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parameter Aw. It is noted here that for the time being there
are no available experimental data with which to compare for
the case of suction and d/h values larger than \. When such data
becomes available it will be possible to adjust some of the
characteristic parameters of the problem if needed.

The present method suggests a closed form approximate
solution for a rather complex problem, which was demonstrated
to give satisfactory agreement with experiments for the case of
no mass transfer, and is expected to predict the effect of mass
transfer in the case of suction. This method further indicates the
parameters that govern the problem namely, the wall temperature
ratio Aw, the ratio d/h, the Mach number Ml9 the Reynolds
number Redl and the mass transfer rate m. Note that the para-
meter Redl is proportional to L/h - h/d, where L the distance from
the leading edge to separation and therefore L/h could replace
Re8l. It appears that Redl should be the appropriate parameter
for design purposes where the local conditions and the boundary-
layer thickness are known while L/h should be used to compare
with experimental data since in the latter case L/h is usually
kept constant.
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Nomenclature
J = particle flux
L = velocity equilibration length
r = radius
R = rate of collision
U = particle velocity
v = gas velocity
X = distance behind shock
Subscripts
d = downstream
i = particle class index
m = maximum
u — upstream
ju = viscosity
p = density

DURING an experimental investigation of shock structure
in gases containing dust suspensions, substantial electrical

signals associated with the shock wave were observed. A series
of qualitative experiments was conducted to determine the
mechanism producing these signals.

These experiments were conducted in an ordinary pressure
driven shock tube made of aluminum tubing 5.7 cm in diameter
and operated in a vertical position. A measured mass of glass
particles supplied by Heat Systems-Ultrasonics and having a
nominal size distribution of 5ju diameter was introduced into
the test section while a gentle gas flow from below was maintained
to keep the suspension uniform. Maximum densities obtained
in this manner were approximately 107 particles/cm3, calculated
by assuming an even distribution of particles in the test section.
The tube was instrumented with a piezoelectric pressure trans-
ducer and an electrical probe at an observation station located
71 cm from the diaphragm. The probe consisted of a short length
of bare wire aligned in the flow by a grounded shield. The voltage
from probe to ground and the pressure trace were recorded
simultaneously on a dual channel oscilliscope.

In the first experiment, a relatively weak shock (M — 1.15) was
propagated in the test section. The oscilliscope traces presented
in Fig. la demonstrate the development of a voltage signal
behind the shock wave as it passes through the suspension. Two
different loadings are shown. Similar signals were observed for
other particulate matter such as ammonium chloride and tin
oxide. In a second experiment, a rarefaction wave was propagated
in the test section through the suspension by evacuating the
chamber on the other side of the diaphragm until rupture
occurred. Figure Ib shows the pressure and voltage traces during
the passage of a rarefaction wave. No signals were observed when
particles were not present in the test section during the passage
of a wave.

We considered several possible causes for these signals. While
the particles were not intentionally given an initial charge, all
dusts do have some residual charge but this is generally quite
small. Particle collisions with the probe are ruled out since
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Fig. 1 Comparison of electrical signals for a) shock wave and b) rare-
faction wave. Velocities behind waves are approximately 80 m/sec and
276 m/sec, respectively. Particle loading effects decrease actual velocities
and degrade pressure traces as shown. (Solid lines indicate particle

loading 10 cm\ dotted tine indicates 5 x 10" cm3.)
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signals can be obtained by substituting a glass test section and
placing the probe outside. Interactions between the particles and
the wall resulting in particle charging are difficult to rule out
completely even though the metal wall was grounded.1 However,
this mechanism does not appear to be consistent with the results
for the rarefaction wave since only a weak electrical signal was
observed for this wave even though the velocity developed behind
the wave is considerably greater than that behind the shock wave.
We conclude that particles are charged by collisions in the flow
behind the shock wave.

The mechanism for charging by interparticle collision may be
discussed in terms of the following heuristic model. As explained
by others,2 particles of different sizes develop velocity lags
behind the shock wave. If we use Stokes' drag law to estimate the
aerodynamic force on a particle with radius ri9 then the particle's
velocity Ut a distance X downstream of the shock is given
approximately by

t/i = t;d + (t;u-t;d)exp(-X/A) (1)
when \vu — vd\ <=: vd. The upstream and downstream gas velo-
cities are given by vu and vd, respectively, and Lf is the velocity
equilibration length given by Marble2 in the form

LI = 2pvdri
2/9^ (2)

where p is the density of particle material and \JL is the gas vis-
cosity. The maximum relative velocity between particles with
radii rx and r2 then occurs at a distance Xm downstream of the
shock. Xm may be obtained from Eq. (1)

2pV
2/2,ln(r1/r2)

~2T— V)

Estimation of R, the rate of collisions per unit volume, for a
simple single collision model yields

R = .VX^i + r2)2 \(U, - UM U2\ (4)
where Jt is the ith particle flux. Thus, to the same order of approx-
imation used above, the maximum collision rate occurs at Xm.

Collision can cause initially neutral particles to become charg-
ed as discussed by Kunkel3 and an electric field would be pro-
duced as they separate after encounter. Since the maximum
collision rate occurs downstream of the shock rather than at the
discontinuity, the electric field would increase gradually as we
have observed in these experiments. The same mechanism can
occur in the case of the rarefaction wave but because of the
decrease in particle density the resultant signals should be of a
much smaller magnitude.

Temkin4 has also examined particle collision in a comparable
experiment. A suspension of droplets was subjected to repeated
shock waves and droplet agglomeration as a result of collision
was observed. A principal mechanical effect of collisions is to
bring about momentum exchange between particles of different
sizes as pointed out by Marble.3 The importance of these works
as well as the present study is to indicate some of the possible
effects of interparticle collisions which have not been generally
included in theoretical treatments of shock structure in particle
suspensions.5
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Nomenclature
CDN = nose drag coefficient, CD» = DN/(pU2/2) (ndN

2/4)
Cm = pitching moment coefficient Cm = Mp/(pU2/2)(ndB

3/4)
dB = base diameter
dN = nose bluntness diameter
/ = sharp cone length
q = rigid body pitch rate, a = q
U — velocity
x = axial body coordinate
Ax = cone center of gravity location forward of base
Axrp = cone center of pressure location forward of base

= cone frustum half-angle
= half-angle of conical tip
= hypersonic scaling parameters for nose directing effects,

defined in Eqs. (2) and (4)
= air density
= hypersonic scaling parameters for nosee drag effects,

. defined in Eqs. (1) and (3)
= static stability derivative, C^ = dCJdu
-- dynamice stability derivative,

"CP
9C
9N
KN,KN

p

IT has been well domcumented that nose bluntness has a large
effect on slender cone vehicle dynamics.1"5 Only spherical

nose bluntness has in general been investigated. Recently it has
been shown that a change of nose shape from spherical to
conical can change the vehicle characteristics substantially.6'7
The conical nose tip geometry approximates the expected vehicle
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Fig. 1 Effect of angle of attack on the stability characteristics of a
20% blunt 5.6° cone with spherical nose bluntness.
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