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Abstract 

This research investigates the effectiveness of a spanwise array of synthetic jet actuator (SJA) for the 

control of boundary layer separation over a circular “hump” model. The influence of geometrical and 

operational parameters – including actuator position, velocity ratio (i.e., the ratio of the peak exit jet 

velocity of actuators to the freestream velocity of cross flow, VR) and the actuation waveform – on 

the flow separation control are investigated using hot-wire anemometry (HWA) and particle image 

velocimetry (PIV) techniques. The effect of the position of SJA array on flow separation control has 

been studied experimentally over a considerable length of the hump chord (from the “apex” of the 

model to near the “trailing edge”) for the first time. The investigation looks in more detail into the 

mechanisms behind the alleviation of adverse pressure gradient as a key factor controlling the flow 

separation. Also, investigation of the effect of VR on the performance of SJAs shows the importance 

of momentum injection in the mitigation of momentum deficiency as another important factor in 

turbulent boundary layer flow separation. A holistic overview of the control parameters allowed for 

demonstrating a considerable change in the separation flow patterns.  The results show that the best 

performance of SJA array from the viewpoint of separation control occurs at velocity ratio of 1.85 

with reduction of the length of recirculation region around 42.6 and 44.2% by using sine and square 

wave excitation of SJAs, respectively. 
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Nomenclature  

AR Aspect Ratio 

𝐴𝑟𝑒𝑓 Reference Area (m2), Eq. (5) 

𝐴𝑠𝑗 Surface Area of SJAs (m2), Eq. (1) 

𝐶 Capacitance (F), Eqs. (2), (3) 

𝐶𝜇 Momentum coefficient, Eq. (5) 

𝐷𝑜  Orifice Diameter (m), Eq. (4) 

F+ Dimensionless Frequency 

f Frequency (Hz), Eqs. (3), (4) 

𝑓𝐻 Helmholtz Frequency (Hz), Eq. (1) 

ℎ𝑒𝑓𝑓 Effective Depth of Orifice (m), Eq. (1) 

𝐼 Current (A), Eqs. (2), (3) 

n,s Normal and Tangential Coordinate 

𝑝 Pressure (Pa) 

𝑆𝑡 Stokes Number, Eq. (4) 

𝑡 Time (s), Eq. (2) 

U Velocity (m/s) 

𝑈𝑠𝑜𝑢𝑛𝑑 Speed of Sound (m/s), Eq. (1) 

𝑈∞ Freestream velocity (m/s) 

𝑉 Voltage (V), Eqs. (2), (3) 

𝑉𝑅 Velocity Ratio 

V𝑐𝑎𝑣𝑖𝑡𝑦 Volume of Cavity (m3), Eq. (1) 

x,y,z Cartesian Coordinate 

Greek Symbols  

𝜇 Dynamic Viscosity (kg/m.s) 

𝜈 Kinematic Viscosity (m2/s), Eq. (4) 

𝜙 Angular Position of SJAs (deg) 

𝜔 Vorticity (1/s) 

Subscripts  

max Referring to Maximum 

pp Referring to Peak to Peak 

∞ Referring to Freestream Conditions 

Acronyms  
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FFT Fast Fourier Transform 

HWA Hot Wire Anemometry 

PIV Particle Image Velocimetry 

SJA Synthetic Jet Actuator 

 

 

1. Introduction 

Prandtl (1904) was the first to report a successful control of boundary layer in order to change the 

aerodynamic performance. Flow control can be classified into two categories: passive and active. An 

example of the passive flow control is the application of vortex generators to affect turbulent 

boundary layer separation (Gallas et al., 2004, Lo & Kontis, 2017 ) or flow control in compressor 

cascade (Hu et al., 2018) and to enhance the heat transfer in internal flows (Wijayanta et al., 2017) as 

well as to improve the film cooling performance (Zheng et al., 2021). Passive micro-vortex generators 

(MVGs) have been used successfully in both low-speed (Jenkins et al., 2002; Koklu, 2017) and high-

speed (Grebert et al., 2018) applications to control the boundary layer. 

 

Active flow control can be classified into two methods: mechanical and pneumatic. In the first one, 

moving components interact with the flow field directly, e.g., use of adjustable flaps and slats on 

aircraft wings. Active pneumatic control involves either suction or blowing or both to inject or remove 

momentum into or from the flow, respectively, in order to change the shear or boundary layer 

momentum and vorticity content. During active flow control, additional energy is required to change 

the fluid flow in order to generate the favourable effects. Active flow control has different 

applications in industries including flow separation control (Seifert & Pack, 2002; Esfahani  et al., 

2019, Messanelli et al., 2019), turbulence control (Rathnasingham & Breuer, 2003), mixing 

enhancement ( Wang et al., 2018), vectoring (Xia & Luo, 2007), improvement of heat (Arshad et al., 

2020) and mass transfer (Tesa, 2009), increasing the power efficiency of rotors (Maldonado & Gupta, 

2019), and aerodynamic improvement of micro-aerial vehicles (Ugrina & Flatau, 2005). 

 

Sweeping jet actuators as a type of active flow control technology based on fluidic oscillators are 

utilized to produce sweeping jets. Different oscillator designs such as sonic oscillator, feedback-free 

oscillator as well as the most common oscillator with two feedback channel and a mixing chamber 

have been investigated by researchers. Wen et al. (2020) studied the three-dimensional flow dynamics 

of a sweeping jet emitted from a sweeping jet actuator using two-dimensional and stereo PIV 

techniques. A new Proper Orthogonal Decomposition (POD)-based method was proposed to 

calculate phase-averaged PIV flow fields to obtain phase indicators using global flow dynamics rather 
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than using local velocities. Recently Wen et al. (2021) proposed two new oscillator designs (namely, 

feedback-free and single-feedback) to enable the production of continuous sweeping jets with high 

frequencies. The feedback-free oscillator increased the jet frequency by 1.8 to 3 times that of the 

traditional two-feedback oscillator at the same jet mass flow rate and jet exit area. The addition of a 

single-feedback loop to the feedback-free oscillator increased the jet frequency by four times relative 

to the traditional oscillator. However, both new oscillators suffer from higher pressure losses due to 

the narrow inlet channels.  

 

Synthetic jet actuators (SJAs) have been successfully used as a means of active flow control by many 

researchers to prevent or delay the flow separation. The main objective of SJAs is to generate a non-

zero momentum flux with a zero-net mass flux. Ambient fluid is used as the working fluid without 

the need for a complicated piping system. However, the application of such technology is often not 

straightforward due to the complicated physics involved and high computational cost of fluid flow 

simulations. Optimization of SJAs geometry and operational parameters can provide a better 

understanding of the dimensionless parameters which determine the formation and development of 

vortex rollup and improvement of rollup strength. 

 

The geometrical parameters, including orifice and cavity shape, are broadly investigated by 

researchers to optimize the performance of SJAs in quiescent flow conditions. Watson et al. (2003) 

studied the synthetic jets from rectangular and dual-circular orifices; they investigated the effects of 

spacing between adjacent orifices and the level of excitation applied to the diaphragm. They showed 

that a rectangular orifice of a given exit plane area is more likely to generate a turbulent ring than the 

equivalent circular orifice due to a smoothing process which tries to create an axisymmetric ring from 

a non-axisymmetric slug of fluid. Kim et al. (2012), studied the generation and evolution of synthetic 

jets emitting from circular and rectangular exits in the direction normal to the surface. They found 

that circular exits have better performance than rectangular exits in terms of flow control ability and 

sustainable vortical structures. Also, they carried out some comparative studies according to the hole 

gap and the hole diameter to find an optimum shape of multiple serial circular exits. The results 

showed that the hole gap had a more considerable impact on characteristics of flow than the hole 

diameter. Kumar et al. (2019) conducted experimental investigations of a rectangular orifice synthetic 

jet at different orifice aspect ratios and actuation frequencies. Bifurcation of vortex rings in a synthetic 

jet of rectangular orifice was revealed using LIF imaging and hot-film measurements. Wang et al. 

(2019) reported the evolution of the 3D vortical structures using time-resolved volumetric PIV for a 

transitional rectangular synthetic jet with aspect ratio (AR) of 3 at a Reynolds number of 332. 

Compared to a laminar circular synthetic jet, the rectangular case exhibited more complicated vortical 

https://www-sciencedirect-com.libaccess.hud.ac.uk/science/article/pii/S1290072918304824?via%3Dihub#bib17
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evolution associated with axis switching of the vortex ring. In addition of the presence of streamwise 

vortices, they also identified different coherent structures  including arc-like vortex (AV) and Λ-like 

vortex participating to the flow motion during the axis switching. 

 

The most important operational parameters influencing the synthetic jet formation and peak jet 

velocity are diaphragm type, waveform type, excitation frequency and excitation amplitude. 

Amplitude and frequency are two inherent features of each waveform type that determine the peak 

displacement of the diaphragm and the jet peak mean velocity. Qayoum et al (2010) investigated the 

effects of excitation voltage and modulation frequency on the characteristics of the synthetic jet. They 

considered several modulating frequencies including 10 Hz, 25 Hz, and 50 Hz. The excitation voltage 

was in the range 5–50V. The jet penetration in the stream-wise direction was enhanced by amplitude 

modulation. Same trend was observed for RMS of velocity fluctuations magnitude. Low frequency 

modulation resonated with the base (vortical) flow of the unmodulated jet and broadened the energy 

containing region of the power spectrum. Considerable impact on the velocity as compared to voltage 

and frequency. Ohanian (2011) studied the effect of excitation parameter generated by square wave 

and sine wave and it was revealed that the generated peak jet velocity by square wave was higher 

than sine wave case by 20%.  

 

The interaction of SJAs with uniform cross flow was investigated by researchers for both wing and 

hump models. Vasile & Amitay (2012) have studied flow control for a finite and for a swept-back 

wing experimentally. They carried out stereoscopic PIV measurements in a rectangular domain to 

better understand fluid flow structures around the synthetic jet. They considered 3 blowing ratios of 

0.8, 1.2 and 2, and observed that the flow field becomes highly three dimensional in the vicinity of 

the synthetic jet orifice, and that it is influenced by stream-wise structures which are connected to the 

finite span of the jet (edge vortices). Koopmans & Hoeijmakers (2014) studied flow separation 

control using SJAs experimentally for NACA0018 wing. They reported that the best actuation 

frequency in combination with the maximum jet velocity possible with the actuator is a dimensionless 

frequency F+ of 5.9 (1300 Hz) and a momentum coefficient Cμ of 0.0014 (maximum jet velocity 32.9 

m/s and VR=1.32). Using these actuation parameters, the lift coefficient was increased by 12% and 

the stall angle by 22%. 

 

Pick et al. (2013) studied the influence of modulated slotted synthetic jet bypass of hump model. 

They applied three measurement techniques including the pressure profile using the Kiel total 

pressure probe, the velocity profile using the HWA probe and the visualization of the flow field using 

the hot film and the thermo camera. The positive effects of the opposite phase shift of the adjacent 
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synthetic jet cells in synthetic jet generator on reducing the wake behind the model was observed. 

The phase shift influenced the fluid flow around the model favourably in that it supported the 

generation of the longitudinal vortex structures similar to those being generated by vortex generators. 

 

Otto et al. (2018), conducted an experimental study on a model of the NASA hump geometry to test 

different actuation modules in support of the development of active flow control technology. Time-

averaged pressure measurements and stereoscopic PIV were carried out downstream of the actuation 

location to study the performance differences in detail. Results show that fluidic oscillators are almost 

always superior to steady jets with respect to any flow control coefficient at a given spacing. Koklu 

(2018), studied the effects of excitation amplitude and frequency, both numerically and 

experimentally, on separated flow and its control over the NASA hump model at subsonic speeds by 

using discrete jets operating in steady and unsteady modes. It was revealed that the unsteady 

excitation is superior to the steady excitation and a bit better than the sweeping jet actuators while the 

steady suction was found to be the most effective. However, the numerical simulations overpredicted 

the separation bubble size. 

 

A wide range of  numerical strategies are used to predict the turbulent separation and its control over 

a wall-mounted hump, e.g. direct numerical simulation, DNS (Postl et al., 2004), steady or unsteady 

Reynolds-averaged Navier-Stokes (RANS or URANS) simulations ( Fisher et al., 2017; Kara et al., 

2018; Kim & Kim, 2019), large-eddy simulation (LES) (Uzun & Malik, 2017, Saavedra & Paniagua, 

2019 ), delayed detached eddy simulation (DDES) (Guseva et al., 2016), implicit LES, ILES (Morgan 

et al., 2005) and Improved Delayed Detached Eddy Simulation, IDDES (Aram & Shan, 2019). 

 

In this research, the influence of an array of SJAs on the control of boundary layer flow separation 

over a hump model is investigated. Different from most of existing SJA-based flow separation control 

which use sine wave as the excitation waveform, four waveforms including sine, square, pulse and 

triangular waveforms are used to investigate their effects on the control of flow separation and 

characteristics of the wake region. Also, for the first time the effect of angular position of SJAs in a 

considerable length of the hump chord, from the apex of the hump model to near the hump trailing 

edge, is studied experimentally. Investigation of the gradual displacement of SJAs sheds more light 

on the mechanism of SJAs in reenergizing the near wall regions by mitigation of adverse pressure 

gradient. Also, the impact of the ratio of peak exit jet velocity of SJAs to the freestream velocity of 

cross flow (VR) on the flow control is studied in a wider range in comparison to similar studies. This 

leads to a better understanding of the mechanism of SJAs in flow control through the momentum 



Page 7 of 43 

injection parameter as a key factor in alleviation of momentum deficiency in the turbulent boundary 

layer. 

 

2. Experimental Setup and Measurement Techniques 

This section gives a brief overview of the wind tunnel used in the experiments and design of the 

experimental model – cylindrical “hump” equipped with SJAs (section 2.1), detailed information 

regarding the SJA array (section 2.2) and an overview of hot-wire anemometry setup (section 2.3) 

and PIV setup (section 2.4). 

 

2.1. Wind Tunnel and Hump Model 

A low-speed closed loop wind tunnel with a velocity range of 0 – 25 m/s has been designed and built 

to enable current investigations. It has been constructed based on the University of Leeds wind tunnel 

design as given by Calautit et al. (2014). However, some modifications have been made including a 

different fan to achieve higher velocities, a different settling chamber and a horizontal (instead of 

vertical) layout. Referring to Fig. 1a, an Aerofoil axial fan (1), model 71JMv with the design volume 

flow rate of 5 m3/s and static pressure of 450 Pa is utilized to supply air flow through the wind tunnel. 

Neoprene rubber sections (2 & 18) are used to separate the fan vibrations from the rest of the wind 

tunnel. The first corner (5) has nine guide vanes, spaced 10 cm apart, and with 10 cm extended trailing 

edges which reduce the flow separation due to the turning of flow in the corner. The second corner 

(7) has 11 guide vanes with the same extended trailing edges to straighten the flow before it enters 

the settling chamber (8). The settling chamber contains a layer of honeycomb (cell size of 9.5 mm 

and 100 mm thickness) to straighten the flow, and three mesh screens (1.04 mm aperture and 0.23 

mm wire diameter) spaced 100 mm apart to help the creation of the flat velocity profile by adding 

local pressure drops across the three mesh layers.  

 

The contraction section (9) has with contraction ratio of 4/1 is utilized to increase the air flow while 

suppressing the flow separation, flow fluctuations and pressure losses. The test section (10) with 

dimensions of 1000 mm (length) × 500 mm (width) × 500 mm (height) which houses the hump model 

(11) is located downstream of the contraction. The wide-angle diffuser (12) downstream of the test 

section is used to decelerate the flow and to reduce the loss of kinetic energy of the fluid. To reduce 

flow separation, and help pressure recovery, the diffuser is equipped with three horizontal and three 

vertical splitting plates which are spaced ca. 170 – 250 mm (inlet to outlet, respectively). A “breather” 

(25 mm long gap) is introduced between the test section and diffuser to ensure atmospheric pressure 

in the test section.  
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The hump model has been manufactured from aluminium (cf. Fig. 1b) in the form of a section of a 

cylinder with radius of 181.7 mm so that the chord of the hump emerging from the wind tunnel floor 

is 200 mm long with height of 30 mm above the floor level (cf. Fig. 1c). The hump width matches 

the test section width of 500 mm. The surface of the hump has been polished and subsequently 

sprayed black to avoid laser light reflections during PIV measurements. 

 

A removable part has been designed to accommodate SJAs in the hump model. This part is used to 

accommodate 12 SJAs (with 36 equally spaced orifices) to study the effectiveness of these actuators 

as active flow control devices on the flow separation phenomena. 

 

2.2. Actuator Array and Driving Circuitry 

12 SJAs are accommodated in the hump model within the removable insert which is positioned flush 

along the span of hump surface. Each SJA cavity contains 3 orifices – with diameter of 1 mm and 

depth of 1.5 mm – which have been made by drilling radially along the hump model span. In total, 

36 orifices have been drilled with the spacing of 13.33 mm. The 2 D schematic of one SJA is shown 

in Fig. 2a. 

 

For a properly working SJA, the internal dimensions of the actuator cavity are important – the fluid 

inside the cavity acts as an acoustic spring and the fluid in the orifice as an acoustic mass. This mass-

spring system has a resonance frequency, referred to as Helmholtz frequency, defined as: 

 

𝑓𝐻 = (𝑈𝑠𝑜𝑢𝑛𝑑/2𝜋)(𝐴𝑠𝑗/ℎ𝑒𝑓𝑓𝑉𝑐𝑎𝑣𝑖𝑡𝑦)1/2    (1) 

 

Here, U𝑠𝑜𝑢𝑛𝑑 is the speed of sound, heff the effective depth of orifice, V𝑐𝑎𝑣𝑖𝑡𝑦 the volume of cavity 

for inviscid, incompressible flow and Asj is the surface area of the orifices at the exit plane. For 

circular cavities, this value should be corrected by adding the end correction value similar to the 

effective mass in a mechanical spring-mass system – (1 7⁄ ) times the radius of the orifice which must 

be added to the geometric depth of the orifice (Koopmans & Hoeijmakers, 2014). For the cavity 

geometry shown in Fig. 2a, the calculated Helmholtz frequency from Eq. 1 is ca. 926 Hz. 

 

In current research, piezoceramic diaphragms (type FT -35T-2.6A1) (Fig. 2b) are used as actuators. 

The disk made out of brass with outer diameter of 35 mm and thickness of 0.47 mm has a 

piezoceramic disk with diameter of 25 mm and thickness of 0.25 mm deposited on one side. This 

diaphragm has a mechanical resonant frequency of 2.6 ± 0.5 kHz, a resonant impedance of 200 Ω 

and a static capacitance of 33±33% nF. The piezoceramic disc excites the metal membrane in bending 
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modes at a specified drive frequency leading to generation of a “suction-blowing” cycle through the 

orifices with zero-net mass flux. The piezoceramic diaphragms are held in place by 10 mm deep brass 

clamping pieces as shown in Fig. 2c. 

 

The driving circuitry for piezoceramic diaphragms consists of the function generator, type TG1010A 

and 6 amplifiers, model PDm-200. The amplifier has an input voltage range of +/-10 V and a gain of 

20. At low frequencies, piezoceramic actuators can be characterized by a capacitance. The required 

current to drive them is proportional to the rate of change in voltage, the required current is 

approximately: 

 

𝐼 = 𝐶 𝑑𝑉/𝑑𝑡        (2) 

 

where C is capacitance, V is voltage and t is time. For a sine wave, the maximum required current is: 

 

𝐼𝑚𝑎𝑥 = ±𝜋𝑉𝑝𝑝𝐶𝑓      (3) 

 

where 𝑉𝑝𝑝 is peak-to-peak voltage and 𝑓 is frequency. For resonant frequency of 3.1 kHz, static 

capacitance of 33±33% nF and peak-to-peak voltage of 100 Vpp, the required current to drive the 

actuator is 42.83 mA. On the other hand, the output RMS current of PDm-200 amplifier is 102 mA, 

therefore it can provide current sufficient for two piezo electric actuators. Therefore, 6 amplifiers in 

bipolar mode are utilized to drive 12 SJAs with a voltage range of ± 100 V. It should be noted that 

the SJAs were tuned with respect to peak jet velocity to make sure that they are within a narrow range 

of the target values. Same length of electrical wires as well as identical soldering procedure to connect 

the wires to the diaphragm electrodes were used to make the tuning of SJAs easier. The tuning of 

SJAs was achieved by using a high resolution torque wrench by either fastening or loosening the 

brass clamping pieces, hence changing the diaphragm displacement and exit jet velocity. The 

maximum deviation of jet velocities from the mean target values using this procedure was less than 

+/- 2 % for all 36 orifices. 

 

2.3. Hot Wire Anemometry (HWA) Technique 

HWA is a measurement method well suited for the investigation of fine structures in turbulent flows. 

In this study, MiniCTA 54T42 system by Dantec is used to measure the fluid velocity. The system 

consists of a 55P11 probe with a single tungsten wire (5μm diameter and 250°C operational 

temperature), probe support, BNC cable with a length of 4m and 50 Ω probe cable to connect the 

probe to the bridge unit, A/D board, and the anemometer (1 to 4 channels) with built in signal 
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conditioner. Prior to experiments, the single sensor probe is calibrated, the calibration process being 

performed in the wind-tunnel, where the experiments are carried out with a Pitot-static tube as the 

velocity reference. The calibration produces a relationship between bridge voltage and a reference 

velocity. 

 

The Fast Fourier Transform (FFT) with appropriate windowing functions is utilized in post 

processing of HWA data to find the dominant frequency of the velocity fluctuation by identification 

of the maximum amplitude in frequency spectra, which represents the magnitude of power for a 

specific frequency component as a function of frequency.  

  

A controllable traverse system is used to move and control the probe in test section to measure flow 

velocity.  This system is mounted at the wall of the test section as shown in Fig. 3. It can be displaced 

in stream wise plane (x,y) and also perpendicular to this plane (z direction) with a domain of 

approximately (1m, 0.5m, 0.5m) and a resolution of 0.005mm. 

 

2.4. Particle Image Velocimetry (PIV) Technique 

PIV refers to a flow field measurement technique used in fluid mechanics to determine the 

instantaneous fields of velocity vector by measuring the displacements of many fine particles which 

closely follow the fluid motion. In this research, a commercial PIV system by LaVision, which 

consists of a Nano-L-200-15 PIV pulsed Nd:Yag laser, ImagePro4M CCD camera with Sigma 

105mm f/2.8 Macro – Nikon lens alongside a CNC-IMS8 controller (ISEL) as the traverse agent to 

move the camera, is used to acquire images. LaVison aerosol generator Sv-23113 is used to seed the 

flow with DEHS oil with 0.3 µm diameter of oil droplet and a life-time of 4 hours. The seeding of 

fluid is done from the diffuser inlet. While flow is seeded by small tracer particles, the laser beam is 

guided via black tube screwed to the end of laser head (as shown Fig. 3), then it is redirected in the 

vertical direction using NB1-K12 mirror with thickness of 6 mm which is supported at a mirror mount 

connected to the other end of black tube. After that, this vertical laser beam is expanded via a 

cylindrical lens and is focused on the surface of hump model parallel to the streamwise (x,y) plane. 

 

Optical axis of the camera is perpendicular to the side wall of the wind tunnel and the laser sheet. A 

532 nm band-pass filter in front of the CCD camera is used which allows only the scattering signal 

to be collected. While the laser illuminates the light sheet twice within the flow with a time delay of 

50 𝜇s between pulses, the scattered light from the particles is captured by camera operating at 5Hz to 

acquire 100 pairs of images in double-frame mode. Then, the acquired image-pairs are transferred to 

computer and data are processed by LaVision software (DaVis) by utilizing an adaptive correlation 
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methodology with initial and final interrogation window sizes of 64 pixels × 64 pixels and 32 pixels 

× 32 pixels, respectively. In the current research, the flow experiences severe fluctuations in the wake 

region and the velocity gradient in direction perpendicular to the hump wall is high. Therefore, the 

elliptical weighting factors (2:1) are also applied for final interrogation window size of 32 pixels × 

32 pixels with 50 percent overlap which improves the accuracy of the vector field computation. 

Validation parameters are used in combination to fine-tune the processing and to remove the spurious 

vectors. Synchronization of the camera and laser pulses is controlled by a PTU (Programmable 

Timing Unit) with activation time of 0.342µs. For 2D imaging models, the calibration target is aligned 

with the light sheet (at location z=0) and it is enough to acquire a single image. 

 

3. Results and Discussion 

The results presented here are divided into appropriate sections. Section 3.1 deals with preliminary 

characterization of the flow quality obtained in the wind tunnel. This is followed by some basic 

characterization of the SJAs in quiescent conditions (section 3.2). Section 3.3 outlines the PIV 

measurements in unactuated (baseline) case of the flow over the hump, while section 3.4 deals with 

measurements of the flow subjected to actuation from SJA array. 

 

3.1. Wind Tunnel Flow Quality 

Prior to wind tunnel flow quality measurements, the hot wire system performance, data acquisition 

software as well as sample size and sampling rate of data were checked out by performing tests on a 

flow past circular cylinder (diameter D = 25 mm) placed horizontally in the test section. The wind 

tunnel speed was set at 14.25 m/s which yields the Reynolds number of ca. 24,000. The sample size 

of 131072 points with sampling rate of 10 kHz is used to acquire data. The vortex shedding frequency 

of 116.8 Hz behind the cylinder identified by dominant frequency from power spectral density 

estimate, yields a Strouhal number 𝑓𝐷/𝑈∞ of 0.2049 which is close to the theoretical value of about 

0.2. Therefore, the sample size of 131072 points with sampling rate of 10 kHz is used to acquire data 

for all HWA experiments in this research. 

 

The flow quality of the wind tunnel is evaluated by measuring the flow velocity and turbulence 

intensity in three streamwise (x,y) planes: z=-150 mm, 0 mm and 150 mm as shown in Fig. 4. 

Measurements are made along three lines in each plane which are located at x=110 mm, 270 mm and 

550 mm. The hot wire probe is moved from y=0.25 mm above the floor of the test section to y=499.75 

mm (0.25 mm below the ceiling of the test section). Velocity profiles for lines located in planes z=-

150, z=0 and z=150 are shown in Fig 5. The travel distance of the traverse unit which carries the hot 
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wire probe in vertical direction is 10 cm. Therefore, to cover the whole height of the test section, it 

was required to change the probe direction (upward or downward) for some cases and stop the wind 

tunnel to remove and reconnect the hot wire probe. However, the velocity profiles show an almost 

uniform velocity magnitude outside of the boundary layers. Fig. 5a shows a deficit of velocity 

magnitude around height of 400 mm. This is due to the presence of the traverse system with its edge 

(at z = -170 mm) located near the measurement plane of z = -150 mm – hence the flow separation 

wake region with lower velocity. It should be noted that this region is sufficiently far from the flow 

region of interest, i.e., near and downstream of the hump apex with the height of 30 mm above the 

floor level and far from the ceiling of the test section. It is also worth mentioning that measurements 

with the probe positioned at an angle, to keep it far away from traverse system, were also attempted. 

However, it was found that changing the angle of the prongs affected the acquired voltage value and 

consequently the value of measured velocity. Therefore, after hot wire probe calibration, not only the 

hot wire should be perpendicular to the flow direction, but in addition, the prongs of hot wire probe 

should also be positioned at the same angle as in the calibration process. The measured turbulence 

intensity in plane z = 0 mm at x = 550 mm is shown in Fig. 5d. The average turbulence intensity 

outside the boundary layer is about 0.66%, however it is observed that probe positioning affects the 

measured turbulence intensity, e.g., while the probe position is changed from downward position 

(calibration position) to upward position, the measured turbulence intensity varies by about 0.1 %. 

 

Fig. 5e shows the velocity profile in near wall region; it can be seen that the estimated boundary layer 

thickness is around 7 mm. However, it should be noted that although the resolution of traverse unit 

is 0.005 mm, the first measurement point was considered at a height of 0.25 mm as there was the risk 

of hot wire probe damage for heights less than 0.25 mm. 

 

3.2. Characteristics of Single Actuator in Quiescent Flow Conditions 

The actuator arrays with orifice diameter of 1.2 mm and same diaphragm type were previously used 

by Azzawi (2021). However, it was found that with this orifice diameter, it is not possible to obtain 

the maximum exit jet velocity of 10.5 m/s at the orifice outlet when the diaphragms are actuated 

within their allowable voltage range (0 – 30 Vpp). It was found that overexciting them above 30 Vpp 

led to performance deterioration and ultimate damage. 

  

To find the appropriate orifice size, five different configurations of cavities were investigated, 

including three cavities containing two, three and five orifices with orifice diameter of 1mm and two 

other cavities containing two and three orifices with orifice diameter of 1.5 mm. It was found that the 

cavity containing three orifices with diameter of 1 mm would supply the required jet velocity at the 
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orifice outlet within allowable voltage range and at Helmholtz frequency of 960 Hz (slightly bigger 

than the theoretical value of 926 Hz mentioned earlier). Therefore, in the current study, the orifice 

diameter of 1 mm was used. The rollup of vortex rings from SJAs with a circular orifice can be related 

to the Stokes number which is defined as the ratio of unsteady force to viscous force (Eq. (4)). Zhou 

et al. (2009), found that that the minimum value of Stokes number for occurrence of vortex roll up is 

about 10.  

 

                                                                  𝑆𝑡 =   √2𝜋𝑓𝐷𝑜
2

𝜐
    (4)                                                             

 

In the present study, the Stokes number for the above mentioned operational frequency, the orifice 

diameter of 1mm and the kinematic viscosity 𝜐 is 20.2, indicating that the SJAs applied here can 

indeed facilitate the occurrence of the vortex roll-up. 

 

A typical frequency response of the SJA is shown in Fig. 6a. In the presented case, 4 waveforms 

including triangle, sine, pulse, and square waves were used to excite the piezo-electric diaphragm. It 

can be seen that the peak exit jet increases by increasing the excitation frequency and it reaches the 

maximum value at the Helmholtz frequency. A rapid decrease of the peak exit jet velocity is seen for 

frequencies beyond the Helmholtz frequency. This is due to the excitation of the second mode of 

piezo-electric diaphragm at these frequencies. In the second mode, the diaphragm centre is a node. 

Beyond the maximum frequency, the peak exit jet velocity asymptomatically reduces to the minimum 

value by increasing the excitation frequency. It should be noted that the diaphragm still vibrates in 

the second mode and the swept volume of the diaphragm movement is smaller in the second mode, 

therefore generation of weaker exit jet is possible while the diaphragm centre is a node. This rapid 

decrease of peak exit jet velocity (or diaphragm displacement) is also seen in other studies (Oyarzun 

& Cattafesta., 2010, Ohanian., 2011, Koopmans & Hoeijmakers., 2014 and Jabbal & Kykkotis., 

2014). Fig. 6b shows that the peak exit jet velocity increases by increasing the excitation voltage for 

all waveforms. As it is seen a higher peak exit jet velocity can be achieved using the square wave in 

comparison to other waveforms, while the triangular wave is the least effective waveform. The 

magnitude of the generated peak jet velocity by square wave is about 23% bigger than the one 

generated by the sine wave at the same excitation voltage of 23 V. The excitation voltage for the sine 

wave should be increased to 29 V to achieve this exit jet velocity. 
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3.3. Flow Over the Hump – Unactuated Case 

The flow features in the wake region for an unactuated case have been studied for three freestream 

velocities of 7, 9 and 12 m/s. The measurement lines are selected in plane z=0 at locations x = 570 

mm, x= 580 mm, x= 590 mm and x = 600 mm (hump trailing edge location). Fig. 7a shows the 

velocity profiles obtained from hot-wire anemometry measurements at x = 600 mm. Here, the hot 

wire probe is traversed vertically above the trailing edge of the hump, from the height of 0.25 mm to 

the height of 75 mm. Three velocity profiles are shown for the three different freestream velocities. 

It should be noted that a single wire HWA probe sees a composite of x and y components of velocity 

and it is not sensitive to the direction, hence the reversed flow in the wake region cannot be seen in 

Fig. 7a.   

 

Fig. 7b presents vertical profiles of RMS values of velocity fluctuations in four streamwise locations 

(x = 570, 580, 590 and 600 mm) for the selected freestream velocity of 7 m/s. Here the hot wire probe 

is traversed from near the “local” surface of the hump (y = 16.97, 12.44, 7.14 and 1.00 mm for x = 

570, 580, 590 and 600 mm, respectively) upwards to the level y = 50 mm. By comparing the velocity 

profile for the freestream velocity of 7 m/s (diamond symbols in Fig. 7a) with the corresponding 

profile of RMS of velocity fluctuations at x = 600 mm (circular symbols in Fig 7b) one can easily 

notice that the maximum of RMS profile coincides with the location of inflection point in the velocity 

profile. This is as expected since the strongest eddies in the shear layers are caused by highest 

gradients in velocity profiles. Plotting similar RMS profiles for the remaining freestream velocities 

(omitted in this paper for brevity) leads to the same conclusion. Indeed, it is found that the vertical 

location of highest RMS levels at location x = 600 decreases from 10 mm, to 9 and 7 mm as the 

freestream velocity increases from 7 to 9 and 12 m/s, respectively. This is also as expected because 

larger freestream velocities generally lead to smaller separations in terms of the sizes of recirculation 

zones. 

 

It is also worth explaining that the profiles of RMS values of velocity fluctuations for the four 

streamwise locations (x) as plotted in Fig. 7b always “begin” from the local height of the hump 

surface. For instance, for x = 590 mm (diamond symbols in Fig 7b), the maximum RMS appears for 

y = 15 mm from the tunnel floor, but it is indeed about 8 mm above the local surface of the hump. 

Following the logic of measuring the location maximum RMS from the local hump surface, the 

maximum RMS locations are approximately 1, 3, 8 and 10 mm above the hump surface for x = 570, 

580, 590 and 600 mm, respectively. This is also a logical consequence of the development of the 

recirculation zone. 
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Fig. 7c shows the profiles of the power spectral density estimates for 5 heights on the measurement 

line at x= 590 mm (10 mm upstream of hump trailing edge) for the selected freestream velocity of 7 

m/s. As expected, the signal analysis shows that the maximum energy content occurs at the height 

with the maximum RMS of velocity fluctuations (y=15.14 mm). Indeed, the potential energy of the 

flow upstream of the wake region is converted into the kinetic energy of eddies and vortices in the 

wake region.  Power spectra tend to be broad-band, as is typically the case for shear layer flows, with 

no distinct/singular peaks. The only exception are the spikes with frequency value of about 88 Hz, 

which were identified as excitation due to vortex shedding of the supporting cylindrical bar of the hot 

wire mounting system which transmits as vibrations onto the hot wire. 

 

For PIV measurements, 100 images in double frame mode are acquired for each case, from which 

100 instantaneous in-plane velocity fields are obtained. Two examples of the instantaneous velocity 

vector field for unactuated case in the wake region are shown in Figs 8a and 8c to illustrate the 

complex flow behaviour. Figs 8b and 8d show the corresponding distribution of velocity magnitude. 

 

The instantaneous velocity fields such as those in Fig. 8a and 8c have been subjected to filtering and 

“cleaning” methods such as background subtraction and mask application at the different stages of 

post-processing of PIV results to increase the signal to noise ratio and to avoid misinterpretation of 

flow separation phenomenon. However, these techniques are not able to remove the outliers in the 

results due to the dependency of the removal criteria on the choice of threshold values (Westerweel 

& Scarano, 2005; Cavazzini et al., 2012). The most common technique to overcome this problem, 

and to enable a quantitative interpretations of flow separation in the wake region, is to average the 

instantaneous PIV flow fields. Thus, the average of 100 images was calculated to enhance the quality 

of the resulting flow field, so that it would be easier to describe the flow and find critical points such 

as separation and reattachment points. 

 

Fig. 9a shows the average of velocity vectors fields, which enables the identification the time-

averaged separation point. This is achieved by searching for the location where the time-average 

velocity vectors just above the hump become normal to the hump’s surface – in this instance x = 582 

mm. In the current investigations, it was found that the plot of velocity magnitude such as that shown 

in Fig. 9b would be usually useful to corroborate findings from average velocity vector fields. 

 

The time-averaged reattachment point is located between the reverse and forward flow with zero 

velocity magnitude. The magnitude of velocity components at any point of velocity field could be 



Page 16 of 43 

identified directly from the graphic user interface of DaVis software and thus the above defined time-

averaged can also be found. This occurs for x = 621.05 mm in Fig. 9a. 

 

Fig. 9 shows some additional representations of the flow phenomena in the recirculation zone. Fig 9c 

represents streamlines obtained from the averaged velocity vector field which illustrate the extent of 

the separation bubble. Figure 9d shows the spanwise vorticity iso-levels. The approximate location 

of the time-average separation point can be identified by observing where �̅�𝑧 changes sign from 

negative to positive just above the hump surface. This occurs at x = 584 mm, which corroborates the 

earlier value of x = 582 mm (within the uncertainty of visual PIV interpretations). Downstream of 

this location, the bulk of the negative �̅�𝑧 vorticity (shown in different shades of blue), which is 

associated with the mixing region of the attached boundary layer over the hump, is seen to lift off the 

hump surface and decrease in strength in the downstream direction. This indicates the growth of 

progressively larger-scale structures in the separating flow. Fig. 9e shows the x component of velocity 

predicted by PIV technique versus the velocity magnitude predicted by HWA technique in the wake 

region at X = 600 mm. It should be noted that the y component of velocity predicted by PIV technique  

is not shown in Fig. 9e as the dominant component is the x component. As it is shown the reversed 

flow in the wake region is seen by PIV technique while the single HWA probe is insensitive to flow 

direction as mentioned earlier. Comparison of profiles shows that the PIV technique is more reliable 

than the HWA technique in both near wall region as well as out of the wake region. The velocity 

magnitude is slightly overpredicted by HWA technique in near wall region. Also, it is expected to 

have a velocity magnitude bigger than the freestream velocity out of the wake region due to the 

Venturi effect, while the velocity magnitude is slightly underpredicted by HWA technique. 

 

3.4. Flow Over the Hump – Actuated Case 

A successful implementation of SJAs depends on several parameters including the location of 

actuators, actuation frequency, ratio of peak exit jet velocity to freestream velocity as well as the 

actuation waveform. It is clear that the parameter space for any investigation is very large and could 

not be covered in a single research paper. Therefore, the presentation in this paper will focus on the 

effects of selected parameters only – the full range of cases studied is covered by Jafari (2020). 

 

Effect of the position of the SJA array 

The actuator array is positioned at 8 angular positions 𝜙 = 0, 5, 9.5, 12.5, 15, 17.5, 20 and 25°. 

Position 𝜙 = 0° corresponds to SJAs being at the “apex” of the hump model, while the hump “trailing 

edge” would coincide with 𝜙 ≈ 33.4° ( cf. Fig. 1d). The sine wave with actuation voltage 𝑉𝑝𝑝 = 23 V 

and frequency of 960 Hz was used – this corresponds to the velocity ratio, VR, between the peak jet 
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exit velocity and the freestream velocity of 1.50. The RMS profiles of velocity fluctuations measured 

by hot-wire anemometry at x = 600 mm are utilised as a test of effectiveness of SJA array in current 

study. Fig. 10a demonstrates the effects of the SJA array position; it shows that the use of actuators 

suppresses the velocity RMS levels close to the wall (y < 10 mm) for all 𝜙. However, for 𝜙 = 17.5, 

20 and 25 degrees, the velocity RMS levels are not significantly reduced compared to the unactuated 

case (red line in Figure 10a). Moreover, for these angles, and y > 10 mm, the RMS level exceeds that 

for the unactuated case. The effect of the actuators fades away above y = 45 mm. Fig. 10b will be 

explained later when studying the wave form effects. 

 

Clearly, each case shown in Figure 10a is also analysed from the point of view of the corresponding 

velocity field data obtained from PIV imaging. Figure 11 shows two examples of instantaneous 

velocity fields analogous to the unactuated case previously shown in Fig. 8. Clearly, it is very hard 

to judge any statistically meaningful systematic changes in the flow field based on these. Therefore 

Fig. 12 is used to show changes in the flow field in an analogous format to that shown in Fig. 9 for 

the unactuated case. It is also possible to subject PIV data to the same analysis and identify the 

position of separation and reattachment points for each SJA angular position. These are presented in 

Table 1. Furthermore, separation and reattachment positions can be used for calculating the length of 

the separation bubble and the estimate of the relative change in the bubble length compared to the 

unactuated case. This is also shown in Table 1 in percentage terms. It should be noted that the linear 

interpolation technique was used to obtain the values from the PIV fields.  

 

Results in Table 1 show that placing the actuators at 𝜙 = 0° is not effective in changing the location 

of the reattachment point while the best performance is observed at 𝜙 = 15° and 𝜙 = 17.5° where the 

reattachment point is pushed back by about 8.05 and 6.17 mm, respectively. It should be noted that 

for the position of 𝜙 = 0°, the reattachment point is identified at location x= 621.6 mm which is 

slightly (0.55 mm) more than for the unactuated case; this difference probably being within the 

experiment repeatability tolerance. As it is seen in Table 1, the maximum reduction of recirculation 

region length is 30.86% at 𝜙 = 15° while 𝜙 = 0° is the least effective angular position in reducing the 

recirculation length. Comparison of the results for different angular positions SJAs with the angular 

position of separation point for the unactuated case (which is located at angular position of 26.83°), 

reveals that the best location for SJA array is upstream of but close to the separation point. For 

example, the distance between SJAs and the separation point location for the unactuated case is 37.52 

and 29.59 mm for the SJA positions of 𝜙 = 15° and 𝜙 = 17.5°, respectively. 
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The reason for a better performance of SJAs in positions closer to the region of separated flow (𝜙 = 

15° and 𝜙 = 17.5°) can be explained by a higher circulation of vortical structures when they arrive at 

the region of separated flow. On the other hand, for positions further from the region of separated 

flow (𝜙 = 0° - 12.5°), the vortical structures decay when they travel downstream and their circulation 

and strength reduce in time, therefore they can’t effectively interact with the separated shear layer. It 

should be noted that the vortices produced by SJAs initially grow in strength and size before decaying 

downstream, therefore for positions very close to the separated flow (𝜙 = 20° and 𝜙 = 25°) there is 

not enough time for the produced vortex to grow in time due to the very short distance of travel to 

the separated flow (here 21.66 mm and 5.80 mm for  𝜙 = 20° and 𝜙 = 25°, respectively). In addition, 

an intensive mixing and interaction with the high momentum flow cannot occur in that very short 

time. Therefore, the optimum position of SJAs is of great importance in the best performance of SJAs 

to delay or remove the flow separation. 

 
Table 1 Influence of actuator angular position on the wake region features, VR =1.5 – sine wave 

Actuator angular position 

𝜙 (𝑑𝑒𝑔) 
0 5 9.5 12.5 15 17.5 20 25 

Location of separation 

point (mm) 
583.35 583.75 585.62 585.82 586 587.30 586.36 584.98 

Location of reattachment 

point (mm) 
621.60 619.20 616.25 616.40 613 614.88 615.04 616.35 

Reduction of recirculation 

region length (%) 
2.05 9.22 21.56 21.69 30.86 29.37 26.57 19.67 

 

Turning back to Fig. 12 (which is the “optimum” case of 𝜙 = 15° from the point of view of SJA 

location), the profiles of velocity vectors and streamlines show that the location of the flow 

recirculation core is pushed back toward the hump trailing edge. As is clear from Fig. 12d, the flow 

field changes (compared to the unactuated case in Fig. 9d) after SJAs are switched on: namely more 

vortical structures in the shear layer are produced downstream of SJA array in comparison with 

unactuated case. By applying SJAs, the congested, continuous large vortex structures in the wake 

region are broken down, and the near-wall flow is re-energized to overcome flow separation. 

 

Effect of the velocity ratio (VR) 

Having found the optimum angular location of SJA array (𝜙 = 15°) the focus of the follow-on 

investigations was to look at the effects of VR on the actuation effectiveness. Here the excitation was 

kept as sine wave signal, but the amplitude was varied such that the peak exit velocity from the orifice 

would lead to different VR values. The summary of these investigations is presented in Table 2. 
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Table 2 Influence of velocity ratio, VR, on the wake region features, 𝜙 = 15°,  – sine wave 

VR 1.15 1.50 1.85 2.2 

Location of separation point (mm) 586.39 586 588.60 586.44 

Location of reattachment point (mm) 615.35 613 611 614 

Reduction of recirculation region length (%) 25.84 30.86 42.63 29.42 

 

Table 2 demonstrates that when using the sine wave excitation there appears to be the “optimum” VR 

of 1.85 that causes the most significant reduction in the length of the recirculation bubble. This 

exhibits itself as the most delayed separation point (x = 588.6 mm) and the earliest reattachment (x = 

611 mm), resulting in the most pronounced reduction in bubble length of 42.63% compared to the 

unactuated case. 

 

Two samples of instantaneous velocity fields are shown in Fig 13 for VR=1.85 and sine wave 

excitation. These are shown by analogy to results shown in Fig. 11 for VR=1.50 with sine wave 

excitation and Fig. 8 for unactuated case. As stated before, it is rather difficult to draw meaningful 

conclusions based on instantaneous images. However, comparisons of these fields between actuated 

cases with VR = 1.85 and VR = 1.50 and unactuated case (cf. Figs 13, 11 and 8, respectively) shows 

the effectiveness of SJAs to alter the characteristics of the wake region considerably. As it is seen, 

the width of wake region has been decreased for case VR = 1.5 and the instantaneous core of bubble 

has been pushed back toward the hump trailing edge. These effects are intensified for case VR = 1.85. 

Investigation of velocity vectors for case VR = 1.85 in near wall region in domain x = 577-587 mm 

shows the velocity vector size have been increased considerably due to transfer of higher momentum 

fluid from upper layers to near wall regions. Fig. 14 can be produced by analogy to Fig. 12 to 

demonstrate that the core of the separation bubble has been pushed back upstream of the hump trailing 

edge. It can be seen that the effectiveness of SJAs on the separation control is more clearly identified 

for VR = 1.85 than for its counterpart with VR=1.50. The size of the separation bubble as well as the 

coordinate of reattachment point are reduced further. The momentum coefficient (Eq. (5)) as a crucial 

parameter in performance of SJAs is directly proportional to the square of VR and the total area of 

actuators throats (𝐴𝑆𝐽𝐴𝑠).  

                                                                            𝐶𝜇 = 2𝑉𝑅2 𝐴𝑆𝐽𝐴𝑠

𝐴𝑟𝑒𝑓
      (5) 

 

The momentum coefficient for VR =1.85 is bigger than the corresponding one for VR=1.50 by a 

factor of 1.52. Therefore, bigger momentum is injected during blowing phase by SJAs at VR =1.85 

and the strength of mixing increases, hence more momentum convection to near wall regions. Notice 

that the 𝐴𝑟𝑒𝑓 in Eq. 5 is the reference area of hump which is the product of hump chord and hump 
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span. The value of momentum coefficient for one SJA at VR = 1.85 is 5.3 × 10−5 . This value is in 

line with momentum coefficients reported in some studies (Ciuryla et al., 2007, Farnsworth et al., 

2008 and Tang et al., 2014). It should be noted that although the near wall region is re-energized by 

SJAs, the added energy is not significant in comparison with the characteristic momentum of the 

freestream, but the added energy is still influential to alleviate the deficiency of momentum in the 

turbulent boundary layer and alter the local flow field positively to delay the onset of instabilities. 

This can be seen by comparison of the size of velocity vectors in Figs 9a and 14a in near wall region 

in domain x = 577-587 mm. As it is seen the size of velocity vectors is increased by adding momentum 

to the low velocity region. Also, as can be seen in Fig. 14b, the low velocity region with dark blue 

colour is separated from the high speed region with orange colour with two shear layers with light 

blue and green colours. 

 

The effects of breaking down the large vortical structures already observed for VR=1.50 by 

comparing Fig. 12d with Fig 9d are intensified for VR=1.85 as seen by more intense negative vorticity 

shown in Fig 14d. Injecting the cross flow with the generated train of vortex rings (which 

consequently produce a pair of counter rotating vortices) and their interactions and mixing with upper 

layers brings high momentum fluid into the near wall region and reenergizes the weakened boundary 

layer, thus delaying the flow separation even further than shown for VR=1.50. Comparison of 

vorticity contours between cases VR = 1.85, VR = 1.50 and unactuated case (cf. Figs 14d, 12d and 

9d, respectively) shows that the counter-clockwise vorticity generation on the wall in the vicinity of 

hump trailing edge is progressively reduced in the actuated mode. The same trend was reported by 

Suzuki (2006) via a DNS method. 

 

Returning to Table 2, the increase of VR to value of 1.85 reduces the length of recirculation region 

around 12% more than the case with VR of 1.5. This may indicate that the depth of diffusion of the 

generated train of vortex rings for VR = 1.50 is not sufficient to interact with the upper layers of flow 

to bring the high momentum fluid into the retarded boundary layer. On the other hand, increasing VR 

to values beyond 1.85 does not improve the performance of SJAs, but leads to deterioration. One can 

speculate that this is because the generated vortex rings break through the boundary layer and have a 

limited opportunity to reenergise it. Therefore, the optimum VR is key for a proper interaction of 

vortex rings in appropriate layers to transfer higher momentum fluid from upper layers to the low 

momentum layers that would otherwise be subject of an early separation. 

 

Effect of the excitation waveforms 

The hot-wire anemometry measurement for a sample location of the SJAs, 𝜙 = 9.5°, and the peak-to-

peak voltage of 23 Vpp, but for four different piezoelectric excitation waveforms (sine, square, pulse 
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and triangular waves) is shown in Fig. 10b. The streamwise location is the same as for Fig. 10a, i.e., 

x = 600 mm. All waveform types attenuate the RMS of velocity fluctuations compared to the 

unactuated case. However, their performance is not the same across the separated flow. For example, 

the sine wave delivers the greatest reduction in RMS of velocity fluctuations among the four 

waveforms in the very near wall region (y < 1.5 mm). The pulse function is slightly more effective 

than the other waveforms in the layer 1.5 mm < y < 5.5 mm. The square function has a better 

performance at y > 8 mm, which is probably due to it having the highest power coefficient of 1.0, 

higher momentum injection, more mixing in the boundary layer and faster transition between blowing 

and suction phases. The triangular function is the least effective waveform to reduce the fluctuations 

in the wake region, which correlates well with it having the lowest power coefficient of 1/3. 

 

However, it should be noted that the experiment where a fixed peak-to-peak voltage is applied for 

different waveforms is not a “fair test” from the viewpoint of VR, e.g.,  the hot-wire measurements 

in quiescent conditions at the SJA orifice show that peak exit jet velocity for square waveform is 

about 23% higher than for sine waveform at the same peak-to-peak actuation voltage and frequency 

as explained earlier in section 3.2.  

 

Following this discussion, the focus of the remaining investigations was to look at the effects of VR 

on the actuation effectiveness for a selected non-sinusoidal waveform – here a square wave excitation, 

whilst keeping constant the already established optimal location of the SJA array (𝜙 = 15°). The 

summary of this investigation is presented in Table 3. Here, a very similar behaviour of the bubble 

can be observed to that for a sine wave excitation, but with marginally bigger gains in terms of 

separation and reattachment point locations and the reduction of bubble length compared to the 

unactuated case of 44.17%. 

 
                  Table 3 Influence of velocity ratio, VR, on the wake region features – square wave 

VR 1.50 1.85 2.2 

Location of separation point (mm) 585.60 589 586 

Location of reattachment point (mm) 615.96 610.80 613.63 

Reduction of recirculation region length (%) 22.25 44.17 29.23 

 

Here, the best performance of SJAs was also achieved for VR = 1.85. The average velocity field, 

streamlines, and vorticity contour profiles for square wave excitation and VR = 1.85 are shown in Fig 

15. As can be seen, the core of separation bubble has been pushed back significantly toward the hump 

trailing edge in comparison with the unactuated case. Investigation of average velocity field shows 
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the movement of reattachment point around 10.8 mm upstream and separation point around 7 mm 

downstream, respectively. Also, the width of recirculation region is decreased considerably, e.g., the 

comparison between streamlines profiles in unactuated case and this case – cf. Figs 9c and 15c – 

shows the significant reduction of the width of recirculation region at x = 610 mm. 

 

Comparison of sine wave with square wave – cf. Tables 2 & 3 – shows that the performance of sine 

wave is better than square wave for VR =1.5. This is likely due to better performance of sine wave to 

suppress velocity fluctuations in lower shear layers as it was confirmed by HWA measurements in 

conjunction with smaller depth of diffusion of vortex rings for VR =1.5. The performance of both 

waveforms is very close for VR bigger than 1.5, however the square wave has slightly better 

performance than sine wave at VR = 1.85. 

 

Comparison between vorticity contour in unactuated case and actuated case with square wave – cf. 

Figs 9d and 15d – shows that a higher number of larger vortical structures are generated 

by actuators upstream of the separation point. Then, bigger vortical structures around reattachment 

point and near wall region for unactuated case are broken down to smaller structures after switching 

the actuators on. The momentum equation along the hump surface can be written as  

 

1

𝜌

𝜕𝑝

𝜕𝑠
 |wall = −𝜈

𝜕𝜔

𝜕𝑛
 |wall    (6)    

 

where 𝑠 and 𝑛 indicate the directions along and normal to the hump surface (see Fig. 1d) and 𝜔 and 

𝜈 denote the vorticity and kinematic viscosity, respectively. From the diffusion equation, the term on 

the right-hand side of (6) can be considered as the vorticity flux on the hump wall. The vorticity flux 

on the wall is proportional to the pressure gradient. Therefore, the clockwise vorticity (with negative 

value) is produced more upstream of the separation point in a favourable pressure gradient, while the 

counter-clockwise vorticity is produced more in an adverse pressure gradient. When SJAs is on, the 

adverse pressure gradient is decreased and consequently the production of counter-clockwise 

vorticity on the wall is decreased. Comparison of vorticity contours of unactuated case and actuated 

cases with sine wave at VR =1.5 and 1.85 and square wave at VR =1.85 – cf. Figs 9d, 12d, 14d and 

15d – shows that the production of counter-clockwise vorticity adjacent to the wall is decreased 

gradually, and the best performance is achieved by square wave at VR=1.85. Also, the trajectory of 

vortex is changed toward the hump surface and generally to near wall region in actuated case, the 

effect of SJAs to change the vortex trajectory toward the wall also was observed by Tang et al. (2014) 

and Salunkhe et al. (2016) through tomographic PIV measurement for flow control over a straight 

wing model. 
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Figs 16a and 16b show the difference of vorticity content of flow fields between unactuated case and 

actuated case with square wave and sine wave at VR=1.85, respectively. As it is seen, the generated 

vortical structures diffuse to near wall regions and the whole wake region has been affected by smaller 

vortical structures due to collapsing of bigger structures after interaction and mixing of counter 

rotating vortices with separated shear layer. Comparison of Figs 16a and 16b shows that near wall 

regions are fed by more vortical structures using square wave rather than sine wave, and therefore 

more reenergization of the retarded boundary layer occurs using square wave. 

 

Figs 17a – 17c show the RMS values of the in-plane velocity magnitude variation obtained by 

averaging across the 100 PIV images of the instantaneous velocity magnitude for unactuated case 

(17a) and actuated case with square (17b) and sine (17c) waves at VR = 1.85.  It can be observed that 

the maximum RMS value for unactuated case appears in the range of 12 mm < y < 15 mm above the 

hump trailing edge, which is approximately the same y value as that for the peak of RMS of velocity 

fluctuations from the hot wire results (cf. Fig. 7b). The discussion about the equivalence of time-

resolved and ensemble-averaged RMS statistics can be found in Mao & Jaworski (2010). 

 

The results show that both sine wave and square wave are effective in suppressing the velocity 

fluctuations and reducing the width of recirculation region. Comparison of both cases with unactuated 

case shows the decrease of the depth of diffusion of fluctuations from y = 30 mm to below y = 25 

mm in the wake region by switching the actuators on. However, their performance is slightly different 

in some regions, for example, sine wave is more influential than square wave in domain of x= 577-

585 mm, the square wave has a better performance downstream of the trailing edge at x= 605 mm 

and y > 20 mm. This positive effect of square wave at higher heights also was confirmed by HWA 

measurement as shown in Fig 10b. 

 

4. Conclusions 

The flow separation control over the circular hump model has been investigated by using a spanwise  

array of SJAs. The effects of angular position of actuators, velocity ratio, VR, as well as waveform 

was investigated by using both Hot Wire Anemometry (HWA) and Particle Image Velocimetry (PIV) 

techniques. The hot wire anemometry results showed the effectiveness of SJAs for all angular 

positions of SJAs while the angular position was changed from the hump apex to near the hump 

trailing edge. However, velocity fluctuations in upper layers were increased for positions close to the 

hump trailing edge. The effects of four waveforms were investigated by HWA measurements at same 

voltage and frequency of actuation and results showed that all waveforms suppress the velocity 
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fluctuations exhibiting relative “superiority” in various layers of the shear layer. The analysis of the 

quantitative effectiveness of synthetized vortical structures and the dynamics of their interactions 

with the near wall regions showed that SJAs counteract the influence of the adverse pressure gradient 

and the momentum deficiency as two key factors in the onset of instabilities in the boundary layer. 

The results showed the reenergization of near wall by interaction and mixing of vortical structures 

with the high momentum flow and convection of momentum to low momentum flow in near wall 

regions. The PIV results revealed the best performance of actuators for VR of 1.5 occurs at angle of 

𝜙 = 15°. The influence of VR on the SJAs’ performance was studied and the results show that better 

flow separation control can be achieved with VR=1.85 with 42.63 and 44.2% reduction of the length 

of recirculation region by implementation of sine and square waves, respectively. 
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Fig. 1 The top view of the closed loop wind tunnel at the University of Huddersfield (a), the hump model during 

manufacture (b) the hump model position in the test section (c) and the detailed side view of the hump model (d). 
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Fig. 2 Schematic of an individual SJA with 3 orifices (a) piezoceramic diaphragm (b) and Synthetic jet actuators 

supported by clamping pieces (c). 

 

 

 

Fig. 3 Traverse system mounted on the test section sidewall supporting HWA probe. PIV laser sheet delivery 

system is shown at the top. 
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Fig. 4 Measurement planes and coordinate system. 

 



Page 30 of 43 

 

Fig. 5 Profiles of time-averaged in-plane velocity magnitude, planes z=-150 mm (a), z=0 mm (b) and z=150 mm 

(c); time-averaged in-plane velocity magnitude and turbulence intensity profiles at z=0 mm and x=550 mm (d) 

and profile of boundary layer time-averaged velocity on the z= 150 mm plane at x= 550 mm (e). 

 



Page 31 of 43 

 

Fig. 6 Characterization of SJA with three orifices of 1 mm diameter: (a) Frequency response at the excitation 

voltage of 23 Vpp for different waveforms; (b) Typical variation of orifice outlet velocity vs. excitation voltage at 

frequency of 960 Hz for different waveforms.  
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Fig. 7 Velocity profiles in the wake region for 3 freestream velocities in plane z =0 at x = 600 mm (a), RMS 

Velocity profiles in the wake region for  𝑼∞ = 7 m/s in plane z = 0 (b) and power spectral density of velocity 

magnitude in the wake region in plane z = 0; x = 590 mm; 𝑼∞ = 7 m/s (c).
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Fig. 8 Two samples of instantaneous velocity vector (a and c) and velocity magnitude (b and d) fields in the wake region– unactuated case.
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Fig. 9 Average velocity vector (a) and magnitude (b) fields; streamlines profile (c) colour iso-levels of in-plane vorticity �̅�𝒛 in the wake region (d) and PIV 

measurement vs. HWA measurement in the wake region – unactuated case, case, 𝑼∞ = 7 m/s.
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Fig. 10 (a) Profiles of RMS of velocity fluctuations versus height with angular position of SJAs as parameter and for 

sine wave excitation; (b) Profiles of RMS of velocity fluctuations versus height for different excitation waveforms for 

𝝓 = 9.5°. Data shown in plane z = 0; x = 600 mm; excitation frequency f=960Hz. 
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Fig. 11 Two samples of instantaneous velocity vector (a and c) and velocity magnitude (b and d) fields in the wake region - actuated case, sine wave, VR=1.50, 

𝝓 = 15°, 𝑼∞ = 7 m/s 
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Fig. 12 Average velocity vector (a) and velocity magnitude (b) fields, streamlines profile (c) and colour iso-levels of in-plane vorticity �̅�𝒛 (d), actuated case, sine 

wave, VR=1.50,  𝝓 = 15°,  𝑼∞ = 7 m



Page 39 of 43 

 

 

Fig. 13 Two samples of instantaneous velocity vector (a and c) and velocity magnitude (b and d) fields in the wake region - actuated case, sine wave, VR=1.85, 

𝝓 = 15°, 𝑼∞ = 7 m/s 
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Fig. 14 Average velocity vector (a) and velocity magnitude (b) fields, streamlines profile (b) and colour iso-levels of in-plane vorticity �̅�𝒛 (d)– actuated case, 

sine wave, VR=1.85, 𝝓 = 15°, 𝑼∞ = 7 m/s 
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Fig. 15 Average velocity vector (a), velocity magnitude (b) fields, streamlines profile (c) and colour iso-levels of in-plane vorticity �̅�𝒛 (d) - actuated case, square 

wave, VR = 1.85, 𝝓 = 15°, 𝑼∞ = 7 m/s
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Fig. 16 Colour iso-levels of in-plane vorticity ∆𝝎̅̅ ̅̅
𝒛, difference of vorticity content of flow field for unactuated case 

and actuated case with square wave (a) and sine wave (b), VR = 1.85, 𝝓 = 15°, 𝑼∞ = 7 m/s. 
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Fig. 17 Iso-levels of in-plane magnitude of RMS of velocity fluctuations in the wake region – unactuated case (a), 

actuated case with square wave (b) and sine wave (c), 1.85, 𝝓 = 15°, 𝑼∞ = 7 m/s. 


