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ABSTRACT 

Optimal ascent and booster glide back trajectones were determined for NASA 

Langley's proposed small satellite launcher,SSL-1,for a given polar mission,vehicle 

configuration,propulsion system,aerodynamic charactenstics,structural 

charactenstics and trajectory constraints The optimal ascentand glide back 

trajectones were determined for alaunch from Vandenberg Air Force Base launch pad 

SLC-2W and booster glide back to Vandenberg AirForce Base runway30 The SSL-1 

ascentand glide back trajectones were simulated and optimized mPOST,Program to 

Optimize Simulated Trajectones. Inertial pitch angles relative to an mertial laimch 

frame were specified as independent vanables in the ascent trajectory and optimized 

to yield maximum weightto orbit Aerodynamic angles were specified as 

independent vanables m the booster glide back trajectory and optimized to yield 

maximum altitude ata heading alignmentcylinder six nautical miles south ofrunway 

The SSL-1 could not perform an ascent trajectory that satisfies the constraint of 

gliding the booster back to a heading alignment cylinder for runway30 The optimal 

SSL-1 ascent trajectory results in 1022 lb oftotal weight and 384 lb ofpayload being 
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inserted into a 150 nautical mile polar orbit However,a boosterglide back that 

achieves a desired altitude goal of18800 ft ata heading alignment cylinder for 

runway30could not be performed from the separation point ofthe optimal ascentfor 

the given aerodynamic and structural limits. The separation Mach number could not 

be reduced to a point where the booster could attain a desired glide back altitude using 

reductions in booster size alone since the booster size could not be reduced more than 

3%and meetthe dynamic pressure at separation constraint of300 Ib/ft^ The glide 

back altitude goalcan be obtained ifthe structural normalforce limit is increased to 

3gloads or the aerodynamic constrainton dynamic pressure atseparation is increased 

to400 Ib/ft^ The altitude goal will likely be obtained ifa high angle ofattack drag 

maneuver is performed between Mach numbers32and 1 2 The maximum 

allowable angle ofattack for stable flight in this speed range and the corresponding 

lift/drag charactenstics are needed to quantifythe obtainable altitude To achieve the 

desired altitude goal,modifications m the aerodynamic and/or structural limitations 

are needed 

Weightto orbit performance is influenced bythe dynamic pressure at separation 

constraint butis not sensitive to it The weightto orbit ranges from 384lb to 400 lb 

for dynamic pressure limits of300 Ib/ft2 to 500 Ib/fP The glide back altitude is 

sensitive to the dynamic pressure at separation constraint Glide back altitude at the 

HAC ranges from 11995 ft to 24600 ft for dynamic pressure limits of300 Ib/ff to 500 
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Ib/ft^ Both ascent and glide back performance is insensitive to atmosphenc winds 

Mean winds reduce payload by2lb and increase altitude at the heading alignment 

cylinder515 ft The SSL-1 weightto orbit performance is insensitive to movements 

m the vehicle'sC G. Movements up to7%ofthe reference length resultin a2lb 

change m payload The glide back is sensitive to structural normalforce limits 

Increasing the limitfrom 2.5g to5Og increases altitude atthe heading alignment 

cylinder from 11995 ftto23410 ft. 
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INTRODUCTION 

Background 

US commercial launch systems currently have an average costofapproximately 

$10,000for each pound ofpayload inserted into low Earth orbit(LEO). Theselaunch 

systems are becoming less costcompetitivewith more recently developed foreign 

launch systems Asa result,U.S launch vehicle manufacturers are losing market 

share ofcommercial spacelaunches In response to the high costofaccessmgspace, 

NASA AdmimstratorDan Golden imtiated a research and development program for 

low costlaunch systems The imtiative included identification ofalaunch system 

capable ofinserting small payloads rangingfrom 200 lb to 500 lb intoLEOfor 

approximately$10 million per launch Such asystem could provide the lowestcost 

foralaunch dedicated to small science.DepartmentofDefense(DoD)and 

commercial payloads 

NASA Langley's Vehicle Analysis Branch has proposed alow cost small launch 

system to be considered in the imtiative and is conducting design studies to predictthe 

ability ofthe small launch system to meet mission cntenaforthe$1 million launch 

cost goal The launch system,designated SSL-1,is composed ofa reusable glide back 
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booster coupled with two expendable upper stages The booster utilizes a winged body 

concept thatallowsthe booster to return to its launch site after separation and be 

reused in subsequentlaunches Booster reusability is a major factor in reducing 

launch cost Other costreduction approachesinclude utilization ofcommercially 

available upper stages,use ofcommercially available pressure fed propulsion systems 

and return ofthe booster to its launch site using a glide back maneuver rather than 

using cruise back propulsion Use ofcommercially available stages and propulsion 

systems significantly reduces vehicle developmentcost Developmentisfocused on 

the booster and its integration with the upper stages Pressure fed propulsion systems 

reduce vehicle costsince their purchase costand operational cost are sigmficantly 

lowerthan the more complex pumpfed systems Glide back booster return eliminates 

the costofa cruise back propulsion system and the performance penalty due to its 

weight It also reducesthe costofthermal structures since booster separation must 

occur nearMach3before too much down range distance is attamed With a 

maximum speed around Mach 3,the booster can use heatsink type thermal structures 

as opposed to more costly thermal structures The proposed SSL-1 vehicle is shown 

m figures11 through 1.3 Note that all figures are included m appendixB and all 

tables are located m appendix A 

Langley's Vehicle Analysis Branch design studies ofthe SSL-1 require trajectory 

analyses to size the vehicle and identify vehicle configuration changes or design 



changes that further improve its objective function,in this case minimum costfor 

placing the payload intoLEO A flow chartofthe iterative method for developing a 

conceptual design is shown m Figure4 In this method,the vehicle geometry and 

propulsion system are chosen and the vehicle sized to meet mission requirements 

using estimates ofthe vehicle's propulsion,structural,aerodynamic and aeroheatmg 

charactenstics. Component weights,vehicle dry weight and gross lift-offweight are 

determined forthe estimated size Trajectory analysis begins with the estimated 

weight and vehicle charactenstics to determine the extent to which mission cntena 

are met Trajectory results are used to determine vehicle scaling needed to meet 

mission catena The vehicle is scaled using NASA's weights and sizing program 

CONSIZ[1] Trajectory analysis is repeated until a converged configuration is 

obtained Referto reference 13fora detailed descnption ofthe process 

The vehicle design and configuration are improved dunngthis iterative process by 

conducting performance sensitivity studies Performance sensitivity studies help 

identify design modifications and configuration changes that significantly impact 

weightto orbit performance The cost ofconfiguration changes or design 

modifications thatimprove weightto orbit performance can then be used m trade 

studies to determine the cost effectiveness ofsuch changes For example,determining 

a vehicle's performance sensitivity to the location ofits center ofgravity can indicate 

ifa configuration change(such as mating position ofthe upper stages relative to the 



booster)is needed Determining a vehicle's performance sensitivity to a normal force 

constraintcan indicate ifdesign changes m wing structure are needed Once an 

optimal design and configuration are determined,developmentand operational cost 

are estimated using NASA'scost models 

ThesisProblem Statement 

Determine an ascenttrajectory for the proposed small satellite launcher,SSL-1,that 

maximizes weightto orbit given its mission requirements,vehicle configuration, 

propulsion system,aerodynamic characteristics and trajectory constraints In addition, 

determine the SSL-1 performance sensitivity to variations in vehicle configuration and 

trajectory constraints 

Approach 

Fora given mission and SSL-1 vehicle charactenstics,an optimal trajectory will be 

determined using NASA'sProgram to Optimize Simulated Trajectones(POST) 

Several basic trajectoiy approachesto achievingthe desired orbit will be used in 

developing initial guesses offlight control parameters The flight control parameters 

will be identified as independent vanables inPOST and optimized to achieve 

maximum weightto orbit. NotethatPOST muststart its optimization processfrom 

an initial guess that results m an orbit reasonably close to the desired orbit The 

trajectory that results m the largest weightto orbit will be taken as optimal No 
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guarantee ofglobal optimality can be made Once an optimal trajectory is 

determined,performance sensitivity to vehicle configuration changes and constraint 

variations ivill be determined POST will also be used to conduct performance 

sensitivity studies. Constraint values and configurations will be varied mcrementally 

overa selected range and a trajectory run for each value to determine the 

corresponding change m weightto orbit. The results from the studies will be 

documented and can be used m trade studiesto determine ifcost reductions are 

possible. An outline ofthe approach is given below 

Architecture 

a. Reference missions 

b SSL-1 architecture 

c Propulsion,structural and aerodynamic charactenstics 

d Vehicle weights and sizing 

2. Theory 

a Optimal ascent 

b Three D.OF equation ofmotion 

c Propulsive force representation 

d Aerodynamicforce representation 

e Thrustforce representation 

f Vehicle mass 

g Gravity representation 



 

 

 

 

 

 

 

 

 

 

 

 

 

h Optimization technique 

3. Post Models 

a Modeling approach 

b Ascent model and constramts 

c Glide back model and constramts 

4. Trajectory Analyses 

a Ascentapproaches 

b Optimal ascenttrajectory 

c Ascent performance sensitivities 
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i Tnmmmgeffects 

11 CG location sensitivity 

111. Constraint sensitivities 

IV Launch angle sensitivity 

V Atmosphenc wind Sensitivity 

VI. Separation point sensitivity 

d Glide back approaches 

e Optimal glide back trajectory 

f Glide back performance sensitivities 

I Separation point sensitivities 

II Glide back constraint sensitivities 

III Ascent constraint sensitivities 
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IV Atmosphenc wind sensitivity 

Conclusions and Recommendations 



CHAPTER 1 

ARCHITECTURE 

1.1 Missions 

The small satellite launcher architecture is being sized to fulfill two pnmary missions 

The first mission is to place a330lb payload into a circular polar orbit atan altitude 

of150 nautical miles while returning its reusable boosterto the launch site[1]. Polar 

missions will belaunched firom Vandenberg AirForce Base launch pad SLC-2W with 

the booster gliding back to Vandenberg's30runway Thesecond mission is a rapid 

resupply mission to the International Space Station(ISS)[1] The resupply mission 

will place 800lb ofcargo into a circular orbit at an altitude of220 nautical mile and 

inclination of51.6° and return the reusable boosterto its launch site Resupply 

missions will be launchedfrom WallopsIsland launch pad OB with the reusable 

booster gliding backto WallopsIsland runway28 

1.2 Small Satellite Launcher Architecture 

The small satellite launcher architecture consists oftwo vehicle configurations,SSL-1 

and SSL-2 The SSL-1 is configured to perform the polar mission while the SSL-2 is 

configured to perform an International Space Station servicing mission[1], The SSL-
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1 configuration consists ofathree stage sequential bum configuration and is sized to 

meet polar mission requirements. The SSL-2configuration addstwo strap-on 

expendable boosters to the SSL-1 configuration to increase performance levels to that 

required forInternational Space Station servicing missions 

The SSL-1 stages consistofa reusable glide back booster and two expendable upper 

stages Figures11 through13show the booster,upper stages and booster combined 

with upper stages. The booster accelerates the upper stages to approximately Mach 

3.2 at which point its mam engines cutoffand it separatesfrom the upper stages 

After separation,the booster glides back to the designated runwayfor turnaround 

processing and reuse Its second and third stages are expendable upper stages All 

three stages utilize non-throttling pressure fed LOX/RP propulsion systems based on 

Microcosm'sBantam class launcher design[2] the SSL-1 configuration has atotal 

dry weight of26039Lb,gross lift-offweight(GLOW)of107134Lb and overall 

length of61 ft The booster hasa wmgspanof32ft The SSL-1 weights and 

dimensions are summarized in table 1 1 

The SSL-2configuration combinestwo expendable strap-on boosters with the SSL-1 

elements making it a five stage system The strap-on boosters are identical to the 

SSL-1 second stage and are attached to the SSL-1 second stage The strap on boosters 

thrust m parallel with the glide back boosterfrom lift-off In this configuration the 



glide back booster's mam engine cutoff(MECO)and separation occurs at Mach 2.8 

The strap-on boosters continue to thrust up to Mach90at which pointthey separate 

and are expended on reentry. The SSL-2 configuration hasa dry weightof33,470Lb 

and GLOWof150,760Lb The configuration's overall length and wingspan are the 

same as the SSL-1. 

1.3 SSL-1 Vehicle Characteristics 

Theelements ofthe small launcher architecture are based on existing vehicles,with 

the exception ofits reusable glide back booster,to minimize development cost The 

booster is bemgdeveloped forthe polar mission using existmg hardware as much as 

possible to mimmize cost. The propulsion,structural and aerodynamic charactenstics 

ofthe initial SSL-1 configuration are described in the following sections. Thelaunch 

system is m the conceptual design phase,thus only basic charactenstics reqmred for 

initial design studies are available. The charactenstics will become more fully 

defined as the design matures. 

1.3.1 Propulsion 

All three SSL-1 stages utilize pressure fed propulsion systems based on a Microcosm 

design developed fortheir Spnte launch vehicle[2] All propulsion systems utilize 

liquid oxygen and refined petroleum(LOX/^)fuel and are non throttling The 

reusable booster propulsion system is designed with four engines sized at450klb 
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thrust each Each engine hasa standard bell nozzle with an exit area of333 , 
I 

steady state massflow rate of1636slug/s and vacuum specific impulse(I,p)of275 

seconds. The booster engines are mounted attheir midpointto mimmize nozzle travel 

dunng gimbal used to cancel pitching moments resultingfrom center ofgravity offset 

and aerodynamic loads The second stage is designed with two engines sized at224 

klb thrust This engine has a standard bell nozzle with an exit area of678ff,mass 

flow rate of739slug/s and vacuum I^p of303seconds. The third and final stage is 

designed with one engine sized at5.5 kLb thrust Theengme hasa standard bell 

nozzle with an exit area of1 7fl^,massflow rate of184slug/s and vacuum I^p of 

300 Propulsive characteristics are summarized in table 1 1 

1.3.2 Structural Materials 

The SSL-1 vehicle structures are a combination ofaluminum and composite 

matenals. The reusable booster structures are pnmanly aluminum while the second 

and third stage structures are primarily composite The booster's aluminum body acts 

asa heat sink and providesthermal protection duringthe high heating phases ofits 

trajectory The matenals used forthe major structural components'ofthe booster and 

upper stages are summanzed below 

1.3.2.1 Booster 

wings aluminum with titanium leading edges 

vertical tail aluminum with titamum leading edge 
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canard, 

body shell 

propellant tanks 

inter tank structure 

engine thrust structure. 

1.3. 2 Second Stage 

body shell, 

propellanttanks: 

intertank 

engine thrust structure 

payload adapter 

1.3. 3 Third Stage 

body shell 

propellanttanks, 

inter tank 

engine thrust structure 

payload adapter 

payload fainng 

titanium 

aluminum with titanium nose 

aluminum 

alummum 

aluminum 

alummum 

graphite-epoxy with aluminum Imer 

graphite-epoxy 

VMI-graphite 

graphite-epoxy 

alummum 

graphite-epoxy with aluminum liner 

graphite-epoxy 

VMI-graphite 

graphite-epoxy 

graphite-epoxy 
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1.3.3 Aerodynamics 

The SSL-1 reusable winged booster dominates the vehicle aerodynamic charactenstics 

with the exception ofpitch momentcharactenstics above Mach 1. The booster hasa 

delta wing and canard configuration The wings are located to provide stable flight 

charactensticsfor its bumoutcenter ofgravity position of68 percent ofthe reference 

length. The delta wings have aspan of32.0 ft,exposed surface areaof2467ft^, 

aspect ratio of259,root chord length of163fl and taper ratio of.175 Canards 

provide additional pitch control needed totnm the boosterthroughoutits supersomc 

and transonic flightregime. The canards are mounted alongthe booster centerlme 

and have an areaof30 1 fit^ 

The SSL-1 aerodynamicsofthe booster and upper stages were determined using linear 

aerodynamic relationships The booster and upper stages aerodynamic charactenstics 

were determined separately using APAS,aerodynamic preliminary analysis software 

[3]. The aerodynamic lift, drag and pitch momentofthe boostercombined with upper 

stages wastaken as a linear superposition ofthe booster and upper stages aerodynamic 

lift, drag and pitch moment Dueto the lineanty ofthe aerodynamic relationships 

breaking down at high angles ofattack(a),the aerodynamic data waslimited to 

angles ofattack between -18° and+18° up to Mach30and between -45°and+45° 

from Mach30to Mach60 Aerodynamic charactenstics beyond these angles of 

attack will have to be obtained from wind tunnel testing or nonlinear computational 
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fluid dynamics methods 

Aerodynamic data was generated forthe four vehicle arrangements occurring dunng 

the polar mission These arrangements are 

1) booster with upper stages attached to belly 

2) second and third stages combined head to tail 

3) booster alone 

4) third stage alone 

The aerodynamic data forthe booster coupled to the upper stagesand forthe 

combined second and third stages consists ofcoefficientoflift, Q,coefficient of 

drag,Cp,and pitch momentcoefficient, ,as afunction ofangle ofattack and flight 

Mach number along with the change in base drag due to engine thrust asafunction of 

flightMach number. The effectofbooster control surface deflections on the 

combined arrangement's lift, drag and pitch momentwere not generated since engme 

gimbal was used dunng ascent to cancel aerodynamic moments and thrust moments 

resulting from center ofgravity offset. The aerodynamic data forthe booster alone 

consists ofQ, and asafunction ofangle ofattack and Mach along with the 

change in and due to deflections ofits control surfaces as a function of 

degrees deflection,angle ofattack and Mach. The aerodynamic data for the third 

stage alone consists ofQ,Q,and only The aerodynamic characteristics ofthe 

booster and the booster combined with upper stages are summanzed m the following 
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sections The aerodynamic charactenstics ofthe combined second and third stages 

and third stage alone are omitted since they werefound to have little impacton weight 

to orbit performance. 

1.3.3.1 Lift Characteristics 

The lift coefficients ofthe booster with upper stages and the booster alone are nearly 

the sameforMach numbers02to 2.0 APAS estimated both arrangements to have a 

small negative lift coefficient at0° angle ofattack and both arrangement's lift 

coefficients are linear fimctions ofangle ofattack overa±18° range. Couplingthe 

upper stages to the booster belly has the effect ofmcreasmgthe lift coefficients by 

approximately3% Above Nfach30,the addition ofthe upper stages mcrease lift 

coefficients by approximately25%overthe±45° range. Figures 1.1 and 1 2showthe 

lift coefficients forthe booster with upper stages and booster alone asafunction of 

angle ofattack for Mach numbers02to20and30to60 Figure 1 3depicts both 

arrangements change in lift coefficient with respectto angle ofattack, 

Transonic effects beginto mcrease both arrangements'lift coefficients at Mach.8 

with the maximum transomc effectoccumng at Mach09 Thetransomc effects are 

evident m figures 1 4and 1 5 thatshow Q as a function ofMach numberfor angles 

ofattack ranging from0° to 18°each arrangement The mcrease m Q due to 

transonic effects is more pronounced for higher angles ofattack The increased effect 

IS highlighted in figures 1 6and 1 7thatshow Qasafunction ofMach for a=10° 
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from Mach02to Mach60 

1.3.3.2 Drag Characteristics 

The drag coefficient vs angle ofattack curves for both the booster and the booster 

combined with the upper stages indicate a parabolic drag characteristic with respectto 

angle ofattack for both the booster and the booster combined with the upper stages 

Their drag charactenstics are similar to the parabolic drag relationship 

^D~^D ^ ^elliptical lift distribution where k is the parabolic constant 

andC^ p is the parasitic drag coefficient The addition ofthe upperstages increases 

p approximately22% while kremains approximatelythe same. For both 

arrangements ^ vanes with Mach number,with the minimum occumng at Mach 

02and the maximum occumngat Mach 1 2. The parabolic constant does not vary 

significantly with Mach numberfor either^angeinent. The parabolic nature oftheir 

drag coefficients is illustrated in Figures 1 8and 1 9thatshow the drag coefficient as 

afunction ofangle ofattack for Mach numbers02to60 Due to the drag 

coefficients' parabolic charactenstics there is relatively little change in for 

-3°^ a ^ +3°. Beyond 3°, increases quickly with angle ofattack Transonic 

effects begin to increase the drag coefficients at Mach08and reach a maximum at 

Mach 1 2 Thetransomc effects can be seen in figures 1 10through 1 13 thatshow 

the drag coefficient as a function ofMach The dramatic increase m drag coefficient 

through the transonic regime is particularly evident in figures 1 12 and 1 13 that show 
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the drag coefficient for a constant 10° angle ofattack up to Mach60 

1.3.3.3 Pitch MomentCharacteristics 

The booster alone and booster with upper stages attached have similar pitch moment 

characteristics upto Mach 2.0 Upto Mach20,both arrangements'pitch moments 

are approximately linear functions ofangle ofattack with negative slopes Beyond 

Mach20their charactenstics change sigmficantly and become dissimilar Both 

arrangements'pitch momentbecome positive for positive angles ofattack dueto the 

large positive pitching momentgenerated by the upper stages Their charactenstics 

are dissimilar in thatthe booster pitch momentchangesto a nonlinear fimction of 

angle ofattack while the booster with upper stages pitch momentremains an 

approximately linear function ofangle ofattack. The booster with upper stages and 

booster alone pitch momentcoefficients areshown as afimction ofafor Mach 

numbers02to20and30to60m figures 1 14 and 1 15 respectively The slope of 

the pitch moments with respectto angle ofattack, ,isshown for each 

arrangement m figure 1 16forMach numbers upto20 Couplingthe upper stages to 

the booster decreases the magnitude ofits ^ by25%to45% The upper stages 

pitch momentis sufficiently positive for positive angles ofattack thatthe negative 

pitch momentdue to its drag is overcome and the pitch momentincreased Both 

arrangements' pitch momentcoefficients exhibit large increases m magmtude through 

the transonic regime The transonic increase m pitch momentis evident in figures 

17 



1 17and 1 18 thatshow pitch momentcoefficient as a function ofMach fora constant 

angle ofattack 

1.3.3.4 AerodynamicPerformance Characteristics 

Figures 1 19through 1 21 show the maximum lift, drag and pitch momentcoefficients 

for the booster alone and booster with upper stagesforMach numbers0.2 to20and 

3.0 to60 The powered flight maximum lift to drag ratio ateach Mach number is 

shownforthe booster with upperstages in figure 1 23. The maximum powered liftto 

drag ratio occurred at a=8° up to Mach 1 0and at a=10° for Mach numbers above 1. 

The powered lift to drag ratio decreases with increasing Mach number with subsonic 

ratios being approximatelytwice thatofthe supersomc values The untnmmed 

gliding lift to drag ratio forthe booster alone isshown mfigure 1 23 The untnmmed 

maximum lift to drag ratio for steady state glide is677occurring at a=65°. The 

aerodynamic pitch momentgenerated underglide conditions can be canceled with an 

elevon deflection of+25°. Tnmmmgreduces the maximum lift to drag ratio 11%to 

600 

1.4 Vehicle Weights and Sizing 

The imtial sizing ofthe booster was made based on estimations for a size required to 

meetthe polar orbit mission requirement A weights and sizing model,CONSIZ[12], 

developed by NASA was used to estimated component weights,vehicle dry weight 
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and gross lift-offweight(GLOW)corresponding to the estimated booster size The 

second and third stages are fixed in this study since they are based on Microcosm's 

design[2] The booster scales geometncally based on its reference length Asthe 

length is increased,the body diameter,wing area,etc. increase proportionally 

19 



CHAPTER2 

THEORY 

2.1 Optimal Ascent 

The goalofalaunch vehicle's ascentis to obtain the flight conditionsand inclination 

ofa specified orbit atits pointofinsertion into the oibit. The orbital flight conditions 

to be metare altitude,velocity and flight path angle in aplane inclined from the 

equatorial plane bythe specified inclination. Typically an orbital inclination and 

altitude are specified andthe insertion pointtakento be atthe orbit's perigee where 

the flight path angle is zero. The velocity required to maintain the orbitisthen easily 

calculated from equation 2.1 [4]. 

2 1 u^= 1-1 
^ P 

where p isthe planet's gravitation constant, is the orbit's radius at periapsis anda 

isthe orbit's semi-major axis. 

Fora vertical launch from afixed launch pad atsea level the launch vehicle starts at 

an altitude ofzero and fliglil path angle of90°. The vehicle mustaccelerate to the 

calculated velocit)'and transition its flight path tozero degrees withm a plane at the 
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desired inclination as it climbs to the specified altitude. There are an infinite number 

ofascenttrajectories that could beflown to achieve the flight conditions at orbit 

insertion However,mosttrajectones would require a vehicle unrealistic in size and 

cost The prudent approach to achieving the flight conditions is to define a trajectory 

that maximizes or mimmizes a chosen objective flmction[5] The objective function 

IS mimmized or maximized by identifying an optimal setoftrajectory parameters that 

influence the objective function. Typical trajectory parameters include but are not 

limited to launch azimuth,vehicle steering commands and points ofstage separation 

This research obtained aflight trajectoiy that maximized the objective function of 

weightto orbit(WTO)forthe SSL-1 within given trajectory constraints and orbital 

defimtions 

2.2 Equation ofMotion 

Thelaunch vehicle's equation ofmotion defines its trajectory and is used as the basis 

for determimngthe influence ofchosen parameters on a desired objective function 

such as weightto orbit An optimal setofflight parameters is determined as the set 

that minimize or maximize the objective fimction. For purposes ofimtial design 

studies,the equation ofmotion is based on athree degrees offreedom representation 

ofthe launch vehicle The launch vehicle was simplified to a point mass at its center 

ofgravity with translational degrees offreedom. The vehicle's rotational degrees of 

freedom and associated polar inertia characteristics were ignored 
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The SSL-1 acceleration results from the forces acting on the vehicle. These forces 

consist ofthe aerodynamic forces,thrustforces and gravity forces. The aerodynamic 

and thrustforces act m the vehicle body coordinate system while the gravity force acts 

m the Earth centered inertial coordinate system The acceleration mustbe determined 

m the mertial coordinate system to maintain the validity ofNewton'ssecond law 

Thus,the thrust and aerodynamicforces mustbe transformed into the mertial 

coordinate system 

Dunng ascent, the body coordinate system is defined relative to an inertial launch 

coordinate system using Euler angles. The inertial launch coordinate system is 

located atthe launch pad and is defined relative to the Earth centered inertial 

coordinate system bythe pad latitude,longitude and azimuth angle that locates the 

bodyZaxis relative to North asthe vehicle sits on the pad Thelaunch coordmate 

system becomes inertial atliftoff Figure2 1 showsthe launch and body coordmate 

systems relative to the Earth centered system and their transformation matnces The 

transformation matrix thattransforms bodyforces into the Earth centered system is 

the inverse ofthe combined launch system to bodysystem and Earth centered system 

to launch system transformations This transformation relationship is given m 

equation22 

2 2 
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whereBlis the body coordinate system to mertial coordinate system transformation 

matnx,IL is the mertial coordinate system to launch coordinate system transformation 

matnx andLB is the launch coordinate system to body coordinate system 

transformation matrix 

After separation from the upper stages,the booster body coordinate system is 

descnbed relative to an atmosphenc coordinate system using aerodynamic angles of 

bank,sideslip and angle ofattack. This is done to simplify the description ofsteenng 

commands used to define the booster glide back trajectory The aerodynamic 

coordinate system is defined relative to a local geographic coordinate system. These 

coordinate systems and their transformation matnces are also shown m figure 2.3 

The transformation between the booster body coordinate system and Earth centered 

system is the inverse ofthe combined Earth to geographic,geographic to aerodynamic 

and aerodynamic to body coordinate transformations asshown m equation23. 

23 BI,^=IB^,^IGj,GA^,AB^, 

WhereBIis the body coordinate system to mertial coordinate system transformation 

matnx,IG is the mertial coordinate system to local ground coordinate system 

transformation matnx,GA is the local ground coordinate system to aerodynamic 
i 

coordinate system transformation matnxzxidAB is the aerodynamic coordinate 

system to body coordinate system transformation matnx The body to mertial 

transformation matnx allows the equation ofmotion to be wntten m terms ofthe 
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instantaneous aerodynamic and thrust forces acting at the vehicle center ofgravity 

Using Emstien's summation convention,the equation ofmotion is given by equation 

24below 

2-4 = + 

where ,is the vehicle acceleration, represents the aerodynamic forces m the 

body system, represents the thrustforces in the body system, represents the 

gravity forces m the Earth centered system and /«1, represents the vehicle mass at 

time t. The equation ofmotion is mtegrated numencally using the fourth orderRimge 

Kutta processto determine v,, r, and m. 
I i 

2.3 Aerodynamic Forces 

The aerodynamic forces and moments acting on the vehicle are dependenton the 

atmosphenc density,the vehicle's speed relative to the atmosphere,its orientation 

relative to the atmosphenc velocity,its surface area and its aerodynamic 

characteristics The vehicle aerodynamic charactenstics are represented with 

coefficients ofnormalforce(Qr),axial force(Q),side force(Cy),pitch moment(C„), 

and yaw moment(C„) Using these coefficients,the aerodynamicforces and moments 

are expressed as. 
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25 ^AB,~^N ̂ ^ 

^ABy~^m ̂ ^^ 
^AB^=C^ q' 5Z, 

where F^, are aerodynamic forces and moments m the body coordinate system 

respectively, q=1/2 ,5is the reference surface area used m calculating theforce 

coefficients andZ is the reference length used m calculating the momentcoefficient. 

Theabove coefficients representthe characteristics ofthe complete vehicle 

configuration They are thesum ofcoefficients thatrepresentzero lift conditions,the 

coefficient's change with respectto angle ofattack,and incremental changes m the 

coefficient dueto control surface deflections[6], Thesum ofaxial force coefficients 

also includesa coefficientrepresentative ofthe vehicle's base drag Each 

coefficient's sum is given in equation26 

^A ~^A O'^^A a'^^A base'^^^A 6S, 
Cy=Cy0 a Cjr g 

2.6 

^m~^m a"'"X) 65, 

Where C^q, C^Q' ^mO' ^no are coefficients ofaxial force,side force,normal 

force,pitch momentand yaw momentatzero angle ofattack, 

^A a' a' a' a' a cocfficicnts ofchangc in axial force,side force, 

normal force,pitch momentand yaw moment with respectto angle ofattack and 

25 



!C^iv6s,' Yl^nds, ^rcthesiuTiofchongcs111 
coefficients ofaxinl force,side force,normalforce,pitch momentand yaw moment 

due to ail control surface deflections The vehicle aerodynamic moments cannotbe 

directly incorporated into the three degrees offreedom equation ofmotion. In the 

three translational degrees offreedom representation,moments are statically 

balanced throughoutthe trajectory eliminating rotational degrees offreedom.During 
1. 

ascentthe moments are balanced usingengme gimbal. Dunng glide back the 

moments are balanced using control surface deflections. 

In engme gimbal,aerodynamic momentsaboutthe vehicle center ofgravity are 

balanced by offsetting the engine thrust vector from the center ofgravity asshown m 

figure24 The momentbalance in pitch and yaw are shown m equations27and 2.8 

[6] 

2-7 q S{C^L+C^Lxref- Lzref) = 7)^ 

Wherey=\Xon,n=number ofengines,o=2(pitch axes), y?=^=1 to3and 

IS the permutation symbol 

28 q S{C„L+C^Lxref- t^yref) = 

Wherey= 1 to «,«=numberofengines,o=3(yaw axes), p=q=\to3and 

^opq permutation symbol 
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In control surface trimming,the aerodynamic moments created by the booster wing 

and body are canceled with elevon and canard deflections The elevon and canard 

deflections produce opposing moments that dnve the overall vehicleC and C to 
m n 

zero. The moments generated by control surface deflections are nonlinear functions 

ofMach numberand angle ofattack Due to this nonlmeanty,no equation is solved 

explicitly for the deflection required to cancel the wingand body moments Rather, 

an Iterative root finding approach is used to search tables that contain the relationship 

between the momentcoefficients,Mach number,angle ofattack and control surface 

deflection and find control surface deflections that give over all vehicle moment 

coefficients ofzero forthe given Mach numberand angle ofattack 

Trimming with control surfaces affects the axial and normal forces actmgon the 

vehicle The axial drag componentis increased while the normal lift component is 

reduced These effects are accounted forin thetnmmmgcalculation using 

incremental axial and normal coefficients The aerodynamic tables contain the 

incremental change in axial and normal coefficients dueto deflections ofeach control 

surface overthe vehicle's range ofMach numberand angle ofattack The 

incremental and values are added to the nominal and values to give 

tnmmed and values 
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2.4 ThrustForces 

The SSLl thrustforces are generated by rocketengines only The booster is designed 

to glide back withoutthe aid ofair breathing engines Each engine's vacuum thrust 

and nozzle exit area is specified as constant or inputasatable that contains its 

relationship with time or other parameter The vacuum thrust is corrected for 

atmospheric pressure throughoutthe trajectory usmgthe engine's exit area and 

atmosphenc pressure as afunction ofaltitude The thrust magmtude ofthejth engine 

IS then given by equation29 

2.9 

Theengine thrustforces can be misaligned from the body x coordinate due to engine 

gimbal used to trim the vehicle. Each engine's thrust vector is transformed mto the 

body coordinate system usmg its gimbal directional cosines so thatthe total thrust 

vector m body coordinates is given by equation210 

210 

wheretheyth column of0contains theyth engine gimbal directional cosines 

2.5 Vehicle Mass 

The change m vehicle mass is equal to the propellantflow rate from each engine and 

anyjettisoned masses Each engine's massflow rate is defined asaconstant or input 

as a table expressing the mass relationship to time orsome other parameter The 

massflow rate is then given by equation2 11 
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n 

2.11 m=Y,rh 
7=1 

Discontinuities in vehicle mass occur when mass isjettisoned. Mass isjettisoned at 

booster separation,stage burnout or other user defined events such as aerodynamic 

fainngjettison when dynamic pressure falls to a specified level The massofthe 

vehicle attime t is then given by equation212 

' n 

212 m=m^-jmdt - E'"y.r J 

2.6 Planet Gravity 

The inertial gravity vector gjis based on an oblate spheroid planet The planet's 

equatorial radius, r^,polar radius, r^,gravitational constant, p and seven 

gravitational harmomc coefficients, Jj-J^ are used to define a gravity potential 

fimction G The potential function atany radial distance r fi-om the planet's center is 

given in equation213[6] 
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The mertial gravitational vector is given by equation 2 14 

„ aG aG aG2 14 Si=—, gi=—,' a^r > ay ' a+ 

2.7 Optimization 

The overall goal of the SSL-1 development program is to minimize the cost of placing 

a 330 Lb payload into a 150 nmi polar orbit There are many factors that influence the 

cost of placing the payload into orbit with an optimal trajectory being one Other 

major factors include vehicle development cost and operational cost Development 

and operational cost increase as vehicle size increases Cost relationships such as 
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these are not readily incorporated intoPOSTfor direct evaluation. Instead,they are 

used to identify technologies such as propulsion and structural matenalsto be used in 

a baseline vehicle configuration The trajectoiy for a given baseline vehicle is then 

optimized for maximum weightto orbit subject to specified constraints Referto 

section 321 for asummaryofSSL-1 ascent constraints The trajectory optimization 

objective function is defined as maximum weightto orbit For afixed payload, 

maximizing weightto orbit mimmizes vehicle size since the vehicle is scaled down 

as weightto orbit performance increases m orderto maintain afixed payload value 

In the optimization, weightto orbit is defined asa'cost'function with the goal of 

maximizing'cost' withm given constraints The costfunction is notan explicit 

function ofthe independent variables used to shape the trajectory. Rather,it is an 

explicitfunction ofthe trajectory state vanables , Vj and m The state variables 

are explicitfunctions ofthe independent vanables. The costflmction is related to the 

independent vanablesthrough integration ofthe equation ofmotion 

The equation ofmotion is integrated as being piecewise contmuous since events such 

as booster separation, massjettison or impulsive velocity maneuvers produce 

discontinuities m the state vanables These events divide the trajectory into segments 

The equation ofmotion is imtialized at the beginning ofeach segment using the state 

vanables atthe end ofthe previous event plus the instantaneous change m state 
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vanables defined to occur atthe eventasshown in equation2 15 

2.15 + (Ajc,)„ 

Where (;c,)^ represents the state variable vector after the nth event, represents 

the state vanable vector before the nth eventand represents the instantaneous 

change in state vanables atthe nth event The relationship betweenthe state vanables 

and independent vanables over the continuous segmentfrom the nth eventto the n+1 

eventis given by equation 2.16 

216 = EOM[(JcX'(",)«. 

WhereEOMrepresents the equation ofmotion and represents the setof 

mdependentvanables. 

The optimization process utilizes the equation ofmotion to identify the setof 

mdependentvanables that produce state variablesfor maximum weightto orbit while 

meeting defined constraints Maximization ofa costfunction such as weightto orbit 

IS equivalentto minimization ofan alternate costfunction that is defined asthe 

negative ofthe ongmalcostfimction[7] 

Fora continuously smooth,twice differentiable multi-vanable fimction it can be 

shown thata minimum occurs where the norm ofthe function's gradient is zero and 

Its Hessian is positive definite[7] The presence ofconstraints alters these conditions 
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somewhat Constraints eliminate degrees offreedom Each linearly independent 

constrainteliminates one degree offreedom from the original n-dimensional vector 

space 91". The constraints define a subspace ofthe original n-dimensional vector 

space asshown m equation217 

2.17 

where m=n-c,cbeingthe numberofconstraints Possible solutions to the 

constrained problem lie within the subspace C. Thesubspace C can be represented 

by a setofm dimensional linearly independent vectors. These vectors comprisea 

basis ofthe subspace and a solution to the constrained problem must bea linear 

combination ofthese vectors[7].' The conditions for amimmum ofthe vector 

fimction then become. 

218 ^j,g(^)=0 
Z^^G(x)Z^j IS positive definite 

where is a matrix containing constraint equation coefficients, is the constraint 

vector, is a matnx containing the subspace basis vectors,g(x) is the gradientof 

the fimction and G(x)is the Hessian ofthe fimction. Zj^g(x) is referred to asthe 

projected gradientsince it projectsthe fimction's n-dimensional gradientinto the m-

dimensional subspace The location at which it vamshes is a constrained stationary 

pointand is a possible mimmum or saddle point The projected Hessian is used to 

determine ifthe point is a local mmimiun 
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OneofPOST'S search methods is the projected gradient method that determinesthe 

values ofthe independent vanables which produce minima The projected gradient 

solution process is similar to a root finding process. A detailed descnption ofthe 

method can befound m reference 7. An overview is as follows The defined 

constraints are used to determine the subspace basis vectors. The search is limited to 

points within thatsubspace The fimction,which m this case is the equation of 

motion,is evaluated using an initial guessfortheindependent variables The 

vanables are then perturbed and the fimction gradient determined The gradient is 

used to determine the change in independent variablesthat produce the largest 

decrease mthe costfunction,referred to asthe direction ofsteepest descent The 

independent vanables are perturbed successively alongthe steepest descent direction 

until the function changes sign. The interval over whichthefunction changed is 

successively reduced m size until the root is determmed. 
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CHAPTER3 

POSTMODEL 

3.1 Modeling Approach 

Trajectory analyses were performed using separate ascentand glide back models A 

branchingtype trajectory wherethe glide back trajectory'branches'from the ascent 

trajectory and the separation conditions are automatically adjusted based on the 

vehicle's ability to meet orexceed glide back endpoint constraints was not used due to 

vehicle scaling not being incorporated into the version ofPOST used to conductthese 

studies Without vehicle scaling to match the stage sizes to the separation point,a 

non- optimal ascent would have to beflown to reduce the separation Mach number 

and a separation point with higherMach number would be unobtainable To 

minimize the costofplacing the330lb payload m orbit,the vehicle mustscale with 

adjustments made in separation Mach number Thus,separate ascentand glide back 

trajectory analyses were performed with the glide back trajectory begimung atthe 

booster separation pointofthe ascent trajectory Weightto orbit was maximized in 

the ascent trajectory In the glide back trajectory,altitude upon reachinga heading 

alignmentcylinder(HAC)atthe landing site was maximized Ifthe maximized glide 

back altitude attheHACequaled or exceeded a minimum allowableHAC altitude the 
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glide back was considered successful and no changes in the ascent trajectory were 

required Ifthe maximized glide back altitude atthe HAC wasless than the allowable 

mimmum then the booster size wasreduced to reduce its separation point Mach 

numberand increase glide back altitude attheHAC 

3.2 AscentModel 

The ascent trajectory was optimized with a penalty function ofmaximum weightto 

orbitforthe given SSL-1 vehicle and setofconstraintssummanzed m section 3.2.1 

Steeringcommandsthat shape the ascent trajectory and the launch azimuth were 

chosen as independent variables to be optimized for maximum weightto orbit The 

steering commands were defined using the pitch angle ofthe vehicle relative to an 

inertial launch coordmate system. The pitch angle was defined asa linearfunction of 

Mach number over defined intervals upto booster separation and as a linearfunction 

oftune over defined intervals after booster separation Pitch angle was defined asa 

function ofMach number duringthe boost phase to match changes in steer commands 

with changes occurring m the aerodynamic characteristics. Time mtervals were 

independentofchanges m the trajectory occurring due to adjustment ofpitch angle 

functions Asa result,changes m vehicle attitude did not occur simultaneously with 

changes in aerodynamic charactenstics such as those resultingfrom transomc effects, 

yielding a less than optimal solution The pitch flmction's linear coefficients ofMach 

number and time were defined as independent vanables and optimized for maximum 

36 



weightto orbit using a projected gradient optimization algorithm POST assumes that 

the attitude control system can produce pitch rates required for an optimal ascentand 

makes no check of the ability ofcontrol surfaces or thrust vectoring to produce those 

rates. Thus,constraints matchingthe expected ability ofthe control system were 

placed on the magmtude ofthe pitch rate coefficient. 

The vehicle model consisted ofa discrete stage representation ofthe vehicle with 

propulsion and aerodynamic characteristics ofthe SSL-1 vehicle. Each stage bums its 

propellantload based on the defined massflow rate and isjettisoned The position of 

the vehicle's center ofgravity wasentered asa linearfimction ofpropellant 

consumed Propulsive forces were correctedfor atmosphenc pressure losses using the 

defined nozzle area The vehicle's aerodynamic data wasinput m tabularformatfor 

each vehicle configuration occurring during ascent. Linear interpolation was used to 

determine intermediate values 

The Earth's gravity potential was defined using the Earth's oblate spheroid 

charactenstics The 1976 standard atmosphere was used to specify atmosphenc 

charactenstics ofdensity,pressure and temperature asafimction ofaltitude Wind 

velocity and direction around Vandenberg Airforce Base were obtained from a range 

reference atmosphere m GRAM[8] Wind speed and direction asa function of 

altitude at Vandenberg Air Force Base launch site are shown m figures3 1 and 32 
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Wind velocity and direction were entered inPOST asafunction ofaltitude using a 

table format Linear interpolation was used to determine intermediate values. 

Vehicle imtial conditions ofvelocity and position were specified to imtiate the Runge 
1 

Kutta integration Velocity initial conditions were defined as relative velocity 

magmtude,velocity azimuth angle and flight path angle relative to the honzontal 

plane atthe launch site Position initial conditions were defined using geodetic 

altitude,geodetic latitude and longitude Eastofthe prime meridian. 

3.2.1 Ascent Trajectory Constraints 

The maximization ofweightto orbit was performed within seven flight constraints, 

four orbital constraints alaunch constraint and the constraintthatthe booster must 

glide back to theHAG at or above a minimum allowable altitude determined from the 

length ofthe glide back. Since the ascentand glide back were separate analyses,the 

glide back altitude constraint could notbe explicitly defined in the ascenttrajectory. 

Instead,the altitude attained bya glide back trajectoiy wascompared to the minimum 

allowable altitude and the ascenttrajectory modified manually ifthe altitude was not 

met Flight constraints consisted ofangle ofattack limits, pitch rate limits,normal 

force limits and dynamic pressure limits Orbital constraints consisted ofthe altitude, 

inertial velocity,inclination and flight path angle required to maintain the desired 

circular polar orbit The launch constraint consisted oflaunch azimuth to ensure a 
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launch direction within range safety requirements. These constraints are described 

below 

Flight Constraints 

1. Boost phase angle ofattack constraint. The angle ofattack throughoutthe 

boost phase was limited to±18° due to the linear aerodynamic relationships 

used to predictthe aerodynamic charactenstics The data became inaccurate 

for angles ofattack magnitudes greaterthan±18°. After booster separation, 

no angle ofattack limits were placed on the upper stages'trajectory The 

dynamic pressure after separation waslow enough as notto require limitmg 

angle ofattack 

2. Angle ofattack atseparation constraint:Thecombined vehicle's angle of 

attack atseparation waslimited between+2° and -6° to ensure a safe 

separation. Earlier studies conducted by Naftel[3]indicated thatangle of 

attack had be within these boundsto safely fly the booster offthe upperstages 

and maintain onentation control 

3. Pitch rate constraint'The vehicle's pitch rate waslimited to±5 °/sec dueto 

expected control system capabilities Historically launch vehicle control 

systems have been capable ofpitching large vehicles at these rates 

Normalforce constraint The aerodynamicforce acting normal to the booster 

wings was limited between-59750 lb and +47800lb in the vehicle coordinate 

system These values are equivalentto the standard of+2and -25times the 
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vehicle landed weight 

5. Maximum dynamic pressure constraint The maximum dynamic pressure 

dunng ascent was limited to 1000 Ib/tf The maximum dynamic pressure 

constraint ensures that variations m flight control or aerodynamics are not 

amplified to the pointofproducing unacceptably large variations m lift forces 

6 Maximum dynamic pressure at separation.The dynamic pressure at separation 

was limited to 300 Ib/ft^ to limitaerodynamicforces during separation. 

Dynamic pressure amplifies any uncertainties and could produce errorforces 

large enough to dnve the vehicles together or produce flight instabilities iftoo 

large The300 Ib/fl^ limit is based on Naftel's[9]a sixDOF model used to 

determine angle ofattack limits required to safely fly a booster awayfrom an 

upper stage 

7 The SSL-1 could only betnmmed using engine gimbal during ascent Canard 

and eleven deflections were notallowed during ascent 

Launch Constraint 

1 Launch azimuth"Thelaunch azimuth was constrained between 165° and200° 

EastofNorth to ensure a Southward launch for range safety purposes 

Orbital Constraints 

1 Altitude constrained to 911450 ft ±500 ft 

2 Inertial velocity constrained to 25425 ft/s ±100 ft/s 

3 Inclination constrained to 90° ±01° 
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4 Flight path angle constrained to0° ±.01° 

3.3 Glide Back Trajectory Model 

The glide back to the landing site was performed on the basis ofalanding maneuver 

similar to the Space Shuttle The maneuver uses a heading alignmentcylinder to align 

the booster with the runway asshown in figure 3.3 After separation the booster 

would execute a turn until it obtains a headingtangentto the headmg alignment 

cylinder,HAC Oncereaching theHAC,the booster would begin a bank turn and 

travel alongtheHAC until it reached a pointtangent with the runway azunuth This 

point IS referred to asthe nominal entry point,NEP Atthat pointthe booster would 

bank backto0° and begin its approach The diameteroftheHAC wascalculated to 

be23000ft using a nominal 15° bank angle. TheHAC was placed six nautical miles 

from the end ofVandenberg's30runwayand tangent to its azimuth. The placement 

oftheHAC was based ona distance required for safe approach,flare and landing 

determined m a landing analysis conducted for a sunilar glide back booster[9] 

Vandenberg'srunway30 waschosen sothatthe booster will land into the wind that 

predominantly blows offthe ocean 

The detailed landing maneuver was notincluded m the glide back trajectory to reduce 

the complexityofthe analysis Instead,the glide back end point was targeted to the 

point on theHACshown m figure23and the altitude at that point maximized The 

altitude obtained atthe target point wasthen compared to an altitude goal The goal 
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was calculated using the requirements for a glide back control system and landing 

maneuver developed by Naftel[9] 

Naftel's study[9]indicated thata control system should have the ability to adjustthe 

booster's glide slope up ordown20%throughout its glide oncea heading to theHAC 

IS obtained A nominal glide slope20%lowerthan the maximum glide slope 

calculated mPOST will haveto beflown to allow that capability. In addition,Naftel 

[9]indicated thatthe booster should be atan altitude'ofapproximately 10 kft when it 

reaches the NEP The author developed a general altitude goal equation to determine 

the altitude at which the booster should reach theHACtarget point The equation is 

given below. 

^min ^HAC [^g^^HAC( • aznv)] 

+ "^HAC 7" "^otJhac[arccos( azvelr • azrw)+ 0^-1 
\ /HAC 

Where isthe minimum altitude atthe landing site, k^, are factors to 

accountforthe control system's required reduction in maximum glide slope and glide 

slope while on the heading alignment cylinder, k^, are factors to accountfor 

expected variations in the glide range and arc length traveled on the heading 

alignmentcylinder dueto atmospheric and ascent performance vanations and 

vanations m the glide back heading tangent point on theHAC, R^, are the 

glide range andHAC radius, azvelr ,azrw are the azimuth ofthe booster heading at 
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the HACand the runway azimuth, 6^. is the angle between the runway azimuth and 

target point on theHACand is the recommended minimum altitude upon 

reaching the NEP Ifthe glide back trajectory could be optimized to an altitude equal 

to or greater than the calculated altitude, it wasconsidered acceptable 

The structure ofthe glide back trajectory model was very similar to the ascent 

trajectory model. Thetwo differed m defimtion ofthe penaltyfunction and type of 

steering commands The booster glide back trajectory was optimized with a penalty 

fimction ofmaximum altitude upon returmngto the target point on theHAC Glide 

back gmdance commands were defined as aerodynamic angles ratherthan inertial 

pitch angles used m the ascent optimization Aerodynamic angles madethe 

formulation ofan initial guess ofthe guidance commands much easier POST 

optimized the imtial guess ofangle ofattack and bank angle over defined intervals of 

the glide back for maximum altitude atthe landing site. The booster's position and 

flight conditions at separation were used as initial conditions for the glide back 

trajectory Imtial conditions were input relative to the local honzontal Aerodynamic 

data forthe booster alone wasentered m tabularformat with linear interpolation used 

to determine intermediate values The descnption ofthe Earth's gravity,the 

atmosphere and winds were the same as for ascent 
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3.3.1 Glide Back Trajectory Constraints 

The maximization ofaltitude upon returmng to the landing site was performed within 

five flight constraints and two landing site constraints The maximum angle ofattack, 

pitch rate,djmamic pressure and normal force constraints were the same asthose for 

ascent An additional constraintforcing the angle ofattack to increasejust after 

separation was added to ensure the booster moved awayfrom the upperstages The 

landing site constraints consisted oflatitude and longitude oftheHAG target point 

The landing constraints are summarized below 

1 Geodetic Latitude ofHAG • 346096°,±GDI° 

2 EastLongitude ofHAG 239.4771°, ±001° 
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CHAPTER4 

TRAJECTORY ANALYSES 

4.1 Ascent Approaches 

Dueto the inability ofthe projected gradient optimization techmque used in thePOST 

analysesto alter the fundamental approach used m atrajectory's initial guess, 

different approaches ofascendingto orbit were investigated to determine which is 

optimal An uprightand an inverted ascentto orbit were investigated. Foran upright 

ascent,the SSL-1 bodyZaxis was aligned with the launch azimuth(183° Eastof 

North)and the vehicle pitched nose down as it ascended to orbit Forthe inverted 

ascent,the SSL-1 bodyZaxis was aligned 3° EastofNorth atlaunch and the vehicle 

pitched nose up as it ascended to orbit 

The upnghtand inverted trajectories were sigmficantly different Figures 4.1 through 

4.6 compare the mertial pitch angle,flight path angle,angle ofattack,lift,dynamic 

pressure and gimbal angel required to maintain trim. The differences arise as a result 

ofthe gimbal angle required to trim the vehicle In the upnghtapproach positive 

gimbal angles are required totnm the aerodynamic moments which add to the 

positive gimbal angle required to directthe thrustthrough theCG This results in 
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large gimbal angles and thrust vectonng lossesfor a lifting trajectory. The effectof 

tnm losses on the upright ascent are evident in figures47and 4.8 thatcompare flight 

path angle and lift with and withouttnm Withtnm losses the vehicle doesn't have 

the ability to meeta dynamic pressure constraint atseparation ifit pitches over and 

generates lift Asa result,the vehicle doesn'tfly a lifting trajectory butrather climbs 

nearly vertical for40seconds before pitchmg over. Withouttrim,the vehicle is able 

to pitch overand develop lift and still climb to meetthe separation q constraint 

In an inverted ascent,negative gimbal angles are reqiured to trim aerodynamic 

momentsreducingthe gimbal angle required to directthe thrust vectorthrough the 

C G. Thus,lift helps reduce thrust vectoringlossesforan inverted ascent This is 

evident m figures44and46thatshow lift and gimbal angel The vehicle pitches 

over and generates the maximum allowable lift which results in a reduction in gimbal 

angle Notethat negative lift relative to the vehicle is upward lift relative to the 

ground for an inverted onentation Figure49showsthatthe booster performance is 

increased forthe inverted ascentdue to the utilization lift The separation Mach 

number is increased from3 15 to325 

4.2 OptimalAscentTrajectory 

The weightto orbit performance is essentially equal for the upnghtand inverted 

ascent. The upnghtascent achieves 1022lb weightto orbit while the inverted ascent 
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achieves 1020 lb This is surpnsmg cons^eringthe inverted ascent's performance 

gain from lift The inverted ascent's slightlylower performance is a result ofgreater 

drag losses,atmosphenc pressure losses and thrust vectonnglosses offsetting the 

reduction m gravity losses shortly after separation Figures410through 4.14show 

drag,atmosphenc,thrust vectonng,gravity and total losses The inverted ascent's 

utilization oflift results in a flight path angle atseparation that is 10° greaterthan the 

upnghtascent. Its gravity losses increase dunngthis phase ofsteeper ascentreducing 

the gamsdenved from lift. In addition,the upperstages must pitch over more to 

depress the flight path angle backto an optimal level required for attaimngthe orbit. 

The pitch over produces thrust vectonng losses large enough to increase the total 

losses above thatofthe upright ascent. 

The extentto which constraints influence thetrajectory differs between thetwo 

approaches The inverted ascentrequired thatthe limits ofnormalforce and dynamic 

pressure be metto achieve the weightto orbit performance whereasthe upnght 

ascent's maximum normal force and dynamic pressure were well below the limits 

Thus,It IS felt thatthere is more potential forincreasing performance m the upnght 

ascent 

Due to the upnght ascent's slightly greater weightto orbit performance and its greater 

potential for increased performance it is considered the optimal ascent trajectory Its 
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weightto orbit performance of1022 lb yields a payload of384lb exceeding the goal 

by54lb. The SSL-1 mass ratio(WTO/GLOW)for this trajectory is.0095 

The optimal pitch angles determined byPOST are shown in figure 4.1 The vehicle's 

flight path angle,altitude and velocity are shown m figures4.2,4.15 and 4.16 The 

flight path angle time history indicates thatthe vehicle maintains a near vertical climb 

forthe firstforty seconds ofascent. The initial drop in flight path angle wasa result 

ofthe transverse velocity produced bytrimming A 3.8° gimbal angle was required to 

tnm the vehicle atlaunch producmga 10.5 lb transverse thrustcomponentand 76° 

flight path angle Thetrimming effects were countered with asmall positive pitch 

(nose up)immediatelyfollowmgafive-second rise from the launch pad over which 

time no steercommands were allowed. Steering commandsare notallowed until the 

launch pad gantry is cleared to eluninate the possibility ofthe vehicle rotating into the 

gantry as a resultofa pitch maneuver 

The steep ascentduringthe first portion ofthe trajectory limits the SSL-1 ability to 

take advantage oflift. Lift is generated butat a flight path angle near90° the 

onentation ofthe vehicle is such that lift does not offset gravity loss In addition,the 

trajectory must be bent over more abruptly following the vertical nse resulting m a 

negative angle ofattack and negative lift. Figure4 17showsa plotoflift and normal 

force acting on the booster up to separation From the plot,it can be seen that only 
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one third the allowable normal force is generated during the boost phase and thatthe 

majontyoflift is negative as a resultofthe pitch over The net effect is that lift does 

little to offset gravity losses as would be desired for a Avinged configuration The 

trajectory seemsto be less than optimal but is optimal for the given setofconstraints 

and vehicle characteristics 

4 

The ascenttrajectory doesn'tfully utilize the SSL-l's lifting capability pnmanly due 

to the dynamic pressure constramt atseparation. The vehicle's thrustto weightratio 

is high at 1.42. Asa result,it accelerates quickly and ifleft unconstrained would 

produce high dynamic pressures dunngthe boost phase To meetthe dynamic 

pressure constraint atseparation the vehicle climbs vertically to attain altitudes that 

offsetthe increasing velocity with decreasing density Density and dynamic pressure 

are shown asafunction ofMach during the boost phase m figure4 18. The plot 

showsthatthe maximum allowable dynamic pressure is not attained when the300 

Ib/ft^ constraint is metatseparation. The separation constramt has the effectof 

scaling the dynamic pressure relationship Figure419compares dynamic pressure 

dunngthe boost phase with and withoutthe dynamic pressure atseparation constraint 

The dynamic pressure constraint at separation determined the shape ofthe ascent 

trajectory Asa result,neither the maximum normal force nor dynamic pressure 

constraints were met Eliminating the constramt at separation increases weightto 
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orbitto 1038lb yielding a400lb payload Figures4.20through 4.22compare pitch 

angle,flight path angle and lift dunng the boost phase Eliminating the dynamic 

pressure constraint at separation allowed the vehicle to pitch over and take advantage 

ofIts lifting charactenstics. The vehicle pitched over'quickly after the5second rise 

and generated lift up to the allowable normalforce limit The.maximum allowable 

dynamic pressure was also nearly metasa result offlyingTower mthe atmosphere In 

addition to increasing lift, elimination ofthe separation q constraint also eliminated 

the negative lift portion ofthe boost phase and allowed a more efficient use oflift m 

reducing gravity losses 

Lift IS less costly in terms ofdrag losses dunngthe subsomc phase ofthe trajectory 

Fortransomc speeds there are dramatic drag increases makinglow angles ofattack 

and hencelower lift optimal Figure 4.23showsthe transonic drag mcrease with and 

withoutthe q constraint atseparation In addition,the lift to drag ratio decreases to 

halfIts subsonic maximum fortransomc andsupersomc speeds making lift more 

expensive m termsoflosses due to drag at Mach numbers 1 and higher Figure 1 23 

showsthe maximum attainable lift to drag ratio as afunction ofMach number The 

optimized trajectones reflectthe trend ofreducmg angle ofattack and lift for Mach 

numbers 1 and above Figures424and425show the vehicle's angle ofattack and 

corresponding lift as afunction ofMach with and withoutthe q constraint at 

separation Asthe vehicle approaches Mach I the angle ofattack is reduced Dunng 
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transonic speeds the angle ofattack is reduced to0° for the constrained case and to 2° 

for the unconstrained case Dueto the parabolic nature ofthe drag coefficient/angle 

ofattack relationship there is little increase in drag coefficientforsmall changes in 

angle ofattack This allowsthe vehicle to fly atsmall angles ofattack without 

incurring excessive drag penalties The trend ofreducing alpha and lift for Mach 

numbers 1 and above is particularly evident in constraint sensitivity studies All 

trajectones reflectthe trend regardless ofconstramt values. Asa result,a non vertical 

laimch wasconsidered m the constraint sensitivity studies to determine the benefitof 

utilizing more subsomc lift. 

4.3 AscentPerformance Sensitivities 

43.1 Trim Effects 

Tnmmmg wasrequired to balance thrust and aerodynamic moments. Thrust moments 

resulted from the center ofgravity(CG)offset relative to the booster engines 

Aerodynamic pitch moments resulted from the pitch momentcharacteristics ofthe 

combined booster and upper stages. Engine gimbal was used to cancel moments 

generated during ascent At liftoff,a39° gimbal was required to directthe resultant 

thrust vector through the C.G and eliminate thrust moments The gimbal angle 

increased asthe vehicle ascended due to rearward CG movementand development 

ofaerodynamic pitch moments Figure 4.26showsthe gimbal angle reqmred totnm 

the vehicle dunng the boost phase. After separation,trimming was notsigmficant due 
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to the fact that the upper stages did not havea C.G.offset and that q wassmall and 

quickly dropped tozero 

As mentioned earlier,theC G.movementofthe booster/upper stages combmation 

was approximated as alinearfunction ofpropellantconsumed The gimbalreqmred 

to maintain the resultant thrust vector acting through the C.G from launch to burnout 

also varied Imearlyfrom 3.9° to 8.2°. The gimbal angle required to trim 

aerodynamic momentsis approximately the difference betweenthe linear transition 

from 3.9° to82° and the total gimbal angle It can be seenfrom figure426that the 

aerodynamic pitch momentadds between 1° and2° ofgimbal angle dunng the 

positive liftmg portion ofthe boostphase increasing trim losses and decreases the 

gimbal angle by as much as3° duringthe negative lift phase reducmgtrim losses. 

The neteffectofaerodynamic pitch momentontrim loss is negligible 

4.3.2 C.G.Location Sensitivity 

Movingthe vehicleCG has opposing effects onthe gimbal angle required totnm the 

CG offset momentand aerodynamic pitch moment MovingtheCG forward 

reduces the gimbal angle required to directthe resultant thrust vectorthrough the CG 

and eliminate the C.G offset moment. However,moving theCG forward increases 

the distance between the center ofjpressure andCG resulting in larger aerodynamic 

pitch moments and larger gimbal angles fortnm. Figure426indicates that theCG 
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position IS the dominantfactor in the gimbal requirement 

Table 4.1 summanzesthe effectofC.G movementon weightto orbit,payload and 

massratio Moving the C G.had little effect on weightto orbit. Moving theCG 

forward7%ofthe reference length increased weightto orbit2lb while rearward 

movementofas much as8%had almost noimpacton weightto orbit. Thistrend is as 

expected forthe trajectory with the separation q constraint due to its small amounts of 

lift dunngthe boost phase. 

The effectofCG movementon weightto orbit is reversed fora high lifting 

trajectory Table42summanzesthe effectofCG.location on weightto orbit, 

payload and massratio forthe higher lift trajectory that resultsfrom eliminating the 

separation q constraint. Forthe high lift trajectory,movingthe C.G.rearward upto 

8%ofthe reference length increased weightto orbit6lb while moving itforward as 

much as7%had no effecton weightto orbit 

The gams m weightto orbit due to shifting theC G.location are no more than05% 

while the losses are approximately0% Thus,vehicle performance is considered 

insensitive to C.G location 
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4.3.3 Constraint Sensitivities 

Ofthe constraints placed on the ascent trajectory,only the dynamic pressure at 

separation constraintimpacted the trajectory The constraints placed on pitch rate, 

angle ofattack,normalforce and maximum dynamic pressure were not met during the 

ascent when the q constraint at separation was active Thus,q at separation was 

considered the driving factorin shapingthe trajectory and influencing weightto orbit. 

The dynamic pressure constraint atseparation was vaned to quantify its impacton 

weightto orbit. The constraint was vanedfrom 250 Ib/fl^ to500 Ib/fl^ in increments 

of50Ib/ft^ Figures427through 4.29showthe vehicle's flight path angle,lift and 

dragthroughoutthe boost phase for each constraint value. Figure 4.27 mdicates that 

the vehicle becomes sensitive to the constraint between350 Ib/ft^ and400Ib/fl^ 

Dynamic pressure constraints350 Ib/ft^ and below altered the trajectoryfrom a lifting 

type trajectory to a vertical ascent that develops small amountsoflift. Figure428 

showsthatthere isn'tanincremental decrease in lift asthe constraint is incrementally 

reduced. Instead,there is a step change resulting in two groupings oflift magnitudes 

Figure429showsa similar trend for drag 

The weightto orbit,payload and mass ratio for each value ofthe separation q 

constraint are summarized m table4 1. The payload is not significantly impacted for 

constraint values of400 Ib/ft^ and above This is consistent with the trend m lift 
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Below400Ib/tf,the payload is impacted with the magnitude ofloss increasing with 

each decrement m allowable d)mamic pressure 

The advantage ofutilizing subsonic lift due to greater lift to drag ratios is evidentfor 

all values ofdynamic pressure constraints. Figures430and431 show that lift and 

angle ofattack is sharply reduced forMach numbers 1 and above(up to separation)to 

reduce drag losses 

4.3.4 Launch Angle Sensitivity 

Thelaunch angle ofthe SSL-1 was made anindependent vanable to be optimized for 

maximum weightto orbit with and withouttheq constraint at separation This was 

done in an effortto develop more lift dunng the subsomc flightregimeforthe 

unconstrained case POST optimization determined the optunal launch angle to be 

90° with theq constraint at separation active. This wasas expected since the 

constraintforced the vehicle to climb vertically. However,POST optimization 

determined the optimal launch angle to be25° offvertical withoutthe constramt 

active Thus,no benefit is gamed from onentmg the vehicle in a position to generate 

lift from launch This is dueto lift induced drag exceeding lift benefits atlow speeds 

With a wingspan ofonly32ft,the SSL-1 has high span loading resulting m high lift 

induced drag atlow Mach numbers 
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4.3.5 Wind Sensitivity 

The ascent performance is insensitive to the mean atmosphenc winds at Vandenberg's 

launch site Including the atmosphenc wind profile into the ascenttrajectory reduced 

weightto orbit2lb(02%) The high thrustto weight ratio and steep ascent negate 

wind effects Table 4.1 lists weightto orbit,payload and mass ratio with and without 

wind , , -

4.3.6 Separation Point Sensitivity 

The effectofbooster staging conditions on weightto orbit performance was 

investigated by scaling the booster size The booster was scaled using the Vehicle 

AnalysisBranch weights and sizing model Booster scaling wasbased on incremental 

changesin propellantload to influence the boosterMECOMach number The 

booster engines and upperstages were fixed m the scaling process since the design is 

constrained to use commercially available engines and upper stages Table 4.3 lists 

the booster length,dry weight,propellant weight and the SSL-1 GLOWfor each 

change m propellantload 

Figures432through435show Mach,altitude,flight path angle and lift dunngthe 

boost phase for vehicle sizes corresponding to -5 klb,nominal,+5 klb and+10 klb 

changes m propellant Figures432and433indicate that separation Mach number 

increases with increasing size while separation altitude decreases. Figures434and 
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435show the flight path angle and lift during the boost phase The vehicle pitches 

over and develops more lift as vehicle size increases The increased size reduces 

acceleration that leads to reduced q throughoutthe boost phase The vehicle doesn't 

have to climb as steeply to meetthe q constraint atseparation allowing it to pitch over 

and develop more lift dunng the boost phase. 

The booster size hasalower bound m orderto meetthe separation q constraint. For 

propellant reductions exceeding5klb,the vehicle cannotclimb to an altitude 

sufficientto reduce q before'MECO occurs. Thus,the booster cannotbe scaled below 

this size and meetthe q constraint. At its mimmum size,the SSL-1 weightto orbit 

performance and payload are998lb and360lb respectively. The booster's dry weight 

and GLOW atthe lowerbound are 22550lb and 100775 lb respectively Table4.1 

summarizes weightto orbit,payload and massratio for each scaling. The massratio 

is based onthe overall system to give an indication ofsystem weightto orbit 

performance. The mass ratios decrease with increasing vehicle size The weightto 

orbit performance per pound ofdry massis highest atthe booster's minimum size 

Based on this result,the separation Mach numbershould notbe increased butrather 

decreased to reduce the costofplacing the payload in orbit This is counter to 

findings ofearlier studies thatfound maximum efficiency to occur at separation Mach 

numbers near60[10]and minimum cost to occur for Mach numbers in the3 3 to 3.5 

range[11]due to the costand operational expense ofthermal structures required for 
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the higher speeds The SSL-1 optimal separation point differsfrom the previous 

findings due to its constraints offixed booster engines and fixed upper stages 

4.4 Glide Back Approaches 

Several glide back approaches were investigated m determimng an optimal trajectory 

The approaches were based on the booster's flight conditions atseparation, 

specifically its flight path angle,altitude and speed In general,an optimal approach 

to a glide back will be afunction ofthe separation conditions as well asthe 

aerodynamic and structural characteristics ofthe glide back vehicle. Dueto the 52° 

flight path angle and 86 kft altitude at separation the dynamic pressure that develops 

aerodynamicforce drops below20Ib/tf approximately30seconds after separation. 

Onceq diminishes,the booster approximatesasymmetnc ballistic trajectory with a 

reentry flight path angle approximately the negative ofthe ascent flight path angle. 

Thus,the altitude attained after separation and the reentry flight path angle are 

determined bythe booster's ascentflight path angle atthe point where q dimimshes. 

The maximum altitude attained bythe booster can be reduced and its reentry flight 

path angle made less steep by decreasing the ascentflight path angle as much as 

possible dunng the 30secondsfollowing separation The reduced altitude and less 

steep reentry angle work together to reduce the reentry sink rate allowingthe booster 

to arrestthe downward velocity and begin its glide back to the landing site at higher 

altitudes However,decreasing the flight path angle increases the downrange position 
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at which the glide back begins requmnga longer glide to the landing site The reverse 

IS true ifthe flight path angle is increased after separation. For increasing flight path 

angle following separation,altitude is increased and reentry flight path angle becomes 

steeper This increases the reentry sink rate and reducesthe altitude at which the glide 

begins However,the downrange distance is reduced requmng a shorter glide The 

optimal glide.back will balance these opposing effects These characteristicsform the 

basis ofthe glide back approaches. 

The approachesto the glide back trajectones were based on upnghtand inverted 

separation Twoinverted approaches were investigated In the first inverted approach 

the booster rolled to an upright onentation after reaching its peak altitude and 

performed a bank turn to attain a headingtoward the landing site. Thesecond 

inverted approach utilized an inside loop to obtain aheadmgtoward the landing site 

A lateral separation(bank angle of90°)wasnotinvestigated since the booster has 

unstable yaw charactensticsfor Mach numbersabove 12 Forasuccessful lateral 

separation,the vehicle would haveto roll 90° and maintain a0° slide slip trajectory 

Yaw control would be required to maintain0° slide slip due gravity effects 

introducing the possibility yaw instability 

In the first inverted separation approach,the booster separated m an inverted position 

and remained inverted at high angles ofattack until reaching its maximum altitude at 

59 



which point It rolled upright and maintained a high angle ofattack descent until 

reentenng denser portions ofthe atmosphere. Onceq reached sufficiently high 

values,the booster began a bank turn. The inverted onentation developed downward 

lift reducingthe ascent flight path angle and mimmizing altitude attained after 

separation. The upright high angle ofattack descentincreased the reentry flight path 

angle and reduced the sink rate allowingfora higher altitude turn In the second 

inverted separation glide back approach(inside loop approach)the booster separated 

m an inverted onentation and maintained a high angle ofattack inverted position until 

it looped back into an upright orientation with a headingtoward the landing site No 

bankturn was performed to eliminate crossrange motion and reduce the length of 

glide back to the landing site In the upnghtseparation glide back,the booster 

separated in an upnght position and maintained an upright,high angle ofattack 

position through descent When sufficiently high q was developed a bank turn was 

begun The upnght onentation developed upward lift increasing the ascent flight 

path angle and mimmizingthe downrange travel 

4.5 Optimal Glide Back Trajectory 

Forthe ascenttrajectoiy separation conditions and the booster's aerodynamic and 

structural limitations,the optimal glide back trajectory is an inverted separation 

trajectory Thus,a 180° roll will have to be performed dunng the ascent pnor to 

booster separation for the boosterto be m the optimal onentation for glide back The 
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booster does not havethe ability to perform an inside loop or upnghtseparation glide 

backfrom its separation point with the imposed angle ofattack and 2.5g normal force 

limits Forthe inside loop approach sufficient levels ofq required to produce a2.5 g 

turn do notoccur until the booster descends to 75 kfl. At75 kft,the booster's flight 

path angle and speed are approximately -50° and Mach25respectively. Gravity and 

lift work together to increase the sink rate until y reaches -90° Dueto the 

increasingly large sink rate,the booster is unable to attain aflight path angle of-90° 

before reaching ground level 

In the upright separation glide back,the booster made a successful turn back toward 

the landing site butreached ground level before reaching theHAC The upright 

separation depressed the reentry flight path angle22° below thatofthe inverted 

separation. The steeper reentry sigmficantly increased its sink rate resulting m the 

booster sinking to an altitude of45 kft,15 kftlowerthan inverted separation,before 

stopping its descent The booster was unable to glide back to theHACfrom this 

lower altitude Figures436through438comparesthe inverted separation and 

upnghtseparation glide backs latitude,longitude,altitude,and flight path angle. 

For variations in lift and drag charactenstics or changesin allowable normalforce,the 

inverted separation glide back trajectory is notalways optimal Studies ofthe SSL-1 

booster with aerodynamic characteristics ofa genenc wing body design indicated the 
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upnghtglide back trajectory became optimal when the allowable normalforce was 

increased to 3gloads However,with the linear aerodynamic charactenstics 

determined forthe booster using APAS,this transition did not occur before the normal 

force limit wasincreased to 5gloads The results from this limited study suggestthat 

for high drag aerodynamics coupled with high load limits the upnghtseparation glide 

back trajectory is optimal while for low drag aerodynamics coupled with low normal 

force limits the inverted separation glide back trajectory is optimal. A general 

guideline as to the optimal approach forany vehicle and separation condition carmot 

be made based on these results. Further studies involving a broad range ofvehicle 

charactenstics and separation pomts would have to be performed to develop a general 

guideline . - ' 

Forthe inverted separation glide back trajectory,the booster returns to theHACatan 

altitude of11995 ft and speed ofMach 55 whentnmmed and gliding m mean wind 

conditions The booster reaches a maximum altitude of146 kft and obtains a 

maximum range from theHACtarget pointof51 nmi duringthe glide back. A 

heading toward theHACtarget point is obtained 325seconds after separation 

Figures 4.39 and440showthe trajectory latitude,altitude,and distance form the 

HACtarget as afunction oflongitude Figures441 through443showthe booster's 

altitude,Mach number,dynamic pressure,angle ofattack,bank angle,flight path 

angle and heading azimuth over the first350seconds ofthe trajectory These figures 
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show thatthe booster maintains its inverted position up to its peak altitude Asthe 

booster descended it rolled to a bank angle of38° This initiated a slight Westward 

turn in its heading The dynamic pressure peaked between 150and 200seconds after 

separation. During this time,the bank angle mcreasesto as much as55° and the 

angle ofattack is modulated to limitthe maximum normalforce to a25gload. The 

pullup/bank maneuver stops the booster descent at60kftand turns its heading 

Northward. The boosterspeed dropsto Mach 9bythe end ofthe maneuver dueto 

high dragforces generated in the bank. Figure444and445show the lift, normal 

force and drag developed duringthe bank turn Between 200and 325seconds,the 

bank angle decreases to0° when a heading toward theHACis obtained. The headmg 

toward theHACis obtamed near325seconds at43 kftand 32nmifrom the target 

point. OncetheHAC headmg is obtamed the bank angle is maintained at0° 

The glide slope that will be modulated bythe control system was considered to begin 

when the flight path angle settled to a near constant value Figure 4.46 showsthat y 

settles to -85° at about325 seconds after separation when theHAC heading is 

obtamed The altitude margin required for this trajectory is calculated to bel8813 ft 

The glide back altitude is6819 ft below the goal Thus trajectory and/or vehicle 

changes are required for a successful glide back Modification ofthe separation point 

alone is notrecommended dunng the imtial developmentstage since it ignores 

mcreases m glide performance due to changes m vehicle charactenstics Results from 
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both ascentand glide back performance sensitivities studies should be considered 

using a multi-disciplmary approach to determine the mostcost effective method of 

meetingthe glide back constraint. Glide back performance sensitivities are presented 

below. 

4.6 Glide BackPerformance Sensitivities 

4.6.1 Separation Point Sensitivity 

The Mach number at which the booster separated wasreduced by scaling the booster 

to Its smallestallowable size The booster length was scaled down approximately3% 

resulting m 1 35 klb dry weightreduction and5klb propellant weight reduction. The 

booster could notbe scaled below this pomtand meetthe ascent constraint on q at 

separation. The ascenttrajectory ofthe SSL-1 vehicle with the scaled doAvn booster 

was optimized to determine the new separation point conditions. The new separation 

point conditions were used asthe imtial conditions ofthe glide back 

Scaling the booster size down reduced the separation Mach numberfrom 3 15 to 3.00, 

decreased the altitude atseparation to 80786 ft,and increased the flight path angle to 

61° Lowenngthe separation pomtMach numberto 3.00 increased the glide back 

altitude attheHAC2830 fit to 14826 ft. This is 1740 ft below the desired altitude. 

Table4 4 compares the range,altitude obtained at theHACand altitude goal desired 

forthe trajectory glide range For the given vehicle aerodynamic and structural 
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limitations, it is not possible to utilize vehicle scaling alone to attain the required glide 

back altitude Aerodynamic and/or structural limitations ofthe booster mustbe 

changed forthe SSL-1 to meetthe mission constraint ofthe booster reachingtheHAC 

with sufficient altitude 

4.6.2 Sensitivity to Glide Back Constraints 

The dominantconstraintin the glide back trajectory is the maximum allowable 

normalforce No other constraintlimits are reached dunngthe glide back with the 

exception ofthe limitation on angle ofattack The normalforce limit has a 

sigmficantimpacton the altitude attained atthe heading alignment cylinder. By 

doublingthe allowable normalforce to5gloads the altitude is nearly doubled, 

increasing to 23410ft The normalforce limit determinesthe booster's ability to stop 

its descentand turn back toward the landing site The glide back ranges,altitudes 

attained attheHACtarget pointand the desired altitude margins correspondmgto 

maximum normalforce limits rangingfrom 25gto 5.0g are listed m Table44. 

Figures 4.47through449showthe booster altitude,latitude and range versus 

longitude normalforce limits from25gto5Og The altitude gamsfrom increasing 

normalforce limits are evident m figure447 Asthe allowable normal force is 

increased,the minimum turn radius ofthe booster is decreased. The decreasingtum 

radius reduces the range from theHACand reduces the arc length ofthe glide back 

resulting m higher altitudes attheHAC A glide back that meetsthe altitude goal is 
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possible ifthe normalforce limitcan be increased to3Og. 

An interesting trend regarding the altitude at which the booster stops its descent is 

also seen in figure447 Asthe allowable normal force increases,the altitude at 
I 

which the descentstops decreases With higher normalforce limits the booster has 

the ability to stop its descent at higher altitudes. However,POST optimization shows 

that It IS more beneficial to steepen the reentry angle to reduce range and execute a 

smaller radius turn atalower altitude than to make the reentry angle less steep and 

make aturn back to theHACata higher altitude. Referto figures450and451 for a 

plot offlight path angles and rangefrom HACcorresponding to the normalforce 

limits A companson betweenthe inverted separation glide back and upright 

separation glide back was madeto determme which approach is optimal ata5g 

normalforce limit. Figure 4.51 showsthatthe two approaches are nearly equalivith 

the inverted separation approach's altitude atHAC being slightly higher 

4.6.3 Sensitivity to AscentConstraints 

Glide back performance is affected by the ascent constraintoflimiting q atseparation 

since It alters the separation point conditionsfrom which the glide back starts The 

separation q constraint has an equally significant impacton glide back performance as 

doesthe normalforce limit constraint Glide back altitude at the HACincreases 

significantly with increasing q at separation An altitude of24603 ft is attained with a 
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q at separation of500Ib/tf Table4 4 lists the range,altitude attained at theHAC 

and desired altitude goal for separation q values ranging from 300 Ib/fP to 500 Ib/ft^ 

Figures452through456compare altitude,range,flight path angle,lift and dynamic 

pressure forthe vanousq limits. The effectoftheq luniton altitude attheHACis 

clear m figure452 Asq at separation increases the flight path angle at separation 

decreases,reducing the maximum altitude and makingthe reentry angle less steep 

Referto figure454for plots offlight path angle Asthe maximum altitude is 

reduced,q throughoutthe arch ofthe trajectory increases to values sufficientto 

develop aerodynamic forces Figures4.55 and 4.56show plots of^and lift. The 

increasing aerodynamicforce enablesthe booster to begin its turn sooner making 

significant changes in its heading earlier in the trajectory and reducing the glide back 

range Figure453showsthatturn radius and range from theHACis sigmficantly 

reduced as^at separation increases. A glide back that meetsthe altitude goal is 

possible ifthe q at separation constraintcan be increased to a value between 350 Volf^ 

and4001b/ft2 

4.6.4 Sensitivity to AerodynamicData 

The glide back performance is sensitive to the booster's aerodynamic lift and drag 

charactenstics The aerodynamic data used m the trajectory analyses was based on 

the assumptions oflinear aerodynamic relationships Asa result,angles ofattack 

were limited to±18° throughoutthe glide back trajectory The glide back trajectory is 
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significantly effected by the amountofdrag that can be generated after separation and 

into its descent High angle ofattack maneuvers increase drag and reduce the 

booster's speed and sink rate allowing the booster to stop its descentand perform a 

smaller radius turn back to the landing site. The aerodynamic data generated for the 

booster prevented such a maneuverfrom being performed However,aerodynamic 

data for a genenc winged booster design was used thatincluded lift and drag 

coefficients for angles ofattack up to60°. Performing a high angle ofattack energy 

dissipation maneuver after separation with this data resulted m the booster reaching 

theHAC with an altitude approximately20kfl above the desired goal. Wind tunnel 

testing IS needed to determine the maximum angle ofattack thatthe SSL-1 can be 

flownand still maintain trim and yaw stabilityfrom Mach30tosubsomc flight. 

4.6.5 Atomospheric Wind Sensitivity 

The effects ofmean atmospheric winds are mimmalon the glide back performance. 

Without winds the altitude is reduced approximately500ftto 11488ft Figures457 

through462compare altitude,latitude,flight path angle,heading azimuth,angle of 

attack,and bank angle with and without winds No sigmficantchanges m the 

trajectory are seen as a result ofthe mean winds Table 4.4 lists the glide back 

performance with and without wind The wmdsare beneficial to glide back 

performance due the booster performing its bank turn into the winds at an altitude 

where the wind velocity is peaking Figure462showsthe bank turn that changesthe 
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booster's Westward heading of270° to a Northeast heading of40° occurs between60 

kft and 50 kft where the wind velocity peaks The axial componentofthe wind 

velocity increases the relative atmospheric velocity and hence q allowing increased 

turning performance. Note thatthe maximum normalforce occurs during the turn 

from a Southward heading to a Westward heading and that q drops dramatically after 

this turn due to high drag force produced in the bank turn reducing velocity below 

Mach 1 The increases in q due to winds are usable and beneficial since they do not 

occur while the maximum normalforce constraint is active 

In additionto aiding the booster turn,the atmospheric wind hasatail wind component 

relative to the azimuth ofthe ofthe glide headingto theHAC The sensitivity to 

wind will change when the SSL-1 is launched from other sites due to differences in 

wind direction relative to the glide back heading. It is recommended that ascent/glide 

back trajectory optimization be performed for Wallops and Kennedylaunch sites to 

quantify the wind sensitivities atthose locations. This will allow any modifications in 

aerodynamic or structural limits required forthose launch sites to be identified and 

incorporated into the conceptual design process 
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CHAPTER 5 

CONCLUSIONSand RECOMMENDATIONS 

5.1 Conclusions 

Forthe given vehicle configuration and constraints,the SSL-1 is unable to 

meetthe mission constraintofgliding the booster back to the landing site HAC 

ata desired altitude goal of18800 ft for the given aerodynamic and structural 

limitations However,it should be noted thatthe calculated altitude goal is 

sensitive to the estimated control system glide slope reduction and the range 

over which it is active A successful glide back may be possible with better 

estimates ofthese values 

A successful glide back may be possible with a high angle ofattack drag 

maneuver after separation. Simulations using high angle ofattack 

aerodynamic datafor a generic winged booster design resulted m a glide back 

to the landing site HAC atan altitude of38 kft 

Forfixed booster engines and upper stages,the SSL-1 mass ratio improves as 

the booster size is reduced and separation Mach numberlowered Ifthe 

restnction ofusing fixed booster engine sizes and fixed upper stage sizes is 

removed,the SSL-1 mass ratio can be improved with increasing booster size 
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With the booster engine thrust and upper stages being held constant,the 

booster cannot be scaled down to a size thatreducesthe separation Mach 

numberto a point where a successful glide back can be performed. 

The SSL-1 booster size cannotbe reduced more than3%and meetthe 

dynamic pressure constraint at separation For size reductions exceeding3%, 

the boosterMECOand separation occurs atan altitude to low for the 

constraintto be met 

The dynamic pressure limitation atseparation is the dominantconstraint 

influencing the SSL-1 ascent Forthe SSL-1 thrustto weight ratio,the q 

constraintforces the SSL-1 to ascend steeply and not utilize its lifting 

capability. Increasingq at separation increases both weightto orbit 

performance and glide back capability 

The influence ofthe dynamic pressure constraint at separation can be reduced 

with reductions in the SSL-1 thrustto weightratio 

Weightto orbit performance is notsensitive toCG movements within±7%of 

its reference length 

Weightto orbit performance is not sensitive to atmosphenc winds 

Glide back performance is sensitive to the q at separation constraint A 

successful glide back can be performed with a q' at separation value between 

350 lb/ft'and 400\h/fe 

Glide back performance is sensitive to the maximum allowable normal force 
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• 

constraint. A successful glide back can be performed with a normalforce 
<■ > ^ r" 

limit of approximately 3 0 g . < 

Atmospheric winds have a small impact on booster glide back capability 

5.2 Recommendations 

• 

• 

Booster aerodynamic characteristics and maximum allowable angle of attack 

m the Mach 2 0 to 3 0 range should be determined Glide back capability is 

sigmficantly influenced by the drag that can be generated throughout this 

speed range. 

The separation maneuver should be investigated to determine the maximum 

dynanuc pressure at which a safe separation can be performed 

A booster control system should be approximated to determine what glide 

slope reductions will be needed and at what point the reductions will begin. 

The altitude goal calculated for a successful glide back is sensitive to the 

control system glide slope reduction and the range over which it is active. 

Glide back sensitivity to atmospheric winds at Wallops Island and Kennedy 

Space Center should be investigated Wind effects at those locations are 

expected to be si^ficant due to glide back headings having a larger windward 

component 
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Appendix A

Tables



Table 1.1.SSL-1 Vehicle Characteristics 

Booster Stage2 Stage3 
length (ft) 570 445 19.0 
diameter (ft) 62 32 32 
wing span (ft) 320 none none 

dry weight (Lb) 23906 3045 760 
propeliant weight (Lb) 55289 20614 2989 
number ofengines 4 2 1 
vacuum thrust (kLb) 450 22.4 55 
Isp (sec) 2750 3030 3000 
exit area ((^^2) 333 678 1 70 
massflow (slug/sec) 1636 739 184 
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Table4 1 SummaryofSensitivity Studies for Upright Ascent 

Sensitivity Study 

CG Location 

05 

0525 

055 

057(nominal) 
06 

0625 

065 

Separation p limit 
250 

300(nominal) 

350 

400 

450 

500 

MECO Mach Number 

300 

315(nominal) 
330 

340 

Wind 

mean wind 

no wind 

Weight to Orbit 

(Lb) 

1024 

1023 

1023 

1022 

1022 

1021 

1022 

1010 

1022 

1030 

1034 

1037 

1038 

998 

1022 

1046 

1060 

1022 

1020 

Payload 
(Lb) 

386 

385 

385 

384 

384 

383 

384 

372 

384 

392 

396 

399 

400 

360 

384 

408 

422 

384 
382 

Mass Ratio 

(E-3) 

9558 

9549 

9549 

9539 

9539 

9530 

9539 

9427 

9539 

9.614 

9651 

9679 

9689 

9900 

9539 

9250 

8890 

1 9539 ! 
: 9521 i 
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Table42 Summary ofSensitivity Studies for Upnght Ascent without the Dynamic 
Pressure at Separation Constraint 

Sensitivity Study 
(without q limit atseo) 

CG Location 

05 

0525 

055 

057(nominal) 

06 

0625 

065 

MECO Mach Number 

285 

300 

315(nominal) 

330 

340 

Propellant Change 
(kLb) 

-10 

-5 

0(nominal) 

5 

10 

Weight to Orbit Payload Mass Ratio 
(Lb) (Lb) (E-3) 

; 

1 
1037 1 399 9679 
1037 399 9679 
1037 399 9679 
1038 400 9689 
1039 401 9698 
1042 404 9726 
1044 406 9745 

986 348 10420 
998 360 9900 
1022 384 9539 
1046 408 9250 
1060 1 422 8.890 

Table43 SSL-1 Vehicle Scaling 

Lref dry weight propellant weioht!SSL-1 Ri nw 
(ft) (Lb) (Lb) 
5361 21396 45291 
5536 22558 50282 
5700 23906 22589 
5854 24856 60286 
6000 25989 65274 

i (Lb) ! 

94625 

100779 ! 

1 107134 1 

i 113081 i 
i 119202 1 
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Table4 4 Summary ofSensitivity Studies for Inverted Separation Glide Back 

Sensitivity Study MACGlide Ranae Alt. at Alt Marain Desired Surplus/Deficit 
(nmi) (ft) (ft) (ft) 

Normal Force 

2.5a(nominal) 320 11995 18815 -6820 
30a 200 15248 15585 -337 
40a 125 20877 13950 6927 
50a 80 23409 12970 10439 

Separation a Limit 
300(nominal) 320 11995 18815 -6820 

350 250 15340 16675 -1335 
400 150 18574 14495 4079 
450 70 21964 12750 9214 
500 1 0 24603 11730 12873 

MECO point 
300 245 14826 16565 -1739 

315(nominal) 320 11995 18815 -6820 

Wind 

mean wind 11995320 18815 -6820 
no wind 320 11488 18815 -7327 
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Figure 1 1 Booster with upper stages lift coefficient as a function of angle of attack 
for Mach numbers 0 2 to 6.0 
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Aero Data R1.0.Booster Lift Coefficient, M=02to60 
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Figure 1.2 : Booster lift coefficient as function of angle ofattack for Mach numbers 
.2 to 6.0 
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Aero Data R1 0.Core Plus Booster Lift Coefficient, M=02to20 
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Figure 1.4 : Booster with upper stages lift coefi5cient as function ofMach 
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Aero Data R1 0,Booster Lift Coefficient, M=02to 20 
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Figure 1.5 ; Booster lift coefficient as function ofMach 
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Aero Data R1.0,Core Plus Booster Lift Coefficient. M=02to 6.0 
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Figure 1.6:Booster with upper stages lift coefficient as function ofMach up to 
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Aero Data R1 0,Booster Lift Coefficient. M=02to60 
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Figure 1.7: Booster lift coefficient as function ofMach up to Mach 6.0 
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Aero Data R1 0.Core Plus Booster Drag Coeffiaent. M=02to60 
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Figure 1 8 Booster with upper stages drag coefficient as a function of angle of attack 
for Mach numbers 0.2 to 6 0 

94 



 

Aero Data R1 0,Booster Drag Coefficient,M=02to60 
05 

lbU)404 

03 

X 
U.1^ 

HhSil 

0.2 

01 

-20 15 -10 -5 10 15 
Alpha 

—1 

o o hUO 
+ + M-40 
* * K/USO1 5 - X X hbeo 

o 1 

05-

0^ 
-50 -40 -30 -20 10 10 20 30 40 

Alpha 

Figure 1.9 Booster drag coefficient as a function ofangle ofattack for Mach 
numbers02to60 

95 

50 



 
 

 
 

 

 
 
 
 
 

 

Aero Data R1 0,Core Plus Booster Drag Coefficient, M=02to20 

O O Alpha>0 
+ + AIpha«2
♦ m Afphai^015 X X Alph^ 
□ □ Alph^ 

0.1 

0.05 

0 6 0 8 1 1 2 1 6 
Macti Number 

0 5 

O O Alpha-IO 
+ + Alpha.120.4 « * Alpha.14
X X Alpti3>16
□ □ Atp^lS 

02 

01(f 

06 08 1 1 2 1 8 
Macfi Number 

Figure 1.10; Booster with upper stages drag coefficient as a function of Mach 

96 

https://Alpha.14
https://Alpha.12


 

 
 

 
 

 

0.15 

o 01 

Aero Data R1.0,Booster Drag Coefficient, M=02to20 

o 
+ 
* 
X 
□ 

O 
+ 
» 
X 
□ 

Aipha-z 
AIptaa4
Alphai« 
AlplM 
Alpia>10 

■^1 

0 05 

02 0.4 06 0.8 1 12 
Mach Number 

1 4 1 6 1 8 

0.4 

03 

O 
+ 

O 
+ 
# 
X 

Alpha>i2
Alplia>14
Alpha>i6
AlphasIS 

01 
02 04 08 08 1 1 2 

Macti Number 
1 4 1 6 1 8 

Figure 1 11 Booster drag coefficient as a function of Mach 

97 



022 

0.2 

Aero Data R1 0,Core Plus Booster Drag Coeffiaent,M=02to60 

Auia—10 
Ak>h3>0 
AlptitelO 

0.18 

0.16 

0.14 

012 

01 

008 

006 

0.04 

002 

Macti Number 

Figure 1 12 Booster with upper stages drag coefficient as a function ofMach up to 
Mach60 

98 



02 
Aero Data R1 0,Booster Drag Coefficient. M'^O2to60 

018 

o 
* 
X 

O 

X 

Alpha—10 
Afpha«0 
Alph»>10 

018 

0.14 

0.12 

o 
o 

0.1 

008 

006 

004 

002 

Mach Number 

Figure 1 13 Booster with upper stages drag coefficient as a function ofMach up to 
Mach60 

99 



Aero Data R1 0,Core Plus Booster Pitctiing Moment Coefficient, M=02to60 

M-O^ 
klW)^ 

IUI-04
005 

IMS 

U.1,8 
IM.0 

A A 

-005 

-0.1 
-20 -15 -10 -5 10 15 

Alptia 

0.15 

•MO 
0.1 

M-SO 

005 

-005 

-0 1 

015 

-02 
50 -40 -30 -20 10 20 30 40 

Alpha 

Figure 1 14 Booster with upper stages pitch momentcoefficient as a function of 

angle ofattack for Mach numbers02to60 

100 



015 
Aero Data R1 0,Booster Pitching Moment Coefficient. M=02to60 

01 

0.05 

-0.05 

M-04 

M-o.e 

lykoa 
iiuoe 

U*1.2 
U.14 

}A-zja 

-01 

-015 

-02 
-20 15 -10 -5 

Alpha 
10 15 

0.02 "T 

001 

o 
+ 

X 

o 
+ 
♦
X 

MUO 
M-50 

M-60 

0 

-0.01 

-002 

-003'-
-50 -40 -30 -20 -10 

_L. 

0 

Alpha 
10 

I 

20 

I 

30 

' 

40 50 

Figure 115.Booster pitch momentcoefficient as a function ofangle ofattack for 
Mach numbers02to60 

101 



Cm-alpha 

-0.001 

-0.002 

« -0.003 
a 

? 

O-0.004 

-0.005 

-0.006 

05 1 5 

Mach 

combined--- booster 

Figure 116 ofbooster with and without upper stages 

102 



 

 

Aero Data R1 0,Core Plus Booster Pitctiing Moment Coefficient,M=02to60 
006| r 

Alpha^iOs s Alpha-O 
-t- + A^h^lO 

0.04 

0.02 

* * * * 
o 0 

-002 

-004 

-006 
3 4 

Mach Number 

Figure 117 Booster with upper stages pitch moment coefficient as a function of 

Mach number up to Mach60 

103 



 

 

Aero Data R1 0,Booster Drag Coefficient. Pitctiing MomentCoefficient,M=02to60 
008 

O 
♦

O 
m 

AJphSvIO 
Alphas 

X X Alpha«10 

006-

004-

002-

2 
O 

» « « « 

-0.02 

-0.04 

-006 

Macf)Numt^er 

Figure 1 18 Booster pitch momentcoefficient as a function ofMach number up to 
Mach60 

104 



 

Cl max vs Mach Number 
Booster with and without upperstages 

20 

1.8 

1 6 

1.4 

1.2 

1 0 

08 

06 

2 3 4 6 
Mach Number 

booster w/upperstages booster alone 

Figure 1 19 CLmax ofbooster with and without upper stages 

105 



Cd max vs Mach Number 
Booster with and without upperstages 

20 

1.5 

o 1 0 

05 

00 

Mach Number 

booster w/upperstages booster alone 

Figure 1 20 ComaM ofbooster with and without upper stages 

106 



 

 

   

 

  

Cm 
o 
b 

Cm max vs Mach Number 
Booster with and without upperstages 

02 

—01 

0.0 -

- - — --

/ 

/
/
/-

/f 

! 

I 
^ 
f 
f ® 

°— 

s 

a 
" 

' 

s 

-0.1 
- — -

-0.1 1 
i 

—-02 1 
0 

--

1 

- - -

2 

1 

- .1 _ 

3 
Mach Number 

4 

t 

\ 
_ „ 

5 

_ _ ^ 

6 

-a- booster w/upperstages -s- booster alone 

Figure 121 ofbooster with and without upper stages 

107 



Maximum Attainable L/D 
Booster with Upper Stages 

6 

Q A 

Mach Number 

-o- L7D max 

Figure 1 22 Maximum obtainable L/D 

108 



SSL-1 UD 

subsonic glide 

Q 

04 0.5 

Mach Number 

Figure 1 23 Maximum gliding L/D 

109 



Polar axis -

y-Vehide

ZVI horizontal

^— Meridian plane

Polar axis

Meridian plane

Figure 2.1 : Coordinate system transformations
Source: Program to Optimize Simulated Trajectories Formulation Manual,
volume 1, September 1990



ZrtF Ci) 

rt-ftxtnta. 
poiht 

--A H-

LZt*.? C G 

^Xrcf 

^y rt-f =0 

^3 

'/ 

T 

^zU. /n e. 

> '^ref 0) 

Xt?- C^) 

Figure22 Engine Gimbal Moment Balance 

111 



x10 Vandenberg February RRA Wind Speed Profile 
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Figure 3.1 :Wind speed as a function ofaltitude at Vandenberg launch site 
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Figure 3.2. Wind direction as a function ofaltitude at Vandenberg launch site 
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