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conditions. Such a study has been initiated by the authors inspired
by the present results.

The futureroleof computationsin suchoptimizationsis to address
issues where experimentsare limited.For example, consider the op-
timization of the physical shape of realistic actuators. It would be
dif� cult to design hardware with the � exibility to provide a general
shape for the actuation. However, in a simulation, it is straightfor-
ward to implement actuators of nearly any shape, and they may be
constrained so that determined optimal geometry is realizable in
hardware.This way the � nal con� guration can be built and applied.
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Introduction

T HE most common shock wave in nature is a sphericalone. This
is the reason for the importanceof knowing the � ow� eld that is

developedbehind a spherical shock wave. The full governingequa-
tions that describe the � ow� eld consist of nonlinearpartial differen-
tial equations. Because of their complexity and unless simplifying
assumptions are applied, they can be solved only numerically. The
numerical solution requires signi� cant resources (time, computers,
etc.). The complexity of solving these equations on one hand, and
the importance,in manyapplications,of knowingthe � ow� eld prop-
erties in real time, on the other hand, was our motivation to develop
an alternativeway of obtainingthe � ow� eld properties immediately
behind the shock wave front.

Olim et al.,1 in their studyof the � ow� eld that is developedbehind
attenuating planar shock waves propagating in a dusty air, showed
that the numerical simulationcould be replacedby a semi-empirical
relationdescribingthe instantaneousshockwave Mach number, that
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is, the shock wave velocity divided by the speed of sound of the
gaseous phase ahead of it.

The correlation proposed by Ref. 1 implied that the shock wave
degenerated to a sound wave, that is, Ms ! 1, when x ! 1 as,
indeed, should the case be if the wave is unsupported. However,
Sommerfeld2 found in the course of his experimental investigation,
which was conducted in a shock tube in a � nite length domain, that
if the initial shock wave was strong and the dust-loading ratio was
low to moderate, the shock wave did not attenuate to a sound wave
but to a � nite strength shock wave whose Mach number was larger
than unity.

Because of this observation,Aizik et al.3 modi� ed the attenuation
law suggested in Ref. 1. Kurian and Das4 recently reported good
agreement when they compared predictions based on the modi� ed
attenuation law of Ref. 3 with their experimental results.

The purpose of the present study was to extend the studies just
mentioned and develop two general attenuation laws for spherical
shock waves propagating 1) in pure gases and 2) in particle-laden
gases.

Present Study
Rupturing a spherical diaphragm inside which the pressure p4

was higher than the ambient pressure p1 and the temperature T4

was higher or equal to the ambient temperature T1 generated the
spherical shock wave. The particles, in the gas–particle suspension
case, were uniformly distributed outside the spherical diaphragm.

The governing equations describing the propagation of a spher-
ical shock wave through both pure and particle-laden gases were
formulatedand solvednumericallyusing the randomchoicemethod
(RCM) with operator splitting technique.

The computer code was validatedby comparing its predictionsto
all of the experimental resultsof Boyer.5;6 Very goodagreementwas
evident.Full detailsof the comparisoncan be found in Ref. 7, where
a detailed derivationof the governingequations and their � nal form
are also given. The assumptions on which the governing equations
were basedwere as follows:1) The � ow� eld is one-dimensional(ra-
dial) and unsteady. 2) The gaseous phase behaves as a perfect gas.
3) The solid particles, which are identical in all their physical prop-
erties, are rigid spherical and inert. They are uniformly distributed
in the gaseous phase. 4) The number density of the solid particles
is suf� ciently high for considering the solid phase as a continuous
medium. 5) The solid particles do not interact with each other. As
a result, their partial pressure in the suspension is negligibly small.
6) The volume occupied by be solid particles is negligibly small. 7)
The heat capacity of the solid particles is constant. 8) The dynamic
viscosity, the thermal conductivity,and the speci� c heat capacity at
constant pressure of the gaseous phase depend solely on its temper-
ature. 9) Other than the momentum and energy exchanges between
the solid and the gaseous phases, the gaseous phase is assumed to
be an ideal � uid, that is, inviscid and thermally nonconductive.10)
The weight of the solid particles and the buoyancy force are neg-
ligibly small compared to the drag force acting on them. 11) The
solid particles are too large to experience a Brownian motion. 12)
The temperature within the solid particles is uniform.

General Attenuation Law of Spherical Shock Waves
Propagating in Pure Gases

The governingequationswere solved numerically for a variety of
initial conditions, to identify the parameters affecting the spherical
shock wave attenuation. As expected, in the case of a pure gas,
the most dominant parameter was its initial strength, that is, the
initial Mach number, which can be derived from the pressure and
the temperature ratios (P41 D p4=p1 and T41 D T4=T1 , respectively)
across the spherical diaphragm (e.g., see Ref. 8).

The numerical results indicated that an exponential curve could
well � t the primary spherical shock wave attenuation.In addition, it
is well known that sphericalshockwaves degenerateto soundwaves
far away from their origin.Under this constraint the spherical shock
wave attenuation was described by

Ms D .Ms;0 ¡ 1/ exp[¡.r ¡ r0/= ] C 1 (1)
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where Ms is the instantaneous shock wave Mach number at the
radius r , Ms;0 is the initial shock wave Mach number, is the
decay coef� cient, and r0 is the radius of the diaphragm.Correlation
(1) describes appropriately the exponential nature of the spheri-
cal shock wave attenuation and it ful� lls the following boundary
conditions:

Ms D
»

Ms;0 for r D r0

1 for r D 1

The decay coef� cient depends on the initial strength of the
spherical shock wave Ms;0 , the temperatures ratio of the con� ned
gas inside the diaphragmbefore its rupture,and the ambientgas T41.

The governing equations were solved for the following range of
parameters: 1:1 < Ms;0 < 5 and 1 < T41 < 6: The upper values were
limited by the assumption that the gas behaved as a perfect gas. The
decay coef� cient was obtain by a curve � tting analysis of the
numerical results to Eq. (1) for 90 combinationsof initial conditions
in the following form:

.Ms;0; T41/ D .C1 C C2 ¢ T41/ ¢ Ms;0 (2)

SubstitutingEq. (2) intoEq. (1) resultsin the followingexpression
for the attenuation of spherical shock waves, generated from � nite
sources, in a pure gas:

Ms D .Ms;0 ¡ 1/ exp

µ
¡

r ¡ r0

.C1 C C2T41/ Ms;0

¶
C 1 (3)

where C1 D 1:48044 m and C2 D ¡0:10839 m.
The generalattenuationlaw(3)enablesone to calculatethe instan-

taneous spherical shock wave Mach number within 97% accuracy,
without the need to conduct any complicated numerical calcula-
tions. The general attenuation law (3) was validated by comparing
its predictions to the experimental results of Ref. 6. A typical com-
parison is shown in Fig. 1. The agreement between the predicted
attenuation and the actual (experimental) attenuation is very good.
Here ¸s D r=r0 is the nondimensionaldistance.

Additional comparisonswere made between the predicted atten-
uation and the results of full numerical solutions of the govern-
ing equations. Two typical comparisons are shown in Figs. 2a and
2b. Again, the agreement is very good. Note that it is better for
stronger initial shock waves. Again ¸s D r=r0 is the nondimensional
distance.

Fig. 1 Comparison between the primary spherical shock wave atten-
uation as predicted by the present attenuation law [Eq. (3)] (——) and
the experimental results of Ref. 6 for an explosion of a 2-in.-diamsphere
of pressurized air initially at 22 atm and room temperature.

a)

b)

Fig. 2 Comparison between the primary spherical shock wave attenu-
ationas predicted by the present attenuationlaw[Eq. (3)] (——) and the
results obtained by full numerical solutions of the governing equations
(– – –) for two cases: a) moderate initial shock wave and b) relatively
strong initial shock wave.

General Attenuation Law of Spherical Shock Waves
Propagating in Inert Gas–Particle Suspensions

The governing equations describing the � ow� eld developed be-
hind a spherical shock wave propagating in an inert gas–particle
suspension were formulated and solved numerically by using the
random choice method with operator splitting technique (for more
details see Ref. 7).

The governingequationswere solved for 10 < P41 < 160, 1 < T41

< 6, 25 < D < 500 ¹m and 0:25 < ´ < 10. The density of the solid
particles was kept constant in all of the calculations at 2500 kg/m3.
Note that the ranges assigned for P41 and T41 yield initial shock
wave Mach numbers in the range 1:5 < Ms;0 < 4. The upper limit
of the initial shock wave Mach number value, Ms;0, is dictated by
the assumption that the gas behaves as a perfect gas. The diameter
D is limited from above by assumptions 10 and 12 and from below
by assumption 11. The highest loading ratio value ´ is limited by
assumption6. To quantify the latter, the volumeof the solidparticles
was limited to a maximum of 1% of the suspension volume. All of
the 480 (4 £ 5 £ 4 £ 6) possible combinationsof the following val-
ues of the mentioned four parameterswere used as initial conditions
for the numerical investigationundertakenduring the course of this
part of the study: D D 25; 50; 100; and 500 ¹m; ´ D 0:25; 0:75; 2:0;
6:0, and 10.0; P41 D 10; 40; 80; and 160; and T41 D 1; 2; 3; 4; 5;
and 6.

From the same considerations, as in the case of the pure gas,
it was decided to describe the attenuation of the primary spherical
shockwave propagatingthroughgas–particlesuspensionby Eq. (1).
However, unlike in the dust-free case, in the present case the decay
coef� cient depended also on the preshock suspensionproperties
(the particle diameter D and the dust loading ratio ´ D ½p=½g , where
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½ p and½g are the spatialdensitiesof the solidand thegaseousphases,
respectively) in addition to the dependenceon the initial shockwave
Mach number Ms;0 and the gas temperatures ratio T41.

The � rst step was to obtain the decay coef� cients , for all of
the 480 cases. This was done by applying a curve � tting analysis of
the numerical results to Eq. (1). The following steps were to � nd the
functional dependence of the decay coef� cient , which is a free
parameter in Eq. (1), on Ms;0; D, and ´. Details may be found in
Ref. 7. The analysis resulted in

D a1 exp.¡a5´/ (4)

where

ai D .ci C ci C 1 Ms;0/D.ci C 2 C ci C 3 Ms;0 /; ci D f .T41/

In Eq. (4) D should be inserted in micrometers to obtain in
meters.

Substituting Eq. (4) into Eq. (1) gives the following general ex-
pression for the attenuationof a primary spherical shock wave, gen-
erated from a � nite source, in an inert gas–particle suspension:

Ms D .Ms;0 ¡ 1/ exp
©

¡ .r ¡ r0/=.c1 C c2 Ms;0/D.C3 C C4 Ms;0/

£ exp
£
¡.c5 C c6 Ms;0/´D.C7 C C8 Ms;0/

¤ª
C 1 (5)

where D should be inserted in micrometers and r0 in meters. The
values of ci that ensure a 97% correlation of the curve � ts with the
numerical data are

a)

b)

Fig. 3 Comparison between the primary spherical shock wave attenu-
ationas predicted by the present attenuationlaw [Eq. (5)] (——) and the
results obtained by full numerical solutions of the governing equations
for the same initial conditions (– – –) for two typical cases.

c1 D 0:465 ¡ 3:6557exp.¡T41/; c2 D 1:0586 T ¡0:8268
41

c3 D 0:2650 T ¡0:3003
41 ; c4 D ¡0:187 exp.¡T41/

c5 D 34:168 ¡ 0:2061 T41; c6 D ¡11:6309 C 0:6442 T41

c7 D ¡1:1177 ¡ 0:0975 T41; c8 D 0:1930 C 0:0298 T41

The general attenuation law given by Eq. (5) contains all of the
� ow parametersand dustphysicalpropertiesthat areknown to affect
the shock wave attenuation, namely, the initial shock wave Mach
number Ms;0; the temperature ratio across the diaphragm, T41 , the
dust loading ratio ´, and its diameter D.

The general attenuation law enables one to calculate the instanta-
neous shock wave Mach number within 90% accuracy. As a result,
the jump conditions across the attenuating shock wave front could
be readily obtainedwithout the need to numerically solve the entire
� ow� eld.

Because, to the best of the authors’ knowledge, experimental
results similar to the investigated � ow� eld are not available, the
predictionof the general attenuation law (5) could not be compared
to experimental results. Instead, they were validated by comparing
them to the full numericalsolutionsof the governingequations.Two
suchcomparisonsare shownin Figs. 3a and3b.Verygoodagreement
is evident. Again ¸s D r=r0 is the nondimensionaldistance.

Conclusions
The governing equations describing the � ow� elds that develop

when spherical shock waves, generated from a � nite source, prop-
agate inside pure and particle-ladengases were solved numerically
using the RCM with operator splitting technique.

The attenuation of the primary shock wave was investigated nu-
merically. Based on the numerical results, two general attenuation
laws, for describing the primary shock wave attenuation as it prop-
agates inside pure and particle-ladengases, were developed.

The general attenuation laws were validated by comparing their
predictions to actual experimental results in the pure-gas case and
to the results of full numerical solutions of the governingequations
for the same initial conditions.Very good agreementswere evident.

The general attenuation laws enables one to calculate simply and
cheaply the instantaneous primary shock wave Mach number and
as a result to readily obtain the jump conditions across it, without
the need to conduct tedious full numerical simulations.
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