A CONCEPTUAL DESIGN TOOL FOR RBCC
ENGINE PERFORMANCE ANALYSIS

J. Olds

G. Saks

Georgia Institute of Technology
Atlanta, GA

Published in the AIP Proceedings of the

1997 Space Technology & Applications
International Forum (STAIF-97)

University of New Mexico, Albuguerque, NM
January 26-30, 1997




A CONCEPTUAL DESIGN TOOL FOR RBCC ENGINE PERFORMANCE ANALYSIS

John R. Olds and Greg Saks
Aerospace Systems Design Laboratory, School of Aerospace Engineering
Georgia Institute of Technology
Atlanta, GA 30332-0150
(404) 894-6289

Abstract

Futurereusable launch vehiclegill depend omew propulsion technologies to lower system operational costs
while maintainingadequatgerformanceRecently, a number of vehicle systemmslizing rocket-based combined-
cycle (RBCC) propulsiorhave been proposed psssible low-cosspacelaunchsolutions. Vehiclesusing RBCC
propulsion have the potential to combine the best aspects of airbreathing propulsion (high average Isp) with the best
aspects of rocket propulsion (high propellant bdéasityandengine T/W). Proper conceptual assessmergaoh
proposed vehiclewill require computer-basetbols that allowfor quick and cheap, yet sufficientlyaccurate
disciplinary analyses. At Georgia Tech, a spreadsheet-based tool has been developedghasitidefiow analysis
with componentfficiencies to parametrically modBBCC engineperformance irejector, fan-ramjet, ramjet and
pure rocket modes. Thechnique issimilar to anearlier RBCC modelingtechniquedeveloped bythe Marquardt
Corporation in the mid-1960's. For a giveaa-levelstatic thrustrequirementthe currenttool generates engine
weight and size data, as well as Isp and thrust data vs. altitude and Mach number. The latter is outputforrtabular
for use in a trajectory optimization program. This paper reviews the current state of the RBCC analgsid tio®!
effort to upgrade itfrom a Microsoft Excelspreadsheet to a design-oriented UNJ¥ogram in C suitable for
integration into a multidisciplinary design optimization (MDO) framework.
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analysis, theejector scramjeRBCC engine was FIGURE 2. Supercharged Ejector Scramjet (SESJ).

shown to be one of the more attractive alternatives.

Later work showed the advantages of incorporating a supercharging fan into the engine for operational flexibility and
safety (forming a ‘supercharged’ ejector scramjet, SESJ) (Escher 1995).




Launch vehicles utilizing RBCC engines operate in a number of different propulsive modes. From |dtadito
Mach 2 or 3, the engine operates with rocket primaries ‘on’ in the ejector mode. This is a highathauggmented
rocket modenvhere80% - 90% of the thrust iprovided bythe rocket primarieandthe remainder is provided by
combusting secondary, entrained air. When the vehicle reaches sufficient velocity, the pareahesoff and the
engine behaves like a ramjet while the vehicle flies along adyghmic pressure trajectory. Gome versions of
the engine, the ramjet is actuallydaal-moderamjet/scramjeindthe engine transitions to supersonic combustion
around Mach 5 or 6. For final acceleration to low earthit, the scramjet fuel injectorare shut off andthe rocket
primaries are restarted, providing 100% of the thrust. This ‘pure-rocket’ mode resembleshmlvezxpansionatio
rocket engine.

Non-superchargedehicles return to earth aimpoweredgliding reentry trajectoriesSuperchargedariants have
the additional flexibility of powered ‘fan-ramjet’ and ‘fan-only’ modes during flybackand landing operations.
Supercharged vehicles can also utilize fan-ramjet mode during ascent between ejector and ramjet modes. However, the
fan must be physically removed from the flowpath if the vehicle is to operate in airbreathing modes above Mach 6.

INITIAL TOOL DEVELOPMENT

To maximize utility, the current RBCC analysis tool iscapable ofanalyzing engines with owithout
supercharging fans and with or without scramjet modes. Theetaiged inthis paper is for a liquicdbxygen-liquid
hydrogen supercharged ejector ramjet (SERJ) RBCC engine that was used as a baselittee doohdevelopment.
Published data from Marquardt for a 1.11 X 80(250,000 Ib) version of the SERhgine(Escher1967) wasused
to provide validation of the current tool during development.

RBCC Analysis Methodology

Basedheavily on the conceptudBCC analysidechnique originated biarquardt,the currenttool usesbasic
thermodynamicand quasi-1D compressible flow equations (conservationnméiss, momentumand energy) and
component efficiencies to determiragine thruseandlsp at various flight conditions. An engine sshematically
represented by series of components (inletpcket primary mixer, etc.) (Figure 3)Numbered stations’ indicate
locations where the local flow conditions are calculated. The compressible flow eqaatiotesatedocally at each
station todeterminepressure, temperature, density, Mach numbelocity, mass flow rate, etc. In sonoases,
iteration isrequiredbetweenstations, but more typically the solutigmoceedssequentially frominlet to nozzle.

Initial efficiencies used for each component were based on values derived from Marquardt’s earlier work. These values
are user definable.

The station breakdown can be visualized as a series of internal flow problenfeeeireanflow (or ‘secondary’
flow) passes through a forebody shock and enters the inlet at station 0. For the current work, the forebody shock was
assumed to be generated bp-® wedgewith a user-definablénhalf angle. Appropriatexternal compressioeffects
were included asupersonic flight
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FIGURE 3. Typical RBCC Station Schematic (Escher 1967).



secondary air flow, the rocket primary is typically operated stoichiometrically in ejector Faahe. station 2 to 3,
the secondary and primary flows are mixed and then diffused as the area expands from station 3 to 3'.

The combinedflow enters the combustor at 8hdleaves at 4.Fuel is added inthis section as aser-defined
fraction of the atmospheric oxygen from the secondary flow — typically stoichiometric. Note thabaseguence,
the rate of tanked oxidizer consumption (used only in the rocket primary) in ejector mode is proportional only to the
throttle setting, while theate of fuel consumption also variesith the flight conditions.Energy is released
according to the fuel flow rate, the total enthalpy of the faetithe efficiency ofthe combustion process. In the
current implementation, both the mixer and the combus®constant cross sectionatea.The flow is physically
or thermally choked at station 5 and exits the nozzle as supersonic eXdulitional expansion benefits along the
aft body are neglected irejector and ramjet modes, buare included inrocket mode. Engin¢hrust and Isp are
calculated from control volume analysis for the entire inlet-to-nozzle engine (Hill 1965). Engine aradgngth
parametricsizing equations have beaterivedfrom previousMarquardtwork (updated toreflect current technology
levels).

In the current implementation, the tool dows have the ability tacalculate scramjet performance.fhct, it can
be argued thahis simplified analysis methodology canramicuratelytreat the complexities of scramjet operation.
As a placeholder, scramjésp’s and thrust coefficients for a wing-cone configuration previously published by
researchers at NASA - Langley have been included in the tool (Shaughnessy 1990). This data is ‘lcandesreg’
into the tooland scaled tgrovide asmooth transition from ramjet tecramjet operatiorut future plansare to
develop a scramjet analysis capability suitable for conceptual design.

It is acknowledgedhat the analysis methodologlescribechere is rathesimplified compared to state-of-the-art
analysis capabilitiesDetailed designwill still obviously require complete computational fluidiynamics and
complete real gas combustion analyses. However, the intent of this research is to develop a tool appropriate for quick
and cheap conceptual-level vehicle evaluation. For that stated purpose, the methodology described has been adequate.

Spreadsheetimplementation

Initially, the RBCC analysis methodologlescribedabove was implemented as a Microsoft Exggleadsheet
running on a Macintosh or PC-class desktop computer. For a given user-defined internal engine gadmekgt
primary mass flow rate, engine performance is determined for a rartighbfconditions(altitudesand flight Mach
numbers) and operating modes

(ejector, ramjet, etc.). Aseparate TABLE 1. Engine Mode Mach Number and Altitude Ranges.
sheet isassigned to each operating

mode, and eachsheet contains 50 - Engine Mode Mach # Range Altitude

150 different rows for a thorough Ejector 0.0 - 3.0 0 - 25 kr(D-80 kft)
mapping of thedesign spaceEach Fan Ramjet 2.0 - 4.0 9-45 km (30-150 kft)
row of each sheet represents a Ramjet 2.0 - 6.0 9-45 km (30-150 kft)
complete, iterated inlet-to-nozzle Scramiet 6.0 + 9-45 km (30-150 kft)

thrust and Isp solution for one
operatingmode at asingle altitude
and Mach number. The altitudand Mach number ranges faeach operatingmode were determined based on
engineeringexperienceand the desire tohave some overlapbetween modes (Table). The final enginadata is
summarized in formatted tabular form for easy transfer to a trajectory optimization program.

Although each sheet is an individual mode with different Mach numhealtitude ranges, thegreall linked by
the engine geometry and primary flow rate (except ramjet mode, which has no primary flow rate). All the analysis is
thereforedependent on aingle set of usemputs, and any changes automaticallypdatethe performance of all
modes. Typically, a user starts with an engine geometry that fits a desired vehicle and then itdedtinalpes the
rocket primary mass flow rate that results in a required engine thraebdgvelstatic conditions. To simplifyuser
input requirementsmuch of the engine geometry determined based onsgt of internalarearatios (e.g.mixer
arealinletarea) derivedrom Marquardt'searlier work. The useiinputs theavailable engine frontal geometry, or



"engine box", dimensions limited byehicle widthand shock-on-lip conditions. The sheet then automatically
calculates engine diameter to maximize the number of circular cross-section engines across the vehicle. This fixes the
cowl (inlet) areas from which the rest of the engine cross sectional areas are determined using the above area ratios.

Sample Analysis: TSTO Conceptual Design

To demonstrate and evaluate the new tool, it was used on a two-stage-to-orbit (TSTO) vehicle design project in the
graduate SpacecradhdLaunch Vehicle Desigicourse at Georgia Tech. The projgoal was todevelop aTSTO
launch vehicle systernsing a SERRBCC-poweredooster stage. Aeusable upper stage wassignedor low-
earth-orbitand SpaceStation missions. Amxpendableipper stage was alsocluded for geosynchronousransfer
orbit missions.

The design environment wasily multi-disciplinary and multi-analysiscode. In addition tdhe RBCC engine
tool, contributinganalysesincluded trajectory, aeroheating, aerodynamibsosterand upper stage weights and
sizing, and life cycle economicanalyses. The RBCC engine to@ceivedtarget engine thrusand engine box
geometry from the booster sizing code. Installed engine thrust-to-weight M¥thrust andisp tabulardatawere
produced a®utputs. Theprocessequiredrepeatedmanual execution of thepreadsheebver manyvehicle-level
iterations. Sample spreadsheet results for the final vehicle design are given in Table 2, Fagdieigure 5. The
data is for a final engine in the 2.67 ¥ N (60,000 Ib) class at sea level static (SLS) conditions. Five engihes
were used on the booster.

TABLE 2. Sample TSTO Booster RBCC Spreadsheet Output.

Engine Sizing Variables (each engine) Total Thrust Values (SLS) Component Efficiencies
mp (iterate) 58.24 kg/s Calculated Thrust 1331.41 kN eta primary nozzle 0.980
A inlet max (Ac) 1.456 m2 [Thrust Needed (post) 1331.42 kN eta primary combustor 0.975
A exit max (Ae) 2.202 m2 eta mixer 0.900
A*inlet/Ac 0.25 |Thrust Difference 0.01 kN| eta combustor 0.950
Max. A/B Mach number 6.0 eta nozzle 0.980,
A* inlet 0.364 m2
A4 (combustor) 1.214 m2 Total Engine Weight (all engines) Rocket Primary Values
A4/A3 2.0 with ramjet only (Engine 11): Primary area ratio 18
A3 (mixer) 0.607 m2 gt (uninstalled) 43.06 kN Primary Ae 0.111 m2
Combustor fuel enthalpy 116.3 MJ/kg Engine T/W _(SLS) 30.9 Primary Pc 13,790 kPa
Fan Po ratio (1 if none) 1.3 Primary flow enthalpy 12.9 MJ/kg
Wgt (installed) 58.50 kN Primary exit vel. 4066.03 m/s
Overall Engine Box Dimensions Engine T/W (SLS) 22.8
max height 1.372 m Engine Lengths (w/o scramjet)
max width 6.809 m with scramjet (Engine 12): Inlet length 4,110 m
forebody angle 10° Wgt (uninstalled) — ---------- Total engine length 7.226 m
best inlet dia 1.362 m Engine T/W (SLS) - ---------
total frontal area 9.339 m2 Engine Lengths (w/ scramjet)
frontal areal/engine 1.868 m2 Wgt (installed) - -------- Inlet length - oo -
no. of engines 5 Engine T/W (SLS) - -------- Total engine length - - ------- - 1
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FIGURE 4. Thrust and Isp charts for Ejector Mode Performance.
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FIGURE 5. Thrust and Isp charts for Ramjet Mode Performance.

CURRENT PHASE: COMPUTER PROGRAM IN C

Use of the spreadsheet for th8TO test project was successfdbwever, after severahanual iterations of the
design procesghe advantages of enore automatedjesign-oriented approach becooievious. To use theurrent
spreadsheet-based RBCC analysis tool, it was necessary to interactively execute the spreadsheet, save the results as a
text file, upload them to a UNIX workstation-class machine for trajectory optimization, and then wait ftargetw
thrustandengine box dimensions to Ipeoduced bythe booster sizing analysis. Theocess wasepeated several
times before thelesign variables convergethis proved to bequite time consumingduringthe TSTO study, and
demonstratedhe need toport the RBCC analysis methodology to amtomated UNIX-basedstandalonecode or
subroutine. The next stage, therefore, became the conversion of the Excel tool into such a program.

The conversion of the staticeguationsused inthe spreadsheanhto C code iscurrently underway. Asubroutine
hasalreadybeencreatedthat determinesngine thrustandlsp in ejector, fan-ramjet, or ramjetode for any user-
entered engine geometry, rocket primary mass flow rate, and flight conditions. This subroutine has been linked to an
executive program that uses repeated subroutine calls to automatiodiigethe thrustandlsp tablesrequired for
modeling the RBCjectormode in a trajectorpptimization code. Future work will extendthe capabilities to
automatically generate properly formatted tables for all engine modes. The ultimate goal is to integratetdbé new
into a multidisciplinary design optimization (MDO) framework of tightly-integrated disciplinary analysis codes.

CONCLUSIONS

The RBCC engine is potentially the next important propulsion concept, and the technology is within the grasp of
the launch vehicle designers. The spreadsheet version BBBE engineperformancgandweight prediction)tool
created under this research has been successfully applied to the desiB8Td daunch system. Conversion of the
tool into a moredesign-orientedcomputer program is currentlynderway angreliminary capabilities havalready
been demonstrated. This converswill eliminate thetedious processes of interactive calculatiandfile uploads
and will enablethe tool to bentegratedinto animprovedMDO design framework. An improved conceptual-level
scramjet analysis component is also planned.

The future of launch vehicle and spacecraft design lies not only the advancement of new technologibat ideas,
the concurrent updating of methodologies to reduce cost and design time. If demigriermeet the ambitious cost
goals established for new launch vehicles, their design methods must be adjusted accordingly. New methods and tools
must allowfor a quick, cheapandefficient exploration othe designoptions while retaining a sufficient level of
analysis accuracy. The authors hope that the RBCC analysis tool will meet those requirements.
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Nomenclature

English Superscripts
A: engine cross sectional area?{m *; critical condition (choking)
A/B:  airbreathing
eta: component efficiency Subscripts
Isp: specific impulse (sec)
mp: rocket primary mass flow rate (kg/sec) Stations:
MDO: multidisciplinary design optimization 0: behind forebody shock (engine entrance)
Pc: rocket primary chamber pressure (kPa) 2: mixer at primary (reduced by primary)
Po: total (stagnation) pressure (kPa) 3: mixer (constant area)
RBCC: rocket-based combined-cycle propulsion 3" entrance to combustor
SERJ: supercharged ejector ramjet 4: exit of combustor (constant area)
SESJ: supercharged ejector scramjet 5: main nozzle throat (choked)
SLS: sea-level static (zero velocity) 6: main engine nozzle exit (also e)
T/W:  engine thrust-to-weight ratio 6" simulated aftbody expansion exit
TSTO: two-stage-to-orbit C: inlet cowl (inlet)
V: velocity (m/s) e exit (also 6 for main nozzle)
p: rocket primary nozzle exit
Greek

00: freestream condition




