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Abstract 

The manipulation of turbulent jet mixing performance possesses many potential 

benefits in various industrial applications. This work reports an experimental 

investigation on the active control of a turbulent round air jet with two unsteady 

radial microjets used. The duel microjets were deployed at diametrically opposite 

positions upstream of the jet exit. The Reynolds number was 8,000. The mass flow 

rate ratio Cm of two microjets to that of the main jet and the ratio 𝑓e 𝑓0′⁄  of the 

excitation frequency 𝑓e  to preferred-mode frequency 𝑓0′  in the uncontrolled jet 

with Cm = 0 and 𝑓e ≠ 0 were varied over the ranges of 0 – 16% and 0 – 1.4, 

respectively. The dependence of jet mixing on Cm and 𝑓e 𝑓0′⁄  was first determined. 

The decay rate K of jet centerline time-averaged velocity shows a strong dependence 

on Cm and 𝑓e 𝑓0′⁄ . The K value is increased, as compared with the control of steady 

microjets at the same Cm, by more than 80% given 𝑓e 𝑓0′⁄  = 1 and Cm = 1.5%, 

suggesting a significantly improved control efficiency with unsteady microjets 

deployed. Given 𝑓e 𝑓0′⁄ , say near unity, the dependence of K on Cm is classified as 

three distinct types in terms of required Cm, achievable enhancement in K and flow 

physics involved. In Type I (Cm = 0 – 2.6%), the significantly increased value of K 

results from the enhanced strength of large-scale coherent structures. The same 

magnitude of K as in Type I is also achieved in Type III (Cm = 4.5% – 16%), which 

is ascribed to fully developed turbulence under the excitation of microjets. Type II 

(Cm = 2.6% – 4.5%) is a transition between Types I and Type III and is characterized 
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by a less enhanced K. 

Great effort is made to understand thoroughly the flow physics connected with 

the microjet-controlled jet of Type I, under which jet mixing can be greatly improved 

with a small Cm. Detailed measurements were conducted in two orthogonal 

diametrical planes through the geometric axis of the flow and a number of 

cross-sectional planes normal to the geometric axis using flow visualization and 

particle image velocimetry (PIV) techniques. Mean velocity contours indicate that 

strong entrainment is predominant in the injection plane of microjets. On the other 

hand, rapid spreading occurs in the orthogonal non-injection plane. The vorticity 

concentrations appear to be tadpole-like in the injection plane, engulfing ambient 

fluid into the jet core. A close examination of flow visualization photographs 

displays that a number of structures are sequentially ‘tossed’ out along the radial 

direction in the non-injection plane, which is accompanied by a strong ejection of jet 

core fluid, often in the form of one pair of mushroom-like counter-rotating structures 

and one pair after another. The finding is distinct from previously reported changes 

in the flow structure under the manipulation of steady microjets, tabs and other 

techniques. A conceptual model of the flow structure under the excitation of two 

unsteady microjets is proposed for the first time. 

In order to achieve autonomously the optimal control performance, an 

extremum-seeking feedback control has been developed on the basis of the 

open-loop control results. It has been found that, given Cm, this closed-loop control 

technique may obtain automatically and rapidly the optimal value of fe and the 
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desired or maximum K, as achieved in the open-loop control. This control technique 

is found to be robust and adaptable, that is, the optimal control performance is 

automatically achieved when the Reynolds number is changed. Based on the 

dependence of jet shear layer rollup frequency on fe, a separate flow-physics-based 

feedback control strategy has also been investigated. This technique may again 

achieve automatically the optimal control performance, and is further characterized 

by a shorter convergence time, shortened by one order of magnitude compared with 

the extremum seeking control. 
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Nomenclature 

Normal Symbols 

a Perturbation amplitude 

a Acceleration vector 

Cm Mass flow rate ratio of microjets to that of the main jet 

dr Diameter of rotating orifices 

ds Diameter of stationary orifices 

D Exit diameter of the nozzle extension 

De Hydraulic diameter of the exit of noncircular nozzle 

Eu Power spectral density function 

f0 Preferred-mode frequency in the uncontrolled jet with Cm = 

0 and fe = 0 

𝑓0′ Preferred-mode frequency in the uncontrolled jet with Cm = 

0 and fe ≠ 0 

fe Excitation frequency of microjets 

fe,i Initial excitation frequency 

fe,optimal Optimal value of excitation frequency 

fHP High-pass cutoff frequency 

fLP Low-pass cutoff frequency 

fr Frequency of the rotating disk 

fsin Frequency of sinusoidal perturbation 
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fv Vortex passage frequency 

fv,optimal Optimal value of vortex passage frequency 

F Function 

H Shape factor 

k Gain or Roll-off exponent 

K Jet centerline velocity decay rate 

Kmax Maximum of jet centerline velocity decay rate 

L Length 

N Revolving speed of the rotor of the motor 

r Polar axis of cylindrical coordinates 

R Radius 

Re Reynolds number 

R0.01 Radius at 𝑈� 𝑈�c⁄ = 0.01 

R0.99 Radius at 𝑈� 𝑈�c⁄ = 0.99 

s Differential operator d
d𝑡

 in transfer function of filters 

SI Separation between vortices about the injection plane 

SN Separation between vortices about the non-injection plane 

t Time 

u Streamwise fluctuating velocity along x-axis of Cartesian 

coordinates 

U Streamwise velocity component along x-axis of Cartesian 

coordinates 
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Ue Jet centerline velocity at the exit of the nozzle extension 

V Lateral velocity component along y-axis of Cartesian 

coordinates 

Vx Velocity component along the longitudinal axis of 

cylindrical coordinates 

Vθ Velocity component along the angular coordinate of 

cylindrical coordinates 

Vr Velocity component along the polar axis of cylindrical 

coordinates 

Vin Amplitude of the input signal to actuators 

V Velocity vector 

𝑈� Time-averaged streamwise velocity along x-axis of Cartesian 

coordinates 

𝑉�  Time-averaged lateral velocity along y-axis of Cartesian 

coordinates 

W Lateral velocity component along z-axis of Cartesian 

coordinates 

𝑊�  Time-averaged lateral velocity along z-axis of Cartesian 

coordinates 

𝑢𝑣����, 𝑢𝑤����, 𝑣𝑤���� Reynolds shear stress 

x x axis of Cartesian coordinates or  

longitudinal axis of cylindrical coordinates 
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y y axis of Cartesian coordinates 

z z axis of Cartesian coordinates 

 

Special Symbols 

�  Time-averaged quantity 

〈 〉 Moving-averaged quantity using 1-sec-long running window 

𝛁 Gradient 

∆ Correction term 

 

Greek Letters 

ν  Kinematic viscosity 

δ Displacement thickness of jet shear layer 

θ Momentum thickness of jet shear layer or  

Angular coordinate of cylindrical coordinates 

ω Vorticity vector 

ωx Instantaneous streamwise vorticity along x axis of Cartesian 

coordinates 

ωy Instantaneous lateral vorticity along y axis of Cartesian 

coordinates 

ωz Instantaneous lateral vorticity along z axis of Cartesian 

coordinates 

ωr Instantaneous vorticity along the polar axis of cylindrical 
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coordinate system 

ωθ Instantaneous vorticity along the angular coordinate of 

cylindrical coordinate system 

ωsin Angular frequency of sinusoidal perturbation 

𝜔𝑥���� Time-averaged streamwise vorticity along x axis of 

Cartesian coordinates 

𝜔𝑦���� Time-averaged lateral vorticity along y axis of Cartesian 

coordinates 

𝜔𝑧���� Time-averaged lateral vorticity along z axis of Cartesian 

coordinates 

 

Superscript 

* Normalization by 𝑈e and/or D 

 

Subscripts 

c Jet centerline 

3D x = 3D 

5D x = 5D 

e Microjet excitation or exit of nozzle extension 

x x-axis or streamwise 

in Input 

r Polar axis of cylindrical coordinates or 
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Rotation 

θ Angular coordinate of cylindrical coordinates 

 

Abbreviations 

ARMAX Auto-Regressive Moving-Average eXogenous 

ES Extremum-Seeking 

FPB Flow-Physics-Based 

HP High-Pass filter 

LP Low-Pass filter 

PID Proportional-Integral-Derivative 

PIV Particle Image Velocimetry 

POD Proper Orthogonal Decomposition 

max Maximum 

NN Neural Network 

NS Navier-Stokes 

rms Root Mean Square 

RTI Real-Time Interface 
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CHAPTER 1 INTRODUCTION 

1.1 Background 

Understanding and controlling jet mixing performance is of fundamental and 

crucial importance to many engineering applications such as combustion, and 

chemical reactors. Recent reviews (Fiedler & Fernholz 1990; McManus, Poinsot & 

Candel 1993; Gutmark, Schadow & Yu 1995; Gutmark & Grinstein 1999, Glezer & 

Amitay 2002, Reynolds et al. 2003; Ginevsky, Vlasov & Karavosov 2004; Henderson 

2010) provide the excellent compendiums of published papers. 

1.2 Brief Literature Review 

1.2.1 Jet Flow Control 

1.2.1.1 Passive Control 

Passive techniques are frequently used to enhance jet mixing. One example is to 

deploy tabs at exit of the nozzle (Bradbury & Khadem 1975). A tab placed at the exit 

of an axisymmetric nozzle leads to the strong deformation of the mixing layer and 

subsequently the generation of a pair of counter-rotating streamwise vortices, thus 

enhancing significantly the entrainment of the ambient fluid with a slight thrust 

penalty (Zaman, Reeder & Samimy 1994; Reeder & Samimy 1996). Another passive 

technique is to use noncircular nozzles (Gutmark & Grinstein 1999, Zaman 1999). 

Azimuthal non-uniformities at the jet exit may have a dramatic impact upon the 
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evolution of shear layers since the three-dimensional jet development is particularly 

sensitive to initial conditions. Noncircular jets are naturally more unstable than their 

circular counterpart (Ho & Gutmark 1987; Hussain & Husain 1989; Husain & 

Hussain 1991, 1993; Mi, Nathan & Luxton 2000), and produce shorter potential core 

lengths due to faster decay.  

1.2.1.2 Active Open-Loop Control 

In spite of their impressive performances, the passive techniques are 

characterized by permanent fixtures. Once mounted, tabs are difficult to be removed 

or re-arranged; similarly, it is unpractical for any engineering application to 

implement frequently noncircular nozzle geometry alteration due to cost and physical 

constraints. In engineering, the jet operation conditions may vary, e.g. burners used in 

the process (cement, lime, glass, steel) industries; an optimally performed nozzle 

under a certain operation condition may not work optimally under another. In aircraft, 

the high-intense mixing is required only for specific flight phases such as taking off 

or combating. In contrast, the active control of jets has potential to achieve more 

flexible and drastic flow modifications. Naturally, many active techniques with 

different performance were proposed and investigated, including acoustic excitation 

(Cohen & Wygnanski 1987a, b; Ginevsky, Vlasov & Karavosov 2004), synthetic jet 

actuators (Smith & Glezer 1998, 2002; Glezer & Amitay 2002), a combination of 

controlled axial and azimuthal excitations at exit of the nozzle to produce bifurcating 

and blooming jets (Reynolds et al. 2003), plasma actuators (Moreau 2007; Samimy et 
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al. 2007a; Corke, Enloe & Wilkinson 2010), MEMS-based flap actuators (Suzuki, 

Kasagi & Suzuki 2004; Cattafesta & Sheplak 2011), oscillating boundaries based on 

piezo-electric actuators (Wiltse & Glezer 1993) or steady/unsteady control jets 

(Henderson 2010). 

The concept to use control jets to improve jet mixing performance was proposed 

by Davis (1982) and pursued by a number of investigators for steady blowing control 

jets (e.g. Lardeau, Lamballais & Bonnet 2002, Arakeri et al. 2003, Tamburello & 

Amitay 2006, New & Tay 2006, Zhou et al. 2012). Seidel et al. (2005) simulated the 

characteristics of jets from noncircular nozzle by deploying around a round main jet 

several steady radial blowing control jets. Their results have a good agreement with 

those of corresponding jets from noncircular nozzles (Mi, Nathan & Luxton 2000), 

indicating that a jet may be actively controlled, based on fluidic means, to obtain the 

optimal performance under different operation conditions.  

The control jet may be pulsed or unsteady type to optimize the efficiency of 

actuator (e.g. Freund & Moin 2000). Pulsed jet allows jet penetration depth and 

spread to be improved at specific conditions of external perturbation (Lardeau, 

Lamballais & Bonnet 2002), and may capitalize not only on large-scale changes via 

penetration but also on the excitation frequency to manipulate the intrinsic 

instabilities of the primary jet. There have been a number of investigations on 

unsteady fluidic excitation, which is not so well documented as its steady counterpart. 

Raman & Cornelius (1995) first demonstrated successfully the manipulation of a 

rectangular jet based on unsteady fluidic injection at ReDe = 1.35 × 105, where 
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subscript De is the hydraulic diameter of the rectangular nozzle exit. Two pulsed 

mini-jets were deployed, each placed at mid of the long side of the rectangular nozzle. 

The mass flow rate ratio Cm of the control jets to the primary or rectangular jet was 

24% and the excitation frequency ratio 𝑓e 𝑓0⁄  was 0.5, where 𝑓e  is excitation 

frequency of the unsteady jets and 𝑓0 preferred mode frequency of the uncontrolled 

primary jet. Raman (1997) showed a 35% reduction in the potential core length of the 

perturbed rectangular jet. Parekh et al. (1996) experimentally manipulated a subsonic 

circular jet using pulsed fluidic excitation through two circular slit orifices placed on 

the opposite side of the round nozzle and found that jet mixing depended strongly on 

𝑓e 𝑓0⁄  and Cm. Ibrahim, Kunimura & Nakamura (2002), Lardeau, Lamballais & 

Bonnet (2002), Choi et al. (2006) and Annaswamy et al. (2008) demonstrated that the 

pulsed microjets are more effective in enhancing supersonic or subsonic jet mixing or 

noise mitigation than the steady counterpart. The underlying reason might be due to 

unsteady fluidic injection’s deeper penetration into potential core (Lardeau, 

Lamballais & Bonnet 2002) and periodic excitation of jet instabilities (Henderson 

2010). In spite of previous investigations, which all examined a rather small variation 

in 𝑓e 𝑓0⁄  or Cm, a systematic study of the unsteady fluidic excitation has yet to be 

performed. The physical picture behind interactions between the steady microjets and 

the main jet has been unveiled by (New & Tay 2006; Alkislar, Krothapalli & Butler 

2007). The unsteady microjet excitation is much more efficient than steady microjets 

(Annaswamy, Choi & Alvi 2008; Cattafesta & Sheplak 2011). One may surmise that 

the interactions between the main jet and unsteady microjets must be different from 
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that under steady microjets. Nevertheless, this difference remains elusive. 

Furthermore, the pulsed microjets can be effective at large Cm (e.g. Raman & 

Cornelius 1995) or at small Cm (e.g. Parekh et al. 1996). What are the physical 

mechanisms behind? 

1.2.1.3 Active Closed-Loop Control 

The effectiveness of open-loop control is reduced due to the randomness of 

turbulent fluctuation; however, the disadvantage of open-loop control can be resolved 

to large degree by adopting closed-loop control (Bushnell & McGinley 1989, Zhang, 

Cheng & Zhou 2004). The closed-loop control can flexibly control the fluid flow in a 

way that based on a control strategy and output signal from sensors, input signal to 

actuators is produced to modify continuously the flow system. As a result, the 

closed-loop control improves control efficiency compared with the open-loop control. 

Closed-loop control, however, has not been well explored for jet flows, even 

though there are a few current applications of closed-loop flow control mainly 

focused on several well established shear flows, such as the control of wall turbulence, 

and that of the flow over bluff body, backward-facing step and open cavity, which 

have been comprehensively reviewed by Choi, Jeon & Kim (2008), Sipp & Schmid 

(2013), Rowley & Williams (2006) and Lumley & Blossey (1998). For a variety of 

reasons, the experimental demonstrations of the closed-loop controlled jet mixing are 

scarce. Many important issues have yet to be resolved before an effective control 

algorism may be identified or devised, for instance, which feedback signal is the best 
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in a jet and how to design a control system to achieve the desired and robust control 

performance. Previous investigations have greatly advanced our knowledge of jet 

mixing and its control, and have also identified many important issues that warrant 

the development of new control techniques, including actuators and control strategies. 

In view of the association between coherent structure dynamics models and 

feedback control strategies, control strategies can be classified into model-free 

control strategies and model-based control strategies. 

The well-known extremum-seeking controllers and slope-seeking controllers use 

the model-free control schemes. The objective of these controllers is to maximize or 

minimize the output of a flow system via on-line optimization of actuator parameters. 

When the steady-state input-output map has a well-defined extremum, the 

extremum-seeking (ES) controller can be implemented to achieve the optimal control 

performance (Krstić & Wang 2000; Ariyur & Krstić 2003). Sinha et al. (2008) 

applied the extremum-seeking controller to a high-speed perturbed jet with plasma 

actuators and achieved real-time optimization of actuation frequency which yielded 

noise attenuation. When the optimal control performance is characterized by a 

saturated plateau in the input-output map, the slope-seeking controller is more 

suitable (Pastoor et al. 2008). The plateau-type input-output map frequently arises in 

the flow reattachment over an airfoil. This is because further increase in actuation 

amplitude will not yield a significant lift improvement once a full reattachment is 

obtained (e.g. Benard et al. 2010). 

The model-based controllers may produce considerable enhancement in control 
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performance compared with the model-free controllers because the former involves 

knowledge of coherent structure dynamics in a flow system. Since the practical fluid 

dynamics is governed by the multi-dimensional Navier-Stokes (NS) equation, any 

model-based controller which operates in real-time mode must require a 

reduced-order model of the NS equation. Thus, various techniques have been 

investigated for the reduced-order modeling, which may be divided into the following 

three groups (Sinha, Serrani & Samimy 2010): 

1. Phenomenological modeling is achieved by understanding the key physics of 

the flow. One example is the suppression of the vortex shedding of in-phase 

type and vortex-induced structure oscillation on a spring-supported square 

cylinder. To this end, Zhang, Cheng & Zhou (2004) modified the in-phase 

relationship into a real-time anti-phase with a proportional-integral-derivative 

(PID) controller and actuators deployed underneath the cylinder surface, and in 

turn almost completely suppressed the vortex shedding. Another example is the 

drag reduction for the flow over a D-shaped body. Pastoor et al. (2008) 

developed a phase controller to realize on-line synchronization of upper and 

lower shear layer developments in close proximity to the body. The 

synchronization postponed the vortex formation, thus resulting in significant 

drag reduction. 

2. Galerkin-based modeling may be accomplished using the Proper Orthogonal 

Decomposition method (POD) (Holmes, Lumley & Berkooz 1998) combined 

with Galerkin projection (Holmes, Lumley & Berkooz 1998; Samimy et al. 
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2007b). Naturally, the modeling procedure consists of two steps. In the first 

step, in order to achieve a low-dimensional approximate description for the 

multi-dimensional NS equation, the POD is used to capture predominant modes 

of the multi-dimensional flow system, frequently through decomposing the 

related experimental data (e.g. Samimy et al. 2007b) or numerical simulation 

(e.g. Barbagallo, Sipp & Schmid 2009; Sinha, Serrani & Samimy 2010). The 

second step involves a Galerkin projection of the NS equation onto a few main 

POD modes. This projection finally establishes a reduced-order model, i.e. a 

set of ordinary differential equations for describing the time evolution of the 

POD-mode amplitudes. One excellent experimental demonstration is Samimy 

et al. (2007b) who performed a closed-loop control of a subsonic cavity flow 

using a Galerkin-based model and achieved a considerable attenuation of cavity 

flow resonance. 

3. Data-based modeling involves system identification techniques. The principal 

idea of the modeling approaches of this kind is that once an identification 

technique is chosen, its unknown coefficients are determined based on time 

sequences of the input signals to actuators and output signals from sensors and 

consequently the relationship between system input and output is identified 

(Sipp & Schmid 2013). In the literature, there exist at least two types of system 

identification techniques applied to modeling flow control system, i.e. 

Auto-Regressive Moving-Average eXogenous (ARMAX) model (e.g. Hervé et 

al. 2012; Sipp & Schmid 2013) and neural network (NN) technique (e.g. Efe et 

17 
 



 

al. 2005, 2008). An important difference between them is that the former is a 

linear technique while the latter is efficient in identifying complex nonlinear 

relationship between the input and output signals, as indicated by Hsu, Gupta & 

Sorooshian (1995). Hervé et al. (2012) used the ARMAX to model a weakly 

nonlinear flow over a backward-facing step under close-loop control, and 

significantly reduced the level of turbulent kinetic energy in a large domain 

downstream of the reattachment point. On the other side, Efe et al. (2008) 

successfully predicted, using the NN, the floor pressure in a high-speed 

subsonic flow over an open cavity in online experiments. 

1.3 Objectives and Major Work 

   This work consists of open-loop experiments and closed-loop experiments of an 

actively controlled turbulent round jet using two unsteady microjets. 

The open-loop work aims to study experimentally and systematically the 

turbulent round jet under the control of unsteady microjets with a view to addressing 

the issues raised above. This work is focused on the control of two unsteady 

microjets placed oppositely in a diametrical plane through the geometric axis of the 

nozzle prior to jet issuing. Two control parameters are examined in detail, i.e., the 

mass flow rate ratio Cm of microjets to the main jet and the frequency ratio 𝑓e 𝑓0′⁄ , 

where 𝑓e and 𝑓0′ R are the excitation frequency and preferred-mode frequency in the 

uncontrolled jet with Cm = 0 and 𝑓e ≠ 0, respectively. Flow structures with and 

without control are measured using hotwire, flow visualization and particle imaging 
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velocimetry techniques in order for us to gain a relatively thorough understanding of 

interactions between the main jet and unsteady microjet excitation. 

The objective of closed-loop experiments is twofold. One objective is to 

develop an extremum-seeking closed-loop control system to achieve autonomously 

the same optimal control performance as the open-loop control. The 

extremum-seeking jet control system showed robustness and adaptivity, that is, the 

optimal control performance was automatically achieved when the Reynolds number 

was changed. The other objective is to develop a physics-based control strategy by 

incorporating some physical understanding of the coherent structure dynamics. The 

physics-based control system may again achieve automatically the optimal control 

performance, and was compared to the extremum seeking control in terms of 

convergence time. 
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CHAPTER 2 OPEN-LOOP CONTROL OF A 

TURBULENT ROUND JET BASED ON MICROJETS 

2.1 Introduction 

This chapter aims to study experimentally and systematically the turbulent 

round jet under the control of unsteady microjets with a view to addressing the issues 

raised above. This work is focused on the control of two unsteady microjets placed 

oppositely in a diametrical plane through the geometric axis of the nozzle prior to jet 

issuing. Two control parameters are examined in detail, i.e., the mass flow rate ratio 

Cm of microjets to the main jet and the frequency ratio 𝑓e 𝑓0′⁄ , where 𝑓e and 𝑓0′ R are 

the excitation frequency and preferred-mode frequency in the uncontrolled jet with 

Cm = 0 and 𝑓e ≠ 0, respectively. Flow structures with and without control are 

measured using hotwire, flow visualization and particle imaging velocimetry 

techniques in order for us to gain a relatively thorough understanding of interactions 

between the main jet and unsteady microjet excitation. 

2.2 Experimental Details 

2.2.1 Experimental Setup 

All experiments were performed in a round air jet rig. Following Hussein, Capp 

& George (1994), the rig was deployed in a spacious air-conditioned laboratory, 

centrally placed in an area of around 4.5 m in width and 4.0 m in height with the 
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Figure 2.1. Schematic of experimental setup: (a) main-jet assembly; (b) microjet assembly. 

nozzle exit pointing at a wall 7.0 m away, to minimize the effects of the wall on the 

jet such as pressure wave reflection. In view of high sensitivity of the jet shear layer 

to background noise (Hussain 1986), there was no traffic at all during experiments. 

The rig consists largely of the main-jet and microjet assemblies. The main jet and 

microjets came from a compressed air source with a constant pressure of 5 bar gauge 

pressure.  

Figure 2.1(a) shows schematically the main jet assembly. Once entering a large 

chamber, compressed air was mixed with seeding particles in the case of particle 

image velocimetry (PIV) or flow visualization measurements before passing through 
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a tube, a plenum chamber, a 300-mm-long diffuser of 15o in half angle and a 

400-mm-in length cylindrical settling chamber of and 114 mm in inner diameter. The 

nozzle contraction followed a contour defined by equation R = 57–47sin1.5(90–9x/8), 

as used by Mi, Nobes & Nathan (2001); the contraction ratio was 32.5 with a jet exit 

diameter D of 20 mm. The nozzle was extended by a 47-mm-long smooth tube of the 

interior diameter D of 20 mm. The exit Reynolds number ReD = Ue D/ν of the main 

jet was fixed to 8000, where Ue (= 6 m/s) was the jet centerline velocity measured at 

the exit of the nozzle extension and ν kinematic viscosity. 

The microjet assembly (figure 2.1b) includes a stationary and a rotating disk 

(nozzle extension). A novel unsteady microjet actuator is developed. The stationary 

disk was drilled with two orifices of 0.9 mm in diameter, separated azimuthally by 

180○. The two orifices were connected via short and equal-length tubes to a 

constant-pressure chamber. The rotating disk is rather unique and is actually the rotor 

of a servo motor (Kollmorgen RBE-03010) with a maximum speed of N = 2950 rpm. 

The rotating disk was drilled with 12 orifices with a diameter of 1 mm, azimuthally 

equally spaced and located at 17 mm upstream of the extension exit, and its interior 

diameter was identical to the contraction nozzle exit diameter. Once the orifices on 

the stationary and the orifices on rotating disks were aligned during rotation, a pulsed 

microjet was emitted radially towards the geometric axis of main jet as shown in 

figure 2.1(b). As a result, the designed microjet assembly generated two in-phase 

unsteady microjets or control jets. The frequency fr of the rotating disk was N/60 Hz 

and the microjet pulsation or excitation frequency fe was then 12N/60 Hz, with a 
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maximum of 590 Hz over 4 times f0. The mass flow rates of both main jet and 

control microjets were adjustable independently through two separate flow meters, 

whose experimental uncertainty was no more than 1%. The mass flow rate required 

by two microjets was further quantified using a dimensionless mass flow rate ratio 

Cm of the two microjets to that of the main jet. 

The coordinate system is defined such that its origin is at the centre of the 

nozzle extension exit, with the x axis along the streamwise direction, the z axis along 

the radial microjet and the y axis along the direction normal to both the x and the y, 

following the right-hand system. The (x, z) and (x, y) planes are referred to as the 

injection and non-injection planes, respectively (figure 2.1b). Following Zhou et al. 

(2012), the jet centerline decay rate K is used to evaluate main jet mixing, given by  

e
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where the over-bar denotes time-averaged physical quantity, and U�e and U�5D are the 
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2.2.2 Hot Wire Measurements 

A single tungsten wire with a diameter of 5 μm, operated on a constant 

temperature circuit (Dantec Streamline) with an overheat ratio of 1.8 specified, was 

used to measure the streamwise fluctuating velocity at x/D < 10. The signal from the 

wire was offset, filtered at a cut-off frequency of 2.8 kHz, amplified and then 

digitized using a 12-bit A/D board at a 6 kHz sampling frequency. The duration for 

each record was 80 s. This hotwire probe was deployed on a computer-controlled 

two-dimensional traversing mechanism whose streamwise and transverse resolutions 

were both 0.01 mm. 

2.2.3 PIV Measurements and Flow Visualization 

A planar particle image velocimeter (PIV, Dantec standard PIV2100) was 

deployed to measure the streamwise and two lateral components of the velocity 

vector in the injection and non-injection planes, as well as a number of 

cross-sectional planes. A TSI oil droplet generator (TSI 9307-6) was used to generate 

fog for the seeding of PIV measurements. The seeding particles have a diameter of 1 

μm, which fulfils the criterion (Melling 1997) for the maximum diameter of seeding 

particles to warrant acceptable flow tracking. The criterion demands particle diameter 

of roughly 1 μm or smaller for almost all seeding materials in typical turbulent. The 

particles were introduced into the upstream mixing chamber (figure 2.1a), thus 

homogenously distributed throughout the main jet. Meanwhile, ambient air was also 

seeded by filling the whole laboratory with the fog. Flow illumination was supplied 
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by two NewWave standard pulsed laser sources with 532 nm in wavelength and a 

maximum energy output of 120 mJ per pulse. Particle images were captured at a 

sampling rate of 4 Hz using one HiSense MkII CCD camera (double frames, 

2048×2048 pixels). Synchronization between flow illumination and image capturing 

was provided by the Dantec FlowMap Processor (PIV 2001 type). 

PIV measurements were first made in the (x, y) and (x, z) planes. The flow was 

illuminated using a laser-generated light sheet, through the jet centerline, of about 1 

mm in thickness. Each image covered an area of 217 mm × 217 mm, resulting in an 

image covering the area of x/D = 0 – 10 and y/D or z/D = -5 – +5. The longitudinal 

image magnification was identical with lateral image magnification, i.e., 0.09 

mm/pixel. The time interval was 75 μs between two consecutive laser pulses. 

Therefore, a particle could travel only 0.05 mm (4 pixels or 0.003 D) at Ue = 6 m/s. 

In image processing, a built-in adaptive correlation function of the FlowMap 

Processor (PIV2001 type) was used with an interrogation window of 32×32 pixels 

and a 75% overlap along both directions, producing 253×253 velocity vectors. Flow 

images captured are 1400 pairs for each set of PIV data. 

Measurements were then performed in a number of cross-sectional or (y, z) 

planes, i.e., x/D = 0.45, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 5.0. The light sheet was set at 

about 3 mm in thickness. The camera was placed about 50D downstream from the 

light sheet so that the feedback effect of flow impinging upon the camera lens could 

be eliminated. In all cross-sectional planes, the image magnification was tailor-made 

chosen in order not only to cover the entire cross section of the jet but also to 
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maximize the image resolution. Since the jet axis is orthogonal to the (y, z) plane, the 

out-of-plane velocity component is relatively large compared with two in-plane 

velocity components. If a large time interval between two consecutive images were 

given, the seeding particles would cross the 3-mm-thick light sheet, thus causing 

poor correlation (Pattenden, Turnock & Zhang 2005). In the current measurements, 

the time interval was 25 μs, which has been found to yield satisfactory results. The 

image processing is the same as that in the (x, y) and (x, z) planes, resulting in 

253×253 vectors per image. A total of 1800 pairs of flow images were captured for 

each set of PIV data. 

The same PIV equipment was also used for flow visualization in the (x, y), (x, z) 

and (y, z) planes. The same fog was injected in the large mixing chamber (figure 

2.1a), as in PIV measurements, to provide marker for flow issuing from nozzle exit. 

Ambient air was not seeded. The captured images covered an area of x/D = 0 – 10 

and y/D or z/D = - 5 – +5 in the (x, y) and (x, z) planes and an area of y/D = - 4 – +4 

and z/D = - 4 – +4 in the (y, z) planes at x/D = 0.7, 1.0, 1.3, 1.6, 2.0, 2.4, 2.7, 3.0, 4.0, 

5.0. For the (y, z) plane measurement, the image magnification was determined in a 

similar way to the relative PIV measurements. 

2.3 Uncontrolled Jet 

It is important to document the flow characteristics, such as the mean and 

fluctuating velocities 𝑈�∗ and 𝑢rms∗  (subscript rms represents the root mean square 

value), of the uncontrolled jet at exit. Measurement was conducted at x/D = 0.05. In 

26 
 



 

 

Figure 2.2. Radial distribution of 𝑈�∗ and 𝑢rms∗  at 𝑥 𝐷⁄  = 0.05 of the uncontrolled jet. 

this paper, an asterisk denotes normalization by 𝑈e and/or D. As shown in figure 2.2, 

 U�∗ exhibits a “top-hat” distribution and the potential core is characterized by a low 

turbulence intensity of 0.25%. There is a peak in  𝑢rms∗  at y/D = 0.4 – 0.5, due to 

initial shear layer emerging from the nozzle (Hussain & Zedan 1978). Based on U�∗ 

fitted to a least-squares B-spline curve, the displacement thickness δ, momentum 

thickness θ, and shape factor 𝐻 = 𝛿 𝜃⁄  of the shear layer at x/D = 0.05 may be 

calculated from equations (2-2) and (2-3) and are found to be 0.43 mm, 0.17 mm, 

and 2.53, respectively. H = 2.53, along with periodical signals from hot wire (to be 

exhibited later), indicates a laminar boundary layer at the jet exit (Husain & Hussain 

1979). 

One set of PIV data was compared in figure 2.2 with hot wire data for the free 

jet in order to evaluate the accuracy of PIV measurements. The two sets of data show  
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Figure 2.3. Comparison in 𝑈�∗ and 𝑢rms∗  along the centreline of the uncontrolled jet, between 

hot-wire and PIV measurements. 

good agreement in U�∗ , with a deviation of about 1%. Agreement is generally good in 

the streamwise velocity fluctuation 𝑢rms∗ , except a discrepancy of approximately 2.3% 

at x/D < 2. The discrepancy is connected with relatively increased effect of the 

background noise in PIV particle images. The increased influence is due to very low 

turbulence intensity (𝑢rms∗  = 0.25% evidenced by hot wire data in figure 2.2) over 

x/D < 1.8 (Huang, Dabiri & Gharib 1997; Forliti, Strykowski & Debatin 2000). 

The rotating inner disk (figure 2.1b) may have an effect on the preferred-mode 

frequency and the jet decay rate K. This was investigated by comparing the jet with 

and without the inner disk rotating at a frequency 𝑓r 𝑓0⁄ = 0.074 for no microjet 

injection (Cm = 0), where f0 is the preferred-mode frequency in the jet without the 

disk rotating. The reason for examining the case of 𝑓r 𝑓0⁄ = 0.074 will be explained 

later. On the one hand, the power spectral density functions Eu of u measured on the 
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centerline are presented in figure 2.4 and are qualitatively the same with and without 

 
Figure 2.4. Power spectral density function of streamwise fluctuating velocity u measured on the 

centreline: (a) the uncontrolled jet without inner disk rotating (𝑓𝑟 𝑓0⁄  = 0, Cm = 0), (b) with the 

disk rotating at 𝑓𝑟 𝑓0⁄  = 0.074 and Cm = 0. 

the azimuthal perturbation. The preferred-mode structures, as indicated by the 

pronounced peak at f0 in Eu, are evident in both cases. The preferred-mode frequency 

is found to be modified by the rotation of the inner disk, that is, f0 is reduced from 

143 Hz without the disk rotating (figure 2.4a) to 128 Hz with the disk rotating (figure 

2.4b). It has been well established that the preferred-mode frequency is inversely 

proportional to the boundary layer momentum thickness θe at the nozzle edge (e.g. 

Crighton & Gaster 1976; Michalke 1984; Cohen & Wygnanski 1987a, b). It may be 
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inferred that the boundary layer over the inner disk is thickened by the azimuthal 

perturbation, accounting for the decreased f0. On the other hand, hot wire 

measurements also indicate that K value merely undergoes a slight increase from 2.4% 

without the disk rotating to 5.4% with the disk rotating. In summary, the major 

characteristics of the jet remain largely unchanged with the disk rotating, though 

there is an appreciable decrease in f0. For clarity, the reduced 𝑓0 (=128 Hz) is 

hereinafter represented by a new symbol 𝑓0′ , which denotes the preferred mode 

frequency in the uncontrolled jet (Cm = 0 and fe ≠ 0). Based on the symbol 𝑓0′, the 

reason for examining the case at 𝑓r 𝑓0⁄  = 0.074 can now be given out, that is, 𝑓r 𝑓0⁄  

= 0.074 right corresponds to 𝑓e 𝑓0′⁄ =1.0. It will be noted in later sections that at 

𝑓e 𝑓0′⁄ =1.0, microjet excitation gives birth to a fascinating flow structure in the 

controlled jet. 

2.4 Dependence of Jet Mixing on Cm and fe/fe' 

The performance of unsteady fluidic control depends on, inter alia, the 

frequency ratio of the excitation to the preferred-mode frequency, the mass and exit 

diameter ratios of the control jets to the main jet, the control jet injection angle, phase, 

number and geometric arrangement. In this work, we will focus on the dependence of 

jet mixing on Cm and 𝑓e 𝑓0′⁄  because of the page limitation. Investigation on other 

parameters such as the number and geometric arrangement will be presented in other 

papers. 

The Cm was varied from 0.0% (no control) to 16% in order to determine its 
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influence on jet mixing. Consider the case of 𝑓e 𝑓0′⁄  = 1.14, that is, the excitation 

frequency is close to the preferred-mode frequency of the main jet. The K (figure 

2.5a) exhibits a strong dependence on Cm. We may divide the dependence of K on 

Cm 

 

Figure 2.5. Dependence of the jet decay rate K on: (a) the mass flow ratio Cm (𝑓e 𝑓0′⁄  = 1.14); (b) 

the excitation frequency 𝑓e 𝑓0′⁄  (Cm = 1.5%). 
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into three types, i.e., I (Cm < 2.6%), II (Cm = 2.6 – 4.5%), and III (Cm > 4.5%). In 

Type I, K is highly sensitive to Cm, rising rapidly from 0.054 at Cm = 0.0% to about 

0.2 at Cm ≈ 1.0% and then dropping quickly until Cm = 2.0%. In Type III, K 

increases steadily, albeit much less rapidly than in Type I, and appears approaching 

asymptotically to a constant. Type II where the distribution of K exhibits a minor 

hump and is apparently a transition between Types I and III. The three distinct 

behaviors of K suggest different flow physics or control mechanisms behind, as 

confirmed later from flow visualization data.  

Note that the maximum K of Type I reaches 0.2, about 8 times that (0.024) in 

the natural jet (fe f0′⁄  = 0, Cm = 0) and over 3 times that (0.054) at fe f0′⁄  = 1.0 

without the injection of control jets (Cm = 0), highlighting the highly effective 

mixing enhancement under the excitation of unsteady microjets. Zhou et al. (2012) 

investigated the active control of the same turbulent jet using two steady microjets in 

a similar experimental facility. With Cm varying from 0 to 16.5%, K was found to 

increase steadily and then decrease after reaching the maximum at Cm ≈ 12%. At Cm 

= 1.4%, their K was only 0.13, only 60% of the present value. This difference 

illustrates that the periodic unsteady microjet is much more efficient in control than 

the steady one, for the shear layer instabilities are more receptive to the periodic 

perturbation (Henderson 2010). 

The dependence of K on fe f0′⁄  is examined at Cm = 1.5%, at which the 

maximum K occurs in Type I. As shown in figure 2.5(b), K is enhanced with 

increasing fe f0′⁄ , reaching the maximum (K = 0.215) at fe f0′⁄  = 1.0 before its 
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approximately linear fall. A minor trough occurs at fe f0′⁄  = 0.86. The flow physics 

for this trough is unclear. In comparison, Cm required to achieve the same K value 

(0.215) is 4.5% given two steady microjets, three times that of the unsteady 

counterpart, again demonstrating high control efficiency in the use of the unsteady 

microjet control. 

2.5 Physical Aspects of the Controlled Jet 

In this section, the three types of the controlled jet are examined and compared 

in the growth of shear layer thickness, time-averaged velocity, Reynolds stresses, 

velocity signals, power spectral density function and flow structure. Great attention 

will be given to the three-dimensional vortical structures in Type I, which is 

especially fascinating. 

2.5.1 Downstream Growth in Shear Layer Thickness 

Figure 2.6 presents the streamwise variations of the jet momentum thickness θ 

(calculated based on equation 2-3) in the injection plane and non-injection plane of 

the three types of the controlled jets. The data for the uncontrolled case (Cm = 0, 

𝑓e 𝑓0′⁄  = 0) is also included to provide a reference. The θ in the uncontrolled case is 

distinctly different from the controlled cases. Specifically, the θ displays relatively 

low magnitude in the entire range of x/D compared with the controlled cases; 

streamwise variation of θ first shows a wide plateau for x/D < 2 due to no roll-up of 

jet shear layer and then steadily rises until x/D = 8. The θ of Type I exhibits a distinct 

33 
 



 

behavior from those of Types II and III. Specifically, the θ variation in the injection 

 

Figure 2.6. Dependence of the momentum thickness θ of jet shear layer on 𝑥 𝐷 ⁄ in (a) the 

injection plane and (b) the non-injection plane. 

plane is characterized by a narrow plateau over x/D = 2.2 – 2.7, which divides the θ 

growth into two stages, as noted by Ho & Huang (1982) and Laufer & Zhang (1983) 

in the plane mixing layer and the circular jet under the periodic acoustic excitation. 
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They ascribed the formation of the plateau to the advection of coherent structures 

without strong interaction with one another for a very short distance. The jet 

momentum thickness in the non-injection plane becomes much larger than those of 

Types II and III (figure 2.6b), after a rapid growth up to x/D = 3.0. This indicates a 

large spread of the jet in the non-injection plane for Type I. In contrast, the 

streamwise variation in θ does not differ so greatly in the injection plane from that in 

the non-injection plane for both Types II and III. This variation appears consisting of 

two or three closely linear sections, whose separation points are marked by arrows in 

figures 2.6(a) and 2.6(b). Husain & Hussain (1979) also observed in an initially 

turbulent and uncontrolled jet that the growth in shear layer thickness appeared 

following two linear stages of different slopes. As shown later, the controlled jets of 

both Types II and III are also initially turbulent. However, the present slope of the 

downstream section is always smaller than that of the upstream, which is opposite to 

their result. The difference is apparently linked to different initial conditions between 

an uncontrolled jet and that under the excitation of unsteady microjets. Farther 

downstream at x/D = 6 – 8, the jet momentum thickness displays a linear variation 

for all three types of the controlled jet. The slope is also in the same order of 

magnitude, around 1.95×10-2 for different cases, suggesting the same mechanisms 

responsible for the jet decay in the fully developed turbulent jets, which is evident in 

the u-signals (to be shown later). 
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2.5.2 Entrainment and Momentum Transport 

In this section, we will focus on the controlled jet of Type I, which shows the 

 

Figure 2.7. Contours of time-averaged lateral velocity: (a) 𝑊� ∗ = 𝑊� 𝑈𝑒⁄  or 𝑉�∗ = 𝑉� 𝑈𝑒⁄  in the 

diametrically central plane of uncontrolled jet; (b) 𝑊� ∗ in the injection plane and (c) 𝑉�∗ in the 

non-injection plane of the controlled jet (Type I: Cm = 1.5% for 𝑓e 𝑓0′⁄  = 1.0). The contour 

increment is 0.01. 
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most marked change in entrainment and momentum transport of the three types, 

compared to the uncontrolled jet. 

 

Figure 2.8. Time-averaged Reynolds shear stress contours of Type I (Cm = 1.5% for 𝑓e 𝑓0′⁄  = 1.0): 

(b) 𝑢𝑤����∗ = 𝑢𝑤���� 𝑈𝐞2⁄  in the injection plane; (c) 𝑢𝑣����∗ = 𝑢𝑣���� 𝑈𝐞2⁄  in the non-injection plane. (a) 𝑢𝑤����∗ 

or 𝑢𝑣����∗ diametrically central plane of uncontrolled jet. The contour increment is 0.001. 

Time-averaged lateral velocities provide the information on the spread and 
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entrainment of jet, while the Reynolds shear stresses are a measure of the momentum 

transport. Both are crucial for the understanding of vortex dynamics. Figures 2.7 and 

2.8 present the contours of PIV-measured 𝑊� ∗, 𝑉�∗, 𝑢𝑤����∗ and 𝑢𝑣����∗ for Type I (Cm = 

1.5% and 𝑓e 𝑓0′⁄ = 1.0) and the uncontrolled jet (Cm = 0 and 𝑓e 𝑓0′⁄ = 0). The control 

greatly modified the  𝑊� ∗ and  𝑉�∗distributions. In the absence of control,  𝑊� ∗ is 

negligibly small. Under the control of Type I, however,  𝑊� ∗ becomes pronouncedly 

negative in the central region of the injection plane, suggesting the strong 

entrainment of ambient fluid into the jet. On the other hand, 𝑉�∗is positive almost 

over the entire region of x/D > 2.0 in the non-injection plane, indicating a very strong 

outward spread of the jet fluid. The maximum magnitude of  𝑊� ∗ occurs at x/D = 2.7 

to 3.1 and very near the jet axis. The occurrence of the maximum 𝑉�∗ is far away from 

the jet axis. The control increases the maximum magnitude of  𝑊� ∗ by as much as 

400% and that of 𝑉�∗ by 700%. In summary, Type I excitation generates strong 

entrainment in the injection plane but a great spread in the non-injection plane. 

The distributions of the Reynolds shear stresses, 𝑢𝑤����∗ and 𝑢𝑣����∗ (figure 2.8) 

also change greatly compared to the uncontrolled jet. Without control, the 

uw����∗ contours show its maximum (0.014) at x/D = 3.1 – 3.2. Once Type I excitation is 

introduced, 𝑢𝑤����∗ in the injection plane displays another concentration of larger 

magnitude (0.016) at x/D = 1.7, much nearer to the nozzle exit. Similarly, 𝑢𝑣����∗ in the 

non-injection plane also exhibits two pronounced concentrations of the positive sign, 

one at x/D = 3.6 with its maximum reaching 0.017 and the other at x/D = 1.85. Note 

the occurrence of a negative-signed concentration in the central region near the 
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nozzle exit, albeit with a relatively small maximum magnitude (0.007) at x/D = 2.1. 

The vorticity contours to be shown later indicate that the region of negative  

 

Figure 2.9. Typical signals of streamwise velocity u. Hot wire was placed at 𝑦 𝐷⁄  or 𝑧 𝐷⁄  = 0.3. 

𝑢𝑣����∗ concurs with the event of vortex pairing, as reported by Hussain & Zaman 

(1980), Oster & Wygnanski (1982), Ho & Gutmark (1987) and Husain & Hussain 

(1991). In brief, the occurrence of negative 𝑢𝑣����∗ is connected with the tilt of vortices 

during pairing (see figures 20 and 21 in Browand & Ho 1983 for details). Note that a 

saddle-like region in the uw����∗ contours between the two concentrations corresponds 

longitudinally to the plateau in the streamwise variation of θ (figure 2.6a). 

2.5.3 Downstream Evolution 

Figure 2.9 illustrates the downstream evolution of the streamwise velocity u for 
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the controlled jet of Types I, II, and III, along with that of the uncontrolled jet. In 

order to capture the characteristics of the shear layer, a hotwire was traversed along 

 

Figure 2.10. Power spectral density function of u measured on the centerline of the controlled jets: 

(a) Type I (Cm= 1.5% for 𝑓e 𝑓0′⁄  = 1.0); (b) Type III (10.6%, 1.14). 

the line of z/D = 0.3 or y/D = 0.3 in the injection or non-injection plane. All the 

u-signals are displayed using identical vertical and horizontal scales. The u-signals 

exhibit a strong dependence on Cm. The signals start to show a quasi-periodicity at 

x/D = 2.0 in the uncontrolled jet. A marked periodicity is seen at x/D = 0.0 in the 

injection plane of Type I and at x/D = 1.0 in the non-injection plane. The flow 

remains to be laminar until at x/D = 2.0 in both planes. In contrast, the signals exhibit 

random fluctuations even at x/D = 0.0 in both planes for Type III, implying a 

turbulent state right at the exit of nozzle (figure 2.9d). Type II is a transition between 

Type I and Type III. The flow displays intermittent periodicity and small-scale 
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random fluctuation from time to time. The initial turbulent state in Types II and III 

may account for the linear variation in θ (see figure 2.6). Husain & Hussain (1979) 

observed in an initially turbulent and uncontrolled jet that the growth in shear layer 

thickness appeared following two linear stages of different slopes. 

Figure 2.10 compares the power spectral density functions Eu of u measured 

along the centerline between the controlled jets of Types I and III. Eu (figure 2.10a) 

displays very pronounced peaks at the excitation frequency fe and even its second 

and higher harmonics up to x/D = 4 for Type I, reflecting an extraordinarily strong 

presence of quasi-periodic large-scale structures. The peaks completely disappear for 

x/D ≥ 6, when an inertial subrange is established for 100 – 1000Hz where the roll-off 

exponent is -5/3, as indicated in figure 2.10(a). The result is an indicator that the 

controlled jet becomes fully developed turbulent at x/D ≥ 6 (Ho & Huerre 1984). 

However, the peaks are much less pronounced for Type III (figure 2.10b) and 

disappear essentially for x/D ≥ 5. Apparently, under a large Cm, the fully developed 

turbulence is well established at x/D = 4, earlier than Type I. 

2.5.4 The Flow Structure 

Flow visualization was conducted in both the injection and the non-injection 

planes of Types I, II, and III in order to gain further understanding of the flow 

physics. Figure 2.11 presents typical photographs from flow visualization. For the 

purpose of comparison, the photographs taken in the uncontrolled jet and the jet 

excited by two steady microjets (figure 2.5b) are also included in the figure. There is  
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a profound change in the flow structure with and without control and even between 

different types of control. For Type I, the shear layer rolls up early to form stronger 

vortices in both planes than the uncontrolled jet (figures 2.11a, 2.11b1 and 2.11b2). 

There is a distinct difference between the two planes. A large amount of ambient 

fluid (dark-colored) in the injection plane appears engulfed vigorously into the jet 

even right near the jet axis via vortical motions. Meanwhile, smoke-marked fluid 

(white-colored) is rather massively ejected from the braid region between two 

successive vortices in the non-injection plane, generating a much extensive spread 

than the uncontrolled case. Vigorous entrainment and spread contribute to the 

concentrations of the 𝑊� ∗ and 𝑉�∗contours in figures 2.7(b) and 2.7(c). For Type II, the 

initial turbulent state incurs a rapid diffusion of vortices shortly after their formation 

in both planes (figures 2.11c1 and 2.11c2) due to the increased Cm, as noted by 

Fiedler & Mensing (1985) in an initially turbulent plane mixing layer under periodic 

and strong excitation. Under Type III control, the flow becomes more turbulent even  

at x/D = 0 in both planes. Flow under steady excitation resembles Type III, in a 

turbulent state at the right beginning. Note that, even with the same magnitude of K  

(0.205) as the unsteady control of Type I (0.215 in figure 2.5b), the control 

mechanism behind the steady microjet excitation is different from that behind the 

unsteady excitation. 

It seems plausible that, with a large Cm in Type III control, the two microjets 

penetrate deeply into the potential core in the injection plane (Davis 1982), and clash 

with each other around the centerline (Zhou et al. 2012). Such a strong disturbance 
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will be naturally transferred to the non-injection plane, resulting in the transition 

from laminar to turbulent vortices in both planes. The turbulent vortices will entrain 

more effectively ambient fluid into the jet and thereby correspond to a large K in 

Type III (Zhou et al. 2012). With increasing Cm, the jet gradually gains a fully 

turbulent state at jet exit and K approaches an asymptotic value. 

In summary, the significantly increased K in Type I (Cm = 0 – 2.6%) results 

from the enhanced strength of large-scale coherent structures. A large K is achievable 

in Type III (Cm = 4.5% – 16%), which is ascribed to enhanced turbulence with 

increasing Cm. Type II (Cm = 2.6% – 4.5%) is a transition between Types I and III 

and is characterized by relatively small K. The control of Type I is apparently most 

effective and will be further explored in following sections. 

2.6 Flow Structure Development under Control 

2.6.1 Vortex Formation, Interaction and Entrainment 

This section is focused on the controlled jet of Type I, where the pairing of the 

coherent structures is found to be a frequent event. Previous studies in the circular jet 

repeatedly reported that the mutual induction of two adjacent vortices is responsible 

for pairing (e.g. Zaman & Hussain 1980; Hussain & Zaman 1980). In the present 

investigation, the interaction between coherent structures in the injection plane is 

quite different from that in the non-injection plane. Figure 2.12 presents typical 

instantaneous velocity vectors in the injection plane and corresponding 𝜔𝑦∗  contours 

measured at 𝑓e 𝑓0′⁄  = 1.0 and 1.14 (Type I). The data for the uncontrolled jet is also 
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given in figure 2.12(a) as a baseline for comparison. The flow structures measured at 

𝑓e 𝑓0′⁄  = 0.92 are topologically quite similar to those at 𝑓e 𝑓0′⁄  = 1.0, and thus not  

 

Figure 2.12. Typical instantaneous velocity vectors and corresponding 𝜔y∗ = 𝜔y𝐷 𝑈e⁄  contours: 

(a) uncontrolled jet and (b, c) in the injection plane of the controlled jet (Type I). Cm = 1.5%. 

Contour interval = 1. 

shown. The marked periodicity of the flow structure especially at x/D < 3.0 in Type I 

(figure 2.9b) allows us to capture and identify the various phases of the vortex 
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evolution during pairing. Figures 2.12(b) and 2.12(c) presents phases I to VI for 

𝑓e 𝑓0′⁄  = 1.0 and I to V for 𝑓e 𝑓0′⁄  = 1.14, respectively. It has been observed that two  

 

Figure 2.13. Schematic of two typical flow structures in the injection plane (Type I) under 

different 𝑓e 𝑓0′⁄ . 

vortices merge into a larger one in the uncontrolled jet (figure 2.12a), as previously 

reported by Becker & Massaro (1968), Yule (1978) and Örlü & Alfredsson (2011). 

Once perturbation is introduced, the vortices seen in the injection plane are changed 

substantially. This change displays a dependence on𝑓e 𝑓0′⁄ . At 𝑓e 𝑓0′⁄  = 1.0, a 

relatively small trailing vortex, marked by ‘B’ in figure 2.12(b), catches up a large  

leading vortex ‘A’, running towards the inner side of the latter and meanwhile 

pushing the latter outward, due to the mutual induction between them. The violent 
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interaction between ‘A’ and ‘B’ subsequently leads the breakdown of smaller and 

weaker ‘B’. In the whole process, no pairing takes place and the 𝜔𝑦∗  contours suggest 

that the identities of the two vortices persist, up to phase V. Husain & Hussain (1991) 

made a similar observation in the minor-axis plane of an elliptic jet under acoustic 

excitation, and ascribed the phenomenon to a large separation between interacting 

vortices. However, vortices ‘A’ and ‘B’ are in close proximity to each other in phase I. 

Apparently, their explanation does not apply presently. On the other hand, a large 

amount of ambient fluid is engulfed downstream of interacting ‘A’ and ‘B’ in phases 

III and IV, as evident from the transverse component of velocity vectors.  

An interesting tadpole-like structure is predominant in the flow as 𝑓e 𝑓0′⁄  is 

increased to 1.14 (figure 2.12c). It is well known that the ring vortex in a natural 

circular jet is characterized by an elliptic cross section in a plane through the jet axis 

(e.g. Örlü & Alfredsson 2011). A tadpole-like cross section is noted for the first time. 

Like a tadpole, the coherent structure is characterized by a ‘head’, i.e. the vortex core, 

and a ‘tail’, i.e. a short segment of less concentrated vorticity sheet, as marked in 

phase II of figure 2.12(c). As advected downstream, the tadpole-like structure 

appears rotating anti-clockwisely and its ‘tail’ sweeps over the potential core in 

phases I and II. This promotes greatly the engulfment of ambient fluid downstream 

of the tadpole-like structure, as evident from velocity vectors. Phases III and IV show 

the breakdown of its ‘tail’. The ‘head’ remains discernible in phase V when the 

tadpole-like structure reduces to a ‘normal’ vortical structure.  

The way vortices interact in the injection plane may be traced back to the 
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interaction between the microjet and the shear layer. Recall the u-signals in the 

injection plane (figure 2.9b). The microjets issued near the nozzle exit are 

characterized by the periodic pulses. Bear in mind that the hotwire was placed at z/D 

= 0.3. The microjets may have penetrated the boundary layer upstream of exit. As 

noted from the u-signals obtained at x/D = 0.5, each cycle of the microjet actuation 

produces the fluctuations of two wavelengths, corresponding to one penetrated 

segment of the shear layer and one un-penetrated. The former produces a relatively 

small trailing vortex and the latter a large leading given 𝑓e 𝑓0′⁄  = 1.0. Zaman & 

Hussain (1981) confirmed experimentally that a higher acoustic excitation frequency 

produced a tight sequence of vortical structures. Naturally, 𝑓e 𝑓0′⁄  = 1.14 produces a 

smaller separation between successive large vortical structures than 𝑓e 𝑓0′⁄  = 1.0.  

 

Figure 2.14. Typical instantaneous velocity vectors and corresponding 𝜔z∗ = 𝜔z𝐷 𝑈e⁄  contour in 

the non-injection plane (Type I: 𝑓e 𝑓0′⁄ = 1.0, Cm = 1.5%). Contour interval = 1. 

Presumably, this separation is so small at 𝑓e 𝑓0′⁄  = 1.14 that the rollup of the 

penetrated segment of the shear layer is suppressed. Then the tadpole-like structure is 

produced. The flow structure and entrainment characteristics in the injection plane 
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are sketched in figure 2.13 based on the above discussion, where the hatched area 

denotes the structure undergoing breakdown. 

Figure 2.14 presents typical instantaneous velocity vectors and corresponding 

𝜔𝑧∗ contours measured in the non-injection plane (Type I, 𝑓e 𝑓0′⁄  = 1.0). The velocity 

vectors show a remarkable outward transverse motion from the jet central region. 

The fragmented concentrations of vorticity are sequentially ‘tossed’ out to ambient 

fluid from the vortical structure ‘A’. The vortex pairing is discernable, resulting from 

the mutual induction of two vortices, marked by ‘+’ and ‘×’. The 𝜔𝑧∗  concentration 

of the leading vortex (‘×’) stretches upstream on the outer (low-speed) side, 

suggesting the formation of a streamwise structure (Liepmann & Gharib 1992). The 

streamwise structure induces a very strong outward radial motion, and the 

v-component of the velocity vectors exceeds in magnitude 60% of the u-component 

in the central potential core. The observation prompts us to examine further the 

three-dimensional development of the flow structure at 𝑓e 𝑓0′⁄  = 1.0. 

2.6.2. Three-Dimensional Development 

2.6.2.1. Streamwise Structures and Their Interaction with Azimuthal Structures 

The streamwise structures may be investigated by examining the jet in 

cross-sectional planes normal to the axis. Flow visualization and PIV measurements 

were performed in the cross-sectional planes of x/D = 0.45, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0 

and 5.0. We frequently refer to the segments of azimuthal structures which intersect  
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with the injection and non-injection planes as the segments of azimuthal structures 

about the injection and non-injection planes, respectively, for the convenience of 

discussion. 

Two distinct patterns of streamwise structures have been observed. One is 

characterized by counter-rotating vortex pairs. The vortex pairs are azimuthally fixed 

with respect to the azimuthal structure, similarly to the streamwise vortices (ribs) 

observed by Husain & Hussain (1993) in an elliptic jet. The other is more 

complicated, showing a number of mushroom-like structures that appear to be 

sequentially ‘tossed’ out along the radial direction in the non-injection plane. This is 

accompanied by a strong ejection of fluid from the jet core, often in the form of one 

pair of mushroom-like counter-rotating structures followed by another pair. This 

structure is reported for the first time. 

Figure 2.15 presents typical photographs from flow visualization, taken in the 

cross-sectional planes of the controlled jet at x/D = 0.7, 1.0 and 1.3 (Type I, 𝑓e 𝑓0′⁄ = 

1.0, Cm = 1.6%), along with their counterparts without control. The natural jet 

images  look like a full moon, suggesting no rollup motion. Once excited, the shear 

layer in the injection plane and the non-injection plane displays rollup motions at two 

different streamwise locations, causing a distorted azimuthal structure. Meanwhile, 

two pairs of counter-rotating streamwise vortices occur. At x/D = 0.7, the shear layer 

rolls up early about the injection plane, generating two roll segments (figures 2.15b1 

and 2.15b2). This is caused by a higher level of initial velocity fluctuation about the 

injection plane than about the non-injection plane, as evidenced by the u-signals at 
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the nozzle exit in figure 2.9(b). This higher initial velocity fluctuation hastens the 

shear layer evolution (Hussain & Zedan 1978). It has been noted that the two roll 

segments are symmetrical about a plane through the jet axis, displaying an angle of 

roughly 15○ with respect to the injection plane (see the insert sketch in figure 2.15). 

Occurrence of the angle is linked to the azimuthal deflection of the initial shear layer 

along the exit perimeter under the influence of the rotating nozzle extension. Further 

downstream at x/D = 1.0, the shear layer rollup is also evident about the 

non-injection plane (figure 2.15c1). Figures 2.15(c1) and 2.15(c2) exhibit sequential 

images of two phases with time separation 450 μs in one typical period T = 7812.5 μs 

(for 𝑓e = 128 Hz evidenced in figure 2.10a) of roll segments passing downstream. It 

has been found from the sequential images that the vortex segment near the 

non-injection plane moves downstream of that about the injection plane. Further, the 

two roll segments on each side of the injection plane join those near the non-injection 

plane, with the reoriented ends for each segment (figure 2.16b), forming a contorted 

ring structure. This will be elaborated later through the PIV data in figure 2.16. 

Two pairs of counter-rotating streamwise vortices are generated, following the 

rollup of roll segments about the injection plane. At x/D = 0.7, the cross section in the 

braid (figure 2.15b3) displays a profound distortion; two indentations occur under the 

influence of earlier rollup near the injection plane (figures 2.15b1 and 2.15b2). As 

will be seen later, the deformation in the braid region plays a crucial role in the 

generation of the streamwise structures. With increasing x/D, two pairs of 

counter-rotating streamwise vortices occur, simultaneously in the braid region and on  
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Figure 2.16. (a) Typical instantaneous velocity vectors and corresponding 𝜔𝑥∗ = 𝜔𝑥𝐷 𝑈𝑒⁄  

contours in a cross-sectional plane of the controlled jet (Type I: Cm = 1.6%, 𝑓e 𝑓0′⁄  = 1.0) at 

𝑥 𝐷⁄ = 1.5; (b) model of the contorted azimuthal structure and streamwise vortex pairs when they 

are passing through x/D = 1.5. The a1 to a4 in (b), corresponding to figures 16a1to 16a4 
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respectively, represents four typical phases in the process of the interaction of azimuthal structure 

with streamwise vortex pairs. 

the outer side of the ring vortex (figures 2.15c1, 2.15c2 and 2.15c3). Interestingly, 

their azimuthal locations all coincide well with the connecting regions of the four roll 

segments. The counter-rotating vortex pair has an ‘outflow’ sense of rotation so that 

fluid in the jet core region may be ejected out into ambient fluid. The vortex pairs 

exhibit an appreciable growth in the cross-sectional size with increasing x/D. This is 

evident by comparing the images at x/D = 1.3 (figures 2.15d1, 2.15d2 and 2.15d3) 

with those at x/D = 1.0 (figures 2.15c1, 2.15c2 and 2.15c3). The formation, including 

initial evolution, of the streamwise vortex pairs occurs at azimuthally fixed locations, 

as observed by Husain and Hussain (1993) in an acoustically excited elliptic jet. 

They noted at 𝑓e 𝑓0′⁄  = 1.0 that two streamwise vortex pairs were formed at 

azimuthally fixed locations. The rotational senses of the streamwise vortices are also 

the same as their counterparts presently observed, even though the two excitation 

techniques are very different. This is opposite to the cases of steady microjets (e.g. 

New & Tay 2006; Alkislar, Krothapalli & Butler 2007 and Alvi et al. 2008) and tabs 

(Reeder & Samimy 1996, Zaman 1996 & 1999), which all produced streamwise 

vortex pairs with an initial ‘in-flow’ sense such that ambient fluid is brought into the 

core region. 

It is of crucial importance to understand how the distorted azimuthal structure 

interacts with the streamwise vortices. To this end, PIV measurements were 

conducted at the cross-sectional (y, z) plane of x/D = 1.5, immediately after the 
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vortices are formed. Figure 2.16 presents four typical instantaneous velocity vector 

maps and the corresponding 𝜔𝑥∗  contours, representing four typical phases in the 

process of the interaction. The streamwise vortices maintain the ‘out-flow’ senses of 

rotation for all the four phases, though the opposite sense of rotation, i.e. ‘in-flow’ 

type occurs intermittently. The separation between the 𝜔𝑥∗  concentrations or vortices 

exhibits a large variation from one phase to another, in distinct contrast to 

quasi-steady streamwise vortex pairs generated by steady microjets and tabs. The 

velocity vectors suggest that the azimuthal vortical structure be highly 

three-dimensional.  

Figure 2.16(a2) shows that that two pairs of ‘in-flow’ type streamwise vortices 

are generated in an inner region, very close to the ‘out-flow’ type. Also, the 

maximum magnitude of the ‘in-flow’ type 𝜔𝑥∗  concentrations is comparable to that 

of adjacent ‘out-flow’ type, as indicated by the contour level. This is not unexpected. 

In view of the contorted azimuthal structure, it is not difficult to understand that the 

reorientation of the azimuthal vorticity may have produced the ‘in-flow’ vortex pairs, 

as noted by Zaman (1996). 

It is of interest to examine how the separations vary between the 𝜔𝑥∗  

concentrations associated with the ‘out-flow’ type vortex pairs. Use SI and SN to 

denote the separations between the vortices about the injection and non-injection 

planes, respectively, as marked in figure 2.16(a1-a4). SN changes significantly, while 

SI does not. As shown in figure 2.15(d2), the segments of the azimuthal structure 

about the non-injection plane are much thicker than those about the injection plane. 
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This forces the potential core region to evolve to an approximately elliptic shape, 

whose minor axis is aligned with orientation of SN as evidenced by figures 2.15(d2) 

and 2.16(a2). Lasheras, Cho & Maxworthy (1986), Bernal & Roshko (1986) and 

Lasheras & Choi (1988) observed from plane mixing layers that streamwise 

structures first form in the braid region between successive spanwise vortices, and 

then propagate upstream and downstream between high-speed side of a spanwise 

vortex and low-speed side of the following one. Liepmann & Gharib (1992) 

experimentally confirmed that similar streamwise structures also exist in round jets, 

and evolve in the braid region between consecutive vortex rings, similarly to those in 

plane mixing layer. Naturally, it may be inferred that in present study, the upstream 

part of the streamwise vortex would join the outer side of the immediately upstream 

azimuthal structure, whereas the downstream part stretch towards the inner side of 

the immediately downstream azimuthal structure. Thus, SN exhibits a large variation. 

This is very different from motions of streamwise vortex pairs generated by two 

delta-tabs symmetrically deployed at the exit of a circular jet at ReD = 1950 (Reeder 

& Samimy 1996). Specifically, they found from sequential images that the locations 

of streamwise vortices change little with time in a cross-sectional plane of x/D = 2 

(refer to their figure 15). 

Based on the above results and discussion, a conceptual model has been 

proposed for the contorted azimuthal vortical structures and streamwise vortex pairs 

under control (figure 2.16b). Note that velocity vectors are largely induced by the 

azimuthal structures and are dependent on the relative position of an azimuthal 
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structure to the measurement plane or laser sheet, which was placed normal to the jet 

axis. For example, figure 2.16(a1) shows that the radial inward motion occurs only 

about the injection plane, suggesting that the roll segments about the injection plane 

occur immediately downstream of the measurement plane and the roll segments 

about the non-injection plane are further downstream. The model also shows the 

locations (a1, a2, a3 and a4) of the measurement plane, with respect to the azimuthal 

structure, corresponding to the four typical phases. At the instant of a2, the 

measurement plane lies midway between the roll segments through the injection and 

non-injection planes, respectively, of one azimuthal structure. This is why velocity 

vectors in figure 2.16(a2) show simultaneously the outward and inward radial 

motions about the injection and the non-injection planes, respectively. As shown in 

this model, the upstream part of the streamwise vortex joins, on the jet low-speed 

side, the streamwise segment of the contorted azimuthal structure. In their numerical 

investigation on the interaction of azimuthal structures and streamwise vortex pairs 

in an elliptic jet under acoustic excitation, Husain & Hussain (1993) proposed that 

the upstream part of one streamwise vortex pair was azimuthally bent to join, from 

the jet low-speed side, a short azimuthal segment of the azimuthal structure (refer to 

their figure 11). This is not surprising in view of the distinct control techniques 

involved in the two investigations.  

2.6.2.2 Generation of Streamwise Vortices 

In an investigation of an elliptic jet under acoustic excitation, Husain & Hussain  
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Figure 2.17. Sketch to illustrate streamwise vorticity generation due to deformed cross section of 

the braid region: (a) a top view of two roll quadrants and the flow around them; (b1) a front view 

of deformed braid region with (b2) resulting Vx gradient in the θ direction; (c) resulting Vr 

gradient in the θ direction; (d) the sign of streamwise vorticity produced. 

(1993) proposed that the azimuthally fixed streamwise vortex pair resulted from the 
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reorientation of azimuthal vorticity residing in the braid region. In this subsection, we 

attempt to gain insight into the generation of the streamwise vortex pair from a 

different perspective through the analysis of the vorticity transport equation. 

Consider the braid region deformed due to the occurrence of streamwise 

vortices (figures 2.15b1, 2.15b2 and 2.15b3). Figure 2.17(a) presents a schematic of 

the flow in the vicinity of a cross section of the braid region. A moving cylindrical 

coordinate system (figures 2.17a and 2.17b) is fixed on the cross section. The 

vorticity dynamics equation for an incompressible flow (e.g. Xu, Zhou & Wang 2006) 

can be written as 

D𝝎
D𝑡

= 𝜈𝛁2𝝎 + (𝝎 ∙ 𝛁)𝑽 − 𝛁 × 𝒂 

         (2-4) 

Where 𝑽 and a are the velocity and acceleration vectors, respectively, 𝝎 = 𝛁 × 𝑽 is 

the vorticity vector, t is time, and 𝜈 is kinematic viscosity. For simplicity, we 

assume that, before the formation of roll segments about the non-injection plane, the 

roll segment about the injection plane continues to move at a constant velocity along 

the jet axis; meanwhile the location of the cross section of the braid remains 

unchanged with respect to the roll segments (figure 2.17a). Since the above 

mentioned moving coordinate system is fixed on the cross section, the acceleration a 

becomes zero. Thus, the x component of the vorticity equation may be rewritten as 

𝜕𝜔𝑥
𝜕𝑡

+ 𝑉𝑟
𝜕𝜔𝑥
𝜕𝑟

+
𝑉𝜃
𝑟
𝜕𝜔𝑥
𝜕𝜃

= 𝜈∇2𝜔𝑥 + 𝜔𝑟
𝜕𝑉𝑥
𝜕𝑟

+
𝜔𝜃

𝑟
𝜕𝑉𝑥
𝜕𝜃

+ 𝜔𝑥
𝜕𝑉𝑥
𝜕𝑥

 

        (2-5) 

where 
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𝜔𝑥 =
𝜕𝑉𝜃
𝜕𝑟

+
𝑉𝜃
𝑟
−

1
𝑟
𝜕𝑉𝑟
𝜕𝜃

 

           (2-6) 

The first term on the right-hand side of equation (2-5) is the viscous diffusion, the 

second and third terms represent vortex tilting and the last reflects streamwise vortex 

stretching (Hussain 1977). In a region close to the jet exit where viscous diffusion 

effect and incoherent turbulence effect is very small, the first two terms in equation 

(2-5) may be neglected, as indicated by Husain & Hussain (1993). Thus, the last two 

terms is the main reason for generation of the streamwise vortex pairs in current 

work. 

Consider the Vx gradient in the θ direction in the cross section of the braid. At θ 

= θ0 of the interface between the braid and ambient fluid (figure 2.17b1), the Vx 

gradient in the θ direction is large because of the deformation (figure 2.17b2). 

Naturally, the streamwise vorticity 𝜔𝑥 is produced since the azimuthal voriticty 𝜔𝜃 

residing in the braid is tilted by 𝜕𝑉𝑥 𝑟𝜕𝜃⁄  (equation 2-5). 

A further attempt is made to determine the rotational sense of the generated 𝜔𝑥 

through theoretical analysis. Let us consider the flow in the upper-right corner (θ = 

θ0) of the cross section of the braid shown in figure 2.17(c). As equation (2-6) 

indicates, 𝜔𝑥 consists of three terms. In view of the induction effects of the roll 

segments, it is easy to understand that at the corner of θ = θ0 the Vθ gradient along 

the r direction should be much lower than the  𝑉𝑟  gradient along the θ direction. 

Meanwhile, at current instant the shear layer on the non-injection side still has no 

rollup as sketched by figure 2.17(a). Naturally, 𝑉𝑟 ≈ 0 at θ = θ0 may be obtained. 
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Thus, it may be inferred that (1 𝑟⁄ )𝜕𝑉𝑟 𝜕𝜃⁄  should overwhelm the other two terms 

on the left hand side of equation (2-6). As shown in figure 2.17(c), 𝜕𝑉𝑟 𝜕𝜃⁄  at the 

corner of θ = θ0 is positive. Then, from equation (2-6), the sign of corresponding 𝜔𝑥 

is negative (figure 2.17d), as is confirmed from the PIV measurement (figure 

2.16a1). 

After the shear layer rolls up about the non-injection plane, the normal strain 

𝜕𝑉𝑥 𝜕𝑥⁄  at the corner of θ = θ0 becomes much larger. Thus, with increasing x/D, 𝜔𝑥 

is strenghened by a large vortex stretching term  𝜔𝑥 𝜕𝑉𝑥 𝜕𝑥⁄ , as reflected by 

generation of the counter-rotating streamwise vortex pairs. 

2.6.2.3 Mushroom-Like Structures 

The extraordinarily strong mixing, observed in the controlled jet of Type I (figure 

2.8c), is linked to a number of mushroom-like streamwise structures, which are 

sequentially ‘tossed’ out radially as seen in the non-injection plane (figure 2.14). 

Mushroom-like streamwise structures were observed in the natural turbulent round 

jet due to the braid instability (e.g. Liepmann & Gharib 1992). However, we are 

allured by the remarkable spread seen in figures 2.7(c), 2.8(c), 2.11(b2) and 2.14 to 

find out how the mushroom-like structures under control (Type I: Cm = 1.6%, 𝑓e 𝑓0′⁄  

= 1.0) are generated, how they evolve, and how they differ from those in the 

uncontrolled jet (Cm = 0, 𝑓e 𝑓0′⁄  = 0.0). Figures 2.18, 2.19, 2.20 and 2.21 present the 

images with and without control captured in a series of cross-sectional planes at x/D 

= 2.0, 2.4, 3.0 and 5.0. Both the azimuthal structure and the braid region are 
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presented in each plane over x/D = 2.0 – 3.0 (figures 2.18-20). The flow structures, 

be the azimuthal structure or the braid, are distinctly different between the 

uncontrolled and controlled jets. 

 

Figure 2.18. Photographs of flow visualization in the cross-sectional planes at 𝑥 𝐷⁄  = 2.0. 

The flow structure in the uncontrolled jet is characterized by a small size and an 

approximately uniform distribution along the azimuthal direction. At x/D = 2.0 the 

shear layer rolls up, forming a ring vortex (figure 2.18a). The dark ring region, 

approximately a circle, is the entrained ambient fluid by the rollup motion of the ring 
62 

 



 

vortex and the solid inner circle is the potential core. In the braid region (figure 

2.18b), the image appears to be a full moon. The jet is basically axisymmetric, 

regardless of the ring vortex or the braid region. Moving downstream to x/D = 2.4,  

 

Figure 2.19. Photographs of flow visualization in the cross-sectional planes at 𝑥 𝐷⁄  = 2.4. 

the ring vortex (figure 2.19a) changes little, while some small lumps occur in the 

braid region along the azimuthal direction (figure 2.19b), suggesting the occurrence 

of the azimuthal instability in the braid region, fully consistent with Liepmann & 
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Gharib’s (1992) experimental finding in a natural round jet at ReD = 5500. At x/D = 

3.0 mushroom-like streamwise structures are evident in both the ring vortex and the 

braid region (figures 2.20a and 2.20b). These mushroom-like structures are  

 

Figure 2.20. Photographs of flow visualization in the cross-sectional planes at 𝑥 𝐷⁄  = 3.0. 

characterized by counter-rotating streamwise vortex pairs of the ‘out-flow’ type, and 

are distributed azimuthally. Liepmann & Gharib (1992) pointed out that, once formed, 
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the mushroom-like structure first moved outward into the jet low-speed side due to 

self-induction and then goes through the induced velocity field of the ring vortex. 

They were stretched in the braid region and re-entrained upstream into the adjacent  

 

Figure 2.21. Photographs of flow visualization in the cross-sectional planes at 𝑥 𝐷⁄  = 5.0. 

ring vortex. This is why the streamwise structures generated are also observed in the 

ring vortex region. The jet has become fully turbulent at x/D = 5.0 (figure 2.21a) and 

it is difficult to distinguish between the ring vortex, the braid and the mushroom 

structures. 

It is worthwhile mentioning that the streamwise structures generated in the 

uncontrolled jet experience only one single ‘generation’ all the way to the end of the 

potential core. However, as shown in figure 2.14, in the controlled jet a number of 

structures are sequentially ‘tossed’ out along the radial direction in the non-injection 
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plane. One may surmise that there could be several ‘generations’ of the streamwise 

structures generated under control. At x/D = 2.0, the mushroom-like structures grow 

initially only between the streamwise vortices of the ‘out-flow type’ pair (figures 

2.18c and 2.18d) and are seen in both the distorted ring vortex and the braid, in 

distinct contrast to the uncontrolled jet. The difference may be ascribed to the 

outward radial induction from the azimuthally fixed streamwise vortex pairs in the 

controlled jet (figure 2.16b). At x/D = 2.4, the ‘first generation’ of mushroom-like 

structures is more fully developed and starts to move outward from the jet.  

Meanwhile, another generation of new mushroom-like structures (figure 2.19d) 

emerges. It is worth pointing out that several lumps about the injection plane in 

figure 2.19d are part of the azimuthal structure just being crossing the light sheet in 

flow visualization measurements. The mushroom-like structures undergo a much 

more rapid ‘production’ from x/D = 2.4 to 3.0 than those from x/D = 2.0 to 2.4. Many 

mushroom-like structures are sequentially ‘tossed’ out along the radial direction 

about the non-injection plane. Often, one pair of mushroom-like counter-rotating 

structures follows another separate pair, as marked in figure 2.20(c). Sometimes, one 

mushroom-like structure is alternately interwoven with another, as marked in figure 

2.20(d). This is accompanied by a strong ejection of jet core fluid, resulting in greatly 

enhanced jet mixing. As the case of the uncontrolled jet, the controlled jet is also 

fully turbulent at x/D = 5.0. Nevertheless, the image in figure 2.21(b) shows 

unequivocally a much larger spread about the non-injection plane due to a number of 

generations of mushroom-like structures tossed out from the jet core region. It was 
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noted earlier that due to the type of interaction illustrated by ‘A’ and ‘B’ in figure 

2.12(b), the shear layer segments about the injection plane at x/D = 2.4 underwent a 

rapid inward development evidenced by engulfed ambient fluid (denoted by inner 

dark region in figure 2.19c). This makes the potential core area (central white region) 

at x/D = 2.4 (figure 2.19c) shrink compared with that at x/D = 2.0 (figure 2.18c). At 

x/D = 3.0, the downstream part of streamwise vortex pairs stretches into the inner 

side of the azimuthal structure and is still discernable (marked by dashed rectangle in 

figure 2.20c). In contrast, the upstream part of streamwise vortex pairs has broken 

down on the low-speed side and hardly identifiable (marked by dashed ellipse in 

figure 2.20c). Even in the braid region, streamwise vortex pairs also start diffusion 

evidenced by the region marked by dashed ellipse in figure 2.20(d). 

There is a marked difference in the radial outward motions of mushroom-like 

structures between the uncontrolled and controlled jets. In the uncontrolled jet the 

mushroom-like structures formed are located very closely to the ring vortex or braid 

region (Liepmann & Gharib 1992) since the outward self-induction of these 

structures is at least partially suppressed by the inward induction of passing ring 

vortices. In contrast, the mushroom-like structures in the controlled jet can often 

move out for two or more nozzle diameters from the jet axis. The difference may be 

attributed to the presence of the azimuthally fixed streamwise vortex pairs of the 

‘out-flow’ type in the controlled jet. Their presence tips the balance between the 

inward and outward inductions in the uncontrolled jet, resulting in a predominance of 

the radial outward induction. As a consequence, the mushroom-like structures are 
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tossed out from the jet core region. This mechanism is similar to the production 

mechanism for the side jets in a heated round jet or strongly excited cold jet 

(Monkewitz et al. 1990; Monkewitz & Pfizenmaier 1991; Brancher, Chomaz &  

 

Figure 2.22. Model of the sequential generations of mushroom-like structures under the 

influences of self-induction and induction by adjacent streamwise vortex pair. The vector ‘S’ 

denotes the self-induction direction of mushroom-like structure. The vectors ‘1’ and ‘2’ represent 

the induction directions by vortex cores of adjacent streamwise vortex pair. The four structures, 

marked by dashed cycles in (a, b, c, d), act to plot out the idealized trajectory of the same 

mushroom-like structure in cross-sectional plane (y, z). 

Huerre 1994). The side jet is produced by streamwise vortex pairs that are located in 

the braid region and act to eject vigorously fluid in the central region of the jet. 

Based on the results and discussion as above, a scenario is proposed for the 

sequential generation of mushroom-like structures, as sketched in figure 2.22. Let us 

consider the motion of the ‘first generation’ mushroom-like structures (marked by 

dotted circle in figure 2.22a). According to Biot-Savart law, vortices ‘A’ and ‘B’ in 
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the upper streamwise vortex pair exert two outward inductions, i.e. vectors ‘1’ and ‘2’ 

respectively, on the adjacent ‘first generation’ mushroom-like structure (figure 2.22a). 

In addition, the mushroom-like structures produces a self-induction, as indicated by 

vector ‘S’ (figure 2.22a). Under the resultant motion of ‘1’, ‘2’ and ‘S’, the ‘first 

generation’ mushroom-like structure moves rapidly away from the jet axis along the 

radial direction and subsequently sheds from the braid region between vortices ‘A’ 

and ‘B’ (figure 2.22b). After the shedding, the braid region between vortices ‘A’ and 

‘B’ again shows small azimuthal instability as sketched in figure 2.22(b), probably 

due to perturbations from outward inductions of vortices ‘A’ and ‘B’. The braid 

instability grows into the ‘second generation’ mushroom-like structure (figure 2.22c). 

The ‘second-generation’ structure will display the similar motions to the 

‘first-generation’ structure. This process continues and produces a train of 

mushroom-like structures, as shown in figure 2.22(d), and we see sequentially 

‘tossed’ out structures in the non-injection plane (figures 2.14, 2.18-21). 

2.6.3 Time-Averaged Flow Structure in the Cross-Sectional Plane 

2.6.3.1 Streamwise Vorticity 

Figure 2.23 presents the contours of PIV-measured time-averaged streamwise 

vorticity (𝜔𝑥����∗= 𝜔𝑥����𝐷 𝑈e⁄ ) in the (y, z) plane at x/D = 0.45 to 5.0. At x/D = 0.45, two 

pairs of oppositely signed 𝜔𝑥����∗ concentrations occur symmetrically about the center, 

protruding into the potential core (figure 2.23a). They are apparently generated by 

the two symmetrically placed and oppositely pointing microjets. Issuing from the  
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radial orifices, the microjets act like transverse jets in a cross flow and generate two 

pairs of counter-rotating vortices (figure 2.23a). Readers may refer to Cortelezzi & 

Karagozian (2001) for the formation mechanism of the counter-rotating vortices. The 

two pairs of vortices exhibit a rapid decay at x/D = 1.0 (figure 2.23b) and are barely 

discernible at x/D = 1.5 (figure 2.23c). Note the ring-like 𝜔𝑥����∗ concentrations at x/D 

= 0.45, contributed at least partially by the nozzle extension rotation mentioned 

above.  

Three pairs of alternatively signed 𝜔𝑥����∗ concentrations are seen over x/D = 1.0 – 

3.0 about the non-injection plane, referred to as the inner, intermediate and outer 

pairs, respectively, for the convenience of discussion. Both inner and outer pairs of 

the 𝜔𝑥����∗ concentrations are of the ‘out-flow’ sense of rotation, opposite to that of the 

intermediate pair. Based on the proposed model for the azimuthal and streamwise 

structures (figure 2.16b), we may easily see that the intermediate pair of the 𝜔𝑥����∗ 

concentrations corresponds to the reoriented segments of the distorted azimuthal 

vortex, and the inner and outer pairs of the 𝜔𝑥����∗ concentrations are associated with 

the two pairs of ‘out-flow’ streamwise vortices. Naturally, the inner and outer 𝜔𝑥����∗ 

concentrations result from the downstream and upstream portions of one streamwise 

vortex pair, respectively.  

The maximum level of the 𝜔𝑥����∗ concentrations occur at x/D = 1.5 for the outer 

and intermediate pairs but at x/D = 2.5 for the inner pair. This indicates that the 

upstream part of one pair of streamwise vortices develops more rapidly than its 

downstream part, in full agreement with the flow visualization data (figures 2.18-20).  
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This is because the shear in the braid region is more intense immediately downstream 

than upstream of the ring vortex (Martin & Meiburg 1991). The intense shear 

accelerates the development of the upstream part. At x/D = 4, the maximum level of 

the inner and outer 𝜔𝑥����∗  concentrations decays slowly. On the other hand, the 

intermediate 𝜔𝑥����∗ concentrations already vanish. The result suggests that the 

streamwise structures persist farther than the azimuthal structures, as reported by 

Liepmann & Gharib (1992). The outer 𝜔𝑥����∗ concentrations at x/D = 4 is extended  

significantly outward along the radial direction due to the sequential generation of 

mushroom-like structures and their outward motion. At x/D = 5.0, 𝜔𝑥����∗  becomes 

very small in magnitude, suggesting a grossly weakened streamwise structures. 

2.6.3.2 Radial Velocity 

Two different mechanisms are responsible for the observed rapid mixing in the 

controlled jet. This is reflected in the contours of time-averaged lateral velocity  

(𝑉�∗ = 𝑉� 𝑈e⁄ , velocity component along the y-axis) in the (y, z) plane from x/D = 0.45 

to 5.0 (figure 2.24). The first is the entrainment of ambient fluid into the jet core 

region due to the rollup motion of the azimuthal coherent structures. It has been 

noted earlier from figure 2.15 that at x/D = 0.7, only the shear layer about the 

injection plane (z-axis) has already rolled up. Naturally, at x/D = 0.45 the 

concentration and magnitude of 𝑉�∗ are small and lower, as displayed in figure 

2.24(a). Further moving to x/D = 1.0, the rollup of shear layer about the 

non-injection plane occurs and is strengthened under control (figures 2.11, 2.12,  
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2.15). Resultant azimuthal structure is the overwhelming event. As a result, the 

negative and positive 𝑉�∗ concentrations at x/D = 1.0 are predominant in the upper 

and lower regions, respectively, outside the azimuthal structure (figure 2.24b). After 

going through a transition from x/D = 1.5 to 2.0, another mechanism starts to dictate 

the mixing process, as suggested by a significant spread from x/D = 2.5 to 3.0 

(figures 2.24e and 2.24f). In this x/D range, a number of mushroom-like structures 

are sequentially ‘tossed out’ radially about the non-injection plane (figures 2.19c, 

2.19d, 2.20c and 2.20d). Thus, two large 𝑉�∗ concentrations with alternate signs 

occur along the non-injection plane in figures 2.24(e) and 2.24(f). The effect of 

mushroom-like structures on 𝑉�∗  remains discernible even at x/D = 5.0 (figure 

2.24h). 

2.6.3.3 Reynolds Shear Stress 

The Reynolds shear stress (𝑣𝑤����∗ = 𝑣𝑤���� 𝑈𝐞2⁄ ) in the (y, z) plane is expected to be 

strongly influenced by the azimuthal and streamwise structures. Figure 2.25 presents 

the contours of 𝑣𝑤����∗ at x/D = 1.0 – 4.0. The 𝑣𝑤����∗ is much smaller in magnitude at 

x/D = 0.45 than at x/D = 1.0 – 4.0 and the contours at x/D = 5.0, as at x/D = 4.0, do 

not really exhibit any concentrations, thus not shown. The two mixing mechanisms 

unveiled in figure 2.24 are also reflected in the contours of 𝑣𝑤����∗. 

The azimuthal structure (i.e. the first mechanism) is responsible for the contours 

of 𝑣𝑤����∗  at x/D = 1.0 – 1.5. In this x/D range, the positive and negative 

𝑣𝑤����∗ concentrations (figures 2.25a-b) occur around the potential core and their signs 
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change alternately from quadrant I to IV of the coordinate system in the (y, z) plane. 

This pattern is apparently linked to the formation of the azimuthal structure. This 

point is schematically shown in figures 2.25(g-h) on the basis of our earlier 

discussion. With an azimuthal structure immediately upstream of the planar light 

plane, its induced velocity vectors are radially outward (figure 2.25g). For instance, 

in the first quadrant, fluctuating velocities v and w are both positive, thus resulting in 

a positive vw. When the azimuthal structure occurs immediately downstream of the 

measurement plane, the induced velocity vectors are radially inward (figure 2.25h). 

Then, v and w in the first quadrant are both negative, producing again positive vw. 

The sign of 𝑣𝑤����∗ may be similarly explained in the other three quadrants. 

The sequentially ‘tossed out’ mushroom-like structures (i.e. the second 

mechanism) contribute to the contours of 𝑣𝑤����∗ at x/D = 2.0 – 4.0. At x/D = 2.0, the 

negative  𝑣𝑤����∗ concentrations appears expanding in size (figure 2.25c). This is 

probably due to a transition occurring at x/D = 2.0 from the first to second 

mechanism, as evidenced in figures 2.24(b-e). At x/D = 2.5, each of the two enlarged 

negative concentrations seems splitting into two, separated by the plane of 45° with 

respect to the non-injection or injection plane (figure 2.25d). This is connected with 

the predominance of the second mechanism over the first one at x/D = 2.5 evidenced 

in figure 2.24(e). Note that at x/D = 2.5 two pairs of oppositely signed concentrations 

(marked by ‘A’, ‘B’, ‘C’ and ‘D’ in figure 2.25d) occur in the region outside the 

azimuthal strucutres, displaying up-down anti-symmetry about the non-injection 

plane. Meanwhile, two negative concentrations are arranged symmetrically about the 
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non-injection plane (figure 2.25d). Two factors may account for the observation. 

Firstly, ‘A-D’ concentrations, as well as the above two negative concentrations, are 

associated with radial outward motion of the mushroom-like structures. Secondly, the 

examination of flow visualization data indicates that the radial outward motion of the 

mushroom-like structures takes place more frequently in the second and fourth 

quadrants in the (y, z) plane than in the first and third quadrants. For instance, the 

mushroom-like structures move radially outwards in the second quadrants in the (y, z) 

plane. Thus, fluctuating velocity v is positive and w is negative, thus producing a 

negative vw in ‘A’ concentration and the upper large negative one (with a minimum 

contour level of -0.02 in figure 2.25d), as the case of the azimuthal structure (see 

figures 2.25g and 2.25h). The sign of 𝑣𝑤����∗ in ‘B-D’ concentrations and the lower 

large negative one (with a minimum contour level of -0.01 in figure 2.25d) may be 

similarly explained in the other three quadrants. The two negative concentrations 

symmetrically arranged about y = 0 do not disappear until x/D = 3.0, but at x/D =3.0 

the anti-symmetry arrangement has partially disappeared (figure 2.25e). At x/D = 4.0, 

the negative concentrations have almost completely vanished (figure 2.25f). 

2.7 Further Discussion 

2.7.1 The Role of Vortex Pairing in the Generation of 

Mushroom-Like Structures 

The mushroom-like streamwise structures undergo a much more rapid 

generation at x/D = 2.4 – 3.0 than at x/D = 2.0 – 3.0 (figures 2.18–20). The 
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observation may be connected to vortex pairing observed in the non-injection plane. 

The reasons are twofold. Firstly, the streamwise extent where vortex pairing occurs 

(figure 2.14) coincides well with that where the mushroom-like structures are rapidly 

generated. Secondly, there is a general consensus that vortex pairing may enhance the 

three-dimensionality of jet (e.g. Zaman & Hussain 1980; Hussain & Zaman 1980; 

Yule 1978; Hussain 1986; Liepmann & Gharib 1992). Zaman & Hussain (1980) 

indicated that vortex pairing in a circular jet caused the leading and trailing vortices 

to undergo expansion and contraction, respectively. It seems plausible that the pairing 

event increases the amplitude of three-dimensional perturbations in the braid region, 

exciting the azimuthal instability of the braid, naturally generating mushroom-like 

structures much faster over x/D = 2.4 – 3.0. 

2.7.2 Physical Model of the Flow Structure under Control 

Experimental data has unveiled that the flow structure under control of Type I is 

characterized by the distorted azimuthal structures, counter-rotating streamwise 

vortex pairs and sequentially 'tossed-out' mushroom-like structures. It is of 

fundamental importance to compare this flow with those perturbed jets previously 

reported. 

Two distinct patterns of streamwise structures in current study are different from 

those generated by tabs, steady microjets and other techniques. The unsteady 

microjets produce two pairs of periodic counter-rotating streamwise vortices of the 

‘outflow’ type, not the quasi-steady ‘in-flow’ vortex pairs when the tabs (e.g. Zaman, 
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Reeder & Samimy 1994; Reeder & Samimy 1996; Zaman 1999) and steady microjets 

(e.g. New & Tay 2006; Alkislar, Krothapalli & Butler 2007; Alvi et al. 2008) are 

deployed. Furthermore, the mushroom-like structures are sequentially ejected, which 

is reported for the first time. 

The presently controlled jet exhibits similarities to a heated round jet, which also 

displays a large spread when the density ratio of jet exit to ambient fluid is below 

0.72 (Monkewitz & Bechert 1988). The large spread is linked to the formation of a 

so-called ‘side jet’, which is directed radially away from the main jet axis. This 

heated jet is also characterized by strong azimuthal structures and two to six pairs of 

streamwise vortex pairs (Monkewitz et al. 1989). However, there is a marked 

difference, that is, the mushroom-like structures are absent from the heated jet. This 

might be connected with the relatively small azimuthal separation between their 

adjacent pairs of counter-rotating streamwise vortices, as is evident in Monkewitz & 

Pfizenmaier’s (1991) and Brancher, Chomaz & Huerre’s (1994) models for side jet 

production (their figures 8 and 6, respectively). It seems that in order to produce the 

mushroom-like structures, this separation needs to be adequately large, as shown in 

figures 2.15(d3) and 2.18(d). Support for this inference is from Liepmann & Gharib 

(1992) who investigated an uncontrolled round jet without the counter-rotating 

streamwise vortices mentioned above. They observed from flow visualization 

measurements that the mushroom-like structures arose almost uniformly along the 

azimuthal direction of the braid region. In contrast with the effects of large separation, 

a small separation must inhibit the braid instability from producing mushroom-like 

79 
 



 

structures. Naturally, this accounts for the absence of mushroom-like structures in the 

heated round jet. 

 

Figure 2.26. Conceptual model of the flow structure under the perturbation of two unsteady 

microjets. 

A conceptual model is proposed based on the present experimental data for the 

jet flow structure under the excitation of two radial periodic microjets, as 

schematically shown in figure 2.26. The injected pulsed microjets cause the early 
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rollup of the shear layer about the injection plane, and at the same time break the 

azimuthal symmetry in the braid region (figures 2.15b2 and 2.15b3). The asymmetry  

causes the azimuthal vorticity in the braid region to be tilted, enhancing greatly the 

streamwise component of vorticity. Immediately downstream, two roll segments are 

formed about the non-injection plane (figure 2.15c1) and join the two roll segments 

about the injection plane with the reoriented ends for each segment (figure 2.16b). As 

such, a distorted azimuthal structure is formed. Then, the normal strain field (the 

term 𝜕𝑉𝑥 𝜕𝑥⁄  in equation 2-5) in the braid region stretches the streamwise vorticity 

to form rapidly azimuthally fixed streamwise vortices of ‘out-flow’ type. The 

upstream end of a streamwise vortex is superposed upon the outer side of reoriented 

segments of the immediately upstream azimuthal structure (figure 2.16a2). In 

contrast, the downstream parts stretch towards the inner side of the following 

azimuthal structure (figure 2.20c). Due to the braid instability, the mushroom-like 

structures are sequentially 'tossed out' along the non-injection plane, one pair after 

another, under the outward induction of streamwise vortex pairs. The mushroom-like 

structures are generated relative slowly (figures 2.18d and 2.19d), before vortex 

pairing starts in the non-injection plane (figure 2.14). During vortex pairing, the 

generation of mushroom-like structures is apparently accelerated (figures 2.20c and 

2.20d). At the same time, in the injection plane a short roll segment is running 

towards the inner side of the distorted azimuthal vortex (figure 2.12b), entraining 

ambient fluid into the jet core region (figures 2.7b, 2.11b1 and 2.19c). 
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2.8 Conclusions 

Investigation has been conducted on the active control of a turbulent round jet 

(ReD = 8000) using two radial unsteady microjets. Two control parameters are 

examined, i.e. Cm (0 – 16%) and 𝑓e 𝑓0′⁄  (0 – 1.4). Measurements were conducted in 

the injection (x, y) plane, non-injection (x, z) plane, and eight cross-sectional (y, z) 

planes over x/D = 0.45 to 5.0 using PIV, flow-visualization and hot-wire techniques. 

The following conclusions may be drawn out of this investigation: 

1. The jet decay rate K exhibits a strong dependence on Cm. Three types of the 

control performance have been identified, i.e. Types I, II and III, in terms of 

required Cm, achievable K and flow physics involved. In Type I (Cm = 0 – 

2.6%), given 𝑓e 𝑓0′⁄  = 1 and Cm = 1.5%, K exceeds that under the control of 

steady microjets of the same Cm by more than 80%, suggesting a significantly 

improved control efficiency with unsteady microjets deployed. The increased K 

results from the enhanced strength of large-scale coherent structures. The same 

mixing enhancement as in Type I is also achieved in Type III (Cm = 4.5% – 

16%), which is ascribed to fully developed turbulence under the excitation of 

microjets. Type II (Cm = 2.6% – 4.5%) is a transition between Types I and III 

and is characterized by a less enhanced K. 

2. Much of this study is devoted to the control of Type I because of its high control 

performance and efficiency. Under this type of control, the jet decay rate 

depends strongly on 𝑓e 𝑓0′⁄ , exhibiting one peak and one trough corresponding to 

enhanced and impaired large-scale vortical structures, respectively. 
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3. The flow structure under the control of Type I is highly three-dimensional, 

consisting of the contorted azimuthal vortical structure, two pairs of azimuthally 

fixed streamwise vortices and sequentially ejected mushroom-like streamwise 

structures. Jet mixing is dependent on the interactions between the three 

components. A physical model (figure 2.26) has been proposed for the jet flow 

structure based on the experimental data, which is distinctly different from 

previously proposed models under the control of tabs and steady microjets. The 

local microjet perturbation results in the early rollup of azimuthal roll segments 

about the injection plane, causing the cross section of the braid to deform. As a 

result, two pairs of azimuthally fixed streamwise vortices with an ‘out-flow’ 

sense of rotation are generated about the non-injection plane, stretching 

upstream and downstream between the outer side of the azimuthal vortex and 

the inner side of the following one. Under the influence of outward induction of 

azimuthally fixed streamwise vortices, the braid instability is amplified to 

generate sequentially the mushroom-like counter-rotating streamwise structures 

which are ejected along the radial direction in the non-injection plane, one after 

another. Near the injection plane, a short roll segment catches up with the 

contorted azimuthal vortex without pairing but breaks down rapidly. This 

motion produces a strong entrainment of ambient fluid into the jet core, in 

distinct contrast with the significant spread about the non-injection plane. 

4. Insight is gained into the generation of the two pairs of azimuthally fixed 

streamwise vortices. As shown from the x-component vorticity equation, the 
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cross-sectional deformation in the braid results in azimuthally fixed streamwise 

vortex pairs. The microjet excitation gives rise to the early rollup of azimuthal 

vortical roll segments about the injection plane, causing the braid to deform. 

The deformation yields a considerable velocity gradient ∂𝑉𝑥 ∂𝜃⁄  in the 

azimuthal direction of the braid, contributing to the vortex tilting term and 

reorienting azimuthal vorticity 𝜔θ to streamwise one 𝜔𝑥. Under the influence 

of normal strain  𝜕𝑉𝑥 𝜕𝑥⁄   in the braid region, two pairs of azimuthally fixed 

streamwise vortices are generated with the ‘out-flow’ sense of rotation. 
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CHAPTER 3 CLOSED-LOOP CONTROL OF A 

TURBULENT ROUND JET USING DIFFERENT 

CONTROL STRATEGIES 

3.1 Introduction 

The objective of closed-loop experiments is twofold. One objective is to 

develop an extremum-seeking closed-loop control system to achieve autonomously 

the same optimal control performance as the open-loop control. The 

extremum-seeking jet control system showed robustness and adaptivity, that is, the 

optimal control performance was automatically achieved when the Reynolds number 

was changed. The other objective is to develop a physics-based control strategy by 

incorporating some physical understanding of the coherent structure dynamics. The 

physics-based control system may again achieve automatically the optimal control 

performance, and was compared to the extremum seeking control in terms of 

convergence time. 

3.2 Experimental Details 

3.2.1 Jet Facility and Actuator System 

The experimental setup and the definition of coordinate system in current 

closed-loop control work is the same as those used in the open-loop control work. 

Readers may refer to the section 2.2.1 in Chapter 2 for details. 
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3.2.2 Hot Wire Measurements 

In open-loop experiments, a single tungsten wire with diameter of 5 μm, on a 

constant temperature circuit (Dantec Streamline) with an overheat ratio of 1.8 

specified, was utilized to measure the streamwise fluctuating velocity with x/D < 10. 

The signal from the wire was offset, filtered at a cut-off frequency of 3.0 kHz, 

amplified and then digitized using a 12-bit A/D board (NI PCI-6221) at a sampling 

frequency of 6 kHz. The duration for each record was 80 s. A hotwire probe was 

deployed on a computer-controlled two-dimensional traversing mechanism whose 

streamwise and transverse resolutions were both 0.01 mm. 

In closed-loop experiments, three single wires were placed to measure the 

streamwise fluctuating velocity for different purposes. Their locations and 

functionalities in control strategies will be described in later sections for the 

convenience of discussion. As in the open-loop control, their sensing elements were 

also made of 5 μm tungsten wire in diameter, and were operated on a constant 

temperature circuit with an overheat ratio of 1.8 specified. What different from the 

open-loop case is that, the current signal acquisition was performed using a 32 

channel (16bit) A/D board (dSPACE DS2003) at a sampling frequency of 6 kHz per 

channel. 

3.2.3 Real-Time I/O System 

A dSPACE PX10 system connected with a personal computer was used for 

closed-loop control study. The system contained two 32-channel (16bit) independent 
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boards, namely, A/D board (DS2003) and D/A board (DS2103), the former for 

acquiring the signals from hot wires as mentioned earlier and the latter for producing 

the control input signal for microjet actuators at a rate of 2 kHz. The produced 

control input signal was amplified by a SERVOSTAR CD amplifier before being 

sent to the servo motor used for unsteady microjet generation. The microjet 

frequency was determined via a formula as follows 

fe = 72.5·Vin－0.0252 

        (3-1) 

where Vin is the amplitude of the control input signal in volts. In this way, the online 

manipulation of microjet frequency was realized in the closed-loop control. As to 

control strategies, they were programmed using Simulink. The dSPACE Real-Time 

Interface (RTI) software was used to establish the link between the Simulink routines 

and the dSPACE hardware. The interface for supervising information in real-time 

was designed with the dSPACE ControlDesk software. 

3.3 Open-Loop Results and Flow-Physics-Based Controller 

Design 

The objective of the open-loop experiments is twofold. One objective is to 

provide the steady-state input-output map between the excitation frequency 𝑓e and 

the jet decay rate K, in order to verify the optimization capabilities of closed-loop 

controls. The other objective is to examine the influence of excitation 

frequency 𝑓e on jet shear layer instability and to provide physics basis for the design 
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Figure 3.1. Steady-state input-output map 𝐾5d = 𝐹(𝑓e) at different 𝑅𝑒D  in the open-loop 

control. 

of the flow-physics-based (FPB) controller. 

Figure 3.1 shows the steady-state input-output map for various Reynolds 

numbers. At ReD = 8000, the decay rate at Cm = 1.5% strongly depends on fe, 

showing a twin-peak variation, with the local maximum at fe = 94 Hz and the global 

maximum at fe = 128 Hz. The optimal excitation frequency fe leading to the global 

maximum is designated by 𝑓e,optimal. As ReD is increased to 9333, the twin-peak 

arrangement remains unchanged but the value of 𝑓e,optimal rises to 155 Hz. 

In order to provide a flow physics basis for FPB controller design, the influence 

of excitation frequency 𝑓e on the jet shear layer instability with ReD = 8000 was 

examined using hot wire technique in the injection (x, z) plane. Given Cm = 1.5%, 

the excitation frequency 𝑓e varied from 71 Hz to 157 Hz, covering a range whose 
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upper end was somewhat higher than 𝑓e,optimal and lower end was much lower  

 

Figure 3.2. Relationship between excitation frequency 𝑓e and vortex passage frequency 𝑓v in the 

open-loop controlled jet (Cm = 1.5% for ReD = 8000): (a) hot wire at x/D = 0.5, y/D = 0 and z/D 

= -0.3; (b) x/D = 2.0, y/D = 0 and z/D = -0.3. 

than 𝑓e,optimal. Two locations (i.e. x/D = 0.5, y/D = 0, z/D = -0.3 and x/D = 2, y/D = 0, 

z/D = -0.3) were in turn used to deploy a single wire. The vortex passage 

frequency 𝑓v was achieved from an analysis of hot wire data using auto-correlation 

technique. In figures 3.2(a) and 3.2(b), the ordinate is the ratio of the vortex 

frequency  𝑓v to the excitation frequency  𝑓e while the abscissa is the excitation 

frequency 𝑓e normalized by the optimal excitation frequency 𝑓e,optimal. Similarly to 

Ho & Huang (1982) who studied an excited plane mixing layer, the relationship 

between 𝑓v and 𝑓e at x/D = 0.5 (figure 3.2a) is divided into three stages, i.e. 𝑓v 𝑓e⁄  = 

4 for  𝑓e 𝑓e,optimal⁄  = 0.56, 3 for 0.78 – 0.86 and 2 for 0.89 – 1.23. Moving 

downstream further to x/D = 2 (figure 3.2b), the above relationship is modified into 

𝑓v 𝑓e⁄  = 2 for 𝑓e 𝑓e,optimal⁄  = 0.56 – 0.86 and 1 for 0.89 – 1.23 due to vortex pairing. 

Based on the above findings, a FPB control strategy consisting of two control 

loops may be proposed, for online optimization of the excitation frequency 𝑓e. One 
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control loop is to estimate the instantaneous value of votex passage frequency 𝑓v at 

x/D = 2 and to be applied to the microjet excitation frequency. Figure 3.3(a) shows 

 

Figure 3.3. Schematic of flow-physics-based feedback control scheme. Based on the flow 

physics of vortex frequency  𝑓v and excitation frequency 𝑓e , a feedback control strategy is 

developed to realize a self-tuning of 𝑓e to the proximity of 𝑓e,optimal obtained in the open-loop 

control. The dash line denotes the inferred relationship between  𝑓v and  𝑓e in the range 

of 𝑓e 𝑓e,optimal⁄  = 0.1 ~ 0.5. 

that the feedback process commences with an initial excitation frequency 𝑓e,i much 

lower than  𝑓e,optimal . Under the influence of the control loop, the excitation 

frequency  𝑓e might be self-tuned to reach the neighborhood of 𝑓e,optimal , as 

indicated in figure 3.3(c), which will be experimentally confirmed later. On the other 

hand, the optimal excitation frequency 𝑓e,optimal is linked with the maximum jet 

decay rate 𝐾max (see figure 3.1). In view of fluid dynamics, the maximum decay 
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rate can be ascribed to large-scale vortical structures at an optimal frequency 

𝑓v,optimal equal to 𝑓e,optimal (see figure 3.2b). Accordingly, the other control loop is 

to perform an online search for 𝐾max connected with optimal vortex passage 

frequency 𝑓v,optimal. Once convergence criterion is met, the closed-loop control will 

be terminated and 𝑓e will be changed to 𝑓e,optimal. 

3.4 Closed-Loop Control Strategies and Results 

3.4.1 Extremum-Seeking Control 

3.4.1.1 Extremum-Seeking Control Strategy 

The extremum-seeking (ES) control strategy is based on a gradient estimation 

of the input-output map of the flow system. The ES control regards the jet control 

plant as a steady-state input-output system with the input being excitation 

frequency  𝑓e and the output jet centerline velocity decay rate K. Autonomous 

adjustment of 𝑓e(𝑡)  from an initial value 𝑓e,i  to  𝑓e,optimal is enabled by the 

following feedback law 

𝑑𝑓e
𝑑𝑡

= 𝑘 ∙
𝑑𝐾
𝑑𝑓e

 

(3-2) 

where k is the gain and 𝑑𝐾 𝑑𝑓e⁄  is the local gradient of the input-output map 

(Ariyur & Krstić 2003). Naturally, the gradient estimation is the key element to ES 

control. To author’s knowledge, there exists at least three techniques in the literature 

for the estimation of 𝑑𝐾 𝑑𝑓e⁄ , namely, high-pass filtering combined with low-pass 

filtering (e.g. Krstić & Wang 2000; Ariyur & Krstić 2003; Pastoor et al 2008;  
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Figure 3.4. (a) Block diagram of the extremum-seeking (ES) control scheme; (b) experimental 

arrangement for the ES closed-loop control. 〈 〉 marks moving-averaged quantities using a 

1-sec-long running window. In order to distinguish from the feedback part, the monitoring part is 

designated by dashed line. 
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Benard et al. 2010), spectral analysis (Beaudoin et al. 2006) and extended Kalman 

filtering (Henning et al. 2008, Gelbert et al 2012). The present work uses the first 

technique for its widespread applications. 

The ES controller comprises three parts, i.e. part I - a sine generator, part II - a  

high-pass filter and a low-pass filter, part III - an integrator and a gain k, as shown in 

figure 3.4(a). Part I is used to superpose a sinusoidal perturbation 𝑎 ∙ sin(𝜔sin𝑡) 

onto the initial system input 𝑓e,i, in order to detect the local gradient (Krstić & Wang 

2000). Here, 𝜔sin denotes angular frequency. Due to a much longer period of the 

perturbation than the largest time constant of the jet plant, the system output signal 

also becomes approximately sinusoidal as the system input signal 𝑓e. Part II is used 

to process the system output signal using the high-pass filter and low-pass filter, so 

as to obtain the local gradient information. Part III integrates the gradient 

information, and then multiplies the resultant signal with the gain k to produce a 

correction term ∆𝑓e(𝑡). According to the feedback law (equation 3-2), ∆𝑓e(𝑡) will 

increase if the output is on the left side of the maximum (positive gradient). In 

contrast, ∆𝑓e(𝑡) will decrease if the output is on the right side (negative gradient). As 

a result, the system input in the ES control may be described as follows 

𝑓e(𝑡) = 𝑓e,i + ∆𝑓e(𝑡) + 𝑎 ∙ sin(2𝜋𝑓sin𝑡) 

(3-3) 

which is guided by the feedback law to move towards the optimal value 𝑓e,optimal. 
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3.4.1.2 Implementation of Extremum-Seeking Control Strategy 

The jet decay rate K3D, rather than K5D in the open loop control, was chosen as 

the indicator to measure the system output in the current closed-loop control. Similar 

to the K5D’s definition, 𝐾3D equals (𝑈�e − 𝑈�3D) 𝑈�3D⁄  where 𝑈�3D is the jet centerline 

time-averaged velocity at x/D = 3. The reason for choosing K3D is that the signal 

from a wire at x/D = 5 on the jet axis is highly chaotic under the influence of 

turbulent flow, and is likely to slow down the convergence. In contrast, the signal 

from a wire at x/D = 3 displays marked periodicity (not shown) because of large 

coherent structures, and warrants a fast convergence. 

The implementation of extremum-seeking control involves arrangement of two 

feedback wires and one monitor wire, as indicated in figure 3.4(b). The definition of 

the system output 𝐾3D necessitates the use of two feedback wires, i.e. wire I and 

wire II. The feedback wire I is used to acquire the jet exit velocity 𝑈e at x/D = 0.1, 

y/D = -0.3 and z/D = 0 (being in the non-injection plane in order to minimize the 

effects of microjet injection on the jet exit velocity signal). At the same time, the 

wire may be used to document the varying Reynolds number ReD if the ES controller 

needs to demonstrate its adaptivity to varying flow conditions. The feedback wire II 

is used to acquire simultaneously the jet centerline instantaneous velocity 𝑈3D at x/D 

= 3. In order to obtain steady-state online system output, a moving-averaged 

technique with a 1-sec-long running window is used to yield the velocity 

signals 〈𝑈e〉 and 〈𝑈3D〉 where 〈 〉 represents a moving-averaged quantity. After a 

simple calculation, an online steady-state system output 〈𝐾3D〉 is produced. The  
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Figure 3.5. Automatic optimization performance of the extremum-seeking closed-loop control 

(initial excitation frequency 𝑓e,i = 107 Hz and Cm = 1.5% for ReD = 8000): (a) time history of 

the excitation frequency 𝑓e; (b) 〈𝐾3D〉; (c) 〈𝐾5D〉. 

monitor wire is used to acquire the jet centerline instantaneous velocity 𝑈5D at x/D 

= 5 in order to monitor the variation in jet decay rate 〈𝐾5D〉. 
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In order to have a stable and effective extremum-seeking control, the parameter 

setting of ES controller confirms with the following cascade (Ariyur & Krstić 2003; 

Sinha et al. 2008):  

  The frequency for jet plant dynamics >> Update rate of  〈𝐾3D〉 >>  

Sine perturbation frequency 𝑓sin >> Filter cutoff frequency 

Specifically, the update rate for 〈𝐾3D〉 is 0.5 Hz; the first order high-pass filter (HP) 

𝐺HP(𝑠) = s (s + 2π𝑓HP)⁄  and low-pass filter 𝐺LP(𝑠) = 1 [1 + 1 (2π𝑓LP)s⁄ ]⁄  are 

used with the cutoff frequency of 𝑓HP and 𝑓LP both being 0.1 Hz, where s denotes 

 

Figure 3.6. Roubustness of the extremum-seeking closed-loop control (Cm = 1.5% for ReD = 

8000) to different 𝑓e,i: time histories of 𝑓e. 

the differential operator d d𝑡⁄  in the above transfer functions of the filters; the 

perturbation frequency 𝑓sin of the sine generator is 0.125 Hz, slight higher than the 

cutoff frequency above; and the perturbation amplitude a is 4 Hz.  

3.4.1.3 Results of Extremum-Seeking Control 

The experimental results of the ES control consist of two parts – one part for 
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fixed Reynolds number and the other part for continuously varying Reynolds number. 

During the real-time optimization of the microjet excitation frequency 𝑓e, the total 

mass flow rate of two microjets remains at a fixed amount corresponding to the mass 

ratio Cm = 0.8% with 𝑅𝑒D = 8000. 

The excitation frequency 𝑓e could be automatically optimized at 𝑅𝑒D= 8000 in 

the ES closed-loop control. Figure 3.5(a) presents that, with initial excitation 

frequency 𝑓e,i = 107 Hz, the controller starts to work at t = 26 sec; then, the 

excitation frequency 𝑓e autonomously reaches the optimal value 𝑓e,optimal achieved 

in the open-loop control and then stays there, according to the feedback law (see 

 

Figure 3.7. Adaptivity of the extremum-seeking closed-loop control (microjets’ mass flow rate 

�̇� fixed at the amount equivalent to Cm = 1.5% for ReD = 8000) to varying 𝑅𝑒D: (a) time history 

of 𝑓e; (b) 𝑅𝑒D. 

equation 3-2). At the same time, the online optimization also results in a 
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considerable improvement of both the 〈𝐾3D〉 and 〈𝐾5D〉, as shown in figures 3.5(b) 

and 3.5(c), respectively. 

The ES closed-loop control has been found to be robust and adaptable. Figure 

3.6 presents that, at 𝑅𝑒D = 8000, three different initial excitation frequencies 𝑓e,i all 

result in autonomous convergences to the 𝑓e,optimal, indicating the robustness of the 

ES controller. The adaptivity of the ES controller is demonstrated via a continuous  

variation of 𝑅𝑒D from 8000 to 9333 (figure 3.7a). In the open-loop control (see 

figure 3.1), the optimal excitation frequency 𝑓e,optimal increases as 𝑅𝑒D increases 

from 8000 to 9333. Figure 3.7(b) shows that in the feedback control, this trend 

reoccurs in a form of continuous rising of 𝑓e, indicating the adaptivity of the ES 

controller. 

3.4.2 Flow-Physics-Based Control 

3.4.2.1 Implementation of Flow-Physics-Based Control Strategy 

The implementation of FPB control strategy involves the use of three hot wire 

probes to construct the above mentioned two control loops, as sketched in figure 3.8. 

For control loop I, the feedback wire III is placed at x/D = 2 on the high-speed side 

of the injection-plane mixing layer to obtain the velocity signal connected with the 

large-scale vortical structures. The velocity signal is used to estimate the 

instantaneous value 𝑓v(𝑡) of the vortex passage frequency at x/D = 2 using a simple 

algorithm (Zhang 2013). According to equation (3-1), the control input signal Vin(t) 

that equals (fv + 0.0252)/72.5 is calculated and applied to the servo motor. Based on 
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equation (3-1), the microjet actuators in turn excite the jet shear layer at frequency 

fe(t) which equals 72.5·Vin－0.0252, thus manipulating the large vortical structures. 

For control loop II, the feedback wires I and II have the same location and purpose 

as the feedback wires I and II in the ES control (see figure 3.4b). Thus, the system 

output  〈𝐾3D〉(𝑡) is obtained with the two wires, corresponding to the system 

input 〈𝑓v〉(𝑡) from the control loop I. Here, 〈𝑓v〉(𝑡) is the moving average of the 

signal 𝑓v(𝑡) with a 1-sec-long moving window. Subsequently, the control loop II 

performs an online search for 〈𝐾3D〉max which is connected with the optimal vortex 

passage frequency 𝑓v,optimal . The related convergence criterion is defined as 

𝑓v,rms(𝑡) 〈𝑓v〉⁄ (𝑡) < 3%, where 𝑓v,rms(𝑡) denotes the root mean square of the signal 

𝑓v(𝑡) with a 1-sec-long moving window, similar to the moving average technique.  

 

Figure 3.8. Experimental arrangement for the flow-physics-based closed-loop control with a goal 

being online optimization of microjet excitation freqency 𝑓e. 
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Figure 3.9. Performance of the flow-physics-based closed-loop control (Cm = 1.5% for ReD = 

8000): (a) time history of 𝑓v; (b) jet decay rate 〈𝐾3D〉; (c) mean vortex frequency 〈𝑓v〉; (d) 

〈𝐾3D〉max (e) r.m.s. value of vortex frequency 𝑓v,rms. Here, 〈𝐾3D〉max denotes the real-time 
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maximum of all the datum points 〈𝐾3D〉 up until the current datum point. 

Once the convergence criterion is met, the closed-loop control will be terminated and 

𝑓e will be changed to 〈𝑓v〉optimal. 

3.4.2.2 Results of Flow-Physics-Based Control 

Figure 3.9 presents a typical process of the online optimization of 𝑓e using the 

FPB control (Cm = 1.5% for ReD = 8000). It has been noted that, once the controller 

is switched on (at t = 2 sec in figure 3.9a), the vortex frequency 𝑓v will start to 

converge rapidly into 𝑓e,optimal achieved in the open-loop control. The periodic 

oscillation in the signal 𝑓v is due to the dislocation between the feedback wire I and  

 

Figure 3.10. Robustness of the flow-physics-based closed-loop control (Cm = 1.5% for ReD = 

8000) to different 𝑓e,i: time histories of 𝑓v. 

the microjet actuators. Under the influences of the connection between 𝑓e and 𝑓v, the 

moving-averaged signal 〈𝑓v〉 displays a fast rise from much lower than 𝑓e,optimal to 

its close proximity to 𝑓e,optimal  (figure 3.9b), leading to a significant increase 
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in 〈𝐾3D〉 (figure 3.9c). On the other hand, the search phase for maximum jet 

decayrate is presented in figure 3.9(d). During this process, the maximum of all the 

datum points 〈𝐾3D〉 up until the current datum point is denoted by 〈𝐾3D〉max. Figure 

3.9(e) shows that at the instant tm, the above mentioned convergence criterion is met. 

At the same instant, the value of 〈𝑓v〉optimal corresponding to 〈𝐾3D〉max(𝑡m) is 

obtained, which has been found approximately equal to 𝑓e,optimal (figure 3.9d). This 

indicates that the FPB control successfully fulfils the goal of online optimization of 

𝑓e. Robustness to different initial excitation frequency 𝑓e,i of the FPB controller is 

demonstrated by figure 3.10. Given 𝑓e,i normalized by 𝑓e,optimal at 0.22 and 0.38, 

𝑓v can both fast converge fastly into 𝑓e,optimal with 4% uncertainty. 

Two benefits can be gained from the FPB closed-loop control. One benefit is 

that convergence time is reduced considerably from 50 sec to 5 sec (figures 3.9 and 

3.10), by one order of magnitude, compared with the ES control (see figure 3.6). The 

other benefit is a proof of our physical understanding of the jet flow, which is the key 

to performing online optimization of actuator parameter in present work. 

3.5 Conclusions 

The closed-loop control of a turbulent round jet has been experimentally 

investigated. Two unsteady radial microjets were used to excite symmetrically the jet 

flow. Excitation frequency fe is regarded as the jet control system input and the jet 

decay rate K the system output. In order to achieve autonomously the fe,optimal leading 

to the Kmax obtained in the open-loop control, two separate control strategies were 
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investigated and compared. One is a model-free extremum-seeking control with a 

lower convergence speed, whereas an alternative model-based control exhibits a 

much faster convergence due to the incorporation of our physical understanding for 

the flow into the controller design. The investigation leads to following conclusions: 

1. Open-loop results, on one hand, exhibit the effectiveness of the microjet 

actuators in enhancing the jet mixing performance. Given Cm, fe,optimal yields a 

greatly increased K at different Reynolds numbers, compared with the 

uncontrolled case. On the other hand, vortices have been found to form at a 

frequency fv, which is one of the harmonics of fe. Further downstream, the 

magnitude of fv is reduced due to pairing and consequently becomes very close 

to fe,optimal. This motivates the development of a model-based controller which 

incorporates the above relationship between fe and fv into the controller design. 

2. The gradient-based extremum-seeking feedback control has been developed 

without a priori knowledge of related fluid dynamics. The system output K is 

obtained online based on the moving average of the hotwire signals. It has been 

found that, given Cm, this closed-loop control technique may obtain 

automatically and rapidly the optimal value of fe and the desired or maximum K, 

as achieved in the open-loop control. This control technique is also found to be 

robust and adaptable, that is, the optimal control performance is automatically 

achieved when the Reynolds number is changed. 

3. An alternative feedback strategy has also been developed in view of a 

relationship between fe and fv. This control technique consists of two 
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synchronous control loops. One control loop is used to feed the estimated 

instantaneous fv to microjet actuators. The other control loop makes an online 

search for the maximum K corresponding to fv,optimal. Once the convergence 

criterion is met, the closed-loop control will be terminated and fe will be 

changed to fv,optimal. It has been found that this flow-physics-based feedback 

control technique may again achieve automatically the optimal control 

performance, and is further characterized by a much more rapid convergence, 

cutting short time by one order of magnitude compared with the extremum 

seeking control. 

4. The significant difference in the convergence speed between two feedback 

control techniques suggests that, in order to secure the stability and adaptivity, 

the extremum-seeking controller requires a time scale much larger than the jet 

plant dynamics. 
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CHAPTER 4 SUMMARY AND CONCLUSIONS 

This work has performed open-loop experiments and closed-loop experiments of 

an actively controlled turbulent round jet using two unsteady microjets. On one hand, 

investigation has been conducted on the open-loop control of a turbulent round jet 

(ReD = 8000) using two radial unsteady microjets. Two control parameters are 

examined, i.e. Cm (0 – 16%) and 𝑓e 𝑓0′⁄  (0 – 1.4). Measurements were conducted in 

the injection (x, y) plane, non-injection (x, z) plane, and eight cross-sectional (y, z) 

planes over x/D = 0.45 to 5.0 using PIV, flow-visualization and hot-wire techniques. 

On the other hand, the closed-loop control of a turbulent round jet has been 

experimentally investigated. Excitation frequency fe is regarded as the jet control 

system input and the jet decay rate K the system output. In order to achieve 

autonomously the fe,optimal resulting in the Kmax obtained in the open-loop control, two 

separate control strategies were investigated and compared. One is a model-free 

extremum-seeking control with a lower convergence speed, whereas an alternative 

model-based control exhibits a much faster convergence due to the incorporation of 

our physical understanding for the flow into the controller design. Following 

conclusions may be drawn from this investigation. 

1. The jet decay rate K exhibits a strong dependence on Cm. Three types of the 

control performance have been identified, i.e. Types I, II and III, in terms of 

required Cm, achievable K and flow physics involved. In Type I (Cm = 0 – 

2.6%), given 𝑓e 𝑓0′⁄  = 1 and Cm = 1.5%, K exceeds that under the control of 
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steady microjets of the same Cm by more than 80%, suggesting a significantly 

improved control efficiency with unsteady microjets deployed. The increased 

K results from the enhanced strength of large-scale coherent structures. The 

same mixing enhancement as in Type I is also achieved in Type III (Cm = 4.5% 

– 16%), which is ascribed to fully developed turbulence under the excitation of 

microjets. Type II (Cm = 2.6% – 4.5%) is a transition between Types I and III 

and is characterized by a less enhanced K. 

2. Much of this study is devoted to the control of Type I because of its high 

control performance and efficiency. Under this type of control, the jet decay 

rate depends strongly on 𝑓e 𝑓0′⁄ , showing one pronounced peak and one trough 

corresponding to enhanced and impaired large-scale vortical structures, 

respectively. 

3. The flow structure under the control of Type I is highly three-dimensional, 

consisting of the contorted azimuthal vortical structure, two pairs of 

azimuthally fixed streamwise vortices and sequentially ejected mushroom-like 

streamwise structures. Jet mixing is dependent on the interactions between the 

three components. A physical model has been proposed for the flow structure 

based on the experimental data, which is distinct from previously proposed 

models under the control of tabs and steady microjets. The local microjet 

perturbation results in the early rollup of azimuthal roll segments about the 

injection plane, causing the cross section of the braid to deform. As a result, 

two pairs of azimuthally fixed streamwise vortices with an ‘out-flow’ sense of 
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rotation are generated about the non-injection plane, stretching upstream and 

downstream between the outer side of the azimuthal vortex and the inner side 

of the following one. Under the influence of outward induction of azimuthally 

fixed streamwise vortices, the braid instability is amplified to generate 

sequentially the mushroom-like counter-rotating streamwise structures which 

are ejected along the radial direction in the non-injection plane, one after 

another. Near the injection plane, a short roll segment catches up with the 

contorted azimuthal vortex without pairing but breaks down rapidly. This 

motion produces a strong entrainment of ambient fluid into the jet core, in 

distinct contrast with the significant spread about the non-injection plane. 

4. Insight is gained into the generation of the two pairs of azimuthally fixed 

streamwise vortices. As shown from the x-component vorticity equation, the 

cross-sectional deformation in the braid results in azimuthally fixed 

streamwise vortex pairs. The microjet excitation gives rise to the early rollup 

of azimuthal vortical roll segments about the injection plane, causing the braid 

to deform. The deformation yields a considerable velocity gradient ∂𝑉𝑥 ∂𝜃⁄  in 

the azimuthal direction of the braid, contributing to the vortex tilting term and 

reorienting azimuthal vorticity 𝜔θ to streamwise one 𝜔𝑥. Under the influence 

of normal strain 𝜕𝑉𝑥 𝜕𝑥⁄  in the braid region, two pairs of azimuthally fixed 

streamwise vortices are generated with the ‘out-flow’ sense of rotation. 

5. An extremum-seeking closed-loop control has been developed. It has been 

found that, given Cm, this closed-loop control technique may obtain 
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automatically and rapidly the optimal value of fe and the desired or maximum 

K, as achieved in the open-loop control. This control technique is found to be 

robust and adaptable, that is, the optimal control performance is automatically 

achieved when the Reynolds number is changed. Based on the dependence of 

shear layer rollup frequency on fe, a separate flow-physics-based feedback 

control strategy has also been investigated. This technique may again achieve 

automatically the optimal control performance, and is further characterized by 

a shorter convergence time, reduced by one order of magnitude compared with 

the extremum seeking control. 
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