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Interaction of an oblique shock wave with a pair of parallel vortices:
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The interaction between an oblique shock wave and a pair of parallel 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 characterize the flow structure and the mechanism of sound generation in
the interaction between an oblique shock wave and a pair of vortices. We study two typical shock
waves of Mach number M =1.2 and M =1.05, which correspond to two typical shock structures of
Mach reflection and regular reflection, respectively, in the problem of shock-vortex interaction. The
effects of the strength of the vortices and the geometry parameters are investigated. In addition, we
have also considered both cases of passing and colliding vortex pairs. The interaction is classified
into four types for the passing case and seven types for the colliding case according to different
patterns of the shock structure. Our simulation shows that the sound field is the result of three
mechanisms. The first mechanism is related directly to the interaction of the shock wave and the pair
of vortices. The second mechanism is related to the coupling process of the vortex pair. The third
mechanism is related to the interaction of the reflected shock waves and sound waves. The first
mechanism is dominating if the vortex pair is weak. The combination of the first and the second
mechanisms is dominating if the vortex pair is of moderate strength. If the vortex pair is strong, the
acoustic field is also significantly affected by the interaction of the reflected shock waves and sound

waves. © 2006 American Institute of Physics. [DOI: 10.1063/1.2391806]

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 supersonic turbulence flow,
which is very complicated, the interaction of shock waves
and vortices can be seen as a simplified model of shock-
turbulence interaction, 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,k3 theoretical analysis,“f7 and direct numerical
simulation.*™" A brief summary of a shock-single vortex in-
teraction is given in Zhang et al. "2 In addition, Zhang et al.?
studied the interaction of a shock wave and a strong vortex.
It is found that the interaction between a shock wave and a
strong vortex has a multistage feature. It contains the inter-
action of the incident shock wave and the initial vortex, of
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the reflected shock wave and the deformed vortex, and of the
shocklets appearing in the near region of the vortex center
and the deformed vortex.

The interaction of a shock wave and a vortex pair is
more complicated than that of a shock wave and a single
vortex. It contains more complicated physical phenomena
including shock wave distortion, shock focusing, crossing,
and folding, and has different mechanisms of sound genera-
tion. The investigation of this problem can help us better
understand the problem of shock-turbulence interaction."” In-
oue and Hattori" studied the flow structure and the near
sound field through simulating the interaction of a shock
wave with a single vortex or a pair of vortices by solving the
two-dimensional Navier-Stokes equations using a sixth order
compact scheme.'* They clarified the basic nature of the near
field sound generation. Their study shows that the flow field
and the sound waves produced by the interaction have dif-
ferent characteristic features depending on whether the vor-
tex pair moves in the same direction as the shock wave
(passing case) or in opposite direction (colliding case). In the
interaction between a shock wave and a passing vortex pair,
there are four sound waves in the interaction. The essential
features of the flow field are not affected by the strength of
the shock wave and vortex pair. For the case of a colliding
vortex pair, the flow field is affected by the strength of the
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FIG. 1. Schematic diagram of the flow model of colliding and passing cases.

shock wave and vortex pair. The interaction is classified into
three types according to different patterns of the shock struc-
ture. The first type is a mild interaction without shock focus-
ing. The second type is an intermediate interaction with
shock focusing. The third type is a strong interaction with

(b)t=7.0
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TABLE I. Parameters of the shock wave and the oblique vortex pair for the
simulation.

Case M, M, Re Case M, M, Re
A 1.2 0.05 800 F 1.05 0.05 800
B 1.2 0.25 800 G 1.05 0.25 800
C 1.2 0.50 800 H 1.05 0.50 800
D 1.2 0.80 800 1 1.05 0.80 800
E 1.2 1.00 800 J 1.05 1.00 800

shock focusing and an additional expansion wave. Three
sound waves are observed in the first two types of interaction
while there are four sound waves in the third type of inter-
action. Pirozzoli et al."” took an extensive parameter study,
which contains the shock vortex strength and the distance
between the initial vortices, on the interaction of a shock
wave with two counter-rotating vortices. For the interaction
of a shock wave with a colliding vortex pair, they observe
five types of interaction rather than three types in Inoue and
Hattori."> Two of them, the mild interaction and intermediate
interaction, are similar to those in Inoue and Hattori."> The
other three types contain a weak interaction when the vortex
pair is too weak to cause the generation of reflected shock
waves, a strong interaction when two pairs of reflected shock
waves merge together, and a strong interaction that exhibits a

FIG. 2. (Color online) The evolution
of the shock structure of an oblique
shock and a passing vortex pair inter-
action, M ;=1.2, M, =025 a=45°,
and L=d=4.

(d)t=13.0
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(a)t=55

regular reflected pattern with a diffracted shock wave be-
tween the two vortices. In the passing case, the shock pattern
is similar to that in the isolated vortex case, which contains
three different types of a weak interaction, Mach reflection,
and regular reflection. Four sound waves are observed inde-
pendently for the colliding vortex pair or the passing vortex
pair. There are many differences between the results of Inoue
and Hattori"® and Pirozzoli ef al."> A possible reason is that
initial conditions and computational domains are different
for the two studies. Inoue er al.'® studied the interaction of a
shock wave with two vortices in tandem and in parallel pat-
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FIG. 3. (Color online) The evolution
of the shock structure of an oblique
shock and a passing vortex pair inter-
action, M,=1.2, M ,=0.5, a=45°, and
L=d=4.

(f) t=13.0

terns to the shock wave. They found that there is a secondary
interaction of the reflected shock wave and the vortices. The
reflected shock waves are separated into two parts and it
seems that there is another mechanism of sound generation.

In the process of shock vortex pair interaction, there are
different physical phenomena and new mechanisms of sound
generation compared with a shock and a single vortex inter-
action. However, previous studies are limited to the vortex
pair that is parallel to the plane of the incident shock wave or
in tandem. In this case, the flow field is symmetric and some
features of the flow structure including mechanisms of sound
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generation might be buried. In fact, it is more common in
practice that the vortex pair has an angle with the incident
shock wave. The supersonic mixing layer, jets, and super-
sonic turbulence boundary layer are possible examples.
There might be some essential differences in the mechanism
of sound generation for such unsymmetric cases.

Our purpose in this paper is to study the details of the
flow structure and sound generation for the interaction of an
oblique shock wave with a vortex pair, through simulating
the two-dimensional Navier-Stokes equations using a fifth
order weighted essentially nonoscillatory (WENO) scheme."”

Phys. Fluids 18, 126101 (2006)

FIG. 4. (Color online) The evolution
of the shock structure of an oblique
shock and a passing vortex pair inter-
action, M;=1.2, M ,=0.8, a=45°, and
L=d=4.

() t=13.0

The effect of the strength of the oblique shock wave and the
vortex pair and the geometry parameters are studied system-
atically. Both cases of the passing vortex pair and colliding
vortex pair are considered. Our study shows that there are
four different types of interaction for the passing vortex pair
and seven different types of interaction for the colliding vor-
tex pair. Some mechanisms of sound generation seem to be
essentially different from that of the vortex pair that is par-
allel to the plane of the incident shock wave. The sound
wave results from three different mechanisms including the
interaction itself, the coupling process, and the shock-sound

Downloaded 12 Dec 2006 to 128.148.160.224. Redistribution subject to AIP license or copyright, see http://pof.aip.org/pof/copyright.jsp



126101-5

Interaction of an oblique shock wave with vortices

Phys. Fluids 18, 126101 (2006)

FIG. 5. (Color online) Typical shock
structure of an oblique shock and a
passing vortex pair interaction, M
=1.05, @=45°, and L=d=4.

(© M, =05,t=7.0

interaction. The paper is organized as follows: in Sec. II, the
physical model and the numerical method are introduced. In
Sec. III, we present our numerical results and provide a dis-
cussion for the interaction of an oblique shock wave with a
vortex pair. The details of the flow structure, the local struc-
ture of reflected shock waves, and the mechanism of sound
generation are discussed. The last section contains conclud-
ing remarks.

() My = 0.8, t=13.0

Il. MATHEMATICAL FORMULATION AND NUMERICAL
PROCEDURE

A. The physical model

Figure 1 is the schematic diagram of the flow model.
The computational domain is prescribed to be rectangular
X <x<Xx,, y;<y<y,. In our simulation, we choose two dif-
ferent sizes for the computational domain. One is a smaller
domain with x;=-30, x,=20, y,=-y,;=20 for most cases. The
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(b)t=7.0

other is a larger domain with x,=-x;=40, y,=-y,=30 to iso-
late the sound wave generated by the coupling process of the
vortex pair. The shock wave is set to be stationary at x=0 in
the computation. The vortex pair moves toward the shock at
the speed of the shock wave V. «a is the angle between the
incident shock wave and the vortex pair. It is prescribed to be
15°, 30°, 45°, 60°, or 75°. As « approaches 0°, the setup
approaches the case that the vortex pair is parallel to the
incident shock wave.'® As a approaches 90°, it approaches
the tandem case.'® Two different cases of interaction are con-
sidered. One is the colliding case shown in Fig. 1(a) in which
the x component of the self-induced velocity of the vortex
pair is in the opposite direction to the velocity of the shock
wave. The other is the passing case shown in Fig. 1(b) in
which the x component of the self-induced velocity of the
vortex pair is in the same direction as the velocity of the
shock wave.

The initial flow field is prescribed by the superposition
of the flow field produced by each single vortex. The initial
location of the first vortex is prescribed to be x,=L,
yy==(d/2)cos(a), and that of the second vortex to be
x,=L+d sin(a), y,=(d/2)cos(a). L is the initial distance be-
tween the first vortex and the incident shock wave. d is the
initial separation distance of the two vortices. Because the
effect of the vortex is negligibly small beyond r=4,"21315 the
initial distance L is prescribed to be 4 or 20, and the separa-
tion distance d is prescribed to be 4, 6, or 8.

Phys. Fluids 18, 126101 (2006)

FIG. 6. (Color online) The evolution
of the shock structure of an oblique
shock and a colliding vortex pair inter-
action, M =1.2, M,=0.25 a=45°,
and L=d=4.

(d)t=13.0

The Mach number of the shock wave is prescribed to be
either M,=1.05 or M,=1.2, which correspond to two typical
types of interaction: The Mach reflection for M;=1.2 and
regular reflection for M= 1.05."*"* The Mach number of the
vortex M, defined by M, =u g,/ a-, ranges from 0.05 cor-
responding to a very weak vortex pair to 1.0 corresponding
to a very strong vortex pair. Here, ugy,, 1s the maximum
tangential velocity and a., is the sound speed upstream of the
shock wave. In Table I we list the physical parameters used
in our simulation to the interaction between the oblique
shock waves and the vortex pair. In this table, Re is the
Reynolds number defined by Re=p..a..R/ p.., where p.., a.,
and w.are the density, sound speed, and viscosity, respec-
tively, for the mean flow in front of the shock wave, and R is
the radius of the vortex core defined by the distance from the
vortex center to the location where the tangential velocity
attains its maximum.

B. The numerical method

The numerical method for this computation is the same
as that in Zhang et al.,”? namely the fifth order weighted
essentially nonoscillation (WENO) finite difference scheme
developed by Jiang and Shu'’ solving the two-dimensional
unsteady compressible Navier-Stokes equations. We refer to
Ref. 12 for more details.
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The computational results are obtained on a nonuniform
tensor product mesh of 1280 X960 grid points. The grid
transformation is given analytically as

() =x(€- a1 -§e ), £e]0,1],

y(m) =y(n-Bin(l-ne ), 5el0,1],

where a;=0.905, £,=0.92, and a,=£,=1.0. This grid is re-
fined near x=0 and y=0 and is approximately uniform far
away from them. The finest mesh sizes are Ax=0.003 65
and Ay=0.0035 near the coordinate axes, and the coarsest
meshes are located near the boundaries, with mesh sizes
Ax=0.05 and Ay=0.056. This grid guarantees good resolu-
tion of the flow field based on our validation tests and pre-
vious study on a shock and a strong vortex interaction.'?

lll. NUMERICAL RESULTS AND DISCUSSION

In this section, computational results for the cases listed
in Table I including both the colliding case and passing case
are presented. In Sec. III A, the shock structure and its rela-
tion with the shock and vortex strengths and the geometry
parameters are discussed. The interaction is classified ac-
cording to the pattern of the shock wave. In Sec. III B, the
mechanism of the sound field generated by the interaction is
discussed.

Phys. Fluids 18, 126101 (2006)

FIG. 7. (Color online) The evolution
of the shock structure of an oblique
shock and a colliding vortex pair inter-
action, M,=1.2, M ,=0.5, a=45°, and
L=d=4.

(d)t=13.0

A. The shock structure

The essential difference between the interaction of an
oblique shock wave and a pair of vortices and that of a shock
wave and a vortex pair that is parallel to the shock wave is
that the flow field of the former case is not symmetric any
more, which can reveal new mechanisms of sound genera-
tion. The reflected shock waves formed in the interaction of
the incident shock wave and one of the two vortices often
pass through and interact with the other vortex to form a
secondary interaction. Because the shock dynamics is
strongly affected by the case of the vortex pair, we discuss
the shock structure for the passing vortex pair and the col-
liding vortex pair separately. In Secs. IIl A 1 and IIT A 2, we
focus our study on the shock dynamics related with the
strength of shock and vortex pair corresponding to the pass-
ing vortex pair and colliding vortex pair, respectively, for the
specific geometry parameters with a=45°, d=4, and L=4.
Then in Sec. IIT A 3, we analyze the influence of the geom-
etry parameters to the shock dynamics.

1. Passing vortex pair

There are two features in an oblique shock wave inter-
acting with a passing vortex pair that are not observed in a
shock wave interacting with a vortex pair that is parallel to
the incident shock wave."*'> One feature is the secondary
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(b)t=7.0

interaction. If the vortex pair is strong, the reflected shock
wave formed by the interaction of the incident shock wave
and one of the two vortices passes through and interacts with
the other vortex to form a secondary interaction. The second
feature is that there is another interaction between a bridge-
like shock wave, which is formed by the process of vortex
coupling, and the vortex pair. This interaction happens before
the interaction of the incident shock wave and the vortex
pair. To complete the description of the phenomena associ-
ated with the interaction of an oblique shock wave with a
passing vortex pair, all the interactions during the simulation
are discussed and categorized into four types according to
different patterns of the shock structure.

The first type (type I) is a weak interaction that is ob-
tained in the interaction of M =1.2 and M ,=0.05, for which
we do not show the detailed results here due to the simple
shock structure. The vortex pair is too weak to form the
reflected shock wave. When the planar shock wave passes
the vortex pair, it is distorted to a double S shape. This type
is also described by Pirozzoli et al.”® when they studied the
interaction of a shock wave and a vortex pair that is parallel
to the incident shock wave.

The second type (type II) is a moderate interaction in
which the oblique shock vortex pair interaction is similar to
the interaction between a shock wave and two isolated vor-
tices. Figure 2 is a typical example of this type for the evo-
lution of the flow structure of M,=1.2 and M ,=0.25. The

Phys. Fluids 18, 126101 (2006)

FIG. 8. (Color online) The evolution
of the shock structure of an oblique
shock and a colliding vortex pair inter-
action, M,=1.2, M ,=0.8, a=45°, and
L=d=4.

(d)t=13.0

pictures are shadowgraphs (contours of V2p) that are sensi-
tive to the density gradient. They emphasize the discontinui-
ties including the slip lines and are good at providing the
main features of the flow field, especially the shock waves
and the slip lines. It is observed that after the shock wave
passes through the first vortex, two reflected shock waves Ry,
R, appear. A Mach stem between the two triple points 7'} and
T, and two slip lines SL; and SL, also appear [see Fig. 2(a)].
The slip lines SL; and SL, emanate from the triple points T
and T, respectively, and spiral into the lower vortex. As the
deformed incident shock wave passes through the upper vor-
tex, another pair of reflected shock waves R; and R, appear.
A new Mach stem between the two triple points 75 and T4
and two slip lines SL; and SL, also appear [see Fig. 2(b)].
The slip lines SL; and SL, emanate from the triple points 73
and T, respectively, and spiral into the upper vortex. As the
interaction develops, the reflected shock wave R, moves up-
ward and R, moves downward. Later, they cross each other
[see Figs. 2(c) and 2(d)]. The developed structure shown in
Fig. 2(d) is similar to that in the interaction of a shock wave
and a vortex pair that is parallel to the incident shock wave
(see Fig. 16 in Ref. 13).

The third type of interaction (type III) is a strong inter-
action that contains the secondary interaction that is shown
in Fig. 3 for the evolution of the flow structure of M =1.2
and M ,=0.5. The reflected shock waves R, R,, R3, and R,
are stronger than those for M ,=0.25. R, moves upward and
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(b)t=7.0

R, moves downward. They pass through and interact with
the upper vortex and the lower vortex, respectively, and form
a secondary interaction. As can be seen from Figs. 3(d) and
3(e), the reflected shock wave R, is transverse and interacts
with the upper vortex. As a result, the reflected shock wave
R, is distorted into an S shape. After R, leaves the upper
vortex, a new reflected shock wave Rs is formed [see Fig.
3(f)]. Therefore, the secondary interaction produces new
sound waves.

The fourth type of interaction (type IV) is a strong inter-
action including the multistage interaction due to the strong
vortex pair and an additional interaction due to the vortex
coupling effect. Figure 4 is the evolution of the flow field of
the vortex M,=0.8 and M,=1.2. Because the vortices are
very strong, the coupling effect of the vortex pair becomes
significant. The evolution of the coupling process results in a
bridge-like shock wave SV between the two vortices. It in-
teracts with the vortex pair before the incident shock wave
reaches the vortex pair [see Fig. 4(a)]. As a result, it is sepa-
rated by the two vortices and two more shock waves appear
in the opposite side of the vortices. This bridge-like shock
wave is also observed by Pirozzoli et al."® when they studied
the free evolution of compressible vortex pair. However,
when they simulated the interaction of a shock wave and a
vortex pair that is parallel to the incident shock wave," they
did not observe the shock wave between the two vortices due
to the vortex coupling. We suspect that the diffracted shock

Phys. Fluids 18, 126101 (2006)

FIG. 9. (Color online) The evolution
of the shock structure of an oblique
shock and a colliding vortex pair inter-
action, M;=1.05, M ,=0.25, a=45°,
and L=d=4.

wave (SN in Fig. 10 of Ref. 15) might be the bridge-like
shock wave. As the incident shock wave interacts with the
first vortex, it also interacts with the bridge-like shock wave
[see Figs. 4(b) and 4(c)]. In addition, because the vortices are
very strong, the interaction between the incident shock wave
and the vortex pair has a multistage feature that is similar to
the interaction of a shock wave and a strong vortex.'? This
multistage interaction contains the interaction of the incident
shock wave and the initial vortex [see Fig. 4(a)], the reflected
shock wave and the deformed vortex [see Figs. 4(c) and
4(d)], and the shocklets appearing in the near region of the
vortex center and the deformed vortex [see Figs. 4(d) and
4(e)]. We refer to Zhang et al.'? for more details.

The four types of interaction described above are for
M,=1.2. For M;=1.05, the flow structures are quite similar
to the corresponding patterns of M =1.2. Figure 5 displays
typical patterns of the flow structure for the shock Mach
number M,=1.05 and typical vortex Mach numbers. The key
difference is the structure of the incident shock wave with a
regular reflection, which is the same as that in a shock wave
and a single vortex interaction.'*'*"?

2. Colliding vortex pair

For a colliding vortex pair, the flow structure, especially
the shock structure, is more sensitive to the strengths of the
shock wave and the vortex than those for the passing vortex
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FIG. 10. (Color online) The evolution
of the shock structure of an oblique
shock and a colliding vortex pair inter-
action, M =1.05, M,=0.5, a=45°,
and L=d=4.

(€)t=9.0

(c)t=74

pair. Due to the counterclockwise rotation of the first vortex,
one of the two reflected shock waves, which is formed in the
interaction of the incident shock wave and the first vortex,
always passes through the upper vortex just after the de-
formed incident shock wave passes it. The secondary inter-
action between the reflected shock wave and the upper vor-
tex merges together with the interaction of the distorted
incident shock wave and the upper vortex. This is an essen-
tial difference with that of the interaction between a shock
wave and a colliding vortex pair that is parallel to the inci-
dent shock wave. In general, the interaction can be classified
into the following seven types.

(f)t=13.0

The first type of interaction (type I) is a weak interaction
similar to that in the passing vortex pair in which the vortex
pair is too weak to form the reflected shock wave. After the
incident shock wave passes the vortex pair, it is only dis-
torted into a double S shape. This type happens when
M ,=0.05 (not reported here due to the simple shock
structure).

The second type of interaction is a moderate interaction
(type II), which is the basic interaction of an oblique shock
wave and a colliding vortex pair shown in Fig. 6 for the
evolution of the flow structure of M =1.2 and M ,=0.25. It is
observed that two reflected shock waves R; and R, are
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formed after the incident shock wave passes through the first
vortex. These two reflected shock waves R; and R, are lo-
cated between the two vortices shown in Fig. 6(a). R, moves
downward and R, moves upward. As time increases, the de-
formed incident shock wave and the reflected shock waves
R, and R, move toward the upper vortex. Later, the de-
formed incident shock wave and the reflected shock wave R,
pass through the upper vortex almost at the same time. The
first interaction between the deformed incident shock wave
and the upper vortex and the secondary interaction between
the reflected shock wave R, and the upper vortex merge to-
gether [see Fig. 6(b)]. As a result, two more reflected shock
waves R3 and R, are formed. The root of R, merges with the
reflected shock wave R,. It seems that there is another triple
point 75 apart from the triple point 7,. T3 moves toward T,
and finally merges together with 7,.

The third type of interaction (type III) is a strong inter-
action with shock focusing, folding, and crossing. This type
is shown in Fig. 7 for the evolution of the flow structure of
M,=1.2 and M,=0.5. When the distorted incident shock
wave and the reflected shock wave R, pass through the upper
vortex, both the incident shock wave and the reflected shock
wave R, are distorted. Because the incident shock wave is
deformed by the first interaction of the incident shock wave
and the first vortex, the interaction between the deformed
incident shock wave and the upper vortex takes the pattern of
a regular reflection that can be seen in Fig. 7(b). At the same
time, a new triple point 75 and a new reflected shock wave
R, are formed in the secondary interaction between the re-
flected shock wave R, and the upper vortex. As a result, a
shock focusing region FR appears. As the interaction further
develops, the reflected shock wave R, becomes stronger and
longer. The tip of the reflected shock wave R, touches and
interacts with the upper vortex [see Fig. 7(c)]. The reflected
shock waves R; and R; pass through the lower vortex suc-
cessively and interact with the lower vortex. The reflected
shock waves R;, R,, R;, and R, cross each other to form a
shock crossing region including two shock focusing regions
FR| and FR,. Finally, R, and R; merge together and the
shock focusing regions disappear.

The fourth type of interaction (type IV) is a strong inter-
action including the multistage interaction and an additional
interaction due to the coupling effect. This type happens at
M,=1.2, M,=0.8 shown in Fig. 8. For this type, the vortex
pair is very strong. The vortex coupling effect results in a
bridge-like shock wave SV between the two vortices. It in-
teracts with the vortex pair first similar to that in the passing
vortex pair. As the deformed incident shock wave and the
reflected shock wave R, interact with the upper vortex, they
also interact with the bridge-like shock wave. In addition,
because the vortex is strong, there is also the multistage in-
teraction between the reflected shock wave and the deformed
vortex and between the shocklets and the deformed vortex,
which is similar to that of a shock wave and a single strong
vortex.'?

The fifth type of interaction (type V) is a strong interac-
tion including the shock focusing. This type is shown in Fig.
9 for the evolution of the flow structure of M,;=1.05 and
M ,=0.25. Due to the difference of the incident shock wave

Phys. Fluids 18, 126101 (2006)

with those in the previous four types of interaction, the de-
formation of the incident shock wave is a regular reflection,
which has also been reported in previous studies.'>'*" This
is an essential difference with that of the case M;=1.2. In
this case, the secondary interaction between the reflected
shock wave R, and the upper vortex generates a shock fo-
cusing region just after the reflected shock wave R, passes
the upper vortex [see Fig. 9(c)]. This shock focusing region
is the same as that in the experiment study of Sturtevant and
Kulkarny20 and the numerical study in Refs. 12, 13, and 15.
The flow keeps this pattern for a very long time as shown in
Fig. 9(d).

The sixth type of interaction (type VI) is a strong inter-
action with a shock focusing region interacting with the up-
per vortex. This type is shown in Fig. 10 for the evolution of
the shock structure for M;=1.05 and M ,=0.5. As can be seen
from Fig. 10(a), after the incident shock wave passes the first
vortex, one of the reflected shock waves R, interacts with the
first vortex and a new reflected shock wave R; is formed.
The tip of the reflected shock wave R; merges with the other
reflected shock wave R, and forms a shock focusing region
FR. This shock focusing region is described in detail by
Zhang et al."? for the interaction of a shock wave and a
single strong vortex. As the interaction develops, the de-
formed incident shock wave and the shock focusing region
FR pass through the upper vortex successively [Figs.
10(b)-10(d)]. As a result, the shock waves are distorted
again. The upper part is accelerated whereas the lower part is
decelerated. The interaction between the distorted incident
shock wave and the upper vortex results in the formation of
two reflected shock waves R; and R4 [Fig. 10(c)]. At the
same time, the reflected shock waves R, and R, interact with
the upper vortex, which results in the formation of two more
reflected shock waves Rs, Rg, and two more triple points 73
and T,. As a result, there appears a complicated shock focus-
ing region including the reflected shock waves R;, R4, Rs,
and Rg [Fig. 10(e)]. These shocks develop into a complex
shock wave structure shown in Fig. 10(f).

As we further increase M ,, the effect of vortex coupling
becomes significant. There is a bridge-like shock wave SV
between the two vortices that interacts with the vortex pair
first before the incident shock wave reaches the vortex pair.
The deformed incident shock wave and the shock focusing
region FR interact with the bridge-like shock wave SV and
the upper vortex. In addition, there is a multistage interaction
of a shock wave and a strong vortex, which is the same as
those in type IV. The combination of these three interactions
becomes our seventh type (type VII) of interaction with
the effect of vortex coupling and multistage feature for a
strong vortex. It occurs when M ,=0.8 shown in Fig. 11 for
M ,=0.8.

3. The influence of the geometry parameters

To verify the generality of the shock dynamics catego-
rized on the previous subsections and link them with the
previous studies,>'® we study the influence of the geometry
parameters, including the angle « of the oblique shock wave,
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-20 -16 -12

the initial distance L between the vortex pair and the incident
shock wave, and the initial separation distance d of the two
vortices.

Besides the case of a=45° reported before, we let the
angle « vary from 15°, 30°, 60°, to 75°. For the passing case,
the shock Mach number is set to be M =1.2 and the strength
of the vortex pair is M ,=0.5 and 0.8. For the colliding case,
the shock Mach number is set to be M;=1.05. The strength
of the vortex pair is M ,=0.25 and 0.5. Figure 12 shows the
typical shock structure for the passing case of M =1.2 and
M ,=0.5. We can observe that the shock structure does not
change significantly as « varies from 15° to 75°. They are
essentially the same as those of a=45° shown in Fig. 3. The
only difference is the time for the secondary interaction to
happen. For example, in the case of a=15°, the reflected
shock wave R2 has not reached the second vortex at 1=9 [see
Fig. 12(a)]. In the case of a=75°, it is transverse and inter-
acts with the second vortex at =9 [see in Fig. 12(g)]. As «
approaches 0°, the developed shock structure approaches the
symmetric feature shown in Fig. 12(b), which is the same to
that in the parallel case of Fig. 19(a) in Ref. 13. As « in-
creases, the asymmetric feature becomes stronger. Figure 13
is the typical shock structure for the colliding interaction of
M,=1.05 and M ,=0.5. Comparing with those of the a=45°
case shown in Fig. 10, we observe that the interaction of the
a=30° and 60° cases has the same multishock focusing
structure. For example, Fig. 13(c) corresponds to Fig. 10(c),
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FIG. 11. (Color online) The evolution
of the shock structure of an oblique
shock and a colliding vortex pair inter-
action, M =1.05, M,=0.8, a=45°,
and L=d=4.

4 0 4 8 12
X

(d)t=13.0

Fig. 13(d) corresponds to Fig. 10(e), Fig. 13(e) corresponds
to Fig. 10(b), and Fig. 13(f) corresponds to Fig. 10(e). As «
decreases, the multishock focusing structure becomes nar-
rower in the x direction and finally becomes symmetric to the
X axis as in the parallel case'® when a=0°. As approaches
90°, it becomes similar to the tandem case. For example, Fig.
13(g) corresponds to Fig. 5(a) in Ref. 16. Both the parallel
and the tandem cases were studied extensively by Inoue
et al."®

The initial distance L does not seem to have a significant
influence on the shock structure if it is larger than 4. Figure
14 is the typical flow field for the passing vortex pair of
M ,=0.25 and 0.8 with the initial distance L=20. The shock
Mach number is M =1.2. The angle is a=45° and the initial
separation distance is d=4. When they move to =15, the
positions of the two vortices are (2.17,-1.44) and
(4.84,1.24) in the case of M,=0.25 and (3.02,-1.82) and
(5.22,0.37) in the case of M,=0.8. The separation distance
becomes 3.78 and 3.11, respectively. In the case of the
weaker vortex pair M,=0.25, the separation distance at
t=15 becomes slightly smaller than the initial separation dis-
tance due to the effect of vortex coupling. In the stronger
vortex pair case M,=0.8, the separation distance at r=15
becomes much smaller than the initial separation distance
due to the effect of vortex coupling and the interaction of the
bridge-like shock and the vortex pair. However, the angle
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(h) @=75°,1=13

FIG. 12. (Color online) The typical shock structure of an oblique shock and
a passing vortex pair interaction at different o, M ;=1.2, M,=0.5, L=d=4.

between the incident shock wave and the connecting line of
two vortex centers does not change. They are 45.08° and
44.9° correspondingly. The developed shock structure at
t=25 shown in Fig. 14 have the same configuration with
those of initial distance L=4 shown in Figs. 2 and 4.

The separation distance d does influence the coupling
effect of the two vortices. As the separation distance in-
creases, the coupling between the two vortices becomes
weaker. When the separation distance is larger than 6, they
will behave as isolated vortices which result in the disappear-
ance of the bridge-like shock wave SV. In addition, because
the distance between the two vortices becomes large, the
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(d) ®=30°, t=9

(h) @=75°,t=9

FIG. 13. (Color online) The typical shock structure of an oblique shock and
a colliding vortex pair interaction at different @, M;=1.05, M,=0.5,
L=d=4.

secondary interaction between the reflected shock wave or
the shock focusing region and the second vortex will be af-
fected. Figure 15 contains the typical shock structure for the
passing vortex pair of M,=0.5 at the separation distance
d=6 and 8. The shock Mach number is M =1.2. The angle a
is 45° and the initial distance is L=4. Compared with those
of the d=4 case shown in Fig. 3, they have the same shock
structure except for the difference of the time for the second-
ary interaction between the reflected shock wave R, and the
second vortex to happen. Figure 16 is the typical shock struc-
ture of the interaction of an oblique shock wave M =1.2 and

Downloaded 12 Dec 2006 to 128.148.160.224. Redistribution subject to AIP license or copyright, see http://pof.aip.org/pof/copyright.jsp



126101-14  Zhang, Zhang, and Shu

(b) My, = 0.8, t=15

a strong vortex pair M,=0.8. In this case, the bridge-like
shock wave SV does not appear. It behaves as the interaction
of the shock wave with two isolated vortices, which are simi-
lar with that in the interaction of an oblique shock wave and
a weaker vortex pair in a shorter separation distance shown
in Figs. 3 and 15. The only difference is that there is more
than one reflected shock wave, namely R,, Rs, and R;, which
successively interact with the second vortex.

B. Mechanism of sound generation

The generation and propagation of sound waves is the
most interesting phenomenon in the problem of shock vortex
interaction. The generation of sound waves in the interaction
of a shock wave and a single vortex has been studied exten-
sively in Refs. 12, 13, and 19, as well as the basic structure
of sound waves in the interaction of a shock wave and a
vortex pair that is parallel to the incident shock wave in Refs.
13 and 15. However, in the interaction of an oblique shock
wave and a pair of vortices, there are different mechanisms
of sound generation which contain the interaction itself, the
effect of the vortex coupling process, and shock-sound
interaction.

1. Mechanism of sound generation in the interaction
of an oblique shock and a pair of vortices

Figure 17 is the evolution of the sound wave, which is
generated in the interaction of an oblique shock wave
of Mach number M;=1.2 and a passing vortex pair of
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FIG. 14. (Color online) The shock
structure of an oblique shock and a
passing vortex pair interaction of M
=1.2 with the initial distance L=20,
a=45°, and d=4.

(d) My =08, t=25

M ,=0.05. The angle of the shock wave and the connecting
line between the centers of two vortices is @=45°. Both the
initial distance and the separation distance are 4. In this
figure, the symbol @ denotes the compression region (Ap
>0) while © denotes the rarefaction region (Ap<0). This
vortex pair is very weak so that the effect of the vortex
coupling and shock-sound interaction can be neglected.

As can be seen from Figs. 17(a) and 17(b), immediately
after the incident shock wave touches the first vortex, a com-
pressible region and a rarefaction region appear downstream
of the incident shock wave. Because the vortex pair is very
weak, the distortion of the incident shock wave is not sig-
nificant. As the interaction develops, one more compressible
region and one more rarefaction region appear. These four
alternating compressible and rarefaction regions become the
precursor generated by the first interaction of the incident
shock wave and the first vortex. This process is quite similar
to that in the interaction of a shock wave and a single
vortex."> As can be seen from Fig. 17(c), when the incident
shock wave touches the edge of the second vortex, there is a
pair that is composed of a compressible region and a rarefac-
tion region. Because the second vortex is counterclockwise,
the compressible region is on the upper part and the rarefac-
tion region is on the lower part. This is part of the precursor
of the second interaction of the deformed incident shock
wave and the second vortex. It is the same in sign with the
precursor generated by the first interaction of the incident
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FIG. 15. (Color online) The shock
structure of an oblique shock and a
passing vortex pair interaction with
different separation distance. M =1.2,
M,=0.5, a=45°, L=4.

(d)d=8t=13

shock wave and the first vortex. The two sound waves merge
together. When the incident shock wave enters the second
vortex, there appears one more rarefaction region in the top
right region of the precursor, which can be seen in Fig. 17(d).
These five alternating compressible and rarefaction regions
combine together to form the precursor of the oblique shock
wave and the vortex pair interaction. After the incident shock
wave leaves the vortex pair, three more sound waves appear
successively behind the precursor.

There are two features that are essentially different be-
tween the sound waves in the interaction of an oblique shock
wave and a vortex pair and that of a shock wave and a vortex
pair that is parallel to the incident shock wave. (1) There are
double cells in the second sound wave in the interaction of
an oblique shock wave and a vortex pair rather than a single
cell in the interaction of a shock wave and a vortex pair that
is parallel to the incident shock wave. (2) For the interaction
of an oblique shock wave and a vortex pair, the four sound
waves propagate radially outward from different centers. The
precursor radiates outward from the center of the first vortex.
The second sound wave radiates outward from the middle
point of the two vortices. The third and the fourth sound
waves radiate outward from the center of the second vortex.
These two features indicate that there is a merging mecha-
nism of sound waves.

As can be seen from Fig. 17(f), the left bottom part (the
rarefaction region in the negative y region) of the second

sound wave has a double cell structure that is not observed in
the simulation of Inoue and Hattori'"® and Pirozzoli et al." In
fact, the vortex pair is very weak. The interaction of an ob-
lique shock wave and a weak vortex pair is similar to the
interaction of a shock wave and two isolated counter rotating
vortices. It is well known that the interaction of a shock
wave and a single vortex produces three sound waves, ' >131?
hence we can assume that there are six sound waves after a
shock wave interacts with two isolated vortices. Because the
two vortices are very close, some of the sound waves merge
together resulting in only four observed sound waves. The
precursor [marked by F in Fig. 17(f)] mainly comes from the
precursor generated by the first interaction of the incident
shock wave and the first vortex. It radiates outward from the
center of the first vortex. The second sound wave [marked by
S in Fig. 17(f)] results from the merging of the second sound
wave generated by the interaction of the incident shock wave
and the first vortex and the precursor generated in the second
interaction of the deformed incident shock wave and the sec-
ond vortex. When the precursor, which is generated by the
interaction of the incident shock wave and the second vortex,
propagates outward from the center of the second vortex, the
lower rarefaction part passes through the first vortex and
catches up with the second sound wave generated by the
interaction of the incident shock wave and the first vortex. As
a result, they merge together to form the second sound wave
of the interaction of the oblique shock wave and the vortex
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pair. It radiates outward from the middle of the vortex pair.
The appearance of double cells is a trace of the merging
result. The third sound wave [marked by T in Fig. 17(f)] and
the fourth sound wave mainly result from the interaction of
the deformed incident shock wave and the second vortex.
They radiate outward from the center of the second vortex.
This double cell structure can be observed for a large
range of a. Figure 18 is the sound pressure at different angle
a, which ranges from 15° to 75°. For a small «, the sound
pressure takes the symmetric pattern of the parallel case.'®!?
As a=35°, the double cell structure appears. When a=75°,
it approaches the tandem case.'® The sound wave is com-
posed of a quadrupolar nature that is the same as that in a
shock and a single vortex interaction."'> However, there is
still the double cell structure in the second sound wave.
Figure 19 is the circumferential variation of the sound
pressure Ap for the four sound waves at = 15. The precursor
is plotted along the circle r=14.7 from the center of the
lower vortex (—10.410,—1.417). The second sound is plotted
along the circle r=11.6 from the middle point (a saddle point
in the contour of the sound pressure) of the two vortices
(=9.307,-0.0118). The third and the fourth sound waves are
plotted along the circles r=8.96 and r=5.58, respectively,
from the center of the upper vortex (—8.328,1.406). It is
observed that the second sound wave is opposite in sign to
the precursor. The circumferential variation of the sound
pressure Ap of the third sound wave has the same sign as the

Phys. Fluids 18, 126101 (2006)

FIG. 16. (Color online) The shock
structure of an oblique shock and a
passing vortex pair interaction with
different separation distance. M =1.2,
M,=0.8, a=45°, L=4.

(d)d=8t=13

precursor and the circumferential variation of the sound pres-
sure Ap of the fourth sound wave has the same sign as the
second sound wave. All these four sound waves are com-
posed of five alternating compressible and rarefaction re-
gions. This structure is similar to that in the parallel shock
and a vortex pair interaction.'>!> Figure 20 shows the distri-
bution of the sound pressure jump AP against the distance
from the upper and lower vortex centers to the points
(-20.1,-12.2) and (-21.12,8.443), respectively. These two
points correspond to the minimum and maximum of the pre-
cursor, respectively. The points A and B in Fig. 20 represent
the double cells of the second sound wave.

In the simulation for the interaction of a shock wave and
a vortex pair that is parallel to the incident shock wave, the
incident shock wave touches the two vortices at the same
time. The shock wave interacts with the two vortices at the
same time and the sound waves generated by the interaction
of the incident shock wave and two different vortices appear
at same time. Hence, the flow field including sound field is
symmetric. These sound waves propagate radially outward
from the middle point of the vortices in the downstream of
the shock wave. The merging mechanism is buried.

In the colliding case, we only observe three sound
waves, which agrees with that obtained by Inoue and
Hattori." However, Pirozzoli et al.’® observed four sound
waves when they simulated in a larger computational do-
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main. This means that larger domain is needed to provide full
information of sound waves. However, the basic mechanism
of sound generation is not affected.

2. The effect of vortex coupling

When the vortex pair is strong, the vortex coupling ef-
fect is significant. The free evolution of the vortex coupling
also generates sound waves."” These sound waves propagate
radially outward from the middle point of the vortices in the
right region of the shock wave. As these sound waves im-

Ht=15.0

pinge on the incident shock wave, the transmitted sound
wave merges together with the sound wave generated by the
interaction of the incident shock wave and the vortex pair.
Figure 21 is an example of the sound pressure of
M,=1.2 and M ,=0.25 at t=15. Both the initial distance and
the separation distance are 4. The angle a is 45°. We observe
that the precursor has two parts: the front and the peak. The
front is the transmitted sound wave that is generated by the
process of vortex coupling. Because the initial vortex pair is
close to the shock wave in our simulation, as the sound wave
generated by the vortex coupling process impinges on the
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FIG. 19. The circumferential variation of the sound pressure Ap=(p
—p,)/p, of an oblique shock and a passing vortex pair interaction. M =1.2,
M ,=0.05, a=45°, L=d=4, and r=15.

passing vortex pair interaction, M,=1.2 and M,=0.05, a=45°, L=d=4, and
t=15. Top: from the center of the upper vortex to the point of minimum
value of the precursor in the positive y region; bottom: the center of the
bottom vortex to the point of the maximum of the precursor in the negative
y region.
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FIG. 21. The sound pressure Ap=(p—p,)/p, of an oblique shock and a
passing vortex pair interaction, M,=1.2, M ,=0.25, a=45°, L=d=4, t=15.

shock wave is 20. The angle of the shock wave and the
connecting line between the two vortices is 45°. Figure 22 is
the evolution of the sound wave. In Fig. 22, the sound pres-
sure is defined by Ap=(p-p,)/p, in the downstream region
of the shock wave, while it is defined by Ap=(p—p..)/p.. in
the upstream of the shock wave where p, represents the
mean pressure in front of the shock wave. As can be seen
from Fig. 22(a), the sound wave generated by the vortex
coupling has a quadrupolar nature. As the vortex pair moves
towards the shock wave, the sound interacts with the shock
first before the vortex pair reaches the shock wave. The

Phys. Fluids 18, 126101 (2006)

transmitted sound waves propagate in the downstream of the
shock wave. The shock wave is not deformed by the shock-
sound interaction. This can be seen from Fig. 22(b). As the
vortex pair passes through the shock wave, new sound waves
are generated by the interaction of oblique shock and the
vortex pair, which can be seen in Fig. 22(c). The distance
between the fronts of sound wave generated by the vortex
pair coupling and those in the shock vortex pair interaction
approximately equals 10. Figure 22(d) shows the sound
waves generated by the shock and vortex pair interaction,
which has the same inner structure with that shown in Fig.
21. The only difference is that the sound wave generated by
the vortex coupling process is separated from that generated
by the shock vortex pair interaction when the distance be-
tween the initial vortex pair is large.

3. Shock sound interaction

We have observed that there are many reflected shock
waves embedded in the sound field, which can be seen in the
shadowgraph of M,=1.05, 1.2, and M ,=0.8. These reflected
shock waves can interact with the sound waves again.12 Asa
result, the sound waves or part of the sound waves can break
down and new sound waves are generated. Shock sound in-
teraction becomes a new mechanism of sound wave
generation.

In fact, there are many theoretical studies on the shock-
sound interaction. Chu and Kovasznay21 have shown that a
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FIG. 23. (Color online) The sound pressure Ap=(p—p,)/p, of an oblique
shock and a colliding vortex pair interaction, M,=1.05, M =1, a=45°, L
=d=4, t=15. Top: shadowgraph; bottom: sound pressure.

weak disturbance in a viscous heat conducting fluid can be
decomposed as the sum of three basic modes, namely, acous-
tic, vortical, and entropy modes. The interaction of any of
these modes with a shock wave gives rise to all three distur-
bance modes downstream of the shock. McKenzie and
Westphal22 analyzed the interaction of linear waves and ob-
lique shock waves. Formulas were derived for the amplitudes
of waves that diverge from a shock wave as a result of any
given incident disturbance. It is shown that the pressure am-
plitude and the component of the energy flux normal to the
shock of a transmitted sound wave are of O(M?) greater than
those in the incident sound wave. For the incident sound
wave that impinges to the shock wave near the critical angle,
the ratio of the pressure amplitude of the transmitted sound
wave to that of the incident one is of O(M?). Shu and
Osher” simulated the interaction of a shock wave and a den-
sity wave. It is found that there are more complex waves
behind the shock wave. This example has become a bench-
mark for designing and testing high order numerical
schemes.”**> The interaction of a shock wave and sound
wave is similar to that of a shock wave and density wave.
New sound waves will be generated.

Figure 23 is an example for M;=1.05 and M ,=1.0. We
can clearly observe the precursor. However, it is difficult to
distinguish the second and third sound waves. They are bro-
ken down by the reflected shock waves. This becomes a new
mechanism of sound generation of shock wave strong vorti-
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ces interaction. In addition, there are new sound waves gen-
erated by the interaction of the incident shock wave and the
sound waves that are generated by the vortex coupling, but
we leave the study for the details of these new sound waves
to the future.

IV. CONCLUDING REMARKS

The interaction of an oblique shock wave with a pair of
vortices is systematically simulated through solving the two
dimensional, unsteady compressible Navier-Stokes equa-
tions. The emphasis of the study is on the characterization of
the pattern of the shock wave and the mechanism of sound
generation. In particular, we have studied the effect of (1) the
strengths of the shock waves and vortex pairs, (2) the direc-
tion of the self-induced velocity of the vortex pair and (3) the
geometry parameters.

The results show that the interaction of an oblique shock
wave and a pair of vortices has the feature of secondary
interaction between the reflected shock wave or the shock
focusing region, which is generated by the first interaction
between the incident shock wave and the first vortex, and the
upper vortex. The pattern of the shock wave is strongly af-
fected by the direction of the self-induced velocity of the
vortex. In the case of a colliding vortex pair (whose x com-
ponent of self-induced velocity is in the opposite direction of
the shock wave), the secondary interaction merges together
with the first interaction of the deformed incident shock
wave and the second vortex. The interaction has been clas-
sified into seven different types according to the different
patterns of the shock waves that contain the shock focusing
region, multiple shock focusing regions, and shock-shock in-
teraction. In the case of a passing vortex pair, the secondary
interaction is independent of the first interaction of the inci-
dent shock wave and the vortex pair. The interaction is clas-
sified into four types according to whether there is a second-
ary interaction or shock-shock interaction of the effect of
vortex coupling. These shock structures are not affected by
the initial distance. The separation distance influences the
coupling effect. It behaves as isolated vortices if it is larger
than 6.

The sound wave is generated through three different
mechanisms of the interaction itself, the vortex coupling pro-
cess and shock-sound interaction. The interaction of an ob-
lique shock wave and a vortex pair generates four sound
waves independent of the case of the vortex pair. The pre-
cursor is generated by the first interaction of the incident
shock wave and the first vortex. It radiates outward from the
center of the first vortex. The second sound wave is a merg-
ing result of the second sound wave generated by the first
interaction of the incident shock wave and first vortex and
the second interaction of the incident shock wave and the
second vortex. It has a double cell structure in the negative y
region and it radiates outward from the middle of the two
vortices. The third and fourth sound waves are generated by
the second interaction of the deformed incident shock wave
and the second vortex.

The coupling process generates sound waves in the right
region of the incident shock wave. Through the interaction
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with the incident shock wave, the sound wave generated by
the coupling process becomes a front of the precursor for the
case in our simulation. If the initial vortex pair is far enough
from the incident shock wave, they will become separated
sound waves.

If the vortex pair is strong, there are many reflected
shock waves that embed in the sound waves. These reflected
shock waves interact with the sound waves which result in
the generation of new sound waves. This is a new mecha-
nism of sound generation. The detail of these shock-sound
interactions is left for future study.
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