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Effects of Rotation of a Metal Harpoon on Penetration Behavior
for Capturing Space Debris
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In this study, we shot a rotating harpoon into a structure simulating space debris and investigated its penetration behavior.
The penetration behavior greatly depends on the harpoon tip shape and an oblique angle of a target. Hence, we make a
harpoon rotate to stabilize the harpoon during the penetration. We installed the special part with grooves made of nylon
material with carbon powder to the rear part of the harpoon to rotate the harpoon during the penetration experiments on
the ground. The harpoon rotates by air passing through the grooves. The gyro effect is generated by the harpoon rotation,
and it increases the stability of the harpoon. We also prepared a harpoon without the groove for comparison and shot
the harpoon into the target at the oblique angle of 0, 30 and 45 degrees to evaluate the effect of the rotation of the
harpoon. It was observed that there was an approximate positive correlation between the rotation speeds and the injection
velocity from the experimental results. There is no difference in the penetration behavior of the harpoon at the oblique
angle of 0 and 30 degrees. However, the penetration velocity and the size of the penetration hole by the rotating harpoon
were smaller than those of the non-rotation harpoon at the oblique angle of 45 degrees.

Harpoon with grooves and harpoon without grooves
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Active Debris Removal (ADR)

* ADR is a method in which a spacecraft equipped debris removal system actively approaches space

debris, captures it, and deorbits it. So, orbital environment is gradually improved.
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Capture concepts by JAXA

Capture concepts by ESA

Capturing space debris by shooting metal harpoon.

This document is provided by JAXA.




HI0E [R_R—XF YT —oay /] #EERE 631

Capturing space debris by shooting a metal harpoon

Capturing system
(Harpoon)
Space debris / Removal satellite Debris removal system

f3002d0

Debris removal Debris removal satellite  pp g removal system The target is deorbited

satellite approaches mutually pauses against is separated from debris by debris removal system.
a target. the t?;%\e/te’rigiteosft'i;nates removal satellite.

and shoots the tethered
harpoon to it.

Phase 1

Phase 2

Phase 3 Phase 4

w

Difference in the penetration states at injection speed

Penetrating state is suitable for capturing space debris because of generating
holding force by hooking a narrow section of the harpoon on penetration hole.

1. Non-penetrating 3. Penetrating 2. Over-penetrating

g’

e
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The shooting test of a metal harpoon
with various tip shapes in previous study

* The penetration velocity of conical The minimum penetration velocity of each harpoon (m/s)
harpoon tip is comparably smaller than Conical | Spherical Flat Double-
that of the other tips but it increases bladed

sharply at an oblique angle of 45 deg. | Angle
=The relation the tip shape and the

oblique angle of the specimen has a 15.6
. . 0 deg 16.8 227 23.6
significant influence. (15.0)
23.3
30 deg 17.5 (225) 13.9 15.4
Target 45 deg 35.2 44 6* 30.9 17.3

S A Side *: Velocity of passing through

3 The velocity in parentheses is the average velocity of the difference between
Single point 45 deg the maximum non-penetration velocity and minimum penetration velocity when

(The oblique angle of the target) the difference is greater than 1m/s.

The collision of the harpoon with conical tip shape 5

Penetration hole by various tip shapes

Tip shapes Conical Spherical Flat Double-bladed
Penetration
hole
] _ The penetration
The penetration The penetration
. . . hole is round hole
The penetration hole is round hole hole is round hole
) _ and new additional
o hole is petaling and and pullout and pullout
Characteristics _ ) . ] . ) debris is generated.
pullout resistance is resistance is not resistance is not
big after penetrating. expected after expected after =
penetrating. penetrating. New additional debris
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Research objective about rotation of the harpoon

The problem of the previous study
The conical harpoon tip shape is suitable for capturing space debris.
However, its penetration behavior was greatly changed at the oblique angle of 45 deg.

. 4

Rotating the harpoon increases its straightness, which is thought to be effective
when shooting the target with the oblique angle.

Research objective
- We develop the system for rotating harpoon for ground test.
- We evaluate the effects during shooting the harpoon by rotating it.

Experimental equipment in National Defense Academy of Japan

Schematic diagram

Gas flow

4 Insertion of metal harpoon

I

photoelectric ¥

Sensors
_ : Control panel

Gas flow

Injection tube

—
T

High seed

cameras : Data logger
_ at a9

N, I i

%' TE ) \/ Target

7

Nitrogen
~_— Fiber photoelectric sensors

<
—
—

High speed cameras (1000 fps)
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The appearance of a metal harpoon and
the structure of the rear part
| Rotationharpoon | Non-rotation harpoon

N Core part Made from SS400
Outer part Made from Onyx (Carbon fiber)
Appearance S —
Mass 200 g 213 g
Inertia momentum 7071.5 g-mm? 8520.9 g-mm?

% Basic study as ground tests

The size of each component Schematic diagram after configuration

103.0 25.0 34.0 O.J 20.0 ‘

12 aI ©16.0 cﬂ@

We drew white lines on the rear
L e J section of the harpoon to make it

mm} m easier to observe penetration
i : : behavior with high-speed camera.
¢§E’ 252

The harpoon rotates
by the air flowing
through the grooves.

In the experiment,
rotation speed is

between
approximately 700
and 2000 rpm. g

Specification of a target and experimental method

Specification of the target Experimental equipment

Size (mm) 250 % 250 x 1
Density (kg/m3) 2770

0 deg 30 deg

We evaluate penetration

characteristics of the

AI2024-T3 Target
Material of space debris is various, but aluminium harpoon while oblique angle
Oblique angle

alloy is commonly used for satellite. of fixed target was changed. """"""""""""""""""""""

(The target shape is simple because of basic study about shooting the metal harpoon.) 10
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Shooting tests of rotating and non-rotating
harpoons at the oblique angle of 45 deg (1/2)

Rotating harpoon Non-rotating harpoon

23.0m/s 25.7m/s

Rotation of the harpoon generates gyro effect and rotating harpoon penetrates the target stably.
On the other hand, non-rotating harpoon is not stable. 11

Shooting tests of rotating and non-rotating
harpoons at the oblique angle of 45 deg (2/2)

Rotating harpoon Non-rotating harpoon
23.0m/s 254 m/s

The fact that the non-rotating harpoon is non-penetrating despite its high injection velocity means that the
rotation of the harpoon has a significant effect on penetration. 12
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The injection velocity and penetration behavior
of each harpoon

w
o

28 o Penetration ° The minimum penetration velocity of each harpoon type (m/s)
26 xNon-penetration Q Angle Rotating harpoon Non-rotating harpoon
2 L A Reference velocity x
E 24 3 0 deg 17.3 16.7
z2 " (16.7) '
g2 | i g x 18.1
s 30 de ’ 17.7
§18 g § 8« 9 (17.6)

816 | x g & x
= 1 X 45 deg 23.0 25.7
[ X
12 X The velocity in parentheses is the average velocity of the difference between the
10 L maximum non-penetration velocity and minimum penetration velocity when the
0 deg 30 deg 45 deg difference is greater than 1m/s.

Rotation Non-rotation Rotation Non-rotation Rotation Non-rotation
No difference in the penetration behavior is observed

Oblique angle of 0 deg : s
regardless of whether rotation exists.

Oblique angle of 30 deg » Little slippage of the harpoon with the grooves was observed.

The difference of the penetration velocity is 2 m/s and
harpoon rotation has effects on the penetration behavior.

The effect of penetrating was improved by using harpoon rotation. |-

Oblique angle of 45 deg

Size of penetration hole for each harpoon type

e L=l

| R

ONIOF:  2EROMBS. || =

F R L.
Penetration hole by rotating harpoon Penetration hole by non-rotating harpoon

We think penetration hole of non-rotating harpoon is bigger than that of rotating
harpoon because the posture of non-rotating harpoon is not stable after penetrating.

The narrow section of the harpoon hooks on the penetration hole during pulling out the

harpoon. Therefore, rotating harpoon is expected to increase pullout resistance. y
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Conclusion

- We developed the system for rotating the harpoon for ground
test.

- The rotating harpoon penetrates stably due to the gyro effect.
=The penetration hole and penetration velocity of the rotating
harpoon are smaller than that of the non-rotating harpoon.

-

The rotation of the harpoon is effective for
Improving penetration behavior.

Thank you for your kind attention.
Please let me know if you have any question.

Mail: ed22003@nda.ac.jp
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Artificial objects in earth orbits

 Since space development has been rapidly progressed, there are many problems of space

debris because the objects orbiting the earth have not been properly disposed of in the past.

Space debris is mainly | @ Fragmentation ® Mission-related Debris
2 Spacecraft that have completed their mission @ Rocket body
26000 | T T
92 %-of the objects orbiting the earth is space debris, 24000 1 A - I
2000 || —romonjeens 1 | i S
E 20000 ——Fragmunt; Daks
funtctlll.omnal - <+re-Spacecratt i
satellites ® — — Wisston elated Dabris
go, non functional 8 19000 T peckstaodes T T |_|—’] T 1
satellites g 14000 i F—T— i T
17% B 12000 - |
5 10000 | !
fragmenty 5 8000 J
o 6000 - L
@ upper stages 4000 | - |
11% 1066 L
debris from 0 _——ﬁi;ﬂ LD e L
operations $ B e EEeigegeid
12% | Year
Source : Committee on the Peaceful Uses of Outer Space, Catalogued debris (more than 10 Cm)
Scientific and Technical Subcommittee, February 2019 Source : NASA Orbital Debris Quarterly News, Volume 26, Issue 1, March 2022

Space debris orbits at high speed. When it collides with spacecrafts, they will be greatly damaged.

The number of space debris

Count evolution by object type

30000 1 3 unidentified =3 Payload Mission Related Object
[ Rocket Mission Related Object [EEE Payload Debris H H H —
EEN Rocket Debris Bl Payload Fragmentation Debris I ROCket MISSIOn Related ObJeCt
25000 1 = Rocket Fragmentation Debris W Payload u +
BN Rocket Body . . .
| Payload Mission Related Object
€ + _ ~ 6%
g 15000 1 Rocket Debris
8 +
10000 1

Payload Debris

Rocket Fragmentation Debris |

0 +

of \] M) ] \\J o O O 56

o P P o e w P Payload Fragmentation Debrisj %

Reference Epoch
. . Rocket Bod

The number of observing objects y 9%

About 23,000 objects Pay load -

%

18
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Projected change in total debris count due to debris
removal

23000 T T
_— No-further-release
Partial Mitigation
22000 - eeeee ADR=50bj/y,LT=25y,LR=1
ADR=100bj/y,LT=25y LR=1
21000 - ADR=100bjly,L T=25y,LR=1.5
e ADR=50bj/y,LT=10y,LR=1
20000 +
19000

18000 ~

Number of objects in LEO

17000 £ 4

16000

15000 ~
14000 ~
13000 L L L
0 50 100 150 200
Years

It is possible to be stable space environment by removing space debris
from LEO per 5 or 10 objects. 19

Space debris scar

Space debris scar found in the Canadaarm2 ©CSA

The function of the robotic arm was not affected.

20
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Risk reduction measure against a spacecratft

Removement of orbiting
debris

- : Avoidance Protective measure by
Reduction of debris || gperation of a the debris bumper like
spacecraft for a “KIBO”
preventing it from There are four
coliding with countermeasures
debris
No more debris -

L e

SSA system ©JAXA Debris bumper of the Japanese experiment
module “KIBO” ©JAXA

Prevention of occuring

component with launching a
satellite

21

Space debris removal method
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The relation between injection velocity and
rotation speed of each harpoon

2100
1900 r

N
N
o
S

1500 r
1300 r
1100 r

900

Rotation speed (rpm)

700

500

15 1I7 1 I9 2I1 2I3 2I5
Velocity (m/s)
The relation between the velocity of each harpoon and rotation speed.

The relation between the velocity of each harpoon and rotation speed is
positive correlation.

We guess injection velocity and rotation speed depends on air pressure.

Demonstration of shooting the harpoon in the space

Shooting a deployable harpoon into a structure
simulating space debris 24
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The conical tip shape harpoon with various tip angle
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L. B. T. Nguyen, H. Tanaka and H. Hata,
“Evaluation of the effect of the point angle and angle of incidence of a metal anchor on its docking state in a satellite structure for space debris mitigations’

Mechanical Engineering Journal, Vol.5, Issue.1, pp.17-00087, 2018.

# Not Penetrating
A Penetrating

Passing through

»
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*
.
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Velocity(m/s)

The shooting previous study of the metal harpoon in
National Defense Academy of Japan

D25.2

<
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<
< |2
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3 ®8.0
S

2 907
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Units : mm

Conical tip

Pullout resistance test

Shooting the harpoon into free fall target

Citation : Thanh Long NGUYEN, Hiroaki TANAKA,
Hidehiro HATA, Fundamental study on lodgeing an
anchor on satellite structure for space debris
mitigation system, Transaction of the JSSME, 2017
(in Japanese).

Assumption

m’h‘ o o —

26

This document is provided by JAXA.



F10[E [RR=XFT7YVT =0 ay 7] HEERE 643

Penetration velocity of the harpoon when gravity
acceleration is taken into account

Penetration velocity of the harpoon when gravity

acceleration is taken into account (m/s)
Double-
bladed

Angle Conical | Spherical Flat

v?—vy? = 2gy

v = 1/1702 + 29y 0 deg 17.3 229 23.9 (:]]gg)
=152+ 2% 9.8 0.59
= 1538 ... [m/s] < About 2% increase [30deg| 178 | 550 | 143 | 157

45deg| 354 44.8* 31.0 17.7

v: The harpoon velocity before impact [m/s]

vo: The harpoon speed when passing lower sensor (Assume 15

[m/s])

g: Gravity acceleration [m/s?]

y: The distance from lower sensor to the specimen [m]

Vo=V 4V, = Llol(rsle)(1-L
me ¢ TH+T, T T.| T L T

T+ i+
L Lo T, L, T, V, 1 5P & M55 D EEE [m/s]

V: $SEDEDRE [m/s]

V,: SEOEDRE L DiR%E [m/s ]

L: K2 Ay FORE [m] (10 cm=0.1 m)

Lo : XA A v FREBRDEE [m] MM TEEHNZER)
T : 5HRIERRT [s]

T, : XA A v FI2& BB MR E]s]

EOREZI0m/s £ 5 & (HEMMTIRE 1.0 x 1074 m,
Yo7 TR0 usRUABKETAREEESH T30usE 35, )

|1.0><10—4 30x10°

V, =10 x = 4.0 x 1072[m/s]

+102|
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The shape of the penetration hole(Conical tip shape
harpoon)

e

Numerical simulation indicates similar shape.

29

The width of insertion of the harpoon

Insertion of the harpoon Gas flow

Control panel
Gas flow

Bk}

v

N

Almost no gap

~ Nitrogen gas

7m

uoodiey ayj Jo uoluasu|

> Fiber photoelectric sensors

s : | |
7 T o T

SN =
.

uoodJey ayj Jo uolJasy|

High-speed cameras (1000 f
'oh-sp ( ps) There is almost no gap between the insertion of the harpoon

and the harpoon. We consider the harpoon itself is not tilted.

57
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Precision error of the fixed stand

Oblique angle of 0° Oblique angle of 30° Oblique angle of 45°

Mechanical accuracy error is less than 1 deg in the fixed target.

31
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