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A model is developed to predict the effect of a perforating orbital debris particle impact on the pressure and
temperature within a pressurized habitable spacecraft module. The model is developed such that it sequentially
characterizes the phenomena comprising the impact event, beginning with the initial impact on the outer module
wall. The model then considers the creation and motion of a debris cloud within the module wall system and
the impact of the debris cloud on the inner module wall. The final phase of the model is concerned with the
creation and motion of the debris cloud that enters the module interior and its effect within the module on module
pressure and temperature levels. This characterization is accomplished through the application of elementary
shock physics theory and fundamental thermodynamic principles. The predictions of the analytical model are
compared with experimental pressure and temperature data from a series of instrumented high-speed impact
tests. Several modifications are made to the basic model to bring its predictions closer in line with the experimental
results. Following the adjustment of several empirical constants, the predictions of the modified internal effects

model are shown to be in close agreement with the experimental results.

Nomenclature

A, = presented area of internal debris cloud, 7 R3_, cm?

Cp = internal debris cloud drag force coefficient

Coa = ambient specific heat of module air, 0.24 cal/g°C

C,C, = proportionality constants

Cou = ambient speed of sound in module air, 0.33 km/s

D, = outer bumper hole diameter, cm

D, = presented diameter of internal debris cloud, cm

D,, D, = proportionality constants

dy, = inner bumper hole diameter, cm

d, = projectile diameter, cm

E = total internal debris cloud kinetic energy; sum of
axial and expansion energies, J

Eimpact = projectile impact energy, m ,v3 /2, J

ngf;{‘ = bumper material residual energy per unit mass

_ following shock heating and release, J/kg
Eqs = internal debris cloud axial kinetic energy, J
Sebeld = primary debris cloud axial kinetic energy, J

ENS® = primary debris cloud expansion kinetic energy, J

EP = primary debris cloud axial kinetic energy lost due to
a portion of the primary debris cloud particles being
trapped by the inner bumper, J

EPP = primary debris cloud expansion kinetic energy lost
due to a portion of the primary debris particles being
trapped by the inner bumper, J

E;‘r’fj”‘ = projectile material residual energy per unit mass
following shock heating and release, J/kg

E, = ambient module air energy, C,, 7o, J

Fp = drag force on internal debris cloud due to module
air, N

H = distance away from pressure wall at which shock

wave attenuation begins, cm
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= slope of shock wave velocity-particle velocity line
for air, 1.07

= internal debris cloud Mach number, u,,. /cq,

= positive rational numbers

= bumper hole-out mass, 7 p,t, D3 /4, g

= inner bumper hole-out mass, 7 Awd? /4, g

= projectile mass, rr,o,,d;/G, g

= secondary debris cloud total mass, g

= pressure at a distance  away from internal shock
wave, atm

= nondimensional pressure as a function of R’

maximum value of nondimensional pressure

ambient module air pressure, 1 atm

= nondimensional distance away from internal shock
wave front

= internal debris cloud radius at onset of attenuation,
cm

= ambient module air temperature, 297 K

= bumper thickness, cm

= pressure wall thickness,cm

= internal debris cloud expansion velocity, km/s

= internal debris cloud axial velocity, km/s

= speed of shock wave in module air, km/s

= generic debris cloud motion velocity, km/s

= primary debris cloud expansion velocity, km/s

= secondary debris cloud average expansion velocity,
km/s

= secondary debris cloud first component expansion
velocity, km/s

= secondary debris cloud second component
expansion velocity, km/s

= primary debris cloud axial velocity, km/s

= secondary debris cloud average axial velocity, km/s

= secondary debris cloud first component axial
velocity, km/s

= secondary debris cloud second component axial
velocity, km/s

= projectile impact velocity, km/s

= point of interest x coordinate,cm

= semicone angle defining primary debris cloud
spread, deg or rad
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g ! = semicone angle defining secondary debris cloud first
component spread, deg or rad

g3 2 = semicone angle defining secondary debris cloud
second component spread, deg or rad

K1 = primary debris cloud mass reduction factor

Ky = empirical constant that controls the rate of shock
wave attenuation

Ay = inner bumper areal mass density, g/cm?

Apw = pressure wall areal mass density, p,t,, g/cm?

™ = ambient viscosity of module air, 1.78 x 10~ kg/m-s

Ob = bumper material mass density, g/cm’

o = projectile material mass density, g/cm?

Ow = pressure wall material mass density, g/cm?

Poa = ambient density of module air, 1.22 x 1073 g/cm?

Introduction

FIRST-PRINCIPLES-based model is developed to predict the

internal effects within a pressurized spacecraftmodule follow-
ing a perforating orbital debris particle impact. Although the effects
of aperforatingdebris particleon crew and equipmentcan be severe,
only a limited number of empirical internal effects studies focus-
ing on space vehicleshave been performed to date.! =3 Traditionally,
crew loss or incapacitationdue to a perforatingimpact has primarily
been of interest to military organizations and as such have focused
on military vehicles and systems.* The internal effects considered
in this study are the rise in ambient pressure and temperature within
a habitable spacecraftmodule. The module has as its wall a standard
Whipple-type dual-wall system (see Fig. 1) in which the outer wall
(or bumper) protects the module and its inhabitants by disrupting
impacting particles.

Following the high-speed impact of a projectile on the outer
bumper of the system shown in Fig. 1, shock waves are set up in
the projectile and bumper materials. The pressures associated with
these shocks typically exceed the strengths of the materials by sev-
eral orders of magnitude. For example, in an 8-km/s aluminum-on-
aluminumimpact, the ratioof the impact pressure(116.5GPa=1.15
Mbar) to the strength of the material (310 MPa for aluminum 6061-
T6) is approximately 375, or roughly 2.5 orders of magnitude. As
the shock waves propagate, the projectile and bumper materials are
heated adiabatically and nonisentropically.The release of the shock
pressures occurs isentropically through the action of rarefaction
waves thatare generatedas the shock waves interactwith the free sur-
faces of the projectile and bumper. This process can cause either or
both materials to fragment, melt, or vaporize,dependingon the ma-
terial properties, geometric parameters, and the velocity of impact.

In this manner, a debris cloud consisting of fragmented, melted,
or vaporized projectileand bumper material (referred to hereafteras
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Fig. 1 Hypervelocity impact of a generic multiwall structure.

the primary debriscloud) is created. This debriscloud travelstoward,
impacts, and perforates the inner bumper. For this study, the inner
bumper consists of either a blanket of multilayer thermal insulation
(MLI) or a multimaterial composite wall (type A and type B inner
bumpers, respectively). In addition to providing thermal insulation,
the inner bumper serves to trap some or most of the primary debris
cloudparticles. The debris cloud exiting the innerbumper is referred
to as the secondary debris cloud.

Eventually, the secondary debris cloud impacts the inner or pres-
sure wall of the multiwall system. The material in the secondary
debris cloud and the portion of the pressure wall impacted by the
secondarydebris cloud are shocked and released in a manner similar
to thatof the projectileand outer bumper material. In some instances,
this causes a perforation of the pressure wall. If this were to occur
in an orbiting habitable module, then the debris cloud created as a
result of the pressure wall perforation (hereafter referred to as the
internal debris cloud) would be ejected into the module interior. In
additionto the motion of the internal debris cloud within the module,
a shock wave would also be created in the module due to the pres-
ence of the module air. As a result, there exists a concernregarding
the effect of the passage of the internal debris cloud and the shock
wave it generates on ambient module pressures and temperatures.

In an attempt to address this issue, an analytical model is devel-
oped to characterize the motion of the internal debris cloud within
the module and its effects on pressure and temperature within a
pressurized habitable module. The model is developed such that
it sequentially characterizes the phenomena composing the impact
event,including the initial impact on the outer module wall, the cre-
ation and motion of a debris cloud within the module-wall system,
the impact of the debris cloud on the inner module wall, the creation
and motion of the debris cloud that enters the module interior, and
the effects of the debris cloud within the module on module pres-
sure and temperature levels. This characterizationis accomplished
throughthe applicationof elementary shock physics theory and fun-
damental thermodynamic principles. Following the developmentof
the analyticalmodel, its predictionsare compared with experimental
pressure and temperature data from a series of instrumented high-
speed impact tests. Modifications to the model that are required
to bring its predictions in closer agreement with the experimental
results are then presented and discussed.

Initial Impact Shock Loading and Release Modeling

In calculating the shock loading and subsequent release of the
projectile and bumper materials, the shock waves are considered to
be initially planar. This simplification allows one-dimensionalrela-
tionships to be used for analyzing the creation and release of shock
pressures. In this manner, the shock pressures, energies, etc., in the
projectile and bumper materials are calculated using the three one-
dimensional shock-jump conditions, a linear relationship between
the shock wave velocity and particle velocity in each material, and
continuity of pressure and velocity at the projectiletarget interface.
This process completely defines the shocked states of the projectile
and target materials due to the initial impact.

Whereas the shock loading of a material is an irreversible process
that results in an increase of the internal energy of the shocked
material, the release of a shocked material occurs isentropically
along arelease adiabat. To calculate the release of the projectile and
target materials from their respective shocked states, an appropriate
equation of state is needed for each material. To keep the analysis
relatively simple, the Mie-Gruneisen equation of state’ was used in
this study.

The Mie-Gruneisen equation of state (EOS) is an accurate ther-
modynamic description of most metals in the solid regime and is
relatively easy to use. Invoking the second law of thermodynam-
ics allows us to construct the release isentrope in pressure-volume
space for a material referencedto the material Hugoniotand a given
initial shocked state.’> Although the Mie-Gruneisen EOS cannotbe
expectedto give accurateresultsin a highly expandedliquid regime
or in a vapor regime, experience has shown that it does yield fairly
accurate end-state results even when there is a small percentage of
molten material present®
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Modeling of Primary and Secondary Debris Clouds
Primary Debris Cloud Mass

The mass of the primary debris cloud consists of the mass of the
original impacting projectile plus the mass of the removed bumper
material. No mass is considered lost to backsplash of the bumper
and projectile materials; hence, because all of the mass is presumed
to be directed in toward the pressure wall, the model to be developed
should yield conservative results. The contribution of the bumper
material to the primary debris cloud mass can be determined once
the bumper hole diameter is known. This diameter can be calculated
using any one of a number of empirical equations for hole diameter
in a thin plate due to a high-speed impact.’

Primary Debris Cloud Characteristic Velocities

The characteristic velocities of interest for the primary debris
cloud are the axial and expansion velocities. These values are deter-
mined by an application of momentum and energy conservation as
follows. Because the initial impact occurs at such a high velocity,
momentum transfer to the bumper itself can be ignored. As a result,
using momentum conservation to calculate the axial velocity of the

prim

primary debris cloud vy, yields the following result:
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Because of the rapidity of the impact event, the only significant
energy losses are to the accompanying light flash and the shock
heating of the bumper and projectile materials. If we neglect the
energy associated with the light flash, then the following energy
balance can be written before and after the initial impact:

_ sh&rl sh&rl prim,ax prim,exp
Eimpact = Epri mp + Egnpemy + Egpdq T Egepera @

prim

If we let vex, denote the expansion velocity of the primary debris
cloud, then we can write
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Substituting Eqs. (3a) and (3b) into Eq. (2) and solving for vl
yields
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Finally, note that the spread of the primary debris cloud (in this
case the half-angle defining the spread) can be estimated using the
following relationship between the calculated primary debris cloud
expansion and axial velocities:

Uprim
prim _ —1 exp
0. = tan ( prim> (5)
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Secondary Debris Cloud Mass

The mass of the secondary debris cloud consists of a portion of
the primary debris cloud mass plus the mass of the removed inner
bumper material. Again, no mass is considered lost to backsplash
of the inner bumper and primary debris cloud material. However,
the fraction of primary debris cloud particles trapped by the inner
bumper can be significant, especially for type B inner bumpers. The
reduction in mass of the primary debris cloud as it transforms into
the secondary debris cloud is obtained using a simple multiplicative
reduction factor, denoted by «; .

From a review of the experimental test results used to verify
the model being developed, it is apparent that a type A inner wall
traps only a small amount of the primary debris cloud material,
whereas type B traps a more significant quantity of material. One of
the most distinguishing differences between the two inner bumper
types (and a direct consequence of their respective composition) is
their areal densities: 0.072 g/cm? for the type A inner bumper and
1.17 g/cm?® for the type B inner bumper. Thus, it appears that the
trapping capability of the inner bumpers is directly related to their
areal densities. The followingexpressionfor k| capturesthis feature:

A\
K| = (1 - A_,,b> 6)

The contribution of the inner bumper material to the secondary
debris cloud mass can be determined once the inner bumper hole
diameter is known. This diameter is calculated using an empirical
equationforholediameterin a thin plate due to a high-speedimpact.®
Thus, the total mass of the secondary debris cloud can be written as

mge s = ki(m, +my) + 7 Apd? [4 )

The component of the secondary debris cloud whose origin can
be traced back to the primary debris cloud is hereafter referred to
as the first component, whereas the inner bumper contribution to
the secondary debris cloud is hereafter referred to as the second
component.

Secondary Debris Cloud Characteristic Velocities

As in the case of the primary debris cloud, the characteristic
velocities of interest for the secondary debris cloud are the axial and
expansion velocities. These values can be determined in a manner
analogous to the procedure just presented for the primary debris
cloud. However, there s a significant differencebetween the method
developed herein for the secondary debris cloud and that for the
primary debris cloud. This difference stems from the difference in
the way the material is distributed within the two debris clouds.

For the purposes of this model, the primary debris cloud was
tacitly assumed to be homogeneousand spherical; althoughit could
possibly contain two different materials, both the projectile and
bumper material that composed the primary debris cloud were pre-
sumed to be evenly distributed throughout the cloud. As a result,
only one axial velocity and one radial velocity were required to
characterize its motion and expansion, respectively. However, the
secondary debris cloud comprises two very distinct material types:
the more dense primary debris cloud material that passes through
the inner bumper (i.e., the first component) and the less dense in-
ner bumper material itself (i.e., the second component), which is
typically some form of composite material. Thus, it is necessary
to develop axial and radial velocities for each component of the
secondary debris cloud.

The procedures for calculating the axial and expansion velocities
are, in fact, very similar to those used for the primary debris cloud. In
bothcases, we firstdetermine an average velocity quantity of interest
(i.e., the average axial motion velocity or the average expansion
velocity for the entire secondary debris cloud). In the case of the
axial velocity, thisis done by conservingmomentumbefore and after
the impact of the primary debris cloud on the inner bumper; for the
expansion velocity, this is done using energy conservation before
and after the inner bumper impact. Next, we postulate that the two
velocity quantities of interest for both components are proportional
to the average velocity quantity just calculated. Finally, we solve for
the proportionalityconstants by conserving appropriate momentum
and energy quantities.

In this manner, for the axial velocities of the two components of
the secondary debris cloud, we write

sec 1 E
Une = Civgd (8a)
UsecZ — szsec (8b)

mc mc
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where the proportionalityconstants C; and C, havetobe determined
and
prim

sec (mp + mb)vmc

Umc = T —econ (9)
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Momentum conservation before and after the impact of the primary
debris cloud on the inner bumper yields
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Substituting Egs. (8a) and (8b) into Eq. (10) and rearrangingyields
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A second equation for C; and C, is obtained by conserving the
kinetic energy associated with the axial motion of the primary and
secondary debris clouds. This equation is written as follows:
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The energy loss in Eq. (11b) is written as
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Substituting Egs. (8a), (8b), and (12) into Eq. (11b) and rearranging
yields
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Solving Egs. (11a) and (13) yields
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Similarly, to obtain the expression for the expansion velocities of
the two secondary debris cloud components, we begin by writing
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Next, we conserve the kinetic energy associated with the expansion
of the two secondary debris cloud components
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The energy loss in Eq. (18) is written as
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Substituting Egs. (16a), (16b), and (19) into Eq. (18) yields
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A second equation for D; and D, is obtained by conserving the
momentum associated with the expansion of the primary and sec-
ondary debris clouds:

g:)m — sec 1 + mibvseCZ (21)

(m, +my)v, ki(mp, + m;,)vexp exp

Substituting Eqs. (16a) and (16b) into Eq. (21) yields

sec
exp

u
ki(m, +my)D, + my,D, = (m, + mb)( 2 (22)

Thus, the constants D, and D, are found by solving Egs. (20) and
(22). However, if we compare Egs. (20) and (22) to Eqgs. (11a)
and (13), we find them to be identical with the exception that
Egs. (20) and (22) are written in terms of expansion velocities
whereas Egs. (11a) and (13) are in terms of axial motion velocities.
Other than that difference, their basic forms are identical. There-
fore, the solution for the constants D; and D, is written directly
from Eqs. (14) and (15) as follows:

D = £ BD: (23a)
o

D, = M (23b)

Bl(B/a) +1]

where

oLy
Se = (mp +mb)( sepc ) (24‘)

exp

and where A, «, and B are given by Egs. (15a), (15b), and (15c¢),
respectively.

As before, the spread angles of the two secondary debris cloud
components (in this case the half-anglesdefining the spreads) can be
estimated using the following relationships between the calculated
secondary debris cloud expansion and axial velocities:

psee 1
— ex|
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vsee 1
mc
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Pressure Wall Impact Shock Loading
and Release Modeling

In modeling the shock loading and subsequentrelease of the sec-
ondary debris cloud and pressure wall materials, itis again presumed
that the shock waves in the pressure wall are initially planar, which
again allows one-dimensional relationships to be used for analyz-
ing the creation and release of shock pressures. The process used
to calculate shock pressures, energies, etc., in the debris cloud and
pressure wall materials is nearly identical to that used in modeling
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the initial impact of the projectile on the bumper, with the following
exceptions. First, only the secondary debris cloud material compo-
nent consisting of primary debris cloud material that passed through
the inner bumper is assumed to contribute to the impact loading of
the pressure wall. As such, the properties of that component of the
secondarydebriscloudand pressurewall propertiesare used in place
of projectile and bumper properties,respectively. The componentof
the secondary debris cloud consistingof inner bumper material con-
tributes only to the impulsive loading of the pressure wall. Whereas
this load is significant for impacts that do not perforate the module
pressure wall, its effects are minimal when compared against perfo-
rating load magnitudes. Second, the initial density of the secondary
debris cloud material considered in the impact analysis is taken as
the average of the final densities after release from their respective
shocked states of the projectile and bumper materials in the primary
debris cloud. Finally, the secondarydebris cloud axial velocity given
by Eq. (9) is used as the impact velocity in the analysis.

Effect of Internal Debris Cloud Passage

Debris Cloud Induced Pressure and Temperature Changes

In the event that module wall perforationresults in a debris cloud
entering the module interior, the temperature rise and pressure in-
crease accompanying the passage of a shock wave created by the
motion of such a debris cloud are determined as follows. First, the
speed of the shock wave created by the motion of the internal debris
cloud through the module air (subsequently referred to as u,,.) is
taken to be equal to the leading-edge velocity of the debris cloud,
which can be approximated by the particle velocity at the pressure
wall/module air interface. This velocity quantity is found using a
technique based on the method of impedance matching’ in which
continuity of pressure and particle velocity are enforced at the pres-
sure wall/module air interface. Although this may be presumed to be
only valid in the immediate vicinity of the leading edge of the debris
cloud near its centerline, applying this equality to the entire shock
wave generated by the debris cloud shouldyield conservativeresults.

Second, it is furtherassumed that the speed of the debris cloud and
its accompanyingshock wave do not decay until they are at a certain
distance away from the perforated pressure wall. If this distance
is less than a module diameter, then the debris cloud effectively
runs out of steam at this location and the velocity drops quickly to
zero. It is at this distance (and point in time) that the attenuation
of the shock wave induced pressures and temperatures begin. This
assumption allows us to treat the shock wave velocity as essentially
constant, which is consistent with the conservative nature of the
model being developed. The method for calculating the distance at
which attenuation begins is presented in a subsequent section.

Figure 2 shows a sketch of a generic debris cloud moving through
the interior of a module and the shock wave accompanying its mo-
tion. Following the definition of the shock wave velocity u,,. em-
ployed herein, the particle velocity in the air induced by the shock
wave is given by

Upje = ——F (26)

INTERNAL SHOCK
WAVE

PRESSURE
WALL

Fig. 2 Internal debris cloud with accompanying shock wave.

In this manner, the pressure behind the shock is given by
PHa = POa + pOauxdl'uptlc (27)
The shocked density is given by

u\' C la
prg = —dcla (28)

Usqge — u]}tlL‘

Prior to the decay of the shock wave, the temperature increase in
the immediate vicinity of the pressure wall is given by
EHa - EOu

AT = —— 29
— (29)

where Ey, is given by
EHa = EOu + %(PHu + POa)(l/pOu - 1//0Ha) (30)

Thus, AT and AP = Py, — Py, define the change in pressure
and temperature due to an internal debris cloud traveling within a
pressurized module in the immediate vicinity of the debris cloud
itself.

Attenuation of Debris Cloud Induced Pressures

As the debris cloud moves through the module interior, it contin-
uously sets up a shock wave in the module air. Thus, attenuation of
the shock wave so created can occur only when there is no longer
any debris cloud motion. In keeping with the assumption of con-
stant debris cloud velocity, it is presumed that debris cloud motion
ceases either when the debris cloud impacts an obstacle such as the
far module wall or when the drag force due to the presence of air
within the module exhausts the axial kinetic energy of the debris
cloud, whichever comes first. It is at this instant that the attenuation
of the shock wave is begun.

Figure 3 shows a sketch of this scenarioand the geometric param-
eters required to perform this calculation. The decay with distance
of the initial pressure and temperature induced by the shock wave in
the module is obtained using the nondimensional attenuation data
for spherical air blast waves.!® The initial pressure Py, is attenu-
ated as function of distance n away from the origination point of the
shock wave by scaling the nondimensional values of pressure and
distance in Ref. 10 to Py, and n, respectively, beginning with the
maximum value of the nondimensional pressure. In this manner, we
have

Pu(n): - PHa (31)

The dimensional distance 7 is obtained from its nondimensional
counterpart R’ using the relationship'®

n=R(E/Py)} 32)

n

ONSET OF ATTENUATION
@ x=H

H-Re /J
Ume.
PRESSURE /

WALL bac

y

Fig. 3 Onset of internal debris cloud shock wave attenuation.
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The kinetic energy of the internal debris cloud is calculated by per-
formingamomentumand energy balancebefore and after the impact
of the secondary debris cloud on the pressure wall.

To find temperature decay with distance 1, we use the following
slightly modified forms of Egs. (29) and (30):

E,(n) — Eoa
AT = ————— 33
o (33)

where P,(n) is given by Eq. (31),

1 1 1
2 Poa Pa(’?)

is the energy behind a decaying shock wave as a function of the
distance 1, and p,(n) is the corresponding shocked air density. In
this case, the density of the air behind a decaying shock wave is
given as a function of 5 by the following modified form of Eq. (28):

s (11) Poa
() = ——————— 35
P (n) “A\-(ﬁ) - “p(’?) ( )
where
“A\-(ﬁ) = Coa + kuup(n) (36)

is the speed of the decaying shock wave as a functionof n and u, ()
is the correspondingparticle velocity (also a function of the distance
n). Finally, the particle velocity as a function of distance is found
by substituting Eq. (36) into the following alternate expression for
P,(n):

Pu (77) = POa + Poa “x(’?)“p(’?) (37)

Solving for u, () thus yields

—P0aCoa + VA
S L 38
u,(n) T (38)
where
A= (IOOuCOu)z - 4kap0a[P0u - Pu(n)] (39)

Onset of Pressure and Temperature Attenuation

Referring to Fig. 3, the distance away from the pressure wall
at which the attenuation of the shock wave induced pressures and
temperaturesbeginsis denoted by H. This distance is calculated by
balancing the axial kinetic energy of the debris cloud and the work
done by the drag force due to the presence of the module air as the
debris cloud moves through the module. Thus, we write

Ejebea = FoH (40)

Elementary fluid dynamics provides the following expression to
calculate the drag force:

_ puCDApVZ

Fp >

41
The drag coefficient Cp, is typically a function of the Reynolds
number Re, which itself is given by

_ pVD,
Ha

Re (42)

Assuming a nominal presenteddiameter D, = 10 cm and a nominal
motion velocity V' = 1 km/s and substituting these values into
Eq. (42)yieldsa Reynolds numberin excess of 10°. In this Reynolds
number regime, the drag coefficient curve for a sphere is relatively
flat with a value between 0.1 and 0.3. The specific value of C, used
in this model will be discussedin a later section.

To solve for the distance H, we note that the radius of the debris
cloudat the onsetof attenuationcan be obtained using the following

relationships between debris cloud spread half-angle, the axial and
transverse debris cloud velocities, and the geometry involved:

Rye
sin ¢g. = H——dec (43a)
¢dc = tan_l (uexp/umc) (43b)

As before, the axial and expansion velocities of the internal debris
cloudare obtained by conservingmomentum and energy before and
after the impact of the first secondary debris cloud component on
the pressure wall. Thus, we have

Ry = Hf, (44a)
Sin¢dc

=0 44b

fo=1 + sin dge (44b)

Substituting Egs. (41) and (44b) into Eq. (40), we obtain

int,ax ﬂCDp“fzuichjs
dett;c]d = : (45)
2
where V has been replaced by uy,. Solving for H yields
Eint,ax
H = 3 debcld (46)
7Cpp, f(juﬁm/Z

Pressure and Temperature Values at a Specified Location

To determine the pressure and temperature values at a specified
location within the module due to the passage of the internal debris
cloud, several preliminary issues must be addressed. These issues
are discussed sequentially and are followed by a development of
the equations required to obtain the desired information. First, if
the point of interest is within the cone angle formed the motion
and expansion of the internal debris cloud (region ABC in Fig. 4),
then personnel at the point of interest will probably be struck by the
debris cloud itself. Second, if the point of interest is not within the
cone angle characterizingthe spread of the debris cloud butis within
the volume of air that is traversed by the shock wave induced by the
motion of the debris cloud (region CAD in Fig. 4), then personnel
at the point of interest will feel the full pressure and temperature
associated with the passage of the shock wave itself. Hence, it is
notnecessary to perform any attenuationof the shock wave induced
pressureand temperatureincreases for such points of interest. Third,
although the shock wave is presumed not to fan out during decay,
its growth in the lateral direction (i.e., perpendicular to the axial

Fig. 4 Pressure and temperature values at a specific location.



SCHONBERG, SERRANO, AND WILLIAMSEN 331

direction of its motion) can still be observed, as shown in Fig. 4.
If the point of interest is outside region HGEEF, i.e., the cylindrical
volume of module air whose base corresponds to the maximum
extent of the attenuating shock wave, then personnel at the point of
interestwill notfeel any of the effects of the debris cloud shock wave.
Fourth, once the pressure jump across the decaying shock wave (i.e.,
in the x direction) is less than 1% of ambient, it is assumed that we
are, in fact, at ambient conditions and the attenuation process stops.
Any point of interest that lies ahead of the shock wave in such a
state will not experience any of the effects of the debris cloud or
the shock wave it creates, whereas a point of interest behind it will.
Naturally, the attenuationprocess must first be performedto identify
the position of this decayed shock wave, after which it can then be
determined whether or not the point of interest lies behind it or
ahead of it. If during the attenuation process the point of interest is
traversed by the decaying shock wave, then the attenuation process
stops and the pressure and temperature at the point of interest are
available.

Definition of Shock Wave Position

Based on the discussion in the preceding section, it is apparent
that a functional form of the shock wave at the time attenuation
begins and throughoutthe attenuationprocess is required. We begin
by considering a shock wave in two dimensions and then extend
the results to three dimensions. The equationitself derived from the
fact that the curve describing the shock wave must satisfy at least
the following two conditions. First, far from the leading edge of the
shock wave, the angle defining the slope of the curve is given by

w=sin"'(1/M) 47)

Second, at the leading edge, the tangent to the curve is perpendicular
to the direction of travel. Although there are a number of curves
that satisfy these conditions, the simplest curve that does so is the
hyperbola.The specific form of the hyperbolathat is appropriate for
shock wave characterizationis obtained as follows.

Consider the generic two-dimensionalhyperbolashown in Fig. 5.
We recall the following properties of such a hyperbolain Cartesian
coordinates.

Equation:

(x/a)* = (y/b)* =1 (48a)
Asymptote slope:
m=b/a (48b)
Relationship between ¢ and a:

2 =a?+ b (48c)

p=sin”(1/M)

A

H-Ryc Rac |

y

Fig. 5 Two-dimensional hyperbola model for a debris cloud induced
shock wave.

where a is the distance from the origin to the vertex and c is the
distance from the origin to the focus. Next, we note that Eq. (47)
implies that the slope of the curve can also be written as

m=1/y/M?>—1 (49)

Equating Eqs. (48b) and (49) allows us to solve for b in terms of a,

that is,
b=aj/yM>—1 (50)

Finally, as shown in Fig. 5, we place the center of mass of the
debris cloud at the focus of the hyperbola. In this case, we note that
the leading edge of the shock wave is located at some distance A
ahead of the debris cloud, which has some characteristicradius Rg.
This distance A is obtained from elementary shock physics theory!!
and is given by

A= 0-8Rdc(p0a/pHa) (51)

where ppy, is given by Eq. (28) and Ry is given by Egs. (44a) and
(44b). Once the center-of-massof the internal debris cloud is placed
at the focus of the hyperbola, it follows that the distance from the
origin to the focus can also be written as

c=a+ A+ Ry (52)

Substituting for b in terms of @ according to Eq. (50) into Eq. (48c¢),
solvingfor ¢, equatingthe resultto Eq. (52), and solving for a finally
yields

A+ Ry

a4 = ——
M/NMT—1—1

Because a and b are now both determined, the equation for the
hyperbola approximating the shape of the shock wave created by a
moving internal debris cloud is also completely determined. How-
ever, to be applicable to the two-dimensional coordinate system
shown in Fig. 3, the x coordinate in Eq. (41a) must be offset by an
amount £, that is, the equation for the two-dimensional hyperbola
is now written as

(53)

[(x —h)/al* = (y/b)* =1 (54)

The quantity & is obtained by noting that the origin in Fig. 5 is
shifted over an amount H + A + a when compared to the originin
Fig. 3; hence,

h=H+A+a (55)

In three dimensions, making use of the axial symmetry about the x
axis, Eq. (55) becomes

[(x = h)/al® = (y/b)* = (z/b)* = 1 (56)

Thus, the position of the shock wave at the onset of attenuationis
now defined, and the various regions of interest already discussed
can be readily defined through a series of relatively simple calcula-
tions in analytic geometry.

Comparison with Experimental Results
Test Configurations and Impact Parameters
The predictions of the model developed herein are compared
against the experimental results obtained from four high-speed im-
pact tests. Table 1 presents a summary of the geometric and impact

Table1 Impact parameters and system geometries

Test dp, Vp, tp, S, tw, Inner

no. cm km/s cm cm cm bumper
1 1.27 6.70 0.16 11.43 0.48 type A
3 1.59 6.42 0.16 11.43 0.48 type A
5 1.59 6.58 0.16 11.43 0.48 type B
6 1.59 6.50 0.16 11.43 0.48 type A
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parameters for the four impact tests. Spherical projectiles were used
in all of the tests in order to produce relatively uniform primary
debris clouds. The MLI in the type A inner bumpers consisted
of 20 Mylar® layers. In the case of the type B inner bumper,'?
the multilayer composite material panel consisted of six layers of
Nextel® AF62, six layers of Kevlar® 710, and a 0.203-cm-thick
graphite/epoxy panel. In all of the tests, the initial ambient temper-
ature behind the pressure wall was 24°C = 297 K.

Experimental results were obtained by pressure and temperature
sensors placed at increasing distances behind the pressure wall.
These sensors were placed in three pairs symmetrically about the
line defining the original impact trajectory. In subsequent discus-
sions they are referred to as (1E, 1W), (2E, 2W), and (3E, 3W);
sensors 1W, 2W, and 3W were the mirror images of sensors 1E,
2E, and 3E, respectively. The straight line distances from the im-
pact point on the inner wall to the three pairs of sensors were 64,
134, and 212 cm, respectively, with sensor pair (1E, 1W) being the
closest and (3E, 3W) being the farthest. Figure 6 presents a sketch
showing the locations of the various sensors.'?

Model Parameter Values

As discussed in the preceding sections, the results produced by
the analyticalmodel depend on the values of the empirical constants
n and Cp. Poorly chosen values could lead to either spurious results
(e.g., negative or imaginary debris cloud expansion velocities) or
unrealistic results (e.g., debris clouds that area either too heavy
or too light). In addition, an improper internal debris cloud drag
coefficient value could result in debris clouds that stop either too
soon ortoo late. Naturally, a fairly substantialexperimental database
is required to determine specific values of the empirical constants
and the drag coefficient as functions of projectile diameter, impact
velocity, system geometry, etc.

In the absence of such an extensive database, two series of trial
runs were performed. The objective of the first was to gain insight
into the effects of the various constants on the predictions of the
analytical model. The objective of the second was to determine
preliminary values of the constants n and Cj, for use in the initial
comparisons between the predictions of the model with experimen-
tal results. Table 2 presents a summary of the final values for the
empirical constants n and Cp, as a function of inner bumper type
(A or B) and projectile diameter d,, that were obtained from these
exercises. The use of the constant m shown in Table 2 is discussed
in a later section.

Table 2 Initial empirical constant values

Type A Type B
inner bumper inner bumper
Empirical dp, cm dp, cm
constant 1.27 1.59 1.59
n 0.50 2.50 1.10
Cp 0.20 0.30 0.11
m 0.60 0.70 1.25

Shield
Target

o->|! -
x

Pressure &

Temperature
H Sensors 1E

Fig. 6 Sensor arrangement and typical test setup.!3

o

Comparison of Model Predictions with
Experimental Results

Using the empirical constants in Table 2, model predictions were
obtained for the test conditions listed in Table 1. A comparison of
the experimental results and the predictions of the model devel-
oped herein revealed that the model performed reasonably well in
predicting the pressures experienced by sensors 1E, W. However,
with regard to the other sensors, although the model correctly pre-
dicted substantial pressure decreases at sensors 2E, W and 3E, W,
the predicted values were significantly lower than the experimental
values. It was as if the attenuation of the peak pressures occurred
too rapidly with distance away from the shock wave. Based on the
significant differences observed between the predictions of the an-
alytical model and the experimental results at sensors 2E, W and
3E, W, it was apparent that some adjustmentof the analytical model
was needed.

Internal Effects Model Modifications

To lessen the rapidity with which the model predicts the atten-
uation of the peak pressures and temperatures, it is proposed that
Eq. (32), which calculates distance using a nondimensional posi-
tion quantity, be modified by introducing an empirical constant to
control the rate of attenuation as follows:

N = 1R (E [ Po,)3 (57)

where k, > 1. Choosinga value of k, > 1 would serve to stretch out
the attenuation process so that at points far from the shock wave,
the pressures are not quite as low as they would be without the
empirical factor. The following expression for k, appears to capture
this desired feature:

xpni = H

58
Xpoi > H (58)

1,
2= {1 + m(100R")",

This form is motivated by the desire to include stretching effects in
the attenuation of peak pressures and temperatures only for points
of interest that are relatively far removed from the shock wave or
the internal debris cloud. Points of interest relatively near the shock
wave or debris cloud experience normally attenuated pressure and
temperature magnitudes.

Following the modification of the analytical model, a value of
m was determined that would extend the effects of the shock wave
induced pressure and temperature increases farther away from the
shock wave and the debris cloud. In doing so, the empirical constant
n and the drag coefficient Cp were kept at the values shown in
Table 2. The final values of the constantm are presented in the last
row of Table 2. The constantsin Table 2 will likely yield acceptable
results only for the system geometries, projectile diameters, and
impact velocitiesconsideredin the experimental phase of this effort.
Although the analytical model will certainly produce results for
othersystem geometries, projectilediameters,and impact velocities,
those results may not be appropriate for the alternative parameters
considered.

Comparison of Modified Model Predictions with
Experimental Results

Table 3 presents a comparison of the experimental results and
the predictions of the model developed herein using the empirical
constants givenin Table 2. As can be seen in Table 3, the predictions
of the model compare favorably with the experimental results. The
most significant difference between the experimental results and
the model predictions is found for the temperature increases for
test 3. Interestingly enough, the corresponding pressure increase
values predicted by the model for this test do agree rather well with
the experimental results. A comparison of the test conditions, etc.,
for tests 3 and 6 reveals that the two are virtually identical; the only
differenceis that the velocity for test 6 was 0.8 km/s higher than that
for test 3. Inspection of the experimental results for these two tests
shows that the pressure increases sustained during the two tests are,
in fact, very similar. However, with the exception of sensors 3E,W,
the temperature increases are quite different: those recorded in test
6 are substantially lower than those in test 3. Because the analytical
model predictionsagree well with the pressurereadingsinboth tests,
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Table 3 Pressure and temperature prediction comparisons

Pressure increase Temperature increase

Experimental Model Experimental Model
result, prediction, result, prediction,
Sensor v v °C °C
Test 1
1E 17 15.2 18 432
1w 18 15.2 27 432
2E 4 7.2 23 23.0
2W 6 7.2 20 23.0
3E 3 3.2 25 11.6
3W 2 3.2 n/a 11.6
Test 3
1E 21 24.3 104 63.9
1w 21 24.3 118 63.9
2E 17 17.2 139 46.6
2W 21 17.2 94 46.6
3E 8 8.0 n/a 25.1
3W 8 8.0 40 39.0
Test 5
1E 34 34.2 64 82.7
1w 40 34.2 54 82.7
2E 10 10.2 34 30.0
2W 15 10.2 31 30.0
3E 3 5.6 n/a 18.2
3W 4 5.6 n/a 21.5
Test 6
1E 16 24.6 20 64.8
1w 31 24.6 65 64.8
2E 15 17.8 52 48.1
2W 14 17.8 63 48.1
3E 12 8.3 44 25.8
3W 7 8.3 n/a 40.1

as well as the temperature readings in test 6, the inference to be
drawn is that the temperature readingsin test 3 must be due to some
phenomenonnot includedin the analytical model developed herein.

Conclusions and Recommendations

A first-principles-basedmodel has been developed to predict the
effects of a perforating orbital debris particle impact within a pres-
surized habitable module. The model was developedin a way such
thatit sequentially characterizesthe phenomenaassociated with the
impact event, including the initial impact on the outer bumper, the
creationand motion of the debris clouds within the module wall sys-
tem, the impact of the debris clouds on the module pressure wall,
the creation and motion of the debris cloud that enters the module
interior, and the effects of the debris cloud within the module on
pressure and temperature levels.

The model development has been accomplished through the ap-
plicationof elementary shock physicsand thermodynamictheory, as
well as the principles of mass, momentum, and energy conservation.
The predictions of the model were compared against experimental
results obtained from four high-speed impact tests. Several modifi-
cationswere made to the basic model to bringits predictionscloserin
line with the experimental results, including decreasing the rapidity
with which the model predicts the attenuationof peak pressures and
accompanying temperature increases. Following the adjustment of
several empirical constants, the predictions of the modified internal
effects model were in much closer agreement with the experimental
results.

Following a review of the methodologyused to develop the inter-
nal effects model presented herein, the following recommendations
are offered as suggestionsfor improvingthe robustnessof the model,
as well as for improving its ability to model the phenomena asso-
ciated with the high-speed impact of a pressurized module. First,
the effects of backsplashdue to impact of the projectile on the outer
bumper should be includedin the analyticalmodel. This would have
the effect of decreasing the mass of the primary debris cloud, but,
due to momentum conservation, increasing its center-of-mass ve-
locity (the so-called momentum enhancement effect). Because the
energy of the debris cloud is proportional to the square of the ve-
locity, this could have a significant impact on the subsequenteffects
produced by the primary debris cloud. In addition, including the

effects of light flash in the energy balance for the initial impact
on the outer bumper would also have the effect of producing more
accurate primary debris cloud velocities.

Second, inner bumper burning and/or melting may be a significant
energy absorbing mechanism and may have a significant influence
on the energy balance that is applied to the system before and after
the impact of the primary debris cloud on the inner bumper. Hence,
it should be included in the analytical model development.

Third, the analytical model should include the effects of pres-
sure wall deformation, including hole formation, bulging, cracking,
etc. This would affect the amount of energy that is available for the
motion of the internal debris cloud and the creation of the accom-
panying shock waves within the module interior.

Fourth, the shock wave attenuation scheme for the internal debris
cloud could be improved by adjusting the present model to include
an internal debris cloud whose speed decays as it moves into the
module interior as opposed to ceasing motion in a rather abrupt
manner.

Finally, the analytical model should be expanded to oblique im-
pacts and nonspherical projectiles. This would render the model
applicableto a much wider variety of impact scenarios. In addition,
additionalinternaleffectstestingatdifferentvelocitiesusing alterna-
tive system geometries and impact conditions should be performed.
This would provide additional information that would facilitate the
implementation of the recommendations presented herein as well
as validate the model for a much larger family of impact events.
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