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Numerical Study of Blast-Wave Propagation
in a Double-Bent Duct
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A high-resolution Euler solver has been used to investigate the flowfield induced by a blast wave in a double-bent
duct. A blast-wave/vortex interaction and shock/shock interactions are also studied. A pair of vortices with an
opposite rotating direction is found. The trajectories of the induced main vortices are explored for different initial
pressure ratios. It was found that the vortex could deform the shock front of the blast wave because of compression
and expansion involved in their interaction. Moreover, after blast-wave diffraction around the first convex corner
a locally maximum wall pressure could occur at the second concave corner, and a globally maximum wall pressure
could occur at the first concave corner, resulting in a large loading at the compression corners.

Introduction

NGINEERS and scientists are quite interested in the problem
of blast-wave propagationin ducts because the phenomena of
blast-wave propagationoften take place, for example, in the exhaust
pipes of internal combustion engines or, caused by explosions, in-
side a building. A fundamental study of blast-wave propagation in
a duct is helpful in the understanding of the blast-wave dynamics.
In this study we investigated the unsteady flow of planar blast-wave
propagationin a double-bentduct with two 90-deg turns. The prob-
lem involved a complicated unsteady flowfield of blast-waveA~vortex
interactions, shock/shock interactions, and blast-wave reflections.
Inthe pastthere were very few papersthatreportedthe detailof the
flowfieldinducedby ablast wave in adouble-bentduct. Some related
papers are referred to here. Howard and Mathews! experimentally
investigated the vortex generation caused by shock-wave diffrac-
tion around a corner. Schardin® studied a reflected shock/vortex
interaction by using the shadowgraph method. His experimental
results provided basic understanding of shock/vortex interaction.
Mandellaet al.* conducted a series of experiments for studying the
vortex induced by a shock wave near a corner. They reported that
the vortex generation was not caused by the fluid viscosity. Sivier
et al.* numerically simulated the problem studied by Schardin and
obtained good agreement between the numerical and experimental
results. Igra et al.’ used both experimental and numerical methods
to study the intensity of a diffracted wave in a branched duct and
concluded that the flow behind the diffracted wave could not be
assumed to be quasi-one-dimensiond. Ellzey and Henneke® inves-
tigated the sound generation caused by the shock/vortex interaction
and its mechanism. They found that the shock-wave deformation
and a compression effect involved in the interaction are the two
main factors for sound generation. Grasso and Pirozzoli’ numeri-
cally studieda shock/vortex interactionand classified the interaction
into three types. They also characterizedthe shock and vortex defor-
mations and the mechanismof sound generationin the interactionof
a cylindrical shock wave with a vortex. The numerical scheme they
used is a weighted essentially nonoscillatory (WENO) scheme of
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Jiang and Shu.® Inoue and Hattori’ studied a shock/vortex interac-
tion by a sixth-ordercompact Pade scheme for spatial discretization.
They reported the detailed mechanism of the flowfield at an early
stage of the interaction. Ofengeim and Drikakis'® used an adaptive-
grid method and a second-orderGodunov scheme to simulate planar
blast-wave propagationover acylinder. Their resultrevealed that the
blast-wave duration significantly influences the unsteady flow over
the cylinder. Gronig!! reported shock/vortex interactions with some
holographic and color schlieren pictures. These pictures could pro-
vide us some understanding of the shock/vortex interaction. There
were other papers in the proceedings of the second international
workshop on shock wave/vortex interaction. Because of the space
limitation, those papers are omitted here. Yang!? observed the flow-
field of shock-wave propagationin a double-bentduct by using the
holographic interferometry. All references just mentioned are re-
lated with shock-wave/vortex interactions.

Because a blast wave has the jump characteristics of a shock
wave associated with expansion waves behind it, a WENO scheme
of Jiang and Shu® is employed in this study. The WENO scheme
possessesa high-resolutionability of capturing discontinuities. The
working fluid is assumed to be air. The duct geometry is schemati-
cally shownin Fig. 1. Two distance parameters s, and s, are chosen.
The parameter s, is used to measure the distance from the first con-
vex corner along the lower wall. The parameter s, is the distance
from the first concave corner along the upper wall. Thus s, =0
denotes the first convex corner, s; = 1 the second concave corner,
s, = 0 the first concave corner, and s, = 1 the second convex corner.
At the duct outlets; = 2.5 denotes the lower-wall exit and s, = 2 for
the upper-wall exit.

Mathematical Formulation and Numerical Method

Based on the experimental data of Yang,'? the vortices generated
in the diffraction problem of weak shocks around a sharp convex
corner are relatively small compared with the main vortex caused by
the shock diffraction. Thus we neglect the effects of external forces
and the fluid viscosity. The neglect of the viscous effect can save
a lot of computational time and computer memory. Consequently
the equations governing the blast-wave propagationin the duct are
the continuity, momentum, and energy equations. Thus, the Euler
equations are used in this study.

The numerical method of the high-order scheme of Jiang and
Shu® in a finite 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 WENO-LF-5 scheme is used for spatial discretization, where
LF denotes the global Lax-Friedrichs flux splitting and 5 denotes
fifth-order accuracy. A global time step is chosen for unsteady flow
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Fig.2 Effect of grid number on the recorded maximum wall pressures
on the lower wall.

calculations. Namely, a minimum time step of local time steps over
the computationaldomainis used for unsteady flow calculations.Ini-
tially, the rupture of a high-pressure region produced a blast wave,
which would propagate downstream into a quiet air. The boundary
conditionimposed on the duct wall is the tangency condition. Three
ghost points are used outside the wall. The flow properties at these
ghost points are symmetric with respect to the wall. At the duct exit
the flow condition is specified by the initial flow condition because
all computations will be terminated before the blast wave passes
through the duct exit. At x =0 it is a closed end.

Results and Discussion

Code Validation

The present computer code has been quantitatively validated on
several test problems such as shock-wavereflection from a wedge.'®
Moreover, the problem shock-wavediffractionarounda 90-deg cor-
ner was calculated to verify the ability of capturing the downstream
wall shock because there existed the experimental data of the down-
stream wall shock wave.'"* The incident shock Mach numbers at
the corner are 1.5 and 2; our computed wall shock Mach num-
bers are 1.12 and 1.26, which agree well with the experimental
values of 1.15 and 1.3 (Ref. 14). In addition, for the problem of
shock-wave propagation through the double-bend duct, the com-
puted result is compared with the holographic interferograms that
were obtained by Yang et al."> at the Shock Wave Research Center
of Tohoku University. The initial condition of the high pressure p;
and the low pressure p; is, respectively, given by p, = 1.23 kg/cm?
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Fig. 3 Comparison of a) computed isopycnics with b) holographic
interferograms'>; M, =1.08 and ¢ = 1.85.
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Fig. 4 Comparison of a) computed isopycnics with b) holographic
interferograms'>; M, =1.08 and ¢ = 3.70.
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and p; =1 atm. The pressure ratio produces an incident shock with
Machnumberof M; = 1.08. The Courant-Friedrichs-Lewy number
(CFL) was chosen to be CFL =0.5. Five grids, 150 x 90 (grid 1),
300 x 180 (grid 2), 450 x 270 (grid 3), 600 x 360 (grid 4), and
750 x 450 (grid 5), were chosen for studying the grid effect on the
numerical solution. We checked the changes of the recorded max-
imum wall (dimensionless) pressures on the lower wall by subse-
quent grid refinement from grid 1. It was found that the largest peak
and lowest valley occurred at s; =0.05 and 0.11, respectively, as
shown in Fig. 2. The changes of the peak value caused by subse-
quent grid refinement is 0.62% for grid 2, 0.52% for grid 3, 0.17%
for grid 4, and 0.087% for grid 5. The change in the lowest valley as
a result of subsequent gird refinement is —9.4% for grid 2, —2.3%
for grid 3, —1.3% for grid 4, and —0.6% for grid 5. Because the
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changes in the largest peak and lowest valley are very small on grid
4, grid 4 is used for the test problem and for the subsequent study.
For the test problem it was found that the computed maximum wall
pressure at the second concave corner (s; = 1) is 0.898 for the five
grids.

Figures 3 and 4 show the comparison of the computed isopycnics
with the holographic pictures at the dimensionless times  =1.85
and 3.70, respectively. The dimensionless times ¢ correspond to the
dimensional time of = 100 and 200 s in experiments. At t = 1.85
the incident shock wave has passed through the first convex corner
(s; =0). This convex corner causes the incident shock wave S, to
diffract, resulting in the expansion waves emitting from the corner
and the diffracted shock wave D, as shown in Fig. 3. At t =3.70
the second convex corner (s, = 1) induces another diffracted shock
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Fig. 5 Flow patterns of iospycnic at different instants, p,/p; =40.
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wave D, and its reflected wave Rs, as shown in Fig. 4. The reflected
shock wave R; of the incident shock S; has entered the upstream
duct, resultingin a single Mach reflection with the rereflected shock
wave R,. On the other hand, a part of the reflected shock wave is
reflected again from the left wall to become the rereflected shock
waves R; and R, that intersect at the reflection point on the left
wall.

Blast-Wave Propagation in the Double-Bent Duct

To generate a planar blast wave, we consider a high-pressure
region,locatednearx =0, as shownin Fig. 1. The regionhas a width
of R /40, where R is the duct width. A blast wave is generated by
rupture of a diaphragmthat separates the high-pressureand the low-
pressure regions. The temperatures in the both regions were chosen
to be the same. The blast wave will propagate into the downstream
duct. The initial pressure ratio p,/p; is assumed to be 40, which
can generate a blast wave with intensity of shock Mach number of
M, =1.55 right before the first convex corner.

Flowfields of Density and Pressure

Figure 5 shows the flow patters of isopycnics at different (dimen-
sionless) instants. At £ = 0.8 the blast wave has arrived at x = 1.7,
as shown in Fig. 5a, and a series of expansion waves followed the
shock front. A contactsurfaceis developednearx = 0.35, which was
verified by checking the pressure and density distributions across
the contact surface. On the contact surface the pressure is continu-
ous, but not the density. At =1 the blast wave has moved to the
first convex corner and will start to diffract. At r = 1.2, as shown in
Fig. 5b, the blast wave consists of two parts. One is the straight part
I,, the incident wave. The other is the curved diffracted part D, . Be-
cause of the wave diffraction,a vortex is formed near the corner. The
mechanism of vortex generation will be discussed later. Moreover,
the convex corner also produces circular expansion waves behind
the incident blast wave. The leading expansion wave, the diffracted
wave, and the incident blast wave intersect together. At t = 1.8 the
incident blast wave is reflected from the right wall. The reflected
blast wave is denoted by R;, as shown in Fig. 5c. The diffracted
wave D, is propagatingdownstream. At = 2.2 the diffracted wave
arrives at the second convex corner and will start a second diffrac-
tion there. At t =2.4 the reflected blast wave starts to intersect with
the vortex, which causes the blast wave to deform, as shown in
Fig. 5d. We will discuss the blast-wave/ivortex interaction later. At
this instant the diffracted wave has passed through the second con-
vex corner and induces a downstream vortex. We also can see the
expansion waves near the second convex corner, as occurred at the
first convex corner. The reflected blast wave is denoted by three
parts, Ry, Ry, and R;., where Ry, is the part that interacts with
the vortex. The R, part intersects the diffracted wave D, that has
diffracted around the second convex corner.

At t =2.6 the reflected blast wave has finished the interaction
with the vortex and is entering the upstream duct. At ¢t =3 the re-
flected blast wave R, is reflected from the lower wall, forming a
single Mach reflection with the triple point 7' and the rereflected
wave R, as shown in Fig. Se. The rereflected wave R, is connected
with the wave R;, whichistherereflected wave of the reflected waves
R, and R;.. The diffracted wave is reflected from the lower wall,
denoted by R,. The wave R, intersects with the wave R,.. At later
times more complicated waves will be developed. At =4 the wave
pattern is shown in Fig. 5f. We can see that the diffracted wave D,
has moved to the duct exit. The vortices induced by the convex cor-
ners are clearly seen. The reflected wave of the diffracted wave D,
is denoted by the wave R,4. Other reflected waves have encountered
twice or triple reflections. The evolution of these waves is compli-
cated and omitted to report here. From Figs. 5a-5f we found that
the contact surface always occurred at approximately x = 0.4.

The patterns of pressure distributions at different instants corre-
spondingto Fig. 5 are very similar to the density contoursin Fig. 5,
except for the contact surface. We omit to report them here because
of space limitations.

Wall-Pressure Distribution
Because the blast-wave propagation is unsteady and nonlinear,
the flow properties, in particular the wall pressures, are changing
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Fig. 6 Recorded maximum wall pressures over ¢ < 4.

with time. A maximum wall pressure means that the largest wall
pressure over ¢ <4 is recorded at a fixed point. We only recorded
the maximum wall pressures at every grid point on the upper and
lower walls after the first 90-deg turn. Figures 6a and 6b show the
recorded maximum wall pressures on the lower s; and upper s,
walls for different initial pressure ratios, respectively. We chose
the initial pressure ratio to be p,/p; =20, 40, and 60. These ra-
tios produced a shock Mach number of 1.45 for p,/p, =20, 1.55
for p,/p; =40, and 1.75 for p,/p, =60 right before the blast-
wave diffraction around the first convex corner. Obviously, a larger
value of p, /p, produces a stronger blast wave. We use the case of
D1/ pr = 40 to describe the variation of the maximum wall pressures
because other cases produced a similar result. From Fig. 6a we can
see that there is a peak with value of py,,./po =2.41 occurring in
the vicinity of the first convex corner, where py denotes the undis-
turbed pressure. Away from the corner the maximum wall pressure
is decreased to 1.20, which occurs at s; =0.057. For s; > 0.13 the
maximum wall pressure monotonically decreases from 1.70 to 1.29
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Fig.7 Pressure contours near the first convex corner when the blast-wave interacted with the induced vortex for p,/p; =40.

ats; =0.77. For s; > 0.77 the maximum wall pressure starts to in-
crease to the second peak with p.../po=1.77 at s; =1, the sec-
ond concave corner. For s; > 1 the maximum wall pressure with
two jumps is monotonically decreased to the initial pressure at
downstream. The pressure jump was caused by a reflection of blast
wave.

Along the upper wall the maximum wall pressure is constant
for 0 < s, <0.25 and then decreases to the lowest value of 0.98

at s, = 1.06, where it is almost the second convex corner. After
that, the maximum wall pressure increases to a peak value of 1.35
at s =1.26 and then decreases to the initial pressure at down-
stream.

In summary, the maximum wall pressurein the vicinity of the two
convex corners is the lowest value of maximum wall pressures, and
the maximum wall pressure at the second concave corner is locally
a peak value, compared with those at the neighboring regions.
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Blast-Wave/Vortex Interaction
Vorticity Generation

The vorticity productionin the double-bentduct is mainly caused
by the blast-wave diffraction. Other vorticity productions generated
by the nonuniformity of entropy induced by curved shock waves are
relatively small, compared with that for the main vortex induced by
the blast-wave diffraction. The reason is that the entropy increase
behind curved shock waves is of third order for weak shock waves.
We can use a vorticity transport equation to explain the vorticity
generation along a particle path. For an inviscid, two-dimensional
flow with shock waves, we can easily derive the following vorticity
transportequation:

LN VL
Dt 0?

where w denotes the vorticity and w =V x V and V the gradient
operator. The mechanism of vorticity productionis attributed to two
parts. One is caused by the flow compressibility,the divergenceof V
(V- V), that is, the fluid dilatation. The other is caused by the baro-
clinic effect, Vp x Vp. During the blast-wave diffraction, the flow
near the corner is in expansion, and the wave front is being elon-
gated, resulting in a curved nonuniform wave front. Consequently
the flow behind the curved wave front has the pressure and density
gradients and generates a nonzero value of Vp x Vp.

Blast-Wave Deformation

When the reflected blast wave interacts with the vortex caused
by the first convex corner, the blast wave encounters two differ-
ent processes of interaction, resulting in blast-wave deformation.
Figure 7 shows the process of the reflected blast wave interacting
with the vortex. The detail of the vortex induced by the blast wave
is described next.

Figure 7a shows that the blast wave enters the vortex region and
starts to deform. The wave deformation involves two processes:
compression and expansion. The upper part of the blast wave in
the vortex region encounters a compression (deceleration) effect
because the vortex flow directionis in a clockwise direction, which
is opposite to the direction of the moving blast wave. The lower
part of the blast wave in the vortex region encounters an expansion
(acceleration) effect because the flow direction is the same as the
direction of the moving blast wave, as shown in Fig. 7b. Because
the lower part of the blast wave in the vortex region moves faster
than the upper part, the lower part will move faster away from the
vortex core than the upper part. Figure 7c shows the flowfield at
t =2.575. We can see that the lower part of the blast wave has
already moved away from the vortex core, but the upper part still
interacts with the vortex core. At t =2.675 the upper part of the
reflected blast wave R,, has entered the horizontal duct, resulting
in a single Mach reflection, as shown in Fig. 7d. The reflected part
of the wave R, is denoted by the wave R|,. A partial wave R, of
the wave R, intercepted by the cornerremains in the vortex region.
This remaining wave R, is interacting with the reflected wave R|,
of the blast wave R;,. The waves R| and R|, are disconnected.
At later time, t =2.775, the two waves R|, and R|, are connected
together, as shown in Fig. 7e. The remaining wave R;, penetrates
the vortex core and is connected with the wave R|,, producing a
compression region denoted by the black region. At # =3 the blast
wave R, is away from the vortex region except for the remaining
wave R, thatis still interacting with the vortex, as shown in Fig. 7f.

Effect of Blast-Wave Intensity on the Induced Vortex

Figure 8 shows the velocity field and the vorticity contour near
the first convex corner for differentinitial pressure ratios. Figure 8a
is the case of p,/p; =20, Fig. 8b for p,/p, =40, and Fig. 8c for
i/ P = 60. From Fig. 8 one can see that there are two vortices gen-
erated with an opposite rotation direction. The upstream vortex has
a counterclockwiserotating direction, and the downstream vortex
has a clockwise rotating direction. The downstream vortex intensity
is stronger than the upstream one. Moreover, the more intense the
blast wave, the farther downstream and the stronger the vortex. We
call the stronger vortex as a major vortex, and the weaker vortex as
a minor vortex.

QT

) pu/pi1=60

Fig. 8 Vorticity contours and the velocity fields near the first convex
corner for different blast-wave intensities at  =3.4.

Vortex Trajectory

The vortex trajectory is described by tracing the major vortex
centers at the different instants. Figure 9 shows the vortex trajec-
tories of the downstream vortices near the first and second convex
corners, respectively, for different blast-wave intensities. In Fig. 9a
the trajectory was recorded from 7 =2 to 4 with a time increment
of At =0.2. We can see that the vortex center is moved to the right
at very early times and then moved toward the left wall for a short
while. At later times the vortex center is moved away from the wall.
We chose the case of p,,/ p; =40 as an example. The vortex center is
moved to theright from # =2 to 2.6 and then moved toward the right
wall from# =2.4t02.6. For ¢ > 2.8 the vortex centeris moved away
from the wall again. From Fig. 9b we can see the trajectories of the



1802 LIANG, WENG, AND TAKAYAMA

22 —
................ @ PH/PL=20
- —A—— PH/PL=40
—FF—— PH/PL=60
21
2 —
> -
1.8 —
18 |—
o PR I R R R T
2.04 2.08 2.12 2.16 2.2
X
a)
1 o
== PHIPL=20
"""""""" A PHIPL=40
B 1=3.0 ——— PH/PL=60
0.96
> 0.92
0.88
0N N IR R R SRR
3.04 3.08 3.12 3.16 3.2 3.24
X
b)

Fig.9 Trajectories of the vortex centers near the a) first and b) second
convex corners for different blast-wave intensities.

vortex centers before x =3.10 are very close for three cases. The
vortex centers are located near the upper wall of the downstream
horizontal duct, and the plotting time is from ¢ =3 for the case
of p,/p1=20,t=2.6 for p,/p; =40, and t =2.4 for p,/p, = 60.
For these three cases the vortex centers are basically moved down-
stream with the flow and away from the upper wall. For the cases of
Pr/ P =40 and 60, the vortex centers are turned slightly upward at
later times.

Conclusions

A reasonably accurate Euler solver was used to investigate the
flowfields induced by blast waves in a double-bent duct. Blast-

wave/vortex interactions were studied. The formation and trajectory
of the induced vortex were investigated and reported. A pair of vor-
tices with an oppositerotating directionis found. For a strongerblast
wave the two vortices consist of one stronger vortex and one weaker
vortex. The stronger vortex is located farther downstream than the
weaker one. It was found that the vortex could deform the blast wave
because of compressioninvolvedin their interaction. Moreover, af-
ter blast-wave diffraction around the first convex corner there is a
locally maximum pressure at the first compression (concave) cor-
ner and a globally maximum pressure at the second compression
(concave) corner. Namely, the duct wall has larger loading near the
compression corners than the neighboring regions.
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