
94 AIAA JOURNAL VOL. 14, NO. 1

Table 2 Critical pressures for cylinder for different boundary
conditions

Type of boundary
condition

Critical pressure

Eq. (5a)

Eq. (5b)

Eq. (5c)

Eq. (5d)

5
6
5
6
5
6
5
6

0.0371
0.04192
0.03985
0.0464
0.04555
0.04937
0.05203
0.05465

values of Z0, the shell buckles into more number of cir-
cumferential waves, if membrane prebuckling is employed.

Effect of Buckling Boundary Conditions
The possible set of simply-supported boundary conditions

are

(5a)

(5b)
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(5c)

(5d)

For the previously listed boundary conditions, critical loads
of a shell whose thickness variation corresponds to S. No. 1 of
Table 1 are given in Table 2. A shell whose inplane
displacements are restrained completely, buckles at higher
pressures than a shell having zero inplane edge forces. Critical
pressures for the other two boundary conditions fall within
the aforementioned limits.

Conclusions

The numerical results presented here show that shells of
variable thickness having particular thickness variation resists
higher lateral pressures than shells of constant (average)
thickness for an assumed set of boundary conditions. Critical
pressures of short shells, based on consistent prebuckling
analysis, are larger than membrane analysis.
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Debris Shielding in Regions of High
Edge Velocity

David H.'Smith*
Prototype Development Associates,
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Nomenclature
A
B
C
CD
D
e
G
m
m
P(n)
r
s
t
V
P
e

= area, ft2

= rnass loss constant, secVft2

= trajectory constant, I / f t
— drag coefficient
= particle diameter, ft
= base of natural logarithms
= ratio of eroded-to-irnpact mass,
= rnass, Ib
= incident mass flux, Ib/ft2-sec
= probability of/? collisions
= radius, ft
= running length, ft
= tirne, sec
= velocity, ft/sec
= density, lb/ft3

= angle from velocity vector (0slae = 90), degree
Subscripts
b = body
d = debris
e — boundary-layer edge
/ = impact
o = original
p = particle
rel = relative

Introduction

IT has been established,1 that for sufficiently high
particle fluxes, 1) the erosion of the stagnation region of a

blunt body traversing a particle cloud at hypersonic velocity is
a nonlinear function of the particle impacting mass flux, and
2) this nonlinearity can be explained by debris shielding. Some
incoming particles will collide with debris fragments created
by upstream collisions. Due to the large difference in velocity
between the particle and debris fragment, these collisions
reduce the surface impact damage and, in effect, ''shield" the
surface. The majority of the work on debris shielding to date
has been for stagnation regions. This note attempts to extend
debris shielding analysis to regions with super-or hypersonic
edge velocity.

The probability of debris-particle collisions and the
resultant damage are studied for regions of high edge velocity.
It is shown that in such regions debris shielding for typical re-
entry conditions is dominated by debris created only a few in-
ches upstream of any point under analysis.

Analytical Methods
The computer program used for this analysis calculates

ablation, erosion, and shape change for hypersonic vehicles.
Flow parameters are calculated by a strearnwise numerical in-
tegration so that the effects of the bow-shock-generated en-
tropy layer are accounted for by a strearntube mass balance.
In the erosion calculations2 particle trajectories are calculated
from the shock to the body by coupling the effects of
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deceleration, deflection, and mass loss. Two mechanisms are
considered that reduce some of the particle mass into droplets
small enough to follow streamlines and rniss the body: 1) shat-
tering and droplet stripping for liquid drops, and 2) melting
with simultaneous droplet stripping for frozen particles.
Debris shielding based on the mass of debris intercepted by an
incoming particle is determined. To determine this mass for a
particle impacting one segment of the vehicle, it is necessary
to determine the distributions and velocities of the debris
fragments from each upstream segment as they pass over the
impacted segment.

To determine the distributions, it is assumed that each par-
ticle impact produces a hemispherical bubble of debris (Fig.
1), on the surface of which the debris is distributed uniformly
and moves radially at a velocity obtained from conservation
of momentum

v^ = v T/CT n^do pi \ /

It is assumed that this radial velocity is constant and much less
than the gas velocity, and that the bubble radius is always
much less than the local body radius.

To determine the mean velocity of the debris bubble, the
following expressions for the strearnwise position and velocity
of a debris bubble were derived by integrating the equation
for aerodynamic acceleration. In this derivation, it was
assumed that the fragments have constant unity drag coef-
ficients, and that the gaseous boundary layer and interactions
among debris fragments were negligible

s=Vet-to[(Ve-V0)Ct+l)]/C

Vd=Ve-(Ve-V0)/[(Ve-V0)Ct+l]

C=peCDAd/2md = 0.75pe/(DdPd) (2)

These equations are integrated numerically along the body,
assuming a mean strearnwise velocity of zero at the point of
origin. The radius of the debris bubble above the k'h segment
of debris fragments from theyY/z segment is then

(3)

The mass intercepted by an incoming particle that collides
with the bubble is approximated by

mdjk=Gmpij(rpI
2/2rdjk

2) (4)

Assuming that the debris bubbles cover only a fraction of the
surface area of the body at any instant, the probability of en-
countering no debris at all must be determined. The average
obscuration of the klh body segment by debris bubbles from
the/77 segment is

OBSC7A, = (traversal time) (creation rate)

(bubble area/segment area)

(7rrdjk
2/Ak) (5)

This obscuration represents the average number of debris
bubbles from they''7 segment with which a particle impacting
the kth segment collides. Due to the debris noninteraction
assumption, the average total number of debris bubble
collisions experienced by the particle impacting the kth
segment is simply

OBSC, (6)

It can be shown from basic probability theory that the
probabilities of a particle impacting the kth body segment
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Fig. 2 Probability of at least one debris particle collision (1.0
gm/m3).
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Fig. 3 Probability of at least one debris particle collision (0.1
gm/m3).

without colliding with any bubbles from the jth segment or
any bubbles from any segment are, respectively

Collisions with debris are expected to break up
rnechanically-weak particles, such as water droplets and ice
crystals. The resultant smaller fragments would experience
higher aerodynamic deceleration, thus reducing the kinetic
energy transferred to the body at impact. In the following
analysis, this fragmentation is treated as a loss in particle ef-
fective mass and is assumed to be proportional to the kinetic
energy associated with the debris-particle collision

bmpjk=BmdjkVrel
2

(7)

(8)
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Fig. 4 50% length distributions.

(9)

(10)

Neglecting particle cross-section area change and the
probability of colliding with more than one bubble from any
single segment, the average mass of a particle impacting the
kth segment is

( ID

Results

A typical re-entry vehicle and particle environment were
analyzed. Debris fragment diameters from 0.01 to 25 /* and
cloud densities from 0.1 to 1.0 grn/rn3 were studied. Figures 2
and 3 show the probability of a particle encountering debris
fragments from any upstream segment (e.g., unity minus the
probability shown is the probability that a particle would en-
counter no debris fragments).

The results of the particle mass loss calculations for the
previous cases indicate that debris shielding at any point on
the body is dominated by debris generated immediately up-
stream from that point. To provide a more convenient
parameter for studying the upstream extent of the region
providing significant shielding of a point, the "50% length"
is defined as the upstream extent of the segment that produces
50% of the debris shielding of that point. Figure 4 shows the
variation in 50% length along a re-entry vehicle for debris
fragments sizes from 0.01 to 25 microns. Since heatshields are
reinforced typically with filaments that are on the order of 10
IJL in diameter, it would be expected that a large fraction of the
debris would be in that size class. Since Fig. 4 shows that for
fragments larger than 1.0 [i the 50% length never exceeds 4
in., it appears that debris shielding is dominated by slow-
moving debris fragments. This is analogous to the stagnation
region debris shielding and implies that stagnation point
shielding correlations might be applicable to heatshields also.

The previous analysis was repeated assuming that the debris
fragments from each upstream body segment were distributed
uniformly in the debris layer rather than being confined to
discrete bubbles. Interestingly, the 50% length predictions
vary little from those shown above.
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Viscous Flow Around Close-Fitting
Spherical Pistons in Right

Circular Cylinders
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Introduction

HYDRAULIC actuators, pumps and motors, and hy-
drostatic transmissions which are utilized in both air and

ground transportation systems can be reduced in cost by using
a small-clearance spherically ground piston within a right cir-
cular cylinder. The use of this concept eliminates the need for
a wrist-pin and intricate sealing mechanisms resulting in
decreased costs. To obtain maximum efficiency from these
units, it will be necessary to provide a piston-cylinder clear-
ance which will limit the leakage losses past the piston due to
the pressure differential without incurring excessive torque
loss from viscous shear forces and mechanical friction. The
purpose of this Note is to both predict and measure the
leakage flow and frictional characteristics of spherical pistons
in close fitting cylinders as a function of imposed pressure dif-
ference, piston velocity, clearance, eccentricity, and fluid
viscosity.

Experimental Apparatus
The experimental program was carried out in two phases.

The first phase consisted of determining the flow past a close
fitting spherical piston in a cylinder subjected to an imposed
pressure difference. This experiment is similar to Poiseuille1

flow in that both the piston and cylinder were fixed and a
pressure differential applied. The objective of the second ex-
periment was to determine the viscous shear and mechanical
frictional forces encountered when the close-fitting spherical
piston moves at high speeds within the cylinder. This phase is
analogous to Couette1 flow wherein the piston is moved at
constant velocity and no external pressure differential is im-
posed.

In an actual application both of the previous processes oc-
cur simultaneously. The two conditions are dealt with
separately in the experimental program in order to simplify
the apparatus. The two effects are combined theoretically
using a mathematical model developed in this Note.

A test apparatus was fabricated to measure oil leakage past
the piston as shown in Fig. 1. Test cylinders and test pistons of
different diameters were manufactured to cover the clearance
range of interest. The cylinder nominal diameter was 2.00 in
(5.08 cm) with clearance values, i.e., Ar/r / , of O.SSxlO'4 ,
1.40X10'4, 1.85X10'4, 2.40xlO'4, and 3.40 xlO'4, where ri
is the cylinder inner radius and Ar is the piston-cylinder
clearance.

The spherical piston was installed on a tie-rod in the test fix-
ture to permit adjustment of the piston within the cylinder. A
pump in conjunction with an accumulator was used to supply
hydraulic fluid to the test apparatus. The hydraulic fluid was
filtered prior to entering the test apparatus to prevent foreign
material from being trapped in the piston-cylinder annulus
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