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ABSTRACT

Becauwse of the large amourt of delris in a dekbris cloud,
it is hard to achieve acomplete aesciption of all the
delris by a simple function. One workable approach is
to use agroup of complete distribution functions and
MonteCado method to simplify the dekris cloud
simulation. Enough delris samples are produwced by
SPH simulation ard debris idertification program
firstly. According to the distribution functions of delris
mass, velocity amd space argles determined by
statigical analysis, the engineaing model of delris
cloudis setup.

Combining the engineaing model and MonteCaro
method, the fast simulation of delris cloud produced
by an aluminum projedile impading an aluminum
plate is redized. An application example of the delris
cloud engineaing model to predct satellite damage
caused by space delris impad is givenat the end.

1 INTRODUCTION

As there are more and more human adivities in space,
the amourt of space delris incresses day by day, ard
the probalhility of spacecaft being impaded by space
delris alsorises[1,2]. Whenimpaded by space delxris,
the thin-shell structure of the spacecaft can generate
delris cloud, which continues to callide with intemal
equipments and causes damage. To assesghe kinetic
erergy lethality of the dekris cloud, it is necessary to
understand the details of the delris distribution.

A lot of reseach hasbeen performed for delris cloud
prodwced by hypervelocity impad. Piekutowski and
Schonlerg [3,4] studied dekris cloud theareticdly and
espedally the charaderistics of delris cloud produced
by oblique hypervelocity impad. Corvvonato
Destdans ard Faauwd [5] studied the debris cloud asa
whole and propcsed an integal model. Cohen [6]
propcsed a dynamic model of debris cloud. Zhang
Yong-giang, Guan Gong-shun ard Zhang Wei [7]
propcsed a delris model basedon the conservation of
momentum, mass and energy, the theay of plane
shock wave and themodyramics. All the above
reseach is valuade. Howewer it is still unabe to give
delris details.

To obtain the details of dehris cloud, a new delris
cloud model is proposed basedon statigtical principles
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in this paper.

2 DEBRISCLOUD MODEL

Mass speal and space argles could charaderize a
delris, so the mass distribution, spee distribution,
space argles distribution and the connedion of these
distributions could charaderize a group of dekris.

To found the delris distribution functions and model
the delris cloud, a series of numerical simulations are
performed to systematically calcuate the charaderistic
data é debris with verified numeric simulation method,
then the delris datawhich are gained from numeric
simulation resuts by a delris idertify code named
Delrislde are statigical amalysed Based on the
aralysis, distribution functions are founded The
scheme of modeling dekris cloud is shown in Fig.1.
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Figure.l. Flowchart of madeling detris cloud

2.1 Numerical Simulation Algorithm

The numerical simulation of debris cloud produced by
hypervelocity impad is caried on using SPH method
to obtain the mass amd movement charaderistic
paranmeters of SFH patticles at first, then a fragment
recogrition algorithm is developed to distinguish
which SPH patticles belong to the same fragment and
cdculate mass and velocity of the fragment. Thus the
fragments datais obtained

2.1.1 SPH Method



SPFH is a Lagrangian technique having the potertial to
be baoth efficient and accurate at modelling mateial
deformation. It is also flexible due to the inclusion of
specific matefal modelq8]. In addition, SFH is a
gridlesstechmique so it doesnat suffer from the normal
problemof grid tanglingin large deformation problems.
So SPH coud simulate the pheromena of continual
body structure disintegration, crad, spalling etc

The foundation of SPH algorithm is the interpolation
theary. Various particles’ mutual function and physical
guartitiesare descibedusng intempolating functions.

In the SPH method, patticle approximation function is
descibedas fdlowing:

F() = | F(Y)W(x=y,h)dy D
And W(x,h) is:
(1-3¢/2+3¢/4)/h° [ <1
W(x, h) ={(2-%)°/ 4h° 1<|x< 2@
0 2<x|

where d is space dimension, h is smocth length.

In computing, the entire area resdves into certain
sub-aress. Influencing scope of each particle is a
spherical regon with the radius of 2h, and then the
particles in the lord sub-area ard nea sub-area are
seached The consumption time is linealy relaed to
the total particle number N.

2.1.2 Fragment Recognition Algorithm

The SFH patticle dataare obtained from transient state
dynamics software. Becawse it only can provide the
information of SPH patticles, ard can't provide which
SPH patrticles belong to the same fragment. So a code
named Delrislde is developed [9]. Delrislde uses the
breadth first seach algorithm and the convex hul
solution of large-scde 3D/2D point set to diredly
obtain the fragment charaderistics of the dekris cloud,
which was smulatedby the SPH method

2.1.3 Algorithm Verification

a SPH Method Verification

Theteststateis asfollows:. target thicknessis 2.42 mm,
the t/D (target-thicknessto-projedile-diameterratio) is
0.42, theimpad velocity is 5.07km/s, normal impad.

The comparison between the test realts ard the
numerical simulation results is shown in Fig.2. The
phobs of the debris cloud are taken by the seial
laser shalow photograph syster{10];the size do the
hole in target plate of testis 12.3 mm, and the front
velocity of the delris cloud obtained by the serial

shadow phaographing system is 3.98 km/s; the
numerical simulation reaults show that the hole size is

119 mm, and the front velocity is 4.05 km/s. Above
the reallt indicates the numerical simulation result and
the testreallt taly very well.

Figure.2 Comparison of debris cloud formsobtained
by the testand the numericd simulation(t/ D =0.42,
V=5.07km/s, 6=0°)

b Fragment Recognition Algorithm
Verification

In order to examine the accuracy of Delrislde, a group
of regular geometric bodes with differert velocities
havebeen desgned shown in Fig.3.

Figure3 The geametric bodes confirming the
fragmert recagnition algorithm

The mateial of examination geometry bodes is
aluminium with the dersity of 2.785gcm3, The SPH
patticle size is 0.5mm. Delrislde aaurately
distinguishes al geometic bodes, ard the
comparisons are shown in Tab.1. The dlight difference
between the theareticd mass and remgrntion mass of
two rotating objeds is caused by SFH filli ng areaard
the geometry body canna quite same not by Delrislde.
From the above comparison, it is shown that the SFH
algorithm and the fragment reaognition algorithm are
quite reliabe.

Tablel Comparison of theay value and recogrition
values

masgmg
theory recogrition Error
cube 3481 3481 0.00%
cubad 6963 6963 0.00%
sphere 14582 14705 0.84%
cylinder 21873 22002 0.5%%
board 2089 2089 0.00%




velocity /km/s
cube 1.00 1.00 0.00%
cubad 2.00 2.00 0.00%
sphere 3.00 3.00 0.00%
cylinder 4.00 4.00 0.00%
board 5.00 5.00 0.00%

2.2 New Model of Debris Cloud

Based on numerical simulation resuts, the mass,
velocity and space angles of each delbris are obtained
by DelrisID program. Then the delris cloud model is
built from statistics of delris information. The model
includes the velocity of the debris cloud, the
distribution of delris mass velocity, space argles and
the relation of differert distributions.

The scope of the parameters in this study as follows:
The shape of the projedile: sphere; mateial of the
projedile and the target: 2A12; impad velocity:
3~7 km/s; impad angle: 0°~60°; t/D: 0.32-0.97. In
this study we focus on the delris cloud moving
forward. For lower t/D ratios ard/or higher velcocities,
we are yet unable to obtain datasuitabe for validation
of the procedure.

The coordinate sedin this studyis depicted asfollows:

in the Cartedan coordinate, the projedile moves along
the pasitive diredion of the x axis with velocity of V,
ard the z axis lies on the target plate. At the impad
argle of 0°, the target plate coincideswith the yz plane.
At the impad angle of 6, the target places as the yz
plane rotatescounter clockwise aroundthe z axis by an
argle . The space angles of the delris are represerted
by a and 8, where the « is the ange between the
delris position vedor and the positive diredion of the
y axis, ard the £ is that between the projedion of the
delris position vedor on the xz plane ard the negative
diredion of the zaxis (Fig.4) .

y

Figure4 Definition of spatial andes of a delris
particle

2.2.1 Debris Cloud M odel

a Velocity of The Debris Cloud

It is asaimed that the maximum velocity appeas at the
delris cloud front, deroted as Vmay Fig.5 shows the
valiation of V. with differert impad parametes,
where V,.x deaeasesmonaonously with the increase
of t/D. This is due to the lower intersity of the stress
wave propagating to the badk of the thicker target as
the propagation distance increases. When t/D and the
impad angle are fixed, the larger the intersity of the
shockwave propagating to the target badk is, the higher
the Vinax becmes; when t/D and the impad velocity are
fixed the larger the impad argle is, the smaller the
projedile velocity projeded on the normal diredion of
the target is, aswell aslower shockwave intersity and
smaller Vs According to Fig.5, VinaxCan be expressd
as Eq. (3), ard the coefficierts detemined by data
regesson are listedin Tab2.
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Figure5 Influence of impact parametes on the
veocity of debris cloud front(a.6=0°, b. 6=45°, c.
6=60°)
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Table2 Coefficiertsin Eq.(3)

Qi &i i ki
0.620 1.142 0.093 0.163
-0.389 1.961 0.820 2.058
0.063 0.130 -0.324 2542
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b Distribution of Debris M ass

Define normalized delris mass accumulated number
CN(m) asthe ratio of the number of delris with mass
smaller than mto the total number of dekris, that

CN(m) = mZmn(m') / miw n(m?) 4)

where n(m) demotesthe number of dekris with mass



smaller than m', and m,_, demotes the maximal
mass of dekris.

Fig.6 shows the relations of CN(m) with t/D, impad
velocity, and impad argle, respedively. It shows that
CN(m) increaseswith the increase of delris mass but
the increese rate dops fast. This means the number of
delris with small massis relatively large, but as the
mass increases, the delris number dedines. The three
impad parameters, t/D, impad velocity and impad
argle, have similar influence on CN(m), ard nore of
the factors plays the dominant role. According to Fig.6,
CN(m) can be expresed as Eq. (5), ard the

coefficients detemined by data regresson are listed in
Tah3.

with relative velocity smaller than v to the total
number of delris, that

CN(v) = Z eyl f ) ©6)

Where CN(v') is the number of dekris with the
relative velocity v', and v isdekris relative velocity,
thatis the ratio of deklris velocity to Viay

Fig.7 shows the influerce of t/D, impad velocity and
impad angle on the distribution of CN(v) ,
respedively. CN(v) increaseswith theincrease of v,

ard the increase rate is higher with smaller v'. This
means that there are relatively more delris with small
relative velocities. As the relative velocity gets larger,

R CN(v) gradually becomes linea in v space. The
Ao _.Comparison of the threeplots in Fig.7 indicates that t/D,
I—ZAW Skmis . . . .
e impagd velocity and impad argle have little influence
54 on” tfie "distribution of CN(v) . Acocordingly, the
? distribution function of CN(v) in v space can be
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Table3 Coefficiertsin Eq.(5)

i i ai S

0 6.843 2579 1.455

1 0.133 0.814 4.984

2 -0.029 -0.075 -2.717
[ Ba byi bs;

0 0.028 17.024 8.772

1 -0.003 -4.486 -15.998
2 0.001 0.357 8.862

¢ Distribution of Debris Velocity

Define normalized debris velocity accumulation
number CN(v) asthe ratio of the number of delris
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Figure.7 Distribution of debris in vdocity space(a.
the influence of t/D, b. the influerce of impact veocity,
c. theinfluence of impact ange)

d Distribution of Debris Space Angles

Define n(«) as the percentage of the number of the

delris in the angle « out of the total number of the
detris, and n(p) is similarly defined for theargle g .

In anormal impad, it is a normal distribution with the
pek at «=90; in an oblique impad, the pesk
moves rightward from the 90° as the impad argle
increeses, and the right side of the pe&k is higher than
the left side (Fig.8a), which indicates ancther pegk on
the right side of the main pe&k ard the distribution of
the debris cloud front in  « space asa superpaosition of
two normal distributions (Fig.8b).



Figure8 Influence of impact parameters on o angle
distribution(a. the influence of impact ande, b.
superposition of two norma distributions c. cloud
composedtwo parts)

In a normal impad, the delris patticles in the debris
cloud front distribute axisymmetricaly aong the
projedile trajectory axis with the majority around the
projedile axis, and thus the dekris follows a normal
distribution which centers at the projedile trajedory
axis diredion («=90"). In an oblique impad, the
cloud front is composed of in-line dekris and normal
delris (Fig.8c). The in-line delxis particles come from
the crushed pellet. According to the teminal point
ballistic theary[11], in anoblique impad the upper ard
lower parts of the pellet feel uneven forces. After
cdliding with the target, the projectile trgedory
preserts an argle to the previous trajedory (under
some approximation conditions, the magnitude of the
argle can be seen asbeing propational to the impad
argle), and the pe& of the in-line delris cloud deviates
from the previous trajectory diredion. This leads to the
right shift of the delris cloud pekl from the trajecory
diredion ( &« =90°) in oblique impacts. The normal
delris cloud is mainly composed of target delris as
some mateiials of the target are peded off by the
extruding wave gereratedby the shockwave reflecting
on the surface of the target, which is prodwced in the
cdlision of the pellet and the target. Thesepeded-off
mateials move along the normal diredion of the target.
This congtitutes the main part of pe&k 2. In summary,
the delris dersity distribution function n(«) in

o space can be written in the form of Eq. (8).
_ 0.85exp(—2((a —90-1756) / 0.43)%)

0.43Jr /2

, 0-15exp(-2((a ~90-6) /17.5)°)
1757 12

The distribution of n(B) is smilar to
n(«) distribution in normal impacts, with the peak

n(a)

(8)

appeaing at =90, ard the pe& width relatel to

t/ D, impad velocity as well asimpad angle. Express
n(p) in the form of Eq. (9), and the coefficients wy is

22.5.

exp(=2((f-90)/ w,))

np)= W, Jrl2

©)

e The Relation of Different Distributions

It is nat sufficient to descibe the delris cloud by only
using the distribution functions of delris mass velocity
ard space amngles. The relations between the three
distributions are needed There is no obvious
charaderistic feaure of the distribution of delris mass
in the velocity space, ard it can be treged asan even
distribution approximately.

It is illustrated in Fig.9a that the space angles are
mainly distributed inside the ernvelope lines in v
space, which is related to impad argle 6. Inanormal
impad, the envelope line is symmetric about « =90°.
In an oblique impad, the debris cloud does not hold
that symmetry anymore as the in-line delris separates
from the normal dehris, and thus the center of the
envelope line deviatesupward from =90, aswell as
the lossof symmetry of the upper and lower envelope
lines. Fig.9b is the distribution of the space argle f
in v space, which are all symmetric about B=90".
As the impad argle increases the distribution remains
symmetiic, but the distribution regon erlarges, which
resuts in a more flat and more linea ernvelope line.
According to the distribution charaderistics of the
delris space argle in the relative velocity space ard the
interchangeability of « and g in normal impad, the
upper ard lower envelope lines of « ard f§ can be
expresedas Hj. (10):
o (6, V)=9(6,V) + T(6,V)
Ui (0,V)=9(0,V) - £(6,V)
Brac (0:V)=9(0,V) + £(6,V)
ﬂmin (Q,V)Zg(o, V) - f (9! V)
Where g(68,v) ard f(60,v)can be writtenas Eq. (11).

The coefficients detemined by data regesson are
listedin Tabh4.
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Fig.9 Distribution of the spatial ande in relative
veocity spacegla. Distribution of the spedal



ande « in v space, b. Distribution of the spedal
ande g in v space)

a(6,v) :90+0—gv

90+ p,V*°
1+ pv+ pv*°

90+ p,V*°
1+ pv+ pv®°
Table4 Coefficiertsin Eq.(11)

f(@,v) = (1)

(1-cosH)[90— kv—

P P2 Ps k
-83.021 -1.026 0.801 80.997

2.2.2 DebrisCloud Model Verification

a Verification of Debris Could Shape

According to above delris cloud model, uses
Monte-Caro to sample the method to construct the
hypervelocity impad fragment cloud. The scheme of
Monte Caro simulation using the new model is shown
in Fig.10.
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Figure.10 Flowchart of Monte Carlo smulation
using the new malel

The comparison of the reallts from the Monte Caro
method the numerical simulation amd the
hypervelocity impad ted is presemedin Fig.11, where
the hypervelocity test realts are taken from refererce

[12]. The coordinates of delris are given by the
produwcts of delris velocity and time in the reault of
Monte Carlo ard numeric simulation.
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Figure1ll Comparison among the Monte Carlo
mettod, the numericd smulation and the
experiment.( a. Monte Carlo, b. Numericd smulation,
c. Experimen, impact parameer: t=1.92mm,
D=5.0mm, 6=0°, V=6.08km/s, t=15.6us, d. Monte
Carlo, e. Numeiical simulation ,f. Experimert impact
paramete: t=1.92mm,D=4.0mm, 8=45°, V=4.47km/s,
t=14.5us)

The shape ard size d the debris clouds obtained by the
threemethods at the same time resemble eech other: in
the normal impad, the delris clouds from the three
methods are all close to a spheroidicity, and all travel
75 mm from the impact point after 15.6 ps, with the
raduses exparding to 25 mm; in the oblique impad,
the delxis clouds all present a ‘spoon’ shape, and travel
375 mm forward and 25 mm downward from the
impact point after 14.5 ps.

b Verification of Debris Could Damage
Ability

The comparison of the rea plate’s damage derived by
Monte Cado method with that measured in
hypervelocity impad test is preseted in Fig.12. The
mateial of the target and projedile is aluminium. The
target is a Whipple structure and the thickness of both
the bumper plate ard the rea plate is 3.5mm and the
space is 30mm. The diameterof the projedile is 10mm.
Normal impad is considered

The damege of the rea plate is cdculated using



perforation formula and ballistic limit equation. Shown
in Fig.12, there are a master perforation and some
subardinate grforations which are around the master
perforation on the rea plate The cdculation shows
that the diameter of the mader perforation is 20mm
ard the subardinate perforations are about 2mm in
diameter, while it is foundin the testthat the diameter
of the mader perforation is 23mm and that of the
subardinate perforations is about 2mm. The restts are
consistert.

@)

Figure.12 Comparison of the rear plates damage(a.
Calculation resut, b. Teg reult)

3 APPLICATION

For an application of the new deklris cloud model, the
damege of satellite impaded by space delris is
evaluated The structure of satellite is hexahedron with
the size d 220cmx220cmx170cm. there are a cylinder
with the of #60cmx220cm , two pressire vesls with
the size d ®50cm and some eledronic boxesin the
satellite. The thicknessof all assembly is 0.5cm ard the
mateiial is aluminum. The size d space deklris is
®1.0cm ,and the impact velocity is Skm/s.

Evaluation reault: After the space debris impading the
shell ard eledronic box, there are 51 fragmerts who’s
diametes bigger than 1mm prodwed, those
fragments keep flying and impad cylinder, pressire
vessels and other eledronic boxes (shown in Fig.13a).
The upper pressire ves®l is impaded by 13 fragmerts
ard generatar 6 perforations on the front wall. The
nether pressire ves®l is impacted by 15 fragments and
gereratar 7 perforations on the front wall. There is no
perforation on the rea wall for the both pressire
vessels (shown in Fig.13b). If the state is evaluated
using SPH method afew daysit will take. While using
the Monte Carlo method, 18 usit take only.

@)
Figure.13 Damage ewaluation of space debris impact
satellite (a. Whole damage, b. Partial damage)

4 SUMMARY

A new delris cloud model is proposed The model
consists of five parts: velocity of the dekris cloud, the
distribution of delris mass velocity, space argles and
the relation of differert distributions.

The fast simulation of the dekris cloud produwed by
hypervelocity impad of a sphercal aluminum
projedile and an aluminum target is redized. This is
adhieved by using the Monte Cado method with the
new delris cloud model. The resuts agree well with
those obtained by numerical smulations and tess.

Theaeticdly, the method presemed here can be
utili zed in the study of the production of deklris cloud
in hypervelocity impad of other metal mateials. The
esence of this method is to find appropriate
distribution functions. For those delris clouds with the
projedile nat fully fragmerted, the method shoud be
further dewveloped, taking into account the residual
fragment.
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