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Blast-Wave Dynamics in a Circular Duct
with a Sudden Expansion
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In this study, the problem of a planar blast wave in a duct with a sudden expansion is considered. An incident blast
wave that contains two shock waves is arranged so that one pair of vortex rings induced by the first shock wave
interacts with the second shock wave of the blast wave and with the reflected shock associated with the first shock
wave. A high-resolution Euler/Navier—Stokes solver using a fifth-order weighted essentially nonoscillation scheme is
employed to investigate the problem. After the Euler/Navier—Stokes solver is validated to be reasonably accurate, the
flow fields induced by the shock/vortex interactions are investigated by computational shadowgraph and
computational schlieren techniques. It is found that the trajectories formed by major ring-vortex centers may be
different case by case, depending on the arrival time sequence of the second shock wave and the reflected shock wave.
In particular, a third vortex ring may be developed, causing the trajectory’s turn at some critical time in viscous-flow
models. Because of viscous dissipation, consequently stronger vortex-ring strength predicted by the inviscid-flow
model than that for the viscous-flow model can result in 14-32% lower pressures at the major ring-vortex centers in
the inviscid flow compared with the turbulent flow during the time interval investigated for case A, and 20-32 % for
case B, and 21-38% for case C. Because of the boundary layer development along the duct wall after the sudden
expansion, the reflection type of the first shock wave is changed from a regular reflection in the inviscid-flow case to a
single Mach reflection that directly affects the arrival time of the reflected shock wave at the sharp corner. Moreover,
the mechanism of the vortex ring formation based on the inviscid-flow model is analyzed. It is found that the term due
to the dilation effect also plays a more important role in vorticity generation than the baroclinic term.
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speed of sound
duct diameter
total energy per unit volume

flux vector in axial direction

flux vector in radial direction

source term for axis symmetry

incident shock/blast-wave Mach number
pressure

duct radius

Reynolds number

radial direction

blast-wave front (first shock)

second shock

time
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axial direction
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~
[°F]
L L 1 | ¥ | {1 | 1 O | A 1 A 1 R

2
ar

15 0 4 5 9
tieoget ey

i 2 P 19 4 1P, 3
Laplacian operator, V= = wtenteetin

S
|

Received 14 August 2006; revision received 4 May 2007; accepted for
publication 7 May 2007. Copyright © 2007 by the American Institute of
Aeronautics and Astronautics, Inc. All rights reserved. Copies of this paper
may be made for personal or internal use, on condition that the copier pay the
$10.00 per-copy fee to the Copyright Clearance Center, Inc., 222 Rosewood
Drive, Danvers, MA 01923; include the code 0001-1452/07 $10.00 in
correspondence with the CCC.

*Professor, Department of Computer Application Engineering. Associate
Fellow ATAA.

TAssociate Professor, Department of Mechanical and Computer-Aided
Engineering.

2164

1. Introduction

N GENERAL, when energy is rapidly released in a local region, a

blast wave is produced and propagates outward either in a planar,
cylindrical or spherical form. A blast wave generally has a structure
composed of a primary shock front, expansion waves, and a second
shock wave. In one direction the blast wave eventually becomes an N
wave. Generally speaking, when a planar shock wave diffracts
around a sharp expansion corner, it results in a contact surface, an
expanded shock wave, an induced vortex, and expansion waves
issuing from the corner for a two-dimensional problem [1-3]. When
a blast wave is discharged from a small circular duct into a large one,
blast-wave diffraction will occur at the sudden expansion. Because of
the primary shock wave inducing a spiral ring vortex, consequently,
the second shock/ring-vortex interaction occurs downstream of the
sudden expansion. Moreover, the confined space will make the flow
downstream the sudden expansion more complicated than that for an
unconfined space, because a reflected shock wave associated with the
primary shock occurs in the large duct.

The basic problem of shock-wave reflection from a wedge has
been extensively investigated in the past. Ben-Dor [4] catalogued the
type of shock-wave reflection from a wedge for different gases in his
book. The wave reflection type theoretically depends on the shock
Mach number M and the wedge angle. Takayama and Jiang [5]
summarized the numerical and experimental results of shock-wave
reflection over wedges from many researchers. For the problem of
shock-wave diffraction around a sharp expansion corner, Sun and
Takayama [6,7] studied the formation of a second shock wave behind
the shock wave diffracting around a two-dimensional convex corner
for different incident shock Mach numbers ranging from 1.03 to 1.74
in air. The second-shock wave is formed due to the existence of a
locally supersonic flow. They found that the critical shock Mach
number for the formation of the second-shock is 1.346. Kim and
Setoguchi [8] experimentally studied a weak shock discharged from
the open end of a duct with shock Mach number ranging 1.02 to 1.45.
Jiang et al. [9] numerically and experimentally investigated the
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evolution of a transmitting shock-wave and its associated primary
vortex loop. Abate and Shyy [10] reviewed experimental and
numerical results to highlight the flow phenomena and main physical
mechanism associated with confined shocks undergoing a sudden
expansion. Many others papers [11-14] are omitted to mention
because of space limitation.

For shock/vortex interactions, many papers have also been
published in literature [15-19]. Only some papers are referenced
here. Meadows et al. [20] and Ellzey et al. [21] performed numerical
studies on the interaction of a planar shock wave and vortex with
various strengths. Gruichard et al. [22] modeled a shock wave
interacting with a single vortex and with a pair of vortices by solving
the Navier—Stokes equations, and resolved the deformation of the
incident shock wave. Moreover, they also noted that the vortex was
intensified and compressed in the direction normal to the shock and
bent according to the curvature of the shock. Chaterjee [23] studied
the phenomenon of an initially planar shock wave interacting with a
compressible vortex by using a high-resolution shock-capturing
scheme, and proposed a simple physical model based on the principle
of shock-wave reflection to explain a complex shock structure
formation and its dependence on the relative strengths of the
interacting vortex and shock wave. Inoue and Takahashi [24]
numerically studied the development of a flow field and the
generation of sound due to the interaction between a vortex ring and a
shock wave. Chang and Kim [25] presented numerical results for
shock tube simulations coupled with a sudden area expansion. Jiang
et al. [26] described experimental and numerical simulations of a
circular shock tube generating a flow that underwent a sudden
expansion, and presented complex transient shock-wave phenomena
such as shock-wave reflection, shock/vortex interaction, and shock-
wave focusing.

Blast waves/vortex interactions are closely related with shock/
vortex interactions. Chen and Liang [27] found the fourth sound
generated by a planar blast/vortex interaction, but not in the case of
shock/vortex interaction. For a blast/vortex interaction, the second
shock/vortex interaction plays an important role in the vorticity
generation process. Kleine et al. [28] reviewed the processes and
flow features that were observed when a shock wave diffracted at a
sharp 90 deg corner. A detailed comparison of numerical and
experimental results has made it possible to identify and clarify some
small-scale structure within the flow. Their result gives the
interpretation of the appearance of the second shock system and the
evolution of the flow pattern with increasing shock Mach number.
Sun and Takayama [7] reported on vorticity production in shock-
wave diffraction over sharp convex corners for incident shock Mach
numbers ranging from 1.05 to 1.7 at an increment of 0.1, and convex
corner angles from 15 to 180 deg at an increment of 15 deg. They
found that large corner angles always enhance the vorticity
production for all shock strengths investigated. The vorticity
production increases sharply for corner angles changing from 15 to
45 deg.

The aforementioned phenomena, such as vorticity production,
shock/vortex interactions, and second-shock development, and so
on, are important aspects of fluid mixing. The present work will make
a further detailed study of blast/vortex interactions in a circular duct
with three particular values of the expansion ratio by numerical
simulation. To analyze the complicated flow structure, we will use
the computational schlieren, computational shadowgraph, and
computational holographic interferogram methods for flow field
visualization.

The problem studied is briefly described here. A small circular
duct is connected with a larger duct of radius (R), resulting in a
sudden expansion defined to be z = 0. The small duct is 0.6R long,
and the larger duct is 2R long. The centerline of the duct is defined at
r =0. The larger duct’s diameter (D =2R) is chosen to be a
characteristic length. Initially (r =0), a narrow region of width
0.005R, bounded by two diaphragms and filled with high-pressure
(p,) air, is located upstream at a distance of 0.5R from the sudden
expansion. This duct configuration is referred as case A. Outside the
high-pressure region, the flow is quiescent and the pressure is at one
standard atmosphere (p,) which is chosen as a reference condition

for variable normalization. The temperatures in the low- and high-
pressure regions are initially the same. As t > 0, two diaphragms
break and produce two blast waves which propagate upstream and
downstream. The downstream moving blast wave is of interest, and
will propagate through the sudden expansion, resulting in a reflected
shock wave from the larger duct wall. Different values of the initial
pressure ratio will be chosen to produce different strengths of
downstream moving blast waves. By changing duct’s expansion
ratio, we will investigate the vortex ring, induced by the primary
shock front, interacting with the second shock and the reflected shock
in the larger duct in different time sequences, respectively.

II. Mathematical Formation and Numerical Method
A. Governing Equations

Neglecting the effects of external forces and heat transfer, the
governing equations for axisymmetric duct flow are the equations of
the mass, continuity, and energy. They can be expressed in a
dimensionless, conservative form as
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where Q = [p, pV,, pV._, e]' is the conservative—variable vector, F, G
the flux vector components, H the term due to the symmetry, and H,,
the term associated with the flow viscous properties. Note that the
dimensionless time variable is defined as t = fc,/D, where 7 is the
dimensional time variable, and ¢, the speed of sound in the lower
pressure region at ¢ = 0. The detail of Eq. (1) can be found in [29].
For taking turbulence into account, the Baldwin—Lomax turbulence
model [30] is used. To explore the mechanism of vorticity
generation, the vorticity transport equation is used:

VpxV
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Here w is the curl of the velocity V = [V,, V,, V_]', and other terms
denote some terms associated the viscosity, which reduce to a single
term Re™' V2w for incompressible flow, where Re represents the
Reynolds number. For a two-dimensional, inviscid flow, Eq. (2)
reduces to

Dw Vp xVp

— =—w(V-V)—

Dr 7 3

because the vorticity vector is perpendicular to the velocity vector.
The first term on the right-hand side denotes the dilation effect, and
the second term the baroclinic effect.

B. Numerical Method

A 5th-order weighted essentially nonoscillatory (WENO) scheme
of Jiang and Shu [31] is used for spatial discretization, and a non-
TVD 4th-order Runge—Kutta scheme of Shu and Osher [32] for time
integration. On the wall, the slip condition is imposed for inviscid
flows, and the nonslip condition for viscous flows. Because the
problem of interest is axisymmetric, a half domain is considered for
saving computational time. Thus a symmetric boundary condition is
imposed on the duct centerline. On the upstream and downstream
boundaries, a nonreflecting boundary condition of Thompson [33] is
prescribed. The Courant number is chosen to be 0.6 for fast
computation.

III. Results and Discussions
A. Code Validation

Six test flow problems [34] were tested. 1) A shock tube problem
with the pressure ratio of 10 and the density ratio of 8 was considered.
Our computed pressure and density distributions coincided
excellently with the exact solution. 2) Laminar shock/boundary
layer interaction at an inflow Mach number of 2, incident angle of
32.6 deg, and Reynolds number of 296,000 was investigated. The
computed wall pressure and skin friction distributions reasonably
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Table 1 Values of flow parameters chosen for numerical simulation

Arrival time of the 1st

Arrival time of the 2nd Arrival time of the reflected

shock, 7,2 shock, 1,? shock, #;?
Mach number at sudden expansion, Mg p;/py Case A Case C Case A Case C Case A Case C
1.05 5 1.9 R 2.5 —_ 5.6 —_—
1.2 16 1.7 1.6 2.7 2.5 54 24
1.3 30 1.6 1.4 2.9 2.7 5.3 2.3
14 49 14 1.3 3.1 3.0 52 2.2
1.5 72 1.2 1.2 34 34 52 2.1

“Note that #; denotes the dimensionless time required for the first shock arriving at the sudden expansion; similarly, for #, and 5.

agreed with the experimental data of Hakkinen et al. [35]. 3) A planar
shock wave diffracting around a 90 deg sharp convex corner for the
incident shock Mach number Mg =1.5 was studied. Our
computational holograph was in good agreement with the
experimental result of Yang [36]. 4) A subsonic flow over a flat
plate at a Mach number of 0.5 and Re = 2 x 10° was computed. The
computed turbulent boundary layer profiles at several stations were
in good agreement with the result in [37]. 5) The problem of a planar
shock-wave propagation in a circular duct with a sudden expansion at
Mg = 1.5 and an expansion ratio of 3 was investigated. Through a
qualitative comparison, our computational schlieren picture, using
the commercial Tecplot software package [38], was in good
agreement with the result of Jiang [26]. 6) Finally, a problem of blast-
wave reflection from a wedge at an initial pressure ratio of 4.641, a
wedge angle of 27 deg, and Re = 5 x 10° was explored. It was found
that the computed density distribution along the flat plate agreed
satisfactorily with the experimental result of Deschambault and
Glass [39].

B. Case A: Problem of a Circular Duct with a Sudden Expansion

The geometry of the flow problem has been mentioned in the
introduction. The intensity of the blast wave produced depends on
the initial pressure ratio p, / po. Let M represent the Mach number of
the primary shock front of the blast wave at the sudden expansion.
Lett,, t,, 3 be the dimensionless arrival times of the primary, second,

0.2

EW = expansion wave
S, = primary shock
S, = second shock

and reflected shock waves at the sudden expansion (z =0),
respectively. Table 1 shows the arrival times of these three shock
waves corresponding to different blast-wave intensities. In case A,
the duct’s expansion ratio is 2, producing the second shock wave
arriving at the sudden expansion earlier than the reflected shock
wave. We will subsequently investigate case B in which the second
and reflected shocks simultaneously arrive at the induced ring, and
case C for the reflected shock wave arriving at the sudden expansion
earlier than the second shock wave. The duct’s expansion ratio is
1.57 for case B and 1.23 for case C. The M value ranges from 1.05 to
1.5 and 5 to 72 for the corresponding initial pressure ratio. Only two
cases of Mg = 1.3 and My = 1.5 are reported here. To understand a
basic overall flow structure, the inviscid-flow model is employed. A
study of the grid-independence Euler solution for the case of
p1/ Po = 72 on grids with grid sizes 0f 0.05, 0.01, and 0.001 has been
made. It was found the intermediate-grid solution is almost the same
as the fine-grid solution. Thus the intermediate grid is used for other
cases.

Figure 1 shows computational schlieren pictures of the Euler
solution at different instants for Mg = 1.3, a weak blast wave, and
Mg = 1.5, a stronger blast wave. For the case of My = 1.3, from
Fig. 1a one can see that at t = 2.6, the primary shock wave diffracts
around the sudden expansion and the second shock arrives near the
sudden expansion. At ¢ = 3.0, the second shock is diffracting around
the sudden expansion. At ¢ = 3.4, the primary shock wave starts to be
reflected from the larger duct wall. At r = 3.8, the reflected shock

REW = reflected expansion
wave
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Fig. 1 Computational shadowgraphs at different instants for an inviscid-flow model (case A).
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a)t=2.6,Mg=13

-0.22

~-0.26

0

¢)t=5.1,Mg =13

e)t=39,Ms =15

(RS) associated with the primary shock wave can be clearly seen, as
shown in Fig. 1b. For the case of My = 1.5, similar phenomena as
Figs. la and 1b occur. For a stronger blast wave, a contact surface is
more visible than that in a weak blast wave. Moreover, the type of
shock-wave reflection can be changed from a regular reflection to a
single Mach reflection, as shown in Figs. 1c and 1d. Generally
speaking, blast-wave diffraction around a 90 deg sharp corner, a pair
of ring vortices can be induced in an axisymmetric case, as clearly
seen from Figs. 1c and 1d. These two vortex rings, consisting of a
major one and a minor one, have a different rotational direction. The
major ring vortex rotates in a counterclockwise direction from a
planar viewpoint, and a clockwise direction for the minor ring vortex.
To see the flow fields induced by the second and reflected shock
waves interacting with the induced vortices, a close look at the local
flows is helpful.

Figure 2 shows the local flow structures near the sudden expansion
for Mg = 1.3 and 1.5. First we discuss the Mgy = 1.3 case. From
Fig. 2a, we see the contact surface (CS,) associated with the primary
shock wave, both the induced major vortex ring, and circular
expansion waves (EW, ). Later the second shock wave has passed the
pair of induced vortex rings indicated by V, and V,. Because of wave
diffraction, expansion waves (EW,) associated with the second
shock wave are generated. As time advances, the second shock wave
moves downstream and expansion waves (EW,) grow circularly, as

f)t=5.6, Mg=1.5
Fig. 2 Computational shadowgraphs of local flow fields near the sudden expansion at different instants (case A).

shown in 2b. At t=5.1, the reflected shock wave (RS|) moves
closely to the pair of vortex rings, as shown in Fig. 2c. Att = 5.2, the
reflected shock (RS)) is starting to interact with the pair of vortex
rings. Att = 5.3, the reflected shock (RS, ) is interacting with the pair
of vortex rings, as shown in Fig. 2d. At t = 5.4, the reflected shock
(RS)) has just passed the pair of vortex rings. Next, we discuss the
Mg = 1.5 case. Similar flow phenomena as in the Mg = 1.3 case
occur. However, more complicated flow structures induced by the
second shock wave result. It was found that the circular expansion
waves can be clearly seen in the Mg = 1.3 case, but not in the
Mg = 1.5 case. Moreover, the reflected shock wave (RS;) in the
Mg = 1.5 case is significantly distorted after interaction with the pair
of induced vortex rings compared with that in the My = 1.3 case, as
shown in Figs. 2e and 2f.

We have seen the global and local flow structures for blast waves
passing the sudden expansion in Figs. 1 and 2. Because the induced
two ring vortices need not have the same intensity, here we only
report on the effect of the second shock wave passing through the
major vortex ring. A quantitative result of the influence of the second
shock wave with different intensities after interaction on the induced
vortex rings is depicted in Fig. 3. This shows the variation of the
minimum pressures at the major vortex centers with time for a fixed
value of the initial pressure ratio. For the case of p;/ p, = 6, the blast
wave produced is weak. The weak shock/ring-vortex interaction
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Fig. 3 Histories of the pressures at the major ring vortex centers from
t =2.1to 6.1 with Az = 0.2 for different blast-wave intensities (case A).

results in no significant effect on the primary ring-vortex strength.
Thus the minimum pressures at the major vortex centers, not the
vortex-ring center, are almost constant when the second shock wave
has passed the two vortex rings. As blast-wave intensity increases, a
first jump in the minimum pressure due to the passage of the second
shock wave through the two vortex rings occurs. It is found that
before the second shock interacts with the two vortex rings, the
minimum pressures at the primary vortex centers are as low as 0.570
for Mg = 1.3 (p;/ po = 30), and 0.828 for Mg = 1.5 (p,/poy = 72).
After interaction, the minimum pressure is increased to 0.641 for
Mg = 1.3, and 0.887 for My = 1.5, because the major vortex ring is
weakened by the reflected shock. For other blast-wave intensities, the
pressure variation at the major vortex center is shown in Fig. 3. The
stronger the blast wave, the bigger the first jump. Moreover, a second
jump can occur when the reflected shock wave (RS ) passes through
the pair of vortex rings for stronger blast waves with p,/p, > 49.
Namely, the passage of a shock wave through a vortex can weaken
the vortex strength. The second shock wave has larger influence on

-0.22
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the ring-vortex strength than the reflected shock. We thought the
reflected shock wave is weaker than the second shock wave.

From Fig. 3, we also see that the major vortex center pressures are
decreased with the blast-wave intensity. In other words, the stronger
the blast wave, the lower the vortex-center pressures induced.

The locations of the ring’s vortex centers are also affected by the
second and reflected shock waves, which start from the corner of the
sudden expansion. Figure 4 shows the vortex center’s location for
different blast-wave intensities. At earlier times, the major vortex
centers move downstream and toward the larger duct wall, because of
the effect of the expanded diffracted shock wave. At some critical
time, the primary vortex centers move toward the duct centerline.
This is due to the growth of the minor vortex ring, after the passage of
the second shock wave through the pair of vortex rings induced by
the first shock wave. For example, the minor vortex ring (V,) grows
almost as the major vortex ring (V) in size, as shown in Fig. 4 for the
cases of Mg = 1.3 and 1.5.

The vorticity generation is described by the vorticity transport
equation, Eq. (2). The vorticity production is mainly contributed by
the dilation term associated with the dilation V - V multiplied by the
vorticity and the baroclinic term due to the misalignment of the
pressure and density gradients. We will not discuss the first term of
(@ - V)V and other terms, and will concentrate on the vorticity
production contributed by the dilation term and the baroclinic term.
Figure 5 shows the vorticity distributions contributed by the dilation
effect and the baroclinic term at different instants for the My = 1.5
case. Figures 5a—5c show the values of the dilation V-V, and
Figs. 5d-5f for the baroclinic term, as the second shock passed
through the induced vortex rings. Moreover, it was found that the
vorticities in an absolute value near vortex centers are greater than
unity for cases A—C, as seen from Fig. 4. From Figs. 5a-5f, we see
that the absolute peak values of the dilation are larger than those for
the baroclinic term. Thus the dilation term contributes more than the
baroclinic term. Figures 5a and 5d show the values of the dilation and
the baroclinic term before the second shock/vortex interaction,
Figs. 5b and 5e during the interaction, and Figs. 5c and 5f after the
interaction. During the interaction, the peak values of the dilation and
the baroclinic term are largely increased. After the interaction, the
values of the dilation always decrease from ¢ = 3.5 to 3.9, similarly

-0.24

-0.02 0
a)t=3.0, Mg =13
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Fig. 4 Vorticity contours at different instants (case A).
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-0.02 0 0.02 0.04

c)t=39
Fig. 5 Value distributions of a)—c) the dilation (V - V) and d)-f) the baroclinic term at different instants, Mg = 1.5 (case A).

for the baroclinic term, as shown in Figs. 5b, 5c, Se, and 5f. This
means that the pair of vortex rings has been weakened by the second
shock wave after its passage. In summary, the dilation term plays a
more important role in the vorticity production than the baroclinic
term. In the same vein, similar results to Fig. 5 occur for the reflected
shock/ring-vortices interaction for later times.

The variation of the flow circulation enclosed by the region
{(r,0,2)] —0.25 < r < —-0.076, —0.174 <z <0, and —0.076 <
r<0, 0<z<0.174} is shown in Fig. 6. The circulation of the
vortical flow caused by the primary shock wave increases to a
maximum value at about # = 2.2 before the second shock approaches
to the induced ring vortices. As the second shock approaches to the
vortex rings, staring to interact with, the circulation monotonically
decreases. At about ¢ = 3.6, after interaction, the circulation is
almost a constant value, until the arrival of the reflected shock wave
at about r = 5.0. For ¢t > 5.0, the circulation is slightly decreased
because of the effect of the reflected shock wave.

C. Viscous Effects

To study the viscous effects, the laminar and turbulent-flow
models are used. More grid points are clustered near the wall and the
sudden expansion. The minimum grid size of 5 x 10~* is chosen for
the laminar-flow case, and 3 x 10~ for the turbulent-flow case. The
turbulence model used is a two-layer algebraic eddy viscosity
turbulence model. The Reynolds number is chosen to be 250,000. It

d)r=3.1

e)t=3.5

t=39

4
[ ——8— P, /P, =72
N — © — P, /P =49
F —-%-— P, /P,=30
F — %—— P,/P,=16

3 F —&-— P [P,=5

2F

= |

1F
F - —0—0 )

0% e - A e G
t (T TR T NN [ TN TR N TR AN SO TR SR N |
0 2 4 6

Fig. 6 The circulation variation versus time for different blast-wave
intensities, Mg = 1.5 (case A).

was found that the flow structures obtained from the viscous-flow
models are almost the same as that obtained from the inviscid-flow
model. However, there is a small difference in the ring-vortex
intensity. Figure 7 shows the minimum pressures at the major vortex
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Fig. 7 Comparison of the minimum pressures at the major ring vortex
centers from ¢ = 2.9 to 6.1 for different flow models, p, /p, = 72 (case A).

centers at different instants for different flow models for case A. One
can see that the first and second jumps in the minimum pressures are
steeper than those for the viscous-flow models. Moreover, the
minimum pressures for the inviscid-flow model can be §-23% and
14-32% lower than those for the corresponding laminar and
turbulent-flow models at some instants, respectively. Obviously the
induced vortex rings for the viscous-flow models are weaker than
those for the inviscid-flow model, because of energy dissipation due
to the viscosity. For the viscous-flow models, the induced ring
vortices in the turbulent-flow model are at most 17% weaker than that
for the laminar-flow model, causing at most a 12% pressure
difference at vortex centers. Moreover, the second shock/ring-vortex
interaction took place earlier than those in the viscous-flow models
because of the faster shock speed in the inviscid-flow model.
However, the reflected shock/ring-vortex interaction in the inviscid-
flow model took place later than that in the viscous-flow model. This
is because a regular reflection occurred in the inviscid-flow model,
buta Mach reflection happened in the viscous-flow models, as shown
in Fig. 8. From Fig. 8, one can see that the reflected shock in the
laminar flow is closer to the vortex rings than that in the inviscid-flow
model. The trajectories of the vortex centers can be affected by the
viscosity. Figure 9 shows the comparison of the trajectories of the
major ring-vortex centers for different flow models. We can see that
before t = 5.2, three trajectories predicted by three flow models are
almost the same. At about ¢ = 5.3 the two trajectories in the viscous-
flow models move upstream and toward the duct centerline, but the
trajectory in the inviscid-flow model continuously moves
downstream. The reason for the trajectory turn is that a third vortex
ring near the sudden expansion is developed in the viscous-flow
models, which is not clearly seen in the inviscid-flow model.

D. Case B: Simultaneous Interaction of the Second and Reflected
Shocks with the Induced Vortex Rings

To have a simultaneous interaction of the second and reflected
shock waves with the induced vortex rings, the duct’s expansion ratio
is chosen to be 1.57 for Mg = 1.5 (p,/po = 72). The arrival times of
the 1st, 2nd, and reflected shock waves at the sudden expansion are
1.2,3.4,and 3.2, respectively, for inviscid- and viscous-flow models.
Figure 10 shows the variation of the minimum pressures at the major
ring-vortex centers for different flow models. We see that there is a
sharp jump after the passage of the second and reflected shock waves
between ¢ = 3.1 to 3.5. But the second jump is not as sharp as the first
jump. The difference of vortex-center pressures between the
inviscid- and laminar flows ranges from 12-29%, and 20-32% for
the pressure difference between the inviscid and turbulent flows.
Clearly, the inviscid-flow model overpredicted the vortex-center
pressures. The trajectories of the major ring-vortex centers for
cases A—C are different. In case B, the reflected shock wave is
stronger than that in case A, resulting in a trajectory’s upstream
movement for inviscid flows and a centered movement for viscous

a) Inviscid

z

b) Laminar, Re = 250,000

Fig. 8 Comparison the flow pattern of pressure distribution for
different flow models, t = 4.8, p, /p, = 72 (case A).
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0 0.02 0.04 0.06

z
Fig. 9 Comparison of the trajectories at the major ring vortex centers
from ¢ = 1.3 to 6.5 with Az = 0.2 for different flow models, p, /p, = 72
(case A).

flows at some critical times. It was found that a third ring vortex near
the sudden expansion may be induced, which is visible for the
inviscid-flow case through the display of the computational schlieren
picture as shown in Fig. 11.

E. Case C: Reflected Shock/Ring-Vortex Interaction After the
Second Shock/Ring-Vortex Interaction

This case represents the reflected shock wave arrives at the sudden
expansion earlier than the second shock wave. To achieve this, the
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Fig. 10 Comparison of the pressures at major ring vortex centers from
t =2.9 to 4.9 for different models, p, /p, = 72 (case B).

0.1

z
Fig. 11 The computational schlieren picture of the third ring vortex for
the inviscid-flow case, p; /py = 72, ¢ = 3.9 (case B).

duct expansion ratio is reduced to 1.23. The chosen values of flow
parameters are tabulated in Table 1. A prominent flow feature is thata
second pair of ring vortices V; and V, may be induced by the reflected
shock wave, as V| and V, induced by the primary shock wave, as
shown in Fig. 12 for the case of a turbulent flow with p,/p, = 72. As
mentioned in Sec. IIL.B, the passage of the reflected and second shock
waves can weaken the vortex rings, resulting in minimum pressure
increases at the vortex centers. Figure 13 shows the effect of the
second shock wave on the minimum pressure variation at the major
ring-vortex centers for different blast-wave intensities. From Fig. 13,
we can see two big jumps. In particular, the second jump is sharp for
stronger blast waves for three flow models. Because of the viscous
dissipation, the turbulent-flow model predicts an about 38% higher
vortex-center pressure at ¢ = 3.9 than that for the inviscid-flow
model, and about 37% for the laminar-flow model at t = 4.3. The
earlier arrival of the reflected shock wave than the second shock wave
has an effect on the trajectories of the vortex centers. Figure 14 shows
the trajectories of the major ring-vortex centers at different instants,
predicted by different models for p, / py = 72 and Re = 250, 000 for
viscous flows. As seen from Fig. 14, the trajectory history is quite
complicated. However, a common feature is that at the first critical
time, t = 1.9 for the inviscid-flow case and r = 2.1 for the viscous-
flow case, while expansion waves move upstream, the vortex centers
start to move upstream and toward the duct centerline. After the
critical time ¢t = 2.5, the trajectories of the major ring vortex centers
for the viscous-flow case are closer to the core stream than that for the
inviscid-flow case. The reason is that a minor vortex ring (V3) is
developed near the convex corner. The strength of the minor vortex
ring (V3) for the inviscid-flow case is stronger than that for the

0.1

Fig. 12 The computational schlieren picture of two-pair ring vortices
of a turbulent flow in case C, p, /p, = 72,t = 3.9, Re = 250, 000.
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Fig. 13 Comparison of the pressures at major ring vortex centers from
t = 1.9 to 5.1 for different flow models, p, /p, = 72 (case C).
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Fig. 14 Comparison of the trajectories at major vortex centers form
t = 1.4 to 5.5 with Az = 0.2 for different flow models, p,/py = 72, Re =

250, 000 for viscous flows (case C).

viscous-flow case. And so, the trajectories of the major ring-vortex
centers for the viscous flow are closer to the core stream than those for
the inviscid flow. After the second critical time, these vortex rings
move downstream.
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IV. Conclusions

A high-resolution numerical method is used to solve the
axisymmetric, unsteady compressible Euler/Navier—Stokes equa-
tions. The present solver is validated to be reasonably accurate for
several test flow problems. The problem of different intensity blast
waves propagating in a circular duct with a sudden expansion with
different expansion ratios is numerically investigated in detail,
depending on the time sequence of the second shock and the reflected
shock arriving at the pair of vortex rings induced by the primary
shock wave. To study blast-wave/ring-vortex interactions, we use
two techniques of computational shadowgraph and computational
schlieren picture. It was found that the method of computational
schlieren picture is better for identifying flow structures induced by
shock/ring-vortex interactions.

The mechanism of vorticity generation in the suddenly expanded
circular duct is studied in detail. The second and reflected shock
waves play an important role in the vorticity generation process for
blast/ring-vortex interactions. It is found that, in the vorticity
transport equation during the second and reflected shocks/ring-
vortex interactions, the contribution of the term due to the dilation
effect is more than the baroclinic term.

It is found that the mutual influence of the second and reflected
shocks interacting with the induced vortex rings by the primary
shock wave, results in a pressure increase at the vortex centers after
shock-wave passing and in weakening the induced vortex rings.
Moreover, the trajectories of the major and minor vortex centers may
be affected by the expansion waves and a third pair of vortex rings
(V3 and V) or a single ring vortex (V3). In case A, the second pair of
the vortex ring can result in an upstream turn of the trajectory at some
critical time for viscous-flow models, but not in the invicid-flow
model.

The present result shows that the intensities of the major vortex
ring are overpredicted by the inviscid-flow model, resulting in 14—
32% lower pressures at the major ring vortex centers at some instants
in the inviscid flow compared with the turbulent flow for case A, 20—
32% for case B, and 21-38% for case C. We also found that the
vortex strength generated in the laminar flow is stronger than that for
the corresponding turbulent flow, consequently occasionally
producing a roughly 12% lower vortex-center pressure for the
laminar flow than that for the corresponding turbulent flow for
cases A—-C.
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