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justification of the use of steady shock polars for a better
understanding of truly unsteady flows and for explanatory
purposes.

Figure 3a illustrates the regular reflection after transition.
The incident shock wave is reflected regularly from the wedge
surface. Behind the point of reflection the additional shock
wave, which was mentioned earlier, can clearly be seen. The
existence of this shock wave was suggested by the multishock
polar technique. Its purpose is to support the sudden pressure
drop from Pc to Pd (Fig. 2) that takes place at transition. Note
that the additional shock wave forms a new triple point on the
reflected shock wave of the regular reflection. The slipstream
of this triple point collides with the wedge surface and reflects
from it in a way which can be termed as "regular reflection of
a slipstream." The foregoing discussion concerning the role of
the additional shock wave suggests that its strength should be
in the vicinity of Pc/Pd. Figure 3b illustrates a regular reflec-
tion (which was formed after the termination of the inverse
Mach reflection) of a weak incident shock wave. The above-
mentioned additional shock wave is again clearly seen.
However, the slipstream emanating from the triple point is
probably too weak to be noticed with shadowgraph
photography.

Conclusions
The transition from Mach to regular reflection over a con-

cave cylinder was investigated experimentally. The steady flow
(P,6) shock polars were used for this unsteady phenomenon in
a special way to better understand the process. Although they
were used in a truly unsteady flow, it was found that they can
predict the phenomenon quite accurately. The use of the
multishock polar technique suggested that the transition
should go through an inverse Mach reflection and that an ad-
ditional shock wave should appear after transition to regular
reflection behind the reflection point. Both of these predic-
tions were verified experimentally. The experimental study
also illustrated the dynamics of the transition from Mach to
regular reflection over concave cylinders. Further details on
the nature of the inverse Mach reflection can be found in
Ref. 4.
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Introduction

COHERENT structures have been recognized as the
dominating feature in free shear layer dynamics.1"3 Ex-

tensive measurements and visualizations have been made

Received April 6, 1984; revision submitted May 24, 1985. Copyright
© American Institute of Aeronautics and Astronautics, Inc., 1985.
All rights reserved.

* Research Associate.
fProfessor. Member AIAA.

about the structures in a circular jet. Recently, Ho and Gut-
mark4 found that an elliptical jet with a small aspect ratio
(2:1) could substantially increase the entrainment and hence
suggested that jets with a small-aspect-ratio asymmetric noz-
zle could be an effective passive enhancement device for en-
trainment. However, the evolution of elliptical coherent
structures are practically unknown, although data about an
isolated vortex ring5'6 or rectangular jet7'8 with an aspect
ratio larger than 5:1 have been reported.

The visualization of coherent structures in an elliptic jet
forced in a wide frequency range was presented by the
authors at two meetings.4'9 This range consisted of 1.5
./)>/F>0.33./), where//r is the forcing frequency and// the
initial most amplified frequency in an unforced jet. The
evolution of elliptical structures forced at two chosen fre-
quencies is documented in this brief Note. At a low forcing
frequency (/F = 0.45//< Vi//), the vortex merging did not oc-
cur before the end of the potential core. The vortex merging
could be observed about the middle of the potential core at
the higher forcing frequency (/F = 0.65 ff> l/ifi).

Facility
The flow visualization was carried out in an elliptic water

jet submerged in a water tank (737x737x1219 mm3). The
jet had an elliptic nozzle with major and minor diameters of
50.8 mm (2a) and 25.4 mm (2b), respectively. The shape of
the contraction section was circular at the stagnation
chamber side and elliptic at the exit. The contours of the
contraction in both axis planes were fifth-order polynomials.
The diameter of the stagnation chamber was 127 mm. The
area contraction ratio was 12.5:1. Honeycomb and screens
were installed inside the stagnation chamber to reduce the
turbulence level. The water jet was driven by a water pump
at a Reynolds number of 14,000, based on the nozzle's ma-
jor diameter and the exit velocity Uj. Forcing was applied by
a rotating butterfly valve, which was installed in the bypass
branch of the water supply. The initial most amplified fre-
quency fa in the unforced jet was 6 Hz. The forcing
amplitude was about 5% of the jet exit speed. Food color
was injected uniformly around the nozzle lip so that the en-
tire vortex ring could be visualized.

Experimental Results
In the elliptic jet forced at high amplitude 0.05(7,, the

coherent structures were formed at the forcing frequency.
Figure la shows the flow for the condition fF = Q.45 //, in the
view of the major axis plane (the plane containing the major
axis of the nozzle). At this forcing frequency, vortices did
not merge before the end of the potential core, x=5a. Two
features, the lateral deformation and the bending, were
distinct from the evolution of the structures in a circular jet.
After the vortex ring left the nozzle, it shrank and then ex-
panded in the lateral direction. The necking of the jet col-
umn occurred at x— l.5a. The view in the minor axis plane
(Fig. Ib) revealed that the structure first expanded and then
shrank. Therefore, the elliptic vortex ring switched its axis at
x— \.5a and again at x— 3a. Bending of the vortex in the two
axis planes were in opposite directions and reached a max-
imum at x—a. The ring became almost flat at x— \.5a
(Fig. Ib). These distortions of nonmerging structures in a jet
were very similar to those of an isolated elliptic vortex.5-6

The measured width w in both axis planes and the maximum
deflection H (Fig. 2) agreed well with the numerical results
of a single vortex.6 Obviously, the dynamics of these two
flows should be different. However, the matching of the
shape distortions implies that the same mechanism, self-
induction, governs the deformation of an isolated elliptic
vortex5'6 and the deformation of structures in an elliptic jet.

When the jet was forced at a higher frequency, fF = 0.65 //,
vortex merging before the end of the potential core was
observed (Fig. 3). Upstream from the merging, the vortices
bent and distorted in the lateral direction. However, the defor-
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Fig. la Side view of the elliptic vortices in the major axis plane
(/> = 2.7Hz = 0.45/}).

Fig. Ib Side view of the elliptic vortices in the minor axis plane
(/> = 2.7Hz = 0.45//).

Fig. 3 Side view of the elliptic vortex merging in the minor axis plane
(fF = 3.9 Hz = 0.657,.).

resulted in a vortex merging pattern much different from that
in a circular jet with axisymmetric-type vortex coalescence.

Summary
In an elliptic jet forced at low-frequency range, the vortex

merging is suppressed before the end of the potential core. The
coherent structure switches its axis due to the self-induction of
the asymmetric distribution of vorticity. At higher forcing fre-
quency, the vortex merging is observed. The stretching or con-
traction around the downstream vortex produces unequal in-
duction on parts of the upstream vortex. Thus, large
azimuthal distortion occurred during vortex merging.
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Fig. 2 A comparison between the evolution of the coherent structure
in the elliptic jet and isolated elliptic vortex ring.

mation of the downstream vortex in a pair of vortices to be
merged was much larger than that of the upstream vortex. The
portion of the downstream vortex near the jet minor axis was
stretched, and the vorticity was substantially increased. Dur-
ing the merging the corresponding portion of the upstream
vortex was therefore induced to move at a high speed and
passed through the inner side of the downstream vortex. Con-
versely, the vorticity of the downstream vortex near the jet
major axis side was reduced due to contraction. Hence, the up-
stream vortex moved slower in the corresponding region.
The difference in the induction around the azimuthal direction
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