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Abstract

The ZARM Experimental Hybrid Rocket, is a contriout to the DLR-STERN project. ZEpHyR is
powered by a hybrid engine designed to produce NL,8k thrust for 30s. Three propellant
combinations were considered: paraffin-GOX, -LOXl aN,O and analysed in a trade-off.

Following the trade-off a small sub scale engin®@¥®araffin) was used to gain experience in grain
design, regression rate analyses, injector desigradditives (aluminium and titanium hydride). Data
on start-up procedures and materials subjectedrtdastion chamber gases was gathered.

Using this data, a full scale engineering moddlesg manufactured and the paper concludes with the
most recent progress in this effort.

1 Introduction

Hybrid propulsion engines are a specific group igfropellant engines in which one part of the pitapes (usually

the oxidiser) is present in liquid or gaseous fowhjle the other component (usually the fuel) isgemt in solid

form. Hence the two components are separated nasepdifference and a hybrid propulsion conceptbeaseen as
a mix of solid and all liquid propulsion system§{21.

Hybrid rocket engines have been known since thly éarys of space transportation as a possible spagrilsion
system and as early as the 1950s many differehtifitkoxidiser combinations were tested. Despiteltmg history
and their many intrinsic advantages such as safétying manufacturing, handling, storage and ojpanat
shutdown capability (as opposed to solids), abtlityhrottle, low cost (only one liquid handlingssgm) and good
performance ¢}, is in between solids and liquid-liquid systems), they have only been applied in technological
niches and never as main propulsion for a spaecspmatation system until 21st of June 2004, when Hibrid
powered SpaceShipOne reached an apogee of 109kmsworbital trajectory [3].

The main reason for the scarce use of hybrid psiguisystems in space transportation applicatiwas,the biggest
drawback of hybrids - low regression rate. The@sgion rate in a hybrid signifies the velocity diiat the burning
surface of fuel recedes before the flame. This dlamhybrids is a diffusion flame, and hence th@ltcombustion
process is diffusion limited [2]. This low regressirate in turn means that the fuel mass flow dhlyi dependent on
a large surface area, if a large thrust is desléth classical fuel this meant complicated mulbiHpfuel geometries,
to fit as much surface area into the grain as ptsssNonetheless hybrid had a bad volumetric efficy compared
to solids and especially all liquid systems. ThHigmged however with the discovery of high regresgigp to a
factor of 4 increase) rate fuels, such as for exarppraffin [4]. The mechanism that enables thegh regression
rate is droplet entrainment from the liquid filmrface into the combustion zone. Due to the highwgdacities in a
hybrid, a liquid melt film of fuel becomes desta®ld and develops small surface wave, of off widckpray of
droplets is entrained into the flame zone, theliebseasing the regression rate significantly [8], [6].
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The fact that such a great increase in performaanebe achieved with such a benign and simpledsiglaraffin is
of great value to the project at hand. Not only asmall hybrid engine be produced with relativeeethat is small,
yet powerful, but also can this be achieved witthaap main propellant that can be handled andeeasdy in any
University lab, with a minimum of safety requirent&n

As such the current paper will describe the prooésteveloping a hybrid engine that employs pana#fs its fuel,
provides a thrust of about 1,8kN for 30s, so gsrtpel the ZEpHYR (ZARM Experimental Hybrid Rockedgket to
an altitude of up to 20km.

2 Propulsion System Trade-Off

The choice of propellant was mostly done with perfance (entrainment), safety and ease of handtimgind. As
previously explained this lead to the easy chofgeasaffin. The choice of oxidator was more invavgowever, the
goal being maximum burnout altitude, with minimugstem mass. Even with all non-toxic compounds edexi
three choices still remain: gaseous oxygen (GOXuid oxygen (LOX) and nitrous oxide ¢N). The first point of
interest hence is the specific impulse of thesegpropellant combination options, which is showfigure 1.
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Figure 1: L, vs. O/F for the propellant options at 3MPa changressure and 0,1MPa ambient pressure [7]

The data of Figure 1 was produced using the NASA @Ehemical Equilibrium with Applications) Code [&)at is
based on the Bonnie J. McBride and Sanford GorddRTFRAN code [9], [10]. It shows that the best optio
terms of L, would be GOX, with LOX only insignificantly lowemvhile N;O has ang, quite a bit lower and at a
rather unfavourable mixture ratio (high O/F letals: large tank for the oxidiser, for the same ambad fuel to be
burned).

However a choice between these three options ésaalshoice between systems of sorts, since both @@XNO
would function in a blow-down mode, with,8 being self pressurising. LOX in the other handuldorequire a
pressurant. The system pressure traces can bdars&ggure 2 for LOX and BD. While the pressure in the LOX
system is fully regulated from the high pressurghef pressurant tank, which must only remain higbugh at the
end of the burn to still support the minimum lineegsure at the inlet to the injector, the casauitedifferent for
N,O. It is stored at critical conditions and room parature. Upon engine ignition the tank will startoe drained,
which in turn causes the pressure to drop. Thiktvigger the critical MO to boil and create more,® gas to re-
pressurise the tank. The boil-off however causép in temperature of the liquid,®, shifting the critical point to
a lower pressure, thus re-establishing a balan@gh a combination of additional vapour volume a@hifting
critical point. In the case of this engine the iieggl mass flow is so high that the boil-off andatien of vapour
cannot keep up, causing tank pressure to dropfisignily as can be seen in Figure 2. This in tuanses the
chamber pressure to drop accordingly, reducing ttivest of the engine. This could only be avoided by
supercharging the system with an additional presgutank, which negates all remaining mass advastag
Combined with the lower overall lthis means this type of system is not competitive.
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Figure 2 - System pressure traces for LOX ap0 N]

This leave the GOX and LOX systems for comparisormrder to get a realistic comparison for these systems a
simplified model was created, that incorporate& taslume and mass employing standard formulas éaphstress
and Barlow's formula. Factors of safety incorpataite the system ranged from 1.25 (combustion chaymioe2
(oxidiser and pressurant tanks). Additionally, mified trajectory analysis was conducted thadwadl to calculate
the burn-out altitude, by balancing force of grayvitthrust and drag (using an ISA atmospheric nodela
simplified vertical disturbance-free trajectory.[7]
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Figure 3 - Comparison of GOX/paraffin (left) and Xaraffin (right) systems [7]

Results of the trade-off are shown in Figure 3 iimdn clearly be seen that at a targeted chamiesspre of 3MPa
the LOX/paraffin system is significantly lighteraih the GOX/paraffin alternative. The reason fos tki the large
mass of the tank. In order to accommodate suffid&DX at a high enough pressure, the tank becomudshitively
large. With these results of the trade-off study slistem of choice for the ZEpHyR will be a LOX/gifin pressure
regulated engine. While this engine does provide lilghest performance this comes at the cost ofhigkest
complexity.

In order to reduce the risks of this system it Wasided to use the existing test-stand and smp#réxental hybrid
engine (paraffin/GOX), to verify as many characs of hybrid combustion as possible. The maigiren of the

ZEpHyR would in addition be built in two versiortbe first one being a heavily instrumented and lyighbust

engineering model (EM), which is still much too tgdo fly. With the EM all states of operation tietengine, even
highly anomalous ones with large instabilities gméssure fluctuations, can be tested without thegela of a

catastrophic failure. Once the behaviour is fula@acterised a much lighter and less instrumerigiot fversion of

the engine will be built to power the ZEpHyR.
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3 Modd GOX-Paraffin Test Engine

The small model GOX/paraffin engine used at the KRSt facility can be seen in Figure 4. It wasigiesd to be
very flexible with easily exchangeable injectorides, fuel grain types and lengths (only the maail wylinder has
to be adapted), exchangeable nozzle and lineradtition to this the engine can withstand pressoffeap to

40MPa, thus allowing the engine to be run in urstabses for test purposes. In the current cordigam the engine
produces about 80N of thrust for up to 10 secomuls uration

Forward liner

Injector cap g
uel grain

Rear Liner

Figure 4 - GOX/paraffin test ngine configuratideft] and in operation (right) modified from [11]
The pre-test program for the ZEpHyR main enginethadollowing objectives:

*  Test different kinds of chamber pressure (IMP&MBa)

« Verify and test different start-up procedures usheycurrently available resistive ignition system
e Verify and test fuel grain production methods andgible additives

e Test different kinds of injectors (four types, threhocked, one subsonic)

e Test different materials subjected to the flamegemlly the nozzle

Most of these investigations were carried out bynKewitz [11] and the main conclusions of this wonldl be
presented here.

As could be expected of a hybrid engine, whichinstcally allows for easy throttling, the engineutthb be run at
various operating pressures without any problenii the limitation that the correct start-up progesland grain
manufacturing technique must first found.

The effect of an incorrect start-up procedure carséen in Figure 5. The left graph shows the champisssure
smoothly rising to a pressure level of just und&MPa, but once the ignition wire is activated ¢hamber pressure
spikes causing the pressure to briefly rise to atr@®0% of the nominal chamber pressure beforbngetT his type
of instability must be avoided, since it is pronedamage not only the fuel grain, but in a flighgme could lead to
much more serious damage. The right graph showsamth start-up procedure with a sufficiently damseaall
oscillation at the start of the engine. Hence, adgetart-up procedure is vital for the correct fiowing of the
engine. The ability to throttle a hybrid can beduse the advantage of testing the EM of the ZEpHiy&n engine,
since the start-up procedure can be verified dtallyi low operating pressures and only if confidenin this
procedure is high, can the engine slowly be tredttlp to maximum power.
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Figure 5 - Rough start-up (left), smooth (rightpdified from [11]

Figure 5 (right) also shows a small instabilityaébut 4.6s into the experiment. This instabilityrigst likely due to
small manufacturing effects in the fuel grain. istcase the effect on the chamber pressure ismimlgr, but only
an investigation of the remaining fuel grain aftex burn can ascertain if the problem was onlyllpc@ntained.

increased regression due
increased regression due to large accumulations of
to cracks in the grain . poresin the dried grain

Figure 6 - Effect of imperfections in the fuel gramodified from [11]

The effect of imperfections in the grain, which a@ause pressure fluctuations can be seen in Fgjuvéhile the
non-symmetrical flat pooling of the fuel at the toot is a normal occurrence that happens due tdualksheat only
after the engine has been shut down, the markedshel®and fractures in the fuel grain are not nbwonalesired.
While this type of problem does not cause largengka in chamber pressure, as it would in a solitbmd does
present the danger of the flame zone prematurelghiag the chamber wall and causing local hotspb#g, could
endanger structural integrity.

The imperfections in the grain are due to the $lage (up to about 17% [12]) of paraffin during dogl If the fuel
grain is simply cast and left to dry, this shrinkagill cause cracks and pores in the grain, whigintlead to uneven
burning and regression behaviour. To avoid thisgaén must be compacted during cooling, which foarexample
be achieved via a centrifuge or in the case of émgine via a pressurised cast with a cylinder twatinually
pressurizes the fuel.

In addition to the manufacturing procedure, twdeatént additives namely aluminium wool and titanitnydride

were tested with up to 5% mass fraction of the {aé&]. The main goal was to shift the O/F and theuce the
oxidiser needed for the same amount of impulsepaisdible even further increase regression ratele/gbime effect
could be measured the results were inconclusivg fhast likely due to the small size of the engama the tests
will have to be repeated in the EM to verify botmbustion stability and effectiveness of the agditi
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In addition to the above tests and lessons ledoretthe start-up procedure and fuel manufacturdifferent types of
injectors where tested. While these results aredivectly applicable to the EM, which will use LOXstead of
GOX, they are nonetheless interesting from an engambustion stability point of view.

In total four different injectors were tested, aflthem having the same total area and mass flaavjrbdifferent
configurations (the configurations can be seenahld@ 1). Three of the injectors were designed witthocked flow
in mind (injectors 1-3) and one injector with a sabic injection velocity. While injectors 1-3 autatically
decouple the combustion chamber from the feed-sydtas is not the case with injector 4. In orderensure that
the feed system is not coupled with the chambehogked venturi was added to injector 4, about 27upsetream of
the injector holes. The decoupling is importanttfeo main reasons, one is safety meaning that lplessistabilities
in the combustion chamber do not travel upstreamttre feed system and a flashback is not posssieleondly, this
ensure similar measurement conditions as the festéra is not influenced by events in the combustibbamber,
providing constant mass flow and flow conditiongalless of the chamber conditions.

Table 1 - Injector Configurations [11]

I njector Number of Diameter of Configuration / Comment
Number injector holes injector holes
[mm]
1 1 1,7 One central hole (chocked flow)
2 6 0,7 Six holes arranged on an 8mm diameter keltbftow)

3 5 1 diameter (chocked flow)

Six holes arranged on an 8mm diameter (subspnic
4 6 2 injection M<0.1), decoupled through a chocked ventu
27mm upstream

It was found that while the chocked high speedcigjes did increase regression rate significantly],[this seems to
be a local phenomenon, with the highest regressies near the re-attachment zone of the high sjpted the

grain. These findings agree with previous invesiiges by Carmicino [13]. It remains to be seen \lBetthis

phenomenon can be utilised in a larger engine frone performance, as it seems likely that thecefie more

detrimental than helpful, due to the localised ratf the increased regression rate, causing agtueendepletion of
fuel grain and consequently heating of the combuasthamber wall in the area in question. Furtherais found that
the high speed jet in the engine causes insufticigring in the aft combustion chamber and as shehejection of
un-burnt fuel through the nozzle. Evidence for s be seen in Figure 7, which shows the exhdustigof the

engine with chocking and subsonic injection. Tlanik temperature in the subsonic in is higher (sfii®/F due to
different oxidiser mass-flux) leading to more glagisoot and a brighter exhaust plume.

Figure 7 - Chocked injector (left), subsonic infgafright) [11]

Another important factor in the performance of higlengines is the material used to protect thespafrthe engines
that are subjected to direct contact with the Higimperature exhaust gases. Unlike a liquid engmest of the

One central hole and four holes arranged on an 8mm
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combustion chamber wall is covered with the fuelchtcarries all the heat away via ablation, whishhie desired
effect in the combustion chamber. The injector hefathe combustion chamber is subject to some Ibading from
the adjacent flame at the start of the fuel gralis heat load is however mostly radiative in natand the injected
oxidiser has some cooling effect. This means th@ctors and the forward lining only need a limiteih
temperature performance in in-line hybrid enginbs.fact the injectors of this GOX/paraffin engineeng
manufactured from 7050 aluminium and experiencedd@gradation or problems. Thermocouples in thisoreg
registered temperatures on the order of 473K afteut 8 seconds of firing.

The aft mixing chamber and nozzle however are stittfemuch higher heat loading as these also espesi high
forced convective heat transfer from the exhausegiaDue to the nature of a hybrid engine and systemplexity
considerations, a regenerative cooling system (with only readily available coolant being the osét) was
discarded as an option early on in testing. As sthik engine (and previous other engines) wertedewith many
different materials for these high temperatureargi Among them ceramics, high temperature stgedghite and
molybdenum. While ceramics and steels showed veny pesilience, often failing after less than theseonds,
graphite performed much better. It had however vexy significant drawbacks. Since it was made fampacted
graphite powder the shapes that could be produeedtt be fairly simple, which required more comgiéex
mounting brackets and in addition especially thartp were very sensitive to shock loading from bittrmal
shocks and pressure spikes in the engine. Thissdasisattering of the graphite parts, compromishey éngine
severely. Another problem was the slow sublimatémraphite at these elevated temperatures, leadiregslow
drop in chamber pressure due to throat erosion.

Due to this another option was considered: pureybatdnum, which can be manufactured even in largeugirt
material badges, through a metal powder sinteringcgss. This semi-finished material can then bdlyeas
manufactured to even complex shapes this threadsviet conventional machining techniques. Molybdanwas
used by the Stanford group in their experimentddrityengine [14] and it was also tested as a nozdterial for
highly corroding exhaust gases in solid rocket motmy NASA [15] (already in 1966). In the NASA paghree
different solid fuels were tested and molybdenumfigoened very well with two of them, showing hardipy erosion
or sensitivity to thermal shock. Only the higheshperature burning fuel lead to a catastrophicaifai[15]. The burn
duration of these tests was 30s - the expectedmuamiburn of the ZEpHyR engine. It was hence decidedse
molybdenum in all further tests, limiting flame tparature to the expected maximum from the secottdstdNASA
solid fuel of about 3360K. Since then the new nezzid chamber liners have accumulated well overameba half
minutes of cumulative firing time without any meeetle degradation.

4 ZEpHyR EM-Engine

As a result of the trade-off studies and lessoasnkd from the tests with the smaller GOX/paraéfitgine the
overall internal geometry and performance pararaetérthe ZEpHyR engine can be fixed and the EM lsan
designed and built. The purpose of the EM engin® igest all expected operating conditions of timalfflight

engine and also venture beyond the normal flighekpe to gain experience with the engine wherpjiraaches
non-nominal conditions. The data from these testdtal to the safe operation of the entire ZEpHwgBket, as it will

be the basis for the engine control software a$ agethe decision making process of the engineadpes on the
ground, when the vehicle prepares for and finalkes flight.

As such the EM is identical, from the point of imal geometry and overall performance such as thmess-flow,
pressure and temperature, to the later flight wersbut is designed with much more safety margihOj>and
instrumentation. Table 2 summarises the main pexdoce parameters of the engine.

Table 2 - Main performance parameters of the ZEpkhd engine EM, modified from [7]

Parameter Value
Initial port diameter [m] 0.04
Final port diameter [m] 0.14
Port length [m] 0.65
Propellant mass [kg =~ 20
Oxidiser mass-flow [kg/s ~ 0.5
Average |, [s] ~ 270
Average thrust [N] ~ 1800
Burn duration [s] ~ 30
Maximum expected chamber pressure [MPa] ~ 3.5
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Figure 8 shows a CAD cut-away of the ZEpHyR maigiea EM that is currently being manufactured. liseo hull
is a stainless steel cylinder with large wall tlmeks and two main end flanges. The pressure vissdebkigned to
withstand a pressure of 23MPa with a factor of tgafe5, hence chamber pressure spikes of over 600ftg
testing can be safely contained.

The nozzle and post combustion mixing chamber evdyzed from a single integral part of molybdenumd & is
possible to measure the outside wall temperatutkisfining at eight locations around the circurefece. A further
four measurement points of temperature are intedrat the throat of the nozzle at 90° angle sejparan four
different depth, which should allow the exact deii@ation of the thermal loading at the inside aof throat. This
data is vital for the design of the flight engiaélpwing the molybdenum lining to be reduced toiaimum in order
to save maximum mass.

Figure 8 - ZEpHyYR main engine EM, CAD cutaway model

The fuel grain is constrained in the chamber maesgure vessel by the rear molybdenum liner andaiveard
injector flange liner. It is made of copper in @rtbe heat loading is not as critical here. In tioldito this the copper
allows for maximum heat transfer between the sudletbLOX and the flame zone at the entrance tgyth@n. The
forward liner is contained in the injector flang&ish has another eight access points into the cetitsuchamber,
allowing for the measurement of pressure and teatper at different locations and also the inserbbmifferent
ignition systems into the engine. Currently theitign system is envisioned to be a propane, oxygerburner. For
the flight engine this ignition system will be imt through a lance through the nozzle into thgirenand will
remain on the launch-pad to save weight. Thisllg &wfficient since no restart capability is recpd after launch.

The injector assembly is a stainless steel manifwdd has two access points, one for temperatussunements of
the LOX just before injection and another accessumhdor a high speed pressure transducer. Thisspres
transducer can also be used to measure and diagngselverse pressure fluctuations that travelre@st from the
combustion chamber into the feeding system andbeansed to initiate an emergency shutdown if reglihe

second part of the injector manifold is a simplemdr system made of stainless steel to hold tjeetor plate

fabricated from brass. The injector plate will mbkely be the most critical part during initial gine testing. The
first configuration of injector holes is a circulaarranged showerhead. The data from the small (éraffin test
engine will be of some help here, but accordingfto et. al [4] it is vital that only gaseous oxygeach the fuel
grain. This means the atomisation and vaporisaifaine LOX during ignition and operation of the @rgmust be
closely monitored. Large hybrids (much larger thi@ZEpHYR main engine) suffered serious instabidisues, due
to not meeting this requirement. If the fuel greecomes flooded with LOX, the flame zone will berdpted and
the burning fuel surface area will vary signifidgntausing a change in chamber pressure that eahtteunstable
pressure fluctuations [4]. Since the exact modéhis instability is very difficult to predict a-pii, depending
heavily on the spray breakup and droplet formafioscesses, which cannot be reliably predicted, tesdjing will
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answer this question. This is the main reason wkyengine was designed to withstand high pressucaibtions,
allowing for the testing of many different injectpfate configurations to find the optimal injectigmoperties,
without endangering test engine integrity, evemgh amplitude instabilities should be encountered.

Currently all parts of the engine are being mantufad as well as all ancillary equipment, suchhascasting die. At
the writing of this paper the injector assembly wamplete and can be seen in Figure 9. It shows$whbeaccess
points for the thermocouple and pressure transgdasemell as the showerhead injector plate. Oneeinfector
flange and the test-stand are complete the ergsenably will be water flow tested.

Figure 9 - ZEpHyR main engine EM injector assembityh showerhead injector plate

41 Test-stand

The test-stand is an upgraded version of the cufB&X test-stand at ZARM and a schematic of it barseen in
Figure 10. It shows the current test facilitiesd(t®ox) and the upgrades, which are currently béistalled. In
addition to the gaseous oxygen system a LOX systeatlded. The liquid oxygen is produced on siterter to
reduce the amount stored at any one time to anlbsminimum, necessary for a single test only. TRX is
produced by means of condensation of GOX in a presgessel submerged in liquid nitrogen. Once &cserft
amount has been produced, the GOX feed into tHeisaterminated and the LOX tank is pressurisethéorequired
operating pressure using, as. The LOX is then feed into the engine via sdvealves (eliminating a failure in
open mode) and measurement points such as a vemtessure and temperature transducers. As adalitsafety
features a non return valve and a cavitating véntill be installed to hinder any combustion instiyp pressure
spikes from travelling into the feed system.
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Figure 10 - Current test-stand at ZARM (red boxagion) and upgrades to LOX operation

In addition to pressurisation the, Nystem can also be used to purge the entire systemand after testing to
remove any contaminants and/or remaining oxygeaiging a safe and inert system at all times.

The test-stand itself is completely remotely opegtafrom the point of commencement of LOX produgfiand is
contained inside an explosion proof room at the EKABombustion lab, with a large exhaust gas chatmehe
outside to vent the gases from the engine firinge €xhaust channel is equipped with a water nebglsystem to
cool the exhaust plume and provide some fractiomo@ge control.

5 Conclusion

The current paper presents a work in progress déséggn and construction of the ZEpHyR main endgiive The
engine is a highly instrumented and pressure pdbwégsion of the later flight engine, providing abd.,8kN of
thrust for 30s firing time. The propellant usedtire engine is paraffin and the oxidator is LOX, g@g at a
maximum combustion chamber pressure of 3.5MPa.

The current paper describes the trade-off betwbesetdifferent propellant combinations, namely fiarawvith
GOX, LOX or NO both from a rocket systems and propulsion systeimt of view. The conclusion of the trade-off
is that the best propellant oxidiser combinationtf@ system at hand is paraffin LOX.

In preparation for the design and testing of theoH#R main engine EM, a smaller GOX/paraffin testtanavas

used and several tests with different fuel graimd mjectors were conducted. The main findingshefse pre-tests
was that a crack free casting of paraffin fuel imlvand can only be achieved through compensatminkage

during the cooling process. In this instance tlaspensation was done by drying the die under higdssure

condition. The injector study showed that while ckexd injectors can increase regression rate, thses at the cost
of localised increases that might endanger stratfategrity due to uneven thermal loading of thember wall.

Also it is unclear how these results transfer ligaid oxygen injector.

Finally, the finalised design of the main engine EMdescribed and the current progress in con#ruaif the

engine and test-stand is described. Many of thdirf@gs of previous test engine firings such as starprocedures
and material choices where incorporated in thegshesind testing of the engine will commence later yiear.
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