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Abstract

A modelof alinear aerospikerocketnozzlethat consists ofcoupledaerodynamicand
structural analyses has been develop&donlinearcomputationafluid dynamicscodeis
usedto calculatethe aerodynamighrust, anda three-dimensionalinite-elementmodel is
usedto determinethe structural response and weight. The model will be usedto
demonstratenultidisciplinary designoptimization (MDO) capabilitiesfor relevantengine
concepts, assess performance of vard¥ approaches, angrovide a guide for future
application development. In this study, the MDO problem is formulated using the
multidisciplinary feasible (MDF) strategy. The results for the MDF formulation are
presented with comparisons against separate aerodynamic and structural opl@Esigad.
Significant improvementsare demonstratedby using a multidisciplinary approachin
comparison with the single-discipline design strategy.

1.0 Introduction

A multidisciplinary analytic model of a linear aerospikerocket nozzle has been
developedthis modelincludespredictionsof nozzlethrust, nozzleweight, andeffective-
vehicle gross-liftoff weight (GLOW). The linear aerospikeketengineis the propulsion
system proposed for the X-33 and the Venturé$ag. 1) reusable launch vehicle (RLV).
The model has been developed to demonstrate multidisciplinary design optim(iztdOn
capabilities for relevant engine conceptssesgerformanceof variousMDO approaches,
and provide a guide for future application development. The MDO approachis a
methodologyfor the design of complex engineeringsystems and subsystentsat
coherently exploits the synergism of mutually interacting phenofmdmaditional methods
of design, analysis, amgptimizationhavebeenbased orthe approachwhere disciplines
areisolated. This work has focused developingand implementinga baselineMDO
problem using the multidisciplinary feasible (MDF) strategy? This paper presentsthe
results for single-disciplineand multidisciplinarily optimized aerospike rocket nozzle
designs.

The aerospike rocke&ngineconsists ofa rocketthruster, cowl,aerospikenozzle, and
plug base regiofFig. 2). The aerospikenozzleis a truncatedspike (or plugnozzle)that
adjuststo the ambientpressuré andpotentiallyintegratesvell with launchvehicles. The
flow-field structurechangesdramaticallyfrom low altitude to high altitude on the spike
surfaceandin the base regioi”’ Additional flow bleedsinto the baseregionto createan
aerodynamic spikg(giving the aerospike its name), which increases the fir@ssure and
the contribution othe baseregionto the aerospikethrust. Inthe early 1960’s, aerospike
and plug nozzles were tliecus ofdevelopmenprojectsin the United States Italy,’ and
Germany'° More recently, they have been proposed as the propulsion systemRhihe
programfor NASA' andstudiedin the AdvancedRocketPropulsionTechnologie¥ and
Future European Space Transportation Investigations PrografamESA. Thiseffort is
focused ondeveloping a multidisciplinary approachby utilizing preliminary analysis
methods in a design methodology for the aerospike nozzle.

The contour of the aerospikenozzle has been traditionally designedby using both
simple method$+*° and more elaborate methods based on calculus of varidtidnghese
design approaches are adequatel&ierminingan aerodynamicontourthat approximates
or exactly satisfies a design for maximum thrusireg desigrcondition (usually vacuum).
However,the nozzlecontouris usually modified asthe design ofthe engineprogresses.
For example, the length of the nozzle may be varied to improve the thrust-to-weighbt ratio
the engine. In addition to structural weight effects, the thermal cooling system, propulsion-
vehicleintegration,thrustercontourdesign;® andthe fuel-oxidizer delivery systemare a
few of the topics that are significant in the aerospike nozzle design.



Rocketdyneand NASA Langley ResearchCenterhave formed cooperativeresearch
teams as part of a SpaceAct Agreementthat initially focuses onmultidisciplinary
techniques for preliminary design af aerospikenozzle. In our approackpmputational
fluid dynamics (CFD) and finite-element (FE) codes are usednputethe thrust andhe
weight, respectively (Fig. 3). Mission-averaged engine-specific thrust and thrust-to-weight
ratio are computedand usedo determineGLOW from vehicle-basedalgorithms. The
aerospike geometry (length, base height, and surface contour) and the stftitkradss,
I-beam dimensions,tube radii) design parametersare computedto satisfy structural
constraints(displacementsstress, and buckling). An MDF formulation has been
implementedto obtain a baseline MDO design for comparisonwith future MDO
formulations. An aerospike design problem has been formulated with afgoalimizing
GLOW. Multidisciplinary synergy hasbeen demonstratedor the optimized design by
demonstratingmprovedperformancecomparedwith the more traditional single-discipline
design strategy.

The paperis organizedn the following manner. Insection2, we firstdescribethe
aerodynamicand structural analysis models, along with their correspondingdesign
variables and responses. Subsequently, the multidisciplinary objective function and system
responsesare discussed. Also, a discussion ofthe MDF strategy and alternative
formulations is included. Results for bottoptimized designs from single and
multidisciplinary problemsare presentedn section3. Finally, a summaryof this initial
work is provided.

2.0 Multidisciplinary Problem Development

For thisinitial effort, we haveconcentratean the developmenbf a multidisciplinary
analysis. The analysisincludesthe use ofa nonlinear CFD code and an FEcode to
calculate aerodynamic thrust and structural weighthig sectionthe discipline problems
and their corresponding design parameters are presented, along wligtiplene analyses
relatedto the objective function. Next,a baselineMDO methodologyfor the aerospike
nozzle design is defined. The design problem thabkaaconsidereds representativef
an early preliminary enginedesign process; wkave assumedhat a conceptualvehicle
design study habeencompletedthat selecteda linear aerospikerocket engine as the
propulsion system.

2.1 Aerospike Nozzle Geometry Parameters

The aerospik@ozzlegeometryis treatedas a two-dimensionakurfacedefinedfrom a
fixed point at the end of the cowl (y.,,). The slope ofthe first point on the aerospike
nozzle is set equal to the tangent of the thruster arigie.nozzlesurfaceshape idefined
with threesplineknots. The thrusterexit heightis held constant, andhe initial nozzle
contourpoint is locatedin the sameaxial locationasthe end ofthe cowl. The important
geometryparametergor anaerospikenozzlearethe thrusterangle, nozzle surfaceshape
(defined by a cubic spline), nozzle length, and base height (Fig. 4).

2.2 Aerodynamic Analysis

Aerodynamicanalysisis usedto determinedatanecessarfor computingthe engine
thrust and the static loading on the nozzle structure. The aerodynamic asalgsiputed
in threeparts:the flow out of the thrusterup to the start of the nozzle (one-dimensional
analysis), expansion of the flow on the aerospike nozzle (two-dimensional nonlinear CFD),
and the base thrust (phenomenological model). This approach is efficgkiailowsdirect
comparisorwith existing preliminary aerodynami@nalysisand designmethodsbased on
the traditional method of characteristics (MOC).

The one-dimensional equation for the rocket thruster thrust is given by



thrust, = pA(1+ yl\/lz)cos(thrangle) + pA(J/ cos(thrangle) - cos(thrangle)) (1)

wherep, A, M, y, andthr, . are static pressurecross-sectionarea,Mach number,ratio

of specific heats, and thruster angle (with respettig@dnorizontalaxis). Notethat the data
are evaluatedat the exit planeof the thruster. The lasttermin the equationquantifiesthe

thrust contribution from the nozzle wall contour between the thruster exit and thé taed
cowl. Downstreanof the cowl, the thrust fromthe nozzlewall contouris calculatedby

integratingthe nozzlewall pressure ovethe surfaceareaprojectedin the axial direction.

The base thrust iscalculated by multiplying the computed base pressure byhe

corresponding base area.

The pressurdlistribution on the nozzle contouris calculatedusing a spacemarching
parabolized Navier-Stokes cotfe. The computationalomainbeginsat a vertical planeat
the cowl and endst the nozzleexit. The domainis bounded bythe nozzlewall on the
bottomandthe flow expansioron thetop. The combustionproductsare assumedo be
water and to be in vibrational equilibriunThe flow that exits the thrusteronto the nozzle
is assumed to be spatially uniform. The computed flow field is equivalent to an Euler flow-
field solution becausehe boundarycondition imposedwas a slip wall condition. The
computationalgrid uses 60 pointsn the normal direction and approximately 2000
streamwise stations. The nozzle thrust calculaties validatedby comparingthe solution
with anMOC flow solutionandperforminga grid convergencetudy. The nozzlethrust
calculationtakesapproximatelyl5 sec ora SUN SparcUIltra Il workstationand differs
from the MOC solution by less than 0.08 percent, and frongriideconvergedsolution by
less than 0.1 percent.

The wall pressure,Mach number, and flowangle at the end of the nozzle are
parameters required to analyze the base pressurebaEbepressure omputedby using
a phenomenologicamodel developedby both Chapmaf' and Korst? (for predicting
supersonic base flowressures). An accurateCFD calculationor model for predicting
base-flow pressures extremelydifficult to develop. Thismodel is believedto be a
conservativeestimateof the base pressure and tigpical of the level of detail usedin a
preliminary design.

2.3 FE Model and Structure Design Parameters

The structural design concept was generated explicitly for this studyomsdnotelate
to a structuratonfigurationthat has previouslybeendesignedor studiedfor anaerospike
nozzle design. The model represents a typical strugitwhlemthatis encounteredn the
designprocess. An FE model (FEM) is generatecbased ornthe geometric(Fig. 4) and
structural(Fig. 5) design variablesThe FEM is a thrustmoduleand beginsat the cowl
and ends at the base plafehe modelis definedby using 41structural-desigmparameters
and additional geometry-design variables. The modehhasiter“hot” wall and aninner
“cold” wall to definetop andbottom surfaces ofa structuralbox. A thrust module is
defined using 1®oxesin the longitudinaldirectionand 4in the spanwisedirection. The
sides ofthe boxesarethin plates(axial andlongitudinalwebs) withshell stiffenersin the
corners ofthe boxes. The box structureis supported by akhbeamthatis attachedo the
cold wall on one side of the thrust@odule. The web heightandflangethickness,in the
vertical direction, of the I-beam are independent parameters for each box. Six support truss
members are connectéalthe I-beam, whereeachsupportmemberis definedby aninner
radius and avall thickness. The FEM is fixed at the attachmenpoint of the cold wall to
the thruster. The support truss members are free to move in-platreiss®emberower
ends remain on the nozzle centerline. The ys&lengthof the outer“hot” wall is reduced
to account for the temperature dependency of the material properties.

Two FEM codeshavebeenused withdifferent approachesor building the FEM as a
function of the geometricand structuraldesignparameters. The first approachusedthe



ANSYS FEcodeanddefineda parametridcEM by usingthe ANSYS parametric-design
languagé?® The secondapproachused NASTRAN?* for the FE analysisand a code
written with MATLAB 2° to generatdhe NASTRAN input as a function of the parametric
inputs. Eachapproachwvas used successfully, arehsonablegreemenbetweerthe two
analyses was obtained for this sample problem.

The FE solutiorwas obtainedfor both staticandbuckling analyses. The FE analysis
calculateghe weight of a nozzlemodule. The stresses andesulting displacementgrom
the staticanalysisare usedto partially define the structuralconstraints, andhe buckling
analysis is used to calculate the remaining constraints.

2.4 GLOW Determination

The objective oimostvehicle designs ighe minimizationof the vehicle weight (either
empty or full of fuel). While this process imormally done wherthe vehicleis designed,
the process idifficult to include in the developmentof subsystemdesigns. In this
approach, arattemptis made to relate the subsystem desiguirectly to the vehicle
performance. Assumingthat a performancemap for GLOW is developedduring the
conceptual design, the proposed design strategy is applicable.

To determine the GLOW, the FE weight of the aerospike nozzle is éoltleelthruster
and enginefuel delivery systemweight (turbo-pumps, piping, etc.o obtain the total
engineweight. The thrust andweight predictionsare then usedto computeenginelSP
(specific impulse assumingconstantengine mass flowrate) and T/Wt (thrust-to-total-
engine-weightratio) for a near vacuum condition. A mission-averagehrust value is
estimatedby assuminga 100-sec ISP losat sealevel and by assuminthat the sea-level
operation accounts for 20 percent of thission-averagéhrust. The mission-averagéSP
and T/Wt values are then usedatablelook-up fashiorto determineestimateson vehicle
GLOW. The main advantageof this approachis that it allows the aerospikedesign
parameters to be determined by an optimization problem defined based on a vehicle-mission
objective. Future effortswill include analysesat sealevel (important for cooling) and
possibly other trajectory points.

2.5 MDO Methods

Multidisciplinary optimization methodsdeal with techniquesfor solving optimization
problemscoupledwith two or more discipline analysesand constraintsBecauseof the
extreme complexity, problem formulations play a significant role in determining the
solutiontechniqueandthe efficiency of the optimizationalgorithm. In this investigation,
various schemes fanultidisciplinary optimizationwere investigatedand are subsequently
discussed, (see red6 for an overview of existing approaches.)

2.5.1 MDF Method

The objective of the aerospike nozzle design sample problenmigimize the GLOW
subject to structural constraints. An initial MDO strategyieenimplementedo obtaina
baseline MDO design for comparison with future MDO formulatmoplementations. This
strategyusedthe MDF approach. The MDF problem is the optimization of a system
objective,subjectto satisfyinga numberof disciplinary analysesandtheir constraints. In
particular, the objective function depends ora number of independentvariablesand a
number of state variables that are also functions of independent variables, the state
variablesare computedvia disciplinary analyses, witha number of interdisciplinary
variables that carry information from discipline to discipline. A multidisciplirarglysisis
obtained by iterating between the disciplines until single-discifdiasibility is achievedn
all disciplinessimultaneously. This iteration process isordinarily a Gauss-Seidel-like
procedurethat transfersthe outputof eachdisciplineinto the input of the others, until all
discipline output provides solutions to other appropriate discipliés haveassemblec
multidisciplinary analysismodulebased orthe MDF formulation that calls the discipline



codes, transfershe appropriateinput/output data between them, andthen calls an

optimizationrouting’ (Fig. 6) for solvingthe aerospikenozzleproblem. In ourbaseline
case, aerodynami@nd structuresare weakly coupledbecauseno feedbackis given from

structurego aerodynamics. This resultsin a single aerodynamics-to-structureslution
that providesan MDF vector of design variables. Ithe future, whenattemptingMDO of

the strongly coupled version of this problene will addresshe couplingin a numberof

ways. The promise of other MDO formulations is to eliminate the necességadiingthe
expensive multidisciplinary feasibility.

Although the MDF approach leads to smdénseoptimizationproblems,the resulting
computationis expensiveand lengthy becauseof the necessityto computenot only full
multidisciplinary analysisbut also its sensitivity. The main advantageof the MDF
approachis the use of the disciplinary expertiseand software. The other important
advantages the availability of an MDF designat eachiteration,which isimportantif the
computational expense atithe considerationslo notallow the optimizationprocedureo
reach completion. These factors are important from the engineering perspective because the
MDF approachs the conventionalapproachfor multidisciplinarydesign, and weanuse
this method to serve as a baseline case for future comparisons with computationaidfresults
other formulations.

2.5.2 Individual-Discipline Feasible Methods

A promising alternative to methodsthat require achievementof the difficult and
expensivemultidisciplinary feasibility are methodsthat require only individual-discipline
feasibility at each optimization iteration. A number of these methodsexist, buttheir
distinguishingcharacteristias that the original problemis partitionedinto a number of
large, weakly coupled pieces. A systehjectiveis identified, andthe discipline analyses
are executedeparatelywithout the requiremenbf input from otherdisciplines. Thenthe
system-levebptimizationproblemminimizesthe discrepancybetweenthe requiredinput
and output of the disciplineswith the help of auxiliary matching variables. One such
method that is being considering is collaborative optimization.

Individual-disciplinefeasibleformulationslead to larger optimization problemsthan
thosethat are producedby the MDF approach. However, if the discipline blocks are
weakly coupled,thenthe resultingsystemoptimizationproblemis not excessivelylarge.
The methods are not suitable for large, strongly coupled problems. The pcawitigsin
computationalexpenseand executiontime make variants of the individual-discipline
feasible methods promising candidates for alternate approaches.

3.0 MDO Results

In this study, wenvestigatediwo different methodsof design. The first method
attempts to develop a preliminary design by optimizing the disciplines separatelsingy
the optimal thrust and nozzle weight obtained, the GLOW is calculated. This first neethod
a modelof a typical design approachThe secondmethodutilizes the MDF formulation
and minimizesthe GLOW directly subjectto satisfyingthe structural constraints. The
gradient-based optimization method, CONMIN, was used in all calssgradientswere
calculated using finite differences.

The desigrmparameterenclude 5 geometryvariablesand 14structuralvariables(Table
1). Theinitial geometrydesignvariableswere selectedfrom previous design studies on
aerospikenozzlesusing conventionaldesignmethodsand are expectedo approximatean
optimized aerodynamic shap&he numberof structuraldesignvariableswas reducedby
mapping some of the design variables with common attributes into a dexjgnvariable.

In particular, the thickness of the I-beams was madee the samein eachstructuralbox,
andthe six structuralsupports were@equiredto havethe sameradius andwall thickness.
Additional structuralparametersre usedin forming the constraints(Table 2). The initial



values selected for theructuraldesignparametersesultedin a structuraldesignthatwas
infeasible.

3.1 Method I--Current Design and Optimization Practice

A nozzle geometrydesign optimized for maximum thrust at the baselinelength is
presented. Additionally, designs with nozzle length&10 percentof the baselinelength
have also been computaddyield similar results. Fougeometryvariableswere usedo
determinea nozzle contour for maximumthrust. The convergenceof thrust duringthe
optimization is shown in Fig. 7.

The wall pressure distribution and geometry forraximizedthrust design wasput
to the structuraldesignoptimization. Fourteenstructuraldesignvariableswere varied to
minimize the weight of an aerospikenozzle module. The convergencesequenceof the
nozzle weight is shown in Fig. 8. Ndtetthe nozzleweight at first increaseswhile the
optimization strategy adjusts the design for structural feasibility.

3.2 Method II--MDF Approach

The MDF results are plotted nondimensionalizedby the single-discipline final
optimizationresult. Method Il usesthe results ofMethod | as the initial valuesof the
design variables. The GLOW imsinimizedfor the multidisciplinary designat the baseline
length. The improvement in the GLOW for the aerospike nozzle dgaiga anindication
of the relativeimportanceof anMDO designprocess. The convergencef the GLOW is
shown on Fig. 9. Almost a 5 percent improvement, MDO,” in the objectivefunction
was obtained with the MDO approacithis improvementwas obtainedby decreasinghe
thrust (Fig. 10) slightly, approximately 0.1 percent, which resulted@uactionin nozzle
weight.

Thefinal results foreachcaseand the initial value of the objectivesand the design
parameters are given in Table 3 and Table 4, respectiMdye that significantchangesn
the desigrvariablesare observedetweenthe single-disciplineoptimizedsolutionandthe
MDO with eight variables that vary by more than 5 percent.

4.0 Summary

A multidisciplinary analysisof an aerospikenozzle has been developedboth for
evaluating multidisciplinarpptimizationstrategiesand newpreliminary designprocesses.
Thrust andnozzle wall pressure calculations were made using computational fluid
dynamicsand werelinked to a structuralfinite-elementanalysisfor determiningnozzle
weight and structuralintegrity. A mission-averagspecificimpulseand enginethrust-to-
weight ratio were calculatedand usedo determinevehicle grossliftoff weight (utilizing
data defined during the vehicle conceptual design).

The multidisciplinary analysiswas integratedwith an optimization code that allowed
investigationof the multidisciplinary feasiblestrategy. A multidisciplinary designwas
computed, and wasomparedwith a designthat resultedfrom optimizing eachdiscipline
separately(for afixed nozzlelength). The MDO design was alsat a fixed length and
resulted in an improvemeit the grossliftoff weight of approximatelys percentover the
single-disciplineoptimized solution. The improvementwas obtainedby reducing the
nozzlethrust, whichresultedin a lower pressurdoading on the nozzle structureand a
lower nozzleweight. The advantage®f the MDO approachwere demonstratedy the
improvementin the designobjective and the easeof including multidisciplinary design
variables in the design process.

In the future, our plans are to concentrate in two aréésare interestedn improving
the physical model of the aerospikenozzle (by including additional disciplines and
additional trajectory points in the multidisciplinary analysis), and we also plan to investigate
approximation methods and their use in MDO problems.
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Table 1. Design Variables

Variable # Type Description Initial Value
1 Geometry Thruster angle
2 “ Aerospike length
3 “ Base height
4 “ Nozzle wall slope (x=10.0 in.)
5 “ Nozzle wall slope (exit)
6 Structure Box depth 7.00 In.
7 “ Outer (hot) wall thickness 0.0260 In.
8 “ Inner (cold) wall thickness 0.0267 In.
9 “ Outer radius of support trusses (1-6) 0.6039 in.
10 “ Tube thickness of support trusses (1-§) 0.2864 In.
11 “ [-beam column width 1.521 in.
12 “ I-beam outer flange width 0.1935 In.
13 * I-beam outer flange height (1-10) 0.0711 in.
14 “ I-beam column height (1-10) 0.0506 In.
15 “ Axial web thickness 0.0242 in.
16 “ Longitudinal web thickness 0.0050 in.
17 “ Radius of shell stiffener 0.2011 in.
18 “ Thickness of shell stiffener 0.0298 In.
19 “ Thickness of base plate 0.1665 In.
Table 2. Structural Parameters
Parameter Name Value
Hot wall yield stress 16,000 psi
Yield stress except for hot wall 120,000 psi
Safety factor for shell and supports 1.5
Safety factor for buckling 3.0
Maximum vertical displacement of nozzle 0.25 in.




Table 3. Design Objective Function Results

Method | Method Il
Objective Initial Value [ Single Discipline MDO
Total thrust* 0.999 1.000 0.999
Nozzle wt.* 1.250 1.000 0.813
GLOW* >3.0** 1.000 0.957

*Nondimensionalized by optimized design for each discipline (Method I).
**Qutside bounds of routine.

Table 4. Design Variable Results

~ Design Variable Method | Method Tl
Number* Initial Value Single Discipline MDO
1 1.15 1.00 0.970
2 1.00 “ 1.00
3 0.908 “ 0.823
4 1.01 “ 1.03
5 1.17 “ 1.01
6 0.773 “ 0.957
7 1.14 “ 0.912
8 1.16 “ 0.917
9 1.03 “ 0.985
10 1.08 “ 0.957
11 1.08 “ 0.950
12 1.00 “ 0.997
13 1.09 * 0.951
14 1.00 * 0.998
15 1.31 “ 0.827
16 0.847 “ 0.983
17 1.09 “ 0.947
18 1.08 “ 0.957
19 0.950 * 0.932

*Nondimensionalized by optimized design for each discipline (Method I).
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Fig. 1. VentureStar reusable launch vechicle with linear aerospike propulsion system.
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Fig. 2. Aerospike components and flow-field characteristics.

11



GLOW contours

T/W

CFD domain

/ | Trajectory domain

Baseflow
model domain

>

FEM structures
domain

Fig. 3. Multidisciplinary domain decomposition.

Starting
angle

Spline knot
surface angle

Exit
angle
Nozzle ) \L
centerline w\
zZ
Exit
Y height
X

Fig. 4. Aerospike nozzle geometry design parameters.

12



Aerodynamic pressure
loading

Section 1

Inner cold wall thickness

Outer hot wall thickness

Shell stiffener radius and thickness
Support trusses

Thickness and radius

Longitudinal web
thickness

Nozzle
centerline

Base pressure
load

I-beam sections

Wy — J_ H2 Axial web thickness

Fig. 5. Aerospike nozzle structural design parameters.

Displacement

01, ..., 6n of contour

Problem- > versus X
Length of contour . | | g------- .
dependent — > \
interface | Y of nozzle end point CFD 1
~_Thrust on contour ™ ,
Thrust [I°F '
Isp] :
Y of nozzle end point !
« 1
< Thrust on base Base-flow model <M, P,y |
flow 1
angle ,
1
01, ..., 6n of contoury ,
Length of contour P, !
Y of nozzle end point. <« "¢ |,
izing P versus X| |
Structural sizing Structural model < ,
variables > - '
B Structural weight ~ '
- _ Buckling, stress
\J displacement
T/IW TIW, Isp >
L GLOW Trajectory map
— ' * Includes: Hot wall thickness, tube diameters,
Minimize GLOW S.T. constraints | tube wall thickness, I-beam web thickness, etc.

Fig. 6. Multidisciplinary aerospike nozzle analysis.
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Fig. 7. Convergence of aerospike engine thrust for Method 1.
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Fig. 8. Convergence of nozzle weight for Method I.
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Fig. 9 Convergence of MDO objective function.
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Fig. 10 Aerospike engine thrust.
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