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Shock/Vortex Interactions Induced by Blast Waves

S. M. Liang¤ and C. P. Lo†

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

The problem of blast-wave propagation in an open-ended duct with a 90-deg sharp convex (expansion) corner
is numerically investigated by the use of a high-resolution Euler solver. The complicated � ow� elds induced by
the blast-wave diffraction around the corner and by a secondary shock/vortex interaction are explored. Both a
two-dimensional case and an axisymmetric case are considered. It is found that two vortices near the corner in the
two-dimensionalcase (or two ring vortices in the axisymmetric case) are induced by the blast-wave diffraction.One
vortex is stronger and is located farther downstream than the other. These two vortices rotate in oppositedirections.
In the axisymmetric � ow, the major ring vortex is located farther downstream than that for the corresponding
two-dimensional case, resulting in a lower pressure at the vortex centers. This is due to the relieving effect that
is represented by an extra nonvanishing term in the vorticity transport equation in the axisymmetric case. The
trajectories of the major planar vortex or ring vortex induced by different blast intensities are explored. Basically,
the planar major vortex (or the major ring vortex in the axisymmetric case) moves downstream before a critical
time and then turns toward the duct centerline after the critical time. The critical time roughly corresponds to the
formation of a minor vortex.

Introduction

S HOCK/VORTEX interaction is identi� ed as a major noise
source and has become an important engineeringresearch topic

in recent years. Blast waves take place in exhaust pipes of internal
combustion engines, in buildings during explosions, and in explo-
sions for penetration of blast waves into protective structures. A
blast wave has the propertyof a shock front accompaniedby expan-
sion waves, and one or more secondary shock waves may follow
behind the expansionwaves. The � ow structures induced by a blast
wave and by a blast-wave/vortex interactionaround a sharp convex
(expansion) cornermight be differentfrom those inducedby a shock
wave around the corner. The objective of this numerical study is to
understand the basic � ow structures induced by weak blast waves
and the associated shock/vortex interactions.

Therehavebeenmanypapersthatreportedthebasic� owstructure
induced by shock wave diffraction around a sharp edge or corner.
Howardand Mathews1 studiedexperimentallythe fundamental� ow
structure inducedby shock wave diffraction.The basic induced� ow
structureconsistedof expansionwaves, a slip line, a contact surface,
and vortices.The review paper of Bazhenova et al.2 providedan ex-
planation of the unsteady interactions of shock wave propagation,
which included the shock wave diffraction around an expansion
corner. Hillier3 studied computationally the vortex generation due
to shock wave diffraction around a 90-deg sharp convex edge. He
used an explicit method of a second-order Godunov scheme. The
study of Mandella et al.4 indicated that the vortices near the corner
were generated due to a baroclinic effect, assuming inviscid � ow.
Yang et al.5 conducted a series of experiments to obtain some holo-
graphic interferograms for shock wave diffraction around a 90-deg
sharpconvexcornerat various shock Mach numbers.Uchiyama and
Inoue6 explored numerically the evolution of a corner vortex by an
adaptive mesh re� nement algorithm.

The problemof shock/vortex interactionhas been a subject in the
developmentof future supersonicand hypersonictransport aircraft.
Andreopouloset al.7 reviewed what is currently understood regard-
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ing the shock wave/turbulence interaction. Grönig8 presented a pa-
per that reviewed current knowledgeand progresson the problemof
shock/vortex interaction. Dosanjh and Weeks9 studied experimen-
tallya columnarshock-startingvortex that interactedwith a re� ected
normal shock in a shock tube. Haas and Sturtevant10 investigated
experimentally the interaction of a weak planar shock wave with
cylindrical and spherical gas inhomogeneities.They found a vorti-
cal � ow structure inducedby the � ow inhomogeneity.Later, Picone
and Boris11 studied theoretically the vorticity generation induced
by a shock/gas bubble interaction. Jacobs12 studied experimentally
and quanti� ed the mixing induced by the interaction of a normal
shock wave with a cylindrical volume of light gas. He found that
rapid mixing resulted from � ow motion induced by vorticity. At
the same time, Yang et al.13 investigated analytically and compu-
tationally the vortical � ow induced by the interaction of a planar
shock wave and a planar light-gas jet. They pointed out that the
vorticity generated is mainly due to the misalignment of the pres-
sure and density gradients. Cetegen and Hermanson14 investigated
the instabilitymechanics and mixing enhancement arising from the
interactionof a compressiblevortex ring with a normal shock wave.
Ellzey and Henneke15 investigated experimentally a shock/vortex
interactionand showed that the interaction could produce a primar-
ily quadrapolaracousticwave with a strong compressionbehind the
shock front. Grasso and Pirozzoli16 studied numerically the shock
and vortex deformations and the mechanism of sound generation.
The numerical method used was a weighted essentiallynonoscilla-
tory (ENO) scheme for solving the Euler equations.

In this study, the problemof a planarblast wave propagatingin an
open-endedduct with a 90-deg sharpconvexcornerat its exit is con-
sidered.The working � uid is air. The planar blast wave is generated
by the rupture of diaphragms that separate an upstream rectangular
high-pressure ph region with the density ½h from two low-pressure
pl regions with the density ½l in the duct, as shown in Fig. 1. The
centerline of the high-pressure region with a width of 0.008R is
located at x D 0:12R, where R is one-half of the width of the duct.
Two planar blast waves are generated. One blast wave propagates
downstream, which is of interest in this study; the other propagates
upstream. The left-traveling blast wave will not be re� ected be-
cause of the assumption of no far left wall. The right-travelingblast
wave has a primary shock wave, followedby expansionwaves and a
secondary shock, resulting in a shock/vortex interactionaround the
corner. The primary shock wave can induce vortices as it diffracts
around the corner, and the subsequent secondary shock will then
interact with the induced vortices. Both cases of two-dimensional
and axisymmetric � ows are examined and compared. In the axi-
symmetric case, a vortex ring is induced by the primary shock,

1341



1342 LIANG AND LO

Fig. 1 Schematic for blast-wave generation and computational do-
main with boundary conditions.

unlike the planar vortex induced in the two-dimensional case. A
high-resolutionEuler solver was developedfor our numericalsimu-
lation. A � fth-orderweighted, essentiallynonoscillatory,scheme of
Jiang and Shu17 was used for spatial discretization,as was a fourth-
order Runge–Kutta method for time integration. The present study
will pave the way for further studies of noise generationand mixing
due to blast/vortex interactions.

Mathematical Model and Numerical Method
Assume that the � ow is inviscidand that there is no externalforce.

The assumptionof inviscid� ow is validatedby theexperimentaldata
of Yang.18 His experimental data show that the vortices, due to the
shear layer, are relativelysmall comparedwith those inducedby the
diffracted shock wave. The equations governing blast-wave propa-
gation in the open-ended duct are the continuity, momentum, and
energy equations.Thus, the Euler equations are solved numerically
in this study.

The numerical method of the high-order scheme of Jiang and
Shu17 in a � nite volume approach, with an extension to curvilin-
ear coordinates, is used for solving the Euler equations. Namely, a
fourth-order Runge–Kutta method is used for time integration and
a � fth-order weighted ENO scheme17 is used for spatial discretiza-
tion. Initially, a blast wave of interest is produced that propagates
downstream into a region of quiescent ambient (undisturbed) air at
a pressure of pl D 1 atm. The boundary condition imposed on the
duct wall is the tangencycondition.At the upstreamboundaryof the
duct and the downstreamboundary,the nonre� ecting boundarycon-
dition by Thompson19 is speci� ed, as shown in Fig. 1. Because only
one-half of the computationaldomain was used for savingcomputer
memory and computational time, a symmetry condition is imposed
on the centerline.The Courantnumber is chosen to be 0.5. The min-
imum number of local time steps over the computational domain is
used for unsteady � ow calculations. Namely, a global time step is
used at each time step.

Results and Discussion
Code Validation

To validate the present Euler solver, the problem of planar shock
wave diffractionarounda 90-degsharpconvex(expansion) corner is
tested. The working � uid is helium (° D 1:67/. Our computed result
is compared with the two-dimensional holographic interferograms
of Yang18 for two shock Mach numbers, 1.5 and 2.02. Only the case
of Ms D 1:5 is shown in this study. Figure 2 shows the comparison
of the computer holographwith the experimental result at Ms D 1:5
and Nt D 55 ¹s. Time Nt D 0, as in Ref. 18, corresponds to the time of
the shock arrival at the corner at x D 3. Note that the computational
time t is dimensionless and is de� ned as t D Nt R=Vs , where R and

a)

b)

Fig. 2 Comparison of a) the holographic interferogram with b) the
computer holograph for planar shock wave diffraction around a 90-
deg sharp convex corner, Ms = 1:5,¹t = 55 ¹s, and ¢½ = 0.0514 kg/m3 (or
0.046, dimensionless).

Vs denote the one-half duct width and shock velocity, respectively.
Moreover, the density is nondimensionalized by the density ½l of
the undisturbed� uid. Note the contact surface (CS) and the induced
vortex in the computer holograph. The CS separates the � ow that
has been compressed by the diffracted shock wave from the � ow
that has been expanded around the corner. The � ow entropy behind
the incident shock wave is higher than that behind the diffracted
shock wave because the diffracted shock wave is weaker than the
incident shock wave. The entropy of the expanded � ow on the left-
hand side of the CS has the same value as that of the � ow behind
the incident shock wave because of the isentropic process of � ow
expansion for an inviscid � ow. From Fig. 2, it is evident that quali-
tative agreement is obtained.For the quantitativecomparison,when
the incident shock Mach numbers at the corner are 1.5 and 2, our
computed wall shock Mach numbers after diffraction are 1.12 and
1.26, which agree well with the experimentalvalues of 1.15 and 1.3
(Ref. 20). In these two cases, the working � uid is air.

Effect of Grid Number
To make sure that the numerical solution obtained is independent

of grid number, four uniform grids, 200 £ 200 (grid 1), 300 £ 300
(grid 2), 400 £ 400 (grid 3), and 500 £ 500 (grid 4) are used
for the two-dimensional problem of blast-wave propagation with
ph=pl D 50. We recorded the maximum and minimum wall pres-
sures beneath the corner. We plotted the changes of the maximum
and minimum wall (dimensionless) pressures with the grid number.
It was found that the minimum wall pressure is the same value of
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Fig. 3 Pressure pro� les of planar blast waves produced with different
pressure ratios (ph/pl) at different instants for the two-dimensionalcase.

0.707 for grids 2, 3, and 4. The change of maximum wall pressure
is ¡12% when grid 1 is changed to grid 2, ¡7:2% for grid 2 to
3, and ¡5:4% for grid 3 to 4. Thus, the uniform grid of 500 £ 500
with spacing,1x D 1y D 0:1, is used to save computermemory and
computation time because numerical computations are performed
on a personalcomputer,a Pentium III-800with 512 MB of memory.

Flow� eld Induced by Unsteady Blast Wave
First, we will consider the two-dimensional problem of blast-

wave propagation. In the next section, we will discuss the corre-
sponding axisymmetric problem and compare both cases. To pro-
duce different intensities of blast waves, the pressure ratios are set
to be ph=pl D 30; 50, and 70 so that the blast-wavefront has a shock
Mach number Ms ranging from 1.3 to 1.5 at the corner. To do that,
the centerline of the high pressure, with a width of 0.2, is chosen
to be located at x D 3. The sharp corner is properly arranged at
x D 24:9, so that the primary shock front of the blast wave produced
will have a shock Mach number of about 1.4 at the sharp corner for
ph=pl D 50. Namely, one can adjust the corner location to control
the blast-wave intensity at the corner if the high-pressure region
is � xed at upstream. Alternatively, we adjust the high-pressure re-
gion location to obtain the desired blast intensity at the corner if
the corner location is � xed. In this study, the former approach is
taken. The lower wall of the duct is located at y D ¡25. Figure 3
shows the generated blast-wave pressure pro� les at various instants
(t D 7, 9, 11, and 13) fordifferentpressureratios.The computational
time t is a dimensionless time as de� ned before. The blast waves
produced are composed of a shock front S1 , the primary shock, fol-
lowed by expansion waves, and, subsequently, a secondary shock
wave S2. There are two phases in the pressure pro� le. One is the
positivephase of overpressureand the other is the negative phase of
underpressure. At t D 13, the blast wave produced has an approx-
imate shock Mach number of Ms D 1:3 near the sharp corner for
the case of ph=pl D 30, Ms D 1:4 for ph=pl D 50, and Ms D 1:5 for
ph=pl D 70. Later on, the primary shock starts to diffract around the
corner. The shock diffraction induces a vortex behind the diffracted
shock wave D1 . From Fig. 3, note that these primary shock fronts
decay nonlinearly and very quickly with time.

Figure 4 shows the density, pressure, and vorticity contours near
the corner at t D 24 for ph=pl D 50. In Fig. 4a, note the two contact
surfaces, which are already developed upstream. The two contact
surfaces are located at about x D 1:3 and 4.7, respectively. From
Figs. 4a and 4b, note the expansionwave front inducedby the shock
diffraction,around the corner.At this instant,a newly formedvortex
is also developed. We can see the two vortices (V1 and V2/ gener-
ated around the corner, as shown in Fig. 4c. The major vortex V1 is
located farther downstream than the secondary minor vortex V2 . It
is evident that the major vortex is stronger than the minor vortex.
The major vortex rotates in a clockwise direction with positive val-
ues of vorticity, and the minor vortex rotates in a counterclockwise

a)

b)

c)

Fig. 4 Planar blast-wave diffraction at t = 24: a) density, b) pressure,
and c) vorticity contours, ph/pl = 50 (two-dimensional case).

direction with negative values of vorticity. The centers of the two
vortices exhibit local low-pressureregions, as expected.Notice that
in Fig. 4 (and hereafter) the locations of the duct walls are not the
real wall locations and are shifted by a distance of 0.05 to the real
wall location. This is due to the use of a � nite volume approach
in which � ow properties are de� ned at the cell centers. We did not
have a special treatment on the real wall location in plotting.

This vorticity ! production of these two vortices is governed by
the vorticity transport equation:

D!

Dt
D ¡!.r ¢ V/ ¡

r p £ r½

½2
(1)

where the vorticity vector ! is the curl of the velocity V, or
! D r £ V, which is perpendicular to the � ow plane, and where
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a)

b)

c)

d)

e)

f)

Fig. 5 Pressure contours at different instants, ph/pl = 50: a and d) t = 31; b and e) t = 32; and c and f ) t = 33 for planar blast/vortex interaction;
a–c) global � ow� elds and d–f ) local � ow� elds.

r is the two-dimensionalgradientoperator.Equation (1) states that
the vorticity production is affected by the vorticity itself, multiplied
by � uid dilation (r ¢ V/ and by the baroclinic effect of misalign-
ment of the density and pressure gradients. It was found that the
baroclinic effect is dominant in the vorticity production during and
after the secondaryshock/vortexinteraction,comparedwith the term
¡!.r ¢ V/.

Planar Shock/Vortex Interaction
At t D 31, the secondary shock has arrived at the convex corner

and starts to interact with the vortex induced by the primary shock

(S1; D1), as shown in Figs. 5a and 5d. In Fig. 5d, we can clearly
see the pressurecontours in the major vortex V1 . The dimensionless
pressure, normalized by ph , is 0.606 at the vortex center. Because
of the in� uence of the secondary shock S2 , the minor vortex is not
seen in Fig. 5d. At t D 32, the secondaryshock S2 is locatedbetween
the two vortices (V1 and V2 ) and interacts with them, as shown in
Figs. 5b and 5e. The two vortices result in two local low-pressure
regions at their centers.The vorticitiesof these two vortices (V1 and
V2 ) are shown in Fig. 6. From Fig. 6, we can clearly see the two
vortices,which rotate in an opposite direction. The major vortex V1

has a vorticity value of 3.04 at its center, whereas the minor-vortex
centerhas a value of ¡0:59. At this instant, the secondaryshock just
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Fig. 6 Vorticity contours and velocity � eld for planar blast/vortex in-
teraction at t = 32 and ph/pl = 50.

passed the minor vortex and produced a re� ected shock wave. The
pressureat the major-vortexcenter is 0.612, and at the minor-vortex
center it is 0.868. Because of the mutual in� uence of the secondary
shock on the major vortex, the lowest pressureof the major vortex is
increased from 0.606 at the preceding instant, to 0.612, about a 1%
increase.At t D 33, the secondaryshockhas passed the two vortices,
and the pressureat the major-vortexcenter has increasedfrom0.612
before interactionto 0.722 after interaction,about an 18% increase.
However, the pressure at the minor-vortex center is decreased from
0.868 to 0.848, about a 2.3% decrease. The correspondingvorticity
at the vortex center for the minor vortex is slightly changed from
¡2:59 at t D 32 to ¡2:65 at t D 33. For the major vortex, the center
vorticity is also slightly increased from 3.04 to 3.13. This implies
that the passing of the secondary shock does not have in� uence on
the growth of the minor and major vortices.

Comparison of Two-Dimensional Case with Axisymmetric Case
Consider an axisymmetric � ow that correspondsto the preceding

two-dimensional blast-wave diffraction problem. It is obvious that
the inducedvorticesin theaxisymmetriccasearevortexrings instead
of planar vortices, as in the two-dimensional case. In the axisym-
metric � ow, the � ow velocity and vorticity are three-dimensional
vectors. In the axisymmetric problem, the vorticity production is
given by

D!

Dt
D ¡!.r ¢ V/ ¡

r p £ r½

½2
C .! ¢ r/V (2)

The difference between Eqs. (1) and (2) is the term .! ¢ r/V. In
the two-dimensional case, the term .! ¢ r/V vanishes because the
vorticity vector ! is perpendicularto the � ow plane. However, it is
not zero in the axisymmetric case. We plotted the pressure contours
at t D 31, 32, and 33, which were very similar to those shown in
Fig. 5. To be succinct, we omit these results at t D 31 and 32 and
only show the result at t D 33. It was found that the pressure at
the major-vortexcenter is 0.583 at t D 31 in the axisymmetric case,
which is slightly lower than that (0.606) in the corresponding two-
dimensionalcase.The pressuredifferencefor these two cases is only
about4%. Figure7 shows the local � ow� elds aroundthe cornerafter
the secondary shock/vortex interaction (t D 33). The pressure at the
major-vortex center is 0.67, which is about 7.2% lower than that
(0.722) in the corresponding two-dimensional case. However, the
pressureat theminor-vortexcenter is 0.866,which is higherthan that
(0.848) in the correspondingtwo-dimensionalcase. Comparing the
pressures at the major-vortex center before and after the secondary
shock/vortex interaction, we � nd that the pressure is increased by
15% for the axisymmetric case, and 12% for the two-dimensional
case. In conclusion, the pressures at the major ring vortex centers

Fig. 7 Secondary shock/vortex interaction for the axisymmetric case,
ph/pl = 50 and t = 33.

a)

b)

Fig. 8 Comparison of a) the trajectories of the major planar vortex
and major ring vortex centers and b) the corresponding pressures at
major vortex centers from t = 18 to 38, with ¢t = 2 for different blast
intensities.
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are lower than that for the correspondingtwo-dimensionalcase. We
believed that this is due to a relieving effect for a three-dimensional
problem, resulting in a stronger vortex and, consequently, a lower
pressureat the vortexcenter for theaxisymmetriccase.The relieving
effect is represented by the extra nonvanishing term, .! ¢ r/V, in
the vorticity transport equation (2) for the axisymmetric case.

Figure 8a shows the trajectories of the centers of the major vor-
tices induced by different blast intensities in the two-dimensional
and axisymmetric cases during the period of t D 18–38. It is found
that there is a critical time tc for the induced vortex to move toward
the centerline. The critical time roughly corresponds to the forma-
tion of the secondary, minor vortex around the corner. Namely, the
mutual in� uence of the two vortices leads to the upward movement
of the major vortex. The critical time tc is about tc D 22 for the case
of ph=pl D 30, tc D 24 for ph=pl D 50, and tc D 26 for ph=pl D 70.
Generally, the vortex trajectories for the two-dimensional and ax-
isymmetric cases are not very different. The vortex center is moved
farther downstreambefore the critical time for strongerblast waves.
The ring vortices are located slightly farther downstream than the
planar vortices.

Figure 8b shows the dimensionlesspressures at the major vortex
centers for different blast intensities. It is found that the pressure at
the vortexcenterdecreaseswith time until the secondaryshockwave
arrives and interactswith the vortex. The in� uence of the secondary
shock causes a pressure jump as indicated in Fig. 8b. After the
passageof the secondaryshock, the pressures in the vortical regions
change slightly. From Fig. 8b, one can see that the center pressures
in the major ring vortex for the axisymmetric case are lower than
those for the two-dimensionalcase. The pressuredifferencescan be
explainedby the relieving effect, as mentionedearlier. The pressure
differencesare almostconstant,as shownin Fig. 8b.This implies that
the term .! ¢ r/V enhances the vortex strength in the axisymmetric
case, resulting in lower pressures at major vortex centers.

Conclusions
The high-resolution Euler solver is veri� ed to simulate accu-

rately the � ow� elds induced by a planar blast wave diffracting
around a 90-deg sharp convex corner and by planar and axisym-
metric shock/vortex interactions. It is found that the primary shock
wave can induce a stronger (major) vortex and a weaker (minor)
vortex near the convex corner for the two-dimensional problem.
In the axisymmetric problem, two ring vortices are generated. The
major planar vortex (in the two-dimensionalcase) or ring vortex (in
the axisymmetriccase) is locatedfartherdownstreamthan the minor
vortex.Themajorvortexrotatesin a clockwisedirectionthatisoppo-
site to the rotatingdirectionof the minor vortex.In the axisymmetric
case, the pressures at the major vortex centers are lower than that
for the corresponding two-dimensionalcase. This can be explained
by the relieving effect that is representedby the extra nonvanishing
term in the vorticity transport equation in the axisymmetric case.
The intensity of the blast wave can greatly in� uence the induced
vortex strength, resulting in the development of low-pressure re-
gions. For the two-dimensionaland axisymmetriccases, becauseof
the mutual in� uence of the secondary shock/vortex interaction, the
interaction results in a pressure increase at the major vortex center
and a pressure decrease at the minor vortex center after the inter-
action. However, the interaction has no in� uence on the growth of
these two vortices. A similar situation occurs in the axisymmetric
case.The time historiesof vortex trajectoriesinducedby blastwaves
with different intensities are explored for the two-dimensional and
axisymmetric cases. It is found that the planar major vortex (or
the major ring vortex in the axisymmetric case) moves downstream
before a critical time and then turns toward the duct centerline af-
ter the critical time. The critical time roughly corresponds to the
formation of a minor vortex. Moreover, a stronger blast wave in-
duces strongervortices, positioned farther downstream, than does a
weaker blast wave. Because of the relievingeffect, strongervortices

induced by blast-wave diffraction result in lower-pressure regions
at vortex centers in the axisymmetric case, compared with those in
the corresponding two-dimensionalcase.
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