
 
 

Libraries and Learning Services 
 

University of Auckland Research 
Repository, ResearchSpace 
 

Copyright Statement 

The digital copy of this thesis is protected by the Copyright Act 1994 (New Zealand). 

This thesis may be consulted by you, provided you comply with the provisions of 
the Act and the following conditions of use: 

 

• Any use you make of these documents or images must be for research or 
private study purposes only, and you may not make them available to any 
other person. 

• Authors control the copyright of their thesis. You will recognize the 
author's right to be identified as the author of this thesis, and due 
acknowledgement will be made to the author where appropriate. 

• You will obtain the author's permission before publishing any material 
from their thesis. 

 

General copyright and disclaimer 
 

In addition to the above conditions, authors give their consent for the digital 
copy of their work to be used subject to the conditions specified on the Library 
Thesis Consent Form and Deposit Licence. 

 

 

http://www.library.auckland.ac.nz/sites/public/files/documents/thesisconsent.pdf
http://www.library.auckland.ac.nz/sites/public/files/documents/thesisconsent.pdf
http://www.library.auckland.ac.nz/services/research-support/depositing-theses/licence-summary


Manipulation of Aerodynamic Forces 

on an Aerofoil using Synthetic Jet 

Circulation Control 

 

 

 

 

Pititat Itsariyapinyo 

 

 

 

 

 

 

 

 

 

 

 

 

A thesis submitted in fulfilment of the requirements for the degree of Doctor of 

Philosophy in Mechanical Engineering, The University of Auckland, 2019 



 

 

  



 

iii 

 

Abstract 

This thesis reports on the experimental and numerical studies of a NACA0015 circulation 

control aerofoil using synthetic jets. In the current study, the rounded trailing edge 

(Coanda surface), which is the distinctive feature of a circulation control aerofoil, has a 

diameter-to-chord ratio d/c of 0.047. The wind tunnel study of the aerofoil is conducted 

at a free-stream velocity of 10 m/s, corresponding to a chord Reynolds number of 

1.10×105, with the free-stream turbulence intensity of approximately 2% and at the angle 

of attack of 0° to 15° (stall angle). The synthetic jet actuators on the aerofoil are 

characterised and calibrated for the frequency range of 100 to 1000 Hz to yield the desired 

range of momentum coefficient. 

An experimental investigation is initially carried out on the unsteady flow over the 

aerofoil to reveal the dominant frequencies which provide insights into effective flow 

control. The pressure and velocity measurements reveal that there are two flow 

instabilities, namely shear-layer instability and vortex shedding, which exhibit their 

dominant frequencies near the laminar separation bubble and in the wake region, 

respectively. The vortex shedding frequencies at α = 0° and 15° scale to Sr ≈ 0.17 and 

0.15, respectively. 

Based on these dominant frequencies, the effects of synthetic jet actuation on the 

aerodynamic characteristics of the aerofoil are studied. According to the wind tunnel 

results, the excitation frequency of 175 Hz (F+ = 0.14) is found to yield the highest lift 

coefficient which amounts to approximately 25% increase over the aerofoil at α = 3°. 

The numerical results show good agreement with the experimental results. Thus, the 

effects of higher momentum coefficient on the lift and skin friction coefficients are 

investigated. The relationship between the lift and momentum coefficients is relatively 

linear at the low momentum coefficient range (Cμ < 0.0044) and begins to lose its linearity 

at the moderate and high momentum coefficient ranges (Cμ > 0.0044). Upon actuating the 

synthetic jet, the length of the laminar separation bubble could be reduced while the jet 

detachment angle on the Coanda surface could be further delayed. 
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“Who has seen the wind? 

Neither I nor you. 

But when the leaves hang trembling, 

The wind is passing through. 

Who has seen the wind? 

Neither you nor I. 

But when the trees bow down their heads, 

The wind is passing by.” 

Christina Rossetti 

  
“Le vent se lève! … il faut tenter de vivre! 

L'air immense ouvre et referme mon livre, 

La vague en poudre ose jaillir des rocs! 

Envolez-vous, pages tout éblouies! 

Rompez, vagues! Rompez d'eaux réjouies 

Ce toit tranquille où picoraient des focs!” 

Paul Valéry 

“The wind is rising! One must try to live; 

The immense air opens and shuts my book; 

The wave dares burst in powder from the rocks. 

Take your flight, fly off, all-dazzled pages! 

Break, waves! Break with joyous waters 

This quiet roof, where sails were foraging.” 

Translation by Elder James Olson 
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“According to the papers, they boarded 

their aircraft with their lips sealed and 

silent smiles on their faces. At first, I could 

not write anything, because it wretched my 

heart to think of the scene. The aircraft 

these brave young men boarded with smiles 

were Zeros.” 

 

 

Translation by Shojiro Shindo 
and Harold N Wantiez Jirō Horikoshi  
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x Streamwise distance from the leading edge of the aerofoil (m) 

xh Displacement of the air mass at an orifice exit (m)  

xw Displacement of the diaphragm (m)  

y Vertical distance from the chord line of the aerofoil (m) 

α Angle of attack (°) 

δ Boundary layer thickness (m) 

θ Momentum thickness (m) 

θd Jet detachment angle (°) 

λ Spanwise wavelength of the Gortler instability (m) 

μ0 Control parameter in the linearised Ginzburg-Landau equation 

μt Transitional value of the control parameter in the linearised 

Ginzburg-Landau equation 

μc Critical value of the control parameter in the linearised Ginzburg-

Landau equation 

ν Kinematic viscosity (m2/s) 
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1 Introduction 

Circulation control (CC) technology is a product of the Coanda effect which has received 

much research attention in the past decades. From drag reduction on the automobile 

(Englar, 2006) to noise reduction on the aerofoil (Munro et al., 2006), the geometry of 

interest is usually modified to adopt a rounded arc to facilitate the CC. Similarly, the 

trailing edge of a CC aerofoil is rounded to create the Coanda surface which attracts and 

entrains a tangential air jet provided upstream. In many practical applications, this air jet 

is usually produced from the compressor or the propulsive system (Attinello, 1961). Upon 

forcing an air jet onto the Coanda surface of the aerofoil, the entrainment of the air jet is 

capable of delaying or postponing flow separation on the Coanda surface (Englar, 2006b). 

Like a conventional aerofoil in which a control surface is deflected to alter the lift 

coefficient by adjusting the camber of the aerofoil, the camber of a CC aerofoil is adjusted 

by “turning” the flow around the Coanda surface (Bailey, 1961; Blakeney, 1972). 

1.1 Background and Brief History of a Coanda-based Aerofoil  

 

Figure 1 (a) Custer channel-wing aircraft (Liksa, 1957a), (b) Avro Canada VZ-9 Avrocar (Zuk, 2001), 

(c) C-17 Globemaster III (Schierbecker, 2004), and (d) Grumman A-6A (Loth, 2006). 

Coandă (1934) published his experimental work based on his observation on the hot 

airflow from the engine nozzle which was attracted to the aircraft fuselage. After 

witnessing the roof barn being blown away during a hurricane in 1920s, Willard Custer 

realised that the roof barn was lifted off because its upper surface has much lower pressure 

than its lower surface and stated that the following phenomenon is “due to the speed of 
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air, not the airspeed” (Liksa 1957a; Liksa 1957b). In 1940s, Custer designed and 

developed the aircraft with the channel-wing concept which features a propeller over a 

half-circular wing that gains the overall circulation and the lift forces from the airflow 

coming off the propeller (Englar et al., 1981; Englar & Campbell, 2002). In 1952, John 

Carver Meadows Frost was given an initial funding by Avro Canada and the Canadian 

government to design a vertical take-off and landing (VTOL) aircraft which was later 

known as “Avrocar”. From 1954 to 1961, the United States Air Force and the United 

States Army continued to fund the project (Buttler, 2006; Englar, 2000; Englar, 1999; 

Englar & Huson, 1984; Pugliese & Englar, 1979). In 1976, a homebuilt BD-4 aircraft was 

built as a CC flight demonstrator and successfully flown at the West Virginia University 

(Loth et al., 1976). In 1979, the US Navy sponsored a flight test program on an A-6/CCW 

short take-off and landing (STOL) demonstrator to implement the aircraft wing with the 

CC technology (Englar & Huson, 1984). Numbers of aircraft, including Boeing YC-14, 

C-17 Globemaster III, Antonov An-72 Coaler, McDonnel Douglas YC-15, and the No 

Tail Rotor (NOTAR) helicopter, are known to use the Coanda effect in their flights 

(Djojodihardjo & Thangarajah, 2014). In a more recent time, Zha and Paxton (2004) 

showed that the co-flow jet aerofoil configuration is able to improve lift and reduce drag 

for the entire flight mission. 

1.2 Motivations    

Flow instabilities, such as vortex shedding, are generally those of periodically recurring 

phenomena which usually render series of quasi-periodic forces on the body in a free-

stream. As a result, these fluctuations are likely to cause structural vibrations in buildings 

or produce undesirable pitching motions to aircraft. Due to the fact that the CC aerofoil in 

the current study uses synthetic jets (as opposed to a continuous jet) to induce the Coanda 

effect, it is of great interest that the following issues are better understood: 

- Is there any dominant frequency which represents different types of flow 

instabilities on a CC aerofoil? 

- For the aerofoil with a half-circular-cylinder trailing edge, what could be the 

corresponding Strouhal number for this dominant frequency and what would be 

the appropriate characteristic length (i.e. chord length or cylinder diameter)? 

- Upon recognising the dominant frequency on the aerofoil, what are the effects of 

synthetic jet (SJ) actuation (excitation frequency and amplitude) on the lift and 
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drag coefficients on the aerofoil? Could the dominant flow instability be exploited 

by exciting the aerofoil at a certain frequency? 

- Does the excitation location as related to the location of a laminar separation 

bubble (LSB) have any effect on the SJ actuation? 

- Similar to vortex shedding which is reportedly responsible for rendering quasi-

periodic forces on the body in a free-stream, could the SJ actuation modify these 

quasi-periodic forces? 

- A LSB is commonly found on the low Reynolds number aerofoil. What are the 

effects of SJ actuation on a LSB? 

- What are the effects of SJ actuation on the Coanda surface? 

1.3 Objectives and Scope 

The overall aim of the current study is to investigate the effects of SJ frequency (excitation 

frequency) and SJ amplitude (momentum coefficient) on the aerodynamic characteristics 

of a NACA0015 CC aerofoil. In order to complete the overall aim, this study is divided 

into the following objectives.  

The first objective is to develop the synthetic jet actuator which can offer the excitation 

amplitude or the momentum coefficient which is sufficiently high for flow control and 

quantify the magnitude of the momentum coefficient offered by the SJ actuators so that 

the excitation amplitude can be controlled during the wind tunnel testing. Since the 

diaphragms (loudspeaker) of the SJ actuators are oscillated by a signal generator and a 

power amplifier, the estimations of the momentum coefficient are carried out by actuating 

the SJ actuators at the frequency range of 100 to 1000 Hz and at the RMS voltage range 

of 0.5 V to 2.5 V. During the bench top characterisation of the SJ actuators, a hot-wire 

probe is employed to sample the jet velocity while a pressure transducer is used to sample 

the cavity pressure.  

Since the aerofoil at this particular range of Reynolds number tends to develop a LSB 

which is associated with shear-layer instability, it is very likely that a LSB would 

contribute to unsteadiness in the flow over the aerofoil. Similar to most bluff and 

streamlined bodies, vortex shedding is usually expected in the near-wake region and is 

responsible for fluctuations in wake velocity. In order to better understand the 

development of the shear flow over the aerofoil, the second objective is to investigate the 
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characteristics of the unsteady flow over the aerofoil at α = 0° – 15° (stall angle) and 

elucidate the frequencies which are associated with shear-layer instability and vortex 

shedding. For this objective, pressure and velocity measurements are performed on the 

aerofoil surface and wake, respectively. 

Exciting a bluff or streamlined body at an order of its vortex shedding frequency 

reportedly yields the optimal flow control as the excitation could effective exploit flow 

instabilities. Therefore, the third objective is to determine the excitation frequency range 

according to the frequencies of flow instabilities observed in the second objective and 

investigate the effects of excitation frequency and momentum coefficient on the lift and 

drag coefficients of the aerofoil at α = 0° – 15°. For this objective, wind tunnel testing and 

pressure measurements are performed to acquire the lift and drag coefficients. 

Due to the limitation of the equipment, the fourth objective is to conduct a numerical study 

(Large eddy simulation) so that the parameters where an experimental study cannot be 

achieved could be numerically simulated. For this study, the effects of higher momentum 

coefficient on the lift coefficient are studied from the pressure measurements whereas the 

characteristics of a LSB and the Coanda surface are observed from both the flow 

visualisations and the skin friction coefficient characteristics.         

1.4 Thesis Outline 

Following the first chapter which offers basic understanding and brief history of CC 

aerofoil, chapter 2 provides the fundamental of flow instabilities which is established 

through the concept of local/global and absolute/convective instability and reviews 

literature on flow control.  

Chapters 3 and 4 concern the methodology and set-up of the experimental and numerical 

studies, respectively. In these chapters, the equipment and the software used to perform 

these studies are presented along with the associated uncertainty analysis. 

Chapter 5 presents the experimental results which include the bench top characterisation 

of the SJ actuators, the characteristics of unsteady flow over the aerofoil, and the effects 

of SJ actuation on the aerodynamic characteristics of the CC aerofoil. 

Chapter 6 presents the numerical results which aim to further understand the effects of SJ 

actuation at high momentum coefficient on the lift coefficient and the wall skin friction 
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coefficient which is used to characterise the LSB length and the jet separation or jet 

detachment on the Coanda surface.  

Chapter 7 provides the main conclusions of the present study and chapter 8 suggests some 

interesting points which could be pursued in the future. 
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2 Literature Review 

The current study concerns the CC aerofoil which uses SJ actuators to enhance lift 

coefficient while attempting to exploit potential flow instabilities. Due to the fact that flow 

instabilities, such as vortex shedding, contribute to unsteadiness in the flow over an 

aerofoil, the concept of local/global and absolute/convective instability which describes 

the origin of these phenomena are briefly provided to establish a standing ground for the 

flow instabilities (i.e. shear-layer instability and vortex shedding) which are closely 

associated with the aerofoil used in this study. Upon recognising the existence of the flow 

instabilities which is part of the research challenge, the SJ actuator, whose oscillatory 

excitation is hypothesised to be effective in exploiting or suppressing the flow 

instabilities, is mentioned. Finally, some fundamentals and mechanisms of a CC aerofoil 

which form the body of this thesis are offered.  

2.1 Local/Global and Absolute/Convective Instability 

 

Figure 2 Conditions for the onset of self-sustained oscillation as controlled by μ0 (Chomaz et al., 1988). 

(a) μ0 < 0, (b) 0 < μ0 < μt, (c) μt < μ0 < μc, (d) μ0 > μc.  

Self-sustained oscillations in pressure waves, which are the essential features of flow 

instability, can only exist when the flow is globally unstable. In order to identify the 

quality which makes the flow globally unstable, it is necessary that one is aware of what 

constitutes the absolute or convective instability and how does this set of instability play 

out with the local or global instability. In terms of scale, the local instability is said to be 

affecting the local velocity profile at a given streamwise station while the global instability 

occurs when the entire flow field is contaminated (Huerre & Monkewitz, 1990). On the 

other hand, the absolute instability is used to describe the flow whose localised 
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disturbances spread upstream and downstream whereas the local instability is used to 

define the flow whose localised disturbances are swept away from the source (Huerre & 

Monkewitz, 1990).   

Since the bifurcations to local and global instability can be explained through a control 

parameter μ0 in the linearised Ginzburg-Landau equation, a control parameter μ0, which 

is analogous to a local Reynolds number, is used to explain the absolute or convective 

character of the instability mechanism observed in hydrodynamic resonances (Chomaz et 

al., 1988). Figure 2 reveals 4 scenarios of flows when a control parameter is varied in the 

range divided by the transitional (μt) and critical (μc) control values. In the range μ0 < 0 

(Figure 2a), the flow is locally and globally stable. Thus, there is no sign of instability 

being developed in this case. In the range 0 < μ0 < μt (Figure 2b), a region of convective 

instability is developed close to the origin and such instability is damped out after a certain 

streamwise distance. Hence, the flow is locally convectively unstable but globally stable. 

In the range μt < μ0 < μc (Figure 2c), a small region of absolute instability is developed 

close to the origin and is followed by a region of convective instability. Although the flow 

is locally and absolutely unstable, self-sustained oscillation is not yet achievable as μ0 < 

μc. As μ0 > μc (Figure 2d), a Hopf bifurcation to a global instability takes place and the 

flow becomes globally unstable. Therefore, it is noteworthy that the appearance of a 

region of absolute instability is a necessary condition but does not necessarily guarantee 

the onset of self-sustained oscillations. 

 

Figure 3 Categories of spatially developing flows (Chomaz et al., 1988). (a) Extrinsic flows: no 

resonance, (b) Intrinsic flows: hydroacoustic resonances, (c) Intrinsic flows: hydrodynamic 

resonances.  

The categorisation of local/global and absolute/convective instability based on the control 

parameter μ0 serves as an approach to classify 3 different classes of spatially developing 
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flows which arise from different conditions. Figure 3 shows 3 classes of flows which are 

classified by the concepts of local/global and absolute/convective instability. In the first 

class (Figure 3a), nonparallel flows, such as spatially developing mixing layers (Balsa, 

1987; Huerre & Monkewitz, 1985), flat plate boundary layers (Gaster, 1975), and 

homogeneous jets (Monkewitz & Sohn, 1986), are locally convective unstable and their 

initial disturbances are advected away by the flows as they are amplified. Since this class 

of flow is acting as a noise amplifier, its extrinsic behaviour has made it sensitive to an 

external excitation. In the second class (Figure 3b), introducing the second streamlined or 

bluff body to the same spatially developing flow enables self-sustained oscillations to be 

developed in between the 2 bodies. In the third class (Figure 3c) which is most relevant 

to the current study, self-sustained oscillations can be purely generated by a bluff body as 

observed in its wake. In this class (μ0 > μc), a region of absolute instability is formed close 

to the origin and is followed by a region of convective instability. In other words, the 

locally and absolutely unstable flow becomes locally and convectively unstable when it 

reaches the streamwise distance corresponding to the transitional control parameter μt. It 

is due to this transition that self-sustained or global oscillations are able to develop from 

the separated flows. Frequency spectra of these oscillations usually reveal several 

fundamental frequencies or flow instabilities’ frequencies. An obvious example of this 

class of flow is the Karman vortex street behind a circular cylinder which demonstrates 

vortex shedding. 

2.2 Laminar Separation Bubble 

Global instability is usually expected in a laminar separation bubble (LSB) when the 

maximum backflow velocity exceeds 30 percent of a free-stream velocity (Hammond & 

Redekopp, 1998). Such criterion implies that a region of absolute instability grows larger 

as the maximum backflow velocity increases. Hence, it is fair to say that the size of a LSB 

may be dependent on how unstable the global instability has become. For instance, a 

smaller LSB could be marginally stable whereas a larger LSB may be globally unstable. 

Thus, this is where we shall introduce some experimental observations on the sizes of 

LSBs based on the pressure distributions of the aerofoil.  
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Figure 4 (a) Short and (b) long laminar separation bubbles in the pressure distributions (Gaster, 

2006). 

The pressure distribution of a low Reynolds number aerofoil generally consists of a 

suction peak located close to the leading edge and a LSB whose location varies with the 

angle of attack. As shown in Figure 4, a LSB is represented by a plateau of constant 

surface pressure and its streamwise extent is marked by the points of flow separation and 

reattachment. Flow separation (point S) occurs at the point where the surface pressure 

refuses to follow the slope of pressure recovery. Flow reattachment (point R) is observed 

to take place at the point where the surface pressure continues to follow the slope of 

pressure recovery which happens after a sudden drop in the surface pressure. The peak 

which develops at the end of a constant pressure plateau and at the beginning of a sudden 

drop in the surface pressure is known as the transition point (point T). 

From the concept of local/global and absolute/convective instability, we learned that the 

flow becomes more unstable (a region of absolute instability grows larger) as a control 

parameter μ0 increases (Chomaz et al., 1988). In an alternative explanation based on the 

pressure distributions, a short LSB (Figure 4a) is experimentally observed to “burst” into 

a long LSB (Figure 4b) when a local Reynolds number exceeds the critical value (Gaster, 

2006). Like the concept of local/global and absolute/convective instability where the flow 

becomes globally unstable when a control parameter μ0 exceeds the critical value, a short 

LSB bursts into a long LSB when a local Reynolds number exceeds the critical value. 

Prior to the bursting, the length of a LSB is observed to contract as the angle of attack 

increases. On the other hand, an increase in the angle of attack expands the length of a 

LSB after the bursting has occurred (Horton, 1968).  
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2.3 Flow Instabilities 

 

Figure 5 Potential flow instabilities on the circulation control aerofoil. Flow instabilities on (a) the 

aerofoil and (b) the Coanda surface.  

Like the wind blowing across a string that makes the Aeolian harp sing, irregular and 

quasi-periodic motion of the fluid flow over bluff or streamlined body of high enough 

Reynolds number is reportedly caused by flow instabilities (Williamson, 1996). Due to 

the fact that the quasi-periodic forces rendered by flow instabilities could cause structural 

vibrations, acoustic noise, or resonance which may trigger failure, the control or the 

suppression of flow instabilities has been investigated by many researchers. Amongst 

many control techniques, oscillating either a free-stream or a wetted body was observed 

to yield satisfactory results (Berger & Wille, 1972; Mair & Maull, 1971). Since a few 

types of flow instabilities, as shown in Figure 5, are likely to be found on the CC aerofoil 

used in this study, it is of great interest that some fundamentals and mechanisms of these 

potential flow instabilities are presented. Due to the fact that much research has been 

conducted on circular cylinders, information provided below will be mostly based on 

those of a circular cylinder.  
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2.3.1 Shear-Layer Instability and Vortex Shedding 

 

Figure 6 Sequence of vortex shedding as illustrated by instantaneous streamlines (Perry et al., 1982). 

Vortex shedding is a flow instability which is commonly found on a bluff body immersed 

in a free-stream. The physical form of vortex shedding could be described as regions of 

concentrated vorticity which are shed into the downstream flow from alternate sides of a 

bluff body. Imagine the flow passing over a bluff body, clockwise or negative vortices are 

shed from the upper surface of a bluff body whereas counter-clockwise or positive 

vortices are shed from the lower surface (Williamson, 1996). In the near-wake region, 

Gerrard (1966) suggested a forming vortex then draws the shear layer from the opposite 

side of a bluff body and ultimately cuts off the supply of vorticity to the growing vortex. 

As shown in Figure 6, the topology of instantaneous streamlines (Perry et al., 1982) is 

presented to support these descriptions on vortex shedding. In this figure, the formation 

of a new circulation region is marked by a new saddle point (point S) and is observed in 

Figure 6e. 

Although vortex shedding on a circular cylinder, in general, tends to follow the topology 

shown in Figure 6, measurements of velocity fluctuation, spectra, and frequency 

conducted by Roshko (1954b) brought about the first definition of flow regimes which 

categorises the specific behaviours of vortex shedding at various Reynolds numbers. In 

his measurements, he found a laminar vortex shedding regime for 40 ≤ Re ≤ 150, a 

transition regime for 150 ≤ Re ≤ 300, and an “irregular” regime for 300 ≤ Re ≤ 104+ where 
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irregularities in velocity fluctuations were found. Similarly, Bloor (1964) also found these 

regimes in her study. Due to the fact that the behaviours of the flow over a circular cylinder 

are dependent on the Reynolds number, it is noteworthy that the flow behaviours at 

various regimes are briefly reviewed. 

 

Figure 7 Classifications of vortex dynamics at various flow regimes. 

2.3.1.1 Prior to Regime A: Laminar Steady Regime (Re < 49) 

At Re < 49, the wake consists of a steady recirculation region of two symmetrically 

oriented vortices from the upper and lower sides. According to Coutanceau & Bouard 

(1977), Dennis & Chang (1970), Gerrard (1978), and Taneda (1956), this steady 

recirculation region was found to grow with the Reynolds number.    

2.3.1.2 Regime A – B: Laminar Vortex Shedding Regime (Re = 49 to 140 – 194) 

In this regime, the recirculation region initially develops instabilities, whose strength and 

amplification grow with the Reynolds number, from the downstream end of the bubble. 

According to Provansal et al. (1987), the onset of vortex shedding near Re = 49 has been 
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found to be a manifestation of a Hopf bifurcation. As the wake instability is amplified, the 

Reynolds stresses in the near-wake region increases and the formation length decreases. 

Furthermore, an increase in the unsteady forces is also found in this regime (Henderson, 

1994; Henderson, 1995). Provided that the end boundary conditions are properly taken 

care of, the wake oscillations over this regime are purely periodic. 

2.3.1.3 Regime B – C: 3-D Wake-Transition Regime (Re ≈ 190 to 260) 

This transition regime is associated with two discontinuous changes in the wake 

formation, which may be manifested by the variation in Strouhal number, as the Reynolds 

number is increased. At the first discontinuity near Re = 180 – 194, the initial formation 

of vortex loops in a mode A instability, as shown in Figure 7, could be observed. At a 

wavelength of around 3 to 4 diameters, the formation of streamwise vortex pairs could be 

seen as the primary vortices shed and deform. At the second discontinuity, a gradual 

transfer of energy from a mode A shedding to a mode B shedding is observed over a range 

of Re from 230 to 250. In this mode, the wake region consists of finer-scale streamwise 

vortices which have a spanwise length scale of about one diameter. As reported by 

Williamson (1992), large-scale spot-like “vortex dislocations”, as shown in Figure 7, were 

reportedly responsible for large intermittent low-frequency wake velocity fluctuations in 

this transition regime (Roshko, 1954b; Bloor, 1964).  

2.3.1.4 Regime C – D: Increasing Disorder in the Fine-Scale Three Dimensionalities 

With the exception of the presence of the fine-scale streamwise vortex structure, vortex 

shedding in this regime behaves similarly to the laminar shedding mode. Furthermore, it 

is worth mentioning that the resonance could be observed at Re = 260 and such may be 

due to interactions between the shear layer and the wake (Prasad & Williamson, 1997a; 

Williamson, 1996). As the name of this regime implies, the fine-scale three dimensionality 

becomes very disordered as the Reynolds number progressed towards regime D. As a 

result, a reduction in the two-dimensional Reynolds stresses and an increment in the 

formation length are observed at the upper margin of this regime (Una1 & Rockwell, 

1988; Williamson 1996).  

2.3.1.5 Regime D – E: Shear-Layer Transition Regime (Re = 1000 to 200000) 

In this shear-layer transition regime, the two-dimensional Reynolds number increases, the 

Strouhal number gradually decreases (Norberg, 1994), and the length of the mean 

recirculation region decreases (Schiller & Linke, 1933) as the separating shear layers 
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develop on the sides of the body. It is also noteworthy that the drag force on the body 

increases while the turbulent transition point in the separating shear layers moves 

upstream as the Reynolds number increases (Roshko, 1993). For this separating shear 

layer, Bloor (1964) found that the instability vortices appearing in the shear layers produce 

frequencies in the wake which roughly scaled with Re1.5, rather than approximately with 

Re1 for the Karman vortices. The discrepancy in the scaling of the frequency between the 

shear layer vortices and the Karman vortices is possibly due to the fact that vortex 

shedding frequency scales with the cylinder diameter whereas the shear-layer instability 

frequency scales with the thickness of the separating shear layer (Prasad & Williamson, 

1997b). Since the shear layers, which are caused by the Kelvin-Helmholtz instability, 

contribute to an increment in the two-dimensional Reynolds stresses, three-dimensional 

structures of the shear layer vortices and the Karman vortices are also expected to develop 

in this regime (Wei & Smith, 1986; Williamson et al., 1995). 

2.3.1.6 Regime E – G: Asymmetric Reattachment Regime (Critical Transition Regime) 

Due to a separation-reattachment bubble which causes the boundary layer to separate 

further downstream, the drag force on the body is drastically decreased as the width of 

downstream wake is reduced. Additionally, it was also reported by Bearman (1969) and 

Schewe (1983) that a separation-reattachment bubble occurs on only one side of the body 

which then enables the mean lift force to rise. 

2.3.1.7 Regime G – H: Symmetric Reattachment Regime (Supercritical Regime) 

A separation-reattachment bubble, which was previously found in regime E – G, is formed 

on each side of the body (upper and lower sides) in this regime. According to Bearman 

(1969), the flow in the wake region was observed to fluctuate at Sr ≈ 0.4. Since the 

boundary layer in this regime has higher Reynolds stresses than that in the post-critical 

regime (regime H – J), the boundary layer in this regime is able to withstand a greater 

adverse pressure gradient than that in the post-critical regime (Roshko, 1993). 

2.3.1.8 Regime H – J: Boundary-Layer Transition Regime (Post-Critical Regime) 

Through all these flow regimes, increasing the Reynolds number is found to continuously 

move the turbulent transition point upstream. At the point where the Reynolds number is 

sufficiently high, the boundary layer on the cylinder surface itself becomes turbulent. 

Subsequently, drag force on the body grows higher as flow separation occurs further 

upstream (Roshko, 1961). 
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2.3.1.9 Vortex Shedding Frequency of Various Geometries 

 

Figure 8 Variation of Strouhal number for various geometries across the range of Reynolds number 

(Yarusevych & Boutilier, 2011). 

The datasets in this comparison chart, as shown above, were taken from various 

geometries when boundary-layer separation occurs without subsequent reattachment. The 

Reynolds number Red,ref for these geometries is based on the height of the model 

projection on a plane normal to a free-stream. As shown in Figure 8, most trends follow 

the description of the shear layer transition regime in which their Strouhal numbers 

gradually decrease as the Reynolds number increases. For a circular cylinder (Norberg, 

2001), a typical Strouhal number of approximately 0.2 is found throughout this Reynolds 

number range. For blunted- (Norberg, 1993) and bevelled-edge flat plates (Chen & Fang, 

1996) at the angles of attack below 30°, the Strouhal number is very sensitive to the 

geometry and the Reynolds number due to changes in a flow reattachment point that is 

sensitive to the angle of attack. At the angles of attack where the flow is completely 

separated from these flat plates, the Strouhal number at these angle of attack ranges tends 

to remain nearly constant. For an aerofoil, the Strouhal number is also found to be very 

sensitive to the Reynolds number and the aerofoil geometry as these parameters can 

drastically change the location of boundary-layer separation and the characteristics of a 

separated shear-layer (Carmichael, 1981; Huang & Lee, 2000; Huang & Lin, 1995; 

Yarusevych et al., 2006; Yarusevych et al., 2009). 
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2.3.2 Instability of Mixing Layers and Jets 

 

Figure 9 (a) Schematic of mixing layer (Thomas, 1991) and topology of streamwise vorticity (Bernal 

& Roshko, 1986). 

The mechanisms of this flow instability are formed when two streams of velocity U1 and 

U2 (U1 > U2), which are initially separated by a thin solid surface, merge (Thomas, 1991). 

As shown in Figure 9, the merging of these two streams causes the flow U(x,y) to become 

weakly diverging due to viscous diffusion. In this scenario, the flow may be characterised 

by the velocity ratio RU = ∆U/2Ū where ∆U = U1 - U2 and Ū = (U1 + U2)/2. The flow is 

wake-like when RU = 0 and only one stream is present and discharged into quiescent fluid, 

which is similar to the nascent free shear layer near the jet nozzle, when RU =1. The 

Reynolds number Reθ = Ūθ0/ν, where θ0 is the initial momentum thickness and ν is the 

kinematic viscosity, is usually employed in this field of study to take viscous effects into 

account. Provided that U1 ≠ U2, instability waves, which exhibit exponential streamwise 

growth, can be produced through the inviscid Kelvin-Helmholtz instability mechanism in 

the region where the two streams merge. Subsequently, the shear layer rolls up into small 

spanwise vortices which promote mixing between the two streams. 
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Figure 10 Flow visualisation of the planar jet shear layer via dye injection (Thomas, 1991). 

Given that there is enough downstream distance at finite fundamental amplitude, the two-

dimensional shear layer rolls up into an array of spanwise vortices which are connected 

to each other by thin layers of concentrated vorticity known as “braids”. Figure 10 

captures the vortex roll-up process of the planar jet shear layer as its vortical structures 

are developing in the near flow field. In unforced mixing layers, the roll-up occurs near 

the most amplified frequency from linear theory (Srθ = fθ0/U1 = 0.016). In forced mixing 

layers, artificially forced mixing layers are observed to roll up at the harmonic of the 

forcing frequency closest to the most amplified frequency. For instance, the vortex 

formation will form at fe if the forcing frequency fe is chosen close to the most unstable 

frequency fm.  

Near the roll-up location, the development of vorticity in the shear layer represents a fully 

nonlinear problem and finite amplitude effects give rise to nonlinear wave interactions 

between fluctuations which are associated with the formation of harmonics, 

subharmonics, and multiple sum and difference modes (Ho & Huang, 1982). These 

nonlinear wave interactions are directly related to the shear layer transition to turbulence 

and such transition is largely dominated by subharmonic modes rather than a continuum 

of modes. Due to the selective growth of the local subharmonic component, the pairing of 

neighbouring vortices occur and is reportedly responsible for mixing layer growth 

(Winant & Browand, 1974) and an increment in the Reynolds stress (Browand & 

Weidman, 1976). Since the pairing of vortices is responsible for the production of 

turbulence (Hussain & Zaman, 1980), the state of the turbulence in the mixing layer can 
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be altered by manipulating the interactions between large-scale vortices (Wygnanski & 

Oster, 1982).  

As previously mentioned that the pairing of vortices is dominated by subharmonic modes 

and responsible for an increment in the Reynolds stress, the location of subharmonic 

saturation (mode f/2) is found to correspond to the location where pairing vortices align 

vertically. Likewise, the location of the initial vortex roll-up (mode f) is found to 

correspond to the location of saturation of the fundamental instability wave (Ho & Huang, 

1982). Hence, the characteristic structural passage frequency of the shear flow is halved 

at every point where the vortex pairing process takes place. As a result, the spectral peak 

of this shear flow is found to shift toward lower frequency as the shear flow propagates 

downstream (Ho & Huang, 1982). In addition to the reduced frequency of the shear flow 

at the location of vortex pairing, a sudden increase in the local momentum thickness θ 

may be observed to approximately double after the pairing (Ho & Huang, 1982). At far 

downstream, the location of vortex pairing becomes increasingly randomised. 

2.3.3 Gortler Instability 

 

Figure 11 Vortical structure in a boundary layer over a curved surface (Floryan, 1991). 

As shown in Figure 11, flow over a curved surface usually gives rise to the centrifugal 

instability associated with the change of flow direction. A particle in the flow is said to 

reach zones of lesser and greater centrifugal forces when it deflects toward the inner and 

outer edges of the boundary layer, respectively (Floryan, 1991). An early observation on 
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the centrifugal instability was conducted by Taylor (1923) in which the counter-rotating 

vortex pairs were produced from the gap between the two concentrically rotating 

cylinders. Prior to a firmer establishment of the centrifugal or the Gortler instability, 

Clauser and Clauser (1937) found that the laminar boundary layer on the concave surface 

becomes turbulent at lower Reynolds number than those on the flat and convex surfaces. 

For a similar instability to occur, Görtler (1941; 1954) proposed a control parameter G = 

(U∞δ/ν) (δ/r)1/2, where U∞ is a free-stream velocity, δ is related to the boundary layer 

thickness, ν is the kinematic viscosity, and r is the radius of wall curvature, which he used 

to study the formation of this instability. 

 

Figure 12 Distribution of the streamwise velocity in the spanwise plane (Floryan, 1991). 

Prior to the development of the Gortler instability, the curved surface is covered with a 

thin layer of fluid flow whose rate of sublimation is commensurate with the surface shear 

stress. As shown in Figure 12, the disturbance associated with the instability begins to 

take place afterward and is responsible for an increment and a decrement in the shear 

stress at the downwash (section c in Figure 12) and upwash (section a in Figure 12) 

sections, respectively. Subsequently, a pair of counter-rotating vortices can be observed 

at every spanwise wavelength of the instability λ (Floryan, 1991). According to the flow 

visualisation experiments (Dagenhart & Mangalam, 1986), the form of the streaks shows 

that this spanwise wavelength remains constant in the streamwise direction. In terms of 

the control parameter G or the Gortler number, the linear theory suggested that the flow 
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becomes unstable at G = 0.4638 (Floryan & Saric, 1982). Nevertheless, no disturbances 

can be seen until G = 10.1. 

 

Figure 13 Formation of the horseshoe-type structures (Aihara & Koyama, 1981). (A) Initial pattern, 

(B) Deformed pattern, (C) Breakdown. 

The nonlinear development of the Gortler instability begins with a change in the spanwise 

spacing of the vortices. As shown in Figure 13, vortices induced by the upwash section 

approach each other, form a pair, and lift up a little (Aihara & Koyama, 1981). As a 

consequence, such occurrence modifies the spanwise characteristics in such a manner that 

the accelerated flow becomes wide and flat while the decelerated flow becomes narrow 

and sharp (Aihara, 1962). As the distance between the paired vortices decreases, an 

enlarged upwash section is found to promote a rapid growth of the boundary layer. At the 

section where the distance between the paired vortices decreases, an inflection point is 

formed in the velocity distribution at this section. Hence, the velocity distribution then 

becomes nonmonotonic with a low-speed fluid riding above a high-speed fluid and with 

a high shear layer emerging at the edge of the boundary layer (Aihara, 1979). Upon 

subjecting the high shear layer that forms above the upwash section to the Kelvin-

Helmholtz instability, the spanwise vortices are produced and bend towards the wall by 

the rotating motion of the original streamwise vortices into the horseshoe structure 

(Aihara, 1979; Aihara, 1962; Aihara & Koyama, 1982). During the breakdown process, 

this horseshoe structure propagates through the transition region and later collapses in the 

turbulence region (Aihara & Koyama, 1982). 
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2.4 Synthetic Jet 

Turbulence is not a random process and large coherent structures, which are responsible 

for the transport of momentum across the flow domain, are observed in turbulent mixing 

layers (Brown & Roshko, 1974; Winant & Browand, 1974). Thus, exciting these shear 

layers has been found to have accelerated and regulated the generation of large coherent 

structures which in turn allows high momentum fluid to be transferred across these layers 

(Oster et al., 1978). Even though conventional blowing and suction have demonstrated 

their capabilities to control flow separation, the nature of steady injection of momentum 

may not be able to truly exploit flow instabilities (Huang et al., 1987) whose existences 

are characterised by their fundamental frequencies. In terms of performance and energy 

efficiency, some early investigations on periodic excitation showed that a shear layer 

could be effectively attached to a deflected surface (Katz et al., 1989; Nishri & 

Wygnanski, 1996; Nishri & Wygnanski, 1998) by periodic addition of momentum which 

has also been found to require much less energy than the steady addition of momentum 

(Neuburger & Wygnanski, 1987). 

Synthetic jet (SJ) actuator, in general, can satisfy many design criteria which most flow 

control devices could not. Such design advantages attribute to the reliance on the electrical 

power of a lightweight actuator rather than that of the mechanical power whose system is 

usually complicated by the plumbing system and other moving parts. Since the control of 

flow separation is a matter of addition of momentum rather than that of mass (Poisson-

Quinton, 1948), a SJ actuator, which is a zero-net-mass-flux device, is eligible to control 

flow separation as long as it can supply sufficient momentum. Unlike a blowing jet which 

requires at least an auxiliary compressor to supply an air jet to an aerofoil, a periodic 

injection of momentum via the SJ actuation ingests ambient air and expulses air jet during 

the outward and inward displacements of the diaphragm of an actuator, respectively 

(Glezer & Amitay, 2002). Therefore, a simple circuit board, such as a sinusoidal oscillator, 

could be used to supply a series of sinusoidal waves to a piezoelectric membrane or a 

loudspeaker which acts as the diaphragm (Seifert et al., 2010). As opposed to the 

traditional blowing jet which, in some cases, relies on an auxiliary compressor or exhaust 

gas from a propulsive system (Attinello, 1961), a SJ actuator could be designed in such a 

way that its driving system is completely decoupled from those normally used by the 

blowing jet. Hence, the complexity in the design of a SJ actuator can be greatly minimised. 
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2.4.1 Fundamentals 

 

Figure 14 Schematics of a synthetic jet actuator and its setup. 

Most devices which are capable of providing successive suction and blowing may be 

considered as a SJ actuator. Nevertheless, only the loudspeaker-type SJ actuator, whose 

design is similar to those of a piezoelectric membrane-type, shall be discussed in the 

current study. In this particular actuator (Figure 14), it usually consists of a cavity with an 

orifice on one wall and backed by a diaphragm which is driven by a series of sinusoidal 

waves produced by a signal generator and a power amplifier. The ambient air is drawn 

into the cavity and is forced out through the orifice to generate a SJ during the outward 

(suction) and inward (blowing) displacements of the diaphragm, respectively. To date, a 

SJ has found its way into many areas of disciplines ranging from thermodynamics to fluid 

mechanics (Glezer & Amitay, 2002). 

2.4.2 Fluid-Dynamic-Based Analytical Model of Synthetic Jet Actuation 

 

Figure 15 Fluid-dynamic-based analytical model of synthetic jet actuation. 
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The SJ actuation can be readily expressed by a fluid-dynamic-based analytical model, as 

shown in Figure 15, as a mechanical mass-spring-damper system (Sharma, 2007). The 

diaphragm or the structural component of an actuator is modelled as a mass which moves 

similarly to that of a single-degree-of-freedom system and is displaced by xw. The 

diaphragm has a mass mw, damping coefficient cw, and stiffness kw. Due to an infinite 

baffle oscillation at frequency f of the diaphragm, an air mass in the cavity must be added 

to the diaphragm mass to yield the total diaphragm mass mwt. Likewise, the total damping 

coefficient cwt must be yielded so that an air mass in the cavity is taken into account. 

Similar to a bass-reflex enclosure, mounting a diaphragm to the SJ cavity affects the free-

air diaphragm resonance frequency fw (Rossing, 1990). Consequently, the bandwidth of 

the diaphragm resonance frequency is widened as the diaphragm resonance frequency is 

split into 2 peaks due to an enhancement in a bass response. The air mass at the orifice or 

the pneumatic component of an actuator is modelled as a mass which moves similarly to 

the diaphragm and is displaced by xh. The air mass has a mass mh, damping coefficient ch, 

and stiffness kh. For the sake of simplicity, the pneumatic component could be presented 

in terms of the cavity pressure Pi and diaphragm area Aw. Depending on the type of a 

diaphragm, the force F, which oscillates a diaphragm in the cavity, may vary. In this study, 

an electrodynamic force generated from the voice coil of the loudspeaker is responsible 

for oscillating the diaphragm. 

2.4.3 Frequency of Excitation 

Despite the excitation of the separated shear layer being known to suppress flow 

separation, the choice of the excitation frequency remains an ongoing debate on the range 

of frequency that could effectively control flow separation. In an attempt to quantify the 

magnitude of the excitation frequency, its magnitude is traditionally normalised by the 

distance from an actuator to a trailing edge Xte and a free-stream velocity U∞ to yield the 

conventional reduced frequency Fc
+ and its magnitude is expressed as 

 𝐹𝑐
+ = 𝑓𝑋𝑡𝑒/𝑈∞ (1) 

Followed by this formulation, two approaches of excitations namely, low- and high-

frequency excitations, could be distinguished by orders of magnitude (Glezer et al., 2005). 

Low-frequency excitation is typically an excitation whose reduced frequency is on an 

order of magnitude (Fc
+ = Ο(1)). Given that the excitation frequency is comparable to that 

of vortex roll-up (mixing layer instability), such an excitation usually results in modifying 
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the vortical structures of a shear layer (Reisenthel et al., 1985; Roos & Kegelman, 1986). 

In the context of flow control, a “virtual flap” is created as a result of this modification 

and that a shear layer would be attracted to it if the mass of fluid entrained into the mixing 

layer exceeds the required amount (Oster et al., 1978). By taking this statement as a basis 

for determining the existence of a “virtual flap”, a numerical integration of its 

mathematical expression further reveals that the transfer of momentum is most effective 

at f+ = fθ/U∞ = 1 (see Figure 16), where θ is the momentum thickness. Consequently, flow 

separation could be suppressed by a Coanda-like deflection. Although Fc
+ = 1 conforms 

well with f+ = 1, it is noted that such estimation is based on a straight deflected flap where 

the effect of curvature is not present. On another approach, an excitation is considered to 

be that of high-frequency excitation when the reduced frequency is an order higher than 

the low-frequency excitation (Fc
+ = Ο(10)) (Glezer et al., 2005). While the momentum 

entrainment still primarily contributes to the cause, the excitation frequency whose 

magnitude is much higher than the frequency of the flow instability can potentially render 

an interaction between the SJ and the flow instability time-invariant. Thus, the shape of 

an apparent aerodynamic surface can be altered by the rapid displacement of momentum 

which is known as virtual aeroshaping (Glezer et al., 2005).  

 

Figure 16 Numerical integration of the spreading rate of the actively excited mixing layer (Oster et 

al., 1978). 

However, since the CC aerofoil used in the current study is designed to have SJ actuators 

placed far downstream, the distance from the jet slot to the trailing edge Xte may not be an 

appropriate characteristic length. Thus, the use of different characteristic lengths could be 
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sought from the other studies. While the characteristic lengths, such as the flap height 

(Reisenthel et al., 1985), the step height (Roos & Kegelman, 1986), and the height of a 

separation bubble (Sigurdson, 1995; Sigurdson & Roshko ,1985), have been used, the 

diameter of the circular-cylinder trailing edge d (see section 2.5) could be used to yield 

the alternative reduced frequency F+ when there is subsequent flow reattachment on the 

aerofoil and such reduced frequency can be estimated from 

 𝐹+ = 𝑓𝑑/𝑈∞ (2) 

2.4.4 Amplitude of Excitation or Momentum Coefficient 

To date, many approaches of excitations, such as those which deploy control devices with 

(Hassan, 1998; Smith & Glezer, 1998) and without a slot (Darabi, 2000; Neuburger & 

Wygnanski, 1987; Nishri, 1995; Seifert et al., 1998) have been proposed. For the sake of 

consistency, the estimation of momentum coefficient provided by a SJ can be calculated 

from 

 𝐶𝜇 = 𝐼�̅�/0.5𝜌∞𝑈∞
2 𝑐 (3) 

 𝐼�̅� =
1

𝑇/2
𝜌𝑗𝑏∫ 𝑈𝑗

2(𝑡)𝑑𝑡
𝑇/2

0

 (4) 

where Īj is the time-averaged jet momentum per unit length during the expulsion stroke, 

T is the actuation period or the reciprocal of the actuation frequency, ρj is the jet density, 

Uj is the jet velocity at the exit slot of an actuator, b is the width or height of a jet slot, ρ∞ 

is a free-stream density, U∞ is a free-stream velocity, and c is the characteristic length 

(aerofoil chord length in this study). 

While the excitation frequency of Fc
+ ≈ 1 is frequently used in many studies as it is 

reportedly capable of effectively interacting with the dominant flow instability which 

usually scales with the characteristic length of a streamlined body (Nishri & Wygnanski, 

1998; Nishri, 1995; Seifert et al., 1998; Seifert & Pack, 1998), the role of the excitation 

amplitude is largely dependent on the application of the flow control device. On a high-

incidence aerofoil where flow separation occurs near the leading edge, increasing the 

excitation amplitude generally increases the lift coefficient (Amitay et al., 1998; Seifert 

et al., 1993; Smith et al., 1998) and, in some cases, decreases the drag coefficient (Seifert 

et al., 1996; Seifert & Pack, 1999) at the stall or post-stall angle of attack. On a low-
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incidence aerofoil with a deflected flap, increasing the excitation amplitude mainly 

increases the lift coefficient (Seifert et al., 1996; Greenblatt et al., 1999).  

2.5 Circulation Control Aerofoil 

 

Figure 17 Aerofoils with (a) a conventional trailing edge, (b) a blown flap, and (c) the Coanda surface 

(Englar, 1975).  

As opposed to a conventional aerofoil (Figure 17a) which has a sharp trailing edge, a CC 

aerofoil is usually referred to those aerofoils which attempt to improve their lift 

characteristics by incorporating a blowing jet into a flap shoulder (Figure 17b) or a 

rounded trailing edge (Figure 17c) (Englar, 1975). In the CC operation, compressed air, 

which is normally supplied from either an auxiliary compressor or a propulsive system 

(Attinello, 1961), is fed to an air plenum and forced to leave through an orifice as an air 

jet. As the air jet leaves an orifice and makes contact with a flap shoulder or a rounded 

trailing edge, the curvatures presented in these geometries attract this air jet to their 

surfaces. In a sense, such mechanism is similar to the control of flow separation as the 

Coanda surface is deliberately made to enable changes in a flow separation point or a jet 

detachment point by varying the amplitude of a blowing jet. 

On the Coanda surface, the air jet remains attached to the surface as long as the low static 

pressures created by the jet are large enough to balance the centrifugal force (Ahuja et al., 

2000). At the point where the jet separates from the surface, such point is commonly 

referred to as the jet detachment point. Since the CC technology always revolves around 

a blowing jet, the jet detachment point is sometimes reported as part of determining the 

effectiveness of the operation when it is applicable. Furthermore, it has been found in 

many investigations that an increment in the lift coefficient is usually accompanied by a 

delay in the jet detachment point (Shrewsbury, 1985). Thus, the term Coanda or jet turning 

is conventionally used to define the effectiveness of the operation based on the angle at 

which a blowing jet is detached or separated from the Coanda surface. 
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Followed by many experimental observations on jet turning, it has been found that the 

effectiveness of the operation is greatly affected by the geometrical parameters, namely 

jet width, radius of the Coanda surface, and aerofoil chord length (Englar, 1971). While 

it is possible to further increase the lift coefficient by increasing the amplitude of a 

blowing jet or the jet velocity, designing a CC aerofoil with an appropriate combination 

of geometrical parameters can substantially enhance the Coanda operation. Therefore, it 

is recommended that we review the guideline, as shown in Figure 18, prior to the design 

of a CC aerofoil. 

 

Figure 18 Englar’s hypothesis on the region of most effective circulation control (Englar, 1971).  

From the early days of a CC aerofoil, a continuous air jet has primarily been used to 

achieve lift enhancement. To date, a CC aerofoil has seen much progress in both 

experimental studies (Joslin & Jones, 2006) and inflight applications ranging from 

homebuilt aircraft (Loth et al., 1976) to military aircraft (Englar & Huson, 1984). Even 

though such concept has been proven satisfactory by many investigations throughout its 

history, it is usually not practical for an aircraft to carry an additional auxiliary compressor 

or couple a CC system with a propulsive system (Attinello, 1961) due to undesirable 

additional weight and further complication in flight systems, respectively. Furthermore, a 

continuous air jet cannot provide an oscillatory excitation which is capable of suppressing 

or exploiting flow instabilities.  
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In attempt to supress flow instabilities, oscillatory blowing has been made possible by 

introducing mechanical components, such as an axial fan (Seifert et al., 1999), a 

centrifugal fan (Seifert et al., 1993) and a diffuser (Jones & Englar, 2003) to the steady 

blowing system. Although oscillatory blowing has shown great success in exploiting flow 

instabilities, introducing additional components tends to further complicate the system. 

Despite this option being able to prove the concept of an oscillatory blowing, its need for 

additional mechanical components renders the system to be less attractive. 

In recent years, the control of flow separation using SJ has been popularised as many 

researchers have come to realise its potentials as a high-lift device (Loth, 1973). Due to 

this reason, the majority of the investigations almost always conduct testing on high-

incidence aerofoils which are similar to those during the take-off and landing of an 

aircraft. As the angle of attack increases, the adverse pressure gradient becomes more 

severe and that the flow separation point starts to move upstream. Since the oscillatory 

excitation has been found to be most effective when it takes place near the point where 

the flow separates (Greenblatt & Wygnanski, 2000), these SJ actuators are usually placed 

near the leading edge. Thus, there are limited numbers of investigations where SJ 

actuators are placed at the aft section of an aerofoil. As opposed to the control of flow 

separation which mostly occurs at high angles of attack, the presence of the Coanda 

surface found in a CC aerofoil allows changes in the jet detachment point and as well as 

the lift coefficient at low angles of attack which may not be achievable in the previous 

category. 
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3 Experimental Setup 

In this investigation where the CC aerofoil and the SJ actuator are concerned, the physical 

characteristics of these components, the technical procedures taken to produce the results, 

and the uncertainty analysis associated with the measurement techniques are provided in 

this section. 

3.1 Synthetic Jet Actuator 

 

Figure 19 Variation of synthetic jet peak velocity due to different cavity heights. 

The SJ actuator used in the current study, as shown in Figure 20a, has a cavity diameter 

of 34 mm, a cavity height of 1 mm, an orifice slot length of 32 mm, an orifice slot width 

of 0.2 mm, and an orifice neck length (measured from the circumference of the cavity to 

the orifice exit) of 2 mm. As shown in Figure 19, the preliminary bench top 

characterisation of this SJ actuator, a cavity height of 1 mm is found to yield an optimal 

output (relative high jet velocity) when the same amount of voltage is applied to four SJ 

actuators with different cavity heights. The cavity diameter is designed according to a 

loudspeaker which could be readily bough off the shelf. The dimensions of the orifice slot 

are designed to conform to the guideline suggested by Englar (1971). Since the excitation 

frequency of interest for this particular experiment is found to be on an order of 102 Hz, a 

loudspeaker (model KDMG36008-10B), which has a diameter of 36 mm, an impedance 

of 8 ± 15% Ω, a free-air resonance frequency of 570 ± 20% Hz, and power rating of 1 W, 

is selected to enable the SJ actuator to perform well at this frequency range. 
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Figure 20 Schematics of the synthetic jet actuators in the aerofoil section. 

Throughout the aerofoil span length, 27 loudspeakers are mounted on circular pockets 

which have a diameter of approximately 36.5 mm and are made on top of the cavity 

section. As shown in Figure 20b, silicone adhesive is then applied on the rims of the 

loudspeakers to secure them to circular pockets and seal up the cavity section. These 

loudspeakers are equally distributed across the aerofoil span length which results in 

having 8-mm (0.25Lo) gaps between each orifice slot. As shown in Figure 20c, 9 sets of 

3 loudspeakers in series connection are connected in parallel. An array of these 

loudspeakers is placed on the suction side of the aerofoil at x/c = 0.98 which is upstream 

of the Coanda surface. 

Since the SJ actuators are driven by a series of sinusoidal waves which are generated by 

a signal generator and a power amplifier, the input parameters of this SJ actuator are the 

excitation frequency and the voltage amplitude. Since there are 2 major resonance 

frequencies found at approximately 260 and 680 Hz in the frequency response of the SJ 

actuator, the bench top characterisation is performed on the SJ actuator at the excitation 

frequency range of 100 to 1000 Hz and the RMS voltage range of 0.5 to 2.5 V to cover 

the range of interest. In the wind tunnel testing where flow instabilities’ frequencies 

(dominant frequencies in the spectra) are mostly found within the frequency range of 100 

to 500 Hz on the CC aerofoil, the excitation frequency range of 150 to 600 Hz (F+ = 0.12 

– 0.48), the momentum coefficient range of 0.00056 to 0.0189, and a free-stream velocity 

of 10 m/s are employed. 

The bench top characterisation of the SJ actuator investigated the effects of excitation 

frequency and voltage amplitude on the momentum coefficient and the cavity pressure. 

Furthermore, the characteristics of oscillating jet velocity and cavity pressure are also 
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explored to better understand the operation of the SJ. As shown in Figure 20d, the SJ 

velocity at the centreline (y = 0) is measured at the jet exit plane whereas the cavity 

pressure is measured from the pressure taps which are made on the sides of the cavities. 

For velocity measurements, a Dantec’s mini-CTA (constant temperature anemometer) 

model 54N81, a PCI A/D unit model 38A0262 (16-bit resolution), and a hot-wire probe 

model 55P16 are employed. 20480 samples of jet velocities are sampled at 8192 Hz with 

this equipment. The uncertainty in RMS time-averaged jet velocity is generally less than 

1% of the time-averaged jet velocity. For pressure measurements, a NXP’s integrated 

silicon pressure sensor model MPXV7002 and a NI USB-6009 A/D unit (14-bit 

resolution) are employed. The pressure sensor is inserted inside the aerofoil model and is 

connected to the pressure tap of the SJ cavity using a short pressure tube. 20480 samples 

of cavity pressures are sampled at 2048 Hz. The uncertainty in RMS peak cavity pressure 

is generally less than 1% of the peak cavity pressure. In the cases where the phase shift 

between the jet velocity and the cavity pressure are studied, 20480 samples of jet 

velocities and cavity pressures are simultaneously sampled at 8192 Hz. Additionally, a 

series of white noise signals at a cut-off frequency of 3690 Hz is also fed to the 

loudspeaker to study its frequency response via the cavity pressure. A traverse rig with a 

resolution of 0.01 mm is used to hold and traverse a hot-wire probe. 

3.2 Circulation Control Aerofoil 

The geometrical parameters of a CC aerofoil play an important role in defining the 

effectiveness of the Coanda operation or the characteristics of jet turning (Bailey, 1961; 

Blakeney, 1972). Thus, the ratios of the jet height to the Coanda radius (b/r), the jet height 

to the aerofoil chord length (b/c), and the Coanda radius to the aerofoil chord length (r/c) 

of 0.05, 0.0012, and 0.0235 are selected from Englar’s hypothesis (Englar, 1971), 

respectively. A NACA0015 aerofoil is selected for this study. The blockage ratio of the 

aerofoil in the wind tunnel is well below 5% (Barlow et al., 1999). As shown in Figure 

21a, approximately 12% of the aerofoil chord length is removed from the trailing edge 

side to include the Coanda surface which has a diameter of 8 mm. A free-stream velocity 

of 10 m/s (±2%), corresponding to the chord Reynolds number of 1.10×105, is used. As 

shown in Figure 21d, the aluminium aerofoil is vertically mounted in between circular 

end plates with a diameter of 2.94c. The base of the rig which supports the aerofoil is 

secured to a turntable to allow the angle of attack to be adjusted. The turbulence intensity 
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of the free-stream is approximately 2%. The angles of attack of 0° – 15° (±0.1°), where α 

= 15° is the stall angle, are selected for the testing. 

 

Figure 21 Schematics of the circulation control aerofoil and the experimental setup in a wind tunnel. 

Figure 21a, b, c, and d show the comparison between the modified CC aerofoil (solid 

lines) and the original NACA0015 aerofoil (dotted lines), the pressure taps on the CC 

aerofoil, the Coanda surface, and the experimental setup in a wind tunnel, respectively. 

As shown in Figure 21b, a total number of 73 pressure taps are built into the mid-span of 

the aerofoil. A single tap is placed at the leading edge of the aerofoil. 31 and 30 taps are 

placed on the suction and pressure sides of the aerofoil, respectively. In an attempt to 

approximate the streamwise extent of a laminar separation or a flow separation region, 

the streamwise distance between each pressure tap is equally spaced at a distance of about 

5 mm. As shown in Figure 21c, 11 taps are placed at the round trailing edge or the Coanda 

surface. On the Coanda surface, each tap is equally spaced at 15° apart. The internal 

diameters of these pressure taps are approximately 1.2 mm. The arrays of pressure taps 

are lined up diagonally to prevent upstream taps from disturbing the downstream taps. 

These pressure taps are used to sample the surface pressures with a pressure transducer. 

The aspect ratio of the aerofoil is chosen to be 6.6, which yields the wing span of 1122 

mm, to minimise the spanwise variations across the aerofoil span (McAlister & Takahashi, 

1991). 
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The mean surface pressure or the pressure distribution on the aerofoil is acquired using a 

pressure transducer with a full scale range of 1 kPa. The uncertainty in mean surface 

pressure measurements is typically less than 3% of the free-stream dynamic pressure. The 

lift (cl) and drag (cd) coefficients are acquired from integration of the mean surface 

pressure distributions and the uncertainties (2σ) of the lift and drag coefficients are 

typically below 2% and 5%, respectively. The length of a LSB is estimated from the linear 

fits to the mean pressure distributions at the upstream and downstream regions of a LSB 

for a flow separation point and a flow reattachment point, respectively (Boutilier & 

Yarusevych, 2012). The estimated uncertainty of these flow separation and reattachment 

points is typically within 2% of the chord length. The fluctuating surface pressures are 

sampled at 2048 Hz using a Honeywell pressure transducer (model XSC) with a full scale 

range of 1 kPa. 40960 samples of fluctuating surface pressures at each pressure tap are 

sampled to perform spectral analysis. The uncertainty in RMS surface pressure 

measurements is generally less than 3% of the free-stream dynamic pressure. Prior to the 

experiment, the effects of sampling frequency on pressure spectra are investigated by 

feeding a series of white noise signals to the pressure transducer through a very short 

pressure tube (≈ 5mm) to ensure that the sampling frequency of 2048 Hz does not 

deteriorate the qualities of pressure signals and spectra. Since these pressure transducers 

are stored underneath the wind tunnel floor, 2-m long pressure tubes are required to 

connect pressure taps to their respective pressure channels. In order to reconstruct pressure 

signals which are likely to be distorted and damped by long pressure tubes, a digital filter 

developed by Halkyard et al. (2010) is employed. The fluctuating wake velocities are 

sampled at 1024 Hz using a TFI cobra probe (series 100). 20480 samples of wake 

velocities are sampled at 5 streamwise distances (x/c = 1.80, 1.91, 2.08, 2.40, and 2.80). 

The accuracy of measurements is generally within ±0.5 m/s and ±1° pitch and yaw. Block 

averaging method (Bendat & Piersol, 2010) is employed in the attempt to produce smooth 

power spectra. In the block averaging method, the samples are equally divided into 10 

blocks and spectral analysis is performed on each block. 10 spectra are then averaged to 

yield a smoothed spectrum. The laboratory computer used for the study is equipped with 

a 14 bit 48 kHz National Instruments USB-6009 A/D board for the data acquisition. 
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4 Numerical Setup 

For the sake of consistency between the numerical and experimental studies, the 

geometrical parameters of the aerofoil and the chord Reynolds numbers are kept identical 

to those of the experimental setup. The geometries and meshes of the flow were created 

in ICEM CFD 15.0 using an unstructured hexahedral mesh. Pre-CFX, CFX Solver, and 

Post-CFD of ANSYS CFD R15.0 Academic edition were used to produce numerical 

results. 

 

Figure 22 Boundary conditions of (a) a flow domain and (b) the synthetic jet actuator, (c) the 

schematics of the Coanda surface, and the meshing topology around (d) the aerofoil and (e) the 

rounded trailing edge. 

The C-grid configuration, as shown in Figure 22, was employed for this simulation. The 

round arc with a radius of 2.79c was assigned as an inlet. The vertical distance from the 

ceiling to the floor of the flow domain was 5.58c. The ceiling and the floor were assigned 

free-slip walls. The streamwise distance from the trailing edge to the far-end wall was 

4.58c. The far-right wall was assigned as an opening. The surfaces of the aerofoil, orifice, 

and the cavity were assigned as non-slip walls. The sidewalls of the aerofoil are assigned 

as symmetries. The aerofoil span length of 0.07c was used in the simulation as it was 

found to be capable of resolving the turbulent coherence structure on an aerofoil while 

optimizing the computational time (Nishino et al., 2010). To put the flow domain size into 
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perspective, 4 different flow domains with the surface areas of 1.26 (used for the current 

study), 2.01, 2.85, and 5.03 m2 were tested prior to the finalization of the flow domain 

size. In this analysis, differences in the aerodynamic coefficients and the RMS fluctuating 

velocities predicted by the smallest and the largest flow domains are typically 2-4%. Due 

to the fact that the largest flow domain takes approximately 218 hours to solve 10000 time 

steps while the smallest flow domain only takes approximately 145 hours to solve the 

same number of time steps, the smallest flow domain is used in the current study as further 

enlarging the flow domain size has very little effect on the results. The computation starts 

from free-stream conditions everywhere. The oscillating membrane was modelled as a 

sinusoidal velocity inlet (Raju et al., 2008) whose amplitude is defined by 2Udπft where 

Ud is the membrane velocity and f is the excitation frequency. The value of the SJ velocity 

at the orifice (Uj), which was used to estimate the momentum coefficient, was obtained 

from the monitor point which is placed at the orifice exit. In order to be able to resolve 

the near-wall flow, the y+ value for the first near-wall node was kept slightly below 1.   

Since vortex shedding is reportedly responsible for fluctuations in lift coefficient (Bishop 

& Hassan, 1963; Etkin et al., 1956; Humphrey, 1960), it is important that the Courant 

number of less than or equal to 0.04 was used to determine the appropriate time step which 

could satisfy the Courant-Friedrichs-Lewy (CFL) condition (Anderson, 1995) and resolve 

the timescales of the turbulent flow. Thus, the time step used for all simulation cases was 

1/(175×250) or approximately 2.29×10-5s. For all the simulation cases, 5000 time steps 

were solved and employed to produce the transient and time-averaged results as the 

convergence was usually achieved at approximately 3000 time steps where the 

aerodynamic forces begin to exhibit quasi-periodic trends. For the few selected simulation 

cases where the spectral analysis is performed to reveal the dominant frequency, 30000 

time steps were solved and employed to produce high-resolution frequency spectra. 
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Figure 23 (a) Flow chart describing the procedures taken to perform the streamwise and spanwise 

grid sensitivity analyses and typical plots of (b) streamwise and (c) spanwise grid sensitivity analyses. 

Prior to conducting large eddy simulations (LES), the streamwise and spanwise grid 

sensitivity analyses were carried out to optimize the number of mesh elements required to 

achieve convergence. For the streamwise grid sensitivity analysis, URANS SST (γ-θ) 

model (Langtry & Menter Transition Model (γ-θ)), high resolution advection scheme, and 

second order backward Euler transient scheme were used to solve pseudo three-

dimensional simulations whose flow domains were extruded in the spanwise direction by 

1 mesh element. Among 3 different mesh qualities (coarse, medium, and fine), the fine 

mesh was found to achieve streamwise grid independency. For the spanwise grid 

sensitivity analysis, LES (WALES), central difference advection scheme, and second 

order backward Euler transient scheme were used to solve three-dimensional simulations. 

For the purpose of determining the number of spanwise mesh elements which could 

achieve spanwise grid independency and optimize the computational time, the pseudo 

three-dimensional fine mesh, which was acquired from the streamwise grid sensitivity 

analysis, was extruded in the spanwise direction by 32 (coarse), 48 (medium), 64 (fine), 

and 96 mesh elements (very fine). In this analysis, it was found that the aerodynamic 
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forces and the timescale of the vortex shedding of the fine mesh were very similar to those 

of the very fine mesh. Thus, the fine mesh of the spanwise grid sensitivity analysis was 

employed to generate numerical results as such configuration required less computational 

time. The mesh configurations and turbulence models used in the simulation and typical 

plots of streamwise and spanwise grid sensitivity analyses were shown in Figure 23a, b, 

and c, respectively. Furthermore, the grid convergence index (GCI) reveals that the error 

band of these computational results is within 0.1%. For reference, 6 computational nodes 

with 96 CPUs can solve 10000 time steps of the coarse, medium, fine, and very fine 

meshes within approximately 40, 75, 145, and 275 hours, respectively. 

In the model validation section, the experimental and numerical two-dimensional (2D) lift 

(Cl) and drag (Cd) coefficients were acquired from pressure distributions at the mid-span 

of the airfoil. In the experimental study, static pressure taps on the airfoil were employed 

to collect the mean surface pressures at the mid-span of the airfoil. These mean surface 

pressures were obtained by means of time-averaging. An integration of the mean pressure 

coefficients acting on the airfoil was carried out to compute the lift and drag coefficients. 

The uncertainties (2σ) of the experimental lift and drag coefficients are typically below 

2% and 5%, respectively. Due to the limitation of the traverse system in the experimental 

setup which limits the traversing distance of a TSI cobra probe (series 100), fluctuations 

in the experimental y-direction velocities (v) were measured at x/c = 2.10 and at the mid-

span of the airfoil. In the numerical study, a polyline was created at the mid-span of the 

airfoil surface to acquire the mean surface pressures which were then reduced to lift and 

drag coefficients. Like the experimental results, these mean surface pressures were also 

obtained by means of time-averaging. For the flow domain used in this study, fluctuations 

in the numerical y-direction velocities were measured at x/c = 1.10 and at the mid-span of 

the airfoil as the flow in a denser mesh region (near to the airfoil wall) tends to be better 

resolved. It is noted that this difference in the measurement location does not affect the 

value of the vortex shedding frequency as such frequency is found to be constant from at 

least x/c = 1.00 – 2.80 (Itsariyapinyo and Sharma, 2018)Error! Reference source not 

found.. While these setups may give rise to some discrepancies in the velocity magnitude 

between the experimental and numerical studies, the objective of the spectral analysis in 

this study is to mainly compare the dominant frequencies obtained from the experimental 

and numerical studies.   
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In the results section, the numerical three-dimensional (3D) lift (CL) and drag (CD) 

coefficients were acquired from a force function provided by the CEL expression in 

ANSYS CFX. By doing so, the contribution of viscous stress to the aerodynamic forces 

can be taken into account.  It is also important to note that the data presented in the results 

section were taken from LES cases as those obtained from URANS cases were conducted 

to perform streamwise grid sensitivity analysis only.    

Since a LSB, which is indicated by a “kink” on the pressure distribution, is enclosed by a 

flow separation point and a flow reattachment point (Gaster, 2006), a flow separation 

point is usually found at the point where the pressure coefficient refuses to follow the 

pressure recovery trend whereas a flow reattachment point is found at the point where the 

pressure coefficient continues to follow the pressure recovery trend. In this study, the 

streamwise distances or the lengths of LSBs in the experimental study were estimated 

from the linear fits to the pressure distributions at the upstream and downstream regions 

of a LSB for a flow separation point and a flow reattachment point, respectively (Boutilier 

& Yarusevych, 2012). The estimated uncertainty of these flow separation and 

reattachment points is typically within 2% of the chord length. For the sake of consistency, 

the lengths of LSBs in the numerical and experimental studies are estimated from the 

linear fits to the pressure distributions at the upstream and downstream regions of a LSB 

in the model validation section. Nevertheless, since the computation of the wall friction 

coefficient on the aerofoil was also conducted in this numerical study, flow separation and 

reattachment points in the results section were acquired from the wall friction distribution 

so that the locations of these points, which determine the length of a LSB, could be 

definitively approximated. 

  



Experimental Results 

39 

 

5 Experimental Results 

In this section, the experimental investigation on the bench top characterisation of the SJ 

actuator, the unsteady flow over the aerofoil, and the CC aerofoil using SJs are presented. 

5.1 Bench Top Chracterisation of the Synthetic Jet Actuator 

In order to reveal the operational frequency range of the SJ actuator which could 

potentially offer an optimal output, the frequency response of the SJ actuator via cavity 

pressure spectra shall be presented first. Upon gaining some ideas on the expected 

operational frequency range, the momentum coefficient, the peak cavity pressure, and the 

oscillating jet velocity and cavity pressure shall be discussed. Since the input parameters 

of the SJ actuator are the excitation frequency and the voltage, the effects of these input 

parameters on the jet velocity and the cavity pressure will be discussed. Furthermore, the 

spanwise variations, which consist of the jet velocity across the length of the SJ slot and 

the jet velocity across the aerofoil span length, will also be discussed to address the 

uniformity of the SJ. Additionally, it is of interest that the phase delay between the jet 

velocity signal and the cavity pressure signal is investigated and presented in order to 

better understand the operation of the SJ actuator and the relationship between these 2 

signals. 

5.1.1 Frequency Response of the Synthetic Jet Actuator via Cavity Pressure 

Spectrum 

 

Figure 24 Frequency response of the synthetic jet actuator. 
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As shown in Figure 24 which shows the cavity pressure spectrum, the spectrum reveals 3 

dominant peaks at approximately 260, 680, and 1890 Hz. Similar to the bass reflex 

enclosure in which a loudspeaker is mounted to a ported enclosure, the SJ actuator could 

also be seen as the bass reflex enclosure which has the back of a loudspeaker facing 

outward. As the name implies, the bass reflex enclosure is commonly used to boost the 

amplitudes of sounds at a low frequency range. Consequently, the frequency response of 

the loudspeaker mounted in the bass reflex enclosure usually has a split dominant peak or 

a double dominant peak (Rossing, 1990). For instance, an unmounted loudspeaker may 

have a resonance (free-air) frequency f. Upon mounting this loudspeaker to the bass reflex 

enclosure, it is very likely that its resonance frequency will be split into frequencies f1 and 

f2 where f1 < f and f2 > f. For the loudspeaker used in the current study, the manufacturer 

suggested that its free-air resonance frequency is typically 570 Hz. Upon mounting this 

loudspeaker to the SJ cavity, it would seem that the resonance frequency of the diaphragm 

is split into 2 frequencies at approximately 260 and 680 Hz. In acoustics, the amplitude in 

the bass region benefits from the split peak on a lower frequency range (f1). In this study, 

the expansion of the resonance frequency may have improved the SJ output at a lower 

frequency range. For the SJ actuator with a small cavity volume, it is likely that the 

dominant peak at 1890 Hz is the resonance frequency of the cavity or the Helmholtz 

resonance frequency. From this investigation, the spectrum suggests that the operational 

frequency range of this SJ actuator is within a range of approximately 150 to 800 Hz. 
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5.1.2 Momentum Coefficient and Peak Cavity Pressure 

 

Figure 25 Momentum coefficient and peak cavity pressure in the ranges of excitation frequency and 

input voltage. 

Figure 25 shows the plots of the momentum coefficient and the peak cavity pressure 

across ranges of frequency and voltage. As shown in Figure 25a and b, the trends of the 

momentum coefficient and the peak cavity pressure are observed to follow the frequency 

response of the SJ actuator. Due to the effect of bass reflex enclosure, both the momentum 

coefficient and the peak cavity pressure are found to rapidly increase at 150 < f < 650 Hz 

and drastically decrease at f > 700 Hz. As shown in Figure 25c and d, further observation 

reveals that the values of the momentum coefficient and the peak cavity pressure almost 

linearly increase with the input voltage. Furthermore, the slopes of the plots are found to 

increase and decrease as the resonance frequency is approached and passed, respectively. 
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5.1.3 Oscillating Jet Velocity and Cavity Pressure 

 

Figure 26 Oscillating jet velocity and cavity pressure in the ranges of excitation frequency and input 

voltage. 

Figure 26 shows typical time series of the normalised jet velocity at a fixed momentum 

coefficient and the excitation frequency of (a) 175, (b) 400, and (c) 800 Hz, the normalised 

cavity pressure at a fixed momentum coefficient and the excitation frequency of (d) 175, 

(e) 400, and (f) 800 Hz, and the normalised (g) jet velocity and (h) cavity pressure at the 

excitation frequency of 175 Hz and the RMS voltages of 0.5, 1.5, and 2.5 V. For the sake 

of simplicity, the time units of these series are normalised by the reciprocals of their 

excitation frequencies (t/Tact). It should be pointed out here that the hot-wire probe used 

in this study is not able to handle the reversal flow which occurs during the ingestion 

stroke of the SJ. Thus, the ingestion jet velocity profile can be seen as a small hump which 

follows the expulsion jet velocity profile (a larger sinusoidal waveform). Since the 

momentum coefficient is estimated from only the expulsion jet velocity, this issue poses 

no difficulty on this study. On the effects of excitation frequency, the waveforms of the 

jet velocity profile, as shown in Figure 26a – c, remain relatively sinusoidal throughout 

the excitation frequency range of 175 to 800 Hz. In corresponding to Figure 25a and b, 

the peak of the jet velocity profile increases as the excitation frequency approaches the 

resonance frequencies at approximately 260 and 680 Hz. The cavity pressure profiles, as 

shown in Figure 26d – f, are also observed to maintain similar waveforms of sinusoidal 

waves throughout the excitation frequency range. On the effects of input voltage, the 

profiles of both jet velocity and cavity pressure, as shown in Figure 26g and h, are found 

to grow larger as the input voltage increases. 
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5.1.4 Uniformity of the Synthetic Jet across the Aerofoil Span Length and 

Spanwise Variations 

 

Figure 27 Normalised time-averaged jet velocity profile across the centreline of the half-length slot 

and jet configuration across the aerofoil span length. 

In the wind tunnel testing of a NACA0015 CC aerofoil, the uniformity of the SJ and the 

spanwise variations play an important role in defining the consistency of the SJ profile 

across the aerofoil span length which eventually determine the quality of the experimental 

results. Figure 27 shows (a) typical profiles of time-averaged jet velocity across the slot 

length and (b) the configuration of the SJ actuators across the aerofoil span length. In this 

study, the jet velocity profile and the phase angle at which the SJs oscillate across the 

aerofoil span length are addressed. In an attempt to measure the phase angle of the SJ 

across the aerofoil span length, 2 channels of hot-wire probe are employed. In this setup, 

the first probe (stationary probe) is positioned at a fixed location which is at the centre 

line of the first jet slot whereas the second probe is used to traverse across the aerofoil 

span length and measure the relative phase angle at the centre lines of the other jet slots 

As shown in Figure 27a, the time-averaged jet (expulsion) velocity profile across the slot 

length exhibits a top hat shape which is commonly produced by a high-aspect ratio slot 

(Fischer, 2012). The time-averaged jet velocity is observed to maintain its uniformity 

(time-average jet velocity at unity) from x/Lo = 0 – ±0.250. Although the time-averaged 

jet velocity begins to lose its uniformity at x/Lo > 0.250 and x/Lo < -0.250, decays in the 

time-averaged jet velocity at 0.438 > x/Lo > 0.250 and -0.438 < x/Lo < -0.250 occur in a 

very gradual manner that the time-average jet velocity profile at these regions is still above 

0.80. Near the slot edges (0.500 > x/Lo > 0.438 and -0.500 < x/Lo < -0.438), drastic drops 
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in the time-averaged jet velocity are observed. The uncertainty of these time-averaged jet 

velocity profiles due to different SJ slots are revealed by the error bars displayed in Figure 

27a. For the SJ actuators used on this aerofoil, the uncertainty of the time-averaged jet 

velocity is generally below 5% of the time-averaged jet velocity at the same x/Lo. As 

shown in Figure 27b, the aerofoil span length consists of approximately 77% of jet slot 

length and 23% of gap length. On the phase angle of the SJ across the aerofoil span length, 

it is found that the oscillations of the SJ across the aerofoil span length are in-phase. 

Nevertheless, it is noted that the uncertainty of the phase measurements is approximately 

±3.5°.    

5.1.5 Phase Difference between the Signals of Jet Velocity and Cavity Pressure 

 

Figure 28 Phase difference between the jet velocity and the cavity pressure. 

So far, the information on the cavity pressure has been found useful in providing some 

insight into the characteristics of the jet velocity. Thus, it is of interest that the dynamics 

between the signals of these 2 parameters are investigated. It is noted that the phase delay 

between the signals of the jet velocity and the cavity pressure is obtained by using the 

cross-correlation to analyse the jet velocity and the cavity pressure which are 

simultaneously sampled. Figure 28 shows the (a) phase difference between the jet velocity 

signal and the cavity pressure signal across the frequency range and typical simultaneous 

time-series of the jet velocity and the cavity pressure at the input voltage of 2.5V and the 

excitation frequencies of (b) 175 Hz, (c) 400 Hz, and (d) 800 Hz. While the jet velocity 

signal indicates whether the SJ is at its expulsion (positive velocity) or ingestion stroke, 

the cavity pressure signal could be used to offer some implications on whether the 

diaphragm is moving inward (positive cavity pressure) or outward. At the excitation 

frequency of below 650 Hz, the oscillations of the jet velocity and cavity pressure signals 
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are observed to be in-phase at 100 < f < 300 Hz and begin to exhibit a small phase shift, 

which varies between 5° to 15°, at 400 < f < 650 Hz. Some examples of the time-series of 

the jet velocity and the cavity pressure at this frequency range can be seen from Figure 

28b and c. At this frequency range, the signals of the jet velocity and the cavity pressure 

imply that the oscillations of the jet velocity and the diaphragm are in-phase or in harmony 

with one another. Upon advancing beyond the second resonance frequency (680 Hz), the 

phase difference between the jet velocity and the cavity pressure are observed to become 

significant. At 700 < f < 1000 Hz, the phase difference between the jet velocity and the 

cavity pressure steadily increases as the excitation frequency increases. For instance, it is 

evident that the oscillations of the jet velocity and the cavity pressure at the excitation 

frequency of 800 Hz, as shown in Figure 28d, are out-of-phase and as such are very similar 

to that of a mechanical mass-spring-damper system (Sharma, 2007). According to these 

results, it is expected that the phase difference between the jet velocity and the cavity 

pressure would reach -180° by the time the third resonance frequency (1890 Hz) or the 

Helmholtz (cavity) resonance frequency is reached. 

5.1.6 Conclusion 

In this set of experiments, the bench top characterisation of the SJ actuators is conducted 

by sampling both the jet velocity and the cavity pressure. The momentum coefficient and 

cavity pressure ranges are produced by oscillating the loudspeakers in the SJ cavities at 

various excitation frequencies and input voltages. For the SJ actuators used in this study, 

its frequency response resembles that of the bass-reflex enclosure used in acoustic 

applications. Thus, the first (260 Hz) and the second dominant peaks (680 Hz) are split 

from the free-air resonance frequency (580 Hz) whereas the third dominant peak (1890 

Hz) is likely to be representing the Helmholtz (cavity) resonance frequency. 

Consequently, both the momentum coefficient and the peak cavity pressure plots are 

observed to follow the trend of the frequency response. Additionally, both the momentum 

coefficient and the peak cavity pressure almost linearly increase with the input voltage. 

The SJ is found to be relatively uniform across the aerofoil span length as most of the 

time-averaged jet velocities across the slot are able to maintain their values above 80% of 

the time-averaged jet velocity at the centreline. The phase difference between the jet 

velocity and the cavity pressure is generally very low prior to the second resonance 

frequency at 680 Hz and becomes increasingly high afterward. 
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5.2 Investigation of Unsteady Flow over the Aerofoil 

In this study, the developments of the shear flow on a NACA0015 CC aerofoil are 

investigated through wind tunnel testing at the angles of attack of 0° – 15°. A free-stream 

velocity of 10 m/s, corresponding to the chord Reynolds number of 1.10×105, is 

employed. This section concerns fluctuations in surface pressures and wake velocities 

which are likely to be caused by flow instabilities (Bearman, 1967; Pauley & Moin, 1990; 

Watmuff, 1999). Since a low Reynolds number aerofoil is used in this study, it is of 

interest that the effects of a LSB on fluctuating surface pressures and wake velocities are 

studied and reported. In order to reveal the location of a LSB on the aerofoil, the mean 

surface pressure distribution is also presented. 

5.2.1 Distributions of Mean Surface Pressures and Standard Deviations of 

Fluctuating Surface Pressures 

 

Figure 29 Mean pressure distributions (black) and standard deviations of fluctuating surface 

pressures (grey) on the aerofoil. 

Figure 29 shows the mean pressure distributions (black) and the standard deviations of 

fluctuating surface pressures (grey) on the aerofoil at α = (a) 0°, (b) 3°, (c) 6°, (d) 9°, (e) 

12°, (f) 15°. Symbol ο is used to mark the streamwise extent of the LSB on the aerofoil. 

Due to the fact that a symmetrical aerofoil is used in this study, the pressure gradient 

between the suction and pressure sides of the aerofoil is zero at α = 0° and steadily 

increases as the angle of attack increases. As shown in Figure 29, a LSB, which is bounded 

by points of flow separation and reattachment, is observed to move upstream as the angle 

of attack increases which is typical of a low Reynolds number aerofoil (Gaster, 2006). 
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According to the pressure distributions, flow separation on the aerofoil at α = 0°, 3°, 6°, 

9°, and 12° occurs at x/c = 0.68, 0.47, 0.25, 0.10, 0.07 whereas flow reattachment on the 

aerofoil at α = 0°, 3°, 6°, 9°, and 12° occurs at x/c = 0.96, 0.71, 0.45, 0.26, 0.16, 

respectively. Therefore, the lengths of LSBs on the aerofoil at α = 0°, 3°, 6°, 9°, and 12° 

are approximately 0.28c, 0.24c, 0.20c, 0.16c, 0.09c, respectively. Since the aerofoil stalls 

at α = 15°, leading edge separation is observed at this angle of attack.  

Since the effectiveness of a blowing jet on a CC aerofoil is reportedly sensitive to a 

boundary layer state (laminar, transition, and turbulent) (Zdravkovich, 2003), it is of 

interest that the standard deviations of fluctuating surface pressures on the aerofoil are 

revealed so that their implications on the effectiveness of a CC aerofoil could be drawn. 

In general, the flow is presumably laminar prior to a flow separation region and is 

considered to be turbulent afterward. Thus, the regions of laminar, transition, and 

turbulent flows may be categorised according to the location of a LSB. As also shown in 

Figure 29, the standard deviations of fluctuating surface pressures are low, moderately 

high, and high when the flow is laminar, turbulent, and transitional, respectively. For 

instance, the standard deviation of fluctuating surface pressures usually starts off at a low 

value in the laminar region, then rapidly rises to a peak value near the transition point, and 

drop to the value which is comparatively higher than that in the laminar region. The values 

of the standard deviations of fluctuating surface pressures on the aerofoil at α = 0°, 3°, 6°, 

9°, and 12° are approximately 0.035, 0.045, 0.067, 0.064, and 0.057 in the laminar region, 

respectively. These values of the standard deviations on the aerofoil at α = 0°, 3°, 6°, 9°, 

and 12° then rise to approximately 0.10, 0.11, 0.15, 0.275, and 0.287 near the transition 

point, respectively. Finally, these values of the standard deviations on the aerofoil at α = 

0°, 3°, 6°, 9°, and 12° drop to approximately 0.078, 0.053, 0.094, 0.135, and 0.137 in the 

turbulent region, respectively. Unlike the pre-stall aerofoils, the stalled aerofoil at α = 15° 

(in this study) neither has the laminar region nor the transition region. Thus, a steady 

increase in the values of the standard deviations is observed throughout the aerofoil chord 

length. Since a blowing jet on a CC aerofoil is usually situated at the trailing edge, we 

shall now look at how a transition from the laminar to turbulent region may affect the 

values of the standard deviations and the effectiveness of a CC aerofoil. As shown above, 

the values of the standard deviations in the laminar, transition, and turbulent regions 

generally grow larger as the angle of attack increases. The differences between the values 

of the standard deviations in the laminar and turbulent regions on the aerofoil at α = 3°, 
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6°, 9°, and 12° are 0.008, 0.027, 0.071, 0.080, respectively. The difference value at α = 0° 

is not presented here as a LSB at this angle of attack is found further downstream and 

there is no pressure tap to sample the value of the standard deviation which would 

represent its turbulent region. Nevertheless, it is fair to say from the available data that the 

differences between the standard deviations in the laminar and turbulent regions grow 

larger as the angle of attack increases. In the experimental study where the CC aerofoil is 

excited by a SJ (Itsariyapinyo & Sharma, 2017), increasing the angle of attack was found 

to decrease the effectiveness of the CC aerofoil as the degree of lift enhancement declined 

at high angles of attack. By elaborating the current finding with the one obtained from the 

experimental study, it would appear that a jet slot should be placed at the location where 

there is least disturbance caused by highly turbulent flow, and yet such location should 

not be too far away from a flow separation region so that a separated shear flow could be 

effectively excited and re-energised. 

5.2.2 Time-History and Spectra of Fluctuating Surface Pressures on the Aerofoil 

at the Angle of Attack of Zero 

 

Figure 30 Time-history of the fluctuating surface pressures on the circulation control aerofoil at α = 

0°. 

Figure 30 shows the time-history of the fluctuating surface pressures at x/c = (a) 0.591, 

(b) 0.842, (c) 0.928, (d) 0.980, (e) 0.991, and (f) 0.998 on the CC aerofoil at α = 0°. Prior 

to the flow reattachment point (Figure 30a – b), the pressure fluctuations at 0.035 < x/c < 

0.842 are minimal and do not seem to reveal any evidence which could lead to the 

estimation of any dominant frequency. Their magnitudes vary within a range of -0.08 < 
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Cp < 0.08 and; therefore, are considerably weak. Near the transition point (Figure 30c), 

the pressure fluctuations at x/c = 0.928 exhibit a series of quasi-periodic waves whose 

magnitudes are within a range of -0.24 < Cp < 0.24. At the trailing edge region (Figure 

30d – f), series of quasi-periodic waves are still clearly visible. However, it is noted that 

a slight reduction in the magnitudes of the pressure fluctuations is observed when the 

shear flow propagates from x/c = 0.991 to 0.998. Since x/c = 0.998 is located at the far 

extent of the circular cylinder or the Coanda surface, it is possible that a reduction in the 

magnitude of the pressure fluctuations is due to flow separation at the trailing edge. 

 

Figure 31 Power spectra of the fluctuating surface pressures on the circulation control aerofoil at α = 

0°. 

Figure 31 shows the power spectra of the fluctuating surface pressures at x/c = (a) 0.591, 

(b) 0.842, (c) 0.928, (d) 0.980, (e) 0.991, and (f) 0.998 on the CC aerofoil at α = 0°. Since 

the pressure fluctuations at far upstream of the flow reattachment point exhibit a series of 

quasi periodic waves which are low in magnitude, the spectral peak at approximately 300 

Hz is not developed until x/c = 0.842 (Figure 31b). Near the transition point (x/c = 0.928), 

the spectral peak at 300 Hz is observed to be fully developed. At a short distance 

downstream of the flow reattachment point, the amplitude of the spectral peak at 210 Hz 

is found to exceed that of the spectral peak at 300 Hz. On the Coanda surface, the 

amplitude of the spectral peak at 300 Hz is levelled with that of the spectral peak at 210 

Hz at x/c = 0.991 and eventually exceed it at x/c = 0.998. As will be clearly shown by the 

results at other angles of attack, high-frequency spectral peaks are observed to originate 
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near the LSB and are associated with shear-layer instability while low-frequency spectral 

peaks are found to originate near the trailing edge of the aerofoil and are associated with 

vortex shedding.  Since the LSB on the aerofoil at α = 0° is very close to the trailing edge, 

constant switches between the shear-layer instability (300 Hz) and the vortex shedding 

(210 Hz) modes may be caused by an overlap between shear-layer instability and vortex 

shedding origins. 

5.2.3 Time-History and Spectra of Fluctuating Surface Pressures on the Aerofoil 

at the Angles of Attack of Three and Six 

 

Figure 32 Time-history of the fluctuating surface pressures on the circulation control aerofoil at α = 

3° and 6°. 

Since the LSB, which is where shear-layer instability usually occurs, on the aerofoil at α 

= 0° is located very close to the trailing edge which is where vortex shedding usually takes 

place, the spectral peaks at these 2 modes (210 and 300 Hz) are found near the trailing 

edge of the aerofoil as the shear-layer instability mode may be interacting with the vortex 

shedding mode. As a result, the transition from the shear-layer instability to the vortex 

shedding modes becomes rather difficult to be properly explained. At α = 3° and 6° where 

the LSBs are located fairly far away from the trailing edge, the transition from the shear-

layer instability mode to the vortex shedding mode can now be investigated.   
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Figure 32 shows the time-history of the fluctuating surface pressures at x/c = (a) 0.472, 

(b) 0.649, (c) 0.725, (d) 0.899, (e) 0.991, and (f) 0.998 on the CC aerofoil at α = 3° and 

x/c = (g) 0.320, (h) 0.411, (i) 0.620, (j) 0.783, (k) 0.985, (l) 0.995 on the CC aerofoil at α 

= 6°. Similar to the aerofoil at α = 0°, the pressure fluctuations on the aerofoil at α = 3° 

(Figure 32a) do not develop a series of quasi periodic waves until the transition point is 

approached (Figure 32b). Near the transition points (Figure 32c and h), the magnitudes of 

the pressure fluctuations on the aerofoil at both angles of attack increase significantly. The 

pressure fluctuations on the aerofoil at α = 3° are within a range of -0.20 < Cp < 0.20 

whereas those on the aerofoil at α = 6° are within a range of -0.29 < Cp < 0.29. Prior to the 

trailing edge (Figure 32d, i, and j), the magnitudes of the pressure fluctuations at both 

angles of attack are reduced to a range of -0.13 < Cp < 0.13. Although the magnitudes of 

the pressure fluctuations at the trailing edge (Figure 32e and k) are not as pronounced as 

those at the transition points, series of well-defined quasi-periodic waves are visible on 

the aerofoil at both angles of attack. Even on the Coanda surface (Figure 32f and l) where 

the shear flows might have already separated from, these quasi-periodic pressure waves 

could still be found. 

 

Figure 33 Power spectra of the fluctuating surface pressures on the circulation control aerofoil at α = 

3° and 6°. 
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Figure 33 shows the power spectra of the fluctuating surface pressures at x/c = (a) 0.472, 

(b) 0.649, (c) 0.725, (d) 0.899, (e) 0.991, and (f) 0.998 on the CC aerofoil at α = 3° and 

x/c = (g) 0.320, (h) 0.411, (i) 0.620, (j) 0.783, (k) 0.985, (l) 0.995 on the CC aerofoil at α 

= 6°. Since the power spectra at 0.472 < x/c < 0.649 (Figure 33a – b) and x/c = 0.320 

(Figure 33g) are obtained at upstream of the LSBs on the aerofoil at α = 3° and 6°, their 

spectral peaks are still not properly developed at these points. In corresponding to the 

time-histories of the pressure fluctuations near their transition points (Figure 32c and h) 

which exhibit series of well-defined quasi-periodic waves, the spectral peaks at these 

points (Figure 33c and h) on the aerofoil at α = 3° and 6° are developed at 367 and 444 

Hz, respectively. At some distance behind the LSBs, the transition from the shear-layer 

instability mode to the vortex shedding mode is observed. At 0.899 < x/c < 0.991 (Figure 

33d – e) and 0.620 < x/c < 0.985 (Figure 33i – k), the amplitudes of the shear-layer 

instability frequencies gradually decrease while the amplitudes at the vortex shedding 

frequencies begin to accumulate. On the Coanda surface (Figure 33f and l), the amplitudes 

of the spectral peaks at 271 and 284 Hz become very pronounced on the aerofoil at α = 3° 

and 6°, respectively. 
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5.2.4 Time-History and Spectra of Fluctuating Surface Pressures on the Aerofoil 

at the Angles of Attack of Nine and Twelve 

 

Figure 34 Time-history of the fluctuating surface pressures on the circulation control aerofoil at α = 

9° and 12°. 

Figure 34 shows the time-history of the fluctuating surface pressures at x/c = (a) 0.227, 

(b) 0.412, (c) 0.725, (d) 0.899, (e) 0.985, and (f) 0.995 on the CC aerofoil at α = 9° and 

x/c = (g) 0.165, (h) 0.561, (i) 0.725, (j) 0.899, (k) 0.980, (l) 0.991 on the CC aerofoil at α 

= 12°. Even though the overall pressure fluctuations on the aerofoil at α = 9° and 12° have 

become increasingly turbulent, series of quasi-periodic waves could still be found at their 

transition points. At these angles of attack where the LSBs are located close to the leading 

edge, the dominant frequencies associated with shear-layer instability are formed further 

upstream. Similar to α = 3° and 6°, the magnitudes of the pressure fluctuations near the 

transition points at α = 9° and 12° (Figure 34a and g) are within a range of -0.23 < Cp < 

0.23. After the transition points, the magnitudes of the pressure fluctuations drop to a 

range of -0.10 < Cp < 0.10 (Figure 34b – d and h – j). Unlike the pressure fluctuations at α 

= 3° and 6° which develop well-defined series of quasi-periodic waves near the trailing 

edge (Figure 32e and k), the pressure fluctuations at α = 9° and 12° are rather unorganised 

(Figure 34e – f and k – l). 
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Figure 35 Power spectra of the fluctuating surface pressures on the circulation control aerofoil at α = 

9° and 12°. 

Figure 35 shows the power spectra of the fluctuating surface pressures at x/c = (a) 0.227, 

(b) 0.412, (c) 0.725, (d) 0.899, (e) 0.985, and (f) 0.995 on the CC aerofoil at α = 9° and 

x/c = (g) 0.165, (h) 0.561, (i) 0.725, (j) 0.899, (k) 0.980, (l) 0.991 on the CC aerofoil at α 

= 12°. At the transition points (Figure 35a and g), faint spectral peaks on the aerofoil at α 

= 9° and 12° are located at approximately 460 and 533 Hz, respectively. Unlike those at 

α = 3° and 6° whose spectral peaks are narrowly formed at their shear-layer instability 

frequencies, the spectral peaks at α = 9° and 12° are broader. As also shown in Figure 35a 

and g, these broader spectral peaks suggest that their corresponding pressure fluctuations 

consist of a wider range of frequency band. Behind the transition points, there is no virtual 

change in the dominant frequency at α = 9° until x/c = 0.995 (Figure 35b – d) where the 

dominant frequency decreases from 460 to 321 Hz. On the other hand, the dominant 

frequency at α = 12° gradually decreases as the shear flow propagates further away from 

the transition point. From x/c = 0.165 – 0.899 (Figure 35g – j), the dominant frequency at 

α = 12° decreases from 533 to 367 Hz at x/c = 0.561 and from 367 to 206 Hz at x/c = 

0.899. At the trailing edge regions (Figure 35e – f and k – l), the dominant frequencies at 

α = 9° and 12° are approximately 321 and 206 Hz, respectively. 
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5.2.5 Time-History and Spectra of Fluctuating Surface Pressures on the Stalled 

Aerofoil at the Angle of Attack of Fifteen  

 

Figure 36 Time-history of the fluctuating surface pressures on the circulation control aerofoil at α = 

15°. 

Figure 36 shows the time-history of the fluctuating surface pressures at x/c = (a) 0.164, 

(b) 0.351, (c) 0.561, (d) 0.649, (e) 0.813, and (f) 0.998 on the CC aerofoil at α = 15°. In 

this figure, vertical dash-lines are used to mark timestamps at t = 0.06 and 0.13s. Since 

the pressure fluctuations at x/c = 0.164, 0.351, 0.561, 0.649, and 0.813 are simultaneously 

sampled, the development of the vortex shedding mode could clearly be seen as the wavy 

signals (Figure 36a – b) begin to take the form of the sinusoidal-like waves (Figure 36c – 

e).  From the flow separation point to the trailing edge of the aerofoil, it is worth 

mentioning that the magnitudes of the pressure fluctuations on the stalled aerofoil steadily 

increase across the aerofoil chord length and are observed to be within ranges of -0.20 < 

Cp < 0.20 at 0.164 < x/c < 0.351 and -0.40 < Cp < 0.40 at 0.561 < x/c < 0.998. 
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Figure 37 Power spectra of the fluctuating surface pressures on the circulation control aerofoil at α = 

15°. 

Figure 37 shows the power spectra of the fluctuating surface pressures at x/c = (a) 0.164, 

(b) 0.351, (c) 0.561, (d) 0.649, (e) 0.813, and (f) 0.998 on the CC aerofoil at α = 15°. In 

this figure, an asterisk (*) is used to indicate the Strouhal number based on the 

characteristic length of c.sin(α). Similar to a bluff body such as a cylinder, vortices usually 

shed almost immediately after they roll up. While the spectral peak at 518 Hz is vaguely 

visible from the spectra, its amplitude is much lower than that of the spectral peak at 33 

Hz which represents the vortex shedding frequency. At the stall angle, the dominant 

frequency at 33 Hz is corresponding to Sr* ≈ 0.145 based on the characteristic length 

c.sin(α). In order to ensure that the shear-layer instability is absent on the stalled aerofoil, 

it should be pointed out that the spectral amplitudes of the shear-layer instability modes 

on the pre-stall aerofoil are usually in a range of 0.100 – 0.300 whereas that on the stalled 

aerofoil is amounted to only 0.008 – 0.016. Thus, the spectral peak at 518 Hz may be 

attributed to turbulence noise.  

Even though the stalled aerofoil supposedly lacks vortex merging as vortex shedding is 

likely to be taking place immediately after the roll-up of vortex, the spectral peak at 295 

Hz, which is found at x/c = 0.351, is observed to reduce to 65 and 33 Hz at x/c = 0.561 

and 0.649, respectively. Even though vortex merging is unlikely to take place on the 

stalled aerofoil as there is no “short” LSB, a reduction in the dominant frequency still 

takes place across the stalled aerofoil chord length. Since the pressure fluctuations on the 
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stalled aerofoil at x/c = 0.164, 0.351, 0.561, 0.649, and 0.813 (Figure 36a – e) are 

simultaneously sampled, the characteristics of quasi-periodic waves obtained at different 

locations shall be compared to provide better understanding on a reduction in the 

dominant frequency. At t = 0.06 – 0.13s, the quasi-periodic waves at x/c = 0.164 are rather 

wavy and such may be corresponding to the frequency at 518 Hz. Within the same time 

domain, approximately 20.5, 4.5, and 2.5 periods of quasi-periodic waves are found from 

the time-history of the fluctuating surface pressures at x/c = 0.351, 0.649, and 0.998 and 

these periods are corresponding to the frequencies of 295, 65, and 33 Hz, respectively. In 

a sense, the pressure wave of the vortex shedding mode (33 Hz) may consist of several 

high-frequency pressure waves (65, 295, and 518 Hz). According to these results, it may 

be fair to say that a reduction in the dominant frequency on the stalled aerofoil occurs as 

part of the development of the vortex shedding mode where turbulence noise is removed. 

As the shear flow propagates further downstream, the quasi-periodic waves become more 

well-defined as turbulence noise is further removed. At the farthest extent of the trailing 

edge (x/c = 0.998), the spectral amplitude of the vortex shedding mode is maximised 

(Figure 37f). 

5.2.6 Spectra of Fluctuating Wake Velocities in the Near and Far Flow Fields 

 

Figure 38 Spectra of fluctuating wake velocities in the near and far flow fields. 

Figure 38 shows the spectra of fluctuating wake velocities at x/c = 1.80, 1.91, 2.08, 2.40, 

and 2.80 on the aerofoil at α = (a) 0°, (b) 3°, (c) 6°, (d) 9°, (e) 12°, and (f) 15°, respectively. 
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Each successive trend is stepped down by an order of 0.1. In this figure, an asterisk (*) is 

used as before, to indicate the Strouhal number based on c.sin(α). In order to reveal the 

vortex shedding frequencies on the aerofoil, fluctuating velocities are sampled from the 

near and far flow fields of the aerofoil. As shown in Figure 31 and Figure 33, the vortex 

shedding frequencies of 210, 271, and 289 Hz, which correspond to the Strouhal numbers 

of 0.168, 0.217, and 0.231, are found in the near and far flow fields of the aerofoil at α = 

0°, 3°, and 6°. It is interesting to note that the dominant frequencies in the turbulent regions 

of the aerofoil at these angles of attack are also found at the exact same frequencies as 

those in the near and far flow fields. Since these dominant frequencies in the turbulent 

regions continue to preserve or maintain their values far downstream, this information 

suggests that the vortex shedding frequencies may have already been established in the 

turbulent region. With the current setup in which the cobra probe is positioned in the flow 

field of the aerofoil wake, fluctuating wake velocities is likely to be caused by self-

sustained oscillations which are produced at the point where the vortex shedding mode is 

established.  

As shown in Figure 35, the dominant frequencies of 155 and 138 Hz, whose spectral peaks 

are not previously found in the turbulent region of the aerofoil at α = 9° and 12°, are now 

found at x/c = 1.80. Furthermore, the dominant frequencies of 321 and 206 Hz, which are 

originally found in the turbulent region, are still visible from the spectra at 1.80 < x/c < 

2.08. Within this range, the amplitudes of the frequencies at 321 and 206 Hz are observed 

to decrease as the free-shear flow progresses downstream. At 2.40 < x/c < 2.80, the 

spectral peaks at 155 and 138 Hz are still found in this region whereas those at 321 and 

206 Hz may have disappeared at 2.08 < x/c < 2.40. Due to the fact that the spectral peaks 

at 155 and 138 Hz are always found within the flow field of the aerofoil, it is very likely 

that these frequencies (155 and 138 Hz) are indeed the vortex shedding frequencies on the 

aerofoil at α = 9° and 12°, respectively.   

Unlike the aerofoil at α = 0°, 3°, and 6° in which the vortex shedding mode is established 

in the turbulent region, the vortex shedding mode on the aerofoil at α = 9° and 12° is not 

established in the turbulent region, but the near flow field of the aerofoil. Under the 

assumption that vortex merging (Ho & Huang, 1982) is responsible for a reduction in the 

dominant frequency which takes place after the transition point, the perturbation produced 

by vortex merging which takes place downstream may have propagated upstream and 

provide a feedback to the upstream shear flow. Thus, new coherence structures are formed 
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between the upstream and downstream shear flows (Ho, 1982). As shown in Figure 29, it 

is quite evident from the pressure distributions that flow separation on the aerofoil tends 

to take place more upstream as the angle of attack increases. As a consequence, the 

streamwise distance between the transition point and the trailing edge becomes longer as 

the angle of attack increases. Due to this reason, it may be possible that the coherence 

between the downstream and upstream shear flows becomes weaker as a feedback which 

is carried by the downstream perturbation may not be properly delivered to the upstream 

shear flow. Since the downstream perturbation may no longer be able to propagate to the 

upstream shear flow, weakened coherence between the upstream and downstream shear 

flows may have enabled these two shear flows to form their own vortical structures which 

are less dependent on one another. Probably due to this mechanism, the spectral peaks at 

321 and 206 Hz are still found accompanying the spectral peaks at the vortex shedding 

frequencies of 155 and 138 Hz in the near flow field of the aerofoil at α = 9° and 12°, 

respectively. 

On the stalled aerofoil (α = 15°), the peak at the vortex shedding frequency of 33 Hz could 

be observed from the spectra as soon as x/c = 0.165. Throughout the aerofoil chord length, 

the spectral peak at the vortex shedding frequency of 33 Hz could be found at almost every 

streamwise distance. As opposed to the standard deviation of fluctuating surface pressures 

on the pre-stall aerofoil (Figure 29a – e) which rises near the transition point and falls 

afterward, the standard deviation on the stalled aerofoil (Figure 29f) steadily increases 

throughout the aerofoil chord length which indicates that fluctuations in surface pressures 

grow stronger as the trailing edge is approached. In agreement with the standard deviation 

of fluctuating surface pressures, the spectral amplitudes of the vortex shedding frequency 

at 33 Hz (Figure 36f and Figure 37f) increases from 0.133 at x/c = 0.165 to 1.144 at x/c = 

0.813. In order to emphasise on the magnitude or the amplitude of fluctuating surface 

pressures on the stalled aerofoil, it should be pointed out that the amplitudes of the 

dominant frequencies found in the transition region of the pre-stall aerofoil are usually 

within a range of 0.100 – 0.300 whereas the amplitude of the vortex shedding frequency 

found at the trailing edge of the stalled aerofoil is 1.000 – 2.000. 
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5.2.7 Discussions 

 

Figure 39 Characteristics of the unsteady shear flows on a low Reynolds number circulation control 

aerofoil. 

Figure 39 shows the schematics of a low Reynolds number CC aerofoil, its mean pressure 

distribution (black) and standard deviations of fluctuating surface pressures (grey) on the 

suction side, and time-history of surface pressure coefficients at designated points on the 

(a) pre-stall and (b) stalled aerofoils. Each series of time-history of surface pressure 

coefficients is scaled by the same amplitude and time domain. The fluctuations of surface 

pressures and wake velocities of the aerofoil are mostly influenced by flow instabilities. 

On the aerofoil at each angle of attack, the first dominant frequency (shear-layer 

instability) is usually found within the proximity of a LSB (transition region) while the 

second dominant frequency or the vortex shedding frequency is usually found at either 

the trailing edge or the near flow field of the aerofoil. At any given region, the dynamics 

of the shear flow are usually dominated by a single type of flow instability. On the pre-

stall aerofoil, the dynamics of the shear flow could be categorised according to three 

boundary layer states (Figure 39a). At the far upstream region of the LSB where the flow 

is presumably laminar, the fluctuations of the surface pressures in this region are not 

characterised by any dominant frequency (point I). Within the flow separation region 

which is enclosed by points S (separation), T (transition), and R (reattachment), the shear 

flow begins to fluctuate at the first dominant frequency which is associated with the shear-

layer instability frequency. At this region where the flow is transitional, the magnitudes 

of the pressure fluctuations near the transition point significantly increase. At the 

downstream region of the LSB where the flow is turbulent, the magnitudes of the pressure 

fluctuations decrease to their nominal ranges. At this region, vortex merging may take 

place at some distance behind a LSB (region enclosed by points R and III). As a result, 
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the vortex shedding frequency is always found to be lower than the shear-layer instability 

frequency which is normally found in the transition region. On the stalled aerofoil (Figure 

39b), flow separation occurs at the leading edge. Thus, there is neither transition nor 

subsequent flow reattachment on this aerofoil. Nevertheless, it is interesting to note that 

the quasi-periodic fluctuations, which indicate a sign of vortex shedding, could be found 

as early as x/c = 0.165 and that the fluctuations continue to become more sinusoidal as the 

shear flow propagates downstream. Such evidence could be observed from both time-

history of fluctuating surface pressures (see (I) – (V) in Figure 39b) and a steady increase 

in the standard deviation of fluctuating surface pressures (Figure 29f). Due to the fact that 

the flow is completely separated from the suction side of the aerofoil, vortex merging may 

never take place on the stalled aerofoil. Similar to that of a bluff body, the vortex shedding 

frequency of the stalled aerofoil is very low (Sr* = 0.145).  

Lastly, it is of interest that the implication of the fluctuating surface pressures and wake 

velocities on flow control is addressed. Throughout the previous section, it has been 

clearly pointed out that series of quasi-periodic fluctuations are found in the transition 

region, the turbulent region, and the flow field of the aerofoil. Considering that the 

transition point is the origin of the shear-layer instability mode and the trailing edge region 

is the origin of the vortex shedding mode, the frequency and the amplitude of the self-

sustained oscillations at these points may be defining the characteristics of the momentum 

transfer rate within these shear flows. In many investigations, flow control techniques 

have mostly been focused on the frequency lock-on approach in which flow separation 

could be effectively controlled by applying an excitation at the frequency close to that of 

a flow instability (Berger & Wille, 1972; Mair & Maull, 1971). As a consequence, 

discussions on the excitation amplitude or the momentum are usually limited. Although 

some investigations on the effects of excitation amplitude were carried out by applying 

excitations at different momentum coefficients to determine the minimum magnitude of 

momentum coefficient required to suppress flow separation, this trial-and-error method 

usually involves laborious hours of testing which is time-consuming. In the current study 

where fluctuating surface pressures and wake velocities are found to exhibit series of 

quasi-periodic waves at the transition point and the trailing edge region, an approximation 

of the areas which are enclosed by these sinusoidal-like waves (integral of these 

sinusoidal-like waves) could possibly be used to predict the minimum magnitude of 

momentum coefficient. In addition to the choices of the excitation frequency and the 
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momentum coefficient, it is highly possible that the excitation location also plays an 

important role in defining the effectiveness of flow control. According to Zdravkovich 

(2003), he suggested that a blowing jet should be placed slightly downstream of a flow 

separation point as the boundary layer state (laminar, transition, and turbulent) could 

interfere with its performance. The results of the current study seem to agree well with his 

statement as the standard deviation of fluctuating surface pressures substantially decreases 

at the region behind a flow reattachment point. Similar to vortex generators which are 

usually employed on a conventional wing to regulate the turbulence level near a control 

surface, having highly turbulent flow near a jet slot may compromise its performance. 

Therefore, the effectiveness of flow control could be optimised by either carefully 

selecting the excitation location or modifying the turbulence level near the excitation 

location. 

5.2.8 Conclusion 

In this chapter, the mean pressure distributions are plotted to reveal the locations of the 

LSBs on a NACA0015 CC aerofoil at α = 0° – 15°. The fluctuating surface pressures and 

wake velocities are sampled to observe and investigate the time series and the spectra of 

the unsteady shear flow. From this investigation, the development of a shear flow on the 

aerofoil could largely be determined by the existence of a LSB. On the pre-stall aerofoil, 

a shear flow which is in close proximity to the points of flow transition and reattachment 

is found to fluctuate at the first dominant frequency (shear-layer instability frequency). At 

the downstream region of a LSB, vortex merging may have taken place as the first 

dominant frequency is observed to reduce down to the second dominant frequency (vortex 

shedding frequency). Depending on the angle of attack, the process at which the first 

dominant frequency is reduced down to the second dominant frequency usually starts at 

some distance behind a LSB and stops at the trailing edge region or in the near flow field 

of the aerofoil. On the stalled aerofoil, vortex merging may never take place in the first 

place as the leading edge separation occurs at this angle of attack. Instead, its fluctuating 

surface pressures become more sinusoidal as the shear flow propagates downstream. At 

the point where the vortex shedding frequency is found, these self-sustained oscillations 

are capable of sustaining their vortical structures (vortex street) for a relatively long 

streamwise distance. 

In this chapter, series of quasi-periodic fluctuations are consistently found at the regions 

which are affected by either the first or the second dominant frequency (vortex shedding). 
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Such finding suggests that these flow instabilities could possibly be suppressed or 

exploited at the point where they are manifested if an excitation is applied at the 

appropriate frequency, momentum, and location. Provided that the flow on an aerofoil is 

least contaminated by flow instabilities, the aerodynamic performance of an aerofoil may 

be substantially improved.  

5.3 Circulation Control Aerofoil using Synthetic Jets 

The trailing edge of a NACA0015 aerofoil used in the current study has been rounded to 

form the Coanda surface which is essential to CC. An array of SJ actuators is fitted to the 

trailing edge to offer a successive series of suction and blowing jet. Wind tunnel testing 

is conducted on the aerofoil at the angles of attack of 0° to 15° and a free-stream velocity 

of 10 m/s corresponding to the chord Reynolds number of 1.10×105. The effects of SJ 

actuation at the excitation frequencies of 150 to 600 Hz and the momentum coefficients 

of 0.00056 to 0.0189 on the aerodynamic characteristics of the aerofoil are investigated. 

5.3.1 Effects of Excitation Frequency on the Lift and Drag Coefficients 

 

Figure 40 Variation of lift coefficients at α = (a) 0°, (b) 3°, (c) 6°, (d) 9°, (e) 12°, and (f) = 15° due to 

the excitation frequency at the fixed momentum coefficient of 0.00392. 
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Figure 41 Variation of drag coefficients at α = (a) 0°, (b) 3°, (c) 6°, (d) 9°, and (e) 12° due to the 

excitation frequency at the fixed momentum coefficient of 0.00392. 

Figure 40 and Figure 41show the variation of lift coefficients when the SJ is actuated at f 

= 150 – 600 Hz and Cμ = 0.00392 on the aerofoil at α = (a) 0°, (b) 3°, (c) 6°, (d) 9°, (e) 

12°, and (f) 15° and the variation of drag coefficients when the SJ is actuated at f = 150 – 

600 Hz and Cμ = 0.00392 on the aerofoil at α = (a) 0°, (b) 3°, (c) 6°, (d) 9°, and (e) 12°, 

respectively. In these figures, solid lines below the scatters mark the lift and drag 

coefficients of the non-actuated aerofoil. At α = 0° – 9°, the results suggest that the optimal 

excitation frequency, which is capable of yielding the highest lift coefficient, is 

approximately 175 Hz. For the lift plots at α = 0°, 3°, 6°, and 9°, the maximum Cl of 0.031, 

0.366, 0.604, and 0.834 are attained at f = 175 Hz (F+ = 0.14), respectively. At α = 12° 

and 15°, the highest Cl of 0.992 and 0.548 are attained at f = 150 Hz (F+ = 0.12), 

respectively. Since the excitation frequency of 150 Hz is the lowest frequency at which 

the loudspeakers could provide any meaningful jet velocity or momentum coefficient, the 

optimal frequencies for the near-stall and stall angles remain undetermined. For the drag 

plots at α = 0°, 3°, 6°, 9°, and 12°, the maximum Cd of 0.0177, 0.0288, 0.0489, 0.0757, 

and 0.1049 are attained at f = 175 Hz (F+ = 0.14), respectively. At α = 15°, the highest Cd 

of 0.1232 is attained at f = 150 Hz (F+ = 0.12). As opposed to the pre-stall angles of attack, 

the optimal excitation frequencies at α = 12° and 15° are likely to be lower than 175 Hz 



Experimental Results 

65 

 

as the lift plots do not produce peaks at 175 Hz. Like the lift plots, exciting the aerofoil at 

the optimal excitation frequency yields the highest drag coefficient as well. Furthermore, 

the subharmonic frequency at approximately 350 Hz can also be found in both lift and 

drag plots. While the degree of lift enhancement is found to drop at f > 175 Hz, a slight 

increase in the degree of lift enhancement is observed at the subharmonic frequency (f ≈ 

350 Hz).  Followed by the subharmonic frequency, the degree of lift enhancement 

continues to decrease. It is also noticeable from the lift plots that the degree of lift 

enhancement begins to decline as the angle of attack increases. 

Provided that the optimal excitation frequency is dependent on or related to the flow 

instabilities’ frequencies, the optimal excitation frequency should also vary with the angle 

of attack as well. However, this does not seem to be the case as the optimal excitation 

frequency tends to remain almost constant at 175 Hz for α = 0° – 9° while the flow 

instabilities’ frequencies change with the angle of attack. Due to the fact that optimal 

excitation frequency remains almost constant at these angles of attack, it is suspected that 

the optimal excitation frequency may be governed or determined by another characteristic 

length which also remains almost constant at the same angle of attack range.  

At the pre-stall angles of attack where subsequent flow reattachment occurs and the flow 

does not separate until it reaches the rounded trailing edge, it is likely that the diameter of 

the rounded trailing edge of this kind of aerofoil could be perceived as the characteristic 

length, especially when the SJ actuators are also installed at this region. Upon normalising 

both the vortex shedding frequency and the optimal excitation frequency, the Strouhal 

numbers of the vortex shedding frequencies are within a range of 0.110 to 0.231 whereas 

the reduced frequency of the optimal excitation frequency is approximately 0.14. As 

opposed to the pre-stall angles of attack, relatively low vortex shedding frequencies at the 

near-stall (α = 12°) and stall (α = 15°) angles of attack suggest that the boundary layer and 

the wake size of the aerofoil may have become increasingly thicker and larger, 

respectively. In the case where the vortex shedding frequency is relatively low and the 

boundary layer near the SJ actuators becomes much thicker, it is possible that such 

phenomenon may also reduce the optimal excitation frequency in the process provided 

that the optimal excitation frequency is governed by either by the diameter of the rounded 

trailing edge and the boundary layer thickness or the wake size.  
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A good example of such phenomenon can be clearly observed from the stalled aerofoil (α 

= 15°) which behaves similarly to that of a bluff body. At the stall angle of attack, a more 

appropriate characteristic length c∙sin(α), which is essentially the height of the aerofoil 

projection on a plane normal to a free-stream, is used to take the bluff body effect into 

account. By doing so, the vortex shedding frequency of 33 Hz at α = 15° is corresponding 

to Sr* = 0.145 which agrees well with the Strouhal numbers of the other bluff bodies (see 

references in section 2.3.1.9). Since the SJ actuators used in the current study can only 

operate at the frequency range of 150 to 600 Hz, it would be rather difficult to estimate 

the optimal excitation frequencies for the aerofoil at α = 12° and 15°. Nevertheless, the 

fact that the lift plots at these angles of attack do not produce any peak value suggest that 

their optimal excitation frequencies may be located at the frequency range where the SJ 

actuators could not perform at. Even though the optimal excitation frequencies at α = 12° 

and 15° cannot be directly estimated in this study, reduced vortex shedding frequencies 

suggest that the optimal excitation frequencies at α = 12° and 15° are possibly located at 

the lower frequency range. 

5.3.2 Effects of Momentum Coefficient on the Lift and Drag Coefficients  

 

Figure 42 Variation of lift coefficients at α = (a) 0°, (b) 3°, (c) 6°, (d) 9°, (e) 12°, and (f) = 15° due to 

the excitation frequencies and momentum coefficients. 
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Table 1 Datasets of lift coefficients due to the synthetic jet actuation. 

F+ f (Hz) 
α 0° 3° 6° 9° 12° 15° 

Cμ Cl 

0.14 175 

0.00027 0.013 0.316 0.570 0.805 0.966 - 

0.00079 0.016 0.321 0.576 0.807 0.972 0.538 

0.00156 0.020 0.333 0.582 0.816 0.977 - 

0.00232 0.025 0.342 0.589 0.822 0.979 - 

0.00314 0.030 0.359 0.596 0.828 0.981 - 

0.00399 0.034 0.363 0.605 0.832 0.986 - 

0.00485 0.037 0.370 0.607 0.834 0.990 0.545 

0.24 300 

0.00085 0.014 0.315 0.569 0.805 0.967 - 

0.00197 0.021 0.336 0.584 0.816 0.977 0.538 

0.00337 0.027 0.347 0.594 0.826 0.986 - 

0.00476 0.033 0.360 0.598 0.830 0.994 - 

0.00613 0.038 0.372 0.606 0.833 1.000 - 

0.00749 0.040 0.377 0.613 0.840 1.005 - 

0.00884 0.042 0.385 0.618 0.846 1.008 0.562 

0.32 400 

0.00086 0.014 0.316 0.570 0.807 0.968 - 

0.00198 0.019 0.336 0.579 0.817 0.980 0.539 

0.00337 0.027 0.352 0.586 0.826 0.985 - 

0.00475 0.036 0.366 0.960 0.832 0.991 - 

0.00632 0.038 0.374 0.603 0.837 0.999 - 

0.00807 0.044 0.382 0.606 0.840 1.002 - 

0.00981 0.046 0.386 0.615 0.844 1.006 0.552 

0.40 500 

0.00054 0.014 0.315 0.568 0.804 0.974 - 

0.00182 0.015 0.334 0.577 0.811 0.981 - 

0.00382 0.019 0.345 0.586 0.819 0.983 - 

0.00582 0.024 0.355 0.593 0.825 0.986 - 

0.00813 0.033 0.372 0.598 0.829 0.991 - 

0.01075 0.043 0.380 0.605 0.833 0.996 - 

0.01337 0.048 0.390 0.614 0.835 1.001 - 
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Figure 43 Variation of drag coefficients at α = (a) 0°, (b) 3°, (c) 6°, (d) 9°, and (e) 12° due to the 

excitation frequencies and momentum coefficients. 

Table 2 Datasets of drag coefficients due to the synthetic jet actuation. 

F+ f (Hz) 
α 0° 3° 6° 9° 12° 

Cμ Cd 

0.14 175 

0.00027 0.01732 0.02708 0.04586 0.07268 0.10146 

0.00079 0.01739 0.02737 0.04651 0.07329 0.10165 

0.00156 0.01746 0.02780 0.04727 0.07344 0.10184 

0.00232 0.01750 0.02831 0.04786 0.07430 0.10205 

0.00314 0.01763 0.02862 0.04819 0.07470 0.10232 

0.00399 0.01772 0.02887 0.04862 0.07477 0.10255 

0.00485 0.01777 0.02908 0.04887 0.07527 0.10306 

0.24 300 

0.00085 0.01736 0.02754 0.04605 0.07303 0.10126 

0.00197 0.01741 0.02797 0.04685 0.07365 0.10176 

0.00337 0.01756 0.02835 0.04787 0.07408 0.10200 

0.00476 0.01768 0.02872 0.04843 0.07499 0.10225 

0.00613 0.01772 0.02905 0.04853 0.07514 0.10253 

0.00749 0.01788 0.02916 0.04896 0.07547 0.10254 

0.00884 0.01793 0.02941 0.04941 0.07597 0.10313 

0.32 400 0.00086 0.01738 0.02711 0.04585 0.07296 0.10128 
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0.00198 0.01747 0.02803 0.04709 0.07355 0.10169 

0.00337 0.01763 0.02859 0.04773 0.07448 0.10225 

0.00475 0.01770 0.02876 0.04839 0.07500 0.10251 

0.00632 0.01780 0.02918 0.04898 0.07548 0.10279 

0.00807 0.01793 0.02922 0.04913 0.07598 0.10326 

0.00981 0.01802 0.02948 0.04984 0.07637 0.10371 

0.40 500 

0.00054 0.01730 0.02717 0.04594 0.07226 0.10118 

0.00182 0.01740 0.02817 0.04715 0.07358 0.10171 

0.00382 0.01758 0.02847 0.04780 0.07437 0.10207 

0.00582 0.01776 0.02895 0.04840 0.07500 0.10241 

0.00813 0.01783 0.02920 0.04895 0.07552 0.10273 

0.01075 0.01799 0.02933 0.04937 0.07578 0.10321 

0.01337 0.01801 0.02980 0.04990 0.07628 0.10352 

 

Figure 42 and Figure 43 show the variation of lift coefficient when the SJ is actuated at f 

= 150 – 500 Hz and Cμ = 0.00021 – 0.0134 on the aerofoil at α = (a) 0°, (b) 3°, (c) 6°, (d) 

9°, (e) 12°, and (f) 15° and the variation of drag coefficient when the SJ is actuated at f = 

150 – 500 Hz and Cμ = 0.00021 – 0.0134 on the aerofoil at α = (a) 0°, (b) 3°, (c) 6°, (d) 

9°, and (e) 12°, respectively. In these figures, solid lines below the scatters mark the lift 

and drag coefficients of the non-actuated aerofoil. In order to better understand the roles 

of the excitation frequency with respect to the momentum coefficient, the effects of 

momentum coefficient on the lift and drag coefficients are investigated. In supporting the 

lift and drag plots shown in Figure 42 and Figure 43, datasets of the lift and drag 

coefficients used to construct these plots are tabulated in Table 1 and Table 2 to provide 

more insights into lift and drag augmentation via SJ CC. 

As shown in Figure 42 and Figure 43, both the lift and drag plots generally exhibit a 

relatively linear relationship with the momentum coefficient. Depending on the excitation 

frequency of the SJ actuation, the optimal excitation frequency at 175 Hz is found to yield 

the steepest slopes for the lift and drag plots at α = 0° – 9° whereas the excitation frequency 

which exceeds 175 Hz is observed to yield less steep slopes. As indicated by the lift and 

drag slopes, increasing the excitation frequency tends to reduce the steepness of the 

slopes. Since the highest lift coefficient at α = 12° is attainable at f = 150 Hz, a series of 
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SJ actuation is also carried out at f = 150 Hz for this angle of attack. As shown in Figure 

42g, the lift slope at f = 150 Hz is observed to be steeper than that at f = 175 Hz. According 

to the results at α = 12°, it is important to point out here that the excitation frequency at 

150 Hz simply produces the highest lift slope and such does not suggest that the most 

effective excitation frequency on the aerofoil at α = 12° is 150 Hz. Instead, the results 

seem to suggest that a larger aerofoil wake size or lower vortex shedding frequency could 

possibly reduce the optimal excitation frequency. 

Additionally, it is also worth mentioning that the steepest lift slope or the highest degree 

of lift enhancement is achieved when the SJ is actuated at 175 Hz on the aerofoil at α = 

3°. As will be discussed later, either the angle of attack or the relative distance between 

the laminar separation bubble and the SJ actuators may play a role in determining the 

effectiveness of the SJ actuation or the degree of lift enhancement. 

5.3.3 Effects of Synthetic Jet Actuation on the Pressure Distributions 

 

Figure 44 Variation of mean pressure distributions due to the synthetic jet actuation. 

Since it would be easier to quantitatively compare different pressure distributions when 

the contributions of different excitation cases are distinctive from one another, some 

examples of pressure distributions rendered by the SJ actuation at α = 3° are presented 

here as the degree of lift enhancement obtained at this angle of attack is comparatively 

higher than those at other angles of attack. In this study where the effects of SJ actuation 

on the characteristics of pressure distributions are identical for α = 0°–15°, selected cases 

of pressure distributions at α = 3° are shown in Figure 44 for the sake of conciseness. 

Figure 44a and b show the variation of the pressure distributions due to the excitation 

frequency (fixed Cμ = 0.00392) and the momentum coefficient (fixed f = 300 Hz) at α = 
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3°, respectively. In this CC operation where a SJ is employed to delay flow separation on 

the Coanda surface which then improves circulation around the aerofoil, lift enhancement 

is generally characterised by higher pressure gradient between the suction and pressure 

sides of the aerofoil and a more pronounced trailing edge peak. On the effects of excitation 

frequency, the optimal excitation frequency at 175 Hz is observed to produce the highest 

pressure gradient between the suction and pressure sides of the aerofoil and the highest 

trailing edge peak at x/c = 0.98. As revealed in section 5.3.1 in which the degree of lift 

enhancement decreases as the excitation frequency increases, actuating the SJ at f > 175 

Hz results in lower pressure gradient and a weaker trailing edge peak. On the effects of 

momentum coefficient, increasing the momentum coefficient yields higher pressure 

gradient and a more pronounced trailing edge peak. According to these results, lift 

increment on the CC aerofoil is generally characterised by increments in the pressure 

gradient between the suction and pressure sides of the aerofoil and the trailing edge peak. 

5.3.4 Effects of Synthetic Jet Actuation on the Rates of Changes in Aerodynamic 

Coefficients  

Table 3 Variation of changes in the aerodynamic coefficients due to the synthetic jet actuation. 

F+ f (Hz) α 0° 3° 6° 9° 12° 

0.12 150 

dCl/dCμ - - - - 7.10 

dCd/dCμ - - - - 0.58 

dCl/dCd - - - - 12.20 

0.14 175 

dCl/dCμ 5.36 12.60 8.51 6.70 4.66 

dCd/dCμ 0.10 0.45 0.64 0.55 0.33 

dCl/dCd 53.57 28.20 13.23 12.23 14.21 

0.24 300 

dCl/dCμ 3.59 8.33 5.72 4.68 5.13 

dCd/dCμ 0.07 0.23 0.40 0.36 0.20 

dCl/dCd 48.27 36.24 14.46 13.09 25.10 

0.32 400 

dCl/dCμ 3.68 7.56 4.85 3.85 4.00 

dCd/dCμ 0.07 0.23 0.40 0.38 0.26 

dCl/dCd 51.51 32.50 12.02 10.16 15.41 

0.4 500 

dCl/dCμ 2.88 5.53 3.36 2.34 2.00 

dCd/dCμ 0.06 0.17 0.28 0.28 0.17 

dCl/dCd 49.94 31.73 12.00 8.35 11.50 

 

In order to provide quantitative measures for the lift and drag plots presented in section 

5.3.2, changes in the aerodynamic coefficients with respect to the momentum coefficient 

are shown in Table 3. 
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For the lift dataset, the excitations at f = 175 Hz at α = 0°, 3°, 6°, 9°, and 12° yield dCl/dCμ 

of 5.36, 12.60, 8.51, 6.70, and 4.66, respectively. At f = 300 Hz, dCl/dCμ at α = 0°, 3°, 6°, 

9°, and 12° are 3.59, 8.33, 5.72, 4.68, and 5.13, respectively. Since the subharmonic is at 

350 Hz and both the excitation frequencies of 300 Hz and 400 Hz are 50 Hz away from 

the subharmonic, dCl/dCμ at f = 400 Hz are somewhat similar to that of 300 Hz. At f = 400 

Hz, dCl/dCμ at α = 0°, 3°, 6°, 9°, and 12° are 3.68, 7.56, 4.85, 3.85, and 4.00, respectively. 

At f = 500 Hz, the excitation amounts to very little effects on the lift coefficients as its 

dCl/dCμ at α = 0°, 3°, 6°, 9°, and 12° are 2.88, 5.53, 3.36, 2.34, and 2.00, respectively. 

For the drag dataset, the excitations at f = 175 Hz at α = 0°, 3°, 6°, 9°, and 12° yield 

dCd/dCμ of 0.10, 0.45, 0.64, 0.55, and 0.33, respectively. Much like when increasing the 

excitation frequency deteriorates the degree of lift enhancement, such statement stays true 

in the case of drag coefficient. At f = 300 Hz, dCd/dCμ of 0.07, 0.23, 0.40, 0.36, and 0.20 

are yielded at α = 0°, 3°, 6°, 9°, and 12°, respectively. With the subharmonic peak being 

at 350 Hz, most values of dCd/dCμ at f = 400 Hz are similar to that at f = 300 Hz. At f = 

400 Hz, dCd/dCμ of 0.07, 0.23, 0.40, 0.38, and 0.26 are yielded at α = 0°, 3°, 6°, 9°, and 

12°, respectively. At the least effective excitation frequency of 500 Hz, dCd/dCμ of 0.06, 

0.17, 0.28, 0.28, and 0.17 are yielded at α = 0°, 3°, 6°, 9°, and 12°, respectively. 

As summarised in Table 3, the values of dCl/dCμ suggest that the SJ could perform very 

well to achieve high degree of lift enhancement when it is actuated at the optimal 

frequency (f = 175 Hz). While reasonable degree of lift enhancement could be obtained 

at α = 0° – 6°, the degree of lift enhancement is maximised at α = 3°. At higher angles of 

attack, the degree of lift enhancement starts to decline as very little increase in the lift 

coefficient could be attained at α = 12°. At α = 0° – 12°, the values of dCl/dCμ and dCd/dCμ 

reach their peak values at α = 3° and 6° and then decline afterward, respectively. 

Even though the excitation at the optimal frequency offers the highest dCl/dCμ, it is 

noteworthy that such enhancement is accompanied by a relatively high drag coefficient 

which would eventually result in a reduced dCl/dCd. Furthermore, it is clear from Table 3 

that both dCl/dCμ and dCd/dCμ decrease as the angle of attack increases. Nevertheless, it 

is intriguing to mention that dCd/dCμ decreases at a faster rate than dCl/dCμ as it could be 

seen from f = 175 and 300 Hz at α = 3° where dCl/dCμ decreases from 12.60 to 8.33 (33.8% 

decrease) while dCd/dCμ decreases from 0.45 to 0.23 (48.8% decrease). Consequently, the 

excitations at f = 175 and 300 Hz yield dCl/dCd of 28.20 and 36.24, respectively. 
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Depending on one’s objective, the highest lift coefficient could be achieved at f = 175 Hz 

at the cost of high drag coefficient while the highest lift-to-drag ratio could be obtained at 

f = 300 Hz at the cost of high momentum coefficient.  

5.3.5 Effects of Excitation Location on the Effectiveness of the Synthetic Jet 

Actuation  

 

Figure 45 Standard deviations of fluctuating surface pressures (black) and mean surface pressures 

(grey) on the suction side of the aerofoil. 

Figure 45 shows the locations of flow separation as indicated by the standard deviations 

of fluctuating surface pressures and the mean surface pressures on the suction side of the 

aerofoil. Symbol ο marks the streamwise extent of the LSB on the aerofoil. The magnitude 

of each consecutive standard deviation trend is stepped down by an order of 0.1. The 

magnitude of each consecutive pressure coefficient trend is stepped down by 0.5, 0.05, 

…, 0.5×10-n. 

So far, it has been found that increasing the angle of attack reduces the lift slope. Hence, 

it is suspected that the effectiveness of the SJ actuation may be related to changes 

associated with the angle of attack. According to Zdravkovich (2003), the effectiveness 

of a conventional blowing jet is dependent on 3 factors, namely the jet slot profile, the jet 

velocity (momentum coefficient), and the boundary layer state (laminar, transition, and 

turbulence). Of these 3 factors, the design of the jet slot profile has already been discussed 
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in the experimental setup section and the effects of momentum coefficient on the SJ 

actuation have been investigated to a certain extent. 

In the investigations where the position of a jet slot is concerned, an appropriate excitation 

location is recommended to be located close to (Greenblatt & Wygnanski, 2000) or 

slightly behind a flow separation point (Zdravkovich, 2003). In the current study, the SJ 

actuation is most effective at α = 3° which is when the flow separation point is slightly 

upstream of the jet location. Though good agreement between the current study and the 

others has given some satisfaction and confidence, the answer which this section truly 

seeks is how a boundary layer state may affect the effectiveness of the SJ actuation. In an 

attempt to find a relative measure of turbulence intensity on the aerofoil surface which 

could be used to identify types of boundary layer states at any given location on the 

aerofoil, the standard deviations of fluctuating surface pressures are employed.  

As shown in Figure 45, “kinks” in the pressure distributions represent LSBs and that 

sudden increases in the standard deviation are developed at around the points of transition 

and flow reattachment. Prior to flow separation, the flow is presumably laminar and that 

the standard deviations in this region are considerably low. At the flow separation region, 

sudden increase and decrease in the standard deviation are found at around the points of 

transition and flow reattachment, respectively. It is interesting to note that the peak of the 

standard deviation formed within this region increases as the angle of attack increases. 

After flow reattachment, the flow is considered to be turbulent and such state could be 

indicated by relatively high standard deviations. Although the standard deviation 

drastically drops at the flow reattachment point, the standard deviations in the turbulence 

region would still always be higher than those in the laminar region. In fact, the values of 

the standard deviations in the turbulence region are approximately 50% of the peak values 

of the standard deviation whereas the values of the standard deviations in the laminar 

region are about 50 – 80% of those in the turbulence region depending on the angle of 

attack. For the sake of simplicity, the differences between the standard deviations in the 

laminar and turbulence regions could be observed from the arrows in Figure 45. At low 

angles of attack, the differences between the standard deviations in the laminar and 

turbulence regions are relatively small. Upon increasing the angle of attack, such 

differences gradually increase until they become very obvious at α = 9° and 12°. As the 

LSB bursts and the pressure distribution on the suction side is flattened at α = 15°, the 

peak of the standard deviation can no longer be found on the stalled aerofoil. Instead, the 
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standard deviation steadily increases from the leading edge to the trailing edge of the 

aerofoil. As a result, the standard deviations at the trailing edge region, where the jet is 

located at, end up with relatively high values. 

According to the aforementioned report, it is, so far, fair to say that the effectiveness of 

the SJ actuation may be sensitive to the fluctuations in surface pressures. The reason why 

the SJ actuation at α = 3° yields the highest degree of lift enhancement is possibly due to 

the fact that the jet slots are located in the region of low turbulence. Although it was 

initially anticipated that the SJ actuation at α = 0° would yield the highest degree of lift 

enhancement, this does not seem to be the case as the flow separation region is developed 

at the jet slots. Thus, the jet slots on the aerofoil at α = 0° are fully exposed to highly 

fluctuated surface pressure. At α = 3°, a region of highly fluctuated surface pressure 

slightly moves upstream and the jet slots are now located at the area where the standard 

deviations have already calmed down or reduced. Even though the values of the standard 

deviations near the jet slots at higher angles of attack have also gone down by the time 

they reach the jet slots, it should be pointed out that the standard deviations at these higher 

angles of attack are still comparatively much higher than that at α = 3°. Therefore, the 

effectiveness of the SJ actuation continues to fall as the standard deviation at the jet slots 

grows. 

5.3.6 Conclusion 

A NACA0015 CC aerofoil using SJs at the chord Reynolds number of 1.10×105 is 

investigated. Like any low Reynolds number aerofoil, a LSB is present. A LSB is 

observed to contract in length and move upstream upon increasing the angle of attack. As 

reported in the investigation of unsteady flow over the aerofoil at α = 0° – 12°, the spectra 

of shear-layer instability (vortex roll-up) obtained from the fluctuating surface pressures 

near the flow reattachment regions are in the frequency range of approximately 300 – 518 

Hz (Sr ≈ 0.24 – 0.41) whereas the spectra of vortex shedding obtained from x/c = 1.80 –   

2.80 are in the frequency range of about 156 – 287 Hz (Sr ≈ 0.13 – 0.23). At the stall angle 

of attack where the aerofoil behaves similarly to the bluff body, a more sensible 

characteristic length c.sin(α) yields Sr* ≈ 0.15 (33 Hz). Overall, the Strouhal numbers of 

vortex shedding agree well with the Strouhal numbers of other bluff bodies. 

On the SJ actuation, it has been found that the optimal excitation frequency of 175 Hz (F+ 

≈ 0.14) produces the highest degree of lift enhancement (dCl/dCμ) for most angles of 
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attack (α = 0° – 9°). Due to the fact that the optimal excitation frequency remains constant 

for the angle of attack range of 0° – 9°, it is very likely that this frequency is governed or 

determined by another characteristic length which also remains constant for the same 

angle of attack range. For this CC aerofoil which has SJ actuators placed next to the 

rounded trailing edge, it is possible that either the diameter of the rounded trailing edge 

and the boundary layer thickness or the aerofoil wake size is responsible for determining 

the optimal excitation frequency. Assuming that the universal Strouhal number is 

constant, it is conjectured that a thicker boundary layer or a larger wake size found on the 

high-incidence aerofoil may contribute to lower optimal excitation frequencies. Thus, the 

optimal excitation frequencies at α = 12 – 15° are likely to be found at a lower frequency 

range. Furthermore, the excitation frequency of 300 Hz is observed to yield the highest 

degree of lift-to-drag ratio (dCl/dCd). At f > 300 Hz, the degree of lift enhancement 

(dCl/dCμ) starts to decline. Additionally, the effectiveness of the SJ actuation appears to 

be fairly sensitive to the boundary layer state. If the jet slots are situated in a region of 

highly fluctuated surface pressure, the degree of lift enhancement is found to deteriorate.   
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6 Numerical Results 

LES of the NACA0015 CC aerofoil using SJs, as described in previous Chapters, is 

conducted to simulate the SJ actuation at a high momentum coefficient range which is not 

achievable in the experimental study. A chord Reynolds number of 1.10×105, and as 

discussed and established already, a SJ excitation frequency of 175 Hz, the momentum 

coefficients of 0.0044 to 0.0688, and angles of attack of 0°, 6°, and 12° are employed in 

this study. This numerical study investigates the effects of high momentum coefficient on 

the mean lift coefficient, fluctuations in the lift and drag coefficients on the non-actuated 

and actuated aerofoils, and the characteristics of the LSB and the Coanda surface. 

6.1 Model Validation 

Prior to the presentation and discussions of the numerical results, it is of great importance 

that some numerical results are validated by the experimental results. In this case, the 

time-averaged pressure distributions and the aerodynamic forces obtained from the 

experimental results at α = 0°, 6°, and 12° are provided for this purpose. 
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Figure 46 Pressure distributions of experimental and numerical studies on the non-actuated aerofoil 

at α = (a) 0°, (c) 6°, and (e) 12° and the actuated aerofoil (Cμ = 0.0044) at α = (b) 0°, (d) 6°, and (f) 12°. 

 

Figure 47 Comparison between changes in the experimental and numerical lift coefficients at α = (a) 

0°, (b) 6°, and (c) 12°. 

As shown in Figure 46, the pressure distributions obtained from the numerical study 

conform well to those of the experimental study. The numerical aerodynamic forces of 

both non-actuated and actuated cases agree well with the experimental aerodynamic 

forces. Even though the percentage differences between the experimental and numerical 

studies may appear to be somewhat high in some cases, it is noteworthy that such is 

usually due to the fact that the aerodynamic forces of a pre-stall aerofoil are typically low. 

Thus, the percentage differences between the experimental and numerical results are very 

sensitive to small differences in the absolute values. Nevertheless, changes in the 

experimental and numerical lift coefficients, as shown in Figure 47, are in good 

agreement.  The differences between the experimental and numerical results are within 1 

– 12% for lift coefficient. The flow separation and reattachment points on the non-actuated 

aerofoil at α = 6° are found at x/c = 0.252 and 0.447 for the experimental study and x/c = 

0.267 and 0.429 for the numerical study. On the other hand, the flow separation and 
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reattachment points on the actuated aerofoil (Cμ = 0.0044) at α = 6° are found at x/c = 

0.381 and 0.441 for the experimental study and x/c = 0.377 and 0.416 for the numerical 

study. Since there are a limited number of pressure taps on the leading edge of the aerofoil 

used in the experimental study to estimate the location of a flow separation point on the 

aerofoil at α = 12°, the flow reattachment points on the non-actuated and actuated aerofoils 

(Cμ = 0.0044) at α = 12° are found at x/c = 0.158 and 0.150 for the experimental study and 

x/c = 0.159 and 0.143 for the numerical study, respectively. Therefore, the differences 

between the locations of the flow separation and reattachment points obtained from the 

experimental and numerical studies are within 1 – 6%. 

Although a considerable amount of knowledge on a CC aerofoil was obtained from the 

experimental study, there are some aspects which pose great difficulties when such are 

tackled by an experimental approach. For instance, the SJ actuator used in the 

experimental study provides relatively low SJ velocity or low momentum coefficient. As 

a consequence, the experimental investigation on the effects of momentum coefficient is 

limited to a low range of momentum coefficient.  

Due to the limitations on the experimental approach, a numerical approach is employed 

in this study to explore the effects of flow instability (vortex shedding) and SJ actuation 

on the lift and drag coefficients. Since it was found in the experimental study that the 

characteristic length of the aerofoil gives rise to the vortex shedding frequency and that 

such frequency is reportedly influencing fluctuations in both lift and drag profiles, it is of 

interest that the effects of vortex shedding frequency on the lift and drag profiles are 

numerically and visually expressed. Similar to vortex shedding which recurrently takes 

place on an aerofoil as a result of Kelvin-Helmholtz excitation, an oscillatory excitation 

offered by a SJ could be seen as a type of flow instabilities which is intentionally 

introduced to an aerofoil to compensate for the momentum which may have been lost to 

vortex shedding. Due to the fact that a SJ also occurs as a result of an excitation, its effects 

on the lift and drag profiles are investigated. Followed by an investigation on the 

characteristics of fluctuating lift and drag coefficients, the effects of SJ actuation on the 

mean pressure distributions and the lift coefficients are studied to explore the relationship 

between the mean lift coefficient and the momentum coefficient. Additionally, the effects 

of momentum coefficient on the LSB and the jet detachment angle on the Coanda surface 

are briefly discussed. 
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6.2 Time-Averaged Results  

6.2.1 Mean Pressure Distributions 

 

Figure 48 Pressure distributions of the circulation control aerofoil at α = (a) 0°, (b) 6°, and (c) 12° 

when it is excited at f = 175 Hz. 

On a low Reynolds number aerofoil, a LSB is usually expected and this is visible on the 

pressure distributions of an aerofoil in a form of a “kink”. Though the LSB on the aerofoil 

at α = 0° is not as pronounced as those at higher angles of attack, its existence is confirmed 

by the spectra obtained from the experimental study. At α = 6° and 12°, the LSBs are 

observed to move upstream as the angle of attack increases. On the non-actuated aerofoil, 

there is no pressure gradient between the suction and pressure sides of the aerofoil at α = 

0° as the aerofoil is symmetric. As the angle of attack increases, the pressure gradient 

grows stronger. 

Similar to a conventional aerofoil whose camber could be altered by deflecting a control 

surface, a rounded trailing edge of a CC aerofoil is deliberately designed in such a way 

that the effective camber could be adjusted according to the jet momentum which is 

supplied at the upstream of a rounded trailing edge (the Coanda surface). In this study, a 

SJ produced from the upstream slot would be entrained on the Coanda surface as it comes 

into contact with a curved surface. Depending on the magnitude of the jet momentum, the 

jet separation point on the Coanda surface or the jet detachment angle is usually estimated 
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from a point or an angle where the jet detaches from the Coanda surface. Followed by the 

alteration of the jet detachment angle, a circulation on the aerofoil is either increased or 

decreased depending on the side of the SJ actuation. For instance, SJ actuation on the 

suction side usually results in higher circulation and lift coefficient on an aerofoil. In this 

scenario, it is highly possible that the effective camber is increased as the jet detachment 

point or angle moves downstream. 

Upon forcing a SJ onto the Coanda surface, the distinctive features of a CC aerofoil 

generally include: increments in the pressure gradient between the suction and pressure 

sides of the aerofoil and the presence of a trailing edge peak. Since the jet slot is located 

at the upstream of the Coanda surface, an increment in the magnitude of the trailing edge 

peak occurs as a result of the pulsing of a SJ. Provided that the jet detachment angle could 

be delayed by SJ actuation, an improved circulation on the aerofoil usually contributes to 

an increment in the pressure gradient between the suction and pressure sides of the 

aerofoil. By taking increments in the pressure gradient and the trailing edge peak into 

account, changes in the magnitudes of these parameters would eventually lead to lift 

enhancement. As shown in Figure 48, the SJ actuation at higher momentum coefficient 

tends to further increase the magnitudes of the pressure gradient and the trailing edge 

peak. Since a quantitative measure of the pressure distribution, which is necessary for 

benchmark and discussion, could not be easily sought, the sections which are dedicated 

to the characteristics of the mean lift coefficient, the LSB, and the Coanda surface are 

provided next to fulfill the needs for quantitative results.    



Numerical Results 

82 

 

6.2.2 Mean Lift Coefficient 

 

Figure 49 Effects of momentum coefficient on the incremental lift coefficient of the aerofoil at α = (a) 

0°, (b) 6°, and (c) 12° and (d) their quadratic fits.  

As previously mentioned, increments in the pressure gradient between the suction and 

pressure sides of the aerofoil and the trailing edge peak are most likely due to an improved 

circulation on the aerofoil. Figure 49a – c show the effects of momentum coefficient on 

the lift increment at α = 0°, 6°, and 12° while Figure 49d compares the quadratic fits of 

the lift increment at these angles of attack. In Figure 49a – c, dash lines and dot lines are 

drawn to provide the linear fits to the plots at 0 < Cμ < 0.0172 and the quadratic fits to the 

plots at 0 < Cμ < 0.0688, respectively. Although the linear fits are provided to the plots at 

0 < Cμ < 0.0172, these linear fits are extended to Cμ = 0.0300 so that the differences 

between the linear and quadratic fits at Cμ > 0.0172 can be seen. Since the lift increment 

slopes at 0 < Cμ < 0.0044 which are estimated from the numerical study agree well with 

those acquired from the experimental study (see Figure 47), the lift increment slopes at 

0.0044 < Cμ < 0.0688 are further estimated from the numerical approach to explore the 
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effects of SJ actuation at higher momentum coefficients. At 0 < Cμ < 0.0172, the lift 

coefficient is observed to almost linearly increase with the momentum coefficient. 

Although the lift coefficient continues to increase at 0 .0172 < Cμ < 0.0688, the rates of 

lift increment gradually decline as the SJ actuation is approaching Cμ = 0.0688. Due to 

these gradual declines in the rates of the lift increment at a higher momentum coefficient 

range, a quadratic function has the best fit to these lift increment slopes. Furthermore, the 

quadratic fits of the lift increment slopes suggest that the effectiveness of the SJ actuation 

may be somewhat dependent on the angle of attack as the lift increment slope slightly 

increases and decreases at α = 6° and 12°, respectively. In the experimental study, the 

standard deviations of fluctuating surface pressures suggest that the effectiveness of SJ 

actuation may be related to the boundary layer state as the SJ actuation on the high-

incidence aerofoil is observed to yield lower lift increment slope. The cause of a reduced 

effectiveness may be due to an increase in the turbulence level near the SJ slot which 

could be attributed to the breakdown of vortical structures on the aerofoil.  

6.2.3 Velocity Flow Field 
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Figure 50 Time-averaged velocity flow fields around the aerofoil at α = (a – c) 0°, (d – f) 6°, and (g – 

i) 12°. 

As shown in both pressure distributions and mean lift slopes, actuating the SJ at higher 

momentum coefficient further increases the pressure gradient between the suction and 

pressure sides of the aerofoil and the mean lift coefficient, respectively. Figure 50a – c, d 

– f, and g – i show the effects of momentum coefficient on the time-averaged velocity 

flow fields around the aerofoil at α = 0°, 6°, and 12°, respectively. While the pressure 

gradient increases for all angles of attack when the momentum coefficient is increased, it 

is much easier to observe visual changes in the velocity map at α = 0° where a red tint on 

the pressure side of the aerofoil in Figure 50a slightly turns orange in Figure 50c. Since a 

symmetrical aerofoil at α = 0° generally produces equal pressure on both suction and 

pressure sides, it is apparent from Figure 50a and c that the SJ actuation at higher 

momentum coefficient contributes to higher pressure gradient. Furthermore, it is 

noteworthy that the SJ actuation at higher momentum coefficient can further delay flow 

or jet separation at the rounded trailing edge. As indicated by streamlines, further delaying 

flow separation is observed to increase flow turning angle or the angle at which the flow 

on the aerofoil leaves the trailing edge. At α = 0°, an increment in the flow turning angle 

can be clearly seen as the momentum coefficient increases. At α = 6° and 12°, increasing 
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the momentum coefficient substantially reduces the recirculation zone behind the trailing 

edge.  

6.2.4 Laminar Separation Bubble 

 

Figure 51 Effects of momentum coefficient on the laminar separation bubble as illustrated by the (a 

– c) pressure distributions, (d – f) wall friction distributions, and (g – i) contour maps of time-averaged 

velocity on the aerofoil at α = 6°.  
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Figure 52 Effects of momentum coefficient on the laminar separation bubble as illustrated by the (a 

– c) pressure distributions, (d – f) wall friction distributions, and (g – i) contour maps of time-averaged 

velocity on the aerofoil at α = 12°. 

Figure 51 and Figure 52 show the pressure distributions, the wall friction distributions, 

and the time-averaged velocity contour maps of the non-actuated and actuated aerofoils 

at α = 6° and 12°, respectively. Points S, T, and R mark the points of flow separation, 

transition, and flow reattachment, respectively. Since the LSB on the aerofoil at α = 0° is 

not as pronounced as those of higher angles of attack, an observation on the LSB at α = 

0° is not presented here. Since a LSB is characterised by a flow reversal zone which is 

bounded by flow separation and reattachment points, its streamwise extent can be 

identified by a region of negative wall friction coefficients. Upon following this criterion, 

points of flow separation and reattachment can then be found at the points where the wall 

friction coefficients become negative and positive, respectively. Additionally, it is worth 

mentioning that a transition point, which is found at a “kink” of the pressure distribution, 

could be found at the point where the wall friction coefficient reaches the most negative 

value. Apart from increments in the pressure gradient between the suction and pressure 

sides of the aerofoil and the trailing edge peak which could be achieved via SJ actuation, 

further observations on the pressure distributions and the wall friction distributions reveal 

that the length of a LSB could be effectively altered by SJ actuation in some cases. 
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Figure 53 Effects of momentum coefficient on the flow separation point, flow reattachment point, and 

the length of a laminar separation bubble on the aerofoil at α = (a) 6° and (b) 12°. 

As shown in Figure 53, the length of the LSB could be effectively reduced at α = 6° via 

SJ actuation whereas that at α = 12° remains almost unaffected even when a high 

momentum coefficient is employed. At α = 6°, a reduction in the length of the LSB is 

attributed to a delay in flow separation and early flow reattachment. According to the 

curve fitting in Figure 53a, the flow separation point rapidly moves downstream at 0 < Cμ 

< 0.0044 and slightly moves upstream at 0.0044 < Cμ < 0.044 before its saturation point 

is attained within 0.044 < Cμ < 0.0688. On the other hand, the flow reattachment point 

gradually moves upstream throughout the momentum coefficient range and its changes 

could be estimated from the 3rd order polynomial function.  Although the most substantial 

reduction in the length of the LSB takes place at 0 < Cμ < 0.0172, the length of the LSB 

continues to decrease at a more gradual rate at 0.0172 < Cμ < 0.0688. Unlike the aerofoil 

at α = 6°, a small reduction in the length of the LSB at α = 12° could be observed at 0 < 

Cμ < 0.0044 when the flow reattachment point moves slightly upstream. At α = 12°, 

actuating the SJ at Cμ > 0.0044 does not further reduce the length of the LSB. 
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Due to the difference between the extent at which the length of the LSB could be reduced 

at α = 6° and 12°, a speculation on why the SJ actuation at α = 6° could reduce the length 

of the LSB to a greater extent than that at α = 12° shall be carried out. Since there are 

many key parameters which govern the CC using a SJ and some of these may not 

contribute to the ability of a SJ to reduce the length of a LSB, the key parameters which 

are unlikely to contribute to such ability shall be dismissed through the following 

discussion. Firstly, the geometrical parameters of the CC aerofoil should be dismissed as 

the numerical results presented in this paper are obtained from the same aerofoil. 

Secondly, the momentum coefficient shall be excluded as the comparison between the 

LSBs at α = 6° and 12° are based on the same momentum coefficient. Thirdly, the 

excitation frequency should be excluded as well as the excitation frequency of 175 Hz is 

employed for every actuated case. Although it might be arguable in this case as the 

excitation frequency of 175 Hz may contribute differently to the LSB as the vortex 

shedding frequencies at α = 6° (309 Hz) and 12° (133 Hz) are different, it was found in 

section 5.3.1 that the excitation frequency which yields the highest lift coefficient (optimal 

excitation frequency) tends to be the frequency which scales to the diameter of the 

rounded trailing edge rather than that of the vortex shedding frequency. As a result, the 

optimal excitation frequency for the present aerofoil is approximately 175 Hz for most 

angles of attack. Upon dismissing the key parameters which are unlikely to be responsible 

for the length of a LSB, the distance from a flow separation point to an excitation location 

is the remaining key parameter which may be responsible for a reduction in the length of 

a LSB. On a CC aerofoil which deploys a continuous air jet, it was suggested that a jet 

slot should be located slightly behind a flow separation region so that the effects of 

boundary layer state (i.e. laminar, transition, and turbulent) on the effectiveness of the 

blowing jet could be minimised (Zdravkovich, 2003). In the control of flow separation 

which may be more relevant to the current study, a jet slot or a flow control device is 

usually placed near a flow separation region so that a separated shear flow could be 

reenergised and subsequently reattached on an aerofoil surface. Provided that the control 

of flow separation is successful, a flow separation region is usually observed to be reduced 

in size and such may also be accompanied by lift enhancement and drag reduction at the 

stall or post-stall angle of attack (Raju et al., 2008; Wu et al., 1998). In several studies, an 

excitation near the leading edge of an aerofoil is usually found to be more effective at the 

stall or post-stall angle of attack (Amitay & Glezer, 2002; Hsiao et al., 1990; Wu et al., 

1998) whereas an excitation near the trailing edge of an aerofoil is found to be more 
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effective when this excitation acts as a vortex generator which keeps the flow attached on 

the deflected flap of an aerofoil (Nishri & Wygnanski, 1998; Seifert et al., 1993). In a 

sense, the CC on an aerofoil is similar to the flow separation control in a way that both 

are targeting at reenergizing and reattaching a separated shear flow which occurs at a 

different chord location. In this study where the LSB at α = 6° is located much closer to 

the SJ slot than the LSB at α = 12°, it might be due to a shorter distance from the LSB to 

the SJ slot which enables the LSB at α = 6° to be properly reenergised by the SJ actuation. 

Since a LSB is usually associated with a separated shear layer, reenergising a LSB could 

potentially reduce its length.  

6.2.5 Coanda Surface 

 

Figure 54 Effects of momentum coefficient on the Coanda surface as illustrated by the (a – c) pressure 

distributions and (d – f) contour maps of time-averaged velocity on the aerofoil at α = 0°. 

 

Figure 55 Effects of momentum coefficient on the Coanda surface as illustrated by the (a – c) pressure 

distributions and (d – f) contour maps of time-averaged velocity on the aerofoil at α = 6°. 
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Figure 56 Effects of momentum coefficient on the Coanda surface as illustrated by the (a – c) pressure 

distributions and (d – f) contour maps of time-averaged velocity on the aerofoil at α = 12°. 

Figure 54, Figure 55, and Figure 56 show the pressure distributions and the time-averaged 

velocity contour maps of the non-actuated and actuated aerofoils at α = 0°, 6°, and 12°, 

respectively. In addition to an increment in the pressure gradient between the suction and 

pressure sides of the aerofoil, a series of successive blowing and suction offered by a SJ 

contributes to a change in the trailing edge peak. Since increments in both the pressure 

gradient and the trailing edge peak are responsible for lift enhancement which takes place 

when the circulation on an aerofoil is improved, an observation on the jet detachment 

angle, which is essentially the angle or the point at which a jet is detached from the Coanda 

surface, is carried out to investigate its relationship with the trailing edge peak. Similar to 

the control of flow separation in which a successful excitation usually results in the delay 

of flow separation and the enhancement of aerodynamic forces, the jet detachment angle 

and the magnitude of the trailing edge peak may be cautiously used to indicate the extent 

of lift enhancement. Similar to the LSB whose streamwise extent is estimated from a 

region of negative wall friction coefficients, the jet detachment angle is also estimated 

from the point where the wall friction coefficient becomes negative. The quantitative 

measures of the trailing edge peak and the jet detachment angle are plotted and shown in 

Figure 57. 
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Figure 57 Effects of momentum coefficient on the (a) trailing edge peak and (b) jet detachment angle. 

As shown in Figure 57, the magnitude of the trailing edge peak is found to linearly 

increase with the momentum coefficient at 0 < Cμ < 0.0688 whereas a change in the jet 

detachment angle rapidly increases at 0 < Cμ < 0.0044, approaches the saturation point at 

approximately Cμ = 0.0172, and eventually reaches the saturation region at 0.0440 < Cμ < 

0.0688 which is corresponding to the jet detachment angle of slightly below 40°. Provided 

that the SJ is actuated at the same momentum coefficient, it would seem that the angle of 

attack may not or may render very little effects on the trailing edge peak and the jet 

detachment angle as the SJ actuation at different angles of attack is observed to yield 

similar magnitudes for these 2 parameters. Similar to the lift increment slope which begins 

to decline at Cμ = 0.0172, the incremental slope of the jet detachment angle begins to 

decline at 0.0044 < Cμ < 0.0172 and almost stalls when Cμ > 0.0172. According to this 

observation on the incremental slopes of the lift coefficient and the jet detachment angle, 

the declines in the incremental slopes at Cμ = 0.0172 suggest that their growths may be 

constrained by some geometrical parameters associated with the Coanda surface and a jet 

slot. If one of these geometrical parameters fails to satisfy the condition which would 

allow a jet to make a turn of more than 90° around the Coanda surface, such would 

eventually prevent a CC aerofoil from achieving extreme lift enhancement or 

supercirculation (Englar, 1971). 

The fact that the jet detachment angle cannot exceed 40° in the present study is likely due 

to, among other factors, the lack of a Coanda radius which is normally found inside an air 
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plenum of a conventional CC aerofoil (see Figure 58). We remember that a conventional 

CC aerofoil usually consists of an air plenum, an orifice, and the Coanda surface, with a 

continuous air supply. For a CC aerofoil, the design of the Coanda surface could be 

categorised into 2 types, namely the single-radius and the dual-radius CC aerofoils. As 

the names imply, the Coanda surface of the single-radius design is constructed from a 

radial arc of one radius (r1 = r2) whereas that of the dual-radius design is constructed from 

radial arcs of 2 radii (r1 ≠ r2).  

 

Figure 58 (a) Variation of circulation control aerofoils (Englar & Huson, 1984), schematics of (b) a 

conventional circulation control aerofoil and (c) the circulation control aerofoil used in the current 

study. 

As shown in Figure 58, the first Coanda radius usually refers to the radial arc inside an air 

plenum while the second Coanda radius usually refers to the radial arc which intersects 

with the first Coanda radius. In the CC operation, the roles of the first and second Coanda 

surfaces are to provide an initial “turning” to an air jet and guide this air jet to depart at a 

desirable jet detachment angle, respectively (Englar & Huson, 1984). In the present study 

which proves the novel concept of a SJ driven CC aerofoil, the first Coanda radius is not 

employed for the purposes of simplicity. Furthermore, rounding off the edge of the SJ 

cavity in the present design would offer only a marginally small region for the first Coanda 

radius because of the scale of the model and the minimal depth of the SJ cavity. In future 

studies, the concept may be optimised in this regard.   

Due to the lack of the first Coanda surface whose role is to provide an air jet with an initial 

“turning” or the angular momentum so that this air jet could sustain its stability on the 

second Coanda surface, the saturations of the jet detachment angle (see Figure 49) and the 

lift incremental slope (see Figure 57) might occur as an air jet, which launches from a 
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sharp-edge orifice, does not have sufficient initial angular momentum to remain attached 

on the second Coanda surface over a longer extent. 

The Coanda jet turning, which is used in many studies as a measure of the effectiveness 

of CC, was found to be a function of a slot width (von Glahn, 1958). By definition, Coanda 

jet turning or jet turning efficiency is usually estimated from the ratio of the vertical and 

horizontal forces acting on the Coanda surface (Bailey, 1961; Blakeney, 1972). Although 

the effectiveness of the CC is reportedly a function of the slot width, the slot width-to-

chord length ratio is frequently employed in numerous studies (see references in Blakeney 

(1972)) as such parameter could be used to normalise slot widths and allow them to be 

benchmarked. In the design of a CC aerofoil, Englar (1971) employed the slot width-to-

chord length ratio and other geometrical ratios to form his hypothesis on which 

combinations of geometrical parameters should be selected to yield efficient CC. Dunham 

(1968) investigated the effects of slot width-to-chord length ratio on the lift coefficient of 

a circular cylinder with a jet slot and found that a small slot width-to-chord length ratio 

does not necessarily contribute to higher degree of lift enhancement. While there is no 

firm statement on why a certain combination of geometrical parameters would contribute 

to better CC, Dunham (1968) and Englar (1971) pointed out that this may be due to the 

fact that a jet width of a certain thickness may find a boundary layer of a certain thickness 

to be more beneficial for their mixing which may result in better CC. Provided that a 

boundary layer thickness plays a role in determining the effectiveness of CC, it should 

also be noted that the thickness of a boundary layer may be tailored by a chord Reynolds 

number. 

6.3 Transient Results    

6.3.1 Spectra of the Non-actuated Aerofoil 

Any prior knowledge on the dominant frequency of a wetted object, which may be 

representing a kind of flow instability, usually offers some insights into the effective flow 

control via an oscillatory excitation. In many investigations, it has been found that the lift 

coefficients of a bluff body are fluctuated at the vortex shedding frequency (Bishop & 

Hassan, 1963; Etkin et al., 1956; Humphrey, 1960) and that the vortex shedding frequency 

could be empirically determined by the wake size of a bluff body (Roshko, 1954a; 

Roshko, 1954b). In the case of other arbitrary shapes, an appropriate characteristic length 

must be sought to estimate a definitive length scale of its wake size. In the experimental 

study, it was found that the diameter of a round-trailing-edge aerofoil at α = 0° yields a 
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Strouhal number of 0.17 (corresponding to f = 210 Hz) which scales relatively well to the 

universal Strouhal number (Sr ≈ 0.20). 

 

Figure 59 Spectra of (a) fluctuating experimental wake velocities, (b) fluctuating numerical wake 

velocities, (c) fluctuating numerical lift coefficients, and (d) fluctuating numerical drag coefficients 

on the aerofoil at α = 0°. 

 

Figure 60 Spectra of (a) fluctuating experimental wake velocities, (b) fluctuating numerical wake 

velocities, (c) fluctuating numerical lift coefficients, and (d) fluctuating numerical drag coefficients 

on the aerofoil at α = 6°. 
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Figure 61 Spectra of (a) fluctuating experimental wake velocities, (b) fluctuating numerical wake 

velocities, (c) fluctuating numerical lift coefficients, and (d) fluctuating numerical drag coefficients 

on the aerofoil at α = 12°. 

Figure 59, Figure 60, and Figure 61 show the spectra of fluctuating experimental wake 

velocities, fluctuating numerical wake velocities, fluctuating numerical lift coefficients, 

and fluctuating numerical drag coefficients on the unactuated aerofoil at α = 0°, 6°, and 

12°, respectively. The differences between the experimental and numerical vortex 

shedding frequencies which are obtained from wake velocities are less than 12%. In order 

to reassure that the lift coefficients actually fluctuate at or close to the vortex shedding 

frequency, the spectra of fluctuating lift coefficients are plotted against those of wake 

velocities. The results show good agreement between the fluctuating lift frequencies and 

the vortex shedding frequencies for all angles of attack. Similar to other investigations on 

a circular cylinder (Bishop & Hassan, 1963; Etkin et al., 1956; Humphrey, 1960; Sarpkaya 

& Schoaff, 1979; Tanida et al., 1973), it is evident from the spectra of fluctuating drag 

coefficients at α = 0° (Figure 59d) that a series of drag coefficients fluctuates at twice the 

fluctuating lift frequency. However, at α = 6° and 12°, the fluctuating drag frequencies 

(Figure 60d and Figure 61d) are equal to their respective vortex shedding frequencies. 
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6.3.2 Velocity Flow Fields and Q-isosurfaces of the Non-actuated Aerofoil 

 

Figure 62 Instantaneous velocity flow fields around the non-actuated aerofoil at α = 0°. 
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Figure 63 Instantaneous velocity flow fields around the non-actuated aerofoil at α = 6°. 
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Figure 64 Instantaneous velocity flow fields around the non-actuated aerofoil at α = 12°. 
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Figure 65 Q-isosurfaces of the non-actuated aerofoil at α = 0°. 

 

Figure 66 Q-isosurfaces of the non-actuated aerofoil at α = 6°. 
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Figure 67 Q-isosurfaces of the non-actuated aerofoil at α = 12°. 

Figure 65, Figure 66, and Figure 67 show the velocity flow fields and Q-isosurfaces of 

the non-actuated aerofoil at α = 0°, 6°, and 12°, respectively. In supporting the spectra 

shown previously, both velocity flow fields and Q-isosurfaces are chronologically 

presented with respect to their cycles or periods of vortex shedding. At α = 0° and 6°, the 

trajectories of vortices, as indicated by the arrows in Figure 65 and Figure 66, can be 

observed near the rounded trailing edge and in the flow field. From the beginning (t/Tv = 

0) to the end of the vortex shedding cycle, the preceding pair of vortices sheds from the 

trailing edge, traverses through the flow field, and is later followed by the successive pair 

of vortices. Even though each vortex shedding cycle at α = 12° cannot be easily 

distinguished like those at lower angles of attack as the flow has become much more 

turbulent at higher angle of attack, a trail of vortices can still be seen. 

In order to better understand the dynamics of vortices, Q-isosurfaces coloured by 

instantaneous velocity, as shown in Figure 65, Figure 66, and Figure 67, are employed to 

monitored vortical and turbulent structures near the flow separation region and the trailing 

edge. In corresponding to the laminar separation bubble which can be seen as a ‘kink’ on 

the pressure distributions, relatively two-dimensional (tube-shaped) vortices are found to 

roll up near the flow separation point and break down into three-dimensional vortices 



Numerical Results 

101 

 

afterward. Depending on the angle of attack which determines the adverse pressure 

gradient and the flow separation point, the breakdown of vortical structures does not occur 

on the aerofoil at α = 0° until the vortices shed whereas those at α = 6° and 12° do take 

place as soon as the flow separates. At α = 6° and 12°, hairpin vortices in the flow 

separation region are observed to break down into secondary streamwise vortices which 

are commonly found after the flow reattaches. In addition to Q-isosurfaces, wall friction 

maps on the aerofoil surface are useful for identifying a flow separation region and a trace 

of vortices. At α = 0° (Figure 65), light blue and yellow strips near the trailing edge region 

indicate the location of the vortices which traverse across the aerofoil chord. At α = 6° 

and 12° (Figure 66 and Figure 67), light blue and yellow strips indicate the flow separation 

point or the location where the vortices roll up whereas red and yellow spots on the 

aerofoil surface suggest that the flow has become fully turbulent after flow reattachment. 

6.3.3 Vorticity Maps of the Non-actuated Aerofoil 

 

Figure 68 Contour maps of the statistical Reynolds stress of streamwise and vertical velocities (𝒖′𝒗′̅̅ ̅̅ ̅) 
of the non-actuated aerofoil at α = (a) 0°, (b) 6°, and (c) 12°. 

Figure 68 shows the contour maps of the statistical Reynolds stress of streamwise and 

vertical velocities (𝑢′𝑣′̅̅ ̅̅ ̅) of the non-actuated aerofoil at α = (a) 0°, (b) 6°, and (c) 12°. 

Blue and red contours represent the statistical Reynolds stress of clockwise and counter-

clockwise vortices, respectively. Though a primary (dominant) peak at 309 Hz is indeed 

found on the spectrum of fluctuating drag coefficients at α = 6°, it is noteworthy that a 
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secondary spectral peak or a “hump” at approximately twice the vortex shedding 

frequency (≈ 640 Hz) is also visible on this spectrum. As opposed to a well-defined 

spectral peak at 470 Hz which is found at α = 0°, a “hump” at α = 6° suggests that the 

vorticities between the suction and pressure sides of the aerofoil become imbalanced when 

the angle of attack of a symmetrical aerofoil is nonzero. On the suction side of a positive-

incidence aerofoil, a separated shear layer due to vortex roll-up tends to contribute to an 

uneven vorticity, especially when the flow on the pressure side remains fully attached. At 

α = 12°, the vorticities on the suction and pressure sides become significantly different 

and; therefore, a secondary spectral peak or a “hump” is no longer found on the spectrum 

of fluctuating drag coefficients. As shown in Figure 68 which illustrates the contour maps 

of the statistical Reynolds stress of streamwise and vertical velocities (𝑢′𝑣′̅̅ ̅̅ ̅), the contour 

maps suggest that the Reynolds stress of counter-clockwise vortices becomes more 

dominant as the angle of attack increases. It is highly possible that the dominancy of the 

clockwise and counter-clockwise vortices could be reflected by a primary and a secondary 

spectral peaks. For instance, only a primary spectral peak is found at twice the vortex 

shedding frequency when the flow is symmetric (Figure 68a). On the other hand, both 

primary and secondary spectral peaks could be found on the fluctuating drag spectra when 

the flow begins to become asymmetric (Figure 68b). As suggested by the fluctuating drag 

spectra, the amplitude of a secondary spectral peak seems to grow weaker and eventually 

become nonexistent as the flow becomes extremely asymmetric (Figure 68c). 
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6.3.4 Fluctuations in Lift and Drag Coefficients on the Non-Actuated Aerofoil 

 

Figure 69 Sequence of vortex shedding as illustrated by contour maps of spanwise vorticity at t/Tvs = 

(a) 0, (b) 0.15, (c) 0.34, (d) 0.52, (e) 0.75, (f) 0.86, (g) 1.01, and (h) 1.12 and (i) series of fluctuating lift 

and drag coefficients on the non-actuated aerofoil at α = 0°.  

Figure 69a – h illustrate the trajectory of vortices on the non-actuated aerofoil at α = 0° 

with respect to a cycle of vortex shedding (Tvs) while Figure 69i exhibits the corresponding 

time-history results of lift and drag coefficients as these vortices propagate through 

different locations on the aerofoil. Dash lines are overlaid on the sequence to trace the 

propagating vortex. Since vortices on the aerofoil could easily be visualised by the 

spanwise vorticity when there is very little breakdown in the vortical structures or in the 

spanwise variations, the aerofoil at α = 0° is chosen to visualise vortex shedding which is 

also commonly found at other angles of attack. At t/Tvs = 0 where the lift and drag 

coefficients move toward the minimum values or the trough, one of the vortices on the 

suction side is about to shed from the trailing edge. At t/Tvs = 0.15, the lift and drag 

coefficients reach their minimum values by the time the vortex on the suction side leaves 
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the trailing edge. While vortex shedding on the suction side is responsible for the trough 

of fluctuating lift coefficients, the maximum lift coefficient is achieved when the vortex 

on the pressure side shed from the trailing edge at t/Tvs ≈ 0.64. Though the flow 

visualisation at this particular time is not shown, it is evident from t/Tvs = 0.52 and 0.75 

that vortex shedding on the pressure side commences within these timeframes. On the 

other hand, the drag coefficient is observed to rise and fall to the maximum and minimum 

when the vortex on either suction and pressure side arrives at and lifts off from the trailing 

edge, respectively. Thus, drag coefficient is fluctuating at twice the fluctuating lift 

frequency.  At 0.34 < t/Tvs < 0.52, the vortex on the pressure side is responsible for the 

uphill and the downhill of fluctuating drag coefficients as this vortex approaches and lifts 

off from the trailing edge, respectively. Similarly, the uphill and downhill trips of 

fluctuating drag coefficients are illustrated in a more gradual manner at 0.75 < t/Tvs < 1.01. 

Within these timeframes, the drag coefficient is at the mean value on the uphill side, the 

peak, and the mean value on the downhill side when the vortex on the suction side 

approaches, arrives at, and lifts off from the trailing edge, respectively. From t/Tvs = 0.86 

– 1.12, the next cycle of vortex shedding is underway. 

So far, it has been found that 2 vortices are shed from the aerofoil within a cycle of vortex 

shedding. Vortices on the suction side are responsible for the trough of lift fluctuations 

while those on the pressure side are responsible for the peak of the fluctuations. Since a 

cycle of lift fluctuations is corresponding to a cycle of vortex shedding, it is fair to say 

that the lift coefficient on the aerofoil fluctuates at the vortex shedding frequency which 

was also found to be true in the case of a circular cylinder (Bishop & Hassan, 1963; Etkin 

et al., 1956; Humphrey, 1960). In terms of the value of the vortex shedding frequency, the 

time from 0.37t/Tvs to 0.89t/Tvs, which marks half cycle of vortex shedding, is 

approximately 2.24×10-3s. Thus, the period of a full cycle of vortex shedding is 

approximately 4.48×10-3s which is corresponding to 223 Hz. Since the spectra are 

obtained from thousands of samples whereas the one presented here is acquired from a 

single cycle of vortex shedding, a slight difference between the 2 values is expected. 

Nevertheless, the spectra of lift and drag coefficients (Figure 59) are indeed reflected by 

the fluctuations of lift and drag coefficients which take place within a cycle of vortex 

shedding (Figure 69). Even though the main concern of the current study is the estimation 

of the vortex shedding frequency, the period of 3.33×10-3s, corresponding to 300 Hz, is 

reported by the experimental study to be the shear-layer instability frequency. 
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Interestingly, this period of time is corresponding to the frequency at which a vortex rolls 

up. As shown in Figure 69a – e, it is noticeable that 2 cat’s eyes are produced within 0 < 

t/Tvs < 0.75 and are visible on the suction side at 0.90 < x/c < 0.95. The period between 

these 2 timeframes is 3.20×10-3s which is equated to approximately 313 Hz    

6.3.5 Spectra of the Actuated Aerofoil 

Similar to a spectral peak of the vortex shedding mode which is likely to be produced by 

the excitation of Kelvin-Helmholtz instability, a spectral peak which represents SJ 

actuation could possibly be produced by the excitation of a SJ. Due to the fact that 

fluctuations in the lift and drag coefficients are characterised by vortex shedding to a 

certain extent, it is of interest that the effects of SJ actuation on the spectra of lift and drag 

coefficients are investigated. Since the mode of flow instability is usually identified by its 

corresponding spectral peak and such information essentially provides some insight into 

flow control, the objective of this particular set of study is to observe the effects of SJ 

actuation on the time-history profiles of fluctuating lift and drag coefficients. Since the 

time-history profiles of fluctuating lift and drag coefficients are normally governed by the 

vortex shedding mode when the aerofoil is not excited, it is of interest to see whether the 

characteristics of these fluctuations could be modified by SJ actuation provided that the 

momentum coefficient is sufficiently high.   

 

Figure 70 Spectra of (a) fluctuating lift coefficients when Cμ = (a) 0, (b) 0.0044, and (c) 0.0688 and 

fluctuating drag coefficients when Cμ = (d) 0, (e) 0.0044, and (f) 0.0688. 
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In an attempt to answer the above question, spectra of fluctuating lift and drag coefficients 

on the non-actuated and actuated aerofoils are shown in Figure 70 to provide some insight 

into the effects of SJ actuation on the fluctuating lift and drag frequencies. For the sake of 

simplicity and conciseness, only the spectra from α = 0° are presented. As mentioned in 

the previous section, the fluctuating lift and drag frequencies on a non-actuated aerofoil 

are characterised by the vortex shedding frequency (Figure 70a and d). Although a weak 

spectral peak at 175 Hz could be found on the lift spectrum when a SJ is actuated at Cμ = 

0.0044 (Figure 70b), it is noted that a spectral peak at 235 Hz which represents vortex 

shedding is still the dominant mode. Nevertheless, the magnitude of the spectral peak at 

175 Hz on the drag spectrum is observed to be higher than that of the fluctuating drag 

frequency which is normally twice the vortex shedding frequency (470 Hz). Additionally, 

the magnitude of the spectral peak at 235 Hz is observed to exceed that of the spectral 

peak at 470 Hz (Figure 70e). Due to the intervention of a SJ, a reduction in the magnitude 

of the spectral peak at 470 Hz which is accompanied by an increase in the magnitude of 

the spectral peak at 235 Hz may occur as a result of imbalance vorticities between the 

suction and pressure sides of the aerofoil. Since vortex shedding occurs on both suction 

and pressure sides of the non-actuated aerofoil at α = 0°, it may be further speculated that 

an increase in the magnitude of the spectral peak at 235 Hz is attributed to a single-sided 

vortex shedding which is likely to be taking place on the side where there is no SJ 

actuation. When a SJ is actuated at high momentum coefficient (Cμ = 0.0688), the spectral 

peaks at 175 Hz become very apparent on both lift and drag spectra (Figure 70c and f). 

Further observation reveals that their subharmonics can also be found at every increment 

of 175 Hz. Unlike the cases of zero and low momentum coefficients whose spectra imply 

that their fluctuating aerodynamic coefficients are mostly and partly governed by the 

vortex shedding frequency, respectively, the lift and drag spectra at a high momentum 

coefficient suggest that their fluctuations are dictated by the SJ frequency. In order to 

further explore the influences of the SJ actuation on the fluctuating lift and drag 

coefficients, time-history profiles of fluctuating lift and drag coefficients of the non-

actuated and actuated aerofoil (Cμ = 0.0044 and 0.0688) are provided for the discussion. 

Figure 71 and Figure 72 show the sequences of SJ actuation and the time-history profiles 

of fluctuating lift and drag coefficients when the SJ is actuated at Cμ = 0.0044 and 0.0688, 

respectively. Since the objective of this section is to better understand the effects of SJ 

actuation on fluctuating lift and drag coefficients, the time-history profiles of fluctuating 
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aerodynamic coefficients on the actuated aerofoil and SJ velocity measured at the orifice 

are collected from the period of time when these parameters have already reached their 

quasi-steady states or convergence. On the same graph, the time-history profiles of 

fluctuating aerodynamic coefficients on the non-actuated aerofoil, which are obtained 

from a separate simulation, are plotted alongside the existing profiles to provide some 

comparisons between the fluctuations of the non-actuated aerofoil and those of the 

actuated aerofoil 

6.3.6 Fluctuations in Lift and Drag Coefficients on the Actuated Aerofoil 
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Figure 71 Sequence of synthetic jet actuation (Cμ = 0.0044) as illustrated by contour maps of 

instantaneous velocity at t/Tact = (a) 0.25, (b) 0.50, (c) 0.75, and (d) 1.00 and fluctuating (e) lift and (f) 

drag coefficients on the non-actuated aerofoil and fluctuating (g) lift and (h) drag coefficients (black 

trend) on the actuated aerofoil at α = 0° plotted against the synthetic jet velocity profile (grey trend).  

Figure 71a, b, c, and d are taken from t/Tact = 0.25 (expulsion stroke), 0.5, 0.75 (ingestion 

stroke), and 1.00 which are corresponding to t = 0.0525, 0.0539, 0.0553, and 0.0568s in 

Figure 71g and h, respectively. For comparison purpose, fluctuating lift and drag 

coefficients on the non-actuated aerofoil are shown in Figure 71e and f, respectively.  

According to the lift and drag spectra when Cμ = 0.0044 (Figure 70c and d), these spectra 

seem to suggest that fluctuations in the lift coefficients are still mostly governed by the 

vortex shedding mode (235 Hz) whereas the drag coefficient is observed to fluctuate at 

mixed frequencies of a SJ (175 Hz), vortex shedding (235 Hz), and twice the vortex 

shedding (470 Hz). Although the SJ frequency is found to be the dominant mode in the 

drag spectrum, evidences on the existence of vortex shedding are still quite clear from the 

spectra and the flow visualisation. As shown in Figure 71a – d, vortices (marked by the 

arrows) could still be found in the aerofoil wake and are indicated by yellow contours. 

Similar to fluctuating lift coefficients on the non-actuated aerofoil, fluctuations in the lift 

coefficients at Cμ = 0.0044 are observed to follow the sequences of vortex shedding in 

which the peaks of the lift coefficient, which are obtained within 0.0525s < t < 0.0539s 

and at t = 0.0568s in Figure 71g, are corresponding to vortex shedding on the pressure 

side of the aerofoil (Figure 71a and d) whereas the trough of the lift coefficient, which is 

obtained within  0.0539s < t < 0.0553s in Figure 71g, is corresponding to vortex shedding 

on the suction side of the aerofoil (Figure 71b and c). Regarding the fluctuations in the 

drag coefficients at Cμ = 0.0044, the time-history profile of drag coefficients shows that 

some cycles of fluctuating drag coefficients begin to fluctuate at the SJ frequency 

(unshaded area in Figure 71h) while some other cycles continue to fluctuate at frequencies 

higher than the SJ frequency (blue shaded area in Figure 71h). It is noted that fluctuating 

drag coefficients in the blue shaded area, as shown in Figure 71h, exhibit similar 

waveform and magnitude to those of the non-actuated aerofoil shown in Figure 71f. 
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Figure 72 Sequence of synthetic jet actuation (Cμ = 0.0688) as illustrated by contour maps of 

instantaneous velocity at t/Tact = (a) 0, (b) 0.25, (c) 0.50, and (d) 0.75, series of fluctuating (e) lift and 

(f) drag coefficients (black trend) on the actuated aerofoil at α = 0° plotted against the synthetic jet 

velocity profile (grey trend), and cross-correlations of aerodynamic coefficients ((g) lift and (h) drag 

coefficients) and the synthetic jet velocity profile. 

Figure 72a, b, c, and d are taken from t/Tact = 0.25 (expulsion stroke), 0.5, 0.75 (ingestion 

stroke), and 1.00 which are corresponding to t = 0.0353, 0.0368, 0.0381, and 0.0396s in 

Figure 72e and f, respectively. As opposed to the case of Cμ = 0.0044, it is evident from 
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the spectra (Figure 72e and f) and time-history profiles of both lift and drag coefficients 

that the fluctuations in these aerodynamic coefficients are dictated by SJ actuation at Cμ = 

0.0688. In this case where the lift and drag profiles are strongly correlated to the SJ profile, 

the cross-correlations of the aerodynamic (lift and drag) profiles and the SJ profile (Figure 

72g and h) reveal that the time series of the lift and drag profiles lag behind that of the SJ 

profile by approximately 41° and 39° (9.14×10-4s), respectively. Since the lift and drag 

profiles at Cμ = 0.0688 fluctuate at the SJ frequency and their phase angles lag behind the 

SJ profile by about 40° on the average, it is of interest that the characteristics of these lift 

(Figure 72e) and drag (Figure 72f) waveforms are described with respect to the cycle of 

the SJ actuation.   

From t/Tact = 0 – 0.25, the trends of both lift and drag profiles are found to follow the 

uphill trip of the SJ profile. Followed by the peak of the SJ profile (0.25 < t/Tact < 1.00), 

the lift profile develops 2 peak values at t/Tact ≈ 0.30 and 0.60 while the drag profile 

develops a single peak value at t/Tact ≈ 0.36. Due to the fact that SJ actuation consists of 

successive blowing (Figure 72a) and suction (Figure 72c), 2 vortices which are produced 

at the orifice edge during the blowing (0 < t/Tact< 0.50) and the suction (0.50 < t/Tact< 

1.00) are likely to be responsible for the double-peak lift profile. Followed by the peaks 

of both lift and drag profiles, the trend of the lift profile continues to drop during 0.60 < 

t/Tact < 1.00 whereas that of the drag profile falls and rises as the SJ undergoes its ingestion 

stroke at 0.50 < t/Tact < 0.75 and returns to its neutral stage (Uj/Uj,max = 0) at 0.75 < t/Tact 

< 1.00, respectively. The complete time-history profiles of these fluctuating lift and drag 

coefficients show that such fluctuations continue to repeat their cycles at the pace of a SJ. 

 

Figure 73 Magnitude-squared coherence of fluctuating lift and drag coefficients to synthetic jet 

velocity when the synthetic jet is actuated at Cμ = (a) 0.0044 and (b) 0.0688. 
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As indicated by the lift and drag spectra shown in Figure 70, an increment in the 

magnitude of the spectral peak at the SJ frequency implies that the lift and drag profiles 

tend to fluctuate at the SJ frequency as the momentum coefficient increases. Nevertheless, 

since these results only take the lift and drag profiles (output data) into account, the 

magnitude-squared coherence between the SJ profile (input data) and the lift and drag 

profiles (output data), as shown in Figure 73, is computed so that the degree of similarity 

between the input and the output could be assessed. In the case of the lift profile, the 

coherence between the SJ profile and the lift profile at 175 Hz is relatively weak at Cμ = 

0.0044 and is becoming stronger at Cμ = 0.0688. In the case of the drag profile, strong 

coherence between the SJ profile and the drag profile at 175 Hz has already been 

established by the time a SJ is actuated at Cμ = 0.0044. Exciting the aerofoil at Cμ = 0.0688 

further increases the coherence between the 2 profiles. Unlike the waveforms of the lift 

profile at Cμ = 0.0688 which exhibit double-peak profiles, it is highly possible that the 

coherence between the SJ profile and the drag profile is higher than that of the lift profile 

due to the fact that the waveforms of the drag profile exhibit single-peak profiles which 

are much more similar to the waveforms of the SJ profile. 
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6.3.7 Velocity Flow Fields of the Actuated Aerofoil 

 

Figure 74 Instantaneous velocity flow fields during the expulsion stroke of the actuated aerofoil at α 

= 0°. 
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Figure 75 Instantaneous velocity flow fields during the ingestion stroke of the actuated aerofoil at α 

= 0°. 
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By this point, we learned that the actuated aerofoil would exhibit quasi-steady lift and 

drag coefficients provided that the momentum coefficient is sufficiently high. Owing to 

the repetitiveness in the interaction between the SJ, the boundary layer, and the flow field 

which is governed by the SJ frequency and reflected by quasi-steady lift and drag 

coefficients, it would be meaningful that we further explore this interaction through flow 

visualisation. 

Figure 74 and Figure 75 show the velocity flow fields of the actuated aerofoil within a 

cycle of the SJ actuation. At t/Tact = 0, the clockwise and counter-clockwise vortices can 

be found on the rounded trailing edge and on the pressure side of the aerofoil, respectively. 

Unlike the non-actuated aerofoil whose suction side usually produces clockwise vortices, 

vortex shedding on the suction side does not take place on the aerofoil which has SJ 

actuated on the suction side. Hence, the clockwise vortex on the rounded trailing edge at 

t/Tact = 0 is likely to be produced by the ingestion stroke. During the ingestion stroke (0.52 

< t/Tact ≤ 1.00), it can be clearly seen in Figure 75e–i that the clockwise vortex on the 

rounded trailing edge is created when the SJ cavity draws in the ambient air. From 0 < 

t/Tact < 0.12, the SJ is expulsed from the slot and is observed to attract the clockwise vortex 

on the rounded trailing edge while the counter-clockwise vortex continues to traverse 

towards the rounded trailing edge. While part of the SJ remains attached to the rounded 

trailing edge due to the Coanda effect, the remaining part of the SJ which has already left 

the trailing edge begins to traverse into the flow field with the clockwise vortex. From 

0.12 < t/Tact < 0.40, the jet slot continues to expulse the SJ which now acts like a ‘virtual 

flap’ which traps the counter-clockwise vortex under its flap-like air mass. It is also worth 

mentioning that this is when the peak appears on the lift time series. Although this virtual 

flap manages to trap the counter-clockwise vortex throughout the expulsion stroke (0 < 

t/Tact < 0.50), discontinuities in the stream of the SJ begins to take place at t/Tact = 0.42. 

From t/Tact > 0.42, the SJ which left the trailing edge continues to drift into the far flow 

field while the SJ which remains in close proximity to the trailing edge gradually degrades 

over time.  

At the beginning of the ingestion stroke, the counter-clockwise vortex on the pressure side 

of the aerofoil which was previously trapped by the virtual flap proceeds to shed from the 

aerofoil at 0.52 < t/Tact < 0.56. However, as the ingestion stroke takes place at 0.50 < t/Tact 

≤ 1.00, part of the counter-clockwise vortex which resides close to the surface of the 

rounded trailing edge, shown in Figure 75d, may have fallen under the influence of the 
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ingestion stroke as part of this vortex can be seen skewing towards the jet slot at t/Tact = 

0.58. Followed by the suction force created by the ingestion stroke which pulls and 

stretches the counter-clockwise vortex towards the jet slot, the recently formed clockwise 

vortex can be found located above the counter-clockwise vortex at t/Tact ≤ 0.60. From 0.60 

< t/Tact < 0.70, the clockwise and counter-clockwise vortices can be seen coupling and 

slowly drifting away from the trailing edge. During the time interval the clockwise vortex 

is formed, it is noteworthy that the trough is observed on the lift time series. At t/Tact = 

0.76, the clockwise and counter-clockwise vortices are found to merge and form a figure 

of reverse-S. At t/Tact > 0.76, the merged vortex eventually drifts away and begins to 

degrade over time. While all these events take place during the ingestion stroke, another 

counter-clockwise vortex located on the pressure side of the aerofoil can be found 

approaching the trailing edge. Towards the end of the ingestion stroke, this counter-

clockwise vortex would most likely be trapped by the virtual flap created by the successive 

expulsion stroke. 
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6.3.8 Boundary Layer Profiles on the Actuated Aerofoil 
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Figure 76 Boundary layer profiles on the suction and pressure sides of the actuated aerofoil (Cμ = 

0.0688) at α = 0°. 

Figure 76 a – e and f – j show the boundary layer profiles at x/c = 0.50, 0.75, 0.85, 0.92, 

and 0.98 on the suction and pressure sides of the actuated aerofoil (Cμ = 0.0688) at α = 0° 

with respect to the period of the SJ actuation, respectively. 

On the suction side, the boundary layer profiles show no or very little sign of reversal flow 

near the wall. The boundary layer profiles at x/c = 0.50, 0.75, and 0.85 are observed to 

remain nearly steady while those at x/c = 0.92 are found to fluctuate slightly. At x/c = 0.98 

where the SJ slot is located at, adverse pressure gradient can be seen from the boundary 

layer profiles prior to the ingestion stroke whereas negative adverse pressure gradient 

becomes very apparent after the ingestion stroke. Owing to the suction provided by the 

ingestion stroke, such has enabled the flow in close proximity to quickly convect past the 

SJ slot. It is also worth mentioning here that the adverse pressure gradient found during 

the expulsion stroke is considerably weak when compared to that occurs on the pressure 

side. 

On the pressure side, the boundary layer profiles at x/c = 0.50 are very similar to those on 

the suction side in which these boundary layer profiles are relatively steady throughout 

the period of the SJ actuation. While the boundary layer profiles at x/c = 0.75 and 0.85 

continue to remain relatively steady, reversal flow can be observed near the walls at these 

chord locations. Since the virtual flap is found to trap vortices on the pressure side, the 

profile of reversal flow is observed to retain its shape as the trajectory of the vortex is 

obstructed by the virtual flap which is created by the expulsion stroke. It was not until 

after the ingestion stroke or when the virtual flap is weakened that the vortex begins to 

resume its course once again.  

As shown by the spectra of the actuated aerofoil (Figure 70), higher momentum 

coefficient seems to contribute to a stronger virtual flap which then allows it alter the 

vortex shedding frequency by periodically and temporarily obstructing the trajectory of 

vortices on the pressure side. Furthermore, negative adverse pressure gradient induced by 

the ingestion stroke is observed to thin down the boundary layer thickness on the suction 

side of the aerofoil which could possibly contribute to the momentarily reduction in the 

drag coefficient shown in Figure 72f.      
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6.4 Conclusion 

In this study, the current approach to numerically model a CC aerofoil using a SJ was 

found to yield satisfactory results. The differences between the experimental and 

numerical results are typically 1 – 12% for lift coefficient. The differences between the 

locations of the flow separation and reattachment points obtained from the experimental 

and numerical studies are within 1 – 6%. The differences between the vortex shedding 

frequencies obtained from the experimental and numerical studies are less than 12%. 

Through spectral analysis, it was found that the fluctuating lift frequency is identical or 

similar to the vortex shedding frequency in some cases. Interestingly, the fluctuating drag 

frequency of the CC aerofoil at α = 0° exhibits great similarity to that of a circular cylinder 

in which the drag coefficient was found to fluctuate at twice the vortex shedding 

frequency. While the spectral peak at about twice the vortex shedding frequency was also 

found on the drag spectra at α = 6°, its magnitude was much lower than that at α = 0° and 

a “hump” was formed instead of a well-defined spectral peak. According to the drag 

spectra at α = 6°, it would seem that the magnitude of the spectral peak at about twice the 

vortex shedding frequency decreases as the angle of attack increases. At α = 12°, its 

fluctuating drag frequency is identical to its fluctuating lift frequency. Upon actuating a 

SJ on the aerofoil, it was found that the fluctuating lift and drag coefficients tend to 

fluctuate at the SJ frequency as the momentum coefficient increases.  In terms of pressure 

distributions, increments in the pressure gradient between the suction and pressure sides 

of the aerofoil and the trailing edge peak are observed to grow as the momentum 

coefficient increases. As a consequence, the lift coefficient also increases with the 

momentum coefficient. Nevertheless, a further observation on the relationship between 

the lift coefficient and momentum coefficient reveals that a quadratic function has the best 

fit for this plot as the incremental rate of the lift coefficient begins to decline at a high 

momentum coefficient range (0 .0172 < Cμ < 0.0688). Furthermore, an attempt to correlate 

the magnitude of the trailing edge pressure peak and the jet detachment angle to the 

momentum coefficient was made. In this part, the magnitude of the trailing edge peak was 

found to linearly increase with the momentum coefficient whereas the jet detachment 

angle was observed to rapidly increases at a low momentum coefficient range (0 < Cμ < 0 

.0044) and soon approaches a saturation region at about the same point where the 

incremental rate of the lift coefficient begins to decline (Cμ ≈ 0.0172). On the effects of 
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momentum coefficient on the LSB, an apparent reduction in the length of the LSB was 

found at 0 < Cμ < 0 .0172 on the aerofoil at α = 6°. 
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7 Conclusion 

In this study, the SJ actuators used on the CC aerofoil are designed and characterised. The 

unsteady flow over the aerofoil is investigated to estimate the dominant frequency which 

could provide insights into effective flow control. Based on the dominant frequency 

estimated from the investigation, wind tunnel testing of the CC aerofoil is conducted to 

study the effects of SJ actuation on the aerodynamic characteristics. The CC aerofoil is 

then numerically simulated to further understand the effects of SJ actuation at high 

momentum coefficient which are not achievable in the experimental study. For the sake 

of simplicity, the findings of each study are listed below.   

In the first part of the study, the bench top characterisation of the SJ actuators is conducted 

for the frequency range of 100 to 1000 Hz to quantify the momentum coefficient and to 

better understand the dynamics of the SJ actuation. In this part, the findings are as follows: 

7.1. Due to the bass-reflex enclosure, the resonance frequency of the diaphragm at 

580 Hz is split into 2 frequencies at 260 and 680 Hz when the loudspeaker is 

mounted to the SJ cavity. 

7.2. According to the plots of the frequency response and the phase difference 

between the jet velocity and the cavity pressure, another spectral peak found at 

1890 Hz is likely to be the resonance frequency of the cavity or the Helmholtz 

resonance frequency. 

7.3. At a fixed RMS voltage to the loudspeaker, the SJ momentum coefficient 

usually increases when the excitation frequency approaches the resonance 

frequencies, as expected. 

7.4. At a fixed excitation frequency, the momentum coefficient always increases 

when the RMS voltage input to the loudspeaker increases, as expected. 

7.5. The uniformity of the SJ across the SJ slot is relatively consistent as the SJ 

velocity exhibits a top-hat profile. 

In the second part of the study, the investigation on the unsteady flow over a NACA0015 

CC aerofoil at the chord Reynolds number of 1.10×105 and α = 0° – 15° was carried out 

to determine the characteristics of the unsteady flow on the aerofoil. In this part, the 

findings are as follows: 
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7.6. The presence of a LSB is determined from the aerofoil pressure distribution 

and its length is approximated from a plateau of constant surface pressure or a 

region where surface pressures refuse to follow the pressure recovery. The linear 

fits at the upstream and downstream regions of the LSB are employed to 

approximate the LSB length. 

7.7. The LSB is observed to move upstream and contract in length as the angle of 

attack increases.  

7.8. Near the transition point in the LSB on the pre-stall aerofoil, the magnitude 

of fluctuating surface pressures (standard deviation of surface pressures) rapidly 

increases. On the stalled aerofoil where the short LSB has burst into the long LSB, 

the magnitude of fluctuating surface pressures steadily rises throughout the 

aerofoil chord length.  

7.9. On the pre-stall aerofoil, 2 dominant frequencies which are associated with 

shear-layer instability and vortex shedding are found at the transition point in the 

LSB and at the trailing edge region, respectively. On the stalled aerofoil where 

there is no subsequent flow reattachment, only the vortex shedding frequency is 

present. 

7.10. The vortex shedding frequencies on the aerofoil at α = 0° and 15° scale to Sr 

≈ 0.17 and Sr* ≈ 0.15, respectively. 

In the third part of the study, wind tunnel testing is conducted on the NACA0015 CC 

aerofoil using SJs at the chord Reynolds number of 1.10×105 and α = 0° – 15° to mainly 

investigate the effects of excitation frequency and momentum coefficient on the lift and 

drag coefficients. In this part, the findings are as follows: 

7.11. The SJ actuation at the excitation frequency (optimal frequency) of 175 Hz 

(F+ = 0.14) is found to yield the highest degree of lift enhancement for α = 0° – 9°. 

Provided that the universal Strouhal number is constant at all angles of attack, a 

larger wake size found on the aerofoil at α = 12° – 15° is likely to contribute to 

lower optimal excitation frequency. Due to the fact that the SJ actuators are placed 

at the trailing edge region, it is established that actuating a SJ near the vortex 

shedding frequency enables it to effectively interact with and exploit vortex 

shedding which ultimately leads to higher degree of lift enhancement. 
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7.12. The SJ actuation at the excitation frequency of 300 Hz (F+ = 0.24) is observed 

to yield the highest lift-to-drag ratio at the expense of higher momentum 

coefficient. 

7.13. The lift and drag coefficients almost linearly increase with the momentum 

coefficient at F+ = 0.14 – 0.40 and Cμ = 0.00056 – 0.0189. 

7.14. The degree of lift enhancement and the standard deviation of fluctuating 

surface pressures at α = 0° – 15° suggest that the effectiveness of the SJ actuation 

declines as the LSB moves away from the excitation location or the SJ slot 

location.  

In the fourth part of the study, LES of a NACA0015 CC aerofoil using SJs is carried out 

at the chord Reynolds number of 1.10×105 and α = 0°, 6°, and 12°. Since the optimal 

excitation frequency is experimentally found to be 175 Hz, the SJ in this numerical study 

is actuated at a fixed excitation frequency of 175 Hz and the momentum coefficient range 

of 0.0044 to 0.0688. The simulation approach employed in this study is proven to yield 

satisfactory results as the numerical results show good agreement with the experiment 

results. The differences between the experimental and numerical results are typically 1 – 

12% for lift coefficient. The differences between the locations of the flow separation and 

reattachment points obtained from the experimental and numerical studies are within 1 – 

6%. The differences between the vortex shedding frequencies obtained from the 

experimental and numerical studies are less than 12%. In this part, the findings are as 

follows: 

7.15. The lift and drag coefficients on the non-actuated aerofoil at α = 0° are 

observed to fluctuate at the vortex shedding frequency and twice the vortex 

shedding frequency, respectively. On the other hand, the lift and drag coefficients 

on the non-actuated aerofoil at α = 6° and 12° are observed to fluctuate at the 

vortex shedding frequency. 

7.16. At a sufficiently high momentum coefficient (Cμ = 0.0688 in this case), the 

lift and drag coefficients on the actuated aerofoil at α = 0°, 6°, and 12° are observed 

to fluctuate at the SJ frequency. 

7.17. The pressure gradient between the suction and pressure sides on the aerofoil 

increases as the momentum coefficient increases. 
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7.18. The mean lift coefficient is found to linearly increase with the momentum 

coefficient at 0 < Cμ < 0.0044 and gradually increase with the momentum 

coefficient at 0 .0172 < Cμ < 0.0688. Likewise, the jet detachment angle is 

observed to rapidly increase at 0 < Cμ < 0 .0044 and begin to reach its saturation 

point at 0.0172 < Cμ < 0.0688. 

7.19. The LSB length on the aerofoil at α = 6° is observed to decrease as the 

momentum coefficient increases. On the other hand, the LSB on the aerofoil at α 

= 12° remains almost unaffected by the SJ actuation. 
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8 Future Work 

The present study provides definitive proof for the novel concept of a SJ based CC 

aerofoil, in enhancing lift. It could potentially be developed for real applications in the 

future. Since the present study focused on only the primary parameters of the SJ based 

CC aerofoil, there remains scope to investigate the influence of other parameters for the 

realization of an actual application. 

Firstly, in order to minimise the complexity in the geometrical parameters of the aerofoil 

and the SJ actuators, the trailing edge of the current aerofoil uses a relatively large Coanda 

radius without the presence of the first radial arc which is commonly found inside an air 

cavity of the conventional continuous jet based CC aerofoil. As a result, a relatively large 

Coanda radius tends to yield high drag (Englar & Huson, 1984) while the absence of the 

first radial arc is likely to be responsible for the earlier jet separation as the SJ does not 

have sufficient angular momentum to remain attached on the Coanda surface or the second 

radial arc for a longer radial distance. Thus, it is of great interest that the dual-radius CC 

aerofoil is used in the future to avoid drag penalty by optimising the first and second 

Coanda radii (Englar & Huson, 1984). By attempting to use the first radial arc, it is 

believed that the degree of lift enhancement at a high momentum coefficient range could 

be substantially improved as the SJ delivers the angular momentum required to entrain on 

the Coanda surface (second radial arc).  

Secondly, due to the limitation on the operational frequency range (150 – 800 Hz) of the 

SJ actuators used in the current study, only shear-layer instability and vortex shedding, 

which are in the frequency range of 156 – 518 Hz, are concerned. As opposed to these 2 

types of flow instabilities whose Strouhal numbers are characterised by the wake size of 

the aerofoil, the Strouhal number of the “preferred mode” (Srb ≈ 0.3), whose characteristic 

length scales with the jet slot width, is associated with the instability of mixing layers and 

jets and is reportedly found at the jet Reynolds number range (Reb) of 102 to 105 (Crighton, 

1975; Crow & Champagne, 1970; Mollo-Christensen, 1967) It is noted that the Strouhal 

number of the “preferred mode” can be observed from a continuous jet. Nevertheless, the 

SJ actuation may be able to suppress or modify the instability of mixing jets. Furthermore, 

some understanding on the Taylor-Gortler instability, which is associated with the 

centrifugal instability (Görtler, 1941; Görtler, 1954; Floryan, 1991), may allow one to 

better understand the cause of jet separation on the Coanda surface. Since the Taylor-
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Gortler instability eventually gives rise to the flow instability which affects the flow in 

the spanwise direction, actuating a SJ at its fundamental frequency could possibly modify 

or suppress its onset provided that such instability exhibits any oscillatory behaviour. 
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Appendices 

Appendix A: Data Reduction 

A-1 Pressure Distribution 

In this study, a pressure transducer was employed to sample pressure around the aerofoil 

through static pressure taps. The ambient pressure was periodically measured throughout 

the session of wind tunnel testing to obtain the air density which was used to compute the 

pressure coefficient. The pressure coefficient is expressed as 

 𝐶𝑝 =
𝑃 − 𝑃∞
1
2𝜌∞𝑈∞

2
 (5) 

where P is the static pressure at a certain point on the aerofoil surface, P∞ is the static 

pressure of a wind tunnel, ρ∞ is the free-stream density, and U∞ is a free-stream velocity. 

A-2 Lift and Drag Coefficients 

Since the axes of these pressure taps are normal to the local contours of the aerofoil 

surface, these pressure coefficients were divided into 2 components, namely vertical (Cp,y) 

and horizontal components (Cp,x), to determine the vertical and horizontal components 

which exert normal and tangential forces on their respective surface area, respectively. 

 

Figure 77 Pressure exerting on an arbitrary body. 

 𝐶𝑝,𝑦 = 𝐶𝑝 sin 𝜃  ,  𝐶𝑝,𝑥 = 𝐶𝑝 cos 𝜃 (6) 

In order to compute the normal (CN) and tangential coefficients (CT) which act on the 

aerofoil, the pressure distribution around the aerofoil is integrated. Alternatively, the 
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trapezoid method could be used to approximate these forces by finding the area under the 

pressure distributions.  

 

Figure 78 Determining the forces using the trapezoid method. 

When the angle of attack of the aerofoil (α) was nonzero, the normal and tangential 

coefficients were subjected to changes in their coordinates to acquire lift and drag 

coefficient. Otherwise, the normal and tangential coefficients are essentially the lift and 

drag coefficients, respectively.    

 

𝐶𝐿 =
1

1
2𝜌∞𝑈∞

2 𝑐
{
 
 

 
 

[∫ ((𝑃 − 𝑃∞)𝐿 − (𝑃 − 𝑃∞)𝑈) 𝑑𝑥
𝑐

0

]
⏞                      
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cos 𝛼
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where subscripts U, L, F, and R refer to the suction, pressure, front, and rear sides of the 

aerofoil, respectively. The front and rear sides are divided by the maxima on the suction 

side (yMU) and minima on the pressure side (yML) of the aerofoil, respectively.  

A-3 Momentum Coefficient 

Since SJ actuators employed in this study were powered by a series of sinusoidal waves, 

a time-history profile of SJ velocities obtained at the orifice consisted of successive 

blowing (expulsion) and suction (ingestion). In flow control where the amount of addition 

momentum is concerned, a profile of sinusoidal waves due the ingestion stroke is usually 

neglected when the momentum coefficient is computed. 

 

Figure 79 Example of a synthetic jet velocity profile. 

As shown in Figure 79, the term T/2 refers to the period of the expulsion stroke or the 

positive half cycle of sinusoidal waves. While the conventional method specifies that the 

expulsion jet momentum, whose velocity profile is shaded, is to be integrated so that the 

expulsion jet momentum per unit length (Īj) can be obtained, the trapezoid method could 

alternatively be used to approximate the value of such parameter. 

Upon acquiring the time-averaged expulsion jet momentum per unit length, its value was 

multiplied by the jet density and jet slot width and divided by the period of the expulsion 

stroke, the dynamic pressure, and the aerofoil chord length to obtain the momentum 

coefficient. 

Appendix B: Digital Filter for Tubing Response Correction  

In the section where the spectral analysis of fluctuating surface pressures on the aerofoil 

is concerned, the sampling frequency of a pressure transducer of 2048 Hz was employed 

so that profiles of fluctuating surface pressures, which are caused by flow instabilities, 

could be monitored and sampled. Since the aerofoil was setup above the wind tunnel floor 
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and that a pressure transducer was housed underneath the floor, long pressure tubing was 

required to connect static pressure taps to pressure channels. As a consequence, profiles 

of fluctuating surface pressures were usually distorted and damped as their pressure waves 

travelled from points of measurement to their respective pressure channels. Therefore, it 

is of great importance that the profiles of these fluctuating surface pressures are 

reconstructed so that their true frequencies and magnitudes could be appreciated. In order 

to solve this problem, a digital filter developed by Halkyard et al. (2010) was employed. 

Provided that a time-delay, ∆t, is introduced to the digital filter so that the inherent non-

causality system could be addressed, the output of the current filter will be an 

approximation of the surface pressure which was measured a time interval ∆t ago. In order 

to form the relationship between the true and measured surface pressures (distorted 

signal), let p1, p2, …, pN and m1, m2, …, mN be the true and measured surface pressures 

which are measured at times t = 0, t = dt, t = 2dt, …, t = (N-1)dt, respectively. Here, dt is 

the time between successive samples. Provided that the current filter has order s and has 

d delay terms, the current filter then has s+1 terms and its time-delay ∆t is essentially d × 

dt. According to this setup, the relationship between the true and measured surface 

pressures can be expressed in matrix/vector form as  

 𝑃 = 𝑇𝐴 (9) 

where 

 𝑃 = (

𝑝𝑠+1−𝑑
𝑝𝑠−𝑑
⋮

𝑝𝑁−𝑑

), 𝑇 = [

𝑚𝑠+1

𝑚𝑠+2

⋮
𝑚𝑁

𝑚𝑠

   𝑚𝑠+1   
⋮

𝑚𝑁−1

…   
…   
⋮
…   
   

𝑚1
𝑚2

⋮
𝑚𝑁−𝑠

], 𝐴 =

(

 
 

𝑎−𝑑 
⋮
𝑎0
⋮

𝑎𝑠−𝑑)

 
 

 (10) 

In practice, longer tubes and higher frequencies usually require the use of higher order 

filters and higher number of delay terms to increase the complexity of the filter frequency 

response and compensate for greater propagation delays, respectively. 

For the number of measurements N ≥ 2s+2, the appropriate filter coefficient can be 

estimated from 

 𝐴 = [𝑇𝑇𝑇]−1𝑇𝑇𝑃 (11) 

where superscript T indicates the transpose of a matrix. 
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For the preliminary design of a filter, Halkyard et al. (2010) suggested that the formulas 

shown below could be used as a starting point. 

 𝑁 = 𝑓𝑠𝑙/𝑐,   𝑠 ≈ 4𝑁,   𝑑 ≈ 2𝑁 (12) 

where N is the number of samples, fs is the sampling frequency, l is the tube length, and c 

is the pressure wave speed. 

 

Figure 80 An experimental setup for designing a digital filter for tubing response correction 

(Halkyard et al., 2010). 

Figure 80 shows the experimental setup used to sample the true (short tube) and measured 

(long tube) pressures. A series of white noise signals was amplified by an amplifier and 

fed to a loudspeaker. A directing cone was placed with its diverging and converging 

sections facing the diaphragm of a loudspeaker and the mounting plate, respectively. Short 

and long pressure tubes were connected to the pressure taps on the mounting plate. The 

true and measured pressures were then simultaneously sampled through the short and long 

pressure tubes, respectively. 
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Figure 81 Simultaneous samples of true, measured, and corrected pressure reading. 

 

Figure 82 Gain functions between the measured and true pressure spectra and the corrected and true 

pressure spectra. 

Figure 81 exhibits the simultaneous signals of the true, measured, and corrected pressures 

whereas Figure 82 shows the gain functions between the measured and true pressure 

spectra (PSDL/PSDS) and the corrected and true pressure spectra (PSDC/PSDS). A series 

of corrected pressures is in good agreement with that of true pressures. As opposed to the 

gain between the measured and true pressure spectra which steadily drops from unity at 

20 Hz to below 0.01 at 500 Hz, the gain between the corrected and true pressure spectra 

usually remains within a range of unity (1±0.1). Furthermore, it is noted that the 

operational range of a loudspeaker used to prepare this filter is from 20 Hz to 20kHz. 

Thus, a unity at 0 < f < 20 Hz could not be achieved. Although there is a slight drop in the 
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gain between the corrected and true pressure spectra near 500 Hz, the frequencies of flow 

instabilities observed in this study are mostly found at f = 33 – 400 Hz. Therefore, the 

current filter was able to serve its purpose. 

Appendix C: Calibration of Hot-wire Probe 

 

Figure 83 Calibration curve of the hot-wire probe. 

Figure 83 shows the calibration curve of the hot-wire probe which is represented by a 3rd 

order polynomial function. In this setup, the hot-wire probe is calibrated against a cobra 

probe at a velocity range of 2.5 to 20 m/s and a pitot-static tube at a velocity range of 20 

to 40 m/s with an air jet of low turbulence intensity (less than 1%). The averaged zero-

reading value is obtained by taking samples in quiescent air before and after the 

calibration. 

Appendix D: Uncertainty Analysis of Velocity Measurements by Hot-

wire Probe 

Since a hot-wire probe is a delicate and sensitive piece of equipment, some possible 

sources of uncertainty (Jørgensen, 2002) are addressed in this section. For demonstration 

purposes, typical values for the concerned parameters are sometimes used. Therefore, let 

the difference between the sensor temperature and the ambient pressure Tw-T∞ be 200 °C, 

the measured velocity U be 15 m/s, the calibration constant A be 1.396, the calibration 

constant B be 0.895, the partial derivative of velocity U with respect to voltage V (∂U/∂V) 
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be 46.5, and the partial derivative of velocity U with respect to water vapour pressure Pwv 

(∂U/∂Pwv) be 0.01U per 1kPa change in Pwv. 

Table 4 Variations of uncertainty associated with hot-wire anemometry from different sources. 

Source of 

uncertainty 
Input 

Input 

value 

Output 

(∆yi /U) 

Output 

value 

Coverage 

factor (k) 

Uncertainty 

(Output/k) 

Calibrator1 ∆Ucal 
2% 

= 0.02 

2 ∙ ∆𝑈𝑐𝑎𝑙 0.04 2 0.02 

Linearisation ∆Ufit 
0.5% 

= 0.005 

2 ∙ ∆𝑈𝑓𝑖𝑡 0.01 2 0.005 

A/D 

resolution2 

VAD 

n 

20 V 

16 bits 

1

𝑈
∙
𝑉𝐴𝐷
2𝑛

∙
𝜕𝑈

𝜕𝑉
 0.001 √3 0.0006 

Probe 

positioning 
θ 1° 1 − cos 𝜃 0.00015 √3 0.0001 

Temperature 

variations3 
∆T 1°C 

1

𝑈
∙

∆𝑇

(𝑇𝑤 − 𝑇∞)

∙ (
𝐴

𝐵
∙ 𝑈−0.5

+ 1) 

0.013 √3 0.008 

Temperature 

variations4 
∆T 1°C 

∆𝑇

273
 0.004 √3 0.002 

Ambient 

pressure 
∆P 10 kPa 

𝑃∞
𝑃∞ + ∆𝑃

 0.01 √3 0.006 

Humidity ∆Pwv 1 kPa 
1

𝑈
∙
𝜕𝑈

𝜕𝑃𝑤𝑣
∙ 𝑃𝑤𝑣 0.0006 √3 0.0003 

Total uncertainty 2 ∙ √∑(
1

𝑘
∙
1

𝑈
∙ ∆𝑦𝑖)

2

= 0.0237 = 𝟐. 𝟑𝟕% 

1Cobra probe and pitot-static tube are used. Therefore, ∆Ucal = 2%. 

2The system has 16-bit ADC resolution and has been calibrated for a range of ±10 V full 

scale. 

3Uncertainty due to change in sensor over-temperature. 

4Uncertainty due to change in air density with temperature. 
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Appendix E: Uncertainty Analysis of Reduced Data 

Several experiments were conducted in the current study and the appropriate equipment 

were used to measure the values of these parameters of interest. Thus, each of these 

equipment inherently possesses different systemic errors. In this section, the uncertainties 

are estimated using the Taylor Series Method (TSM) (AIAA, 1995; Coleman & Steele, 

2009; Stern et al., 1999). Some typical values of random errors (Pr) observed from various 

experiments are provided in their respective sections so that the values of total errors (Ur) 

can be estimated from 

 𝑈𝑟
2 = 𝐵𝑟

2 + 𝑃𝑟
2 (13) 

E-1 Pressure Measurements for Pressure Distributions 

During the period of time when wind tunnel testing was conducted, the temperature in the 

aerodynamic laboratory was usually within a range of 20 to 25 °C. For demonstration 

purposes, let ρ∞ be 1.20. A free-stream velocity employed in this study is approximately 

10 m/s. Assuming the worst-case scenario where P-P∞ could maximise the systematic 

error, let P-P∞ be -175 Pa. It is noted that such pressure could be found at the suction peak 

of the aerofoil at α = 12°. The estimations of sensitivity coefficients are shown below. 

 𝜃𝑃−𝑃∞ =
𝜕𝐶𝑝

𝜕(𝑃 − 𝑃∞)
=

2

𝜌∞𝑈∞2
= 0.0167 

 

(14) 

 𝜃𝜌 =
𝜕𝐶𝑝

𝜕𝜌
= −

2(𝑃 − 𝑃∞)

𝜌∞
2 𝑈∞

2
= 2.43 (15) 

 𝜃𝑈∞ =
𝜕𝐶𝑝

𝜕𝑈∞
= −

4(𝑃 − 𝑃∞)

𝜌∞𝑈∞
3

= 0.58 (16) 

The pressure transducer used in this experiment is equipped with a NI PCI-6024E DAQ 

device which has 12-bit ADC resolution and has been calibrated for a range of ±10 V full 

scale. Both the temperature and the atmospheric pressure, which were used to estimate 

the free-stream density, were obtained using this DAQ device. Likewise, a free-stream 

velocity was also obtained from the same DAQ device. With the following equipment, 

the digitizing systematic error or the bias limit (Bi) is reduced to ½ (20 V/4096) or 0.0024 

V. Since BP-P∞ = Bρ = BU∞, the errors are as estimated below. 

Table 5 Variations of uncertainty associated with mean pressure measurements. 

Term Magnitude Percentage Values 
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θP-P∞ BP-P∞ 4.01 × 10-5 0.001% Cp,mean 

θρ Bρ 5.80 × 10-3 0.20% Cp,mean 

θU∞ BU∞ 1.39 × 10-3 0.05% Cp,mean 

BCp 5.99 × 10-3 0.21% Cp,mean 

PCp 9.36 × 10-2 3.20% Cp,mean 

UCp 9.38 × 10-2 3.21% Cp,mean 

E-2 Pressure Measurements for Spectral Analysis 

The temperature in the laboratory was also within a range of 20 to 25 °C when this 

experiment was carried out. For demonstration purposes, let ρ∞ be 1.20. A free-stream 

velocity employed in this study is approximately 10 m/s. Unlike E-1 in which the mean 

static pressure (P-P∞) is concerned, the fluctuating surface pressures were sampled to 

produce their spectra in this experiment. Thus, the difference between the mean static 

pressure and the static pressure (instantaneous) at any given time is expressed by the 

parameter (P-P∞)i - (P-P∞)mean or ∆(P-P∞). In the measurement, the parameter ∆(P-P∞) 

tends to fluctuate within a range of ± 20 Pa. For demonstration purposes, let ∆(P-P∞) be 

20 Pa. Like E-1, ∆(P-P∞) was eventually reduced into ∆Cp by the dynamic pressure. The 

sensitivity coefficients in this experiment are as shown below. 

 𝜃∆(𝑃−𝑃∞) =
𝜕(∆𝐶𝑝)

𝜕∆(𝑃 − 𝑃∞)
=

2

𝜌∞𝑈∞2
= 0.0167 

 

(17) 

 𝜃𝜌 =
𝜕(∆𝐶𝑝)

𝜕𝜌
= −

2(𝑃 − 𝑃∞)

𝜌∞2 𝑈∞2
= −0.28 (18) 

 𝜃𝑈∞ =
𝜕(∆𝐶𝑝)

𝜕𝑈∞
= −

4(𝑃 − 𝑃∞)

𝜌∞𝑈∞
3

= −0.07 (19) 

The pressure transducer used in this experiment is equipped with a NI USB-6001 DAQ 

device which has 14-bit ADC resolution and has been calibrated for a range of 0 to 10 V 

full scale. With the following equipment, the digitizing systematic error or the bias limit 

for the pressure measurements (B∆(P-P∞)) is reduced to ½ (10 V/16384) or 0.0003 V. 

Similar to E-1, the temperature and the atmospheric pressure, which were used to estimate 

the free-stream density, were obtained through a NI PCI-6024E DAQ device (12-bit 

system calibrated for a range of ±10 V full scale). Likewise, a free-stream velocity was 

also acquired using the same DAQ device. Therefore, the bias limits for the free-stream 

velocity (BU∞) and density (Bρ) are reduced to ½ (20 V/4096) or 0.0024 V. The errors are 

as estimated below. 
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Table 6 Variations of uncertainty associated with RMS pressure measurements. 

Term Magnitude Percentage Values 

θ∆(P-P∞) B∆(P-P∞) 5.01 × 10-6 0.001% ∆Cp 

θρ Bρ -6.72 × 10-4 -0.11% ∆Cp 

θU∞ BU∞ -1.68 × 10-4 -0.03% ∆Cp 

BCp 6.93 × 10-4 0.12% ∆Cp 

PCp 2.82 × 10-2 4.20% ∆Cp 

UCp 2.82 × 10-2 4.20% ∆Cp 

 

E-3 Pressure Measurements for Lift and Drag Coefficients 

The setup for this experiment is exactly the same as that of E-1. Thus, let ρ∞ and U∞ be 

1.20 and 10 m/s, respectively. For demonstration purposes, this uncertainty analysis of 

these coefficients is done on the non-actuated aerofoil at α = 12°. The sensitivity 

coefficients are as estimated below. 

 

𝜃𝜌 =
𝜕𝐶𝐿
𝜕𝜌

=
2

𝜌∞2 𝑈∞2 𝑐
{− cos𝛼∑[(𝑃 − 𝑃∞)(𝑥)(sin 𝜃)]𝑖

𝑗

𝑖=1

+ sin𝛼∑[(𝑃 − 𝑃∞)(𝑦)(cos 𝜃)]𝑖

𝑘

𝑖=1

} = −0.98 

 

 

 

(20) 

 

 

𝜃𝑈∞ =
𝜕𝐶𝐿
𝜕𝑈∞

=
4

𝜌∞𝑈∞
3 𝑐
{− cos𝛼∑[(𝑃 − 𝑃∞)(𝑥)(sin 𝜃)]𝑖

𝑗

𝑖=1

+ sin𝛼∑[(𝑃 − 𝑃∞)(𝑦)(cos 𝜃)]𝑖

𝑘

𝑖=1

} = −0.23 

 

 

 

(21) 

 

 

𝜃𝑃−𝑃∞ =
𝜕𝐶𝐿

𝜕(𝑃 − 𝑃∞)

=
2

𝜌∞𝑈∞2 𝑐
{cos 𝛼∑[(𝑥)(sin 𝜃)]𝑖

𝑗

𝑖=1

− sin𝛼∑[(𝑦)(cos 𝜃)]𝑖

𝑘

𝑖=1

} = −0.0002 

 

 

 

 

(22) 
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𝜃𝜃 =
𝜕𝐶𝐿
𝜕𝜃

=
2

𝜌∞𝑈∞2 𝑐
{cos 𝛼∑[(𝑃 − 𝑃∞)(𝑥)(cos 𝜃)]𝑖

𝑗

𝑖=1

− sin𝛼∑[(𝑃 − 𝑃∞)(𝑦)(−sin 𝜃)]𝑖

𝑘

𝑖=1

} = 0.18 

 

 

(23) 

 

𝜃𝛼 =
𝜕𝐶𝐿
𝜕𝛼

=
2

𝜌∞𝑈∞2 𝑐
{− sin 𝛼∑[(𝑃 − 𝑃∞)(𝑥)(sin 𝜃)]𝑖

𝑗

𝑖=1

− cos 𝛼∑[(𝑃 − 𝑃∞)(𝑦)(cos 𝜃)]𝑖

𝑘

𝑖=1

} = −0.06 

 

 

(24) 

 

 

𝜃𝜌 =
𝜕𝐶𝐷
𝜕𝜌

=
2

𝜌∞2 𝑈∞2 𝑐
{− sin 𝛼∑[(𝑃 − 𝑃∞)(𝑥)(sin 𝜃)]𝑖

𝑗

𝑖=1

− cos 𝛼∑[(𝑃 − 𝑃∞)(𝑦)(cos 𝜃)]𝑖

𝑘

𝑖=1

} = −0.05 

 

 

 

(25) 

 

 

𝜃𝑈∞ =
𝜕𝐶𝐷
𝜕𝑈∞

=
4

𝜌∞𝑈∞
3 𝑐
{− sin 𝛼∑[(𝑃 − 𝑃∞)(𝑥)(sin 𝜃)]𝑖

𝑗

𝑖=1

− cos 𝛼∑[(𝑃 − 𝑃∞)(𝑦)(cos 𝜃)]𝑖

𝑘

𝑖=1

} = −0.01 

 

 

 

(26) 

 

 
𝜃𝑃−𝑃∞ =

𝜕𝐶𝐷
𝜕(𝑃 − 𝑃∞)

=
2

𝜌∞𝑈∞
2 𝑐
{sin 𝛼∑[(𝑥)(sin 𝜃)]𝑖

𝑗

𝑖=1

+ cos 𝛼∑[(𝑦)(cos 𝜃)]𝑖

𝑘

𝑖=1

} = 0.001 

 

 

 

 

 

(27) 
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𝜃𝜃 =
𝜕𝐶𝐷
𝜕𝜃

=
2

𝜌∞𝑈∞2 𝑐
{sin 𝛼∑[(𝑃 − 𝑃∞)(𝑥)(cos 𝜃)]𝑖

𝑗

𝑖=1

+ cos 𝛼∑[(𝑃 − 𝑃∞)(𝑦)(− sin 𝜃)]𝑖

𝑘

𝑖=1

} = −0.004 

 

 

 

(28) 

 

 

𝜃𝛼 =
𝜕𝐶𝐷
𝜕𝛼

=
2

𝜌∞𝑈∞2 𝑐
{cos𝛼∑[(𝑃 − 𝑃∞)(𝑥)(sin 𝜃)]𝑖

𝑗

𝑖=1

− sin𝛼∑[(𝑃 − 𝑃∞)(𝑦)(cos 𝜃)]𝑖

𝑘

𝑖=1

} = 1.18 

 

 

 

(29) 

 

where i refers to the parameters of interest at the concerned elemental area, j refers to a 

total number of elemental areas on the aerofoil in the streamwise direction, and k refers to 

a total number of elemental areas on the aerofoil in the vertical direction. 

The pressure transducer used in this experiment is equipped with a NI PCI-6024E DAQ 

device which has 12-bit ADC resolution and has been calibrated for a range of ±10 V full 

scale. Both the temperature and the atmospheric pressure, which were used to estimate 

the free-stream density, were obtained using this DAQ device. Likewise, a free-stream 

velocity was also obtained through the same DAQ device. With the following equipment, 

the digitizing systematic error or the bias limit (Bi) is reduced to ½ (20 V/4096) or 0.0024 

V. Since Bρ = BU∞ = BP-P∞ = Bθ = Bα, the errors are as estimated below. 

Table 7 Variations of uncertainty associated with lift and drag coefficients. 

Lift Coefficient 

Term Magnitude Percentage Values 

θρ Bρ -2.41 × 10-3 -0.19% CL,mean 

θU∞ BU∞ -5.78 × 10-4 -0.05% CL,mean 

θP-P∞ BP-P∞ -5.32 × 10-7 Negligible 

θθ Bθ 4.41 × 10-4 0.04% CL,mean 

θα Bα -1.48 × 10-4 -0.01% CL,mean 

BCL 2.46 × 10-3 0.20% CL,mean 

PCL 1.47 × 10-2 1.19% CL,mean 

UCL 1.49 × 10-2 1.20% CL,mean 
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Drag Coefficient 

Term Magnitude Percentage Values 

θρ Bρ -1.23 × 10-4 -0.12% CD,mean 

θU∞ BU∞ -2.96 × 10-5 -0.03% CD,mean 

θP-P∞ BP-P∞ 2.50 × 10-6 0.003% CD,mean 

θθ Bθ -9.12 × 10-6 0.01% CD,mean 

θα Bα 2.88 × 10-3 2.86% CD,mean 

BCD 2.89 × 10-3 2.87% CD,mean 

PCD 4.51 × 10-3 4.47% CD,mean 

UCD 5.36 × 10-3 5.32% CD,mean 

 

E-4 Velocity Measurements for Momentum Coefficient 

This experiment was carried out in the laboratory whose room temperature was usually 

within a range of 20 to 25 °C. For demonstration purposes, let ρ∞ = ρj = 1.20 as the SJ was 

operated below its Helmholtz resonance frequency. For the sake of conciseness, an 

example of uncertainty analysis is done on the SJ actuation at f = 175 Hz (T = 5.71×10-3) 

and Cμ = 0.0047. Like the other experiments, a free-stream velocity of 10 m/s was 

employed. The estimation of sensitivity coefficients is as shown below. 

 

𝜃𝑈𝑗 =
𝜕𝐶𝜇

𝜕𝑈𝑗
=

4𝑏

𝑛𝑇𝑈∞2 𝑐
[∑(2𝑈𝑗∆𝑡)𝑖

𝑁

𝑖=1

] = 0.00062 (30) 

 

𝜃𝑈∞ =
𝜕𝐶𝜇

𝜕𝑈∞
=

−8𝑏

𝑛𝑇𝑈∞
3 𝑐
[∑(𝑈𝑗

2∆𝑡)
𝑖

𝑁

𝑖=1

] = −0.00105 (31) 

 

𝜃𝑇 =
𝜕𝐶𝜇

𝜕𝑇
=

−4𝑏

𝑛𝑇2𝑈∞2 𝑐
[∑(𝑈𝑗

2∆𝑡)
𝑖

𝑁

𝑖=1

] = −0.915 (32) 

where N is the total number of samples, n is the total number of SJ cycle, ∆t is the timestep, 

and Uj, in this equation, is a series of expulsion jet velocity (excluding ingestion jet 

velocity). 

For SJ velocity measurements, the hot-wire anemometer model 54N81 is equipped with 

a PCI A/D unit model 38A0262 which has 16-bit ADC resolution and has been calibrated 

for a range of ±10 V full scale. With this anemometer, the digitizing systematic error or 

the bias limit (BUj and BT) is reduced to ½ (20 V/65536) or 0.00015 V. For free-stream 
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velocity measurements, the pressure transducer is equipped with a NI PCI-6024E DAQ 

device which has 12-bit ADC resolution and has been calibrated for a range of ±10 V full 

scale. With this pressure transducer, the digitizing systematic error or the bias limit (BU∞) 

is reduced to ½ (20 V/4096) or 0.0024 V. 

Table 8 Variations of uncertainty associated with momentum coefficient. 

Term Magnitude Percentage Values 

θUj BUj 9.45 × 10-8 0.002% Cμ 

θU∞ BU∞ -2.55 × 10-6 -0.047% Cμ 

θT BT -1.39 × 10-4 -2.59% Cμ 

BCμ -1.40 × 10-4 2.60% Cμ 

PCμ 2.00 × 10-4 3.71% Cμ 

UCμ 2.44 × 10-4 4.53% Cμ 
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Appendix F: Engineering Drawing 
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