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ABSTRACT

A rocket based combined-cyclengine analysis
tool suitable for use in the conceptuabesign
environment has recently been established. Whike
tool was beingused inthe designenvironment, new
analysis capabilitieswere desired and areas for
improvement were noted.

This paperwill detail the recentimprovements
made tothe conceptuatlesigntool, SCCREAM, and
present the resultgenerated byhe addedcapabilities.
The improvementgange from an additional engine
analysis modealternate propellantombinations, and

a new user-interface which enables remote execution.

The improvementsand added capabilities to
SCCREAM will be discussed and the program
methodology will be examined in detail when
appropriate. Resultgenerated bySCCREAM’s new
scramjet analysisnode arethen shown tocompare
very well with an industry standard code, RJPA.
Engine performance generated B§CCREAM for a
single stage to orbit launch vehiceethen compared
with historical airbreathing engingperformancedata,
and other industry common analysis codes.
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NOMENCLATURE
A, normalizing area for thrust coefficient3jft
A, engine cross-sectional area at stati¢ftr)
Ar argon
C, constant pressure specific heat (BTU/sR)-R
C, thrust coefficient (thrust/q*A
H,O, hydrogen peroxide
H monatomic hydrogen

H, hydrogen
specific impulse (sec)

K kelvin

LH2  liquid hydrogen

LOX liguid oxygen

MR propellant mixture ratio

N, nitrogen

0] monatomic oxygen

0, oxygen

OH hydroxyl radical

P, chamber pressure (psi)

P, total pressure (psi)

phi combustor equivalence ratio

o} freestream dynamic pressure (f/ft
V, radial velocity component

Vg normal velocity component

% ratio of specific heats

0 ray angle from cone centerline

RBCC BACKGROUND

Rocket Based Combined-Cy(IRBCC) represents
a new approach for providingutine access to space.
By integrating the elements ofocketry and air-
breathing systems into a singlmit, RBCC tries to
exploit the best qualities of each. The rogkétary
is used for providing the high level of thrust required at



takeoff conditionsand for accelerationuntil ramjet
takeover speeds can bebtained. Once ramjet
operation is feasible, the rocket primarysisut off to
conservefuel. The airbreathingnodes oframjet and
scramijet are then used to accelethte vehicle through
the portions of the atmosphewere freeoxygen is
available. As the vehicle climband increases its
speed, goint will be reached atvhich the ramjet or
scramjet is no longer providing enough thrust to
sufficiently accelerate the vehicleror single stage to
orbit (SSTO) configurations, it is at this point that the
rocket primary isre-ignited and the vehicle proceeds
directly to orbit.

RBCC is not anew concept. Originating in the
1960’s, a variety of basiconceptswere developed
considerablyunder ajoint effort by the Marquardt
Corporation, U.SAir Force, andLockheed. Due to
budget constraints at the tinamdtechnical challenges
required for full implementation, RBCC quickly fell to
the sidelines,and the less complexocket engine
received full attention for space applications.

During the 1980’s, significant gaingere made in
the area of airbreathingpropulsion.  TheNational
AerospacePlane program, or NASPmade major
technological gains for airbreathirgystems. NASP
identified the major difficultiesassociatedwith this
form of propulsionandmany new technologies in the
areas of thermal protection, inlet design, and
supersonic combustiomvere enabled. Despite the
technology advances, the unbelievable and
overwhelming task of airbreathing tspeeds above
Mach 15 prevented afeasible vehicle design from
being obtained.

It has beeronly recentlythat interest haseen
renewed in RBCC systems. By merging two
previously independentsystems, RBCCcan offer a
number of advantages for launch vehicle designers.
terms of engineperformance,RBCC offers higher
trajectory averagedspecific impulse (l) than pure
rocket engines,and higher engine thrust-to-weight
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up trajectory maneuvers, ahigh speedpoint-to-point
missions. RBCC also promiséscreasedoiter and
abort options. These capabilitiewill be required on
future space transportation systems.

A number of very attractive vehicle concepts for
future launchsystemshave already been designed
Many of the most promising of thesencepts utilize
RBCC propulsion, and the feasibility of these systems
is almost unquestioned. The primary challenge now is
in designing an economically viabkystem. With
total program development costs ranging in the
billions of dollars, robust desigrihat ensure success
are mandatory.

RBCC propulsion appears to have avery
promising future, and may provide the key to
affordable, routine, and safe access to space.

PREVIOUS RESEARCH

Engineers in a conceptuRBCC launchvehicle
design environment needed to be ablateesengine
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 taletermine aninimum fuel flight
path to orbit.

Due to computingspeedimitations, therequired
engine data is commonlyeneratecff-line for a range
of expectedaltitudesandflight speeds. The resultant
database is formatteohto 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.  SCCREAM (Simulated Combined-Cycle
Rocket Engine Analysis Module), is abject-oriented
codewritten in C++. The codeexecutes on &NIX

ratios than pure airbreathing engines. But, these gainsworkstation, runs a fultange offlight conditions and

come at the expense of a higher vehareweight and
increased vehicle complexity. The realvantage from
RBCC is in the high flightrates and mission
flexibility that these engines enable. RBCC
suitable formissions thainclude: earth-to-orbit, pop-

is

engine modes inder 60secondsand will output a
properly formatted®OST engine table. SCCREAM
is not intended to be digh-fidelity propulsiontool
suitable for analyzing a particulaRBCC engine
concept in great detaiflthough its resultscompare



very well with those generatedfrom more detailed
codes. ltwascreated to be @onceptual desigmool
capable of quickly generating a largaumber of
reasonablyaccurateengineperformancedata points in
support of early launch vehicle design studies.

SCCREAM OVERVIEW

SCCREAM has the capability tanodel the
performance ofour types of RBCC enginesOne is
the configurationidentified in the Marquardt study
—the superchargeejector ramjet(SERJ). Theother
threearethe (non-superchargedjector ramjet(ERJ),
the ejector scramjet (ESJ), and swpercharged ejector
scramjet (SESJ). Additionally, SCCREAM carodel
pure ramjet and pure scramjet configurations.

SCCREAM operates by solving for tligid flow
properties (velocity, temperature, pressure, ni&ss
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Optionally, the usecan enter alesiredsea-level static
thrustand inlet 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 canda by the user. For
example, a ramjet's operational Mach numbmright
be set from 2 to 5.5, with altitudanges from30,000
feet to 150,000 feet. Overlappifdgach numbers and
altitudes betweenvarious 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 rocketode is determined by
analyzing a high expansion raticocket engine
operating in a vacuum. A user-entered noeffieiency
is used toaccount forlosses associatedwith the

rate, gamma, specific heat capacity, etc.) through the expansion of the primary exhaust through #rgjine

various engine stations foeach of the engine
operating modes. Equations for conservatiomass,
momentum, and energy are used. This procesfas
iterative at a given engine station dretween a
downstreamand an upstream station.  Thdlow
properties are calculated using quasi-1D flow
equations. Engine cross-sectiormka isthe only
geometry variable along the stream direction.
Componentefficienciesare used tsimulate losses of
total pressure inthe mixer and nozzle, and reduced
enthalpy in both therocket primary and main
combustor. The inlet is simulated by a simple total
pressure recovery schedule. Thrust and L, are
determinedusing a control volume analysis of the
enteringand exiting fluid momentum and the static
pressures at the inlet and exit planes.

Most internalareas inSCCREAM are determined
based orratios to the inlet/cowl cross-sectioratea.
Default arearatios are supplied, so typically auser
entersonly the inlet area. The size of therocket
primary unit is primarily based on a user-entered
propellant mass flow rate for the rocket primafese
two independenvariables can bgaried 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.

and then onto the aftbody.
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Figure 1 - Axisymetric Engine Station Locations
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Figure 2 - 2-D Engine Station Locations

Figure 1 shows the station numbersl reference
locations for by SCCREAM for an axisymetric RBCC
engine configuration. Figure 2 shows station
locations for a 2-D engine configuration. The 2-D
engine layout is more common for vehiclegth
scramjet capability. Station 1 is at the inlet plane of
the engine. Freestream flow conditions adtation
‘infinity’ are modified by asingle shockwave to
simulate any precompressiaffects of the vehicle
forebody on the engine. The forebody shépedge or
cone)andthe forebodyangle are entered byhe user.



Therefore the flow conditions at stationafe typically
not the same as the freestream flight conditions.

The inlet performance is modeled by a cufiveof
the total pressure recovergnd is afunction of the
Mach number at thalet face. Variable geometry at
the inlet throat is assumed.

Station 2 is at the location of tlecket primary
andscramijet fuel injectors. Fajector modestation
2 to 3 is a constardgreamixing process between the
entrained air stream and primary exhaust.

From station 3 to 3’ an isentropic expansion of
the flow is performed. This igenerally beneficial for
ramjet performanceyut tends to penalizéhe scramjet
performance.

From station 3’ to 4, the hydrogen fuelirgected
at a specified equivalencatio and allowed to burn.
Upon exiting the combustor, the flow ipassed
through a converging-diverging nozzle tdahe exit
plane of the engine (station e or e’).

For a more completalescription of theflow
process, the reader is referred to Reference 3.

IMPROVEMENTS

The following is a list of the improvementsade
to SCCREAM that will be discussed next.

Scramjet analysis capability
Rocket primary combustion
Rocket primary propellants
Detailed forebody analysis
New POST output deck format
Remote operation

o0k whNE

Some of the improvementshave already been
mentioned while discussing thgeneral operation of
the code. Each will now be discussed in detail.

ScramjetAnalysis

As stated earlier,the previous version of
SCCREAM lacked a scramjet mode analysis
capability. Results from anearlier study by
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Shaughnesséywere hard-wired into SCCREAM for
this mode. The scramjet capability isdoubtedly the
most significant and important improvement made.

Modeling of scramjet performance involved
allowing a supersonic flow to pass completely through
the engine without choking in the inlet throat,
combustor, and nozzle sections.  Theconservation
equations formass, momentumand energy were
employed in asimilar manner to that from the
subsonic flow (ejectorfan-ram, and ramjet modes)
cases. By careful arrangement of the iteration routines,
the supersonic solution which satisfies the 3
conservation equations can always be obtained.

The entire mass flow at the inlédce is always
ingested by the engine. The flow at station passed
through the inletand oblique shock system (not
actuallymodeled indetail). A curvefit for the total
pressure recovery of supersonidnlet, based on the
Mach number astation 1lreplaceshe subsonic inlet
curvefit. Figure 3 shows the subsonandthe new
supersonic pressure recovery schedules.

The conditions at the location of thecket-
primary (station 2)arethen determined. This is a
simple iterationprocedure and atong as thearea
blockage from the rocket-primary is not too large, then
a supersonic Mach number atation 2 can be
obtained. If theareadownstream ofthe inlet is too
small, a common occurrence fBBCC configurations
with oversized primaries, the downstream primary
blockagewill choke the flow tosubsonic conditions.
For these cases, a solution is not obtained.

0.9 —_—
0.8 —— Subsonic
0.7

0.6 |
0.5 |
0.4 |
0.3

0.2 |
0.1 |

upersonic

Pt2 / Pt1

4 5 6
Mach Number

Figure 3 - Inlet Total Pressure Recovery

The hydrogenfuel is injected and mixed from
station 2 to station 3, without amgaction occurring



(no heataddition). This is done tosimulate injecting
the fuel further upstream, as oftenrequired for
supersonic combustion to allow adequate mixing. The
addedfuel changeghe molecular weightaind specific
heat of the flow. Thisslightly affects the static
conditions at station 3. A totapressureloss is
simulated in the mixer section bylefining an
efficiency factor.

Whensolving for the static conditions adtation
3, a new iteration procedure is required. Recall that for
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obtained. The continuity equation, or conservation of
mass, is themsed to determinthe staticpressure at
station 3.

It is now necessary tmbtain a new value for the
static temperature to confirm tiggiessedrzalue. This
new temperature is obtainegdom the momentum
equation. It is assumeithat the addedfuel has no
contribution to the momentum balance.

The new and guessed temperatureare then

the subsonic flow cases, the assumption was that thecompared and a new estimate for the static temperature,

static temperature isclose to the totaltemperature.
The mixture specific heatapacity waghen calculated
using the totatemperature. This allowedfor a much
simpler iteration routine involvingMach number,
which can easily beboundedbetween Mach 0 and
Mach 1. For supersonic flow, the assumption of the
static temperaturébeing close to the totaémperature
is poor. A new routine hakeendevisedthat now
includesthe specific heat in the determination of the
static conditions.

The static temperature at station 3tesatedupon
instead ofthe Mach number. This createssome
problems because of the difficulty in setting upper and
lower bounds on th@éemperaturethat will always
ensure a supersonsolution is obtained. Theexact
problems encountered will be discussed later.

With an assumedstatic temperatureand known
flow composition, the mixturespecific heat can be
obtained. JANNAFbasedcurve fits of the specific
heat for each species a functiontefmperature isised
by SCCREAM. A massveraging technique is then
used to determine the specific heat of the mixture.

Oncethe specific heat is obtained, thlspecific
heat ratio can then be easilycalculated since the
molecular weight is known. The total enthalpy of the
flow at station 3 is the same as that a statioth@s
the total temperature can be obtained dividimg total
enthalpy by the specific heat value.

The known guantitieare now statictemperature,
total temperature, and specific heat ratierom these,
the Mach number at ®an be obtainedusing the
conservation of energy equatior:rom the definition
of Mach number, the flow's velocitgan then be

basedupon a bisection routine, idetermined. This
process is repeated until convergence is obtained.

As previously mentionedgonvergenceproblems
can be encounteredrom iterating on the static
temperature. If the guess is to high, the flcan have
a subsonic Mach number atation 3. But,this
condition canalso result if too much fuel isdded at
station 2. A series athecks is used teither adjust
the guess for théemperature oreducethe amount of
fuel being added.

After a solution at station 3 is reached, the flow is
isentropically expanded to theea atstation 3. This
processwill acceleratghe flow since it issupersonic
and the area is increasing.

From station 3’ to station 4, the fuel that was
added in astation 2 is nowburned. The combustion
process ismodeled as drictionless, one-dimensional
heataddition process. A routine similar to thased
from station 2 to 3 isppliedagain. At station 4, a
minimum Mach number at or abowonic conditions
can beset, with the SCCREAMdefault being Mach
1.15. If thermal chokingoccurs, or theminimum
Mach number constraint is violated, the amount of
fuel added(based oruserdefinedphi) is automatically
reduced, andthe analysis restarts at station 2.
Complete combustion is assumed, with the combustor
efficiency accounting for the unburned fuel and
resulting oxygen content. Species accounted for in the
combustion process are; N,0, Ar, O,, and B.

After station 4, the flow isexpandedout the
diverging portion of the nozzle to the exit plane of the
engine (station e) or aftbody of the vehicle (sta&dn
dependingupon thecurrentflight altitude. Since the



flow is supersonic, there is not a converging section in equilibrium composition in theocket chamber.

the nozzle. The flow composition from the combustor
is frozen,andthe specific heatsre again included in
the iterationprocedure toaccount forthe decreasing
static temperature from the accelerating flow.

It should also benotedthat SCCREAMcan also
be used to model a pure ramjet or pure scraatjgine
now. Theseare non-RBCC engines configurations
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For
the analysis performed BQEA, therocket propellants
(oxygen and hydrogen) wereboth assumed to be in
gaseous form at 298 K. The inpyarameters,
chamber pressurand mixture ratio, were varied from
500 to 3,000 psiandfrom 4 to 12 respectively. A
total of 64 different cases were analyzed.

After all of the runswerecompleted, a statistical

that do not have an ejector-mode nor the accompanying analysis program , JMPwas thenusedfor setting up

blockage at station 2 in the engine.
RocketPrimary

Previously, the usehad large number ofinput
parametershat had to be defined in order toroperly
modelandsize the rocket primary. Thegmrameters
included the total temperature, moleculaweight,
specific heatratio, expansion ratio,and chamber
pressure. SCCREAM was able to accurately
determinethe primary nozzle exit area and product
exhaust velocity, but onlafter the userhad over-
defined the primary. Once in the engine, the flow was
thenassumed to be composed 0% HO and the
user-definedvalue for the molecular weight was
overridden andset to 18.0,corresponding to gure
steam exhaust. Thusven after definingall these
inputs, the rocket primargould still only be modeled
at stoichiometric conditions upon entering the main
engine.

To eliminate thisdiscrepancyandrelieve the user
of the extraneouBput parameters, Respon&urface
Equation’s (RSE’s) were used tomodel the chamber
temperature and exhaust product mole fractions.
RSE’s model complexsystems with simplelgebraic
equations. These equations can yield vacgurate
results for non-discrete models, as well assave
valuable computation time.

In all, 8 RSE’s were generated as fanction of
the chamber pressure amixture ratio. The first two
equationswere for the total temperatureand specific
heat ratiog). The remaining 6 werasedfor the mole
fractions of: H, O,, H,0, O, H, and OH.

The well established Chemical Equilibrium and
Applications program, or CEA from the NASA
Lewis ResearchCenter wasusedfor determining the

the RSE’s. Theaeneralform of eachRSE generated
is:

X=a*P +B*P’ +x* MR*P +0* MR +&* MR* (1)

where R is thechamber pressure, MR the primary
mixture ratio, and a through € are constants. A
residual analysis of the RSE fits shovexcellent
correspondence with the results from CEA.

With the mole fractions now known, the
molecular weight of the mixturean be determined.
The flow composition idrozenandthen expanded to
match theuser-definedexpansion ratio. Basic rocket
analysisequationsare usedor solving for the throat
area, exit pressure, and exit velocity.

SCCREAM was themodified to trackall of the
primary exhausproductsthroughout the rest of the
engine. In doing so, operation of a non-stoichiometric
rocket primary is enabled.

PrimaryPropellants

An additional rocket primarpropellant,hydrogen
peroxide (HO,), has beeradded. Concentrations of
85%, 90%, and 98% J@, can be selectednd modeled.
The non-HO, percentage irthe concentrations ipure
water. The user is simply required to selectdésired
concentration, therenter the chamber pressure and
expansion ratio for the primary subsystem.

Hydrogen peroxide is amono-propellant that
reacts wherbrought intocontact with a catalyst like
platinum or copper. For a given concentration, the
decomposition temperature is fixdtlus theexpected
temperatures fothe 3 concentrationgre hard-wired
into SCCREAM. Thedecomposition of ED, results
in a mixturecomposed o#43% O, and57% HO by



weight, not including any initial }D present.
Benefits of HO, are the design simplicity resulting
from having only a single working fluid, as well as a
lower combustion temperature. The lower combustion
temperatureallows for increasedchamber pressures.
Typical values for Parefrom 500-5000 psi. These
benefits come at the cost of a lower spedifitpulse
and exhaust velocity.

SCCREAM will analyze thgerformanceandsize
the rocket primary for the J@, configurations.
Industry datahas shown that 100% decomposition is
nearly obtainable, so a primacpmbustionefficiency
is not usedfor these cases. The,@nd HO exhaust
productsarethen trackedthrough the mixerand into
the combustor. Thexcess @ from the primary is
added tothe oxygen content of the air stream. The
total oxygen mass flow is themsed with the
equivalence ratio to determine the amount of &deed
in the combustor.

ForebodyAnalysis

SCCREAM allows theuser to define either a
conical or 2-Dwedgeshaped forebody t@ccount for
compression effects. In SCCREAM version 1.0, both
the coneand wedgeshapesused closedorm solutions
for solving for the flow propertiesbehind the bow
shock. For conical flowthis closedform solution
will accurately predict the properties behitie: shock,
but notbehindthe shock at theurface ofthe vehicle
and atthe cowl lip. To obtain a moreccurate
estimate of the mass flow at the inlet, a more rigorous
analysis is now performed.

For determining the propertiebehind the bow
shock of a cone, a system ofdBdinary differential
equationsmust be solved. Thegre shown here in
their more familiar (spherical coordinates) form:

v, = dv, 2
dé
2 2
Moo @ sy vy rcaa-rly )
dg (\/92 _a2) r aZ
d -pV,a’
o Py O
6
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where a is the speed of soufids theray angle, V is
the radial velocity component, ¥ is the normal
velocity component perpendicular to the radial
component, p is the static pressuamd p is the
density of the flow.

The reverse procedure @uessing a shock angle,
as recommended byAndersofi, is implemented to
solve these equations.

Additional information about the inlet isequired
from the user (these input valuae not necessary for
a wedgeshaped forebody).These newinputs are the
length from the nose of the vehicle to the inlet lip and
the height of the inlet.

When equations (2)-(4re solved, the flowfield
behind the bow shock is completelgefined. A
streamline that intersects the cowl lipan be
determined using the additionalput parameters. The
mass flux is then determined along this streamline and
averagedvith the mass flux at theehicle’s surface.
This value is therused asthe mass flowrate seen
across the entire inlet at station 1.

OutputDeck

The static pressures inside an airbreathéngine
can besubstantialand will significantly effect the
weight of an engine. The trajectory flown by the
vehicle will have the strongest influence on the
maximum internalpressureghat will be experienced
by the engine. Fofreestream dynamic pressures ()
greaterthan 1500 psf, ramjehodestatic pressures in
excess of 200 psi can easily develop as the fliggath
number isincreased. This can significantly increase
the weight of an engin@ndthis informationneeds to
be supplied to the engine weight model.

Figure 4 shows the maximum statfwessures
experienced by an Eject@cramjet configuration for a
typical constant-q, single stagkBCC vehicle. Note
that fromMach 4 to5.5, thepressure increasesry
rapidly, especially for thg=2000psf trajectory. At
Mach 5.5, theq=1500path has a maximurpressure
of only 220 psi, while theg=2000 path experiences
over 300 psi. These effectareindeedsignificant and
must be accounted for in the overall vehicle design.
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To allow for tracking of these engine pressures, a provide a brief description afachinput parameter and

new table has bedncluded inthe POST engineeck
produced bySCCREAM. Thistable contains the
maximum statigpressureexperienced byhe engine at
every flight condition. This informationaneasily be
monitored duringhe trajectoryand can be passed to
an engine weight estimatiocode (WATES’) during
each iteration while closing a design. Alternatively, a
maximum staticpressurelimit can be set in the
trajectory model. POST can be constrainedot to
exceed this value for the static pressure overcthgse
of the trajectory.

35001

""" q =2000 ps:
300.0T A —q=1500ps
25007

& 20007
]
£ |
£ 1500
100.0T
50.0T
| | | | )

0.0

Freestream Mach Number

Figure 4 - Maximum Internal Static Pressures

RemoteOperation

In the interest of allowing easwyccess and
operation of SCCREAM, aweb based interface has
beencreated. This interfaceallows for execution and
retrieval of the results frolSCCREAM over the web
from any computing platform. The useust simply

have access to an Internet browser (Netscape, Internet

Explorer, etc.). The welnterfacealso allows for any
user to easilyaccessthe most current version of
SCCREAM without the hassle of obtaining and
installing the newest version. Currentlgccess to
SCCREAM is unrestricted. The weladdress for
SCCREAM is:

http://atlas.cad.gatech.edu/~jebradfo
In addition toremote operation, the newterface

allows for easy error checking before program
execution. Hyper-links foeachvariableare set up to

give typical ranges. Sample engine configurations for
a variety of RBCC vehicles have also bémeiuded on
the page.

The webinterface is composed of threlferent
programming languages. They are the comddgper
Text Markup Language (HTML), JavaScript, and
Practical Extraction Report Language (PERL).

The HTML portion utilizes the form‘post’
method for transferring data to the machireesting the
SCCREAM executable. The ‘post’ method is
preferableover the ‘get’ method whenransferring
more than onepiece ofinformation. The welpage
itself consists ofadio buttons, pull-down menus, and
text fields for the SCCREAM inpuparameters.This
allows for easy configuratioohangesand updating of
the engine model. Figure frovides apartial screen
shot of the userinterface for Version 4.0 of
SCCREAM.
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Figure 5 - Web-based user interface

The JavaScript routinegerform errorand range
checking of the usemputs. This helps limit the
possibility of errors being generated wHe8 CREAM
executes. For example, if the usecidentallyputs in
a nozzle efficiency greatethan 100%, alavaScript
warning message will be displayed. This messaifje
identify the name of thevariable with the infeasible
input valueand provide the allowableranges for the
particular variable. The JavaScript atseates a more



dynamic pagewith defaultinput values automatically
changingbasedupon a user's selections. As an
example, if a non-superchargirf@BCC engine (no
fan) is selectedthe fan pressureratio automatically
changes tdlL.0, for no total pressureaise. If theuser
selects the pure-ramjet option, all input fields
associatedwith the rocket primary subsystem are
eliminated.

Once all of the input parameters havebeen
checked anderified by the JavaScript, an estimate of
the total run time required is displayed. The @im
is then processed by execution of a Comn@ateway
Interface(CGl) script. This script islocated on the
server forthe SCCREAM host,and is written in
PERL. This PERL script operandwrites to the 6
text basedinput files, runs SCCREAM,and then
displays the results back to the user’'s web browser.
should benotedthat the original text input files are
still in placeandthe SCCREAMsourcecodehas not
beenaltered to becompatible with the welinterface.
Therefore, SCCREAM can still be executed on a

stand-alone platform that does not have Internet access.

After execution ofSCCREAM is completed, the
user carsimply downloadthe results by selecting the
hyper-links to the main output filand POST deck.
The browser ‘Save Agption will retrievethe results
and place them in the user’s local directory.

RESULTS

Comparisorwith RJPA

The RamjetPerformancednalysis Cod&, RIPA,
was developed atJohns Hopkins University in the
mid-1960’'s. The Fortrarbased codeuses aone-
dimensional integral analysisapproach and is
applicable to awide variety of airbreathingindrocket
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For comparison runs withSCCREAM, only
scramjetperformancavas analyzedfor Mach numbers
from 6 to 12. A generic scramjet engine configuration
with moderatenternal areacontractionand exit flow
expansion was selected.

For establishing the inlet flow conditions, the
static conditions for temperature, velocity, gidssure
behindthe bow shockwere specifiedfor each case.
These valuesvere obtained from SCCREAM for a
conical forebody with a half-angle of 9.2  The
physical area of the inlet at the cowl was 31 ft

The diffuser section consisted of definitige exitarea,
total pressure recoveryand initial guessesfor the
specific heatratio. The exitareafrom the diffuser
corresponded with the area at station 3’ in

It SCCREAM, andwas set to a value of 332ft The

total pressure recovenyas made to correspond to the
value used bySCCREAM, ateachflight condition.
Heat losses in the diffuser were ignored.

For the combustor model, a constantaprocess
was desired, sahe exitareafrom the combustor was
33 f. Skin friction and heat transfer in the combustor
were neglected. The equivalenceratio and initial
guesses for the statjgressure athe exit planewere
alsodefined inRJPA. Forcasesbelow Mach7.25,
the equivalenceratio had to bereduced inorder to
prevent chokingdue to the heat addition in the
combustor. If the specified phi is too high in RIPA, a
solution cannot bebtained. For these sangases,
SCCREAM automatically throttlebackthe fuelflow
rate from the maximum value defined by the user. The
phi determined by SCCREAM provided startipgints
for determining an allowablphi in RIPA. Itshould
be notedthat the allowable fuel flowrate from
SCCREAM was slightly higher than thealue
allowed by RIJPA. To ensure a fair comparison,
SCCREAM was run again with the same pked by

propulsion concepts. The combustor uses the NOTS RJPA.

equilibrium code for determining the chemical
composition of the flow. Frozen and equilibridtow
analysis options can be selected.

The RJIJPAengine model isdivided into 4 main
components: the inlediffuser, combustor,and nozzle
sections.

For the nozzle expansion, arefficiency of 98%
and anexit area 0f204 f¢ wasdefined. A frozen-to-
equilibrium nozzleflow ratio of 0.667 was alsaised
for determining thethrust and |, values. RJPA
performs thenozzle analysis for bothfrozen and
equilibrium flow. Thefrozen flow caseshould have
lower thrust and,), whencompared tahe equilibrium



case. Realnozzle performance is somewhere in
between these to bounds, with kineticmodels
suggesting it is closer to tHezenflow results. By
defining a frozen-to-equilibriunratio of 2/3, RJPA
computes areal’ flow performance by averaging 2/3
of the frozenflow results with 1/3 of thexquilibrium
flow results. The performance resyttesented are for
the ‘real’ flow case.

——SCCREAM
094 -2x—RJPA
0.8
0.7 4
S
0.6 7
0.5+
0.4
03 | | | | | |
6 7 8 9 10 11 12
Mach Number
Figure 6 - Gversus Mach Number
2300, ~— SCCREAM
21007 %= RIPA
19007
17007
24500 |
1300 |
1100
900
700
6 7 8 10 11 12

9
Mach Number

Figure 7 - |, versus Mach Number

Figure 6providesthe comparative results for the

thrust coefficient versus freestream Mach number. The

cowl area of 51 ft wasused tonormalize the thrust
coefficient. Thedynamic pressure fanost cases was
approximately 2000 psf.

In the Mach numberrange of 7 to 10,
SCCREAM and RJPA match very well. At thever
Mach numbers, itappearsSCCREAM underpredicts
the thrust levepredicted byRJPA. This iscurrently
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being attributed t&SCCREAM notmodeling thepre-
combustion statigressure rise (th&®SPCI term in
RJPA) from the shock train. This pressure rise results
in different flow conditions at the start of the
combustion process, which in tumffect the flow
conditions exiting the combustor. Tablepiovides
more detailedinformation on the static conditions at
this low Mach number condition. Notice from the
table the staticpressureand temperaturedifferences
exiting the combustor.Thesedifferencesdiminish at
the Mach8.75 and Mach 10 conditionswhere the
effect ofthe shock trairpressure ris@also diminishes.
This lends support as to the theory of why the
differences areoccurring, butdetermining theexact
mechanism will require further investigation.

At Mach numbers abovelO, the differences
betweenRJPA and SCCREAM appear to beslowly
increasing. As the Mach numbend energy of the
flow increases, theexact composition of theflow
becomes more important. Of particu@nsequence is
the fact the SCCREAM does not account for the
hydroxyl species (OH). Theresence othe hydroxyl
molecule will effectthe molecular weighand specific
heat of the flow. These inturn affect the static
conditions. Since this is notmodeled by
SCCREAM, ahigher thrust value thaRJPA could
result at increased Mach numbers dudlifterent static
conditions at the exit plane.

Figure 7 provides thg lversus Mach number. As
expected based orthe thrust coefficient trends,
SCCREAM slightly underpredictghe L, predicted by
RJPA at the lower, reduced phi, Mach numbers. From
Mach 7 to10, very goodcorrespondencéetween the
two codes is displayechgain. Above Mach 10,
SCCREAM has a highegylin a similar manner as the
thrust profile.
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Comparisonwith OtherCodes

The Hyperion concept’'s ejector scramjet (ESJ)
engine performancehas beenreanalyzedusing the
current SCCREAM (Version 4.0) modeHyperionis

a single stage to orbit vehicle that flies on a constant g

boundary 0f2,000 psf inscramjetmode up to Mach
10. Thevehicle is design taarry 20,000 Ibs to low
earth orbit from Kennedy Space Center(KSC) in

Florida. Theforebody is aconical shape with &alf-

angle of 9.2 The reader isencouraged toobtain

reference 3 for more details on tHgperionconcept.

As previouslydocumentedRAMSCRAM?**! data
has beengenerated basedpon a similar Hyperion
engine geometrandflight path. It should benoted
that a ramjet to scramjet transitibfiach number of 6
was usedfor the RAMSCRAM data, but Hyperion
now transitions at Mach 5.5.

SRGUL wasused byShaughnesséyto generate
ramjet and scramjet performance for a vehicle witf a 5
half-coneangle for NASA-Langley. These results are
for a non-RBCC engine with dlifferent engine
geometry and inlet efficiency.

The RJPA resultspresented here aréor the
conditions previouslystated inthe direct comparison
cases. The engine geometry is vesimilar to
Hyperion’sengine design.

- Langley

3.0

_ RAMSCRAM

____ SCCREAM v4.0
25 —g—RIPA
20 |
O15
1.0 |
05 |
0.0
; ; ; ; ; ; ; |
2 3 4 5 6 7 8 9 10
Mach Number

Figure 8 - Gversus Mach Number(group 1)
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Figure 9 - |, versus Mach Number(group 1)

Figure 8 shows the thrusbefficient comparisons
for the 4 codesSCCREAM, RJPA, RAMSCRAM,
and SRGUL. Itcan be seerthat SCCREAM and
RAMSCRAM matchvery well for the ramjet portion
of the trajectory. SCCREAM appears to accurately
predict an equivalent drop itihrust from transitioning
from subsonic to supersonic combustion. Note that
an instantaneous switch from subsonicstgpersonic
flow is modeledhere, but areal engine wouldikely
have amuch smoother transitioperiod. In scramjet
mode, RJPA and SCCREAM agree very well, as
previously shown. RAMSCRAMappears tohave
less thrust than SCCREAMINd RJPA in scramjet
mode, but still displays similar trends.

The SRGUL data fits very well with all three
codes at Macmumbersgreaterthan 7. But, adMach
number decreasedelow Mach 7, SRGUL'sthrust
coefficient continues toincreasewhile the rest are
exhibiting adecrease. It iknown that SCCREAM,
RJPA, andRAMSCRAM have lowerthrust atthese
Mach numbersdue to throttling of the equivalence
ratio. The need to throttle phi farevent choking the
flow is largely dependent oithe engine geometry and
inlet efficiency. It is also known that the SRGUL
engine flowpath allows a phi=1 at theddach
numbers, which accounts for the increasing thrust
level. Designing for the phi=1 scramjet condition can
come at theexpense of performance iother modes.
This would not have been a consideration for the
designer of a pure scramjet configuration.



Figure 9 shows theyl profiles for the 4codes.
Once again, SCCREAMand RAMSCRAM match
well for ramjet mode performance.SCCREAM and
RJPA match almosexactly in scramjet mode, and
RAMSCRAM is displaying similar trends again. The
SRGUL L, profile doesnot coincide with any of the
codes. It should be re-iterated that this is notstmae
flow path designandengine configuration. Thdata
does provide arinteresting referencefor comparing
RBCC performancewith an enginedesignedfor only
ramjet/scramjet operation.

Comparisonwith Historical Data

Data fromthe early Marquardtstudies forejector
ramjet and ejector scramjet configurationisas been
obtained. Results from this studyare commonly
referred to as NAS7-377 data. This data is for a launch
vehicle with an 8 half-anglewedgeforebody, flying
on a constant g boundary of 1500 psf.

In 1988, the Astronautics Corporattémperformed
a study for theUnited States Air Force. Theehicle
usedejector scramjet enginemd had a 10half-angle
cone. But, thedataobtainedand presented here are
results for a Bhalf-angle wedge.

Figure 10 shows the thrustoefficient profile
generated by SCCREAM armbmparedwith historical
data. Inthe early stages of ramjet modéhe large
increase in the thrust coefficient by SCCREAM can be
attributed to the increasinghi in the combustor. As
the flight speedincreases, thenaximum phi of 1 is
quickly obtained. Thehrust coefficient matches well
with the NAS7-377ejector ramjet predictions for the
remainder of subsonic operatiotSCCREAM and the
trendsfrom the Astronauticslata appear to agreeell
in scramjet mode. Due to thifferences in forebody
angles, inletefficiency, and internal geometry, it can
not be expectedthat SCCREAM will exactly match
these predictions.

Figure 11 shows the (| comparisons of
SCCREAM with the historicatata. It appearthat
agreement over theost of thetrajectory is excellent.
But, it doesnot appearthat the NAS7-377and the
Astronauticsdatahave a change in performanadile
transitioning from subsonic to supersonic combustion.
This is curious as theecentanalysis from RJPA and
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RAMSCRAM both display the samedrop in
performancebeing predictedhere by SCCREAM. A
possible explanation is that a smooth transition was
modeled between ramjet and scramjet operation.

—4 NAS7-377 ERJ
—g NAS7-377 ESJ
_A— Astronautics ESJ
——SCCREAM v4.0

3.0

25 |

2.0 +

1.0 {

0.5 |

Mach Number

Figure 10 - Gversus Mach Number(group 2)

NAS7-377 ERJ
NAS7-377 ESJ

——
I
" Astronautics ESJ

——SCCREAM v4.0

0o 1 2 3 4 5 6 7 8 9
Mach Number

Figure 11 - |, versus Mach Number(group 2)

CONCLUSIONS

Significant improvementshave beenmade to
SCCREAM since its inception. Theurrent version
4.0 has retained its executispeedwhile at thesame
time improving its accuracy and capability.

Among the conclusiongrawn in this paper are
the following:



1. A scramjet performance modelsuitable for a
conceptual design environmehas been established.
The accuracy of its results has bemmfirmedthrough

direct comparison with the industrgtandard code,
RJPA.

2. Therequirednumber of inputsfor defining the
rocket primary flow has beereducedfrom 5 to 3.
This wasaccomplished athe same time agreatly
improving the accuracy ofthe primary flow and
increasing its modeling ability.

3. The first fuel trade study capability hasbeen
enabled by addition of a hydrogen peroxide rocket
primary. This primarycan beoperated at 3 different
initial concentrations of 85%, 90%, and 98%.

4. Valuable staticpressureinformation has been
added tothe trajectoryoutput deck. This will allow
the designer tomore accurately performtrades and
model a vehicle’s trajectory. The nelatacan easily
be incorporatedinto an engine weight estimation
model.

5. A webbaseduserinterfacehas been established.
This interface readilyllows remote executiomeduces
the possibility of input errorsgndeliminates theneed
for updating software by the remote user.

FUTURE WORK

SCCREAM will continue to beimproved to
increasemodeling accuracy andcapabilities without
sacrificing speed, ease o$e,andflexibility. Among
many near-term improvements being considenedthe
following:

1. Addition of a combustor model that will allow for
a non-constanarea andaccount for frictionand heat
loss effects. This work has currently begun.

2. Allow for specifying multiple compressiammps
on the forebody surface. This will be implemented for
both conical and wedge configurations.

3. Creation of theadditionaloperatingmode known

as ‘scram-rocket’. This mode occurs neahe end of
scramjet operation, while transitioning to tlad-
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rocket mode. It has th@otential of maintaining
adequatethrust through use of theocket primary,
while still utilizing the small amount of oxygen in the
atmosphere to increase specific impulse.

4. Establish a method for determining angleatibick
effects. This is a fairly simple procedure for thedge
configuration, buttheredoesnot appear to be guick
solution for conical flows at an angle of attack.
Once generatedthese effects will be added to the
POST deck for incorporation into the trajectory
analysis.

5. Provide on-linedataplotting using thewveb-based
interface. This will allow the user to quickly assess
their engine’s performance.

6. Addition of a hydrocarboprimary and secondary
fuel-injector analysis capability. Hydrocarbon fuels
have been identified as promising candidatesRIBCC
missile applications.
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