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In this study, edge-tones generated by high subsonic speed jets are numerically 

investigated using 2-D jet-edge interaction model. The resulting flow and acoustic fields are 

carefully examined. Compressible Navier-Stokes equations are considered with a second 

order upwind scheme for spatial discretization and second order implicit scheme for temporal 

discretization. The commercial CFD software, FLUENT, is used in the present study to 

simulate the different cases. Shear layer thickness has been investigated in depth for low and 

high subsonic speeds. Top hat velocity profiles are used to change the momentum thickness of 

jet shear layer. Convective jet disturbance velocities are calculated numerically as reported 

by Karamcheti et al. [1] using the phase difference along the stand-off distance. For low speed 

the phase lag p proved to be -0.2 which is also in close agreement to the previously published 

literatures [2], [3] while for high subsonic speeds phase lag p is found out to be -0.1. A method 

is proposed for edge-tone suppression using splitter plates. When the splitter plates inserted 

into the jet plume, it cuts the shear layer interaction between the upper lip and lower lip of the 

nozzle exit similar to the cylinder plate configuration models [4],[5]. It limits the flow field 

oscillation that results in the complete suppression of peak amplitude of edge-tone frequency. 

Nomenclature 

μ = coefficient of viscosity 

θ = angle of edge 
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φ = momentum thickness of boundary layer of jet-profile 

c = speed of sound 

D = slit width 

h = standoff distance (distance from nozzle to edge) 

f = edge-tone frequency 

Mjmax = maximum jet Mach number 

N = stage number 

p = phase lag 

Re = Reynolds number 

St = Strouhal number 

T1 = time while jet disturbance is carried from nozzle to edge 

T2 = time while acoustic wave is propagated from nozzle to edge 

TLOOP = whole time span of feedback loop 

Ujmax = maximum jet velocity 

Uj = average jet velocity 

Uc = jet disturbance convective speed 

 

I. Introduction 

ELF-SUSTAINED shear oscillations have been observed for a wide variety of shear-layer impingement 

configurations. These oscillations are responsible for the flow induced noise that results in undesirable structural 

loading, and appear in a range of applications which involves transonic wind tunnels [6], aircraft components [7], 

slotted flumes [7], high-head gates [7], velocity probes [8] and pressure probes [9]. Aero-acoustic sources are among 

the most complicated sound sources and their simulation still presents a challenge. Edge-tone is one of the fundamental 

aero-acoustics phenomena that need to be investigated in depth for a better understanding of its characteristics. Edge-

tone, a typical phenomenon of these self-sustained shear oscillations, is generated when a jet impinges on an edge or 

the sharp edge corner of a wedge. When the free shear layer near the nozzle lip is excited, a disturbance is initiated 

and convected downstream and amplified, if unstable, into organized vortices [2]. When the vortices impinge on the 

edge, pressure waves are generated and propagate upstream to the nozzle lip to produce another disturbance. The 

upstream propagating sound and the downstream convected flow constitute a feedback loop. Fig. 1 shows the 

schematic edge-tone feedback system. In this study, literature survey is reported in chronological order. Brown [10] 

revealed many of the important characteristics of edge-tone. The edge-tone has peak frequency known as edge-tone 

frequency that represents to the frequency of flow field oscillation. Edge tone frequency changes gradually but 

sometimes drastically, when the impinging jet velocity or the standoff distance increased to particular values at which 

there is a sudden marked irregularity in the vortex pattern which is responsible for the tone. These modes are named 

stages 1, 2, 3, and 4 in the order of ascending frequencies and its Strouhal number are almost 0.5, 1.0, 1.5 and 2.0 

respectively. The unexpected alteration of frequency is known as “staging phenomenon”. 
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Figure 1. Edge-tone Phenomenon 

Phase-lock principle determines the edge-tone frequency that states the sum of the time required for the instability 

waves to propagate downstream (from nozzle exit to the wedge or wall) and time required for the feedback acoustic 

waves to propagate upstream (from the wedge or wall to the nozzle exit) should be equal to a total number of the 

period of oscillations [1],[11]. Using this principle, an expression for the impingement tone frequency can be derived 

as [12]  
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   n = 1, 2, 3, ...                                                          (1) 

 

where Λ and λ are the wavelengths of instability waves propagating downstream and upstream and n is the number of 

periods. Four stages had been observed in Brown’s experiment (stages 1, 2, 3, and 4). Stage number increased when 

the Reynolds number of the flow, jet velocity or the standoff distance increased. Lighthill [13] conducted research 

about aerodynamic sound generated by turbulent flows and gave an exact form for the source of aerodynamic sound. 

Lighthill exactly transformed the set of fundamental equations, Navier-Stokes and continuity equations, to an 

inhomogeneous wave equation in which the source is denoted by the inhomogeneous term: 
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Where the tensor Tij is known as Lighthill’s tensor and is determined by 
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Here, c0 is the sound speed in a stagnant acoustic medium, p is the pressure of air with the average p0, ρ is the density 

of air with the average ρ0, and σij is the viscous stress tensor. It is considered that the quadrupole source distribution 

in turbulence produces the sound wave provided by the inhomogeneous term in Right Hand Side (RHS) of Eq. (2) and 

propagates like that in the stagnant acoustic medium, despite of turbulence existence. This comprehension is known 

as Lighthill’s acoustic analogy. Thus the RHS of Eq. (2) can be decided from the result of CFD simulation and the 

sound propagation can be simulated with an acoustic solver separately from the CFD simulations. Ffowcs-Williams 

and Hawkings (FWH) acoustic solver (with Lighthill’s acoustic analogy) is used in this study for the computational 

aero-acoustic simulations of the edge-tone. After Lighthill’s paper was published, several authors pursued the physical 

meaning of Lighthill’s acoustic analogy for the jet-edge system. Powell [11] also constructed a feedback loop equation 

predicting the peak frequency of the edge-tone as follows: 
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Based on theoretical considerations, Powell made three assumptions for the practical use of Eq. (4). 

1. T2 is negligible because the sound speed is much greater than the disturbance propagation speed. 

2. Jet disturbance speed from nozzle exit to the edge is constant. 

3. The phase lag (p) is constant with a value of 0.25. 

The frequency predicted by Powell’s feedback loop equation with the above assumptions agreed well with the 

experimental data. Powell [14] indicated the role of vorticity as a sound source with reducing Lighthill’s source term. 

He considered a circular cylinder as edge since its diameter is less than the slit width (i.e., the width of the stream). 

He observed when jet impinges on the edge, vortex is cast off from it and a circulation about the edge occurs, its 

strength being equal and opposite to that off the newly created vortex. It is the induced flow due to the vortex pair 

which disturbs the jet stream just as it leaves the orifice. He indicated the role of vorticity as a sound source. Krothapalli 

et.al [15] investigated experimentally on edge-tones generated by high speed subsonic air jet issuing from a rectangular 

nozzle and impinging on a wedge shaped edge. He studied the ‘minimum breadth’, that is the minimum distance 

needed to produce the edge-tone and stated that it increased linearly for jet exit Mach numbers ranging from 0.2 to 1 

while decreased rapidly for lower Mach numbers up to 0.06. He investigated the influence of these edge-tones on the 

mixing of multiple rectangular jets. He observed the improved mixing of the multiple jets when a wedge is impinges 

in one of them. Kwon [2] analyzed the feedback mechanism of low speed edge-tones with the use of jet-edge 

interaction model where the reaction of edge was modeled as an array of dipoles. He proposed the maximum pressure 

point as effective source point which has been found to be within half a wavelength downstream from the edge tip. 

He found the phase lag (p) to be associated with the effective source point and to be in the range -0.5 < p < 0 that 

agreed well with the experimental data of Powell and Unfried [16]. Andreas Bamberger et.al [17] studied the ‘stage 

I’ edge-tones experimentally and numerically. Their primary interest was to verify the empirical equation stated by 

Holger et.al [18] in terms of Strouhal number  
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where exponent n = 3/2. But in contrast, their numerical and experiment results were suggested 1n   and a weak 

dependence of the empirical equation on the Reynolds number was observed. Nonomura et al. [3][19][20],[21] 

numerically investigated the edge-tone mechanism using sixth order Pade type compact finite difference scheme and 

four stage Runge-Kutta scheme for space and time accuracy, respectively. Three parameters – jet velocity, nozzle lip 



thickness and jet profile were studied. They observed that larger nozzle lip had stronger intensity of edge-tone sound 

pressure level since reflection wave which becomes enlarged when nozzle lip thickness is increased. For the effect of 

jet profile on the edge-tone generation they concluded that 

1) Excited stage number does not depend on jet profile but on average jet velocity. 

2) Peak Sound Pressure Level (SPL) of edge-tone depends on average jet velocity and the jet profile since peak 

SPL of thicker boundary layer and higher average velocity cases becomes higher. 

3) The phase lag p = -0.2. 

They explained the relation between vortex formations of jet disturbance and edge-tones. They found that thicker 

boundary layer of jet profile made vortex position near center-line and vortex intensity strong. They proposed that 

vortex center position corresponded to the maximum lateral velocity disturbance position on the center line. They 

calculated the phase lag from the time lag of lateral velocity disturbance and force on the edge. Phase-lag became 

smaller when vortex was near to the jet center-axis (near edge) and proved that phase lag occurred as a result of vortex 

motion.  

They also studied the Mach number effects on edge-tone to verify the acoustic wave propagation in order to validate 

Powell’s feedback loop Eq. (4). When they increased the Mach number of jet, Strouhal number of edge-tone frequency 

decreased which confirmed Powell’s theory. They observed the following phenomena when Mach number increased 

independently, 

1) The edge-tone phenomenon tends to cease. 

2) The edge-tone frequency of same stage tends to become lower. 

3) Higher stage tends to be excited. 

They calculated phase lag, p, of their numerical cases according to Powell’s theory and obtained a constant value of -

0.2. Their phase lag, p, is in the range proposed by Kwon [2] but differed from Powell’s constant value of 0.25. 

Nonomura et al. [21] explained the Mach number effects on edge-tone phenomenon by conducting numerical 

investigation. Their result showed when the jet velocity increased, Strouhal number decreased of the same stage that 

confirmed the Powell’s feedback loop Eq. (4) which states edge-tone mechanism is driven by an acoustic feedback 

loop. They stated phase lag, p, is a constant value of -0.2 for wide range of low Reynolds numbers and subsonic jet 

speed up to M = 0.5. 

Paal, G. and Vaik, I. [22] studied the edge-tones experimentally and numerically for low Reynolds number up to 1400. 

They compared the experimental edge-tone frequency computed by taking FFT of pressure signal time history with 

the numerical simulation by ANSYS CFX and had good agreement. They also investigated the dependence of edge-

tone frequency on three parameters – edge distance, mean jet velocity and jet profiles (top hat/thin and parabolic). 

Recently, Vaik, I. [23] studied the edge-tone experimentally and numerically. He observed the Reynolds number and 

dimensionless nozzle to edge distance dependence of the Strouhal number in the case of parabolic and top hat jet edge-

tones. He also studied the mode switching and the jumps between the stages of the edge-tone. He also found that the 

phase of the jet disturbance between the nozzle and the wedge does not vary linearly with the distance from the nozzle 

which represents the convection velocity of the jet disturbance is not constant. He proposed a new developed method 

by which a 2D CFD simulation can be coupled to a 3D acoustical simulation. He also studied the well-known edge-

tone phenomenon in flue organ pipe. He found that the strongest and most stable edge-tone oscillation occurred in 

foot model, if the upper lip is placed exactly in the centerline of the jet. 

  Hence, the objectives of the present study are: 

a. Study and validate the 2D computational results with published experimental results of a well-known edge-

tone flow field that occurs when a wedge shaped object (traditionally called edge) impinges a plane free jet. 

b. Study the effect of shear layer thickness on edge-tone created by low and high subsonic speed jets. 

c. Proposing a flow control technique to suppress the edge-tone. 

II. Computational Models 

A. Low Speed Edge-tone Test Case 

Andreas Bamberger et al. [17]performed experiments using the experimental set-up shown in Fig 2, to obtain low 

speed edge-tone frequencies. Their setup consisted of a flue with two possible cross sections of 1 x 10 mm2 and 0.5 



x 10 mm2 respectively. The length of the flue is 150 mm. They have chosen long enough to guarantee the parabolic 

velocity profile of the jet at the outlet. The edge consisted of a wedge with an angle of 23⁰. Stand-off distance (w) can 

be adjusted by micro meter screws with a precision of 0.05 mm. The velocity of the jet is determined by a hot wire 

anemometer (DANTEC C35) at a distance 1 mm downstream of the flue exit. During the measurement of edge tones 

the anemometer is retracted above exit of the flue in order to avoid any disturbance. In order to be independent of the 

acoustical power produced by the jet movement the oscillation is measured near the edge by a pressure sensor 

(KULITE 9322M). The amplified signal, typically 20 mV/Pa is fed into a spectrum analyzer (TEKTRONIX 2642A) 

in order to determine the edge-tone frequency. The sensitivity gained by this setup is considerable as compared with 

a microphone positioned at some distance, especially at the onset of the periodic movement at low stand-off distance 

w. The frequency determination is done with the spectral analyzer with a precision of 1% in the frequency range 

covered in this experiment. From the Fig. 2, the domain boundaries were estimated and the same model is designed 

as shown in Fig. 3 using GAMBIT after a detailed grid study to achieve optimum grid size. The low speed experimental 

edge-tone model of Andreas Bamberger was modeled in GAMBIT with similar dimensions and was later validated 

with the conditions used for experiments. Grid constructed by quad map and tri pave elements and for h = 2.2 mm 

case the model consists of 143625 cells and is shown in Fig. 3. Slit and jet impingement regions were constructed with 

fine tri pave elements and outside regions were constructed of coarse grid. Structured grid allows high degree of 

control as the user is free to place control points and edges to position the mesh. Structured mesh flow solver typically 

require low memory to execute the solution faster as they are optimized for structured layout of the grid. 

 

Figure 2: The experimental set-up of low speed jet impingement on a wedge [17] 



 

 

Figure 3. (a)Grids on entire domain (b)Zoomed grids near the wedge impingement region 

B. High Speed Edge-tone Test Case 

Krothapalli et.al [15] performed experiments using the experimental set-up shown in Fig. 4, to obtain high speed edge-

tone frequencies. They formed the jet by blowing air through a two-dimensional channel. The entrance section of the 

channel is rounded and begins in a settling chamber that contains damping screens. The speed of the nozzle flow for 

top hat velocity profile was calculated for the static pressure drop measured between two points along the channel and 

the jet is discharged through a sharp-edged slit, the mean speed is determined from the pressure drop across the slit. 

The velocity profile distributions were obtained from hot wire measurements. In the present study, high speed 

experimental edge-tone model of Krothapalli et.al [15] was modeled in GAMBIT with similar dimensions and was 

later validated with the conditions used for experiments. After the grid study, optimum size of grid consists of 80898 

cells for slit width 3 mm, nozzle lip thickness 46 mm, wedge angle 20⁰ and standoff distance 18 mm model is shown 

in Fig. 5.   

 

Figure 4. The experimental set-up of high speed jet impingement on a wedge [1] 

 



 

Figure 5. (a)Grids on entire domain (b)Zoomed grid near the wedge impingement region 

 

Low speed test cases were performed for time step size of 0.0001 s for 1024 time steps while high speed test cases 

were performed for very small time step size of 0.00001 s for 8200 time steps. Slit and jet impingement regions were 

constructed with fine quad map elements with interval size of 0.05 and outside regions were constructed of coarse 

grid consists of tri pave elements. A size function has been attached near the jet impingement region as shown in Table 

1. Mass flow inlet, wall and pressure outlet boundary conditions assigned for inlet, nozzle lip thickness and wedge, 

and outlet respectively. From the Fig. 4, the domain boundaries were estimated and their dimensions were modeled 

as shown in Fig. 5. Edge-tone frequency was obtained as 3333 Hz from FLUENT acoustic module and it was also 

verified by MATLAB by taking FFT of the static pressure data history at wedge tip. After the validation was 

successful, the same model has been considered for simulations to check whether the stages of edge-tone phenomenon 

occur or not. These simulations were conducted similar to the experiments of Krothapalli et al.[15]. 

 

Table 1: Size Function Parameter Values 

Parameter Value 

Start size 0.05 

Growth rate 1.2 

Maximum size 200 

    

III. Results and Discussion 

A. Validation 

1. Low Speed Test Case 

The validation for low speed edge-tones was conducted using the laminar model in FLUENT to observe the edge-tone 

frequencies and compared to the data measured from experimental method given by Andreas Bamberger et al.[17]. 

Four cases having different conditions of velocity, edge distance were considered as shown in Table 2 for conducting 

simulations for validation. 



Table 2: Validated Cases for Low Speed Jet 

Stand-off distance (mm) Velocity (m/s) The computed edge-tone 

frequency (Hz) 

% Error 

2.2 7.92 1250 8.2 

2.2 9.77 1416 6.76 

2.2 11.12 1610 7.9 

3.7 6.20 610 10.3 

 

 

Figure 6: Low Speed Jet Edge-tone Validation 

The results seem to be in agreement within ±8.3% average deviation as shown in Fig. 6. After the validation was 

successful, the same model has been considered for simulations to check whether the stages of edge-tone phenomenon 

occur or not. Since the experiments conducted by Andreas Bamberger et.al [17] did not provide the data about stages 

of edge-tone frequencies, the simulations were conducted similar to the Brown’s edge-tone experiment[10]. Ten cases 

have been considered to achieve the two stages of edge-tone frequencies. From these data, phase lag p is calculated in 

Powell’s feedback loop Eq. (4) by considering average jet disturbance velocity (Uc) as half of the maximum velocity 

(Uj). Then average phase lag p is considered as constant to compute theoretical edge-tone frequency of Powell’s 

feedback loop Eq. (4). Edge-tone frequencies computed by different methods are shown in Fig. 7. The second stage 

of edge-tone frequency occurred when the edge distance is reached 5.7 mm from the jet exit.  
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Figure 7: Low Speed Edge-tone – Staging Phenomenon Computations at Acoustic Field Point and Powell’s 

Formula with Phase lag, p 

2. High Speed Jet Test Case 

The validation of high subsonic speed edge-tones was conducted using the laminar model in FLUENT at Mach number 

0.87 to observe the edge-tone frequencies and compared with the data measured from experimental method given by 

Krothapalli et al.[15]. Six cases have been considered to achieve the two stages of edge-tone frequencies as shown in 

Fig. 8. From these data, phase lag p is calculated in Powell’s feedback loop Eq. (4) by considering average jet 

disturbance velocity (Uc) as half of the maximum velocity (Uj). Then average phase lag p is considered as constant to 

compute theoretical edge-tone frequency of Powell’s feedback loop Eq. (4). Edge-tone frequencies computed by 

various methods are shown in Fig. 8.  

 

Figure 8. High speed edge-tone – staging phenomenon 

B. Velocity Profile Effect 

1. Low Speed Velocity Profile Effect 

        Top hat velocity profiles are used in both low speed and high speed jets to vary its shear layer thickness of the 

impinging jet. Top hat velocity equation can be written using the following equation 
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Where  

θ is momentum boundary layer 

R is jet radius 

r is local point radius in terms of x(R) 

At the inlet, the momentum boundary layer (θ) is changed in order to vary the shear layer thickness. Low speed 

velocity of 7.92 m/s is considered in these computations. All the cases were performed at 18 mm stand-off distance, 

3 mm slit width, and wedge angle 20⁰. Four different cases of momentum boundary layer (θ) considered are 0.04 R, 

0.1 R, 0.2 R, 0.4 R. Top hat velocity profile for these four cases are shown in Fig. 9. Phase measurements were made 

with respect to the fluctuation in magnitude of the lateral velocity components along the centerline of the jet. The 

relation between the convection velocity Uc and phase θ(x) is reported by Karamcheti et al. [1] 
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Where f is the edge-tone frequency in Hz. Using Eq. (8) the phase measurements were obtained at different spatial 

locations in terms of phase at the slit and presented in Fig. 10. 

 

Figure 9: Low speed top hat velocity profiles for different momentum thicknesses      
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Figure 10: : Phase variation along the centerline of the fluctuating transversal velocity components for 

different shear layer thicknesses of low speed top hat velocity profiles along with experimental phase data       

( Stage I ) 

Present computational results of phase variation of edge-tone frequencies in stage I are in good agreement with the 

experimental phase variation data of Karamcheti et al. [1]and it shows that the convection of jet-disturbance is 

nonlinear and the speed of jet-disturbance near the nozzle is faster than that of the other parts. But Powell assumed 

that the convection of jet-disturbance is linear (i.e. phase lag, p is constant). Then to verify the Powell’s feedback loop 

equation quantitatively, phase lag p is computed and examined. Phase lag p is calculated from Eq. (4), where stage 

number N, edge-tone frequency f and whole time-span of feedback loop TLOOP are obtained from computational study. 

Fig. 11 shows the relation between Strouhal number St and 1/TLOOP calculated from the present results where the solid 

line shows the result of p = -0.2. The present results prove that the phase lag p = -0.2 and it is constant for low speed 

test cases. The fact that phase lag is almost constant shows that the Powell’s feedback loop equation is physically 

correct. 

 

 

Figure 11: Relation between Strouhal number and whole time-span of feedback loop along with Powell's 

feedback loop equation assuming p = -0.2 
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Figure 12 shows the effect of shear layer thickness on edge-tone frequency. As the shear layer thickness increased, 

the edge-tone frequency decreased gradually. The maximum edge-tone frequency was produced by the momentum 

boundary layer thickness (θ) of 0.04 R. 

 

Figure 12: Shear layer thickness effect on edge-tone frequency – computations at acoustic field point 

2. High Speed Velocity Profile Effect 

      At the inlet, the momentum boundary layer (θ) is changed in order to vary the shear layer thickness. High speed 

velocity of Mach 0.87 is considered for computations. All the cases were performed at 18 mm stand-off distance, 3 

mm slit width and wedge angle 20⁰. Five different cases of momentum boundary layer (θ) are considered, specifically; 

0.004 R, 0.04 R, 0.1 R, 0.2 R, 0.4 R. The top hat velocity profiles for these four cases are shown in Fig. 13. 

 

Figure 13: High Speed Top Hat Velocity Profiles 
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   Phase could be calculated at different locations on the centerline of jet were obtained using Eq. (8) similarly to the 

low speed test cases. Fig. 14 shows that present computational results of high speed jets. There is a good agreement 

with experimental results reported by Karamcheti et al. [1] which states the convection of jet-disturbance is nonlinear 

while Powell assumed that the convection of jet-disturbance is linear (i.e., phase lag, p is constant). Then to verify the 

Powell’s feedback loop equation quantitatively, phase lag p is computed and examined similar to the low speed test 

cases.  

 

Figure 14: Phase variation along the centerline of the fluctuating transversal velocity components for 

different shear layer thicknesses of high speed top hat velocity profiles along with experimental phase data ( 

Stage I ) 

 

Figure 15: Relation between Strouhal number and whole time-span of feedback loop along with Powell's 

feedback loop equation assuming p = -0.1 
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Fig. 15 shows the relation between Strouhal number and 1/TLOOP calculated from the present results where the solid 

line shows the result of p = -0.1. The present results prove that the phase lag p = -0.1 and it is constant for high speed 

test cases. Fig. 16 shows the effect of shear layer thickness in high speed jets. Receiver is placed at 10*d distance and 

45⁰ angle from the jet exit to capture the acoustic data. The results show that the thin shear layer thickness of 0.004 R 

and thick shear layer thickness of 0.4 R produced low edge-tone frequencies while the medium shear layer thicknesses 

of 0.04 R, 0.1 R and 0.2 R produced the same high edge-tone frequencies of 4004 Hz. The results prove that edge-tone 

is strongly influenced by the shear layer thickness of top hat velocity profile. 

 

 

Figure 16: Shear layer thickness effect on edge-tone frequency – computations at acoustic field point and flow 

field point 

 

C. Edge-tone Suppression 

 

As the edge-tone is a loud noise with the peak frequency which could lead to structural damage, it is important to 

analyze the phenomenon to propose a flow control technique to suppress it. Edge-tone suppression was done by 

Karamcheti et.al [1] who claimed that the edge-tone can be reduced and stopped by placing single or double plates 

normal to the centerline of the undisturbed jet in the outside flow region. They even proposed locations required to 

stop edge-tone. The plates restrict the upstream propagating acoustic waves that causes incomplete feedback loop 

which results in edge-tone suppression. So edge-tone can be suppressed if any active or passive control methods are 

applied into the flow-field that makes feedback loop incomplete. To reduce supersonic impingement tones, many 

passive control methods [24][25][26] and active control methods [27][28][29][30] have been studied over the years 

to modify the feedback loop. The method in Ryan et.al [30] introduces microjet inside the jet plume to modify the 

shear layer thereby reducing the jet noise effectively. Due to their minimal size and mass flow rate, microjets are better 

option to inject anywhere in the fluid in form of steady or pulse jets.  

In this present study, two microjets with diameter of 100 micrometer are introduced inside the high speed edge-tone 

test case at three different stand-off distances, specifically; 6 mm, 8 mm, and 10 mm from nozzle for three different 

microjet speeds, specifically; M 0.87, M 1, and M 1.42. For supersonic microjet speed of M 1.42, the microjet exit 

pressure is adjusted to allow the microjet injection at sonic speed at exit while downstream it reaches the speed M 

1.42. The main jet speed is M 0.87 and the insertion tube has diameter of 200 micrometer. Before this computations, 

a splitter plate of diameter 200 micrometer was inserted inside the jet plume of three different lengths, specifically; 6 
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mm, 8 mm and 10 mm to know whether this splitter plate has effect on the edge-tone reduction or not. So total 12 

cases are performed and the mass flow rates of microjets at three different speeds are listed in Table 3. 

 

Table 3: Mass Flow Rate of Microjets for Different Speeds 

Mach Number Mass Flow Rate 

0.87 0.03814 

1 0.04475 

1.42 0.069 

 

Receiver is placed at 10*d distance and 45⁰ angle from nozzle exit to capture the acoustic field data. Fig. 5-37 shows 

the velocity contours and Fig 5-38 shows the SPL for 10 mm plate and microjet injection at 10 mm inside the jet 

plume. Fig. 5-39 shows the SPL for without plate and with plates of different lengths, specifically; 6 mm, 8 mm and 

10 mm. The results suggested that microjet injection inside the jet plume had no effect on reducing edge-tone peak 

amplitude but the splitter plate had great effect in suppressing the edge-tone peak amplitude completely. 

 

(a) With Plate                                   (b) With Microjet injection at M 0.87 

 

(c) With Microjet Injection at M 1.0               (d) With Microjet Injection at M 1.42 

Figure 17: Velocity Contours for Different Microjet Speeds at 10 mm from Nozzle 

 



 

Figure 18: Comparison of SPL for 10 mm plate and microjet injection at 10 mm (3 point average) 

 

 

Figure 19: Comparison of SPL for without plate and with plates of different lengths (3 point average) 
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From Fig. 5-39, it is proved that the splitter plate reduces the peak amplitude of edge-tone. When edge-tone appears, 

the upstream propagating acoustic wave and downstream convected flow constitute a feedback loop. The flow 

oscillation in edge-tone case completes once cycle at time (s) which is inversely proportional to edge-tone frequency 

(Hz). When the splitter plate is introduced inside the jet plume, it limits the flow oscillation that causes the incomplete 

feedback loops which results in reduction of edge-tone peak amplitude completely. The phase variation along the 

centerline of the jet for high speed jet edge-tone test case without plate insertion is studied in detail and it is mentioned 

in Fig. 14. Flow oscillations of high speed test cases prove that the jet leaves from the upper lip and lower lip of the 

nozzle exit also in same phase variation similar to the centerline of the jet. When the splitter plate is inserted into the 

jet plume, it cuts the interaction between the two shear layers that leaves from the upper lip and lower lip of the nozzle 

exit similar to the cylinder plate configuration models [4][5]. This results in the limitation of flow oscillation which 

suppresses the edge-tone peak amplitude completely. 

IV. Conclusion 

        The objective of the present investigation was to study the effect of various parameters that affect the edge-tone 

phenomena and to reduce the edge-tone frequency to achieve the optimum use of material without any fatigue. These 

parameters are 

 Shear layer thickness 

 Edge-tone Suppression 

All the cases were modeled in GAMBIT and simulated in FLUENT, a commercial CFD code. The boundary 

conditions used in the cases were taken from the literature survey. The Laminar model was used in all of simulations. 

Grid requirements are set according to FLUENT guidelines. Grid convergence study was used to get optimum grids 

(about 80,000 cells). Each case took an average of 24 hours to converge with time steps of 8200 and the convergence 

criteria for residuals set at 10-6. A total of 25 numerical cases were run to study the effect of the above parameters. 

Initially a low speed edge-tone case was used to validate the numerical model with experimental data of Andreas 

Bamberger [17] available in literature. The low speed edge-tone numerical model results were found to be in good 

agreement with the experimental data. Next, the high speed edge-tone case was used to validate the numerical model 

with experimental data of Krothapalli et.al [15] available in literature. The high speed edge-tone numerical model 

results also were found to be in good agreement with the experimental data of Krothapalli study. Next, the same model 

was used to study the effect of all the parameters. The effect of top hat velocity profile has been carried out on low 

speed jets as well as on high speed jets. Four different cases of momentum boundary layer thickness (θ) considered to 

vary the shear layer thickness of top hat velocity profile in low speed jet are 0.04 R, 0.1 R, 0.2 R, and 0.4 R. Five 

different cases of momentum boundary layer thickness (θ) considered in high speed jet are 0.004 R, 0.04 R, 0.1 R, 0.2 

R and 0.4 R. All the cases were performed at 18 mm stand-off distance, 3 mm slit width, 20⁰ wedge angle and 0.87 

Mach. The results revealed that edge-tone frequency is strongly dependent on the shear layer thickness of top hat 

velocity profile. In low speed jets, edge-tone frequency decreased gradually as shear layer thickness increased. But in 

high speed jets, sharp shear layer thickness of 0.004 R and maximum shear layer thickness of 0.4 R produced low 

edge-tone frequencies while the medium shear layer thicknesses of 0.04 R, 0.1 R and 0.2 R produced the same high 

edge-tone frequencies of 4004 Hz. Many researchers have investigated about the upstream propagation in the feedback 

loop path which is one of the special features of edge-tone phenomenon. Some mentioned upstream propagation 

happens inside the jet while other researchers mentioned it happens outside the jet. In this study, clarification of 

upstream propagation path is considered. The two methods reveal that the upstream propagation lies outside the jet 

stream since the edge-tone frequencies decreased considerably in both methods. Upstream propagation significantly 

affected by the secondary flow and as well as the plates inserted at the mid of the stand-off distance without affecting 

the jet downstream. Edge-tone frequency was greatly reduced by the secondary flow method. To suppress the edge-

tone peak amplitude, many active and passive control techniques were analyzed. Impressed by the microjet injection 

into the high speed jet plume by Ryan et.al[30], in this present study 12 cases are performed including injection of 

microjet through diameter of 100 micrometer at three different stand-off distances, specifically; 6 mm, 8 mm and 10 

mm for three different speeds, specifically; M 0.87, M 1.00 and M 1.42 and insertion of splitter plates of three different 

lengths, specifically; 6 mm, 8 mm and 10 mm. Microjet injection had no effect on reducing the edge-tone but splitter 

plate had a great effect on reducing it completely. It cuts the shear layer interaction between the upper lip and lower 

lip of the nozzle exit similar to the cylinder plate configuration models [4][5] that results in the limitation of flow 

oscillation which causes complete suppression in edge-tone frequency. 
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