STUDY OF DAMAGE OF GAS-FILLED SPHERICAL
PRESSURE VESSEL SUBJECTED TO HYPERVELOCITY
IMPACT BY SPACE DEBRISWITH DIFFERENT
VELOCITY

Cai Yuan®, Pang Baojun‘®, Jia Bin®

@ Harbin Institute of Technology, P O Box 3020, Science Park, Harbin Institute of Technology, Harbin,

150080, China, Email: 12B318017@hit.edu.cn

@ Harbin Institute of Technology, P O Box 3020, Science Park, Harbin Institute of Technology, Harbin,

150080, China, Email: pangbj@hit.edu.cn

@ Harbin Institute of Technology, P O Box 3020, Science Park, Harbin Institute of Technology, Harbin,

150080, China, Email: jiabin@hit.edu.cn

ABSTRACT

As an inportant component of acecaft, if a
gas-filled pressue vessel is impacted by space
debris, it might occur even overall bursting

Spterical alumirum projectiles are sed to
simulate s@ce dabris impacing gas-filled
spterical pressure vessel with hypervelocity.

Projectiles impact places i the sara thickness
in different tests. By analzing the meximum gas
pressire of he ophaical vessel, the nflation

pressire is deternined: 1.075MPa. Bynumerical
simulation, the critical impact eocity to perforate
the frort wall is determined 2.02mm ~ 231mm.

As the projectile \elocity increases, # danage

paterns of the bak wall are of different bulged
outwards paterns

1 INTRODUCTION

With the uncaasing deelopment of paceactivity,
thetotal nunber of space déris is ever inaeasing,
which greatly threaten orbihg space vehicles.
Spaceraft often enploy pressre vesgls to
confain gasesand liquids A pressre vessel
suljeced to hypervelocity impact by meteowids
and spacelebris carrepresat a signficant hazard
to a gace vehicle becase of the enemgy storel
within the vessel. \éssel caroccurventing through
the inpact hot™.
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Figure 1. Dypical Spherical Pressure Vesse

A typical gas-filled spterical pressurevessel is
shown in Fig.1?%. Presurevessels @& usudly set
outsde pacecaft or cloe © the nain structure,
and areexpo®d to the neteoroid / spaceleoris
ervironmert, ard the riskof cdllisions is rektively
high®. If a gas-filled pressue vessel is inpacted it
may lead to @ters n the vessel, srface spalling,
perforation, crackinstablity under the pressue of
the inng gas, and he vesel may burst!l. The
perforationwill leadto a leakage The gasthrust
may changethe spacecft attitude. It nay also
lead to the
deformation a fracture of weak @nrecton point

loose of the presste wessel,

on the smcecraft. In addtion, the bursting

producesseonday debris with hypervelocity. It

will also cause furthedamage to the spacecraft

and ts surroundng eqiipments, resuting in

premature failureof the paceraft.

Hypervelocity impact testsare talen to simulate



space debris impacting gas-filled spherical
pressire vesselwith hypervelocity. Theproducion

process of dperical pressire vesel lead to the
unevenness of the wall thickness. TBking this

situation into consiceration, projectiles mpact the

placeswith the sama thicknessri different tests,
researcing the damage patters of gas-filled

spherical presste vessels uder differert velocity

of projectiles.

2 MAXIMUM WORKING PRESSURE

2.1 Thickness Measurement

The spherical gas-filled pressue vessel edin the

tests is stown in Fig. 2 The outer diameter is

250mm. The nmanufacuring processof the pressire
vessel is tensioand canpressian molding of sheet.
And then take a pai of henisphercal shels

welded together As a matter é& the actal

manufacturing process, hie pressre vesel wall

thickness isuneven. ferdore, neasuring thevall

thickness isnecessary

Figure 2. Spherical Gas-filled Pressure Vessel
Used in the Tests

An ultrasaiic thicknessgauge with the model
No. HT14 is usedto measure ta vessel wall
thickness.The measurenent scleme is stownin
Fig. 3. Each vessel has abst the sam
thickness of the same podtion for bulk
procesmg, and he thicknes differencesof the
sane positon is naligible. The material of the
sphercal presure vesselis Al-6061, and the
wall thicknessdat areshown in Tab. 1.

~~.___testing point

Figure 3. Spherical Pressure Vessel Thickness

Measure Point Distribution Plan

Table 1.  Spherical pressure vessel thickness
Measire
_ 2 3 4 5
Point
Thickness 223 229 224 215 2.14
Measire
, 7 8 9 10
Point
Thickness 2.14 2.19 2.14 2.16 2.15

In addtion to the 10 paints measued in Tab. 1,
random measuenents are taken tovery vessel
usdl in thetests. Bason the actual easurerant
resuts, the thinnest place of the sphieal pressure
is 2.02mm, while the thckest is
2.31mm. The thicknes gep is 0.29nm. As the

vessel wall

distance from the weldsean increases, the

thicknessof the presste vessel wall ircreases.
2.2 Maximum Working Pressure

The maximum working pressureto the pressue
vessel is malyzed according to JB41734-2002
(aluminumwelding container).

2.2.1 Additional Amount of Thickness

Theadditional amountof thicknessC (mm) is:

C=C+C, 1)

C; is aluminum thicknessof negaive deiation.
When C;<0.25mm, and kss han 6% of the
nominal thickness, it can be mpred C, is the



allowancefor corosion. The inng gas is nitrogen
in this testandC, canbe ignored. SaC=0.

2.2.2 Allowable Stress

The allowable stress of the spherical pressure

vessel [o] is the minimum value from Eq. 2 to

Eq. 5.
[o] =0, /4.0 @
[o]=0,/4.0 ©)
[0]=0,0,/15 4
[0]=00,/15 (5)

o, (MPa) is te minimum value of Al tensile

strength at roomtemperature; 0'2 (MPg is the
minimum value d Al tensie stength at standad
temperature; o, (MP3 is minimum value of
stardard proof stress ofnonproportional elongation
at roomtenperature; O';) (MPa) is minimum value

of standrd proof stess d norpropational
elongation at sindad tenperature.

As the material of the vesselis Al-6061, and the
working temperatre s room temperaure Eq. 2 is

chosen tobe the calclating selectio. [o] is

41.25MPa

2.2.3 Welding Joint Coefficient

Single-sided welding is used n the 9pheical
pressure gssel, andhe webing joint form is buit.
A local non-destretive testig is used totest the

welding joints. The webling joints ceefficient is:

$=0.8 ®)

2.2.4 Maximum Working Pressire

The maximum working pressure(MPa) at the
stardard tenperatue is:

_45]0,)¢

[p,] D40,

™)

D. (mm) is theinner diameter of the sphercal

vessel and 24538mm= D, <245.96nm; &, (mm)

is the efectivethicknessof the sphericalessel.

5 =5 -C ®)

e n

0, (mm) is norminal thicknesof the gpherical

vessel Accading to the mnclusion mentioned
above,C=0, then

6,=9 (9)

n

Based on the actual neasurerant of spheical

pressire vessé wall thickness , 2.02nm< é; <
2.31mm. Then 1.075MPa<<[p, ] <1.231 MPa.

Taking the safety 6 the experinent into accaurt,

[p,] is1.075MPa.



3 CRITICAL PERFORATION
VELOCITY

3.1 Geometric Model

SPHsdver of AUTODYN v6.0 is usedto simulate
the projectile inpactng the pressure vessefocess.
Comparedwith the tradtional Lagrang and Euer
method, snmooth paticle hydrodynarnics (SH)
mettod can sinulate the debris clouds generation
its dewlopment from hypewelocity
impacting better. It is sutable for the sinulation of
the problems with high strain rates andlarge

and

deformation such as hypewelocity impact® .

The cunature of the prgectile isquite lamger than
that of he pressurevesel, ad theefore the
splerical pressire vesselwall could be treaed as
flat A two-dimensional axisymmetric model is
estaltished for the sale of the axal symmetry of
the problem The dianmeter of the particles is
0.1mm, as & shavn in Fig. 4.

impact
CycleD
Tirre UQO0E 00K rros

Figure 4. Two-dimensional geometry model in

axial symmetry

3.2 Material model

The state eggtion isMie — Griineisun , and the
equatiors and relatedmaterial @raneters are as
followed” &

p=py+lple-e,)
Fp=Typ,=Const,U =c,+su,

_ Poco HL+ p)
Pu [l— (s —l),u]z J (10)

Pu K P
e, =—2+| — |, u=—-1
! 2po(1+#j# Po

Table 2. Material parameters of

Mie—Griineisun  eqyation of state

Po Co S T,
(kg/m3) (mls)
2017 2.8X10° 5328 1.338 2
6061 2.7X10° 5328 1.338

p and e are hydrosetic pressre and specfic
internal eremy sep@rately; py and ey are the
reference values d hydrosttic pressre ard
specific nternal enggy separately on the
impactig Hugoriot curve; I' and p are
Griineisun parameter anddensity separatejy

and I'y and p, are Griineisun paameter

and initial density segrately; U and u, are the
velocity of shoking wave and wave-paricle
velocity; ¢, is  the volume speed of sond, s is the
slopeof the linearrelationsip betveenU ard up;
M is the canpressia ratio.

The stergth modelis Jchnson-Cook model™:

o, = (A+B.92){1+C In[i’ﬂ (1-7") (1)

0
o, is the yield gtess; g, is the equinalent plastic
strairn é‘p is the equivalent plastic strairrate; T

is the terperature; Rierencestrainrate £o =1st.

A, B, n, C andm are naterial constants4 is the



yield strengh of the neterial in the guasi-satic; B
and n arehe strain hardening; C is the strainrate
sersitivity index m is the temperature eftening
coeficient.

If the room temperature iSTx,..», and he melting
point is Ty, then the definition of the tenperatue
of the systenis :

T* = (T - TRoom )/(TMelt - TRoom ) (12)

Jomson-Cook model paanmeters br the material
are slown inTab.3%.

Table 3. Material parameters of Johnson-Cook
strength model

A B Troom det
C m n
(MPa) (MPa) (K) (K)
2017 20 426 0015 1.0 034 300 775
6061 27 290 0015 1.0 034 300 1220

According to the raasuemen results of the
pressire vesselwall thickness the presure vessel
wall thickness is betveen 202mm ~ 2.31mm.
Simulation resuts shav that when the presste
vessel wall tlickness is 2.02nm, the critical
is 0715km/s; wren the
pressurevessel wall tlickness is2.31mm, the
critical perforation velocity is 0.817knvs.

perforation velocity

Therefae, inorder to ersure tte front wall of the
pressre vessl can be peforated, the impact
velocity of the projectile is no less #n0.817k/s.

4 HYPERVELOCITY IMPACT TESTS

4.1 Test Apparatus

A two-stagelight gasgun (Fig. 5), which is owned
by gace debris hypervelogty impact research
certer d Harhin Institute d Techology, is usedo
simulate the impacing process.

42 Test Methods

Hypervelocity impact expements wee caried out
6 times under dferent impact conditions. The
diameter of pherical projectle is 3.97 nm. The
material & spherical pojectile isAl-2017.

The taget is spherical pressue vessels,which is
mack of material AlI-6061 It's outer diameteris
250mm, and he inne gas is nitrogen. According to
the resits of the meximum allowalle presste of
the pressire vessel the inner gas presaure is
0.6MPa.

The impact \elocities d projectiles are adut
2.0km/s ~ 4 5km/s. And the impactangk isO °.

The welding sean is the weak pant of the pressue
vcessel.In the case ofno external impact, the
failure portion of the presste vessel isusually
startingfrom the wetling sean. Therefore,n order
to exclude the welding factors, tke impacting point
shauld avoid the welding seam.

4.3 Test Resultsand Analysis

In this test, the inmpact \elocity is the main
parareter while the pojectile dameter, the
structure ad the naterial of the presse vessel,
and the typeand pressre of the inne gas ae
constants. fierefore the impact velocity affects
the failure bénavior of the presare vesskunder
the impact d the projectile. Tab. 4 stows he
velocity of projectiles ineach test.



Table 4. Velocity of Projectiles  (km/s)

VesselNo. 1 2 4 5 7 8

Impact
223 260 329 417 451 355

velocity

Fig. 6 toFig. 11 are tle impact mtterrs of pressure
vesselsunder dfferert velocity mentioned in Tab. (a) Front Wall (b) Back Wall
Figure 10. The Pressure Vessel Impact Pattern

under the Impact Velocity of 4.51 km/s

(a) Front Wall (b) Back Wall
Figure 6. The Pressure Vessel Impact Pattern
under the Impact Velocity of 2.23 km/s (a) Front Wall (b) Back Wall
. Figure 11. The Pressure Vessel Impact Pattern
.y under the Impact Velocity of 3.55 km/s

As can be sea from Fig. 6~Fig. 11, the front walls

of the presswe are peforated under the

g hypervelocity impact from 2.23km/s to 451knvs,

(a) Front Wall (b) Back Wall while the bak wal appears dfferent bulged
Figure 7. The Pressure Vessel Impact Pattern outwards paterns

under the Impact Velocity of 2.60 km/s

Tab. 5 ard Tab. 6 ae herelevantpaameters d the
injury patterns d the front wall ard the back wall
respectively. An ultrasoric thickness guge is used
to measurehe thickness aoundthe perforaion.

Table 5.  Relevant Parameters of Injury Patterns
of the Front Wall

(a) Front Wall (b) Back Wall Vessel v D c
Figure 8.  The Pressure Vessel Impact Pattern No. Chm/s) ) )
under the Impact Velocity of 3.29 km/s 1 523 9.20 527
. T 2 2.60 9.52 2.28
' 4 3.29 1182 2.28
8 3.55 11.64 2.19
5 4.17 12.16 2.23
| o 7 451 11.90 2.25

(a) Front Wall (b) Back Wall V——projectile veloaty;

Figure 9. The Pressure Vessel Impact Pattern Dyoi——perfordion diameterof the frort wall;

under the Impact Velocity of 4.17 km/s C——averag Wall thickness amund perfoation



Table 6. Relevant Parameters of Injury Patterns
of the Back Wall

Vessel 14 Dyyige
No. (km/s ) (mm) Houte N
1 2.23 7.60 1.50 1
2 2.60 9.10 2.30 1
4 3.29 10.10 0.39 5
8 3.55 6.72 0.27 6
5 417 6.30 <0.20 11
7 451 4.00 <0.10 10

V——projectile velodty;
Dyqe—diameter ofbulge place onthe back wall;
Hy,e—height of bulg placeon the back wall;

N——number of bulge placenthe back wall

Average wallthickness arrand perforationis from
2.19nm~2.28nm of the 6 times hypevelocity
tests. The thicknessgap is 0.09nm, abait 3.9% of
the wall thickness. Therefae, it is credble that 6
times hypervelocity tests las hesically the sam
impact place, red the testseallts are omparable.

Accordng to Fig. 6~ Fig. 11, the injury patternof
the pressure &ssel uneér the conditions of the tests
are: thefront walls arepeforaed, and bluged
places appear orh¢ ba& wall. As theimpact
velocity increasesp;,,. incresses.

As the impact \elocity increases, lih of Dy, and
Hyug. firstly increases red then deceaseswhile N
increases

When tte projectile \elocity is less thnor equa to
2.60km/s, the projectile is no broken Therefoe,
there isa a sngle bulge place on thebadk wall;
When the projectile velocity is  32%m/s ~
3.55km/s, the pojectile starts tocrush, but not
conpletely broken, ard a main debris whit sonme
smell pieces appea; When the progctile velocity
is 4.17km/s ~ 451km/s, it is canpletely roken up
into fragments d sutstartially the sane size, wlie
the rear wall of the presswe wessel slbwing
substantially the sagrsize ofbulgeplaces.

As the projecile velocity improves, tte projectile

fragmenttion deyree ncresses, ad the dareg
effectsto thebackwall firstly enhancé and then
wegkened

5 CONCLUSION

(1) The pioductin process 6 spterical pressue

vessel leadstthe unevennesst the wall thickness.
An ultranic thickness gaige is used 6 measure
the wall thicknessof the pressue vessel. Taking

this situation into consideration, projctiles mpact

the placeswith the sare thicknessni different tests.
The acta wall thickness isbetween 2.02mmard

2.31mm, and he thicknessgap is 0.29mm.

(2) The meximum working pressue of the pressue
vesselis 1.0759MP, accading to JB-T473420Q2
(aluminum welding containe). Taking the safey
factor nto acount, thepresure is detemined as
0.6MPa.

(3) SPH stver & AUTODYN v6.0 is usedto
simulate the projectile impactng the pressure
vessel Sinmulation resuts show hat when the
pressure ves$ wall thickness is 22mm, the
critical perforation velocity is 0.71.5km/s; when
the pressire vesselwall thickness is2.31nm,
the citical perforaton velocity is 0.8.7knvs.
Therefore the impact véocity of the prgectile
is no less tlan0.817knys.

(4) The front walls of the pressue ae perforated
under the hypervelocity impact from 2.23km/s ©
451km/s, while the ba& wall are of different
bulgedoutwards paterns.

(5) With the increase of the propcile impact
velocity, the diameter of theperforaton holein
the front wal increags; while the degree of
fragmentaton of projetilesalsoincreases.
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