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Flow Visualization of Numerically Simulated
Blast Waves Discharging from Open-Ended Duct
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In this study a high-resolution Euler solver is used to investigate the � ow� elds of different-intensity planar
blast waves discharging from an open-ended duct. Acoustic waves and a vortex pair generated by blast/vortex
interactions near the 90-deg sharp corner of the duct at different blast Mach numbers are studied in detail by
using computational shadowgraghs, computational schlieren pictures, and computational interferograms. It is
found that the schlieren technique provides a better method for the study of acoustic waves than the other two
techniques. The number of sounds generated by blast/vortex interaction as well as its nature is dependent on the
strength of the blast wave. Moreover, the mechanism of vorticity generation induced by blast-wave diffraction
is explored. It is found that the compressibility term, the vorticity scaled down by the � uid dilatation, is more
dominant than the baroclinic term in the vorticity transport equation during the second shock/vortex interaction.
The compressibility term is mainly contributed by the rollup of the slipstream, but not by the � uid dilatation. The
induced vortex pair caused by blast-wave diffraction rotates cyclically after the second shock/vortex interaction.
The circulation (or strength) of the two vortices increases to a maximum value when the second shock begins
to interact with the major vortex, and it decreases to a constant value when the second shock has moved far
downstream.

I. Introduction

E NVIRONMENT protection issues have become important in
recent years. Particularly, noise emitted from automobiles is a

serious problem. Noise emitted from an internal combustionengine
and an exhaust system can be classi� ed as three types: turbulence
noise, shell noise, and radiatednoise. Turbulencenoise results from
turbulent mixing at the exhaust outlet. Shell noise results from wall
vibration caused by the shock waves traveling through the exhaust
system.These shockwaves,alongwith acousticwavesemitted from
theopenendof theexhaustsystem,radiatenoiseand generatea com-
plicated � ow structure. In the past most papers related to radiated
noise have focused on studies of shock/vortex interaction, one of
the major sources of noise and closely related to some aerodynamic
problems. However, pressure discontinuities in practical exhaust
systems are better described as blast rather than shock waves. Be-
cause expansion waves follow the shock front of a blast wave, the
� ow phenomenon induced by blast/vortex interaction is more com-
plicated than that induced by shock/vortex interaction. Thus, un-
derstanding the basic � ow structure created by a planar blast wave
dischargingfrom an open-endedduct is a necessarystep in the study
of the more complex practical three-dimensionalproblem.

Typically, a blast wave caused by the rapid release of energy in
gas consists of the primary shock front S1, expansion wave, and
second shock S2 , as shown in Fig. 1. Behind the primary shock
front, � ow properties such as pressure and density decrease rapidly
because of the expansion waves. The process of planar blast wave
dischargingfrom an open-endedduct can be divided into two parts:
� rst, the primary shock S1 passes the corner and induces a vortex,
and second, the second shock S2 passes the cornerand interactswith
the induced vortex.

Hillier1 numerically studied shock-wave diffraction at a 90-deg
edge by solving the Euler equations. His computations were per-
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formed on a suf� ciently re� ned mesh to ensure a good resolution
of � ow features that included the primary diffracting shock wave,
the second shock wave, and a pair of vortex shocks. The numerical
result of the Mach number of the calculated diffracted shock near
wall, slipstreamangle, second shock velocity,contact surface veloc-
ity, and vortex core velocity agreed well with experimental results.
Yang et al.2 analytically and computationally investigated the vor-
tical � ow induced by the interaction of a planar shock wave with a
light-gas jet. They pointed out that the vorticity generated is mainly
caused by the baroclinc effect of the misalignment of the pressure
and density gradients.

Yates3 describeda methodto constructequivalentinterferograms,
schlieren images, and shadowgraphs based on computed two and
three-dimensional � ow� elds for ideal and real gases. The con-
structed images were compared with experimental images for sev-
eral types of � ow, including a ramp, a blunt body, a nozzle, and
a reacting � ow. All of the constructed images could be used for
validation of computational � uid dynamics codes. Both schlieren
images and shadowgraphs were helpful for � ow visualization and
to locate � ow structure. Particularly, the interferograms provided
quantitative � ow� eld information, including the density variation
in a � ow� eld.

Yu and Grönig4 developed a method for decreasing the attenua-
tion of a shock wave emerging from an open-ended shock tube exit
into a large free space with different exit geometries. This method
might be used to improve the shock-wave technique for cleaning
deposits on the surfaces in industrial equipments.Their experiment
was carried out in a cylindrical open-ended shock tube with Mach
number 3.5 and the initial pressure of 90 bar in the driver tube. The
tube-exit geometry has three types: a plain tube exit, a tube exit
with a ring shape, and a coaxial tube exit. An upwind, � nite volume
scheme based on Godunov’s method as well as an adaptiveunstruc-
tured triangular-meshre� ning/coarseningalgorithmwas adopted to
study the � ow structure. Their numerical results agreed remarkably
with the experimental data. It was found that the coaxial tube exit
produced the strongest disturbances behind the diffracting shock
wave, resulting in a stronger acoustic noise.

Inoueand Hattori5 studied the detailed� ow� elds producedby the
interactionsbetween a singlevortex or a pair of vortices and a shock
wave by using the Navier–Stokes equations.They explored the ba-
sic nature of the sound pressure � eld for the case of a single vortex
and then a pair of vortices. In their study the effect of the Reynolds
number seemed insigni� cant. Kim and Setoguchi6 performed an
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Fig. 1 Typical blast-wave pressure pro� le.

experimentusing an open-endedshock tube with shock Mach num-
ber of 1.02–1.45 in order to characterize the impulse wave caused
by a weak shock discharged from an open-ended duct with a baf-
� e plate at downstream. They applied a total-variation-diminishing
scheme in a conservative form to solve the Euler equations for the
unsteady,axisymmetric� ow� eld.Their resultshowedthat thebaf� e
plate couldaffect the strengthof the impulsewave when its diameter
is less than three times the duct diameter. It was also found that for
prediction of the impulse wave an aeroacoustical theory should be
used only at a distance larger than four times the duct diameter.

Jiang and Takayama7 demonstrated the effectiveness and relia-
bility of a method proposed for validation of numerical solutions
of complex � ow� elds including two-dimensional, axisymmetric,
and three-dimensional� ows. Images of these � ow� elds were con-
structed from numerical solutions based on the principle of experi-
mental � ow visualizationand comparedwith experimental interfer-
ograms. In particular, an ef� cient algorithm for three-dimensional
density integration to create image that can be directly compared
with experimentalinterferogramswas proposed.The computational
interferograms showed good agreement with experimental results
throughexaminingcharacteristic� ow structures as well as compar-
ing density differences.

Szumowskiet al.8 experimentallyand theoreticallystudieda start-
ing jet-wall interaction problem. The jet issuing from a shock tube
was visualizedby means of a schlierensystem.The � ow Mach num-
ber ranged from 0.65 to 1.14. It was found that the shockwave, after
re� ection at the wall, generated a toroidal sound wave caused by its
interactionwith a ring vortex. Their theoreticalapproach was based
on the Euler equations by which they satisfactorily predicted the
main � ow characteristics. Abate and Shyy9 reviewed experimen-
tal and numerical results to highlight the � ow phenomena and the
main physics associatedwith con� ned shocks undergoinga sudden
expansion. The subjects they addressed include the time-accurate
shock and vortex locations, � ow structure, wall-shock Mach num-
ber, and effect of viscous dissipation on planar shock-front expan-
sions for two- and three-dimensional sudden-expansionproblems.
Both numericaland experimentalstudiescon� rmed that the induced
vortex in an axisymmetric case was convected farther downstream
than that in the corresponding two-dimensional case. Their study
indicated that the production of vorticity is closely related to the
baroclinic torque in the vorticity transport equation. But they did
not describe its detailed mechanism. A vortex was generated as the
� uidexitedat the suddenexpansion,andvorticitygenerationwas not
affected by � uid viscosity. Farther downstream, viscous dissipation
became more important.

The objective of this paper is to study planar-blast-wave propa-
gation in an open-ended duct with emphasis on the � ow structure

associatedwith blast/vortex interaction, the mechanism of vorticity
generation and acoustic-wave production, using a high-resolution
Euler solver. Planar blast waves, which propagate downstream into
a quiet air, are simulatedby ruptureof a high-pressureregion located
upstream. The numerical method used is the � fth-order weighted
essentially nonoscillatory (WENO) scheme of Jiang and Shu.10 To
analyze the complicated � ow structure, shadowgraphs, schlieren
images, and interferograms images are generated from the compu-
tational results. The working � uid is air with ° D 1.4.

II. Mathematical Formulation and Numerical Method
Based on theexperimentaldataof Yang et al.,2 the vorticescaused

by the shear layer are relativelysmall comparedwith the vortexgen-
erated by the diffracted shock wave. Therefore, we can reasonably
assume that the � ow is inviscid. The governing equations are the
time-dependentEuler equations, which are nondimensionalizedby
the undisturbed � ow conditions. The Cartesian coordinates x , y
are normalized by the horizontal-wall length R. The dimensionless
time t is normalized by l=c0 , where l D R=40, which is � ve times
the thickness (0.005R) of the high-pressure region, and c0 is the
sound speed of the undisturbedair. A schematic diagramof the � ow
problem and the computational domain with boundary conditions
are shown in Fig. 2.

The initial conditions and values of � ow parameters used in nu-
merical simulation are listed in Table 1. In Table 1 Ms denotes the
Mach number of the blast-wave front at the 90-deg corner; P1=P0

the pressure ratio of the high-pressure P1 to the lower pressure P0

as shown in Fig. 2; and t1 , t2 the dimensionless arrival times of the
� rst and second shocks at the corner. The instant at which the high-
pressure region starts collapsing is set to be t D 0. The subscript 1
denotes the � ow propertiesof the high-pressureregion,and 0 for the
� ow properties of the undisturbedair. Initially, the � ow is stagnant,
and the temperature is kept the same both in the high- and low-
pressure regions. Figures 3a and 3b show the pressure distributions
at the instants of t1 and t2 for the cases listed in Table 1. The second
shock S2 is much weaker than the primary shock S1 because it has
pressure ratios less than 1.2 and Mach numbers less than 1.05 at
the instant t2 for all cases. To ensure that the acoustic waves have
enough space to propagate,the computationaldomain after normal-
ization by R is chosen to be f.x; y/j ¡ 1 · x · 1; ¡2 · y · 0g with

Table 1 Initial conditions used for numerical simulation

Blast Mach
number Ms P1=P0 t1 t2

1.1 5.5 18 22
1.2 16 16 24
1.3 30 14 27.5
1.4 49 13 30
1.5 72 12 36

Fig. 2 Schematic diagram of the � ow problem of interest and the com-
putational domain with boundary conditions.
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800 £ 800 uniform grid points. The high-pressure region is located
at a distance of 0.525 from the corner. This distance is enough to
produce a completed blast wave. A high-order numerical method
developed by Chen and Liang is used for solving the Euler equa-
tions. For spatial derivatives a � fth-order WENO scheme of Jiang
and Shu10 is adopted, and a fourth-order Runge–Kutta method is
used for time integration. In our simulation a wave-nonre�ecting
two-dimensionalboundaryconditionof Thompson11 is imposed on

a)

b)

Fig. 3 Pressure distributions for different blast intensities at the in-
stants of a) t1 and b) t2 listed in Table 1.

a) b) c)

Fig. 4 Wave patterns of a planar blast wave discharging from an open-ended duct at different instants.

the inlet and outlet boundaries. To save computational time and
computer memory, only the lower half-domain is computed. The
presentcode had been applied successfullyto compute the � ow� eld
of planar blast/vortex interaction, which includes acoustic waves,
and the detailed � ow structures as re� ected shock waves, slip lines,
and contactsurfaces.12 In addition,we compare thewall shockMach
number between numerical and experimental results. As presented
in Table 2, our results show that good agreement is obtained.

III. Results and Discussion
A. Flow Structure

For several decades experimental interferograms, schlieren, and
shadowgraphs have been used to quantitatively and qualitatively
study a compressible � ow. Modern computer postprocessing tech-
niques can now be used to create equivalent images, based on com-
puted data. To study the complicated � ow structures induced by the
planar blast waves discharging from the duct exit, computational
shadowgraphs,schlierenpictures,and interferogramsare generated.
By varying the pressure ratio (P1=P0/, the blast waves with different
intensities are generated. Figure 4 shows a schematic diagram of a
planar blast wave discharging from an open-ended duct at different
times. Figure 4a shows the produced blast wave that includes the
primary shock S1 and the second shock S2. Figure 4b shows that the
primary shock S1 has passed the cornerand a major vortex V1 is gen-
erated and rotates in a clockwise direction. In addition to the major
vortex, there is a smaller weak vortex V2 , which rotates in a counter-
clockwise direction. These two vortices are coupled together. The
formationof thisweak vortex is causedby the expansionwave EW1.
The whole wave pattern includes the incident shock S1 , diffracted
shock D1, expansionwave E W1, and the contact surface C S1 . After
the second shock passing through the corner, the expansion wave
EW2 and the contact surface C S2 associatedwith the second shock
S2 are shown in Fig. 4c. The minor vortex V2 grows as large as
the major vortex after the second-shock diffraction. Figures 5a–5d
show the computational shadowgraphs for Ms D 1:3 at dimension-
less t D 26, 28, 32, 36, and Figs. 5e–5h for Ms D 1.5 at t D 32, 36,
42, 46. In Figures 5a and 5e one can clearly see the primary shock
S1 , having passed the corner, the expansion wave front EW1 , the
diffracted shock, the contact surface C S1 , the induced vortex V1,
and the second shock S2 . Figures 5b and 5f show the primary shock
S2 interacting with the vortex V1. The expansion wave front EW2

is formed, and the minor vortex V2 is well developed. In Figs. 5c
and 5g the second shock/vortex interaction is � nished. The vortex
pair V1 and V2 and the pair of contact surfaces C S1 and C S2 are

Table 2 Comparison of computed values of the wall shock
Mach number with experimental data

Shock Mach number MsWall shock Mach
number Mw Case 1: Ms D 1.5 Case 2: Ms D 2:0

Numerical value 1.12 1.26
Experimental value 1.15 1.3
Error, % 2.5 3.1
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a) t = 26

b) t = 28

c) t = 32

d) t = 36

e) t = 32

f) t = 36

g) t = 42

h) t = 46

Fig. 5 Computational shadowgraphs at different instants for a–d) Ms = 1.3 and e–h) Ms = 1.5.
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a)

b)

Fig. 6 Computational interferograms for a) Ms = 1.3, t = 36 and
b) Ms = 1.5, t = 42, and ¢½ = 0.005.

completely formed. Another � ow phenomenon of interest is the
generation of acoustic waves caused by shock/vortex interactions
in both cases. In Figs. 5d and 5h the global � ow phenomena are
similar to those shown at the preceding instant. Figures 6a and 6b
show the interferogramsfor the case of Ms D 1:3, t D 36 and for the
case of Ms D 1:5, t D 42, respectively. In both cases the dimension-
less density values range from 0.7 to 1.1 with 80 increments. The
contact surface is not clearly seen in the blast-wavediffractioncase,
unlike the shock-wave diffraction case in Ref. 1. This is caused by
the effect of expansion waves following the blast-wave front. The
acousticwavesgeneratedarevisible in Fig. 6 as well as in Fig. 5. The
acoustic waves are better visualizedby shadowgraphs than interfer-
ograms. If we disregard the accompanying second shock and its
associated � ow structure, the � ow� elds after blast-wave diffraction
are similar to those in the shock-wave diffraction case. Plotting the
position of the two vortices at different instant in times, as shown in
Fig. 7, reveals that the vortex pair rotates cyclically in the clockwise
direction.

B. Sound Generation
The acoustic waves caused by the blast/vortex interaction are

complicated, in particular, in the near � eld of the open-ended duct
exit. The shadowgraphs and schlieren pictures can provide clear
� ow structures for qualitative analysis, and interferograms can be
used for quantitativeanalysis.To recognizethe rarefactionand com-
pressionphases,we use schlierenpicturesfor analyzingthe acoustic

Fig. 7 Trajectory of vortices V1 and V2 from t = 26 to 70 with time
increment, ¢t = 4 for the Ms = 1.3 case.

waves. Figure 8 shows the computational schlieren pictures for the
Ms D 1.3 and 1.5 cases at the same instants as in Fig. 5. In Fig. 8 the
bright regions represent the compression (C) phase, and the dark
regions represent the rarefaction (¡) phase. Note that the contact
surfaces, expansion waves, and acoustic waves (denoted by sym-
bols C and ¡) can be seen clearly. Moreover, we can count the
number of compression and rarefaction phases in the radial direc-
tion for the cases of Ms D 1.3 and 1.5. From Figs. 8b and 8d, we � nd
that there is only one phase either rarefactionor compression in the
case of Ms D 1.3 but three phases in the Ms D 1.5 case. Although
the number of phases are different in the Ms D 1.3 and 1.5 cases, the
sound wave is interlacedby the compressionand rarefactionphases
as shown in Figs. 8a–8d. It is known that, for a shock/vortex inter-
action in a free space, the sound wave generated is of quadrupolar
nature. In the present cases one compression/rarefaction phase is
generated and seems like dipole nature for the Ms D 1.3 case, as
shown in Figs. 8a–8b. For the Ms D 1.5 case three phases (either
two compressions and one rarefaction or two rarefactions and one
compression) are generated, and the sound wave seems like tripole
nature, as seen from Figs. 8c and 8d. It is evident that the number
of interlaced compression/rarefaction phases generated depends on
the blast intensity. Moreover, the geometric constraint of the duct
might have an effect on the sound nature.

In our computations there is only one compression/rarefaction
phase involved in sound generation for Ms D 1.1, 1.2. 1.3, but three
phases for Ms D 1.4, 1.5. In the former cases the strength of the
induced vortices and the second shock are weak; their interaction
producesonly one compression/rarefactionphase. In the latter cases
the interactionis stronger,resultingin more compression/rarefaction
phases because of the stronger vortices and the stronger second
shock.

C. Vorticity Production
The vorticity production induced by the blast-wave diffraction

around the corner is governed by the vorticity transport equation of
an inviscid � ow:

D!=Dt D ¡!.r ¢ V/ ¡ .r p £ r½/=½2

where the vorticity ! is the curl of the velocity, r the gradient
operator, ½ the density, and p the pressure. The � rst term in the
right-hand side is called the compressibility term and denotes the
roll up of the slipstream scaled up by the � uid dilatation (the com-
pressibility effect). The second term, called the baroclinic term,
denotes the baroclinic effect of misalignment of the pressure and
density gradients. Abate and Shyy9 mention that in the case of a
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a) t = 32

b) t = 36

c) t = 42

d) t = 46

Fig. 8 Computational schlieren pictures at different instants for a, b) Ms = 1.3 and c, d) Ms = 1.5.

shock passing through a sharp corner vorticity generation is domi-
nated by the baroclinic effect. It is desired to identify the dominant
factor for vorticity production in the case of blast-wave diffraction.
Moreover, we would like to clarify the growth process of the in-
duced vortices. The vorticity contours corresponding to Fig. 5 are
shown in Fig. 9. Figure 9a shows both vortices at the beginning
of the interaction. The newly developed vortex V2 is much smaller
than V1 . Later, the minor vortex grows quickly; however, the major
vortex size remains almost the same, as shown in Figs. 9b and 9c.
At t D 36 the minor vortex has developed to almost the same size
as the major vortex with the same order of the maximum vorticity,
as shown in Fig. 9d. For the case of Ms D 1.5 (the second case),
the evolution of the minor vortex is similar to that in the � rst case.
However, the two vortices are much stronger than those in the � rst
case, as shown in Figs. 9e–9h, as a result of the strongerblast wave.

We furtherexplore the � ow structurein detail by comparingFig. 5
with Fig. 9. The primary shock wave S2 interacts with the two
vortices V1 and V2 at t D 26 for the Ms D 1:3 case and t D 32 for
Ms D 1.5 case. The minor vortex V2 reaches the maximum positive
vorticity at the instant when the second shock arrives near the mi-
nor vortex in which the negative phase of the blast pro� le is most
in� uential, as shown in Figs. 9a and 9e. Later, the second shock and
the minor vortex interact with each other. The maximum vorticity
of the minor vortex is decreasedbecause the vortex-centerpressure
is increased because of the effect of the second shock, as shown
in Figs. 10b and 10f. At this instant (t D 28 for the Ms D 1:3 case
and t D 36 for Ms D 1.5 case) the major vortex V1 reaches the max-

imum vorticity (a negative value). This is a resultant effect of the
expansion phase of the blast pro� le. The expansion phase contains
the positive- and negative-pressurephases.After the interaction the
minor vortex grows because of vorticity diffusion. The maximum
vorticity of the minor vortex is almost the same order of magnitude
as that for the major vortex, as indicated in the value indicator in
Figs. 9c and 9d and 9g and 9h.

To understand the mechanisms of vorticity generation, the con-
tributions as a result of the � uid compressible and baroclinic terms
for the Ms D 1.3 case are shown in Fig. 10. Figures 10a–10d show
the contributionsof the compressibilityterm to vorticity production
at t D 26, 28, 32, 36, and Figs. 10e–10h for the baroclinic term. In
Figs. 10a and 10b and Figs. 10e and 10f the maximum negative
and positive values of the compressibility term are about one order
of magnitude larger than those for the baroclinic term during the
second shock interacting with the two vortices. Both the maximum
positive and negative values of these two terms at these instants are
of the same order of magnitude during the interaction.After the in-
teractionthe valuesof the compressibilityterm decreasefrom t D 32
to 36, but not the baroclinic term that remains the same magnitude,
as shown in Figs. 10c and 10d, and 10g and 10h. This is mainly
caused by the values of the � uid dilatation (r ¢ V/ are changed to
small values after the interaction(from t D 32 to 36). By comparing
the magnitudes of these two terms as shown in Fig. 10, we can see
that the contributionof the compressibilityterm to vorticityproduc-
tion is much more than the baroclinicterm. We found that the values
of the compressibility term resulted from large values of vorticity
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a) t = 26

b) t = 28

c) t = 32

d) t = 36

e) t = 32

f) t = 36

g) t = 42

h) t = 46

Fig. 9 Vorticity contours at different instants: a–d) Ms = 1.3 and e–h) Ms = 1.5.
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a) t = 26

b) t = 28

c) t = 32

d) t = 36

e) t = 32

f) t = 36

g) t = 42

h) t = 46

Fig. 10 Contributions caused by a–d) the � uid compressibility and e–h) baroclinic terms for the Ms = 1.3 case at different instants.
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Fig. 11 Circulation (in absolute value) of the two vortices vs time for
different blast intensities.

!, which was a result of the roll up of the slipstream, scaled down
by small values of the � uid dilatation (r ¢ V/. The discounting of
original values of the vorticity can be interpreted as the � uid di-
latation suppresses the vorticity generation. Hence the baroclinic
effect is still much more effective than the dilatation effect or the
compressibility effect. In summary, the compressibility term plays
more important role in the vorticity production than the baroclinic
term in the case of blast-wavediffractionaround a sharp corner.The
vorticity generated by the � rst shock mainly contributes the values
of the compressibility term, ¡!.r ¢ V/.

For the invisvid � ow the circulations (in absolute value) of the
two vortices vs time for different blast-wave intensities are shown
in Fig. 11. The circulation increases to a maximum value when the
second shock begins to interact with the major vortex V1. After the
second shock/major vortex interactionthe circulationdecreases to a
constant value. Namely, when the blast wave moved away from the
vortices, there is no additional kinetic energy imparted to the � ow.

IV. Conclusions
By employing a � fth-order weighted essentially nonoscillatory

scheme to solve the two-dimensional,unsteady compressible Euler
equations, the � ow� elds of planar blast waves with different inten-
sities discharging from an open-ended duct have been studied. The
acoustic waves and a vortex pair generated by blast/vortex interac-
tions at differentblastMach numbersare investigatedby usingcom-
putational shadowgraghs, schlieren pictures, and interferograms. It
is found that the number of sound is dependent on the strength of

the blast wave. The mechanism of vorticity generation induced by
blast-wave diffraction around the 90-deg corner is studied in de-
tail. The second shock/vortex interaction plays an important role in
the vorticity generation process. The compressibility term is more
dominant than the baroclinic term in the vorticity transport equation
during the second shock/vortex interaction. The roll up of the slip-
stream mainly contributes the values of the compressibility term.
The baroclinic effect is much more effective than the dilatation ef-
fect (r ¢ V/ during second shock/vortex interaction by comparing
their order of magnitude. In addition, it is found that the circulation
(or strength) of the two vortices is constant when the incident blast
wave has moved far downstream.
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