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Shock-Wave Reflection over a Semicircular
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The unsteady shock-wave reflection and diffraction generated by a shock wave propagating over a semicircu-
lar cylinder in a dusty gas are studied numerically. The mathematical model is a multiphase system based on a
multifluid Eulerian approach. A second-order Godunov scheme is used to solve the gas-phase Euler equations
and an upwind scheme is used to solve the particle-phase conservation equations on an unstructured adaptive
mesh. For the validation of the model, the numerically predicted one-dimensional shock-wave attenuation is
compared with experimental results. Shock-wave reflection and diffraction over a semicircular cylinder in a pure
gas flow is simulated first to show the excellent agreement between the present computation and the experimen-
tal results. For a shock-wave reflection and diffraction in a dusty gas, the effects of particle size and particle
loading on the flowfield are investigated. Gas and particle-density contour plots are presented. It has been shown
that the shock-wave configuration differs remarkably from pure gas flow depending on the particle parameters.
The difference is explained as the result of momentum and heat exchange between the two phases.

I. Introduction

S HOCK-WAVE propagation into a gas-particle-suspension
medium has attracted great attention in recent years due

to its many engineering applications. Some of these applica-
tions include blast wave propagating over a dusty surface,
exhaust from a solid-propellant rocket, and coal or grain dust
detonation. Many studies dealing with two-phase environment
can be found in the literature. A general description and theo-
retical analysis of such flow can be found in review papers by
Marble1 and by Rudinger,2 and in a book by Soo.3 Numerical
models for dilute gas-particle flows were reviewed by Crowe.4
Numerical studies of gas-particle flow in a solid rocket nozzle
can be found in Refs. 5 and 6. Miura and Glass7 theoretically
and numerically studied the oblique shock waves in a dusty-
gas flow over a wedge. The one-dimensional unsteady struc-
ture of shock waves propagating through a gas-particle mix-
ture was investigated both experimentally and numerically by
Sommerfeld.8 Recently, Kim and Chang9 illustrated a numeri-
cal simulation of shock-wave propagation into a dusty gas and
the reflection of the wave from a wedge. Shock-wave ignition
of different reactive dust is experimentally investigated by
Sichel et al.10 and the comprehensive model for the structure
of dust detonations is also described by Fan and Sichel.11

In this paper, we study shock-wave reflection and diffrac-
tion over a semicircular cylinder in a dusty gas. We numeri-
cally simulate the problem of a shock wave initiated in a pure
gas section moving into a dusty region and impinging on a
semicircular cylinder. We first formulate the compressible
two-phase flow on the basis of a Eulerian multifluid formula-
tion. We consider the two phases (i.e., gas and particle) to be
interpenetrating continua. The dynamics of the flow are gov-
erned by conservation equations of each phase and the two
phases are coupled by interactive drag force and heat transfer.
We solve the system of conservation equations numerically on
an unstructured adaptive grid. The objectives of the study are
1) to solve the two-phase compressible flowfield and compare
the simulation with available experimental results; and 2) to
observe and investigate the reflection and diffraction wave
patterns when a shock wave propagates over a semicircular
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cylinder in a dusty gas, with particle radius and loading as
parameters.

The outline of this paper is as follows. Section II gives a
description of the mathematical model and method of numer-
ical solution, including governing conservation equations for
two phases, the constitutive laws, the initial and boundary
conditions, and particle parameter. A brief outline of numeri-
cal schemes and the adaptive unstructured grid is also given.
In Sec. Ill, we present our numerical simulation results. We
validate our model by comparing a one-dimensional simula-
tion of a shock wave propagating into a dusty gas with avail-
able experimental results. We also show the excellent agree-
ment between our two-dimensional gas-only simulation with
existing experimental results. Results for reflection and dif-
fraction of shock wave over a semicircular cylinder are given
for different particle parameters. Concluding remarks are
given in Sec. IV.

II. Mathematical Model and Numerical Solution
Conservation Equations

The mathematical model consists of conservation governing
equations and constitutive laws that provide closure for the
model. The basic formulation adopted here follows the gas
and dilute particle flow-dynamics model presented by Soo.3
The following assumptions are used during the derivation of
governing equations:

1) The gas is air and is assumed to be ideal gas.
2) The particles do not undergo a phase change because for

particles considered here (sand) phase transition temperature
is much higher than the temperatures typical for the simulated
cases.

3) The particles are solid spheres of uniform diameter and
have a constant material density.

4) The volume occupied by the particles is negligible.
5) The interaction between particles can be ignored.
6) The only force acting on the particles is drag force and

the only heat transfer between the two phases is convection.
The weight of the solid particles and their buoyancy force are
negligibly small compared to the drag force.

7) The particles have a constant specific heat and are as-
sumed to have a uniform temperature distribution inside each
particle.

Under the above assumptions, distinct equations of conti-
nuity, momentum, and energy are written for each phase. The
interaction effects between the two phases are listed as the
source terms on the right-hand side of the governing equation.
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The two-dimensional unsteady conservation equations for the
two phases can be written in the vector form in Cartesian
coordinates:

dU dF <>G=S
dt dx dy ~ (1)

Here U is the vector of conservative variables, F and G are
fluxes in the x and y directions, respectively, and S is the
source term for momentum and heat exchange. The defini-
tions of these vectors are
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where p, u, v, and e are gas density, velocities, and energy,
respectively; pp, up, vp9 and ep are particle density, velocities,
and energy, respectively; and (fxtfy) and q denote drag force
components acting on the particles and heat transfer to the
particles, respectively. The gas pressure/? is related to p, u, v,
and e by

p = (y - l)[e - 0.5p(u2 + v2)] (2)

where 7 is the specific heat ratio. The gas temperature can be
found through the equation-of-state for ideal gas:

p=PRT (3)

where R is the gas constant. The particle temperature Tp is
calculated through the relation

ep =ppCpTp + Q.5Pp(u2 (4)

The source terms on the right-hand side of Eq. (1) are
momentum and heat exchange between gas and particle
phases. If we let rp and ps be the particle radius and material
density, respectively, then the drag forces are

- Up)2 + (v
(u - up)
(v - v (5)

The particle drag coefficient Cd depends on relative Rey-
nolds number Re and relative Mach number Mr. In the present
study, since the relative Mach number is small (Mr <0.5), the
effect of Mr on Cd is neglected. The Reynolds number Re is
based on the relative velocity between the gas and particle
phases. After testing the drag coefficients given by Sommer-
feld8 and by Clift et al.,12 the following two were adopted:

Cd = 24/Re(l+0.15Re°-681)

+ 0.42/(1 + 42,500/te - L16) for Re > 800 (6b)

Here the Reynolds number Re is defined as

Re = V,[(tt-«,)* + (V-V,)2]* ^

Viscosity /* is calculated at film temperature, namely, 7}- =
0.5 (Tp + T), and the temperature dependency of the viscosity
is evaluated according to Sutherland's law

(8)

where \LT is the dynamic viscosity of the gaseous phase at the
reference temperature and <l> is an effective temperature, called
the Sutherland constant.

The rate of heat transfer from gaseous phase to the particle
phase is given by

Q = (l/2)(pp/ps)(vCp/Pr)Nu(T - Tp) (9)

where Pr = ̂ cp/kg is the Prandtl number, and cp and kg are
the specific heat and thermal conductivity of gas, respectively.
The Nusselt number Nu is a function of Reynolds number and
the Prandtl number as given by Drake13:

Nu = 2rph/kg = 2 + 0.459/te°-55Pr°-33 (10)

Initial and Boundary Conditions
The geometry of the computational domain is shown in

Fig. 1. The initial conditions for gas are p0 = 1.2 kg/m3 and
Po = 101.3 kPa, with a coming shock at x = -0.5. There are
no particles from - 1.0 < x < 0.0. From x > 0.0, particles are
initially in thermal and kinematic equilibrium with the sur-
rounding gas. The particles that are uniformly distributed in
the dusty region have the following parameters for different
test problems:

Mass loading pp:
Mass material density ps
Particle radii rp:
Specific heat cs:

0.25 and 0.76 kg/m3;
2500 kg/m3;
10, 25, and 50 jum;
766 J/kg/K

The lower boundary and cylinder surface are solid walls and
assumed adiabatic and impermeable. A reflecting boundary
condition is assumed for both the gas and particle phase.
Particles are assumed to experience a perfect elastic collision
with the wall and reflect from the wall. The right and upper
boundaries are open boundaries where a nonreflection

= 24/Re(l+0.l5Re°'6S1) for 7?e<800 (6a)

-1 -0.5 0.0 1.0 2.0 3.0 4.0m

Fig. 1 Illustration of the considered flowfield.
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boundary condition is used for the gas phase and a zero
normal gradient condition is used for particle phase.

Numerical Method of Solutions
The system of partial differential equations described in the

previous paragraph is integrated numerically. Equation (1) is
repeated here:

8U 8F dG =

dt dx dy ~

To solve this equation numerically, an operator time-split-
ting technique is used. Assuming that all flow variables are
known at a given time, we can calculate its advancement in
time by splitting the integration into two stages.

In the first stage, the conservative part of Eq. (1) is solved:

8U dF dG^
dt + a* + dy ~ 01)

The second-order Godunov method is used for the integra-
tion of the subsystem of equations describing the flow of the
gaseous phase [first four components of Eq. (1)]. The method
is well documented in the literature.14"16 The subsystem of
equations describing the particle-phase flow is integrated using
a simple first-order finite difference upwind scheme.17 This is

0.0
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1.0 2.0
X(m)

3.0 4.0

0.0 1.0
b)

2.0
X(m)

3.0 4.0

Fig. 2 Comparison between computational prediction and experi-
mental measurement of shock-wave attenuation: a) Ms = 1.49,
iy = pp/po = 0.63 and b) Ms = 1 .7 ,~i j = pp/p0 = 1.4 (o : experiment,
——: calculation).

M

c) d)

I - Incident Shock R - Reflected Shock
M - Mach Stem S - Slipline
T - Triple Point

Fig. 3 Stages of shock-wave reflection over a semicircular cylinder:
a) before collision; b) regular reflection; c) Mach reflection; and d)
well-developed Mach reflection.

done because there is no shock in the particle phase and the
upwind scheme leads to a robust and accurate integration
scheme.

In the second stage, the source term is added and the follow-
ing equation is solved:

(12)

To integrate this equation in time, we need to obtain S as a
function of U. We calculate S through Eqs. (5-10).

To produce a solution of the high spatial accuracy at mini-
mal computational cost, an unstructured triangular grid with
adaptive procedure is used. The adaptive procedure will auto-
matically enrich the mesh by adding points in the high gradient
(or high flow activity) region of the flowfield and by removing
points (coarsening mesh) where they are not needed. The
dynamic nature of mesh enrichment is shown in Fig. 4 for
three different time frames. One can see that a very fine mesh
is generated around shock fronts and other steep density gra-
dient regions.

III. Results
Model Validation for One-Dimensional Shock Wave Propagation in
Dusty Gas

To test the momentum and heat exchange mechanism for
the current two-phase model, we first simulate a one-dimen-
sional problem of a normal shock wave propagating into a
dusty gas. We numerically simulate the experiments conducted
by Sommerfeld.8 In the experiments, small glass spherical par-
ticles of material density ps = 2500 kg/m3, specific heat capac-
ity cs = 766 J/kg/K, and average diameter of 27 /*m were used
as the suspension particle phase. The incoming shock Mach
number M, and particle loading ratio 17 = pp/p9 are two vary-
ing parameters. The experimental results and our numerical
simulation results of shock Mach number as a function of
distance for two test cases are shown in Fig. 2a (77 = 0.63,
Ms = 1.49) and Fig. 2b (r; = 1.4, Ms = 1.7) for comparison
purposes. It is clear that the agreement between the prediction
of shock-wave attenuations from our present model and the
experimental results is very good.

Two-Dimensional Simulation Results for Pure Gas Flow
To test the accuracy of the two-dimensional computation,

we first compute the pure gas-flow case of a shock-wave
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Fig. 4 Computed density contours with adapted grid at three dif-
ferent times: a) regular reflection (RR); b) Mach reflection (MR); and
c) diffraction with slipline (S).

reflection and diffraction over a semicircular cylinder. We
then compare the simulation with experimental results. Shock-
wave reflection on a wedge has been extensively studied by
many researchers (see e.g., review papers of Ben-Dor and
Dewey18 and Hornung19). Shock-wave reflection over circular
cylinders was numerically simulated by Yang et al.20 Recently,
Glass et al.,21 using the high-order Godunov scheme, numeri-
cally simulated the shock-wave reflection over a half-diamond
and semicircular cylinder and compared the simulation with
experimental results obtained by Kaca.22 Figure 3 is a sche-
matic sketch to show four stages of a shock-wave reflection
over a semicircular cylinder and terminologies which will be
used to describe the flowfields. Figures 4a-4c show the calcu-
lated density contours at three moments in time. When the
planar shock wave propagates and encounters the cylinder, it
first experiences a head-on collision with the front stagnation
point of the semicylinder and then immediately reflects from
the first quarter of the cylinder, forming a regular reflection
(RR), which is shown in Fig. 4a. The regular reflection con-

sists of two shocks, i.e., the incident shock and reflected
shock, both originating from a common point on the cylinder
wall. As the shock wave propagates up the cylinder, the angle
between the incident shock and the tangent of the cylinder
becomes larger and the regular reflection changes into a Mach
reflection (MR) as shown in Fig. 4b. The MR is characterized
by three waves, incident shock (I), reflected shock (R), and
Mach stem (M). All three shocks intersect at one common
point called triple point (T). For Mach reflection, one can
further observe both simple Mach reflection (SMR) and com-
plex Mach reflection (CMR). Later, as the incident shock-
wave passes over the top of the semicircular cylinder, it experi-
ences a rarefaction on the back side of the cylinder. The shock
wave system grows upward and rightward with a curved Mach
stem and forms a slipline (S) or a contact discontinuity (CD) as
shown in Fig. 4c. In Figs. 5a and 5b, the interferogram from
the experiment22 and density contours from the present simu-
lation are compared for the same flow condition and same
time. Note that the density levels are normalized by the ambi-
ent gas density in Fig. 5. As one can see from Fig. 5, the results
show an excellent quantitative as well as qualitative agreement
between the numerical simulation and experimental results.

Two-Dimensional Simulation Results of Two-Phase Flow
The basic setup for the two-phase simulation is shown in

Fig. 1. Here the planar shock with Ms = 2.8 propagates into
an area of a dusty gas and impinges on a semicircular cylinder.
The interface between pure air and dusty air is located at
x = 0.0 of the computational domain. The area of the dusty
air contains a semicylinder with a radius of 1 m. The size of
the computational domain, initial parameters of the gas,
parameters of the incoming shock, size of the semicylinder,
and its location in the computational domain are the same as
in the reflection and diffraction simulation presented in the
previous section.

The main objective of this set of simulations is to study the
effects of particle size and particle loading on the parameters

a)
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E 7-14*10*

E 3.15*10'j

E 2.46*10*

— 1.59*10*
4,0 —

Fig. 5 Comparison for Ms = 2.80 gas-only flow: a) interferogram
from experiment conducted by Kaca22 and b) density contours from
present calculation.
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Fig. 6 Density contours for the case Ms = 2.8, pp = 0.25 kg/m3, and rp = 10
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of the reflected and diffracted shock waves. It is also valuable
to study the dynamics of particle media, since it is extremely
difficult to observe these interactions experimentally in an
optically thick dusty gas.

The first set of simulation results is shown for the case with
dust parameters rp = 10 /*m and pp =0.25 kg/m3. The gas
parameters and the parameters of the incoming shock wave
are the same as in the pure-gas case presented above. In Figs.
6a and 6b, particle-density contours and gas-density contours
are shown at the stage when the incident shock wave has
reached the top of the semicylinder. At this stage, the largest
difference of velocity and temperature between the two phases
exists and the nonequilibrium between the two phases causes
extensive heat and momentum exchange between particles and
the gas. The presence of the particles causes a widening of the
shock that is more noticeable for the incident shock. Also, an
additional contour line is observed at the dusty-gas/pure-gas
interface. Comparing gas density for pure-gas flowfield shown
in Fig. 4b and the dusty gas density of Fig. 6b, we see that
Mach stem and contact discontinuity resulting from Mach
reflection are smeared in the dusty gas flow due to the pres-
ence of the particle. The particle-density contours depict sig-
nificant piling up of the dust particles at the leading-edge
stagnation point of the cylinder.

In Figs. 6c and 6d, the particle-density and gas-density
contours are shown at the stage where significant diffraction
has taken place and the shock front is approaching the trailing
edge of the cylinder. Further widening of the shock and some
smearing of the slip line that originates at the triple point is
evident. The particle-density contours reveal that the particles
were swept by the gas flow to the area of triple point and slip
line for the gas flow, leaving a small amount of particles at the
leading edge. We should note that this behavior is specific for
our problem, where at / = 0, the dusty gas area was located at
x = 0 and there is no influx of the dust from the left boundary.

m 4.71*10
ii 4.03«10*

-1.0 0.0

g 1.02»10

ii 8,71*10"

Fig. 7 Density contours for the case Ms = 2.8, pp = 0.76 kg/m3, and
rp = 10 fim: a) particle density and b) gas density.
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Also in Fig. 6c, we note that the particles reach a distinct local
maxima at the distance about 25 cm behind the incident shock
front. At this maxima the particle density is 0.86 kg/m3, which
is more than three times the initial particle density. The parti-
cle density reaches a maximum value at the location of the gas
slip line. We observe a significant accumulation of the parti-
cles that have been moved along the slip line by the shear flow.
The larger concentration of particles in the vicinity of triple
point is, in fact, the remainder of the particles that were swept
up with the flow. It is also interesting to observe that an
essentially particle-free zone is formed due to the effects of
particles slipping over the top of the cylinder and the rarefac-
tion wave behind the cylinder.

To study the influence of particle loading on the dynamics
of reflection and diffraction, we have simulated the case with
a dust density of pp =0.76, and with rp = 10 jum. The results
for this simulation are shown in Figs. 7a and 7b in the form of
particle- and gas-density contour plots. In Fig. 7a, the particle-
density contours are shown at the diffraction phase. Here we
can observe two local maxima for particles accumulated in the
regions along the slip line characteristic for the shock diffrac-
tion process. It should be noted here that in our problem the
conditions behind the incident shock wave and its structure are
in constant flux. At higher loading, dust will have a profound
effect on the gasdynamics of reflection and diffraction. Figure
7b shows gas-density contours for the reflection stage corre-
sponding to the particle-density contours shown in Fig. 7a. We
observe from Fig. 7b that the incident shock wave is signifi-
cantly smeared and the triple point cannot be clearly identi-
fied. Because of the widening of the incident shock, the area
where the reflected and incident shock join is spread over a
50-cm distance. From Fig. 7a, we see that the high-density
particle region is spread wider than in the previous case, and
the particle density reaches its maximum at about 25 cm
behind the front. There is a visible maximum in gas density in
the area where the reflected shock is interacting with the area
of maximum particle density behind the incident shock. A part
of the reflected shock front that is moving to the left side of
the computational domain is not affected by the dust since it
is propagating into an area with little dust concentration. The
parameters and structure of this part of the front remain
basically the same as in the case of pure gas flow.

To examine the effect of particle size on the reflection-dif-
fraction process, we simulated a case where the particle load-
ing and gas-flow conditions are the same as in the previous
case with particle density pp = 0.76. However, the particle size
is rp = 50 />tm. In Figs. 8a and 8b, results for this simulation
are illustrated by particle-density and gas-density contours
correspondingly. The particle contour plots depict a signifi-
cantly wider particle relaxation zone than in the previous case.
The longer relaxation zone is caused by the larger inertia of
larger particles. The maximum particle density of 2.64 kg/m3

is reached 50 cm behind the incident shock front. This value is
significantly lower than 4.01 kg/m3 reached behind the shock
in calculation with 10-/*m particles. Larger particles skip
above the apex of the cylinder creating a void where particle
density is very small. Also, because of larger particle size, the
maxima of particle concentration that has been created by a
slip surface of the reflected Mach stem is indistinct. The main
reason for this is that the particles do not follow the gas flow
as closely as they did in the previous case due to the inertia of
large particles. The maximum particle density is reached here
at the slip line behind the Mach stem.

Comparing gas density of Fig. 8b to the previous case
shown in Fig. 7b, we observe that the slip line behind the
curved Mach stem becomes less distinguishable in Fig. 7b.
This result is expected, since at fixed particle loading, smaller
particles have a larger surface/volume ratio and the larger
surface/volume ratio increases momentum and heat exchange
between the two phases.

One general comment regarding all three cases presented
above: because of the heat and momentum exchange between
the two phases, the shock is decaying as it traverses the cylin-

= 5,80*10

4.32*10

= 2.85*10

1.38*10

Fig. 8 Density contours for the case Ms = 2.8, pp = 0.76 kg/m3, and
rp = 50 jim: a) particle density and b) gas density.

der. Ultimately, it will reach a new equilibrium state as sug-
gested by Fig. 2. It should be noted that the shock considered
in the previous three cases is still in the process of transition in
the gas-particle mixture.

IV. Conclusions
In this paper, a numerical study for a two-phase compress-

ible flow is performed for the reflection and diffraction of a
shock wave propagating over a semicircular cylinder in a dusty
gas. The following conclusions can be made:

1) The validation study for a one-dimensional shock wave
propagating in a dusty gas shows a good agreement between
the prediction of our model and the results of the experiment.

2) For a two-dimensional gas-only flow, numerical results
agree well with existing experimental data qualitatively and
quantitatively, indicating that the gas phase is accurately simu-
lated by the adaptive grid technique.

3) Particles in the gas can have a profound effect on the
shock-wave reflection and diffraction pattern, which is a func-
tion of particle size and loading. The lesser the particle load-
ing, the less the influence of particle on the flowfield.

4) In the three simulation cases, there is a particle accumu-
lation behind the "back shoulder" of the semicircular cylinder
due to the effect of particle inertia and gas rarefaction wave.

5) For different particle size at fixed particle loading, the
larger particle will have a longer relaxation zone and less
accumulation at "back shoulder" and behind incident shock.
The gas-density contours show a less-distinguishable slip line
in the small-particle case than in the large-particle case.
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