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1. INTRODUCTION 
     Jets are free shear flows driven by the momentum 
introduced at the exit of, usually, a nozzle or an orifice. 
Jets flow plays a central role in research aimed at 
improving our understanding of the fundamental physics 
of turbulent shear flows. The diverse nature of 
applicability of jets demand that they made suitable for 
their specific applications by controlling them. Control 
may be defined as the ability to modify the flow 
characteristics in such a way to achieve better 
engineering efficiency, technological ease, economy, 
adherence to standards etc. Jet controls may be broadly 
classified into active and passive controls. In active 
control, an auxiliary power source (like micro jets, 
acoustic excitation) is used to control the jet 
characteristics. The other method, termed passive control 
does not require any additional energy for achieving 
control. Both active and passive control mainly aim at 
modifying the flow and acoustic characteristics of jets to 
result in enhanced mixing and reduce noise. 
     The first review of supersonic jet was done by Tam [1]. 
In his inspiring review, Tam discusses the noise sources 
in supersonic jets, methods, and models developed for 
predicting them. Tam and Chen [2] proposed a stochastic 
wave model theory for the turbulent mixing noise from 
supersonic jets.  
     Tam et. al. [3] examined the relationship between the 
broadband shock associated noise and screech tones. 
Based on their analysis they concluded that the screech 

tone frequency is dictated by the weakest link of the 
feedback loop. It is the weakest link that relates the 
spectral characteristics of screech tone to those of 
broadband shock-associated noise.  
     Pannu and Johannesen [5] investigated under 
expanded jets issuing from notched nozzles. The 
centerline pitot pressure data indicated that the shock cell 
structure was modified and the jet decayed faster than the 
unnotched nozzle flow beyond the core region. 
     Smith and Hughes [6] presented experimental results 
obtained in jets from notched nozzles in a co-flowing 
free stream. The results showed that even at low jet 
velocities and with slowly tapering nozzles produced 
quite distinct vortices, which persisted well down stream. 
It was also observed that the introduction of a free stream 
had little effect on the development in the region of the 
vortices, though it reduced the rate of decay of the 
centerline velocity in the main part of the jet. 
     Elangovan and Rathakrishnan [7] evaluated the effect 
of vortex generators in the form of grooves on the 
penetration and spreading of jets from circular nozzles. 
In their experiment they found that the grooves 
weakened the shock cell structure of the under expanded 
jets. The jet flow field was found to be strongly 
influenced by the groove length. 
     Powell [10] was the first to study the under expanded 
jet noise. Powell found that the shock-associated noise is 
related to acoustic feed back loops. According to Powell, 
as the disturbances created at the nozzle lip passed 
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through the third or fourth shock-cell, strong interaction 
takes place with the oblique shocks resulting in the 
emission of intense acoustic waves. When the jet exit 
pressure is less than the ambient pressure the jet is said to 
over expanded. The flow tries to attain the ambient 
pressure; this takes place across an oblique shock 
attached to the nozzle exit outside the duct. 
     Noise is an inevitable consequence of jets, and in 
general all turbulent flows. Whenever there is relative 
motion between fluids, or between a fluid and a solid, 
noise is generated. Noise in jets depends on the speed of 
the jet, temperature, and turbulence level; shear layer 
dynamics, observer angle, etc. Jet noise can be classified 
into the following major types: 
 

1. Turbulent Mixing Noise. 
2. Broadband shock associated Noise. 
3. Screech Tones. 

 
2. TURBULENT MIXING NOISE 
     As discussed earlier, the large-scale structures grow in 
size as they move forward, thus setting up intense 
activity in the circumferential region of the jet. Thus, the 
kinetic energy of the main flow is continuously extracted 
by the large structures and converted into “turbulence 
energy”. It is these shear stresses of the fluctuating 
velocities, which is the source of sound. Since the noise 
is produced due to the exchange of momentum of the jet 
and the ambient fluid (i.e., mixing) by turbulent action, it 
is termed as turbulent mixing noise. 
 
Shock-Associated Noise 
     Jet noise receives additional component in the form of 
shock-associated noise, when the jet plume contains 
shocks. The noise component with discrete frequencies is 
commonly called the Screech tone, and the other 
component is broadband, usually termed as the 
broadband shock-associated noise.  
 
Screech 
     The jet screech noise is a result of the large-scale 
coherent structures in the jet shear layer interacting with 
the shock cells, generating fluctuating pressures that 
propagate upstream. As they travel upstream, they couple 
with the shear layer causing amplification of the coherent 
structure in the shear layer and resulting in a feed back 
process. When the phase relationship between the 
downstream traveling coherent structures in the shear 
layer and the upstream traveling pressure waves is 
matched, high amplitude tones of discrete frequency are 
generated. These are called screech tones. When a jet 
emits strong screech tones, the jet undergoes strong 
oscillations.  
     Hence, a modified form of notch was thought of, 
which can prove effective while keeping the pressure 
loss at minimum. The notches in the present study were 
made by partial removal of material i.e., in the form of 
grooves as shown in Fig. 1. This may be expected to 
prevent the lateral dissipation of the pressure energy 
through the notches, thereby minimizing the loss of 
pressure. 
     Convergent-divergent nozzles made of brass were 

used for the present study. For Mach 1.8, the nozzle exit 
diameter was 12 mm. The nozzle model primarily 
consisted of a common base nozzle fitted on to a circular 
base plate of aluminum. The divergent portion (with 
grooves) or the end attachment of the base nozzle was 
made as a separate insert, which can be threaded on the 
base nozzle. Two half semi-circular notches were cut at 
the exit of the diverging portion which extended up to 
half the distance along its length. In other words, these 
notches were in the form of grooves cut along the inner 
surface of the end attachment. Similar insert was made 
for square shaped grooves. Due to the presence of 
grooves the exit area of the nozzles increased by 10 %. 
     The flow measurements include pitot pressure survey 
along the (geometric) centerline of the jet for the Mach 
number 1.8, at correct, over and under expanded flow 
conditions.  
     The pitot pressure probe is mounted on a 
three-dimensional traverse, for the pitot pressure surveys 
conducted over the entire flow field. The traverse has a 
spatial resolution of 0.1 mm in all the three dimensions. 
The pitot probe used, had an inner diameter of 0.4 mm 
and outer diameter of 6 mm.  The pressure was measured 
by PSI model 9010. 
 
3. RESULTS AND DISCUSSION 
     The principal parameters governing the flow of a free 
under expanded/over expanded are the following: the 
nozzle pressure ratio (NPR), the jet Mach number, and 
the condition of the nozzle exit. In the present 
investigation, nozzle pressure ratios (NPRs) studied are 4, 
5.75, and 7. For the nozzles studied NPR = 5.75 
corresponds to the correct expansion case, NPR = 4 
corresponds to the over expansion case and NPR = 7 is 
the under expanded case. The nozzle jet Mach number 
studied is 1.8. Experiments were conducted for the 
above-mentioned NPRs using plain nozzle, nozzle with 
semi-circular grooves and nozzle with square grooves. 
     The length of the supersonic core in a high-speed jet is 
a direct measure of the mixing and spreading 
characteristics of the jet. The axial point farthest 
downstream at which there exists a supersonic Mach 
number determines the core length. Hence, centerline 
pitot surveys were conducted, for all the nozzle 
configurations and NPRs, to determine the extent of the 
core of the jets. In the supersonic regions of the flow, the 
measured stagnation pressure corresponds to the 
stagnation pressure behind the standing bow shock in 
front of the Pitot tube. 
      A typical variation of the pitot pressure Pc along the 
centerline of the jet for a pressure ratio of 5.75 is shown 
in Fig. 4.1(a). The absolute values of Pc are divided by 
the settling chamber pressure P0 and plotted against the 
non-dimensional axial distance along the jet axis. These 
results cannot be converted directly into velocity or 
Mach number because of the unknown entropy increase 
that has occurred. In a steady supersonic flow with single 
normal shock wave ahead of the Pitot tube, a large pitot 
pressure corresponds to low Mach number, and vise 
versa. For the case of the plain nozzle, near the nozzle 
exit, a sharp drop in the pitot pressure followed by a rise 
is observed, which signifies the presence of the normal 
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shock wave commonly referred to as the Mach disc. For 
X/D > 13, the total pressure decays monotonically and 
has a variation similar to subsonic jet. 
     The oscillations in the plotted stagnation pressure data, 
Fig. 2(a), plain nozzle, in the upstream regions (X/D ≈ 
12) are due to the stationary shock structure in the jet. It 
is to be noted here that due to probe interference with the 
shock, structure there is some measurement error and the 
amplitudes in the supersonic region should be considered 
only qualitative. Fig. 2 (a) indicates a drastic reduction in 
the length of the jet core under the action of the grooves, 
for correctly expanded case. The variation of the total 
pressure along the centerline of the jet exiting from 
grooved nozzle suggests that the shock cell structure is 
significantly weakened by the presence of the grooves. 
This is mainly seen from the significantly reduced 
amplitudes of the pressure data oscillations in the core 
region. 
     As mentioned in the literature that the correctly 
expanded jets is wave free. This statement is incorrect 
because the jets from the correctly expanded nozzle are 
highly wave prone. The only difference between 
correctly and under expanded jets since the expansion 
fan at the nozzle lip for correct expansion is weaker than 
that for under expansion. This is explicitly evident from 
the first Mach disc strength seen in Figs. 2(a) and (e).  
     For the over expanded condition the centerline decay 
is given in Figs. 2(a) and (d). It is a general feeling 
among researcher working in the area of jet control that 
the passive control will not be effective when there is an 
adverse pressure gradient. In the present investigation, 
Mach 1.8 jet operating at pressure ratio (NPR) of 4 is a jet 
with adverse pressure gradient, but it is seen that the 
passive control in the form of grooves act as effective 
mixing promoters. An important point to be noted here is 
that with the semi-circular grooves, the first two shock 
cells are behaving identically similar to those from plain 
nozzle. The second and third cells become very weak but 
once again, the shocks in the subsequent cells show 
increased strength. In addition, the plain nozzle jets show 
only marginal decay up to fourth cell, even though the 
decay after the fourth cell is rapid. However, when the 
grooves are introduced, the rapid decay in the supersonic 
zone begins from the second cell onwards. This may be 
due to penetration of the vortices introduced by the 
grooves towards the jet centerline. The process of this 
penetration is found to curtail the energy flow into the 
cells as reflected from significantly reduced peaks after 
the shocks. In addition, because of this additional mixing 
activities introduced by the grooves the span of 
expansion fan activity is increased especially for the 
shock cells beyond the second cell, as evident from the 
spread out peaks. 
     The effect of square grooves on the centerline decay is 
shown in Fig. 2 (d). It is interesting to note the difference 
between the influence of semicircular and square grooves 
on jet mixing. Unlike the semicircular groove, the square 
groove influences the mixing right from the first cell. All 
the cells have been weakened in the near field; however, 
the cells beyond the fourth exhibit an increase in strength 
compared to the plain nozzle. A closer look into the 
vortex generation mechanism in these grooves will 

explain the reason behind the above results. For 
semicircular grooves, the vortex generated is free from 
any corner effect and hence does not have any inner 
mixing in it. It comes out of the groove as an axial vortex 
and introduces mixing along the path of its propagation. 
In the process, it promotes mixing of the jet field and 
spends its energy to get dissipated. This activity seems to 
be hectic around the third and fourth cell. Since the field 
is with an adverse pressure gradient the expected long 
life of axial vortex is reduced in overcoming this adverse 
pressure gradient, hence cells beyond the fourth one are 
able to gain energy from the surrounding high-speed 
fluid without being significantly inhibited by the axial 
vortices. 
     For square grooves, the vortices generated by the 
grooves experience an inbuilt mixing mechanism due to 
the sharp corners. Therefore, they may be fragmented 
when they come out of the grooves. This proves to be an 
advantage for mixing enhancement in the near field, 
however, because of the reduced strength compared to 
the vortices from the semicircular grooves, the decay 
achieved is not much in the near field.  Above discussion 
can be quantified from the fact, as seen from Fig.  2(c) 
and (d), the rapid decay begins right from nearly X/D = 
2.5 for semicircular groove case, whereas for the square 
groove rapid decay begins only from X/D = 5. 
It should be realized that whatever be the nature of the 
groove shape, the additional vortices introduced by the 
grooves will provide some shielding to the jet noise 
radiation at least in the plane of the grooves. This can be 
regarded as an advantage. 
     The centerline decay for under expansion condition at 
NPR = 7 is given in Figs. 2(e) and (f). This is the field 
with favorable pressure gradient. Because of this, the 
groove effect is felt up to the end of the core. The 
semicircular groove is effective in promoting the jet 
mixing. The shocks have become weaker compared to 
the plain nozzle case. Especially, after the fourth cell the 
shocks have diffused significantly. However, for the 
square grooves, though the effect of groove is felt in the 
core there is no significant reduction in the shock 
strength. This is because, as discussed above, a part of 
the vortex strength is consumed in overcoming sharp 
corner effects and hence they could influence the jet only 
marginally when favorable pressure gradient is present. 
 
4. CONCLUSIONS 
     The aerodynamic and acoustic characteristics of jets 
from nozzles with internal grooves were investigated. 
The far field noise characteristics of the grooved jets in 
the grooved plane show definite gains in noise reduction. 
However, such reduction, observed in the grooved plane 
is not seen in the plane normal to the grooved plane. Any 
reduction in the mixing noise observed in the far field 
seems to be associated with the orientation of the 
grooved plane with respect to the measurement plane. 
This observation demonstrates the shielding effect 
offered by the stream wise vortices generated by the 
grooves. Also, for the over expanded case of jet flow it 
was seen that the effectiveness of stream wise vortices on 
jet control is strongly influenced by the NPR 
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Fig 1. Model Drawing 
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