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ABSTRACT

This pape reports the results of 16 hypervelocity
impad experiments on a composte flat eledrodynamic
tether for LEO spacecaft end-of-life deorbiting. The
system is being developed within the EU FP7 BETs
program. Impact tests were caried out at CISAS
impaad facility, with the aim of deriving failure
equations tha indudethe impact angle dependence up
to grazing incidence. Experiments were realised with
1.5 and 2.3 mm auminium spheres, at velocities
between 3and 5 km/s and impact angle from 0° to 90°
from the tape normal. After a prdiminary post-impad
inspection of the target, the damage extenson on the
tape was evaluaed using an automatic image
procesing technique Ballistic limit equations were
develope in the experimental range usng a procedure
that allows to estimate the uncertainty in the failure
predictions starting from the measurement of the
damage area Experiments showed that the impad
damage is very close to the projedile size in case of
normal impad, while it increases significantly at highly
ohlique impad angles.

Keywords:. flat eledrodynamic tether, grazing impact,
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1. INTRODUCTION

BETs (Bare Eledrodyramic Tethers) is a reseach
projed funded by the European Commissonin the FP7
framework which aims at studying and developing an
innovative techndogy tha could be used in the future
by every LEO satellite for end-of-life deorbiting [1].
The BETs system employs eledrodynamic drag on a
current-carrying conductive tether, withou the need for
propellant whil e at the same time generating power for
onboard use (Fig.1).

The BETs tether consists of two different flat tapes
connected in series: thefirst oneis the eledrodynamic
tether (EDT) made of aluminium (Al-1100-H19) to
cary the eledric current while the second ore is an
inert tether made of noncondudive material (PEEK
LITE) to increase the dynamic stability of the system
during deorbiting.

In this context, consdering the large area potentially
exposd to the micrometeoroid and space debris fl ux,
paticular care was given to the impact survivability of
the tether, that is related to the probability of criticd
failure (cut-off) as consequence of hypervelocity
impads of micrometeoroid and/or space debris through
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the system misson life. The Al-1100-H19 and PEEK
LITE tether samples that were tested in the framework
of this adivity were bath 2.54-an wide and 0.05-mm
thick. In particular, the highly directiond badlistic
resporse of the flat-tape tether was taken into acount
by deriving bdlistic limit equations (BLE) which
explicitly consider the impact angle dependence up to
graznginddene.

To dae, only few expeimenta daa have been
pubished on the impad survivability of tether
structures, and to the knowledge of the authors of this
paper no specific work on tapetethers was dore before.
Rather, referring to tethers with circular cross sedion,
it is believed tha every impad with an objed whose
size is between 20% and 50% of the tether diameter is
criticd [2]. A more sophisticaed criterion for the
asesanent of the lethdity of the singe impad was
proposed by [3], tha reported tests on polymeric
tethers (Dyneema, Kevlar, Spedra) and defined an
experimental corrdation between the damage extenson
on the cable crosssedion and the kinetic energy of the
projedile.

COORDINATOR
Unlversidad
de

.
Figure 1. Schematic of BETs system

In this scenaio, this pgoer presents the results of
sixteen hypervelocity impact (HVI) experiments on
bath the Al-1100H19 and PEEK LITE tapes. After
this introdwction, sedion 2 (Experimental methods)
describes the test setup and the procedures employed
for evaluaing the damage on the targets; sedion 3



(Results) provides a summary of all the tests with the
seleced impad condiions (projedile diameter, speed
and impad ange) and the major outcomes of the
experiments. Condusons are finally given in sedion 4.

2. EXPERIMENTAL METHODS

As described in sedion 1, the objedive of the
experimental adivity was to derive directiond BLES
for the BETSs tether, i.e. suitable equations providing
the minimum particle diameter d,qx which produwce a
tether criticd damage (cut-off) at given speed v, and
impad ande 0,,, measured in the tape reference
frame, see Fig. 2 (the debris relative velocity v, is
suppcsed to bein the x-y plane).
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Figure 2. Tapetether geometry andreferenceframe. A
andB are the axis of thedlli ptic impact damage

For this purpose, BLEs were derived in theform of Eq.
1 and, conddering the tether flat shape specia
attention was given to the equaions acaracy for
highly oblique impad angles (close to 90°).

d p,crit =f (Vp ' amc) (1)

Since the seleded tape tether design is composed by
two different tapes connected in series (Aluminum
aloy 1100-H19 and PEEK LITE), the impact damage
was investigated for bath of them.

21 Test setup

Theimpad tests reported in this pape were conducted
at CISAS Hypervelocity Impact Fadlity, using a two-
stage light-gas gun (LGG) cgpable of accéerating
paticlesin therange 0.6 —3 mm at speed up to 6 km/s
[4, 5]. A special tether suppat structure were designed
and realized to hdd multiple samples and maximize
the test success rate even at high impad obliquity
(closeto 90°), seeFig. 3.

\ 1
Figure 3. Tether support structure mounted in the LGG
impact chamber

2.2. Damage evaluation

For BLE derivation, a new empiricd approach was
employed [6, 7], which makes it posdble to estimate
the uncertainty in the target’s failure prediction. The
new method consists of four steps (for ead type of
tether, AI1106H19 and PEEK):

a) Automatic analysis of the impact damage on high-
resolution images of samples after impad. The
damagée s shape is asaumed to be dlipticd, and its
size is therefore specified by the values of the
ellipse's major and minor axes A and B,
respectively along the y and x directions (see
Fig.2).

b) Derivation of empiricd co-relations (damage
equations) between the damage’'s major axis A and
the impact parameters (paticle size speed and
impad angle):

A= fD(Vp’dp'alloc) (2)

c) Empiricd determination (and/or assumption based
upan available data or theoreticad modding) of the
damag€s major axis criticd value (Ay). By
definition, if A > A 4 , thetether is cut-off, i.e. the
tether is severed when the damage extenson in the
y direction reaches a certain criticd percentage of
thetape width.

d) BLE derivation by introdudng the criticd vaue
Aqic in the damage equation and inverting the
formula:

d p,crit = fDﬂ (A:rit 1 Vp 1 aloc) (3)

The key advantage of this method is that BLEs are
given with uncertainty bands thanks to the fact that
bath the damage equations fp and the criticd damage
value A, are derived from expeiments. On the
contrary, as painted out by [8], following traditiond
approaches BLEs are simple “demarcation lines’



between fail and no-fail conditions, with no statisticd
significance.

Differently, the method here described is based upon
the definition of a damage parameter (A) tha is
physicdly related to the tether cut-off phenomenon.
Such parameter varies monaonicdly aaoss the fail ure
threshdd, assuming a particular critica value A ;; (that
can be predicted from the experiments) at the bdli stic
limit. All the avail able data, even well away from the
bdlistic limit, can be theefore used to statisticaly
follow the criticd parameter evolution. In thisway, it is
possble to provide an estimation of the test conditions
at the balli stic limit, even inside the boundsdefined by
the two closest non-criticd and critica experiments.

3. RESULTS
3.1. Tests summary

To dae, 16 HVI experiments have been completed.
Both the two tape tethers (Al11100-H19 and PEEK)
have been subjeded to impad at different angle and
speed. Test conditions as well as damage' s major axis
values are reported for ead test in Tab.1. The right
column of Tab.1 was filled after completing step a) of
the procedureoutlined in sedion 22.

The uncertainty values are below 0.1 mm for the
damagefeaures and below 1% for the projedil e spedl.

Test Tape Ojoc d, Vp A
id | type | [ | [mm] | [kevg | [mm]
8855 | Al1100 0 15 4.16 18
8856 | Al1100 0 23 4.20 26
8857 | Al1100 80 15 4.15 4.3
8863 | Al1100 80 15 3.40 2.3
8864 | Al1100 80 15 4.61 6.9
8866 | Al1100 90 15 4.55 20
8932 | Al110(C 30 15 4.00 2.0
8933 | Al1100 60 15 371 25
8869 | PEEK 90 15 3.52 24
8871 | PEEK 90 15 4.48 1.9
8873 | PEEK 0 15 4.20 1.6
8874 | PEEK 0 2,3 4.08 24
8934 | PEEK 30 15 3.75 18
893t | PEEK 60 15 3.63 23
8939 | PEEK 80 15 3.89 7
8940 | PEEK 80 15 4.54 39

Table 1. Test condtionsandresults

Some of the results are presented in the following
figures. From araw visual ingpedion, it appeastha:

e The tethers damage after norma impads is not
much significant, sincethe hole’'s magjor axisis very
close to the projedil e diameter.

e The impact damage increases considerably at high
oblique angles.

» Asregards the two above points, Al1100-H19 and
PEEK LITE show avery similar behavior.

Figure 4. Test no. 8856 (Al-1100-HL9, gj,=0°): setup
(Ieft); detail of thetapedamage

Figure 5. Test no. 8866 (Al-1100-H19, aj,.=90°): setup
(Ieft); detail of thetapedamage
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Figure 6. Test no.874(PEEK LITE, ajoc=0°): setup
(Ieft); detail of thetapedamage

Figure 7. Test no. 5871 (PEEX LITE, a1,c=90°): setup
(Ieft); detail of thetapedamage



3.2. Balligtic limit equations

Balli stic limit equationsfor the two tapes were derived
with the proceduredescribed in sub-sedion 2.2.

As preliminary condderations, it is worth to highlight
two isaues:

*« No ore of the impact tests resulted in a tether
cutoff. This meansthat the critica value A.;; of the
damage major axis cahnd be deermined
empiricdly from the available daa. The only
posshility in this case is to asaume a “reasonable”
value for A, based upon literature data and/or
other congstent theoreticd hypaheses.

e Most of the impact tests were condicted with 1.5
mm projediles. This means that the available daa
are nat enoughdiversified to empiricdly infer the
influence of d, on the tether's damage. For this
reason, it was asumed tha A is aways
propationd to the debris diameter. This hypahesis
is in excellent agreement with the results of tests
no. 8855 8856, 8873, 8874 (see Tab.1), where the
ratio A/d, is condant for both tapes (conddering the
measurement uncertainty).

The remainder of this sedion refers to last three steps
of the procedure outlined in sedion 2.2 above.

b) An empiricd co-relation between the damages
major axis A and the impact parameters was devdopeal
from all the experiments (results for bath the Al-1100
H19 and PEEK tapes are well fitted by the same
equation, i.e. Eg. 4). Unfortunaely, the data avail able
for 01,,=90° are affected by a relevant uncertainty, that
is related to the imposshility of predicting the exad
impad point on the tap€ s edge (see Fig. 8) and hence
the damage major axis has no statisticd significance
for 0,,,=90°. For this reason, Eq. 4 is sensible from
01oc=0° to 0,,=80° only. To extend the damage
equation's validity up to ,,.=90° requires acarate
data at such impaa obliquity; this coud be achieved
e.g. by hydrocodes simulations

0.05 mm 0.05 mm

=

Figure 8. A debris (red) could strike the tape centrally
(Ieft) or off-axis (right): the uncertainty in the impad
point makes the experimental data usslessfor ¢;,.=90°
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For Eq. 4, the correlation parameter r° is equd to 077,
and the standard deviation of the estimation of A is
01+=0.18. Units are as specified in Tab.1. Eq. 4 is
plotted in Fig. 9 for al the experiments (excluding
those for 0,,,=90°). It appeas that:

* EQ. 4 well represents the experimental data for bath
tape materials.

e The impact damage increases significantly for
highly obliqueimpact angles.
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Figure 9. Normalized damage major axisin fundion of
theimpact angle

¢) According to the second consideration reported at
the beginning of this subsedion, the criticd value A
which defines the failure threshold was nat derived
from experimental data. Rather, it was assumed that the
tether is cutoff when the residual cross sedion of the
tape is jug able to withstand the maximum predicted
tendle load on the system, i.e. 10 N. Hence, failure
occurs when A eguds or exceals the foll owing criticd
values, tha were computed with reference to the
materials ultimate tendle strength at 150°C.

At A-1100-H10 = 254125 [mn] (59
AC”LPEEK =229+23 [mn] (5b)

The uncertainty in Eq. 5 results from an assumed +10%
uncertainty in the knowledge of the tapes materials
ultimate tensle strength. Eq. 5a shows that the Al-
1100-H19 tape is severed when the damage’'s major
axis equalsthetether's width.

d) As a find sep, bdlistic limit equations are
developed by introdudng in Eq. 4 the criticd values
reported in Eq. 5 and solving for dy git:



-0.65

d;xlc—riltlocymg - 564[{ Vo ] + Udcrit (68)
' cosa
PEEK Vo o

d5% =509 o + U (6b)

The unaertainty + Ugeq iS equd to +35% of d, o, and
was cdculated usng the wel-known Kline
McClintock method [9] for propagating to the final
result the uncertainty on the value of A and on thefit
model used in Eq. 4. Indeed, the uncertainty on
bdlistic limit predictions is mainly related to the
acaracy of Eq4 and hence to the scatering of
experimental data. This is a common condtions for
HVI experiments.

Fig.10 and Fig.11 present some predictions of the
bdlistic limit equaions for the AI-1100-H19 and
PEEK LITE tape, respedively.
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Figure 10. Ballistic limit curvefor Al-1100-H19
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Figure 11.Ballistic limit curvefor PEEK LITE

4. CONCLUSION

This paper reported the results of 16 hypervelocity
impad experiments on a composte flat eledrodynamic
tether for LEO spacecaft end-of-life deorbiting. The
system is being developed within the EU FP7 BETs
program. The damage extenson on the tape was

evaluated udng an automatic image processng
technique and experiments showed tha the impac
damage is very close to the projedile size in case of
normal impact, whileit increases significantly at highly
obligque impact angles for both target materials.
Ballistic limit equaions were developed in the
experimental range and the uncetainty on ther
prediction was cdculated usng a statistica approach
which makes it possble to diredly relate the bdli stic
limit to the extension of the major axis of the impad
damage on tether samples.
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