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Figure 12. Schematics of the jet bifurcation: (a) 2 : 1 WPJ; (b) 4 : 1 ECJ.
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Figure 13. Evolution of the u-spectrum along the jet centreline of the WPJ.

planes are shown in figure 15(a, b). Note that the flow is from left to right in figure 15
since space and time are in opposite directions.

Positive vortices show two peaks (marked A1 and A2) and there is a downstream
negative vortex (marked B). Vortex B was originally formed between the collar
wall and the primary vortex A. The weaker vortex B is advected around vortex A
(which is stronger and bigger) and occupies a downstream location in the captured
phase. During this interaction of two opposite-signed vortices, the primary vortex A
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Figure 14 (a–e). For caption see facing page.

undergoes tearing producing two vortices, A1 and A2, where vortex A1 moves toward
the jet axis. At this location the peak vorticity of B is almost one-fourth of vortex A1
or A2.

In the major-axis plane, the axial elongation of the vorticity contours is consistent
with the visualized pictures in this plane. The size of the secondary vortex and its
peak magnitude are much smaller in the major-axis plane than in the minor-axis
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Figure 14. Velocity signal in WPJ: (a) u-signal at x/De = 0.5, y/De = 0; (b) u-signal at x/De = 0.5,
y/De = 0.3; (c) schematic of vortex configuration that produces the u-signal in (b); (d) v-signal at
x/De = 0.5, y/De = 0; (e) v-signal at x/De = 0.5, y/De = 0.3; (f) schematic of vortex configuration
that produces the v-signal in (e).

plane, which confirms that forward bending of the major-axis side within the collar
produces low near-wall shear and hence a much weaker counter-rotating vortex.

3.7. Effect of self-excitation on mass entrainment

In this subsection we examine the effect of self-excitation on mass entrainment in
the WPJ and compare it with that in the circular jet. Radial profiles of the mean
velocity are measured at intervals of 15◦ in one quadrant of the elliptic cross-section.
The data at large radii, i.e. at locations of low U/Uc, are smoothed by fitting them
with an exponential curve of the form U/Uc = exp (−br2). This analytical expression
is then used to generate data at farther outer radii where large fluctuation intensities
and flow reversal render hot-wire measurements inaccurate (Chevray & Tutu 1978).
Integration was carried out up to the location y0.01, where U/Uc = 0.01 (also see
Hasan & Hussain 1982).

Streamwise variations of mass entrainment E, defined as E ≡ (Q − Q0)/Q0, are
shown in figure 16(a). Here Q and Q0 denote local and exit-plane mass fluxes
respectively; for comparison, circular whistler jet data (Hasan & Hussain 1982) are
also shown.

The WPJ shows a significant increase in mass entrainment between 4De and 6De,
with a peak at 6De representing approximately a 70% increase in mass entrainment
over that for the NPJ. Both the NPJ and WPJ have higher mass entrainments than
those for circular pipe and whistler jets up to x/De ≈ 5; in fact, irrespective of the
presence or absence of excitation, the elliptic jets display enhanced mass entrainment in
the near region (x/De 6 5). The three-dimensional deformation, intrinsic to turbulent
elliptic vortex rings, causes higher mass entrainment than in a circular jet (Husain
& Hussain 1993); reconnection in the elliptic rings presumably increases entrainment
further.

Ho & Gutmark’s (1987) data (for an unexcited elliptic jet) show higher mass
entrainment than that for the NPJ. In their case, it appears that the jet had an
initially thin laminar boundary layer, initiating roll-up of thin-core vortices closer
to the exit plane and hence faster deformation by self-induced motion. This early
initiation of three-dimensionality could explain their observation of increased mass
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Figure 15. Contours of coherent azimuthal vorticity 〈ωz〉/f for the WPJ: (a) minor-axis plane;
(b) major-axis plane.

entrainment. In contrast, for an initially transitional or turbulent boundary layer
jet, the rolled-up vortex core is thicker, causing less intense deformation and axis
switching to occur farther downstream (Hussain & Husain 1989), thus resulting in
decreased mass entrainment.

The WPJ shows a lower mass entrainment for 1 6 x/De 6 4 than that measured
by Ho & Gutmark (1987). However, between De = 4 and 8, the WPJ displays higher
mass entrainment. This is to be expected because of the different vortex dynamics in
the WPJ.

The mass entrainment rate, dE/dx′ (where x′ = x/De) as a function of x′, for the
various kinds of elliptic jets, including Ho & Gutmark’s (1987) elliptic jet are shown
in figure 16(b) for comparison. Initially, dE/dx′ for the WPJ decreases (to even less



The elliptic whistler jet 43

(a)

(b)

4

3

2

1

0.6

0.5

0.4

0.2

0 2 4 6 8
x /De

NPJ
WPJ
circular pipe jet
circular whistler jet
unexcited elliptic
jet (HO & Gutmark)

0

0.3

0.1

10

Q – Q0

Q0

dE
dx′

Figure 16. Variations of (a) mass entrainment and (b) entrainment rate with x.

than the level of the unexcited case) until x/De ≈ 1.5 (perhaps because of rapid
inward motion on the minor-axis sides). For x/De > 1.5, however, dE/dx′ instead
increases sharply and peaks near x/De ≈ 4.5. At this location, dE/dx′ is about 2.5
times that for the NPJ.

4. Concluding remarks
Turbulence control is feasible only in the presence of coherent structures, i.e. no

coherent structures, no control. The control methods may, in general, be classified
as: (a) active – requiring external energy (typically by excitation), and (b) passive –
requiring no external forcing. The latter can be achieved by initial condition and/or
geometry modification, or by self-excitation. In this study we have explored passive
control using geometry modifications, as well as via self-excitation in an elliptic pipe
jet with a collar.

The effect of the collar is to significantly change the vortex dynamics via the genera-
tion of the secondary, counter-rotating vortex, which in turn induces the tearing of the
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primary vortices. The leading part of the vortex moves toward the jet axis and under-
goes vortex reconnection, while the trailing part moves away from the jet axis; these
events, initiated by the secondary vortex, produce a significant increase in the jet spread
and mass entrainment, which could not be attained in circular or elliptic jets without
a collar. Our results suggest promising technological applications of the WPJ for en-
hancing near-field transport phenomena such as heat, mass, and momentum transfer.

For a rigorous study of the three-dimensional dynamics in such a jet, it is necessary
to have complete spatial information at successive phases of the jet evolution. No
existing numerical or experimental technique can provide this information at practical
Reynolds numbers. Currently, direct numerical simulations and holographic particle
velocimetry are limited to much lower Reynolds numbers and small flow regions.
Despite such limitations, we have demonstrated that careful flow visualization can
provide qualitative but significant information. Complementary use of flow visualiza-
tion and limited time- and phase-averaged hot-wire measurements have revealed the
essential vortex dynamics of the WPJ.

The authors are grateful to Sukesh Roy for helping in acquiring phase-averaged
data, and to Dhoorjaty Pradeep for a careful review of the manuscript. This work
was supported by Texas ARP Grant 003652-151.
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