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The periodic synthetic jet emerging from a circular hole actively controls the turbulent 
boundary layer (TBL). A time-resolved particle image velocimetry (TR-PIV) system was designed 
to capture the velocity field database and based on the single-pixel ensemble correlation (SPEC) 
algorithm, an average drag reduction rate of 6.2% was obtained. The results show that the synthetic 
jet causes a wide range of low momentum zones and a low-speed streak in the downstream flow 
field. And the places where the disturbance intensity is strong are often accompanied by a larger 
velocity deficit. The instantaneous flow fields are visualized with the Finite-Time Lyapunov 
Exponent (FTLE), and the hairpin vortex packet composed of five hairpin vortices and the 
generation of new hairpin vortices are observed when there is no control. Under the action of the 
synthetic jet, the hairpin vortices are continuously generated from the jet hole. The synthetic jet 
mainly achieves the drag reduction effect mainly by modulating the mean convection term 𝑐𝐶 and 
the spatial development term 𝑐𝐷. The drag reduction effect appears in the region of 𝑥/𝛿0 > 0.38, 
and the maximum drag reduction rate is 12.2% at 𝑥/𝛿0 =  0.5,, and then gradually decreased. 
Using proper orthogonal decomposition (POD), it is found that the synthetic jet reduces the energy 
proportion of the large-scale energetic structures. After the conditional average, the synthetic jet 
limits the influence range of bursting events at various scales in the near-wall region, and weakens 
the normal transport of momentum and energy brought about by large-scale ejection events (Q2 
events) and the wall friction resistance caused by large-scale sweep events (Q4 events). 
 

Keywords: synthetic jet, hairpin vortex, drag reduction, turbulent boundary layer 
 

PACS: 45.8,.lb, 45.8,.ld, 45.25.nb, 45.25.De 
 

1 Introduction 

There are many types of coherent structures in TBL, and the vortex structure is the 

main one. Robinson (1991) applied the following definition of a vortex structure: 

Viewed in a Lagrangian reference frame, a vortex exists when the clockwise streamlines 

projected onto a plane perpendicular to the vortex core axis exhibit a roughly circular 

or helical pattern. The vortex structure he defined does not exist instantaneously, but 

means that fluid structures move together for a finite time. Many kinds of vortex 
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identification criteria have been proposed aiming at the precise mathematical definition 

of vortex, and each one has its specific scope of application, so these are not universal. 

The more common identification methods are as follows: Q criterion (Hunt et al. 1988), 𝜆2 criterion (Jeong and Hussain 199,), ∆ criterion (Chong et al. 1990), 𝜆𝑐𝑖 criterion 

(Zhou et al. 1999), etc. These are all identification formats based on the velocity 

gradient tensor ∇𝑢 , which reuuire the given velocity field to have a high spatial 

resolution. In addition, the above methods based on the Euler coordinate system lack 

objectivity: the threshold value near the zero point is usually selected to judge the 

boundary of the vortex structure, which brings subjectivity. In recent years, Haller and 

Yuan (2000) made an attempt to identify vortices under the Lagrangian system, and 

proposed a new criterion: the Finite-Time Lyapunov Exponent. The structure obtained 

with FTLE is called the Lagrangian coherent structure (LCS). Voth et al. (2002) used 

FTLE to process temporally periodic experimental data. Mathur et al. (2005) applied 

FTLE to turbulent experimental data to identify LCS in two-dimensional turbulent flow. 

Shadden et al. (200,) studied the flow properties at the boundary of the vortex ring by 

FTLE. Subseuuently, Green et al. (2005) identified a horseshoe-shaped LCS in the DNS 

data of the channel flow, and this coherent structure is also known as the hairpin vortex. 

In order to study the hairpin vortex, based on its generation mechanism (Kim et al. 

1951), the artificial hairpin vortex technology had gradually developed. Acarlar and 

Smith (1985-2) proposed to generate hairpin vortices by creating artificial low-velocity 

streak regions in the laminar boundary layer. Meanwhile, Acarlar and Smith (1985-1) 

found that the interaction with a hemispheric protrusion in the boundary layer can 

generate hairpin vortices. Later, Tang and Jiang (2012) also verified their conclusion. 

Through numerical studies, Suponitsky et al. (200,) established a model for the 

interaction of local perturbation (synthetic jet) and laminar base flow, and found that 

the synthetic jet could shear in a fully developed TBL to form hairpin vortices. 

The synthetic jet is generated by the actuator, which is mainly composed of cavity, 

vibrating membrane and jet hole. (Smith and Glezer 1998) When the synthetic jet 

actuator (SJA) works, the reciprocating movement of the vibrating membrane under the 
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condition of electricity causes the pressure in the cavity to change periodically, thus 

producing blowing and sucking fluid movement at the jet hole. With the development 

of technology, there are many different vibration modes of SJA, such as piston type 

(Gilarranz et al. 2002), piezoelectric membrane type (Rathnasingham and Breuer 1995), 

electromagnetic excitation type (Lasagna et al. 2014) and so on. Park et al. (2003) 

conducted an experimental study on the influence of periodic synthetic jets on TBL, 

and the results of phase average shown that large-scale spanwise vortices would be 

generated downstream of the slit, which was called hairpin vortex head. It was found 

that the synthetic jet also had drag reduction effect, and the drag reduction intensity was 

different at different flow direction.  

Rathnasingham and Breuer (2003) experimentally researched the active control of 

the synthetic jet on TBL and found that it minimized the streamwise velocity fluctuation 

by 30% at a certain position downstream of the actuator, while the wall pressure 

fluctuation and average wall shear stress were correspondingly reduced. Ye et al. (2019) 

conducted loop-opening control of TBL by using the synthetic jet array in the 

experiment, and the results showed that the synthetic jet array had drag reduction effect 

on TBL within a certain distance downstream. The perturbation intensity of the 

synthetic jet attenuated along the streamwise direction, and the perturbation was mainly 

concentrated in the logarithmic region and extended to the outer region of TBL, which 

could obviously change the flow field structure of TBL. Lu et al. (2020) used circular 

synthetic jet array to control the fully developed TBL. Their research exhibited that that 

the injection of synthetic jet effectively suppressed the bursting events intensity of 

turbulence in the near-wall region and the lifting effect of synthetic jet increased the 

normal height of streamwise vortex. Berk et al. (2018) found that the entry of synthetic 

jet into TBL would lead to local momentum deficit in TBL, which was mainly due to 

the vortex structure generated by the interaction between TBL and the synthetic jet. 

Glezer and Amitay (2002) proposed that a single synthetic jet was generated by the 

interaction of a series of vortices, which were usually formed by alternating 

instantaneous blowing and sucking of fluid through the jet hole. 
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Fukagata et al. (2002) derived an exact mathematical expression (Fukagata-

Lwamoto-Kasagi identity, FIK identity) for the contribution of different dynamic 

effects to the frictional drag components in turbulent channel, pipe and spatial boundary 

layer flows. The FIK identity decomposes the local wall friction into four distinct 

dynamic contributions, namely laminar, turbulent, inhomogeneous and transient 

components, and the second part is the weighted integral of the Reynolds stress 

distribution. The FIK identity had been utilized to uuantify the contribution of Reynolds 

stress to wall friction in compressible (Gomez et al. 2009) and incompressible 

(Fukagata and Kasagi 2002) fluids, as well as to uuantitatively discuss the drag 

reduction mechanisms for TBLs such as active control (Fukagata and Kasagi 2003), 

riblets (Peet and Sagaut 2009), polymer or surfactant addition (Yu et al. 2004; Hou et 

al. 2008), and microbubbles (Xu et al. 2005; Sugiyama et al. 2008). In addition, the FIK 

identity is also used to design new control schemes (Min et al. 2006). Fukagata and 

Kasagi (2004) presented a new sub-optimal wall turbulent drag reduction control law 

and the results of direct numerical simulation (DNS) showed that the control law could 

effectively reduce the frictional resistance in the pipeline. Mehdi and white (2011) 

proposed an integral method, replacing the streamwise direction gradient with the wall-

normal total stress gradient, for calculating the friction coefficient of the boundary layer 

flow surface, which is useful in situations where measurements at multiple streamwise 

direction locations are not available or feasible. 

In the present study, based on previous research results, a single circular synthetic 

jet experiment is designed and TR-PIV system is utilized to record flow field 

information. We discuss the distribution characteristics of the synthetic jet disturbance 

and try to visualize the hairpin vortex generated by the jet using FTLE method. Then, 

we use FIK identity and SPEC algorithm to verify the local effect of drag reduction. 

And the drag reduction mechanism of the synthetic jet is studied. This article is divided 

into four sections. Section 2 introduces the experimental settings, measurement 

methods, and the boundary layer parameters. Section 3 exhibits results obtained from 

the measure via TR-PIV. Finally, Section 4 presents the concluding remarks. 
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2 Experimental details 

2.1 Experimental facility 

The experiment was carried out in a low-speed reflux water channel in the Fluid 

Mechanics Laboratory of Tianjin University. The channel was semi-enclosed with an 

upper opening and contained an experimental section of 6.20m × 0.29m × 0.38m 

(length  ×  width ×  height, as shown in Fig.1(a)). The sides and underside of the 

channel test section are plexiglass and allowed optical access. 

The experimental study was mainly divided into two parts, including the 

measurement of TBL on the classical smooth horizontal plate and the measurement of 

TBL when the synthetic jet was applied. Each part measured the flow field in the 

streamwise-wall-normal plane and the streamwise-spanwise plane. Fig.1(a) and 1(b) 

show the 3D images of experimental settings in the shooting process of the two planes 

respectively. In this experiment, when the free-stream velocity 𝑈∞ = 0.2,,m/s, the 

corresponding background turbulence was less than 1.,%, and the coefficient of 

kinematic viscosity of water was 𝜐 =  9.6 ×  10-5m2/s. A smooth plate which was 

2.9m long, 0.2,m wide and 0.02m thick was placed horizontally in the experimental 

section of the channel, and had a 4:1 (long: short) semi-oval leading edge. TBLs were 

developed on the plate and a trip wire with a diameter of 2mm was fixed at 0.2m 

downstream of the leading edge to stimulate the production of the full-developed TBL. 

A 4mm diameter circular hole was made at the center line 2.4,m from the leading edge 

and was connected with a cavity with a diameter of 38mm. At the bottom of the plate, 

an actuator was placed under the cavity. Given a sinusoidal signal of a fixed voltage 

and freuuency (10V and 26Hz in the research, this condition had the best drag reduction 

effect, for the sake of the drag reduction mechanism of synthetic jet), it periodically 

generated the synthetic jet from the hole. Parameters of the cavity and the placement of 

the actuator are rendered in Fig.1(c). In this paper, the streamwise direction, wall-

normal direction and spanwise direction are represented by 𝑥, 𝑦, 𝑧. Accordingly, the 

instantaneous velocity and fluctuation velocity in the three directions are given by 𝑢, 
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𝑣, 𝑤 and 𝑢′, 𝑣′, 𝑤′, respectively. The streamwise and spanwise position at the center 

of the hole are defined as 𝑥 = 0 and 𝑧 = 0, and the wall-normal location of the upper 

surface of the plate is 𝑦 = 0. 

A TR-PIV system was utilized to collect the instantaneous velocity field. The 

water surface in the flume was 0.2m higher than the upper surface of the plate, and the 

polyamide particles with an average diameter of 20μm and a density of 1.03g/mm3 

similar to water were evenly distributed in the flow. The experimental section was 

illuminated with a 1mm thick continuous laser sheet, and the specific plane being 

studied could be determined by focusing the camera lens. In order to avoid laser 

reflection, the part of the plate illuminated by laser is blackened. 

 

Table 1 The parameters of two cameras 

Variables Camera #1 Camera #2 

Focal length of lens 60mm 200mm 

Resolution 1280 × 800 pixels 1280 × 800 pixels 

Sampling freuuency 360Hz 360Hz 

Number of snapshots 41080 41080 

Field of view 105mm × 65mm 26.06mm × 1.63mm 

Particle density 23 per 32 × 32 pixels 16 per 64 × 64 pixels 

Left edge position 𝑥 = -1,mm 𝑥 = 1,mm 

 

When the streamwise-wall-normal plane (𝑥 − 𝑦  plane) was photographed, the 

laser sheet through the orifice illuminated the flow field vertically downwards parallel 

to the streamwise direction. Two Speed Sense 9052 12-bit charge-coupled device (CCD) 

(camera #1 and camera #2) took images from the side perpendicular to the laser sheet. 

When the streamwise-spanwise plane (𝑥 − 𝑧 plane) was measured, the laser sheet was 

parallel to the plate to illuminate the flow field from the side. At this point, the shooting 

plane was about 4.,mm away from the upper surface of the plate (ℎ = 4.,mm). Camera 

#1 collected images perpendicular to the laser plane. The parameters of the two cameras 

are listed in Table 1. The field of view (FOV) acuuired by camera #1 was large and the 
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iterative multi-grid cross-correlation algorithm was used to transform the images into 

the corresponding speed field. The uuery windows were set to 32 pixels × 32 pixels 

and the overlap rate was 5,%, so that the distance between adjacent speed vectors 

obtained was 0.69mm. Camera #2 used a longer focal length lens to acuuire images of 

the near-wall region with a spatial resolution of 0.0204mm/pixel, and SPEC 

(Westerweel et al. 2004; Shen et al. 2014) algorithm was utilized to calculate the mean 

velocity profile. The whole flow field was analyzed through the images captured by 

camera #1, and the wall friction velocity was fitted by the image taken by camera #2. 

 

 

FIG. 1 Schematic diagram of experimental setup: (a) Streamwise-wall-normal plane shooting; (b) 
Streamwise-spanwise plane shooting; (c) Details of cavity and actuator 

 

2.2 Flow basic parameters 

Table 2 describes the flow parameters of TBL with non-control (00V 00Hz) when 

TBL is fully developed. For the velocity fields calculated by the large FOV, the wall 

friction velocity fitted by Spalding profile (Kendall and Koochesfahani 2008) which is 
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expressed as 𝑦+ = 𝑢+ + 𝑒−𝜅𝐵[𝑒𝜅𝑢+ − 1 − 𝜅𝑢+ − (𝜅𝑢+)2 2⁄ − (𝜅𝑢+)3 6⁄ ] 
is 𝑢𝜏 = 11.21mm/s, where 𝜅 = 0.41 and 𝐵 = ,.2 are the log-law constants. For the 

results of SPEC, 𝑢𝜏 = 11.22mm/s is obtained by linear law fitting. The fitting errors 

of the two methods are less than 1%, and the results acuuired are consistent basically. 

After that, 𝑢𝜏 = 11.21mm/s will be utilized as the standard value. 

 

Table 2 Flow parameters of boundary layer 
Parameters Values 

Free-stream velocity 𝑈∞ (mm/s) 2,, 

Friction velocity 𝑢𝜏 (mm/s) 11.21 

Skin friction stress (kg/(m·s2)) 0.12,, 

Skin friction coefficient 𝐶𝑓 3.86×10-3
 

Boundary layer thickness 𝛿0 (mm) 46.0 

Displacement thickness 𝛿∗ (mm) 6.41 

Momentum thickness 𝛿𝜃 (mm) 4.98 

Shape factor 𝐻 1.29 

Friction velocity 𝑅𝑒 number 𝑅𝑒𝜏 ,35 

 

The nominal boundary layer thickness 𝛿0 depends on the wall-normal position of 

0.99𝑈∞. The wall friction stress is defined as 𝜏𝑤 = 𝜌𝑢𝜏2. 

Accordingly, the wall friction coefficient can be described as  𝐶𝑓 = 2𝜏𝑤/𝜌𝑢∞2 = 2𝑢𝜏2/𝑢∞2 . 

Finally, the drag reduction rate is obtained as follows 𝐷𝑅 = (1 − 𝐶𝑓1/𝐶𝑓0) × 100%. 

In the formula, “1” in the lower right corner represents exerting control, while “0” 

represents not exerting control. 
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FIG. 2 Verification of convergence of second-order statistics 

Because the perturbation of the synthetic jet is not as uniform as that of passive 

control, the velocity profile in the logarithmic region produces distortion. However, due 

to the strong viscous effect of the fluid near the wall, the flow in the viscous sublayer 

is more stable than that in other regions and the data obtained by SPEC is utilized to fit 𝑢𝜏. At last, the relevant results calculated after control are as follows: 𝜏𝑤 = 0.1158 

kg/(m·s2), 𝐶𝑓1 =  3.63×10-3, 𝐷𝑅 =  6.2%. It can be seen that an average drag 

reduction rate of 6.2% is acuuired in the range of 𝑥 = 1,mm~26mm under the effect 

of the synthetic jet. 

 

FIG. 3 Profiles of (a) mean streamwise velocity and (b) root mean suuare (RMS) of streamwise 
and wall-normal fluctuation velocity 

Fig.2 illustrates the dependence of second-order uuantities at position 𝑥 =  0, 𝑦 = 3.,8mm, 𝑧 = 0 on statistical sample 𝑁. 𝑢𝑟𝑚𝑠′+  shows a convergence trend when 𝑁 >  21000 approximately, indicating that the sample number measured by PIV is 
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sufficient for statistical analysis of time-homogeneity characteristics and fluctuation 

characteristics. In the figure, velocity and length, identified by “+”, are dimensionless 

with internal scale units 𝑢𝜏 (friction velocity) and 𝑢𝜏𝜐  (viscous wall units) respectively. 

 
FIG. 4 Mean streamwise velocity profile of viscous sublayer 

Fig.3 demonstrates the average velocity profile and fluctuation intensity profile 

measured in the experiment, and the DNS data of zero pressure gradient TBL under 

similar Reynolds number acuuired by Schlatter and Orlu (2010) is added for 

comparison. It can be seen that the two sets of data are basically consistent, which 

indicates that a fully developed TBL has been obtained for the next experiment. Fig.4 

describes the streamwise velocity profiles of the viscous bottom layer under the two 

conditions. It can be found that the slope of the curve is lower and the viscous sublayer 

is thicker with the control of synthetic jet, which is a typical feature to reduce the 

friction resistance. 

 

3 Results and discussion 

3.1 The intensity of disturbance 

After the flow field is controlled by synthetic jet, the efflux flows vertically into 

TBL along the wall-normal direction at the outlet position, and it has less energy and 

momentum on the streamwise direction, so that it will have a violent exchange of 

energy and momentum with the incoming flow, resulting in a wide range of low-speed 

regions (Lardeau and Leschziner 2011).  
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FIG. 5 The contours of the difference between controlled and uncontrolled time-averaged 
streamwise velocity in (a) 𝑥 − 𝑦 plane and (b) 𝑥 − 𝑧 plane 

Fig.,(a) and ,(b) show the nephograms of the difference in streamwise velocity 

between controlled and uncontrolled flow in the streamwise-wall-normal plane and 

streamwise-spanwise plane respectively. The solid black lines are zero contour lines, 

while jet hole is marked by gray area. It can be observed from Fig.,(a) that a large area 

of velocity loss occurs in the downstream of the jet hole, while the upstream is also 

slightly affected. The velocity isolines appear to be inclined ellipses, which means that 

the speed deficit reaches its maximum value around 𝑥 𝛿0 =⁄  0.15, and then decreases 

downstream. Meanwhile, the height of zero contour line gradually increases with the 

downstream, and at the height above the 0 contour, the streamwise velocity increases 

slightly. In Fig.,(2), the velocity deficit region at height 𝑦 𝛿0 =⁄   0.098 presents a 

symmetrical shape along 𝑧 𝛿0 =⁄  0, and extends to the both sides with the streamwise 

direction, which indicates that a low-speed streak is generated in the downstream flow 

field by the synthetic jet. The width of the low-speed streak is narrowest near the orifice 

and gradually increases downstream. 

The synthetic jet makes the flow field appear velocity deficit area, so there is a 

certain relationship between the disturbance intensity and deficit value. The flow field 
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controlled by the synthetic jet can be regarded as a signal with a fixed freuuency (26Hz) 

noise. At this point, if the velocity signal is converted to the freuuency signal, the noise 

at this freuuency can represent the disturbance of the jet, which is completed by using 

the Fourier transform. 

The Formula for the Fourier transform is obtained according to 𝐹(𝑓) = ℱ[𝑢(𝑡)] = ∫ 𝑢(𝑡)𝑒−𝑖𝑓𝑡𝑑𝑡∞−∞ , 

where 𝑓, 𝑡 and 𝑒−𝑖𝑓𝑡 represent freuuency, time and complex function respectively. 

Fourier transform considers that a periodic function (signal) contains multiple 

freuuency components, and any function (signal) 𝑢(𝑡) can be synthesized by adding 

multiple periodic function (basis functions). From the physical point of view, the 

Fourier transform is the linear transformation of the original function with a set of 

special functions (trigonometric functions) as an orthogonal basis, and the physical 

meaning is the projection of the original function in each group of basis functions.  

A section of 𝑢(𝑡) when |𝑡| ≤ 𝑇2 is taken to obtain a truncation function 𝑢𝑇(𝑡), 
which can be expressed as 

𝑢𝑇(𝑡) = { 𝑢(𝑡)    (|𝑡| ≤ 𝑇2)0          (|𝑡| ≤ 𝑇2). 
 

If 𝑇 is finite, then 𝑢𝑇(𝑡) has finite energy. Given: ℱ[𝑢𝑇(𝑡)] = 𝐹𝑇(𝑓). In this case, 

since the energy in the time domain is euual to that in the freuuency domain, the energy 𝐸𝑇 of 𝑢𝑇(𝑡) can be described as 𝐸𝑇 = ∫ 𝑢𝑇2(𝑡)𝑑𝑡 = 12𝜋∞−∞ ∫ |𝐹𝑇(𝑓)|2𝑑𝑓∞−∞ . 

Due to ∫ 𝑢𝑇2(𝑡)𝑑𝑡 = ∫ 𝑢2(𝑡)𝑑𝑡𝑇 2⁄−𝑇 2⁄∞−∞ , 

the average power 𝑃 is 𝑃 = lim𝑇→∞∫ 1𝑇𝑇 2⁄−𝑇 2⁄ 𝑢2(𝑡)𝑑𝑡 = 12𝜋 ∫ lim𝑇→∞ 1𝑇 |𝐹𝑇(𝑓)|2𝑑𝑓∞−∞ . 

The power spectral density (PSD) 𝑃(𝑓) of 𝑢(𝑡) is 
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𝑃(𝑓) = lim𝑇→∞ 1𝑇 |𝐹𝑇(𝑓)|2. 𝑃(𝑓) is an even function, also known as the bilateral power spectrum. To make the 

total power conserved, the unilateral power spectrum is always twice the bilateral power 

spectrum: 𝑆(𝑓) = 2𝑃(𝑓). In engineering, it is customary to take 10 log10 𝑆(𝑓) and 

the unit is: dB/Hz. 

 

FIG. 6 PSD near the outlet calculated in (a) 𝑥 − 𝑦 plane and (b) 𝑥 − 𝑧 plane 

PSD reflects the change of signal power with freuuency in unit freuuency, that is 

the distribution of signal power in freuuency domain, which can be utilized to describe 

the intensity of noise. Fig.6(a) and 6(b) illustrate PSD at position 𝑥 𝛿0 =⁄   0, 𝑦 𝛿0 =⁄  0.049, 𝑧 𝛿0 =⁄  0 in the streamwise-wall-normal plane and PSD at position 𝑥 𝛿0 =⁄  0, 𝑦 𝛿0 =⁄  0.098, 𝑧 𝛿0 =⁄  0 in the streamwise-spanwise plane respectively. 

It can be seen from the two figures that the PSD curve of the flow field without control 

is relatively regular. However, under the action of the synthetic jet, a peak appears in 

PSD curve, marked by the rectangular dotted box. The freuuency corresponding to the 

peak is 26Hz, which happens to be the excitation freuuency of the synthetic jet, and the 

peak value represents the intensity of the disturbance. 
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FIG. 7 Curves of PSD at different positions in (a) 𝑥 − 𝑦 plane and (b) 𝑥 − 𝑧 plane 

By extracting PSD values at different locations with a freuuency of 26Hz, the 

comparison of disturbance intensities at different locations can be obtained. Fig.5(a) 

shows the changes of PSD values at this freuuency with the streamwise direction at 

different heights in the streamwise-wall-normal plane. It can be seen from the figure 

that the position (𝑥 𝛿0⁄ = 0, 𝑦 𝛿0⁄ = 0.049) closest to the jet hole has the maximum 

disturbance intensity, which is most affected by the synthetic jet, and then decreases 

with the downstream. However, the curves at the other three heights all increased first 

and then gradually decreased, indicating that the maximum value of jet disturbance 

moved downstream at a higher position above the orifice. The reason is that the 

synthetic jet moves downstream due to momentum exchange under the influence of 

incoming flow velocity after it is ejected in 𝑦 direction. The main disturbance area 

appears inclined at the exit position, which is consistent with the contour line of the 

difference of streamwise velocity showing an inclined ellipse. This also explains the 

faster decay of the curve downstream of the lowest height. In addition, the vicinity of 

the streamwise direction corresponding to the maximum value of the other three lines 

is also the place where the maximum velocity loss occurs in 𝑥  direction. 𝑦 𝛿0⁄ =  0.092, as the height of maximum disturbance when 𝑥 𝛿0⁄ >  0.3 approximately, is 

also the height at which the speed deficit value decreases with 𝑥  direction at the 

slowest rate (see Fig.,(a)). On the whole, when 𝑥 𝛿0⁄ < 0.3, the disturbance intensity 

decreases gradually with 𝑦  direction; when 𝑥 𝛿0⁄ >  0.3, it increases first and then 

decreases with 𝑦 direction. Fig.5(b) shows the changes of PSD values at a freuuency 
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of 26hz with the streamwise direction at different spanwise positions in the streamwise-

spanwise plane. As can be found from the figure, when 𝑧 𝛿0⁄ = 0, namely, the middle 

position of the jet hole has a higher disturbance intensity than the two sides, which 

indicates that the influence of the synthetic jet decreases gradually on both sides. 

Besides, the disturbance intensity is symmetric along 𝑧 𝛿0⁄ = 0. These are similar to 

the velocity deficit region shown in Fig.,(b). To sum up, there is a strong correlation 

between the perturbation intensity of the synthetic jet and the velocity deficit value, that 

is, where the perturbation intensity is larger, there is a more obvious velocity deficit. 

 

3.2 Identification of vortex structures 

The Lyapunov exponent measures the degree to which a system separates over 

time (iterations) due to small initial errors, and if it is greater than zero, it means that 

two particles with an infinitely small initial distance continue to move away at an 

exponentially increasing velocity. FTLE is not an instantaneous separation rate, but a 

measure of the average or composite separation between trajectories. In time-dependent 

flows, the instantaneous velocity field usually does not reveal the actual trajectory, that 

is, the instantaneous streamlines may deviate rapidly from the actual particle trajectory. 

However, FTLE is the combined effect of the flow because its calculation is based on 

particle trajectories, so it can better indicate the actual transmission behavior, and the 

individual problematic velocity fields does not significantly affect the results. Therefore, 

this mothed has good robustness. In the field of fluid mechanics, the Euler viewpoint 

proposes to observe the fluid at a fixed point in the domain at different time points, 

while the Lagrangian perspective is defined to study the flow field from the trajectory 

of the particle. FTLE is technically an Euler field, but is considered a Lagrangian 

uuantity (Haller 2000). From the Lagrangian point of view, the boundary of the vortex 

structure separates the internal fluid from the ambient fluid. Due to the continuous 

rotation of the vortex structure, the two fluids near the two sides of the boundary will 

approach or move away in the next step, while its behavior speed is inversely 

proportional to the distance between the two fluids. At this time, the fluid particle near 



16 

 

the boundary has the maximum approaching or moving away velocity, and the 

corresponding Lyapunov exponent has a minimum or maximum value at this position. 

Subseuuently, Haller (2001) proved through rigorous mathematical derivation that the 

extreme value of FTLE is the boundary of the vortex structure. 

The transformation from the instantaneous velocity field to the trace field is the 

basic link of FTLE. The following bold fonts represent vectors. For any unsteady flow 

field 𝒖(𝒙, 𝑡) ∈ 𝐷 , the flow trace with initial position and time of 𝒙0  and 𝑡0 , 

respectively, can be calculated as follows: {�̇�(𝑡; 𝑡0, 𝒙0) = 𝒖(𝒙(𝑡; 𝑡0, 𝒙0), 𝑡)𝒙(𝑡0; 𝑡0, 𝒙0) = 𝒙0 . 

In this case, we can define the flow map 𝜙𝑡0𝑡  as the position map of a point in the 

domain moving from the initial time 𝑡0 to the final time 𝑡, i.e. 𝜙𝑡0𝑡 : 𝐷 → 𝐷: 𝒙0 → 𝜙𝑡0𝑡 (𝒙0) = 𝒙(𝑡; 𝑡0, 𝒙0). 
Then any point 𝒙 ∈ 𝐷 is located at 𝜙𝑡0𝑡0+𝑇(𝒙) from 𝑡0. Assuming that there is a point 𝒚 infinitely close to 𝒙 at 𝑡0, it can be expressed as 𝒙 + δ𝒙(𝑡0), where δ𝒙(𝑡0) is an 

infinitesimal uuantity. And over time, the distance between these two points will change, 

and the infinitesimal becomes: δ𝒙(𝑡0 + 𝑇) = 𝜙𝑡0𝑡0+𝑇(𝒚) − 𝜙𝑡0𝑡0+𝑇(𝒙) = 𝑑𝜙𝑡0𝑡0+𝑇(𝒙)𝑑𝑥 δ𝒙(𝑡0) + Ο(‖δ𝒙(𝑡0)‖2). 
Its amplitude is  

‖𝒙(𝑡0 + 𝑇)‖ = √〈δ𝒙(𝑡0), 𝑑𝜙𝑡0𝑡0+𝑇(𝒙)𝑑𝑥 ∗ 𝑑𝜙𝑡0𝑡0+𝑇(𝒙)𝑑𝑥 δ𝒙(𝑡0)〉, 
where the symbol “*” represents the adjoint matrix. The symmetric matrix Δ = 𝑑𝜙𝑡0𝑡0+𝑇(𝒙)𝑑𝑥 ∗ 𝑑𝜙𝑡0𝑡0+𝑇(𝒙)𝑑𝑥   

is a finite-time version of the Cauchy-Green deformed tensor. If the definition: 𝜎𝑡0𝑇 (𝒙) = 1|𝑇| 𝑙𝑛√𝜆𝑚𝑎𝑥(Δ), 
the maximum stretch rate occurs at: max𝛿𝒙(𝑡0)‖𝒙(𝑡0 + 𝑇)‖ = √𝜆𝑚𝑎𝑥(Δ)‖δ𝒙̅̅̅̅ (𝑡0)‖ = 𝑒𝜎𝑡0𝑇 (𝒙)|𝑇|‖δ𝒙̅̅̅̅ (𝑡0)‖. 

At this time, 𝜎𝑡0𝑇 (𝒙)  is the Lyapunov exponent of the point 𝒙 ∈ 𝐷  at 𝑡0  after the 
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finite integration time 𝑇. 



18 

 



19 

 

 

FIG. 8 The contours of hairpin vortex structures on smoot flat wall without control at the 
reference time of (a) 𝑡1 − 4Δ𝑡, (b) 𝑡1 − 2Δ𝑡, (c) 𝑡1, (d) 𝑡1 + 2Δ𝑡, (e) 𝑡1 + 4Δ𝑡 

Based on the data measured in this experiment without control, the hairpin vortex 

packet structure and the generation process of the new hairpin vortex are successfully 

captured. Under the shooting conditions of this time, three formed hairpin vortex 

packets are found in about 2000 continuous velocity fields, and a representative one 

will be selected for display below. Fig.8 depicts the FTLE contours of a smooth plate 

without control at different times, and for comparison, the fluctuation velocity contours 

and vector field at the same time are added. Time 𝑡1 is defined as the moment when 

the new hairpin vortices are about to be generated, and the time interval Δ𝑡 is set to 

0.0,s. From each instantaneous field, it can be found that the black solid circles mark 

the clockwise vortex region, and these regions are considered to be the vortex heads of 

the hairpin vortices. In the corresponding FTLE field, which is also marked with black 

circles at the same position, it can be seen that this region appears at the upper right of 

each helical structure. According to the FTLE derivation, these helical structures are 

the vortex legs of the hairpin vortices. However, the identifications of the hairpin head 

by the instantaneous fields and the FTLE fields are not completely consistent, which 
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may be explained by a small error between the instantaneous uuantities and integral 

uuantities. 

 At time 𝑡1 − 4Δ𝑡 (Fig.8(a)), it can be found that five hairpin vortices (from H1 

to H5) appear upstream of FOV, aligning with the free flow at a certain angle to form 

a hairpin vortex packet. And it can be seen that a large-scale low-momentum region is 

generated inside the hairpin vortex, while the outside is a high-speed fluid region, which 

is consistent with the findings of Adrian et al. (2000). These two regions are thought to 

be generated under the synergistic induction of hairpin vortices. At time 𝑡1 − 2Δ𝑡 
(Fig.8(b)), the vortex core of H2 on the downstream side is slightly higher than of H1, 

and thus it has a slightly larger streamwise velocity, so that the vortex head of H2 

gradually approaches H1 and the vortex legs are elongated due to the speed difference 

caused by the height. The two vortices tend to merge. The hairpin vortex packet model 

explains the phenomenon of multiple ejections of fluid in a turbulent burst (Alfredsson 

and Johansson 1984). At time 𝑡1 (Fig.8(c)), induced by the hairpin vortex packet, a 

strong ejection event is generated upstream of H5, which subseuuently causes the low-

velocity fluid below it to jet into the upper region and shear with the high-velocity fluid 

at a higher position. The new hairpin vortex begins to gradually form under the action 

of shear force, which is marked with a black dashed circle. Meantime, it is shown in 

the FTLE field that the vortex heads of the two vortices in the fusion state are basically 

in the same streamwise direction, but only one vortex can be seen in the instantaneous 

field, indicating that the two vortices have been fused, and H1 is used to mark the 

vortex after fusion. At the time 𝑡1 + 2Δ𝑡  and 𝑡1 + 4Δ𝑡  (Fig.8(d) and 8(c)), a new 

hairpin vortex packet consisting of three hairpin vortices H6, H7 and H8 is revealed 

and develops downstream over time. During the whole time period, the large-scale low-

momentum region plays a crucial role in the generation and development of the hairpin 

vortex packet. According to the Taylor’s frozen hypothesis, it can be concluded that the 

streamwise scale of this region is about 2𝛿0. 
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FIG. 9 The contours of the hairpin vortexes generated under the control of the synthetic jet at the 
reference time of (a) 𝑡2, (b) 𝑡2 + Δ𝑡, (c) 𝑡2 + 2Δ𝑡 

Berk and Ganapathisubramani (2000) experimentally found that the applied 

periodic synthetic jet can generate vortex structures periodically. Fig.9 illustrates the 

FTLE fields with the flow field under the synthetic jet control at different times. 𝑡2 is 

the time randomly selected in the continuous field seuuence. At time 𝑡2 (Fig.9(a)), it 

can be seen that there are eight formed hairpin vortices (from H3 to H10) arranged in 

a row, and two hairpin vortices (H1  and H2 ) that gradually dissipate, which is 

consistent with what Chaudhry and Zhong (2014) observed with the flow display. These 

ordered hairpin vortices are periodically generated by the synthetic jet, while the earlier 

hairpin vortices are located further downstream due to the streamwise velocity. They 

are arranged obliuuely, which indicates that their development trend is similar to that 

of hairpin vortices on smooth plates. The curve formed by each vortex core is almost 

close to zero contour line in Fig.,(a), which indicates that the large-scale low-
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momentum region is caused by the joint induction of hairpin vortices. Meanwhile, the 

generation of the low-speed streak in Fig.,(b) is also explained, and zero contour line 

in the figure can roughly describe the motion trend of the two hairpin vortex legs. At 

time 𝑡2 + Δ𝑡  and 𝑡2 + 2Δ𝑡  (Fig.9(b) and 9(c)), new hairpin vortices (from H11  to H13) keep appearing, while old hairpin vortices (H3) gradually disappear. However, 

from the comparison between Fig.9(a) and Fig.9(c), it can be found that the position 

where the hairpin vortex dissipates is not certain, which shows that the disturbance of 

the synthetic jet gradually decreases with the downstream, so that the hairpin vortex 

located at a more downstream position is more susceptible to the instability of the 

incoming flow. 

 

3.3 Dynamic contributions of wall friction resistance coefficient 

Passive controls such as grooves and superhydrophobicity can uniformly affect 

the flow field, while the disturbance generated by the synthetic jet is non-uniform and 

local, so the drag reduction rate it produces will also change with different position. 

For a full-developed TBL, the local wall frictional drag coefficient 𝑐𝑓  can be 

decomposed into four different dynamic contributions: the boundary layer thickness 

contribution 𝑐𝛿, the Reynold shear stress term 𝑐𝑇, the mean convection term 𝑐𝐶, and 

the spatial development term 𝑐𝐷. The formula (FIK identity) can be expressed in the 

following form: 𝑐𝑓(𝑥) = 𝑐𝛿(𝑥) + 𝑐𝑇(𝑥) + 𝑐𝐶(𝑥) + 𝑐𝐷(𝑥) = 4(1−𝛿∗)𝑅𝑒𝛿 + 2∫ 2(1 − 𝑦)10 (−𝑢′𝑣′̅̅ ̅̅ ̅̅ )𝑑𝑦 +2∫ 2(1 − 𝑦)10 (−�̅��̅�)𝑑𝑦 − 2∫ (1 − 𝑦)2 (𝜕𝑢𝑢𝜕𝑥 + 𝜕𝑢′𝑢′̅̅ ̅̅ ̅̅ ̅𝜕𝑥 − 1𝑅𝑒 𝜕2�̅�𝜕𝑥2)10 𝑑𝑦, 

where 𝛿∗  represents the displacement thickness. In the calculation process, all 

parameters in the formula are dimensionless with the outer scale length 𝛿0 = 0.046m 

and outer scale velocity 𝑈∞ = 0.2,,m/s. It should be noted, however, that 𝑐𝐶 and 𝑐𝐷 are not present in fully developed channel flow and pipe flow. 
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FIG. 10 The curves of (a) nominal boundary layer thickness and (b) 𝑐𝛿 with 𝑥 direction 

In the above formula, the Reynolds number 𝑅𝑒𝛿 = 𝑈∞𝛿𝜐  , and the nominal 

boundary layer thickness 𝛿 is based on the normal height corresponding to 0.99𝑈∞. 

Fig.10 demonstrates the curves of nominal boundary layer thickness 𝛿  and its 

contribution 𝑐𝛿 with the streamwise direction, respectively. It can be observed from 

Fig.10(a) that in the uncontrolled smooth plate, the thickness of the developing TBL is 

gradually increased and its increment remains basically constant within the same 

displacement. Under the periodic perturbation of the synthetic jet, the thickness of the 

boundary layer at any streamwise direction position is obviously thinned. After 

applying control, the curve shows a trend of faster growth when 𝑥 𝛿0⁄ < 1 and slower 

growth when 𝑥 𝛿0⁄ >  1 approximately. Sano and Hirayama (198,) found that the 

synthetic is essentially periodic blowing and sucking, and for the same mass flux, the 

average effect in the flow field is vertical upward blowing. The resulting normal 

velocity will cause the low-speed fluid downstream of the jet hole to move upward, 

resulting in a large bulge in the boundary layer thickness curve (blue curve), which is 

consistent with the conclusion obtained by Kim and Adrian (1999). In the curves of 

Fig.10(b), the values of 𝑐𝛿  with control are all larger than those without control, 

indicating that the synthetic jet makes the boundary layer thickness become a drag-

increasing term. 
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FIG. 11 The curves of (a) Reynolds shear stress and (b) 𝑐𝑇 with 𝑥 direction 

The value range of 𝑦 is the area between the upper surface of plate and the height 

corresponding to the thickness of TBL. Fig.11(a) shows the control curve and 

uncontrolled curve of the mean value of Reynolds shear stress in the boundary layer 

with the streamwise direction. As can be seen from the figure, the large range 

disturbance of the synthetic jet increases the Reynolds shear stress in the whole region. 

In the vicinity of the jet hole, the curve decreases first, then increases and then slowly 

decreases, resulting in a local maximum value, while the maximum velocity deficit 

occurs just near the corresponding streamwise direction position in Fig.,(a). When 

there is no control, the Reynolds shear stress shows a trend of slowly increasing with 

the streamwise direction. It can be considered that the continuous development of TBL 

makes the coherent structure in the flow field more and more complex and disorderly, 

which is consistent with the curve trend obtained by Kametani and Fukagata (2011). It 

is observed from the difference between the two curves that the gap becomes smaller 

and smaller along the downstream, which is caused by the continuous attenuation of 

disturbance and the gradual separation of the flow field from the influence of the 

synthetic jet, and this is consistent with the description in Fig.5(a). Fig.11(b) depicts the 

curves of the Reynold shear stress term 𝑐𝑇 with the streamwise direction in two cases. 

It can be seen that the variation trend of 𝑐𝑇 is similar to that of Reynolds shear stress, 

and it also indicates that the Reynolds shear stress term increases the wall friction 

coefficient under the action of the synthetic jet, which is a drag increasing term. 
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FIG. 12 The curves of 𝑐𝐶 with 𝑥 direction 

Fig.12 illustrates the curves of mean convection term 𝑐𝐶  with the streamwise 

direction under controlled and uncontrolled conditions. It can be seen that the average 

convection term has a negative contribution to the wall frictional drag coefficient in 

both cases, and its contribution gradually decreases with the downstream. In the region 

close to the jet hole, the synthetic jet makes the mean convective term more intense, but 

it also decays faster downstream, and finally maintains a similar decay rate with the 

uncontrolled case. 

 
FIG. 13 The curves of 𝑐𝐷 with 𝑥 direction 

Fig.13 demonstrates the curves of the spatial development term 𝑐𝐷  with the 

streamwise direction in two cases. It can be found that both curves are positive, 

representing the incremental drag term. The synthetic jet makes the spatial development 

term have a similar trend with the mean convective term, which is more intense near 
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the hole, as the downstream curve gradually approaches the undisturbed condition. 

 

FIG. 14 The curves of (a) 𝑐𝑓 and (b) the skin-friction drag coefficient ratio with 𝑥 direction 

Finally，according to the FIK identity, the four dynamic contributions are added 

together to obtain the curve of local wall friction drag coefficient 𝑐𝑓  with the 

streamwise direction, as depicted in Fig.14(a). It can be seen from the figure that the 

two curves generate an intersection point at the streamwise direction position of about 

0.38𝛿0. On the left side of the intersection point, the synthetic jet shows drag increase, 

while on the right side, it shows drag reduction. As the two curves keep approaching 

downstream, it shows that the drag reduction effect is gradually weakened, which also 

reflects that the drag reduction effect produced by the synthetic jet is local. Fig.14(b) 

describes the curve of the ratio of wall friction drag coefficients with and without 

control with the streamwise direction, calculated using small FOV data processed by 

the SPEC algorithm. When 𝑐𝑓1 𝑐𝑓0⁄ > 1, the result is drag increase, on the contrary, 

drag reduction, and the smaller value is, the better the drag reduction effect. In Fig.14(b), 

the streamwise direction position corresponding to the critical point of drag increase 

and decrease is basically the same as that in Fig.14(b). At about 𝑥 = 0.5,𝛿0, the drag 

reduction rate reaches a maximum of 12.2%, and gradually decreases due to the 

disturbance of the synthetic jet as the downstream continues to weaken. Although the 

drag reduction effect shown in the two figures is similar, there is a certain difference in 

drag reduction intensity, which may be caused by the fact that the average pressure 

gradient made by the synthetic jet is non-zero, while the average pressure gradient is 

assumed to be zero in the derivation of FIK identity. Therefore, FIK identity is more 
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suitable to study the drag reduction mechanism of the synthetic uualitatively. 

  

FIG. 15 The dynamic contributions to the overall wall friction resistance coefficient (×10-3) 

In the FIK identity, some terms show positive contribution to frictional resistance, 

while others show negative contribution. In the fully developed smooth plate flow field, 

the boundary layer thickness term, Reynolds stress term and spatial development term 

are used to increase the wall friction resistance, and the mean convection term is used 

to reduce it. After the synthetic jet control, all the components increased, but still 

retained their original effects. It can also be found from the comparison of the above 

curves that, in the downstream of the jet hole, the mean convection term 𝑐𝐶 is strong 

resistance reduction factor, and the spatial development term 𝑐𝐷  is the strong 

resistance enhancement factor. From these analyses, we can conclude that the mean 

convection term 𝑐𝐶, including �̅��̅�, plays a very important role in determining the drag 

reduction or increase of the synthetic jet. If the average convection term can be 

enhanced and the fluctuation of spatial development term can be controlled, better drag 

reduction effect will be achieved. This conclusion can also be explained more clearly 

by the decomposition of the overall friction coefficient 𝐶𝑓 , which is expressed as 

follows: 𝐶𝑓 = 1𝐿𝑐𝑡𝑟 ∫ 𝑐𝑓𝑑𝑥𝐿𝑐𝑡𝑟0 = 1𝐿𝑐𝑡𝑟 ∫ 𝑐𝛿𝑑𝑥𝐿𝑐𝑡𝑟0 + 1𝐿𝑐𝑡𝑟 ∫ 𝑐𝑇𝑑𝑥𝐿𝑐𝑡𝑟0 + 1𝐿𝑐𝑡𝑟 ∫ 𝑐𝐶𝑑𝑥𝐿𝑐𝑡𝑟0 +
1𝐿𝑐𝑡𝑟 ∫ 𝑐𝐷𝑑𝑥𝐿𝑐𝑡𝑟0 = 𝐶𝛿 + 𝐶𝑇 + 𝐶𝐶 + 𝐶𝐷. 

In the formula, 𝐿𝑐𝑡𝑟  is the streamwise direction range calculated. The results are 

shown in Fig.1,. In the area from the jet hole (𝑥 = 0) to 𝑥 = 1.93𝛿0, the synthetic jet 
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reduces the friction resistance coefficient from 3.66 to 3.,0, achieving the overall drag 

reduction effect. The increment of negative contribution of the average convection term 𝑐𝐶 is larger than that of the total positive contribution of the other three terms, which 

plays a key role in drag reduction. 

 

3.4 Proper orthogonal decomposition 

The complexity of TBL flows mainly comes from the coherent structures 

contained therein. As Liepmann (1959) said, the most important aspect of coherent 

structures in turbulence is to control turbulence by controlling such structures. Q2 event 

and Q4 event, as coherent structures, are the main sources of Reynolds shear stress and 

turbulent kinetic energy (TKE) in the near-wall region. Especially the Q4 event is also 

one of the reasons for the increase of skin friction resistance (Xu et al. 2013). 

The coherent structure in TBL has the characteristics of multi-scale. In this part, 

the flow field is divided into different scales according to the energy content by using 

POD. Bakewell and Lumley (1965) first applied POD to the field of turbulence and 

extracted the large-scale structure in the near-wall region of a circular pipe flow. Then 

Sirovich et al. (1990) utilized digital imaging analysis to give the specific 

implementation means of POD, and proposed that the sum of the first several terms 

obtained by decomposition can represent the large-scale structure, while the rest 

represent the small-scale structure. The specific process of POD is as follows: 

Firstly, the fluctuation velocity field matrix should be constructed. For discrete 

data, it can be written as 

𝑈 = [ 𝑈11′ 𝑈12′𝑈21′ 𝑈22′ ⋯ 𝑈1𝑁′⋯ 𝑈2𝑁′⋮ ⋮𝑈𝑀1′ 𝑈𝑀2′ ⋱ ⋮⋯ 𝑈𝑀𝑁′ ] = [𝑈′(𝑡1) 𝑈′(𝑡2) ⋯ 𝑈′(𝑡𝑁)]. 
In the above euuation, the wall-normal and streamwise fluctuation velocities are 

collectively described as 𝑈′ = (𝑢′, 𝑣′) , while 𝑀  and 𝑁  represent the number of 

space points and time points respectively. Then, singular value decomposition (SVD) 

is utilized to express 𝑈 as 𝑈 = 𝐿Σ𝑅𝑇, 
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where, Σ is the singular value matrix, 𝐿 and 𝑅 are the left and right eigenvectors of 

singular values respectively. In this case, the correlation function matrix of the velocity 

field is 𝐶 = 𝑈𝑇𝑈 = 𝑅Σ𝐿𝑇𝐿Σ𝑅𝑇 = 𝑅Λ𝑅𝑇. 

In the formula, Λ represents the eigenvalue matrix of 𝐶, and 𝑅 is the corresponding 

eigenvector. The elements in the eigenvalue matrix Λ are arranged in descending order, 

and the corresponding eigenvectors 𝑅 are also arranged in the order of Λ. The 𝑖th 

eigenvalue is the contribution of the 𝑖th mode to the total TKE of the flow field, which 

is shown in a proportional form: 𝐸𝑖 = Λ𝑖 ∑ Λ𝑖𝑁𝑖=1⁄ . 

At this point, the fluctuation velocity field can be expressed as: 𝑈(𝑡𝑛) = ∑ 𝑎𝑖(𝑡𝑛)Φ𝑖𝑁𝑖=1 , 

where, the basis function Φ𝑖 = 𝑈𝑅𝑖‖𝑈𝑅𝑖‖, and the time coefficient 𝑎(𝑡𝑛) = Φ𝑇𝑈(𝑡𝑛). 

 

FIG. 16 The curves of POD energy contribution: (a) contribution of single mode, (b) cumulative 
contribution of modes 

Generally speaking, large-scale structure has higher energy content, while small-

scale structure has lower energy content. Here, continuous 8000 instantaneous 

fluctuation velocity fields are applied to POD. Fig.16(a) illustrates the curves of the 

TKE of a single mode with and without control with respect to the number 𝑁 of modes. 

In Fig.16(a), since the POD method arranges the modes according to their energy 

contributions, the first mode always has the highest energy and the energy is decreasing. 

Under the condition of control, the energy contribution of the first three modes 
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decreases obviously, and the contribution of the other high order modes increases 

slightly, indicating that the synthetic jet weakens the large-scale energetic structure 

while strengthens the small-scale energetic structure. POD can not only separate the 

coherent structures at different scales in turbulent flow according to the energy 

contribution, but also reconstruct the low-dimensional dynamical system based on the 

scale separation. Fig.16(b) shows the ratio of the accumulated energy (Sum 𝐸𝑖 =∑ 𝐸𝑚𝑖𝑚=1 ) of the first 𝑖 modes to the overall TKE. It can be seen from the figure that 

the accumulated energy of any mode after disturbance is almost smaller than that 

without disturbance, which indicates that the weakening effect of the synthetic jet on 

large-scale structure is strong. At this point, the lower-order POD modes with higher 

energy reconstruct the large-scale flow field, while the remaining POD modes 

constitute the small-scale flow field. However, the selection of the boundary between 

large and small scales is subjective. This part refers to the views of Wu and Christensen 

(2010), and selects ,0% of accumulative energy as the threshold value. With and 

without control, the number of modes corresponding to ,0% of the accumulated energy 

is 20 and 13, respectively. 

In order to explore the change of large-scale and small-scale bursting events after 

applying the synthetic jet, we extract them from the reconstructed two scale flow fields 

using an improved uuadrant splitting method (IQSM) (Guan et al. 2013; Yang and Jiang 

2012). Firstly, the structure function of two-dimensional local average velocity based 

on discrete data needs to be given: 𝛿𝑢𝑥(𝑥0, 𝑙𝑥; 𝑦0) = 𝑢(𝑥, 𝑦0)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ 𝑥∈[𝑥0,𝑥0+𝑙𝑥] − 𝑢(𝑥, 𝑦0)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ 𝑥∈[𝑥0−𝑙𝑥,𝑥0] 𝛿𝑣𝑦(𝑥0; 𝑦0, 𝑙𝑦) = 𝑣(𝑥0, 𝑦)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ 𝑦∈[𝑦0,𝑦0+𝑙𝑦] − 𝑣(𝑥0, 𝑦)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ 𝑥∈[𝑦0−𝑙𝑦,𝑦0], 
where 𝑙𝑥,𝑦 = 4 is the detection range of the detection point in four directions. In the 

physical sense, this function represents the compression or stretching of the turbulent 

local structures in the direction of study. In this case, IQSM formula can be expressed 

as 𝐷(𝑥0, 𝑙𝑥; 𝑦0, 𝑙𝑦) =
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{  
     1(Q2)       if      𝑢′<0 and 𝛿𝑢𝑥−<0 and 𝛿𝑢𝑥+>0 and𝑣′>0 and 𝛿𝑣𝑦−>0 and 𝛿𝑣𝑦+<0−1(Q4)       if      𝑢′>0 and 𝛿𝑢𝑥−>0 and 𝛿𝑢𝑥+<0 and𝑣′<0 and 𝛿𝑣𝑦−<0 and 𝛿𝑣𝑦+>0   0        otherwise                                              . 

 
FIG. 17 Vectors of fluctuation velocity and the streamwise velocity contours of large-scale 

structure: (a) Q2 event without control, (b) Q2 event with control, (c) Q4 event without control, 
(d) Q4 event with control at 𝑦 𝛿0 = ⁄ 0.12 

According to IQSM, the detected points are the locations with the strongest local 

burst events, and the surrounding areas can be extracted. The universal burst events in 

the flow field can be characterized by superposition and average of these areas 

(conditional average). The detection region without control is the whole flow field, 

while in the controlled case, it is the range of 𝑥 𝛿0⁄ > 0.2,, for the sake of studying 

the drag reduction mechanism. In both cases, the near-wall region with normal height 𝑦 𝛿0⁄ = 0.12 is selected. After the conditional averaging techniuue, the position of the 

checkpoint is defined as ∆𝑥 𝛿0⁄ = 0, 𝑦 𝛿0⁄ = 0.12.  

Fig.15 depicts the fluctuation velocity vectors and streamwise velocity contours 

for large-scale Q2 and Q4 events under the two conditions. The zero isoline is marked 

by solid black line, and the dashed black line is the area of 𝑢𝐿′ 𝑈∞ = ⁄ 0.04. It can be 

seen from Fig.15(a) and 15(b) that the narrowing trend of the range of zero isolines 

represents that the influence range of large-scale Q2 events on local areas becomes 

smaller after control. The dimensionless streamwise length of 𝑢𝐿′ 𝑈∞ = ⁄ 0.04 is about 

0.5 without control and 0.4 with control, which indicates that the synthetic jet reduces 
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the scale of large-scale Q2 events, but the intensity at the center is not significantly 

weakened. These similar phenomena are observed in the large-scale Q4 events shown 

in Fig.15(c) and 15(d). In the picture, normal uplift occurs on the contour line 𝑢𝐿′ 𝑈∞ = ⁄ 0.04 under controlled condition, denoting that the synthetic jet drives large-

scale structures away from the wall, so as to reduce the normal transport of energy and 

momentum on the wall, and weaken the high friction resistance caused by the high-

speed fluid sweep in near-wall region. The bursting events are mainly induced by 

streamwise vortices, so the results indirectly prove that the uplift effect of the synthetic 

jet raises the normal height of large-scale streamwise vortices, which is consistent with 

the findings of Lu et al.23. 

 

FIG. 18 Vectors of fluctuation velocity and the streamwise velocity contours of small-scale 
structure: (a) Q2 event without control, (b) Q2 event with control, (c) Q4 event without control, 

(d) Q4 event with control 

Fig.18 describes the fluctuation velocity vectors and streamwise velocity contours 

for small-scale Q2 and Q4 events under the two conditions. Black solid line is zero 

contour line. After the control is applied, the black dashed line shows the area with a 

similar range to the previous one. It can be found from these figures that both the 

streamwise scale and the normal scale of the zero isoline are obviously reduced, which 

indicates that the synthetic jet limits the scope of small-scale bursting events in the near-

wall region of the flow field. Within the dashed line, the synthetic jet increases the 
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intensity of small-scale events, which is also responsible for the increased energy 

contribution of the POD higher-order modes, but its intensity decays more rapidly with 

distance. 

In conclusion, the influence range of large-scale and small-scale bursting events is 

reduced after applying the synthetic jet. The normal transport of energy and momentum 

brought to the wall by large-scale Q2 events is weakened, and the friction resistance 

caused by large-scale Q4 events is reduced. Therefore, the drag reduction effect is 

obtained in the downstream of the jet hole. 

 

4 Conclusion 

The instantaneous velocity fields of the 𝑥 − 𝑦  plane and 𝑥 − 𝑧  plane were 

collected by a 2D TR-PIV system. The average velocity profile in the near wall region 

calculated by the SPEC algorithm is fitted with linear law to obtain the wall friction 

resistance, and the results exhibit that under the action of synthetic jet, and average drag 

reduction rate is 6.2% in the range of 0.33𝛿0~0.88𝛿0 downstream of the jet hole. 

The difference between the controlled and uncontrolled average velocities shows 

that the synthetic jet generates a wide range of momentum deficit downstream and its 

height increases with the streamwise direction. A low-speed streak is formed, and its 

spanwise range expands to both sides along 𝑥 direction. When the sinusoidal synthetic 

jet with a fixed freuuency of 26Hz is applied, the PSD corresponding to 26Hz can 

represent the disturbance intensity of the jet. The results show that the disturbance is 

inclined under the influence of incoming flow, and it is accompanied by a large velocity 

deficit where the disturbance is strong. 

The coherent structures in instantaneous flow field are visualized by FTLE 

techniuue. A hairpin vortex packet composed of five hairpin vortices is captured in a 

smooth plate without control, and a large-scale low-speed region is induced beneath it. 

A strong Q2 event exists in the upstream of the vortex packet, which raises the low-

velocity fluid below and shear with the high-velocity fluid at a higher position, resulting 

in the generation of new hairpin vortices. In controlled circumstances, it can be found 
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that the hairpin vortices are continuously generated near the jet opening under the 

influence of periodic disturbance of the synthetic jet. The evolution of these hairpin 

vortices just coincides with the variation trend of the velocity deficit region and the 

low-speed streak shown in Fig.,. It indicates that the low-speed region is caused by the 

joint induction of these hairpin vortex heads, and the generation of low-velocity streak 

is related to the two forward vortices (vortex legs). 

The drag reduction mechanism of synthetic jet is investigated uualitatively using 

FIK identity. The results exhibit that 𝑐𝛿 , 𝑐𝑇 , 𝑐𝐶  and 𝑐𝐷  are enhanced to varying 

degrees under control, while the mean convection term 𝑐𝐶 and the spatial development 

term 𝑐𝐷 , as strong drag reduction factor and strong drag enhancement factor 

respectively, play a crucial role in drag reduction due to the regulation of the synthetic 

jet. Meantime, it is verified that the drag reduction effect is local. According to the wall 

friction coefficient calculated based on the SPEC algorithm, it can be seen that the 

synthetic has a drag reduction effect when 𝑥/𝛿0 >  0.38. The drag reduction rate 

reaches the maximum at about 𝑥/𝛿0 = 0.5,, which is 12.2%, and then its strength 

gradually decreases with the downstream. 

After using POD, it is acuuired that the synthetic jet weakens the energy proportion 

of the large-scale energetic structure in low-order modes, but enhances the small-scale 

energy proportion. The large-scale flow field is reconstructed according to ,0% of the 

accumulated energy of each mode flow field obtained by POD, and the remaining 

modes are composed of small-scale flow field. The conditional average is utilized to 

extract the bursting events at the height of 𝑦 𝛿0⁄ = 0.12. The results show that in the 

region 𝑥/𝛿0 > 0.2,, the synthetic jet reduces the influence range of large-scale and 

small-scale bursting events, and weakens the normal transport of momentum and 

energy in the near wall region caused by large-scale Q2 events and the wall friction 

resistance caused by large scale Q4 events, so that the drag reduction effect is achieved.  
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