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ABSTRACT

Mixing characteristics of jet emerging from a subsonic nozzle exit has been
experimented and the results are compared with uncontrolled jet and controlled
jet configurations. The mixing enhancement was achieved using a passive
method of jet control in which tandem tabs arrangement with rectangular cross
section are fixed at the nozzle exit. Two Tab configurations, the Tandem tab
(TT) and Stepped Tandem Tab (STT) are used to enhance the mixing
characteristics of the jet, the aspect ratio (length /width) of the tabs was 1.67
offering a blockage ratio of 9.55% to the nozzle exit. The blockage ratio of TT
and STT configurations are maintained to be equal so that the mixing
characteristics can be compared. The axial and radial jet spread are compared for
nozzle exit Mach numbers of 0.6, 0.8 and 1.0. The TT controlled jet offered a
potential core reduction of 63%, 78% and 82% for Mach numbers 0.6, 0.8 and
1.0 respectively. The STT controlled jet offered a potential core reduction of
89%, 90% and 85% for Mach numbers 0.6, 0.8 and 1.0 respectively. The radial
spread of uncontrolled jet, controlled jet with TT and STT are plotted at several
X/D locations and found that the controlled jets have more jet spread in both
radial directions. A simulation is conducted for jets with exit Mach number 0.8
and the results are validated with the experimental findings. Based on the
preliminary experimentation and computation, the STT controlled jet achieved
better jet mixing through more potential core reduction and radial spread
characteristics as compared to the TT configuration and base nozzle.
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Bradbury and Khadem (1975) were the first to

The mixing enhancement in jets has various
applications, such as noise reduction in jet exhaust,
material deposition and effective combustion. The vast
area of application provides a platform for the creation of
innovative designs and techniques. The jet mixing
techniques are broadly classified as active and passive
controls. The jet control using the active method involves
the application of external energy for enhancing the jet
mixing. The passive methods rather require only
geometric variations to enhance the jet mixing. The
passive method created better mixing efficiency and can
be employed with ease in any nozzle configuration. The
passive methods also involve the use of a secondary body
that acts as vortex generator. The diametrically opposed
pair of tabs fixed at nozzle exit is a passive method of jet
control. These tabs create pair of counter rotating
vortices which change into streamwise vortices and
travel downstream.

experiment with the effect of tabs in jet development.
The distortion of the jet was created by the tabs fixed at
the exit of the nozzle. The tab facing the flow from the
nozzle exit creates a pressure hill which becomes the
source for the generation of vortices in the jet.

Ahuja and Brown (1989) conducted a wide range of
experimental studies on the enhancement of jet mixing
using tabs at various locations and numbers. They also
concluded that the effect of tabs on decay characteristics
of hot and cold jets was not significantly different.

The tab geometry was varied to achieve
enhancement in jet mixing. Zaman et al. (1992) measured
the thrust loss caused due to the delta tabs placed at the
nozzle exit. The findings also concluded that the thrust
loss is 3 percentage for delta tabs and the tab does not
work in over-expanded conditions. Zaman et al. (1994)
investigated the delta tabs that act as vortex generators
creating pair of counter-rotating streamwise vortices. It
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NOMENCLATURE

TT Tandem Tab

STT Stepped Tandem Tab
nozzle exit diameter
local Mach number
turbulence kinetic energy
turbulent Prandtl number
strain rates scalar

wm Q Xzo

nozzle exit Mach number
measurement along X directions
measurement along Y directions
measurement along Z directions
mean velocity

kinematic eddy viscosity
distance from the closest surface

S CN<KXZ

was found that the delta tabs are better efficient in jet
mixing and also have the benefit of less blockage to the
nozzle exit.

Samimy et al. (1993) measured the noise fields of
axisymmetric jets and found that the four tab
configuration reduced the noise level by 6 dB compared
to free jet. Their experiments also revealed that the jet
centerline velocity decay is a measure of more jet spread.
The schlieren images of the supersonic jet revealed the
jet bifurcation due to tabs.

Zaman (1993) experimented with the effect of delta
tabs on mixing enhancement and found that the local
pressure hill ahead of the tab and the vortex filament
shed from the corners of the tabs are the two sources for
the generation of the streamwise vortices. Gretta and
Smith (1993) illustrated that the low speed fluids are
transported into the high speed fluids using counter
rotating vortices generated in the wake region of a
passive mixing tab.

Bohl and Foss (1996) investigated the effect of
secondary tabs in addition to the primary tabs and found
that the additional tabs increase the rate of mixing and
enhance the benefits of a single tab.

Rathakrishnan (2012) visualized the twin vortex
behind a flat plate and calculated the length of reverse
flow for increasing Reynolds number.

Auteri et al., (2008) investigated the effect of tandem
flat plates placed normal to the flow. The study focused
on identifying the ideal distance between two plates and
its role in the vortex generation. The plates separated by
a distance equal to the chord are efficient for better
vortex creation. Thanigaiarasu et al. (2008) used arc
shaped tabs in facing in and out orientation and found
that the arc tab facing created a maximum of 80%
reduction in the potential core length. Singh and
Rathakrishnan (2002) experimented with the effect of
tabs on the decay characteristics of jets and justified that
the tabs were more effective for under expanded jet than
the correctly expanded jets. Lovaraju et al. (2004)
increased the mixing in supersonic jet with the shifted
cross wire attached to the nozzle. The influence of
shifting the cross wire was found to reduce the potential
core length by 30% at Mach 1.8.

The need for reducing the tab blockage to the nozzle
exit, perforated tabs was found high commendable.
Dharmahinder et al. (2011) investigated the effect of
perforated arc-tabs on jet mixing and found the
perforated arc-tabs are efficient in jet control reducing
the core length by a maximum of 62% for subsonic jets
and 75% for correctly expanded Mach 1 jet with reduced

blockage leading to the minimum thrust loss. Ahmad et
al. (2013) modified the perforation on tabs to be inclined.
The simulation results for slanted perforation of 10° show
better jet mixing. Ahmad et al. (2015) show an
experimental study of the enhancement of jet mixing
with slanted perforated tabs for subsonic and transonic
jets. The 30° inclined perforation was efficient and
achieved 55% reduction in potential core length.

Maruthupandiyan  and  Rathakrishnan  (2016)
extended the work shifted tabs and experimented with the
jet control for supersonic conditions. The shifted tabs
created superior mixing characteristics in comparison to
tabs located at the nozzle exit.

Alam et al. (2016) conducted an extensive study on
the vortex creation from the tandem cylinders by varying
the separation distance and incidence angle. The study
addressed the flow phenomenon of vortex generation and
interactions between the upstream and downstream
objects.

Jabez Richards et al. (2023) used asymmetric tab
configuration to enhance the mixing characteristics of the
jet. The asymmetric jet mixing has the advantage of
enhanced mixing and has applications in jet thrust
vectoring.

Thanigaiarasu et al. (2023) numerically investigated
the vane-shaped vortex generators and the mixing
characteristics for subsonic jets. These vanes are capable
of increasing jet mixing with minimum pressure loss.

The previous studies indicate the wide use of a
single tab with geometric modifications in controlling the
jets. The presence of more number of tabs is found to
increase the jet mixing but it subsequently increases the
nozzle blockage and thrust loss. The wide range of earlier
research emphasizes better mixing enhancement, thus
urging the need for the creation of better tab
configurations. Therefore, the innovation of tab
configurations with better mixing capabilities with
minimum blockage to the nozzle exit is preferable. The
present experimentation of jet control is to investigate the
effect of tandem tabs. The tandem tabs are solid tabs
arranged one behind the other attached to the nozzle exit.
The literature review reveals that limited work on usage
of tandem tab configurations as much of the work was
carried out with single tab configurations. In the present
study, the investigation focuses on the control of jets at
subsonic and sonic correctly expanded conditions. Two
types of tandem tab configurations with the same nozzle
blockage ratio are experimented in this study. In one
configuration, the first and second tab has the
same height and in the second configuration, the stepped
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Fig. 1(a) Schematic diagram of high-speed jet facility

Fig. 1(b) Photographic view of the facility

tandem tabs (STT) of different heights were used. In the
stepped tandem tabs configuration, the height of the
second tab is twice the height of the first tab. In TT
configuration, the first tabs face the flow from the nozzle
exit and the second tab is in the wake region of the first
tab. In STT Configuration, the reduction in height of the
first tab allows the subsequent amount of flow to the
second tab. The formation of a pressure hill in TT is
expected to happen only in the first tab whereas in the
STT, the pressure hill may form on both the first and
second tab as the height of the tabs are different. The
multiple pressure hill formed in STT is expected to create
more vortices in the flow and may increase the mixing of
the jet. The experimental investigation of the mixing
characteristics of the uncontrolled, TT and STT
Controlled jets for the jet Mach numbers of 0.4, 0.6 and
1.0 are presented in the current study.

2. EXPERIMENTAL METHODOLOGY

The jet centerline Mach number decay and the jet
spread in radial directions are the measures used to
understand the enhancement of jet mixing. The
experimentation involves the use of a free jet facility, a
suitable nozzle model, pitot tubes and data acquisition
systems.
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2.1 Free Jet Facility

The experiments were conducted at high-speed Jet
facility Laboratory, MIT Campus, Anna University to
generate a jet flow of desired Mach numbers 0.6, 0.8 and
1.0. The outdoor unit of the facility consists of two air
compressors used to compress the atmospheric air and
the moisture is removed using an air dryer. The dry
pressurized air is stored in two storage tanks with a
capacity of 4000 liters and capable of withstanding 20
Bar pressure. The high-pressure air entering the free jet
facility is controlled using a gate valve and a pressure
regulating valve. The desired settling chamber pressure is
achieved by expanding the air in a wide-angle diffuser
section. The nozzle exit is open to the stagnant air at the
laboratory and the total pressure required at the settling
chamber is maintained for the required Mach number at
the nozzle exit.

The subsonic nozzle made of brass is attached to the
settling chamber using a threaded coupling unit. A
convergent nozzle with a circular cross-section having
40mm inlet diameter and 20mm exit diameter with a
convergent angle of 11.3 degrees was used to accelerate
the flow. The schematic view and a photograph of the jet
facility are shown in Fig. 1 (a) and Fig. 1 (b).
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Uncontrolled jet

TT controlled jet

STT controlled jet

Fig. 2(a) Photographic view of Uncontrolled, TT Controlled and STT controlled Nozzle configurations

2,

All dimensions are in mm

Fig. 2 Schematich Schetch of (b) TT configuration, (¢c) STT configuration, (d) Pressure hill formation in TT
configuration and (e) Pressure hill formation in STT configuration

The pitot pressure is measured at various
downstream locations of the jet using a pitot probe. The
pitot probe is mounted to the 3-dimensional traverse
mechanism capable of moving 30 times the nozzle exit
diameter in all three directions. The traverse mechanism
ensures accurate location with a minimum transition of
0.1mm. The pitot probe is placed normal to the flow with
the measuring port facing the flow and the pitot pressure
measured is converted to equivalent flow Mach number
considering the isentropic flow conditions. The pitot
probe has a 0.4 mm internal diameter and 0.6 mm of
outer diameter. The ratio of the probe area to the nozzle
exit area is 0.9*10° which is below the ideal value of
15*10°3,

2.2 Concept of TT and STT Jet Control

Two pair of tabs are fixed diametrically opposite at
the nozzle exit. Each tab in the pair creates a pair of
counter-rotating vortices which increases the mass
entrainment from the atmosphere into the core jet, thus
promoting the jet mixing. Figure 2(a) shows the three
nozzle configurations used for the experimentation of jet
mixing. The present study limits the study of the effect of
TT and STT on jet mixing shown in Fig. 2 (b) — (c). The
TT is two identical rectangular tabs arranged one behind
the other separated by a distance of 3 mm from the first
tab which is fixed at the nozzle exit, the tab facing the
flow has 5 mm height, 3 mm width and 2 mm thickness.
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The stepped tandem tab has a reduced height of 2.5 mm
for the first tab facing the flow and all other dimensions
remain the same as that of the tandem tab. Figure 2(d)
shows the predicted single pressure hill formation in TT
and in Fig. 2(e) the STT configuration results in the
creation of two separate pressure hills in each tab. The
pressure hill created in each tab surface becomes the
source of the vortex generation downstream.

2.3 Instrumentation

The total pressure at the settling chamber and the
pitot pressure are measured using a 16-channel pressure
transducer. The pressure scanner is a differential type
with a measuring range of 0-20 bar (0-300psi) and an
accuracy of 0.7*10° bar (0.01 psi). The sampling rate of
the scanner is 300 samples per second, therefore the
pressure measured is a mean pitot pressure. The pressure
measured at all locations is found to be repeatable within
+3%.

3. RESULT AND DISCUSSION

The nozzle exit diameter is wused to
nondimensionalize all locations in three axes. The jet
axis is the line originating from the center of the nozzle
exit and extends downstream. The coordinate system
used for the measurement is shown in the Fig.3. The
axial locations along the jet axis are represented as X/D a
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Fig. 3 Nozzle fitted with the STT and the coordinate
system

ratio of the axial distance from the nozzle exit to the
nozzle exit diameter. The radial locations along the tab
direction are represented as Y/D, a ratio of radial distance
from the jet axis to the nozzle exit diameter. Similarly,
the radial locations normal to the tab are defined as Z/D
measured from the jet axis.

The measured Mach number (M) at any location is
nondimensionalized using the nozzle exit Mach number
(Mj). The Mach number at any location is represented as
M/M,;.

3.1 Centerline Mach Decay

The jet decay along the centerline or the jet axis is a
measure to determine the mixing effectiveness of the jet.
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The centerline Mach decay plotted along X/D states the
extent of potential core length and the jet decay
characteristics of the jet. The centerline Mach decay of
TT and STT controlled jets are compared with the
uncontrolled jet. The centerline Mach decay comparison
of TT and STT controlled jets with the uncontrolled jet
for Mj=0.6 is shown in the Fig.4 (a).

The potential core length of the jet controlled with
TT and STT were 1.75D and 0.5D respectively. From
Fig.4 (a) it is also noted that the decay characteristics of
TT and STT controlled jet reach the fully developed zone
at X/D=9.0 and X/D=13.0 respectively. In comparison
with the jet spread of uncontrolled jet and TT controlled
jet, it is found that the STT controlled jet has the better
potential core reduction of 89%. For Mach=0.8 in Fig.4
(b) the centerline Mach decay comparison reveals the
potential core length reduction of TT and STT controlled
jets are 78% and 90% respectively. The Fig.4 (c)
comparison of Mach=1.0 shows the potential core
reduction for TT and STT controlled jets are 82% and
85% respectively.

The centerline Mach decay plots Figs. 4 (a) — 4 (c)
indicate that for all tested Mach number the decay
characteristics of the controlled jet is significantly high.

—&— Uncontrolled Jet
—o— TT Controlled Jet

—=4— STT Controlled Jet

0.0 1 1 1 1 1 1 1 1 1

20

0.0 1 1 1

—&— Uncontrolled Jet
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(©)

20
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Fig. 4 (a) — (c) Centerline Mach decay comparison of Uncontrolled, TT controlled and STT controlled jet for
various Mach Numbers
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This is caused due to the creation of pair of
streamwise vortices from the tab placed at the nozzle exit
(Zaman, 1993). Though TT configuration also has two
tabs of equal heights and is arranged in a tandem manner,
the pressure uphill is created only in the first tab and the
second tab is in the wake region of the first tab. The
single pressure uphill created in the TT creates only one
pair of vortices. The STT configuration has two tabs of
unequal heights arranged in a tandem manner, flow from
the nozzle exit hits the surface of both tabs and becomes
stagnant at the surface of the tabs. The flow turns around
the tab as there exists a low pressure or wake region
behind the tab. The high pressure region formed due to
the flow deceleration by the first tab is termed as pressure
hill and the pressure uphill formed is proportional to the
height of the tab. Since the second tab is attached to the
first tab through a horizontal stem that runs to a distance
equal to the width of the tab which is 3mm and the tab is
arranged such that, the length of the second tab is twice
the length of the first tab, similar pressure uphill is
formed at the second tab at a distance of 5mm from the
first tab. It is well established that the presence of
pressure uphill on one side of the tab and the presence of
wake region on the other side of the tab are the causes of
the formation of streamwise vortices. Therefore, STT
creates the formation of two uphill and two wake regions
which in turn creates two sets of vortices in downstream.
Hence, two sets of counter rotating streamwise vortices
are created from the first tab and the second tab at two
different locations and also at two different heights in the
core region. These two sets of counter rotating vortices
are now prevalent inside the jet stream travels further
increasing the mass entrainment into the jet. Therefore, in
STT the vortex is created at different tab heights and
locations are responsible for the increased rate of
entrainment as observed in the Fig. 4 (a)-(c). This is in
accordance with the phenomenon of vortex generation
from a single tab due to the formation of pressure uphill
(Thanigaiarasu et al. 2020).

3.2 Radial Jet Spread Along the Tab Direction (Y/D)

The radial jet spread is plotted along the Y/D radial
direction and M/M;. The uncontrolled jet has the same
radial spread along Y/D and Z/D directions since the
mass entrainment is almost uniform, along the radial
directions. Figure 5 (a) — (c) shows the radial jet spread
characteristics of uncontrolled jets for Mach 0.6, 0.8 and
1.0. The Y/D plot for various X/D=0.25, 0.5, 1.0, 2.5,
5.0 and 10.0 locations measured from the nozzle exit
shows the extent of jet spread. For each X/D, the peak
velocity is located at the center of the free jet. For Mach
0.6, the Y/D radial plot for free jet in Fig. 5(a) shows the
X/D=0.25 — 2.5 has peak velocity M/M;=1.0 indicating
the jet potential core is extending till X/D=2.5. Fig. 5(b)
shows the radial spread of the free jet for Mach 0.8, the
peak velocity M/M; =1.0 extends till X/D=5.0.

Figure 5(c) also shows the potential core is
extending till X/D=5.0. The peak velocity at X/D=10 in
Fig 5 (a) — (c) shows the M/M; value is 0.62, 0.70 and
0.71 for Mach 0.6, 0.8 and 1.0 respectively.

The Y/D radial spread for TT controlled jet Fig. 6 (a)
— (c) shows the reduction of peak velocity reduction at
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Fig. 5 (a) — (c) Y/D radial spread of Uncontrolled jet

various X/D locations. The Fig. 6(a) for Mach 0.6 shows
the potential core is extending till X/D=1.0 with

for various Mach Numbers

maximum spread occurring at X/D=10 with lowest peak
velocity of M/M; = 0.4. For Mach 0.8 the Y/D radial plot
in the Fig. 6(b) shows that the X/D=0.25 — 1.0 has peak
velocity M/Mj=1.0 indicating the jet potential core is
extending till X/D=1.0. Figure 6(c) shows the radial
spread of the TT controlled jet for Mach=1.0, the peak
velocity M/Mj =1.0 extends till X/D=1.0.
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Fig. 6 (a) — (c) Y/D radial spread of TT controlled jet
for various Mach Numbers

Figure 6(a) — (c) also shows the spread in the Y/D
directions through the width of the plot at each X/D. For
X/D=10 the width of the jet spread for Mach=0.6 is
0.75D on both sides of the jet centreline, whereas the
spread is more than 2D for Mach=0.8 and 1.0.

Figure 7 (a) — (c) shows the Y/D radial spread for
STT controlled jet at various X/D locations. Fig. 7(a)
shows the radial spread of the STT controlled jet for
Mach 0.6, the peak velocity M/Mj =1.0 extends till
X/D=0.5. Fig. 7(b) for Mach=0.8 shows the extension
potential core
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Fig. 7 (a) — (c) Y/D radial spread of STT controlled
jet for various Mach Numbers

X/D=1.0 with maximum spread occurring at X/D=10
with the lowest peak velocity of M/M; = 0.25.

For Mach 1.0 the Y/D radial plot in Fig. 7(c) shows
that the X/D=0.25 — 1.0 has peak velocity M/Mj=1.0
indicating the jet potential core is extending till X/D 1.0.
Fig 7(a) — (c) also shows at the X/D=10 the width of the
jet spread for Mach=0.6 is 1.0 D on both sides of the jet
centreline, whereas the spread is more than 1.5 D for
Mach=0.8 and 1.0. Figures 5-7 reveals that the exhaust
jet Mach number influences the jet evolution processes.
Though the characteristics of the jet for the controlled
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and uncontrolled jets are similar but they are different in
magnitude which is an indication of entrainment
characteristics. Jet with tandem tab almost acts like a
single tab configuration but the stem joining the two tabs
runs along the longitudinal direction also makes
contributes to the entrainment whereas, in the case of
stepped tandem tabs, the presence of pressure uphill at
two different locations and the presence of stem joining
the two tab are responsible for effective mixing
enhancement.

3.3 Radial Jet Spread Normal to the Tab Direction
(Z/D)

The jet spread in radial Z-direction is plotted for TT
and STT controlled jets. The creation of vortices due to
the tabs is more influential Z-direction increasing the
radial jet spread (Zaman 1993). The radial jet spread in Z
direction shows increased width of the jet spread in both
TT and STT Controlled jets. One other important factor
promoting the jet spread is the jet bifurcation caused due
to the tabs (Dharmahinder et al. 2011). The Z-direction
radial plot of the controlled jet shows twin peak
velocities indicating the bifurcation of the jet core.

Figure 8 (a) — (c) shows the radial spread along the
Z-direction for TT controlled jet. Fig 8 (a) shows that the
TT controlled jet for Mach=0.6 has the formation of two
peaks from X/D=2.5 onwards. Though the jet has twin
peaks, the peak velocity is lesser in comparison with the
uncontrolled jet. For X/D=5 the peak velocity of the
uncontrolled jet is M/M;=1.0, whereas for the TT
controlled jet it is M/M;=0.78. Therefore, the reduction in
peak velocities for Mach=0.6 at X/D=5 is 22%,
indicating better jet decay along the Z-direction.

For Mach 0.8 the Z/D radial plot in Fig 8 (b) also
exhibits the formation of two peaks due to the bifurcated
jet. In comparison with the uncontrolled jet, the TT
Controlled jet shows 24% reduction in the peak velocity
at X/D=10. Figure 8(c) plotted for exit Mach 1.0 shows
the TT controlled jet has 33% reduction in the peak
velocity at X/D=10.

The Z/D radial plot for STT Controlled jet is shown
in Fig 9 (a) - (c). The STT controlled jet for exit Mach=
0.6, 0.8 and 1.0 shows the presence of jet bifurcation
resulting in twin peaks. Fig 9 (a) for exit Mach 0.6 shows
the formation of twin peaks happens at X/D=1.0
indicating the jet bifurcation starts earlier in comparison
with the TT controlled jet. Also, at X/D=5 the reduction
in peak is 15% in comparison with the TT controlled jets.

For exit Mach=0.8 the Z/D radial spread in Fig 9 (b)
shows 20% reduction in peak velocity in comparison
with the TT Controlled jet. The STT controlled jet in Fig
9(c) shows 23% reduction in peak velocity in comparison
with the TT Controlled jet. The STT controlled jet in
comparison with the uncontrolled jet shows peak velocity
reduction of 60%, 44% and 56% for Mach=0.6, 0.8 and
1.0 respectively. The Z/D radial plot for STT controlled
jet shows dominant spread characteristics occurring due
to the reduced peak velocity at all X/D locations.

The Y/D and Z/D radial plots indicate that the mixing
characteristics of STT controlled jets are superior to
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Fig. 8 (a) — (c) Z/D radial spread of TT controlled
jet for various Mach Numbers

uncontrolled and TT Controlled jet. Aligned with the
understanding of Dharmahinder et al. (2011) that the
generation of multiple vortices of varying size promotes
more mixing in the jet.

The Y/D and Z/D radial plots reassure that the STT
controlled jet possesses higher jet mixing characteristics;
this might be due to its capability of creating two
pressure up-hills ahead of each tab. The vortices sourced
from these pressure hills will travel downstream and
increases the mass entrainment into the jet stream. From
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Fig. 9 (a) — (c) Z/D radial spread of STT
controlled jet for various Mach Numbers

the radial jet spread plots, it is evident that the STT
configuration creates more vortices and results in better
mixing characteristics.

The Single tab and Tandem tab are found to have
different wake behaviors. In the Tandem Tab, the
distance between the two tabs is designed to be equal to
the width of the tab which is close to the agreement of
Auteri et al. (2008) for better vortex generation.

In the TT configuration, the shear layer originating
from the first tab bypasses the second tab and rolls after
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Fig. 10 Streamwise vortices generation (a) TT
Controlled Jet, (b) STT Controlled Jet

the second tab as shown in Fig. 10(a). Hence the
performance of the single tandem and tandem tab with
the same height is predicted to be equal.

But in the STT the reduced height of the first tab will
ensure the formation of flow stagnation on both first and
second tab surfaces. This will create one shear layer
originating from the first tab and another shear layer
originating from the second tab with delayed time
intervals. The two shear layers from the STT
configuration will create two transverse vortices which
will transform into streamwise vortices while traveling
downstream as shown in Fig. 10(b). The two vortex
systems may also interact with each other thus creating
more unsteadiness and better mixing characteristics in
the jet stream. The formation of vortices of varying sizes
from the STT configuration will increase the mass
entrainment  thus  promoting the jet mixing
(Rathakrishnan, 2019). The time delay in the formation
of vortices could also be the reason for the STT
configuration to have enhanced jet mixing
characteristics.

4. SIMULATION AND VALIDATION

The preliminary computational analysis of the flow
field for exit Mach number M;=0.8 is carried out for
Uncontrolled, TT controlled and STT controlled jet using
Ansys Fluent 16. The Ansys Fluent is chosen for its wide
range of applications and versatility to post-process the
solutions. The three-dimensional computational domain
shown in Fig. 11 with size 30 D in radial direction and 60
D in length is chosen to capture the entire jet spread. The
inlet boundary condition is defined as the pressure inlet
in accordance with the experimentation. The settling
chamber pressure in the experiment is set as the inlet
pressure for the nozzle intake. The exit conditions and
wall are defined as pressure outlet and non-slip
conditions respectively. The turbulence model is chosen
to be Spalart-Allmaras which is used widely for the jet
study (Reddy & Zaman, 2006; Thanigaiarasu et al.,
2023). The SIMPLE algorithm is used for coupling the
pressure and velocity terms. The second-order upwind
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Fig. 12(a) Structured mesh for Uncontrolled jet
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Fig. 12(b) Grid independence for varying mesh size

differencing scheme is used for the turbulence quantities
to enhance the accuracy of the computational results. A
multi-block structured mesh shown in Fig. 12(a) is used
for discretizing the domain.

The turbulence equations of the Spalart-Allmaras
model written in terms of eddy viscosity Eq. (1) — (8) are
as follows (Wilcox, 1993).

Kinematic Eddy Viscosity
1)

Vr = U fiy
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The Rotation Tensor
— 1 (aui_ 9y,
Qij T2 <0Xj Bxi) (8)

Where d is the distance from the closest surface.

The structured mesh provides a faster rate of
convergence resulting in lower computational time. The
grid independence is ensured using a centerline Mach
decay plot for three distinct mesh sizes shown in Fig.
12(b). The mesh with 11.1 lakh nodes is chosen which is
adequate to capture the potential core and the
downstream jet spread.

The validation of the computational results for Mj =
0.8 uncontrolled jet is shown in Fig. 13. The
experimentation of the uncontrolled jet earlier revealed
that the potential core length is X/D 5.0. In
comparison, the computation shows that the potential
core length of exit Mach number M;= 0.8 is X/D = 5.45.

—-— Computation
® Experiment

1.0

0.8

0.6

M/M

0.4

0.2

0.0

8 10

X/D

12 14 16 18 20

Fig. 13 Validation of Centerline Mach decay for M =
0.8
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Fig. 14 Y/D radial Velocity contour (a)
Uncontrolled jet, (b) TT controlled jet and (¢c) STT
controlled jet

The computation therefore predicts the potential core
length with an accuracy of 90%. However, the
downstream flow field shows that the characteristic
decay is much faster in computational results. This
variation could be due to the influence of the Spalart
Allmaras turbulence model predicting consistently higher
jet spread rates (Wilcox, 1993). The computation for TT
and STT controlled jets are conducted using similar mesh
generation and boundary conditions.

The computational results of the flow field TT and
STT controlled jets are compared with the M; = 0.8
uncontrolled jet. The Y/D radial velocity contours are
presented in Fig. 14 (a) — (c). The flow field portrays the
effect of TT and STT controlled jet on potential core
reduction. It is noted that the influence of the tabs has
effect on the jet spread in the Y/D radial direction.
However, the STT controlled jet is found to have the
least core length in comparison with the uncontrolled jet
and TT controlled jet.

The Fig. 15 (a) — (c) shows the Z/D radial velocity
contours and the effect of controlled jets. The TT and

191,100
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- 109.200
- 81.900

54.600
l 27.300
0.000

[ms*1]

Fig. 15 Z/D radial Velocity contour (a)
Uncontrolled jet, (b) TT controlled jet and (c) STT
controlled jet
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Fig. 16 Centerline Mach decay comparison through
Computation, M =0.8

STT controlled jets show higher jet spread in the Z/D
direction. The TT and STT controlled jet depict the
bifurcation of the jet. A similar behavior of jet split was
noted in experimental results shown in Fig. 8(b) and Fig.
9(b).

The comparison of centerline Mach decay for exit
Mach 0.8 compared for three configurations is shown in
Fig. 16. The TT controlled jet shows the potential core
length extending up to X/D=2.2 providing a 61%
reduction. Whereas the STT controlled jet with core
length X/D=0.81 shows an 85% reduction in the potential
core. The computational result shown in Fig. 16 reassures
the experimental results in Fig. 4(b) on the potential core
reduction using TT and STT configurations.

The computational analysis conducted for exit Mach
number 0.8 reveals a strong correlation with the potential
core length and radial spread of experimental results. The
TT and STT controlled jets have shown higher mixing
rates with a reduction in the potential core length. The
STT configuration shows higher potential core reduction
of 90% and 85% in studies conducted through
experiments and simulation respectively. It is apparent
that the STT controlled jet shows dominant spread
characteristics through a stronger and preponed jet split
seen in both experiment Figure 9(b) and computation
Fig. 15 (c). Thus, reassuring that the STT configuration is
the better mixing promoter in the aspect of both potential
core reduction and radial spread.

5. APPLICATION AND LIMITATIONS

The advantages of STT jet control such as higher
potential core reduction and more jet spread will provide
solutions for a wide area of applications. The control
methods could potentially be used to reduce the heat
signatures of the nozzle exhaust. The better jet spread
characteristics are applicable for areas such as
augmenting combustion efficiency and reduction in jet
noise. The effective mixing achieved through STT
controlled jets is limited to the structural viability of the
tabs. Since the tabs are introduced into the high speed
and high temperature flows, the design aspects of
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stiffness and vibrational characteristics are vital for their
real-time applicability.

6. CONCLUSION

The experimental investigation conducted for
subsonic and sonic jets reveals that the STT
configuration promotes better jet mixing. The results of
STT controlled jets are compared with the uncontrolled
and TT controlled jets. The comparison of centerline
Mach decay shows the STT controlled jets have reduced
potential core of 89%, 90% and 85% for exit Mach=0.6,
0.8 and 1.0 respectively. The vortices created by the STT
configuration exhibit better mass entrainment from the
atmosphere to the jet core. The radial spread shows the
jet bifurcation is preponed in STT controlled jets
resulting in faster decay and spread of the jet. The radial
spread in Y and Z directions also shows that the STT
configuration produces more jet spread along with
reduced peak velocity at all X/D locations. The
computational analysis carried out for Mach=0.8
reassures that SST controlled jet has better mixing
characteristics. The effect of the TT and STT jet controls
for supersonic and under-expanded jets will be
experimented in a separate study.
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