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Abstract

Established in the year 2000 by the German autbesriBayern-Chemie and national Institutes, théonat
gel propellant team [Bayern-Chemie, Fraunhoferitinstiir Chemische Technologie (ICT) & Deutschedttu
und Raumfahrtzentrum (DLR)] started to develop thehnology needed to build a rocket motor burning
gelled propellants. The research and developmdivitaes were guided by a suitable principal coriciep a
gelled propellant rocket motor (GRM).

Based on theoretical considerations (regarding tiomal aspects) and experimental pre-tests (regardi
propellant gelatinization and spraying) a motorteys was pre-selected. The identified requiremerdgsew
proven in December 2009 by two successful demaimtrélights [3, 6].

The achieved Know-how on motor level, structuredeéading and injection system, burning chamber and
gelled rocket propellant (GRP) has been extendedsiystematic and application oriented way sottf@goal

of an effective control of the thrust by throttlitige fuel mass flow rate (FMFR) is now realistihisT paper
describes the advances in the development offfeRcontroller of the GRM.

1. Introduction

This article describes recent developments at Baghemie in the selection and testing of a gel ebakotor
adequate for military and aerospace applicatioayeBr Chemie is a company located near Aschau apalemall
town around 60 Km East of Munich, Germany. Its madativity field is propulsion for tactical missilesvhich
includes rocket motors with liquid, solid and gdllpropellants, as well as airbreathing ducted risckend gas
generators. It is a 100% subsidiary of MBDA Germaunlyich is the German arm of the European compaB{pX
Missile Systems. A gelled propellant rocket motGRM) [1, 2, 3, 4] combines the advantages of adsaicket
motor (SRM) - easy handling and long storage timeéth those of a liquid rocket motor (LRM) — thrusbdulation
/ shut-off capability and the potential for longepation times. The reason for this is that theegketbcket propellant
(GRP) is essentially solid in the tank and is liggek upon injection into the combustion chamberhe TGRM
performs better than both solid and liquid rocketierms of:
— Safety — no explosives, no highly flammable liquids
— Insensitivity in case of accidents, because th@gitants are no explosives, there is no spillageaise of
leakage or perforation of the tanks, and gels maweh lower vapour pressure than liquid fuels anichea
significantly lower evaporation rate in case oftdagion of the tank. The result is that our geltedket
propellant (GRP) is hardly flammable under amb@amditions.

Other advantages of GRP are:

— Solid particles can be suspended without the risdedimentation during long storage times. Thisdases
the density and particularly thg of the propellant, but increases the generatisnuske
— No sloshing of the GRP in the tank when subjeategicteleration or vibration

Shortcomings compared to a SRM are the need feparate combustion chamber and a tank pressunzsygtem
and, compared to LRM with pump feeding systemané tlesign that withstands the internal pressuedes: to feed
the gelled propellant to the injector and spraynib the combustion chamber. Recent developmentBGit
nevertheless, showed good operation at a tankuyreetesvel of 5 MPa and an associated combustiosspre level
of 2 - 3 MPa, representing common numbers for bterpropellant LRM with pressure feeding systems.

Fig. 1 shows the system concept of a GRM with alggds generator (SGG) for tank pressurizations hirethod has
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been used for the free-flight demonstrators [H]3ecause of its compact design. The GRP fluskhécdombustion
chamber is controlled by a valve control systenediors spray the GRP into the combustion chamiMile [5]
demonstrated a hypergolic system based on MMH &R, BC's monopropellant system [4] needs an éynit
Pressurization by cold inert high-pressure gasosssible as well and may be a good solution for lopgration
times, as that method does not heat up the tanktstes. A detailed overview on the state of GRbhi®logy at
BC is given in [3], an introduction to its potemtiar space applications is given in [7], and atuatupdate in [8].

Gas Generator Gelled Propellant Combustion Chamber

Piston Injection System

Figure 1: gel propellant rocket motor

2. Characteristics of the GRM at Bayern Chemie

Since 2000, the German National Gelled Propulsi@anT of Bayern-Chemie (BC), Fraunhofer Institute for
Chemical Technology (ICT), German Aerospace Rete@enter’s Institute for Space Propulsion (DLR-IR¥d
the Bundeswehr Technical Center for Weapons and émitron (WTD 91) carries out an extensive studgéwelop
the technology of rocket motors burning gelled jgtgmts. The goal is not only to demonstrate aret solution,
but to create as well the scientific foundationt tabows a thorough understanding of the phenonsnthe base
needed for sustained progress and evolution.

Guidelines of the development are:

— A GRP that is storable for long durations, at lddsyears

— To use ingredients not particularly toxic, carciang, acid or in other respects noxious for peoplthe
environment, because the hazard potential of thesterials would disqualify them for use in military
applications. This disqualified ingredients likedngzine or its derivates and oxidizers like NTORENA

— To develop GRP formulations that cover as widelypassible the military operational temperature eang
from -40 °C up to +71°C. This also excluded aquesmistions of many oxidizer salts.

The first result of the development activities veasionopropellant throttleable GRM system, burnirRP@01 that
was demonstrated by two successful flight test®eécember 2009 [3,6]. Since then, the goal of thevities has
been to improve the functional and performance rpatars of the motor. Key properties of the monoplapt
system are:

— Stable start and combustion

— Throttleability

—  Wide turn-down range

— A family of monopropellants with different gellirmgents, liquid and solid ingredients and additives

— Good scalability of the GRM over the nominal threestge of 300 to 6000 N at atmospheric pressurd, wi
no indication about a limit to further up-scaling

— Environmental friendliness of propellant and exhayss

— Little primary and secondary smoke if no solid dittds are used

— Good handling, transport and storage properties

— Long storage time, like solid propellants. An eowimental test program similar to that for a SRMsezing
5 years of lifetime was carried out for a GRM W@RP001 and after this program the GRM showed no
degradation at a static firing test

— High degree of insensitivity. Tests with GRPOOLriea out at the Federal Institute for materials d2esh
and Testing (BAM) yielded the rating “no explosivéVi-tests carried out at WTD 91 showed mild bugnin
under fuel fire, slow heating and bullet attack aodreaction under fragment attack. Only a shaedge
attack provoked a detonation reaction. A more tetaassessment of the hazard potential of different
propellant systems is given in [3]

— A demonstrated operational temperature range fr8th°C to +71 °C. Activities to extend the lower
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temperature limit to -40 °C are ongoing.
— Ignition by solid propellant igniters and an extdrgas lancet has been demonstrated
— Monoblock solid gas generator designs for tankqanézation that allow to cover within a given tifname
various thrust profiles, and a method to prediet tdlink pressure histories dependent on thrust eand
GG design which can be used to optimize the ballsthaviour of the GG
Comparatively low cost, compared to solid propel@nstorable propellants like hydrazine
A penalty to be paid for the high degree of insiévigj is that the GRM needs a comparatively powkignition
system, which complicates the design of a GRM witpeatable ignition. Hypergolic systems and non-
hypergolic bi-propellant systems are a topic ofibassearch, but not yet sufficiently mature toldbwai rocket
motor.

Table 1 gives an overview on specific impulgg density © and combustion temperatufg of the different

propellants of BC's GRP family. Looking for batls performance, the maximuhg, of GRP002, GRP004 and
GRPO013 (for example) is comparable to that of maigdy aluminized solid propellants with HTPB asd&n
and APC as oxidizer. Other propellants like GRP@RP008 or GRP010 have a low combustion temperature
and are suited for the use in gas generators (ddpressurize volumina, e.g. tanks, produce tivindrgas for
mechanical assemblies or for direction and attitedetrol systems (DACS). By blending of different
ingredients the combustion temperature of the dgi@pellant can be adapted to the thermal sudtiiyeof
the mechanical structures, e. g. valves or otheiflgav control or energy conversion systems thatsubjected
to the combustion products. Notice that the derwitthe GRP tends to be higher than that of liquidpellants
which are currently in use. Depending on the ingnet$ to be used for the GRP blend, the cost fer th
production of GRP is lower than that of other cotrgtorable or solid propellants. In addition wa expect that
the cost for handling, transport and storage, driw@stly by safety measures, and for disposal,edriky
environmental protection methods, are lower.

Table 1: Key parameters of the GRP family

Gel lsp [NS/Kg] P T.

p./p,=70:1 [g/cnT] K]
GRP 001 2248 1.13 2199
GRP 002 2487 1.31 2795
GRP 003 2236 1.18 2089
GRP 004 2586 1.28 2910
GRP 005 2080 NA 1883
GRP 006 2182 NA 1981
GRP 007 1900 1.11 1396
GRP 008 1878 NA 1375
GRP 009 2143 1.19 1904
GRP 010 1749 1.33 1213
GRP 013 2478 1.41 2908

3. Gd Rocket M otor

A test gel rocket motor was assembled at BC in rotdeverify the control properties of the differeBRM. A
schematic of the prototype can be seen in Figuter@ssurized air forces the injection of the getest in the gel

chamber through a cylinder with Are\,;and linear movement and velocity givenXy, X,- The mass flow of

the gel is regulated with a control valve. Bothafhand proportional control valve types have beensidered and
tested. The Gel is atomized into fine particles aiget off injector heads into the combustion chemill the
parameters explicit in the scheme are directly meaisand stored during the trial.
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Figure 2: Prototype GRM at BC

Figure 3: trial photos

Figures 3a and 3b show two different live GRM &ialt BC. In Figure 3a it can be seen the 1) aimtiea or
compressor, 2) gel chamber or tank, 3) controle/ay injector head, 5) combustion chamber. Fi@lreshows the
trial from a different angle and with a differenR®! configuration.

4. Trial description and results

Gel selection trials

A series of trials were performed in order to detiee the GRP with the best control characteristesl
performance. A brief description of three of thésals is shown in Table 2. The “valid normalisedlFR” column
is the interval in which a monotonous control cupam be realized (the larger the better). The tvalbrmalised
Pressure/Thrust” is the combustion chamber pressdehrust range for the gel in the valid FMFReimaal, and the
last table on the right shows the linearizatiomefor each curve, in terms of average error aaddsrd deviation.
The pressure in the air chamber was set at 20fbbére three trials, as seen in Fig 4a. The pressgtop from Os to
1s is due to the characteristics of the testbeirctoanpression system and is not related or haimfheence on the

motor operation. The gel mass flomgel or FMFR (fuel mass flow rate) can then be comptitech the movement
(shown in figure 4b) and speed of the control vdilye

. d el
mge|: ;(?: |:Agelll)gel
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Table 2: Trial results

D)

Trial Ge Valid normalized | Valid normalized Error invalid
reference FMFR Pressure/Thrust FMFR regime
e (9
A GRP-001 08-1 07-1 0.0113 (0.0068
B GRP-002 0.44 - 0.92 0.42 -0.95 0.0137 (0.010
C GRP-006 0.48 - 92 0.48 — 0.96 0.0131 (0.009]

3)

The gel densitypgel, is given in Table 1. The values marked N/A in thigle are not free for publication. The FMFR

is shown in Figure 5. The end position of the gdincler is not the same for all trials as the sysie turned off as
soon as flameout occurs, in order to avoid potedéaage in the motor and pollution. The differeefbcities of the
gel cylinder are explained by the different rheatagproperties of each gel.
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Figure 4a, 4b: Air chamber pressure (a), Gel cgimabsition (b)
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Figure 5: Gel fuel mass flow rate (FMFR)

10

Figure 6 shows a comparison between the thrde inderms of FMFR and achieved combustion charpbessure.
For control purposes, it is essential to have aatwric relationship between those two parametaragolarge an
interval as possible. It can be clearly seen tHRP@O01 presents poor control characteristics viitle lbenefits in
term of added thrust compared to GRP-002 and GRP(Bigure 6b). Its burning quality is poor at corstion
chamber pressure lower than 6 MPa as it does not tmmpletely in the combustion chamber at low gues
conditions. Therefore, the choice is between GRP-&fd GRP-006, as a stable combustion is achievdbath
for a wide pressure range. The small oscillatiaesent in the graph in the stable regime come frmtommanded
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valve steps, as a discrete control valve systemusad to conduct the trials. This is an indicatdrihe very fast

response of the combustion chamber pressure oe aahon.

The FRMR — Pressure response of GRP-002 has dlsligbher average error, and standard deviatioargthan
GRP-006, as it can be concluded from Figure 6cfeord the last column of Table 2. All the trialpogted here

were performed at room temperature. The thruseaeli in the three trials can be seen in Figure 7.
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Figure 6a, 6b, 66sMFR — Pressure comb. chamber (a), FMFR - Pressumd. chamber linearized (b)
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Based on results of the gel selection trials, a GRith GRP-006 was chosen to perform a set of comtias. A
series of steps of increasing amplitude were coni@@rno the gel control valve in an open pressurgrabloop.
Enough time was given between steps for the prestursettle. The trial comprised of four positivedafour
negative steps for a total time duration of arodritls. Figure 8a shows the pressure in the air bhant was set to
200 bar as for the gel selection trials. The veme during the trial come from the properties fg test bench air
compressor system. Figure 8b shows the gel cylipdsition from which the FMFR is computed. The @gelk was
around 90% full at the beginning of the trial ahd trial lasted until burnout, which occurs whee fitessure in the
combustion chamber drops below the minimum sudténaressure. The line in Figure 8b is a compasitiblinear
functions with different slopes, the smaller cop@sding to the low FMFR step and the larger cowaeding to the
high FMFR step as seen in Figure 9. The high FMteR kevel is kept constant, and the low level FMigRreases
for each step in order to evaluate the responfieseoERM for step requests of increasing size.

Pressure air chamber (Pa)
Position cylinder (m)

time (s) time (s)

Figure 8a, 8b: Air chamber pressure (a), Gel cgimbsition (b) for the control trial
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Figure 9:FMFR for step trial (normalized)
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Figure 10a, 10b: Pressure combustion chamber (@sBre combustion chamber, FMFR and valve comnarstdp Nr. 3 (b)

Figure 10a shows the normalized pressure in theébastion chamber. The pressure pique at t = 0.4ggponds to
the ignition of the gel in the combustion chamldggure 5b shows the step at t = 3.08s in detaié filme delay
between a FMFR increase and pressure increase oothbustion chamber is consistently lower thars5 m

5. Conclusion

A GRM with the following specific properties:
Very good storage, transport and handling propertie
— Very low hazard potential
— High degree of environmentally friendliness, norosivity and very low toxicity
— Lower operational temperature limit of -30 °C
— Operational thrust regime between 300 and 6000 N

has been chosen from a group of candidates andaitslity for a controlled motor combustion checkethe
pressure and FMFR are normalized in respect to mani reference values which fit the GRM requirememtse
trial results, shown in Figure 3, indicate that thetor performs within the desired parameters, &itlesponse time
predominantly determined by the response time etakt control valve (i.e. the FMFR).

6. Symbols
Fn N Nominal thrust
Isp.vol Ns/dm?® Volumetric specific impulse
Isp Ns/Kg Mass specific impulse
Pec Pa Combustion chamber pressure
pr Pa Tank pressure
Po Pa Ambient pressure
Te K Combustion temperature
top S Time of operation
P Kg/ m® Density
Ay, m Area gel cylinder
Xge m Linear movement of gel cylinder
Xyel m/s Linear velocity of gel cylinder

7. Abbreviations

C/SiC  Carbon fibre reinforced silicium carbide
CFRR Carbon fibre reinforced resin
DACS Diver and attitude control system
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GG
GP

Gas generator
Gelled propellant

GRM  Gelled propellant rocket motor
HTPB Hydroxyle terminated polybutadiene
IRFNA Inhibited red fuming nitric acid

LRM Liquid propellant rocket motor

MMH  Mono methyle hydrazine

NTO Dinitro tetroxide

RM

Rocket motor

SGG Solid propellant gas geneator
SRM Solid propellant rocket motor
FMFR Fuel Mass Flow Rate
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