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RELATIONSHIP BETWEEN TANK CURVATURE AND DAMAGE IN DEBRIS IMPACTS
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Space debris in Earth orbit have been increasing year by year [1]. This problem cannot be ignored since
debris impacts cause satellites damage. One of serious scenarios is explosion of a pressure vessel due to debris
impacts[2]. To prevent further debris generation, the authors focused on catastrophic break-up of propellant
tanks in satellites caused by debris impacts. There are two considerable mechanisms leading to break-up of the
tank. One is caused by perforation of tank’s wall. After a perforation due to a debris impact, pressure inside the
tank is released, and then cracks around the perforated hole grow into the surface, finally break-up may occur.
However, the ballistic limit equations for curved plates have not been sufficiently investigated. the other is
caused by fragments after perforation. After a perforation due to a debris impact, the fragment cloud is
generated. The fragment cloud cause multiple cracks in the inner wall of the tank, and then break-up may
occur by the cracks. In addition, since it is a hypervelocity impact phenomenon, the thermal energy of the
fragments may contribute the explosion of the propellant. Therefore, it is also necessary to consider the energy
of the fragments generated after perforation.

The purpose of the study is to clarify the applicability of the ballistic limit equation of a flat plate to a
curved plate and to obtain the energy distribution of the fragments after perforation of both plates.
Hypervelocity impact tests were conducted on curved titanium alloy plates cut from a propellant tank and flat
plates made of the same material. And it was also conducted on aluminum alloy plates. The projectiles were
aluminum balls in diameters of 0.5 and 1.0 mm, and the impact velocities were 3-7 km/s. As a result, it was
found that the ballistic limit equation for the flat plate [3] can be applied to a curved alloy plate with a radius of
curvature of about 25 mm for prediction of ballistic limit. After the tests, craters on the witness plate behind
the plate were measured. In the case of the curved plate, the craters which have a diameter of >0.2 mm and a
depth of >65.4 um. were observed only inside of 60 mm from the center.
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Table 1 Test Specimens

e o W= =g e
[mm] [mm]
Ti-6AL-4V P 1.2 #9200
Ti-6AL-4V AR 1 -
Ti-6AL-4V AR 1.2 -
ABO63TS P 3 50
AB063T6 P 1 20
AB063(FBH) R 3 -
AB061T651 SRR 1 -
(2) HBREH

i U 7= EBREEE L JAXA Fa O Bt 0 285,
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Fig.

(a) Curved Plate(Titanium)

(c) Flat Plate

Fig. 1 Test Conditions

(b) Curved Plate(Aluminum)

2 Test Condition with Inner Pressure

Table 2 Result of Flat Titanium Alloy Plates (t=1 mm)

HEESs
Target ID W TRIFARELE SR
Vn [km/s] d [mm]
Ti-plate01 6.09 1 O
Ti-plate02 6.13 0.5 AN
Ti-plate03 3.30 0.5 X

Table 3 Result of Flat Titanium Alloy Plates (t=1.2 mm)

EcESGE
Target ID W TRIFARELE SHERf
Vi [km/s] d [mm]
Ti-disc01 3.14 0.5 X
Ti-disc02 6.11 0.5 A
Ti-disc03 6.27 1 O
Ti-disc04 7.09 1 O




Table 4 Result of Curved Titanium Alloy Plates Table 8 Result of Curved Aluminum Alloy Plates

(t=1.2 mm) (t=1 mm)
[[iEeEs el
Target ID HE TR ELE RIS Target ID R | RARER | R
Vn [km/s] d [mm] Vi [km/s] d [mm]
Tank01 7.13 1 O A6063-pipe04 2.11 0.5 X
Tank03 6.18 0.5 A A6063-pipe05 2.24 1 O
Tank04 3.15 0.5 X A6063-pipe06 1.58 0.5 X
Tank05 6.05 1 O A6063-pipe07 3.23 1 O
Tank06 6.98 1 O A6063-pipe08 3.29 0.5 VAN
b) FILIZHL 3. EERAXDBERME
TV Ty KRR K ONMIR O FRERRE R4 Tables 5~8 (1) FHROEERRAR
R, EiERAX(BLE) &1, T 7 VMEZEHE LT T U Bil
RAEROBEUEE R L= DT, 77 UHEICkT 585
Table 5 Result of Flat Aluminum Alloy Plates (t=3 mm) M E LTI SN TWDE DO TH S, A
MIESRIT 2T, BUF O WSS 5T 5 NASA OB R [3]
Target ID e | M e | s e
wlknsy | %
A6063-plate0l 4.2 1 A %

i Pp -
t=2.2%524xd18 x H025 x o) (?) )
t

Table 6 Result of Flat Aluminum Alloy Plates (t=1 mm)

[ESESGE
Target ID S ﬁgg‘ Jiﬁ IT, b EEERAUE S [em], do IR ER [om],
Vi [kmi/s] d ] ™ HiZ& =%y hO7 ) RV S [, pp (IFEFRIREE FE [9/em?],
plx & —7 > NEEE[glom3], Va3 fEi2EEEEkm/s], Cix#
AB061-plate0l 212 05 X —5y NEHKME]TH D, KE%E Table 9 (Z/R7.
A6061-plate02 2.27 1 @)
A6061-plate03 1.53 0.5 X
AB061-plate04 3.12 05 A Table 9 Parameters of Ballistic Limit Equation
AB061-plate05 3.14 1 O H ot oo c
[-] [g/cm®] [g/cm?] [km/s]
Table 7 Result of Curved Aluminum Alloy Plates F K
(t=3 mm) N 300[4] | 2.71[3] 4.42[4] 5.05[3]
2 e
Target ID g | RAIRERE | Bl R 73[3] 2.71[3] 73[3] 5.02[3]
Volkmis] | d [ SeE
weonpar | |1 | o | () swmReomw .
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Fig. 3 BLE with Titanium Alloy Flat Plate Tests (t = 1 mm).
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Fig. 4 BLE with Titanium Alloy Curved and Flat Plate Tests

(t=1.2 mm)
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(a) Flat Plate(t=1 mm) (b) Flat Plate(t=1.2 mm)

(c) Curved Plate(t=1.2 mm)
Fig. 5 Back Surface of Titanium Alloy Plate Tests
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Fig. 6 BLE with Aluminum Alloy Curved and Flat Plate Tests
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Fig. 7 BLE with Aluminum Alloy Curved and Flat Plate Tests
(t=1 mm)
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Table 10 Result of Craters on Titanium Alloy Plates

Table 12 Result of Craters on Aluminum Alloy Plates

(=1 mm
Target ID B8 DImm] | S h[mm] | #RERFSR
A6061-plate0l 0.96 0.36 X (2km/s)
A6061-plate02 2.02 - O
A6061-plate03 0.71 0.22 X
A6061-plate04 1.14 0.87 AN
A6061-plate05 2.48 - O(3km/s)
A6063-pipe04 0.95 0.43 X (2km/s)
AB063-pipe05 | 2.18 - O
AB063-pipe06 | 0.80 0.22 X
AB063-pipe07 | 2.59 - O(3km/s)
AB063-pipe08 | 1.25 0.80 A

(t=1.2 mm)
Target ID EAED[mm] | ZEE h[mm] | sRBRES
Ti-disc01 0.87 0.25 X
Ti-disc02 1.22 0.59 VAN
Ti-disc03 2.85 - @)
Ti-disc04 2.91 - O(7km/s)
Tank01 2.66 - O(7km/s)
Tank03 1.32 0.59 A
Tank04 0.85 0.26 X
Tank05 2.78 - O
Tank06 2.76 - O(7km/s)
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Table 11 Result of Craters on Aluminum Alloy Plates

(t=3 mm)
Target ID B D[mm] | % S| B R
h[mm]
A6063-plate01 3.22 1.98 AN
A6063-pipe01 | 4.31 - O
A6063-pipe02 | 3.22 1.89 A
A6063-piped3 | 1.5 0.81 X
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Fig. 8. Crater Volume Distribution at 6 km/s
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Fig. 9. Crater Volume Distribution at 7 km/s
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Fig. 10 BLE with Titanium Alloy Flat Plate Tests (t =1.2 mm)
with Inner Pressure

Table 13  Result of Flat Titanium Alloy Plates (t=1.2 mm)
with Inner Pressure
eSS .
Target ID d | FHRERE | WIE jﬁﬁ
Vi [kmi/s] d[mm] | [MPa] | ™
Ti-disc01 3.14 0.5 X
Ti-disc02 6.11 0.5 A
Ti-disc03 6.27 1 O
Ti-disc05 3.06 0.5 0.1 X
Ti-disc07 6.28 0.5 0.1 A
Ti-disc08 6.42 0.5 0.5 A
Ti-disc09 6.33 1 0.5 O
Ti-disc10 6.12 0.5 1.0 X
Ti-disc11 2.16 1 1.0 X
Ti-disc12 6.17 1 1.0 O

Table 14  Result of Craters on Flat Titanium Alloy
Plates (t=1.2 mm) with Inner Pressure

Target ID WJE[MPa] | EAED[mm] | ¥ X h[mm]
Ti-disc01 0 0.87 0.25
Ti-disc02 0 1.22 0.59
Ti-disc03 0 2.85 -
Ti-disc05 0.1 0.85 0.26
Ti-disc07 0.1 1.16 0.62
Ti-disc08 0.5 1.26 0.73
Ti-disc09 0.5 2.7 -
Ti-disc10 1.0 1.21 0.44
Ti-disc11 1.0 15 0.39
Ti-disc12 1.0 2.82 -

(a) Ti-disc02

(b) Ti-disc10

Fig. 11 Front Surface of Titanium Alloy Flat Plate
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