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Changes to the vortical and turbulent structure of jet
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Abstract: The effect of mechanical tabs on the vortical and turbulent structures in the near fields
of jet mixing flows is investigated in the present paper. In order to compare the changes of the vortical
and turbulent structures of jet flows with and without mechanical tabs, flow visualization and instan-
taneous quantitative concentration field measurements were conducted in a water channel by using
a laser induced fluorescence (LIF ) technique. The flow visualization confirmed the existence of a pair
of counter-rotating streamwise vortices produced by each mechanical tab in a jet flow. The generated
streamwise vortices can cause an inward indentation of ambient flow into the core jet flow and an
outward ejection of core jet flow into the ambient flow. It also showed that the process of Kelvin—
Helmholtz vortex pairing was accelerated, the small-scale vortical structure appeared earlier and a
large-scale helical coherent structure was found in the near fields of tabbed jet flows. Based on the
flow visualization and instantancous quantitative concentration field measurements, two aspects of
the effect of the streamwise vortical pairs induced by mechanical tabs on the jet mixing flows were

suggested.
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NOTATION

C concentration of disodium fluorescein in
the jet mixing flow

Co concentration of disodium fluorescein in
the jet supply tank

D diameter of the tested nozzle

f aperture of the CCD camera

H(c) pixel grey value of the image detected by
the CCD camera

Re Reynolds number, which is 1800 and 3000
in the present research = pUD/u

U mean velocity of the jet flow at the exit of

the tested nozzle

X, Y, Z streamwise, horizontal and vertical
direction

XY plane horizontal plane, which is called the top
view in the present paper

XZ plane vertical plane, which is called the side view

in the present paper
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YZ plane plane normal to the flow direction, which
is called the cross plane

U viscosity of the water flow

0 density of the water

1 INTRODUCTION

In an effort to increase mixing in free jet flows, a passive
control method using vortex generators in the form of
‘mechanical tabs’ has been under investigation for the
past several years. Bradbury and Khadem [1] were the
first to study the effect of mechanical tabs on jet flows
in detail. They reported that, at low jet speeds, mechan-
ical tabs or small protrusions into jet flows at the exit
of nozzles can increase the jet spread rate significantly,
reduce the potential core length (from 6D for the conven-
tional jet to 3D) and even bifurcate the jet flows. Ahuja
et al. [2,3] and Zaman et al. [4-6] began to investigate
the mixing enhancement performance of mechanical tabs
systematically. They found that mechanical tabs can not
only increase the jet mixing at low speeds but also have
the better mixing enhancement performance at high
speeds and high temperatures. Ahuja [3] reported that,
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for a round jet flow of Mach number 1.12 and total
temperature 664 K, the potential core length of the jet
flow could be reduced from six diameters to under two
diameters by using two diametrically opposed mechan-
ical tabs. He also found that the mixing enhancement
produced by the two mechanical tabs can reduce the
temperature along the jet centre-line from 655 to about
472 K at a distance of five jet diameters downstream,
and the mechanical tabs can reduce low-frequency noise
by up to 5 or 6 dB. However, most of these investigations
were focused on the overall mixing enhancement per-
formance of mechanical tabs and the application of
mechanical tabs to jet noise reduction. Not until 1993,
based on the flow visualization of laser sheet and cigar
smoke illumination and pressure measurement of a jet
flow, did Zaman et al. [7, 8] propose that the distortion
introduced by a mechanical tab is due to a pair of
streamwise vortices and postulate two sources of the
streamwise vortices.

In an investigation on the effect of a mechanical tab
on the turbulent boundary layer, Gretta et al. [9] found
that a mechanical tab can generate counter-rotating
streamwise vortices that can stimulate a strong ejection
of boundary layer flow into high-speed flow. It resulted
in a very rapid cross-stream mixing and a significantly
thickened turbulent boundary layer.

In research on molecular mixing in jet mixing flow
with mechanical tabs, Zhang et al [10] reported that
mechanical tabs can reduce the jet transitional Reynolds
number. They also found that two diametrically opposed
mechanical tabs can increase the molecular mixing by
about 35 per cent at a streamwise distance of six diam-
eters (X/D =6).

However, the flow mechanism relating to the effect of
mechanical tabs on the jet flow has not been fully
explored and much work still needs to be done, especially
in relation to research on the vortical and turbulent
structure changes in the jet flow caused by mechanical
tabs and the mechanism of how the streamwise vortices
caused by mechanical tabs enhance the mixing process
of a jet flow.

The object of this paper is to investigate the effect of
mechanical tabs on the vortical and turbulent structures
in the near field (X/D < 8) of jet mixing flows. A laser
induced fluorescence (LIF) technique was used to
accomplish the flow visualization and instantaneous
quantitative concentration field measurements in a water
channel in order to compare the changes in the vortical
and turbulent structures of the jet flows with and without
mechanical tabs.

2 EXPERIMENTAL SET-UP

2.1 Laser induced fluorescence (LIF) technique

Laser induced fluorescence is a non-intrusive experimen-
tal technique that has been used to investigate mixing
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flows in recent years by many researchers, such as Sheng
and Jin [11], Liepmann and Gharib [12], Yoda et al
[13], Southerland and Dahm [14], Coppeta and Rogers
[15] and Hui et al [16]. It can be used not only to
visualize the mixing flow qualitatively but also as a quan-
titative flow experimental technique to measure the con-
centration, temperature, pressure and velocity fields of
the mixing flow.

In this study, disodium fluorescein was used as a
fluorescent dye. Figure 1 shows the calibration profiles
of the disodium fluorescein solution. From the figure it
can be seen that only a low concentration of disodium
fluorescein can ensure that the normalized strength of
the fluorescent rays is linear with the normalized con-
centration of disodium fluorescein and the effect of laser
light attenuation being negligible as the laser light sheet
propagates through the flow. In the present study, the
concentration of the solution was 1 g of disodium fluor-
escein to 1250 L of water. The argon ion laser beam was
supplied by a continuous laser (COHERENT INNOVA
70) with a power of 2.5 W.

2.2 Test model

Figure 2 shows the tested circular nozzle and mechanical
tabs used in the present study. The diameter of the nozzle
exit was 30 mm and the tested mechanical tab was a
triangular-shaped tab with a 90° apex angle and a 135°
orientation angle, just like the ‘delta tab’ studied by
Zaman et al. [7]. Each mechanical tab had a 1.5 per cent
blockage area of the nozzle exit area. During the experi-
ment, two mechanical tabs were placed diametrically
opposed at the exit of the nozzle.

2.3 Test facility

Figure 3 shows the schematic of the facility used for the
present study. The water in the water channel was still
and the studied nozzle was installed in the middle of the
water channel. The jet flow of the nozzle was supplied
by a pressurized cylindrical reservoir tank. The velocity
of the jet flow can be adjusted. Fluorescent dye (disod-
ium fluorescein, Schmidt number Sc=2075) was pre-
mixed with the water in the reservoir tank. A cover plate
was placed at the top of the water channel to ensure the
jet flow had a symmetrical boundary condition. The
beam of the argon ion laser passed through an optical
system to form a plane sheet. The sheet can be stream-
wise or normal across the central line of the jet flow.
The investigated area was focused on a CCD camera
and then digitized by an eight-bit grey-scale image
processing board (DT2861/DT2851) with a 16-image
memory at a spatial resolution of 512 x 512 pixels, which
also can be stored by an IBM/PC (personal computer)
and displayed on a PC monitor.
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2.4 Experimental procedure

During the experiment, the flow visualization and instan-
taneous quantitative concentration field measurements
of the flow structure in the axial slices (XY and XZ
planes, Fig.2) were conducted firstly to study the
changes in the spanwise vortices and coherent structure
of the jet flow caused by the mechanical tabs. Then the
streamwise vortices and the mixing flow structures in
the cross planes (YZ plane, Fig.2) at several different
streamwise locations were studied. The Reynolds num-
bers of the jet flows, based on the nozzle exit diameter
and average velocity of the jet flow at the nozzle exit,
were 1800 and 3000.

3 TEST RESULTS AND DISCUSSION

3.1 LIF visualization

The visualization of the flow structure of a natural jet
flow is shown in Fig. 4a. As shown in this figure, three
different regions, the laminar region, the transition
region and the turbulent region, can be identified clearly
for the natural jet flow, which is similar to the results
reported by Liepmann ez al [12]. At the end of the
laminar region (X/D = 1.5), spanwise Kelvin—Helmholtz
vortices were found to roll up. The pairing and combin-
ing of these spanwise vortices was conducted in the tran-
sition region. In the turbulent region, much small-scale
turbulence and vortical structures began to appear, and
the jet flow was transitional to turbulence.

Figure 4b shows the visualization of the flow struc-
tures in the axial slice (XZ plane, side view) for the jet
flow with mechanical tabs. Compared with the natural
jet flow, the laminar region of the tabbed jet flow was
no longer ‘clean’ and straight. It became a convergent
region instead, and the length of this region (X/D =0.5)
was much smaller than that of the natural jet flow
(X/D =1.5). This can be explained by the presence of a
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local contraction at the exit of the nozzle owing to the
existence of the mechanical tabs. In the transition region
it was also found that the scale of the first spanwise
vortex rolled up by the Kelvin—-Helmholtz instability was
smaller than that of the natural jet flow and the process
of the spanwise vortices pairing and combining was
accomplished in a shorter streamwise distance. Unlike
in the natural jet flow, the small-scale vortices appeared
earlier in the tabbed jet flow, and the large-scale coherent
structure in the tabbed jet flow was the zigzag (helical )
model instead of the axisymmetrical model in the natural
jet flow.

The visualization of the flow structure in another axial
slice (XY plane, top view) for the jet flow with mechanical
tabs is given in Fig. 4c. From the figure it can be seen
that, similarly to the case in the natural jet flow, there
was also a ‘clean’ straight laminar region in the tabbed
jet flow at this axial slice. However, its length was
shorter, about a diameter of the nozzle. At a streamwise
distance of about X/D =1.0 the first spanwise vortex
rolled up and then the spanwise vortices paired in the
transition region. The pairing process of the spanwise
vortices was accelerated in comparison with the case of
the natural jet flow. When the small-scale vortices
appeared in the tabbed jet flow, the jet flow spread angle
[17] increased rapidly up to 45°, while the angle of the
natural jet flow was about 30°.

Figure 5 shows the flow visualization of the jet flow,
with and without mechanical tabs, in the cross planes
(ZY plane) at different streamwise locations. A pair of
streamwise vortices can be clearly seen in the jet flow
owing to the existence of the mechanical tab. An inward
indentation of ambient flow into the core jet flow and
the outward ejection of core jet flow into the ambient
flow can be observed owing to the ‘engulf effect’ of the
streamwise vortices (see Fig. 6). This resulted in the jet
spread rate in the XY plane (top view) being faster than
that in the XZ plane (side view). This may be the reason
why the jet spread angle of the tabbed jet flow in the
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Fig. 4 Typical flow visualization of natural jet flow and tabbed jet flow in axial slices
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X/D=0.5 XD=1.0

XD=2 XD=40
a. inthe tabbed jet flow

XD=20 XiD=40
b. In the natural jet flow

Fig. 5 Typical flow visualization of natural jet flow and tabbed jet flows in several cross planes (Re = 1800)

Streamwise vortices

Fig. 6 Engulf effect of the streamwise vortices caused by mechanical tabs on the jet flow profile
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top view slice (XY plane) was bigger than that in the side
view slice (XZ plane) of the tabbed jet flow and natural
jet flow visualized in Fig. 4. The flow structures in the
cross planes evolved gradually from a circle to an ‘egg
form’. From Fig. 5 it can also be seen that many small-
scale vortex structures were observed in the cross plane
of the tabbed jet flow downstream of X/D=2.0.
However, these cannot be observed in the natural jet
flow even in the cross plane of X/D =4.0.

3.2 Instantaneous quantitative concentration field
measurements

Figure 7 shows the measured instantaneous concen-
tration field distributions of the natural jet flow and the
tabbed jet flow. In this figure the concentration value,
C(x), of the disodium fluorescein solution (core jet flow)
in the flow field was normalized by the concentration of
the disodium fluorescein solution in the jet supply tank,
C,. From this figure it can be seen that the concentration
decay rate of the tabbed jet flow was faster and the region
of high concentration was smaller than those in the natu-
ral jet flow. For example, the constant concentration line

of C/C,=0.7 disappeared downstream of X/D =4.0 in
the tabbed jet flow, while in the natural jet flow it
extended to downstream of X/D = 6.0.

It can also be found that the spread angle of the con-
stant concentration line in the axial slice of the XY plane
(top view) of the tabbed jet flow was much larger than
that in the axial slice of the XZ plane (side view) of the
tabbed jet flow and natural jet flow, which is consistent
with the results of the above visualization analysis.

3.3 Mechanism of jet mixing enhancement by the
mechanical tab

From the above analysis it can be seen that, as proposed
by Zaman et al. [7, 8], each mechanical tab was found
to produce a pair of counter-rotating streamwise vortices
that can change the vortex and turbulent structures of
the jet flow and enhance the jet mixing.

Based on the analysis of the flow instability it can be
seen that the circular jet flow had an additional dimen-
sional restriction (i.e. the diameter of the jet nozzle) com-
pared with the two-dimensional plane shear mixing flow.
Thus, an additional instability model-—the azimuthal

b. Tabbed jet flow, Re=3000 (X-Z plane, side view )
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c. Tabbed jet flow, Re=3000 (X-Y plane, top view )

Fig. 7 Instantaneous concentration (C/C,) distribution contours of natural jet flow and tabbed jet flow
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helical instability model—existed in addition to the axi-
symmetrical instability model which was similar to the
instability model of the plane shear mixing flow. Cohen
and Wygnanski [18] reported that the helical instability
model of a circular jet flow was predominant at any
frequency when the streamwise distance X/D > 3.0, and
therefore the spanwise vortices caused by the Kelvin—
Helmholtz instability cannot be a two-dimensional vorti-
cal ring during its evolution. It should be the combi-
nation of many helical vortices, i.e. a toroidal vortical
ring. Hussain [19] suggested that, owing to the effect of
azimuthal instability, the two-dimensional spanwise vor-
tices caused by the Kelvin—Helmholtz instability can be
wrapped and developed into a three-dimensional struc-
ture through secondary instability. Undergoing the inter-
action, the large-scale toroidal vortical ring can be
broken down into many substructures through the ‘cut
and connect’ process (Fig. 8), which may be responsible
for the avalanche of three-dimensional and smaller-scale
motions and the generation of high turbulence and
Reynolds stress. In the natural jet flow, these processes
always proceed very slowly and need a long distance to
be completed.

However, in the tabbed jet flow a pair of streamwise
vortices was produced in the jet flow owing to the
intrusion of each mechanical tab, which made an inward
indentation of ambient flow into the core jet flow and
an outward ejection of core jet flow into the ambient
flow (Figs 5 and 6). This indicated that there was a large
perturbation at the azimuth of the circular jet flow that
enhanced the helical instability of the jet flow (a large-
scale helical coherent structure was found in the tabbed
jet flow, Fig. 4); i.c. the ‘toroidal effect’ of the spanwise
vortical structure was enlarged and then the cut and
connect process of the toroidal vortical ring was acceler-
ated. The process of the large-scale vortical structure
being broken down into a smaller-scale vortical structure
was conducted more rapidly, which enhanced the mixing
of the jet flow with the ambient flow.

Besides this, the pair of streamwise vortices produced
by each mechanical tab and the spanwise vortices pro-

W Streamwise vortices

Stretch points

K-H vortex ring

Qo @

Fig. 9 ‘Stretch effect’ of the streamwise vortices caused by
mechanical tabs on the Kelvin—-Hemholtz spanwise
vortex ring

duced by the Kelvin—Helmholtz instability were normal
to each other, and the interaction between them made
the spanwise vortices stretch out (Fig. 9). According to
the Helmholtz vorticity conservation law, the scale of
the vortices will be reduced if the vortices are stretched,
and the ‘energy cascade’ process of the turbulence will
be enhanced. This resulted in a rapid reduction in the
scale of the spanwise vortices caused by the Kelvin—
Helmbholtz instability, which also resulted in the creation
of much small-scale intense turbulence and enhanced the
mixing of the jet flow with ambient flows. This result
was verified by LIF visualization of the tabbed jet flow
in the axial slice of the XZ plane (side view, Fig. 4).

4 SUMMARY

Flow visualization confirmed the existence of a pair of
counter-rotating streamwise vortices induced by each
mechanical tab in a jet flow. The generated streamwise
vortices can cause an inward indentation of ambient flow
into the core jet flow and an outward ejection of core
jet flow into the ambient flow. It was also found that,
compared with the flow structures of the natural jet flow,
the process of Kelvin—Helmholtz vortex pairing was
accelerated, the small-scale vortical structure appeared
earlier and a large-scale coherent helical structure was
found in the near field of the tabbed jet flow.

Based on the flow visualization and instantaneous

Fig. 8 Idealization of the breakdown process in a round jet flow as conjectured by Hussain [19]
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quantitative concentration field measurements, two
aspects of the effect of the streamwise vortical pair
induced by each mechanical tab on the jet mixing flow
were suggested:

1. The azimuthal instability of the jet flow was increased
by the streamwise vortical pair. This accelerated the
cut and connect process of the Kelvin—-Helmholtz
vortex ring structure in transferring the energy and
vorticity from large-scale vortices to small-scale vor-
tices, which was responsible for the avalanche of
three-dimensional and smaller-scale motions and the
generation of a high degree of turbulence.

2. The interaction between the streamwise vortical pair
and the Kelvin—Helmholtz vortex ring also enhanced
the energy cascade process of the turbulence, which
resulted in the creation of much intense small-scale
turbulence and enhanced the mixing of the jet flow
with the ambient flow.
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