the tests with the end-plates were compared on a like with like basis, in order to compare these two baseline tests in Figure 4.16, it would have been necessary to compensate for this effect. Therefore, even when this initial offset is subtracted from each AOA value, the lift curve slope increased with the use of the end-plates. There was a peak increase in lift of 2.57N at 14° AOA and the increase relative to the baseline became smaller after this. Therefore, at 20° the end-plates created an additional lift force of 1.94N by significantly reducing, or possibly eliminating, wing tip vortices and the induced drag component. Another important point was that the lift curve appeared to be levelling off as it approached 20°. However, it is difficult to say how much further the AOA would need to have been increased before a drop in the lift curve (indicative of a stalling point) would have become apparent.

In relation to the change in the drag force again there was a small shift at 0° AOA. The additional drag force (0.35N) was extrapolated from the data to be equal to that produced at 6.6° approximately, for the case without end-plates. This AOA shift was higher than that of the change in lift, although bearing in mind that the lift force increased at a much higher rate thereby explaining the smaller relative AOA shift. Therefore, the increase in the drag force was due to two effects. Firstly, the small additional drag force produced by the end-plates and the screws themselves was a factor. Also, due to the effective AOA increase of 3.7° as a result of the additional small weight of the end-plates that acted on the flexures, this led to an increase in drag. While it may have been expected that there would have been a drag increase at the lower AOA, at the higher AOA as wing tip vortices should be significantly reduced there should not have been as large of a increase in drag as observed in Figure 4.16. Therefore, while the end-plates were effective in increasing the lift curve slope, the reduction of wing tip vortices in terms of reducing the induced drag must have been overshadowed by an increase in drag from another source. This effect can be explained by the proximity of the end-plates to the test section walls. As a result there must have been some local flow separation occurring along the sides of the end-plates [35]. This therefore accounts for the additional maximum 1N of drag generated at 18° to 20° AOA. 

In terms of the stability of the airfoil with end-plates attached, this resulted in drag and lift standard deviation values much lower than those for a 0024 without end-plates. Therefore at 20° these drag and lift values for the end-plate case were 0.16N and 0.28N respectively. However, from the previous testing these respective values were 0.46N and 0.53N. This increase in the stability therefore confirms the effectiveness of the end-plates in greatly reducing the wing tip vortices. While it would have been possible to compensate for the effective initial shifts in lift and drag at 0° by the subtraction of this difference from all values across the AOA range, it was decided to leave the results as they were. This was so as when the tests were compared with different dimple modifications with the use of the end-plates, this would have been conducted on a similar basis as these aforementioned effects would have applied to all tests. This led to a comparable methodology to be adopted, allowing a like with like analysis of the results. There were three different modifications tested with the use of end-plates, excluding the baseline (also with end-plates), and the drag results can be seen in Figure 4.17. The modifications that were applied to the separation side only were: the middle 1/3rd dimpled with a high Ra, the middle and last 1/3rd with a high Ra and this modification again with the addition of a low Ra dimple effect to the first 1/3rd section. 


Figure 4.17: The drag results in relation to the tests conducted with the end-plates.

Therefore, the order of the legend at the bottom of Figure 4.17 indicates the order in which these tests were conducted. In relation to dimpling the first 1/3rd as the testing was halted at 10° AOA due to the large aerodynamic instability and fluctuation of the forces, this confirmed the earlier finding regarding the application of a high Ra dimple effect to the first 1/3rd (without end-plates). Therefore, as this was a low Ra modification in relation to Figure 4.17, this showed that any degree of dimple effect applied to the frontal section would have adversely affected the performance of the airfoil. Consequently, whether end-plates were used or not it can be concluded that no dimple effect should be applied to the frontal section of the airfoil on the low pressure side.

However, in relation to the other two modifications tested it can be observed that even though there was a drag increase in the lower AOA range, there was a reduction in drag at the higher AOA. This was particularly true for the middle and last 1/3rd modification, where the drag produced dropped below that of the baseline from 10° AOA onwards. Therefore, while these respective two modifications increased the drag in the low AOA range due to the increase in skin friction drag, as the AOA increased the drag reduction appeared to be caused by the dimples delaying flow separation. The fact that this effect was stronger for the middle and last 1/3rd modification must have been the case as the extension of the dimples to the trailing edge provided the additional required excitation of turbulence in the boundary layer to overcome the adverse pressure gradient. This therefore acted to increase the kinetic energy of the otherwise slowing particles and led to a smaller degree of flow separation occurring. The reason as to why the drag reduction for the middle 1/3rd modification only occurred at 18° AOA, was because at this AOA the adverse pressure gradient would have moved the point of flow separation up to the mid-chord point. Therefore, when the point of flow separation was closer to the trailing edge, the turbulent excitation provided by the dimples was not strong enough to overcome the effect of the adverse pressure gradient and delay the flow separation. However, with regards to the middle and last 1/3rd modification, the presence of the dimples in the last 1/3rd section explains the decrease in drag at the lower AOA.

In the case where this middle and last 1/3rd modification was applied to an airfoil without end-plates, there was a slight increase in drag in the medium AOA range and only a very small drop in drag at 20° AOA. Therefore, as the end-plates significantly reduced the wing tip vortices and increased the lift curve slope, this larger drop occurred as no wing tip vortices interacted with the separated flow and wake region behind the airfoil. As a result, the turbulence intensity of the wake was higher with the interaction of the wing tip vortices. This was especially true when the size of the test section was considered, as the wake due to flow separation and the trailing vortices were compressed into a relatively small space. In other words, this dimple effect did not provide the required excitation and increase in boundary layer kinetic energy to overcome the severity of the adverse pressure gradient, in the case of the decreased pressure field behind the airfoil in the test without end-plates. Following this, the next set of results that were analysed were the effect of these modifications on the lift force and the corresponding graphs can be seen in Figure 4.18.


Figure 4.18: The lift results in relation to the tests conducted with the end-plates.

Similar to the test where the full flow separation side was dimpled with a high Ra, when the first 1/3rd had a low Ra dimple effect this had a detrimental effect on the lift in addition to creating high aerodynamic instability. This finding is in line with theory as the lift coefficient is sensitive to leading edge roughness [6]. However, in relation to the other two modifications, from the middle of the AOA range onwards there was a gradual decrease in the lift force compared to the baseline. Therefore, while the dimples were seen to decrease the drag in relation to Figure 4.17, there was also a corresponding decrease in the lift force. When comparing the middle and last 1/3rd modification to the baseline at 20° AOA, there was a reduction in drag of 11.15% and also a 8.46% drop in lift. These were the two largest drops in both drag and lift as there was a gradual decrease in both forces from 10° and 8° AOA respectively, compared to the baseline. Therefore, the percentile decrease at 20° AOA corresponded to a drop of 1.04N in the lift force and a drop of 0.39N in the drag force. As a result, there was an overall corresponding increase in the aerodynamic efficiency of the airfoil. The lift to drag ratio of the baseline at 20° AOA was equal to 3.52, while it was equal to 3.63 (3.13% increase) for the middle and last 1/3rd modification.


[bookmark: _Toc273437411]4.6.4 Baseline & Modification Test Results – NACA 0006

As highlighted before, it was decided that it was best to carry out various modification tests to the 0024 test models first and then test any modifications that showed aerodynamic benefits on the 0006 profile. Therefore, the first step was to conduct the baseline test for this profile and these results were previously discussed in relation to Figure 4.8 and in this section they are analysed in further detail. The first noticeable difference between this baseline and the baseline of the 0024 profile was that the testing stopped at an AOA of 15°. The stalling AOA for this profile based on a Re of 3 × 106 was approximately 12° [6]. As discussed before in relation to the baseline test for the 0024 profile, not only was this stalling angle based on a much higher Re number than that applicable to this testing, but this stalling angle was also based on infinite wing data. Therefore, the effects of wing tip vortices and induced drag would not be present in relation to this guideline. As a result it would be expected that the stalling angle of this airfoil, due to its aspect ratio of approximately 1 and large accompanying induced drag component, should be lower. Also, as discussed before regarding the 0024 profile the fact that this data is based on a Re of 3 × 106 should mean that a higher lift curve slope should be applicable, compared to the current test conditions [1]. Thus, this would also mean that a lower lift curve slope should be the case in relation to this baseline test, leading to a lower stalling AOA. In other words, the effect of the higher Re and the absence of wing tip vortices in this theoretical guideline of the stalling AOA, should equate to an actual stalling AOA lower than 12°.

In Figure 4.8 it can be seen that the testing was conducted up to an AOA of 15°. While this should have been well past the stalling angle, no sign of such a peak and drop in the lift curve was evident. However, from 12° AOA onwards the level of the fluctuation of the forces became quite high with large values of standard deviation of the signals recorded as a result. The standard deviation of the drag output was significantly higher, 2.43 times higher than that of the lift at 12° and 3.83 times higher at 15° AOA. During the testing itself it was observed that there was more fluctuation in the drag plane as opposed to the lift plane, which explains the resulting variation in the output signals recorded. Therefore, this would have been signifying large levels of flow separation and the degree of the fluctuations in the drag output would have also indicated that the stalling angle had been exceeded as a result. However, there was no drop in the lift curve and the lift force increased in value at the higher AOA. As discussed in Section 3.4.2, in relation to the errors produced by a high blockage ratio in terms of drag and lift measurement, this effect can be explained. While there was a high level of flow separation and vortex shedding as indicated by observation during testing and from the standard deviation values, the high blockage ratio also acted to increase the lift curve slope [46]. This occurred due to a term known as streamline curvature as explained in Section 3.4.2. However, as discussed before in relation to the tests with the 0024 profile, the testing was stopped at 15° AOA in this case to prevent any damage occurring to the flexures and/or strain gauges.

In relation to the 0006 baseline levels of lift and drag generated, when compared to the baseline results of the 0024, at 15° AOA the drag was 0.06N (3.5%) higher. However, due to the increased thickness ratio of the 0024 profile its drag level should have been higher than the 0006 profile at 15° [6]. Also, as the 0006 airfoil had a chord length 17mm less than the 0024, this relatively low difference in drag would have been larger if it had the same chord length as the 0024 airfoil. In addition, the lower blockage ratio of the 0006 airfoil should also have signified less of a resulting increase in the drag force as a result. Therefore, the fact that the drag produced by the 0006 profile was not lower appeared unusual at first, but can be explained to be the consequence of an increased induced drag component. As the 0006 profile was thinner it would have been easier for wing tip vortices to form, as the flow would have had less distance to travel around the sides of the airfoil. This would have resulted in an increased intensity of the wing tip vortices and therefore of the induced drag component.

Regarding the lift force comparison at 15° AOA, the lift force produced by the 0006 profile was 0.14N (2%) higher. With respect to these two NACA profiles, as the thickness ratio was increased this should result in a decrease in the lift curve slope [6]. However, when the 7.77% smaller planform area of the 0006 airfoil was also considered, this should result in a decreased lift force compared to the case if it had the same dimensions of the 0024 profile. Therefore, the lift characteristics of the 0006 profile were more influential and this explained the overall small lift increase.

Therefore, the modification that was tested with the 0006 profile was a high Ra dimple effect on both sides, and the drag and lift results for this can be seen in Figure 4.19. This test revealed the same instability problems that occurred with the 0024 profile when the frontal section on the separation side was dimpled. At 12° AOA the standard deviation values for the drag and lift outputs were higher, especially for the drag signal, when compared to the same corresponding test with the 0024 profile. Thus the drag force fluctuated over a greater range compared to the 0024 test, although the frequency of the fluctuations was lower. It was found that a very large increase in the standard deviation values resulted, in particular with the drag value, when the AOA was increased by a small amount to 12°. However, unlike the 0024 profile, when this test was compared to the 0006 baseline at 12° AOA, the lift and drag forces were quite close in value. Therefore, there was not a significant increase or decrease in the lift or drag force.


Figure 4.19: 0006 airfoil dimpled with a high Ra modification to both sides fully.

When these results are compared to the baseline in Figure 4.8, there was an average drag increase of 0.11N across the AOA range.  The drag force increase was very similar for each AOA and this would therefore indicate that the % drag increase compared to the baseline became smaller as the AOA was increased. Therefore, at 12° AOA there was a resulting 0.05N or 3.22% drag increase. While the lift increased and decreased slightly compared to the baseline depending on the AOA, overall there was no significant change in the lift curve slope. Therefore, the effect of the dimples at the leading edge did not appear to affect the lift curve to the same extent as the 0024 profile. However, as previously mentioned the aerodynamic stability was affected with larger drag and lift signal values of standard deviation, in comparison to the same test with the 0024 profile.


[bookmark: _Toc273437412]4.7 Phase 2 Split Flap Airfoil Testing Results


The next part of the experimental testing was concerned with arranging two airfoils in a split flap arrangement, as previously discussed in Section 3.3.2. This testing, which expanded the scope of the research, allowed an investigation of the effect of the dimples on drag and lift applied to a flap. As the majority of wing sections on aircrafts contain flaps, if a modification to an airfoil was successful it would have been necessary to investigate any effect it would have had on a smooth flap at its trailing edge. In addition, upon adding a particular modification to the flap itself, it may have been found that the presence of a smooth main airfoil element affected the drag and/or lift improvement characteristics. There was also the aspect that a dimple modification to the main airfoil would have a beneficial effect on the drag produced by the flap, through the turbulent flow delaying the point of flow separation on the flap. The main airfoil element used in all of these tests was the 0024 profile and both the 0006 and 0024 profiles were tested as the flaps. 


[bookmark: _Toc273437413]4.7.1 Baseline Results – NACA 0024 Flap

Therefore, as with the previous testing it was first necessary to obtain the baseline drag and lift results. In Figure 4.20 a comparison of the lift and drag results against those from a separate baseline test, without the main airfoil and support frame set-up (0024 flap airfoil only), can be observed. Thus, this highlighted the difference in the baseline tests due to the presence of the main airfoil and the increased blockage ratio of the overall set-up.


Figure 4.20: Comparison of the baseline results for the single (S) and split flap 0024 tests.

In Figure 4.20 the (S) terms in relation to the trend lines signify the single airfoil (flap only) set-up. For the comparison of the drag baselines, it can be observed that there was not a significant amount of difference. The drag produced by the 0024 profile in the single airfoil set-up became slightly higher than the split flap case, as the AOA was increased. The reason for this may have been due to the slightly disrupted flow leaving the main airfoil acting to delay the point of flow separation on the flap. However, since the main airfoil was at 0° AOA it was more likely that this was caused by the turbulence being created by the support frame holding the main airfoil in place. Therefore, at 20° AOA there was a resulting 14.07% reduction in the drag force. In relation to the lift forces generated, it can be seen that there was a larger difference in these values compared to the drag baselines. The lift force at 0° in the split flap test was at a negative value of -0.79N and therefore the flap was producing negative lift or downforce. Following this the levels of lift produced remained lower than the single airfoil case until approximately 20°. This must have been the case due to the main airfoil deflecting the flow angularity over the flap such that it decreased its effective AOA and less lift was produced in the AOA range as a result. 

[bookmark: OLE_LINK5][bookmark: OLE_LINK6]For example, the lift produced at 5° AOA in the split flap set-up would have been approximately equal to the lift force produced at 2° for the single airfoil set-up. However, this shift in the effective AOA was decreased as the AOA was increased and both were approximately equal at 20°. The reason for this can be explained by the fact that this set-up led to a higher blockage ratio. Therefore, compared to the single airfoil set-up at 20° AOA the blockage ratio would have been increased to 34.97% from 19.37%. As discussed earlier in this chapter and in relation to the theory covered in Section 3.4.2, this would have resulted in a better lift to drag ratio with a higher lift curve slope resulting. Thus this explains how the lift produced by the split flap set-up started off lower than that of the single airfoil, but gradually increased to a point where at 20° both were approximately equal. However, while the drag force should also have increased in relation to the increased blockage ratio, as mentioned above this must have been alleviated by the increased turbulence of the flow flowing over the flap from the main airfoil. Despite the increased blockage ratio of the split flap set-up, all modifications tested were compared relative to the split flap drag and lift baselines (Figure 4.20), which enabled a like with like comparison of the results.


[bookmark: _Toc273437414]4.7.2 NACA 0024 Split Flap Test Results

The first two modifications were where the flap had dimples applied to its middle and last 1/3rd sections, on the flow separation side, to both a low and high Ra degree. Therefore, all other sections on the flap and the entire main airfoil were left smooth. Out of the various tests conducted with the split flap set-up, the high Ra modification mentioned above provided the largest reduction in drag. Firstly the drag values obtained from these tests, in comparison to the split flap baseline values, are presented in Figure 4.21.


Figure 4.21: Comparison of drag results from first two modifications to the baseline values.

The flap dimpled with a low Ra effect, showed virtually no change in the drag levels produced at each AOA compared to the baseline. The blue trend line representing the baseline values was hidden behind the trend line of this modification for the majority of the AOA range. However, with the high Ra modification it was observed that the resulting increase in the surface roughness level led to a change in the drag levels. Therefore, at 0° AOA there was an increase in the drag force of 21.6% which can be attributed to the increased skin friction drag. However, at 5° AOA both drag levels were almost equal and the drag produced by the modified flap dropped below the baseline from this point onwards. This led to a drag reduction at 20° AOA of 8.23% (0.18N). 

In relation to the stability of the flap due to this modification, as with the tests conducted in the single airfoil set-up where the frontal section was not modified, there was no significant difference between the standard deviation values of this modification and the baseline. For example, the standard deviation of the baseline at 20° was 0.1N and the respective value for the ‘High Ra’ modification was 0.17N. It is also worth pointing out these values at 20° represented the largest difference between the two respective standard deviation values across the AOA range. As the reduction in the drag force was 0.18N, the respective standard deviation values (which were  values about the mean of the recorded fluctuating signals) illustrate that the 8.23% drag reduction value determined was accurate. Therefore, while this was a promising result in terms of drag reduction, the effects of this modification on the lift values must also be assessed. The lift results for these two modifications compared again to the baseline values can be seen in Figure 4.22.


Figure 4.22: Comparison of lift results from first two modifications to the baseline values.

In relation to the low Ra modification, as with the drag values in Figure 4.21 there was virtually no change from the baseline except for a very small drop at 20° AOA. For the high Ra dimple effect it can be seen that there was quite a small drop in the lift values, with the largest drop of 6.53% occurring at 10°. The drop in lift at 20° was only 1.94%, which when compared to the respective drag reduction of 8.23% at this AOA, which led to an increase in the aerodynamic efficiency of 6.87%. At 15° there was also a 5.73% increase in the aerodynamic efficiency and due to the largest drop in lift occurring at 10°, there was a small drop of 0.59% in the lift to drag ratio at this AOA. Therefore, it can be concluded for the high Ra modification that the best compromise in terms of a reduction in both drag and lift occurred at 20° AOA. This was so as at this AOA the level of flow separation would have been at its greatest, which led to the largest reduction in the drag force by the dimples as a result.

In terms of this middle and last 1/3rd high Ra modification discussed earlier in relation to the single airfoil testing with end-plates, the trend was similar for the drag results for both test set-ups. This was so as there was a drag increase in the low AOA range for both tests and from approximately 8° to 10° onwards the same modification provided an increasing drag reduction (relative to the respective baselines). For the single airfoil test there was a slightly larger drag reduction of 11.15% at 20°. However, there was also a larger effect on lift generation in the single airfoil test, with a reduction in lift from approximately 7° AOA onwards leading to a 8.46% reduction at 20°. Therefore, with a much lower lift loss the split flap set-up resulted in this modification providing a larger 6.87% increase in the lift to drag ratio at 20°, compared to the 3.13% increase for the single airfoil set-up. However, due to the presence of the main airfoil upstream of the flap and issues surrounding the increased blockage ratio, it would be expected that the lift and drag changes due to the same modification should have been different. Therefore, in both the single and split flap airfoil testing, this high Ra modification to the middle and last 1/3rd sections on the separation side resulted in the largest drag reduction without adversely affecting the aerodynamic stability.

Following this, the next two modifications were where the flap had the same high Ra modification as before, but the main airfoil was dimpled fully on both sides with a low and a high Ra dimple effect. Therefore, the drag results of these modifications compared to the baseline can be seen in Figure 4.23.


Figure 4.23: Comparison of drag results from modifications to the main airfoil.

This methodology was set up to determine if there was any benefit in dimpling the main airfoil in terms of the high Ra modification on the flap, which resulted in delayed flow separation and improved aerodynamic efficiency. In Figure 4.23 for the two modifications there was a slight increase in the drag at the lower AOA, but a decrease in drag at the higher AOA. However, it was when the main airfoil was dimpled with a low Ra, that it led to an overall larger decrease in drag compared to the baseline from approximately 10° onwards. While at 20° AOA the drop in the drag force experienced by the flap were approximately equal for the two modifications (≈4.5%), there was no significant reduction in drag for the high Ra modification except near the end of the high AOA range. 

The reason as to why there was a drag increase for both modifications in the low AOA range, at 5° in particular, was due to the added skin friction drag experienced by the flap as a result of the increased flow turbulence leaving the main airfoil. It was not until the AOA was increased further and where the flap started to generate higher levels of flow separation that the additional kinetic energy of the turbulent flow aided in delaying the point of flow separation. However, in Figure 4.23 it can be seen that it was the low Ra modification to the main airfoil that provided the best benefit in terms of drag reduction. The low Ra dimple effect provided the adequate level of flow turbulence to delay the point of flow separation on the flap, while the high Ra modification acted to increase the skin friction drag of the flap. It is only until near 20° AOA where the high Ra modification created a larger decrease in pressure drag, relative to the increase it caused in the skin friction drag. Therefore, the low Ra dimple effect provided the best compromise between both of these aspects. 

In relation to the effects of these two modifications on the lift characteristics, Figure 4.24 compares these results to the baseline lift values. Thus, by dimpling the main airfoil with either a low or a high Ra degree of dimples this adversely affected the lift generation characteristics of the flap. Similarly, the high Ra modification led to a larger drop in lift across the AOA range, with a 12.39% reduction at 20°. As a result of increased flow turbulence passing over the flap by increasing the surface roughness of the main airfoil, a lower lift curve slope for the flap as can be seen in Figure 4.24 was the case.




Figure 4.24: Comparison of lift results from modifications to the main airfoil.

In terms of the modifications to the main airfoil that were tested and considering the larger adverse effect they had on the lift characteristics of the flap, it is concluded that dimpling the main airfoil had an overall negative effect on the aerodynamic performance of the flap. The final test that was conducted with this set-up was where both the main airfoil and the flap had a high Ra dimple effect applied to both sides fully. In Figure 4.25 the drag results compared to the baseline can be seen. 

However, this modification had the worst overall effect on the drag and lift generated by the flap, where at 20° AOA there was a 3.4% drag increase and a 11.32% lift decrease. The drag increase due to this modification was actually at its lowest value of 3.4% at 20°, as it gradually became closer in value to the baseline from an initial increase of 67.84% at 0° AOA.

Figure 4.25: Comparison of drag results to the baseline values for modification to both airfoils.

In relation to the lift decrease, as can be seen in Figure 4.26 this was at its maximum at 15° AOA (14.56%) and was slightly less at 20° (11.32%). However, it can be observed that it gradually decreased with respect to the baseline from 0° AOA onwards. In comparison to the single airfoil testing, this same modification would have generated large aerodynamic instabilities and fluctuation of the forces. Due to the turbulent flow emanating from the main airfoil this instability effect was not present and the testing could be conducted up to 20° AOA. 

At 20° the lift standard deviation value compared to that of the baseline was nearly identical and while the value increased by approximately 2.5 times for the drag, no significant instability effects were observed during testing. The explanation for this effect was due to the turbulent flow that was reaching the leading edge of the flap. As with the single airfoil testing which had a laminar flow regime with low free-stream turbulence reaching the leading edge, a dimple modification to the first 1/3rd section would have created a rapid formation of a turbulent boundary layer. This was explained as the cause for the instability effect, which was exaggerated due to the low flexural and torsional strength of the flexures. However, as the flow leaving the dimpled main airfoil was turbulent in relation to the above modification, there would not be such a rapid formation of a turbulent boundary layer at the leading edge of the flap.

Figure 4.26: Comparison of lift results to the baseline values for modification to both airfoils.

Compared to Figure 4.24, where the flap had a middle and last 1/3rd high Ra modification with the main airfoil modified the same as in this test, the general trend of the lift dropping away from the baseline was similar. The 11.32% drop in the lift force at 20° AOA in this case was quite similar to the 12.39% drop for the test with the middle and last 1/3rd modification to the flap. Regarding the drag force, while it was a good deal higher than the baseline at the lower AOA, it closed in on the baseline values as the AOA was increased up to 20°. Therefore, the additional dimples on the flap caused an increase in the skin friction drag, which despite their ability to delay flow separation in the middle and last 1/3rd location, this increased the overall drag generated by the flap.


[bookmark: _Toc273437415]4.7.3 Baseline Results – NACA 0006 Flap

Following the use of a 0024 profile as the flap a 0006 profile was also tested. The baseline drag and lift results, which are compared to the baseline test with only the flap in place, can be seen in Figure 4.27.


Figure 4.27: Comparison of the 0006 baseline tests with the split flap set-up and the single flap airfoil (S) set-up.

For the comparison of the drag baselines, it can be observed that there was very little difference in these results. At 0° AOA the drag produced in the split flap set-up was 56.09% lower than in the single airfoil set-up and at 15° it was 5.03% lower. In relation to same baseline comparison for the 0024 flap in Figure 4.20, the single airfoil set-up produced more drag which increased as AOA became higher. However, in relation to Figure 4.27 the difference in the drag forces produced between both set-ups was much smaller and it peaked at 0° AOA. The reason for the 5% less drag produced by the split flap at 15° would have been due to the distorted flow leaving the main airfoil and the support frame in particular. This therefore acted to delay the point of flow separation on the flap slightly. Also, regarding Figure 4.20 the smallest difference in drag was at 0° and as can be seen in Figure 4.27 there was a large difference. This must have been due to the tilting of the flow leaving the main airfoil/support frame, which affected the 0006 flap more so at 0° and it must have brought its effective AOA closer to a true 0°, with respect to the free-stream flow. 

In relation to the lift forces generated it can be seen that there was a larger difference in these values, as was the case in Figure 4.20, compared to the drag baselines. The lift force at 0° AOA in the split flap test was however a positive value of 1.31N compared to the negative lift case with the 0024 flap. The split flap set-up was producing slightly more lift at 0°, but following approximately 2°, the levels of lift produced remained lower than the single airfoil case. This must have been the case due to the main airfoil deflecting the flow over the flap, such that it decreased its effective AOA and less lift was produced in the AOA range as a result. Again, this was a similar result to the 0024 flap in Figure 4.20, however the 10.41% drop at 15° was larger than the respective drop of 6.46% for the 0024 flap. In addition, in Figure 4.20 the lift produced by the split flap set-up closed in on the single airfoil values as the AOA was increased, with them being approximately equal at 20°.

An important point to note from Figure 4.27 is that, even though the 0006 profile had a low stalling angle, in the split flap set-up it was much more stable and was tested up to 20°. While the values of the standard deviation were higher at 20° when compared to the 0024 split flap case, these values would have been comparable to those found at 9° in the single 0006 baseline test. Therefore, no significant fluctuation in the forces occurred at 20° AOA and this allowed for a larger testing range to be analysed as a result. 


[bookmark: _Toc273437416]4.7.4 NACA 0006 Split Flap Test Results

The modification that was tested with this set-up was where both the main and flap airfoils were dimpled with a high Ra fully on both sides (Figure 4.28). When the drag and lift results were compared to the baseline values in Figure 4.27 there was an increase in drag of 80.67% at 0° AOA. Therefore, not only did the dimples on the flap increase the skin friction drag, but the turbulent flow generated by the dimples on the main airfoil acted to additionally increase the skin friction drag. However, as the AOA was increased the difference in the drag forces became much smaller, with only a slight increase of 2.38% at 20°. As a result no significant reduction of flow separation occurred and despite that the increased skin friction drag would have became a smaller component of the overall drag force as the AOA was increased, there was still a small drag increase at 20°.


Figure 4.28: Drag and lift results for the high Ra modification applied fully to both airfoils.

Regarding the lift force differences with respect to the baseline values, the modification to the main airfoil and flap resulted in a lift increase of 15.77% at 0°. However, as the AOA was increased to approximately 8° there was a cross-over of the two respective lift curves and from this point onwards the dimple modification resulted in a small lift decrease. At 15° the lift reduction was 3.57% and at 20° it was 2.61%. However, this same modification in the case of the 0024 split flap had a worse effect on the lift at 20° AOA, with an 11.32% decrease compared to its baseline. While the lift curves as a result of the same modification to the 0006 and 0024 split flap set-ups were quite different, the drag curves exhibit similar trends. In comparison to the same relative modification in the 0006 single airfoil testing, due to the presence of the dimpled main airfoil there was a drastic improvement in the standard deviation values. This was so as the single 0006 airfoil had a drag standard deviation value of 2.14N and a lift value of 0.87N at 12° AOA, but the split flap had respective values of 0.3N and 0.37N. The increased turbulence of the flow over the flap from the main airfoil resulted in a more steady formation of a turbulent boundary layer at the leading edge of the flap, thereby it virtually eliminated this instability effect.

Therefore, from the wide range of testing conducted during Phase 2 of the research with the use of the balance and DAQ set-up (System 2), a summary will now be presented with the main findings in relation to the effect of the dimple modifications on lift and drag. Firstly, it can be stated that dimpling the frontal section of the low pressure side of the airfoils led to large aerodynamic instabilities. As a result, the testing could only be conducted up to a typical AOA of 10° in order to prevent damage being caused to the flexures. Therefore, dimples located before the aerodynamic centre of the airfoil led to this instability effect, as a result of the formation of a turbulent boundary layer at the front of the airfoil. However, adding dimples from the 0.33c point onwards, thereby allowing the formation of a laminar boundary layer at the front of the airfoil which was later tripped into turbulence, did not result in such force fluctuations.

Dimpling the full high pressure side of the NACA 0024 profile (single set-up) with a high Ra dimple effect resulted in a 6.84% average lift increase, across the AOA range. There was a small increase in drag in the low AOA range, but the values were similar to the baseline from 12° onwards (high AOA range). This increase in lift was caused by the turbulent flow, leaving the high pressure side, tilting the flow behind the airfoil downwards. This effect is similar to the downwash effect that is associated with wing tip vortices. This resulted in an effective local AOA increase at the aerodynamic centre. For the NACA 0024 profile, an increase in the lift force was also observed as a result of a high Ra modification to the middle and last 1/3rd sections, on the flow separation side. There was a large lift increase of 144.18% at 0° with a much smaller increase after this, between approximately 6.5% to 2.5% (decreasing towards 20°). This effect was caused by the dimples decreasing the pressure gradient above the airfoil. However, in relation to the modification to the high pressure side, which also resulted in a lift increase, this effect would have been suppressed by the higher pressure gradient on this side of the airfoil. Therefore, the increases in the lift force were explained to be caused by these two different mechanisms.

In terms of the best result achieved with the use of the end-plates applied to the 0024 profile, this was where the middle and last 1/3rd sections on the low pressure side were dimpled with a high Ra. Although there was a small drag increase in the low AOA range, from 10° onwards the drag force generated compared to the baseline decreased. However, the lift force also decreased from approximately 8° onwards and at 20° there was a drag decrease of 11.15% with a lift decrease of 8.46%. This therefore led to a marginal increase in the aerodynamic efficiency of 3.13%.

In terms of the best modification regarding the split flap set-up, this again was where the 0024 flap had its middle and last 1/3rd sections dimpled with a high Ra. Therefore, with this modification and with the main airfoil left fully smooth, this resulted in a drag decrease from approximately 8° AOA onwards. While there was an initial increase in drag in the low AOA range, explained to be due to the dimples increasing the skin friction drag, this modification led to a maximum drag decrease of 8.23% at 20°. In relation to the effects on the lift force, there was an overall very small drop across the AOA range, with the largest drop of 6.53% occurring at 10°. Therefore, when the respective 1.94% drop in lift at 20° was compared to the decrease in drag at this AOA, this led to an increase in the aerodynamic efficiency of 6.87%.




















[bookmark: _Toc273437417]4.8 Phase 2 Smoke Flow Visualisation Photography


Following the experimental testing with the use of the strain gauge balance and DAQ set-up, the next step was to carry out the smoke flow visualisation photography. It was hoped that this process would have allowed a visual interpretation of the some of the drag and lift results gathered from the previous testing. However, it must be pointed out that this part of the research was carried out in a much shorter period of time due to the extent of work involved with the design, optimisation, calibration and testing with the balance set-up. It was therefore considered as an addition to the previously discussed experimental results, which comprised the vast majority of the experimental testing.

There were two separate parts to the smoke flow visualisation photography: testing an airfoil set-up with no modifications (baseline) and the testing of a particular dimple modification for comparison. It was decided to conduct these tests at 0° and 20° AOA, in order to have photographs from both ends of the AOA range. In addition, time restrictions did not allow for more photographs to be taken from different AOA. It was decided that for this testing a single 0024 airfoil set-up would be used. The dimple modification tested was the middle and last 1/3rd high Ra dimple effect, to the flow separation side. Therefore, the drag and lift results gathered for this modification from the testing with System 2, with respect to Figures 4.14 and 4.15, were compared to the observations from the photography. As discussed in Section 3.11, this smoke flow visualisation process was conducted with the wind tunnel fan set to its lowest speed setting. This created a flow velocity through the test section of approximately 8.15m/s. Conducting the smoke flow visualisation tests at this low speed achieved the best results in terms of the quality of the photography. This was so as at higher flow speeds the smoke stream experienced degradation and the smoke stream became less visible as a result. 

This property is known as mechanical degradation in flow (MDF) as discussed in Section 3.11. Two different shutter speeds were used for the photography. The quickest setting of 1/4000th of a second was used to capture an ‘instantaneous’ image. In addition, a shutter speed of 1/200th of a second was used to produce photographs that resulted in a more solid and ‘fluid-like’ streamline of the smoke flow.  This allowed for a comparison between different images, which resulted in different flow characteristics being observed. In terms of analysing the distance that a smoke particle travelled for the 1/4000th and 1/200th shutter speeds, in relation to the 8.15m/s flow velocity, this would have been approximately 2mm and 41mm respectively. Therefore, a photograph that was taken at the 1/4000th shutter speed of the unmodified 0024 airfoil at 0° can be seen in Figure 4.29(a), with the 1/200th shutter speed photograph in Figure 4.29(b). 
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Figure 4.29: (a) The unmodified 0024 airfoil at 0° with the 1/4000th shutter speed, (b) with a 1/200th shutter speed.

Therefore, upon analysing Figure 4.29(a) it was apparent that the smoke streamline was somewhat unsteady in nature. The Re of the flow at this slowest tunnel speed was 112,845 and well within the Re criterion of 500,000 for a laminar flow regime [9]. In addition, the free-stream turbulence intensity levels were reduced as much as possible as discussed in Section 3.4.1. Therefore, at this lowest speed it is considered that the velocity was slightly too fast, which led to a certain degree of flow degradation. This was also true in relation to the photographs taken at 20° AOA, as will be seen below, where it was difficult to observe individual vortex structures. 

Thus, for the analysis of the drag and lift characteristics of the airfoil, in relation to the relevant photographs, it was possible to assess certain other aspects of the smoke stream. These were: its thickness and the point at which there was an increase in the distance between the smoke stream and the upper surface of the airfoil. The smoke stream was injected into the test section such that it was approximately 1cm above the airfoil near its leading edge, when the airfoil was at 20°. Therefore, the point at which along the airfoil this gap suddenly increased was indicative of the free shear layers and the flow separation point. However, in relation to Figure 4.29, the smoke stream followed a straight path through the test section. Therefore, no effects of downwash as a result of lift generation and the wing tip vortices were the case at 0° AOA. In Figure 4.30 the photographs taken for the modified airfoil at 0° can be seen.

From the results obtained with the balance an increase of 144.18% in lift was the case at 0° for this modification. This was as a result of the increase in the low pressure region above the airfoil, due to the creation of turbulence by the dimples in the middle and last 1/3rd sections. Therefore, when comparing the two photographs in Figure 4.30 to those in Figure 4.29, it can be seen that the smoke stream was thicker due to this reduction in pressure. This effect was more obvious with the two respective 1/4000th shutter speed photographs, corresponding to (a) in both Figures 4.29 and 4.30.
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Figure 4.30: (a) The modified 0024 airfoil at 0° with the 1/4000th shutter speed, (b) with a 1/200th shutter speed.

It is worth pointing out that the smoke stream varied slightly over the range of photographs taken, in terms of its concentration due to the slightly fluctuating vaporisation process of the oil. In addition, as the lift and drag forces would have fluctuated slightly over time this would also have created a slight variation in the photography. However, a general trend was noticed whereby the smoke stream was slightly thicker for the dimpled airfoil, which appears to be consistent with the explanation given of the reduction in pressure. In Figure 4.31 the photographs taken for the dimpled airfoil at 20° AOA can be seen.
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Figure 4.31: (a) The modified 0024 airfoil at 20° with the 1/4000th shutter speed, (b) with a 1/200th shutter speed.

In Figure 4.31(a) it was observed that vortex shedding characteristics were highlighted by the smoke stream. As the individual vortices could not be clearly identified due to the flow velocity as previously discussed, empty regions where no smoke was evident were representative of the large vortex structures. This was so due to their high turbulence which caused a large degradation of the smoke flow. This effect was more noticeable as the smoke flow moved further downstream, due to the propagation of the vortices. Therefore, in comparison to the smoke stream prior to the flow separation point, the concentration of the stream became lower due to the degradation effects of the highly turbulent wake region. The downwash (labelled in Figure 4.31(b)) occurred due to the induced velocity in a downward direction as a result of the wing tip vortices [7]. This induced drag component, as discussed in Section 2.1.5 and in relation to the results presented thus far in this chapter, increased the effective AOA at the aerodynamic centre of the airfoil [7].
In addition, in Figure 4.31(b) the photograph was taken at a slightly lower height in order to allow the increasing distance of the smoke stream from the airfoil to be observed more clearly. On the other hand, the slightly higher angle that the camera was set to on the tripod was to allow a better observation of the smoke stream at the leading edge of the airfoil. This was therefore due to the design of the balance which blocked the airfoil view to some extent. However, for this 0024 profile the maximum lift coefficient should be reached when the flow starts to separate at approximately the mid-chord point [7]. Therefore, in Figure 4.31(b) it can be seen that the point at which the flow separated, where the gap between the smoke stream and the airfoil suddenly increased, was located at approximately the mid-chord point. However, it was known that the high blockage ratio affected the lift and drag forces and in particular the lift curve slope, with no stalling point evident from the results obtained with the balance. While the stalling AOA of the 0024 profile should have been approximately 18° [6], it could have been possible that if the AOA was increased beyond 20° a stalling point would have been observed in the graphs presented in this chapter.

Due to the small changes in lift and drag, apart from the large lift increase at 0°, it was difficult to relate characteristics from the photography to the results obtained for this modification. For the most part, there was not a large amount of variation in the forces throughout the testing with System 2, as a result of a dimple modification being compared to the baseline results. While it would have been interesting to photograph other dimple modifications, such as those from the split flap or the end-plate testing, time restrictions did not allow for this. Also, as stated before, the work carried out in relation to Phase 2 testing and the amount of time involved with all the elements surrounding the balance/DAQ system (System 2) design and implementation, therefore comprised the majority of the overall research.






[bookmark: _Toc273437418]Chapter 5 – Conclusions & Recommendations


[bookmark: _Toc133393260][bookmark: _Toc259616611][bookmark: _Toc273437419]5.1 Conclusions


The conclusions drawn from this research were as follows:

· A literature review was conducted on topics such as aerodynamics, fluid mechanics and flow separation in particular. Chapter 2 also contained a detailed review of recent research conducted into new drag reduction techniques. Other sections discussed strain gauge theory and introduced the concept of internal/external strain gauge balances. This background research set the current work into context in terms of originality. However, it must be stated that overall there was a lack of research concerning surface modifications specifically for reducing pressure drag and delaying flow separation on airfoils. The completion of this literature review therefore achieved Aim 1 as set out in Chapter 1. 

Aim 2 defined in Chapter 1 was achieved as follows:

· Following on from Phase 1 of the research, a new strain gauge balance (System 2) was designed and manufactured, for Phase 2 of the research, in order to meet the specific testing requirements. This design corrected the measurement errors and low sensitivity associated with System 1. 

· In conjunction with this, a data acquisition system was constructed to capture the fluctuating drag and lift forces. The overall set-up was highly sensitive and had the ability to measure the forces with a high degree of accuracy and stability over time. The wind tunnel was also modified in order to reduce the free-stream turbulence through the test section. This resulted in a decrease of the maximum flow velocity through the test section from 27.25m/s to 23.2m/s. 

· A thorough calibration process was conducted for Systems 1 and 2. In particular with System 2, the calibration highlighted its very high sensitivity and stability. It also verified the effectiveness of its design with very small levels of force interaction occurring between the two sets of flexures. In addition, a force interaction matrix method was used to account for the small interaction on the drag output due to the lift force (System 2). 

Aim 3 defined in Chapter 1 was achieved as follows:

· Three different 4-digit NACA profiles were chosen as the test models. These were: a thin symmetric (0006) profile, a thick symmetric (0024) profile and a thick cambered (4424) profile.

· The airfoil test models were dimpled through a sand blasting process. From this, it was possible to obtain different levels (degrees) of surface roughness. Two main degrees were used and they were classified as a low and a high Ra (average surface roughness value) dimple effect. The other aspect of modifying the airfoils was the location of the dimples. These were applied to various sections on the flow separation (low pressure) side of the airfoil and to the high pressure side also.

· The airfoils were tested through an AOA range from 0° to 20°. It was initially expected that this would allow an analysis of the effect of the dimples past the stalling AOA of the airfoils. However, as a consequence of the high blockage ratio involved with the testing, this resulted in the characteristics of the drag and lift forces being affected. As a result of an aspect known as ‘streamline curvature’, this led to no stalling point being evident on the lift curve slopes upon analysing the test results.

· The airfoils were tested in different set-ups, these were: the NACA 0006 and 0024 profiles were tested individually known as ‘Single Airfoil Testing’, the NACA 0024 profile was tested with the use of end-plates in order to observe the effects of the dimples as a result of greatly reducing the induced drag component, and these two profiles were also tested in a split flap configuration, known as ‘Split Flap Airfoil Testing’. All of this testing constituted the Phase 2 testing, with the NACA 4424 profile tested in Phase 1. However, due to the measurement errors associated with System 1, the results obtained in Phase 1 had uncertainties in their accuracy.

· In relation to the induced drag component, this was particularly high for the test models used as they had an aspect ratio of only approximately 1. Therefore, a large degree of wing tip vortices would have been present which adversely affected the lift to drag ratio of the airfoils.

· Based on the single airfoil testing, this had a maximum Re of 321,227 which signified a laminar flow regime. With regards to the split flap airfoil testing, the maximum Re based on the effective chord length of the main airfoil and the flap was 588,141. Therefore, this number signified that the flow was just inside a transition region from laminar to turbulent flow.

Aim 4 defined in Chapter 1 was achieved as follows:

· From the testing it was discovered that dimpling the frontal section of the low pressure side of the airfoils led to large aerodynamic instabilities. The drag and lift force signals recorded by the DAQ system exhibited large fluctuations over time, with correspondingly higher values of signal standard deviation. As a result, testing could only be conducted up to 10° AOA approximately, in order to prevent damage being caused to the flexures. Therefore, dimples located before the aerodynamic centre of the airfoil led to this instability effect, as a result of the formation of a turbulent boundary layer at the front of the airfoil. However, adding dimples from the 0.33c point onwards, thereby allowing the formation of a laminar boundary layer at the front of the airfoil, did not result in such force fluctuations.

· In relation to comparing the standard deviation values produced as a result of the different modifications, it was observed that not only did the range of the fluctuations change, but also the frequency of the force variation changed. Therefore, two signals from two separate tests may have had similar values of standard deviation, but one signal would have signified a more rapid fluctuation of the drag/lift forces.

· Dimpling the full high pressure side of the NACA 0024 profile, with a high Ra dimple effect, resulted in a 6.84% average lift increase across the AOA range. There was a small increase in drag at the lower AOA, but the values were similar to the baseline from 12° onwards. This increase in lift was caused by the turbulent flow, leaving the high pressure side, tilting the flow behind the airfoil downwards. This was similar to the downwash effect associated with wing tip vortices. This resulted in an effective local AOA increase at the aerodynamic centre. 

· For the NACA 0024 profile, an increase in the lift force was also observed as a result of a high Ra modification to the middle and last 1/3rd sections, on the flow separation side. There was a large increase of 144.18% at 0° with a much smaller increase after this, between approximately 2.5% to 6.5% (decreasing towards 20°). This effect was caused by the dimples decreasing the pressure gradient above the airfoil. However, in relation to the modification to the high pressure side which also resulted in a lift increase, this effect would have been suppressed by the higher pressure gradient on this side of the airfoil.

· [bookmark: OLE_LINK1][bookmark: OLE_LINK2]In terms of testing the NACA 0024 profile with end-plates in order to reduce the induced drag component, this resulted however in an effective AOA shift due to the additional weight creating a moment on the sensitive flexures. As a result, the additional lift force generated at 0° was 1.81N and this was extrapolated to be equivalent to the lift force generated at 3.7° approximately, for the baseline test without end-plates. The additional drag force of 0.35N at 0° was found to be equivalent to that produced at 6.6° approximately, also for the case without end-plates. However, even when this initial offset was subtracted from each AOA value, the lift curve slope increased with the use of the end-plates. There was a peak increase in lift of 2.57N at 14° AOA and the increase relative to the baseline became smaller after this. However, the extent of the relative drag increase as the AOA was increased, compared to the baseline test without end-plates, was due to the proximity of the end-plates to the test section walls. As a result, there must have been some local flow separation occurring along the sides of the end-plates. In terms of the stability of the airfoil with the end-plates attached, this resulted in drag and lift standard deviation values much less than those for the 0024 profile without end-plates.

· In terms of the best result achieved with the use of the end-plates applied to the 0024 profile, this was where the middle and last 1/3rd sections on the low pressure side were dimpled with a high Ra. Although there was a small drag increase in the low AOA range, from 10° onwards the drag force generated compared to the baseline decreased. However, the lift force also decreased from approximately 8° onwards and at 20° there was a drag decrease of 11.15% and a lift decrease of 8.46%. This therefore led to a marginal increase in the aerodynamic efficiency of 3.13%.

· With regards to the testing with the split flap set-up, when compared to the single airfoil (flap only) baseline it was observed that both the drag and lift forces were lower across the AOA range. There was a larger difference in the lift force initially and as the AOA approached 20°, it became closer in value to the single airfoil set-up. Therefore, at 20° these values were approximately equal, however there was also a 14.07% decrease in the drag force at this point. These differences in the drag and lift curve slopes were due to the increased blockage ratio of the set-up, with a maximum value of 34.97% compared to the maximum value of 19.37% for the single airfoil set-up. In addition, the main airfoil and support frame set-up acted to increase the flow turbulence and created a flow angularity over the flap, thereby explaining the decrease in the drag and lift forces, respectively.

· In terms of the best modification regarding the split flap set-up, this again was where the 0024 flap had its middle and last 1/3rd sections dimpled with a high Ra. Therefore, with this modification and with the main airfoil left fully smooth, this resulted in a drag decrease from approximately 8° AOA onwards. While there was an initial increase in drag in the low AOA range, explained to be due to the dimples increasing the skin friction drag, this modification led to a maximum drag decrease of 8.23% at 20°. In relation to the effects on the lift force, there was an overall very small drop across the AOA range, with the largest drop of 6.53% occurring at 10°. Therefore, when the respective 1.94% drop in lift at 20° was compared to the decrease in drag at this AOA, this led to an increase in the aerodynamic efficiency of 6.87%.

· By increasing the surface roughness of the main airfoil this led to a decrease in the lift produced by the NACA 0024 flap. The high Ra dimple effect applied fully to both sides of the main airfoil led to a lift decrease of 12.39% of 20°. Therefore, the increase in the flow turbulence over the flap acted to reduce the lift curve slope.

· Even though dimpling the frontal section of the flow separation side in the single airfoil testing led to large instability problems, when the main airfoil was dimpled this alleviated this effect occurring with the flap. Therefore, the increased flow turbulence, as a result of the dimples on the main airfoil, allowed a more steady formation of a turbulent boundary layer at the leading edge of the flap. This thereby virtually eliminated the aerodynamic instability and this applied for the testing with both the NACA 0024 and 0006 flaps. 

· As the final part of Phase 2 of the research the smoke flow visualisation photography was carried out. However, as the design, optimisation, calibration and testing with System 2 comprised the majority of the overall research, the smoke flow analysis was conducted over a short period of time. Despite this the photography revealed some interesting flow characteristics which were used to verify some explanations given in relation to the test results obtained with System 2. It was concluded that while this process was conducted with the wind tunnel set to its lowest flow velocity (8.15m/s), this flow velocity was still slightly too fast. This was so as it appeared to cause a certain degree of flow degradation in the smoke stream and it was difficult to observe individual vortex structures.











[bookmark: _Toc273437420]5.2 Recommendations


The following recommendations have arisen from the research:

· In relation to the Reynolds numbers involved with the testing, the dimples may produce a greater amount of drag reduction by delaying flow separation as a result of a higher Re flow scenario. As laminar separation was applied to the experimentation, the dimples may not have provided enough excitation to the boundary layers to overcome the severity of the flow separation associated with laminar flow regimes. Therefore, perhaps the maximum velocity of the tunnel could be increased by the installation of a more powerful fan, or test models based on longer chord lengths could be used. However, an increase of the model size would be restricted due to blockage ratio issues. 

· As opposed to airfoils, alternative test models could be tested with this dimple effect. Since there were concerns regarding the blockage ratio in this research, smaller objects which would produce large amounts of pressure drag, thus forward/rearwards facing steps with faces normal to the free-stream flow, could be tested.

· With regards to the smoke flow visualisation photography, the slowest tunnel velocity that could be selected on the fan speed controller was 8.15m/s. For more effective future testing with smoke flow, it would be preferable to use a different controller to achieve a lower velocity which would reduce the mechanical degradation of the smoke particles.





[bookmark: _Toc273437421]5.3 Conference Attendance and Presentations


· A poster entitled “Reduction of Flow Separation by Excitation of Boundary Layer Kinetic Energy around an Airfoil” was presented at the 11th Annual Sir Bernard Crossland Symposium, which was held at the University of Limerick on March 12th and 13th 2008. It was organised jointly by Engineers Ireland and the Council of Professors of Mechanical Engineering. Presentations were made by many research students from various universities all over Ireland. 

· [bookmark: _Toc133393262]In October 2006 attendance at the 6th MIRA International Aerodynamics Conference which was held in the Heritage Motor Centre in Warwickshire, England. It ran over two days and was attended by over 100 delegates from all over the world. Papers were presented on various aspects of aerodynamic design relating to saloon cars, trains and motorsport. It also featured presentations on the use of CFD in the development of aerodynamic designs and the design and testing set-up of wind tunnels. While no paper was presented, as this was near the start of the research, attending this conference proved to be very informative and allowed a great insight into the current trend in aerodynamic design.
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[bookmark: _Toc273437424]Appendix A – Recent Numerical Developments of Drag Calculation


Following on from Section 2.4, the process by which Equation 2.13 was developed by van Dam [34] is discussed. There are two different perspectives when examining the drag force on an object. One angle is from that of the body and another is from that of the fluid flow. According to Newton’s third law, the force on an object due to the fluid flow over it is opposite to the force imposed by the object on the fluid flow. Therefore, alternate drag equations to Equation 2.1 described in Section 2.1.3, which is the classical drag force equation dating back many years, have been developed which are more modernised and specialised. These equations will be discussed from the object perspective firstly and then from the fluid-flow perspective.


[bookmark: _Toc273437425]A.1 Object Perspective

As air flows over an aircraft wing for example, normal and tangential forces which constitute drag and lift forces can be expressed in the following total form [34]:

Fb = ∫∫ ( - pn + τ : n) dSBody							Equation A1

Where: SBody is the integration surface of the body, p is the pressure, n = nx + ny + nz which is the outward pointing unit vector normal to SBody and τ is the viscous stress tensor = 

The viscous stress tensor includes all of the laminar and turbulent stresses acting on the air molecules. The total force Fb has the following force components (assuming a right-handed coordinate system with orthogonal axes as that in Figure A1): drag which is aligned with the free-stream velocity (U∞), the side force to the right and lift pointing straight up [34]. Therefore, this total force can be expressed as follows [34]:

Fb = D + Y + L								Equation A2

Therefore, this leads to the expression in relation to the three aforementioned forces acting through the aerodynamic centre on the object. The aerodynamic drag can now be expressed by altering Equation A1 with respect to the τ matrix [34]:

D = ∫∫ (- pnx + τxxnx + τxyny + τxznz) dSBody					Equation A3

Determining the drag using Equation A3 for a complex shape such as an airfoil would need to be conducted with powerful numerical software. In addition, the pressure term (p) in Equation A3 may include components of a variety of phenomena such as induced drag, and wave drag when analysing supersonic flows [34]. It is when these contributions are separated into their individual components that a greater understanding of the nature and origins of drag can be gained, as opposed to representing the drag force/coefficient by a numerical value.


[bookmark: _Toc273437426]A.2 Fluid-Flow Perspective

Upon analysing the effect of an object moving through the air, such as an airfoil, it effects the movement and forces exerted on the fluid. As before and in relation to Newton’s third law of motion, the air will generate forces on the airfoil and vice versa. Therefore, certain equations have been developed that describe the linear-momentum relation for a volume of air (V), enclosing an airfoil in steady uniform flow [34]:

Σ F = ∫∫ ρV(V · n) dSBody							Equation A4

Where: Σ F is the vector sum of all forces acting on the air inside the control volume (V), ρ is the density of the air flow, V = u + v + w which is the mean air flow velocity inside the control volume and (S) is the closed control surface [34]. In Figure A1 the closed control surface (S) is illustrated, where (S) = SExit + SSide + SInlet and note that the inlet and exit sides of the control surface are normal and the side planes are parallel to the free-stream flow. 
[image: ]












Figure A1: A 2-D airfoil in uniform flow inside the control surface [34].

Following on from Equation A4, its left-hand side can be written as the sum of the total forces generated by the airfoil on the air itself from before (- Fb), the pressure force on the fluid at S and also the viscous force on the air at S [34]:

Σ F = - Fb + ∫∫ - pn dS + ∫∫ τ : n dSBody						Equation A5

By combining Equations A4 and A5, the following so called far-field expression for the drag can be obtained [34]:

D = - ∫∫ [pnx + ρu(V · n) + (τxxnx + τxyny + τxznz)] dSBody	Equation A6

However, in reality an airfoil would be travelling in an unbounded flow. Therefore, it is necessary to consider the effect of moving the inlet, exit and sides of the control surface in Figure A1 far enough away from the airfoil to represent a true unbounded flow. Thus to safely make the assumption that the flow is undisturbed at those locations, this leads to the following final expression for the drag force [34]:
D = - ∫∫ [(p – p∞) + (ρu2 - ρ∞)] dSExit  +  ∫∫τxx dSExit		Equation A7

Therefore, U∞∫∫(ρu - ρ∞U∞) dSExit is equal to U∞, where  is the net mass of the air generated within the control surface defined in Figure A1 [34]. If the analysis is restricted to the air flow where  is zero and making the assumption of inviscid flow, this leads to the drag integral [34]:

D = - ∫∫ [(p – p∞) + ρu(u - U∞)] dSExit						Equation A8

However, the problem with Equation A8 is that the integration must be calculated over a very large area in order to capture all of the pressure and momentum flux, which are contributing to the overall drag force [34]. It is possible to develop Equation A8 into a more user-friendly equation where it only requires an evaluation over a limited area [34]. While a description of its derivation is outside the scope of this section, the result of this is Equation 2.13 as presented in Section 2.4.
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The details of all the test models used in this research (Phase 1 and 2 testing) are listed in Table B1. It can also be seen that the airfoils had an aspect ratio (span divided by chord) of approximately 1.


	Test Model
Number
	NACA Profile
	Chord (mm)
	Span (mm)
	Aspect Ratio

	*Phase 1 Testing*

	1
	0006
	210
	208
	0.99

	2
	0006
	210
	208
	0.99

	3
	0024
	205
	209
	1.02

	4
	0024
	207
	209
	1.01

	5
	4424
	205
	208
	1.01

	6
	4424
	205
	209
	1.02

	*Phase 2 Testing*

	1
	0024
	207
	209
	1.01

	2
	0024
	206
	210
	1.02

	M1
	0024
	207
	201
	0.97

	F1
	0024
	207
	210
	1.01

	M2
	0024
	206
	201
	0.98

	F2
	0006
	207
	210
	1.01


Table B1: The dimensions and resulting aspect ratio for each of the test models used.
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The properties of the strain gauges that were used with Systems 1 and 2 are listed in Tables C1 and C2 respectively.

	Strain Gauge Specifications

	Maximum Measurable Strain
	3 - 4%

	Gauge Resistance
	120Ω

	Gauge Resistance Tolerance
	Within 0.5%

	Grid Length
	8mm

	Gauge Factor
	2.1

	Gauge Factor Tolerance
	Within 1%

	Carrier Length
	13mm

	Width
	2mm (Grid)    4mm (Carrier)

	Grid Material
	Constantan (Copper-Nickel Alloy)

	Operating Temperature Range
	-30ºC to +80ºC (Polyester Carrier)

	Thermal Output
	Within 2µε/ºC

	Gauge Factor Change with Temperature
	Within 0.015%/ºC



Table C1: Specifications of the strain gauges used with System 1.






	Strain Gauge Specifications

	Maximum Measurable Strain
	3%

	Linear Expansion Factor
	16.2 × 10-6/ºC
(Steel Temperature Compensated)

	Gauge Resistance
	1000Ω

	Grid Length
	13mm

	Gauge Factor
	2

	Gauge Factor Tolerance
	Within 5%

	Carrier Length
	22.7mm

	Width
	7.2mm (Grid)   10mm (Carrier)

	Grid Material
	Constantan (Copper-Nickel Alloy)

	Operating Temperature Range
	-30ºC to +180ºC (Polyimide E Carrier)

	Maximum Supply Voltage
	55VRMS


Table C2: Specifications of the strain gauges used with System 2.
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The properties of the stainless steel material used for the flexures in System 2, and the aluminium grade used for all the other balance components (in Systems 1 and 2) are listed in Tables D1 and D2 respectively.

	Stainless Steel 304
18/10 Stainless (18% Chromium, 10% Nickel and 0.08% Carbon approx.)

	Density
	8,000kg/m3

	Hardness (Vickers)
	129

	Yield Tensile Strength
	215MPa

	Ultimate Tensile Strength
	505MPa

	Young’s Modulus
	200GPa

	Elongation at Break
	70%

	Thermal Conductivity
	16.2W/mK







.  


Table D1: Mechanical and thermal properties of the stainless steel material used for the flexures in System 2.








	Aluminium 6082-T6
(Approx. 0.6% Magnesium and 1% Silicon)

	Density
	2,700kg/m3

	Hardness (Vickers)
	95

	Yield Tensile Strength
	255MPa

	Ultimate Tensile Strength
	300MPa

	Young’s Modulus
	70GPa

	Elongation at Break
	10%

	Thermal Conductivity
	170W/mK


Table D2: Mechanical and thermal properties of the aluminium material used for the various balance components (Systems 1 and 2).
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[image: ]
Figure E1: Diagram illustrating the loading scenario on the flexures.

Where W is the load, L is the length of the flexure and x is the distance of a point on the flexure from the fixed support end. Therefore, the flexure loading was defined as a thin beam that was free and guided at one end and fixed at the other end [47]. The equation to calculate the stress at any point along the flexure is as follows [47]:

Stress at any point = σ =  (L – x )					Equation A9

Where Z is the section modulus of the flexure cross-section and this is equal to the moment of inertia (I) divided by the distance from the neutral axis of the flexure to its top or bottom surface, or in effect half its thickness, (c). The section modulus can therefore be defined by [47]:

Section Modulus = Z =  = (/12) / (h/2)					Equation A10

Where b is the width of the flexure and h is its thickness. From Equation A9 it can be seen that the maximum stress occurred at the fixed support, where the value of x was zero. The level of stress gradually decreased along the length of the flexure in a linear fashion. Therefore, the stress at the fixed support can be simplified to [47]:

σ = 									Equation A11

Equations A9 and A11 are in contrast to the equation for a cantilevered beam, which does not have its length value (L) divided by 2. Initially it was known that the flexures should be as thin as structurally possible, in order to maximize the strain sensitivity. Therefore, the flexures were cut from a sheet of 0.5mm thick Stainless Steel 304. However, regarding the thickness value, upon measurement it was found that the average thickness value of the sheet was 0.6mm. In terms of accuracy for the calculation of the maximum stress levels and relevant force loading, this value was used as opposed to 0.5mm. The width of the flexures were chosen initially to be 20mm, which was the same width as the connection blocks (Figure 3.32). As a result, the only variable to be selected was the length of the flexures and this simplified the design process. Due to the modifications to the wind tunnel to reduce the test section flow turbulence (for Phase 2), this reduced the flow velocity through the test section. 

Therefore, an approximate guideline of 10N maximum lift force and 4N maximum drag force, was extrapolated from the Phase 1 test results in conjunction with the knowledge of the reduced tunnel velocity values. These two values determined were also slightly conservative and it was expected that the maximum drag and lift values would be slightly less. By re-arranging Equation A11 for W, which would represent the maximum load required in order to cause failure to the flexures (σ was 215MPa from Appendix D), the active strain lengths of the drag and lift flexures were determined to be 55mm and 35mm respectively. The corresponding force (aerodynamic loading) that needed to be applied to the strut in order to cause failure to the drag and lift flexures (structural capacity) was 9.38N and 14.74N respectively.

As discussed in Section 3.7.2, the flexures were also very insensitive to their respective secondary forces. For example, the drag flexures (with their primary force due to drag) were insensitive to the lift force (secondary force) and vice versa for the lift flexures. The flexure thickness had a square relationship with strain as shown in the following equation [47]:

Strain at any point = ε = 						Equation A12

Where W is the load, L is the flexure length, x is the distance of a point on the flexure from the fixed support end, b is the flexure width, h is its thickness and E is the Young’s Modulus of the material. The square relationship between the thickness and the strain in Equation A12 resulted in the secondary force sensitivity being approximately 1,111 times lower ((20mm0.6mm)2) than that of the primary force sensitivity. As a result, the secondary force insensitivity factor was deemed to be more than adequate, while at the same time a flexure width of 20mm was not detrimental in relation to achieving a high strain sensitivity (primary force).
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Table F1 details the specifications of the strain gauge amplifier circuits used. These values listed are for those applicable at 25°C ambient temperature and at a supply voltage of 12V [49].

	Amplifier Circuit Specifications

	Supply Voltage Range
	2V to 20V

	Input Offset Voltage
	200μV max.

	Input Offset Voltage/Temperature
	0.5μV/°C max.

	Input Offset Voltage/Supply
	3μV/V max.

	Input Offset Voltage/Time
	0.3μV/month max.

	Input Impedance
	>5MΩ min.

	Input Noise Voltage
	0.9μVp.p max.

	Bandwidth (Unity Gain)
	450kHz

	Output Current
	5mA

	Closed Loop Gain (Adjustable)
	3 to 60,000

	Open Loop Gain
	>120dB

	Common Mode Rejection Ratio (CMRR)
	>120dB

	Bridge Supply Voltage/Temperature
	20μV/°C

	Maximum Bridge Supply Current
	12mA

	Power Dissipation
	0.5W

	Warm-up Time
	5 mins

	Operating Temperature Range
	-25°C to +85°C




















Table F1: Specifications of the two strain gauge amplifiers used (System 2) [49].

In Figure F1 a circuit diagram for the amplifier circuit can be seen. In reference to the letter symbols: A is the positive bridge supply (+VS), B is compensation, C is the VR1 potentiometer for setting the bridge supply voltage, D is the positive input, E is the output, F is the negative input, G is the negative bridge supply (-VS) and H represents the VR2 potentiometer for setting the output voltage to zero [49]. The 24 pin DIL (Dual In Line) amplifier chip is located in the centre of the circuit, with Figure F2 illustrating the inputs and outputs of the chip. It can be observed that in the current circuit configuration only 11 of the pins have active connections (others labelled N/C are not connected).


[image: ]
Figure F1: Circuit diagram of the strain gauge amplifier [49].


[image: ]





Figure F2: The inputs and outputs with respect to the pins of the amplifier chip [49].

The level of gain produced by the circuit (adjustable from 3 to 60,000) can be changed to a given value in relation to the following equation [49]:

Gain = 1 +                                                                                     Equation A13

The gain level set on the circuits was 1000 (default value), where R1 was equal to 100kΩ and R2 was equal to 100Ω. In relation to the zero adjustment range of the output bridge voltage, this range was increased or decreased by increasing/decreasing the values of R3 and R4 [49]:

 Zero Adjustment Range (ZAR) =  6.2V × 				Equation A14

When the strain gauge amplifiers were first set-up and tested, it was found that the VR2 potentiometer was not able to adjust the output voltage to 0V. The R3 resistor in the circuit (originally 100kΩ) was reduced to a value of 10kΩ, which resulted in the ZAR being equal to 0.042V, thereby increasing the adjustment range ten-fold and allowing full control of the zero output voltage point.

In the amplifier circuits there was an option of installing three capacitors (C5, C6 and C7) which reduced the noise level produced by the circuit and also slowed the output response. The addition of two other capacitors (C1 and C2) reduced the noise level further by reducing the operational bandwidth. The installation of these 5 capacitors therefore aided in increasing the signal to noise ratio of the output signals. Each amplifier circuit, apart from the amplifier chips and the wiring connector blocks, contained: 11 resistors, 7 capacitors, 3 transistors, 2 diodes and 2 potentiometers.
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	DAQ Card Specifications

	Manufacturer
	National Instruments

	Model
	USB-6009

	Analogue Input

	Resolution
	14-Bit

	Maximum Sample Rate
	48kS/s

	Number of Channels
	4

	Maximum Voltage Range
	-10V to +10V

	Accuracy
	138mV 

	Analogue Output

	Resolution
	12-Bit

	Number of Channels
	2

	Maximum Voltage Range
	0V to 5V

	Accuracy
	7mV

	Digital Input/Output





















	Number of Channels
	12 Bi-directional




Table G1: Specifications of the National Instruments DAQ card.
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In this appendix the steps involved in setting up a new DAQ process are explained. The software used was LabVIEW SignalExpress 2009. Once the DAQ card was connected to the laptop via the USB cable, the following steps were taken:


1. Add Step → Acquire Signals → DAQmx Acquire → Analogue Input → Voltage.

2. Select the ‘ai0’ and ‘ai1’ channels which correspond to the two separate amplifier circuits. In relation to the wiring of the set-up, ‘ai0’ corresponded to the drag output and ‘ai1’ was the lift output.

3. Once the Configuration tab automatically opens set the ‘Acquisition Mode’ to ‘Continuous Samples’. This step and steps 4, 5 and 6 are highlighted in Figure H1.

4. Set the ‘Terminal Configuration’ to ‘Differential’.

5. Also, at this point the ‘Signal Input Range’ can be set depending on the signals being sampled. However, this was left at the default setting of -10V to +10V.

6. Select the ‘Sample Rate’ in Hz and the ‘Number of Samples to Read’. The total number of samples to be read divided by the sample rate will be equal to the total time in seconds for which the DAQ process will run.


[image: ]
Figure H1: Illustration of the different settings that were adjusted before commencing a DAQ process.

7. Switch to the ‘Advanced Timing’ tab and under ‘Additional Timing Settings’ set the ‘Timeout’ (in seconds) equal to the total sampling time, based on the last step. No other settings under this tab need to be changed.

8. Click the ‘Run’ button to the right of the ‘Add Step’ button. Set the ‘Configure Run’ in seconds equal to the previously chosen sampling time.

9. Switch to the ‘Data View’ tab and add a second ‘Time Graph’. Following this, drag the voltage channels (ai0 and ai1) separately to either of these graphs.

10. In order to improve the performance of the software during the sampling/recording process, ensure that in the ‘Operate’ tab, ‘Update Signal Views While Running’, is set to ‘Update None’. Also, under Tools → Options → Logging Tab → ‘Prepare log data for viewing’ was set to ‘After logging completes’.

11. At this point the project was saved under a name relevant to the given test.

12. Therefore, once the strain gauges and amplifier circuits are given an initial heat-up time, to conduct a DAQ process: click ‘Record’ and tick ‘Voltage’. This in turn automatically selects the two channels (ai0 and ai1). Finally, enter a name/description and click ‘Ok’ to start the recording process.

13. In order to conduct a DAQ process for another test, simply click the ‘Record’ button as before and enter a different name in order to distinguish the tests at a later stage. Once the overall testing was completed and after saving the project, it was possible to enter the ‘Playback’ part of the software to analyse the signals recorded. This process was explained in Section 3.10.2.
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In reference to Section 4.3.2, there were two interaction graphs obtained from the drag and lift force calibrations, LR(DL) and DR(LL) respectively. Therefore, the values of the slopes in Figures I1 and I2, corresponding to K12 and K21 respectively in Section 4.3.2, were used as part of the interaction matrix method. This in turn led to the creation of Equation 4.6 which correctly accounted for the error due to the interaction of the lift force when measuring the drag force. Note that the true output values with respect to Figure I2 are negative, as during the lift force calibration the output read on the drag channel decreased with an increase in the lift force. Therefore, in Section 4.3.2 the value of K21 was found to be -24.333. 



Figure I1: The LR(DL) graph resulting from the interaction of the drag force on the lift output.


Figure I2: The DR(LL) graph resulting from the interaction of the lift force on the drag output.
Lift Force Calibration
Lift	y = 1.9314x
R² = 0.9955
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0024 Baseline
Drag	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	0.46305418356339995	0.48657104155612979	0.53661798993759957	0.53869560884208711	0.60698423241943433	0.67498694595083986	0.75375685291871153	0.86295293501883985	0.9807879824011595	1.101732806143364	1.2209268844920598	1.30214837816922	1.4910521477751197	1.5950730724612601	1.7136260951740767	1.8854634465465161	2.0036039465957201	2.1312953738741967	2.2610073026770361	2.4001842029414595	2.4972475236893987	Lift	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	0.48591675570214726	1.091875667766061	1.4946857434849257	2.0665048543689402	2.4834661123240585	2.9103706972639007	3.3899695730942527	3.843443117944906	4.2813745528870717	4.7011532029544334	5.1143854229571755	5.5939993961072085	5.9280392065777745	6.3170564872021178	6.6599675988293772	7.0142219654387485	7.2735035072234862	7.6373739954475814	8.0363706043573089	8.3366446787755066	8.5485924652760819	AOA (°)
Force (N)
0006 Baseline
Drag	0	3	6	9	12	15	0.27088486140600537	0.37026572458900031	0.6053648800018997	0.99665877070789954	1.4902349601610001	1.9504270618480248	Lift	0	3	6	9	12	15	1.1858828447995664	2.5488804756817025	3.8734809773772474	5.1971907372137265	6.2773145352348214	7.1552468992428118	AOA (°)
Force (N)
0024 Test Model #1 Drag Results
Baseline	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	0.46305418356339995	0.48657104155612979	0.53661798993759957	0.53869560884208689	0.60698423241943389	0.67498694595083986	0.75375685291871108	0.86295293501883985	0.9807879824011595	1.101732806143364	1.2209268844920598	1.30214837816922	1.4910521477751197	1.5950730724612601	1.7136260951740776	1.8854634465465161	2.0036039465957201	2.1312953738741967	2.2610073026770348	2.4001842029414573	2.4972475236893987	1st 1/3rd	0	2	4	6	8	0.50397937595979991	0.57921394747740007	0.67325293865782065	0.88954860914810063	1.0773216539081414	1st + 2nd 1/3rd	0	2	4	6	8	0.45699044732169997	8.1714221858800007E-2	0.12426837314254002	0.32038892829730797	0.69056410787515299	AOA (°)
Force (N)
0024 Test Model #1 Lift Results
Baseline	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	0.48591675570214704	1.091875667766061	1.4946857434849257	2.0665048543689402	2.4834661123240585	2.9103706972639007	3.3899695730942527	3.843443117944906	4.2813745528870717	4.7011532029544334	5.1143854229571755	5.5939993961072085	5.9280392065777745	6.3170564872021178	6.6599675988293772	7.0142219654387485	7.2735035072234862	7.6373739954475814	8.0363706043573089	8.3366446787755066	8.5485924652760819	1st 1/3rd	0	2	4	6	8	0.58775258977097289	1.5102638546941038	2.7534294142239975	2.8495273377618799	3.2841733636828212	1st + 2nd 1/3rd	0	2	4	6	8	0.68482719375667767	1.9241928740651395	2.5512182375621308	3.1468214335485567	3.8603219213081248	AOA (°)
Force (N)
0024 Test Model #1 Drag Results
Baseline	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	0.46305418356339995	0.48657104155612979	0.53661798993759957	0.53869560884208689	0.60698423241943389	0.67498694595083986	0.75375685291871108	0.86295293501883985	0.9807879824011595	1.101732806143364	1.2209268844920598	1.30214837816922	1.4910521477751197	1.5950730724612601	1.7136260951740776	1.8854634465465161	2.0036039465957201	2.1312953738741967	2.2610073026770348	2.4001842029414573	2.4972475236893987	Full Sep Side	0	2	4	6	8	10	0.76229250377219993	0.8728244332000139	0.98887347451882701	1.0947940364614999	1.3051654962181598	1.5294827075280599	Full High P	0	2	4	6	8	10	12	14	16	18	20	0.759956599333097	0.75960891000409392	0.82129198553429994	0.94110755587415951	1.1355182090756359	1.3697561296143081	1.5633951995845998	1.8064449625909003	2.0565162623771012	2.3079243329716252	2.556856484732851	Full Both	0	2	4	6	8	10	12	0.78471470196878301	0.76811174494987833	0.83451986263370093	0.95015340766991763	1.1256648537290841	1.3178372696764999	1.5133000877017999	AOA (°)
Force (N)
0024 Test Model #2 Drag Results

Baseline	0	5	10	15	20	0.64469402216701277	0.82398206652299999	1.2990964613182001	1.9360209134080129	2.5892486814399978	Mid + Last 1/3rd	0	5	10	15	20	0.65498412139400064	0.87701572793699989	1.4246745649239001	1.9986393328750003	2.553576704248	M+L 1/3rd and HP Side	0	5	10	15	20	0.79480925316600792	0.90957999027299952	1.3771663560781877	1.9709681591710135	2.5245099235439987	AOA (°)
Force (N)
Effect of End-Plates (EP) on Drag and Lift
Drag Baseline	0	2	4	6	8	10	12	14	16	18	20	0.46305418356339995	0.53661798993759957	0.60698423241943333	0.75375685291871075	0.9807879824011595	1.2209268844920598	1.4910521477751197	1.7136260951740789	2.0036039465957201	2.261007302677033	2.4972475236893987	Drag Baseline With EP	0	2	4	6	8	10	12	14	16	18	20	0.81586769532910064	0.92308479671019994	1.0605146345238001	1.3019111386545998	1.6134780407193998	1.9571280215128117	2.3221463248789767	2.6782496460631977	2.9632423522449995	3.2582773009594002	3.4901742339494004	Lift Baseline	0	2	4	6	8	10	12	14	16	18	20	0.48591675570214687	1.4946857434849257	2.4834661123240585	3.3899695730942527	4.2813745528870717	5.1143854229571755	5.9280392065777745	6.6599675988293772	7.2735035072234862	8.0363706043573089	8.5485924652760819	Lift Baseline With EP	0	2	4	6	8	10	12	14	16	18	20	2.2974648116319356	3.6788800111487867	5.1443652157755375	6.508860965299391	7.9000905839178834	9.0336786361313699	10.140672179123891	11.039020764621148	11.618351372694635	12.077472476424974	12.298032703117013	AOA (°)
Force (N)
Drag Results of 0024 with End-Plates
Baseline	0	2	4	6	8	10	12	14	16	18	20	0.81586769532910064	0.92308479671019994	1.0605146345238001	1.3019111386545998	1.6134780407193998	1.9571280215128117	2.3221463248789767	2.6782496460631977	2.9632423522449995	3.2582773009594002	3.4901742339494004	Middle 1/3rd	0	2	4	6	8	10	12	14	16	18	20	0.84521273388599949	0.98341005244699997	1.2042529648814264	1.4481110269259001	1.7411817721869998	2.0609011730729998	2.3501221421660001	2.6316887919429997	2.9687648164226212	3.0604549173499995	3.1119999999999997	M+L 1/3rd	0	2	4	6	8	10	12	14	16	18	20	0.86331059781399977	0.96424863372000746	1.1762712014601	1.3983703162590002	1.6587594559379997	1.901308873849	2.2058163620000002	2.4606102631109996	2.6713979812160011	2.9017026360031664	3.100737180841628	1st 1/3rd Low	0	2	4	6	8	10	0.85758354496299105	1.0307103513610003	1.2122871862788152	1.4374328855012999	1.59884831119307	1.8552881331830136	AOA (°)
Force (N)
Lift Results of 0024 with End-Plates

Baseline	0	2	4	6	8	10	12	14	16	18	20	2.2974648116319356	3.6788800111487867	5.1443652157755375	6.508860965299391	7.9000905839178834	9.0336786361313699	10.140672179123891	11.039020764621148	11.618351372694635	12.077472476424974	12.298032703117013	Middle 1/3rd	0	2	4	6	8	10	12	14	16	18	20	2.6867886839782567	4.0482765828958982	5.4582640405072693	6.6948216193617265	7.9474729409578684	8.9944604450225185	9.8620569517351608	10.523122125702608	11.042957681051698	11.04522227899847	11.046000000000001	M+L 1/3rd	0	2	4	6	8	10	12	14	16	18	20	2.8191341106517389	4.0131462814140404	5.3457088772239345	6.6383727412087143	7.7059738932503414	8.6692874065127512	9.6186649324104589	10.369733358108599	10.816044966786034	11.160124494820458	11.256538300738606	1st 1/3rd Low	0	2	4	6	8	10	2.7267733543921602	3.8992776513215972	4.8528870720490245	5.5529788172991745	5.7549357783248745	6.0606331583592699	AOA (°)
Force (N)
0006 Both Sides with High Ra
Drag	0	3	6	9	12	0.34148050902100413	0.51100000000000001	0.74200000000000577	1.141	1.5381610823039886	Lift	0	3	6	9	12	1.3066265619919291	2.4709999999999988	3.9719999999999978	5.2249999999999845	6.3099363589910347	AOA (°)
Force (N)
Split Flap & Single (S) 0024 Baselines
Drag	0	5	10	15	20	0.42623271518400402	0.58873460368999964	1.0474492963246786	1.6769525002420143	2.2358896740309997	Lift	0	5	10	15	20	-0.79421191991452522	1.9942165652436641	4.7015155386258645	7.1792864774469276	8.9606192223719248	Drag (S)	0	5	10	15	20	0.49605657193300612	0.73769595194500703	1.3656645760919999	2.0192533434519997	2.6024477708047997	Lift (S)	0	5	10	15	20	0.83294235146560169	3.5009871324383401	5.8071259348724755	7.6747805081989249	9.0115436428670961	AOA (°)
Force (N)
0024 Split Flap Modification Drag Results
Baseline	0	5	10	15	20	0.42623271518400402	0.58873460368999964	1.0474492963246786	1.6769525002420143	2.2358896740309997	 Flap M+L 1/3rd Low Ra	0	5	10	15	20	0.44076885906299978	0.57639682689700011	1.0569386771051854	1.6559329186929999	2.2337094572480001	 Flap M+L 1/3rd High Ra	0	5	10	15	20	0.51803875248800646	0.60812897444000669	0.98489509585230006	1.5610354280079994	2.0516221264629988	AOA (°)
Force (N)
0024 Split Flap Modification Lift Results
Baseline	0	5	10	15	20	-0.79421191991452522	1.9942165652436641	4.7015155386258645	7.1792864774469276	8.9606192223719248	 Flap M+L 1/3rd Low Ra	0	5	10	15	20	-0.69822780694012265	2.0099758442885678	4.7452455056440934	7.1511009430018095	8.7997863148604267	Flap M+L 1/3rd High Ra	0	5	10	15	20	-0.84837645747201262	1.9310168625447224	4.3945847075764206	7.0661959399823466	8.7873948994286248	AOA (°)
Force (N)
0024 Split Flap Modification Drag Results
Baseline	0	5	10	15	20	0.42623271518400402	0.58873460368999964	1.0474492963246786	1.6769525002420143	2.2358896740309997	Main Both Low Ra	0	5	10	15	20	0.45267056442600034	0.65488435200100736	1.0129999999999875	1.5892905268485145	2.1271152289800312	Main Both High Ra	0	5	10	15	20	0.45557882161100088	0.65579516610001065	1.0663204414220002	1.6656159805468143	2.1353298230569999	AOA (°)
Force (N)
0024 Split Flap Modification Lift Results

Baseline	0	5	10	15	20	-0.79421191991452522	1.9942165652436641	4.7015155386258645	7.1792864774469276	8.9606192223719248	Main Both Low Ra	0	5	10	15	20	-0.61464672272030463	1.86685325405305	4.1269999999999945	6.4416488595717034	8.2025828029915928	Main Both High Ra	0	5	10	15	20	-0.78862591164584861	1.5438286802619796	3.8946671621684388	6.2529892692896745	7.8505016955451294	AOA (°)
Force (N)
0024 Split Flap Modification Drag Results
Drag Baseline	0	5	10	15	20	0.42623271518400402	0.58873460368999964	1.0474492963246786	1.6769525002420143	2.2358896740309997	Drag	0	5	10	15	20	0.71491121427299975	0.80428460509699951	1.2149252638269998	1.7643650582290888	2.3122064115549699	AOA (°)
Force (N)
0024 Split Flap Modification Lift Results

Lift Baseline	0	5	10	15	20	-0.79421191991452522	1.9942165652436641	4.7015155386258645	7.1792864774469276	8.9606192223719248	Lift	0	5	10	15	20	-1.0079551261206849	1.3729154085566981	3.7932944674130202	6.1337308960839865	7.9474729409578684	AOA (°)
Force (N)
Split Flap & Single 0006 Baselines Comparison 
Drag	0	5	10	15	20	0.11856925236600083	0.4854121677880055	1.1378083500124363	1.8515146640999998	2.5612592799259994	Lift	0	5	10	15	20	1.3125609699447334	3.1118595252473638	4.8506451200817571	6.4098573883959684	7.6753611743392014	Drag (S)	0	3	6	9	12	15	0.27088486140600454	0.37026572458900031	0.6053648800018997	0.99665877070789954	1.4902349601610001	1.9504270618480213	Lift (S)	0	3	6	9	12	15	1.1858828447995646	2.5488804756817025	3.8734809773772474	5.1971907372137265	6.2773145352348214	7.1552468992428118	AOA (°)
Force (N)
0006 Split Flap Both Full High Ra
Drag	0	5	10	15	20	0.21532591079700134	0.57141774064199957	1.1566494023439999	1.8760453730172113	2.6220586983507967	Lift	0	5	10	15	20	1.5200329818367837	3.3420588098666535	4.7809727319180553	6.1809309239558976	7.4750081293259614	AOA (°)
Force (N)
Lift Output Read due to Drag Force Applied
y = 16.215x
R² = 0.991
0.1	0.2	0.30000000000000032	0.4	0.5	0.60000000000000064	0.70000000000000062	0.8	0.9	1	1.1000000000000001	1.2	1.3	1.4	1.5	1.6	1.7000000000000017	1.8	1.9000000000000001	2	2.1	2.2000000000000002	2.2999999999999998	2.4	2.5	2.6	2.7	2.8	2.9	3	3.1	3.2	3.3	3.4	3.5	2	3	4	5	6	7	8	9	10	13	16	18	20	22	24	25	26	28	31	33	34	36	38	39	40	42	44	46	48	50	51	53	55	56	58	Load Applied (N)
Output (mV)
Drag Output Read due to Lift Force Applied
y = 24.333x
R² = 0.9879
1	1.5	2	2.5	3	3.5	4	4.5	5	5.5	6	6.5	7	7.5	8	8.5	9	9.5	10	15	30	40	50	60	75	85	100	115	130	140	155	170	185	200	210	225	240	255	Load Applied (N)
Output (mV)
image73.png
Direction of Deflection
Force !

Fixed Surfuce




image74.png
Airfoil

Test
Model
Streamline /
Support Strut o A
Concept




image75.png




image76.png
Location of 14

Chord Point and |
Aerodynamic | NACA 0006
Centre 1 Airfoil Test Model

Location of hols cut-out for
insertion of NACA
0024 shaped support strut




image77.png
Angle Of Attack (AOA) engravings to be used

0degrees AOA  when balance is in lift set-up

point
AOA engravings to be
used when balance is in
Lockable drag set-up
component for
fxing strut
Section into which
rectangular end of

support strut wil st

Groove which indicates the actual AOA value in steps of
2 degrees either +/- for positive/negative ft respectively




image78.png
Serews inserted through these
holes wil secure flexure to the
block

Comnection Block

Slotinto which
Resure wil it

Serews will secure Serew
the comnection block. holes in
to the balance other slot





image79.png
Connection for
test model strut

Removable

Counterweight

————_ Fixedtorigd table for drag
measurement

Fixture

for

'
‘measuremen




image80.png




image81.jpeg




image82.png




image83.png
Airfoil

-

Strain Members _. —
(Flexures)





image84.png
Flexures

*
Fixed =~

Rotatable

Flexures

* Connection Blocks

Rotatable *

Fixed




image85.png
AOA
markings

2 screws to ‘
clamp strut \

Strut N

Holes for
reduction
of weight

1 screw each side
clamps Indicator
in position




image86.png
1to 19°A0A

Flexure clamped
securely with
4 screws

21t020°A0A

0° marker

0°A0A




image87.png
Connection Block Housing

Vertical
Adjustment

Horizontal

Adjustment pright Support

Frame

Guide Rails

Screws




image88.png
— = @
Py g





image89.png
Fixed Primary
End Force

Effective Thickness

Free
End

Secondary
Force

Effective Thickness




image90.png




image91.png




image92.jpeg




image93.png




image94.png
Olov

+BS
+IP

RN
5

-BS

+V§S
ov
oP
-Vs

PRPP





image95.png
+BS

+IP





image96.png
Laptop with

& Software Sampling
[oscioscope S :1d Recording Lift

Oscilloscope

and Drag signals
over time





image97.png
HOLVALIY
YNILVALLDY
- HOLVALLIY





image98.png




image99.png




image100.png




image101.png
Low
Friction
Pulley
Simulation





image2.jpeg




image102.jpeg




image103.png
—

= -
y . v
Contr:
‘ B Honeycomb Section Balance
Slid Back upport

Uprights|

Tunnel

Instrumentation|
Side





image104.png
Tab for
Switching
Between
Recorded
Drag and

Lift Outputs

B
vexl[oomea | [Sanderd cevonon B covvsrose | Two Main
wEanns | w0 I~ Inputs for

[ ] Dl
16t e ] oo Excel
Dsmrecmres Biemtmasaseern s s





image105.png
Ble £dr View Tocls AddSes Qoarite Wadow Help
—Qts0 @ e B

00000 00 ool et i i
e seep 8 i |5 poomscotes | ) o osomon *

— R e

W B0 50V w
b B e
[SE e

Use this Tab to Cycle
Between Test Results

Saved Test
Results

v =
Garmion





image106.png
Drag

A0A () [ Mean (V) | Standard Deviation (V) | Total Mean (V) | Force (N) | Mean (V) | Standard Deviation (V) | Total Mean (V) | Foree (N)
OFF -0.013 0.007 -0.027 0.007
[ 0.626 0.128 0.639 0.463 0.391 0.329 0418 0.486
OFF -0.069 0.017 -0.094 0.004
1 0.588 0.119 0.657 0.487 0.846 0.327. 0.940 1.092
OFF -0.105 0.013 -0.115 0.004
2 0.612 0.109 0718 0.537 1.172 0.330 1.287 1.495
OFF -0.072 0.021 -0.133 0.005
3 0.635 0.131 0.707 0.539 1.647 0.346 1.779 2.067
OFF -0.092 0.004 -0.130 0.003
4 0.701 0.163 0.792 0.607 2.008 0.382 2.138 2483
OFF -0.072 0.004 -0.139 0.004
5 0.806 0.167 0.878 0.675 2.367 0.375 2.506 2.910
OFF -0.046 0.004 -0.181 0.003
6 0.931 0.184 0.977 0.754 2.738 0.376 2.919 3.390





image107.png
Pump
[Drain/Deliver
1

‘aporiser]
Supply
Voltage





image108.png




image109.png




image110.png




image111.png




image3.png
Leading
Edge

‘Thickness

Camber

Mean Camber
Line

Chord Length

Trailng

_— Ee




image112.wmf
m

r

Vl


oleObject17.bin

image113.png
% Drag
Reduction

1000
9.00
.00
7.00
.00
500
400
300
200
Loo
0.00

Middle 1/3rd - Separation Side - High Ra

PaN
N\
¥ \ 7\
AN /
A" / \
=~ P
o 2z a4 s s 1w 1z 1 15

Angle of Attack £)





image114.png
Airfoil

Strut Test
Model
Strut
Vertical
Reading Displacement
Line of Measurement
Sight

Balance




image4.png
Relative Wind





image115.png
v [Displayed sgnal
pevia

voltage





image116.png
v

oyed signal





image117.png
10 4

Force (N)

0024 Test Model #1 Lift Results

o

2

4 5 s 10 12 1 16 15 20

—+—gaseline ——FullHigh P —a—FullBth AOA ()





image118.png
404 Drag % Lift %
© Increase Increase
0 64.12 567
2 4155 5.70
4 3531 546
6 2486 6.88
8 1578 864
10 12.19 823
12 485 697
14 542 724
16 264 764
18 208 574
20 239 7.04





image119.png
0024 Test Model #2 Lift Results

Force (N)

o s 10 1 2
—o—Baseline —B—Mid + Last 1/3rd ——M4LL/3rd and HP Side AOA ()





image5.wmf
2

1


oleObject1.bin

image120.png




image121.png




image122.png




image123.png




image124.png




image125.png




image6.wmf
2

1


image126.png




oleObject2.bin

oleObject3.bin

image127.png
W




image128.png
-+ Ve

*E
vRz(H)

-0V





image129.png
+Brdge Votage
NG

Compensatin
NC

NG

“toput

e

NG

NC

- it

e

~Bridge Votage

=
=
E
2
E)
W
®
7
®
s
s
]

sve
e

e

Ne

Bridge Retinput
Ne

Feadnack

ne

utput

e

NC

2ero aciust




image130.png
. *
o | [ rons] | i o

Channel Settings

&3] perais )| | Vokage Input Setup
8 settings.
SionalInput Range

Scaled Units
Max 10 e <
Mn -10]

ey

Terninal Configuration_*4*

Clck the Add Charvels button Dfferental v
(#) to add move charvies o Custom Scaling
£ T ]
@)
Timing Settings—_
Acqustonboce 3 ‘Samples to Read Rate (Hz)
Contruous Samples ¥ [ 180k] [ *

*G*





image7.png
Ambient
Pressure

Lift

Low Pressure

High Pressure

>Drag




image8.png
Airflow forced to follow the profile of the airfoil

Undisturbed airflow
before reaching front

Freestrearn flow sufficient distance away not disturbed by the airfoil




image9.png
Thin stream
of water following the

curvature of the spoon




image10.png




image11.png
Lift

Low
pressure
top
swface

Vortex line with
frailing wing fip

vortices /\5

pressure
Dottom
swface

Flow around
wing tip from
high pressure
tolow pressure
region




image12.png




image13.png
Cp

N
(’LSIAX

Stall Point due

to excessive
Flow Separation

Lift varies linearly
with o





image14.wmf
D

L


oleObject4.bin

image15.wmf
2

1


oleObject5.bin

oleObject6.bin

image16.wmf
D

L

C

C


oleObject7.bin

image17.wmf
Sound

 

of

 

Speed

Fluid

 

of

Velocity 


oleObject8.bin

image18.wmf
m

r

Vl


oleObject9.bin

oleObject10.bin

oleObject11.bin

image19.png
—

Edge of
boundary
layer

P Steady parallel

flow

Turbulent

[F—
—
—_—
—
_——

I
A Unsteady
LA T rmiemien

~

Surface of Object




image20.png
Laminar flow region (white)





image21.png
Swirling Vortices

Point of
Flow

stream

Free-:

Turbulent

Von Karman Vortex Shedding

Separation

Flow




image22.png
Form

Drag
Pressure
(Flow Separation) Profile / Parasite
Drag
2 Viscous (2-D/3-D)
(Skin Friction)
Induced
(Wing Tip Vortices) Total
Drag
Wave
(Shock Waves) For Transonic / Supersonic
Bodies





image23.png




image24.png




image25.jpeg




image26.png
surface

Hzfmx‘

]




image27.png
o Two-dimensional data (from Hoerner)
Two-dimensional curve fit

O Three-dimensional data (from Hoerner)
Three-dimensional curve fit

CObase

20





image28.png




image29.png
> T

u.

—

s




image30.png
D= 200 e





image31.jpeg




image32.png
Voltage Supply — 1l
Heats Thin Wire

ml.l.lllll'





image33.png
Tension causes
resistance increase

Gauge insensitive "~ Resistance measured
1o lateral forces between these points
—

Compression causes
resistance decrease

Bonded strain gauge





image34.png
Bridge Excitation
(Voltage Supply)

R Substrate/
4
R Flexure

R1

Output Voltage
(Measurement Points)

R3
Applied Force




image35.wmf
2

1

R

R


oleObject12.bin

image36.wmf
3

4

R

R


oleObject13.bin

image37.wmf
2

1

1

R

R

R

+


oleObject14.bin

image38.wmf
4

3

4

R

R

R

+


oleObject15.bin

image39.jpeg
with Balans





image40.jpeg




image41.png
Wind

Tunnel Test
Test Model
Secton External Balance
which is not as
space restricted
Support as Internal Balance
Strut allowing longer

oanges to be used




image42.png
Airfoil Test Models

!

Application of Dimples

i_l_i

Location Roughness
| e —
_____ 3
! 1 4
Phase 1 Testing Phase 2 Testing
System 1 Design System 2 Design
Testing & Testing &

Results Analysis Results Analysis

I

Smoke Flow Visualisation Photography





image43.png
40 Support Strut
1 Hole





image44.png
49.68 (g

207




image45.png




image46.png




image47.png




image48.png




image49.png
Second
Middle
1/3rd

Second
12

[ First Last
1/3rd 1/3rd





image50.png




image51.png
Blastin
‘hamber

Foot Pedal to
turn
Air Flow
On and Off





image52.png
TSR]





image53.png




image1.png
DCU




image54.png
Plain Flap

Q%jo

External-airfoil /
Split Flap




image55.png




image56.png
mM— _m




image57.png




image58.png




image59.png




image60.png
besacaracasonns





image61.png




image62.png




image63.jpeg




image64.png




image65.png




image66.wmf
C

S


oleObject16.bin

image67.png
Flexures =~

Lift Force

Flexures

Drag Force

— Strut





image68.png
Lift
Force

Drag
Force





image69.png




image70.png
Drag Force
Direction

Resulting Force
on Drag Flexure




image71.png




image72.png




