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The interaction between a shock wave and two counter-rotating vortices is simulated systematically
through solving the two-dimensional, unsteady, compressible Navier–Stokes equations using a fifth
order weighted essentially nonoscillatory finite difference scheme. The main purpose of this study
is to reveal the mechanism of sound generation in the interaction between a shock wave and two
counter-rotating vortices. It is found that there are two regimes of sound generation in this
interaction. The first regime corresponds to the shock interaction with two isolated vortices, in
which the sound wave generated by the interaction between the shock wave and two
counter-rotating vortices equals to the linear combination of the sound waves generated by the
interactions between the same shock wave and each vortex. The second regime corresponds to the
shock interaction with a coupled vortex pair, in which the sound wave comes from two processes.
One is the vortex coupling, and the second is the interaction between the shock wave and the
coupled vortex pair. © 2009 American Institute of Physics. �DOI: 10.1063/1.3176473�

I. INTRODUCTION

Shock waves and vortices are two basic elements of
compressible flow. The interaction between them is a com-
mon phenomenon and is very important in many applications
such as supersonic mixing layers, supersonic jets, and com-
bustion instability. In particular, because a number of shock
waves and vortices coexist in the complicated supersonic tur-
bulence flow, the interaction of a shock wave and vortices
can be seen as a simplified model of shock turbulence inter-
action, which is one of the major sources of noise and has
received increasing attention.

The interaction of a shock wave and a single vortex is
one of the most simplified models of shock turbulence inter-
action and has been extensively studied through
experiment,1–3 theoretical analysis,4–7 and direct numerical
simulation.8–11 The nature of the sounds generated by this
interaction has been clarified to a significant extent. These
studies have revealed several basic mechanisms of sound
generation in shock turbulence interaction. A brief summary
is given by Inoue and Hattori12 and Zhang et al.13

However, there is a significant difference between shock
single vortex interaction and shock turbulence interaction.
Since the mechanism of sound generation in shock turbu-
lence interaction is far from being fully understood, it is
necessary to study more complicated models than that for
shock single vortex interaction. The interaction of a shock
wave and a vortex pair is more complicated than the inter-
action of a shock wave and a single vortex. It has closer

relationship to shock turbulence interaction than shock single
vortex interaction does. For instance, there are a street of
vortices in a shear layer and wake flow. Coupling and merg-
ing of two vortices are two key phenomena in these vortices
dominated flow. There are many similar features in shock
vortex pair interaction and shock shear layer interaction
which plays an important role in supersonic jet noise.14–16

Compared to the shock single vortex interaction, there are
fewer studies on the interaction of a shock and a vortex pair.
Inoue et al.12,17 and Pirozzoli et al.18 studied the interaction
of a shock and two vortices in tandem and in parallel pat-
terns. Zhang et al.19 studied the interaction of a shock wave
and two vortices with arbitrary position to the shock wave.
The pattern of the flow structure, especially the shock struc-
ture, is classified. Numerical studies show that it contains
new mechanisms of sound generation not found in shock
single vortex interaction.

This paper is an extension of our previous work in Ref.
19. Our purpose is to study the mechanism of sound genera-
tion in the interaction between a shock wave and two
counter-rotating vortices through simulating the two-
dimensional Navier–Stokes equation using a fifth order
weighted essentially nonoscillatory �WENO� scheme.20 The
effect of the strength of the vortices and the geometry param-
eters are studied systematically. Our study shows that there
are two different regimes of sound generation in the shock
interaction with two counter-rotating vortices. One is the
shock interaction with two isolated vortices, and the other is
the shock interaction with a coupled vortex pair.

This paper is organized as follows. In Sec. II, the nu-
merical method and the physical model are introduced. In
Sec. III, we present our simulation results and provide a de-
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tailed discussion for the sound generation. Section IV con-
tains our concluding remarks.

II. THE PHYSICAL MODEL

The numerical method is the same as that by Zhang
et al.13,19 Two-dimensional unsteady compressible Navier–
Stokes equations are simulated by the fifth order WENO fi-
nite difference scheme developed by Jiang and Shu.20 We
refer to Ref. 13 for more details.

Figure 1 is the schematic diagram of the flow model.
Figure 1�a� is the schematic diagram of the interaction be-
tween a shock wave and two counter-rotating vortices. L is
the initial distance between the first vortex and the incident
shock wave, and d is the initial separation distance of the two
vortices. These are the key parameters to study the mecha-
nism of sound generation in shock vortex pair interaction. �
is the angle between the incident shock wave and the vortex
pair. M� is the strength of the vortices. To reveal the different
mechanisms of sound generation between the shock interac-
tion with two counter-rotating vortices and the shock inter-
action with a single vortex, we also simulate the interactions
of the shock wave and each single vortex, which is schemati-
cally shown in Fig. 1�b�. Figure 1�b� corresponds to the in-
teraction of the shock wave and the first �lower� vortex of the
vortex pair. The interaction between the shock wave and the
second �upper� vortex has the same schematic pattern except
for the position and the rotating direction of the vortex. The
computational domain is prescribed to be rectangular xl�x
�xr, yl�y�yr. The shock wave of Mach number Ms=1.2 is
set to be stationary at x=0 in the computation. The vortex
pair or the isolated vortex moves toward the shock at the
speed of the shock wave, Vs.

The initial value of the vortex parameters12,13 in the
shock interaction with a single vortex is set as follows. The
tangential velocity

u��r� = M�re�1−r2�/2,

radial velocity

ur = 0,

pressure

p�r� =
1

�
�1 −

� − 1

2
M�

2e1−r2��/��−1�

,

and density

��r� = �1 −
� − 1

2
M�

2e1−r2�1/��−1�

,

where r=��x−xv�2+ �y−yv�2. �xv ,yv� is the center of the ini-
tial vortex. �=1.4 is the ratio of specific heats. The initial
flow field for the case of the vortex pair is prescribed by the
superposition of the flow field produced by each single vor-
tex. The initial location of the first vortex is prescribed to be
xd=L ,yd=−�d /2�cos��� and that of the second vortex to be
xu=L+d sin��� ,yu= �d /2�cos���.

III. SIMULATION RESULTS

There are two different regimes of sound generation in
the shock interaction with two counter-rotating vortices. The
first regime corresponds to the shock interaction with two
isolated vortices. When the vortices are weak or the separa-
tion distance between the two vortices is large, the sound
wave generated by the interaction between the shock wave
and the vortex pair equals to the linear combination of the
sound waves generated by the interactions between the same
shock wave and each single vortex. The second regime cor-
responds to the coupling effect of the two vortices. During
the interaction of the shock wave and the vortex pair, the two
vortices undergo a coupling process which generates sound
waves.

In Table I, we list the parameters used in our simulation
for the interaction between a shock wave and two counter-
rotating vortices and the regimes each simulation falls into.
R1 refers to the regime of the shock interaction with two
isolated vortices. R2�a� represents the regime of the free evo-
lution of the coupling process of the two counter-rotating
vortices which generates two vortex dipoles �with no shocks
involved�. R2�b� represents the regime for the vortex cou-
pling in regime R2�a� followed by the subsequent interaction

TABLE I. Parameters used in the simulations of shock interaction with two
counter-rotating vortices and different regimes each simulation falls into.

Regime Mv d L
�

�deg�

R1 0.05 4 4 0

45

90

0.25 4 4 0

45

90

0.25 6 4 0

45

90

R2�a� 0.25 4 ¯ 0

0.50

0.80

R2�b� 0.80 4 45 0

R2�c� 0.25 4 4 45

0.25 4 20 45

0.80 4 20 45

0.80 4 50 45

Sh
oc
k
Wa
ve

Mv

Xl Xr
Yl

Yr

(a) (b)

FIG. 1. Schematic diagram of the flow model. �a� shock interaction with two
counter-rotating vortices; �b� shock interaction with a single vortex.
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between a shock wave and these two vortex dipoles. In this
case, L represents the distance between the incident shock
wave and the vortex dipole resulting from the coupling effect
of two counter-rotating vortices of strength Mv. R2�c� repre-
sents the interaction of the shock wave and a vortex pair that
is simultaneously going through the coupling process. In
each case falling into the regime R1, we also perform simu-
lations for the interactions between the same shock and each
single vortex.

A. Shock interaction with two isolated vortices

In the shock interaction with two isolated vortices, the
sound generated by the shock interaction with the vortex pair
equals to the linear combination of the two interactions be-
tween the same shock wave and each single vortex. This
regime, denoted by R1 in Table I, corresponds to the interac-
tion between a shock wave and a weak vortex pair or a
vortex pair with a large separation distance. With a given
strength of the vortex pair, the separation distance d is the
key parameter that influences the realization of this regime.

In our study, we simulate and compare the sound wave
generated by the interaction between a shock wave and two
counter-rotating vortices and the linear combination of sound
waves generated by the two interactions between the same
shock wave and each vortex. Figure 2 contains the sound
pressure of such a comparison. The Mach number of the
shock wave is Ms=1.2. The strength of the vortices is
M�=0.05. The initial distance between the shock wave and
the vortex pair and the separation distance between the two
vortices are both 4. The angles between the vortex pair and
the shock wave are �=0°, 45°, and 90°, respectively. The left
picture contains the contours of the sound pressure and the
right one contains the circumferential distribution. This fig-
ure shows that, for this set of parameters, the sound pressure
generated by the shock interaction with two counter-rotating
vortices equals almost exactly to the linear combination of
the sound pressures generated by the two interactions be-
tween the same shock wave and each vortex. Figure 3 shows
the radial distribution of the sound pressure along the direc-
tion of the connected line of the two vortex centers. In Fig.
2�c�, we can observe that there is a two-cell structure in the
second sound wave which was also reported in Ref. 19. As
can be seen in Fig. 3, it is the result of the second sound
generated by the shock lower vortex interaction merging
with the first sound generated by the shock upper vortex
interaction.

The strength of the vortex pair M�=0.05 is very weak.
As the strength of the vortices increases, the two vortices
undergo a coupling process during the interaction between
the shock wave and the vortex pair.

Figure 4 is the sound pressure generated by the interac-
tion of a shock and two counter-rotating vortices and its
comparison with the linear combination of the sound waves
generated by the two interactions between the same shock
and each vortex. The strength of the vortex is now increased
to M�=0.25. The distance between the two vortices is still
d=4. It is found that the first sound is still the same as that of
the linear combination. However, there is some difference in
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FIG. 2. The comparison of the sound pressure ��p= �p− ps� / ps� generated
by the shock interaction with two counter-rotating vortices with the linear
combination of the sound waves generated by the two interactions between
the same shock and each vortex. t=15, Mv=0.05, Ms=1.2, L=4, and d=4.
Left: contours of the sound pressure. Solid line: vortex pair; dashed line:
linear combination of two isolated vortices. Right: circumferential distribu-
tion of sound pressure. Lines: vortex pair; symbols: linear combination of
two isolated vortices. �a� �=0°, �b� �=45°, �c� �=90°.
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FIG. 3. The sound pressure �p= �p− ps� / ps along the radial direction from
the middle of the two vortex centers to the point of the minimum value of
the precursor in the negative region at t=15, Mv=0.05, Ms=1.2, L=4, and
d=4.
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the second and the third sound waves. This difference should
be the result of the vortex coupling process. If the distance
between the two vortices increases, the coupling effect
would decrease, and the first regime would be recovered.
Figure 5 is the circumferential distribution of the sound pres-
sure for the case of M�=0.25 and an increased d=6. We can
observe that all three sound waves are now within the first
regime, similar to the case shown for M�=0.05 and d=4 in
Fig. 2.

Numerical experiments indicate that the sound wave
generated by the shock vortex pair interaction may fall into
the regime of linear combinations of the sound waves gen-
erated by the shock interactions with individual vortices.
However, the condition for this regime to be realized is dif-
ferent for vortices with different strengths. The stronger the
vortices, the larger distance between the two vortices is
needed. When the separation is smaller, the coupling effect
becomes obvious.

B. Shock interaction with coupled vortices

An essential difference between the shock interaction
with two counter-rotating vortices and the shock interaction
with a single vortex is the possible vortex coupling effect in
the former case, which may significantly influence or even
dominate in the sound generation process for the shock in-
teraction with two counter-rotating vortices. To better under-
stand this process, we study the sound generation first in the
free evolution of the coupling of two vortices, followed by
the shock interaction with a vortex dipole �two vortices
which have already gone through extensive coupling�, and
finally the shock interaction with a vortex pair which is si-
multaneously undergoing the coupling process.
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FIG. 4. The comparison of the sound pressure ��p= �p− ps� / ps� generated
by the shock interaction with two counter-rotating vortices with the linear
combination of the sound waves generated by the two interactions between
the same shock and each vortex. t=34, Mv=0.25, Ms=1.2, L=4, and d=4.
Left: contours of the sound pressure. Solid line: vortex pair; dashed line:
linear combination of two isolated vortices. Right: circumferential distribu-
tion of sound pressure. Lines: vortex pair; symbols: linear combination of
two isolated vortices. �a� �=0°, �b� �=45°, �c� �=90°.
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FIG. 5. The comparison of the circumferential distribution of the sound
pressure generated by the shock interaction with two counter-rotating vorti-
ces with the linear combination of the sound waves generated by the two
interactions between the same shock and each vortex. t=34, Mv=0.25,
Ms=1.2, L=4, and d=6. Lines: vortex pair; symbols: linear combination of
two isolated vortices. �a� �=0°, �b� �=45°, �c� �=90°.
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1. The free evolution of vortex coupling

If two counter-rotating vortices are close enough, they
will undergo a movement of vortex coupling, which will
result in a new flow structure and generate sound waves.

Figure 6 is the evolution of the vorticity in the vortex
coupling process, which is referred to as regime R2�a� in
Table I. The strength of the vortices is Mv=0.25. The lower
vortex rotates clockwise and the upper vortex rotates in the
opposite direction. The vortices are initially located at the
center of the computational domain with a distance d=4. As
can be seen from Fig. 6�a� �left�, the isentropic vortex has
two layers, the inner layer and the outer layer, in which the
sign of vorticity is opposite. In the process of vortex cou-
pling, the vortices undergo a change in shape. The vortex
cores are pressed to an approximately elliptical shape from
the initially cylindrical shape and they gradually form a vor-
tex dipole with a tail. There is an induced velocity and the
vortex dipole is advected to the right. The outer layer is
separated from the vortex core and moves toward the sym-
metry axis. They form a weak vortex dipole which moves to
the left. The evolution of the vortex coupling process of this
isentropic vortex pair is similar to that of the Taylor-type
vortex pair coupling21 and was observed in the experiment
by Schmidt et al.22

Sound waves are generated at the beginning of the vor-
tex coupling. Figure 7 is the sound pressure generated by the
vortex coupling for typical strengths of the vortex pair at
times t=30 and 50. We can observe that the sound waves
have a quadrupolar nature. In the case of weak vortex pair
coupling �Mv=0.25�, there are only two sound waves. As the
vortex becomes stronger, there are more sound waves gener-
ated and the sound waves become stronger. Figure 8 is the
circumferential and radial �along the symmetric line� distri-
butions of the sound wave. Pirozzoli et al.18 gave the decay
law of the first and second sound peaks for Mv=0.25.

2. Interaction between a shock and a vortex dipole

If the initial distance between the shock wave and two
counter-rotating vortices is large enough, the initial vortex
pair evolves into two vortex dipoles by the coupling effect as
described in Sec. III B 1. The interaction between the shock
wave and the vortex pair becomes the interaction of the
shock wave and these two vortex dipoles, which is referred
to as regime R2�b� in Table I. Hence, it is necessary to figure
out the characteristic behavior of the sound generation by the
shock and vortex dipole interaction.

Figure 9 is the evolution of the sound pressure generated
by the interaction of a shock and a vortex dipole. The vortex
dipole is the primary one formed by the vortex coupling of
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FIG. 7. The contours of the sound pressure �p= �p− p0� / p0 in vortex cou-
pling. Left: t=30. Right: t=50. Solid lines represent �p	0, while dashed
lines represent �p�0. �a� Mv=0.25, �b� Mv=0.5, �c� Mv=0.8.

076101-5 The mechanism of sound generation in the interaction Phys. Fluids 21, 076101 �2009�

Downloaded 18 Jul 2009 to 128.148.19.48. Redistribution subject to AIP license or copyright; see http://pof.aip.org/pof/copyright.jsp



Mv=0.8 when we run to t=200. The initial distance of the
shock wave and the vortex dipole is L=45. Figure 9�a�
shows the case that the tail of the vortex dipole has just
reached the shock wave. As the shock wave passes through
the vortex dipole, two sound waves are generated. This is
quite similar to the sound wave generated by the free evolu-
tion of weak vortex coupling. Figure 10 is the distribution of
the sound wave along the symmetry line. Compared with the
sound wave generated by the vortex coupling given in Fig.
8�c�, the sound wave generated by the shock interaction with
a vortex dipole is much weaker. The reason is that the vor-
ticity has decayed dramatically when the vortex dipole is
formed from the vortex pair.

3. Interaction between a shock and a coupling
vortex pair

If the distance between the shock wave and the two
counter-rotating vortices is not large enough, the two sound
generation processes happen at the same time. The sound
wave generated by the two different processes, namely, the
vortex coupling and the shock vortex interaction, merges to-
gether. This scenario is referred to as regime R2�c� in Table I.
In this case, the distance between the shock wave and the
vortex pair is a key parameter of the combined process.

Figure 11 is the sound pressure of Ms=1.2 and Mv=0.25
at t=15. The initial distance between the shock wave and the
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vortex pair and the separation distance between the two vor-
tices are both 4. The angle � is 45°. We observe that the
precursor has two parts: the front and the peak. They are
generated by two different processes. The front is the trans-
mitted sound wave that is generated by the process of vortex
coupling. The peak is generated by the interaction of the
shock wave and the vortex pair. Because the initial vortex
pair is close to the shock wave, as the sound wave generated
by the vortex coupling impinges on the incident shock wave,
the precursor is generated by the interaction of the incident
shock wave and the vortex pair. As a result, the transmitted
sound wave merges together with the precursor and becomes
the front of the precursor.

As the initial distance L increases, the vortices undergo
the coupling process while they are moving toward the shock
wave. This coupling process generates sound waves which
radiate outward. As a result, the sound wave generated by the
vortex coupling will be separated from the sound wave gen-
erated by the shock interaction with the coupling vortices.
Figure 12 is the evolution of the sound pressure of the shock
interaction with two counter-rotating vortices. In this case,
the strength of the shock wave and vortices and the separa-
tion distance between the two vortices are the same as in the
case above, namely, Ms=1.2, Mv=0.25, and d=4. The initial
distance is L=20, which is much larger than in the case
above. As can be seen from Fig. 12�a�, the sound waves
generated by the vortex coupling reach the shock wave much
earlier than the vortices do. These sound waves interact with
the shock wave before the vortices reach the shock wave.
The transmitted sound waves propagate in the downstream
of the shock wave. The shock wave is not deformed by the
shock-sound interaction. As the vortices pass through the
shock wave, new sound waves are generated by the shock
vortex interaction. Figure 13 is the distribution of the sound
pressure generated by the shock interaction with two

counter-rotating vortices and a comparison with that of free
vortex coupling along the line from the middle of two vorti-
ces to the point of the maximum of the first sound pressure in
the positive y plane. S1VC and S2VC represent the first and
the second sound waves generated by the vortex coupling,
respectively. S1SV, S2SV, and S3SV represent the first, the
second, and the third sound waves generated by the shock
interaction with the coupling vortex pair, respectively. At
t=30, the distance between the sounds S2VC and S1SV is
approximately 10. The sound generated by the vortex cou-
pling is much weaker than the sound generated by the shock
vortex pair interaction. Hence, for this vortex with modest
strength, the shock vortex pair interaction dominates the
sound generation.

As the strength of the vortex increases, there are more
sound waves generated by the vortex coupling, and the pro-
cess of vortex coupling plays a more important role in the
sound generation. Figure 14 is the evolution of the sound
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pressure in the shock interaction with two counter-rotating
vortices at Ms=1.2, Mv=0.8, and L=20. Figure 15 is the
distribution of sound pressure generated by the shock inter-
action with two counter-rotating vortices and a comparison
with that of free vortex coupling along the direction of 45°.
There are two differences between this case and the case
above. First, the sound wave generated by the vortex cou-
pling is much stronger. Second, there is still the merging of
the two processes of sound wave generation by vortex cou-
pling and by shock vortex pair interaction. S1VC and S2VC

are the first and second sound waves generated by the vortex
coupling. They are the strongest sound waves. S3, S4, and S5

contain the combination of the sound waves generated by
vortex coupling and by shock vortex pair interaction.

If the initial distance between the shock wave and the
vortex pair becomes larger, the vortex pair will gradually
develop into two vortex dipoles due to the vortex coupling
effect. The shock vortex pair interaction then becomes the
interaction between the shock and two vortex dipoles.

Figure 16 contains the evolution of the sound wave gen-
erated by the shock interaction with two counter-rotating
vortices. The Mach number of the shock wave is Ms=1.2.
The strength of the vortex pair is Mv=0.8. The initial dis-
tance between the shock and the vortex pair is L=50. As can
be seen from Fig. 16�a�, there are two vorticity fields before
the vortex pair reaches the shock wave. These are the two
undeveloped vortex dipoles. Figures 16�b� and 16�c� show
that the sound waves contain three different parts: SVC, SSD1,
and SSD2. SVC is the sound wave generated by the vortex
coupling, SSD1 is the sound wave generated by the interaction
between the shock and the first vortex dipole, and SSD2 is the
sound wave generated by the interaction between the shock
and the second vortex dipole. Figure 17 is the radial distri-
bution of the sound pressure along the symmetry line.

IV. CONCLUDING REMARKS

The interaction between a shock wave and two counter-
rotating vortices is simulated systematically through solving
the two-dimensional, unsteady compressible Navier–Stokes
equations using a fifth order WENO finite difference scheme.
The mechanism of sound generation is examined. The result
shows that there are two regimes of sound generation in the
shock interaction with two counter-rotating vortices, repre-
senting the shock interaction with two isolated vortices and
the shock interaction with coupled vortex pair, respectively.

In the shock interaction with two isolated vortices, the
sound generated by the shock interaction with two counter-
rotating vortices equals to the linear combination of the
sound waves generated by the two interactions between the
same shock wave and each vortex. This scenario happens for
the interaction between a shock wave and a weak vortex pair
or a vortex pair with a large separation distance.

If the counter-rotating vortices are strong or the separa-
tion distance is small, the two vortices undergo a coupling
process, which can be dominant in the second regime of
sound generation. The distance between the shock wave and
the vortex pair is a key parameter for the combined process.
If the initial distance between the vortex pair and the incident
shock wave is small, the sound generation process by the
coupling effect and that for shock vortex pair interaction
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merge together. If the initial distance is large enough, the
sound wave generated by the vortex coupling can be sepa-
rated from the sound wave generated by the shock vortex
interaction. In the case of weaker vortex pair, the sound wave
generated by the shock vortex interaction is stronger than the
sound wave generated by the vortex coupling, and it domi-
nates the sound wave in the shock vortex pair interaction. As
the strength of the vortex pair increases, the sound wave
generated by the vortex coupling becomes stronger and it
finally dominates the sound wave in the shock vortex pair
interaction.

If the initial distance between the vortex pair and inci-
dent shock wave is large enough, the process of vortex cou-
pling is totally separated from the shock vortex interaction.
The vortex pair undergoes a free evolution of coupling. As a
result, two vortex dipoles are formed. The shock vortex pair
interaction develops into an interaction between the shock
wave and two vortex dipoles.

The sound wave generated by the shock vortex dipole
interaction is similar to that of shock and vortex pair inter-
action. Two sound waves are generated in the interaction of a
shock wave and a vortex dipole.
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