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Abstract

Scramjets are proposed as a second stage for a-stagje
access-to-space system. At present the upper divscramjet
operation is expected to be Mach 12-14. Use ofgemry
enrichment is a possible method for increasing sheed and
altitude of scramjet operation. This paper invelvaission
analysis of scramjets using oxygen enrichment.olios on
from Smart & Tetlow [5], in which trajectory studi®f a three-
stage rocket-scramjet-rocket access-to-space systeemne
conducted. These calculations indicated that the thrust
(scramjet thrust - vehicle drag) of a hypersonigieie with three
scramjet engine modules was reduced to very lowldegbove
Mach 12. The current work examines the use of eryg
enrichment in the scramjet to increase net thriosve Mach 10.
Results of the study indicate that an importanectfiof oxygen
enrichment is to allow scramjet powered vehiclerapen at
higher altitude.

Nomenclature

Co drag coefficient
lift coefficient
drag (N)
uninstalled thrust (N)
stoichiometric ratio
altitude (km)
specific impulse (s)
lift (N)
mass (kg)
Mach number
pressure (kPa)
dynamic pressure (kPa)
temperature (K)
velocity (m/s)
mass flow rate (kg/s)
ap capture width (m)
angle-of-attack (°)
equivalence ratio
efficiency
flight path angle (°)
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Introduction

In the hypersonic regime, scramjets offer signiftba higher

specific impulse than rockets, and are thus enwsioas a key
component in next generation access-to-space weshiclThe
work described in this paper follows on from that 8mart &

Tetlow [5], which investigated a low-Earth-to-orb{LEO)

trajectory for a vehicle in which scramjet engimesre included
as the second stage in a three-stage rocket-streonjest

configuration.

The first stage of the vehicle investigated by Sriaf etlow [5]
was a solid rocket, which boosted a 3000kg scrawghtcle to
an altitude of 27km travelling at Mach 6 and atitigpath angle
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{ = 0° The second stage scramjet powered vehics &
waverider on which three Rectangular-to-Ellipti&dape-

Transition (REST) engines designed for flight atcdilat-12

(RESTM12) [4] were installed. Finally, the thirdage liquid

fuelled rocket, which was housed in the scramjéicle payload
bay, accelerated the payload to a 200km circulait.or The

baseline trajectory calculated allowed the scramgshicle to

climb to an altitude of 37.15km and M = 11.73 befthre engines
shutdown after 273 seconds consuming 1356kg ofdggr fuel.

This trajectory was chosen to maintain a dynaméssgure in the
range 50-100kPa, which was accomplished by keepagngle
of attack between -4° and -5°. At these anglesttafzk, the
waverider did not utilize its high lift capabilihgs such a key
result obtained from the work was that for low dgnlkydrogen

fuelled vehicles, high lift-to-drag (L/D) ratios earnot as
important as low drag.

The work in [5] was continued by Weidner [6], wheresecond
vehicle configuration was also investigated angbttaries were
manually optimised. Also, [6] included a changethie thrust
calculation, resulting in slightly diminished pemfeance of the
engine compared to that in [5]. The initial coratis at scramjet
take-over remained the same. For the waverideridivée
calculated a trajectory that took the vehicle to atitude of
32.5km and Mach 11.0 after operation for 400 sesond
consuming 800kg of fuel. Again, the waverider las/n at an
angle of attack in the range of -4° and -5° in orie keep
dynamic pressure constant at 50kPa. In this aiemt the
vehicle L/D ratio was less than one for much of fiight time.
As such, the waverider did not operate efficiently.

A second vehicle configuration was investigated6j referred

to here as the NASA wing-cone vehicle (WCV). Th€Wwas

designed for efficient packaging rather than higb,Land did
show significant improvement over the waveriderheTsame
optimisation procedure was carried out resultingitrajectory
that allowed the scramijet to climb to an altitude36.5km at
Mach 11.8 after 400 seconds of operation consumiiikg of

fuel. The WCV was operated at angles-of-attackvbeh 1° and
2° in order to keep the dynamic pressure constaffldPa. In
contrast to the waverider, this range of anglettzfek was closer
to the design range of the vehicle, which allowteth ioperate in
a region where the L/D ratio was always larger thae.

It would be desirable to operate the scramjet sfaga longer
period, continuing to gain altitude and speed, Sdacadelay the
onset of the third stage. This could be accometistiy
increasing the engine thrust and/or reducing vehidrag.
Oxygen enrichment is proposed as a means to augthent
engine thrust near the point where scramjet shutoffld occur.
This paper investigates possible trajectories far &ccess-to-
space mission outlined in [5] and [6] while inclngithe use of
oxygen enrichment as a thrust augmentation teckriigthe high
Mach number regime.



Oxygen Enrichment

Oxygen enrichment is seen as a means to augmertrint of
the scramjet powered stage of a launch vehiclbeapoint where
standard scramjet operation no longer provides gmahrust to
overcome the vehicle drag. As it is intended fee vnly at this
key phase of the mission, the implementation ardaisoxygen
enrichment should not adversely affect the ovepalformance
of the vehicle.

Oxygen enrichment is the premixing of oxygen witlelfprior to
injection into the engine core flow. It is besedsn high Mach
number and/or high altitude flight regimes, whegt thrust is
low. At these conditions, the effects of poor mgiefficiency
and in the latter case the low mass flow rate pfttaiough the
engine can be mitigated by employing enrichmentusth
increasing the available thrust.

There are several parameters to describe the déwirichment,
each with its own usefulness and applicability forgiven

situation. In this work, the amount of enrichmentl be

quantified by the freestream addition percentagidi{emn%),

which is the percentage of additional oxidizer atgel compared
to the available freestream oxygen [2]

Woxygen,enriched D.OO

Woxygm, freestream

addition% =

@

The freestream addition percentage also quantifiesmount of
additional fuel that can be burnt by the premixeggen. For
example, starting with an equivalence rato = 1.0 and
employing enrichment at addition% = 20, more fusel be added
such that the equivalence ratio is increasegl+ol.20.

Of course, the benefits of oxygen enrichment corhetha
expense of carrying oxidizer onboard the vehiclehictv
potentially reduces the available payload mass.weder, the
ability to operate the scramjet stage of the vehfdr longer
periods to delay the onset of the rocket stage maentially
increase the payload mass. Despite the need ty czidizer,
enrichment is favourable to the earlier use of ekeb for one
because the enriched scramjet can still have 'thegtecific fuel
consumption or specific impulse because the cordusinergy
release is spread out over more fluid" [1]. Theper use of
oxygen enrichment will have to be evaluated indbetext of the
overall vehicle design and mission objectives.

Vehicle Description

The NASA WCV shown in Figure 1 and described in, [i3]
characterised by a 5° half-angle conical fore-badyich acts as
a compression ramp for the scramjet. It has andsital mid-
body and 9° half-angle truncated conical aft-boiije vehicle is
scaled to allow for the installation of three RESIMengines,

each with w,, = 0.76m, which results in a reference area of

24.01m2, a length of 16.33m and diameter of 2.10m.

The aerodynamic data for the WCV [3] is shown igufe 2 to
Figure 4. The nominal angle-of-attack for the apien of the
WCV with the REST engines installed was 2 degreésyhich
the L/D for the WCV ranges between 2 and 3.
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Figure 4 — NASA WCV L/D

Trajectory Simulation

CADAC [7] is a set of FORTRAN programs used to okdte
vehicle trajectories based on the vehicle aerodjnmatata and
engine characteristics. As it is setup for thiskythe user inputs



an angle-of-attack profile from which CADAC determas the
forces on the vehicle, propulsion system behavand resulting
flight trajectory. In [6] the trajectories were maally optimised,
which refers to choosing an angle-of-attack prafideobtain the
highest altitude and Mach number at scramjet shutofhe

process is one of trial and error, qualitativelysetving the
response in Mach number and altitude based on gimaggles-
of-attack i.e. it is not automated. The main caist on the
optimisation is to keep the dynamic pressure atereptable
level. In [6] this meant keeping dynamic presscoestant at
50kPa. In the current work, both the case wherpanyc

pressure is maintained at 50kPa and that in whighamhic

pressure is allowed to fall to a lower value aneegtigated. The
former allows for direct comparison with Weidneesults, while
the latter explores the benefits of oxygen enriafinie the high
altitude regime. At present no other parametezptimised.

Propulsion Module

The propulsion module used for this study followe tform
outline in [5], and was developed from the calcdat
performance of a fixed geometry, hydrogen fuell@EST
scramjet engine that had a design point of ™M 12.0, but
remained operational down to,M: 6.0. This engine will be
referred to here as the RESTM12 scramjet and isidered to be
a near-term configuration that could be envisageflyt within
the next 5-10 years.

During a trajectory calculation, CADAC makes catls the
propulsion module to obtain the specific thrusgdfic impulse,
and equivalence ratio of the engine for a particilight velocity,
angle-of-attack and altitude. The RESTM12 scramjeds
designed to operate af § 50 kPa in conjunction with a vehicle
fore-body compression equivalent to that generdigda €
wedge. Analysis of the WCV vehicle fore-body otlee Mach
6-12 flight regime indicated that at= 2° it generates a similar
pre-compression.  The engine was therefore iestadin the
vehicle so that its thrust vector was parallel witie velocity
vector when the vehicle was@t= 2. The operational angle-of-
attack range for the engine was assumed to be ¢ég3 about
the nominal, so that thangle-of-attacklimits for the vehicle
were set ta = -1° and +5.

Two different propulsion modules were used in thiisdy; (1)
gaseous hydrogen fuel only, and (2) gaseous hydrbags with
oxygen enrichment at addition% = 20. The datab&sebsoth
modules were created for the RESTM12 flowpath using
compression, combustion and nozzle expansion maéstsibed
[5]. These were based on calculations perfornoedvy = 6.0,
8.0, 10.0 12.0 and 14, at vehidle= -2.0, 0.0,+2.0, +4.0 and +6.0
degrees, andyr 50 kPa. For module (1), all calculations were
performed witheg = 1.0, except for the M= 6.0 calculations,
where the engine reached its operability limitpat 1.0. Module
(2) was identical to (1), except that ato M 10 oxygen
enrichment was added and fuel equivalence ratioimaease to
@ = 1.2. Both modules included calculations of aeggi
performance at over-sped conditions up tp #M14. Figure 5
shows contour plots of specific thrust and spedifipulse for
module (2).
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Figure 5 - Contour plots of specific thrust andcsfie impulse with
oxygen enrichment

The calculations used in the database were pertbfarea single
engine with a capture width,y = 0.15 m; i.e. at wind-tunnel
model scale. It was assumed that the propulsioanpsters
calculated in this way can be conservatively used larger
engines. A lower limit of = 30 kPa was placed on the use of
module (1) due to kinetic limitations related tawlgressures
entering the combustor. For module (2) this litnita was
lowered to g = 10 kPa, with the assumption that the oxygen
enrichment will establish robust combustion eveloatdynamic
pressure. Three RESTM12 scramjet modules were fasettie
trajectory calculations discussed in the next sacteach with a
width of w,, = 0.76 m. This scale allowed smooth integration
with the 16.33 m length WCV vehicle.

Results & Discussion — LEO Trajectories

Prior to discussing the trajectories obtained usimg/gen
enrichment, a baseline un-enriched trajectory es@nted. The
CADAC thrust module used by Weidner was first atjdsto
more accurately reflect the engine performance ver-sped
cases, as described in the previous section. Tibhest
performing trajectory calculated using this updapdpulsion
system description is shown in Figure 6. Figu@ 8hows plots
of the change of Mach number, altitude and dynapné&ssure



throughout the flight. Figure 6(b) shows plotstieé propulsion 60

system thrust and the vehicle lift and drag. Dyitapressure o | 11
was maintained near q = 50kPa, for comparison Wi#idner's o Wm 11
results. However, the flight time was extendedhstitat all 7 110
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a

800kg of fuel were consumed. In the end, the siastage was
able to reach an altitude of 35.9km at M = 12.1&ra#45
seconds of flight. This is a more favourable regsuhn that of
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As described in the previous section, enrichmerapiglied and % ® 1s 2
incorporated into the curve fits for Mach 10, 121d4. As such, < 201 e 1a
up until approximately M = 8-9 the vehicle will pd to Elal — Dynamic Pressure 13
changing angles-of-attack in much the same wayoashe un- < 104 Mach Number 12
enriched calculations. Using the previous basetfiaectory as a 51 T
starting point, the angle-of-attack profile wasesdtd and 0 ———— 0

manually optimised for the enriched scramjet. Dyitapressure
is again maintained near 50kPa. As shown in Figdre
enrichment did offer some improvement to the urieted
result. The enriched scramjet climbed to h = 36mi2lnd M =
12.45 after 400 seconds of operation. 401

Time (s)
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= Drag
—— Lift
Though this is an improvement from the un-enrichede, the Thrust
real benefit of oxygen enrichment can be seen whewehicle is
flown at higher altitudes and thus lower dynamiegsure. This
case was also simulated, and the results are showigure 8.
Dynamic pressure was allowed to fall to a minimum2bkPa
once enrichment was turned on i.e. for M > 10.this case the
scramjet achieved a final altitude of 40.7km andcMd2.23
after 525 seconds of operation. The vehicle wds &bclimb
nearly 50% higher than in the un-enriched casestiideach a
Mach number greater than 12.
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Figure 8 —Enriched scramijet trajectory results radyic pressure
allowed to decrease
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Conclusions

This work investigates the effects of oxygen enrieht on LEO
trajectories for a three-stage rocket-scramjetebaoking-cone
vehicle. In [6] Weidner found a manually optimisedjectory
which took the vehicle from Mach 6 and an altitude27km to
Mach 11.8 and an altitude of 35.5km before scrarsfettoff.
This trajectory is improved by applying an updatedist module
which better captures engine behaviour in over-spedtions.
Starting with this second trajectory as a baseliogygen
enrichment is applied at high Mach numbers, whesvipusly
thrust fell off significantly, in order to continue accelerate and
gain altitude during this stage of the flight.

For addition% = 20 applied for Mach numbers gre#tan 10,
the scramjet vehicle was able to accelerate bejmch 12 to a
final shutoff value of Mach 12.23 at an altitude4d@.7km. The
scramjet stage operated for 525 seconds and codsalinef its
800kg of fuel.

This preliminary work shows that oxygen enrichméas the
potential to extend the upper range of scramjetaifmn, which
in the context of a multi-stage access-to-spacehelresults in a
delay in the onset of the final rocket stage. 8itiee enriched
scramijet is potentially more efficient than a tyditquid fuelled
rocket, the use of enrichment can increase theopdymass
fraction, and further reduce the costs associatiéul access-to-
space missions.
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