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ABSTRACT

Rocket-based combined-cycle engines are currently A,

underconsideration fouse on futurereusable launch
vehicles. By combining traditionalrocket and
airbreathing operating moddato a single engine,
multi-mode RBCC enginesoffer a number of
advantagesfor launch vehicle designers including
higher trajectoryaveraged ¢, than pure rockets and
higher installed thrust-to-weight ratios thapure
airbreathers.

This paperpresents a new computerol capable
of predicting RBCC engine performance (thrust agd |
over awide range offlight conditions and engine
operating modes. The tool alled SCCREAM —
Simulated Combined-Cycle Rocket Engine Analysis
Module. SCCREAM is an object-oriented
workstation-levelcodewritten in C++. It usesquasi-
1D flow analysis, componentand combustion
efficiencies, and aimlet pressure recovery schedule as
simplifying assumptions. SCCREAM waseated for
the conceptual launch vehialesign environment and
is capable of quickly generating lartgbles ofengine
performance data for use in trajectory optimization.

An overview of SCCREAM and the program
logic is presented.Results from SCCREAM are
favorably compared to historical RBCC engine
performance data and tata generated bytherengine
design tools.
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NOMENCLATURE

engine cross-sectional area at stati¢fir)
C, constant pressure specific heat (BTU/sR)-R
C, thrust coefficient (thrust/g*A

ERJ ejector ramjet

ESJ ejector scramjet

I specific impulse (sec)

LH2 liquid hydrogen

LOX  liquid oxygen

P, total pressure

phi combustor equivalence ratio

POST Program to Optimize Simulated Trajectories

q freestream dynamic pressure (M/ft
RBCC rocket-based combined-cycle
SERJ supercharged ejector ramjet
SESJ supercharged ejector scramjet
SSTO single-stage-to-orbit

% ratio of specific heats

RBCC BACKGROUND

Rocket-based combined-cyolnginesare unique
in that they combine the modesirable characteristics
of airbreathing enginesnd rocket enginesinto a
single, integratedengine. RBCC enginedave the
advantage ofhigh averagespecific impulse () in
comparison to rockets, and high thrust-to-weight ratios
in comparison to airbreathers.

The concept of combined-cycle engines has existed
since the mid-60’s. During this inception phase, an
extensive study wasonducted bythe Marquardt
Corporation,Lockheed-California,and the U.S. Air
Force on various ‘composite engine’ designs, as they
wereformerly called[1]. This study initially analyzed
36 different variants of combined-cycle engines. At the
study’s conclusion, two types of RBCC enginese
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Figure 1 - Supercharged Ejector Ramjet Engine [ref. 1]

selected as the most interesting options -rear-term
option and a far-term option. The decisiamsre made
based on technological feasibility and resulting
performance on a representatitevo-stage-to-orbit
launch vehicle. The two final selectionsere the
SuperchargedEjector Ramjet (SERJ)configuration
(figure 1), and the more technically challenging
Supersonic Combustion Ramjet with Liquid Air Cycle
(ScramLACE) configuration. TheSERJ engine
configuration is composed of four operatingodes:
ejector, fan-ramjet, ramjetand pure rocket. A
derivative ofthe SERJ is theSupercharged Ejector
Scramjet (SESJ). This configuration consistsfied
operating modes, the four from th8ERJ and an
additional scramjet mode.

During ascent phase, tHRBCC engineinitially
operates in ejector mode. The ejeatwdeutilizes the
rocket primaries (figure 2) ashe main source of
thrust. Entrainedair from the inletand fuel from the
secondary fuel injectors is alsoburned in the
combustor to provide additional thrust. |éw-pressure

Figure 2 - Rocket Primary [ref. 2]
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Figure 3 - Fan Storage Methods [ref. 2]

ratio fan,located betweethe inletand primary, may
also be used. Once significant ram pressurachgeved
from the surroundingair, typically occurring around
Mach 2 to 3, the rocket primaries are shut off. The fan
remains functioning up to about Mach &nstituting
the fan-ramjet mode. At Mach 3the fan is removed
from the flow path omperhaps windmilled in place to
as high as Mach 6. Figure 3 shopassiblemethods
for removing the fan from the flow path should that be
necessary. The engine operates in pure ramjele up

to aroundMach 6. At Mach 6,dependingupon the
engine type (SESJ o0ISERJ), the engine will
transition either to scramjehode or directly to rocket
mode. If scramjemode is available, the engingvill
continue operating as aairbreatherwith supersonic
combustion up to an optimal transition Mach number.
Recent conceptual vehicle designs hasgggested
transition topure rocketmodemight optimally occur
between Mach 10 and Mach 15. While transitioning to
rocket mode, thenlet face is closedand the rocket
primariesare restartedvacuum lIsp’s in therange of
410-470 seconds are typical values during rocket mode.

PREVIOUS RESEARCH

Engineers in a conceptuRBCC launchvehicle
design environmenteed to beable to assesengine
performance at each point in the ascent trajectory. That
is, for a given altitude, flight velocityand engine
operating mode, what thrust angldre produced by the
engine?This data is typically used in a trajectory
optimization code to determinemainimum fuel flight
path to orbit. Figure 4 fromeference Jyives typical
RBCC engine s for a representative vehiclight
profile.
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Figure 4 - Typical RBCC_] Performance [ref. 3]

Due to computingspeedimitations, therequired
engine data is commonly generated off-line foaage
of expectedaltitudesand flight speeds. The resultant
database is formattethto a tabular form. Data is
interpolated from the tables aseded bythe trajectory
optimization code.

The current enginenalysis tool, SCCREAM, is
a descendant afools generated undegarlier research
efforts. Originalresearch inl993resulted in asimple
spreadsheet modehat was capable of predicting
RBCC engineperformance in ejector modmnly [4].
The original model could also incorporate a
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conditions. To remedy thsituation, anew standalone
RBCC engine analysis tool was developed.

The newest tool, SCCREAM (Simulated
Combined-Cycle Rocket Engine Analysis Module), is
an object-oriented code written ®++. The coderuns
on a UNIX workstation, runs a fulkange of flight
conditions and engine modes under 30seconds, has
more stable internal iteration schemasdretains the
ability to output properly formattedPOST engine
tables. SCCREAM is nointended to be ahigh-
fidelity propulsion tool suitable for analyzing a
particular RBCC engine concept in great detail.
Rather, it is a conceptualesign tool capable of
quickly generating a large number oasonably
accurateengineperformancedatapoints in support of
early launch vehicle design studies.

SCCREAM
Overview
SCCREAM has the capability tanodel the
performance offour types of LOX/LH2 RBCC

engines. One is the configuratiadentified in the
Marquardt study —the superchargedejector ramjet

supercharging fan if required. The spreadsheet consisted(SERJ). The othethree are the (non-supercharged)
of approximately 2,500 iterative calculation cells to ejector ramjet(ERJ), theejector scramje{ESJ), and

perform the internal engine flow calculations. The
spreadsheet generatpdbperly formattedtabular data

that could be electronically transferred to a workstation

class computeandimportedinto a populartrajectory
optimization program, POSb].

Subsequent research extendedthe original
spreadsheet model to include fan-ramgetd ramjet
modes of operatior[6]. The number ofiterative
spreadsheetells increased toapproximately10,000.
As in the original tool, thisspreadsheeproduced a
properly formattedPOST engine table thatould be

electronically transferred to a workstation for trajectory

optimization. Unfortunately, recalculation of this
expanded spreadsheet was slow. In additioncddain
initial guesses of flow conditions, thautomatic
internal spreadsheéteration was often unstabl&hat
is, the internapressures, velocityandMach number
iteration could easily diverge for certain flight

the superchargedejector scramjet(SESJ). While

SCCREAM doesnot model supersonicombustion
directly, scramjemodedatafor the latter twoengine
types is scaled from a previously publistdatabase of
scramjet performance from NASA - Langley [7].

SCCREAM operates by solving for the fluiidw
properties (velocity, temperature, pressure, niass

rate, gamma, specific heat capacity, etc.) through the

various engine stations foeach of the engine
operating modes. Equations for conservatiomafs,
momentum, and energy are used. This procesftéa
iterative at a given engine station dretween a
downstreamand an upstream station. Theflow
properties are calculated using quasi-1D flow
equations. Engine cross-sectionaea is the only
geometry variable along the stream direction.
Componentinefficienciesare used tosimulate losses
of total pressure irthe mixerandnozzle,and reduced
enthalpy in both therocket primary and main



combustor. The inlet is simulated by a simple total
pressure recovery schedulelhrust and L, are
determinedusing a control volume analysis of the
enteringand exiting fluid momentumand the static
pressures at the inlet and exit planes.

Most internal areas iISCCREAM are determined
based orratios to the inlet/cowl cross-sectioraiea.
Default arearatios are supplied, so typically auser
entersonly the inlet area. The size of therocket
primary unit is based on a user-entered propellant mass
flow rate for the rocket primary. These two
independentvariables can bevaried to produce an
engine with a desired sea-level static thrust and
secondary-to-primarymass flow ratio. In practice,
however, the inletarea is often limited by overall
vehicle geometry or shock-on-lip conditions.
Optionally, the user caanter adesiredsea-level static
thrustandinlet area,and SCCREAM will iterate to
determine the primary mass flow rate required.

In order to generate aPOST engine table, a
candidateengine’s performance is evaluatedver a
range of altitudesand Mach numbers.These Mach

number and altitude ranges can be set by the user. For

example, a ramjet’'s operational Mach numbraight
be set from 2 to 6, witlaltitude ranges fron80,000
feet t0 150,000 feet. Overlappinglach numbers and
altitudes betweervarious operatingmodes allows
POST to select optimum engine mode transition
points if desired.Default Mach numbeand velocity
ranges are provided for each mode.

Performance in pure rockehode is determined
using flow equations for a high expansion ratioket
engine operating in a vacuum. user-enterable nozzle

S_l 2 8_3 S3' % i Se Se'
| | [ TTT T

‘ Fan ‘ Primary ‘ ‘ ‘ ‘ L ——- 1
=t ! :

|

|

|

i |

= |

~ — —~— !

Theoretical

Expansion Area

Secondary Injectors
Gas Generator

Figure 5 - SCCREAM Station Locations
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Pt2 / Pt1

Mach Number at Station 1

Figure 6 - MIL-E-5007D Inlet Pressure Recovery
efficiency is used to account for lossessociatedvith
the expansion of the primary exhaust through the
engine and then onto the aftbody.

StationCalculations

Figure 5 shows the station nhumbargl reference
locations for a generic RBCC engine used by
SCCREAM. Station 1 is the inlet plane of the engine.
Freestream flow conditions adtation ‘infinity’ are
modified by asingle shockwave to simulate the
precompressioreffect of a vehicle forebody on the
engine. Theforebody shape(wedge orcone)and the
forebodyangleare entered byhe user.Therefore the
flow conditions at station 1 are typically not tk@me
as the freestream flight conditions.

From station 1 to station 2, the totptessure
recovery through the inlet isdetermined using a
standard Mil-Spec recovery schedulefor an inlet
terminating with a normal shocifigure 6). Pressure
recovery is defined as the total or stagnation pressure at
station 2 divided by the total pressure at station 1. If a
supercharging fan is preseand operating, the total
pressure astation 2 issubsequenthadjusted by the
fan pressuragatio. Typical single-stagéan pressure
ratios are 1.3 to 1.5. Total enthalpy from station 1 to
station 2 is constant. The mixerassumed to be of
constant cross sectionarea, but the flow area at
station 2 is reduced by the total earea ofthe rocket
primaries. That is,

A =A-A 1)



where A, is a function of the size of theocket
primaries. A is therefore a ‘pinch point’ in thengine
inlet due to the blockage caused by the rocket primary.

In ejector mode, the secondanass flow (i.e. the
mass flowrate ofair through the inlet) isdetermined
by the minimum inletarea or‘inlet throat’ area. The
flow is assumed to be choked at this point. dgfault,
the inlet throat area is assumed to be 25% of the inlet
area in ejector mode. Should the combinatiorooket
exhaust from the primarieand secondanair flow
through the inletexceedthat amount whichcan be
passedhrough the mixer exit (4 for a givenflight
condition, SCCREAM automaticallgeduceghe inlet
throat areaandthus thesecondanairflow through the
engine until the flow is just choked at station 3.

In fan-ramjetandramjet modes, thelefaultinlet
throatarea isassumed to be equal to,.AThat is, the
inlet is opened up until the minimum inlatea occurs
at the pinch poinaroundthe rocket primaries. lthis
case, the secondary airflow through the engirestier

the mass flow rate that can be passed through station 2

or the maximum mass flowate captured by awide
open inletarea —whichever isless. At flight Mach
numbers up to 3 or 4, treecondarymass flowtends
to be limited by the pinch point at,Anote that the
inlet area A must also beeduced inthis case). At
higher Mach numbers, theecondarymass flow is
generally limited by thenmaximum inletarea and is
more typical of standard ramjet analysis.

Knowing total pressure, total enthalecondary
mass flow, and area, the solution for the Madmber
at station 2 is iterative. For guessed Machumber,
the flow velocity at station 2an be calculated in two
ways — one using thieemperatureand Mach number
(i.e. the definition ofMach number)and the other
using pressuretemperatureand mass flowrate (i.e.
conservation of massCCREAM uses adisection
routine to find the Mach numberthat drives the
difference between the two calculated velocities to zero.
For ejectorfan-ram,andramjet modes, the subsonic
solution for Mach number is always selected.

Between stations 2and 3, the primary rocket
exhaust (if present) is mixedith the secondary air
from the inlet. SCCREAM assumes that ttoeket
primaries operatstoichiometrically (LH2/LOX = 1/8
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by weight) and that no combustioroccurs in the
mixer. This is known as thediffusion-then-
afterburning cycle. Again, the equations for
conservation of mass, momentum, and enargysed

to iteratively solve for the static pressutemperature,
and velocity at station 3 using the Mach number as an
iteration variable.New primary + secondaryflow
specific heat ({), ratio of specific heatsy), and
molecular weight are also calculated at statiaufing
the iteration process. Mass/eraging techniques are
used for G andmolecular weight. The primamocket
mass flow rate (set by the user), the exhaust velocity,
enthalpy,andpressure, the primary exdrea,and the
secondanflow conditions at station 2reall knowns

in the station 3 iteration process. As previously
mentioned, if the total mass florate in ejectomode

is too large to be passetirough station 3, the inlet
throatarea isreduceduntil the flow is justchoked at
station 3. The totapressure calculated atation 3
after the solution hasonverged ismultiplied by a
mixer efficiency to account for viscous losses, etc.

The flow undergoes a simple isentropic expansion
from station 3 to station 3' — justbefore the
secondary fuel injectors. The combustoassumed to
be constant area. Therefore,

@

The combustoarea isinput by the user as a ratio to
the mixer area (fA;). The mixer ratio isspecified as
a ratio to the inletarea (A/A;). Default arearatio
values are provided.

The combustor operates at a user-defined
maximum equivalenceratio, phi. Phi is theactual
fuel-to-air ratio divided by the stoichiometric fuel-to-air
ratio. A phi of 1indicatesstoichiometric combustor
operation. For a given phi, SCCREAM uses the
conservation equations for heatd massaddition in a
1-D flow to determinethe exit conditions from the
combustor (station 4). As with other statiorisese
equations require an iterative solution. The combustion
of hydrogen fuelith atmospheric oxygen isiodeled
as a heatelease based othe fuel flow rate and the
heat of reaction. Arefficiency is included orthe heat
of reaction. Combustion isssumed to be complete
andone way. Q, H,, H,0O, and N arethe only valid
combustion species. A phi = thereforeresults in
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Figure 7 - SCCREAM Execution and Data Flow

only H,O and N products ofcombustion. Anew y,
C,, and molecular weighdre also calculated astation
4.

If the user-input maximum phi results in a mass
flow rate that cannot bpassedhrough the combustor
exit, SCCREAM automaticallyeducesphi at that
flight condition until the flow is just choked at station
4. This typically occurs at the lower Mach numbers in
fan-ramjet and ramjet modes.

The total pressure enteringhe nozzle (just past
station 4) isreduced by aozzle efficiency to account
for viscous losses in the nozzle. Otherwise, the
chemistry of the nozzle iassumed to be frozen at the
composition exiting the combustor. Thezzle is a
simple converging-diverging nozzléhat expands the
flow to supersonic speeds. At lower altitudes, the
nozzle expands the flow to atmospheric pres§deal
expansion). At higher altitudesozzle expansion is
limited by a maximum exiarea andhe flow is often
underexpanded. SCCREAM allows a user to model the
effect of vehicle aftbodyexpansion by including a
‘maximum theoretical expansioarea’ that increases
with altitude. The rate at which the theoretical exit area
increases and it's maximum value are useuts. The
exit pressure, exit velocity, and exit mass flate are
used in a control volume equation along with the inlet
conditions to determinethe overall enginethrust,

-6-

thrust coefficient (@, and L, Thrustcoefficient in the
airbreathing modes is defined as,

Thrust
Ci=— (©)
q* Ay
where A is a fixedconstant (the inlefarea). G is a
common way tonon-dimensionalize engingrust to
enable parametric scaling by inlet size and flight path.

ProgramExecution

Figure 7 is alowchartthat describeshe general
execution logic ofSCCREAM. The flow diagram
begins with the‘Execute SCCREAM’ block and
proceeds through each operational modéhefengine,
with afew contingenciesdependingupon theengine
configuration selectedWorth noting is the ‘flow
equations database’ block. This block represents a C++
class object that contains all the necessary equations to
determine temperatures, pressures, Mach numbers, etc.
at each station inside the engine. The equatioriifn
shared database are usedl@terminingperformance in
the ejector, fan-ramjegndramjet modes. The use of
C++ andthe class construct eliminates theed for
excessive variablepassing, as allvariables are
contained in a&ommonareaaccessible by eaadbther.

This featuremakes SCCREAMeasy toread, debug,
and modify.



Note that theflowchart also includes a block
labeled ‘scramjet’. While SCCREAM does rentalyze
supersonic combustion directly, a previously published
scramijet performance database [7] generatbth&A -
Langley has beeimcluded inSCCREAM for creating
engine performancetables forscramjet-capablSESJ
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contains that particular mode’s requested Mach number
and altitude ranges. A common input file for the main
design variables (figure 8) issed byall modes except

for scramjet. Included ithis file arethe primaryflow

rate, engine geometrynd station efficienciesAfter
each engine mode has beenanalyzed, a properly

and ESJ RBCC engines. This existing data consists of formattedPOST engine filg(figure 9) and additional

a table of scramjetJand G vs. Mach number. It is
linearly scaled to provide amooth transitionfrom

SCCREAM'’s Mach 5 ramjetdata at eachaltitude.
That is, for scramjet enginesSSCCREAM is used to
generate ramjet values for, @nd |, up to Mach 5 for
various altitudes. Then the NASA scrampsta is
scaled up or dowrand appended tthe SCCREAM

dataat each altitudeso that no discontinuitgccurs in
C, or Iy, but the trends inthe NASA data are
maintained.

SCCREAM Input andQutputFiles

SCCREAM operates either as astandalone

dataanalysis filesare createdSCCREAM runsvery
quickly. 100different flight conditions and operating
modes can benalyzed inabout 30seconds on a
Silicon Graphics Indigoworkstation.

RESULTS
Referencé/ehicle
To comparghe RBCC enginadata generated by
SCCREAM to data available from other sources, a test

case vehicle was adopted. Figure 10 shows a packaging
view of the Hyperion launch vehicle. Hyperion is an

executable code or as a contributing analysis in a larger advancedsingle-stage-to-orbit (SSTO) launafehicle

design process. Usénput data isreadfrom several
files. Each enginenodehas its own input filavhich

Primary_Flow_Rate 216.0 LBM/S
Number_Throttles 1
Throttle_Settingl 1.0
Forebody_Shape CONE
Fan_Po_Ratio 1.0
Area_Inlet 30.0 ft2
Equivalence_Ratio 1.0

\/\/\/
N — ~———

0.98
0.95
0.98

eta_Mixer
eta_Combustor
eta_Nozzle

Figure 8 - Sample Common Input File

1$tbImlt genvém=577.8,
tvclm=5,tvc2m=1,tve3m=1,
$
0,
0, 80351.4
0.25, 78268.2,
0.50, 81398.3,

\/\/\/
\/\/\/

6, 2611.57,
$end
I$tab table=4hae2t,0,150 $
I$tab table=4hae3t,0,88.1674 $

Figure 9 - Sample Output (POST Engine File)

currently being investigated by students in the
Aerospace Systems DesignLaboratory at Georgia
Tech. The vehicle is fullyeusableand takes off and
lands horizontally. It uses five LOX/LH2ejector
scramjet (ESJ) RBCC engines for primary propulsion.
Small rocket enginesare provided orthe top of the
aftbody to providdrim on ascent. Thérebodyhas a
conical lower surface with a 1@one half angleand a
shallow elliptical upper surface.

Figure 10 - Hyperion SSTO Launch Vehicle

Hyperion iscapable ofpoweredlanding and self-
ferry using four smallhydrocarbon-fueledluctedfans
mounted undethe wings.These engineare protected
by a retractablenlet cover during ascenand entry.
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Figure 11 - Hyperion Ascent Trajectory

Hyperion is designed to deliverl0,000 Ib to the
International Spac8&tation (220 nmi. x 220 nmi. X
51.6") from Kennedy Space Center. It is unpiloted and
could be operational bthe year2010. In ramjet and
scramjet modes, the vehicle flies a constdyriamic
pressure boundary trajectory D00 psf(figure 11).
Transition from scramjemode to pure rocketmode
occurs at Mach 10.

Table 1 summarizes thger engineESJ engine
characteristics foeach ofthe five RBCC engines on
the Hyperion. Note that the combination refjuired

sea-level static thrust and fixed inlet area resulted in an

ejector mode primarynass flowrate 0of216 Ibm/s. A
pure rocket mode vacuury bf 462 sec. was assumed.

Table - 1 Hyperion (Reference) ESJ Engine Data

inlet area, A 27 ft
‘pinch point’ area, A 8.24 ff
mixer area, A 11.25 ft
combustor area, A 22.5 ft
maximum exit area 95 %t
required sea level thrust] 92,650 Ib
nominal maximum phi 1.0

SCCREAM was run to generate engine

performance data sets in ejector mode (from Mach 0 to generated for ejector

Mach 3)andramjetmode(from Mach 2 to Mach 6)
over a range of altitudes fdhe referenceengine. A
second dataset for amaximum phi = 0.6 waglso
generatedNASA - Langley scramjetlatawas scaled

-8-
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Figure 12 - Ejector Mode,JResults
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Figure 13 - Ejector Mode Thrust Results
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Figure 14 - Ramjet Modg,IResults

and appended tthe ramjetdata between Mach 5 and
Mach 10 as previously described.

Figures 12and 13show a sample of thdata set
mode. Notethe expected
improvement inejector |, andthrust as thevehicle
accelerates (increases secondémy rate). However,
this augmentation effect is reduced at higher altitudes.
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SCCREAM generated data for ramjabde |, and
thrust coefficient are shown in figures 14 and Mibte
the unusual behavior ingl around Mach 3. As
expected, the,Jrises between Mach 2 and Mach 2.5 as
thrust increasesdue to increasedotal pressure and
secondary mass flow rate through the engdit@vever
at aroundMach 2.5, the |, unexpectedlybegins to
decline. A more detailedinvestigation of the results
indicated that this decline is a resultsgicondarymass
flow being limited by the area at station 2 — the inlet
pinch point. As flightMach numberrises, the total
pressurdosses through the inléhcreaseput in this
case, the increase secondarymass flowrate through
the engine is slow to offset thesses. Thiseffect is
alsoevident in figure 15 as amallerincrease in C
between Mach 2.5 and 3.

BetweenMach 3and 4,the limitation onengine
secondarymass flowrate switches to become limited
by the inletarea(like a more traditional ramjet), but
the combustomwould choke atthe user-input phi =
1.0. SCCREAM hasautomatically throttled phi in
this range. The result is @mporary increase ing|
around Mach 4.} and G behavior beyond Mach 4.5 is
more typical of a ramjet with a phi =dnd secondary
mass flowrate limited by inlet area. Note that the
effect of increasedhrust coefficient with increasing
altitude is primarilydue tothe increasingheoretical
(aftbody) exit area as the vehicle ascends.

Using the phi = 1 SCCREAM data set, thrust and
I, were calculatedalong a referencetrajectory for
Hyperion. Engineperformancevas determined atach
altitude. Typical engine station flow values at two
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Table 2 - Sample SCCREAM Station Results

Ejector Mode for Reference Hyperion SSTO

Flight M=0.5 Phi=1.0 S, S, S, S,
Area (ff) 27.0 8.24 22.5 17.3
Local Mach Number 0.50 0.57 1.51
Velocity (fps) 558.1 636.5 5290.1
Total Pressure (lb/fh 17.7 17.7 50.8 50.8
Total Temperature (R 544.6 544.6 5544.7 5544.7

Ramjet Mode for Reference Hyperion SSTO

Flight M=3.5 Phi=1.0 S, S, S, S.

Area (ff) 27.0 8.24 22.5 44.3
Local Mach Number 3.02 0.63 0.90 2.08
Velocity (fps) 3278 1083 2488 4870
Total Pressure (lb/f 100.4 78.2 45.3 45.3
Total Temperature (B 1345 1345 3446 3446

range ofthrustand L, vs. Mach numberand altitude.
Flying an optimumtrajectory though the data set
results in a specific history ofjland G (or thrust) vs.
Mach number.

Comparison with Other Engine Performance Data

To validate the thrust, Cand |, valuesgenerated
by SCCREAM, the resulthave beencompared to
enginedatafrom other sources. The eariarquardt
study [1] (referred to asNAS7-377 on the following
figures) contains extensive RBCC engp@formance
data including ERJ ramjetand ESJ scramjet mode
thrust and L, for a vehicle flying along a 1500 psf
dynamic pressure boundary. The NAS7-8&ataused
in this paper is for an Bhalf-angle wedgeThe ERJ
thrust datawas converted to Cusing an 82 ftinlet
area and g = 1500 psf. The ESJ data used a2lid@eft
area.

A study of RBCC engineperformed in1988 by
the Astronautics Corporation for tHg.S. Air Force
[3] contains GCdata for a scramjet and completedata
for a ESJ engineover a1500 psf trajectory. In the
reference, (data is tabulated directly and does not have
to be calculatedrom a known thrust. Although the
vehicle baselined irthat study was a fOhalf-angle

points along the reference trajectory are shown in table cone, the available tabulateg diata inthe reference is

2. It is important to note that a SCCREANMta setis
not associatedvith a particularflight path, but is a
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for a @ half-angle wedge.
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The effect of forebodyprecompression on an
RBCC engine is not insignificant.arger forebody

AlAA 97-2760

Hyperion engineandit’'s effect onlimiting secondary
mass flowrate atthose Mach numbersHowever,
work is continuing to verifythis conclusion. The
SCCREAM thrustcoefficient data in figure 17 is
nicely bounded by the two comparison s&smpared
to the |, results, thdarger differencesamong the C
datasetsare probablydue to differentinternal engine
geometriesand forebody precompressiorassumptions
as previously discussed.

Comparisonwith OtherEngineAnalysisCodes

A comparison also wasmade to evaluate
SCCREAM against otheengine performance codes.
SRGUL is the engineperformancetool used to
generatethe NASA - Langley ramjeand scramjet
performancedata in reference 7SRGUL is ahigher
fidelity code than SCCREAM, but ismore time
consuming to set ugnd run. It usesoblique shock
solutions in the inlet, a marching solution feacting
flow through the combustorand a method of
characteristicsolution for the nozzle. Viscousffects
due toboundary layegrowth are handledhroughout.
To achieve this extra detail, each engine flight
condition requires significant setup and validation
time. SRGUL is typically used in@reliminary design
effort wherethe vehicle, engine geometrgnd the
flight profile arebetter established rathénan in the

angles tend to generate more thrust, but have a slightly conceptualenvironment for whichSCCREAM was

lower I, In addition, internal geometryreas and
assumptions willcertainly causealifferences between
datasets.However, thedatafrom NAS7-377and the

Astronautics study are thought poovide a reasonably
good comparison for SCCREAM appled to the
Hyperion trajectory.

Figure 16 shows the enging, Ifor the two
SCCREAM cases, the NAS7-377 ERMJESJ data,
and the Astronautics studiatafor an ESJ. Figure 17
shows comparisodatafor C, in ramjetand scramjet
modes. Cprovides a better comparison a@irbreathing
modesthan overall thrustdue to the differences in
reference vehicle size among the data sets.

Comparison of ¢, in figure 15 indicatesgood
agreement in ejector modend scramjet modes.
However, SCCREAM yields aslightly lower I, in
ramjetmodethan the comparisodata. It isthought
that this effect is caused byhe small A in the
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developed.

Note that the SRGUL data from reference 7 is also
the datainternally scaled by SCCREAM to predict
scramjet performance abovéMach 5. However, the
SRGUL data presented ithe following charts is the
raw data (unscaled) from reference 7 for both ramjet and
scramjet modes. The SRGUWlatawas generatedor a
5° half angle cone. However, it igot for an RBCC
engine. That is, thengine is a straightual-mode
ramjet/scramjetThere are naocket primaries in the
flow and therefore no pinch point in the inlet.

RAMSCRAM [8] is a ramjet and scramjet
analysis tool developed bythe NASA - Lewis
Research Center. It is also capable of modetjegtor
mode. RAMSCRAM is similar to SCCREAM, in
that it wascreatedfor use in the conceptualesign
environment. It uses pressure recoverthrough the
inlet (or a kinetic energy efficiency) and quasi -1D flow



throughout. The combustiomodel in RAMSCRAM

is more detailedthan thatused in SCCREAM, and
accounts for equilibrium chemistry. Thas, the
composition of the flow leaving the combustor is a
function of chemical equilibriumdetermined from
pressureand temperature. Recall thaSCCREAM
assumes theeaction is completandthat only major
constituentsare produced inthe combustor. The
combustorarea inRAMSCRAM can beconstant or
increasing.

RAMSCRAM doesnot automaticallyadjust phi
or secondarymass flowrate if there is a choking
problem in the engine (the useust correctthe error
manually), but itdoeshave a feature twary station
area asneeded topass the mass floycalled engine
design mode). Theodecanrun a number of flight

conditions at once, but the output is not formatted as a

POST engine input tablendmust bepost-processed.
Typically, RAMSCRAM is run only fompoints along
a predetermined flight path, rather than creatibgoad
dataset over aange of Machnumbersand altitudes.
RAMSCRAM is written in FORTRAN.

RAMSCRAM was used (by the authors)rmdel
the referencélyperion engine geometgnd to predict
engine thrustand L, at severalpoints along the
reference 1500 psf flight path. In ramjetmode,

RAMSCRAM used the same inlet pressure recovery as

that used by SCCREAM (figure 6). In scramjedde,
RAMSCRAM used a98.5% inlet kinetic energy
efficiency. The engine mixearea,pinch point area,
and combustorareas according ttable 1 were kept
constant in RAMSCRAM. Inlet throat area and
combustor phiwere adjusted according tthe same
logic used by SCCREAM asnecessary to prevent
choking. Precompressioeffectsfor a 10 cone and
aftbody expansion benefits were also included.

Figures 18 and 19 compare the SCCREAM
results to SRGUL and RAMSCRAM for the Hyperion
trajectory. The SRGULdata is for phi = 1. The
RAMSCRAM data is for anaximum phi = 1.When
running RAMSCRAM, thesecondarymass flowrate
(pinch point) and phi (combustor) bothhad to be
reduced to prevent choking in ramjabde atMach 3.
The phi alschad to bereduced toprevent combustor
choking in scramjet mode at Mach 6.

-11-
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With the exception of thdip in the SCCREAM
data aroundMach 3, the SRGUL data and the
SCCREAM datacompare favorably ing). Recall that
SCCREAM andRAMSCRAM model apinch point
area due tahe rocket primaryand the SRGUL data
does not. The RAMSCRAM,J databounds theother
two sets but at a somewhat higher thexpected
margin of error. However, theltrendsfor all three
codes appear to smilar. Note the sharp transition
from subsonic to supersonic combusti@peration
predicted by RAMSCRAM. A smooth transition
between modesvas not modeled, ratherthe entire
internal flow was either subsonic or supersonic.

SCCREAM and SRGUL Qesults compare well.
As expectedthe SCCREAM phi = 1 results are
slightly higher than the SRGUldata due to the
benefits of extraorebody compression (a conbalf
angle of 10 vs. 5 for SRGUL). The effects of limited
secondary mass flow at the pinch poamd athrottled
phi to prevent choking in the constaareacombustor
are clearly evident inthe downturns in (C for

SCCREAM phi max=1

— — SCCREAM phi max=0.§
—&— SRGUL - Langley
—>— RAMSCRAM

0 2 4 6 8 10
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Figure 19 - CComparison Data (group 2)



SCCREAM and RAMSCRAM at Mach 3 and for
RAMSCRAM'’s supersonic flow result alach 6.
Recall that there is no pinch point in the SRGtHta
and there is no downturn of & Mach 2.

The higher thrust coefficient predicted by
RAMSCRAM in ramjet mode is almost certainly
causing the higheralso seen in figur&8. Work is
continuing toidentify the cause ofthis discrepancy,
but it is likely due to differences irthe combustor
model between SCCREAM and RAMSCRAM.

CONCLUSIONS

An analysis toolfor predicting RBCC engine
performancehas beerdeveloped and isvell suited for
use in the conceptual launch vehicldesign
environment. SCCREAM uses @uasi-1D engine
analysis method tpredictengine |, andthrustover a
wide range offlight conditions. Thecode outputs a
properly formattecengine table for use in a@ndustry
standardrajectoryoptimization code, POST. Among
the conclusions drawn in this paper are the following:

1. Written in C++ and running operating orlJallX
workstation, SCCREAM is a significant improvement
over it's spreadsheet-based predecessordeims of
speed, stability, and flexibility.

2. SCCREAM was easilyintegrated into the
conceptual design process for a referdRBEC SSTO
launch vehicle. SCCREAM generated engine
performancdableswere used tddentify an optimum
flight path trajectory.

3. For the referenceengine geometryand flight
profile tested, the results froRCCREAM compare
favorably with previously published RBCGCengine
performancedata aswell as data produced byother
engine analysis tools.

FUTURE WORK
SCCREAM will continue to beimproved to

increase it's accuracy and capabilities without
sacrificing speedease ofuse, andflexibility. Among
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the near-termimprovements beingonsidered are the
following:

1. The ability toanalyze scramjenode performance
directly within SCCREAM. While the basicflow
equations are in place, improvements to the
combustion model, the inlet modelnd modification

of the iteration flow property iteration schemes will be
required. This will eliminate the dependence on NASA
scramjet data.

2. An improved method of calculating specifieat
capacity, G, for the flow at variousstations. The
current verylimited table look-up mechanism will be
replaced with a more detailed table or curve fit.

3. An improvedinlet pressure recoverynodel. A
new pressurerecovery modelwill be created that
includes information about the actual inlet geometry in
the calculation of pressure recovery.

4. Demonstrate the&8CCREAM can beincluded in
an automated launch vehicle desiflamework or
computing architecture. From the beginning,
SCCREAM was created to be a design-oriented code. It
can operate as a standalone cdolé, can also be
included as aubroutine or contributing analysis in a
larger  multidisciplinary  design  optimization
framework. This capability will allow the system-level
designer tooptimize the entire vehicle (propulsion,
trajectory, configuration, material, etc.) for amerall
objective function (e.g. return on investment).
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