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ABSTRACT:

real wall, which will reduce the damage level. The
bumper could be continuous or discontinuous, nmeéah

To study the behavior of mesh bumper underis a good candidate of discontinuous bumper. SiS€8s,

hypervelocity impact, numerical simulation of alunin
projectile impacting on aluminum mesh has beenazhrr

JSC, NASA has carried out series of experimentaetal

mesh bumpé&?E | hased on which some M/OD shield

out. Two kinds of cross wired aluminum mesh are structure has been developed. However, compare to

considered, which are different in wire diametatt aresh
size, and the simulated impact velocities rangenfro
3km/s to 6km/s. The simulation results show that th

continuous bumper, the research on mesh bumpéllis s
insufficient.
Aluminum alloy with low density and high strength

debris produced by the impact is consist of someis a material commonly used in spacecraft. Thisepap

fragments clusters, some patrticles in the fragroleisters
have higher velocities than the initial impact ity

which leads to localized energy concentration. The

velocity ratio (residual velocity/initial projectilvelocity)

takes a numerical simulation approach to study the

behavior of AL mesh under hypervelocity impact.
The numerical hydrocode used in this study is
LS-DYNA 3D with its SPH processor. SPH method is a

increases while projectile velocity increases, samemeshless Lagrangian method, which has great adyanta

relation exist between the ratio of fragment disjey
velocity/projectile velocity and projectile velogitlt is

concluded that single aluminum mesh has good wlofit
breaking up and dispersing projectile.

AL ——Aluminum

dw — AL wire diameter

R —Arc radius

L ——Distance between wires

L —Density of AL

Pa —Area density

m,,, ——Mass of uprange fragments from projectile
M., ——Mass of uprange fragments from target

M.sonn ——Mass of downrange fragments from target
Vpgownz——Normalized average axial velocity of
downrange fragments from projectile
Vosown——Normalized average tangential velocity of
down range fragments from projectile
Vimpae —— impact velocity
1INTRODUCTION

The M/OD (Meteoroid and Orbital Debris) in the

outer space of earth is a threat to the spacecraft

survivability and crew safety primarily because tbé
potentially high-impact speeds and energy involired
collisions between spacecraft and M/OD. Today’s BI/O
shields are basically Whipple shield or multi-shebleld,
the principle is to use one or several sacrifioighpers to
disrupt the impactor and disperse the fragments the
impactor momentum is distributed over a wide arfgh®
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in hypervelocity impact field. Compared with the
Lagrangian method, SPH method overcomes the
instability caused by the large displacement andela
distortion; compared with Euler method, SPH metbaxal
provide a clear interface between different makerighe
reliability of SPH method in simulating hypervelocity
impact between metals has been proved by manjesal
CARDC, HAI has carried out series of test on tiadgl
shield, such as Whipple shield and multi-shock Idhie
and series of numerical simulation analyze work has
been done, which according well with the 8%¢".

2NUMERICAL SIMULATION METHOD
2.1 SPH Particle Model of AL mesh

AL mesh referred in this paper is cross wired AL
mesh as shown in Fig. 1. To specify the mesh two

parameters are needed, which are wire diantgteand
grid side length. (distance between two adjacent wires).

Fig 1. Crosswired AL mesh



As the structure of a cross wired mesh is too hypervelocity impact is complicated. The thermétetfis
complicated to be modeled by using Finite elementmuch more obvious than that under low velocity ioipa

modeling software, a c++ program is written to gate

Therefore, an Equation of State is needed to desthie

the SPH particle model of AL mesh. The shape of therelation between pressure, density and internaiggne

aluminum wire in the mesh is mostly like a sineveuiTo
make the modeling work easier, it is assumed that t
shape of the wire is made up by arcs, which hdsoadc
length L and a heiglt,/2 as show in Fig. 2.

Fig 2. wire of AL mesh

The arc radiusR and central anglef can be
determined.
L2 d,
==+ (1)
4, 4
0 =4atan(d, /L) )

Then the area density of the mgsitan be obtained:

S22 0 (R, 12— yP)?

Prmzlany

—(R—4/(d,, 12)* —y*)*)dy

Wherep is the density of aluminum.

To ensure the stability of the simulation, a umifor
particle model is needed, which means each paitic¢ree
model has the same volume and the same mass. theder
assumption above, the whole model can be finishéda
steps. First, construct the model of a single ahumi wire,
then implement copy, translate, rotate, and
operation to make up the whole mesh as shown in3-ig
A half model is used to reduce the computatiomadti

R

®3)

Fig 3. SPH particle model of AL mesh

2.2 Material Model and Equation of State

reflect

and the compress effect and irreversible thermatgss

as well. Mie-Gruneisen equation is a common used
equation, which can describe the thermal behaviorost
solid metal. The EOS_GRUNEISEN keyword of
LS-DYNA is selected for the aluminum projectile ehe

AL mesh.

The commonly used material models in
hypervelocity impact field are Elastic-Plastic-Hgdr
model, Johnson-Cook model and Steinberg-Guinan
model, the last two models considered the relation
between yield strength and temperature. In Joh@zmwk
model the yield strength reduces as the temperates,
while in Steinberg-Guinan model the strength is teet
zero when the melting temperature is reached, jimts
below the melting temperature the material can légyle
strength. Therefore, the Johnson-Cook model isahos

2.3 Consideration on Simulation Matrix

To study the behavior of AL mesh under

hypervelocity impact, the following aspect was
considered.

1. Difference between AL mesh and aluminum
plate;

2. Different mesh parameters;

3. Varied projectile diameters;

4. Varied impacting velocities.

According to the combination of the projectile and
the target, five groups of simulation are set. Sineulated
impact velocities are 3km/s, 4km/s, 5km/s and 6kim/s
each group. Both the target and the projectile Are
2024-T4. The target of the first group is Al plateg rest
are Al meshes. The detail parameters are show in table 1.
Among all the groups the target plane is XY plarg] the
projectile flies in the direction of -Z axis.

Table 1. Simulation parameters
Group No | d, o' L Dn
Group 1 1.5 N/A(plate) N/A(plate) 0.030
Group?2 1.5 0.23 0.51 0.030
Group 3 1.5 0.3 0.85 0.051
Group 4 2.38 0.3 0.85 0.051
Group 5 3.18 0.3 0.85 0.051

3 RESULTSAND DISCUSSION
3.1 Fragments Distribution

The fragments are consisting of uprange fragments
and downrange fragments, as shown in Fig. 4. The
downrange fragments include debris bubble, main
fragments of the projectile, and fragments clustéhe
number of the fragments cluster is approximately th

Because of the extremely high temperature andnumber of grids encountered by projectile during th

extremely high pressure, the behavior of mateneden

impacting process, the position is consistent dk Mest



particles in the fragments cluster have a highéwoity Fig. 6. Them,4oun OF AL plate is less than that of AL mesh
than the main fragments of the projectile. Someigas with the same area density at all simulated impact
in fragments cluster even have a higher velocigantthe  velocities. The larger the projectile diameter, lighter
initial impact velocity. Among all the fragmentsusters,  them.gw Of AL meshes.

those clusters near the impact center have theesigh L’

velocity, while those far from the impact centevéa
higher dispersing velocity (velocity at XY plan&yhen 5
the impact velocity is relatively low, the projdetiis 5 ‘%Zi?i??
broken up into several big fragments and some small s
fragments, just like it is cut by the mesh. Howewasrthe
impact velocity rise, the big fragments begin tokan up
into smaller fragments.
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Compared with AL mesh, aluminum plate with the z . 2 I
same area density has a bad performance on diggupé mpacy ey st}
projectile and dispersing the fragments. At low awip Fig 6. Mass of Uprange Fragments from Target
velocity (3km/s or 4km/s), the projectile can’t beoken
up by the AL plate, at high impact velocity (5knus 3.2 Fragments Motion
6km/s) it is broken up into big fragments which has
dispersing velocity. When the target is AL mesk, résult In the process of impact, complicated shock wave
is totally different. The projectile is broken upadl the  propagation exists in the fragments. If the intgnsif
test velocities (3km/s, 4km/s, 5km/s, 6km/s); thpact shock wave is large enough it could lead to further
fragments are smaller and have higher dispersilogieg disruption of the fragments. The shock wave attetia
According to the source, the impact fragments arerapidly when traveling in metal, all the fragmest®ould
separated into projectile fragments and targetfigs.  achieve uniform motion in several microseconds dfte
To be more specific, projectile fragments and targe impact. In the analysis below, all the velocity tbie
fragments are separated into uprange fragments antfagments are measured at 6 microseconds after the
downrange fragments. Because of 99% of the prtgecti impact.
fragments are downrange fragments, the mass opénis The shield capability can be evaluated in two ways,
fragments only show a slight difference at différen i.e. the capability of deceleration the projectled the
impact velocity, however the mass difference ofange  capability of dispersing the fragments, which retato
fragments from the projectile is obvious. Whentémget  the axial velocity (velocity along —Z direction) cathe
is AL mesh, them,,, increases as the impact velocity tangential velocity (velocity at XY plane). The aage
increases, when the target is AL plate, fipg, decreases velocity data of the fragments from each part is shown in
as the impact velocity increases, as shown ingig. table x, all the velocities are normalized by dingl
The fragment from the target can share some kineticvarious measured velocity by the impact velocityl ae
energy from the projectile to decrease the damagsedl  treated as scalar.
by the projectile fragment, on the other side, tdrget The normalized average axial velocities of the
fragment is also a threat to a space craft. Mhg of AL projectile fragments as a function of the impadbwigy
plate is much heavier than that of AL mesh withdame  are shown in Fig. 7. Given a combination of prdjeend
area density, when the impact velocity is 3km/= i, target, the normalized average axial velocity inses
of the AL mesh seems to have no relationship with t slightly while the impact velocity increases, nott@athe
impact velocity and the projectile diameter, asvandn target is AL mesh or AL plate. The shape of theveus



consistent with NASA's experimeffisas shown in fig 8,
the sketch at the right bottom of the figure is Hasic

shape of the debris cloud produced by impacting AL

plate with sphere projectile, in which point 2 lie tcg of
fragments, the axial velocity of point 2 is measubgy
series of X-ray photographs. The relationship betwe
normalized axial velocity and impact velocity isosn
as curve 2, which shares the same shape withrilf&gi
7. The difference between group 1 and group 2 shatv

density. The dispersing performance of the AL mesh
becomes worse as the diameter of the projectilease.

3.3 Thelmpact Load Formed by the Fragments

Impact load is the accumulation of impulse in arsho
time. The distribution of the impact load on aneabjhas
a direct relation with the damage level of the obj&he
distribution pattern of the impact load provide aywto

with the same area density AL mesh has a betteevaluated the threat level of the fragment produogd

performance at deceleration projectile than ALeldthe
curves of group 3, group 4 and group 5 show that th
deceleration performance of the AL mesh becomesevor
as the impact velocity increase.
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Fig 7. Axial velocity of downrange fragments from
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The average tangential velocities of the projectile
fragments as a function of the impact velocity strewn
in Fig. 9. The normalized average tangential véjoci
increase is occurred when the impact velocity iasee
The AL mesh still has a better performance at dgpg
the projectile fragments than AL plate with the saanea

impacting AL mesh or AL plate. Usually a witnesatplis
placed to get the distribution of impact load, a virtual
witness plate is needed. It is assumed there igress
plate 4 cm behind the target (AL mesh or AL platdjen
calculate all the particles that pass through tlteess
plate within 20us after the impact. Take group d group

2 as example to study the difference between medh a
plate, as shown in Fig. 10. In Fig. 10, the valfiehe
maximum point of the impact load of group 1 (tarigetL
plate) is higher than that of group 2 (target is iksh).
The local peaks of impact load are centralizedrgug 1
and sporadic in group 2.
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4 CONCLUSIONS

Numerical

simulation of aluminum projectile

impacting on AL mesh has been carried out in thisep.
After analyzing on the mass of fragments, the kinet
character of fragments and the impact load formethé
fragments, it is concluded that:

1.

When impacting AL mesh at low velocity
(3~4kml/s), the projectile fragments are consist of
several big fragments and many small fragments,
as the impact velocity increases, the fragments
becomes smaller and more even.

. The AL mesh has a better performance at

disrupting projectile and dispersing fragments
than AL plate with the same area density.

. More fragments emit from the AL mesh when

impacting by projectile with bigger diameter.

. AL mesh has worse performance at deceleration

and dispersing when impacting by projectile
with bigger diameter.

. The value of maximum impact load distribution is

higher and the local peaks are centralized when
the target is AL plate, the value of maximum
point is lower and local peaks are sporadic when
the target is AL mesh.

Single AL mesh has a good ability of breaking up

and dispersing projectile. However,

the fragments

prouced by impacting AL mesh exist localized energy
concentration, further disruption and dispersingasded
to minimize the threat level of the fragments.
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