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ABSTRACT A requirementforan effectivedebrisshieldisthatitmust
protectthe _ from impacts both from the

A series of numerical simulations have been performed using micrometeoroid, and orbital debris environment. The
CTH to predict secondary debris formation and rear structure microbial environment is thoughtto result from dnst-sizc
damage for typical bumpershields undera variety of impact ge- particleshaving an averagevelocity of 20 km/s, while the orbital
ome_es. The simulations span a range of velocities from -3 to debris environment is believed to be millimeter or centimeter ................__-_

12 km/s and arecompared to the _t data for rite lower size particles weighing approximately a gram with average
velocities 0 to 7 km/s). For one velocity (-7 km/s), CTH was velocities of 10 km/& lt is generally assumed that the average
used to demonstratethe effects of bumper _ on second.
ary _ formation end rear stm_m-e damage. CTH was also density of the orbital debm environment is -2.8 gm/_n 3, and
m_d to simulate a 12km/s impa_ of a sph¢_ ona simple Whip- fl_More can be _ted by the material properties of
pie bumper shield and this result will be compared to analytic aluminum. The orbitaldet_ environment, which is man-made
danagopredicfionsat_velocity, sPaCe _, is more hazardous flum the ndcromcteoroid

environment bemum_of its relatively large mass and particle
It lms been found thatCTHaccuratelylyredicts secondary debris size. This makes the design requirements for an adequate
propagationandrearstructuredamage for velocities throughout bump¢_shield difficMt to establish. This also places the critical
the _tal/y accessible range. The CTH damage predic- " portion of the velocity spectrum in a region outside of
tions at 12 km/s result in a higher ballistic limit than would be : conventional experimental techniques.

predictedfrom the analytic techniques.. Ex_tal techniques have been widely used at velocities be-
....... low-7.5km/s,Inaddition, theexperimentaldatabasehasbeen

• ........... extrapolatedusingscalinglawstothevelocityregimenotcur-
. rentlyaccessible.A combinationofthetwotechniqueshasbeen

1. INTRODUCTION ' used to desig, the debris shields that areexpected to be used for
upcoming long duration space vehicles. Both of these methods

It is well known that the principal threat to orbiting space have short-comings. Due to difficulties in separatingsabots from
su'ucturesresults from impact damage caused by orbiting space projectiles, the low velocity datais almost completely composed
debris. Presently, conventional laboratoryfacilities can evaluate of sphericalprojectiles impacting bumpershields. Very tittle di-
damage mechanisms or the effectiveness of protective structures rect dataexists at higher velocities, where current ballistic limits
against this debris at the lowest impact velocities expected in above -7 km/s consist of scaringextrapolations from the spheri-
space. Analytic methods (Refs. 1, 2, and 3) for predicting impact cal projectile impacts at 6-7 km/s. These extrapolations are made
damage have been used extensively to date. These analytic even though basic physical phenomena change as the velocity
techniques generally consist of a fit-to-data at experimentally , increases, even though the actual debris shapes may not be
accessible velocities 0ess than -7.5 km/s) and then extrapolation spherical
m higher velocities basedon scaling theory. Simulations (Refs. 4
and 5) of impact events have also _¢en used to eslJmate impact The use of simulation tools atlows us to perform numerical ex-
damage. These techniques have progressed to the point of pefimemts that are not easily tractablein the laboratory. These
providingrealisticdamage assessments, although, the analyses or _ techniques allow for variations in projectile shape, orientation,
models have not been validated over the velocity range of 7 to _ and velocity with minirmfldifficulty. Velocity can be varied over
12 km/s, primarily due to lack of experimental capabilities to ' a wide range if the equation-of-state is capable of modelling the
launch the prerequisite size particles over that velocity range, appropriatephase changes. Even though we do not consider
However, recently developed capabilities are being used to ' these techniques to be fully validated for ali problems of interest
evaluate simple shielding concepts at these velocities, to the orbital debris community, they have been shown to repli-

cate most important features of high- and hyper-velocity im-
pacts.
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Theremainingsectionsofthispaperwillconsistofashortover- conceptofarelativelythin(bumperthickness/projectilediameter
viewoftheCTH shockphysicscodeandtheresultsfromfour << I)frontsheetthatfragments,melts,and/orvaporizesthein-
simulationsoforbitaldebrisimpactevents.Threeofthefour comingprojectile.The debriscloudthentraversesarelatively
simulations are low velocity impacts and the LTH results are large (separation/projectile diameter >> I) void space prior to
comparedto the experimentaldata.The impact velocity of the ft- strikinga backplate. ]f the Whipple shield is effective, the com-
nal simulation is an ex_'apolation beyond current capabilities posite thickness of the frontandback plateare less than the thick-
andthatresult is compared to the analytic extrapolation, ness of a single plate with equivalent stopping capabilities.

Table I fists the impact and material parameters of the four sim-
ulations. Table2 lists theyield and tensile strengthsanddensities

2. CTH OVERVIEW for the four aluminum alloys requiredfor the simulations. The
values chosen for these simulations were not taken from a specif-

The CTH (Refi 6) code was develc,ped to model a wide range of ic reference, butwere chosen based on the collective experience
solid dynamics problems involving shock wave propagationand of several analysts and are felt to be appropriatefor the simula-materialmotion in one, two, orthreedimensions: one-dimension- tions. The values that were used reflect the well known increase
al rectilinear,cylindrical, and spherical meshes; two-dimensional in yield and fracture strength in a dynamic loading environment
rectangularand cylindrical meshes; and three_onal rect-
angular meshes are available. A two-step Eulerlan solution (Ref. 8).
_.heme is used with these meshes. The firststep is a Lagrangian
step in whichthe cells distort to follow the material motion. The The projectile and bumperwere represented by the equation-of-state developed by Kerley (Ref. 9) and validated against
secondstepis arenw.sh step where the distortedcells are mapped experin_entaldatafor pressures below 80OPa.The 2219-I"87
back to the original Bulerianmesh. CTH has several thennody- and 2017-T4 forms of aluminum were also represented by the
namicmodels that are used for simulating strongshock, large de-
formationevents. Both tabular and analytic equations-of-state are same equation-of-state with an adjustment made to reflect the
available,.CTH can model material strength, high explosive det- higher i_itial deqsity of those forms of aluminum. This form of

the equa.tion-of-stateforaluminum is considered to be one of theonafion, fracture, andmotion of fragments smaller thana compu-
tational cell. Material strengthcan bemodelled as linearly-elastic best available to representthe solid-liquid and liquid-vapor phase
perfoctiy-plastic, viscoplastic (strainratedependent), or with two changes,

differeat brittle failuremodels. High explosive detonation can be The first two simulations were only compared to the terminal
mcrdelledwith a programmedburn model, or two different reac- experimental data in the form of the damaged front and rear
Uve burnmodels. A special model is available for moving frag- sheets. '].'hecomparison data for the thirdsimulation consisted of
ments smaller than a computational cell with the correct
statisticalvelocity. LTH has been carefully designed to minimize radiographsof the debris cloud after impact with the front sheet.The last comparison actually consisted of several calculations.
the dispersion generally found in Eulerian codes. It has a high- The ballistic limit was pr)dieted for a 12km/s normal impact and
resolution interface tracker that prevents breakup and dispersion compared to the Cour-Palais (ReL 2) analytic extrapolation for
generally found in Eulerian codes. In addition, CT//uses a sec-
ond-otxterconvection scheme ta flux ali quantities between cells, identica_timpact conditions.

3. CT//SIMULATIONS The axi.symmetric geometry option was selected for this and the

Four CT//simulations have been completed as a part of this remaining CTH models. For this simulation, the zoning was
study.The simulations use the Whipple (Ref. 7) bumper shield squareia the region of initial impact, thro,lghoutthe debrisprop-

agation region, and at the rear wall. The radial zoning was al-
..

Model ID FrontSheet Second Sheet Spac_g Projectile Diameter ImpactVelocity
Thickness (cm) Thickness (cm) (sn) (cm) (km/s)

a1347 0.1270(2)" 0.3175(3) I0.16 0.358(4) 2.93

b71 0.1270(2) 0.2540(4) 10.16 0.635(4) 6.77

nal290 0.0305 (1) 0.6350 (2) 20.32 0.953 (4) 6.67

n12 0.1270 (2) 0.3175 (3) 10.16 0.840 (1) 12.0
0.820 (1)

,

Table 1. Bumper shield and projectile parametersfor the CTH simulations,,
* ThenumbersinpaxeathesearefertothematerialtypeasdefinedinTable2._

,.d

, ....

Aluminum Static Yield Dynamic Yield Fracture Strength Densit_
Type (dynes/cm2) (dynes/cm2) (dyne.qcm2) (gm/cm_) Material Number

110043 3.4 x 10_ 1.0 X 109 1.0 >'109 2.712 1

6061-T6 2.8 X 109 5.0 x 109 11.0 X 109 2.712 2

2219-T87 3.9 X 109 7.0 × 109 15.0 !× 109 2.851 3

2017-T4 2.2 × 109 4.0 x 10_ 15.0 × 109 2.796 4

T_ble 2. Material parametersfor the CTH simulations.
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lowedtoincreasedin_ forradiigreaterthan2.0cre.The cell .....

sizeinthere]gionofinterestwas0.025X 0.025cre.Thecompu- 5.0 , , , ....... ,
rational resolution effectively limits the minimum fzagn_t size _
thatC/'H will representinits graphicaloutput.However, smaller 4.5 f_ u_,
fragmentsarerepresentedby CTH internally andwill causedarn- 4.0 _ t_2o-,
age when striking other objects. An example of this pheno_ 3.5 _ z_ur,
can be seen in Figure I. mt_4_o-,

3.0 i t.._e'l
Figure I displays the d_ris cloud at 10 _ after initial impact. 2.5

The left side of the figure shows the matm'ialdensity in a m/r- ] 2.0 .4g_..roved,dot-den_tyformat,thedot-dens_legendisincluded with _-
thefigure,Therightsideofthefigureshowsonlythematerialin- I.5 ., ..
terracesforthesameaxi-s_c representationofexperiment t.0 " '
a1347. The materialinterfaces are simply contour lines (value • •
0.5)ofthevolume fractions for thematerlahinthes_ulation, o, 5 , o

On the left sideof the figure, you can see (note A) where matm'ial o. 0 _ . ris located by the density but is not representedby a materialin- -0.5 "
terface on the right side. This indicates that the fragnents are
smaller than a computationalcell and no contour line of volume - 1.0 , , , , ..... , ,-3 -2 -I 0 t 2 3
fraction canbedrawn, x

5,0.,,
i i ! i i | 1 i i ii

4.5 _ ur, Figure 2. High resolution CTH debris formation for a1347.
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Figure 1. Baseline CTH debris formation for a1347. -2 - t 0 l 2

Since the ability of CTH to represent small debris fragments is x (=_
stronglyinfluencedby the computationalresolution,a variation
on thebeeline simulationwascompletedto assesstheeffectsof
cell sizeon the initialdebriscloudstructure.The cell sizeswere Figure 3. CTH rearsheetdamagepredictionsfora1347.
d_d from0.025X 0.025crnto0.01X 0.01cm fora small tion limitations.
region behind the bumper. The high resolution simulation was

" alsorun to 10 _ forcomparison With the baseline. The higher 3.2. b71
resolution simulation is shown in Figure 2.

The baseline simulation was run to 60 Its and the rearsheet dam- In this calculation, the zoning was square in the region of initial
age results me displayed Figure 3.' impact, throughoutthe debrispropagationregion, andat the rear

wall. The radial zoning was allowed to increase in size for radii
Figures4 and 5 display the front and rear view of therecovered greater than 2.0 cre. The cell size in the region of interest was
second sheet from experiment a1347. The back sidephotograph 0.015 X 0.015 cm. Figure 6 displays the terminal damage to the
showsa detached spall bubble -0.6 cm in diameterwith a single second sheet after 20 _. At this time, a -0.5 cm diameter
perforation-0.05 cm in diameter. The CTH simulation predicts perfection exists with an indication that a larger (~1 cm) plug
(see Figure 3) spall with a diameter of 0.45 cm, butdoes not pre- could dislodge at late times. The CTH results were examined in
diet perforation.If thehigh resolution simulation was extended to detail and internaldamagewas evident at -0.5 cm radius.At later
allow for secondaryimpact, thedamagewould increase. The high times, thisdamage could lead to failure and a larger perforation
resolution simulation predicts a narrower debris cloud which estimate. Extensive damage on theback side of the second sheet
would lead to more mass (at roughly the same velocity) striking has oocm-r_ over a 4-5 cm diameter and would indicate the ..

the second sheet near the centerline with greaterdamage. In lld- possibility of a -4 cm diameter spall region. The experimental
dition, theperforationcould develop relatively late in time due to data indicates a ~ 1.1 cm diameter hole with -3.7 cm of detached
s_ response. Forthissimuladon, the qualitafive_t spall diameter. Again, the agreement between CTH and the
between CTH and theexperiment is very good, given the resolu- experiment is good.



Figure 6. CTH rear sheet damage predictions for b71.

The use of thisoption is acommonly employed trickanddoes not

Figure4.Ex_tal (frontview)secondsheet damage for changethebasicnatureof the simulation.However,it cansignif-
a1347, icanfly reduce the computational requirements to complete this

and similar simulations.

Hgure 7 displays the CTH predicted debris cloud as represented
by a"cross-section" of the density at 10 gs. Figure 8 displays the
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Figure 5. Experimental(rearview) second sheet dmnagefor ",
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3.3. nal290

The CTH simulation of an experiment done at the University of Figure 7. CTH debris cloud prediction for nal290.
Dayton _h Institute (Ref. 10) is considered here. The

experiment consists of a 0.9525 cm sphere impactin8 a 0.03048 experimental radiographatapproximately the same time. A com-
cm front sheet at -6.7 km/s. This simulationis similar to the one parison of the two figures shows remarkable similarity between
described above in that the impact velocities arenearly identical, the predictedresults and experimentaldata. The image density as
However, significant differences exist in the dynamics of the representedby the radiographis proportional to the sum of mate-

_ debris formation due to the change in the thickness of the front rialdensity along the line-of-sight. This makes a detailed compar-
sheet, isonof theradiographandthe simulationresultssomewhatmore
For this simulation, the zoning was square in the region of initial difficult. Froman investigation of the simulation results, one can
impact, throughoutthe debrispropagation region, and at the rear determine that the leading edge (sge A) of material is composed
wall. The radial zoning increased in size after the inner 3.0 cre. of very low density (-0.01 gm/cm_) front sheet aluminum that is
The celi size in the region of interest was 0.01 X 0.01 cre. To re- probablyvaporized. Theremainderof thedebris cloud consists of

: duce thecomputational complexity of the simulation, a Galilean fragmented projectile with some Hquid droplets interspersed in
transformationwas applied to the computationaldomain after the the solid fragments. The simulation does an excellent job of
projectile perforatedthe front sheet.This was accomplished by matching the overall shape and mass d![stributionof the experi-
adding an axial velocity of -6.5 km/s for 20 gs. This effectively mental debriscloud. The radiographindicates a triangular shaped
removes 13.0 cm from the spacing between the front and rear mass concentration near the center of the cloud. This feature is
sheets by causing the debriscloud to appear stationaryfor 20 pa. not well replicated by the "cross-section" plot of Figure 7. As



CTH results, it is evident that the debris generated upon initial
' impactis predominatelyvapor. In addition,significant lateraldis-

persion is predicted for the debris. Under these circumstances,
potentialdamage to the second sheet is reduced. Since the simu:
lations arerelatively short (-20 Its), the possibility for late time
structuralfailurehasnotbeenconsidered.Theanalyticalscaling
techniques used in theCour-Palais and other approximations take
into accountlatelime(structural)aswell as short time (prompt
shock) phenomena. The question of dme domains may be one of
the principalsources of difference between the CTH and analyt-
i'_d predictions of the ballistic limit, Appropriateexperimental
data at impact velocities above I0 km/s is necessary to under-
stand the discrepancies.

4. CONCLUSIONS

CTH was used to predict the response of a two-sheet Whipple-
type orbital debris shields for four different impact configura-
tions. The impact velocities ranged from ~3 to 12km/s with pro-
jectUediameters of-0.4 td.,,1.0 vm. Threeof the four simulations
were compared to experimentaldata generatedat NASA Johnson

Figure 8. Experimentalradiographfor nal290. Space Center and the University of Dayton Research Institute.
The fourth simulation,was beyond the range of current experi-

with theprevious simulations, the agreementwith the expedmen- mental techniquesandwas contrastedwith analyticalpr_icl_,ons.
tal results is good. The comparisonswere made on the basisof damage to the second

sheet and with the structureof the debriscloud generatedby the
3.4. B,12. initialimpact.

Thefinal f_rmlation consisted of a series of impacts with varying The simulation of experiment a1347 results in a debris cloud
projectile diameters. T_Io 1 lists the btunpershield configura- composed of solid fragn_ts. The computational resolution cho-
don utilized for the dmulafiom. The zoning was square in the re- sen has a small affect on the relative massdistribution in the de-

gion of tnitiedimpactwith cell sizes 0.015 X 0.015 cm. The radial bris cloud, but not on the overall shape. The low resolution ............ .-_,_-,_,.,
zoning increased in size after the inner 2.0 cre. The axial zoning simulation predicts significant damage to the second sheet but
was also increased in size 2.0 mn afterthe initial impact point, In does not predictperforation.The size of the impactcraterand rear
thevicinity of the second sheet, the aspectratio of the computa- spell diameter is well correlated with the experimental results.
tional cells was 5:1. The projectile diameter was incnutsed until The differences in the perforationpnxfiction could be due to two
CTH predicted a perforation of the second sheet by the debris causes: (1) the perforationcould be due to late dme failure that
cloud. These Rsults weze comparedto theCour-Palais analytical was not replicated in the time domain of the simulation; (2) a
prediction (Re£.2) of the ballistic limit for lt two-sheet system, comparisonof the low and high resolution debris cloud simula-

The simulations indicate that perforationof the second sheet oc- fions indicates that higher resolution fortheremainderof the sim-
curs at aprojectile diameterof 0.84 cm for a 12.0 km/s impactve- ulation concentrates moremass atthe secondary impact location
locity. Forthe sameconfiguration, theanalyticalpredictionof the and could lead to more damage and perforation.
ballistic limit is 0.52 era. This result is displayed,in Figure 9. The simulation of experiment b71 again results in a debris cloud

composed of solid fragments with some molten material inter-
spersed. The simulation predictions for the damage, perforation

I_0 - , u , , i , size, and second sheet spall are well correlatedwith the experi..
mental data. The initial perforation diameter is -0.5 cm with a

o.9o strong indication that late dme dynamics will result in a ~ 1.0 cm

oJ)o 0 perforation,which is in excellent agreement with the experimen-
talresult of I. 1cm. However, a longer simulation should becom-

"_oJ0 ---- Cour-Pobls pleted to remove the uncertainties in perforationdiameter.
_ ' OCTH The simulation ofexperiment nal290results in adebriscloud

o_o composed of solid and molten fragments with some vaporized

_'__'_.._... suits one candetermine that the shock-vaporized material is com-
0_ material leading the debriscloud. From an inspection of the re-

o,4o posed of front-sheet aluminum. Even though the impact
velocities of nal290 and b71 arc similar (6.67 to 6.77 km/s), the

0.10 structureof the debrisclouds from the initial impacts are signifi-
candy different. The differences aredue to the relativedifferenc-

°_°s 01 lol Icl ni I_l 141 Is es in the thickness of the front sheet to the projectile diameter.
ImpodVdodty(km/s) These thickness differences cause a significant difference in the

dynamics of the initial impact` A comparison of the predicted de-
Figure 9. Ballistic limit comparison, bris cloud with the experiment again reveals very good correla-

tion of key features. The size and shape of the experimental
The CTH prediction is significantly above the analytical predic- debris cloud is matched almost exactly by the CTH simulation.
tion for otherwise identical conditions. From an inspection of the Some internal features of the radiograph are not matched, prima-



rily due to the differing informationavailable in the simulation. 4. E. S. Hcrtel, Jr., L. C. Chhabildas, and S. A. Hill, "Whipple
Bumper Shield Simulations," in Shock Waves in Condensed

The final sin_ulationconsisted of an attempt to computationally Mattex-1991, edited by S. C. Schmidt, J. W. Jorbes, and R. D.
determine the ballistic limit for a two-sheet Whipple system at Dick, Elsevier Science Publishers B. V., 1992.
12.0 km/s. The LTH simulations predictr.da significantly higher
(0.83 to 0.52 frn) ballistic limit than would have been expected 5. L. C. Chhabildas and E. S. Hertel, Jr., "Comparison of Ana-
from the currentanalytic approximations. For this velocity, the lyric Whipple Bumper Shield Ballistic Limits with CTH Simula-
simulations predict a significant amount of vaporization of the tions," Sandia .National LaboratoriesSAND92-0347, September
debris cloud due to the initial impact. It is the amountof vapor 1992,
production that causes the increase in the ballistic limit, four
times the mass (as comparedto the Cour-Palaisapproximation) 6. J.M. McGlaun, S. L. Thompson, L. N. Kmetyk,and M. G. El-
is requiredto perforatethe second sheet at 12.0 km/s. There have rick, "A Brief Description of the Three-Dimensional Shock
been attemptsat validation of LTH at velocities above .-7 km/s Wave Physics Code CTH," Sandia National Laboratories
(Refs. 4 and 12). The results of these experimentalcomparisons SAND89-0607, July 1990.
lend credeace to thevalidity of the LTH ballistic limitprediction,
however, furthervalidation in this velocity range should be com- 7. F. L. Whipple, "Meteoric Phenomena and Meteorites," inPhysics and Medicine of the Upper Atmo_here. edited by C. S.
pleted. Wl_ite and O. O. Bensen, Jr., University of New Mexico Press,

In geoeral,CTH has been foundto accuratelypredict the key fea- Albuquerque,New Mexico, 1952.
tures of low to medium velocity impacts on two-sheet systems.
C'/'Hhas also been used to predictthe impact dynamics at veloc- 8. J. IL Asay, L. C. Chhabildas, G. I. Kerley, and T. G. Trucano,
itics above the experimentallyaccessible range anddiffers signif- "High Pressure Strength of Shocked Aluminum," in Shock

Waves in Condensed Matter-1985, edited by Y. M. Gupra, Ple-
icantly with analytic extrapolationsfor the same conditions, num Publishers, 1986.
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