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ABSTRACT

In the ealy 1990NASA engineas developed atool that
would allow them to detemine what percentage of ISS
peretrations realting from on-orbit impads by
micrometeaoid and orbital dekris particles might be
survivabe. Theseefforts resuted in the development of
the MSCSurv computer code to detemine the overall
probability of no caastophic failure of the ISS or its
crew due to impads by these patticles over the lif etime
of the ISS As part of this calcuation, MSCSurv first
detemines the size of the holes ard cradks caused by
ary penetrations for the different 1SS wall
configurations. In light of the significant role played
by modde wall hoe size ard crak length
cdculations in survivahility asesmens, new hole-size
ard crak-length models were recertly developed that
were more redistic and improved fits to hole size ard
crak data.Howevwer, the hole and crack sizespredcted
by thesenew models may be unredistically large when
both orbital debris armd metecoid models are
considered In this paper we review the new hole ard
crak size models and presem additional suppating
resuts to reinforce their versatility and utility. We also
examine the particle velocity distribution of NASA’s
curent meteagoid ervironment model as compared to
that of its orbital delkris model. Some possble
approachesat cagpping the hole and crack sizespredcted
by our models are then discussed

1 INTRODUCTION

The approach of spacecaft designers and operatass in
computing and reducing the consequences of
micrometecoid and orbital dekris (MMOD)
peretrations and their link to catastophic failure has
ewlved over time. For ealier, relatively small
spacecaft, the probahlity of caastophic failure was
considered as being rougHy equal to the probahility of
peretration. However, the advert of large space
structures such as the ISS allowed scenarios where
marny MM OD peretrations could be survivable.

As the threa of the orbital debris popuation increased
in the 198G ard ealy 1990, NASA enginee's beganto
dewvelop atool that would allow them to detemine what
percentage of ISS peretrations might be survivabe for
the crew and the ISS, ard how to improve that
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survivahility percentage with improved operations ard
tools. Theseefforts culminated in the developmert of
the MSCSurv computer code to detemine the overall
probability of no caastophic failure (PNCF) of the ISS
or its crew due to impads by MM OD patticles over the
lif etime of the ISS

The quartity PNCF is diredly related to the station's
PNP, or probahlity of no penetration, as cdculated by
Bumper, the code used by NASA, its contradors, ard
the intemational partners (JapanAerospace Exploration
Agency, Rusdan Feceral Space Agency) to perform
MMOD risk as®ssnents. As part of its process to
cdculate PNCF, MSCSurv detemines the size of the
holes and cradks caused by arny penetrations for the
different ISSwall configurations.

In light of the significart role played by modue-wall
hole-size and cradk-length cdculations in survivahility
asesments, new hoe-size and crak-length models
that were more physicaly red in tems of the
pheromenadlogy involved in the formation of holes and
craks in hahtable modues were recertly developed
[1]. In addition to being more redistic, these new
empirical models were improved fits to hole size ard
cradk datawhen compared to equations currently being
usedto predct those quartities [1].

A recent enhancement of MSCSurv has been the
implemertation of the NASA meteaoid environment
model (MEM) to suppement the orbital dekris model
already encaled in MSCSurv. However, initial
MSCSurv runs have shown that atvery high velocities,
the hole ard cradk sizespredctedby thesenew models
may be unredistically large whenboth the orbital delris
and meteaoid models ae taken into consideration.

In this paper we review the new hole ard crack size
models ard presem additional suppating reallts to
reinforceits versatility and utility. We alsoreview some
of the results obtained when MSCSurv is run with the
MEM option turned on, ard discuss some possble
approachesto capping the hole and cradk sizespredcted
by our models. Thesecaps are based at leastin part, on
the standdf distance between the bumper and rea wall
ard provide a rudimentary ched on the extert to which
inner wall damage is cdculated in the event of an on-
orbit meteaoid or orbital debris peretration.



2 OVERVIEW OF NEW HOLE-SIZE/CRACK-
SIZE MODELS

A generic hole diameter or cradk-length-vs-projedile
diametercurve is shown in Figure 1 for a given impad
velocity, trajedory obliquity, ard shield system
geametry that can be expeded in the formation of holes
ard crads in habitable moduessuch asthose foundon
the Intemational Space Staton. The gereral type of
pheromenodlogy shown in Figure 1 is broken up into 3
regons, each region correspnds to a certain type of
projedile resmpnse and pressire wall hoe or cradk
growth patten.
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Figure 1. Gereric Presauure Wall Hole Diameter as a
Function of Projedile Diameter[1]

Naturally, the nature and extent of the various regonsin
Figure 1 (i.e. large, small, or nonexstent) deperd on
the geometric and matetial properties of the particular
dual- or multi-wall system under consideration. The first
regon is shadedto indicate where hoe diameter ard
crak length dataare currertly availabe. The shape of
the curve shown in each of thesethreeregons is based
onthe following considerations.

Initially, the hoe diameter (and the crading)
pheromena are govemed by the nature of the dekris
cloud loadng on the modue pressire wall. This case
correponds to Regon | of the curve shown in Figure 1.
In Regon |, the projedile is completdy shatteled upon
impad and the degee of fragmentation increases with
increasing projedile diameter As aresut, spreal of the
delris cloud creded by the initial impad also increases
asdoesthe effedive diameterof the hole in the pressire
wall.

However, at a certain projedile diameter (labeledD; in
Figure 1), the projedile is too large for it to be
completdy shattered by the outer bumper or shielding
system. Hence, for projedile diametess beyond this
point (i.e. in Regon II), the amourt of projedile

fragmentation deaeases with increasing projedile
diameterasdoesthe spreal of the dekris cloud and the
size of the hale in the presaire wall.

Finally, in Region Il (i.e. for D>>D,), the projedile
diameter is very large when compared to the ballistic
limit diameter value, perhaps even as large as the
spadng between the bumper and the pressire wall. In
such cases, the multi-wall system can be expededto ad
asasingle thin plate. Herce, the form of that part of the
curve shoud be similar to that gereratedby single plate
hole diameter equations. In this case, the pressire wall
hole diameter again increases with increasing projedile
diameter.

In light of these pheromendlogical observations, the
new Williamsen-Schonberg Hole ard Cradk Size Model
(or W-S Model, for short) consists of three parts: (1) a
databasedequation for Regon | of Figure 1, (2) an
interpolation equation for Regon Il that deaeasesfrom
the value reached at the end of Region I, and (3) a
single-wall equation for Regon Ill that begns at that
projedile diameter where the bumper ceasesto be
effedive in fragmenting an impading projedile. Figure
2 below presets a sketch of this threepart equation
(thick solid line) that is intended to model the resppnse
as outlined previously (still shown as the thinner line
with dashes and dats).
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Figure 2. Represemation of a ThreePart Hole Diameter
or Cradk Length Equation

Figure 2 also includes some gereric empirical datato
suppat the premise that the first part of each three-pan
equation is empirically-based The thinner dashed lines
are shown only to indicate extersions or preaursors of
the databasedand single-wall equations, respedively,
ard are not adually used by the model in the regons
where they are drawn.

Basedon these considerations, the following equation
form was used to model hale diameter (Dy) and crack
length (Ly) in Regon I:

D,or L, =A(V, /6.5)cos’0  { 1-exp[-C(D /Dy, -D)]} (1)



where expressons for the constarts A, B, ard C for the
hole size and cradk length versions of equation (1) are
givenin[1].

In Region II, the hode diameter and cradk length
equations for Regon | are exterded to larger projedile
diametess to aacount for the deaeasing effediveness of
bumpers in bre&ing up the delris cloud. The hole size
values between D,=D; (i.e. the Region | / Regon Il
interface) and D,=D, (i.e. the Regon Il / Regon I
inteface) are obtained by intempolating between the
values predcted by empirical equation developed for
Regon | (and exterded into Regon 1) and the values
ohtained using a single wall hde size predction
equation (as descibed in the next paragaph). The
values of D; and D, are likely to be deperdert on the
mateial properties and geometric parametess of the
shield desgn, as well as on impad velocity and
trajedory obliquity.

Finally, in Region lll, the hole diameter ard cradk
length equations for Regon Il are exterded to larger
projedile diametes. The hole predction equation is
exterded using the method proposed in the Rusdan
Space Agency’s probabilistic risk assessment [2]. In this
approad, it is presumed that the particle size is so large
that the bumper thicknessis inadeaateto fragment the
patticle uponimpad. In this case, bumper perforation
occurs withou significant particle fragmerntation or
erosion, ard the patticle impads the rea wall nealy
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intact. Under such conditions cradks woud not be
expeded to emarate from the hole in the rea wall
caused by the large impading particle; in effed, the
“maximum tip-to-tip crack length” in such a case could
be taken as simply the diameter of the hole creaed in
the rea wall. Under these assumptions and conditions,
the size of the hale in the rea wall of the dual-wall
system in this impad regme can be cdculated using
any number of equations that predct the size of a hole
in a singe thin plate following a perforating
hypervelocity impad. The diameter of the patticle
impading the rea wall would be taken to be the same
asthe diameter of the original projedile and its impad
velocity would be dlightly reduced from the original
impad velocity because of momertum conservaton
(seeagnin[1] for details).

3 COMPARISON OF MODEL PREDICTIONS
AND EXPERIMENTAL RESULTS

Figures 3-12 show comparisons of hole size predctions
for several differert ISSwall systems as given by the
previous hole diameterand cradk length models ard the
new W-S Model, for impad velocities of either 6.5 or
11 km/s ard at trajedory obliquities of either 0-deg or
45-deg In these figures, 1 in ~ 2.5 cm. Also presened
in these figures where available, are data obhtained
through light gas gun tesing of the various wall
systems. The full suite of cradk length predction
comparative plots can be foundin Reference[3].
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In Figures 3-9 (espedally Figures 3a-f, 5a-d, 7a-d, ard
9a-d) we seethat where the models fit the datawell, so
did the new W-S Model. However, the significance of
the W-S model is seen in Figures 3c,f; 4c¢f; 9b,d; 10bd;
11bc,ef; and 12hc,ef. In these figures, we seethat the
previous model either did nat fit the data well, or in
those cases where the fit was reassonable, its plot was
irregular in that it did not show the expeded behavor as
projedile diameterincreased beyond the ballistic limit.

In thesecases, the new W-S Model not only fit the data
just aswell or better, but alsoregicatedthe articipated
pheromendlogical respnse. Taking these resuts ard
others like it under consideration, we believe that the
new W-S Model for hde diameterand crad length is a
marked improvement over the previous hole ard crack
size models used by MSCSurv (i.e. those in versions
prior to Version 9).



4 MEM HOLE-SIZE PREDICTIONS

MSCSurv has recently been modified to include a
meteoroid environment model (MEM) for the first time.
However, the hole and crack models presented in this
report were developed to address orbital debris impact
scenarios. It is important to note, then, that the velocity
distribution is much higher in the MEM model than in
the orbital debris model currently used by NASA
(ORDEM?2000). Table 1 shows the mean and median
particle velocities for both environments for a “typical”
ISS configuration. The penetrating flux is of more
interest than the impacting flux in this case as we are
concerned with holes and cracks that would result from
a penetrating impact.

Table 1. Media/Mean Environment Model Velocities

Penetrating Flux* Impacting Flux*
Median Mean Median Mean
Velocity Velocity Velocity Velocity
(km/s) (km/s) (km/s) (km/s)
ORDEM2000 8.6 8.3 8.8 8.3
MEM 30.9 32.3 21.5 23.1

*Above minimum thresholds.

Since the hole and crack models predict that hole/crack
sizes will increase linearly with velocity and that the
obliquity effect (which reduces hole/crack sizes) will be
phased out as the velocity increases (being completely
eliminated at 11km/s), the holes and cracks predicted
become very large at MEM velocities. Figure 13 shows
a hole-size curve at the median penetrating velocities for
the two environments for a typical Whipple shield and a
typical stuffed Whipple shield. The hole sizes are so
large on the MEM curves that questions naturally arise
regarding the validity of those values. Are such large
holes (or cracks) realistic? Should some sort of cap be
applied in some instances?
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Figure 13. Typical Whipple and Stuffed Whipple Hole-
Size Curves at Median Penetrating Velocities and 45-
deg Impact Obliquities

Two possibilities were examined in an initial, cursory
look at applying a cap to predicted hole sizes and crack
lengths. The first was simply applying a maximum cone
or spread angle value to the debris fragment cloud
created by the impact and impinging on the innermost
module wall. In this case, the hole diameter would be
capped by the diameter of the debris cloud as it struck
the inner wall assuming equal velocities in the “spread”
direction as in the “forward” direction.

However, problems arose when trying to apply this
method to oblique impacts. At a 45-degree impact
obliquity and greater, the expansion of the fragment
cloud would theoretically become infinite, and so be of
no help. Furthermore, it was not clear how one would
deal with the two fragment clouds that are typically
created in an oblique impact. Would both inner wall
impact areas need to be considered?

This capping method was examined using available
empirical data. In at least one case (namely, for the
impact of the enhanced lab cylinder at a O-degree
obliquity at an impact velocity of approx. 11 km/s), the
hole size predicted by the model developed herein far
exceeded the cone-angle predicted size. We believe that
there are likely to be other similar cases as well; hence,
this method is not recommended for use.

The second possible approach to capping predicted hole
and crack sizes received more scrutiny. In this case, the
equation developed in Reference [4] for predicting
damage area for Whipple shields (i.e. Eq. 3.7) was
applied as a cap, and then hole and crack size data was
compared to see if any of it exceeded the predicted cap.
Itis important to note that this equation was developed



empirically from teging performed using aluminum
projectilesfired at much lower velocities than seen with
the MEM ervironment. One ard two stardard devia-
tions were providedfor use with the equation, where the
one-stardard deviation value was used to cgp hdle sizes
while the two-standard deviation value was used for
cgoping crack lengths. The findings were:

» thehdle size cap always exceeded adual testreaults
for Whipple (dual-wall) configurations;

» the hde size cgp did not always exceed adual test
resuts for stuffed Whipple (multi-wall configurations);

*  applying the two-sigma cradk cap to hole-size data
did nat lift the cap high eroughto capture all the multi -
wall configuration datg and,

+ the crakk cep did not always exceed adual test
resuts for dual wall or multi -wall configurations.

Based on these findings, this method is also not
recoommended for general use, with the possble
exception of hole size capping, but only for Whipple
shields.

5 CONCLUSIONS

NASA currertly uses the MSCSurv computer code in
conjunction with Bumper to caculate the probahility of
no caastophic failure, or PNCF, of the Intemational
Space Staticn due to MMOD patticle impad. As part of
this cdculation, MSCSurv must detemine hole ard
crack sizes following onorbit peretrations for each of
the many different shield types on board the ISS In this
paper we have reviewed a new model for cadculating
thesequartities. This new model hasbeen incorporated
in MSCaurv (Version 9). By comparing the predctions
of the new model against the predctions of the previous
hoe ard cradk size models and against empirical data,
we foundthat

(1) the predictions of the new model fit the
empirical data just as well as, if not better than, the
previous model, and that

(2) the new model displayed the appropriate
pheromendogical hole size ard crack length respnse

charaderistics as the diameter of the impading
projedile incressed beyond the ballistic limit of a
patticular wall system.

However, with the addition of a meteaoid ervironment
model in MSCSurv (Version 10) ard the resuting higher
velocity distributions, the hoes amd cradk sizes
predcted by the W-S model are much larger than those
that would occur at the lower velocities of an orbital
delris model. Thereis now a critical need to re-examine
ard, if needed, improve thesecurrert hole/crack models
so that they are also applicable in the higher velocity
regons.
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