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Abstract

The Paper describes the concept of the main prioputs/stem concept for an affordable, safe and
environmental friendly Micro-Launcher and a roadniapthe realization. The enabling element for
this Micro-Launcher propulsion concept is the Gr&slled Propellant Rocket Motor. In addition to
low hazard potential and easy handling operatitiesGelled Propellant Rocket Motor shows very
stable combustion and very fast thrust control progs. Based on designs for sounding rocket stages
the paper details on the design options and tréfdeamd outlines a basic propulsion concept for a
three-stage Micro-Launcher.

Nomenclature

Parameters

A [ Area

D [m] Diameter

F [N] Force, Thrust

g [9.81 m/$] Earth gravity constant
lsp [m/s] Specific impulse

L [m] Length of a body

m [kol Mass

W'z [ka/s] Mass flow

Ma [1] Mach number

p [Pa] Pressure

R [m] Radius

s [m] Wall thickness

T K] Temperature

t [s] Time

\Y; [m? Volume

wW [J] Work

n [1] Coefficient of efficiency
0 [kg/nT] Density

Superscripts
* Value at nozzle throat, sonic condition

Subscipts

b Burn operation

CcC Combustion chamber

c Combustion

e Condition at nozzle exit or at end of accelerat
GRP Gelled rocket propellant

(] Index

Prop Propellant

St Stage

T Tank
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vac Vacuum conditions

0 Reference condition

00 Ambient condition

Abbreviations

BC Bayern-Chemie

CcC Combustion chamber

CFRR Carbon fibre reinforced resin
CMC Ceramic matrix composites

COTS Commercial of the shelf products
DACS Divert and attitude control system
GGG Gelled propellant gas generator
GGPT German gel propellant technology
G-SoRo Sounding Rocket with GRM

G-pL Micro-Launcher with GRM

GP Gelled propellant

GRM Gelled propellant rocket motor
GRP Gelled rocket propellant

HCCC Highly controllable combustion chamber
IF Interface

LEO Low earth orbit

LRM Liquid propellant rocket motor
MECO Main engine cut-off

MMH Mono methyl hydrazine

MSL Main sea level altitude

NTO NO,4

REACh Registration, evaluation, authorizationioémicals
SRM Solid rocket motor

SSO Sun synchrous orbit

STj Stage ‘"

TVC Thrust vector control

1. Introduction

The initial idea that spurred the development oftggepropellant Rocket Motor (GRM) technology inf@&any was
to create a controllable rocket motor without tiagdrd potential of liquid propellants.

Controllable solid rocket motors were ruled outdnese a mechanism that controls the throat crosi®serea needs
a lot of energy, following the lawW = pdV, and operates at the most adverse combination dftgtes parametegs,
o*, T*. In addition, interfaces and sealing of extremely $tauctures in a transient heating scenario aadleriging
thermo-mechanical problems.

Hybrid rocket motors were ruled out because ofllige volume needed, the low thrust density, calsetbw
regression rate of the propellant and the fact that combustion process comprises many interagimgsical
phenomena (boundary layer, heat transfer, de-catigpor melting of solid propellant, evaporatiomixing,
turbulence, combustion, etc.) that vary along tbenltustor length and cannot be controlled diredbyt just
indirectly by the injection method.

Essentially, a GRM combines the advantages of & $wobpellant Rocket Motor (SRM) and a Liquid prtast
Rocket Motor (LRM). Overviews on GRM technology a@igen in [1, 2]. The state particularly of the Gan Gel
Propulsion Technology (GGPT) activities on GRM dadlled propellant Gas Generator (GGG) technology ar
reported in [3, 4, 5] and the perfect free-fliglgntbnstration in [6], see Fig. 1. Aspects of hazaotential and
environmental impact of GRM and other rocket mdemhnologies are discussed in [7, 8]. Hence, is plaiper we
just briefly outline specific properties of GRM tewlogy that are needed to understand this pamerséientific
aspects and verification data the reader is askstltly the references and the literature citecethe

Fig. 2 shows the principle of operation of a GRMeTGelled Propellant (GP) is solid in the tank aad to be fed
into the combustion chamber by pressure. The plageinass flow rate is controlled by a valve in teeding line.
Upon injection into the combustion Chamber (CC)dkéestructure of the GP is destroyed and the Girefies. The
spray burns in the CC almost like a liquid propsllaVhereas monopropellants represent the curtatd ef GRM
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technology, bi-propellants and hypergolic propealaare under investigation.

Figure 1: BC's GRM demonstrator missile with sméres GRP 001 just after launch [6].
Fig. 2 shows a sketch of the principle of operatba GRM.
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Figure 2: Principle of operation of a GRM [9]

The Gelled Rocket Propellants (GRP) consists ofemd of fluids, gelling agents, additives and ifefud and
tolerable, solid particles. This increases the tigm@sd the specific impulse and can be done becthes nature of
the GRP prevents sedimentation or buoyancy of paeted particles even over long storage times.yMan
monopropellant formulations for various applicatdmave been tested [10]. An essential guidelinehefGGPT
program was to develop GP that have a minimum kagatential to no-protected persons in case ofcaidant, a
malfunction or some other kind of mishap. This baen achieved with respect to the monopropellanit&#f as
for the combustion products [7, 8]. The GP spiltg put of leakages, if set free creates no leaetids large
evaporation surface, has a low evaporation ratefamldoes not create “fireballs”. It also doessus#k into the soil
or flow into sewers.

The pressurization of the GP tank can be done Ioypeessed gas or solid gas generators if spacenited, or a
combination of both. For GP tanks with high L/D asmallD a piston is a good solution to separate GP and gas.
Tanks with low L/D can separate GP and gas by almame or a bladder; the latter solution is alstefile for tanks
with large diameter. Helpful in many respects s &P shows no sloshing in the tank.

The CC is designed using materials and methodsatieatommon in the design of exposed surfaces M.SRe
uncooled CC walls need either an ablative heatdshie may be made of Ceramic Matrix Composites M T, is
not too high. This design method is comparativelgyeand does not need very special materials. it §mes of
operation, the nozzle throat can be made convealtiofrom graphite. If a higher degree of resistragainst
erosion is required, CMC materials show alreadydgoerformance in SRM.

Tests showed very good scalability of GRM in thegefrom 0.3 — 20 kN nominal thrust and there isnaication
that further scale-up should create difficultie$][IWe also observe very stable combustion and fastyand stable
thrust control characteristics. Fig. 3 shows uefdd pressure curves of a test with GRP 006 thataheery wide
combustion pressure range from 0.6 to more thah MPRa. For tests with the Highly Controllable Corstion
Chamber (HCCC) with variable injector head, vamgatbzzle and appropriate control algorithm seeeefee [12].

A GRM is inherently safe because three indepenadetitins are needed to set a GRM into operatiofirgtf the
tank is pressurized. The second step is to inittadgniter. Whempcc exceeds a given threshold value, the GRP
valve opens and the GRM starts to operate. Hemcignition and safety device, essential for SRMyasded.

By now, GRM and GGG technology have reached a ritathiat allows to enter into demonstrators and
developments for specific applications. Promisippglizations of the German GRM / GGG technologyexgected
where the following requirements drive the design:

< Low hazard potential, good insensitivity, stricteg requirements
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« Affordable propellant, easy handling operationduding launch, uncritical infrastructure and launch
operations
 REACh-compatible propellant (over the entire lifele) that produces environmentally friendly exhaus
gas
» Particle-free exhaust gas and operation if required
» Long operation times due to the separation of tankCC
» No sloshing of propellant in the tank
« Alimited number of operation cycles
Some ideas about design trade-offs for the varmpgdications and some exemplary generic conceptspate
applications gives [13]. Concepts for impulse cohsystems like Divert and Attitude Control Syste(DACS)
outline [14, 15].
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Figure 3: Normalizegb, over time for a test with 4 thrust level steps][12ft: complete test cycle, right: time-zoom
of the sequence frotn= 2.9 — 3.3 seconds. Yellow: GRP valve commarndt, peopellant mass flow, blue:
combustion pressure.

2. Concept of a Safe, Affordable and Environmentayl Friendly Micro-Launcher

The following considerations on design trade-gffs;formance and functional parameters are basdideoresults of
the efforts described in the references given above

Stages for sounding rockets are a reasonableafigication of a novel propulsion technology beeatle specific
performance requirements in terms specific impalsd propellant mass fraction are mild. This allavglesign
using good margins and to evaluate from succedbfilits the degree of “overquality” as a base farttier
optimization. Generic concepts for stages of saumndbckets were outlined in [16, 13]. Based on muorecise
requirements, developed to realize performancenpatexrs that match those of the VSB-30 soundingack
design concept for the propulsion system of a GRMn8ing Rocket (G-SoRo) has been set up and desciib
more detail in [17]. The concept of the propulsgystem of the GRM-Micro-Launcher (G-uL) is a detiva of the
G-SoRo propulsion system and uses widely the sawsignl features. Because the G-SoRo propulsion pbieéne
starting point, it is briefly outlined at this pldo facilitate the understanding of the G-uL piejmn concept
without the immediate need to look into [17].

2.1 Brief outline on the stages of sounding rocketgsith GRM

The VSB-30 [18] carries a payload section of ab#l@ kg mass to an apogee of about 270 km what slknne
minutes of microgravity experiments. VSB-30 corsist2 SRM stages, S-31 as first stage and S-3@@md stage.
Table 1 gives some key parameters for the two stafjg SB-30 and for the two modular stages of G-&oR

By now, GRM and GGG technology have reached a ntiatihat allows to enter into demonstrators and
developments for specific applications. Promisipgleations of the German GRM / GGG technologyexpected
where the following requirements drive the design:

* Low hazard potential, good insensitivity, strictetg requirements
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» Affordable propellant, easy handling operationduding launch, uncritical infrastructure and launch
operations
« REACh-compatible propellant (over the entire lijele) that produces environmentally friendly extaus
gas
« Particle-free exhaust gas and operation if required
* Long operation times due to the separation of lankCC
¢ No sloshing of propellant in the tank
e Alimited number of operation cycles
Some ideas about design trade-offs for the vareqpalications and some exemplary generic conceptspate
applications gives [13]. Concepts for impulse cohsystems like Divert and Attitude Control Syste(@ACS)
outline [14, 15].

Table 1: Key parameters of S-31 and S-30 SRM [b8]af the stages of G-SoRo [17].

S-31 S-30 G-SoRo St 1 G-SoRo St 2
Diameter [m] 0,56 0,56 0,58 0,58
Propellant mass [kg] 616 861 1000 1000
Gross mass of SRM/GRM [kg] 900 1200 1277 1232
Peak thrust [kN] 240 102 180 100
Burning time [s] 135 29 15 30

#According to [19]

The solid propellant of the VSB-30 stages is alungid as this is common for launchers, and alikeGR#-002 of
the G-SoRo contains energetic solid particles. $iecific impulse of GRP-002 is somewhat better ttreat of
aluminized solid propellants. The density of GRR-@1300 kg/mwhich is a good value for liquid propellants but
less than the 1800 — 1860 kd/of highly aluminized solid propellants. Taking@isto account that the GRM needs
devices for pressurization, GRP mass flow contnol has separate tank and CC means that GRM stagdsmore
volume for the same mass of propellant than SRIgestawhereas in the case of the sounding rockgesthe dry
mass of the GRM stages is less than that of the . SRM

Figure 4 shows pictures of th& and 2° stage of the G-SoRo.

Propulsion block
with 3 CC

Propulsion
block with 6 CC

GRP Tank

High-pressure
He Tank

Figure 4: Picture of the modulaf {right) and 2% (left) stage of the G-SoRo [17]

The key design features of the propulsion systemthe stages are:
* The tanks act also as the body of the stages angtbe axial, lateral and bending loads
* The high-pressure gas tank is also the forwarduckosf the GRP tank and carries the front skirthaf
stage
» The aft skirt of the tank carries the GRM blockd amakes the interface to the rear skirt
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The tanks are made of Carbon Fibre Reinforced R€$HRR); the gas tank has a liner of aluminium.
The GRP is held in a collapsible bladder within tiuek
The GRP tank is pressurized using a pressure redlice maximum operating pressyre= 10 MPa. After
equilibration of the pressure in gas and GRP tHrkpressure decreases with the expulsion of the. @R
parallel, the combustion pressure has to be redt@echintain the safe pressure ratio between GRP ta
and combustion chamber pressure. This is contrdifedhe controller and the control algorithm. The
corresponding decrease of thrust corresponds tdegbeeasing mass of the launcher and helps to eetthec
peak acceleration
All GRM CC with injector head and nozzle, in thdldaing designated GRM, are identical, also with
respect to the nozzle opening area ratig\* = 12. This is sub-optimal for low ambient pressubut cost-
efficient in development and production. The injechead, the shell of the CC and nozzle are made of
metal alloy. The CC shell and the nozzle structane protected by an ablative heat shield. For dipera
times of 15 and 30 seconds, respectively (see Talthe thickness and mass of the ablative heatdsis
well tolerable. We can use the aft closure and leodesign methods and materials that are known from
SRM.
The GRM blocks consist of 6 GRM for the first stagel 3 GRM for the second stage which are identical
The bundles of GRM are chosen because:
0 The development effort needed for the developménhe GRM is less than that needed for the
development of one much bigger GRM
0 The bigger number of identical GRM per launchepwai lower production cost
0 The multiple GRM need significantly less lengthrttasingle GRM
o0 Each individual GRM is thrust controlled by propell mass flow rate control. This entails already
a thrust vector control. No additional componeikts tardanic bearings and actuators are needed;
just the control algorithms have to be adapted.
0 The exact number of GRM per stage depends on tHdedhat take into account not only the
internal optimization, but also boundary conditiogsg. of the launch infrastructure
The ancillary components needed are the pressgrigas feeding assembly, the pressure reducer, the
propellant flow control valves with actuators, fivepellant loading assembly and the energy supply.

The G-SoRo is more complex than the currently USBHA stages, but allows for cross-wind compensatiod
tailoring of the trajectory. In addition G-SoRo a&ifd safety of operation, generally low hazard pt& and
environmental friendliness.

The modular nature of GRM allow to adapt the desagd the dimensions widely to boundary conditiond a
performance requirements. Hence, the given dimassand parameters show one of many possible versibn
GRM systems for sounding rockets.

2.2 The GRM propulsion systems for a three-stage rio-launcher

Earlier presentations on space launcher applicatiddrGRM focussed on highly controllable upper esagnd orbit
insertion stages with green GRP [9, 14, 13]. Thdist on the performance of sounding rocket stagtdmed above
indicate that GRM could also be a solution for thain stages of a safe and environmentally frierdigro-
launcher. In order to get a first rough idea om plotential of a G-pL, a parametric concept has lieseloped in
the same way as this was done with very good eBuitthe G-SoRo stage propulsion systems.

The initial sizing is based on general availabferimation about pL-concepts and market, and udes f thumb
without sophisticated optimization procedures:

A satellite of about 200 kg should be placed imauaspecified LEO. This is just a design value heea
the launch site and inclination of the orbit hav&gmificant impact on the payload capacity of anigher
The mass of payload including fairings, interfaaad ancillary components is assumed as 400 kg
3 stages for propulsion systems that do not usegemjic fuel or oxidizer
Distribution of propellant mass for a 3-stage ldurehicle according to the ratio 9:3:1 for Stages3dl
The ratio of propellant mass / stage masg/msr of the launcher stages is about 0.85
The thrust at lift-off is 1.Brg <F < 2m-g
The GRM uses GRP-002 with energetic particles. dezle area ratio chosen is for

0 Stage 1AJA* = 20, slightly over-expanded at MSL

0 Stage 2AJA* =40

0 Stage 3AJA*=70
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Fig. 5 shows the calculated specific impulse g, for these thred/A*. Because the gas produced by
the combustion of a particle-laden GRP and exitimgugh the nozzle is neither ideal nor adiabatie,
assume an efficiency = 0.93 in contrast to typical values of 0.97> 0.95. The value off = 0.93 is
used for the performance calculations and aregilsm in Fig. 5. Even with a deduction of 7 % froine
theoretical value, thi, gre-002at highp/p. is very good and matches that of thrusters wighstiorable bi-
propellants MMH/NTO. To establish valid values beteffectivels, grp-00z teSts are planned at DLR
Institute for space Propulsion at Lampoldshausem@ny.
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Figure 5: Specific impulse of GRP-002 ogaip., for the threedJA* of stages 1 — 3.

Using these above outlined basic relations, boyndanditions and pre-requisites, we have set thieviing
parameters:

Propellant mass for stages 1 — 3: 21000 kg, 7002800 kg. The expected launch mass is about 35

metric tons

Diameter of stages 1 — 3: 1.4 m, 1.0 m, 1.0 m. §thge length is a function of the size of the taahad
the GRM block

Nominal thrust of stages 1 — 3: 600 kN, 90 kN, 8D k

The modularity of GRM propulsion systems allowsdesign a G-pL using the design principles of theM5R
propulsion system of G-SoRo. Of course the veryediht size and applications pose technical chgdlenin

particular:

Significant scaling up of all parts of the GRM putgion system compared to G-SoRo, especially fer th

first stage
Significantly longer operation times of the GRM fhe 2% and 3" stage
Re-ignition in vacuum of the'Bstage, needed for the circularization burn of aergy-optimized orbital

insertion trajectory

Key elements of the design of all stages of theLGxye:

GRP tank:
o Case made of Carbon Fibre Reinforced Resin (CFBEM)g also the load-carrying structure of the
stage
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0 Collapsible bladder that contains the GRP
0 The high-pressure gas tank acts as forward clasfute GRP tank
0 Operating pressure: 10 MPa for stage 1, 8 MPatéges 2 and 3
High-pressure He tank:
o0 Case made of Carbon Fibre Reinforced Resin (CFBéE)g also the load-carrying structure of the
forward part of the stage, with an internal linéAballoy
0 Spherical shape with skirts, external diametefagetdiameter
0 Filling pressure: for stages 1 — 3: 70 MPa, 60 MRaMPa respectively; the very different filling
pressure levels are caused by the given dimensioihe spherical gas tanks whose external radius
is the external radius of the respective stage.oAsequence is that the rati§ancréVrankHe
changes significantly from 14.4 for stage 1 to 1f@r7stage 2 to 3.6 for stage 3. The impact on the
structural mass of the gas tank is small becgusé] 1NTankHe = l/(RTank,HQ3 whereas for the
mechanical load-carrying structure of the spherigals tank Mrankpe O Atank He StankHe U
(Rrank9°" (Prie Rrank 49 0 (Rrank 19 *Prie 0 Vrank e Pre = constant ifmye and Ty are constant. Parts
that do not follow this rule are the internal linef Al-alloy with a wall thickness that is
independent opye and consequently scal@s(RTank,ng, and the metallic polar bosses. But the
contribution of these parts to the mass is small.
Themye is chosen in that way that the pressure of the @RRF and the He tank equilibrate when 40 — 50 %
of the GRP are used (ST1: 42 %, ST2: 49 %, ST3%39After this pointprancre decreases as the
propellant is fed out. The fingrankcreeis for ST1: 4.56 MPa, for ST2: 4.39 MPa, for SB333 MPa
(remember thaVrank créVrank He IS different for each stage). In consequenmgehas to be throttled down
about proportionally t@ran to maintain a pressure raf®ank créPe = = 1.5. This method reduces the mass
of the pressurization system, maintgran 1stMye. The associated decrease of thrust after theileguibn
of gas and propellant tank pressure is welcomestiuge the peak acceleration towards burn-out of the
respective stage.
COTS pressure reducers; 3 in parallel for stagmé for stages 2 and 3
The propellant of all stages is GRP-002
The design method and materials of all GRM are laimivith the exception of the dimensions and the
maximum operating pressure. The metallic shell 6Gfahd nozzle as well as the injector head are roade
Ti-alloy; steel can be used if sufficient mass nrarghould be available. The material for the akati
internal thermal protection is the same as for ®&@but with thicker walls because of the longerrapen
times. The long operation times of the GRM alswfavthe use of CMC for the nozzle throat section.

The specifics for the propulsion system of eachestare as follows:

The GRM block of stage 1 consists of 6 GRM withamninal thrust of 100 kN eacl®\/A* = 20 and a
nominal burning timey, st;= 107 s. The geometrical arrangement of the GRidkis like that of stage 2 of
G-SoRo shown in Fig. 4 because there is sufficezoss section area inside of the stage diametey. Th
propellant flow rate control system is located lie space between the GRM. Tihggp, is controlled for
each GRMi individually by a valve. This compensates for iniable un-symmetries of geometrical
parameters of the propellant feeding system arapefational parameters of the GRM. A big advaniage
that by the control ofigre; @ thrust vector control is implemented without tied to integrate additional
mechanical and electric devices, i. e. gimbalgjators and energy supply, that move the GRM.

The GRP tank filling assembly is also located atrimar of the stage between the GRM

The GRM block of ST2 consists of 3 GRM with a noatithrust of 30 kN each an&/A* = 40 and a
nominal burning timey, st,= 262 s. The geometrical arrangement of the GRidkis like that of stage 2 of
G-SoRo shown in Fig. 4. The benefit is a clearflaw around the interstage between ST1 and ST2 hik
ST1 the propellant flow rate control system is tedain the space between the GRM, aingkp; iS
controlled for each GRMindividually by a valve. This also provides a thrusctor control for ST2 with a
minimum of mechanical and electrical devices. TH&PGank filling assembly is also located at the fa
the stage between the GRM

ST3 has just a single GRM with a nominal thrusB0fkN and a nominal burning tinigsts = 265 s. In
effect, the thrust of the GRM of ST3 is a little bigher than that of the ST2 GRM becadgtéA* = 70
whereas the injector head and the CC are identibat is possible becaugsrs Oty st2 For thrust vector
control (TVC), the single GRM is gimballed and thrientation controlled by two actuators. The prégrel
flow rate control system is located between the GRIR and the GRM

The roll control can be done by different methagsing inert or combustion gas. The appropriatet®riu
has to be established by trade-offs that take awoount the required total impulse, mass, technical
complexity, cost and whether each stage is equipgtd its own roll control system or whether a roll
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control system is only integrated inST2 ( for theexation of ST1 and ST2) and ST3. For the concept
discussed here, the mass budget for the roll cosysiem is considered for each stage and incoigara
into the mass budget for the ancillary devices.

2.3 Parametric concept of a three-stage micro-lauher

Whereas the propulsion system, i. e. tanks, GRMaawuillary devices like TVC represent the by fajonatructural
part and inert mass of a stage, stage- and ve$pdeific devices have not to be neglected. Hefmeentass of the
vehicle is made up as follows:
* For each stage, a margin of 15 % is added to tiredfustructural mass plus mass of pressurizing ghas.
resulting total inert mass of the stages is:

o STIL 2280 kg
o ST2: 785 kg
o ST3: 334 kg

* The mass for the structures of the interfacgsBtween the stagesindj is assumed to be 2 % of the total
inert mass of the lower stage as given abovemgg= 0.02ngr;

e The mass budget taken into account for ancillaryicds, e. g. for stage separation, energy storage,
guidance, navigation, control, emergency destracémd some propellant residuals is:

o ForST1to ST2: 500 kg
o ForST2to ST3: 250 kg
o for ST3 to payload: 125 kg

The mass breakdown and the key dimensions of thé &e summarized in Tab. 2.

Table 2: Key parameters of the uL.

ST1 ST2 St3 Payload
Diameter [m] 1.4 1 1 1
Total length of STi inclu- [m] 14.3 9.7 5.2 -
ding IF;,
Mass at ignition of STi [kg] 35690 11440 3250 -
Mass at burn-out of STi [kg] 14690 4440 950 -
MECO mass of stage [kg] 3246 1193 547 -
MECO / total stage mass [%0] 135 14.6 19.2 -
lsp.mst [m/s] 2400 N/A N/A
lspvac [m/s] 3000 3100 3170
Burning time [s] 107 261 265 -
®See Fig. 5

2.4 Function and performance of the G-uL

The DLR Institute for Space Systems carried outwdations on launch trajectory using the data giwefab. 2
[20]. Additional assumptions are:

e Launch at Kourou, French Guyana

« A simplified aerodynamics model as shown in Fig.ylding aerodynamic drag coefficient over Ma-
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number as shown in Fig. 6

Widerstandsbeiwert [-]
4
s

Mach-Zahl [-]

Figure 6: Aerodynamic model for the G-uL aBgloverMa [20].

Fig. 7 shows for a launch trajectory till the triamsorbit 180knmx 700 km to a sun-synchrous orbit (SSO) at 700 km

altitude:
*  Flight altitude over time of fi

ight

» Flight altitude over flight velocity
» Angles of attack, flight path and bank over timdlight
* Thrust, drag and lift (lift is not really visibl@yver time of flight
The graph of the angles shows that the angle atlatat operation of stages 2 and 3 is about 15 dezfees,
whereas the thrust of ST1 allows a gravity turneab angle of attack.
The circularization burn is not given in the graphke mass of propellant needed for this circuddi@n burn is
negligible but respected in the calculations offiagload mass delivered to orbit.
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Figure 7: Flight altitude over time of flight ander flight velocity, angles of attack, flight patind bank over time
of flight, thrust, drag and lift over time of flig20].

Fig. 8 shows for the same launch trajectory acattar, vehicle massyla and dynamic pressure over the time of
flight. The acceleration during the operation 0233 comparatively low. This is not critical, buatthe course of an
optimization it might eventually turn out that a 8BRblock with higher thrust is more effective. Natithat the
thrust/mass ratio of the GRM is quite high, sogkealty on inert mass may be limited.

The results of the calculations on the mass tramesfdo LEO and SSO are shown in Table 3.

10



DOI: 10.13009/EUCASS2017-154

INSTRUCTIONS FOR THE PREPARATION OF PAPERS

— o=
k=] 9 25
§ =
2 s 2
E Z 15- -
g 1 2
< 10 - 1
1 5
0 ‘ J o . . . ! : - J
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Time [s] Time [s]
25 60

Mach Number [-]
Dynamic Pressure [kPa)
w
o

0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Time [s] Time [s]

Figure 8: Acceleration, vehicle mass, Ma-number @ymhmic pressure over time of flight [20].

Table 3: Payloads delivered by G-uL, figures inglgdhe propellant consumption
for the circularization manoeuvre [20].

Target Orbit SSO LEO
Altitude [km] 700 500
Inclination [°] 98 5.3
Payload [kol 171 372

The results in Tab. 3 show that the G-uL as cortkeabove achieves the design target to place Hiteadé 200 kg
+ some mass (172 kg) for support and interfacettres in a LEO. Of course the mass placed in aiS$3s.

Because no optimization loops on the G-uL conceptehbeen carried out, there exist some potentials f
improvement:
» Increase of the payload by:
0 Adjusting the thrust levels
0 Adjusting the relations of the mass of the stages
» The vehicle has a high'D (see Fig. 6). Using larger diameters of the stage
0 May save mass because the bending stiffness imweas
o Allows to accommodate larger satellites witk» 1 m in the payload bay of the G-uL
e In contrast, the comparatively large margin of 15f86 the mass estimation of each stage may be
completely used up because the mass estimatiaost isased on related experience with GRM systenas of
similar size.

Technical features that may be incorporated bue et been studied are for example a mixed tangsprezation
system using a combination of inert gas tank afid gas generator, or the extended use of advamzgdrials like
CMC for the uncooled GRM CC. These elements havass-saving potential, but increase the cost caedparthe
technical solutions outlined above.

11



DOI: 10.13009/EUCASS2017-154

First Author, Second Author

2.5 Roadmap to realization of the G-pL

As outlined in chapter 2.2, the relevant techngtaps towards realization of a G-pL, compared tstieg and tested
hardware, are:
» Significant scaling up of all parts of the GRM putgion system compared to existing and proven
hardware
«  Significantly longer operation times of the GRM foe 29 and ¥ stage
« Re-ignition in vacuum of the3stage, needed for the circularization burn of mergy-optimized orbital
insertion trajectory
»  Control of the individual GRM of a GRM block array
* GRP tank design, particularly the collapsible bkdd

Intermediate steps of a roadmap to the realizaifca G-pL could take advantage of the fact thalisgaip for the
propulsion systems of the upper stages is lessfisggmt. Hence, a reasonable approach could beard with the
development of a propulsion system for"astage of a pL and then proeceed to the developafen? stage and
eventually to a first stage.

An intermediate step towards & 3tage GRM propulsion system for a G-pL is a cdiaole upper stage of a
sounding rocket as described in [21]. Elementstddveloped for this vehicle are:

e Thrust vector control by a gimballed GRM

* Long operation time

¢ GRP tank and pressurization system design incluttiegollapsible bladder
These are equally key elements of the upper std&jd @ropulsion system of the third stage of the G-fihe re-
ignition of a GRM in vacuum can also be tested erified with such a vehicle.

The next step could be a thrust and thrust veatotrollable stage for sounding rockets as showfign 5 and
described in [17]. Elements to be developed fohsuGRM propulsion system are:

*  Control of the individual GRM of a GRM block array

» Scaling up of all parts of the GRM propulsion syste
Whereas the thrust level of th& 8tage of a G-pL is about the order of magnitudénaff of a G-SoRo stage, ST2 of
the G-pL has much more propellant and an accorglingiger operation time.

With further scaling up of the GRM, this leadshe propulsion system of ST1 of a G-uL.

3. Summary

A concept for a Micro-launcher using green GRM testhgy for the main propulsion system of all 3 stapas been
set up by parametric calculations based on relexperience, accepted engineering methods and alatieta, but
without optimization loops. The evaluated data hagen given to DLR Institute for Space Systemsheck the

performance of the G-uL concept. The result is thatfirst rule-of thumb approach is by just -7 #or of the

intended performance, i. e. total payload into LEO.

Concluding we can state that an environmentallgnfitly, safe, affordable and REACh-compliant G-plthwfull
GRM propulsion systems is feasible.
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