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Planar Blast/Vortex Interaction and Sound Generation

H. Chen¤ and S. M. Liang†

National Cheng-Kung University, Tainan 701, Taiwan, Republic of China

By the use of a � fth-order weighted essentially nonoscillatory scheme to solve the two-dimensional, unsteady
compressible Euler equations, a planar blast/vortex interaction is investigated in detail. The effects of the initial
blast Mach number MS and vortex Mach number MV are discussed and compared with the corresponding cases
of shock/vortex interaction. The sound generated by the planar blast/vortex interaction is also studied. It is found
that the radial pressure peaks of the � rst sound for the cases of shock/vortex interaction are larger than those for
the cases of blast/vortex interaction. However, the radial pressure peaks of the second sound in the blast/vortex
interaction can be larger than those in the correspondingcase of shock/vortex interaction. This is due to the effect of
the secondary shock interacting with the vortex, enhanced by the expansion waves following the blast-wave front.
In addition, an interesting phenomenon of the fourth sound, which is an exception from the � rst three sounds
generated by the blast/vortex interaction, is found that does not occur in the case of a shock/vortex interaction.

I. Introduction

B LAST waves are generated by the collapse of high-pressure
gas containers, the detonation of solid explosives, laser beam

focusingin ambient air, and nuclearexplosions.Recently, therehave
been many studies related to blast waves, but very few dealtwith the
problem of blast/vortex interaction.A blast wave is much closer to
a practical case, such as compressionwaves coalescing into a weak
shock in the exhaust gas pipes of automobile engines. The interac-
tion of a shock wave with a vortex is well known to be one of the ma-
jor sourcesof noiseand is closelyrelatedto some aerodynamicprob-
lems, such as the noises produced by rockets, high-speed aircraft,
and helicopters.Because of the expansionwaves accompanying the
shock front of a blastwave, the phenomenonof blast/vortex interac-
tion is very complicated and may be similar to that of shock/vortex
interaction. Thus, the basic mechanisms of the shock-wave/vortex
interaction help in understanding the blast/vortex interaction.

Hollingsworth and Richards1 showed experimentally that when
a columnar vortex passed through a planar shock wave, a cylin-
drical acoustic wave appeared with a portion cut off by the shock
wave. They observed that the acousticwave consistedof alternating
compressions and rarefactions (quadrupolar nature). Dosanjh and
Weeks2 veri� ed experimentally the quadrupolar nature in a shock
tube by using an airfoil at an angle of attack to generate a starting
vortex. Ribner3 decomposed the vortex by a Fourier transform into
planar sinusoidal shear waves in a radial symmetric fashion. The
planar sound waves produced by each shear/shock interactionwere
recombined in a Fourier integral. The wave possessed an envelope
that was essentially a growing cylindrical sound wave centered at
the transmitted vortex. The pressure jump (Ribner referred to the
� rst sound as a precursor)across the nominal radius, r D R (R D ct)
is attenuated with time as R¡1=2 and varied around this circle in
an antisymmetric fashion, except for a portion cut off by the shock
wave resembling a quadrupolar � eld, where c denotes the speed of
sounddownstreamof the shockwave.Goodagreementwas obtained
except near the shock. The pressure jump decayed like R¡1 . Later,
Ribnercomparedhis updatedapproximateresultwith an experimen-
tal result and found that both results were fairly similar but had a
relative shift. This is because the theoreticaldescriptionfor a vortex
is exactly antisymmetric, but the experimental vortex is not. Ellzey

Received 24 July 2001; revision received 28 May 2002; accepted for
publication 11 July 2002. Copyright c° 2002 by the American Institute of
Aeronautics and Astronautics, Inc. All rights reserved. Copies of this paper
may be made for personal or internal use, on condition that the copier pay
the $10.00 per-copy fee to the Copyright Clearance Center, Inc., 222 Rose-
wood Drive, Danvers, MA 01923; include the code 0001-1452/02 $10.00 in
correspondence with the CCC.

¤Graduate Student, Institute of Aeronautics and Astronautics.
†Professor, Institute of Aeronautics and Astronautics. Associate Fellow

AIAA.

et al.4 simulated the shock/vortex interaction problem by using the
Euler equations.Their numerical resultscomparedwell with the the-
oretical result of Ribner3 and the experimentalresult of Dosanjhand
Weeks.2 They pointed out that the strengths of both a shock wave
and a vortex can greatly affect the � ow structure induced by the
shock/vortex interaction.A strong shock wave can result in a Mach
re� ection and a weak shock wave generates a regular re� ection.
Theyalsoshowed thatboth the precursor(� rst sound)and the second
soundareof quadrupolarnature.Subsequently,Ellzeyand Henneke5

studiedthe issueof theoriginof acousticnoise in shock-wave/vortex
interactions and showed that shock distortion and vortex deforma-
tion were responsible for the development of the acoustic � eld.

Because direct numerical simulation of the far-� eld sound has
been feasible in recentyears, Inoueand Hattori6 studied the detailed
mechanics of the � ow� eld produced by the interactions between a
single vortex or a pair of vortices and a shock wave by using the
Navier–Stokes equations.They � rst explored the basic nature of the
sound pressure � eld for the case of a single vortex and then for a
vortexpair. In their study, the effect of the Reynoldsnumber seemed
insigni� cant. Inoue7 examined the propagationprocessof the sound
waves from the near to the far � eld and con� rmed the existence of
the third sound wave. Grasso and Pirozzoli8 studied the interaction
of a shock wave with a cylindrical vortex by means of a weighted
essentially nonoscillatory (WENO) scheme. They investigated the
effects of the vortex intensity and shock strength and determined
the dependenceof shock distortionand vortex compression,as well
as subsequent nutation, on the shock and vortex strength.

The objective of this paper is to analyze planar blast/vortex in-
teraction with emphasis on the � ow� eld and the mechanism of
sound productionusing a high-resolutionEuler solver. The numeri-
cal method was developedby means of a � fth-orderWENO scheme
of JiangandShu.9 We will pay attentionto the � ow structureinduced
by the secondary shock, which may also produce sound in addition
to the sounds generated by shock/vortex interaction. In addition to
blast/vortex interactions, shock/vortex interactions with the same
conditions are also simulated for comparison.

II. Description of Physical Problem
and Numerical Method

A schematic for a vortexanda rectangularregionof high-pressure
air with thickness x0 used to generate a planar blast wave is shown
in Fig. 1. The planar blast wave is produced by rupture of the high-
pressure region. The vortex, with its center located at the origin, ro-
tates in a counterclockwisedirection. The planar blast wave moves
from left to right with respect to the vortex. A polar coordinate sys-
tem (r , µ ) used for the vortex is also shown in Fig. 1. The vortex for-
mulation used in this study is the same as that of Inoue and Hattori,6

and the distance between the vortex center and the high-pressure
region is chosen to be xe . In our simulation, all boundary conditions
imposed are the nonre� ecting conditions of Thompson.10;11
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Fig. 1 Schematic diagram of � ow model with initial and boundary
conditions.

Fig. 2 Typical pressure distribution for a blast wave.

Assume the air� ow is inviscid. The governing equations are the
two-dimensional, time-dependent Euler equations, which can be
written in a conservation form. A high-order numerical method
is developed for solving the Euler equations. For spatial deriva-
tives, the � fth-order WENO scheme of Jiang and Shu9 is adopted,
and a fourth-order Runge–Kutta method is used for time integra-
tion. Because the blast-wave intensitydecays with time at t D 0, the
blast-wave front starts interactionwith the vortex at x D ¡2. For the
comparison of the blast and shock/vortex interactions, the values of
Mach number for both cases are chosen to be the same. The vortex
Mach number de� ned as MV D .uµ /max=c0, where (uµ /max denotes
the maximum tangentialvelocity and c0 denotes the sound speed of
the undisturbed air.

A typical characteristicof a blast wave due to the rapid release of
energy in a gas is shown in Fig. 2. The major difference between a
planar shock wave and a planar blastwave is that the � ow properties
behindthe shock-wavefrontare constant.However,behindtheblast-
wave front, there is a blast pro� le region in which the � ow properties
are rapidly decreased due to expansion waves. Because the blast-
wave intensitydecayswith time, the range (xt · x · x f ) of the blast-
wave pro� le will be increased, and the magnitudes of Pmax and Pmin

of the blast wave will be decreased.The Courant–Friedrichs–Lewy
number (CFL) is chosen to be CFL D 0.6. The minimum local time
step over the computationaldomain is chosen for all unsteady-�ow
calculations. The computational domain is f.x; y/j¡15 · x · 15,
¡15 · y · 15g and a uniform grid with 1x D 1y D 0:05 is used to
ensure that the WENO scheme is of � fth-order accuracy in space.

III. Results and Discussion
A. Basic Flow Structure of Blast/Vortex Interaction

The basic � ow structure caused by the blast/vortex interaction is
shown schematicallyin Fig. 3. Figure 3a shows the blast-wave front

Table 1 Parameters of blast wave,
vortex, and initial conditions

Case MS MV p1=p0 x0 xe

A 1.05 0.25 1.74 0.2 8
B 1.05 0.5 1.74 0.2 8
C 1.2 0.25 8.0 0.2 10
D 1.2 0.5 8.0 0.2 10

a) b) c)

Fig. 3 Process of blast-wave/vortex interaction at different instants:
a) blast-wave front interacting with vortex, b) secondary shock wave S2
interacting with vortex, V and c) the blast wave (S1 and S2 ) after passing
through the vortex V.

S1 , deformed because of vortex in� uence. As time increases, the
planar blast wave is further deformed; two re� ected shock waves,
R1 and R2, emanating from a high-pressure compression region
develop; and the secondary shock S2 interacts with the vortex, as
shown in Fig. 3b. The secondaryshock is also deformed in its shape.
Later, theblast-wavefrontand the secondaryshockwillpass through
the vortex. For weak blast waves and weak vortices, two regular
re� ectionsand two slip lines (SL) can occur,as shown in Fig. 3c.The
re� ected shock waves, SL, and blast-wave front intersect at the two
triple points, T 1 and T 2. For strong blast waves and strong vortices,
two Mach re� ections may occur instead of regular re� ections.

In this study, theMach numbers MS of the blast-wavefrontchosen
for startinginteractionwith the vortexwere 1.05 and 1.2. The vortex
Mach number, representing the vortex strength, was chosen to be
0.25 or 0.5. The values of the parameters used for the blast/vortex
interaction from case A to case D are listed in Table 1. Cases A
and B denote weak blast waves interacting with a vortex. Cases C
and D denote stronger blast waves interacting with a vortex.

It was found that there is no Mach re� ection associated with the
secondaryshock in our simulation.The reason is that the blastwaves
were too weak to form a Mach re� ection. Our simulation result for
case C is shown in Figs. 4a–4f. These results are computational
shadowgraphs of blast/vortex interaction at different instants from
t D 2–12 with an incrementof 1t D 2. Note that in all of our simula-
tions, the beginningof the blast wave or shock wave to interactwith
a vortex is set to t D 0. In Fig. 4, all of the re� ected shocks, triple
points, and SL are clearly shown. These � ow structures have been
described in Fig. 3. In Fig. 4a, the blast-wave front S1 is interact-
ing with the vortex V . In Fig. 4b, the blast-wave front is deformed,
and the re� ected shock waves start to from the blast-wave front. In
Fig. 4c, the secondary shock S2 is interacting with the vortex. The
blast-wave front S1 becomes almost straight. The re� ected shock
waves R1 and R2 and the SL are clearly shown in Fig. 4c. The re-
� ected shock R1 intersects the secondary shock, but R2 does not.
In Figs. 4d and 4e, the secondary shock interacting with the vor-
tex results in additional re� ected shock waves (R1s and R2s). In
Fig. 4f, the blast/vortex interaction is � nished.The blast-wave front
almost resumes its straight shape. When the vortex Mach number
is increased, the re� ected shock waves R1 , R2 , R1s, and R2s will
be more deformed, much like a spiral pattern as shown in Fig. 3c.
If there were no accompanying secondary shock and its associated
re� ected shock waves, the � ow� eld would be similar to that for a
shock/vortex interaction.
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a) t = 2

b) t = 4

c) t = 6

d) t = 8

e) t = 10

f) t = 12

Fig. 4 Computational shadowgraphs for blast wave/vortex interaction at different instants.

B. Sound Generation by Blast/Vortex Interaction
Up to now, there are very few reports about the blast/vortex inter-

action, neither computations nor experiments, for our comparison.
To verify the reliability and accuracy of our computational results,
we compared our results with the experimental data of Dosanjh and
Weeks,2 the theoretical result of Ribner,3 and the computational
results of Ellzey et al.4 and of Inoue and Hattori.6 Our numerical
simulations were performed by setting MS D 1:29 and MV D 0:39,
the experimental condition used by Dosanjh and Weeks.2 Figure 5
shows the comparison of the circumferential distributions of the
pressure amplitude, which is de� ned as (p2 ¡ pp/=ps , where the
symbol pp denotes the peak pressure of the precursor, p2 the peak
pressure of the second sound, and ps the pressure behind the shock
wave. In the experiment of Dosanjh and Weeks,2 an interferogram
was takenwhen the radiusof the“acousticwave”was approximately
10 times that of the vortexcore. In our simulation,the � ow� eld at the

radius of the acoustic wave (about 10 times that of the vortex core)
was evaluatedapproximatelyat t D 10:3, as referredto by Inoueand
Hattori.6 As seen from Fig. 5, the present result is very close to both
the computational results of Inoue and Hattori6 and of Ellzey et al.4

This shows that the present solver is able to compute the � ow� elds
induced by the shock or blast/vortex interactions accurately. The
experimental result in Fig. 5 seems to have a little shift in contrast
to other results. The reason is that the theoretical description for
a vortex is exactly antisymmetric. The formulation for a vortex in
numerical simulation is also “perfect,” but the experimental one is
not. The density and sound pressure [de� ned as 1p D . p ¡ ps/=ps]
� elds obtained at the conditions as in the experiment of Dosanjh
and Weeks2 are almost the same as those obtained by Inoue and
Hattori.6 Therefore, these results are not presented here.

The sound generationby blast/vortex interaction is more compli-
cated than that due to shock/vortex interactionbecauseof the effects
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Fig. 5 Comparison of the present Euler result with the experimental
data of Dosanjh and Weeks,2 the theory of Ribner,3 the Euler result of
Ellzey et al.,4 and the Navier–Stokes result of Inoue and Hattori6 for
shock/vortex interactoin.

a)

b)

c)

d)

Fig. 6 Sound pressure D p contours at different instants: a) t = 0, b) t = 2, c) t = 8, and d) t = 12; ++, the compression region and ¡ ¡ , the rarefaction
region.

of the decaying blast-wave strength, blast pro� le region, and sec-
ondary shock. The sound pressure of planar blast/vortex interaction
is de� ned as 1p D .p ¡ p0/=p0 , where p0 denotes the reference
pressureas shown in Fig. 1. A sequenceof the sound pressure � elds
of case A listed in Table 1 is presented in Fig. 6. Figure 6a shows
the beginningof the blast-wave/vortex interaction.At the early stage
of the interaction, the sound generated due to the blast-wave front
distortion shows a dipolar character, as shown in Fig. 6b. Later, it
changesto a quadrupolarone,as shownin Figs.6c and6d. In contrast
to the case of shock/vortex interaction, we � nd a rarefaction region
following the re� ected shocks R1 and R2. The rarefaction may be
caused by the expansion waves in the blast pro� le. Moreover, the
sound pressure � eld pro� les of the upper and lower regionsnear the
blast-wave front have a sawtooth shape, which are quite different
from those in the corresponding shock/vortex interaction. As seen
from Fig. 6, the entire sound pressure � elds are similar to those for
the shock/vortex interaction.With the blast Mach number or vortex
Mach number increasing, the entire � ow� eld becomes very com-
plicated because of the stronger interactions caused by the strong
blast, expansion waves, secondary shock, and vortex. However, the
basic nature of a quadrupolar phenomenon was still found to ex-
ist. The pressure peaks of the precursor and second sound wave
generated at µ D ¡45 deg for the four cases in Table 1 are plotted
against the radial distance r , as shown in Figs. 7 and 8. The dif-
ferences of the peak sound pressures between the � ne and coarse
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a)

b)

Fig. 7 Pressure peaks of the � rst sound vs the radial distance r at
µ = ¡¡ 45 deg; A-s denotes case A of shock/vortex interaction, A-b case
A of blast/vortex interaction, etc., for a) weak shock and blast waves
(cases A and B) and b) stronger shock and blast waves (cases C and D).

grids are negligibly small, as mentioned by Inoue and Hattori.6 To
save the computational time and computer memory, the computa-
tional domain f.x; y/j¡45 · x · 45, ¡45· y · 45g and a uniform
grid with spacing x D 1y D 0:1 were adopted to simulate the sound
generation process in the far � eld. Note that, in Figs. 7 and 8, the
results of shock/vortex interaction are included and compared with
those for the corresponding blast/vortex interactions. The notation
A-s in Figs. 7 and 8 denotes case A in the problem of shock/vortex
interaction, and notation A-b case A for the problem of blast/vortex
interaction.Other notations such as B-s, C-b, etc., are easily under-
stood. As seen from Figs. 7a and 7b, for all cases, the pressurepeaks
of the precursor tend to decay like r¡1 in the near � eld (r < 10) and
r ¡1=2 in the far � eld (r > 10). Obviously,our results agree well with
the theory. Figure 7a shows that the pressurepeaksof the � rst sound
for the shock/vortex interaction (SVI) case are larger than those
for the blast/vortex interaction (BVI) case. This is because stronger
interactionoccurs in the shock-wave case compared with the corre-
sponding BVI, in which the blast-wave strength is decaying during
propagation. Figure 7b shows that the radial pressure peaks in the

a)

b)

Fig. 8 Pressure peaks of the second sound vs the radial distance r at
µ = ¡¡ 45 deg; C-s denotes case C of shock/vortex interaction, etc., for a)
weak shock and blast waves (cases A and B) and b) stronger shock and
blast waves (cases C and D).

stronger shock- and blast-wave cases. One can see that the pressure
peaks (denotedby C) for the D-b case are larger than those (denoted
by ¤) for the C-s case. Namely, a stronger vortex with a weak blast
wave can produce an interaction that is stronger than that for the
case of a stronger shock with a weak vortex.

Figure 8 shows the decay of pressure peaks of the second sound
for cases A–D. One can clearly see that the pressure peaks for the
B-b and D-b cases are larger than those for other three cases, as
shown in Figs. 8a and 8b, respectively. This means that a stronger
blast wave interacting with a stronger vortex can produce a strong
second sound. Thus, the vortex strength is equally important as the
shock or blast strength, and their interaction is mutual. In particular,
unlike the A-b case as shown in Fig. 8a, the pressure peaks (£) of
the second sound in the C-b case are larger than those (¤) in the case
of the C-s case. It is conjectured that this difference is caused by
the second shock interacting with the vortex, enhanced by stronger
expansionwaves following the strongerblast-wave front. As for the
radial decayof the secondsound, from Fig. 8 one can see that for the
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a)

b)

Fig. 9 Radial distribution of sound pressure at a) t = 12 and b) t = 36;
C-b denotes case C of blast/vortex interaction, etc.

blast-wave cases the pressure peaks apparently tend to decay faster
than for the shock-wavecases, especially in the near � eld; however,
it seems to decay like r¡1=2 in the far � eld. The veri� cation requires
a much larger domain and is left for future work. Figure 9 shows the
radial distributionof sound pressure for cases C and D at t D 12 and
36 and at µ D ¡45 deg. In Fig. 9a, the peak pressure magnitudes of
the second sound for the blast wave cases are apparently larger than
that for the corresponding shock-wave cases. The reason is due to
the expansionwaves/vortex interactionfor the blast-wavecase. The
re� ected shock waves R1 only occur in the stronger vortex strength
cases (MV D 0:5) because the vortex Mach number effect causes
the re� ected shock waves to deform. In Fig. 9b, the vortex Mach
number effect is clearly shown, especially in the transition region,
that is, the region behind the fourth sound for the blast-wavecase, or
the third sound for the shock-wave case. The vortex Mach number
can in� uence the re� ected shock, peak sound pressure level, and
the transition regions where both effects of the vortex strength and
lower re� ected shock waves are strong. In addition, we found that

Fig. 10 Appearance of the fourth sound occurred in blast/vortex
interaction at t = 20 (case A).

the positions of the peak sound pressure such as the precursor and
second sound are not changed if the blast or shock Mach number
is kept the same. Figure 9 also shows evidence for the existence of
the fourth sound generated by the planar BVI in comparison with
the correspondingplanar SVI. The sound pressure � eld of case A at
t D 20 is shown in Fig. 10. It is clearly shown that the fourth sound
is of quadrupolarnature. We tried to increase the time domain from
tmax D 40 to 48 to see whether more sounds are generated.However,
only four sounds were observed in our case. This may be because
the BVI in the present study is not strong enough to generate more
than foursounds.This problemrequiresfurtherinvestigationof very
strong BVI.

IV. Conclusions
By the use of a � fth-order WENO scheme to solve the two-

dimensional,unsteady compressibleEuler equations, the � ow� elds
of a planar BVI were studied in detail. The effects of the initial blast
Mach number MS and vortex Mach number MV were discussed
and compared with the corresponding cases of SVI. The present
results show that large values of MS or MV produce strong com-
pressions and rarefactionsand that weak blast waves result in regu-
lar re� ections associated with the blast-wave front, whereas strong
blast waves result in Mach re� ections. The sound generated by the
planar BVI is of quadrupolar nature, as in an SVI. The precursor
generated by the BVI tends to decay like r¡1 in the near � eld and
r ¡1=2 in the far � eld as in the correspondingSVI. The radial pressure
peaks of the � rst sound for the SVI cases are larger than those for
the BVI cases. As for the second sound, it decays faster than that
for the SVI. However, it seems to decay like r¡1=2 in the far � eld.
Moreover, the pressurepeaks of the second sound in the BVI can be
larger than those in the correspondingcase of SVI. This is due to the
interaction of the secondary shock with the enhanced vortex by the
expansion waves following the blast-wave front. The fourth sound
generated by a planar BVI is found to exist in the present study but
not in the case of an SVI.
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