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Abstract

(Y TABILITY of converging cylindrical shock waves is
investigated experimentally in an annular shock tube.
Initially symmetric shocks are found to retain their symmetry
during implosion except at small radius where a breakdown in
shock front curvature eventually occurs. Artificially
generated shock front perturbations are observed to promote
this type of instability. In all cases, instability is manifest by
the appearance of vortex pairs during the expansive shock
motion which follows the implosion. :
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The design, construction, and operation of a 16.8 cm o.d.
annular shock tube used to generate converging cylindrical
shock waves has been described in an earlier paper.! In that
study, symmetrical wave fronts were observed at larger shock
radii although an ultimate breakdown in shock front cur-
vature was always noted as the shock collapsed into a small
but finite region surrounding its implosion center. Since such
behavior has been predicted by the approximate analyses of
Butler? and Whitham,? the present study has been un-
dertaken to experimentally investigate certain aspects of the
stability of converging cylindrical shocks by introducing two
kinds of artificial perturbations on the imploding wave front.

All experiments were conducted in the same shock tube
facility as before. The details are given in Ref. 1. Spark
shadow photography having a viewing diameter of 2.54 cm
was accomplished with the aid of a plane mirror mounted
flush to the inner wall of the cylindrical implosion chamber
and with a plate glass window in the outer wall. A single
photograph was obtained from each test and events were
monitored from successive tests by using a transducer
triggered variable time delay spark unit.

Artificial shock front perturbations were produced prior to
shock entry into the implosion chamber by removing the
wedge fairings from the shock tube support flange webs (Ref.
1) which are located 45 deg to the implosion chamber
quadrant axes. As shown in Fig. 1 the converging shock is
locally retarded by those rectangular webs, and so the shock
initially takes on a somewhat square appearance, although
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with smoothly distributed curvature. Then, as convergence
continues, the shock front breaks down corresponding to a
transition to Mach reflection with the appearance of trans-
verse reflected waves which tend to travel around the
periphery of the collapsing shock front. This phenomenon is a
consequence of the nonuniform flowfield behind, and vortex

Fig. 1 Shadowgraphs showing converging cylindrical shock wave
perturbed by four rectangular webs upstream of the cylindrical im-
plosion chamber.
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Fig. 2 Schematic demonstrating the mechanism of vortex formation
behind the diverging cylindrical shock at two separate instants. -
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Fig. 3 Shadowgraphs showing the shock front perturbations
produced by a 4.4-mm-diam rod located at R=2.54 cm.

Q
&
I

o
o
T

PERTURBATION ,AR /R,
o
N
I
-4

BUTLER'S THEORY
EXP. (REF. 1}
EXP. (FI6. 3)

> o
-]

002 Lt 1 t L
005 ol 0z 03 04
SHOCK RADIUS, Rg/Ro

Fig. 4 Growth of shock front perturbation produced by the cylin-
drical rod at R=2.54 cm.

pairs are observed behind the expanding shock. Modeling of a
strong converging square shock by Whitham’s shock-shock
theory? indicates that it will repeatedly alternate from square
to octagonal during implosion.

More importantly, these results need an explanation of the
vortex formation as noted above. Figure 2 is an interpretation
of the flowfield behind the expanding shock front at two
different instants, as compared to Fig. le and 1f, which
proposes that vortex formation results from the rolling up of
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contact discontinuities as the expanding shock overtakes the
trailing transverse shocks generated during converging.
Clearly, the implication is that any converging cylindrical
shock with a perturbed wave front will eventually break down
and that the appearance of vortex pairs behind the expanding
shocks signals and verifies this ultimate breakdown in shock
front curvature.

Perturbations produced by a 4. 4 mm diameter cylmdrlcal
rod placed in the path of the converging cylindrical shock are
shown in Fig. 3. The rod is located 2.54 cm from the center of
the chamber and is obscured by a chip in the glass window
(dark area in the upper left corner). In this case, two pairs of
Mach stems and transverse reflected waves are produced by
the shock diffraction around the cylindrical rod.? Although
the latter tend to propagate transversely, a significant portion
of the imploding shock is seen to be unaffected by the
disturbance and the shock does not regain its symmetry.
Nevertheless, no measurable shift in the implosion center has
been observed. As anticipated, vortex pairs are again
generated by the rolling up of the contact discontinuities
behind the expanding shock. In this case, however, the
vortices associated with each pair of transverse reflected
shocks appear to have merged together.

Figure 4 presents the shock perturbations (AR) normalized
with respect to the instantaneous shock radius Rs as
measured from the photographs of Fig. 3 and those given in
Ref. 1 for converging shocks without rod. In the latter the
perturbations are produced by the imperfections present in the
symmetry of the apparatus (0.1%). In both cases presented in
Fig. 4, the relative size of perturbations is found to increase as
implosion proceeds. The experimental results for the smallest
initial perturbations are found to agree well with Butler
Theory? which predicts that AR/R, ~ (R;/R,)**(—0.5987).
Since the relative size of perturbations increases as implosion
proceeds, it is evident that converging cylindrical shocks are
unstable to this type of disturbance.

The present investigation supports the popular contention
that converging cylindrical shocks are inherently unstable.
Experiments with artificially produced perturbations have
demonstrated that a breakdown in shock front curvature
leads to the formation of vortex pairs behind the expanding
shock wave resulting from reflected shocks during the con-
verging phase. Such vortex formation is observed even for
converging shocks initially possessing a high degree of
symmetry and thereby signals an ultimate instability.
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