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ABSTRACT

This paper presents the Boeing Reusable Space Systems vision of a Reaction Control System (RCS) for the
Reusable First Stage (RFS) being considered as a replacement for the Solid Rocket Booster for e Space Shuttle
The requirement is 10 achieve relable vehiclke contral during the upper atmospheric portion of the RFS trajectory while
enabling more efficient ground operations. unhindered by constraints caused by operating with nhighly toxic RCS
propellants. Boeing's objective for this effort is to develop a sater, mare efficient and environmentally friendly RCS
design approach that is suitable for the RFS concept of operations, including a low cost, efficient turnaround cycte.
The Boeing RCS concept utiizes cthanol and liquid oxygen in place of the highly toxc, suspaclad carcinogen, ozone-
gepleling mono-methy-hydrazine and highty toxic nivogen tetoxide. The Space Shuttle Upgrade program. under the
leadership of the NASA Johnson Space Flight Center, is currently developing liquid oxygen and ethano! (ethyl
alcohol} technology for use as non-lox'c orbital maneuvenng system (OMS) and RCS. The development of this liguid
oxygen and ethanol technology for the Space Shuttle ofters a significant leverage 1o select much of the same
technology for the RFS program There are significant cesign and development issues involved with bringing this
liq: #dt oxygen and ethanol technology to 2 state of matunty suitable for an operational RCS  The risks associated with
a new LOX and Ethanot RCS are mutigated by maintaining kerosene and hydrogen peroxide RCS technology as an
alternative.  These 1ssues, presented within this paper, include managing the oxygen supply and achieving reliable
ignition in the short putse mode of engine operation. Performance, reliability and operations requirements are
presentnd along with a specific RCS design concept 10 satisfying these requirements. The work reported in this paper
was pertormad under NASA Marshal Space Flight Center Contract Number NAS8-97272 to define Reusable Fust
Stage design concepts for the Space Shuttle.

INTRODUCTION

The Boeing Reusable First Stage (RFS) concept is for a liquid rocket-powered vehicle which flies back to the
launch site as a jet propelied, winged vehicle (see Figure 1). In such a mussion, the vehicle will travel beyond the
atmospheric limits for which aerodynamic forces can be used 1o maintain vehicle attitude. After the RFS passes
through 2 ballstic arc, & must be in the correct attitude as & reenturs denser atmospnere {see Figure 2). A reaction
conkol system (RCS) is required to after and maintain the RFS vehicle attitude unti! such time as the vehicle is
controliable using decodynamic surtaces.

The RCS consists of several small rocket engines 10 provide the rotational torque needed 1o Mmantain comect
attituce.  Traditionally, these small rocket engines have used high-densiy storable propeftants with hypergolic {seff-
igniting) properties’’’ These fuels include hydrazine [NyHd. monomethyl hydrazine or AH (CH.NHNHY] -and
unsymmetrical dimethyfhydranine or UOMH [(CH,) :NNHZ. Al of the hydrazine fuels a-2 extremely toxic and are
suspedted kver carcnogens  The radtonal RCS axidizers include nitrogen tetraxde (NOa), nilric acia {HNOs) ana
olher chemical mixtures contaning these strong oxides of nirogen. Al of these strong cxides of nitrogen are
extremely toxic and ‘are classed as ozone depleting chemicals.  Boeing 1s working 1o elminate the use of toxic
propeftants on boarg reusabie launch vehicles for operational reasans. ‘
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Figure 1 — An Inncvative Combination of Proven Elements Results
in a Feasible Effective Reusable First Stage

Figure 2 — The RFS / Shuttle Flies in Five Different Flight Regimes

WHY TOXIC RCS PROPELLANTS ARE IN CURRENT USE

Toxic RCS propeliants have excellent praperties ideally matched to reaction control system requirements. The
1oxiC propeltants are dense, atlowing Tor easy packaging in the fimited-volume available on faunch vehicies. The toxic
propellants are energetc, resutng in specific impulse in the 300 to 320-second range. The toxic propellants are
hypergotic. ehiminating the nead 10f a7 ignition System, and eliminating ignition reliability issues. The taxic propellants
are €asy 10 siore on a permanent bass. - None of the toxc storable propetiants tend 10 -boil, react, or Change
chemcally, even if stored for years at ambent temperature and pressure.  Alternative propetiants lack one or more of
the positive attributes Of toxic storable prapeliants. The ¢ritical attributes, usually associated with reacton control
-engines, are Simphcity. high pecformance, high propeliant density, easy propellant storage and. hypergolic ignition.
Some Of these properties are at keast partially ahsent in alternatve propellants. '

PROBLEMS WITH TOXIC RCS PROPELLANTS

The Boeing approach is 10 avoid using these storable RCS propeftants because they are highly toxic, making
special handiing and operational procedures mondatory. Normally, all operations at a work site must be suspended
when these toxic propetiants arc demg loaded aboard a rocket vehicte. These special precautions include evacuation
‘of a wige area of all non-essential personnel, ang use of special safety suits which employ seff-contained breathing
capabity. The evacuation procedure significantly disrupts the normal work process on a rocket vehicle. These work
flow disruptions would have a substantial negative effect on the economies required to make reusable launch
vehicles viable. The objective of elimmating the 10XIC propeliants on the next-generation reusabie rocket vehicles s
10 ebmunate the operatonat disruptions required dunng the handling of toxic propeilants.
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ALTERNATIVES PROPELLANTS

The next Gecision. once 1oxic propallants are ground-ruled out for RCS applications, s 10 select an alternative.
There are two environmentally friendly cxidizers 1o choose from, liquid oxygen and hydrogen peroxide. Liquid oxygen
{0.) had the advantage of very high perlormance, but has the disadvantage of being cryogenic. Hydrogen peroxide
(H.O.} is very dense and is not cryogenic. but exhibits lower pedormance. The LOX and ethanol RCS concept.
similar 10 that being applied to the Space Shuttle, has been acdapted as the baseline. The alternative of using
hydrogen oroxice as the axidizer has been selected as a back up for the Reusable First Stage RCS.

The choices for non-loxic fuels are wider. The ight alcohols such as methanol {CH;OH), ethanol (CoHOH) and
1soprapy! alcohol (CH:OH)) are sate to handle and very common in industrial applications. Petroleum-based
hydrocarbon fucls such as JP-8 grade kerosene (CHiws) are also wdely used in "«oth industrial and rocket
applications. While these fuels are somewhat taxc, they are common indusiial and aerospace. products where safe
nandling is relativety easy compared 1o the extremely toxic hydrazine compounds and strong oxides of nitrogen.

CRITICAL METRICS

The requirements for the RFS include providing for angular rotational acceleration of 2.5 degrees per second per
second in pitch and yaw, and 2 0 degroes per second per second in roll. The RCS must be fully redundant for a fail-
sate operaton. The RCS engine thrust of 870 pounds is matched to the Space Snuttle requirements. with the
number of engines being determined by the required torque force. The minimum impulse bit is 80-miliseconds,
identical with the Space Shuttle requirements

Specific impulse performance for the Reusable First Stage RCS is important, but not extremely crtical. The RCS
must operate for only four to six minutes, reducing the impact of variations in specific impulse compared 1o other
factors. It 1S very smportant to have a lightweight, reliable ana easy-to-maintain RCS. Development cost and
1echnical risk is also very important. Concerns for development cost and risks have efiminated all but two candidate
systems, one based on liquid oxygen and ethanol and an atternative using hydrogen peroxide and possibly a non-
taxic fuel 1o improve overall performance. The key RCS characteristics for the Reusable First Stage are summarized
in Figure 3.

‘

Efficient operations consistent with a reusable system

.

No highly toxic propellants

Existing technology for low development cost and risk
- Engine-out Mission Reliability
' Thrust per Main RCS Engine ~ 870 Ibf

‘

Total impulse ~ 35,000 ibf-sec over a 200 - 300 second
operating timeframe -

Pulse Rate ~ 80 msec

Retiabte Ignition

Figure 3 - Key RCS Characteristics for the Reusable First Stage

The most critical parameter in determining the RCS approach for e RFS was to reduce development cost ana
nisk Dy teveraging 1o the greatest extent existing technology, especially technology currently under .
Agan there were two chaices. First, Boeing is already invoived in cevelopment of LOX and ethanol OMS and
Reaction Control 10 upgrade the Space Shuttie. Bo2ing is atso involved in hydrogen peroxide and kerosene engines
for the X-37 Future-X prototype. '

The RCS concept for the RFS is to place alf control thrusters in the nose section.  The center of gravity is at
near the main propulsion system, providing a long moment armm for the RCS pitch and yaw torque. The rolt torque s
lower than for 2n in-wing roll RCS thruster design. but the roll mamenss of mertia are low. Concentrating the RCS
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nto ona zone of the RFS is seen as an effective cost and weaight lowering strategy. The actual RCS concept s
simply a pressure-fed propulsion system with multiple thrust chambers (see Figure 4).
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Figure 4 — Primary Oxygen / Ethanol RCS Concept Schematic

ENVIRONMENTALLY FRIENDLY RCS

Use of either liguid oxygen or hydrogen peroxide 10 replace highly toxic nitrogen tetroxide is-one huge step in the
creation of an environmentally friendly RCS. I liquid oxvgen is spillea, it simply vaporizes into environmentally
narmiess oxygen. If hydrogen peroxide spills, it breaks dowr: info oxygen and water. Use of ethanol or other
hydrocarbon fuel n place of the extremely taxic hydrazine, Moncmethyl hydrazine or UDMH, is the other huge step to
an environmentally friendly RCS

ENGINE AVAILASILITY

A LOX and ethanot RCS is particularly attractive because the engine is in commercial development plus a simitar
RCS concept is under development for the Space Shuttle. Both Aercjet and TRW are working on LOX and ethanol
rocket engines that are appropriate tor RCS operations on the RFS. For the purposes of this study. Boeing has
selected the Aerojet engine, which is very similar to one being developed for the Kistler launch vehicle orbital
maneuyvering System {OMS). The Aerojet LOX and ethanol engine has been successfully tested in both the steady
state and the putsed mode, and the igniter systewn has been characterized for high reliability (see Figure 5). The LOX
and ethanol pulsed-mode engines are somewhat heavier than the hypergolic MMH/NTO engines they would replace
due 0 the requirement for 2 separate ignition system.

ArROIEY .
‘NASAMercjet LONETano! STS Upgrade RCS Thauster
H =

L.

Figure S - RFS Oxygen / Ethanol RCS Concept Uses Existing Rocket Engines
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Figure 6 — Primary Oxygen ! Ethanol Concept Derived from the Space Shuttle RCS

The greatest advantage of a LOX and ethanol RCS system lies in the fact that it is currently under development
for Space Shuttle applications (see Figure 6). This effort is justified because the loading of toxic propellants regquires
that all other Space Shuttle operations on the launch pad halt for six shifts. while 10 metric tons of toxi< MMH,
hydrazine and nitrogen tetroxide are loaded onboard the Space Shuttle.

The Shuttle RCS development is more complex than the RCS for RFS would be. The Shuttle RCS has
connectec forward and aft systems, and it is fully integrated into the OMS. The RFS would have RCS in the nose
only, without an OMS. The Space Shutile must operate for 14 days in the micro-gravity of space. The RFS must
operate for 2 few minutes after fiftoff in a low gravity environment compared to weeks in orbit prior 1o re~entry for the
Shuttle. Since the RFS RCS is far simpler then the Space Shuttle forward and aft RCS and OMS, then the derivation
of shuttie RCS to RFS application should be of lower cost and risk o develop.

SMV DERIVED RCS

Another excelient oxidizer that is not classified as being toxic is hydrogen peroxide. Hydrogen peroxide has
much higher density than liquid. Oxygen. There are, however, significant technical risks 1o hydrogen peroxide
technology. Modem hydrogen peroxide contains stabilizing chemicals that tend to “poison” silver screen catalyst
‘beds. The silver screen catalyst bed lechnology. while mature, went unused for nearly three decades during which
many of the lessons learmed have been lost. There are additional limitations, such as exclusion of peroxide beyond
92% concentration, when using silver screens to decompose peroxide. Once decomposed. peroxide can be used in
the mono-propettant mode, or 2 suitable fuel can be injected into the hot steam/oxygen stream 10 provide additional
energy from combustion. The backup peroxide RCS approach, derived from the X-37A, is shown in Figure 7.

Figure 7 — X-37 Back Up Peroxide RCS Approach from X-37A




Boeng is developing the X-37A Future-X prototype vehicle that utilizes hydrogen peroxide and kerosenc
propulsion. While the X-37A uses a pump-fed engine, smaller pressure-fed thrusters can be develape d that operate
on the same pnnaiple. A hydrogen peroxide RCS thruster could operate edher as a mono-propellant Lystem or as a
bi-propeliant rocket. Hydrogen peroxide RCS propulsior would be low risk by the time the X-37 fiight test
demonstralions are completed,

CONCEPT OF OPERATIONS

The RSF RCS differs from any Space Shuttle configuration i that there are very low time in space requirements
for an RFS. Whereas a Space Shuttle mission may operate for two weeks, an RFS mission RCS function lasts only
for a few minutes beginning at first stage separation. Therefore, the problem of managing liquid oxygen over a long
duration is not present.  While liquid oxygen is not permanently storable, it is readily storable for the several hour
maximum duration required for on-pad storage plus the mission duraton of a few minutes. The short-term storage
requirement atlows the RCS system for the RFS to be designed with less stnngent insulation requirements for the
liquid oxygen tank and the cryogenic feud lines than those required for the Space Shuttle. The concept of operation
is 1o fill the RCS system with LOX during the main propellant ioading operation, most likely from a branch of the same
fill and drain ines used to fill the main propulsion system. Like the main propellant loading, the RCS would require
constant LOX replenishment until shortly prior to launch. The replenishment of LOX would be used to replace liquid
oxygen that vaporizes from heat leaking into the storage tank and propellant lines. The replenishment would also
allow a slow purge. in order to keep hnes charged with near normal boiling point liquid oxygen, and 1o ¢chill hardware.
Once the main LOX tank is sealed for fignt, the auxiliary RCS LOX tank will also be sealed.

The RFS vehicle stays within the sensible atmosphere to the extent that fluids tend to accumulate in predictable
tocations Therefore. no new propeliant management lechnology is needed 10 contro! the liquid oxygen.

There is no problem anticipated with the long-term storage of ethanoi. Ethanol will not vaporize in 2 sealed
system and will not change chemically. Therefore, the ethanol can be Joaded al any convenient time during the
several-week period between RFS missions. There are no known problems of toxicity or safety, other than
flammability, that requires speciat handling of ethanot during refueling operations.

RISKS

A non-toxic reaction control system is desirable, but there are some risks. The toxic storaple propetiants are well
characterized, welt understood. are hypergolic {setf-igniting) and are rich in existing space-qualified hardware. The
toxic propeliants are permanently storable, that is they do not boil away and they do 0ot change chemically with time.
Ethano! is also permanently storable, but liquid oxygen is not. Liquid oxygen boils at 297 degrees below zero
Fahrenheit and will vapornize over time in space or on the ground without active refrigeration. The storage risk caused
by the cryogenic nature of liquid oxygen is minimal. The propatiant management risk is also small, since the vehicle
1S atways under at least some pregictable drag force.

The most significant risk is that the retiability will be fower due to the need for an ignition system. The hypergolic
rocket engine systems can undergo tens of thousands of pulsed firings, with virtually no risk of ignition failure. A LOX
ethano! systern may be made reliable. but it witl atways be subject to failure modes. which do not exist where the
propeliants are hypergolic. These risks include spectic failure of the ignition system as wetl as the possibility of 2
hard start following an ignition delay.

RISK MITIGATION

The primary risk mitigation is testing the LOX and Ethanol system. ‘The test plan included qualifying the RCS
components for the RFS enwvironments, verifying ignition reliability with long-term puised firing demonsirations anc
conductmg combined systems testing 10 validate the integrated RCS.  An extenshve test program will assure the LOX
and ethanot RCS meets all the requirements for a RFS. ‘

The risk-mitigation strategy includes investigating altematives to the use of tiquid oxygen as the oxidizer.
Hydrogen peroxide could be used with ethanot, althaugh the most common fuet m peroxide apphications is kerosene.

The last resort woulc be 10 revert 10 a taxic propeliant design. The nature of existing space qualifiedt bi-propefiant
theuster engines, and the wide choice of existing hardware thrust levels, minimizes the difficulty of reverting to a
conventional toxic propeliant system should the baseline LOX/Ethano! or alternative peroxide/JP-8 approach prove
100 difficult or costly to implement.




CONCLUSIONS

The current storable propellants have excellent properties for a reaction control system, except for the problems
of hanghing such toxic and environmentally dangerous chemicals. The handling problems are severe enough to
make the toxic propellants undesirable for next-generation reusable racket-vehicles. Thera are technical problems
with any new application for a prapellant combination used for short-uration pulsed-mode racket engine firings A
careful examination of the lect.nical problems suggests that these problems can be overcome, and that non-toxic
Reaction Control system for next-generation reusable rocket-vehicles is practical. Boeing has established a baseline
RCS design concept based on LOX/Ethano!l twechnology currently under development for the Space Shuttle, with a
backup approach based on peroxide/JP-8 under davelopment for the X-37A. .
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