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Fig. 1 Comparison of front face scattering data from Wainwright and
Rogers3 with Eq. (17) for a constant C1 = 0.4 (error bars added to
re¯ ect uncertainty in reading data from original paper).

where the constant j is de® ned as
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Discussion
The model as presented has some intriguing qualities. If we as-

sume that the depth of the collision sheath scales with a physical
length scale in the ¯ ow so that L/ k = K n ¡ 1 , Eq. (17) can be
compared directly with data obtained by Wainwright and Roger.3

Because the parameter L was only loosely de® ned, we are free to
insert a constant C1 in front of it as a free parameter and should
expect the value of the constant to be on the order of unity:

nm / n2o = 1 ¡ 1
2
(C1 L/ k )e ¡ (C1 L/ k ) (17)

Wainwright and Roger used impact probes of varying size and
with differentprobe face geometries to quantify the effect of molec-
ular scattering at transitionalKnudsen numbers. Figure 1 compares
Wainwright’s data with Eq. (17) for a value of C1 = 0.4, with
L equal to the diameter of the impact probe face. The agreement
between Eq. (17) and the data is excellent. The relative difference
between the two is less than 4%. The largest effect of intermolecular
collisions occurs expectedly in the regime of 0.5 < K n < 1. As
the Knudsen number further increases,and the ¯ ow approachesfree
molecular, the ratio of measured density to freestreamdensity tends
toward unity. This is expected because the molecules will no longer
scatter at such large relative mean free paths and the incident and
re¯ ected streams will move through each other unperturbed.
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Introduction

S HOCK waves formed within a gas-particle mixture have char-
acteristics different from the pure gas case. Decay of the shock

wave has been studied by a number of researchers applying differ-
ent numerical methods. Compared with theoretical investigations,
only a few experimental works are reported on the study of shock
wave attenuation.Sommerfeld and Gronig,1 Sommerfeld,2 and Igra
et al.3 conducted experiments on a vertical shock tube along with
numerical calculation. Olim et al.4 and Aizik et al.5 compared their
numericalresultswith the experimentalresultsof Sommerfeld.2 The
purpose of the present Note is to add more experimental results on
decayprocessof shockwaves in gas-particlemixturesinsidea shock
tube.

Details of Experiments
The experimentswere conductedwith a stainless steel horizontal

shock tube 50 mm in diameter and 6 m long. The driven section
is 4.5 m long and the diaphragms used were of aluminum foil. Di-
aphragms of different thicknesses from 0.05 to 0.25 mm were used.
Rupture of a diaphragm was accomplished with high pressure on
the driver side. A particle injection system was designed to produce
a uniform ¯ ow rate of particles fed into the driven section imme-
diately downstream of the diaphragm before each shock tube run.
The injection system consisted of an inlet system, a particle reser-
voir, a convergent-divergent(CD) nozzle, a mixing chamber, and an
exhaust system. The exit of the particle reservoir was placed in the
diverging portion of the CD nozzle, causing particles to get sucked
in by the low pressure created in the airstream when a suf® ciently
high-pressureair was fed into the inlet system. Particles were mixed
with air in the mixing chamber and the gas-particlemixture was fed
to the shock tube immediately after the diaphragm. The particles
used in the experiments were Ballotini spheriglass and precipitated
calciumcarbonatepowder.Particlematerialdensitieswere2500and
2790 kg/m3 , respectively.Both types of particles had size distribu-
tions and average particle sizes were determined using a Malvern
laser diffractionparticle sizer.Mean diameter for calciumcarbonate
powder was 6.9 l m and that of glass particles was 34.4 l m. Pho-
tomicrographs of the particles showed the shape of the particles to
be very nearly spherical.

Laser Light Extinction Technique
A beam of light from a continuouswave, He-Ne laser is made to

transverse the shock-tubetest section and to fall on a photodetector.
The intensity of the laser beam was measured before the start of
the gas-particleinjection as I0 . With the gas-particle ¯ ow in the test
section, the intensity is reduced to I , which is related to the initial
intensity by the Lambert±Beer equation as

I / I0 = exp( ¡ kq p) (1)

where k is a constant that includes the extinction coef® cient and
q p is the cloud density. In the present experiments, a pin photodi-
ode (PIN SPOT 8D, United Detector Technology) is employed as
a photodetector.The output voltage E of the photodiode is directly
proportional to the intensity of light incident on it. Hence, the ex-
pression of Beer’s law can be written as the ratio of the voltage
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outputs from the photodiode with and without particles in the ¯ ow
as

E/ E0 = exp( ¡ kq p ) (2)

The loading ratio of the gas-particle mixture was determined mea-
suringtheparticleconcentrationobtainedfrom laserextinctionmea-
surements at two stationsalong the length of the drivensection.Cal-
ibration of loading ratio g was done in a calibration device that has
the same cross-sectionaldiameter as that of the shock tube. A mea-
sured mass of particles was dispersed in the known volume of the
calibrationdevice. A digital storage oscilloscopewas employed for
recording the signals and values of ¡ (E/ E0), which were plotted
against known mass of particles, hence known loading ratio. The
estimated uncertaintywas §9.97% for g . To obtain shock velocities
froma time±distancemethod,four microsecondcounterswere used.
A Lecroy data acquisition system was used to capture pressure sig-
nals from four transducers. Shock Mach numbers were calculated
from shock velocities and pressure jumps after the shock. The error
in the measurement of Mach numbers was §0.5%.

Results and Discussion
Prior to each run, the interior surface of the driven section of the

shock tube was cleaned. For each type of particle, runs were made
with fourMach numbersand three loadingratios.The valuesof pho-
todiode output voltage before and after particle injection were used
to calculate the loading ratio. Mach numbers from shock velocities
were based on sound speed in pure gas.

Initial Mach number was calculated from the ratio of driver pres-
sure and the driven pressure. A Pennwalt (model 62B-5B-0120D)
and a Bourdon pressure gauge were used to measure the driven and
driver pressure, respectively. The uncertainty in the magnitude of
M0 was §0.9%.

The shock wave attenuation results were compared with numer-
ically predicted values of a general attenuation law proposed by
Aizik et al.5 Comparisons for three initial Mach numbers for three
different loading ratios are shown in Fig. 1. Numerical predictions
are closer to experimentalvalues for glass particles.Deviation from
experimental results is noticeable for the case of calcium carbonate
particles whose average diameters are very small. This is because
the general attenuation law is not valid for particle diameters less
than 25 l m. However, consideringthe assumptionsin the numerical
calculations, the comparison is quite satisfactory.

Experimental resultsof shockwave attenuationsat different load-
ing ratios are shown in Fig. 2. It is clear from Fig. 2 that, for both
types of particles, shock wave attenuationis greater with increasing
loadingratio. In Fig. 1 for the case of initialMach number= 1.7, the
experimentalattenuationresult for calcium carbonate particleshav-
ing smaller diameter is more steep than that for glass particles. The

Fig. 1 Comparison of the measurements with attenuation law.

a) Calcium carbonate powder

b) Glass powder

Fig. 2 Measured variation of Mach number along the length of shock
tube.

rate of decay for all incident Mach numbers is quite similar. Shock
wave attenuation is greater for higher loading ratios. This observa-
tion was also made by Olim et al.4 in their numerical investigation.

Conclusion
Experimental results of shock wave attenuation in a gas-particle

mixture are obtainedfor two typesof particleswith differentloading
ratios and incident Mach numbers. For calcium carbonate powder
having very small average diameter, it is noticed that attenuation
is greater than that of particles having larger average diameter. An
attenuation law based on numerical prediction has been used to
compare the experimental results. Good agreement is found in the
case of higher size particles. However, deviation is more for very
small size particles.
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Introduction

M ATERIAL anisotropy is an important issue in composite
structural design. It was shown in Refs. 1 and 2 that shear-

extension coupling can appear in an initially balanced laminate due
to unequal damage accumulation in plies with opposite orientation
under the shear loading and that this may result in signi® cant re-
duction of laminate shear strength. The effects of intrinsic factors
such as angle-ply orientation and the presence of 0-deg plies on
damage-inducedanisotropy in laminates are studied in Ref. 3. The
objective of this Note is to investigate the effects of extrinsic fac-
tors, i.e., the combination of shear and tensile/compressive loading
as well as loading rate and deviation.

A stochastic damage accumulation model developed in Refs. 1
and 2 is used in the analysis.Random quasistationaryin-plane load-
ing is de® ned as a Gaussian process with autocorrelation time s 0

and standard deviation r q . Stochastic function theory, the theory
of excursions of random process beyond the limits as a strain fail-
ure criterion, is applied to estimate the probabilities of failure in
plies. Three modes of failure, i.e., ® ber breakage, matrix transverse
failure, and matrix or interface shear cracking, are taken into ac-
count. Calculatedprobabilitiesare utilized in reducingply stiffness.
A brief descriptionof the mathematical formulation of the model is
given in the following paragraphs. The detailed model description
is presented in Refs. 1 and 2.

Consider an orthotropic laminated composite consisting of uni-
directionally reinforced plies with initial stochastic elastic mate-
rial properties ÄE k

10
, ÄE k

20
, ÄG k

120
, Äv k

120
. Index k denotes the ply num-

ber. Laminate lay up is described by ply orientation angles a k and
ply thicknesses hk . Load increment applied to a laminate results in
a random stress±strain ® eld in each ply. Even at very low levels of
applied load, a nonzero probability of ply failure exists and dam-
ages start to accumulate in the composite. Accumulation of dam-
ages causes a reduction in laminate stiffness and a redistributionof
stresses among plies.
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Assume that in-plane stresses applied to a composite are
monotonically increasing functions of a parameter t , r i (t) =
[ r 11(t ), r 22(t), r 12(t )], with parametric derivatives Çr i (t ). Random
deformations of the composite then can be calculated by using in-
tegral equations:

Äe i (t ) = * t

0

ÄSi j ( s ) Çr j ( s )d s (1)

where ÄSi j are current effective laminate compliances. They depend
on lamina current elastic properties and composite lay up:

ÄSi j ( s ) = L[ ÄE k
1 ( s ), ÄE k

2 ( s ), ÄGk
12( s ), Äv k

12( s ), a k] (2)

The current elastic constants of plies are functions of the initial
elastic constants and the current damage functions:

ÄE k
1 ( s ), ÄE k

2 ( s ), ÄGk
12( s ), Äv k

12( s ) = M[ ÄE k
10

, ÄE k
20

, ÄGk
120

, Äv k
120

, r k
i ( s )]

(3)

Damage functionsmay be calculatedby using ply randomstress±
strain ® eld parameters and some appropriate failure criteria:

r k
i ( s ) = R[ Äe k

i ( s ), Är k
i ( s )] (4)

Ply stress±strain ® eld parameters are calculated, in turn, from
known composite strains Äe i [Eq. (1)]:

Äe k
i ( s ) = K[ Äe i ( s ), a k]

Är k
i ( s ) = P[ Äe k

i ( s ), ÄE k
1 ( s ), ÄE k

2 ( s ), ÄGk
12( s ), Äv k

12( s )]
(5)

L , M , R, K , and P are stochasticfunctionaloperatorsto be spec-
i® ed. According to this approach, current composite elastic proper-
ties and, therefore, composite deformations and damage functions
aredependenton loadinghistory.To integrateEq. (1),we needto cal-
culate the stochasticstress±strain ® eld that dependson the stochastic
material propertiesand thedeformationhistory.The failurecriterion
[Eq. (4)] should be chosen to obtaindamage functions.The stiffness
reduction algorithm due to damage accumulation in plies [Eq. (3)]
has to be speci® ed. The failure criterion and the stiffness reduction
algorithm are described in Ref. 1.

A numerical algorithm and computer code for damage evolu-
tion and deformation history prediction in laminates subjected to
general in-plane loading are developed in Mathematica®. In this
Note, the model mentioned earlier is applied to analyze the behav-
ior of [§30]s Kevlar®/epoxy laminate under combined shear and
tension/compression at various loading rates and deviations. The
properties of the unidirectional Kevlar/epoxy lamina used in the
calculations are given in Ref. 1.

Results and Discussion
Results of analysis of the effect of shear load in conjunctionwith

longitudinal in-plane loading on damage-induced shear-extension
coupling are shown in Tables 1±3. Table 1 corresponds to com-
bined shear/tension f r x x , 0, s x y g , Table 2 corresponds to combined
shear/compression f ¡ r x x , 0, s x y g , and Table 3 corresponds to com-
bined shear/biaxial tension f r x x , r yy = r x x , s x y g . The A16/ A66 and
A26/ A66 variables represent maximal relative shear-extensioncou-
pling coef® cients of the in-plane stiffness matrix of laminate at fail-
ure, and Sx y and S 0x y correspond to laminate average shear stress
at failure calculated with and without taking into account damage-
induced anisotropy, respectively. The ® nal laminate failure corre-
sponds to the shear stress when any one of the apparent moduli of
the laminate becomes vanishingly small. The shear strength of the
angle-plylaminate, ÃSx y , obtainedby using themaximumstrain crite-
rion, is also included for reference.The ply-by-plyfailureprocedure
described in Ref. 4 is utilized for calculating ÃSx y . The laminate is
assumed to be failed when ® ber and matrix in each ply is failed ac-
cording to the maximum strain criterion. Note that the direct com-
parison between the strength predictionby the model (Sx y and S 0x y)
and the maximum strain criterion ( ÃSx y ) is not possible because the
effect of the loading rate cannot be accounted for in the maximum
strain criterion. Obviously, the strengths are higher at the higher
loading rates.1


