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Abstract 

In the last decade, there has been a surge of research interest in developing flow-controlling 

devices, which can provide appreciable aerodynamic performance gain, do not require a 

large energy input from the operating device, and are cheap and lightweight at the same time. 

The synthetic jet actuator is one such device that has advantages of low cost but also simple 

structure and easy installation amongst other things, for which it has attracted much research 

interest. The jet is synthesised from the ambient air, which is indeed a major benefit over a 

continuous jet that needs a constant, external fluid supply to maintain the jet.  

The synthetic jet has established itself as a useful fluidic device with increasing potential for a 

range of other practical applications, such as in heat and mass transfer enhancement and 

active flow control. 

The present study investigates the influence of initial conditions primarily that of the orifice 

aspect ratio, on the flow field of synthetic jets. The flow fields are also examined for 

dependence on cavity shape and height. The characteristics of synthetic jet flow fields 

actuated via circular and rectangular orifices (aspect ratios ranging from 1 to 64) are studied 

experimentally by hot-wire anemometry and flow visualisation methods using smoke and 

high-speed camera techniques. In addition, unsteady Reynolds-Averaged Navier-Stokes 

computations, using the hybrid turbulence ‘Scale-Adaptive Simulation’ model, are carried out 

to complement the data from the physical experiments, and to utilise the power of 

visualisation, to gain significant insights into the problem.  

Centreline flow statistics axially downstream and transverse profiles at different axial 

locations have been evaluated. Furthermore, turbulence intensities have been measured and 

computed respectively in order to fully investigate the flow fields.  

The outcomes of this fundamental study contribute to the understanding of synthetic jets from 

rectangular slots of various aspect ratios. A linear relationship between the slot aspect ratio 

and the location of axis-switching has been proposed. In addition, the widely accepted vortex 

formation criterion in SJ research has been extended by a saturation criterion for secondary 

vortices. Furthermore, several design specifications have been established to assist actuator 

optimisation. Finally, the usage of the hybrid turbulence model approach has been evaluated 

and its potential compared to Large-Eddy Simulations or Direct Numerical Simulations has 

been shown.  
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1 Introduction 

A synthetic jet (SJ) is a quasi-steady air jet, generated from an actuator consisting of a cavity 

mounted with a moving membrane and an orifice plate. Common cavities consist of a round 

orifice. The usually sinusoidal driven membrane establishes an oscillatory orifice flow and as 

ambient fluid is drawn into the cavity and then expelled periodically, a series of vortex rings 

are formed. These are shed and break down some distance away from the orifice of the 

actuator, resulting in a quasi-steady jet of air called the synthetic jet. For reasons of simplicity, 

ease of manufacture and its ability to be miniaturised using Micro-Electro-Mechanical 

systems (MEMS) technology, the synthetic jet actuator (SJA) has established itself as a useful 

fluidic device with potential applications. These range from thrust vectoring of jet engines and 

mixing enhancement, through heat and mass transport, to active control of flow separation 

and turbulence in boundary layers [1].  

Consequently, SJs have been an area of interest for decades now, and with the growing 

possibilities of measurement accuracy and computational resources, turbulent flow 

phenomena and structures such as those present in SJ flow fields are receiving greater 

attention as the researcher can understand these phenomena in more detail. The three main 

actuator parameters that dominate the SJ flow field are the actuator frequency, the membrane 

displacement amplitude, and the orifice aspect ratio (AR). The fundamental influence of the 

orifice aspect ratio, in particular of slotted orifices, on the SJ flow field is presented and 

analysed in this thesis by systematically characterising the changes in the SJ flow field. This 

chapter discusses the purpose of this thesis, which arose from the continuous research in the 

past six years on SJs at The University of Auckland. The synthetic jet itself is introduced in 

some detail following a brief discussion of continuous jets (CJ). Furthermore, research 

objectives, the scope of this work and research contributions resulting from this work are 

outlined. Finally, the thesis synopsis is presented at the end of this chapter. 

 The Need for Fundamental SJ Research 1.1

Past research into useful applications of SJs focused either on the interaction of the SJ with 

boundary layers or on the effect of the SJ on heat and mass transfer. Studies present in the 

literature focussed on SJ characteristics driven by these specific application areas. For 

example, SJAs used for heat transfer applications already have design restrictions as a result 

largely of space limitations, thus their desired miniature size. Consequently, optimisation of 

the actuator geometry parameters, such as the orifice aspect ratio, cavity shape and its height, 
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which might have a significant influence on the jet flow field, have to be neglected. Thus, 

such studies can lose sight of the overall fundamental flow characteristics and their influence 

on performance and efficiency, by their design limitations. As a result, the literature on SJs is 

greatly lacking with regards the influence of the geometrical properties of the SJA cavity and 

the orifice aspect ratio, on the characteristics of the SJ flow field.  

Furthermore, while the rectangular CJ has been investigated in the past to some extent, a 

similar breadth and depth of study on rectangular SJs is unavailable. In spite of this, the SJ has 

already been purported as a novel alternative to the CJ. However, the lack of literature means 

an informed evaluation of the relative advantages of the rectangular SJ over the rectangular 

CJ cannot be carried out with confidence at the present time.  

The present research therefore seeks to fill the gap in knowledge and information on the 

influence of the geometrical properties of the SJA cavity and the orifice aspect ratio on the 

flow field of rectangular synthetic jets. In this regard, an experimental study is planned where 

some relevant parameters (such as actuator frequency, cavity volume, orifice area) are kept 

constant while others (such as cavity shape, cavity height, orifice aspect ratio) are varied one 

by one as the SJ flow field is measured and visualised. In addition, full three dimensional flow 

field data including mean velocities and second order statistics are to be obtained from 

transient Computational Fluid Dynamics (CFD) simulations to complement physical 

experiments and aid deeper insights into the problem. 

 Continuous Jets 1.2

In contrast to a SJ, a CJ is formed when the fluid support is constantly ensured. The 

continuous round jet consists of two zones, the zone of flow establishment and the zone of 

established flow. The zone of flow establishment is also referred to as the potential core 

region (Figure 1–1). The CJ often has a top-hat velocity profile in the potential core region, 

which ends at the point where the jet velocity drops to 90% of the jet exit velocity. The 

velocity profile changes in the zone of established flow to a Gaussian profile. This zone is 

rather narrow at the beginning and widens further downstream. The jet width increases 

downstream and therefore the mean jet velocity decreases [2].   
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Figure 1–1: Zones of a round CJ where D is the jet diameter, uo is the jet velocity, R is the half-width of the 

  potential core, Lo is the length of the zone of flow establishment, and b(x) is the width of the 

  mixing layer [2]. 

The potential core is the region in the centre of the jet and near to the orifice exit. A shear 

layer is produced near the orifice due to friction between the fast moving jet and the ambient 

fluid. This shear layer exhibits Kevin-Helmholtz instability and grows rapidly in the 

downstream direction, which produces a velocity component, perpendicular to the flow. Due 

to mass conversation, fluid is entrained into the jet. The instabilities in the shear layer lead to 

a transition to turbulent flow with the formation of primary vortical structures. Adjacent 

vortices pair off and eventually break down into small-scale structures due to secondary 

instabilities within the vortices [3]. This small-scale turbulent mixing causes the dilation of 

the jet in the downstream far field (Figure 1–2).  

 

Figure 1–2: Visualisation of a round CJ [2]; flow is from left to right. 
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However, the evolution of a jet is strongly dependent on the initial conditions at the orifice 

exit, both fluid-dynamical and geometrical. For example, the rate of fluid entrainment 

increases with decreasing AR of a rectangular orifice [4]. A round CJ is axisymmetric whereas 

a high AR CJ is expected to be planar in the near field and axisymmetric in the far field for 

highly turbulent CJs [5].  

CJs compared with a synthetic jet have the disadvantage that they need a constant, external 

fluid supply. CJs and SJs are also often compared to each other in terms of their (turbulent) 

flow character. Vortices occur after the transition from laminar to turbulent flow for the CJ 

case whereas vortex rings (for a circular orifice) or ring-like vortical structures (for a 

rectangular slot orifice) roll-up directly at the orifice. This influences the velocity and mass 

flux of the jet. For similar flow properties (e.g. with respect to jet velocity) it is expected that 

the SJ grows more rapidly, therefore is wider and entrains more fluid, and thus has a higher 

momentum compared to the CJ [6].  

 Synthetic Jets - Characteristics 1.3

As mentioned already, a SJ is a quasi-steady jet of fluid that is generated using a SJA and is 

considered to be a zero net mass flux device [7]. A SJA consists of a vibrating membrane or 

flexible wall, which oscillates at a predetermined frequency, alternately forcing fluid out and 

then sucking fluid in through a small orifice, which is usually opposite to the membrane. 

During outflow, a jet can be formed in front of the orifice, accompanied by a vortex ring 

around it, which is shed as outflow weakens and reverts to inflow [8]. The train of vortex 

rings that are periodically shed, move away from the orifice (Figure 1–3) and eventually break 

down in the region of this synthetic jet, thus intermittently transporting momentum to and 

thereby sustaining the jet [9].  

 
Figure 1–3: Schematic of a typical SJA. 
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During the suction phase the fluid is entrained through the orifice into the cavity due to 

negative pressure inside the cavity created by the ‘downward’ moving membrane. Afterwards, 

the membrane moves ‘upwards’ and the jet may be formed at the end of the discharge phase 

when the flow separates at the edge of the orifice. Depending on the initial conditions a 

vortical structure is formed which rolls up and subsequently moves away from the orifice 

under its self-induced velocity. A vortical structure is formed as long as the pressure drop 

across the orifice is large enough to impart an impulse to the structure that overcomes the 

influence of the orifice image and the flow forces during the suction phase [9]. The vortical 

structures produced are similar to and dependant on the shape of the orifice, e.g. round 

orifices produce ring or ring-like structures. It is noteworthy to mention that since the jet is 

developed from the ambient fluid, the net mass flux over each cycle is zero, hence the term 

zero net mass flux device for SJA. 

The SJ can be laminar and transform into a turbulent jet depending on the initial flow 

conditions. For ‘minimum’ formation criteria, a ‘laminar jet’ is created which changes to a 

‘transitional jet’ and finally a ‘turbulent jet’ with increasing jet velocity [10]. The indicating 

factors for such ‘types’ of synthetic jet will be introduced in the following sections. Jet 

formation will be described next using the example of vortex ring formation.  

1.3.1 Vortex Ring Formation 

To ensure jet formation with vortex ring generation, the vortex ring forming at the round 

orifice needs to have the ability to overcome the suction velocity during the ingestion stroke. 

In other words, the vortex ring needs to have a high enough self-induced velocity or rather a 

high enough vortex strength to overcome this suction velocity. The vortex strength can be 

measured by the level of the relative vorticity Ω. The vorticity, �⃗⃗� , of a flow field with the 

velocity distribution �⃗� , is defined as [11]: 

�⃗⃗�  ∇ × �⃗�  (1-1) 

The relative vorticity, Ω, is defined as the z-component of �⃗⃗� : 

𝜔    
  

  
 

 𝑢

  
 (1-2) 

The circulation, Γ, of the vortex is used to measure the rotation of a flow and characterises Ω. 

Γ is defined as: 

  ∮ �⃗� ∙ 𝑑   ∮ �⃗⃗� ∙ 𝑑𝐴 ⃗⃗  ⃗
𝐴 

 (1-3) 
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where 𝑑   is a differential element on the closed curve C that bounds the area A. If Γ is large 

enough, i.e. the vortex is curled for a certain amount; the vortex will roll up at the orifice exit.  

As soon as vortex ring formation starts, external fluid is entrained (Figure 1–4). At the same 

time the vortex ring moves away from the orifice exit. The increase in mass leads to a 

decrease in velocity and thus, the vortex ring grows in size but also slows down as it moves 

away. As the vortex ring slows down vorticity is transferred into the trailing wake and the ring 

eventually breaks down. Due to the alternating reversal in flow direction along the centreline 

a stagnation point is formed, which influences vortex breakdown. At the beginning of the 

suction phase the strain rates are high at the stagnation point which leads to instabilities within 

the vortices, breakdown of these structures, and thus the onset of small-scale transition [9, 

12]. The transition process proceeds toward the rear end of the vortices, progresses through 

the fluid behind it and thereby sustains the jet. 

 
Figure 1–4: Visualisation of vortex rings [13]; flow is from bottom to top. 

1.3.2 Vortex Ring Formation Parameter 

For jet formation in quiescent air it has been shown that two independent dimensionless 

parameters characterise the flow of the SJ [9]. These parameters are the jet Reynolds number, 

Red [14], 

    
𝑈𝑎𝑣𝑒𝑑 

 
 (1-4) 

where Uave is the average orifice exit velocity during the expulsion phase of the cycle, do is 

the orifice diameter, and ν is the kinematic viscosity; and the dimensionless stroke length, L, 

  
 

𝑑 
 (1-5) 

where l is the stroke length given by: 
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  ∫ 𝑈𝑎𝑣𝑒

𝑇 2⁄

0

(𝑡)𝑑𝑡 (1-6) 

Red and L are used to estimate jet formation. For example, it was found that the threshold for 

round synthetic jet formation in quiescent air is at L = 0.5 [15]. Furthermore, Glezer and 

Amitay have shown that there is no axisymmetric vortex ring formation for L < 0.4 [12].  

Reynolds number based on the stroke length (ReL) has been found to be directly related to the 

SJ vortex circulation and is therefore an indicator of the vortex strength [15].  

Another dimensionless quantity which is widely used is the Stokes number, S which is 

dependent on ReL and L, and is defined as:  

  √(
2𝜋   

 2
) (1-7) 

The Stokes number plays an important role because it has been shown that the inverse of S is 

a useful criterion in terms of jet formation.  

Furthermore, the number of flow-influencing parameters for a SJ in boundary layer (BL) 

cross-flow interaction is increased by the boundary layer thickness, δ, the local wall shear 

stress, τw, and the freestream velocity, U∞. Further dimensionless numbers can be introduced 

and the Strouhal number, St, is defined as: 

 𝑡  
𝑓𝑑 

𝑈 
 (1-8) 

where f is the vortex shedding frequency. For SJs in quiescent air, U∞ is replaced by Uave. The 

freestream Reynolds number, Reδ, is [15]: 

    
𝑈  

 
 (1-9) 

and the non-dimensionalised shear stress, τ: 

  
  

 𝑈 
2

 (1-10) 

where ρ is the density of the fluid. The ratio of boundary layer thickness to orifice diameter is: 

    
 

𝑑0
 (1-11) 

and the jet to freestream velocity ratio, VR: 
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𝑈𝑎𝑣𝑒

𝑈 
 (1-12) 

All these parameters are used to describe, judge, and discuss the performance of the SJA and 

corresponding flow characteristics; for example: 

 

 
 

   

 𝑡2
   (1-13) 

is the criterion for jet formation [16], where 

  
 2 2(   ) 

 𝜋2
 (1-14) 

in which c = Uave/Ucl (Ucl is the centreline velocity), ε = 2R/d (orifice curvature radius to 

orifice diameter ratio) and p and κ are parameters depending on orifice and vortex geometry, 

respectively. It has been shown that K > 1 is necessary for two-dimensional jet formation, and 

K > 0.16 is required for axisymmetric jet formation [16]. This value can be transformed to 

L ≈ 0.5 if one takes the relationship between St and L into account. However, since K is 

strongly dependent on the geometry it has also been shown that formation is possible for 

lower dimensionless stroke lengths, say L of 0.25 [17]. Equation 1-14 shows that vortex 

formation is influenced by the actuator geometry. The structure of axisymmetric jets is known 

to become more complex with increasing jet velocity and it has been shown that in turbulent 

vortices, the formation of secondary vortices occurs within the wake [12].  

Recent work on jet formation in quiescent air by Zhou et al. [18] has proved that a 

combination of a minimum S and a minimum L is necessary to ensure jet formation and jet 

formation with vortex roll-up (Figure 1–5).  

 

Figure 1–5: Jet formation dependent on S and L [18]. 
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Zhou et al. [18] used particle image velocimetry (PIV) and numerical simulations to verify 

their findings. It was shown that Ω is related to S as well as L and do/Sl (the orifice diameter to 

Stokes layer thickness ratio, which is defined as the radial distance between the peak velocity 

and the wall at the orifice exit [18]). In other words, a higher S and thus a thinner Stokes layer 

promotes vortex roll-up as long as L is high enough. This is attributed to a shift of the location 

of the peak velocity, which enhances the exit velocity and hence affects the concentration of 

vorticity, which leads to the vortex formation. Finally, it was shown that the conditions 

S > 8.5 and L > 4 need to be fulfilled to ensure jet formation with vortex roll-up.  

1.3.3 Vortex Interaction 

When two or more vortices or vortex rings are in close enough proximity to each other, one or 

more types of interactions can take place. Vortex interaction or interaction of vortices 

typically involves the cancellation, merging and stretching of vortices [19]. For example, if 

two ‘identical’ vortices or rings are travelling one behind the other, the leading vortex-ring 

widens and decreases its velocity due to mutual induction to the following vortex-ring. The 

following vortex-ring instead will shrink and increase its velocity and finally penetrate the 

leading vortex-ring. This phenomenon is called leapfrogging (Figure 1–6) and for ideal 

conditions leapfrogging will continue to infinity. However, under experimental conditions 

two vortex-rings always merge sooner or later and propagate as a single ring [20].  

 

Figure 1–6: Leapfrogging of consecutive vortex rings. 

1.3.4 Flow Field Characteristics 

For a round orifice and very low Red, a ‘laminar’ synthetic jet is created which turns into a 

‘laminar jet with vortex ring roll-up’ with increasing Red (Figure 1–7). At a certain Red level 

(Red ≈ 3 000) the laminar rings break down and the jet becomes ‘transitional’. At higher Red 

the SJ becomes ‘turbulent’. Characteristics of each regime are shown in Figure 1–7. 

U1=U2 U1>>U2 U2<U1 U2=U1
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Laminar jet Laminar rings Transitional jet Turbulent jet 

Figure 1–7: Round synthetic jet characteristics changing with increasing Red [10]. 

A fundamental difference between SJ’s and CJ’s is that the time mean velocity across the SJ 

orifice is zero, unlike that for the CJ. When the jet flow fields are examined, other 

fundamental differences are found. Whereas there are three distinct regions for a rectangular 

turbulent CJ [5], there are four such regions for an equivalent SJ [6]. The regions for the 

rectangular turbulent CJ shown in Figure 1–8 are: an initial quasi-plane-jet region which 

includes the potential core; a transition region; and a quasi-axisymmetric region in the far 

field [5]. A rectangular turbulent SJ has the same regions but also a region in the near field, 

before the quasi-plane-jet region, which is an initial developing region where vortical 

structures form and interact [6]. The initial region in Figure 1–8 corresponds to the zone of 

flow establishment in Figure 1–1. Analogue to that, the transition region and the quasi-

axisymmetric region both lie in the zone of established flow.  

 

Figure 1–8: Schematic of different regions of a CJ where U is the jet velocity [5]. 

A comparison of SJs and CJs is shown in Table 1-1. Compared to a round turbulent CJ, the 

round turbulent SJ has a similar cross-stream velocity and entrainment rate, but a larger 
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spreading rate. The decay of the centreline velocity of the round turbulent SJ is constant (x
-1

) 

like that for the round turbulent CJ. The slot laminar SJ and the slot transitional SJ both decay 

with x
-0.5

. That is similar to the slot CJ [10, 21, 22]. The SJ decay rate increases faster 

compared to the decay rate of an equivalent CJ [6]. The location where self-similarity is 

reached varies across the literature, which will be discussed in Chapter 2. 

Table 1-1: SJ characteristics for round and slot orifices. 

Orifice Re region 
Centreline 

velocity decay 
Self-similarity Jet half-width 

Round 

Laminar jet without vortex 

roll-up 
   

> 3 000; laminar rings x
-1

 13 do x 

> 12 000; transitional jet x
-1

 15 do  

> 70 000; turbulent jet x
-1

 (CJ: x
-1

) 15 do (CJ: 40 do)  

Slot 

Laminar x
-0.5

 (CJ: x
-0.5

)   

Transitional x
-0.5

 (CJ: x
-0.5

)   

Turbulent x
-0.58

 (CJ: x
-0.5

) 0.6 L x
0.88

 (CJ: x) 

Figure 1–9 shows the typical centreline velocity profile for a round SJ. The centreline velocity 

increases for 0 < y/do < 2 until ring formation is completed. For y/do > 2 the centreline 

velocity decreases in the far-field, for y/do > 10, the velocity decays with 1/x. In this region 

the SJ is self-similar, which is different to a CJ that becomes self-similar further downstream, 

for y/do > 40 [22]. 

 

Figure 1–9: SJ mean centreline velocity [22]. 
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Another remarkable difference between equivalent CJs and SJs is the eddy viscosity, which is 

higher for the SJs [6]. The turbulent-viscosity (also eddy-viscosity) hypothesis assumes that 

the momentum transfer in turbulent flows is due to eddies. Higher eddy viscosity in a flow 

can be seen as a more turbulent flow and thus enhanced mixing can be assumed. Furthermore, 

planar jets can develop a particular phenomenon called axis-switching (Figure 1–10). Here the 

jet develops along the major orifice axis at the beginning and switches – usually by 90° 

somewhere downstream – in a way that the jet develops further across the major axis (i.e. 

along the minor axis). This has been reported for both CJs and SJs [6, 5]. Whereas axis-

switching has been a matter of interest for CJs in the past [23, 24, 25] there is limited 

information regarding axis-switching for SJs [24, 26, 27,], especially for low Re and high AR.  

 
Figure 1–10: Concept of axis-switching for an elliptical CJ [25]. 

In spite of this, limited information about slot orifice jets, with respect to the AR and Re, can 

be found in the literature. For high AR slots the SJ is likely to behave as a 2D planar jet in the 

near field [9]. However, this is likely to change in the far field where the jet becomes three-

dimensional [6]. Individual studies present in the literature usually only cover a small AR 

range and in addition, due to the different initial experimental conditions in these studies, 

comparison of the findings is limited. Thus, a structured study where the initial conditions are 

kept constant and that covers a broad AR range is imperative.  

Further findings and gaps in SJ research may be revealed from the literature review presented 

in Chapter 2.  
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 Objectives 1.4

The principal aim of this research is to understand the flow field characteristics of the slot SJ 

to varying orifice aspect ratio, and how these characteristics are different to circular SJs as 

well as to corresponding CJs. 

This is achieved by systematically characterising the flow field of SJs obtained with 

increasing slot orifice AR, alternative SJA geometries, and with a range of Re numbers. Five 

key objectives have consequently been identified in order to achieve the overall aim of this 

research. These are: 

1. To investigate the characteristics of SJs with rectangular slots of varying AR. 

2. To establish the dependency of the SJ generated from rectangular slots on the jet 

Reynolds number and actuator geometry. 

3. To identify the key differences between the flow fields of rectangular slot SJs and  

a) round SJs, as well as  

b) CJs. 

4. To determine the mechanisms leading to axis-switching and its influence on the SJ 

flow field. 

5. To analyse the flow field inside the SJA to understand its influence on the external 

flow field of the SJ. 

 Scope of Work 1.5

All investigations are to be undertaken in quiescent air and only the characteristics of SJs 

relative to the aforementioned geometrical parameters are studied. The thesis consists of two 

parts, physical experiments and numerical simulations, shown in Table 1-2. In order to 

achieve the objectives of the thesis for the experimental part: 

1. The flow field velocities, cavity pressure, and diaphragm displacement were 

measured.  

2. A round SJ with an orifice diameter do = 20mm was characterised as a baseline 

reference for comparison. 

3. The orifice area (Ao) was kept constant with increasing AR from square 

(AR = 1) to AR = 64.  
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4. The influence of cavity geometry was investigated using a) a round and a 

square cavity with the same volume (Vc = const.) and height (hc = 100mm), and 

b) three square cavities with the same volume and different heights: shallow – 

hc = 25mm; medium – hc = 50mm and deep – hc = 100mm.  

5. Smoke visualisation and high speed camera footage was used for selected cases 

to visualise the flow outside the cavity, the actual jet flow field, to aid in 

determining flow field structures.  

For the numerical experiments:  

1. Simulations were undertaken for a selection of cases of Re and St numbers 

corresponding to the physical experiment. 

2. The available flow field data was compared to the experimental data. 

3. Visualisation tools were utilised to identify vortical structures. 

After the initial experiments (characterisation of the round SJ), the actuator frequency and 

displacement amplitude were fixed and not changed for the rest of this research. 

Table 1-2: Overview of investigation. 

Part Task Measurement / Method 

1. Physical 

experiments: 

1.1 Flow field 

measurement 

a) Jet velocity / Dantec HWA 

b) Cavity pressure / pressure transducer 

c) Diaphragm displacement / Polytec Scanning 

Vibrometer 

1.2 Visualisation a) Smoke machine / Vaperiza400 Fogger 

b) High speed camera / Olympus i-SPEED 2 

2. Numerical 

simulations: 

2.1 Turbulence model SAS-SST / CFX solver 

2.2 Visualisation Vortex core regions, vector plots / CFX post 

1.5.1 Outside the Scope 

Influence of cross-flow was not considered in this research. Furthermore, interactions with 

heat transfer devices or bluff bodies were disregarded. Parameter studies concerning actuator 

frequency or amplitude were left out in order to keep as many parameters constant as possible 

to consequently investigate the jet flow field to orifice AR.  

Existing turbulence models were used for the numerical simulations.  
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 Research Contributions 1.6

The outcomes of this fundamental study are crucial to the understanding of SJs from 

rectangular slots and in addition, to the informed development of applications of such SJs. 

Studies to-date have looked at the development of such application without proper knowledge 

and understanding of the characteristics of SJs from rectangular slots over a broad range of 

ARs. Furthermore, identification of the salient differences between such jets in comparison to 

round SJs as well as to equivalent CJs help in determining when such SJs can be most 

effectively applied. Research contributions are divided into four parts by relevance: 

1. SJ flow field understanding 

- Vortex formation 

- Axis-switching 

2. Actuator design 

- Optimisation 

3. CFD 

- Utilisation of a hybrid model in contrast to standard two-equation turbulence 

models 

4. Application area specification 

- Flow and BL control 

- Heat transfer 

- Mixing enhancement 

 Thesis Synopsis 1.7

Within the following chapter, Chapter 2, some of the recent work and publications on SJs and 

SJAs are reviewed and summarised to give the reader an overview of application areas, 

common setups, research methodologies and outcomes of SJ investigations.  

The experimental methods are discussed in Chapter 3. This chapter provides a break-down of 

the experimental details and explains methods used in this research. The experimental rig and 

actuator are characterised, calibration techniques are discussed and uncertainty analyses are 

included. 

Chapter 4 gives an overview of numerical simulations and turbulence modelling. The 

Reynolds-averaged Navier-Stokes (RANS) and the Finite Volume Method (FVM) in the 

commercial software package ANSYS CFX, used in this research, are explained and an 

in-depth discussion on the different turbulence models that are available in CFX, is provided. 
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Focus is put on the development of different turbulence models that led to the formulation of 

the hybrid turbulence model that has been utilised in this research.  

Results from the physical experiments are presented in Chapter 5 and 6. Within these chapters 

the SJ is described step by step. The round SJ is characterised in detail first followed by a 

discussion on the influences of geometric cavity parameters on the jet flow field. One of the 

two key-sections of this thesis, namely dealing with vortex formation, can be found here. 

Within this section, a new parameter for saturation of secondary vortices, ln/do = 4, is 

proposed. Data evaluated from experiments with the increasing aspect ratio is presented next 

where mean velocity data, volume flow rates, and turbulence intensities are presented and 

compared to CJ and SJ data available from the literature. The second key-section of this thesis 

that deals with the phenomenon of axis-switching is presented here. A novel correlation 

function to predict locations of axis-switching, y/de = (1/13)AR + n, has been established in 

this section. Findings from visualisation experiments are highlighted at the end of Chapter 6 

that closes with additional remarks on the physical experiments that have been undertaken. 

Numerical simulation data is presented in Chapter 7. First a brief literature review of CFD in 

SJ research is given and thereafter, the CFD setup is explained and information relevant for 

the computations is shown. Furthermore, comparisons of the results from CFD and the 

physical experiments are presented. Additionally material available from the numerical 

simulations is discussed in the end of Chapter 7. 

Finally, the outcomes of this research are summarised and discussed in the first section of 

Chapter 8. Following that, research contributions are pointed out and future work is identified. 

Ultimately, a list of the publications resulting from this work is given. 

Additional data, such as technical drawings and equipment specifications, etc. may be found 

in the Appendix. Moreover, correlation functions for data evaluation and model constants 

from CFD models are given in this part of the thesis. 
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2 Literature Review 

In this chapter the two major application areas which have become the foci of many studies in 

the past decades are presented. Since the two major application areas appear to have been 

studied in some detail, these are introduced in the following sections accompanied by 

discussions on both topics. Characteristics of the different investigations are tabulated at the 

end of this chapter to allow comparison, to show trends, and to identify future work.  

 Introduction 2.1

One of the early reviews on SJs was a discussion paper “Vortex rings” by Shariff and Leonard 

from 1992 [19]. The writers described the state of art and areas of interest at that time. Six 

years later Smith and Glezer published their work on “The formation and evolution of 

synthetic jets”, which still is one of the most cited works in SJ literature [9]. Four years later, 

Glezer and Amitay [12] and Cater and Soria [10] published two further fundamental works on 

“Synthetic jets” and “The evolution of round zero-net-mass-flux jets”, respectively.  

In recent times, the literature on SJs has been increasingly focusing on industrial applications. 

Great attention has been given to the following potential applications of the SJ: 

 Boundary layer and flow separation control,  

 Heat transfer, cooling, and mixing, 

 Thrust vectoring, and 

 Vortex structure interaction and sound emission/noise reduction. 

With the growing capability of computational resources, experimental studies are often 

complimented with numerical simulations, especially when physical experimental resources 

are limited. The range of applications is wide and thus an overall review and complete 

summary of all the work that has been published is difficult to write up.  

The present review therefore mostly considers work from the last ten years with a focus on 

the two major application areas, namely boundary layer control and mixing enhancement.  

 Boundary Layer and Flow Separation Control 2.2

BL separation on a solid surface is caused by adverse pressure gradients which decelerate the 

flow. In this case, the flow adjacent to the boundary can become stagnant and even reverse in 

direction because it has the lowest momentum. The mean flow then separates from the surface 

because of the conservation of mass. Flow separation increases drag and decreases lift which 

is unwanted in most industrial applications. Therefore, in order to inhibit flow separation the 
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deceleration within the BL needs to be prevented. Amongst a number of methods available, 

this can also be achieved using SJs by adding higher streamwise momentum to the adjacent 

flow through relatively large-scale vortices formation in the shear layer region (mixing) or by 

promoting transition from laminar to turbulent flow in the boundary layer. The two different 

mechanisms are associated with two different ‘forcing’ Strouhal numbers respectively [28]:  

 𝑡  
𝑓   

𝑈 
 (2-1) 

where ff is the forcing frequency and lc is the characteristic length of the separation region. 

The low frequency is in the order of 1Hz whereas the high frequency is a magnitude higher.  

Depending on the characteristics of the BL one of these methods might be more effective. For 

example, if the flow is already turbulent then promoting transition is no longer necessary; but 

if the flow separation happens in the laminar BL then both mixing and transition will be 

useful.  

The use of SJAs has shown that the flow oscillations caused by the actuator induces an 

acceleration of the flow near the surface which prevents flow separation [29].  

Zhong et al. [30] investigated the interaction of a circular SJ with a laminar BL over a flat 

plate. Dye flow visualisation was used to study the nature of vortical structures produced as a 

result of the SJ and boundary layer interaction. Their studies confirmed that ReL (Reynolds 

number based on the stroke length L) is a reasonable quantity with which to assess the vortex 

ring strength. Furthermore, ReL is an indicator for the onset of asymmetrical roll-up, which 

may also be influenced by the strength of the velocity in the BL as well as by the distance the 

vortical structure has moved away from the orifice when the next suction phase starts. 

However, with increasing ReL and freestream velocity ratio, VR, a full vortex roll-up occurs 

and, depending on the strength of the resident flow, the vortex ring undergoes tilting and 

stretching as it moves downstream. The stretching is caused by the shear in the near wall 

region, i.e. the vortical structure will be stretched more the longer it remains in the near wall 

region. The tilting is mainly assigned to the Magnus effect and will be explained later. On the 

one hand, keeping the same VR and increasing ReL results in a stronger vortex ring that resists 

the surrounding flow more and is less diffusive. On the other hand, if ReL is kept constant and 

VR is increased the vortices separate farther apart from each other but remain close to the wall. 

The third dimensionless parameter, which was considered in this study, is St. The spacing of 

sequenced vortical structures is influenced by St as an increase in St results in a decrease in 

their spacing. 
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Zhong et al. [30] hypothesised that the tilting of the vortex ring is caused by the Magnus 

effect or Kutta lift. Since the Magnus effect acts perpendicular to the flow direction of the 

surrounding fluid and this fluid flows slightly angularly due to the self-induced velocity of the 

vortex ring, the ring is tilted. It was found that the upstream side of the vortex ring moves 

towards the flat plate and the downstream side moves towards the freestream.  

However, Lim et al. [31] have shown experimentally that the tilting of the vortex ring is not 

caused by the Magnus effect. The interpretation of these authors was that the additional 

material from the cross flow boundary layer, which is sucked into the vortex ring on the 

upstream side of the ring (Figure 2–1) caused the tilting.  

 

Figure 2–1: Interpretation of cross-flow vortex tilting of Lim et al. [31]. 

They supported their statement by increasing the circulation of the vortex ring, which resulted 

in a less tilted motion of the rings. This is contradictory to the Magnus effect. Both 

hypotheses are plausible but this shows that much more work is needed to understand vortices 

and cross-flow interactions in detail. Perhaps, one or the other might be the dominant driving 

force depending on the conditions. 

Jabbal et al. [15] used PIV measurements to investigate the near-field region of a round 

synthetic jet in quiescent flow. It was confirmed that the spacing of consecutive vortex 

structures is strongly related to St. Furthermore, L was introduced as the inverse of St and 

thus, an approximate linear relation between vortex spacing and L was found as long as vortex 

roll-up is ensured. ReL has been found to be correlated to the strength of the vortex, which was 

earlier suggested by Zhong et el. [30]. A threshold for secondary vortices formation was 

found at L = 4. At such conditions, the primary vortex ring circulation becomes saturated and 

the onset of secondary vortices in the trailing wake is induced.  

Zhou and Zhong [32] used PIV, dye visualisation and numerical computations to investigate 

the influence of different vortical structures on a laminar cross-flow boundary layer. It was 

found that the vortex rings developed at a lower oscillating frequency experienced a strong 

residential vorticity in the near wall region, which resulted in high stretching of these 

structures (Figure 2-2).  
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Figure 2-2: Flow visualisation of hairpin vortices [32]; flow is from right to left. 

In turn, these hairpin vortices produced a region of high surface shear stress including a pair 

of secondary, weaker, counter-rotating vortices behind the first one. This was attributed to the 

extra vorticity, which is not entrained into the primary structure. The vortex rings developed 

at the higher oscillating frequency were found to be capable of remaining ring-shaped but 

were tilted as they moved downstream. A secondary pair of vortex rings was also formed 

rotating like the first pair but was stretched under the shear in the boundary layer and thus 

produced a tertiary structure with opposite rotation. The influence of the first and second 

vortical structures on the near wall flow was small compared to the tertiary structure. 

Furthermore, τw produced by the tilted vortex rings was smaller compared to that from the 

hairpin vortices, which have a steeper trajectory into the boundary layer. Therefore, the 

hairpin vortices might be more suitable to delay separation.  

Findanis and Ahmed [33] used a set of SJs to modify the flow around a sphere. The SJs were 

placed at different angles with respect to the flow direction and embedded underneath the 

sphere’s surface. They successfully showed that the SJs alter the BL around the sphere and 

delay flow separation. The input of momentum by the jets causes the delay and re-attachment 

of the flow. Cause for the re-attachment is the stabilisation of separation bubbles due to 

momentum provided by the SJs. However, this is limited to a range of angles at this specific 

Re. More investigations regarding other Re and sets of SJs as well as a detailed search for the 

causes of separation delay and re-attachment are missing. Nevertheless, this study is one of a 

few truly 3D flow studies. 

Table 2-1 shows a selection of recent studies in SJ and BL interaction. It is remarkable that 

the orifice geometry is kept circular. Study cases for rectangular or slot orifices are rather rare 
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or missing. Furthermore, the study cases are generally limited to low Reynolds numbers, 

which is due to the application areas in which the individual investigations took place. 

Table 2-1: Selection of SJ literature regarding boundary layer control. 

Source 
Orifice 

geometry 

Actuator 

details 
Case Re, St Measurements 

Zhong et al. 

[30] 

Circular 

do=5mm 

dc=45mm 

magnetic 

shaker 

Flat plate 

BL 
16<Red<245 

Propeller type 

stream probe 

Jabbal et al. 

[15] 

Circular 

do=5mm 

dc=45mm 

magnetic 

shaker 

Quiescent 

air 
105<Red<768 PIV 

Zhou and 

Zhong [32] 

Circular 

do=5mm 

dc=100mm 

magnetic 

shaker 

Flat plate 

BL 
Red=182, 364 PIV 

Findanis 

and Ahmed 

[33] 

Circular Piston Sphere BL 
Red=5 · 10

4
; 

St=0.53 
Pressure tap 

Ravi and 

Mittal [34] 

Rectangular, 

AR=8 

Oscillatory 

BC 

Flat plate 

BL 
Rej=300 DNS 

Schaeffler 

[35] 

Circular, 

elliptical 

Piezo-

ceramic 

diaphragm 

Flat plate 

BL 
St=0.51 PIV 

 Heat Transfer and Cooling 2.3

The focus on heat transfer application for synthetic jets in recent years has largely been on the 

cooling of microelectronics. The demand for efficient and small cooling devices with low 

power consumption has pushed the efforts in investigating SJs for cooling applications. 

Conventional fan setups could potentially be replaced by SJA if they fulfil these 

requirements. Nevertheless, in order to enhance SJA efficiencies, the flow properties and 

driving phenomena must be fully understood. To investigate heat and mass transfer related 

flow characteristics an additional dimensionless parameter is introduced [26]: 

   
 

𝑑 
  (2-2) 
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which is the ratio of orifice-to-wall distance to orifice diameter, DR, which is used to indicate 

where the impinged object is located relative to the specific regions of the synthetic jet 

(Figure 2–3). DR is often named differently as there seems to be no general accepted term for 

this parameter (e.g. DR = Nozzle-to-wall spacing / orifice diameter = z/S in reference [26]). 

 

Figure 2–3: Definition of DR by Gillespie et al. [26]. 

Surface heat transfer can be enhanced by increasing local entrainment and mixing of ambient 

air. That is when the thermal boundary layer thickness is reduced and turbulence is increased. 

Three different regions can be found in the flow field of a continuous jet impinging normal to 

a wall. The jet broadens with the distance from the orifice because of the entrainment of 

ambient fluid in the first region. In the second region, the stagnation region, the jet 

decelerates due to more fluid entrainment. The third region is the free jet region.  

Gillespie et al. [26] investigated the local convective heat transfer flow characteristics of a SJ 

impinging upon a constant heat flux flat plate. They showed that the flow field of the SJ can 

be divided into three regions that are effective for heat transfer. The heat transfer 

performance of the jet is strongly dependent on the location of the flat plate in each of these 

regions (which was varied in these experiments). If the plate is located in the near-field 

region, the ability of the jet to entrain ambient fluid is limited and so is the heat transfer rate. 

Moreover, the centreline velocity is lower compared to the case when the flat plate is located 

somewhere outside this near-field region. This results in lower mixing and heat transfer rates. 

The maximum cooling performance can be found in the intermediate region, i.e. between the 

near-field and the far field. The heat transfer rates in the far field are limited to the jet 

velocity which decreases further away from the orifice exit. This usually results in a poor 

performance of the jet regarding BL penetration of the flat plate and thus affects the ability to 

increase turbulence and mixing. This indicates that the transfer rate is dependent on the 
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velocity distribution and furthermore, maximum heat transfer rates have been found for the 

case where the actuator was operating close to the resonance frequency of the cavity.  

Timchenko et al. [36] evaluated the usage of SJs for heat transfer applications. The main 

objective of their study was to create higher mixing within the mean flow of an air cooled 

micro-channel by disturbing the laminar flow to cool a microchip. It was found that the heat 

transfer rate increases with the actuator frequency and that the lowest heat transfer within the 

actuation cycle occurs at the end of the suction phase. Nevertheless, the heat transfer rates 

provided through the synthetic jet actuator was a magnitude lower than the rates required in 

this particular situation. The authors questioned the possibility of using SJA to cool this kind 

of microchip sufficiently.  

Mahalingam and Glezer [37] presented work focused on the development of a SJ air-cooled 

heat sink. Forced SJ convection was compared to cooling by natural convection. The focus of 

this study was on performance rather than on the investigation of actual flow characteristics 

and it was shown that the SJ compared to a conventional fan setup performed better in terms 

of heat transfer and power consumption. 

A similar study was undertaken by Wang et al. [38]; an active cooling substrate was designed 

and tested to improve the cooling functionality on a printing wiring board. PIV was used to 

map the flow field around the SJA outlet to investigate and visualise the features of forced 

heat convection. The study described how the flow field around the jet exit is dominated by 

vortical structures which undergo transition to turbulence and eventually break down 

somewhere downstream. The high-momentum vortex ring entrains the surrounding low-

momentum fluid and thus enables forced heat convection. Again, it was pointed out that the 

SJA setup that was used showed better cooling performance and had lower power 

consumption in comparison to a conventional fan setup. Another advantage of this setup was 

the compatibility with printing wiring boards due to its small size.  

A smoke-wire technique was used by Trávníček and Tesař [39] to study an impinging jet on a 

wall. Two scenarios were considered where a weak and a strong actuator amplitude were 

applied to the SJA (Figure 2–4). The flow field of the weak amplitude case was characterised 

by a large recirculation bubble, which maintained its form until reaching the wall. On the 

other hand, the flow field of the strong amplitude case was dominated by smaller bubbles 

resulting from rapid vortex break-up. However, the maximum mass transfer was found to be 

in the strong amplitude case in the stagnation circle of the impinged jet. In this study, two 

different setups were used; in one case, DR = 0.5, and in the other, DR = 1. It is noteworthy 
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that the transfer rates for the weak amplitude and DR = 0.5 setup were relatively low but for 

the other case almost comparable to the rates of the strong amplitude. For the first case, it is 

believed that this is caused by a rather stable flow field which impinges the wall. This 

contrasts with the other case, where the vortices already undergo break-up and the flow is 

more turbulent before hitting the wall, thus resulting in higher transfer rates. The causes for 

these instabilities were not further explained. 

  

Figure 2–4: Instantaneous smoke-wire visualisation of weak and strong excitation [39]; flow is from l. to r. 

Very comparable results were found by Pavlova and Amitay [40] who also investigated SJ 

impingement for electronic cooling applications. Hot-wire measurements were used to verify 

PIV data and CJ experiments were also made to judge the efficiency of the SJ. Two optimal, 

a low and a high, operating frequencies were found and actuator settings were changed to 

study the flow physics of the heat transfer. Also, the actuator amplitude (resulting in higher 

Red) and DR were changed. Both SJA frequencies showed better performance compared to a 

CJ in all cases and a higher amplitude resulted in increased transfer rates. Interestingly, for 

small DR the performance using a high frequency was better than using a low frequency 

actuation, whereas for high DR it was the opposite, and for a medium DR range both 

frequencies showed a similar performance. The better performance, at the higher frequency 

and small DR, was attributed to accumulation of vortices that impact the wall as they gained 

strength and break down into smaller vortical structures. In contrast, the vortex rings 

produced from a lower frequency jet impact the wall individually and were not as effective. 

The jet produced from the lower frequency at larger DR was more effective compared to the 

higher frequency case because of vortex merging. The vortices also merged in the high 

frequency case but subsequently lost their coherence, breaking down into a quasi-static jet 

resulting in lower heat transfer rates.  
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Valiorgue et al. [41] investigated the case study of Pavlova and Amitay [40] further. They 

used a similar SJA geometry but operated the actuator at higher Re. They found that for a 

critical stroke length L the dominant heat-transfer regime changes. For low L the heat transfer 

is focused at the stagnation point, whereas for high L the formation process was described as 

detachment, impingement, radial stretching and breakup into turbulence. The main heat 

transfer mechanism here is attributed to the radial stretching and the subsequent breakup of 

the vortical structures.  

Table 2-2 shows a summary of parameters in the investigations of SJ for heat transfer 

applications. The preferred orifice geometry for heat transfer applications seems to be 

rectangular. However, the impinging objects are always flat plate/walls; other bluff objects or 

bodies receiving far less, if any attention at all. Choi et al. [42] have pointed out that a 

detailed analysis of the effects of a SJ on the flow field around a bluff body such as a circular 

cylinder is missing. Conversely, it is has not yet been reported in detail how a bluff body such 

as a circular cylinder alters the flow field of a SJ. 

Table 2-2: Selection of SJ literature regarding heat transfer applications. 

Source 
Orifice 

geometry 
Actuator details Case Re, L Measurements 

Gillespie et 

al. [26] 

Rectangular: 

w=1x25mm 

dc=40mm 

electro-magnetic 

actuator 

Flat plate Rew=400 PIV, hot-wire 

Timchenko 

et al. [36] 

Rectangular: 

w=50mm 

x100µm 

Rectangular Wall Rew=135 
Numerical 

simulations 

Malingham 

and Glezer 

[37] 

Rectangular 
Electro-magnetic 

actuator 
Plate, fin 900<Rew <1 200 Temperature 

Wang et al. 

[38] 

Rectangular: 

w=10x1mm 

Electro-magnetic 

actuator 
Flat plate Rew=170 PIV, hot-wire 

Trávníček 

[39] 

Nozzle: 38-

40mm 

dc=100mm 

loudspeaker 
Wall 

 

Smoke-wire, 

SPL 

Pavlova and 

Amitay [40] 

Round: 

do=2mm 

dc=30.4mm 

piezo disk 
Flat plate 140<Red<740 PIV, hot-wire 

Valiorgue et 

al. [41] 

Round: 

do=5mm 
Loudspeaker Flat plate 

10
3
<Red <4 300; 

5<L<110 
PIV 
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 Concluding Remarks 2.4

A survey of SJ literature has revealed that for a specific application a specific orifice 

geometry is preferred. Most investigations regarding flow separation and boundary layer 

control use a round orifice geometry to create systematic and stable vortical structures, e.g. to 

delay stall. However, recent investigations at the London Imperial College have used slotted 

orifices to control flow over a hump [43]. This has also been mentioned by Watson et al. [44].  

On the other hand, the majority of heat transfer analyses so far favour rectangular or slotted 

orifices. Here it is believed that the transition of the primarily laminar jet to a turbulent jet is 

ensured which enhances mixing of fluid.  

The cavity geometry is similar to the orifice geometry in most of the cases. For a rectangular 

orifice a rectangular cavity is used. The actuator itself varies for all cases and does not seem 

to be specific for the particular application. Both application areas use loudspeaker, 

electromagnetic or piston driven actuators. It is noteworthy though that for heat transfer 

applications, piezoelectric actuators are favourable since MEMS are becoming more 

attractive for such applications.  

No remarkable influence of cavity-orifice-geometry relation for round jets is noted. For 

example, Trávníček and Tesař [39] (using a pair of diaphragms) measured a slightly higher 

centreline velocity decay of x
-1.05

 compared to the commonly observed x
-1

. Most of the 

cavities have a round geometry even though the orifice is rectangular.  

Studies have revealed that heat transfer increases with increasing operating actuator 

frequency [40]. An obvious but important question to answer is if there is a limitation or 

maximum to this heat transfer for a given set of conditions. 

Fugal et al. [45] compared rounded and sharp-edged orifices for a 2D synthetic jet model. 

The model assumed a relatively long slot where the influence and interaction of the endings 

were neglected. They found that a more rounded orifice delays vortex formation. However, 

they pointed out that the orifice thickness plays an important role regarding flow 

establishment.  

Fukumoto and Hattori [47] investigated the curvature instability of a vortex ring and noted 

that models used in the literature are simplified too much, to capture all causes for vortex 

instabilities and break down of vortex rings. However, they suggest that rich wavy structures 

of various origins are responsible for vortex evolution.  
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The interaction of a vortical structure with bluff bodies has been investigated, especially in 

the case of interaction with a flat plate [26, 36 - 40]. However, studies on interaction with 

more complex geometry such as a cylinder or a sphere are limited [46].  

Trávníček and Tesař [39] pointed out that the exact mechanism for vortex breakdown still is 

not fully understood. The causes for the development of instabilities within the vortical 

structures need further investigation.  

It has been hypothesised by Zhou and Zhong [32] that the hairpin vortices may have been 

responsible for the formation of the stream-wise vortex pairs that interacted with the 

separation line on the circular SJ. Zhou and Zhong showed the potential of utilising CFD in 

studying SJ flows. 

CFD can offer advantages here to help identifying and confirm such hypotheses, however, 

appropriate and efficient numerical methodologies need to be identified and developed. Are 

standard two-equation models sufficient? Are the high computational costs associated with 

Large-Eddy Simulations (LES) or Direct Numerical Simulation (DNS) able to be reduced 

appreciably? Are hybrid models, such as Detached Eddy Simulations (DES) or Scale-

Adaptive Simulations (SAS) able to offer sufficient accuracy and resolution at an acceptable 

computational cost?  

Detailed SJ flow field information such as vorticity and turbulent stresses, which are essential 

for successful design and model development, are also lacking in the literature [17, 48]. 

The self-similarity region for turbulent axisymmetric synthetic jets is more or less described 

as a range depending on the investigation. For example, Cater and Soria [10] indicated this 

region as 15 times the orifice diameter. However, Mallinson et al. [22] and Agrawal and 

Verma [49] described this as 10 times the orifice diameter. Smith and Glezer [9] on the other 

hand found it to be 13 times the orifice diameter. After all, depending on the diameter this 

can be a small range but the variation between studies shows that discrepancies exist and 

more investigation is needed to fully understand the flow dynamics of synthetic jets. These 

are even less well understood and investigated for rectangular synthetic jets partly because of 

their more complex flows. 

A detailed collection of data from different literature sources is shown in Table 2-4. The 

different cases sorted by year of publication show a particular interest in round orifices in 

2003/04 and from 2007 onwards. In addition, it can be seen that investigations in the past 

couple of years have concentrated on flow separation control, especially on SJ and boundary 

layer interaction. 
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Furthermore, Re for round orifice cases studied has ranged from 16 – 67 000 whereas for slot 

orifice cases studied has only covered 100 – 2 200. One reason for the smaller range of Re for 

the slot cases could be that with increasing Re the flow field of the SJ becomes more like that 

of a CJ, assuming this is similar to round orifices at higher Re. Another reason could be the 

higher costs for the actuator for high Re usage which limits the investigations to lower Re 

only. 

The slot orifice aspect ratio AR = b/w (Figure 2–5) investigated for SJs to-date ranges from 1 

to 150 (Table 2-3). However, particular studies focusing on the change of AR and its effects 

on the SJ flow field are limited in the literature. For example, Ravi et al. [24] investigated 

ARs of 1, 2, and 4. Krishnan and Mohseni [6] compared two different ARs, 45 and 77 

respectively. These studies focus on a few aspects (velocity decay, spreading rate etc.) only, 

and a detailed study case, e.g. including comparisons with CJ and round SJ or variations in 

Re, St and S, is missing. The slot SJ is likely to be a strong function of AR and therefore one 

controlled study covering a broad AR range is desirable. 

 

Figure 2–5: Top view and section view from the side of a high AR slot orifice. 

Table 2-3: Different AR used in SJ research. 

AR: 1, 2, 4 1.25, 5 2 8 10 21 25 30 45, 77 150 

Source: [24] [44] [36] [34] [37] [38] [26] [50] [6] [9] 

The SJ flow field may be significantly influenced by different orifice geometry parameters, 

e.g. width, breadth, length, orifice area, orifice shape, cavity volume, in addition to the orifice 

aspect ratio (ARo = lo/w) [51]. The characteristics of the SJ are therefore likely to be strongly 

dependent on the initial conditions, as in the case of CJs [51]. The slotted orifice SJ evolution 

could perhaps be also independent of Re. For example, high AR (e.g. 150) slot orifices can 

create turbulent SJs at Rew ≈ 400 [9]. 

The influence of ARo on axis-switching is known for CJs but detailed, systematic studies for 

SJs are absent in the literature. Parameters such as ARo, AR, and the cavity aspect ratio ARc 

(hc/lo, where hc is the cavity height) should be considered in one study and other initial 

conditions such as the orifice area and cavity volume may need to be kept constant [51].  

breadth - b

width - w length - lo
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Table 2-4: Summary of literature related to round and planar synthetic jets. 

Year / 

source 

Reynolds 

number 

Strouhal 

number 

Stroke 

length 

Orifice 

geometry 

Orifice / 

cavity 

area 

ratio 

Case 

Measure-

ments / 

visuali-

sation 

Actuator 
Moment

um flux 

Centre-line 

velocity 

decay 

Selfsimi-

larity 

Jet half-

width 

1996 

[21] 
Re≈2 000 

 
 Round   

Quiescent 

water 
LDA 

dc= 

19.1x25mm; 

dp=11.6mm 

on a 18.2mm 

brass disk 

 
x

-1
  x 

2001 

[22] 
Red=1 450 St=0.036  

do=0.75x1.

65mm 
4.15E-04 

Quiescent 

air 

HWA, 

CFX 4.2 

k-ε 

dc=36.8x1.3

5mm; piezo-

ceramic; 

f=1.45kHz 

 
x

-1
 

from 

10do on 
x 

2002 

[10] 

3 336<Red 

<66 991 

0.009<St<

0.03 

L=LpAR/d 

stroke 

length and 

contraction 

ratio 

(dc/do) 

do=2x2mm 1.6E-03 
Quiescent 

air 
PIV, dye dc=50mm 

 
x

-1
 

15do 

based on 

mean 

vel; 25do 

based on 

Reynolds 

stresses 

r1/2=6do 

2002 

[12]   
 

Round and 

slot 
 

Summary / 

literature 

overview 

  

round: 

for L>3: 

flux is 

proportio

nal to L
2
 

round:  

x
-

0.58
<x/b=20<

x
-1

 

 
slot: x

0.88
 

in FF 

2003 

[39]   

 2 nozzles: 

dinner=38, 

douter=40m

m 

0.16 Wall 
Smoke-

wire, SPL 

dc=100, 

loudspeaker  
   

2003 

[44] 

Rej and 

Rew=1 732, 

2 344, 2 946 

7.5E-3<St 

< 0.047 

L=A/do and 

A/w: 

actuator 

amplitude; 

0.224 <L< 

0.62 

do=5mm; 

w=10x2m

m, 

w=5x4mm 

0.1 all 

cases 

Quiescent 

air 

Smoke-

wire, 

HWA 

dc=50x 

10mm, 

shaker 
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Year / 

source 

Reynolds 

number 

Strouhal 

number 

Stroke 

length 

Orifice 

geometry 

Orifice / 

cavity 

area 

ratio 

Case 

Measure-

ments / 

visuali-

sation 

Actuator 
Moment

um flux 

Centre-line 

velocity 

decay 

Selfsimi-

larity 

Jet half-

width 

2004 

[52] 

600<Red< 

23 200 

0.005<St<

0.077 

L=2ARa/do; 

contraction 

ratio, 

amplitude 

a and do 

do=2mm 2.5E-03 Cross-flow PIV, dye 

dc=40x 

100mm, 

piston 
 

RU=7: x
-0.6

 

RU=4.6: x
-0.9

 

(RU=Uj/U∞) 

  

2004 

[53] 

Red=400, 

4 400 

St=(1/π)fdo

/Uave 

=(1/π)do/L 

=0.1, 0.022 

L=3.2, 

14.3 
do=8mm  

Quiescent 

air 

Smoke-

wire, 

HWA 

Pair of 

diaphragms 

dd=66.5mm  
 

round: x
-1.04

   

2005 

[30] 

16 <ReL< 

245 

0.1 <St< 

0.5 

L=UaveT; 

0.5 <l/do< 

1.4 

do=5x6mm 2.5E-03 
Flat plate 

BL 

Propeller 

type 

stream 

probe 

dc=100x 

20mm, 

d=45mm 

magnetic 

shaker 

 
   

2006 

[15] 

105 <Red< 

838 

0.224 <St< 

1.234 

0.81< 

L=Uave/fdo

=1/St< 

4.455 

do=5x5mm 0.012 
Quiescent 

air 
PIV 

dc=45x10m

m, magnetic 

shaker 

x in the 

near 

field: 

x=6do 

   

2006 

[40] 

140 <Red< 

740 

0.18 <St< 

2.17 

 

do=2x4.8m

m 
4.38E-03 Plate 

PIV, 

HWA, 

temperatur

e 

dc=30.2x2.4

mm, piezo-

disk 
 

   

2008 

[33] 

Re=U∞dsp/ν= 

5·10
4
 

St=fdsp/U∞

=0.53 
 Circular  Sphere BL 

Pressure 

tap 
piston     

2008 

[31] 

Rel=Ul/ν; 

fluctuating 

velocity 

scale, jet 

half-width 

    

Summary / 

literature 

review 

  
not 

constant 

slot: x
-0.5 

Round: x
-1

 
 x 
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Year / 

source 

Reynolds 

number 

Strouhal 

number 

Stroke 

length 

Orifice 

geometry 

Orifice / 

cavity 

area 

ratio 

Case 

Measure-

ments / 

visuali-

sation 

Actuator 
Moment

um flux 

Centre-line 

velocity 

decay 

Selfsimi-

larity 

Jet half-

width 

2008 

[54] 

677 <Rej< 

5 574  

0.016 <St< 

0.411 
 

do=1.2mm 

in corner 

of cavity 

with AR 

(lo/d≈2.5) 

 

Cross-flow 

30° / 60° 

with CJ 

PIV 
Piezo-

electric disk 
    

2008 

[55] 
Red=3970 

St= 

0.00148 

L=UaveT= 

7.18 

do= 

10.6mm 
 

Quiescent 

air, double 

acting HSJ 

HWA, 

smoke-

wire 

dc=53mm 

loudspeaker  

IF: x
-0.22

 

FF: x
-1.1

 
  

2009 

[41] 

10
3
<Red=< 

4 300   

5<L=Uave/2

f<110 

1<L<22 

(L/H for 

heat 

transfer) 

do=5x10m

m 
 Plate PIV,  Loudspeaker 

 
   

2009 

[32] 

182 <ReL< 

364 
St=0.37 

L=Uave/fdo

=2.7 
do=5x5mm 7.94E-03 

Flat plate 

BL, cross-

flow 

PIV, 

Fluent 6.2 

dc=45x20m

m, magnetic 

shaker 

    

1998 

[9] 

104<Rew< 

489 
 

5.3<l/w<2

5 

w=0.5x75

mm 
 

Schlieren 

images, 

HWA 

 
Piezo-

ceramic disk 

x/w>100 

≈0.55 

x
-0.58 

<x/w=80> x
-

0.25
 

 
10<x/w<

80: x
0.88

 

2003 

[50] 

Re=Uow/ν, 

Uo=Lf 

Re≈695, 

734, 2 090, 

2 200 

 

l/w=13.5, 

22.8, 80.8, 

17 

w=51x152

mm 

rounded 

edges 

 

Quiescent 

air; comp. 

of CJ and 

SJ 

Hot-wire 

and 

Schlieren 

images 

8 

loudspeakers 
 x

-0.5
 13d x 

2005 

[45] 

Reδ=Uj√(νT/

π)/ν=1 000 
  

Slot: 

rounded 

and sharp 

edges 

 CFD   

Rapid 

decline 

of J after 

orifice, 

const. 

from 

x=0.6L 

slot: x
-0.5

 0.6L  
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Year / 

source 

Reynolds 

number 

Strouhal 

number 

Stroke 

length 

Orifice 

geometry 

Orifice / 

cavity 

area 

ratio 

Case 

Measure-

ments / 

visuali-

sation 

Actuator 
Moment

um flux 

Centre-line 

velocity 

decay 

Selfsimi-

larity 

Jet half-

width 

2005 

[37] 

900<Re< 

1 200 
  Slot  Plate 

Tempera-

ture 

Electro-

magnetic 
    

2006 

[56] 
Rej=730 

St=fw/Uj= 

0.063 
 

w=1.27x 

35.56mm 
 

Quiescent 

air 
PIV, HWA 

dd=50.8mm 

piezo-

electric side-

mounted; 

dc=47mm 

 
   

2006 

[26] 
Rew=400 

St=fw/U∞= 

0.0484 
 

w=1x 

25mm 

0.5mm 

thick 

0.02 Flat plate 
PIV, hot-

wire 

dc=40x4.77

mm, 

loudspeaker 
 

0<z/S<7: 1
st
 

peak 

7<z/S<18: 

minimum 

z/S<18: 2
nd

 

peak 

declines 

 

Constant 

in NF, 

increa-

sing in 

IF, 

stabilises 

in FF 

2007 

[36] 

Re=Ujw/ν 

=1, 35   
 

w=50x 

100µm 
 Wall CFD 

dd=2mm, 

hc=400µm  
   

 



Chapter 3 - Experimental Methods 

33 

3 Experimental Methods 

The setup of the initial experiments used a SJA having a round cavity (cavity volume 

Vc = 27x10
5
mm

3
), an orifice plate of thickness lo = 9mm with a round orifice (diameter 

do = 20mm), an orifice plate thickness of lo = 9mm, varying actuator driving frequency fd, and 

varying diaphragm amplitudes Ad. Figure 3–1 shows a schematic of the experimental setup. 

 

Figure 3–1: Schematic of the experimental setup. 

In some of the initial experiments, a Cobra probe (TFI series 100) was used. However, at a 

later stage it was decided to use HWA instead because the Cobra probe’s measurements at the 

orifice exit were not reliable since it has a limited cone-angle, so unable to measure reversing 

flows, which is crucial for all further flow field analysis. Furthermore, the HWA has less 

influence on the flow field due to the small size of the probe itself. Nevertheless, it has to be 

mentioned that with the Cobra probe it is possible to extract more information about the flow 

field at high temporal resolution, in particular, all three velocity components and with that, the 

turbulence intensities and Reynolds stresses in all three dimensions can be estimated. The 

HWA on the other hand has a minimised influence on the flow field due to its miniature size. 

The flow field was expected not to exceed 160w in the downstream direction [5]; the physical 

limitation of the traversing rig in the downstream direction has a maximum of 200mm away 

from the orifice exit. The traverse rig shown in Figure 3–2 was used to measure in the lateral 

(x-direction; red), streamwise (y-direction; green), and spanwise (z-direction; blue) directions 

of the flow field. The HWA was mounted on top of the traversing rig using an L-shaped probe 

holder. The traversing rig allowed for manual movement and millimetre precise adjustment, 

which was sufficient for the experiments. 
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It should be noted that some of the initial measurements performed on a different traversing 

rig allowed for a maximum distance of 300mm.  

The SJA was mounted on a table that was carefully aligned using a spirit level. In addition, 

the SJA was assembled in a way that all sides where aligned with either the base plate or 

perpendicular to it. The HWA itself was kept in line with the SJA using the laser beam of a 

scanning vibrometer. 

The do = 20mm round SJ case, which will be referred to as AR = ∞, was the reference case for 

all further experiments that were conducted. Therefore, data from the round SJ experiments 

are compared with those obtained from the rectangular orifices having a range of AR but the 

same area (Ao = 314mm
2
). The orifice area was kept the same to ensure that the orifice exit 

velocity was similar for all cases. Due to limitations in manufacturing accuracy, the orifices’ 

exit velocities may differ slightly from each other. 

The different orifice plates listed in Table 3-1 were manufactured to get slot ARs (b/w) from 1 

to 64. On the other hand, the orifice aspect ratio ARo (lo/w) was kept constant at around 0.5 

because an ARo below 1 enhances vortex roll-up with a maximum at 0.5 [51].  

Table 3-1: Different manufactured slot orifices. 

Orifice area Ao 

[mm
2
] 

Slot AR 

(b/w) 

Breadth b 

[mm] 
Width w [mm] 

Length lo 

[mm] 

Orifice ARo 

(lo/w) 

314 

1 17.7 17.7 9.0 0.51 

2 25.1 12.5 6.0 0.48 

4 35.5 8.8 4.5 0.51 

8 50.2 6.3 3.0 0.48 

16 71.0 4.4 2.0 0.45 

32 101 3.1 1.5 0.48 

64 142 2.2 1.0 0.45 

 

Figure 3–2: Traversing rig with X-(red), Y-(green), and Z-axis (blue). 
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The SJA cavities used in this project are listed in Table 3-2. The cavity volume Vc was kept 

constant while the cavity height (hc) was varied in order to investigate its influence on the jet 

flow field. The cavity height to orifice length ratio also referred to as the cavity aspect ratio 

(ARc = hc/lo) ranged between 1 and 45. Zhong et al. [51] reported a noticeable influence of this 

ratio on the jet performance for ratios smaller than one. However, such small ratios are not 

achievable with the current SJA setup. The three cavities had the same volume but different 

heights hc of: shallow – 25mm; medium – 50mm; and deep – 100mm. All manufactured 

cavities were rectangular due to the ease of the manufacturing process.  

Table 3-2: Different manufactured cavities. 

Cavity volume Vc 

[mm
3
] 

Cavity height hc [mm] 
Cavity side length ac=bc 

[mm] 
Cavity ARc (hc/lo) 

27x10
5
 

100 164 6 - 45 

50 232 3 - 23 

25 328 1 - 11 

In the experiments, the following quantities were measured and analysed in the flow field: 

 Streamwise velocity (v-component, Y-axis), 

 Cavity pressure, and 

 Diaphragm displacement. 

This was necessary in order to: 

 Find the self-similarity region, 

 Characterise the velocity decay, and 

 Determine the spreading and entrainment rates. 

The measurements taken in the physical experiments are listed in Table 3-3. Furthermore, 

smoke visualisation and high-speed camera photography was used to visualise the flow 

outside the cavity for selected cases. 

Table 3-3: Overview of physical experiments. 

Task Measurement / method / device 

1.1 Flow field measurement: a) Jet velocity / Dantec HWA (55P11) 

b) Cavity pressure / pressure transducer 

c) Diaphragm displacement / Polytec Scanning Vibrometer 

1.2 Visualisation: a) Smoke machine / Vaperiza400 Fogger 

b) High-speed camera / Olympus i-SPEED 2 
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In the reference experiment, an axisymmetric jet using an orifice plate with a do = 20mm 

orifice, a cavity height of hc = 100mm, and a diaphragm frequency of fd = 40Hz is 

investigated. The setup for the reference case is shown in Figure 3–3. 

  

Figure 3–3: Reference setup with do = 20mm orifice and hc = 100mm square cavity. 

 Loudspeaker and Cavity Characteristics 3.1

A function generator (GoldStar FG-8002) was used for the signal generation to drive the 

loudspeaker based SJA. The signal was then amplified and filtered (Krohn-Hite 3364 LP/HP 

Butterworth/Bessel).  

3.1.1 Low-Pass Filtering 

Using a low-pass filter removes noise from the signal but it also prevents aliasing. If the 

signal is not filtered false energy peaks in the power spectrum can result. The cut-off 

frequency was always chosen as slightly higher than twice the diaphragm frequency (e.g. 

fcut-off = 100Hz for fd = 40Hz).  

3.1.2 Loudspeaker Response 

The loudspeaker used was an 8in woofer from Response (CW2196) with a frequency 

response of 38Hz - 4.5kHz. Further details on the loudspeaker can be found in Appendix A. 

Figures 3–4 and 3–5 show the loudspeaker performance for different frequencies and varying 

input voltages. The input voltage to diaphragm amplitude relationship was almost linear in the 

measured region. For higher frequencies, higher input voltages were necessary to get the same 

diaphragm amplitude. For example, at fd = 40Hz 4.36V was needed for Ad = 1mm; whereas 

20.7V was needed at fd = 120Hz and 30.6V at fd = 200Hz. 
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Figure 3–4: Loudspeaker performance for a frequency range of 30 - 120Hz. 

 

Figure 3–5: Loudspeaker performance for a frequency range of 130 – 200Hz compared to fd = 40Hz. 

3.1.3 Loudspeaker Movement 

The movement of the loudspeaker diaphragm was measured at five different positions (centre, 

top, bottom, left, and right edge) for a frequency range of fd = 30 - 120Hz using a scanning 

vibrometer (Polytech). The diaphragm moved almost as a ridged body with a slight variation 

towards the outer end where the cable connection was mounted on the backside. The 

amplitude was slightly lower here. The loudspeaker movement was changing for different 

frequencies and amplitudes (Table 3-4). In general, the loudspeaker moved more uniformly 

for increasing amplitudes. High amplitudes for high frequencies could not be measured due to 

equipment limitations. 
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Table 3-4: Diaphragm movement for varying frequency fd and amplitude Ad. 

Diaphragm amplitude 
Maximum deviation 

30Hz 90Hz 120Hz 

1mm 2.6% 0.8% 0.2% 

2mm 1.7% 0.6% <0.1% 

3mm 1.1% 0.5%  

4mm 0.5% 0.2%  

5mm 0.5%   

3.1.4 Cavity Properties 

The Helmholtz-resonance frequency of the cavity and orifice in the reference case was 

calculated at fres = 118Hz using [57]: 

𝑓 𝑒  
 𝑎  

2𝜋
√

𝐴 

  (    ∙   )
 (3-1) 

where cair = 346m/s and l = 1.45.  

 Scanning Vibrometer 3.2

A Polytec scanning vibrometer (PSV 300) was used to measure the diaphragm amplitude. The 

scanning head (OFV-056) uses a helium neon laser to measure small amplitudes. It is a class 

II laser with less than 1mW output [58].  

The loudspeaker diaphragm amplitude was measured throughout the experiments. The 

displacement was measured simultaneously together with the HWA and the cavity pressure as 

shown in Figure 3–6. The diaphragm amplitude usually did not change during a set of 

measurements. In some cases, slight adjustments were necessary after a few minutes of 

operation but this was always done before the actual measurement series started. The 

frequency of the scanning head was set to 1kHz.  

The laser vibrometer was also used to maintain probe position, especially for centreline 

measurements. This has been done in a way that the vibrometer was pointing into the centre 

of the loudspeaker at the start of each measurement series. The probe was then positioned 

accordingly and adjusted if necessary. The vibrometer can be moved in all directions via the 

vibrometer controller (Polytec OFV-3001 S) in 0.002° increments [58].  

The vibrometer is calibrated regularly on a 2-3 year basis as recommended [58]. The 

amplitude error is given as ±1.5% of the RMS reading for the measurement range of 
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125mm/s/V used in the study, at an operating sinusoidal vibration frequency of 1kHz [58] 

However, since the fd < 200Hz the error is expected to be small. 

 

Figure 3–6: Simultaneous measurements of HWA (green), cavity pressure (white), and diaphragm 

  displacement (red). 

 Hot-Wire Anemometry 3.3

A Dantec Dynamics (probe type 55P11) single wire anemometer probe was used for the 

HWA measurements. The probe had a 1.25mm wire length (wire diameter approximately 

5µm [59]), a probe diameter of 1.9mm, and a total length of about 17mm. The probe was 

mounted on an L-shaped probe holder. 

3.3.1 HWA Calibration 

During the whole research, the HWA was calibrated regularly. However, it was always 

calibrated in the same manner. Five sample series (standard deviation (SD) = 0.6%) of 1.25s 

sampling time each were taken at a sampling frequency of 8kHz. Figure 3–7 shows an 

example of the fitting curve of a HWA calibration measurement series. The calibration 

equation is then used to get the actual velocity value. Before every experiment, the zero offset 

value had to be measured. This value had to be subtracted from the probe readings before the 

calibration equation is applied. 
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Figure 3–7: Example of HWA calibration curve with resulting equation. 

The number of samples N for the velocity measurements in the experiment was 10 000. This 

was based on the chosen sampling frequency of 8kHz and on the number of cycles within one 

measurement series (one cycle was 0.025s for fd = 40Hz resulting in 200 samples per cycle). 

However, the number of samples for a series can be determined using [59]: 

  (
 

  
(
 𝑎

2
) 𝑢)

2

  (3-2) 

where Lu is the desired uncertainty level in % of the mean velocity, za/2 is a variable related to 

the confidence level of the Gaussian probability density function, and Tu is the turbulence 

intensity in %. If Lu is 0.25%, za/2 = 2.33 (98% confidence level), and Tu is assumed to be 

1.25% (medium Tu is 1 - 5% and the expected Tu is about 1% [22]) then the minimum 

number of samples N = 136, which is less than the used number of samples.  

3.3.2 HWA Convergence 

Apart from the estimated number of samples, the convergence of the actual data may be 

considered as a criterion if the number of samples is satisfactory. Figure 3–8 shows the 

convergence for a given data set. After approximately 17 cycles the phase average has a 

fluctuating part which does not change much for further samples. This fluctuation is due to 

the nature of the oscillating flow. SD of the average after 17 cycles was 0.35%.  
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Figure 3–8: HWA convergence for Vcl at y/do = 2.5 (hc = 100mm, do = 20mm). 

3.3.3 HWA Uncertainty Analysis 

The greatest error sources for the HWA were due to change in temperature and ambient 

pressure. For a ∆T = 3K the uncertainty is ±0.4% and for ∆p = 10kPa the uncertainty is 

±0.3%. The change in humidity can usually be neglected [59].  

The uncertainty in the velocity measurements was due to uncertainty in HWA calibration 

(±0.6% using a Pitot-static tube with a calibrated micro-manometer), uncertainty in probe 

position (±1%), and experimental repeatability, including variations due to non-axisymmetry 

in the flow (±0.5% [22]). This results in overall uncertainty ±2.8% for measurements at the 

maximum distance (y/do = 10) with the highest changes in temperature and pressure 

experienced during the experiments. The changes in temperature and pressure were usually 

lower than that. Details of the uncertainty analysis are presented in Appendix C. 

 Pressure Transducer 3.4

A pressure sensor box fabricated in-house with eight Honeywell (type XSCL04DC) pressure 

sensors and eight amplifiers was used for the cavity pressure measurements. The pressure 

sensor box was calibrated regularly. However, pressure sensors are less prone to ambient 

influences than HWA so that the calibration repetition was less frequent than for the HWA.  

 Flow Visualisation 3.5

Visualisation of the flow field of the AR = ∞ case was undertaken in order to prove and 

understand vortex formation and interaction. Furthermore, the pictures taken during the 

smoke visualisation are compared to numerical simulations that are presented in detail in 
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Chapter 7. Flow field visualisation was done in order to complement the physical experiment 

and numerical simulations and to maximise information and confidence. 

3.5.1 High-Speed Camera 

The high-speed video camera i-SPEED 2 from Olympus [60] was used for the flow 

visualisation. Camera software was used to analyse and evaluate the pictures which were 

compared to numerical simulation data. The minimum camera frame rate was 60fps at 

800 x 600pixel resolution. The maximum camera frame rate was 33 000fps which results in a 

minimum image size of 96 x 72pixel [60]. However, with increasing temporal resolution more 

light was needed.  

Different camera settings (Table 3-5) were tried to find a reasonable picture quality. The 

challenge lies in finding a proper frame rate and a high illumination at the same time. The 

brightest pictures were taken at a frame rate of 800fps. Using this setting also has the 

advantage that the picture size is greatest (800 x 600). However, this setting does not quite 

capture the jet flow because of the low frame rate; only 20 pictures per jet-cycle (fd = 40Hz). 

In addition, reducing the exposure time leads to a higher picture quality and the picture is less 

blurry but a lower exposure time also results in a darker picture. Obviously, the highest frame 

rate with a small exposure time is desirable and in the end, the optimum setting was found to 

be 2000fps with an exposure time of 500µs (576 x 432 image resolution).  

Table 3-5: Camera settings used during the visualisation experiments. 

Frame rate in fps Exposure time in µs Image resolution (14µm pixel size) 

800 1200 800 x 600 

1000 1000 800 x 600 

1000 500 800 x 600 

1500 666 672 x 504 

1500 333 672 x 504 

1500 133 672 x 504 

2000 500 576 x 432 

2000 250 576 x 432 

3.5.2 Smoke Machine 

The most popular flow visualisation in air is the usage of smoke. The smoke is introduced 

upstream of the object of investigation by a smoke machine. The main objective is the usage 

of a non-toxic, non-irritating, environmentally friendly and non-flammable fluid which 

creates a high reflective smoke. This smoke must not significantly affect the flow field of 
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investigation and common particle sizes are about 0.5µm. Hydrocarbon oils are widely used 

which are vaporized and then added to the flow. 

The usage of incense sticks was tried in the first couple of experiments. However, it was 

observed that the amount of smoke generated was not enough for proper visualisation. 

Furthermore, the usage of more than one stick inside the cavity questions the interruption 

level of the incense stick on the flow field inside the cavity and therefore with the flow 

development outside the cavity. 

The alternative was the usage of a smoke machine. The machine can either be connected to 

the cavity to fill it up with smoke or a small tube can be used to inject smoke outside the 

cavity in the vicinity of the orifice exit. 

The smoke machine that was used was a 400W Vaperiza400 Fogger with a flow rate of 

1250ft
3
/min (0.59m

3
/s). For each run, the cavity was filled up with smoke using a funnel. 

3.5.3 Lighting 

For lighting, a Philips Pacific 23°-50° Zoomspot with a 1000W lamp (240V) was used. 

 Additional Remarks Regarding the Experimental Setup 3.6

One of the contributions of this work is on actuator design. Apart from the geometric 

parameters (cavity geometry, cavity height, orifice shape, etc.) that influence the jet 

characteristics, another important design factor is the actuator efficiency. This includes 

evaluation of the actuator performance, analysing the loudspeaker input voltage, the actuator 

material and the orifice plate material. In the following two sections of this chapter, some 

design parameters are discussed, which help to expand the list of factors to be considered in 

actuator design.  

3.6.1 Input Voltages 

Figure 3–9 shows a plot of the input voltages that were used to run the loudspeaker in 

combination with the round and a square cavity, as a function of the loudspeaker diaphragm 

displacement. It can be seen that the input voltage for the square cavity was always greater 

than the round cavity case, to achieve the same displacement. This implies that the round 

cavity consumes less energy and is therefore, more energy efficient. At lower amplitudes, the 

voltage consumption is almost equal whereas, the difference between both cavities increases 

with increasing loudspeaker amplitude. This indicates that the round cavity had less damping 

effects on the actuator performance.  
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However, it should be noted that all square cavities were assembled from several parts in 

contrast to the round cavity, which was manufactured as a single part. Therefore, the assembly 

influencing the cavity performance cannot be ruled out at this stage. 

 
Figure 3–9: Loudspeaker performance for different input voltages for the round and square cavity. 

Figure 3–10 show comparisons between all the four cavities used. This shows that with 

decreasing cavity height the voltage required for the same diaphragm displacement increased 

slightly. The orifice geometry shows no noticeable effect, but both cases show the same trend.  

 
Figure 3–10: Loudspeaker input voltage for the different cavities and AR = ∞ and 1 at constant Ad. 

The change of voltage consumption for higher ARs is shown in Figure 3–11. There is a clear 

trend visible, that with increasing aspect ratio the voltage necessary to produce the same Ad 

drops.  

This is not surprising when looking at how the fluid is flowing inside the cavity. The fluid, 

which is moved by the loudspeaker, has a greater area compared to the orifice. For small ARs 

the main fluid bulk has to be centred in the middle to pass through the orifice. In the 
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significantly different case of AR = 64 the fluid only has to be centred along the major orifice 

axis. This allows for less resistance of the fluid and thus a smaller input voltage. 

 
Figure 3–11: Change of input voltage used for the loudspeaker with increasing AR at constant Ad (slope = 8.4

-1
). 

The effect described above can be seen in the cavity pressure readings, shown in Figure 3–12, 

as well. With increasing AR the peak cavity pressure is dropping. This corresponds to the 

orifice exit velocity readings in Table 6-1. 

 
Figure 3–12: Change of average cavity pressure with increasing AR for hc = 25mm. 

The peak-to-peak readings from the diaphragm amplitude are listed in Table 3-6. Here it can 

be seen that the differences in the amplitudes are small and possibly negligible. Therefore, 

another factor has to be taken into account. The cavity material, especially the orifice plate 

material, seems to play an important role in the actuator performance. 
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Table 3-6: Loudspeaker input voltage; 2.5V correspond to Ad = 1.25mm. 

AR: ∞ 1 2 4 8 16 32 64 

Pk-pk readings in V: 2.49 2.48 2.47 2.46 2.45 2.45 2.44 2.43 

Table 3-7 confirms the findings from the voltage readings; however, it shows that the 

deviation from the ideal amplitude is rather large for the high ARs cases.  

Table 3-7: Differences in measured loudspeaker amplitudes for all AR (hc = 25mm). 

AR Loudspeaker amplitude in mm (Ad ideal = 1.25mm) Deviation 

∞ 1.25 0.3% 

1 1.24 0.9% 

2 1.24 1.1% 

4 1.23 1.5% 

8 1.23 1.8% 

16 1.22 2.2% 

32 1.22 2.5% 

64 1.21 2.9% 

3.6.2 Orifice Plate Material 

In order to narrow down the causes for the input voltage and the cavity pressure drop, the 

displacements of the different orifice plates were measured with the laser vibrometer. 

Figure 3–13 shows that the orifice plate displacement is similar to the cavity pressure 

readings. It also shows that plate displacement is rising with increasing AR.  

 
Figure 3–13: Orifice plate displacement for hc = 25mm and varying AR. 

For the small ARs the displacement is rather small. Here the plate thickness is the greatest. 

The displacement is growing with decreasing plate thickness, as shown in Table 3-8. This 
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implies that for optimal actuator performance, a stiff material needs to be chosen, unless the 

actuator is run at very low amplitudes. The vibration of the orifice plate for AR = 64 is seen as 

the reason for the low orifice exit velocities in this case. However, its influence on the jet flow 

field might be rather small because no unusual jet development was noticed in the flow field 

of the AR = 64 case. 

Table 3-8: Different orifice plates properties and displacements. 

AR Plate thickness in mm Plate material 
Pk-pk displacement 

in mm 

% of diaphragm 

displacement 

∞ 9 Arcylic 0.12 5% 

1 9 Arcylic 0.11 4% 

2 6 Arcylic 0.36 14% 

4 4.5 Arcylic 0.66 26% 

8 3 Al 0.25 10% 

16 2 Al 0.54 21% 

32 1.5 St 0.49 20% 

64 1 St 0.90 36% 

 Experimental Limitations 3.7

Due to some limitations of the existing equipment it was estimated that a maximum Re of 

60 000 with a corresponding St of 0.049 was possible for the proposed experiments. A 

maximum St of 0.736 corresponds to a Re of 4000. The maximum Re was sufficient to cover 

the range of jets (laminar to fully turbulent) which was investigated. A limiting factor was the 

maximum loudspeaker amplitude measurable by the scanning vibrometer, which corresponds 

to an amplitude of Ad = 5mm for the existing loudspeaker. The actuator frequency limit was 

set to 150Hz because turbulence models used in numerical simulations might not be 

satisfactorily applied for higher frequencies, beyond 150Hz [61].  

 Numerical Experiments 3.8

As discussed detail in the following chapter, the commercial software package ANSYS CFX 

and therein the SAS turbulence model was used for the simulations. The SAS model is a k-ω 

based turbulence model, which switches between a k-ω model in the near wall region and a k-

ε model in the free stream region. It is a hybrid turbulence model that utilises RANS in steady 

regions and LES behaviour in unsteady regions [62]. This way, the mesh can be coarser in 

RANS regions and only needs to be smooth in unsteady regions, which results in less 

computational effort compared to pure LES or DES.  
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4 Numerical Simulations 

The content given in this chapter is mostly reproduced from a few of the numerous textbooks 

on CFD and turbulence modelling. However, the derivation of the turbulence model used in 

this research is not straightforward and therefore, a more detailed description is given here. 

The following sections describe how equations for RANS models are derived. Governing 

equations are presented, starting with the continuity equation resulting from the conservation 

of mass. The two common standard two-equation turbulence models are derived thereafter in 

order to show how the hybrid turbulence model was derived and developed over time. 

Therefore, the CFD experienced reader may wish to skip these sections and go directly to 

sections 4.3.4 - 4.3.7. At the end of this chapter, a brief overview on how commercial CFD 

codes usually operate (approximation, discretisation etc.) is given.  

 Introduction to Turbulence Modelling 4.1

Turbulence modelling has been an area of interest from the early 20
th

 century and in 1937 

Taylor and von Kármán stated: “Turbulence is an irregular motion which in general makes 

its appearance in fluids, gaseous or liquid, when they flow past solid surfaces or even when 

neighbouring streams of the same fluid flow past or over one another.” [63]. This definition 

is given in numerous textbooks on turbulence (e.g. [64]). However, there have been a few 

amendments to this by several researchers in the past 70 years since the pioneering days of 

von Kármán, Kolmogorov or Prandtl. 

One dimensionless number has become the ultimate term in fluid dynamics. Osborne 

Reynolds published his work on “the laws of resistance to the motion of water in pipes” [65] 

in 1883 and defined the ratio of inertial forces to viscous forces, which was later termed 

‘Reynolds number’ in honouring his lifework: 

   
 𝑢 

 
 

𝑢 

 
 

𝑓       𝑓     𝑡  

     𝑢  𝑓     
 (4-1) 

where ρ is the density of the fluid, u is velocity, L is the characteristic length of the body, and 

μ and ν = μ/ρ are the dynamic and kinematic viscosity, respectively.  

Turbulent flows are quite distinct from a laminar flow in that they enhance diffusivity, 

increase skin friction drag, and are less prone to flow separation. Compared to laminar flow 

the transport of mass, momentum, and energy is remarkably enhanced. Aside from turbulent 

flow having an increased boundary layer thickness, as shown in Figure 4–1, the turbulent 
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boundary layer can also support stronger adverse pressure gradients resulting in the stronger 

resistance to flow separation. 

 

Figure 4–1: Laminar and turbulent boundary layer [66]. 

Both laminar and turbulent flows can be described using the Navier-Stokes equations, and 

depending on the complexity of the flow, the computational effort for a solution to these 

equations is moderate. However, with increasing flow complexity it is quite common to 

model turbulent flows instead of directly computing them. Since the invention of computers 

such model approaches have become even more numerous, varied and popular. Table 4-1 

shows a brief description of selected milestones in turbulence modelling history: 
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Table 4-1: Selection of milestones in turbulence modelling in chronological order. 

Year Invention / discovery / researcher 

1877 Eddy-viscosity approximation by Boussinesq 

1895 Reynolds-Averaging concept by Reynolds 

1904 Boundary layer theory by Prandtl 

1908 Blasius boundary layer by Blasius 

1925 Mixing-length hypothesis by Prandtl 

1929/30 Work on transition by Tollmien and Schlichting 

1930s Essential work on turbulence by von Kármán 

1941 Energy cascade of Kolmogorov 

1942 k-ω model by Kolmogorov 

1945 k-equation model by Prandtl 

1945 2nd-order Reynolds-stress closure model by Chou 

1951 2nd-order Reynolds-stress closure model by Rotta 

1963 Subgrid-Scale Large-Eddy Simulation model by Smagorinski 

1968 k-kL model by Rotta 

1972 (standard) k-ε model by Launder and Spalding 

1988 (standard) k-ω model by Wilcox 

1990 One-equation model by Spalart and Allmaras 

1993 Shear-Stress Transport model by Menter 

1997 Detached-Eddy Simulation by Spalart 

2005 Scale-Adaptive Simulation by Menter 

This necessitates the question of why turbulence models are necessary: the majority of flows 

encountered in daily life involve turbulence. Aero-hydro dynamics play an important role in 

the car, airplane, yacht, or spaceship industry. Furthermore, flows in buildings, engines, 

weather, and eco-systems are research topics of turbulent flow matters. Some examples for 

turbulence or turbulent flow in daily life are shown in Figure 4–2.  
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Bath tub vortex [67] Ocean waves [68] Coffee and cream [69] 

   

Cloud formation [70] Car aerodynamics [71] Continuous jet [72] 

Figure 4–2: Examples of turbulence in daily life. 

For low Re the flow is steady and regular. Diffusive transport occurs due to molecular 

movement and momentum is transferred through the viscous strain-rate tensor. However, this 

changes with increasing Re and the flow becomes turbulent, irregular, transient, and three-

dimensional.  

Small eddies contribute significantly to turbulent flows and therefore must be resolved. With 

today’s computer capacities, lower Re flows are manageable in terms of processor times and 

costs. However, higher Re flows resolved using DNS require extensive simulation times that 

are not desirable to date. Using a turbulence model, which is accurate enough to the specified 

flow field is an established method to resolve various flows in a feasible time manner. For 

industrial applications, two models have become the standard: the RANS k-ω and k-ε models. 

RANS models are subdivided into different classes, usually depending on the number of 

transport equations, which are solved. Modelling of eddy viscosity in Boussinesq-models 

include: 

 Zero-equation model (1 algebraic equation) 

 One-equation model (1 transport equation) 

 Two-equation model (2 transport equations) 

 2
nd

 order closure models or stress-transport models (2 transport equations) 
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CFD is based on the conservation of mass, momentum, and energy. Three velocity 

components u, v and w of the velocity vector  ⃑, density ρ, pressure p, and temperature T, all 

depending on the three Cartesian coordinates x, y, z, and time t are computed in RANS 

models.  

4.1.1 Continuity Equation 

The conservation of mass can be expressed using a cube of differential volume dV = dx dy dz 

shown in Figure 4–3.  

 The change in mass over time, ρ V = ρ dx dy dz = 

  ∑ of incoming mass flow  ̇in – ∑ of outgoing mass flow  ̇out.  

The mass flow  ̇ = ρ v A, where A is the area. 

 

Figure 4–3: Reference volume, dV, with incoming and outgoing mass flow [73]. 

The change of mass within the static reference volume is: 

 ( 𝑑 𝑑 𝑑 )

 𝑡
 

  

 𝑡
𝑑 𝑑 𝑑  (4-2) 

Therefore, for an incompressible fluid,  = const., the differential form of the continuity 

equation is given by:  

  

 𝑡
 

 ( 𝑢)

  
 

 (  )

  
 

 (  )

  
   (4-3) 

Compressible means that any change in pressure results in a change of volume. However, 

compressibility effects can be neglected for flows up to a Mach number Ma ≈ 0.3. For most 

industrial applications, the fluids can be taken as incompressible [74].  
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Therefore, the change in density with respect to time is zero, and the continuity equation for 

an incompressible fluid becomes:  

 𝑢

  
 

  

  
 

  

  
 𝑑    ⃑  ∇ ⃑    (4-4) 

The velocity vector  ⃑ in m/s is a function of x, y, z, and time t:  

 ⃑   ⃑(      𝑡) (4-5) 

Albert Einstein introduced the summation convention, where all indices, which appear twice, 

will be summed up to reduce excessive equation writing. Applying this convention on the 

continuity equation yields: 
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4.1.2 Momentum Equation 

Momentum M is the product of the mass with the velocity and the time dependent change of 

momentum inside the reference volume, dV, can be expressed similar to that of the 

conservation of mass as shown in Figure 4–4:  

 ( 𝑑 𝑑 𝑑  ⃑)

 𝑡
 

 (  ⃑)

 𝑡
𝑑 𝑑 𝑑  (4-7) 

Incoming and outgoing momentum is one reason for the change of momentum inside the 

reference volume.  

 

Figure 4–4: Incoming and outgoing momentum in x direction [73]. 

Other influences on the change in momentum are caused by normal and shear stresses, which 

act on the reference volume (Figure 4–5). The stresses are shown below for all three 

coordinates x, y, and z. It can be said that for laminar flow:  
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 The change of momentum of the reference volume in time = 

∑ Min – ∑ Mout + ∑  and  + ∑ forces acting on the mass of the reference 

volume. 

 

Figure 4–5: Normal () and shear stresses () in x direction [73]. 

Forces that could be acting on the reference volume are gravitation, electrical, and magnetic, 

which are usually expressed as F. The three normal stresses are divided into pressure and 

viscous forces. Applying the definition of shear stress for Newtonian fluids one gets the 

Navier-Stokes equations for incompressible flow. 

4.1.3 Navier-Stokes Equations 

All Newtonian fluids can be fully described with the Navier-Stokes equations and the 

continuity equation. Therefore, this set of equations can be applied to laminar and turbulent 

flows. The Navier-Stokes equations can be derived for a Newtonian fluid using the 

momentum equations with constant density and constant kinematic viscosity resulting in a set 

of equations. For x (y and z correspond accordingly) the equation reads [75]: 
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The Navier-Stokes equations in vector form reads: 

  ⃑

 𝑡
 ( ⃑∇) ⃑   ⃑  

 

 
∇     ⃑

Forces of inertia/mass Forces of inertia/mass Field force/ Pressure force/ Viscousforce/

due to local acceleration due to connvective acceleration mass mass mass

 
(4-9) 

and multiplying the constant density gives:  
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 𝑡
(  ⃑)  ( ⃑∇)(  ⃑)    ⃑  ∇    (  ⃑)

Forces of inertia/volume Forces of inertia/volume due Field force/ Pressure force/ Viscous force/

due to local acceleration  to connvective acceleration volume volume volume

 (4-10) 

Utilising the summation convention for i and j gives:  
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The continuity equation and the Navier-Stokes equations in all three coordinates result in a 

set of four second order, partial, non-linear differential equations for four variables, the three 

velocity components and pressure namely. This set of equations is usually approximated 

using numerical methods, as the majority of the equations are intractable analytically. 

Furthermore, for a fluid a confined domain has to be discretised for space and time. 

4.1.4 Energy Equation 

For a three dimensional reference volume, the energy balance (Figure 4–6) can be expressed 

as:  The total energy, Etot, of the reference volume changing in time = 

  ∑ Ein and Eout + ∑ heat transfer of Ein and Eout + 

∑ work done per unit time on the reference volume due to p,  and  

+ work done per unit time due to acting F. 

 

Figure 4–6: Energy input and output of the reference cube dV [73]. 

The generic equation (transport equation) for a given quantity  reads: 

 (  )

 𝑡
 

 (    )

   
 

 

   
(  

  

   
)     (4-12) 

where  is the transport property,  is the diffusion coefficient, and S is the source term 

(e.g. [76]).  
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Assuming that the fluid is a gas and utilising the ideal gas law:  

  
 

  
 (4-13) 

where R (Rair = 287 J/kg·K [74]) is the specific gas constant, extends the total number of 

equations to six (1 x continuity., 3 x Navier-Stokes, 1 x energy, 1 x ideal gas) for the six 

unknown variables u, v, w, p, T, and ρ. This is one way to balance equations and unknown 

variables. 

 Turbulence Modelling 4.2

The Navier-Stokes equations can be applied to all Newtonian fluids, independent of laminar 

or turbulent flow characteristics. However, for turbulent flows even the smallest eddies need 

to be resolved, which can be realised by using a fine enough grid and using DNS.  

Kolmogorov’s k
-5/3

-law states that the size of the smallest eddy depends on the viscosity of 

the fluid and is proportional to ν
3/4

. The viscosity of air is about 10
-5

kg/(m·s), which would 

result in a mesh of more than 10
13

 nodes [77]. Such a computation requires enormous 

computational resources, such as memory, processor speed, and computing time, which is 

often inefficient or just not currently achievable. However, for low Re flows DNS can be 

utilised.  

One still wants to simulate turbulent flows and therefore the smallest eddies are not computed 

but modelled. In addition, simulations need to be validated with physical experiments and 

even modern techniques might not detect the smallest eddies. Thus, the numerical simulations 

only need to be as accurate as the physical experiments. Figure 4–7 shows the distribution of 

large (energy containing eddies) and small (viscous range) eddies in the turbulence energy 

spectrum.  

 
Figure 4–7: Turbulence energy spectrum [64]. 
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An energy spectrum is gained from velocity fluctuation measurements at a fixed point with a 

high sampling rate. E is the energy content and κ is the quantity of eddies per unit length. 

The energy spectra can be divided into two parts, one for macrostructure (energy containing 

eddies) and one for microstructure (viscous range). Macrostructures are usually computed 

whereas microstructures are modelled using turbulence models. The properties of both 

turbulent structures are shown in the Table 4-2. The main idea to model turbulence can be 

tracked down to Reynolds who proposed the Reynolds decomposition. 

Table 4-2: Properties of large scale and small-scale turbulence [78]. 

Large scale turbulence Small scale turbulence 

Produced by mean flow Produced by large scales 

Geometry dependent Universal 

Regular Random 

Needs deterministic modelling Can be modelled statistically 

Inhomogeneous Homogeneous 

Anisotropic Isotropic 

Long lasting Short lasting 

Diffusive Dissipative 

Difficult to model Easy to model 

4.2.1 Reynolds Equations and RANS 

The Reynolds decomposition introduces averaged quantities:  

𝑢  
 𝑢

 
        

  

 
        

  

 
 (4-14) 

The bar on top of the variables is time averaging, which is also called Reynolds averaging. 

The fluctuating parts of velocity and pressure have a dash. The decomposition for the 

velocity components reads:  

𝑢  𝑢  𝑢  
   or   𝑢  𝑢  𝑢 

  (4-15) 

and for pressure it is:  

       (4-16) 

The time average of a fluctuating part is zero: 𝑢 
   , 𝑢 

   , and     .  

Applying the Reynolds averaging on the Navier-Stokes equations gives the RANS equations, 

which read for x (y and z correspond accordingly) [79]:  
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where Zx (Zy and Zz correspond accordingly) is: 
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Multiplying the constant density and applying the summation convention gives:  
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where  𝑢 
 𝑢 

  are the Reynolds stresses. Equation (4-19) can also be written as: 
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which is referred to as the Reynolds-Averaged Navier-Stokes equation. 

Taking the Reynolds stresses into account results in six new unknown variables. This is 

referred to as a closure problem and in order to solve this set of equations, turbulence models 

have been developed. This is realised by devising approximations for unknown correlations. 

The advantages and disadvantages of utilising RANS are shown in Table 4-3. 

Table 4-3: Properties of RANS models [78]. 

Advantages Disadvantages 

Simulation of many common industrial flows 

possible 
Models need to be calibrated 

Low model requirements regarding attached 

boundary layer 
Turbulence spectra not resolved 

Low requirements regarding mesh and time step 

quality compared to LES or DNS 

Poor results for highly detached 

and transient flows 

Steady state and 2D solutions reliable 
Anisotropy neglected in models based on 

Boussinesq approach 

Examples of RANS models in the commercial CFD software package ANSYS CFX are [62]: 

 Zero-equation model: Zero Equation 

 One-equation models: Spalart-Allmaras, Eddy-viscosity Transport Equation 

 Two-equation models: k-ε, k-ω, SST, BSL, RNG etc. 
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URANS 

Unsteady RANS or URANS utilises the separation of scales where all turbulent fluctuations 

are modelled and only frequencies well below the turbulent fluctuations are computed. 

Therefore, URANS allows the computation of unsteady flows.  

 Two-Equation Models 4.3

Kolmogorov derived the first two-equation model in 1941. He developed Prandtl’s mixing 

length model further and introduced “the rate of dissipation of energy in unit volume and 

time” [64] known as ω. He postulated that:  

 ~√𝑘 𝜔⁄  (4-21) 

where l is the turbulence length scale and k is the turbulence kinetic energy. 

4.3.1 Two-Equation Eddy Viscosity Models 

Popular turbulence models are the two-equation eddy viscosity models, which use two 

additional transport equations to compute velocity and a length scale in order to close the 

given set of equations and unknowns.  

Eddy viscosity models introduce the eddy viscosity t, which adds up to the kinematic 

viscosity  as the total viscosity tot [80]:  

          (4-22) 

4.3.2 k-ε Model 

The most popular turbulence model is the k-ε turbulence model. The Reynolds-stress 

equation in simplified form reads [64]: 
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     ] (4-23) 

where: 

      (
 𝑢𝑖
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  𝑖
)

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
   (4-24) 

and for incompressible flows, 

ε   2 (
 𝑢𝑖

 

   

 𝑢𝑗
 

   
)

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
 (4-25) 
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      𝑢𝑖
 𝑢𝑗

 𝑢 
 ̅̅ ̅̅ ̅̅ ̅̅ ̅̅   𝑢𝑖
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 ̅̅ ̅̅̅    (4-26) 

Applying       𝑢𝑖
 𝑢𝑗

 ̅̅ ̅̅ ̅̅  and setting i=j yields: 
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(4-27) 

The equation can be simplified by introducing the turbulence kinetic energy in m
2
/s

2
: 

𝑘  
 

2
𝑢𝑖

 𝑢𝑖
 ̅̅ ̅̅ ̅̅  (4-28) 

The link between t and k is realised using the Boussinesq approximation: 
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𝑘    (4-29) 

where ij is the Kronecker delta, which is one when i = j and zero when i  j. 

Applying equation (4-28) on equation (4-27) yields: 
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(4-30) 

The following assumption and definitions are made: 
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 (4-33) 

where k is a constant, Pk is the production term and  in m
2
/s

3
 is the specific dissipation rate. 

The turbulence length scale in the k- model is calculated via: 
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   𝜇 𝑘 2⁄  ⁄  (4-34) 

For compressible flows, the eddy viscosity is multiplied with the density, which gives the 

turbulent (eddy) viscosity: 

       (4-35) 

The turbulent viscosity t, the specific turbulence kinetic energy k, and the specific 

dissipation rate  can be related giving the Kolmogorov-Prandtl equation [80]: 

    𝜇
𝑘2

 
     𝜇 

𝑘2

 
 (4-36) 

where c = 0.09. 

For the k- turbulence model, two transport equations are solving the specific turbulence 

kinetic energy k and the specific dissipation rate  respectively. Finally, this yields the two 

transport equations, one for k and one for ε respectively (buoyancy excluded): 
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𝜎𝜀
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] (4-38) 

where k, , c.1, and c.2 are model constants given in Appendix E. 

Described in words, equation (4-37) reads:  

Change in time + Convection = Production – Dissipation + Diffusion.  

The standard k- model uses a wall function in order to compensate for its flaws in near wall 

regions. This is realised by applying a logarithmic law in the log layer as shown in 

Figure 4-8. Furthermore, a damping function is added to the eddy viscosity equation and the 

-equation is extended by an additional term.  
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Figure 4-8: Different layers in a turbulent boundary layer flow [64]. 

4.3.3 k-ω Model 

Another popular two-equation model is the k-ω model. Here, the second transport equation is 

solved for the specific dissipation rate ω in s
-1

.  

ω is defined as: 

𝜔  
 

 𝜇

 

𝑘
 (4-39) 

Using this definition in equation (4-37) yields the transport equations [62] (buoyancy 

excluded): 
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The model constants for the k-equation and for the ω-equation are given in Appendix E. 

The turbulent viscosity is therefore: 

   
𝑘

𝜔
     

𝑘

𝜔
 (4-42) 

and the turbulence length scale, L, is: 

  𝑘 2⁄ 𝜔⁄  (4-43) 
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in the near wall region. Table 4-4 shows a comparison of the two turbulence models. 

Table 4-4: Advantages and disadvantages of k-ε and k-ω models. 

Model Advantage Disadvantage 

k-ε Free stream turbulence resolved 
Viscous sublayer not resolved; 

reduced/suppressed stall 

k-ω Boundary layer is resolved Free stream sensitivity 

4.3.4 SST Model 

Menter [81] developed the SST model in order to use the advantages of k-ε and k-ω models. 

In this formulation, the k-ω model is used in the near wall region and the k-ε model in the free 

stream region.  

This is realised using a blending function in the ω equation [62]: 
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𝑘
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(4-44) 

Further details on the model constants and the blending function F1 can be found in 

Appendix E. F1 is a tanh-function and is based on the distance to the nearest wall. Thus, F1 

gets zero or one and switches between k-ε in the free stream region and k-ω in the near wall 

region respectively.  

The SST model also utilises a limiter for the eddy viscosity because the model cannot 

account for the transport of the turbulent shear stresses and therefore over-predicts the eddy 

viscosity: 

   
  𝑘

   (  𝜔   2)
 (4-45) 

where α1 = 5/9 and F2 is another tanh-function. This limiter function allows for modelling of 

wall bounded shear flows, hence the name shear-stress transport. 

4.3.5 k-kL Model 

Both models, the k-ε and k-ω, calculate the turbulence length scale L using transport 

properties, which are historically derived by dimensional analysis. That means: 
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   𝜇 𝑘 2⁄  ⁄  (4-34) 

  𝑘 2⁄ 𝜔⁄  (4-43) 

In contrast, Rotta proposed a second order closure model, the k-kL model, in 1968 [82] and 

derived an exact formulation for the integral length scale by defining a velocity correlation 

function of two points. The two-point correlation is defined as [82]: 

   ( ⃑ 𝑡  )  𝑢𝑖
 ( ⃑ 𝑡)𝑢𝑗

 ( ⃑    𝑡)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  (4-46) 

The new transport property is: 
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Utilising the Reynolds decomposition on equation (4-47) yields [82]: 
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(4-48) 

The term on the left hand side is the convection term. The first term on the right hand side is 

the production term, followed by the dissipation and the diffusion terms. 

Applying Taylor series on equation (4-48): 

 𝑈( ⃑   𝑦)

  
 

 𝑈( ⃑)

  
 

 2𝑈( ⃑)

  2
 𝑦  

 

2

  𝑈( ⃑)

   
 𝑦

2  ⋯ (4-49) 

yields a new production term: 
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Rotta argued that 
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 Rij is symmetric for homogeneous turbulence and therefore ryR12 is 

asymmetric and the integral becomes zero:  

 2𝑈( ⃑⃗)

  2
∫   2 𝑦𝑑 𝑦

 

− 

   (4-51) 

Rotta defines length scale: 

     𝑎
2  2 2

 𝑈   ⁄

  𝑈    ⁄
 and (4-52) 

    𝜇
  ⁄ 𝑘 

√𝑘
 (4-53) 

which is the eddy viscosity. In Rotta’s approach, the third derivation is dominant which is 

extensive to calculate like other higher derivations. It therefore does not have an advantage 

over the other approaches (e.g. k-ε or k-ω). Furthermore, Rotta’s approach leads to a sink 

term in one of the transport equations and therefore, varying closure coefficients are 

necessary for near wall flows.  

Despite this, Menter incorporated the idea of using a second natural length scale in a 

turbulence model and picked up this second moment closure approach. While utilising 

Rotta’s approach in the near wall region, it can be argued that the 2
nd

 velocity derivative is 

not zero because homogeneous turbulence is rarely the case in near wall regions. Instead, the 

3
rd

 velocity derivative can be neglected. This approach has been taken by Menter and leads to 

the K-SKL formulation, which later was incorporated in the SST formulation resulting in the 

SAS model.  

4.3.6 K-SKL Model 

Menter and Egorov argued that homogeneous turbulence is rare and that Rij is asymmetric, 

for example in near wall regions [82]. 
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Therefore      and 
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and the production term (equation (4-48)) becomes: 
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which is the von Kármán length scale. This length scale is a generalisation of the classic 

boundary layer definition κU'(y)/U''(y). Therefore, the transport equation for Ψ reads: 
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Menter applies the chain rule, which allows the definition of a new transport variable [83]: 

  √𝑘  (4-59) 

This results in μt being proportional to Ф: 

    𝜇
  ⁄

   (4-60) 

and this also yields two new transport equations, one for k and one for Ф (square root (k) L 

equation (4-59)), hence the name K-SKL: 
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(4-61) 

(4-62) 

The production term is computed as Pk = μtS
2
, where   𝑈  √2       and 

Sij = 1/2(∂Ui/∂xj+∂Uj/∂xi). The model constants are given in Appendix E. 

The turbulence eddy viscosity, μt, is computed from the second transport equation and 

furthermore, production and turbulence kinetic energy are kept in balance, which is also 

different to the commonly used standard two-equation turbulence models. 
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4.3.7 SAS Model 

Due to its advantages in the near wall region, the SST model is used as the basis for the SAS 

formulation (QSAS) which is incorporated in the ω-equation. Therefore, the k-equation reads: 
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and the ω-equation reads: 
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where σω2 = σω in the k-ε regime and Pk = μtS
2
. QSAS is zero in the boundary layer and utilises 

LvK in transient regions. QSAS reads: 
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where ζ2 = 3.51, σΦ = 2/3, and C = 2. LvK allows for small-scale resolution in unsteady 

regions, a more accurate prediction of μt, and the development of a turbulent spectrum. L is 

proportional to boundary layer thickness in the boundary layer region and in dimensions of 

LvK in unsteady regions (Figure 4–9). Therefore, the turbulence model was named Scale-

Adaptive Simulation, SAS. 

 

Figure 4–9: SAS for cylinder flow (left) and shear layer (right) [84]. 

For further theory (e.g. damping and limitation of L, derivation of other two-equation and 

one-equation models using Φ, derivation of a viscous sublayer model (VSM) etc.) on the 

SAS model the reader is referred to [82, 83 and 85]. 

Figure 4–10 shows the influence of using a two-equation turbulence model (in this case SST) 

and using a scale adaptive model (in this case SAS). Turbulent structures are usually only 
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resolved in the order of the dominant body size in the flow field if the SST model is used. 

This is due to L ~ δ. Since the SAS model utilises LvK the turbulent structures are resolved 

down to the mesh size used in the simulation. Furthermore, the SST model over-predicts the 

eddy viscosity ratio whereas the prediction by the SAS model is more correct. Table 4-5 

shows some results comparing both turbulence models in the case of cross-flow around a 

circular cylinder at Red = 3 900 (Re based on cylinder diameter and average cross-flow 

velocity). 

  

Figure 4–10: Cylinder in cross-flow at Red = 3 900: turbulent length scale on Q for SST and SAS [86].  

Table 4-5: Comparison of selected results from SST and SAS [86]. 

Variable / property SST SAS 

Eddy size Size of cylinder Size due to mesh size 

Eddy viscosity ratio 

(μt/μ) 
≈100 - 5 times higher than SAS ≈20 

Turbulence length scale 

(cμk
3/2

/ε) 
≈6×10

-3
 - 4 times higher than SAS ≈1.5×10

-3
 

Pressure coefficient 

cp 
Too low behind cylinder 

Good results compared to 

PIV and LES 

The SAS model is a scale-adaptive model, which means that the mesh can be coarser in 

steady state regions but needs to be fine in unsteady regions. This results in less 

computational effort compared to pure LES or DNS, where advanced meshing is required. 

The nature of the flow investigated in the present study is purely 3D and turbulent. The 

standard two-equation turbulence models are likely to fail in reproducing the complex jet 

flow and LES requires explicit grid modification resulting in high computational effort. The 

SST SAS 
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hybrid turbulence model SAS was chosen for the numerical simulations in this research in 

order to get results that are more accurate at moderate computational costs.  

 Discretisation 4.4

The governing equations in fluid dynamics are second order partial differential equations 

where all differential operators represent the continuous changes of any variable in space and 

time. This is in contrast to numerical approximations of such a system of equations where the 

variables are defined in certain mesh points at a specific time. In order to describe the 

behaviour of function values between discretised points some assumptions must be made. 

The transformation from continuous to discretised representation is called discretisation. 

4.4.1 Discretisation of Time 

The discretisation of time approximates a fixed number of nodes on the time axis t 

(Figure 4-11). The definition of an arbitrary point on the time axis is t
n
 = nΔt.  

 
Figure 4-11: Discretisation of time [73]. 

Variables of the flow field properties are calculated and saved at distinct time steps. Any 

change of those variables between any two time steps is therefore only approximated. The 

equations for the time discretisation are initial problems, which are approximated using 

proper boundary conditions and time steps selection. 

Transient discretisation schemes are explicit forward Euler and implicit backward Euler as 

shown in Figure 4–12. 

 
Figure 4–12: Interpretation of explicit and implicit Euler discretisation schemes [73]. 

0                                  n-1                n              n+1                              t
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Forward Euler 
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4.4.2 Discretisation of Space 

The discretisation of the flow properties and the derivation regarding the coordinates x, y, and 

z at a constant time t is defined as discretisation of (physical) space. It is possible to transfer 

the set of non-linear, partial, differential equations into a system of algebraic equations by 

using a discretisation method. Therefore, it is necessary to impose a numerical grid on the 

geometry of the flow domain, which needs to be calculated. Common methods in CFD are 

finite element method (FEM), FVM, finite difference method, and spectral method 

(Figure 4-13). ANSYS CFX utilised FVM. 

 
Figure 4-13: Discretisation methods in CFD [78].  

The calculated fluid domain is discretised in single finite volume elements. The differential 

equations are integrated over the volume elements and resulting volume integrals in the 

volume elements are replaced by surface integrals. In this way, FVM is easily formulated to 

allow for structured and unstructured meshes. However, all meshes produced in this thesis are 

block structured. Block structured (hexagonal) volume elements usually result in lower 

computational costs compared to unstructured meshes. An example volume element is shown 

in Figure 4–14. P is the centre of the element and adjacent element centres are labelled East, 

West, North, and South as well as High and Low according to their position towards the 

element in the middle. The centres of the surfaces are labelled analogue e, w, n, s, h, and l.  

 
Figure 4–14: Volume element [87]. 
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Discretisation on the basis of the FVM utilises the approximation of flows through the 

surfaces of the control volume. Therefore, the transport equation in generic form (4-12) is 

integrated over the volume elements [76]: 

∫
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𝑑  ∫ div(  grad )
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𝑑 

Transient term Convection term Diffusion term Source term

 

(4-66) 

Utilising the integration results in balance equations, which allow for conservative 

discretisation; this means that conservation of the transport properties is ensured. This is an 

advantage of the FVM compared to other methods, which directly approximate transport 

properties. 

Utilising Gauss’ theorem (divergence theorem) on equation (4-66) transforms the convection 

term and the diffusion term from volume integrals into surface integrals [80]: 

∫ div(  ⃑ )

( )

𝑑  ∫(  ⃑ )

(𝐴)

𝑑𝐴 (4-67) 

∫ div(  grad )

( )

𝑑  ∫(  grad )

(𝐴)

𝑑𝐴 (4-68) 

This results in the following equation: 

∫
 

 𝑡
(  )

( )

𝑑  ∫(  ⃑ )

(𝐴)

𝑑𝐴  ∫(  grad )

(𝐴)

𝑑𝐴  ∫   

( )

𝑑  (4-69) 

where V is the volume and A is the total surface area of the volume element. The quantities ρ, 

Φ,  ⃑, ΓΦ, and SΦ are assumed to be constant within the volume element and on the surface. 

During the numerical simulation, those quantities are computed at the centre of each volume 

element [62]. The quantities on adjacent surfaces are interpolated from the centre points. The 

discretisation of the four terms in equation (4-69) is explained in the following section. 

4.4.3 Transient Term 

For computations of transient cases, the total time, ttot, is divided into several small time steps 

t. During one time step, all relevant flow quantities are kept constant. Furthermore, during 

one time step all quantities have to converge (convergence criteria) within a given number of 

inner iteration loops. 
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The volume element is considered very small and therefore, it can be assumed that [76]: 

 

 𝑡
∫   

( )

𝑑   ( 
  

 𝑡
  

  

 𝑡
) (4-70) 

The default set up in ANSYS CFX is a second order backwards Euler discretisation. The 

default transient scheme settings have been kept for all simulations in this work. 

The transient term is approximated as [62]: 
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2   )

 𝑡
 

(4-71) 

where the variable without indices is the unknown which is computed for the current time 

step, o (old) defines the previous time step variable and oo the one before that.  

4.4.4 Convection Term 

The discretisation of the convection term is defined as [87]: 

∫(  ⃑ )

(𝐴)

𝑑𝐴   {   𝐴}𝑒 𝑒  {   𝐴}    {  𝑦𝐴}
 
   {  𝑦𝐴}

 
   

 {   𝐴}    {   𝐴}    

(4-72) 

The values of  on the surfaces of the reference volume element can be interpolated between 

centre points of adjacent volume elements using different discretisation schemes.  

4.4.5 Diffusion Term 

The diffusion term is discretised in a similar manner as the convection term [87]:  

∫(  grad )
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(4-73) 

Again, values of /xj or  on the surfaces of the reference volume element are 

interpolated between centre points of adjacent volume elements using different discretisation 

schemes. 
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4.4.6 Source Term 

The discretisation of the source term is done in a manner that is the strength of the source is 

assumed homogeneous within the volume element [62]:  

∫   

( )

𝑑     . (4-74) 

The linear approximated source term needs to be derived as: 

(   )    .    .2   (4-75) 

where S.1 and S.2 are coefficients which depend on the transport property  and can have 

the values S.1  0 and S.2  0. 

4.4.7 Discretisation Schemes for the Convection and Diffusion Terms 

Finally, the terms for convection and diffusion have to be discretised as well. The convection 

term and the diffusion term in equation (4-69) are surface integrals. The values of  in 

equation (4-72) and /xj and  in equation (4-73) are calculated via approximation 

schemes and are interpolated from the centre points of volume elements adjacent to the 

reference element. The three most common approximation schemes in CFD are [76]: 

 Upwind differencing scheme (UDS),  

 Central differencing scheme (CDS), and 

 High resolution scheme (HRS).  

ANSYS CFX utilises HRS by default. However, all three schemes are available. 

UDSs derive the value  from quantities in the volume element upstream. Therefore, the 

UDS is robust but usually of first order accuracy that can introduce diffusive discretisation 

errors and tend to smear steep spatial gradients. The CDS is of second order accuracy and 

uses a linear interpolation between the two nearest volume elements. It may produce 

oscillatory solutions but is the simplest second order scheme. HRSs are of higher order 

accuracy that can be linear or non-linear. The HRS calculates the value  from the upwind 

volume element taking minimum and maximum values of  from adjacent volume elements 

into account. The HRS uses the second order backward Euler scheme wherever and whenever 

possible and reverts to the first order backward Euler scheme when required to maintain a 

bounded solution [62].  
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5 Experimental Investigation: Influence of the Geometrical Properties 

of the Actuator for Round and Square Synthetic Jets 

In Part A of the experimental investigation, the different actuator parameters that influence 

the jet are evaluated. At the end of each section, another actuator setting is fixed, which leads 

to the final settings for all further investigations that are presented in Part B (Chapter 6) of the 

experimental investigation. 

Firstly, the influence of the loudspeaker amplitude, Ad, on the characteristics of the jet flow is 

described. One of the two key-sections of this chapter deals with the vortex formation 

process, which is essential to the understanding of the jet dynamics presented in this research. 

Secondly, the influence of the cavity shape is described, which includes the comparison of a 

round with a square cavity. This is important from the viewpoint of manufacturing and 

actuator design. 

Thirdly, the height of the cavity is changed and its influence is discussed. The cavity heights 

used are 100mm, 50mm and 25mm respectively, which are referred to as deep, medium and 

shallow cavity each. This part of the study relates to a typical (space) constrain in certain SJ 

applications, which limits the size of the actuator, and may impact not only on design, but also 

on performance. 

Finally, the differences in the flow fields originating from a round and a square orifice are 

assessed. In the flow field of the square SJ a phenomenon is present, which can be described 

as an axis-shift. This axis-shift (square jet), described in the second key-section of this 

chapter, is the transition from an axisymmetric jet to the rectangular jet, where the 

phenomenon known as axis-switching plays an important role. A study of the phenomenon of 

axis-switching is one of the objectives of the present work. 

Flow field data examined includes: 

 Average and maximum centreline velocity, 

 Turbulence intensity, 

 Centreline velocity decay, 

 Volume flow and entrainment rate, and 

 Cavity pressure. 
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 Influence of Diaphragm Displacement 5.1

In the first part of the experimental investigation a SJ is characterised using a round cavity 

actuator with hc = 100mm and AR = ∞ (do = 20mm). The loudspeaker diaphragm was run at a 

constant driving frequency of fd = 40Hz but with a steadily increasing amplitude to get a range 

of jets including laminar jets, laminar vortex rings, and transitional jets. The diaphragm 

amplitude was changed in 0.25mm increments from Ad = 0.25 to 2mm. Table 5-1 shows that 

the Redo range was from 5 000 - 30 000, with a St range from 0.21 - 0.03. The dimensionless 

stroke length, L, ranged from 2 - 15 and S was constant at 81 (Table 5-1).  

Table 5-1: Properties for round cavity hc = 100mm, do = 20mm, fd = 40Hz, different Ad. 

Ad in mm: 0.25 0.5 0.75 1 1.25 1.5 1.75 2 

Vo in m/s: 3.86 6.96 10.03 12.62 16.0 19.36 21.31 24.15 

Redo: 5 020 9 047 13 048 16 411 20 809 25 185 27 709 31 411 

Vmax in m/s: 5.48 11.45 17.24 21.27 25.32 30.38 33.45 36.77 

St: 0.21 0.12 0.08 0.06 0.05 0.04 0.04 0.03 

L: 2 4 6 8 10 12 13 15 

S: 81 81 81 81 81 81 81 81 

5.1.1 Round Orifice - hc = 100mm - AR = ∞ 

It has been previously shown that vortex roll-up occurs for S > 8.5 and L > 4 [18]. Therefore, 

in the present study, for Ad > 0.5mm jet formation with vortex roll-up can be expected (see 

Table 5-1 above). In the following presentations, not one, but two or three vortex roll-ups 

within each expulsion phase is revealed. Figure 5–1 shows the rectified, phase-averaged 

orifice exit velocity over one cycle (starting with the expulsion phase of the cycle) that was 

measured at the orifice centre. With periodic (e.g. sinusoidal) driving of the loudspeaker 

diaphragm, a symmetrical expulsion phase orifice exit velocity profile is expected with a 

single peak halfway through the expulsion phase (i.e. at t = T/4 where T =1/fd is the period of 

actuation), if the influence of vortex roll-up is ignored. If a vortex rolls up, then the ‘vena-

contracta’ effect means the orifice exit velocity would increase somewhat so that the velocity 

profile will become distorted relative to the periodic (e.g. sinusoidal) profile. The location of 

the velocity peak would also move from the halfway point. Similarly, multiple peaks within 

the expulsion phase would suggest roll-up of multiple vortices. Indeed, in this way, vortex 

roll-up may be identified. The exception to this might be when a vortex rolls up to give a 

maximum velocity at the halfway point only to be followed by shedding of the vortex at this 

point, giving a more-or-less symmetrical profile about t = T/4. In any case, asymmetry in the 
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profile about t = T/4 might be a good indicator of vortex roll-up. Vortex roll-up can be 

deduced from the orifice exit velocity plots in Figure 5–1 where for Ad = 0.25mm and 

Ad = 0.5mm only one peak during the expulsion phase of the cycle (over 0 < t < 0.0125s) is 

distinguishable. Since the profile is symmetrical about t = T/4 (0.00625s), vortex roll-up, if 

any, would have to be identified by other means. There is a hint of vortex roll-up for 

Ad = 0.5mm, since a slight asymmetry about t = T/4 is noticeable, with the peak shifted a little 

to the left. For Ad ≥ 0.75mm however, the profiles are shifted to the left and asymmetric about 

t = T/4, and at least two peaks can be seen suggesting two vortex roll-ups, where the first peak 

is due to a primary vortex ring and the second peak due to a secondary vortex. For higher Ad 

multiple vortex roll-ups are possible [15, 51, 88]. This is supported by analysing the phase-

averaged centreline velocity (for one cycle) farther downstream of the orifice, for example at 

y/do = 1.5, as shown in Figure 5–2. Again, with increasing Ad up to three peaks can be seen; 

for example for Ad = 2mm a third peak appears clearly at t ≈ 0.0085s. The velocity peaks are 

linked to vortex shedding as explained below. Furthermore, visualisation of CFD data 

supports this statement and is explained in detail in Chapter 7. 

 

Figure 5–1: Average orifice exit velocity for different diaphragm amplitudes (Ad = 0.25 – 2mm). 
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Figure 5–2: Average centreline velocity at y/do=1.5 for different diaphragm amplitudes Ad = 0.25 – 2mm. 

Once L = 4 is reached all fluid following the primary vortex is transferred into secondary 

vortices due to the saturation of the primary vortex [15]. Figure 5–3 shows the stroke lengths 

that were calculated from the individual vortex roll-up. The total stroke length l0 was 

calculated from ∫   (𝑡)𝑑𝑡
𝑇 2⁄

0
 (equation (1-6)), whereas l1 was calculated from ∫   (𝑡)𝑑𝑡

  

0
, 

where t1 is the time from the start of expulsion until the primary vortex ring has been shed. 

For example in the case of Ad = 2mm t1 ≈ 0.003875s (Figure 5–1). Similar to that, l2 is 

calculated with t2 that corresponds to the time from t1 until the second vortex ring has been 

shed. It can be seen in Figure 5–3 that with increasing Ad the amount of the normalised total 

stroke length, l0, is increasing linearly and that the primary stroke length, l1, remains ≈ 4. The 

primary stroke length can be related to the primary vortex ring and for higher Ad a secondary 

stroke length, l2, can be estimated, which appears to remain constant at ≈ 8. Data from 

numerical simulations have been added to confirm these findings.  

 
Figure 5–3: Change of normalised stroke lengths with increasing L. 
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Similar findings have been reported by Jabbal et al. [15] by analysing the circulation Γ. 

Nevertheless, due to the nature of a single HWA the calculation of Γ is not worthwhile. 

Additionally, the novel way it has been done in this research affords less calculation.  

By using t1 and accordingly t2, the proposed dimensionless shedding frequency Stshed can be 

calculated as: 

 𝑡  𝑒  
𝑑 

𝑡  𝑎𝑣𝑒(𝑡 )
 

𝑑 

𝑡2 𝑎𝑣𝑒(𝑡2)
 (5-1) 

Interestingly, this shedding frequency remains constant, Stshed ≈ 0.25, for the investigated Re 

range of 9 000 – 32 000. Stshed versus Redo is shown in Figure 5–4. This corresponds well with 

the parameter for vortex formation since 1/Stshed = 4 = L. 

 

Figure 5–4: Dimensionless shedding frequency; 1st and 2nd correspond to the primary and secondary vortex 

  rings respectively. 
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fluid is pushed through the orifice so that while the main fluid bulk is still moving downwards 

into the cavity, fluid starts flowing the opposite direction and therefore outside the cavity via 

the neck-wall regions. The typical orifice exit velocity profile is present where peaks can be 

seen towards the neck walls and with a concave profile in the centre.  

Vortex formation starts when the majority of main bulk fluid has changed direction and with 
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the location of the one inside the neck is the source for all following vortices that are 

developed during the present cycle. Both areas grow until a certain size which is reached 

when L = 4.  

Once that size is reached, the upper low pressure area rolls up as a vortex ring. The lower one 

moves up the wall inside the neck in the meantime, until it reaches the orifice exit and is shed 

into the trailing wake of the primary ring. A velocity peak is present at the centreline just after 

the primary vortex ring is shed. This peak is due to the ‘vena contracta’ effect of this ring. In 

addition, the acceleration of the fluid close to the neck wall contributes to this effect, which 

can be seen in Figure 5–6. The primary vortex ring is pushing fluid inside the neck therefore 

decreasing the area in the orifice where the fluid can escape and which results in velocity 

acceleration (see red circle in Figure 5–6).  

Due to the flow separation at the orifice exit neck wall, all following vortex rings are not able 

to roll up on the orifice edge. Therefore, following vortex rings develop in the shear layer 

created by the jet and ambient fluid, due to Kelvin-Helmholtz instabilities. It needs to be 

pointed out that the dimensionless stroke length remains four for secondary vortices (since 

(l2/do)-(l1/do)  4) despite the fact that their formation process differs from that of the primary 

ring. However, as proposed here, L = 4 should also be referred to as the saturation criterion 

because secondary vortices (that develop in the shear layer) will also form e.g. for l2 < 4 but 

they will not be saturated.  

 

Figure 5–5: Contour plots of velocity v and pressure at the beginning of expulsion. 
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Figure 5–6: Contour and vector plots of velocity v and pressure during shedding of primary vortex ring. 

As long as the primary vortex ring is near the orifice exit all shed vorticity is sucked into the 

primary ring contributing to its strength and growing size. This has been reported for 

continuous jets by Hussain and Husain [25]. However, once the primary ring is far away 

enough, a secondary ring can form. The second velocity peak in the orifice exit velocity data 

results from this secondary ring. Furthermore, this secondary ring is strongly influenced by 

the primary ring as it accelerates soon after being shed. The size of this secondary ring is 

much smaller compared to the primary ring, as the ring cannot grow in size greatly due to the 

accelerating effect of the primary ring.  

The influence of the primary ring extends to a degree that the secondary ring undertakes the 

primary ring at some distance downstream of the orifice exit. Here, the primary ring has 

grown in size and slowed down allowing for this phenomenon known as leapfrogging which 

can be seen in Figure 5–7. The leapfrogging results in destabilisation of both the primary and 

the secondary ring. Both rings merge but break down as they travel farther downstream. 

In the meantime, further vorticity is shed into the jet and a third ring can be formed. This ring 

is highly unstable for two reasons, and breaks down soon after formation. Firstly, there is only 

limited fluid left towards the end of the expulsion and because L < 4, this ring is formed but 

not saturated. Secondly, because as the suction phase of the circle starts the ring is strongly 

influenced by ambient fluid that is sucked into the cavity. The blue area close to the orifice 

exit shown in Figure 5–7 is fluid that is forced to flow into the cavity by the downwards 

moving loudspeaker. 
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Figure 5–7: Leapfrogging of primary and secondary vortex ring; Q-criterion and contour plots of velocity v: 

  red indicates positive and high velocity and blue indicates negative velocity; flow is from right to 

  left. 

Vortex Rings Visualisation 

Figure 5–8 shows the vortex dynamics from the beginning of the expulsion phase to the 

beginning of the ingestion phase of one cycle. The formation of the primary vortex ring can 

be seen in the first set of photographs (1.-2.). This is followed by vortex roll-up (3.), the 

formation of the secondary vortex ring (4.) and development of the secondary ring in the 

second half of the expulsion phase. 

In the second set of photographs (6.-10.) the development (6.-7.) of the third ring is visible. 

Furthermore, it can be seen how the third ring becomes unstable and that the smoke is sucked 

back into the cavity (8.-10.) during the ingestion phase of the cycle. 
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1. Beginning of expulsion 2. Primary ring formation 3. Shedding of primary ring 4. Secondary ring forming 5. Secondary ring visible 

     
6. Tertiary ring formed 7. Tertiary ring visible 8. Ingestion starts 9. Breakdown of 3. ring 10. End of ingestion 

Figure 5–8: Vortex formation during one cycle (AR = ∞, Ad = 1.25mm, hc = 25mm); flow is from bottom to top. 
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Velocity data 

Figure 5–9 shows the averaged centreline velocity profiles for all eight cases. For 

Ad = 0.25mm Vcl decreases only for 0 < y/do < 0.5. For this case, L < 4, so it is expected that 

most of the fluid expelled in the expulsion phase of the cycle is sucked back into the cavity in 

the suction phase. For Ad = 0.5mm (L = 4) the velocity decline is steeper near the orifice and 

the primary vortex ring is formed in this region. At y/do = 1, there is a change and the velocity 

increases slightly until y/do = 4.5 while the primary vortex ring develops in this region. The 

velocity decreases again for y/do > 4.5 when the primary vortex ring breaks down. The 

centreline velocity slope is more distinguishable with increasing Ad. For Ad = 2mm the slope 

is about -10 for y/do < 1.25 and changes to -0.8 for the rest of the measured flow field. The 

higher orifice exit velocities that result in faster shedding of the primary vortex ring causes the 

steeper slope. In addition, the higher Vo result in a shrinking of the primary vortex 

development region and farther downstream this also shrinks the region where vortex 

interaction takes place (e.g. for Ad = 1.25mm this second region is over 1.5 < y/do < 5). 

The same characteristics can be seen in Figure 5–10 where the normalised centreline velocity 

is plotted against y/do. Once the formation criterion is met, the profiles for the normalised 

centreline velocity collapse into similar profiles. Such a profile can be separated into three 

different regions. In the first region, the normalised centreline velocity has a steep slope. In 

this region, the primary vortex ring development dominates the flow field. After that, the 

velocity recovers until it reaches a local maximum, which shifts downstream with increasing 

Ad (see circle in Figure 5–10). Here the vortex interaction takes place. In the third region, the 

velocity decays linearly again due to the collapse of vortices. The coherent structure of the 

primary vortex ring has undergone vortex merging (with the secondary vortex ring), which 

causes breakup of the coherent structure accompanied by slowdown of the jet. 

The maximum centreline velocities, calculated from the averages of the maximum per cycle, 

are shown in Figure 5–11. With increasing Ad a shift in the location of the maximum can be 

seen clearly. The peaks for small amplitudes are very close to the orifice exit whereas the 

peak for Ad = 2mm is at y/do ≈ 3. This shift can be attributed to the increased orifice exit 

velocity and accelerations of the first and second vortex rings, by way of the leapfrogging 

phenomenon. Due to high Vo the first vortex ring travels faster, which results in vortex 

interaction farther away from the orifice exit. The location where the maximum velocity 

finally decreases corresponds with the location of the leapfrogging gained from the numerical 

simulations. For Ad > 1.25mm the location of Vmax remains almost constant as transition to a 

turbulent jet takes place and jets created are very similar to each other.  
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Figure 5–9: Average centreline velocity for Ad = 0.25 – 2mm. Figure 5–10: Normalised centreline velocity for Ad = 0.25 – 2mm. 

  

Figure 5–11: Maximum centreline velocity for Ad = 0.25 – 2mm. Figure 5–12: Fluctuating centreline velocity for Ad = 0.25 – 2mm. 
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The shift in the local peaks of the average compared to the maximum data result from the 

phase-averaging as the average velocity is high in the vortex formation region, which 

dominates the whole cycle (half the time of the expulsion phase) whereas the maximum 

velocities per cycle occur due to vortex shedding and interaction that happen in a smaller 

timeframe.  

The fluctuating centreline velocities, v’, that are calculated from the standard deviations are 

plotted in Figure 5–12. For all the cases, this shows that v’ is decreasing with increasing 

distance downstream of the orifice exit. Farther away from the orifice exit, the velocity 

profiles change from top-hat to Gaussian that flattens more and more downstream and thus in 

turn results in lower v’. 

Centreline Velocity Decay 

The centreline velocity decay for four of the eight cases is shown in Figure 5–13. For 

Ad > 0.25mm the decay rates are largely constant over the measured streamwise location y/do. 

The centreline velocity decay rate gets bigger with increasing Ad. Except for Ad = 0.25mm, 

where no vortex roll-up occurs (since L = 2; Table 5-1), there is a linear decay up to y/do ≈ 3 

and this laminar jet is not very strong. Noticeable is that for Ad = 0.75mm for which L = 6, the 

decay rate is rather small. Here the jet is shedding laminar vortex rings, which sustain a stable 

jet. Also interestingly, the decay rate for 1.25mm < Ad < 1.75mm is about the same but Redo is 

increasing from 20 000 to ≈ 28 000 (Table 5-1). Here both jets are in the transitional jet 

regime. For Ad = 1.25mm the decay rate is about 0.2 in the measured region. Trávníček et al. 

[55] reported a decay rate of 0.22. A turbulent CJ has a decay rate of 1 [89]. 

 
Figure 5–13: Centreline velocity decay for varying Ad. 
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Similar to the centreline velocity decay, examination of the flow development region reveals a 

noticeable trend, which aids in describing the different types of jets resulting from the 

increasing loudspeaker amplitude Ad. The flow development region may be estimated by 

determining the position of the maximum centreline velocity [10]. Since the formation 

process of the primary vortex ring dominates each cycle, the definition of a flow development 

region based on the location of Vclmax is reasonable. For the cases investigated, this position is 

expected to move farther downstream of the orifice exit with increasing Ad (and therefore 

increasing L) which is shown in Figure 5–14. 

For Ad = 0.25mm (L = 2) there is no vortex formation, no flow development region and the 

maximum centreline velocity is at the orifice exit. Once L ≥ 4 the flow development region 

extends to a distance that scales to the dimension of the orifice as lc/do ≈ 1 (laminar ring 

region) indicating that the primary ring causes this velocity peak (see Figure 5–6) once its 

formation has finished and the ring rolls up. lc/do changes once L is great enough so that the 

secondary ring is saturated and additional fluid is shed into tertiary vortices (L ≥ 8). This is 

the transitional region where vortex ring interaction takes place causing the velocity peak to 

be shifted farther away from the orifice exit. Thus, the laminar ring jet turns into a transitional 

jet. With further increase in Ad the jet will turn into a turbulent jet [10].  

The case of Ad = 1.25mm (L = 10) was decided to be the final diaphragm amplitude for all 

further investigations because the jet is in the transitional region. Therefore, in the following 

paragraphs detailed flow field characteristics of this jet will be presented. 

 
Figure 5–14: Dimensionless flow development region changing with increasing L.  
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Ad = 1.25mm - Velocity Data and Turbulence Intensities 

The centreline velocity in the radial direction is shown in Figure 5–15 where Vcl is plotted 

against z/ro (ro = do/2) at different positions y/do downstream of the orifice exit. The jet 

velocity profile is changing from a top-hat profile at y/do = 0 to a Gaussian profile at 

y/do ≥ 2.5. This indicates that transition to a turbulent jet starts for y/do ≥ 2.5 [90]. 

Furthermore, Vclmax was at y/do  1.5, which marks the start of the jet developed region [10].  

The normalised centreline velocities are plotted against z/bj, where bj is the jet half-width in 

Figure 5–16. bj is defined as the radial distance from the centreline to the point where the 

velocity is half of the average centreline velocity (see for example reference [10]). bj was 

estimated using a linear correlation between the two corresponding measurement points 

(where V = 1/2Vcl) that were 5mm apart from each other. This is reasonable because the 

velocity has a Gaussian profile that has an almost linear slope in this part of the profile. From 

this plot, it is not quite evident where the self-similar region of the jet starts because for 

y/do > 1.5 the profiles already appear to have collapsed onto a single curve, which is typical of 

the self-similar region of a jet. For comparison, the Tollmien solution [89] for a round 

turbulent CJ as well as data for a pulsed jet from Bremhorst and Hollis [91] are plotted in 

Figure 5–16. Analysing the plots in Figure 5–16 – 5–18 reveal that self-similarity is not 

established before y/do = 10. 

The maximum velocities in the radial direction are shown in Figure 5–17. The velocity is 

constantly decreasing and the velocity profile changes similar to that of the average centreline 

velocity observed earlier. The transition from a top-hat to a Gaussian profile is somewhat 

slower compared to the average centreline velocity (because of Vmax > Vcl) and therefore, is 

shifted slightly farther downstream.  

The turbulence intensity can be calculated as: 

 𝑣𝑣  √  2    ⁄  (5-2) 

Figure 5–18 shows the turbulence intensity plotted against radial direction z normalised by the 

jet half-width bj for different locations y/do downstream of the orifice exit. Also plotted in this 

figure are CJ [89] and other SJ [22] data for comparison. The decay of the turbulence intensity 

with increasing distance from the orifice exit can be seen clearly in here. Compared to the 

data from Mallinson et al. [22] the turbulence in this case is slightly smaller at a comparable 

y/do. This might be due to slightly higher jet velocities in general. Overall, the shapes of the 

turbulence profiles are very similar. The data from the round turbulent CJ is lower, which has 

been reported before [22, 91]. 
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Figure 5–15: Average centreline velocity at varying y/do for Ad = 1.25mm. Figure 5–16: Normalised centreline velocity for Ad = 1.25mm at different y/do. 

  

Figure 5–17: Maximum centreline velocity at varying y/do for Ad = 1.25mm. Figure 5–18: Turbulence intensity at varying y/do for Ad = 1.25mm. 
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Centreline Velocity Decay and Volume Flow 

The centreline velocity decay is shown in Figure 5–19. The decay rate is increasing from the 

orifice exit until y/do = 1.25. For 1.25 < y/do < 2.5 the decay is very small as the centreline 

velocity remains almost constant. y/do > 2.5 is the initial region of the jet where the vortex 

ring develops. The rate of decay is approximately constant at 0.2 for 2.5 < y/do < 12.5 and is 

similar to that of a turbulent round CJ (0.16) [89] also shown in Figure 5–19. However, in 

contrast to the PJ data (0.07) [91] the decay rate is higher. The jet is quite stable in this region 

as the primary vortex ring still grows constantly and thereby slows down. It is known that 

after y/do = 12.5 the decay rate increases as the vortex ring becomes unstable and begins to 

break down.  

 

Figure 5–19: Centreline velocity decay for Ad = 1.25mm. 

The volume flow rate can be estimated using [22]: 

  2𝜋 ∫   𝑑 
  

0

 (5-3) 

The volume flow rate is normalised using the volume flow rate at the orifice exit Qo where 

bj = ro and V = Vo. The velocity profile at the orifice exit is assumed to have a top-hat profile 

with a value of Vo. The change of the volume flow with increasing distance away from the 

orifice exit is shown in Figure 5–20. For y/do < 5 this shows that the volume flow is similar to 

that of a round turbulent CJ [89] but changes to Q/Qo = 0.22(y/do)
1.22

 for y/do > 5. This is 

lower than the SJ data of Mallinson et al. [22] where Q/Qo = 1.1(y/do)
0.85

. The data from 

Mallinson et al. was evaluated for a flow field down to y/do = 40. Also, if a fit is applied to the 

whole measured area, then Q/Qo = 0.4(y/do)
0.93

 appears to hold well in the presented case. 

1

2

3

0 1 2 3 4 5 6 7 8 9 10

V
o
/V

cl
 

y/do 

Exp

PJ

CJ



Chapter 5 - Experimental Investigation - Part A 

91 

 
Figure 5–20: Volume flow for Ad = 1.25mm. 

 Influence of Cavity Shape 5.2

In order to understand the influence of geometrical features of the actuator on the jet flow 

field, the influence of the cavity will be presented first. A round and a square cavity with the 

same volume Vc and same height hc = 100mm are compared in the case for AR = ∞.  

The overall properties of the flow field are shown in Table 5-2. Comparing the data given in 

this table shows that there is only a marginal influence of cavity geometry on the jet flow field 

for this type of actuator and cavity size. The centreline mean and maximum velocities from a 

square cavity are only 3.2% and 4.3% lower than those from the round cavity, respectively. 

This might be attributed to small dead zones in the corners of the square cavity. Another 

explanation could be the way the cavities were made because the round cavity was a tube 

whereas the square cavity had to be assembled. Detailed analysis of flow field data is 

presented in the following to evaluate the influence of the cavity geometry on the jet flow 

field. 

Table 5-2: Comparison of round and square cavity hc = 100mm. 

Cavity type Vo in m/s Redo Vmax in m/s St L S 

Round 16.00 20 809 30.49 0.05 10 81 

Square 15.49 20 151 29.17 0.05 10 81 

Cavity Pressure 

The cavity pressure was phase-averaged over the whole time series. The comparison between 

the round and square cavities is shown in Figure 5–21. It can be seen that the two pressure 

plots are almost identical. There is a small difference of about 15Pa (≈ 4.3%) in the magnitude 
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of the minimum pressure. The difference in maximum pressure is about 5Pa (≈ 1.4%). 

Pressure variations of such small magnitudes are unlikely to have any significant influence on 

the jet flow field; this is considered next. 

 
Figure 5–21: Averaged cavity pressure for the round (rdcav) and square (sqcav) cavity. 

Velocity Data and Turbulence Intensities 

The normalised average velocities and the normalised maximum velocities are shown in 

Figure 5–22 and in Figure 5–23 respectively. The normalised average velocities for the round 

and square cavities are plotted against z/bj. Determining the location of the self-similar region 

from the normalised velocity is difficult because the individual plots lie very close to each 

other. The location where self-similarity starts is more obvious in maximum velocity or 

turbulence intensity plots. However, the normalised average velocities are very similar to the 

Tollmien solution that is plotted additionally in Figure 5–22. 

The plots for the normalised maximum velocity are somewhat different from each other. In 

the near field for y/do < 2.5 the round cavity shows similar maximum velocities to those from 

the square cavity for 0.5 < z/bj < 2.5; and these are somewhat higher than the velocities 

recorded for y/do > 2.5. This is in the middle and towards the edge of the jet half-width. 

Farther downstream for y/do > 2.5 this area gets smaller and the maximum velocities are only 

higher in the region of 0.5 < z/bj < 1.5. However, these differences lie within error limits of 

±5% for y/do = 2.5 and well within ±2% for y/do > 2.5 (error bars have been taken off for 

clarity in the figure). Towards y/do = 10 the plots are almost self-similar. 

The turbulence intensities shown in Figure 5–24 for the round cavity appear to be slightly 
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between the two cavities appears to decrease with decreasing distance from the orifice exit in 

the region of z/bj < 1 as the deviation gets smaller as well. 

 
Figure 5–22: Normalised velocity for the round (rdc) and square (sqc) cavity at verying y/do, CJ data from [89]. 

 
Figure 5–23: Normalised maximum velocity for the round and square cavity at different y/do. 

 
Figure 5–24: Turbulence intensity for the round and square cavity at different y/do. 
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Centreline Velocity Decay and Volume Flow 

The centreline velocity decay is shown in Figure 5–25. The decay rate is the same for the 

round and the square cavity. However, the normalised velocities for the square cavity appear 

to be slightly lower compared to the round cavity for y/do > 2.5. This is because of the higher 

calculated orifice exit velocity from the round cavity.  

 

Figure 5–25: Centreline velocity decay for the round and square cavity (slope = 1/5). 

The volume flows shown in Figure 5–26 for the square cavity are slightly smaller than those 

from the round cavity because of the lower velocities downstream of the orifice exit for 

2.5 < y/do < 7.5. Close to the orifice exit and for y/do < 7.5 the volume flow for the square 

cavity is marginally higher. The streamwise profile of volume flow for the round cavity is 

linear whereas it follows a power law for the square cavity. Therefore, it can be expected that 

for y/do > 10 the volume flow for the square cavity is slightly higher. However, for this set up, 

regions beyond y/do = 10 are likely to be dominated by slow velocities and low turbulence 

intensities and are out of interest for application areas such as BL control and mixing 

enhancement. Higher Re jets might be more suitable for further investigation regarding this 

geometrical feature (cavity height) of the actuator. 
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Figure 5–26: Volume flow for the round and square cavity with AR = ∞. 

To summarise the influence of the cavity geometry on the jet flow field, it can be said that for 

the given set of experiments there is no notable influence. Comparison of cavity pressure, 

mean velocities, turbulence intensities, and volume flow between a round and square cavity 
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geometry but manufacturing of a square cavity might be easier. 
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whereas Vmax of the medium cavity is lower compared to that for the deep cavity. This might 

be due to the higher damping properties of the medium and deep cavities as discussed later. 

Table 5-3: Comparison of the results from different cavity heights for the square cavity with AR = ∞. 

Cavity height hc in mm Vo in m/s Redo Vmax in m/s St L S 

25 16.16 21 018 29.72 0.052 10.1 81 

50 15.40 20 034 28.37 0.052 9.6 81 

100 15.49 20 151 29.17 0.05 9.7 81 

Cavity Pressure 

The cavity pressure is plotted in Figure 5–27; comparing the graphs in this figure correlates 

with the velocity measurements made in the jet flow field. The cavity pressure is the lowest 

for the medium cavity. Since there is no clear trend regarding cavity height and orifice exit 

velocity, the lower Vo for hc = 50mm might perhaps be due to differences in tolerances 

associated with the assembling features of the cavities.  

However, the pressure plot of the shallow cavity shows some differences compared to the 

medium and the deep cavity. The maximum pressure is marginally smaller, whereas the 

minimum pressure is about 40Pa greater than that for the deep cavity. Moreover, the cavity 

pressure is smaller at the beginning of the expulsion phase and higher at the end. This might 

be due to greater distance from the cavity walls to the cavity centre. Since the loudspeaker 

area and position is the same for all three cavities the main bulk of the fluid is moved relative 

to this area and location. This means that the fluid inside the cavity, which is not close to the 

loudspeaker, is barely moved during the cycle creating larger dead zones.  

Results obtained from CFD simulations support the assumption that the larger distance from 

the cavity centre to the cavity walls influences the pressure histories especially in the shallow 

cavity case. This can be seen in Figure 5–28 where the phase-averaged velocity is shown for 

the shallow cavity case.  
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Figure 5–27: Averaged cavity pressure for different cavity heights hc for AR = ∞. 

 

Figure 5–28: Contour plot of phase-averaged velocity inside the shallow cavity; 11 contour levels, blue 

  indicates low and red high velocities. 
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Velocity Data and Turbulence Intensities 

The normalised average velocities at different positions downstream are plotted against z/bj in 

Figure 5–29. The Tollmien solution [89] for a round turbulent jet is plotted in the same graph 

for comparison. The velocity profiles for the three different cases are very similar to each 

other and no remarkable differences can be seen.  

However, comparing the normalised maximum velocity presented in Figure 5–30 shows some 

differences between the three cavities. At y/do = 2.5 the normalised maximum velocity for the 

hc = 25mm is higher in the region of the jet half-width. At y/do = 5 the normalised maximum 

velocity for the hc = 50mm is higher for z/bj < 1. Further, at y/do = 7.5 the normalised 

maximum velocities for all three cavities match each other and finally, for y/do = 10 the 

normalised maximum velocity for the hc = 100mm is higher for 0.5 > z/bj < 1. These seem 

less likely to be linked to each other and the differences are rather small compared to the 

magnitude of the normalised maximum velocity. Comparing the turbulence intensities in 

these measured regions may give confidence in that the influence of cavity height of this order 

of magnitude could easily be neglected. 

The turbulence intensities are plotted in Figure 5–31 and show that for all three cavities in the 

measured region up to y/do = 10 the intensities are quite alike. The intensities decrease with 

increasing distance from the orifice exit. Self-similarity has not been reached for the 

turbulence intensities in the measured region. However, the intensities collapse into the same 

levels for y/do > 5 in the region of z/bj > 1.   
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Figure 5–29: Normalised velocity for the different cavity heights at varying positions y/do for AR = ∞. 

 

Figure 5–30: Normalised maximum velocity for the different cavity heights at y/do for AR = ∞. 

 

Figure 5–31: Turbulence intensity for the different cavity heights at varying positions y/do for AR = ∞. 
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Centreline Velocity Decay and Volume Flow 

The centreline velocity decay is shown in Figure 5–32. Down to y/do = 5 there are 

insignificant differences between the three cavities; however for y/do > 5 the decay rate for 

hc = 50mm and hc = 25mm are slightly higher when compared to that of hc = 100mm. The 

deviation between the data for the three cavities is highest for y/do = 10 where the hc = 50mm 

cavity has the highest decay rate of all.  

A similar trend can be seen in the volume flows shown in Figure 5–33. In the very near field 

of y/do = 2.5, the volume flows are the same for all three cavities, which changes for 

y/do > 2.5. The volume flows are the smallest for the shallow cavity. Here the flow increases 

linearly down to y/do > 7.5 and then changes to a power law profile. This is in contrast to 

those for medium and the deep cavities, both of which show linear behaviour down to y/do = 5 

and then change to a power law profile farther downstream. This implies that, jets from the 

medium and deep cavities entrain more fluid for y/do > 5 compared to the shallow cavity. For 

y/do = 10 the deep cavity has the highest volume flow of Q/Qo = 3.6 compared to Q/Qo = 2.9 

for the shallow cavity.  

In summary, it can be said that the influence of the cavity height on the jet flow field is 

negligible for the cases investigated. Mean velocity and turbulence intensity data were in 

similar ranges for all three cases. Self-similarity could not be determined for mean and 

maximum velocities in the flow field down to y/do = 10. For the turbulence, intensity self-

similarity was not established in the measured regions for all three cases either. A difference 

between the three cases that was found, was for the change in volume flow. Close to the 

orifice down to y/do = 5, the volume flow was the same for all three cases. At y/do = 10 there 

was a difference between the results of the three cavities and an increase by 20% for the deep 

cavity compared to the shallow cavity was calculated. The higher volume flow may be related 

to the smaller centreline velocity decay for that cavity that resulted from the damping effects 

of the shallow cavity discussed already. 
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Figure 5–32: Centreline velocity decay for the different cavity heights (AR = ∞); slope = 1/4. 

 
Figure 5–33: Volume flow for the different cavity heights for AR = ∞. 

5.3.2 Square Orifice – AR = 1 

The comparison of the three different cavity heights showed little influence on the jet flow 

field from a round orifice. In the following the jet flow fields from a square orifice and the 

three different cavities is presented. Table 5-4 shows the main properties of the jet flows for 

the different cases. The orifice exit velocity Vo and the maximum centreline velocity Vmax are 

highest for the shallow cavity (hc = 25mm) and lowest for the deep cavity (hc = 100mm). 

There is a small difference for the dimensionless stroke length L, which is slightly higher for 

the shallow cavity compared to the medium and the deep cavity. The Re range is about the 

same and S is constant for all three cases. 

Rede is estimated using the equivalent diameter de: 
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Table 5-4: Comparison of the results of different cavity heights for the square cavity with AR = 1. 

Cavity height hc in mm Vo in m/s Rede Vmax in m/s St L S 

25 16.64 21 616 30.40 0.048 10.4 81 

50 15.69 20 376 28.44 0.051 9.8 81 

100 15.43 20 036 28.35 0.052 9.7 81 

Cavity Pressure 

The comparison of cavity pressures is shown in Figure 5–34. The plots for the deep and the 

medium cavity are almost identical. This is the same as for the round orifice data presented 

previously. In general, the maximum and minimum values for all three cases are slightly 

smaller than those obtained with a round orifice. There is less difference between the three 

cases but the pressure plot for the shallow cavity deviates somewhat from the other two at the 

beginning and then at the end of the expulsion cycle. This is attributed to the same effect 

observed in the round orifice case. 

 

Figure 5–34: Averaged cavity pressure for different cavity heights hc = 100mm, 50mm, and 25mm for AR = 1. 

Velocity Data and Turbulence Intensities 

Data for the normalised averaged and maximum velocities are shown in Figure 5–35 and 5-36 

respectively. At the different measured points downstream of the orifice exit the normalised 

averaged velocities vary more for z/bj < 1, and almost collapse into the same levels for 

z/bj > 1. The levels of the averaged maximum velocities are closer to each other compared to 

the round orifice. The orientation of orifice to the cavity might be responsible for that 
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difference. It is quite likely that the flow inside the cavity is eased by the parallel position of 

the orifice edges to the cavity walls.  

Turbulence intensities, shown in Figure 5–37, are generally lower than those for the round 

orifice case are. The range where all three plots collapse into one plot shifts to z/bj > 1.5 even 

though the general levels are lower compared to the round orifice. The intensities are lower 

because of a faster degradation of the Gaussian profile, which might be attributed to the axis-

shift as explained at the end of this chapter.  

 

Figure 5–35: Normalised velocity for different cavity heights at y/do for AR = 1, CJ data from Rajaratnam [89]. 

 

Figure 5-36: Normalised maximum velocity for the different cavity heights at varying positions y/do for AR = 1. 
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Figure 5–37: Turbulence intensity for the different cavity heights at varying positions y/do for AR = 1. 

Centreline Velocity Decay and Volume Flow 

The decay of the centreline velocity for all three cases shown in Figure 5–38 are very similar. 

The normalised volume flows in Figure 5–39 show similar trends as those for the round 

orifice. Close to the orifice for y/do < 5 there is difference between the three cavities. 

However, for y/do > 5 the volume flow for the medium and deep cavities are higher compared 

to the shallow cavity. The volume flow of the shallow cavity shows a linear behaviour up to 

y/do = 7.5 and then changes to a power law. The medium and deep cavities reach the power 

law behaviour somewhat earlier, at about y/do = 5. The volume flow is highest for the deep 

cavity but there is little difference between all three cavities compared to the round orifice. 

This might be due to the parallel orientation of the square orifice to the cavity. The influence 

of the square cavity has already been mentioned and in the case of the square orifice, the fluid 

inside the cavity follows the orientation of the cavity geometry thus, easing the fluid flow 

towards the orifice exit. For the round orifice on the other hand, the damping effects of the 

shallower cavity add up due to the required ‘reorientation’ of the flow towards the round 

orifice.  
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Figure 5–38: Centreline velocity decay for the different cavity heights for AR = 1 (slope = 1/5) on the left; for comparison AR = ∞ on the right (slope = 1/4). 

  
Figure 5–39: Volume flow for the different cavity heights for AR = 1 on the left; for comparison AR = ∞ on the right. 
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Jet Half-Width and Entrainment 

Table 5-5 shows a comparison of the jet half-widths of the jets created by different cavity 

heights and orifice ARs = ∞ and 1. For the round orifice case, it can be noticed that the jet 

half-widths are decreasing with decreasing cavity height for y/do < 7.5. Farther downstream, 

the jet half-width is actually highest for the medium cavity. The opposite trend can be seen for 

the square orifice as bj is greater for the medium and shallow cavities close to the orifice, 

which changes for y/do > 5 for the medium cavity, and remains the same for the shallow 

cavity. The jet from the deep cavity has the greatest jet half-width for y/do = 10. The 

comparison of the round and square orifices for the individual cavities shows how small, and 

therefore possibly negligible, the differences for bj actually are.  

Table 5-5: Jet half-width, bj, of round and square orifice for different cavity heights. 

 hc = 100mm hc = 50mm hc = 25mm 

 AR = ∞ AR = 1 AR = ∞ AR = 1 AR = ∞ AR = 1 

y/do = 1.5:    11.3 > 11.1   10.3 < 13.0     9.8 < 10.8 

y/do = 2.5:    12.7 > 12.6   12.4 < 14.2    11.3 < 13.2 

y/do = 5:    18.9 < 19.7   18.0 < 18.7    17.8 < 18.6 

y/do = 7.5:    25.7 < 26.4   25.7 > 25.3    23.9 < 24.8 

y/do = 10:    33.6 < 35.4   35.8 > 33.5    31.7 < 31.9 

The dimensionless jet half-width presented in Figure 5–40 shows that the three cavities differ 

slightly from each other close to the orifice and far away from the orifice. At y/do = 5 the 

dimensionless jet half-width is almost the same for all cases. At this location, vortex 

interaction takes place and dominates the flow field and thus, difference between the cases is 

marginal. Before and after vortex interaction takes place, the variation in the velocity is 

greater because the structures present in the jet flow field are less coherent. 
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Figure 5–40: Normalised jet half-width for different cavity heights and ARs. 

Another way to compare the jet characteristics is the entrainment rate [92]: 

  𝑑 𝑑 ⁄  (5-5) 

The dimensionless entrainment rate is presented in Figure 5–41 and shows that the rate is 

decreasing for all three cavities for 0 < y/do < 5. For y/do > 5 the entrainment rate is recovering 

and slowly increasing.  

The differences in the characteristics of the jets created from the three different cavities are 

not significant. Mean velocities, turbulence intensities, and centreline velocity decays are 

quite alike in the measured region. The only remarkable difference can be seen in the volume 

flow where the deep cavity has the highest volume flow. This is similar to the round orifice 

cases but the differences between all three cases are small. How much the jets produced from 

the round and the square orifices differ will be shown in the following section where results 

from both orifice types (AR = ∞ and 1) are compared directly to each other. 

Zhong et al. [51] stated that a cavity height to orifice length ratio, ARc ≥ 1, is desirable to get 

an optimal jet performance. Thus, for further investigations the shallow cavity with 

hc = 25mm was chosen. 
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Figure 5–41: Dimensionless entrainment rate. 

 Comparison of AR = ∞ and AR = 1 for hc = 25mm 5.4

Comparison of the significant results 

given in Table 5-6 shows that the exit 

velocity and the maximum centreline 

velocity from the round orifice is 

slightly lower compared to the square 

orifice. Re, St, and S are slightly higher 

for the round orifice and thus L is 

slightly lower for the round orifice. The 

average exit velocity during the expulsion cycle, Vo, is higher for the square orifice because of 

the velocity distribution over the orifice exit. Towards the corners of the square orifice, there 

is acceleration due to wall influence in the corners. The picture on the left in Figure 5–42 

shows this acceleration at the orifice corners. The picture on the right shows the velocity 

distribution over a round orifice during expulsion.  

Table 5-6: Comparison of the results from a round and a square orifice; hc = 25mm. 

AR Vo in m/s Rede Vmax in m/s St L S 

∞ 16.16 21 018 29.72 0.05 10.1 80.9 

1 16.64 21 616 30.40 0.048 10.4 80.7 
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Figure 5–42: Vector plots at orifice exit during start of 

  expulsion; red areas indicate high velocity. 
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Velocity Data and Turbulence Intensities 

The comparison of the normalised average velocities shows no particular differences between 

the round and the square orifices. In addition, it can be seen in Figure 5–43 that the plots 

follow the pattern of the typical CJ shape. With increasing distance away from the orifice exit, 

plots for both cases approach the CJ plot.  

The normalised maximum centreline velocities are shown in Figure 5–44. The velocities for 

the square case are higher compared to the round case for all measured points. As mentioned 

before, the velocity profile over the square orifice differs to that of the round orifice because 

of the geometric features of the square orifice. The profile is more irregular therefore allowing 

for velocity peaks.  

The turbulence intensities presented in Figure 5–45 show that levels for the round orifice are 

consistently higher compared to the square orifice. This is because of the Gaussian profile that 

is flattening faster downstream for the square case. The vortex rings evolving from the round 

orifice are stable in nature but the ring-like structures form the square orifice experience 

greater disturbances while travelling downstream, which leads to the faster degradation of the 

Gaussian profile. 
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Figure 5–43: Normalised velocity for the round and square orifice at varying positions y/do for hc = 25mm; CJ 

  data from Rajaratnam [89]. 

 
Figure 5–44: Normalised maximum velocity for the round and square orifice at varying y/do for hc = 25mm. 

 
Figure 5–45: Turbulence intensity for the round and square orifice at varying positions y/do for hc = 25mm. 
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Centreline Velocity Decay and Volume Flow 

The decays of the centreline velocity for both cases shown in Figure 5–46 are almost 

identical, with a small difference for y/do > 8. Within the measured region the decays are quite 

linear for 2 < y/do < 8. Interestingly, the volume flows for the square case are consistently 

higher compared to the round case, which can be seen in Figure 5–47. Although, the increase 

is the same for 2.5 < y/do < 7.5 for both cases, a linear behaviour is present initially, which 

changes to a power law behaviour for y/do > 7.5. 

 

Figure 5–46: Centreline velocity decay for the round and square orifice at varying positions y/do for hc = 25mm. 

 

Figure 5–47: Volume flow for the round and square orifice at varying positions y/do for  hc = 25mm. 
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In addition, this increase can be attributed to the way the jet is developing from the square 

orifice. The phenomenon of axis-switching will be discussed in detail in the following chapter 

but it should be stated here that the jet from the square orifice experiences an axis-shift. 

Instead of a 90°-switch (as in the case of axis-switching), the jet axis appears to be shifted by 

45° or in other words it develops along the X-Z diagonals and not, as one may assume, in 

alignment with the axes of the orifice. The jet evolves with peak velocities towards the middle 

between the edges as it can be seen in Figure 5–48 (left) and not at the edges. This has also 

been reported by Zaman [23]. 

The way the volume flow was calculated results in higher values because the jet is actually 

wider, as shown in Table 5-7, because of this axis-shift. Also, the average centreline velocity 

is higher for AR=1 because the jet experiences an acceleration in the centreline due to this 

shift. Thus, Q(AR = 1) > Q(AR = ∞) in the measured region. 

Table 5-7: Jet half-widths for AR = ∞ and AR = 1. 

 bj(y/do = 1.5) bj(y/do = 2.5) bj(y/do = 5) bj(y/do = 7.5) bj(y/do = 7.5) 

AR = ∞: 9.8 11.3 17.8 23.9 31.7 

AR = 1: 12.4 13.2 18.6 24.8 31.9 

This shift occurs so close to the orifice exit that it is barely detectable from HWA readings 

and not without questionable effects on the results (e.g. reverse flow and blockage). However, 

the shift can be seen on the right hand side in Figure 5–48 where CFD data is shown.  

 

 
Figure 5–48: Instantaneous contour plots of streamwise velocity (bottom to top) on XZ-plane left: at the 

  beginning of expulsion; right: farther downstream during jet evolution; red indicates high  

  velocity and blue indicates low velocities. 

As mentioned at the beginning of this chapter, this axis-shift transforms into an axis-switch 

for jets created from high AR orifices. The change of the flow field from such slotted orifices 

is described in the following chapter, the second part of the experimental investigation: 
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6 Experimental Investigation: SJ Flow Fields from Slotted Orifices 

In the second part of the experimental investigation, the influence of the slot aspect ratio on 

the SJ flow field is presented. The slot aspect ratio was successively doubled starting at an AR 

of one, up to 64. The orifice area was kept the same for all cases to allow for similar orifice 

exit velocities. For all the cases investigated the cavity height, hc = 25mm, was kept constant. 

Additionally, data from the round orifice (infinite AR) is presented for comparison.  

This chapter starts with a comparison of the overall jet flow field properties, followed by 

presentation of detailed flow field data at various positions downstream of the orifice exit. 

The key-sections in this chapter analyse the influence of axis-switching on the flow field 

properties and identify an indicator for axis-switching, respectively. 

 Influence of Orifice Aspect Ratio 6.1

Table 6-1 shows the main flow properties for the cases investigated. The flow properties listed 

remain almost the same except for case AR = 64. Reasons for the differences for AR = 64 

were discussed in section 3.6. 

Table 6-1: Flow properties for cases with AR = ∞ to AR = 64. 

AR ∞ 1 2 4 8 16 32 64 

Vo in m/s: 16.16 16.64 16.16 15.97 17.35 15.78 15.87 11.32 

Rede: 21 018 21 616 20 955 20 628 22 688 20 376 20 426 14 622 

Vmax in m/s: 29.72 30.40 28.63 26.72 28.56 26.78 26.10 19.90 

St: 0.05 0.048 0.049 0.05 0.046 0.05 0.05 0.07 

L: 10.1 10.4 10.1 10.1 10.8 9.9 10.0 7.1 

S: 80.9 80.7 80.6 80.3 81.3 80.3 80.0 80.3 

Vortex roll-up for higher ARs is more complex compared to AR = ∞ because with rising AR 

the vortices that are developed get disturbed and unstable after roll-up. Furthermore, as it will 

be explained in the following, the roll-up process itself is not uniform around the orifice. This 

means that vortex formation starts at different times during each cycle, more precisely first 

along the short edge and then along the long edge of the orifice. With increasing AR this 

process is extended over time allowing for vortex roll-up along the short edge while vortex 

formation along the long edge is still in progress.  

Figure 6–1 shows the phase-averaged orifice exit velocity during one full cycle for AR = ∞ - 4 

on the left side and for AR = 8 – 64 on the right side. The first half in each chart represents the 

expulsion and the second half shows the ingestion phase of the cycle. The velocity peaks in 
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the first half of the cycle result from vortex roll-up (as discussed in Chapter 5). With 

increasing AR the two clearly visible peaks turn into one. Interestingly, while the first peak for 

the lower ARs has a greater value, the second peak gains magnitude with rising AR, eventually 

resulting in the maximum expulsion velocity being in the second peak. This is because of the 

non-uniform vortex roll-up process across the orifice that is enhanced with rising AR.  

The jet dynamics change along the major and minor axes downstream of the orifice, which is 

discussed in the following sections, starting with the evolution of the centreline velocity. 

 

 
Figure 6–1: Average orifice exit velocity during one cycle for varying ARs.  
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Velocity Data and Turbulence Intensities 

The normalised average centreline velocities shown in Figure 6–2 can be separated into four 

categories:  

 Category I: AR = ∞ - 4, the velocity profiles remain very similar despite the change in 

AR.  

 Category II: AR = 8, shows unique properties compared to all other cases.  

 Category III: AR = 16, shows the same velocity profile within y/de < 2.5, as for 

Category IV. There is a transition region over 2.5 < y/de < 4, where the profile goes 

from Category IV to Category I or II (lower AR cases).  

 Category IV: AR = 32 – 64, where there is little distinguishable difference for AR =32 

and 64.  

Additionally plotted in Figure 6–2 are the typical slopes of 1/y and 1/√y for a transitional 

round SJ [10] and a transitional slot CJ [89], respectively. It can be seen that the slopes of 

AR = ∞ -8 are similar to that of a round SJ whereas, AR = 32 and 64 are similar to that of the 

CJ. Again, AR = 16 is in transition between both typical slopes. 

 

Figure 6–2: Normalised centreline velocity for the varying ARs. 

Comparing the normalised maximum centreline velocities shown in Figure 6–3, 
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regions where the normalised maximum centreline velocity slopes differ from each other.  

For Category I, AR = ∞, 1, and 4 are similar up to y/de = 3.5. AR = 2 is slightly different in 
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which moves farther away from the orifice with increasing AR. Again, the case of AR = 8 is a 

category of itself, where the local maximum moves towards the orifice exit compared to the 

lower ARs. Close to the orifice up to y/de < 1 the slopes for AR = 16 – 64 are similar. The 

decay rates for AR = 16 over y/de > 1 differ from the higher ARs and is less steep. AR = 32 and 

64 appear to have similar slopes in the measured flow field. The loci of both maxima are 

closest to the orifice exit compared to all other cases. The cause of the shift of the local 

maximum can be attributed to axis-switching, which will be analysed in section 6.2 in detail.  

The turbulence intensities for all eight cases are shown in Figure 6–4. Similar to the slopes of 

the average centreline velocities, the turbulence intensities follow the slopes of 1/y for small 

ARs towards 1/y
0.5

 for high ARs. The intensity levels decrease faster with rising AR indicating 

that transition starts earlier for these ARs. 

 

Figure 6–3: Normalised maximum centreline velocity for the varying ARs. 

 

Figure 6–4: Turbulence intensity along the centreline for the varying ARs. 
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Centreline Velocity Decay and Volume Flow 

Comparing the centreline velocity decays sheds more light on the different cases and shows 

some interesting features as can be seen in Figure 6–5. With rising AR the influence of axis-

switching on the flow field properties increases as it can be seen in the different velocity 

decays and volume flows presented in the following. Furthermore, categorisation can be 

applied again. 

For AR = ∞ - 4 the velocity decay can be divided into two sections. The first section is from 

the orifice exit down to y/de = 1.5, where the velocity is decreasing constantly and with a high 

rate. In the second section, for y/de > 1.5, the velocity continues decreasing but with a slower 

rate, with a gradient of 1/5.  

For all other cases, the centreline velocity decays progress differently. For example, for 

AR = 8 a high decay rate over (y/de < 1.5) is followed by a low decay rate (down to y/de = 3). 

There is almost no decay or change in the centreline velocity until y/de = 4.5 when the jet 

finally starts to decay at a constant rate. 

The same behaviour can be seen for other higher ARs with the difference that the different 

regions are extending farther away from the orifice exit. For example, for AR = 32 the region 

where the velocity remains almost constant, is 4 < y/de < 6.5 and in contrast for AR = 64 this 

is over 5.5 < y/de < 10. 

 

Figure 6–5: Centreline velocity decay for the varying ARs. 
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the centreline velocity decay, it is not very accurate as Vcl is not constantly decaying. 

Therefore, the measured region for AR ≥ 8 needs to be changed (shifted downstream) or the 

centreline velocity decay needs to be described separately in the different regions.  

In fact, Trávníček et al. [55] described for a Redo = 3 970 SJ that the decay is y
-0.22

 in the 

intermediate flow field, which is slightly lower than the findings here, and y
-1.1

 in the far field. 

Mallinson et al. [22] stated for a round SJ y
-1

 in the far field (y/do = 40). For comparison, a 

turbulent round CJ decays with y
-1

 [89]. 

Gillespie et al. [26] described the decay of Vcl for a turbulent slot SJ as first constant, followed 

by an increase, until a final stabilisation. In addition, similar to the findings here, Smith and 

Glezer [9] described two regions for a turbulent slot SJ, where the decay changes: y
-

0.58
 < y/w = 80 > y

-0.25
. For turbulent slot SJs Fugal et al. [45] reported Vcl/Vo = y

-0.5
. This is the 

same for a turbulent slot CJ, which also decays with y
-0.5

 [89].  

Table 6-2: Comparison of centreline velocity decays for different regions in the flow field; green indicates a 

  close data fit whereas red indicates a loose data fit. 

AR 
Vcl/Vo 

y/de = 0.25 – 1.5 y/de = 0.25 - 5 y/de = 0.25 - 10 y/de = 5 - 10 

∞   y
-0.36

  

1   y
-0.36

  

2   y
-0.36

  

4   y
-0.34

  

8 y
-0.49

 y
-0.34

 y
-0.33

 y
-0.53

 

16 y
-0.57

 y
-0.30

 y
-0.3

 y
-0.69

 

32 y
-0.63

 y
-0.38

 y
-0.35

 y
-0.68

 

64 y
-0.58

 y
-0.4

 y
-0.33

 const. 

The non-dimensionalised volume flows are presented in Figure 6–6. For AR > 1, Q for each 

case is calculated over the area defined by the jet half-widths of the minor axis bj(x) and the 

major axis bj(z). 

In the plots of the volume flow, shown in Figure 6–6, similar trends to those of the centreline 

velocity decay can be seen. There is an increase in volume flow for all cases close to the 

orifice, where vortices emerge and grow in size. This increase continues almost linearly for 

AR = 1- 4 because once vortices are shed ambient fluid is drawn into them. For AR ≥ 8 the 

volume flow is constant farther downstream and recovers after some distance. For example, 

for AR = 32 this area of almost constant volume flow occurs between 5 = y/de and y/de = 7.5. 
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The dynamics in the flow field at this distance away from the orifice are strongly influenced 

by the jet that is about to switch axis. Entrainment of ambient fluid is smaller compared to 

upstream because instead of expanding away from the jet centreline, the jet moves towards 

the centreline and thus, Q remains almost constant here. 

 
Figure 6–6: Volume flow at different y/de for the varying ARs; CJ data from Rajaratnam [89], SJ data from 

  Mallinson et al. [22], and PJ data from Bremhorst and Hollis [91]. 

Analysing the volume flow presented in Table 6-3 shows that the volume flow is increasing 

for AR > 8 as the effect of axis-switching is growing with increasing AR. Mallinson et al. [22] 

reported Q/Qo = y
0.85

 in the far field (y/do = 40) of a round SJ, which is similar to the findings 

here. Additionally, this is higher compared to a turbulent round CJ, where Q/Qo = 0.32y [89]. 

In general, up to AR = 4 the slot jet characteristics are similar to that of the round SJ. This 

changes for AR ≥ 8, when the jet characteristics have changed, the jets are more alike again 

and therefore can be termed as slot SJ. 

Table 6-3: Volume flow comparison for different regions in the flow field. 

AR 
Q/Qo 

y/de = 1.5 - 10 y/de = 2.5 - 10 

∞ y
0.86

 y
1
 

1 y
0.65

 y
0.83

 

2 y
0.77

 y
0.97

 

4 y
0.86

 y
0.9

 

8 y
0.52

 y
0.52

 

16 y
0.67

 y
0.56

 

32 y
0.53

 y
0.44

 

64 y
0.58

 y
0.65
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Entrainment 

The entrainment rates shown in Figure 6–7 show very similar trends to volume flow, but 

some entrainment rates, especially for the lower ARs, follow a consistent trend in this graph. 

The entrainment rate for AR = 16 increases until y/de = 2.5 before decreasing, which is 

different to the volume flow where this trend is shifted downstream by one de. The plots in 

Figure 6–7 appear to be stretched and elongated because of the normalisation using Vcl and de. 

The advantage of using the entrainment rate instead of the volume flow is that de is a constant 

value whereas for the estimations of the jet half-width small error levels have to be taken into 

account. However, the jet half-widths reflect the actual flow field as bj(x) and bj(z) are 

strongly influenced by the dynamics present in the flow field. 

 

Figure 6–7: Entrainment rates for varying AR. 

In order to understand how the SJ is changing with increasing AR, different flow field data 

were compared starting at y/de = 2.5 and then increasing in increments of 2.5 up to y/de = 10.  

Data for all the cases investigated are presented in one figure to allow for comparison. 

Additionally, figures with data from the minor and the major axis are also presented on one 

page for comparison. The flow field data examined were: 

 Normalised mean velocities, 

 Normalised maximum velocities, and 

 Turbulence intensities. 

These are presented next.  
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6.1.1 Change of Flow Field Along and Across the Major Axis 

Normalised Mean Velocities 

Normalised mean velocities for the minor and the major axis at y/de = 2.5 are shown in 

Figure 6–8 and in Figure 6–9, respectively. The normalised mean velocity profiles along the 

minor axis are very similar for all ARs. These are however quite different along the major 

axis. For AR = 8 - 64 velocity peaks for 0.5 < z/bj < 1 can be seen. These peaks are followed 

by a sharp drop; and then all the profiles become similar beyond z/bj = 1. These peaks are 

believed to correspond to accelerated fluid during vortex formation in the expulsion phase. 

For the higher AR cases, fluid is accelerated asymmetrically along the minor and the major 

axis, resulting in the peaks that can be seen in the major axis plots. In contrast, for the lower 

ARs there is a smooth transition from jet core towards the jet borders. For the low AR cases, 

fluid is accelerated relatively uniformly along the minor and the major axis. Therefore, in the 

near field, two distinct categories are identified based on mean velocity profiles; AR = ∞ - 4 

and AR = 16 – 64. The jet velocity profiles are very similar within each category. 

The normalised mean velocities for y/de = 5 are shown in Figure 6–10 for the minor axis and 

in Figure 6–11 for the major axis. The plots for the minor axis follow the universal shape of 

the Tollmien solution [89] and little difference between the various ARs is visible. This is 

different for the plots on the major axis where the case for AR = 64 clearly stands out. Again, 

the visible peak is caused by rolled-up vortices that still accelerate at this location. 

Figure 6–12 shows the plots for the normalised mean velocities for the cases at y/de = 7.5 

along the minor axis. The plots for AR = 16 – 64 experience a sharp drop for x/bj > 1. At this 

distance, it makes sense to use the term axis-switching because the plots for the normalised 

velocities on the major axis shown in Figure 6–13 now follow the universal shape of the 

Tollmien solution. This is in contrast to the plots at y/de = 5 (Figure 6–10) where this was the 

case for the minor axis. For the higher AR cases, the velocities have dropped to low levels as 

the jet area has expanded. 

The normalised mean velocities at y/de = 10 are shown in Figure 6–14 and 6–15. For the 

lower ARs, AR ≤ 2, the plots follow a regular slope. However, the plots for AR ≥ 16 appear to 

be more random caused by very low jet velocities. This can be seen in both plots, for the 

minor and the major axis and marks the end of the jet region for AR = 32 and 64.  
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Figure 6–8: Normalised velocity along the minor axis X at y/de = 2.5. Figure 6–9: Normalised velocity along the major axis Z at y/de = 2.5. 

  
Figure 6–10: Normalised velocity along the minor axis X at y/de = 5. Figure 6–11: Normalised velocity along the major axis Z at y/de = 5. 

0

0.2

0.4

0.6

0.8

1

1.2

0 0.5 1 1.5 2 2.5 3 3.5

V
/V

cl
 

x/bj 

AR=∞ 

AR=1

AR=2

AR=4

AR=8

AR=16

AR=32

AR=64

0

0.2

0.4

0.6

0.8

1

1.2

0 0.5 1 1.5 2 2.5 3 3.5

V
/V

cl
 

z/bj 

AR=∞ 

AR=1

AR=2

AR=4

AR=8

AR=16

AR=32

AR=64

0

0.2

0.4

0.6

0.8

1

1.2

0 0.5 1 1.5 2 2.5 3

V
/V

cl
 

x/bj 

AR=∞ 

AR=1

AR=2

AR=4

AR=8

AR=16

AR=32

AR=64

0

0.2

0.4

0.6

0.8

1

1.2

0 0.5 1 1.5 2 2.5 3

V
/V

cl
 

z/bj 

AR=∞ 

AR=1

AR=2

AR=4

AR=8

AR=16

AR=32

AR=64



Chapter 6 - Experimental Investigation - Part B 

123 

  
Figure 6–12: Normalised velocity along the minor axis X at y/de = 7.5. Figure 6–13: Normalised velocity along the major axis Z at y/de = 7.5. 

  
Figure 6–14: Normalised velocity along the minor axis X at y/de = 10. Figure 6–15: Normalised velocity along the major axis Z at y/de = 10. 
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Normalised Maximum Velocities 

The plots for the normalised maximum velocities at y/de = 2.5 are similar to the mean velocity 

profiles to some extent, but do not collapse onto a single curve as they did for the mean 

velocities. This makes it easier to detect differences between the several cases. Interesting in 

Figure 6–16 is the plot for AR = 4, which has a peak at about x/bj ≈1.8 that are believed to be 

caused by vortices that rolled up and have already switched axes. It has been mentioned 

before that for the low AR cases axis-switching occurs very close to the orifice exit. This peak 

also marks the edge of the jet, because beyond this point the velocity drops rapidly. This fact 

can be supported by looking at the plot for AR = 8, which shows a similar peak at about 

x/bj ≈1.3 that is closer to the centreline because axis-switching is still in progress. In 

Figure 6-17 peaks can be seen for AR = 8 – 32 showing that the jet is still developing along 

the major axis. With increasing AR these peaks are increasing in magnitude but furthermore, 

they are shifted away from the centre in the z-direction. This shows that the jets for the 

different ARs develop in a similar manner and that different stages of (downstream) jet 

development of the Category III and IV jets (transitional CJ character) can be seen here.  

At y/de = 5, the plots for the normalised maximum velocities, Figure 6–18 and 6–19, are 

almost identical to those for the normalised mean velocities. No new information is obvious 

from these plots. The jet from the AR = 64 orifice is still accelerating along the major axis. 

The peak is higher compared to y/de = 2.5 but closer to the centreline showing that the main 

fluid bulk is moving towards the jet centre.  

Normalised maximum velocities for y/de = 7.5 are shown in Figure 6–20 and 6–21. The plots 

for the minor axis are all much alike and collapse for x/bj > 1. The plots for the major axis are 

closer to each other and follow the Tollmien solution closely compared to those of the minor 

axis. For the higher AR cases, the velocity fluctuations are similar to those from the 

normalised mean velocity plots and are due to the very low jet velocities. 

The plots for the normalised maximum velocities at y/de = 10 are shown in Figure 6–22 and 

6–23. Again, for high ARs the values appear to jump significantly marking the end of the jet 

flow field. Furthermore, the velocities along the major axis show higher levels than the ones 

on the minor axis, indicating that the major jet axis has switched. 
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Figure 6–16: Normalised maximum velocity at y/de = 2.5 (minor axis X). Figure 6-17: Normalised maximum velocity at y/de = 2.5 (major axis Z). 

  
Figure 6–18: Normalised maximum velocity at y/de = 5 (minor axis X). Figure 6–19: Normalised maximum velocity at y/de = 5 (major axis Z). 
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Figure 6–20: Normalise maximum velocity at y/de = 7.5 (minor axis X). Figure 6–21: Normalise maximum velocity at y/de = 7.5 (major axis Z). 

  
Figure 6–22: Normalised maximum velocity at y/de = 10 (minor axis X). Figure 6–23: Normalised maximum velocity at y/de = 10 (major axis Z). 
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Turbulence Intensities 

The turbulence intensities for y/de = 2.5 are shown in Figure 6–24 and 6–25. For low ARs the 

turbulence intensities follow the plots for the normalised maximum velocities. It needs to be 

pointed out, that the turbulence intensities for the higher ARs are already quite low. This is in 

contrast to the lower ARs and indicates early transition. The turbulence intensities in general 

are somewhat higher along the major axis compared to the minor axis, which confirms that 

the jets develop along the major axis in this region. 

The turbulence intensities at y/de = 5 that are shown in Figure 6–26 and 6–27. Two key 

observations are made from these plots. Firstly, the plots for the minor and major axis are 

alike for all cases, indicating a more symmetrical development along both axes. Secondly, the 

turbulence intensities for AR = 16 and 32 have dropped and thus follow the trend of the 

AR = 64 case. This could indicate that the jets from those ARs started to break down. For 

x/bj > 1 the turbulence intensities for all cases collapse. This is similar for z/bj > 1, but the loci 

of this collapse are shifted slightly towards the outer edge of the jets showing the major axis 

of development. The cases of AR = 16 - 64 are an exception here as the turbulence intensities 

are almost constant for some radial distance away from the centreline. In the case of AR = 64 

this can be seen for x/bj > 1.5 and z/bj > 0.8 as the levels drop abruptly beyond those points 

that marks the end of the jet in x and z direction. 

The turbulence intensities at y/de = 7.5 shown in Figure 6–28 and 6–29 follow the trend from 

the previous locations analysed. The higher AR cases have low intensities that are almost at 

the same level for each case indicating that self-similarity has been reached (AR = 64) or is 

about to be reached (AR = 32 and 16). Furthermore, there is little difference between both 

axes, which is the same as for the mean and maximum velocity plots. The levels for 

AR = 4 - 8 are decreasing slightly whereas for AR = 16 – 64 they are almost constant for both 

axes where self-similarity has been reached. 

Finally, the plots for the turbulence intensities at y/de = 10 that are shown in Figure 6–30 and 

6–31 are indicating that for AR ≥ 2 self-similarity has been reached. The turbulence intensities 

for both axes show very low but almost constant values. Fluctuations for AR = 32 and 64 are 

due to very low velocity readings as seen for the normalised mean and maximum velocities.  
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Figure 6–24: Turbulence intensity along the minor axis X at y/de = 2.5. Figure 6–25: Turbulence intensity along the major axis Z at y/de = 2.5. 

  
Figure 6–26: Turbulence intensity along the minor axis X at y/de = 5. Figure 6–27: Turbulence intensity along the major axis Z at y/de = 5. 
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Figure 6–28: Turbulence intensity along the minor axis X at y/de = 7.5. Figure 6–29: Turbulence intensity along the major axis Z at y/de = 7.5. 

  
Figure 6–30: Turbulence intensity along the minor axis X at y/de = 10. Figure 6–31: Turbulence intensity along the major axis Z at y/de = 10. 
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However, from the analysis presented above, it is evident that for the various aspect ratios 

self-similarity starts at different locations downstream of the orifice. Self-similarity is used as 

an indicator for turbulent flows and with rising AR self-similarity is reached earlier as shown 

in Table 6-4. In the measured flow region which was up to y/do = 10, self-similarity was not 

reached up to AR = 2. Self-similarity for a round SJ is expected for 15do (Cater and Soria 

[10]). The turbulence intensity levels already dropped for the round and square SJ within the 

measured region indicating that self-similarity is reached a few do farther downstream. This 

was similar for the AR = 2 case.  

With increasing AR it is evident that self-similarity is reached earlier. Fugal et al. [45] 

reported that for a turbulent slot SJ, self-similarity is reached for 0.6L. In their case, this is 

very close to the orifice exit. This is also consistent with the findings in this study, as self-

similarity moves closer to the orifice exit with increasing AR (e.g. at y/de = 2.5 for AR = 64). 

Compared to a turbulent CJ where self-similarity is reached y/de > 40 [89] the turbulent SJ 

reaches self-similarity much earlier. 

Table 6-4: Loci of self-similarity for rising slot AR. 

AR: ∞, 1, 2 4, 8 16 32, 64 

Self-similarity: not reached y/de = 10 y/de = 7.5 y/de = 5 

This shows that the jet created at an AR of 64 shows turbulent characteristics whereas the jet 

at an AR of 1, at the same position in the flow filed, is just about to start to break down.  

Despite the fact that all investigated cases had similar Reynolds numbers (if Re is based on 

de), the jets from the various ARs developed differently from each other. Table 6-5 shows the 

different Re depending on its definition. For example, if the Reynolds number is based on the 

slot breadth, b, an increase in this Reb might indicate a turbulent jet by its high Reynolds 

number. However, a Re based on de makes the most sense in comparing the different jets in 

this research. The systematic way the jets have been analysed included the usage of constant 

parameters, such as the orifice exit velocity. Thus, in order to be able to compare the different 

cases, Re based on Vo and de was the logical choice. Furthermore, Re definitions based on b 

are rather rare whereas those based on d or w are quite common (Table 2-4). Nevertheless, in 

the case of slot SJs, the magnitude of the Reynolds number (unless Reb) might not be used as 

an indicator for turbulent flows. 
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Table 6-5: Reynolds numbers based on different definitions. 

 AR = ∞ AR = 1 AR = 2 AR = 4 AR = 8 AR = 16 AR = 32 AR = 64 

Rede: 21 018 21 616 20 955 20 628 22 688 20 376 20 426 14 622 

Rew: 21 018 19 157 13 132 9 140 7 109 4 515 3 200 1 620 

Reb: 21 018 19 157 26 264 36 561 56 870 72 233 102 402 103 667 

 Axis-Switching 6.2

Axis-switching has been reported for CJ 

(e.g. [23]) and SJ (e.g. [27, 34]). 

Figure 6-32 shows the situation for a typical 

high aspect ratio CJ. Far downstream it can 

be seen that the velocity profiles, which 

were quite different from each other 

initially, have changed in a way that they 

are almost identical in shape.  

The slot CJ is referred to as a planar or 

two-dimensional jet, which can be 

misleading because the process of axis-

switching is purely three-dimensional. 

Furthermore, depending on the location along the centreline the velocity profiles along the 

major and the minor axis are not two-dimensional. However, far downstream of the orifice 

exit the jet is rather two-dimensional. This is especially the case for high velocity or in other 

words turbulent CJs. 

In the case of the SJ, the initial situation is different from that of the CJ as the flow field is 

dominated by the oscillating actuation. Velocity profiles, as they are shown for the CJ in 

Figure 6-32, are only present for at least over a fraction of the alternating cycle of the SJ, i.e. 

they are instantaneously only.  

As discussed at the end of Chapter 5, axis-switching for AR = 1 appears to be a 45°-shift in 

axis. However, for increasing AR the 90° axis-switching becomes more noticeable and 

evident. 

In the present study, velocity analysis, smoke visualisation and CFD data have been compared 

and analysed in order to explain mechanisms leading to axis-switching in a slot synthetic jet. 

 

Figure 6-32: Velocity profiles for CJ [89]. 
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Moreover, the way axis-switching is influencing the jet flow field has been studied. An 

explanation for the axis-switching can be found by having a look at velocity vector plots 

obtained from CFD modelling [93]. Figure 6–33 and 6–34 show such plots in the YZ-plane 

(containing the major axis) and XY-plane (containing the minor axis), respectively, over one 

actuation cycle obtained in the present study. 

Initially, during the ingestion phase of the cycle as the loudspeaker diaphragm moves 

downwards, the fluid is entrained into the cavity. During the fluid expulsion phase that 

follows, vortex formation is visible at the orifice exit just as the vortex rolls up. Initially (see 

Figure 6–33 b), the peak velocity is located near the periphery of the slot. As expulsion flow 

establishes and the vortex rolls up, a ’vena-contracta’ becomes noticeable, the flow is 

contracted, and the peak velocity region then moves away from the periphery to the central 

region. 

Following that, when the cycle repeats and the fluid is drawn back into the cavity, the 

entrainment is seen to be confined mostly around the periphery of the slot, while the fluid in 

the central region is still moving upwards or has come to rest. The vortical structure is moving 

inwards ‘dragging’ the fluid from the YZ-plane into the XY-plane (minor axis). Hence, the jet 

switches its axis as it travels downstream of the orifice. 

Other velocity vector plots obtained from the XY-plane revealed that the vortex roll-up starts 

later along the orifice compared to the roll-up at the orifice ends. The fluid is accelerated at 

the ends earlier mainly because the fluid particles in the middle of the cavity are still moving 

downwards from the effects of the previous cycle. In contrast, particles in the middle are 

moving upwards, therefore enforcing the axis-switching process. 

The mechanism described here is amplified with increasing AR, which on the other hand leads 

to the shift of axis-switching towards the orifice for rising ARs. 
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a) During ingestion  b) Beginning of expulsion  

  

c) During expulsion  d) Beginnig of ingestion  

Figure 6–33: Velocity vector plots in YZ-plane in the centre of the orifice. 

  
a) During ingestion  b) Beginning of expulsion  

  
c) During expulsion  d) Beginnig of ingestion  

Figure 6–34: Velocity vector plots in XY-plane in the centre of the orifice. 
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6.2.1 Indicator for Axis-Switching 

The most obvious indicator for axis-switching is the crossing of the two jet half-widths bj(x) 

and bj(z). For a turbulent slot SJ, Smith and Glezer [9] reported that within the region 

x/w = 10 - 80, bj = x
0.88

, which is similar to the findings for AR = 16 and 32. In contrast, a 

turbulent slot CJ has a bj = x. Especially for high ARs, the jet half-widths vary a lot as shown 

in Table 6-6 and estimation needs to account for the influence of axis-switching on the jet 

half-widths on each axis.  

Table 6-6: Change of jet half-width with increasing AR. 

AR 
Jet half-width 

bj(x) bj(z) 

∞   (x, z)
0.75

 

1   (x, z)
0.63

 

2 x
0.93

 z
0.48

 

4 x
0.6

 z
0.77

 

8 x
0.5

 z
0.59

 

16 x
0.7

 z
0.97

 

32 x
1.1

 const. 

64 x
1.36

 z
-0.36

 

For all ARs shown in Figure 6–35, there is a general increase in the jet half-width bj(x) along 

the minor axis. On the other hand, there is an initial slow decrease in bj(z) first followed by an 

eventual increase some distance after the axis-switching. The decline of bj(z) is quite similar 

for AR = 4-64, however, the slope of bj(z) decreases with AR. The crossing of both jet half-

widths is shown in Figure 6–35 via the vertical lines in each figure marking the location of 

axis-switch in the individual case. Comparing all four cases a shift of this location to 

downstream is noticeable with rising AR. 
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Figure 6–35: Jet half-width intersections of minor (X) and major (Z) axis. 

Figure 6–36 shows that there is a linear relationship between the location, where the half-

widths of the minor and major axis cross, and the AR. This means that for constant actuator 

settings the location of the axis-switching can be predicted within the Re range investigated in 

this research. The proposed correlation function is: 

 𝑑𝑒  (   ⁄ )𝐴   ⁄  (6-1) 

In this case here, n gained from the curve fit is  1.74. 

 

Figure 6–36: Jet half-width intersections changing with rising AR; slope is 1/13. 
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Conclusions drawn from the jet half-widths analysis reveal distinct changes of two jet 

properties in areas where axis-switching takes place: 

 The centreline velocity Vcl: a change in the slope of Vcl, from positive to negative, and 

 The volume flow Q: turn to constant Q. 

For the cases investigated, Figure 6–37 shows some clear trends visible in the centreline 

velocity decays. The change in sign of the slope, or the location of a local maxima in Vo/Vcl, 

appears to be in the area where axis-switching takes place. Close to the orifice, all cases show 

a rather steep decline in Vcl, followed by a relatively smaller rate of decay. After that, the 

velocity remains relatively constant, and eventually starts to decrease again. For higher ARs, 

the constant Vcl region appears to be extended over a longer distance.  

 

Figure 6–37: Centreline velocity decay showing axis-switching. 

 

Alongside these trends in the centreline velocity decay, volume flows (Figure 6–38) undergo 

an initial increase followed by a relatively constant or small rise region, which appears to be 

in the region of axis-switching. The similarity in the trends of velocity decay and volume flow 

is due mainly because the centreline velocities and the calculation of Q are closely related. In 

areas of axis-switching, the main fluid bulk (that developed along the major axis) moves 

towards the centreline, which minimises jet width growth.  

1

2

3

4

5

6

0 2 4 6 8 10

V
o
/V

cl
 

y/de 

AR=64

AR=32

AR=16

AR=8

AR=4



Chapter 6 - Experimental Investigation - Part B 

139 

 

Figure 6–38: Volume flow changing with distance from orifice exit. 

6.2.2 Effects of Axis-Switching on Turbulence Intensity 

Figures 6–39 through to 6–42 show the turbulence intensities for AR = 8, 16, 32 and 64 

respectively. The plots show the intensities at the same relative distances downstream of the 

orifice (y/de = 1.5, 2.5, 5, 7.5 and 10) but are labelled with y/w (instead of y/de) to allow for 

comparison with the slot width as the geometric parameter.  

For AR = 8 axis-switching takes place at y/w = 8 (≅ y/de = 2.5). At this location, breakdown of 

the jet appears to have just begun as the intensity levels constantly decrease towards self-

similarity. Close to the orifice, the edge of the jet causes the peaks on both axes. This edge is 

moving from y/w = 5 towards the centreline at y/w = 8 before it vanishes at y/w = 16. Farther 

downstream the turbulence intensity levels for both axes drop until they reach an almost 

constant level at y/w = 32. 

For AR = 16 axis-switching takes place at y/w = 14 (≅ y/de = 3). The peaks caused by the jet 

edge can be seen for y/w = 11. After that, the turbulence intensities drop quite rapidly and 

furthermore, the levels for y/w = 34 and 45 are about the same. 

For AR = 32 axis-switching takes place at y/w = 26 (≅ y/de = 4). Again, peaks are clearly 

visible for y/w = 16 followed by a sharp drop at z/bj > 1. For y/w = 32 – 65 the intensity levels 

show self-similarity. 

For AR = 64 axis-switching takes place at y/w = 55 (≅ y/de = 6). In general, the levels are 

quite low compared to the smaller ARs due to the low Vo. For greater y/w the levels again 

show self-similarity. 
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Low turbulence intensities indicate that the jets have started breaking down. Since the 

intensity levels decreased at the same location with rising ARs it seems plausible that the axis-

switching causes the coherent structures in the jets to break down after the switch and 

therefore resulting in dropping of the intensity levels. Another axis-switch is unlikely because 

of the rather weak structures in the jet after the first switch. Furthermore, there was nothing 

indicative in the investigated flow field otherwise. 

In summary, the influence of the slot aspect ratio on the SJ flow field was presented and 

discussed in this chapter following the discussion on the 45° axis-shift (AR = 1) in the end of 

Chapter 5. The change of the jet flow field properties with rising AR from 1 - 64 could be 

attributed to the increasing influence of axis-switching on the flow field. As the AR increases, 

the SJ gets more turbulent which can be described by using Reb (based on the slot breadth) 

instead of the commonly used Rew. Furthermore, by utilising the crossing of the jet half-

widths of the major (bj(z)) and minor (bj(x)) axis as the indicator for axis-switching, the 

location of axis-switching can be predicted. The mechanism leading to the axis-switch was 

explained and illustrated via vector plots gained from numerical simulations. The confidence 

in the CFD data was gained from the assessment of the SAS hybrid turbulence model in 

comparison to the standard two-equation turbulence models, k-ε and SST. The numerical 

analysis is described in detail in the next chapter. 
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Figure 6–39: Turbulence intesities (AR = 8) for the minor and major axis. Figure 6–40: Turbulence intesities (AR = 16) for the minor and major axis. 

  
Figure 6–41: Turbulence intesities (AR = 32) for the minor and major axis. Figure 6–42: Turbulence intesities (AR = 64) for the minor and major axis. 
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7 Numerical Analysis 

Numerical simulations were performed in order to confirm and provide visualisation support 

for the findings from the experimental study. This way, further insight could be gained into 

the flow field for slot synthetic jets with varying AR.  

After a short introduction, three different turbulence models were analysed due to their ability 

to resolve the jet flow of the round orifice case. These models, described in detail in 

Chapter 4, are the k-ε, the SST, and the SAS models respectively. 

The details of the numerical simulation setup are presented in the second section of this 

chapter. This includes information on the domain, the mesh and on the solver setup. 

In section four, flow visualisation tools, available in the CFD post processing, are used for 

comparisons to high-speed camera footage of the smoke visualisation.  

In the last section, data from additional simulations of the AR = 64 case is presented and 

discussed. 

 Introduction 7.1

In the published literature, the following types of numerical simulations can be found: 

1. 2D simulations using two-equation turbulence models [94, 95] or DNS [96] and 

2. 3D laminar simulations [32] or LES [48, 61]. 

Two-equation turbulence models predict good overall mean flow statistics. On the downside, 

they fail to predict second order statistics [97], as they are not able to resolve unsteady flows 

into a turbulent spectrum. Therefore, LES is more suitable for complex flows such as SJ flows 

but it also has explicit grid requirements and relies on proper time step selection. This often 

involves high computational resources. One alternative to the present CFD methods is to 

utilise a hybrid turbulence model (DES or SAS), which enables higher order simulation data 

at moderate CPU times. 

The transport equations of the commonly used two-equation turbulence models (for example 

k-ε and k-ω), which are historically derived by dimensional analysis, serve to compute the 

turbulence length scale l. In contrast to this common approach, Rotta proposed a second order 

closure model, where he derived an exact formulation for the integral length scale L [98]. 

Menter and Egorov considered Rotta’s approach and developed the K-SKL model. In their 

model, they introduced a second length scale, the von Kármán length scale, LvK [82]. 
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The advantage of using the additional length scale is that it allows for the development of a 

turbulence spectrum because of small-scale resolution in unsteady regions and a more 

accurate prediction of μt. The computed turbulence length scale is proportional to the 

boundary layer thickness in the boundary layer region and in dimensions of LvK in unsteady 

regions. In unsteady regions the mesh needs to be fine but in steady regions where RANS can 

be applied the mesh can be coarse resulting in less computational efforts compared to pure 

LES or DNS due to less nodes in total. 

 Numerical Setup 7.2

The solver used for the numerical simulations was CFX-5 [62]. CFX 5 is an implicit, coupled 

solver that utilises a finite-volume-based control method. The hybrid URANS model SAS 

(model version 2005) was used to simulate the 3D transitional jet flow. The computational 

domain is shown in Figure 7–1. The loudspeaker was operated at a frequency of fd = 40Hz 

and the loudspeaker amplitude was Ad = 1.25mm. The loudspeaker movement was realised by 

applying a moving mesh. Therefore, the diaphragm was moving in a sinusoidal motion using 

an expression function. The “rubber” ring around the diaphragm was unspecified thereby 

allowing for the moving mesh. All other parts in the domain were kept stationary.  

The round orifice had a diameter of do = 20mm and an orifice plate thickness of lo = 9mm. 

The cavity depth was hc = 100mm and the cavity volume was 27×10
5
mm

3
. The domain above 

the orifice was a cube with 20do edge lengths (following recommendations from [61]). The 

cube sides and the top were defined as openings with 0Pa relative pressure and the turbulence 

intensities were defined as 1% (low intensity) at the sides and as 10% (high intensity) at the 

top respectively. The orifice plate and all remaining parts were no slip walls. The fluid was 

Air Ideal Gas at 21°C. The convergence criterion (momentum and mass) was set to a RMS 

(normalised) residual target of 10
-5

. The selected time step size of tstep=T/2000 (T = 1/fd) 

resulted in a maximum Courant number (Co) smaller than 1. This means that during one 

solved time step, a particle with the velocity v is moving within the borders of one mesh cell. 

Co = v∆t/∆x is also known as the Courant-Friedrichs-Lewy (CFL) condition. The CFL 

condition is not an essential condition because of the use of the implicit solver. However, it 

needs to be fulfilled to make usage of LvK in the SAS model. The advection scheme used was 

High Resolution and the transient scheme used was second order backward Euler (see section 

4.4). The solver was run in double precision. The mesh used in these simulations was a block 

structured hexahedral mesh that was built in ICEM CFD [62] and consisted of 3.8×10
6
 nodes 

(details can be found in Appendix E).  
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Figure 7–1: Domain setup of the numerical simulations. 

 SAS vs k-ε and SST 7.3

The settings remained constant for each of the simulations using the different turbulence 

models. Therefore, the effect of the turbulence model could be analysed. 

The first comparison made was a quantitative comparison and the computational times for a 

single cycle were compared. With increasing complexity of the turbulence model, it was 

expected that the computational effort would increase. It was not surprising that the k-ε model 

needed the least time and the SAS model the most. However, it was surprising that the 

difference in computational time was small, as can be seen in Table 7-1. 

Table 7-1: Computation time for one cycle. 

Model: k-ε SST SAS 

Average CPU time: 1d 8h 28min 1d 9h 14min 1d 9h 26min 

It took the SST model 2.3% longer to compute than the k-ε model and the length of time 

needed to process the SAS model was only 1% longer than the total time for the SST model. 

Therefore, the advantage in using a less complex turbulence model in terms of computational 

costs was marginal. The following comparisons were qualitative and they show data 

comparisons of first and second order statistics.  

Figure 7–2 shows velocity w on a YZ-plane at the end of the expulsion cycle for four different 

simulations to show the influence of turbulence model and time step size on the velocity data 

in the jet flow field downstream of the orifice exit.  
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Figure 7–2 a) and b) show data from the SST and the SAS simulations where a time step size 

of tstep = T/250 has been used. Both models were able to compute the ring-like vortical 

structures that were in the order of the dominant geometry (in this case the orifice diameter). 

The commonly used two-equation turbulence models (e.g. k-ε, k-ω and SST) are only able to 

resolve vortical structures in the order of the dominant geometry in the flow field, as can be 

seen for the SST model (Figure 7–2 a)).  

However, the SAS model was able to resolve smaller structures due to LvK. Figure 7–2 c) and 

d) show the results from simulations where the time step size was small, resulting in Co < 1. 

The vortical structures resolved by the SST model were still in the dimensions of the orifice 

whereas the SAS model resolved the vortical structures according to the mesh size.  

  

a) SST tstep = T/250 b) SAS tstep = T/250 

  

c) SST tstep = T/2000 d) SAS tstep = T/2000 

Figure 7–2: Instantanious contour plots of velocity w on YZ-plane; flow is from bottom to top; red indicates 

  positive and blue negative velocity; there are 11 contour levels. 
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One of the other flaws of two-equation turbulence models is the over-prediction of the 

turbulence eddy viscosity, μt. The eddy viscosity divided by the dynamic viscosity gives the 

eddy viscosity ratio, EVR = μt/μ. 

EVR and L are shown in Table 7-2 for the three different turbulence models. The difference 

between the k-ε and the SST model was small for both, EVR and L. However, EVR was about 

3.5 times higher compared to the prediction of the SAS model. High EVRs resulted from an 

over-prediction of μt. L was almost twice the size when comparing the results from the k-ε and 

the SST model to that of the SAS model. For the former cases, the size of L related to δ but 

for the latter case, L related to LvK.  

Thus, the resolution of small scales computed by the SAS model was not limited to the 

boundary layer thickness but by the mesh size in the computational domain. 

Table 7-2: Comparison of eddy viscosity ratio and turbulence length scale. 

Model: k-ε SST SAS 

EVR: 544 569 156 

L: 9.9mm 9.4mm 5.2mm 

Velocity Data 

Figure 7–3 shows the average orifice exit velocity, Vo, normalised by the maximum orifice 

exit velocity, Vmax, for one cycle. Additionally, the sinusoidal loudspeaker movement is 

shown in this chart.  

At the beginning of the cycle, the fluid is drawn into the cavity, causing a negative velocity. 

In the middle of the cycle, the velocity profiles show a peak, which is caused by the primary 

vortex ring being shed; as was observed during experimental tests. The second peak then 

appears in the middle of the third quarter of the whole cycle followed by the third peak at the 

end of this quarter. Both the latter peaks are caused by additional vortex roll-up. These are 

however barely noticeable for the results of the k-ε model. The minima in the first and in the 

last quarter are related to vortices that roll-up into the cavity.  
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Figure 7–3: Normalised orifice exit velocity; dotted line: loudspeaker movement. 

The SST and the SAS model were able to reproduce the flow at the orifice exit, which is 

dominated by boundary layer flows in the neck of the orifice. However, further downstream 

of the orifice the flow is expected to be dominated by freestream turbulence, vortex ring 

interaction and small-scale vortices. 

The evolution and interaction of the primary vortex ring and secondary vortices are shown 

below. Figure 7–4 a) and b) show the jet at different stages during the expulsion phase. 

Figure 7–4 c) shows the jet at the end of the whole cycle.  

In Figure 7–4 a), the primary vortex ring is followed by a secondary vortex ring. Both rings 

develop along the jet centreline. The primary ring seems to have widened and subsequently 

decelerated, as the distance between the two decreases. Consequently, due to the interactions 

between the primary and secondary vortices, the second vortex ring then appears to have 

accelerated relative to the first one (shown in Figure 7–4 b)). In Figure 7–4 c), the second 

vortex ring appears to have passed through the first one, a phenomenon commonly referred to 

as leapfrogging. 

The third vortex ring, which follows both preceding rings, is seen to become unstable and 

then breaks down a few diameters away from the orifice exit. This happens at the end of the 

cycle when ambient fluid is drawn back into the cavity causing the breakdown of the third 

ring. The blue areas close to the orifice in Figure 7–4 c) show the peripheral regions through 

which the fluid is entrained back into the cavity. 
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a) 1
st
 half of expulsion b) 2

nd
 half of expulsion c) 1

st
 half of ingestion 

Figure 7–4: Vortex evolution during one cycle visualised by Q-criterion and velocity v on a YZ plane; flow is 

  from bottom to top; orange indicates high and blue low velocities. 

Centreline Velocity Decay and Volume Flow 

Comparison of experimental and numerical data along the centreline is shown in Figure 7–5. 

The centreline velocity, Vcl, is normalised with the averaged orifice exit velocity. In general, 

the centreline velocity decreases with increasing distance away from the orifice exit.  

For y/do = 1.5, the SST and the SAS model give good predictions when compared to the 

experimental data, whereas the k-ε model over-predicts the velocity decay. For y/do > 2, the 

velocity decay is well predicted by the k-ε and the SAS model. The SST model under-predicts 

the velocity decay in this region.  

For y/do > 8, vortex interaction causes jet velocity deceleration. In this region, the k-ε model 

predicts a linear continual velocity decay whereas the SAS model is able to resolve the flow 

more correctly. The SST model fails in computing the correct velocity decay. However, the 

predicted slopes of the SST model for the decay in the different regions are similar to those of 

the SAS model. 
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Figure 7–5: Normalised centreline velocity decays from physical and numerical experiments. 

Apart from the jet centreline velocity, the jet flow field can be described by the volume flow, 

Q/Qo. Q was calculated using the jet half-with, bj, and Vcl. The jet half-width was taken as the 

radial distance from the centreline to the point where the jet velocity was half the average 

centreline velocity at that height. Q was normalised with the orifice exit volume flow, 

Qo = (π/4)do
2
Vo.  

The volume flow expresses the way the jet size is increasing or decreasing within the flow 

field. Downstream of the orifice, the jet was increasing in size. The jet widened mainly due to 

the primary vortex ring, which was growing constantly while moving away from the orifice 

exit.  

Figure 7–6 shows the volume flow in the measured flow field up to y/do = 10. Close to the 

orifice for y/do < 2, all three models matched the experimental data. For y/do = 2.5, only the 

SST model predicted a lower volume flow. Farther away from the orifice, the k-ε model 

predicted a linear increase that was always lower than the experimental data. The SST model 

predicted a hyperbolic increase, which was similar to that of the experiments, but the 

predictions in general were too low. The SAS model gave a close fit to the experimental data. 

However, the data was always slightly lower.  

The predictions for the volume flow from each turbulence model followed the trend given for 

the centreline velocity decays. Finally, the predictions from the SAS matched the 

experimental data the closest. 
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Figure 7–6: Normalised volume flow data from physical and numerical experiments. 

Turbulence Intensity 

Mean flow data such as the centreline velocity has been successfully computed in the past 

using the k-ε model (e.g. Mallinson et al. [22]). However, second order statistics were less 

well predicted by two-equation turbulence models.  

Figure 7–7 shows the turbulence intensities plotted against radial direction z normalised by bj 

for different locations y/do downstream of the orifice exit. In general, the data showed good 

agreement for z/bj > 1 where CFD and experimental data were almost identical. All three 

turbulence models gave good predictions for y/do = 1.5. It can be seen that the turbulence 

intensities from the SST and the SAS model were higher compared to the experimental data 

whereas the data from the k-ε model was slightly lower.  

Farther downstream, the predictions from the turbulence models vary largely. At y/do = 5 data 

from the SAS model and the experiments match. The prediction from the SST model is 

slightly smaller but the turbulence intensity levels predicted by k-ε model are almost half of 

that from the experiment. 

At y/do = 10, the SST and the k-ε model both completely fail to predict the correct intensity 

levels whereas, the prediction form the SAS model matches the experimental data in that 

region.  
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Figure 7–7: Turbulence intensities downstream at different locations y/do. 

Power Spectral Density 

Figure 7–8 shows the Power Spectral Densities of the experimental and SAS data at a monitor 

point downstream of the orifice exit. The monitor point was off the centreline (y/do= 5 and 

z/do = 0.5) but in the region of the vortex core. In that region, large-scale structures should be 

dominant due to the primary and secondary vortex rings. Additionally, small-scale structures 

could be present due to the unstable third vortex ring and structures in the trailing wake of the 

jet.  

Both data sets showed the dominant driving frequency of 40Hz and its higher harmonics. The 

power law decays, representing the inertial sub-range (k
(-5/3)

) and the viscous range (k
(-7)

) of a 

turbulence spectrum, can be seen for both data sets. Comparison to monitor points upstream 

suggested that the vortex rings started to break down contributing to other small-scale 

structures already present in that region.  

The magnitude of the numerical data was slightly lower compared to the experimental data. In 

addition, the frequency resolution of the CFD data was slightly greater (1Hz in the 

experimental data and 1.2Hz in the CFD data) because of the smaller amount of cycles 

analysed (50 in the experiments and 30 in the numerical simulations). Thus, the data for the 

CFD resulted in values for 39.1Hz and 40.3Hz instead of exactly 40Hz as for the experiments. 

However, Figure 7–8 shows that the SAS model was able to develop a turbulence spectrum. 
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Figure 7–8: PSD at monitor point y/do = 5 and z/do = 0.5; solid line: experiment, dashed line: CFD, dotted 

  line: k
(-5/3)

, dashed-dotted line: k
(-7)

. 

The comparison of experimental and numerical data showed agreement close to the origin of 

the jet but farther downstream, where vortex dynamics dominate the jet flow the k-ε and the 

SST model showed deviation from the experimental data. The data from each turbulence 

model showed consistency throughout the analysed data, even though the data did not match 

all the time. It showed the different limits and abilities of each turbulence model due to their 

characteristics. The k-ε and the SST model gave good predictions in areas of the flow field 

where different dynamics were present.  

However, they both failed to give an overall reliable prediction for the complete flow field. 

The SAS model however was able to resolve the transitional flow field to some degree. Out of 

the three turbulence models (k-ε, SST and SAS) the SAS turbulence model shows the most 

potential for studying SJ flows. 

 Flow Field Visualisation 7.4

Popular ways to visualise vortex core regions in CFD are types of the second invariant of the 

velocity gradient tensor, such as the Q-criterion, the swirling strength or the Lambda 

2-criterion etc. Other methods to identify vortices are vorticity, vector plots, streamlines or 

low-pressure areas. The method used in this research was the Q-criterion. 

Figures 7–9 - 7–11 show comparison of experimental and numerical data of visualisation of 

multiple vortex rings during one cycle. Three stages of the jet during a cycle are shown. The 

pictures taken from the physical and numerical experiments did not always match exactly at 

the same spot during the cycle. However, closest moments judged by visual agreement were 

taken for comparison. The pictures on top of each figure were taken from the smoke 
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visualisation and the pictures at the bottom show the Q-criterion from the numerical 

simulations. The pictures taken from the numerical experiments also show the streamwise 

velocity, where yellow indicates high velocities and blue indicates low velocities. The flow is 

from right to left in all pictures.  

The first set of pictures (Figure 7–9) show the primary vortex ring followed by a secondary 

ring at the middle of the expulsion cycle. The primary vortex was the biggest in size 

compared to the other two vortices in a cycle. The primary ring developed at the edge of the 

orifice at the beginning of the expulsion phase of the cycle. Once the primary ring had grown 

to a certain size, it detached from the orifice plate and moved away. In contrast, all following 

vortex rings were smaller and developed from the shear layer within the jet.  

 

 
Figure 7–9: SJ in the middle of the expulsion phase of the cycle. 

Soon after the second vortex ring had developed, it was influenced by the first vortex. The 

primary ring grew in size and thereby decelerated, whereas the following vortex accelerated 

and remained almost constant in size. This can be seen in Figure 7–10.  

The second ring deformed and had an outer diameter smaller than the inner diameter of the 

primary ring. The yellow area in the CFD picture (Figure 7–10) indicated that the second ring 

had a higher velocity than the primary ring. Therefore, the second ring was able to overtake 

the first ring performing a leapfrog. After leapfrogging, the second vortex merged with the 

first one and farther downstream the merged rings became unstable. 
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Figure 7–10: SJ in the end of expulsion phase of the cycle. 

The third vortex ring was barely influenced by the flow upstream but instead was influenced 

by the flow downstream. Figure 7–11 shows the third vortex ring at the end of the whole 

cycle and it can be seen that parts of the smoke was drawn back into the cavity. This ring was 

originally the same size as the second ring and grew a little in size before becoming unstable. 

The third smoke ring quickly diminished by reaching the end of the observed flow region.  

 

 
Figure 7–11: SJ during the ingestion phase of the cycle. 
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High-speed camera footage of smoke visualisation has been compared to CFD data using the 

hybrid turbulence model SAS. Visualisation of the jet revealed vortex dynamics resulting 

from the initial SJA conditions investigated in this research. The comparison of experimental 

and numerical data showed visual agreement in the vortex core region of the jet flow field. 

This gave further confidence in using the hybrid turbulence model to compute SJ flows and in 

understanding the present flow dynamics. 

 Additional Data from Numerical Simulations 7.5

It was suggested in Chapter 6, that the data from the AR = 64 case was significantly different 

to those from the other cases mainly due to the vibration of the orifice plate during the 

experiments. However, the data was not dismissed because the generated jet still showed 

characteristics as expected.  

Figure 7–12 and 7–13 show, for the AR = 64 case, the comparison of experimental and 

numerical data for the centreline velocity decay and the cavity pressure respectively. The data 

show striking similarities supporting this decision. As expected, the simulations predicted a 

higher orifice exit velocity resulting in a streamwise shift of the dynamics present in the flow 

field. 

 

Figure 7–12: Centreline velocity decay for AR = 64. 
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Figure 7–14 shows a comparison of the cavity pressures predicted by the numerical 

simulations for the cases AR = 1 and 64. This supports the findings from section 3.6.1 in 

Chapter 6 because the numerical simulations also predicted a decrease in the cavity pressure. 

This means that the high AR case indeed needs less voltage input for the actuator.  

Many numerical simulations have been done and especially at the beginning of the research, a 

lot of effort was put into mesh and domain studies and into ways of simplifying the numerical 

model.  

Only parts of the available data from these simulations have been presented here mainly in 

order to support findings from the physical experiments. Originally, the idea was to balance 

physical and numerical experiments. However, it became clear that the focus should be put on 

 

Figure 7–13: Cavity pressure for AR = 64. 

 

Figure 7–14: Cavity pressure from numerical simulations for AR = 1 and 64. 
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the physical experiments as otherwise the excessive data would have gone beyond the scope 

of one thesis. In any case, CFD always needs to be validated using experimental results.  

Finally, the results from the numerical simulations, including flow field data from first and 

second order statistics, and flow field visualisation, gave a lot of confidence in using CFD and 

the hybrid turbulence model approach. Valuable data can be obtained from simulations, as 

there are always limitations in physical experiments. The SAS model was proven to be an 

equal alternative in terms of data quality compared to LES or DNS. The growing possibilities 

of computing capacities are looking very promising for the future and the improvements in 

computational resource will eventually make LES and DNS feasible for high Reynolds 

number and complex flows, such as the flow studied in the present work. Until then, hybrid 

turbulence model approaches such as SAS can serve in studying such flows. 

 

 



Chapter 8 - Conclusions 

159 

8 Conclusions 

The principal aim of this research was to understand the flow field characteristics of the slot 

SJ to varying orifice ARs, and how these characteristics are different to circular SJs as well 

as to corresponding CJs. This was achieved through an experimental study using hot-wire 

anemometry and smoke flow visualisation techniques, complimented with CFD simulations 

based on the hybrid SAS turbulence model. The flow field of the SJ was characterised relative 

to slot AR, actuator geometry, and Re. 

Research outcomes are summarised and discussed first followed by a summary of the 

contributions to the current state of art. Finally, future work is discussed and publications 

resulting from this work are listed in the last section of this chapter. 

The objectives that were identified at the beginning of this research are discussed in the 

following, together with additional new findings.  

1. The locations of jet self-similarity and the jet half-width are the two main characteristics 

of jet flow fields. The main findings with respect to these characteristics as a function of 

the AR of slot SJs are summarised below. It has been established that: 

a) Higher AR slot SJs attain self-similarity, as determined from turbulence intensity 

profiles, earlier than lower AR SJs do; for example from y/de = 10 for AR = 4 to 

y/de = 2.5 for AR = 64. In the measured flow region (which was up to y/do = 10), self-

similarity was not reached for AR = ∞ (round SJ), AR = 1 (square SJ), and AR = 2. 

Self-similarity for a round SJ is expected for 15do. In the present study, the 

turbulence intensity levels decreased for the round, square, and AR = 2 SJs within the 

measured region, indicating that self-similarity is perhaps reached a few do further 

downstream. Compared to a turbulent round CJ where self-similarity is reached 

y/de > 40, the turbulent (slot) SJ therefore reaches self-similarity much earlier.  

b) The phenomenon of axis-switching is present in the flow-field of slot SJs, and the 

downstream trends in the jet half-widths along the major and the minor axes have a 

cross-over at the location of this axis-switch. The SJs were found to initially develop 

along the major axis with a half-width that decreased downstream, while at the same 

time, the half-width along the minor axis increased, until these crossed. Axis-

switching is believed to be the primary cause for early breakdown of the jet leading 

to earlier locations for self-similarity with higher ARs mentioned above. 

c) Axis-switching of the slot SJ makes it difficult to compare jet half-widths against 

those for circular SJs, since not just one but two half-widths are relevant for slot SJs. 
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Therefore, power law correlations were fitted to the two jet half-widths, which were 

estimated for downstream of the location of axis-switching. As comparison, bj = x
1.0

 

was found for a laminar round SJ by previous researchers; a situation in which axis-

switching was absent and where measurements were carried out to y/do = 40. For a 

turbulent slot SJ, in the region x/w = 10 - 80, bj = x
0.88

 has been reported also, which 

is similar to the findings for AR = 16 and 32 in the present study. Correlations have 

been developed for the jet half-widths in the present study for slot SJs.  

2. Not one, but multiple vortex rings are shed from a finite thickness orifice for a round SJ 

during each expulsion phase of periodic actuation. Up to three such rings were identified, 

and whether 1, 2, or 3 rings were shed, depended upon the actuation amplitude (i.e. jet 

Re). While the first ring developed at the orifice edge, all following rings develop from 

the jet shear layer but each corresponding to an individual stroke length. Consequently, it 

has been shown that the already established and widely accepted definition of the ‘vortex 

formation criterion with vortex roll-up’, namely the stroke length L > 4, needs to be 

extended. The inclusion of a proposed saturation criterion, ln/do = 4, in this definition for 

flows with multiple vortex roll-ups (L >> 4) is expedient. In particular, it is found that 

when L > 8, then two rings are shed, suggesting a multiple of four relationship. 

3. In addition to the differences in the jet characteristics of self-similarity location and jet 

half-widths, key differences between round and slot SJs were also found in terms of 

centreline velocity decays and volume flows. Up to AR = 4 these characteristics were 

similar to those of the round SJ. For AR ≥ 8, significant differences were observed. In 

particular, while the centreline velocity decay was found to increase slightly with 

increasing AR of slot SJs; the AR > 8 SJ exhibit a plateau region in the velocity profile, 

believed to be associated with the region of axis-switching. This is absent for round and 

low AR (AR ≤ 4) slot SJs.  

4. CFD turbulence models were investigated for their ability to resolve the range of scales 

of flow structures within the SJ flow field. It was found that the RANS based SAS hybrid 

model performed adequately being able to resolve the flows down to the mesh scale, as 

opposed to the standard two-equation (k-ε and SST) models. Good prediction of the 

spatial and temporal profiles of velocities and turbulence statistics were found. The k-ε 

and SST in particular, under-predicted the turbulence intensity levels and the jet half-

widths. The usage of the SAS model seems to be a reasonable alternative to the costly 

LES and DNS options, since computational times are only marginally longer than the 
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two-equation models, while flow field data is reliable and of higher quality (to second 

order statistics at least). 

5. CFD based on the SAS hybrid model has revealed that the phenomenon of axis-switching 

is related to the different flow dynamics at the ends of the slot compared to the central 

region of the slot. Flow visualisation has shown that during the discharge phase, fluid is 

ejected from the cavity first at the short edges of the slot as the main fluid bulk is still 

moving downwards into the cavity. Vortex formation begins at these short edges (or ends 

of the orifice or slot). While vortices along the long edge form, vortex formation is 

complete at the short edges, and this is where the shedding begins. The already shed 

portions of the ring are drawn towards the slot centre, which aids these to stretch and 

assume an apparently transverse-wise orientation. The portions of the ring along the long 

edges lift later and are pushed across the slot. In this way, this unstable vortex ring 

undergoes shortening along the major axis and elongation along the minor axis; the jet 

widths eventually become equal. The dynamics continue until the jet ring becomes wider 

along the minor axis and vice versa. One normally recognises this as the phenomenon of 

axis-switching.  

6. A linear relationship was also found to exist between the location of axis-switching and 

the slot AR, and a correlation has been developed for this. 

7. In this study, the influence of the cavity geometry on the external flow field of the SJ was 

also investigated. Only very marginal influences, if any, of the cavity height and shape 

(square versus round) on the outside flow field could be determined. For the AR = 64 

case, the orifice or slot length was similar to the dimensions to the actuator cavity and 

therefore of the loudspeaker, and which was found to promote efficiency of actuation. For 

the same output velocity from the orifice across different ARs, the AR = 64 required the 

smallest voltage input to the loudspeaker. 

The implications of the various novel outcomes of the present research described above are 

many. In terms of the round SJ, the possibility of generating multiple vortex rings during the 

expulsion phase of each cycle presents interesting possibilities for maximising effectiveness 

in applications such as boundary layer control, heat transfer or mixing enhancement. The new 

knowledge on axis-switching, and the ability to predict its location for slot SJs will be equally 

helpful in this regard. Furthermore, the categorisation of the SJs from the varying ARs, 

together with the knowledge obtained from a study of the influence of the actuator geometry 

allows for further application and design possibilities. 
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Despite the extensive amount of investigations that has been conducted in the present 

research, new questions have arisen so there are still a few open questions that could be 

looked into in future work. Some of these are outlined below. 

1. Future experiments could investigate the influence of the cavity height on the high AR 

cases, since there was a noticeable positive influence of the jet performance (in terms of 

volume flow rates). To gain more confidence in the flow field data, further investigation 

should utilise a 3D PIV system instead of a single HWA. This would also increase the 

extension of field, which should be considered for the low AR cases. In addition, higher 

order statics (e.g. velocity correlations, Reynolds stresses, vorticity etc.) that can be 

drawn from such experiments could aid in validating already available data from 

numerical simulations. Three-dimensional velocity data form contact-free measurements 

can be used to further investigate the influence of axis-switching on the flow 

development region.  

For the shallow cavity, vortices rolled up into the cavity and due to the short length of the 

cavity, the vortices travelled downwards and rolled along the loudspeaker diaphragm 

before a new cycle started. This changed for the deep cavity and the already upwards 

moving diaphragm (in the beginning of a new cycle) influenced these vortices. Thus, they 

were destroyed quite quickly. By the end of the investigations, it was not clear if this 

vortex-diaphragm interaction caused the differences of the different cavity performances. 

Further investigations are needed here and the utilisation of already produced CFD data 

could be revealing.  

2. Despite the fact that the numerical simulations were secondary in this work, some 

questions that are raised below could be looked into in future projects. For one, an 

expanded flow domain above the orifice exit should be considered. The chosen size of 

20do for the domain edge length is reasonable for the area close to the orifice. However, 

as the SJ widens downstream the domain size should be expanded equally. This could be 

realised by using the jet half-width as a reference size and thus the domain at the top 

should be 20dbj (dbj = 2bj). A possible blockage effect from the domain boundaries, 

especially for high ARs, could be avoided this way, but which needs further investigation. 

Furthermore, even though a mesh sensitivity study has been performed at an early stage 

of the project it could not be ruled out that the slightly smaller calculated jet half-width 

resulted in some sort of mesh blockage. For further computational studies, it should be 

considered to expand the fine mesh beyond the expected jet width region in the flow 

field. 
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Finally, in the case of the round SJ, it was observed in the numerical simulations that a 

swirl was accompanying the jet. Such swirls are likely and have been observed during 

physical experiments. It was discussed by others in the literature that imperfection in 

CFD may be triggered by numerical bias [99]. Therefore, further simulations are needed 

to investigate the observed swirls.  
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The following publications have resulted from this research:  

• Fischer C. and Sharma R. N.: “3D Numerical Simulations of a Transitional 

Axisymmetric Synthetic Jet”, 18
th

 AFMC, Launceston, Australia, 3-7 December 2012. 

• Fischer C. and Sharma R. N.: “Visualisation of Multiple Vortex Rings from a 

Transitional Axisymmetric Synthetic Jet”, 18
th

 AFMC, Launceston, Australia, 3-7 

December 2012. 

An extended version of this paper is considered for publication in the Journal of Flow 

Visualization and Image Processing. 

• Fischer C. and Sharma R. N.: “Transitional Synthetic Jet from a Round Orifice: 3D 

Numerical Simulation of Leapfrogging and Vortex Ring Interaction Using a Hybrid 

Turbulence Model”, ISPT-23, Auckland, New Zealand, 19-22 November 2012. 

This paper is considered for publication in the International Journal of Transport 

Phenomena. 

• Fischer C., Sharma R. N., Spille-Kohoff A. and Mallinson G. D.: “On the Flow Field 

Analysis of a Synthetic Jet from a Round Orifice”, ANSYS Conference & 29th 

CADFEM User’s Meeting 2011, Stuttgart, Germany, 19-21 October 2011. 

• Fischer C., Sharma R. N. and Mallinson G. D.: “Flow Visualisation to Identify 

Mechanisms Leading to Axis-Switching of Slotted Synthetic Jets”, 17th AFMC, 

Auckland, New Zealand, 5-9 December 2010. 

• Fischer C., Sharma, R. N. and Mallinson, G. D.: “Flow Visualisation of Synthetic 

Jets”, Engineering Postgraduate Poster Competition, Auckland, New Zealand, 

September 2010.  

Journal paper in submission: 

• Fischer C. and Sharma R. N.: “Experimental study of multiple vortex ring formation 

of a round synthetic jet”.  

• Fischer C. and Sharma R. N.: “Numerical study of multiple vortex rings from an 

axisymmetric synthetic jet ”. 

• Fischer C. and Sharma R. N.: “The influence of the slot aspect ratio on the flow field 

of a synthetic jet”. 

• Fischer C. and Sharma R. N.: “The influence of the cavity geometry on the flow field 

of a round and square synthetic jet”. 

• Fischer C. and Sharma R. N.: “Synthetic jets for flow control and mixing enhancement 

– a review”. 
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Appendix 

A. Technical Drawings 

 

Figure A-1: Face plate with round orifice for medium cavity. 
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Figure A-2: Top plate for medium cavity. 
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Figure A-3: Side plate for medium cavity. 
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Figure A-4: Assembly drawing for medium cavity. 
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Figure A-5: Bottom plate for medium cavity. 

All other parts of the SJA were designed and manufactured in a similar manner and because 

the design is straightforward and simple, only drawings of the medium cavity and the round 
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orifice have been provided. All necessary information regarding all other parts have been 

presented in Chapter 3. 

B. Equipment Specifications 

 

Figure A-6: 8” woofer from Response. 

 

Figure A-7: Vibrometer scanning head from Polytec. 
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Figure A-8: National Instrument USB bridge (NI USB-6009). 

 

Figure A-9: Oscilloscope from Tektronix (TDS 210). 
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Figure A-10: Loudspeaker characteristics: impedance vs frequency. 
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Figure A-11: Loudspeaker characteristics: sound pressure level (SPL) vs frequency. 
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Figure A-12: Function generator from GoldStar (FG-8002) and signal amplifier. 

 

Figure A-13: Filter from Krohn-Hite (3364 LP/HP Butterworth/Bessel). 

 

Figure A-14: HWA from Dantec Dynmaics (probe type 55P11). 
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Figure A-15: Dantec single (miniature) hot-wire 55P11 [59]. 

 

Figure A-16: CTA from TSI (Model 1750). 
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Figure A-17: Manometer from GE Druck (DPI 150). 

Table A-1: Pressure sensor specifications. 

Measurement Type: Differential, vacuum gage, gage 

Signal Conditioning: Unamplified 

Pressure Range: ±4.0 in H2O 

Overpressure: 3.0psi 

Supply Voltage: 3.0V DC min, 12.0V DC typ, 16.0V DC max 

Temperature Compensation: Yes 

Output Calibration: Yes 

Termination: PCB 

Port Style: No port 

Package Type: Honeywell DI-XSC 

Typical Sensitivity: 6.25mV in H2O 

Full Scale Span: 25mV typ 

Null Offset: 0mV typ 

Null Shift over Temperature: ±1mV 

Span Shift Over Temperature: ±2.0% span 

Linearity and Hysteresis Error: ±1.0% span 

Input Resistance: 5.0kOhm typ 

Output Resistance: 3kOhm max 

Operating Temperature: -25°C to 85°C [-13°F to 185°F] 

Compensated Temperature Range: 0°C to 70°C [32°F to 158°F] 
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C. Uncertainty Analysis 

The uncertainty analysis has been performed following the suggestions of [59]. 

Uncertainty due to change in temperature: 

𝑈 𝑒   
 

√ 

  

2  
. (A.1) 

With a ∆T = 3K one gets an Utemp of 0.8%. 

Uncertainty due to change in pressure: 

𝑈  𝑒   
 

√ 
(

 0

 0    
). (A.2) 

Considering a pressure change of 10kPa results in Upres = 0.6%. 

Uncertainty due to calibration equipment: 

𝑈𝑒   
 

   
  (𝑈 𝑎 )  (A.3) 

where Ucal is in %. Using the standard deviation of a given data series resulted in 

Uequ = 1.15%. 

Uncertainty due to probe position: 

𝑈    
 

√ 
(      ). (A.4) 

Upos was estimated as 2% using equation (A.4). The greatest error source in positioning was 

due to movement in y-direction (simply due to accuracy limitations of the used traversing rig). 
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D. Correlation Functions 

Table A-2: Tollmien solution for a plane and a round turbulent free jet [89]. 

Plane turbulent free jet 

 

Round turbulent free jet 

u/um y/b u/um r/b 

1 0 1 0 

0.979 0.105 0.984 0.0806 

0.94 0.209 0.958 0.161 

0.897 0.314 0.922 0.242 

0.842 0.419 0.884 0.322 

0.782 0.524 0.843 0.404 

0.721 0.628 0.795 0.484 

0.66 0.733 0.748 0.565 

0.604 0.838 0.7 0.645 

0.538 0.942 0.653 0.725 

0.474 1.048 0.599 0.806 

0.411 1.15 0.555 0.887 

0.357 1.255 0.51 0.967 

0.3 1.36 0.47 1.05 

0.249 1.465 0.425 1.13 

0.2 1.57 0.378 1.21 

0.165 1.675 0.34 1.29 

0.125 1.78 0.3 1.37 

0.095 1.88 0.265 1.451 

0.067 1.99 0.23 1.531 

0.046 2.1 0.198 1.612 

0.03 2.2 0.169 1.692 

0.02 2.3 0.14 1.772 

0.009 2.4 0.117 1.853 

0 2.51 0.094 1.935 

 

0.075 2.019 

0.059 2.095 

0.046 2.178 

0.034 2.26 

0.024 2.34 

0.017 2.42 

0.011 2.5 

0.007 2.58 

0.003 2.66 

0 2.74 

Pulsed jet equation for mean axial velocity [91]: 

𝑈 𝑈     ( (  2)(   2⁄   ⁄ )
2
)⁄  (A.5) 

Pulsed jet centreline velocity decay with A1 = 13.7 and x01/d = 14.7 [91]: 
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𝑈 �̅�  𝐴 𝑑 (   0 )⁄⁄  (A.6) 

Continuous jet centreline velocity decay [22]: 

𝑈 𝑈  6.2 ( 𝑑⁄ )⁄⁄  (A.7) 

Continuous jet volume flow [89]: 

Q/Qo = 0.32(y/do) (A.8) 

Synthetic jet volume flow [22]: 

Q/Qo = 1.11(y/do)0.85 (A.9) 

E. CFD  

Table A-3: Model constants for the different turbulence models [62]. 

k-ε k-ω SST K-SKL [83] QSAS 

c    . 9 c    . 9 σ 2    / .856 ζ1 = 0.8 ζ2 = 3.51 

k = 1.0 k = 1.0 α2    .   ζ2 = 1.47   = 2/3 

 = 1.3 α = 5/9 β2    . 828 ζ3 = 0.0288 C = 2 

C.1 = 1.44 β = 3/40 α    5/9 k = 2/3  

C.2 = 1.92 σ  = 2    = 2/3  

Blending functions F1 and F2 for SST model [62]:  

       (    
 ) (A.10) 
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√𝑘

  𝜔  
 
5   

 2𝜔
)  

  𝑘

    𝜎 2 2
) (A.11) 
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5   

 2𝜔
) (A.14) 

Mesh size details: The smallest mesh was at the orifice with a uniform 0.5mm size in all 

directions and a growing factor of 1.1 outside the orifice. The max expansion factor in the 

whole domain was 1.4 and the max mesh size was 15.5mm in x- and z-direction, and 4mm in 

y-direction (at the openings). Mesh quality criteria (ICEM CFD): Det 2x2x2 > 0.49, max. 

dehidral angle < 160°, min. ortho = 39, max AR = 33, max. volume change = 11.  
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