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Abstract

This paper describes the use of solid propellaokebmotors for systems that de-orbit or re-orbit
satellites at the end of their service life or &se of a failure. The paper gives an introductita the
technology of solid propellant rocket motors. Engifas put on specific issues associated to the use
for de-orbiting of satellites and the descriptiohtbe first orbital solid propellant rocket motor
demonstrator. The paper closes with conceptualideraions on de-orbiting systems using solid
propellant rocket motors.
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CG

DPM

Burn operation

Area

Acceleration

Constant factor in Vieille’s law
Specific impulse

Length of a body
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Probability of collision
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Temperature
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EPDM Ethylene Propylene Diene Monomer rubber
LEO Low earth orbit

MEOP Maximum expected operating pressure
NVA Nozzle-valve assembly

PSD Pulse separation device

RESI Reduced signature composite propellant
SRM Solid rocket motor

STS Space transport system (with Space Shuttle)
STANAG NATO standardization agreement

TACS Thrust and attitude control system

TRL Technology readiness level

TVC Thrust vector control

1. Introduction

The increasing number of uncontrolled space defailed satellites and used orbit insertion stagjesady put the
usability of essential low earth orbits and thespiass at risk [1]. An aggravating element is theoamng use of
large constellations of communication satellitegemded to enable the operation of the internethofgs. The
projected number is in total tens of thousandsvactatellites. Following the current rule that teliée after end of
service has allowance of 25 years to leave the [fhiwe can expect another“® 17 major objects in or near the
used orbits. A method to clear the orbit is to gnée into the satellite an independent system deatrbits the
satellite at the end of its life or in case of diad [3].

Another aspect is that more and more satelliteselesgtric propulsion for orbital manoeuvring. Eviéthe satellite
and its propulsion systems work properly, de-omgitusing the electrical main propulsion system sigsificant
shortcomings:

e The thrust of electric propulsion thrusters is vy and allows only extremely gradual changeshef t
orbit. As the satellites approach the upper lagéthe atmosphere, the re-entry trajectory is daefeed by
the local and actual state of the atmospheric gasrat by the deceleration generated by the thmauste
Hence, the location of re-entry and impact on gdoohthe satellite is unpredictable. A Solid prdaet
Rocket Motor (SRM) with sufficient thrust allows put a satellite with electric thrusters on a vekdfined
final dive with a subsequent impact in an uninhetb#érea

e The initial descend with electric main propulsigrstems needs many orbits until the satellite rem¢he
altitude where the braking effect of the atmosphdrag becomes effective. During this phase, thle of
collision in a specific altitude band is proport@brio the time needed for the satellite to cross altitude
band. A rocket motor that generates higher threedyces a steeper and shorter dive, and theretateces
the collision risk significantly. Collision risk ithis sense does not only mean the risk to credd@ianal
debris by collision. The orbits of descending disl are well known and collision avoidance manoes
can prevent collisions in most cases. But, coltisevoidance manoeuvres consume impulse of each
participating vehicle. Each ;¢ of impulse that is used for collision avoidansdaist for station keeping
manoeuvres and shortens the usable lifetime irt orbi

The dichotomy of reliability and cost also suppditte use of an independent on-board de-orbitingesysThe
satellites for the constellations have to be predum comparatively large numbers and productiost ¢® a key
factor in business success. It is common knowlethgd a slight relief on reliability requirementsopuces
significant savings in production cost. Such a otidn in reliability of the satellite’s systems dam tolerated if it
has an independently operating on-board de-orbétystem:

« In case that the satellite fails, the de-orbitiggtem carries it back to re-entry

« If the de-orbiting system fails, the satellite aeatrorbit by its own propulsion means. In this ctwe de-
orbiting process is more lengthy and the impacezwoot predictable, but the orbit is cleared

Notice that the reduced system reliability requieat that entails cost savings applies to bothstiellite and the
de-orbiting system, reducing the production codiath.

In order to secure safe de-orbiting of satelli'eaumber of different methods have been considemddliscussed:

e Drag sails [4] are a means that is cheap and eadgpioy. The shortcoming is that a drag sail aesravith
reasonable efficiency only in very low orbits ahdttthe sail increases the effective collision sresction
area. The contribution of a vehicle to the probigbif collision P, can be expressed by the following
formula:

F>coII |:lAcs,\/'VV'tf,V (l)
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A v is the cross-section of the vehicle perpendictddhe velocity vectoryy is the velocity of the vehicle,
in orbit rougly orbital velocity anty is the time of flight of the vehicle. Hence, tleeluced time for
descend;y is balanced by the higher collision cross-secti®aA.s v and the trade-off can end in a lower
or higher overall probability of collision
» Electrically conducting tethers [5] use the forceduced by the magnetic field of the earth in adtative
file if there is relative movement between the éiled the earth’s magnetic field. This means is easirer
to deploy than a drag sail and also cheap, butlgtigo the shortcoming of an increasdd v . The
situation is better than with a drag sail in sodatthe tether is oriented along the velocity vectdhe
vehicle. But it still increases the cross-sectioali other collision directions
»  Saving sufficient propellant for a final descenust [6] is a method that relies on the promisé¢ éha
satellite that is functional is deliberately de-coissioned, and that the residual amount of propedan be
estimated with sufficient precision
All these methods cannot produce a descend trajetttat targets precisely a specific area. Andidiseone relies on
the correct function of the satellite and providesedundancy for a secure de-orbiting.

2. Solid Propellant Rocket Motors for De-Orbiting d Satellites

2.1 Brief description of solid propellant rocket maors

The technology of SRM is well described in litewrat, see for example [7 ]. Hence, we can redugeldscription to
some elements that are of particular importancéhidescribed purpose. Figure 1 shows the typleahents of a
SRM.

Propellant Grain Front End Closure

Case Insulation
Grain Inhibition

Aft End Closure

Igniter

Motor Case

Blast Tube
Nozzle

Exit cone

Figure 1: Typical elements of a solid rocket motor

The key feature of a SRM is the identity of tankd @embustion chamber. The consequences are:

« A simple architecture that needs no means for plergenanagement

¢ No sloshing of the propellant, causing random aetibn

¢ No impact of gravity or non-gravity on the distritmn or behaviour of the propellant

¢ No issue with compatibility of propellant and maéof structures

< Design issues because all parts are subjectedrtbiced mechanical and thermal loads

* The identity of propellant tank and combustion chamallows high thrust density or short operatiares
with no inert mass penalty. For long operation 8spitbe identity of tank and combustion chamber reean
that in the end the whole SRM structure is expdsadternal heating from the hot combustion product

e The propellant grain has to maintain its ballistiechanical, chemical, physical and bonding
characteristics within tight limits over the lifiene. Damage or dis-integration of the propellaatigr
during operation causes overpressure, burstingeoSRM case and destruction of the entire vehicle

« Immediate readiness for use at any time, no lead &nd easy initiation by a current of 50 V and.1 A
More sophisticated initiation methods, i. e. exjgdfoil or exploding bridgewire initiators are als
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available and mature, if the space-proven througkHead initiators should not provide a reasonable
solution
Easy handling during ground operations, motor- satéllite-integration

Over more than 60 years Bayern-Chemie (BC) angbitdecessor companies have developed

A wide variety of solid propellants, particularlgroposite propellants. This means an aluminium cdnte
from 0 % up to 20 %, burning rates up to 50 mmitandard conditions of operatiqn € 70 bar, ambient
soak temperature) and specific slow-burning andkenafiiee composite propellants for gas generator
applications. Recent development efforts leaddoraposite propellant with a very low burning rater
2.0 — 2.5 mm/s at standard conditions of operdtmr= 70 bar, ambient soak temperature). In combinatio
with requirements asking for small accelerations, low thrust and long burn duration, this prdgoglis
especially suited for the use with de-orbiting SRM

Effective insulation materials for combustion char#) aft closures and blast tubes, heat shields and
surface covers of propellant grains

Design methods for valves, pintles and nozzlesahagble to endure intensive heating for long siwie
operation

The developments and concepts described in thewfimly are based on this experience.

2.2 Solid propellant rocket motors in space

For the use with a satellite de-orbiting systenmeapecific requirements apply:

If the satellite has deployed sun paddles, anteonather devices, the fixation of these deviceteisigned
to withstand accelerations that are typical foritatbnanoeuvres. A typical value for tolerable decation

is 0.4 m/§[3]. This means that for operation in the originabit, a de-orbiting motor has to operate at very
low thrust and for long operation times. For SRMg tonsequence is to use a cigarette burner type
propellant grain and, depending on grain diametdrthrust level, a slow burning propellant.

If the SRM is used for the final precision diveao$atellite that has reached the edge of the atmospdis-
integration of delicately attached parts is no oegicern because at that altitude very few vehicdesy out
regular missions, and the lightweight disintegrgiads are slowed down soon by the atmosphericaindg
the low ballistic coefficient/A.. In this case, the deceleration may be higher 6hém/$ and the burning
duration of the SRM shorter.

A general requirement for SRM that operate in agbihat they must not exhaust particles because ev
small particles can cause tangible damage to stegbf other space vehicles in case of a colliditance,
solid propellants to be used in orbit have to henethium-free. Bayern-Chemie has such propellanitsin
portfolio, already fully qualified and used in siproduction of tactical SRM, the Deep Stall Recypv
System (DSRS) SRM that was integrated in thectaike of one A 400 M test airplane and a couple of
technology programs .

The SRM have to circle in orbit for many years withdegradation. For the long-time behaviour of SRM
and solid propellant grains under orbital conditimnexperience is available. The SRM of Bayern-Gbem
orbited for about 3 months with the 3U-Cubesat DF$8] and operated safely after this time of exposi
to space conditions.

Within the duration of a typical orbit of a LEO ebite of about two hours the satellite travelotigh

bright sunlight and deep shade, imposing severeshort temperature cycles upon the satellite sirast

In space, the heating scenario is dominated bytiadi and heat conduction whereas convective heat
transfer can be neglected (with the exception af pges). Hence, thermal management is a key sue
the design of any orbital SRM.

Space radiation is another factor that has thengiatéo change properties of solid propellant gsaiFor

the D-SAT SRM, samples of similar inert compositegellant have been exposed to Beta radiation avith
maximum dosis of 300 krad. Subsequent testing opgllant sample level by tensile test with mini €og
bones, on propellant density and on cross-link ileseowed no change of the properties of the teste
composite propellant. In order to reduce the impsipace radiation on the propellant grain, a aastibn
chamber made of aluminium or steel is preferred cwenbustion chambers made of fibre reinforcechresi

2.3 The D-SAT mission

The D-SAT mission was carried out by the compan®ibit SRL, Italy, which developed and operatedDRSAT
satellite, a 3U-cubesat [9]. Fig. 2 shows pictukthe satellite. For the D-SAT satellite BC devdd, built and
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qualified a solid propellant rocket motor. The paiypgoal of the D-SAT mission was to orbit the Banta Low
Earth Orbit (LEO) for a period of approximately twwnths and subsequently demonstrate a de-orbibenane
where the D-SAT motor decelerates the satellitd shat it will re-enter the earth’s atmosphere goatrolled
manner. Effectively the D-SAT was launched on 282017 as a secondary payload on the Indian PELV-
rocket. It stayed in orbit for about 3 before thriiion of the SRM on October 2, 2017. In orbitSAT also carried
out different experiments on earth observation [8].

Figure 2: Picture of the D-SAT satellite and arisinpression of the de-orbiting manoeuvre
2.4 The SRM for the D-SAT mission

According to the specification, well-known matesiatomponents and design features have been usedominal
overall dimensions of the motor are 121.55 mm lait) a maximum diameter of 97.0 mm. Hence, it odesi@a
little more space than what is available in oneecelement.

The design of the D-Sat rocket motor is based particle-free propellant family (RESI, REduced Sigme) which
has been developed and fully qualified accordingiidary standards by Bayern-Chemie for a seri@slpction
SRM and also gas dynamic devices. RESI propellznis also been used for the big SRM for the Dealp St
Recovery System [DSRS] that was integrated indfiedne of one A-400 test airplane and for sevi@hnology
programs, including a major program on insensitivenitions. The propellants have excellent ageirayatteristics:
6 month of artificial ageing @ 60 °C yielded norsfggant impact on

» Chemical stability

*  Sensitivity and ignitability

» Mechanical properties and glass transition point

» Ballistic properties
In addition to that, the RESI propellant, artifitfeaged for 10.5 years at +62 °C (lifetime >10@sgat room
temperature !!!) had similar properties as the pespellant, only the strain-capability at low termgtterres of -54°C
was slightly but not critically reduced.

The key properties of the Bayern-Chemie RESI pilaptd are:

e Burn-ratery: 12 — 17 mm/sp; = 100 bar afg,= 20 °C)
*  Burn-rate exponent: 0.25-0.50
« Densityp: 1700 kg/m

»  Specific impulsdsgpeg 2280 - 2420 m/s (expansion ratio = 70:1)
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*  Specific impulsdspecvae 2700 m/s (vacuum condition)
» Soak temperature range: -54°Cto +71°C
e Shelf life: minimum 12,5 years, up to 16 years

The properties of the RESI propellant that was dsethe D-SAT SRM are:
e r1,=12.5 mm/s ap. = 100 bar and &fs,.x= 20 °C and represents the lower end of the batenange at the
time of development
e Atall conditions, i. e. 40 bar g < 140 bar, -30°C J5,«< +71°C, the pressure exponen{from Vieille's
law: r,= & pJ) isn < 0,43 which is a value that stands for stablelnastion.

Radiation tests were performed at small samplddawgng an inert propellant that is representadivihe RESI
propellant family in terms of the binder materiatadiation levels with a maximum dosis of 300 kiadicated that
the mechanical properties, the density and thesdiok density did not change in comparison tortbeirradiated
samples. The mechanical properties were deterntipesing tensile tests in combination with mini dmmnes. The
cross link density gives information on the “contnéty” of the binder material polymer chains artefore
indicated that the applied maximum radiation ddsg0® krad did not cause any molecular structunainge or, in
other words, any break-up of the polymer chaintheir binding to each other.

The propellant grain is a tube inner burner withuaning face at the nozzle side. In order to elsdaindling of the
explosive component at transport, integration ameht¢h in different countries and under varyinggdidtion, a
cartridged propellant grain was chosen over a baseled propellant grain despite of the significahigher inert
mass. This allowed to conduct the final assembihefSRM at the launch complex, together with titelite
structure.

Due to the comparatively small size of the rocketan the caseing is made out of Al-alloy which ke design
and its structural tolerances in realistic and alfordable manufacturing limits. The internal tima insulation is
conventionally made out of EPDM rubber for the casdace and Silica-Phenolic for the aft closure e nozzle
exit cone.

The nominal key parameters of the D-SAT SRM are:

e Total motor mass: 0.9 kg

¢ Propellant mass: 0.3 kg
e Maximum pressure: 70 bar
¢ Nominal pressure (20 °C): 50 bar
¢ Nominal thrust: 375N

« Nominal burn-time: 3.2s

¢ Impulse (vac.): 836 ¥

o Nominal lspecvac,eff 2613 m/s
e Throat diameter: 7.5 mm
* Nozzle expansion ratio: 20

e Operational temperature range: -30°C to +71(qualified at -34 °C)

The D-SAT Motor Test Firing and Qualification Pragr was designed in order to qualify the rocket mstep by
step, building confidence and gaining experiendelims of motor ignition behavior, motor burn clwesistics and
motor performance. Hence, the qualification of BRSAT rocket motor was conducted in three conseeyihases,
i.e. the Functional, Verification and Qualificatiphase.

« In the Functional phase two motor firings were fieetl at the extreme operating soak-temperatweldeof
-30°C and +71°C in order to show the functionadibd the performance level. Both tests were suaglessf
and met all specifications

* Inthe Verification Phase three rocket motors wareironmentally pre-loaded with random vibratiost$e
and temperature shock cycles and subsequentlydtre2D°C, +20°C and +71°C soak temperature. All
three tests were successful and within the spedadiéquirements

* Inthe qualification phase four artificially ageacket motors were exhibited to the full environnagnt
qualification program. Two motors each were firea alightly extended lower soak temperature level
34°C and at +71°C. All four qualification tests wesuccessful and within the specified performaimid

The firing tests were carried out in vertical n@zap orientation, as shown in Fig. 3. Fig. 4 shtvesfirings at low
soak temperature -30 °C and high soak temperafite€C. Notice that the exhaust plumes are ovearapd
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because they are designed for expansion into vaenghmot into ambient pressure at the test siten@¢rical
limitations drove the selection of the comparagnMelw nozzle opening ratio of 20 which is far fraptimal for
expansion into vacuum.

D-ORBIT
Motor 02 ohne EES

Fig. 3: Vertical test stand for all D-SAT the mofoings

2.5 The result of the orbital SRM firing of the D-SAT mission

On October 2, 2017 the SRM of the D-SAT was firgthwthe goal to initiate the re-entry of the D-SAlhe SRM
ignited and produced the required impulse. Unfately, the impulse was oriented into the wrongaiom and the
orbit of D-SAT was lifted instead of lowered. Bhetsatellite was operational after the burn ofSRé what
indicates that the loads generated by the SRM withén the specified and tolerable limits. The roeause for the
malfunction of the de-orbit manoeuvre is not kndathe authors.

FU1 (-30°C) FU2 (+71°C)

Fig. 4: Separation of the exhaust jet in the noézienctional Tests FU1 and FU2)
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3. Concepts for De-Orbiting Systems with SRM

From the general considerations in chapter 2.ltlame@xperience gained from the D-SAT mission, djgeaitention
should be paid to the following points of a SRM @le-orbiting satellites:

SRM have minimal need and possibility for testinging integration and before the launch. Checkesitst
may be done for the ignition chain and the meclam@issembly. With respect to the ignition chain, by
nature of an SRM, only indirect testing is reasé@mab

When travelling in orbit, similar indirect functiahtests as before launch are possible.

The SRM must produce as few as possible ejectésibit into operation. Ejecta may be the fragseht
environmental seals or particles shed by the afglatiternal heat shield of the SRM, or particlesduced
by the propellant itself.

Because mono-pulse SRM by nature have burnt aralekéd their explosives completely at the end of
operation, passivation activities are not necessary

Thrust vector control (TVC) is very likely neededdause the movement of the vehicle during operation
the SRM is very sensitive against small deviatioesveen the line of action of the force veaod the
satellite’s Center of Gravity (CG). The situatiereiggravated by the fact that the exact positich@fCG
is not precisely known along the duration of thesign. Residual liquids in tanks may also moveGfze
For SRM, various methods for TVC have been usell suitcess in series motors, i. e. with very high
Technology Readiness Level (TRL):

o

Movable nozzles with flex-seal bearing are well\wndrom big SRM boosters of STS, ARIANE,
VEGA and others. This method is very elegant aresdwt reduce the axial thrust level beyond
the unavoidable 1-cosine effect. But it is expeasind heating management of the flex seal
assembly becomes more difficult with decreasingetisions. The thrust vector variation is

limited to some degrees. This should be well beytbhedequirement for the TVC capability of a
de-orbiting SRM

Jet vanes can generate very high lateral thruspoasemt, but the penalty is a significantly
reduced efficiency of the SRM because the jet vaiwsk a significant part of the nozzle cross-
section. And the leading edges of the jet vanelsbiviht within some seconds of operation. For
long times of operation, the loss of total impulse to the drag effect of jet vanes is immense
compared to the low requirement on thrust vectfledgon capability. Another problem is the
heat conduction along the support structures ofagtheanes. For long times of operation, say in
the order of a minute or more, the transient hgatirthe actuation train requires specific design
solutions. And sealing against the hot gas is arattory. Hence, even if the heat conduction
problem can be mastered, jet vanes are not therpedfsolution for a TVC of an SRM with long
operation times

The injection of gas laterally to the wall of thezale exit cone has also been used with success,
but it is complicated in so far as not only a cohimechanism for the gas flow is needed. The gas
itself has to be provided. Gas taken from resesvzain be taken into account if only a small
amount of gas is needed. Gas tapped from the Cdimbhu@Bhamber (CC) of the main SRM is
available, but very hot if the SRM contains a hpginfformance propellant. Even without
Aluminum, the RESI propellants hav&aof about 3000 K, too high for mechanical control
systems if the time of operation exceeds sevetalrsks. The injection of liquids is much easier,
however, the volume source generated by the evaporaf the liquid is accompanied by an
energy sink generated by the latent energy thaesled for the phase change from liquid to gas.
Source and sink may compensate each other. Ani@ullienergy source can be introduced if the
injected evaporated liquid reacts with the SRM @agical in this respect is that the gas produced
by SRM is always fuel rich and does not contairdizdr that could be used for some kind of
“afterburning” process. And the lateral injectioingas from a hot gas generator also adds a lot of
complexity to the system

Flaps and spoilers are a simple method if justnétdid lateral thrust component is needed. A
technical advantage is the good spatial separbttmeen the hot surface at the jet flow side and a
cold surface at the actuator side, i. e. a clepars¢ion of functions. If no lateral force componen
is needed, the flaps or spoilers are retracted fremmozzle cross-section. Hence, flaps and spoiler
are well suited for mild thrust vectoring as thligequired to point the thrust vector towards the
position of the CG
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0 Another idea is to move the complete SRM. Whereasentional gimbal or two-axis bearings
are mechanically complex, particularly if they haweperate after long years of no or occasional
movement, a solution using a bearing without reddyi moving contact surfaces could provide a
good solution for small TVC angles.

o0 Derived from the control of missiles, a combinedult-and-Attitude Control System (TACS)
could also be a solution. Fig. 5 shows the architec The gas generated by the SRM is fed into a
Nozzle-Valve-Assembly (NVA) which distributes thasgaccording to the required thrust vector.
In all cases the main part of the gas will flow aotle thrust nozzle; depending on the required
lateral trust component the lateral nozzle/valvasoor close. If the operation times are longer
than a couple of seconds, fhRiehas to be reduced and adapted to the level thah&thanical
parts can tolerate along the foreseen operatiole cybis of course reduces the effectiygof
the overall SRM.

ACS nozzle

Combustion chamber ACS block Actuator block Thrust nozzle
Fig. 5: Architecture of an SRM with TACS

e The preferred method of use of SRM is to contrelfthal descent of the space vehicle in that way ith
will impact in a pre-defined unpopulated area,.énghe South Pacific. If two thrust pulses areded,
Double Pulse Motors (DPM) have been tested witlekawet results, see [10] and the literature cited
therein. The key characteristic of a DPM is that @C holds two solid propellant grains which are
separated by a Pulse Separation Devices (PSD)RidL]6 shows the longitudinal cut of the flight
demonstrator motor. The second pulse propellatin gan be ignited at any time after the first pudsain
has burnt out. Advantages of a DPM over a two-matoay are

0 The gas of both pulses exhausts through the sarmen@roducing the same thrust vector
orientation

o0 In the typical axially aligned configuration botblisl propellant grains are located on the thrust
vector axis and the mass change at operation daésduce disturbing moments

0 Triple- and multi-pulse SRM are feasible, but thehnical complexity and the expenses for
verification increase over-proportional with thenmer of pulses

el e 1** pulse chamber

/ PbD / rear end closure
' / / / nozzlel“

..........................

- L " . blast tube
2% pulse 1gniter 1¥ pulse 1gniter

Fig. 6: Longitudinal cut of the flight demonstra@PM SRM
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« If the deceleration produced by the de-orbiting SR&8 to be small, the time of operation neededdate
the necessary velocity decrement is long and thestlis low. With SRM, long operation times can be
realized in combination with a cigarette burnergaitant grain. Because the identity of propellamiktand
combustion chamber is a key characteristic of SBhe specific considerations have to be taken:

0 The thrust of a cigarette burner type motor is prépnal to the burning area = cross-section area
of the propellant grain and the burning rafeDepending om, and duration of operatidg, the
length of the cigarette burner propellant graibdsi = r,'top. FOr a velocity decrement afs =
200 m/s, a propellant with a burn rate= 10 mm/s and a decelerationaot 2 m/$ we arrive at
Lgrain = p:Av/a= 1000 mm. From the viewpoint of SRM technolog\aigs of such dimensions
have been used in series motors for military apfibos. The problem is rather the integration of
such a long SRM in the satellite body in that wast its longitudinal axis points precisely to the
CG. A shorter cigarette burner using a slower mgmiropellant is easier to integrate into the
satellite. Unfortunately thi,e. of very slow burning propellants is significantduced which
means higher propellant mass. Hence, a carefud-fficoetween burning rate and length of the
solid propellant grain is needed to create an adtsualution

0 As the solid propellant slug burns down over tiarejncreasingly wide inner surface of the
combustion chamber is exposed to the hot gas. egpgsure of the surface to the hot gas means
an appropriately thick internal thermal insulatlayer which adds inert mass to the SRM design.
At the end, the trade-off betweg&pand mass of internal thermal insulation is likedyend up with
a compromise propellant with somewhat redutgg. and tolerable mass of the internal thermal
insulation of the combustion chamber

o In principle, the dimensional (length) and heafingblem can be eased by using an array of
smaller SRM that are fired consecutively. Practycdhe shortcomings dominate: The SRM have
to be distributed alongside the resultant thrustareand thrust level over time as welltgshave
to match very precisely under any circumstancg, different soak temperatures of the respective
motors due to different exposure to sun radiati@me method to overcome the problem of un-
synchronous operation of the individual SRM isded the gas into a plenum and to exhaust it
through a central TACS. In any case, the complexithe propulsion system increases
significantly. Hence, a single-motor design is stjlg recommended

» Like all monopropellants, solid propellant can proé explosions or, more precisely, deflagration and
detonation. Stimuli are impact, friction, heat atectric discharge. In military environments, aietyr of
potential aggressions are possible, occur andlassified by standards, see for example STANAG 4439
[12] and related standards, e. g. for testing piopes. Because de-orbiting SRM are handled in & wel
defined and controlled environment by educatedqrersl who execute precise procedures, the risk on
ground reduces to accidents at handling or integratf the SRM. In orbit, the dominating risk ieth
impact of meteorites or debris particles on the SRkhe de-orbiting SRM is exposed to potential
impacting particles, impact shields have to be @sethis is the case for other sensitive structiMetice
that the case structure of a SRM is more massive fibr example the wall of a liquid propellant iguid
oxidizer tank. In addition, a layer of thermal itetion material is placed between the combustise egall
and the solid propellant grain, providing additibpeotection against the impact of micro-particl€ssts
are planned to establish knowledge about the maofi SRM propellant grains on the impact of small
particles

» The experience gained up till now does not inditlade solid propellant grains are specifically stves
against cosmic radiation. Nevertheless, testingfoorbital life time of many years has to be d@tatic
tests in ground testing facilities have the advgmtihat accelerated radiation ageing cuts the tieeeled to
get the information

» The effect of particles like protons or moleculaygen has to be studied as well. The key quession i
whether the enclosure of the grain can be designadvay that the grain is shielded against thdamin
with those particles. Relief can be expected ifSRM can be sealed in that way that internal owessure
lasts over the entire lifetime of the de-orbitingtor. But the design of the seal has to respeatéhejecta
requirement.

Whereas the knowledge base about the behaviourRlIf i space over long periods has to be built hp,extensive

technology base gathered from military applicatiownsr the last 80 years provides design solutionghiose
problems that are not genuine space-related.
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4. Summary and Outlook

Solid propellant rocket motor technology is welltarad over decennies in the course of military &agtibns. The
principal usability as propulsion sub-system foradkiting of satellites has been demonstrated By#SAT
mission. For the use as propulsion unit for sagetle-orbiting devices that have to operate afmynyears in orbit
some verifications have to be done:

< The life time under orbital conditions, particulathe effect or non-effect of cosmic radiation hawde
investigated. Artificial radiation ageing using gl testing facilities are an indispensable fitspsin
parallel, representative solid propellant samptesikl be brought into orbit for long duration tests
original load conditions. In an ideal way, instrurtesd solid rocket motors could deliver diagnosttad
before being fired under orbital conditions. Prdgr&tl samples could be brought back to earth forratory
investigations.

« High-performance solid propellants with very lowrbimg rate. The novel BC propellant is an important
step, but further activities intend to reducethieelow the current limit

e Propellants without Aluminum do not produce Aluntim®xide particles or slag. The gas produced by the

RESI propellants contains just sub-micron-sizeigiag which are too small to be relevant. Attentias to
be paid to particles that can be generated byuhsing or erosion of the internal thermal insulatio
material. Experimental investigations are ongomgieasure the size and amount of the particlesivwt
in the exhaust gas.

¢ Investigations on the effect of particle impactsSiRM are also helpful to check the hazard poteirtial
order to design protective devices or to avoid auglity due to excessive and unrealistic worsecas
assumptions

In summary, the use of SRM for satellite de-orlgititevices makes use of valuable spin-ins from anjlit
technology that needs just limited additional vesfion to be used with space vehicles.
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