VOL. 10, NO. 6, JUNE 1972

ATAA JOURNAL 755

Dust Collection Efficiency for Power Law Bodies in
Hypersonic Flight

JosepH H. SPURK* AND NATHAN GERBERY
Ballistic Research Laboratories, U.S. Army Aberdeen Research and Development Center, Aberdeen Proving Ground, Md.

A numerical and analytical study predicts 1) the collection efficiency of conical and blunted axisymmetric bodies
of the power law family in hypersonic flight through dust clouds and 2) the impact angle and velocity. Collection
efficiencies of cones using the exact conical Aowfield solutions are shown for particles obeying a drag law of the
form C l', = fu(Re, M, T,/T). Most of the data can be correlated by three dimensionless groups. Results show large
variations from collection efficiency based on the less realistic “standard” drag law Cj = fi(Re). Collection
efficiency of power law bodies has been determined in the hypersonic slender body approximation for the realistic
drag law. The data correlate well with the three aforementioned dimensionless parameter groups. Blunting is found
to decrease collection efficiency appreciably. An approximate model provides a qualitative description of the collec-
tion efficiency and impact angle dependence on the main parameters. The distribution of impact angle for cones and
blunt bodies also correlates well with the three dimensionless groups. In all cases, the impact velocity is nearly equal

to the flight velocity.

Nomenclature
a = speed of sound, m/sec
c = specific heat of dust particle [m?/(sec? °K)](=2850)
¢, ¢, = constants in body and shock shapes, respectively; ie.,
ry =yt 1o = ¢ 1 (cy/c, = 4y)
¢, ¢, = specific heats of gas at constant pressure and volume,

respectively, m?/(sec? °K)
p = dust particle drag coefficient, based on area = napz
= collection efficiency (ratio of number of particles hitting the
body to the number that would hit body if undeflected)
9/2)uL/(p, opz U, e)—dimensionless parameter group
/20t 0,7, U o 7yl gs)
12.12¢,p,/(Lp,)—dimensionless parameter group
12120, p i1y )
= heat-transfer coefficient, kg/(sec® °K)
exponent in power law body (r ~ x¥)
coefficient of heat conduction, kg m/(sec® °K)
= length of body, m
radius of body base, m
= particle Mach number relative to gas
= flight Mach number of body
= 2ho,/#—Nusselt number
= gas pressure, kg/(m sec?)
= pc,/# —Prandtl number
speed of particle relative to gas, m/sec
radial coordinate, m
radial coordinate of point on body, m
value of r where particle strikes body, m
value of r where particle enters shock layer, m
gas constant, m?/(sec? °K), (=288.02 for air)
Re = 2pqo,/p—Reynolds number
t = time, sec
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T, T, = gas and particle temperatures, respectively, °K

u,u, = axial component of gas and particle velocities, respectively,
m/sec

u, 1, = vector representation of gas and particle velocities, respectively

U, = speed of body through gas, m/sec

v,v, = radial component of gas and particle velocities, respectively,

m/sec
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shock wave velocity in approximate model, m/sec
particle speed after traversing outer zone in approximate
model, m/sec
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X = axial coordinate, m

y = ¢,/c,—ratio of specific heats of gas (=1.4 for air)

2 = L//—thickness ratio of body

0 = spherical polar coordinate (longitudinal angle)

6, = cone half-angle

#., = impact angle (angle between tangent to body and particle
trajectory)

8, = tan”!(dr,/dx,) at point of impact

A = self-similar flow independent variable

A, = Aevaluated on body

U = viscosity coefficient, kg/(m sec)
1= o (T/To)*'*(Ty + 110)(T+ 110)™
(T, = 2932, 4o = 17.96 x 1079)
p.p, = gas density and [reestream gas density, respectively, kg/m>

p, = particle material density, kg/m?

¢, = radius of spherical particle, m

T = particle relaxation time [definition following Eq. (9)]
Subscripts

b = body

p = dust particle

pb = body at location of particle impact

s = shock wave

ow = freestream

0 = reference condition

1. Introduction

HE flow of gas containing small solid or liquid particles
around a body is of considerable interest in various technical
applications. In such two-phase flows the gas phase flowfield will
in general differ from the corresponding field in pure gas because
energy and momentum are withdrawn from the gas phase. (In
general, it is assumed that the particle also can contribute to the
momentum.) Since the exchange processes require a certain time
for completion, relaxation effects occur. On the other hand, the
solid particle trajectories are of course also different in the flow-
field environment than, say, in vacuum or in a uniform stream.
The number of particles actually hitting the body and their size
and physical parameters are important if one wishes to estimate
the erosion damage to a vehicle or if one wishes to know the
distribution of particles collected by a vehicle flying through dust
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clouds. If the mass ratio of the particulate phase to the gas phase
is small enough, then the coupling from the solid phase to the
gaseous phase may be neglected, i.c., the particle phase does not
affect the gas phase. Particle interaction also can be neglected if
the volume ratio is low enough, this however being a more
restrictive assumption. The problem then reduces to computation
of the particle trajectories in a given flowfield.

The flowfields considered here are hypersonic slender body
flowfields; more specifically hypersonic fields around power law
bodies. Using the equivalence principle one may formulate the
hypersonic steady flow problems in terms of known solutions to
unsteady one dimensional problems. As is well known, the
applicability of these solutions (except for the cone) requires the
freestream pressure to be very small or the freestream Mach
number be very large. The basic assumptions then for the flow-
field are 6,<1; M_ > 1. For the cone neither of these
assumptions is necessary for self-similar flow and the cone will
serve as test case to evaluate the effect that the hypersonic
small disturbance assumptions have on the collection efficiency.

Recently, two publications appeared which have similar
objectives. Probstein and Fassio' compute the collection
efficiency for hypersonic constant density flows around wedges,
cones and spheres under the assumption that the particle Mach
number is very small. The standard drag curve is used and, to
provide convenient expressions for integration of particle equa-
tions, is divided in three regions: 1) low Reynolds number region
where Stokes’ law is applicable 2) an intermediate region and
3) a high Reynolds number region where the drag coefficient
is independent of Reynolds number, ic., where the drag is con-
sidered purely inertial. It is further assumed that the particle
during the whole trajectory stays within one of the three regions.
The computations are done for slender wedges and cones 6, < 1,
ie., for conditions where the hypersonic small disturbance theory
is also applicable. The results of Ref. 1 can therefore be com-
pared with our computations. In particular, the unrealistic
assumption of incompressible drag curve can be evaluated and
also the effect of assuming only one drag law for the whole
trajectory.

Wiist in Ref. 2 has computed the collection efficiency for con-
tinuum and free molecular flow for wedges and for plates, the
latter aligned normal to the flow. Again, for the continuum flow
the particle is assumed to obey one drag law only during the
whole trajectory; explicit expressions are found for the linear drag
law (Stokes’ law) and the quadratic drag law (inertial law) for the
limiting case that the particle Mach number is very small.
Numerical results are given for the efficiency in the free molecular
flow regime. Wiist’s data cannot be compared with the present
data which applies only to axisymmetric bodies. However since
no hypersonic nor slender body approximation is actually made
in Ref. 2, the data can be used to evaluate the approximation
of Ref. 1.

II. Drag Law

The drag coefficient or “drag curve” used in the present com-
putations is the drag curve applicable to a perfectly smooth
sphere in a uniform steady flow of a perfect gas. Thus, effects
on the drag resulting from the velocity and pressure gradient and
temperature gradient in the actual shock layer are neglected.
Compared to the inertia term in the equation of motion, these
terms are small of order p/p, for the velocity and temperature
effects’! and, in the case considered here, also for the pressure
gradient term, consistent with the assumption made already that
the flow is unaffected by the presence of the solid particle; then
the pressure gradient term dp/0x may be replaced by p Du/Dt.

Taking into account effects of inertia, viscosity, compressibility
and heat conduction, dimensional analysis® shows that the drag
coefficient may be expressed as

Cp=fun(Re, M, Pr,T /T, C/T,,7)
The ratio of specific heats c,fc, =7 and the Prandtl number

Pr = pc_/# depend on the structure of the gas and are usually
not explicitly listed since most experiments are conducted using
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air. The parameter C/T, enters through the specific assumption
of Sutherland’s formula for variation of viscosity and coefficient
of heat conduction with temperature. This parameter is absent if
the viscosity is assumed to be proportional to the temperature.
The parameter T,/T, is also due to effects of heat transfer.
Experiments show that the effect of heat transfer on the drag
coefficient is quite small except in the free molecular and the slip
flow regime. In the continuum flow regime the drag coefficient is
only a function of Reynolds number and Mach number under
the assumption made above and under the restriction that the
flow media have the same values of y and Pr. For incompressible
flow M — 0, C,, depends only on the Reynolds number, and the
relation C, = fn(Re) is referred to as the standard drag curve
and used often in two phase flow computation even under
circumstances where compressibility effects must be expected.
The analytical prediction of the drag coefficient has been only
possible in the case of free molecular flow and in the continuum
flow regime under conditions where theinertiaand compressibility
effects are small. Basically the flow in the wake of a sphere is
unsteady and this is a serious hindrance in the analysis. Numerical
integration of the Navier-Stokes equations even in the compres-
sible case has become possible but is restricted to rather low
Reynolds number and steady wake flow situations. The numerical
computations still present many serious problems, and one
should not expect reliable drag information over a wide
Reynolds number range in the near future. Practically all of
today’s information on the drag curve is thus empirical with the
incompressible case the most thoroughly investigated.

Various empirical relations have been formulated to represent
the drag coefficient C, as functions of Mach number and
Reynolds number. One of the better known formulations is due
to Carlson and Hoglund.* Crowe® has devised another expres-
sion which removes some objections against Carlson’s formula-
tions. Crowe’s expression gives approximately the correct limiting
behavior as the molecular flow regime is approached, where it
also accounts for heat-transfer effect. The expression is formu-
lated to give the experimental value of C;yat M =2 and M =0
for Reynoldsnumber < 5 x 10%. The largest possible particle Mach
number in our case is equal to the Mach number formed with
the disturbance velocity right behind the shock. This Mach
number cannot be larger than 1.89 (y = 1.4); thus it would
appear that Crowe’s formulation is best suited for our computa-
tions. Recent measurement by Zarin® show that Crowe’s empirical
relation predicts the drag coefficient very well in the subsonic slip
flow regime. For supersonic flow Crowe showed that his formula
evaluated for M = 3 predicts the drag coefficient well up to a
Reynolds number of 10°. The relation is of the form

Cp=/fn(M,Re, T,/T;)
and explicitly given by
Cp = (Cpine—2)exp [~ (3.07y"2(M/Re) , (Re)] +
(#/y'*M)exp(— Re/2M)+2 8y
log,or = 1.25[1+tanh (0.77log,, Re—1.92)]
4 =23+17(T,/T)"2 =23 tanh(1.17 log;, M)

For M — 0 the standard drag curve C, = C,,,. is produced.
Under the assumptions made the motion of the spherical
particle is described by

dui fdt = 3/8(p/p ) (Cp/o ) [i— 1| (1—1,) @

In order to evaluate C;, according to (1) in the low Re regime

the particle temperature must be known. The temperature
relaxation is described by the energy equation of the particle

dT,/dt = (3hfp, co,) (T—T,) @)

where the heat-transfer coefficient is expressed in terms of the

Nusselt number
Nu = 2ho /4 4
Kavanau’ has related the Nusselt number in the slip flow regime

to the value the Nusselt number would have if there was no
temperature jump by the relation
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Nu = Nu®/{1+3.42[M/(Pr Re)]Nu'®} (4a)

Here Nu'” is the Nusselt number without temperature jump.
Carlson and Hoglund have chosen for Nu® the empirical
expression for incompressible steady continuum flow

Nu, = 2+0.459 Re®55 033 5)

With this choice Nu tends to Nu_for large Re and, for Pr=1,
Nu approaches the free molecular flow values predicted by Sauer.
Crowe’s expression for the drag, together with the above expres-
sion for the heat transfer coefficient, is used as basis for our
trajectory computation. The relation has been used for Reynolds
number <10% but in the vast majority of computed cases the
particle Reynolds number is well below 103, It is well to keep in
mind that these expressions are empirical and are extrapolated

here in Mach number and Reynolds number regions where little

or no experimental data exist.

TII. Cone

The supersonic flowfield around a cone is self-similar without
the restriction resulting from the hypersonic small disturbance
assumption. The equations describing the flowfield may be found
in standard textbooks on gas dynamics.® In the numerical
integration it is convenient to treat the inverse problem, ie., to
compute, for a given conical shock front, the flow until the
body is reached. If U, V, W are the velocity components in a
spherical polar coordinate system R, 6, ¢ then the body is
reached when V= 0. It is therefore convenient to consider Vas an
independent variable. Taking the cylindrical symmetry and the
self-similar property into account the equations describing the
inviscid perfect gas flow around a cone are given by

do/dV= —[U+(U+Veot )1 —V*/a¥)]™Y; dU/dV = V(d8/dV)
dp/dV = —pV[1+U(d0/dV)]; dT/dV= (R, T/pc,)dp/dV;

P=pR, T (©)

The particle path is referred to a cylindrical coordinate

system r, x with the velocity components v, u (see Fig. 1). The

equations of motion in the r and x direction for the particle are
respectively

dv,/dV = [(v—v )yt~ *](dO/dV)(d6/dr)*

du,/dV= [(u~u,)yc™'](d6/dV)(db/dr)"*
Here d0/dt is taken along the solid particle path and given by
dojdt = x,” ! cos? 0 (v,— u, tan 6) 8)

The velocity components in the cylindrical coordinate system are
related to U, V by

™
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u= U2+ V22 cos(0+tan~ ' V/U)
v=(U2+VH 2sin(f+tan" ' V/U)
The relaxation time t is
1= [3Cplp/p,) /o )]
where g = [(u—u,)*+(v—1v,)*]"/? is the magnitude of the relative

velocity between gas phase and the solid particle. The particle
trajectory is found from

dx,/dV = u,(d6/dV)(d6/dr)*
dr,JdV = v, (d6/dV)(d6/ds) *

The collection efficiency (the ratio of number of particles hitting
the body to the number that would hit the body if undeflected)
is then given by

©)

(10)

E= (rps/rpb)z (1 1)

IV. Power Law Bodies

Among the class of one-dimensional unsteady, self-similar
flows are the motions produced by a cylindrically expanding
piston where the piston velocity is proportional to some power of
time. Similarity solutions exist when 1) the initial pressure is zero
or 2) the piston velocity is constant. According to Hayes’ equi-
valence principle the solution to these unsteady one dimensional
problems can beimmediately adapted to axisymmetric hypersonic
flow over slender bodies, and represent bodies with power law
shapes (r, ~ x*) in hypersonic flow. The case k = 1 represents the
flow over a cone and does not require p,, = 0. In order to have
non-negative slopes on the body, the exponent is restricted by
3 < k.Fork > 1thebodies are cusped and concave. Thus practical
hypersonic shapes are obtained for < k < 1.

The ordinary differential equations describing the self-similar
flow and the boundary conditions appropriate to self-similarity
have been formulated by a number of authors. We will use the
equations and boundary conditions in the form and notation
given in Hayes and Probstein®; their representation is essentially
the same as that of Sedov.® Reference 9 may also be consulted
for an account of the historical development of the subject.

The independent similarity variable of Ref. 9 is defined by the
relation

A= Brt’*
and the dependent variables by
V=vr"lt; R=pp,"t; P=plp,r’t !

If these definitions are substituted into the equations of motion
of one-dimensional unsteady compressible flow, there results
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three coupled ordinary equations for P, R,
Ref. 9:
A[(V—k)@dV /d)+ R~ YdP/dA)] = —V(V—1)—2PR™!
A[(dV/d/l)—i—(V— 1(dR/d/1] =2V
A(V—k)[P™HdP/dA)—yR™YdR/d})] = —2(V=1)
This set of equations, as shown by Sedov,® may be reduced to

one ordinary differential equatlon [(2.6.7) of Ref. 9] for z as a
function of ¥, where z = yPR™ 1.

For the numerical integration the above equations are solved
for the derivatives dV /d4, dR/dA, dP/d), and then integrated by
the Kutta-Merson algorithm, using the variables right behind the
shock [Eq. (2.6.12) of Ref. 9] as initial conditions

, Vo=2k/o+1), Ry=Q@+D/y=1), P,=2k*/y+1)
Since the body is a singular point of the system of equations,

an approximate solution near V= k is patched to the numerical
solution and given by

A=c (V=612 (6= [1-Kk1/)
P=c,; R=cy(V—kp-d
The ‘constants ¢;, i=1,2,3, are determined from the last

numerically obtained point.
The equations of the dust particle in the transverse plane are

dv,jd = (v—v,y " di/dA (12a)

V, viz. Egs. (2.6.5) o

and
dr,/d} = v,dt/d). (12b)
where dt/dJ is taken along the particle path
dtfdd = i~ [(v,/r)— (/D] ™! (13)

In the axial direction the disturbance velocity is small of second
order in ¢ so that the particle position in x is

x, = U, t+const

The constant is the value of the abscissa at which the particle
enters the shock. The collection efficiency is again given by
Eq. (11). The collection efficiency can thus be completely deter-
mined in the unsteady equivalent problem of an expanding
cylinder. In this picture the collection efficiency is the ratio of
particles caught by the expanding cylinder to the number of
particles the cylinder would encounter if there were no distur-
bance produced in the medium ahead of the cylinder.

V. An Approximate Model

The exact solutions of the one-dimensional motions produced
by point explosions or expanding pistons show that the pheno-
mena of interest occur in a thin layer near the shock (or body
for k > 1). This fact has prompted the use of integral methods,
especially by Chernyi,'® in analogy with the use of integral
methods in boundary-layer theory. The integral methods have
been applied to the unsteady or hypersonic problems (via the
equivalence principle) in various degrees of sophistication. A
review of these methods may be found in Ref. 9.

Basic to the integral method is of course the assumption on
the distribution of flow variables across the layer, the simplest
assumption being that the variables are constant. For the purpose
of obtaining a simple model for the dependence of the collection
efficiency on the relevant parameters one divides the shock layer
in two regions: 1) a region immediately behind the shock, of
thickness A, which contains almost all the mass between shock
and body; and 2) a layer between the body and the previous
layer which contains just enough mass to allow a finite pressure,
so that the kinetic energy is negligible in this region but not
the internal energy.

From conservation of mass, momentum, and energy in integral
form, and with the assumption of constant velocity equal to
velocity right behind the shock, (or to the same approximation
equal to the shock velocity itself), one obtains for a piston
expanding according to the power law the following relation for
the pressure:

p=op,  (ax=[3k~1]/2k) (14)
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and for the ratio of shock to body radius

r/r)? = (p+ 1) Gk— 1) [(y+ Dk—1]/2k—1) YISy +Dk—(y+1)]

(15)
This result is given by Chernyi'® as an example of the applica-
tion of integral methods. Though the division of the shock layer
into two zones is not necessary for this result, this concept
leads to a simple expression for collection efficiency.

In the limit the thickness of the layer A — 0 and the particle
Reynolds number — oo, so that the drag in the outer zone is
purely inertial (C;, = const). After the particle leaves this layer,
the drag may be either completely neglected or may be based
on the low Reynolds number law.

For the equation of motion in the high-density layer one has

dvyfdt = 3(Cp/a,) (p/p,) [v(O)— v, (16)
where v(t) = [2/(y+ 1)]v,(¢). This equation can be reduced to a
Riccati equation for v, ~ #*~ ' and integrated to give v,,(t) in terms
of Bessel functions of order k™! . However, a much smpler result
is obtained if v (¢) during the very short transit time across the
layer is considered constant. Then (16) may be written

8¢ P % B ro+A
plp v—0) *dv, = dr 17
GC,) L v,(v—v,) *dv, J P (17

The right-hand side is equal to pA and, using conservation of
mass, may be replaced by (3) (o, ). Integrating the expression on
the left side and rearranging leads to

(@, */0) [1—(v,*/v)] " +log,[1-(v
where

ol = EVg™ (18)

g=1212p,0,/Lp,)

with Cp, = 0.44 and E = (r,/r,,)’, since r, is obviously equal to
T per theE radlus at which the shock reaches the particle; r, is the
radius at which the piston reaches the particle and corresponds
to the base radius L of the body in the hypersonic equivalence.
For negligible drag in the inner layer r,, follows from

L S L) (19)
where ¢, and t,, are the times at which the piston and shock

wave, respectlvely, reach the particle. Since r, = ¢, t* say, and
ry = ¢, &, it follows that

17k 1/k
E—1/2=@=1+£\ ZLb — b (20)
rps rps cb Cs

This equation may be rearranged to give
,y+ 1 (1 ___EI/Z)E(I —k)/(2k)
2% [le/e)  —ET0]

where ¢ /c, = r /r, is given by Eq. (15). Equation (21) and Eq. (18)
give an implicit relation of the form E = fu(g); hence, according
to the simplified model, the collection efficiency depends only
on the dimensionless group (p,/p,,)(0,/L). Such a relation holds
exactly also for power law bodies with constant drag coefficient.

The drag in the inner layer, assuming a Stokes drag law, can
conveniently be accounted for only in the case of the cone, ie.,
k = 1. Even then the viscosity can be fixed only by an ad hoc
assumption. It may be shown that for the cone in order to
account for the drag in the inner layer Eq. (21) should be
replaced by

Re+D7 /)]

£
%o _ (21)
v

p/0) = 1=E2f[1=(n/r)]"
[1—exp{~f+fE'*(r,/r 3] (22)
This equation follows from the integration of the particle equa-
tion of motion in the inner layer after some manipulation in
complete analogy to Egs. (19, 20, and 21). Here a new dimension-
less group
f=OuLp,0,2U . )

appears which accounts for the viscous drag. It will be shown
later that f (with u evaluated behind the shock at the point at
which the particle enters the shock) and g correlate all of the
numerical data quite well.

The approximate model can also be employed to determine
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Fig.2 Collection efficiency for conical body—comparison of hypersonic
small disturbance theory results with exact conical flow results,

the dependence of the angle of impact 6, on the problem
parameters and the body radius at the location of impact.
Accordingly, where 0, is the slope angle of the body at the
impact point, )

6,./0,=1—[tan™! (v,*/U,)tan"" (dr/dx),, |

By Eqgs. (18, 21, and 22) this expression simplifies for small
values of body slope to

0,,/(05) = fn(g,.1,) 23)
The index b indicates that L in the dimensionless groups f and
g has been replaced by the body radius at the impact point. This
relation also correlates very well all the numerical data.

V1. Discussion of Results

Figure 1 shows the collection efficiency for a conical body,
based on the exact conical flowfield, as a function of ¢g and f
The solid points give the efficiency for the general drag law
Cp=/m(R,M, T/T), the open symbols the efficiency for the
standard drag law. The differences in E for larger values of f
are very pronounced where the curves for C,, = fn(Re) tend to

limiting values different from 1 as g — co. The limiting value for -

g — oo is recovered in the simple mode] discussed in Sec. V and is
indicated on the graph. Despite the large effect the particle Mach
number has on'these results (as the comparison of solid and open
symbols show) the data are well correlated by the two groups g
and f, although neither contains the Mach number explicitly. For
the hypersonic flows considered in these computations, the Mach
number behind the shock and, in fact, in the shock layer is the

.o [ X 4 =]
o CONE & a 0
AR, 7=14 Mg=25, 8, =15°
.8 4 b }REG‘I
—— PROBSTEIN 8 FASSIO T Me30,6,-8°
kds
® My=30, p°.0129
6 R 9b=|0°
® M,=30,p,°.0258
E 5F REG. 2
. P M40, p=.0500.
a Mm=35,9b=8'
3
. O Mg25,8,=15°» REG.3
| O Mg=30,8p=10°
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o nﬂnl ) L1 sl Lo vl
.01 10 . 1.0 i0
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Fig. 3 Collection efficiency for conical body;comparison of Ref. 1
results with exact conical flow computations using standard drag law.
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Fig. 4 Collection efficiency for power law bodies—C,, = 0.44, hyper-

sonic small disturbance theory.

same for all cases so that the particles experience a similar
“Mach number history.”

For supersonic Mach number the correlation is expected to fail,
and this is indicated by points shown on the graph which are
computed for a free stream Mach number of 4 and different
cone angles. The effect on the drag of heat transfer to the
particle becomes important only in the near free molecular
flow, and for the cases considered is apparently not important
enough to affect the cortelation.

Figure 2 compares the collection efficiency computed on the
basis of the hypersonic small disturbance theory with collection
efficiency based on the exact conical flowfield computation. For
f=0and for the large Mach numbers the difference between the
two curves is very small, expectedly so; however for larger
viscous effects, the difference is larger, as the two curves
computed for /= 10 indicate.

In Fig. 3 the efficiency is plotted versus f,, which is the para-
meter chosen by Probstein and Fassio.! As mentioned earlier,
these authors assume that the particle during the whole trajectory
stays within one of the three regimes into which the standard
drag curve ‘was divided. The index i denotes the regime used in
their computations; and f; changes with'i, so that the abscissa is
different for different regimes. Computatlons were based on exact
conical flow, using the fit of Ref. 7 to the standard drag curve;
however, the appropriate drag region was used according to the

" actual particle Reynolds number. The parameter used in plotting
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Fig. 5 Collection efficiency for power law bodies—C,, = 0.44,
approximate model.
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the results in this figure is the parameter corresponding to the
drag regime in which the particle finds itself right behind the
shock.

The results of Ref. 1 are in good agreement with the exact
computation; this agreement lends support to the use of only one
regime in the entire particle trajectory computation. This, in
effect, amounts to extrapolating the chosen drag regime beyond
its range of applicability. However, a comparison of the three
regime fit to the standard drag curve (Fig. 1 of Ref. 1) shows
that such an extrapolation, even over considerable Re range, will
not substantially affect the drag coefficient.

Figure 4 shows the collection efficiency based on the similarity
solution for power law bodies for f= 0. The efficiency is seen to
be a function only of g, and specifically independent of U _ and the
thickness ratio ¢. For f=0 this is to be expected since the
collection efficiency is completely determined by the behavior of
the variables in the equivalent unsteady problem and the velocity
and length scales enter the hypersonic steady flow problem then
only through the transformation r = xU_~'. The graph clearly
shows the significant reduction in the collection efficiency that is
due to blunting. For k < 1 there is a value of g below which the
number of particles hitting the body will not increase even if the
body base diameter is increased. In the unsteady picture this
corresponds to the case where the dust particles have been
accelerated to a velocity large enough that the piston in the later
(slower) stages of its motion ¢annot catch up with them. In the
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Fig. 6 Collection efficiency for power law
bodies—k = 0.8, general drag law, hyper-
sonic small disturbance theory.
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equivalent steady picture this corresponds to the case where the
particles have been deviated by the blunt nose so that the slope
of their trajectory is larger than the body slope. Beyond the
limiting ¢ value the efficiency E is proportional to g* and the
function E = E;, g, *g* is shown in the graph. This limiting
point can only be found approximately in the numerical com-
putation. However this behavior is shown by the approximate
model also, where the limiting point can be found analytlcally
The collection efficiency for the approximate model is shown in
Fig. 5; and it is seen that this model predicts the qualitative
behavior of E quite well, though it is not usable for quantitative
predictions. ‘

Figure 6 shows the collection efficiency for the general drag law
for k = 0.8 and various values of f (with u evaluated on the
trajectory right behind the shock). The correlation of the data
in terms of f and ¢ is quite good, again for the same reason as
for the cone. Behind the shock -the particle Mach number is
equal to the Mach number of the disturbance velocity, which is
the same for all cases. Nevertheless compressibility effects are
large, as the inspection of the curves based on the standard drag
law shows. Figure 7 shows the efficiency for the general drag
law for k = 0.9, and it seems that the correlation with ¢g and f is
similarly good. A careful comparison of Figs. 6 and 7 shows that
the beneficial effect of blunting noticed from Fig. 4 is enhanced
when a realistic drag law is used. ‘ ‘

Since f'is an implicit function of E through the value of the

PARAMETERS
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Fig. 7 Collection efficiency for power law
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Fig. 8 Impact angle of particle on conical body—correlation of data
with g, and f,.

viscosity behind the shock at r, it is necessary to use a successive
approximation procedure to determine E for a given body, using
Fig. 6 (or 7). For example one may use an approximate value for
f, then determine an approximate E, and thus, . and a new
approximation for f.

The results of the computation for power law bodies are of
course afflicted by the. local failure of the equivalence principle
near the nose. This failure manifests itself in the “entropy layer”
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Fig. 9 Impact angle of particle on power law body, k = 0.8—
correlation of data with g, and f,.
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of Ref. 9. For k > 0.65 for our case the effect of the entropy layer
on the flowfield is negligible according to a criterion by Sychev.®
In any case the effect-on the collection efficiency is expected to be
even smaller than on the flowfield itself. However the impact
distribution will be incorrectly predicted near the nose where the
predicted local efficiency is near unity. But a prediction of the
local efficiency near the nose can be made by using the method
of Ref. 1 for the stagnation region.}

Figure 8 shows the impact angle for the cone as a function of
g, and f,. In the use of this graph to obtain, say, the impact angle
distribution as a function of body radius, it must be remembered
that to each body radius there corresponds a different value of f;.

Figure 9 shows the impact angle for the power law body with
k = 0.8. In this case f, depends, through p, also on the radius of
the shock at which the particle enters the shock. Thus, to deter-
mine the impact angle along a given body from this graph an
iterative procedure should be used similar to the one outlined
above for the determination of the efficiency.

The impact velocity is for all computed cases, of course, equal
to the freestream velocity within the approximation made.
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