
The Effect of Particles on Blast Waves in a Dusty Gas 

Fumio Higashino * 
Stoßwellenlabor, Institut für Luft- und Raumfahrt, Technische Hochschule Aachen 

and Tateyuki Suzuki** 
Department of Aeronautics, University of Tokyo 

Z. Naturforsch. 35a, 1330-1336 (1980); received October 10, 1980*** 

The effect of suspended particles on cylindrical blast waves is investigated by making use of a 
series expansion method with respect to i/M2 take off [2], where M is the shock Mach number. 
Velocity and temperature equilibrium between the gas and the particles is assumed. As a result, 
one finds that the particles are assembled near the shock front and that behind it the slopes of the 
pressure and velocity profiles increase, as the volume fraction of particles increases. The difference 
between the zeroth and first order solutions becomes the smaller, the larger the volume fraction 
of the particles. The decay rate of a blast wave in a dusty gas is greater than in a dust-free gas. 

1. Introduction 

Blast waves or detonation waves in particle-
laden gases occur in such areas as coal-dust-gas 
explosions [1], metallized propellant rockets [2] and 
supersonic flight in polluted air [3]. In the propaga-
tion of a shock wave through a dust-laden-gas the 
dust particles take up momentum. This may affect 
the velocity of the shock and the flow field behind 
it, that is, the structure of the blast wave. In spite 
of many studies on blast waves in a dust-free gas, 
only a few analyses about heterogeneous systems 
[4], [5] exist. Gerber and Bartos [5] have treated 
the problem by neglecting both the interaction of 
particles and the effects of the particles on the gas 
flow. Then the problem reduces to the computation 
of trajectories of individual dust particles in a known 
unsteady flow field. In general the energy and 
momentum exchange between the gas and the 
particles should be taken into account, since the 
gas phase flow field is different f rom the corre-
sponding one in a dust-free atmosphere. However, 
as will be seen later, the interaction terms vanish 
for a flow with temperature and velocity equilib-
rium. 
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W e have already analysed the problem of a strong 
blast wave under the assumption of temperature 
and velocity equilibrium and got a self-similarity 
solution as the zeroth approximation. In the present 
work, the analysis is extended to the first order 
approximation under the same assumption regard-
ing interaction terms between the gas and the 
particles as before [6]. From the order estimation 
of the inhomogeneous terms in the basic equations 
one can find that there is a characteristic dimen-
sionless parameter which is the ratio of the shock 
position to the radius o f particles. Usually, the 
size of the particles is in the order of 10 p,m [7]. 
In this case, when the shock position is greater 
than 10 cm, the assumption of temperature and 
velocity equilibrium between the gas and the par-
ticles may be a good approximation. In addition, 
the basic equations are much simplified. 

As a typical example, line source explosions in 
a dusty gas are investigated under the assumptions 
of velocity and temperature equilibrium. The 
method is based on the series expansion method 
of Sakurai [8]. From the zeroth order solution one 
can get a self-similarity solution for cylindrical 
blast waves in a dusty gas. As a result one finds 
that the dust is assembled near the shock front 
and that this tendency becomes more pronounced 
as the volume fraction of the particles increases. 
The first order solution reveals that the decay rate 
of a blast wave in a dusty gas is greater than in a 
dust-free gas. The profiles of the pressure, density, 
and flow velocity for finite shock strength approach 
those for the self-similarity solution. 
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2. Basic Equations and Assumptions 

Because of the intricacy and lack of information 
about the phenomena, one is compelled to make 
assumptions for solving the problem. The following 
assumptions are made for the dust particles and 
their interaction with the gas flow (as in the previous 
study [6]) : 

(1) The mixture of gas and particles is treated as a 
continuum. 

(2) The diameter o f a particle is negligibly small 
in comparison with the characteristic hydro-
dynamic length, e .g . , the distance between the 
shock position and the center o f explosion. 

(3) The number density of the particles is small in 
comparison with that of the gas molecules. 

(4) The Brownian motion of the particles may be 
negligibly small [7]. 

(5) The particles do not interact with one another. 
(6) The gas follows the perfect gas law and is non-

viscous and adiabatic. Even if boundary layer 
effects are neglected, however, the viscosity o f 
the gas enters into the drag force between the 
gas and the particles, and also heat transfer 
exists between them. 

(7) The temperature distribution within a particle 
is taken to be uniform, and the specific heats 
both of the gas and the particles are constant. 

(8) Deformations and phase changes, such as evap-
oration and condensation of the particles, are 
neglected. 

(9) Temperature and velocity equilibrium between 
the gas and the particles is assumed. 

For a two phase medium with the above assump-
tions the basic equations may be expressed as 
fol lows: 
continuity of the gas 

conservation of momentum for the particles 

ÖQg , S^gWg . QgUg 
- z - d z b 1 = 0 , 

dt dX X 

continuity o f the particles 
90P . dPPuP . . QPuP A - v . - + —~ b 1 = 0 , dt dx X 

conservation of momentum for the mixture 
dug dup dug 

Qg + QP
 —

Ä7~ +
 U

S 

(1) 
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Qt ' * 8 Z 

0wp dp 
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9wp 
+ Q PUP 

duP , c ^ 
»— + = * > (4) 

conservation of energy for the mixture 

0 S 
+ £pep) + (5) 

j 
• {Qgugeg + (1 — E)pug + ep + epupj d 

X 
• {QgUgeg -f (1 — e)pug + Qpupep + epup) = 0 , 

conservation of energy for the particles: 

dTp 8 Tr 
CU r Q, dt ' p 8* 

with a set of constitutive equations 

p = QgRT, 

eg = hug2 + cvTg, 

eP = \ up2 + c Tp, 

Qg = (1 — e)0g> 

QP = £ 0P » 

e = -g- 7i ap3 np, 

71 
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(11) 

(12) 

F = Y«P2CD^g fag —wP)| Ug — up | nv, (13) 

6 hi 
Q = -WZ-=-(Te-Tp). (14) 

2 a p £>p 

The symbols used here are the usual ones and you 
can find the detailed meaning o f the symbols in [4]. 
For the flow with velocity and temperature equilib-
rium the following equations are used 

(15) Ug = Up = u, 

Tg=Tp = T, (16) 

in place of (4) and (6). After some calculations and 
by using (15) and (16), the basic equations are 
reduced to the following ones: 

dQg , 8 Qgu 
81 
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QP
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= 0 , 

(17) 
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(19) 
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3 d j 
+ 1 — + -

X 

( f t 
with 

u-
Qp) "ö~ + ( cv o g + cop) T + pu = 0 , (20) 

(1 - e ) p = QgRT. (21) 

The boundary conditions across the shock dis-
continuity are given b y the generalized Rankine-
Hugoniot relation including the effect of the finite 
volume fraction of the particles. They may be ex-
pressed as 

m g = (Qg)0 i ls = Q g ( i i s - u ) , (22) 

mv = (op)o Rs — Qp{Rs — u), (23) 

(rag + mp) Rs + po 

= (mg + m p ) ( i ? s - t t ) - f p , (24) 

J?s2 
(vig + mv) —— + ( c v m g + w»p) To + Po Rs 

(Wg + m P ) 
(ÄB -

(25) + (cv W g + c W p ) T + p(Rg — tt), 

where the subscript zero denotes physical quanti-
ties ahead of the shock and Rs is the shock speed. 
From (22) and (23) one can get 

Qg _ Qv 
(Qg) o (gp)o 

This relation should be satisfied by the basic equa-
tions. Substituting (26) into (17) and (18), one can 
easily find that (18) is identical with (17). Thus the 
differential equations to be solved are reduced to 
the equations 

(26) 

Tt 

du 

~dt 

^Qgu 

dy 

du 

. Qgu A J = 0 , 
X 

1 dp 

(1 -f ydrj) 

- - j -
Qg + 

'dp 
+ u~. 

Jt 
+ u~. 

3L\ ( ÖQg 
{ dt 

Qv dX 
dp 

5X 

(27) 

(28) = 0 . 

+ a n) 
1 — £ 

+ tt dQg 
dX 

= 0 . (29) 

Here <3 and r] are the specific heat ratio and the 
initial loading ratio, respectively, and defined as 

Qv ({?P)O 
d = V {Qg)o 

(30) 

Analysis 

It is convenient to introduce dimensionless vari-
ables (i, M) as independent variables instead of 
(y, t) defined by 

£ = XlEs, M = Rs/ao, (31) 

where «o is the sound velocity ahead of the shock 
and M the shock Mach number. The dependent 
variables of the flow are also transformed into the 
nondimensional pressure / , density g, and flow 
velocity h as 

p(X,t) = (Qs)oRs2f(t,M), (32) 

Qg(Z>t) = (Q<s)og($,M), (33) 

u(y,t) = Rah(£,M). (34) 

With these dimensionless variables, the basic differ-
ential equations are expressed as 

(h - I ) 

(h - I ) 

Zg 

dh 

2/ 
e f 

dh 
v 

l 

r + T 

dh 11 -4 

fl ( M "<J 

g\g dM 

1 df 

g ' ei 

M dh 
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e i 

i 

h 

rj d 

dM 
0 , 

1 
1 y r\ ö 1 — eg 

M df \ 

dh 

ey •r 1 

(35) 

= 0 , 

(36) 

(37) 

where 0 is the decay coefficient of blast waves and 
defined by 

Rs 
e = - (38) 

dM 

M dRs ' 

Though there are several methods to solve the 
above partial differential equations, we adopted 
the series expansion method with respect to 1 / M 2 

by Sakurai, since in this method it is easy to 
estimate the effect of counterpressure qualitatively. 
Then the independent variables are expanded into 
the forms 

/ ( f , J f ) = /o(*) + / i ( f ) 1 

flr (£, J f ) = po (£) + 0 i ( f ) 

J f ) = A o ( f ) + A i ( £ ) 

M 2 

1 

~W2 

1 
I / 2 " + 

(39) 

(40) 

(41) 



F. Higashino and T. Suzuki • The Effect of Particles on Blast Waves in a Dusty Gas 1333 

and also for the decay coefficient 

0(M) = 0 0 + 0! — + .-.. 

dAi 

(42) 

Substituting (39) to (42) into (35) to (37) and 
equating the coefficients of terms with correspond-
ing powers of 1 /J f 2 , one can get the following 
systems of ordinary differential equations. 

For the zeroth order approximation one can get 

(ho - i) 

(ho - i) 

dffo 

d£ 

d/i0 

go 

+ 

dÄ0 

d Y 
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.Qoho 
(43) 

d/o 
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where 71 is given b y 

y ( l +7y<5) 
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(44) 
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d/o , r / 0 
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dho 
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(l-eg0)(l+yr1d) ' 

(46) 

From (22) to (25) the corresponding boundary con-
ditions are expressed as 

A
0
(l) = l -

1 
y + 1 + 2y r]d 

2ey(i + rid) 

17o(l) = 

1 - 2E + 

1 
y - i 

l - A o ( l ) ' 

/ o ( l ) = ( l + i y ) Ä o ( l ) , 

Ä
0
(0) = 0. 

(47) 

(48) 

(49) 

(50) 

In the self-similarity solutions the decay coeffi-
cient 0o is equal to — 0 ' + l ) / 2 , which is derived 
f rom the conservation of energy within a blast 
wave. 

For the flow o f finite shock strength one can get 
a solution f rom the first order approximation. The 
corresponding equations are given as 

dgi dAi d<7o d/*0 j 

•(9ohi + g1ho)-2dogi = 0, (51) 

(ho — I ) go 

— <7i fio — i) -

d / i 

1 d / i 
— go h 
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•T/o d h L 

— ego) di 

(52) 

= 0 , 

(53) 
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2 egifo 0o 
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with the boundary conditions, 

M D - - 2 ( 1 + 
( y + l + 2 y » ? < 3 ) ( l + » ? ) ( l - e ) ' 

j 7 i ( 1 ) = ^ O 2 ^ I ( 1 ) , 

1 
/ i ( l ) y ( l - e ) 
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Äi(0) = 0. 

(54) 

(55) 

(56) 

(57) 

In the case of the zeroth order solution one can 
easily find that the decay coefficient 0o is equal to 
— 1 for cylindrical flows. For the first order solu-
tion, however, the value of the decay coefficient 
remains as an unknown. To determine the correct 
value o f 0i which may approximately seem to 
satisfy the condition o f hi (0) = 0 at the center, 
the iteration method was used. 

These two sets of ordinary differential equations 
with respect to i are easily integrated by a usual 
numerical method with the corresponding boundary 
conditions. The integration was carried out f rom 
i — 1 at the shock front to | = 0 at the center of 
explosions b y the Runge-Kutta-Gil l method. 

4. Results and Discussion 

Line source explosions in a dusty gas are in-
vestigated under the assumptions o f velocity and 
temperature equilibrium between the gas and the 
particles. 

As an example, numerical calculations have been 
made for the case of y=lA, d — c/cp — 1.0 and 
£ = 1 0 0 0 . Here £ is the specific material density 
ratio and related to the initial loading ratio rj by 
£ = (1 —e)rjle. This case may be realized in an air 
flow with a suspension of liquid droplets. The volume 
fraction of particles is varied f rom e = 0 to 0.004. 
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The density, velocity and pressure profiles for the 
case of zeroth order approximation, which provides 
the self-similarity solution, are shown in Figs. 1—3, 

Fig. 1. The profiles of nondimensional density behind shock 
front for the zeroth order solution. 

Fig. 2. The profiles of nondimensional velocity behind 
shock front for the zeroth order solution. 

respectively. In these figures the physical quantities 
are normalized by the values at the shock front. 
From the figures one can find that the material 
is concentrated near behind the shock front as the 
volume fraction of the particles e increases. This 
means the substantial thickness of a blast wave 
becomes thinner with increasing s. This phenome-
non agrees qualitatively with the result b y Gerber 
and Bartos and may be explained b y considering 
the inertia of the particles. This tendency is ex-
aggerated under the assumed velocity and tempera-
ture equilibrium between the gas and the particles. 
Further discussions o f the pressure, density and 
velocity profiles behind the shock for the self-
similarity solution can be seen in the previous 
report in detail [6]. 

Figure 4 shows a comparison of the structures 
of blast waves between the finite and infinite shock 
strength. The broken lines show the case o f infinite 
shock strength, which is given by the self-similarity 
law. The solid lines show the results for a finite 
shock strength of M — 4. The profiles o f the non-
dimensional pressure, density and particle velocity 
for both cases are very similar to each other. 
Especially, the velocity profile for M = 4 is over-
lapped by that for the self-similarity solution. W e 
have also calculated the case of M = 6. However , 
the results are very similar to the self-similarity 
solution and distributed between the case of M = 4 
and infinite shock strength. Then, to avoid con-
fusion, the case of M = 6 is omitted. F r o m these 
facts one finds that the difference between the 
finite and infinite shock strengths in the structure 
of a blast wave in a dust-laden gas is very small. 

Fig. 3. The profiles of nondimensional pressure behind Fig. 4. The structure of blast waves for finite and infinite 
shock front for the zeroth order solution. shock strength. 
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The effects of the volume fraction of the particles 
on the decay coefficients are shown in Figs. 5 and 6, 
respectively. Figure 5 shows the results for a given 
shock strength versus the volume fraction. The 
absolute value o f the decay coefficients increases 
as the volume fraction increases. This means that 
the blast waves in a dusty gas decay rapidly and 
approach the flow of the infinite shock strength. 
The results for a fixed volume fraction o f the 
particles are shown in Figure 6. The figure indicates 
that the decay coefficients decrease as the volume 
fraction increases and the absolute value o f decay 
coefficients is nearly proportional to 1 IM 2 . 

The nondimensional density, velocity and pres-
sure distributions behind the shock front for the 
case of M = 4 are shown in Figs. 7, 8 and 9, respec-
tively. The concentration of density at the shock 
front becomes significant when the volume fraction 

- Q 8 8 

•092 

0 . 9 6 

-1.00 

1 ! 1 

\ Y = U 
\ £ = 1000 
\6 = 1.0 

— \ M =4 — 
/ 6 
,oo — 

X \ 
- p -

0.0 0002 e 0.004 

Fig. 7. The profiles of nondimensional density behind shock 
front for the first order solution. 

Fig. 8. The profiles of nondimensional velocity behind 
shock front for the first order solution. 

Fig. 5. The variation of decay coefficients with the volume 
fraction of particles. 

0.02 004 0.06 Q08 1 /M 2 

Fig. 6. The variation of decay coefficients with shock 
strength. 

0.8 i 1.0 

Fig. 9. The profiles of nondimensional pressure behind 
shock front for the first order solution. 
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of particles increases. This tendency is analogous 
to the case of self-similarity flow. 

In the present work the analysis is restricted to 
the case of velocity and temperature equilibrium 
between the gas and particles. To make the analysis 
more realistic, one should take the nonequilibrium 
effect on the velocity and temperature into account. 
I n addition, the flow temperature near the center 
o f explosions is so high that the effect of phase 
changes between the flow media may play an im-
portant role. It is expected that the analysis on 
blast waves in a dusty gas will be extended to these 
complicated flows in the next step. 

5. Conclusions 

In the present paper the effect of suspended 
particles on blast waves is analysed by making use 
o f a series expansion method with respect to 1/JI/2 

under the assumption of velocity and temperature 
equilibrium. As a result one can conclude as follows: 
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