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Fig.3 Experiments of leading edge.

The radius of the blunted nose was less than about 0.05 cm
in diameter, that is, Reynolds number was about 105. The
measurements were carried out at the position of 120 mm
from the nose, as shown in Fig. 1. According to Chernyi,? a
flow pattern around a slightly blunted cone becomes almost
the same as a pointed cone, in the case that bluntness factor
V2/Cp-x/d-tan?p is larger than about 1.5, where Cp, x, d,
and 8 are the drag coefficient, distance from the nose, radius
of the blunted nose, and semiapex angle of the nose,
respectively. If the theory can be applied to our case, the flow
pattern in this experiment may be considered to be a conical
flow since the bluntness factor is about 70.

Figure 2 showed the experimental results for the angles of
attack o« =0, 10, 20, and 30 deg. Double shock patterns, which
consisted of a wing shock and a body shock, occurred in cases
of =0 and 10 deg. On the other hand, single shock patterns,
compounded by a wing shock and a body shock, appeared in
cases of =20 and 30 deg. The results of the double shock
patterns agreed well with those obtained by the vapor screen
method. 8

More precise experiments near the wing leading edge were
carried out in cases of « =21, 22, and 23 deg, and the results
were shown in Fig. 3. At a=21 deg, the shock wave was
attached at the leading edge, while it was detached from the
leading edge at o =22 and 23 deg. This agreed approximately
with the result of Ref. 9.

At =0 or 10 deg, it was impossible to observe the corner
shock wave by an optical system, since light paths were
prevented from passing through by the wing or the body. The
electric discharge method is superior to any optical method in
this respect.
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Introduction

HE analysis of the hypersonic interaction problem

without slip and temperature-jump conditions on a flat
plate by utilizing the boundary-layer equations is well
documented.!? For the interaction problem with slipand
temperature-jump effects, Ref. 3 has provided a solution
which is an expansion in terms of the slip parameter about the
no-slip strong interaction solution. Analysis of Ref. 3,
however, would be more appropriate for the cold wall case
where the slip and temperature-jump effects are much
smaller. The momentum integral-equation formulation of
Ref. 4 suffers from the fact that the use of a linear velocity
profile does not allow a complete accounting of the viscous

‘effects in the momentum equation. Further, in this approach

the integraton is started right from x=0, thus covering the
noncontinuum flow and continuum-merged flow regimes
where the boundary layer equations cannot, strictly speaking,
be used. In the present analysis, a finite-difference solution to
the strong interaction problem with slip and temperature-
jump effects is given by utilizing the boundary layer
equations.

Flow Equations and Discussion of Results

Under the assumption of a linear viscosity relation of the
form p=CT, the transformed boundary-layer momentum
and energy equations may be written in terms of the
dimensionless stream function f and the dimensionless total
enthalpy H as?
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In order to bring out the character of strong interaction
solutions as distinct from weak interactions, pressure has been
retained as a coefficient of higher order terms in Egs. (1) and
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(2). The normalized value p of the pressure has been obtained
from the tangent-wedge equation:!:2
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where M, is the freestream Mach number, 6* is the boundary
layer displacement thickness and x‘is the hypersonic in-
teraction parameter.

The boundary conditions associated with the problem are:
without slip at wall (i.e., at n=0), f=af/dn=08H/dn=0, or
H=H,=const.; and with slipatn=0+, df/dn=€ed2f/d7?
f=0H/dn=00r H=H,+ (B/A)e(3H/dn) +terms of order
€. Here =07 denotes the bottom of the continuum gas layer
next to the wall and ¢ is the slip parameter defined as:?
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Fig. 1la Variation of surface pressure with interaction parameter for
an insulated surface.
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Fig. 1b Pressure distribution on a sharp flat plate as a function of
rarefaction parameter (cooled surface).
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where the constants A and B are obtained from kinetic flow
considerations. At the edge of the boundary layer (i.e., at
n—o), df/dn=H =1, where terms of order M_? have been
neglected.

For the no-slip case, the finite-difference solution is started
at some initial line x=x, by utilizing the series solution of
Ref. 4. Here x, corresponds to x~ 0 (100). The interaction
between the boundary layer and the external flow field has
been analyzed by a two-step iteration cycle: In the first step,
Eqgs. (1) and (2) are solved for any given p(x) distribution in
the region x,<x=<1, 0<n<qy; subject to the initial and
boundary conditions; next, a new p(x) distribution is ob-
tained from the solutions f(x,n) and H(x,y) provided by the
first step. These two steps are repeated until p(x) converges
within a specified tolerance. The numerical solution to Eqs.
(1) and (2) has been obtained by the ‘‘difference-differential’’
technique developed by Clutter and Smith® by incorporating
the appropriate changes. Since these equations are iterated
with the full tangent-wedge inviscid approximation, one is
able to integrate them continuously from the strong in-
teraction zone to the weak interaction region.

For the slip case, the two-step iteration cycle is started by
using the results of the no-slip series solution to determine the
initial x-wise gradients of the variables by taking forward
finite differences along the entire length of the plate. In the
second step the new p(x) is calculated by utilizing the
solutions of the first step, and also the new x-wise gradients of
the flow variables (with the inclusion of slip effects) are
estimated by the forward difference formulation. These new
computed gradients at each station (including the initial one)
are successively updated towards the final slip values. The
above two-step cycle is continued until |(p*+! —p?) /p'i <¢,
where ¢; is a small number of the order of 10-3 and i is the
iteration cycle number.

Figure 1 compares the present induced pressure results for
an insulated and cooled surface with the available ex-
perimental data. For the insulated case given in Fig. 1a, there
is a good agreement with Bertram’s data'-® downstream along
the plate. However, the agreement with the experimental data
of Moulic-and Maslach” and Chuan and Waiter8 is somewhat
poor. The theoretical estimates of Aroesty? and Kumar and
Jain* are somewhat higher in the upstream region (where the
slip effects are maximum) as compared to the present com-
putations. For the cooled surface, the present predictions fall
within range of the experimental scatter®!0 and quite good
agreement is noted with the data of Ref. 11 for T,,/T,=0.15
as shown in Fig. 1b. The beginning of a pressure plateau is
also noticeable in this figure. The present results, computed
by using the boundary layer equations, should not be taken
seriously beyond a value of the rarefaction parameter V,,
approximately equal to 0.3. Figure 1b also contains the strong
interaction theory results of Cheng et al.!?

Figures 2 and 3 give the variations of skin friction coef-
ficient Cf and Stanton number St for a cooled surface. For the
strong interaction flow without slip, Cf—M C /2x3/2 has a
constant value,*!3 as shown in Fig. 2. The i 1ncrease in C, in
the weak interaction limit and decrease in the low density imit
are indicative of the departure from the strong interaction
theory. Data of Vidal and Bartz!* and Wallace and Burke!’
show similar trends though they are lower than the present
results. The computations of Shorenstein and Probstein!3
made for the viscous shock-layer regime show a better
correlation with the experimental data of large ¥, . With the
increase in Reynolds number (or decreasing V) their results
seem to tend towards the present computations. As compared
to the skin friction coefficient, the correlation between the
present predictions of heat transfer at the wall and the

§In Ref. 3, the factor (7r17)V2 appears to have been left out in
deriving the expression for e.
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Fig.2 Variation of skin friction on a sharp flat plate as a function of
rarefaction parameter (cooled surface).
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Fig. 3 Variation of Stanton number on a sharp flat plate as a fune-
tion of rarefaction parameter (cooled surface).

. measurements!* is quite good, as shown in Fig. 3. As before,
Shorenstein and Probstein’s analysis!3 tends towards the
present results in the downstream limit. It may be seen from
Figs. 2 and 3 that as the plate is progressively cooled, both
skin friction and heat transfer decrease because of the lower
viscosity and thermal conductivity values at the cooled sur-
face. :

Finally, the present analysis does give a picture of the
flowfield in the region downstream of the viscous shock layer
that is qualitatively correct (i.e., the tendency of the ex-
perimental data to level off at large values of x is represented)
and numerically accurate within the framework of the
boundary layer theory.
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Introduction

HE study of the fluid dynamics of a particulate
suspension (where the suspended matter may consist of
solid particles, liquid droplets, gas bubbles, etc.) is of interest
in a wide range of areas of scientific and technical im-
portance. The theoretical study of this system of fluids has

been very useful in understanding such phenomena as

sedimentation, fluidization, combustion, atmospheric fallout,
electrostatic precipitation of dust, nuclear reactor cooling,
flows in rocket tubes, lunar ash flows, environmental
pollution, aerosol and paint spraying, aircraft icing, and,
more recently, blood flow. The study of boundary layers of
the flow of particulate suspensions is important in collecting
much useful information, including information concerning
particle accumulation, retardation, and impingement on solid
surfaces. These studies include the work of Marble,! Chiu,?
Singleton,?* So0o0,° and Zung.® Tabakoff and Hamed’
analyzed boundary layers of particulate flow in cascades in
detail using the momentum integral method. They found that
the presence of particles leads to an increase in the gas
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