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ABSTRACT

Optimal ascent and booster glide back trajectories were determined for NASA
Langley’s proposed small satellite launcher, SSL-1, for a given polar mission, vehicle
configuration, propulsion system, acrodynamic characteristics, structural
characteristics and trajectory constraints The optimal ascent and glide back
trajectories were determined for a launch from Vandenberg Air Force Base launch pad
SLC-2W and booster glide back to Vandenberg Air Force Base @way 30 The SSL-1
ascent and glide back trajectories were simulated and optimized in POST, Program to
Optimize Simulated Trajectories. Inertial pitch angles relative to an inertial launch
frame were specified as independent vanables 1n the ascent trajectory and optimized
to yield maximum weight to orbit Aerodynamic angles were specified as
independent variables 1n the booster glide back trajectory and optimized to yield
maximum altitude at a heading alignment cylinder six nautical miles south of runway

30

The SSL-1 could not perform an ascent trajectory that satisfies the constraint of
gliding the booster back to a heading alignment cylinder for runway 30 The optimal

SSL.-1 ascent trajectory results in 1022 Ib of total weight and 384 1b of payload being

1




inserted 1nto a 150 nautical mile polar orbit However, a booster glide back that
achieves a desired altitude goal of 18800 ft at a heading alignment cylinder for
runway 30 could not be performed from the separation point of the optimal ascent for
the given aerodynamic and structural imits. 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 meet the dynamic pressure at separation constraint of 300 Ib/fi2  The ghde
back altitude goal can be obtained if the structural normal force limit 1s increased to
3g loads or the aerodynamic constraint on dynamic pressure at separation 1s increased
t0 400 Ib/fi2 The altitude goal will likely be obtained 1f a high angle of attack drag
maneuver 1s performed between Mach numbers 32 and 12 The maximum
allowable angle of attack for stable flight in this speed range and the corresponding
lift/drag chéractenstlcs are peeded to quantify the obtainable altitude To achieve the
desired altitude goal, modifications in the aerodynamic and/or structural limitations

are needed

Weight to orbit performance is influenced by the dynamic pressure at separation
constraint but 1s not sensitive to 1t  The weight to orbit ranges from 384 Ib to 400 Ib
for dynamic pressure limuts of 300 1b/ft2 to 500 Ib/ft* The glide back altitude 1s
sensitive to the dynamic pressure at separation constraint Glide back altitude at the

HAC ranges from 11995 ft to 24600 ft for dynamic pressure limuts of 300 1b/ft? to 500

1



Ib/ft* Both ascent and glide back performance 1s insensitive to atmospheric winds
Mean winds reduce payload by 2 Ib and increase altitude at the heading alignment
cylinder 515 ft The SSL-1 weight to orbit performance 1s insensitive to movements
1n the vehicle’s C G. Movements up to 7% of the reference length result ina 2 1b
change 1n payload The glide back 1s sensitive to structural normal force limits
Increasing the limit from 2.5g to 5 Og increases altitude at the heading alignment

cylinder from 11995 ft to 23410 ft.
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INTRODUCTION

Background

US commercial launch systems currently have an average cost of approximately
$10,000 for each pound of payload inserted into low Earth orbit (LEO). These launch
systems are becoming less ¢ost competitive with more recently developed foreign
launch systems As a result, U.S launch vehicle manufacturers are losing market
share of commercial space launches In resi)oﬁse to the high cost of accessing space,
NASA Administrator Dan Golden initiated a research and development program for
low cost launch systems The imitiative included 1dentification of a launch system
capable of inserting small payloads ranging from 200 Ib to 500 Ib into LEO for
approximately $1 0 mullion per launch Such a system could provide the lowest cost
for a launch dedicated to small science, Department of Defense (DoD) and

commercial payloads

NASA Langley’s Vehicle Analysis Branch has proposed a low cost small launch
system to be considered in the initiative and 1s conducting design studies to predict the
ability of the small launch system to meet mission critenia for the $1 million launch

cost goal The launch system, designated SSL-1, 1s composed of a reusable glide back




booster coupled with two expendable upper stages The booster utilizes a winged body
concept that allows the booster to return to 1ts launch site after separation and be
reused 1n subsequent launches Booster reusability 1s a major factor 1n reducing
launch cost Other cost reduction approaches include utilization of commercially
available upper stages, use of commercially available pressure fed propulsion systems
and return of the booster to its launch site using a ghde back maneuver rather than
using cruise back propulsion Use of commercially available stages and propulsion
systems significantly reduces vehicle developrhent cost Development 1s focused on
the booster and 1ts integratlbn with the upper stages Pressure fed propulsion systems
reduce vehicle cost since their purcilase cost ;and operational cost are significantly
lower than the m(’)re comblex bump fed sy;tt;ms Glide back booster return eliminates
the cost of a cruise back propulsion system and the performance penalty due to its
weight It also reduces the cost of thermal structures since booster separation must
occur near Mach 3 before too much down range distance 1s attained With a
maximum speed around Mach 3, the booster can use heat sink type thermal structures
as opposed to more costly thermal structures The proposed SSL-1 vehicle 1s shown
in figures I 1 through 1.3  Note that all figures are included 1n appendix B and all

tables are located 1n appendix A

Langley’s Vehicle Analysis Branch design studies of the SSL-1 require trajectory

analyses to size the vehicle and 1dentify vehicle configuration changes or design




changes that further improve 1ts objective function, 1n this case mimmum cost for
placing the payload into LEO A flow chart of the iterative method for developing a
conceptual design 1s shown 1n Figure 4 In this method, the vehicle geometry and
propulsion system are chosen and the vehicle sized to meet mission requirements
using estimates of the vehicle’s propulsion, structural, aerodynamic and aeroheating
characteristics. Component weights, vehicle dry weight and gross lift-off weight are
determined for the estimated size Trajectory analy'sm begins with the estimated
weight and vehicle characteristics to determine the extent to which mission criteria
are met Trajectory results are used to determine vehicle scaling needed to meet
mussion cnitenia  The vehicle 1s scaled using NASA’s weights and sizing program
CONSIZ [1] Trajectory analysis 1s repeated until a converged configuration 1s

obtained Refer to reference 13 for a detailed description of the process

The vehicle design and configuration are improved during this iterative process by
conducting performance sensitivity studies Performance sensitivity studies help
1dent1fy design modifications and configuration changes that significantly impact
weight to orbit performance The cost of configuration changes or design
modifications that improve weight to orbit performance can then be used in trade
studies to determine the cost effectiveness of such changes For example, determining
a vehicle’s performance sensitivity to the location of its center of gravity can indicate

if a configuration change (such as mating position of the upper stages relative to the



booster) 1s needed Determining a vehicle’s performance sensitivity to a normal force
constraint can indicate 1f design changes 1n wing structure are needed Once an
optimal design and configuration are determined, development and operational cost

are estimated using NASA’s cost models

Thesis Problem Statement

Determine an ascent trajectory for the proposed small satellite launcher, SSL-1, that
maximizes weight to orbit given 1ts mission requirements, vehicle configuration,
propulsion system, aerodynamic characteristics and trajéctory constraints In addition,
determine the SSL-1 performance sensitivity to vanations in vehicle configuration and

trajectory constraints

Approach

For a grven mission and SSL-1 vehicle characteristics, an optimal trajectory will be
determined using NASA’s Program to Optimize Simulated Trajectones (POST)
Several basic trajectory approaches to achieving the desired orbit will be used 1n
developing initial guesses of ﬂ;ght control parameters The flight control parameters
will be 1dentified as independent vanables in POST and optimized to achieve
maximum weight to orbit. Note that POST must start its optimization process from
an 1nitial guess that results 1n an orbit reasonably close to the desired orbit  The

trajectory that results 1n the largest weight to orbit will be taken as optimal No



guarantee of global optimality can be made Once an optimal trajectory is
determined, performance sensitivity to vehicle configuration changes and constraint
variations will be determined POST will also be used to conduct performance
sensitivity studies. Constraint values and configurations will be varied mcrementally
over a selected range and a trajectory run for each value to determine the
\ corresponding change 1n weight to orbit. The results from the studies will be

documented and can be used 1n trade studies to determine 1f cost reductions are
possible. An outline of the approach is given below
1 Architecture

a. Reference missions’

b SSL-1 architecture

c :Propulsion, structural and aerodynamic characteristics

d Vehicle weights and sizing

a Optimal ascent

b Three D.OF equation of motion

c Propulsive force representation

d Aerodynamic force representation
e Thrust force representation

f Vehicle mass

g Gravity representation
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111

h Optimization technique
Post Models
a Modeling approach
b Ascent model and constraints
c Glide back model and constraints
Trajectory Analyses
a Ascent approaches
b Optimal ascent trajectory ,
<; Ascent pefformance sensitivities
i Trimming effects |
11 C G location sensitivity
1t Constratnt sensitivities
v Launch angle sensitivity
\4 Atmosphernic wind Sensitivity
VL Separation point sensitivity
d Glide back approaches
e Optimal ghde back trajectory
f Glide back performance sensitivities

Separation point sensitivities
Glide back constraint sensitivities

Ascent constraint sensitivities
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CHAPTER 1

ARCHITECTURE

1.1 Missions

The small satellite launcher architecture 1s being sized to fulfill two primary missions
The first mission 1s to place a 330 1b payload 1nto a circular polar orbit at an altitude
of 150 nautical miles while returning its reusable booster to the launch site [1]. Polar
missions will be launched from Vandenberg Air Force Base launch pad SLC-2W with
the booster gliding back to Vandenberg’s 30 runway The second mission 1s a rapid
resupply mission to the International Space Station (ISS) [1] The resupply mission
will place 800 Ib of cargo into a circular orbit at an altitude of 220 nautical mile and
inclination of 51.6° and return the reusable booster to its launch site Resupply
mussions will be launched from Wallops Island launch pad 0B with the reusable

booster ghiding back to Wallops Island runway 28

1.2 Small Satellite Launcher Architecture

The small satellite launcher architecture consists of two vehicle configurations, SSL-1
and SSL-2 The SSL-1 1s configured to perform the polar mission while the SSL-2 1s

configured to perform an International Space Station servicing mission [1]. The SSL-




1 configuration consists of a three stage sequential burn configuration and 1s sized to
meet polar mission requirements. The SSL-2 configuration adds two strap-on
expendable boosters to the SSL-1 configuration to increase performance levels to that

required for International Space Station servicing missions

The SSL-1 stages consist of a reusable glide back booster and two expendable upper
stages Figures I 1 through I 3 show the booster, upper stages and booster combined
with upper stages. The booster accelerates the upper stages to approximately Mach
3.2 at which pont 1ts main engines cut off and it separates from the upper stages
After separation, the booster glides back to the designated runway for 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’s Bantam class launcher design [2] The SSL-1 configuration has a total
dry weight of 26039 Lb, gross lift-off weight (GLOW) of 107134 Lb and overall
length of 61 ft The booster has a wingspan of 32 ft The SSL-1 weights and

dimensions are summarnzed 1n table 1 1

The SSL-2 configuration combines two expendable strap-on boosters with the SSL-1
elements making 1t a five stage system The strap-on boosters are 1dentical to the
SSL-1 second stage and are attached to the SSL-1 second stage The strap on boosters

thrust 1n parallel with the glide back booster from Iift-off In this configuration the



ghde back booster’s main engine cut off (MECO) and separation occurs at Mach 2.8
The strap-on boosters continue to thrust up to Mach 9 0 at which point they separate
and are expended on reentry. The SSL-2 configuration has a dry weight of 33,470 Lb
and GLOW of 150,760 Lb The configuration’s overall length and wingspan are the

same as the SSL-1.

1.3 SSL-1 Vehicle Characteristics

The elements of the small launcher architecture are based on existing vehicles, with
the exception of 1ts reusable glide back booster, to minimize development cost The
booster 1s being developed for the polar mission using existing hardware as much as
possible to minimize cost. The propulsnon structural and aerodynamic charactenstics
of the 1nitial SSL-I conﬁguratlon are descnbed in the following sections. The launch
system 1s 1n the conceptual de51gn phase, thu§ only basic charactenstics required 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 for their Sprite launch vehicle [2] All propulsion systems utilize
liquid oxygen and refined petroleum (LOX/RP) fuel and are non throttling The

reusable booster propulsion system 1s designed with four engines sized at 45 0 klb

10




thrust each Each engine has a standard lbell nozzle with an exit area of 3 33 fi?,
steady state mass flow rate of 163 6 slug/s and vacuum specific impulse (I,,) of 275
seconds. The booster engines are mounted at their midpoint to minimize nozzle travel
during gimbal used to cancel pitching moments resulting from center of gravity offset
and aerodynamic loads The second stage is designed with two engines sized at 22 4
klb thrust This engine has a standard bell nozzle with an eéxit area of 6 78 fi2, mass
flow rate of 73 9 slug/s and vacuum I, of 303 seconds. The third and final stage 1s
designed with one engine sized at 5.5 kKLb thrust The engine has a standard bell
nozzle with an exit area of 1 7 ft* , mass flow rate of 18 4 slug/s and vacuum L, of

300 Propulsive characteristics are summarized in table 1 1

1.3.2 Structural Materials

The SSL-1 vehicle structures are a qpmbinafltltgn{pf aluminum and composite
materals. Thé reggable booster structure; Var(; primanly aluminum while the second
and third stage structures are primarily composite The booster’s aluminum body acts
as a heat sink and provides thermal protection during the high heating phases of its
trajectory The matenals used for the major structural components” of the booster and
upper stages are summarnized below

1.3.2.1 Booster

*  wings aluminum with titamum leading edges

. vertical tail aluminum with titanium leading edge

1



1.3.2.2

canard.
body shell
propellant tanks

inter tank structure

engine thrust structure.

Second Stage

body shell.

propellant tanks:

inter tank

engine thrust structure
payload adapter
Third Stage

body shell

propellant tanks.

inter tank

engine thrust structure
payload adapter

payload fairing

titanium

aluminum with titanium nose
aluminum
aluminum

aluminum

aluminum

graphite-epoxy with aluminum liner
graphite-epoxy

VMI-graphite

graphite-epoxy

aluminum

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 dommatgs the vehicle aerodynamic charactenistics
with the exception of pitch moment characternistics above Mach 1. The booster has a
delta wing and canard configuration The wings are located to provide stable flight
charactenstics for its burnout center of gravity position of 68 percent of the reference
length. The delta wings have a span of 32.0 ft, exp(;sed surface area of 246 7 fi,
aspect rat1o of 2 59, root chord length of 16 3 ft and taper ratio of .175 Canards
provide additional pitch control needed to trim the booster throughout its supersonic
and transonic flight regime. The canards are mounted along the booster centerline

and have an area of 30 1 ft?

The SSL-1 aerodynamics of the booster and upper stages wé:re determined using linear
aerodynamic relationships The booster and upper stages acrodynamic charactenstics
were determined separately using APAS, aerodynamic preliminary analysis software
[3]. The aerodynamuc lift, drag and pitch moment of the booster combined with upper
stages was taken as a linear superposition of the booster and upper stages aerodynamic
lift, drag and pitch moment Due to the linearity of the aerodynamic relationships
breaking down at high angles of attack (), the aerodynamic data was limited to
angles of attack between -18° and +18° up to Mach 3 0 and between 45°and +45°
from Mach 3 0 to Mach 6 0 Aerodynamic characteristics 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 for the four vehicle arrangements occurring during
the polar mission These arrangements are

1)  booster with upper stages attached to belly

2)  second and third stages combined head to tail

3) Dbooster alone

4) third stage alone
The aerodynamic data for the booster coupled to the upper stages and for the
combined second and third stages consists of coefficient of ift, C ;. » coefficient of
drag,C,, , and pitch moment coefficient, C,, -as a function of angle of attack and flight
Mach number along with the change in base drag due to engine thrust as a function of
flight Mach number. The effect of booster control surface deflections on the
combined arrangement’s lift, drag and pitch moment were not generated since engine
gimbal was used during ascent to cancel aerodynamic moments and thrust moments
resulting from center of gravity offset. The aerodynamic data for the booster alone
consists of C; ,Cp, and C,, as a function of angle of attack and Mach along with the
change m C; , C;, and C,, due to deflections of 1ts control surfaces as a function of
degrees deflection, angle of attack and Mach. The aerodynamic data for the third
stage alone consists of C, ,C,, and C, only The aerodynamic characteristics of the

booster and the booster combined with upper stages are summarized 1n the following
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sections The aerodynamic characteristics of the combined second and third stages
and third staée alone are omitted since they were found to have hittle impact on weight

to orbit performance.

1.3.3.1 Lift Characteristics

The Lift coefficients of the booster with upper stages and the booster alone are nearly
the same for Mach numbers 0 2 t0 2.0 APAS estimated both arrangements to have a
small negative lift coefficient at 0° angle of attack and both arrangement’s lift
coefficients are linear functions of angle of attack over a +18° range. Coupling the
upper stages to the booster belly has the effect of increasing the lift coefficients by
approximately 3% Above Mach 3 0, the addition of the upper stages increase lift
coefficients by approximately 25% over the £45° rangé. Figures 1.1 and 1 2 show the
lift coefficients for the booster with upper stages and booster alone as a function of
angle of attack for Mach numbers 02t020and30t060 Figure 13 depicts both
arrangements change in lift coefficient with respect to angle of attack, C L

Transonic effects begin to increase both arrangements’ lift coefficients at Mach .8
with the maximum transonic effect occurring at Mach 09 The transomuc effects are
evident 1n figures 1 4 and 1 5 that show C, as a function of Mach number for angles
of attack ranging from 0° to 18°each arrangement The increase in C , due to
transonic effects 1s more pronounced for higher angles of attack The increased effect

1s ighlighted 1n figures 1 6 and 1 7 that show C , as a function of Mach for a=10°
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from Mach 0 2 to Mach 6 0

1.3.3.2 Drag Characteristics

The drag coefficient vs angle of attack curves for both the booster and the booster
combined with the upper stages indicate a parabolic drag characteristic with respect to
angle of attack for both the booster and the booster combined with the uppc;r stages
Their drag charactenstics are similar tovthe parabolic drag relationship

Cp=Cp ,* k CL2 for an elliptical lift distribution where  1s the parabolic constant

andC,, o is the parasitic drag coefficient The addition of the upper stages increases
C, p approximately 22% while k remains approximately the same. For both
arrangements C , vanes with Mach number, with the mimmum occurring at Mach
0 2 and the maximum occurring at Mach 1 2. The parabolic constant does not vary
significantly with Mach number for either arrangeinent. The parabolic nature of their
drag coefficients 1s 1llustrated 1n Figures 1/8 ’and 1 9 that show the drag coefficient as
a function of angle of attack for Mach numbers 0 240 6 0 Due to the drag
coefficients’ 1parabohcfcharactenstlcs tilere 1S relatgvély little change in  C, for

-3°< & < +3°. Beyond 3°, C, 1ncreases quickly with angle of attack Transonic
effects begin to increase the drag coefficients at Mach 0 8 and reach a maximum at
Mach 12 The trag;somc effects can be seen 1n figures 1 10 through 1 13 that show
the drag coefficient as a function of Mach Thehdramatlc increase 1n drag coefficient

through the transonic regime 1s particularly evident 1n figures 1 12 and 1 13 that show
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the drag coefficient for a constant 10° angle of attack up to Mach 6 0

1.3.3.3 Pitch Moment Characteristics

The booster alone and booster \erIth upper stages attached have similar pitch moment
charactenstics up to Mach 2.0 Up to Mach 2 0, both arrangements’ pitch moments
are approximately linear functions of angle of attack with negative slopes Beyond
Mach 2 0 their charactenistics change mgmﬂéantly and become dissimilar Both
arrangements’ pitch moment become positive for positive angles of attack due to the
large positive pitching moment generated by the upper stages Their characteristics
are dissmilar in that the booster pitch moment changes to a nonlinear function of
angle of attack while the booster with upper stages pitch moment remains an
approximately linear function of angle of attack. The booster with upper stages and
booster alone pitch moment coefficients are shown as a function of & for Mach
numbers 02to20and 30to 6 0 1n figures 1 14 and 1 15 respectively The slope of
the pitch moments with respect to angle of attack, C,, « - 1 shown for each
arrangement 1n figure 1 16 for. Mach number‘s upto20 Coupling the upper stages to
the booster decreases the magnittide of 1ts C’m 'atby 25% to 45% The upper stages
pitch moment 1s sufficiently positive for positive angles of attack that the negative
pitch moment due to its drag 1s overcome and the pitch moment increased Both
arrangements’ pitch moment coefficients exhibit large increases in magnitude through

the transonic regime The transonic increase in pitch moment 1s evident 1n figures
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117 and 1 18 that show pitch moment coefficient as a function of Mach for a constant

angle of attack

1.3.3.4 Aerodynamic Performance Characteristics

Figures 1 19 through 1 21 show the maximum Lift, drag and pitch moment coefficients
for the booster alone and booster with upper stages for Mach numbers 0.2 to 2 0 and
3.0t0 60 The powered flight maximum lift to drag rati0 at each Mach number 1s
shown for the booster with upper stages in figure 1 23 . The maximum powered Iift to
drag ratio occurred at ¢=8° up to Mach 1 0 and at «=10° for Mach numbers above 1.
The powered lift to drag ratio decreases with increasing Mach number with subsonic
ratios being approximately twice that of the supersonic values The untnmmed
gliding Iift to drag ratio for the booster alone 1s shown 1n figure 1 23 The untnimmed
maximum lift to drag ratio for steady state ghde 1s 6 77 occurring at ¢=6 5°. The
aerodynamic pitch moment genera;ted under glide conditions can be canceled with an

elevon deflection of +2 5°. Trimmung reduces the maximum Lift to drag ratio 11% to

6 00

14 Vehicle Weights and Sizing

The 1mtial sizing of the booster was made based on estimations for a size required to
meet the polar orbit mission requirement A weights and s1izing model, CONSIZ [12],

developed by NASA was used to estimated component weights, vehicle dry weight
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and gross lift-off weight (GLOW) corresponding to the estimated booster size The
second and third stages are fixed 1n this study since they are based on Microcosm’s
design [2] The booster scales geometrically based on its reference length As the

length is increased, the body diameter, wing area, etc. increase proportionally
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CHAPTER 7

THEORY

2.1 Optimal Ascent

The goal of a launch vehicle’s ascent is to obtain the flight conditions and inclination
of a specified orbit at 1ts point of insertion into the orbit. The orbital flight conditions
to be met are altitude, velocity and flight path angle in a plane inclined from the
equatorial plane by the specified inclination. Typically an orbital inclination and
altitude are specified and the insertion point taken to be at the orbit’s perigee where
the flight path angle 1s zero. The velocity required to maintain the orbit is then easily

calculated from equation 2.1 [4].

21 L s p{-z——l]

where p is the planet’s gravitation constant, 7 is the orbit’s radius at periaps:s and a

is the orbit’s semi-major axis.

For a vertical launch from a fixed launch pad at sea level the launch vehicle starts at
an altitude of zero and ﬁxght path angle of 90°. The vehicie must accelerate to the

calculated velocity and transttion its flight path to zero degrees within a plane at the
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desired inclination as 1t clhimbs to the specified altitude. There are an infinite number
of ascent trajectories that could be flown to achieve the flight conditions at orbit
insertion  However, most trajectories would require a vehicle unrealistic in size and
cost The prudent approach to achieving the flight conditions 1s to define a trajectory
that maximizes or minimizes a chosen objective function [5] The objective function
1s mimmized or maximized by identifying an optimal set of trajectory parameters that
influence the objective function. Typical trajectory parameters include but are not
limited to launch azimuth, vehicle steering commands and points of stage separation
Thus research obtained a flight trajectory that maximized the objective function of
weight to orbit (WTO) for the SSL-1 within given trajectory constraints and orbital

definitions

2.2 Equation of Motion

The launch vehicle’s equation of motion defines its trajectory and is used as the basis
for determiming the influence of chosen parameters on a ciesued objective function
such as weight to orbit An optimal set of flight parameters 1s determined as the set
that mnpmize or maximize the objective function. For purposes of imtial design
studles; the equation of motion 1s based on a three degrees of freedom representation
of the launch vehicle The launch vehicle was simplified to a point mass at 1ts center
of gravity with translational degrees of freedom. The vehicle’s rotational degrees of

freedom and associated polar nertia characteristics were 1gnored
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The SSL-1 acceleration results from the forces acting on the vehicle. These forces
consist of the aerodynamuc forces, thrust forces and gravity forces. The aerodynamic
and thrust forces act 1n the vehicle body coordinate system while the gravity force acts
in the Earth centered inertial coordinate system The acceleration must be determined
1n the ertial coordinate system to maintain the validity of NeMon’s second law
Thus, the thrust and aerodynamic forces must be transformed 1nto the nertial

coordinate system

During ascent, the body coordinate system 1s defined relative to an inertial launch
coordinate system using Euler angles. The inertial launch coordinate system 1s

. located at the launch pad and 1s defined relative to the Earth centered inertial
coordinate system by the pad latitude, longitude and azimuth angle that locates the
body Z axis relative to North as the vehicle sits on the pad The launch coordmnate
system becomes inertial at liftoff Figure 2 1 shows the launch and body coordinate
systems relative to the Earth centered system and their transformation matrices The
transf(;nnatlon matrix that transforms body forces into the Earth centered system is
the 1inverse of the combined launch system to Body system and Earth centered system
to launch sy'st;:m transfonﬁatnons This transformation relationship 1s given in
equation 2 2

22 BIU :IBﬂ =1Lj, LBJ,
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where B/ 1s the body coordinate system to 1nertial coordinate system transformation

matrix, /L 1s the mertial coordinate system to launch coordinate system transformation
matrix and LB 1s the launch coordinate system to body coordinate system

transformation matrix

After separation from the upper stages, the booster body coordinate system 1s
described relative to an atmospheric coordinate system using aerodynamic angles of
bank, sideslip and angle of attack. This 1s done to simplify the description of steering
commands used to define the booster glide back trajectory The aerodynamic
coordinate system 1s defined relative to a local geographic coordinate system. These
coordinate systems and their transformation matrices are also shown 1n figure 2.3
The transformation between the booster body coordinate system and Earth centered
system 1s the inverse of the combined Earth to geographic, geographic to aerodynamic
and aerodynamic to body coordinate transformations as shown 1n equation 2 3.

23 Bl =IB, =IG G4 4B,

Where BI 1s the body coordinate system to inertial coordinate system transformation
matrix, /G 1s the mertial coordinate system to local ground coordinate system
transformation matrix, G4 1s the local gwround\ (c;oordlnate syétem to aerodynamic

S " ¢ ¢
coordinate system transformation matrix and 4B 1s the aerodynamic coordinate

system to body coordinate system transformation matrix The body to inertial

transformation matrix allows the equation of motion to be wnitten in terms of the
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instantaneous aerodynamic and thrust forces acting at the vehicle center of gravity

Using Einstien’s summation convention, the equation of motion 1s given by equation
2 4 below

1

2.4 r, =—-

Bl |\F,,+T, |+
o P [Pty ] 8

where T is the vehicle acceleration, F 48, represents the aerodynamic forces 1n the
body system, TBJ represents the thrust forces in the body system, g, represents the
gravity forces in the Earth centered system and m|, represents the vehicle mass at
time t. The equation of motion 1s integrated numerically using the fourth order Runge

Kutta process to determine v, , r, and m.
H i

2.3 Aerodynamic Forces

The aerodynamic forces and moments acting on the vehicle are dependent on the
atmospheric density, the vehicle’s speed relative to the atmosphere, 1its orientation
relative to the atmospheric velocity, its surface area and 1ts acrodynamic
characteristics The vehicle aerodynamic charactenstics are represented with
coefficients of normal force (Cy), axial force (C,), side force (Cy), pitch moment (C,),
and yaw moment (C,) Using these coefficients, the aecrodynamic forces and moments

are expressed as.
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Fap =C4 9 S
FABy=CYqS

Fup =Cyq S

25
Mp=C,qSL

Y
Myp=C,qgSL

where F,;, M, are aerodynamic forces and moments in the body coordinate system
respectively, g =1/2 pv,f,, , S 15 the reference surface area used 1n calculating the force
coefficients and L is the reference length used 1n calculating the moment coefficient.
The above coefficients represent the characteristics of the complete vehicle
configuration They are the sum of coefficients that represent zero lift conditions, the
coefficient’s change with respect to angle of attack, and incremental changes 1n the
coefficient due to control surface deflections [6]. The sum of axial force coefficients
also includes a coefficient representative of the vehicle’s base drag Each

coefficient’s sum is given in equation 2 6

Ca=Cr0tCya*Cy e +ECAas
CY=CY_0+CY¢+ECMS,
2.6 CN=CN0+CNa+ECNaS,
Cu=Cro*Cpatd G, 55,
Cn:Cn0+Cna+ECn5S

Where C,,, Cyo, Cyo> C,0- C,o are coefficients of axial force, side force, normal

n

force, pitch moment and yaw moment at zero angle of attack,

CA > CYa’ CNa’ G

m o?

C, . are coefficients of change 1n axial force, side force,

normal force, pitch moment and yaw moment with respect to angle of attack and
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y Cass y Crss)» y Cyss> y Crss,» y Coss are the sum of changes in
coefficients of axial force, side force, nqrmal force, pitch mon;ent and yaw moment
due to all control surface deflections The vehicle aerodynamic Jmoments cannot be
directly incorporated into the three degrees of freedom equation of motion. In the
three translational degrees of freedom represenrtatlon, moments are statically
balanced throughout the‘traject(;ryréllmilhlaiung rotational degrees of freedom. During
ascent the moments are: balanced using engine gimbal. During glide back the

moments are balanced using control surface deflections.

In engine gimbal, aerodynamic n;oments about the vehicle center of gravity are
balanced by offsetting the engine thrust vector from the center of gravity as shown in
figure 24 The moment balance in prtch and yaw are shown n equations 2 7 and 2.8
(6]
27 q S(C,L+CyAxref-C Azref) = eopqr”,];q
Where ; =1 to n, n = number of engines, o0 =2 (pitch axes), p=¢g=1to 3 and

e 1s the permutation symbol

opq

28 q S(C,L+CyAxref-C,Ayref) = e _ r T

opPq Jp J9

Where; =1 to n , n = number of engines, o =3 (yaw axes), p=¢=11to 3 and

€,p4 1 the permutation symbol
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In control surface trimming, the acrodynamic moments created by the booster wing
and body are canceled with elevon and canard deflections The elevon and canard

deflections produce opposing moments that drive the overall vehicle C, and C, to
zero. The moments generated by control surface deflections are nonlinear functions
of Mach number and angle of attack Due to this nonlineanty, no equation 1s solved
explicitly for thg deflection required to cancel the wing and body moments Rather,
an 1terative root finding approach 15 used to search tables that contain the relationship
between tﬁe moment coefficients, Mach number, angle ‘of attack and control surface
deflection and find control surface deﬂectlon; that give over all vehicle moment

coefficients of zero for the given Mach number and angle of attack

Trimming with control surfaces affects the axial and normal forces acting on the
vehicle The axial drag component 1s increased while the normal lift component 1s
reduced These effects are accounted for in the tnmming calculation using
mcremental axial and normal coefficients The aerodynamic tables contain the
incremental change in axial and normal coefficients due to aeﬂectlons of each control
surface over the vehicle’s range of Mach number and angle of attack The
incremental C, and C,, values are added to the nominal C 4 and C,, values to give

tnmmed C, and C, values

27



2.4 Thrust Forces

The SSL1 thrust forces are generated by rocket engines only The booster 1s designed
to ghde back without the aid of air breathing engines Each engine’s vacuum thrust
and nozzle exit area 1s specified as constant or input as a table that contains its
relationship with time or other parameter The vacuum thrust 1s corrected for
atmospheric pressure throughout the trajectory using the engine’s exit area and
atmospheric pressure as a function of alt1t1\1de The thrust magnitude of the jth engine

1s then given by equation 2 9

2.9 1,21 o = Ay Plall)

The engine thrust forces can be misaligned from the body x coordinate due to engine
gimbal used to trim the vehicle. Each engine’s thrust vector is transformed into the
body coordinate system using its gimbal directional cosines so that the total thrust
vector 1n body coordinates is given by equation 210

210 T, =0,T

where the sth column of © contains the jth engine gimbal directional cosines

2.5 Vehicle Mass

The change 1n vehicle mass 1s equal to the propellant flow rate from each engine and
any jettisoned masses Each engine’s mass flow rate is defined as a constant or input
as a table expressing the mass relationship to time or some other ﬁarameter The

mass flow rate 1s then given by equation 211
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2.11 m=), m

n
J=1
Discontinuities in vehicle mass occur when mass is jettisoned. Mass 1s jettisoned at
booster separation, stage burnout or other user defined events such as aerodynamic

faining jettison when dynamic pressure falls to a specified level The mass of the

vehicle at time ¢ 1s then given by equation 2 12

Y n
212 m=mo—flfl a - X;mjen] 21,
0 =

2.6 Planet Gravity

The inertial gravity vector g, 1s based on an oblate spheroid planet The planet’s
equatorial radius, r,, polar radius, r " gravitational constant, p and seven
gravitational harmonic coefficients, J, —J; are used to define a gravity potential
function G‘ The potential function at any radial distance » from the planet’s center 1s

given 1n equation 2 13 [6]
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213

The 1nertial gravitational vector is given by equation 2 14

oG oG oG
214 g,x=a—x s g,y=5 s g[fg

2.7 Optimization

The overall goal of the SSL-1 development program 1s to minimize the cost of placing
a 330 Lb payload into a 150 nmu polar orbit Thcére are many factors that influence the
cost of placing the payload into orbit with an optimal trajectory being one Other
major factors include vehicle deveiopment cost and operational cost Development

and operational cost increase as vehicle size increases Cost relationships such as

30



these are not readily incorporated into POST for direct evaluation. Instead, they are

used to 1dentify technologies such as propulsion and structural matenals to be used in
a baseline vehicle configuration The trajectory for a given baseline vehicle 1s then
optimized for maximum weight to orbit subject to specified constraints Refer to
section 3 2 1 for a summary of SSL-1 ascent constraints The trajectory optimization
objective function is defined as maximum weight to orbit For a fixed payload,
maximizing weight to orbit mimimizes vehicle size since the vehicle 1s scaled down

as weight to orbit performance 1ncreases 1n order to maintain a fixed payload value

In the optimization, weight to orbut 1s defined as a “cost’ function with the goal of
maximizing ‘cost’ within given constraints The cost function is not an explicit
function of the independent variables used to shape the trajectory. Rather, it 1s an
explicit function of the trajectory state vanables r,, v, and m The state vanables
are explicit functions of the independent vanables. The cost function 1s related to the

independent vanables through integration of the equation of motion

The equation of motion is integrated as being piecewise continuous since events such
as booster separation, mass jettison or tmpulsive velomhty maneuvers produce

discontinuities in the state vanables These évents div;de the trajectory into segments
The equation of motion 1 mitialized at the beglﬁhing of" each segment using the state

N

variables at the end of the previous event plus the instantaneous change 1n state
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vanables defined to occur at the event as shown 1n equation 2 15

2.15 (x)n=(x), + (Ax),

Where (x,), represents the state variable vector after the nth event, (x,), represents
the state vanable vector before the nth event and A(x,), represents the instantaneous
change 1n state vanables at the nth event The relationship between the state vanables
and independent vanables over the continuous segment from the nth event to the n+1

event 1s given by equation 2.16

216 () = EOM |(x);, )]

Where EOM represents the equation of motion and (#,), represents the set of

independent variables.

The optimization process utilizes the equation of motion to 1dentify the set of
independent vanables that produce state variables for maximum weight to orbit while
meeting defined constraints Maximization of a cost function such as weight to orbit
1s equivalent to mimmization of an alternate cost function that 1s defined as the

negative of the oniginal cost function [7]

For a continuously smooth, twice differentiable multi-vanable function 1t can be
shown that a mimmum occurs where the norm of the function’s gradient 1s zero and

its Hess1an 1s positive definite [7] The presence of constraints alters these conditions
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somewhat Constraints eliminate degrees of freedom Each linearly independent
constraint eliminates one degree of freedom from the onginal n-dimensional vector
space R". The constraints define a subspace of the original n-dimensional vector
space as shown 1n equation 2 17

2.17 | ) R"-C"

where m=n-c, c being the number of constraints Possible solutions to the
constrained problem lie within the subspace C. The subspace C can be represented
by a set of m dimensional linearly independent vectors. These vectors comprise a
basis of the subspace and a solution to the constrained problem must be a linear
combination of these vectors [7].; The conditions for a minimum of the vector

function then become. .

Ayxj =b,
218 Zﬂg(x) =0

Z_,,G(x)Z,j 1s positive definite

where A, is a matrix containing constraint equation coefficients, b, is the constraint
vector, Z 1s a matnix contaiming th;: subspace basis vectors, g(x) 1s the gradient of
the function and G(x) is the Hessian of the function. Z,g(x) is referred to as the
projected gradient since 1t projects the function’s n-dimensional gradient into the m-
dimensional subspace The location at which 1t vanishes 1s a constrained stationary
point and is a possible mmimum or saddle point The projected Hessian is used to

. determine 1f the point 1s a local minimum
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One of POST’s search methods 1s the projected gradient method that determines the

values of the independent vanables which produce minima The projected gradient
solution process 1s smilar to a root finding process. A detailed description of the
method can be found 1n 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 that subspace The function, which 1n this case 1s the equation of
motion, is evaluated using an initial guess for the independent variables The
vanables are then perturbed and the function gradient determined The gradient 1s
used to determine the change in independent vanables that produce the largest
decrease 1n the cost function, referred to as fhe direction of steepest descent The
independent vanables are perturbed successively along the steepest descent direction
until the function changes sign. The interval over which the function changed 1s

successively reduced 1n size until the root 1s determined.
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CHAPTER 3

POST MODEL

3.1 Modeling Approach |

Trajectory analyses were performed using separate ascent and ghde back models A
branching type trajectory where the ghiie back trajectory ‘branches’ from the ascent
trajectory and the separation conditions are automatically adjusted based on the
vehicle’s ability to meet or exceed glide back endpoint constraints was not used due to
vehicle scaling not being incorporated into the version of POST used to conduct these
studies  Without vehicle scaling to match the stage sizes to the separation point, a
non- optimal ascent would have to be flown to reduce the separation Mach number
and a separation point with higher Mach number would be unobtainable To
minimize the cost of placing the 330 Ib payload 1n orbit, the vehicle must scale with
adjustments made in separation Mach number Thus, separate ascent and glide back
trajectory analyses were performed with the glide back trajectory beginning at the
booster separation point of the ascent trajectory Weight to orbit was maximized n
the ascent trajectory In the ghide back trajectory, altitude upon reaching a heading
alignment cylinder (HAC) at the landing site was maximized If the maximized ghde

back altitude at the HAC equaled or exceeded a minimum allowable HAC altitude the
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glide back was considered successful and no changes 1n the ascent trajectory were

required If the maximized glide back altitude at the HAC was less than the allowable
mimmum then the booster size was reduced to reduce 1ts separation point Mach

number and increase glide back altitude at the HAC

3.2 Ascent Model

The ascent trajectory was optimized with a penalty function of maximum weight to
orbit for the given SSL-1 vehicle and set of constraints summanzed 1n section 3.2.1
Steering commands that shape the ascent trajectory and the launch azimuth were
chosen as independet;t variables to be optimized for maximum weight to orbit The
steering commands were defined using the prtch angle of the vehicle relative to an
inertial launch coordmate system. The pitch angle was defined as a hnear function of
Mach number over defined intervals up to booster separation and as a hinear function
of time over defined intervals after booster separation Pitch angle was defined as a
function of Mach number during the boost phase to match changes in steer commands)
with changes occurring in the aerodynamic characteristics. Time 1ntervals were
independent of changes 1n the trajectory occurring due to adjustment of pitch angle
functions As a result, changes 1n vehicle attitude did not occur simultaneously with
changes in aerodynamic characteristics such as those resulting from transomic effects,
ytelding a less than optimal solution The pitch function’s linear coefficients of Mach

number and time were defined as independent vanables and optimized for maximum
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weight to orbit using a projected gradient optimization algorithm POST assumes that
the attitude control system can produce pitch rates required for an optimal ascent and

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

rates. Thus, constraints matching the expected ability of the control system were

placed on the magnitude of the pitch rate coeffictent.

The vehicle model consisted of a discrete stage representation of the vehicle with
propulston and aerodynamic characteristics of the SSL-1 veluicle. Each stage burns 1ts
propellant load based on the defined mass flow rate and is Jettisoned The position of
the vehicle’s center of gravity was entered as a Itnear function of propellant
consumed Propulsive forces were corrected for atmospheric pressure losses using the
defined nozzle area The vehicle’s acrodynamic data was input 1n tabular format for
each vehicle configuration occurring during ascent. Linear mterpolation was used to

determine intermediate values

The Earth’s gravity potential was defined using the Earth’s oblate spheroid
charactenistics The 1976 standa;rd atmosphere was used to specify atmospheric
characterstics of density, pressure and temperature as a function of altitude Wind
velocity and direction around Vandenberg Aurforce Base were obtamned from a range
reference atmosphere in GRAM [8] Wind speed and direction as a function of

altitude at Vandenberg Air Force Base launch site are shown n figures3 1 and 3 2
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Wind velocity and direction were entered in POST as a function of altitude using a

table format Linear interpolation was used to determine intermediate values.

Vehicle imitial conditions of velocity and position were specified to 1nitiate the Runge
Kutta integration Velocity initial conditions were defined as relative velocity
magnitude, velocity azimuth angle and flight path angle relative to the horizontal

plane at the launch site Position initial conditions were defined using geodetic

altitude, geodetic latitude and longitude East of the prime meridian.

3.2.1 Ascent Trajectory Constraints

The maximization of weight to orblt was performed within seven flight constraints,
four orbital constraints a launch constraint and the constraint that the booster must
glide back to the HAC at or above a minimum allowable altitude determined from the
length of the ghide back. Since the ascent and glide back were separate analyses, the
glide back altitude constraint could not be explicitly defined in the ascent trajectory.
Instead, the altﬁude attained by a ghide back trajectory was compared to the minimum
allowable altitude and the ascent trajectory modified manually if the altitude was not
met Flight constraints consisted of angle of attack Iimuts, pitch rate limits, normal
force limits and dynamic pressure limits Orbital constraints consisted of the altitude,
nertial velocity, inclination and flight path angle required to maintain the desired

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

below

Flight Constraints

L. Boost phase angle of attack constraint. The angle of attack throughout the
boost phase was limited to +18° due to the linear aerodynamic relationships
used to predict the aerodynamic charactenistics The data became 1naccurate
for angles of attack magnitudes greater than +18°. After booster separation,
no angle of attack limits were placed on the upper stages’ trajectory The
dynamic pressure after separation was low enough as not to require limiting
angle of attack

2. Angle of attack at separation constraint: The combined vehicle’s angle of
attack at separation was limited between +2° and -6° to ensure a safe
separation. Earlier studies conducted by Naftel [3] indicated that angle of
attack had be within these boupds to safely fly the booster off the upper stages
and maintain onentation control

3. Pitch rat;a constraint' The vehicle’s pitch ;ate was limited to +5 °/sec due to
expected control system capabilities Historically launch vehicle control
systems have been capable of pitching large vehicles at these rates

4 Normal force constraint The acrodynamic force acting normal to the booster

wings was limited between -59750 1b and +47800 Ib 1n the vehicle coordinate

system These values are equivalent to the standard of +2 and -2 5 times the




vehicle landed weight

5. Maximum dynamic pressure constrant The maximum dynamic pressure
during ascent was limited to 1000 Ib/f# The maximum dynamic pressure
cons;raint ensures that variations n flight control or aerodynamics are not
amplified to the point of producing unacceptably large vanations 1n Lift forces

6 Maximum dynamic pressure at separation. The dMic pfessure at separation
was limited to 300 Ib/ft* to limit aerodynamic forces during separation.
Dynamuc pressure amplifies any uncertainties and could produce error forces
large enough to dnive the vehicles together or produce flight instabilities if too
large The 300 1b/ft* limit 1s based on Naftel’s [9] a six DOF model used to
determine angle of attack limts required to safely fly a l;ooster away from an
upper stage

7 The SSL-1 could only be tnmmed using engine gimbal during ascent Canard
and eleven deflections were not allowed during ascent

Launch Constraint

1 Launch azimuth- The launch azimuth was constrained between 165° and 200°
East of North to ensure a Southward launch for range safety purposes

Orbatal 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 to 0° +.01°

3.3 Glide Back Trajectory Model

The glide back to the landing site was performed on the basis of a landing maneuver
stmilar to the Space Shuttle The maneuver uses a heading alignment cylinder to align
the booster with the runway as shown in figure 3.3  After separation the booster
would execute a turn until it obtains a heading tangent to the heading alignment
cylinder, HAC Once reaching the HAC, the booster would begin a bank turn and
travel along the HAC until 1t reached a point tangent with the runway azimuth This
pomnt 1s referred to as the nominal entry point, NEP At that point the booster would
bank back to 0° and begin its approach The diameter of the HAC was calculated to
be 23000 ft using a nominal 15° bank angle. The HAC was placed six nautical miles
from the end of Vandenberg’s 30 runway and tangent to 1ts azimuth. The placement
of the HAC was based on a distance required for safe approach, flare and landing
determined 1n a landing analysis conducted for a similar glide back booster [9]
Vandenberg’s runway 30 was chosen so that the booster will land into the wind that
predominantly blows off the ocean

The detailed landing maneuver was not included m the glide back trajectory to reduce
the complexity of the analysis Instead, the ghide back end point was targeted to the
point on the HAC shown 1n figure 2 3 and the altitude at that point maximized The

altitude obtained at the target point was then 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 that a control system should have the ability to adjust the
booster’s glhde slope up or down 20% throughout 1ts ghde once a heading to the HAC
1s obtained A nominal ghde slope 20% lower than the maximum ghde slope
calculated in POST will have to be flown to allow that capability. In addition, Naftel
[9] indicated that the booster should-be at an alfltﬁde‘ of approximately 10 kft when 1t
reaches the NEP The author devel(;ped a general altitude goal equation to determine
the altitude at which the booster should reach the HAC target point The equation is

given below.

Pon = Py + X, (%) Kg [ R, +ryyc (azvelr - azrw ) ]
g

D
+ Ko [-— Koo sac [arccos (azvelr - azrw ) + 0, ]
HAC

Where A 1s the minimum altitude at the landing site, K,, Ky, are factors to
account for the control system’s required reduction in maximum ghde slope and ghde
slope while on the heading ahignment cylinder, kg, x__ are factors to account for
expected variations 1n the glide range and arc length traveled on the heading
alignment cylinder due to atmospheric and ascent performance vanations and
variations 1n the glide back heading tangent point on the HAC, R e> Trqc are the

glide range and HAC radius, azvelr , azrw are the azimuth of the booster heading at
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the HAC and the runway azimuth, 0, 1s the angle between the runway azimuth and
target point on the HAC and 4, 1s the recommended minimum altitude upon
reaching the NEP  If the glide back trajectory could be optimized to an altitude equal

to or greater than the calculated altitude, 1t was considered acceptable

The structure of the glide back trajectory model was very similar to the ascent
trajectory model. The two differed in definttion of the penalty function and type of
steering commands  The booster glide back trajectory was optimized with a penalty
function of maximum altitude upon returning to the target point on the HAC Glide
back gmidance commands were defined as aerodynamic angles rather than inertial
pitch angles used 1n the ascent optimization Aerodynamic angles made the
formulation of an initial guess of the guidance commands much easier POST
optimized the 1mitial guess of angle of attack and bank angle over defined 1ntervals of
the glide back for maximum altitude at the landing site. The booster’s position and
flight conditions at separation were used as imtial conditions for the ghde back
trajectory Initial conditions were 1nput relative to the local horizontal Aerodynamic
data for the booster alone was entered 1n tabular format with linear mterpolation used
to determine intermediate values The description of the 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 of altitude upon returning to the landllng site was performed within
five flight constraints and two landing site consgralnts The maximum angle of attack,
pitch rate, dynamic pressure and normal force constraints were the same as those for
ascent An additional constraint forcing the angle of attack to increase just after
separation was added to ensure the booster moved away from the upper stages The
landing site constraints consisted of latitude and longitude of the HAC target point
The landing constraints are summarized below )

1 Geodetic Latitude of HAC - 34 6096°, +001°

2 East Longitude of HAC 239.4771°, £001°
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CHAPTER 4

TRAJECTORY ANALYSES

%

4.1 Ascent Approaches

Due to the 1nability of the projected gradient optimization techmque used 1n the PéST
analyses to alter the fundamental approach used 1 a trajectory’s 1nitial guess,
different approaches of ascending to orbit were investigated to determine which 1s
optimal An upright and an inverted ascent to orbit were 1nvest1;gated For an upright

_ ascent, the SSL-1 body Z axis was aligned with the launch azimuth (183° East of
North) and the vehicle pitched nose down as 1t ascended to orbit  For the inverted
ascent, the SSL-1 body Z axis was aligned 3° East of North at launch and the vehucle

pitched nose up as it ascended to orbit

The upright and inverted trajectories were sigmficantly different Figures 4.1 through
4.6 compare the 1nertial pitch angle, ﬂight path angle, angle of attack, lift, dynamic
pressure and gimbal angel required to maintain tnm. The differences arise as a result
of the gimbal angle required to trim the vehucle In the upnght approach positive
gimbal angles are required to trtm the aerodynamic moments which add to the

positive gimbal angle required to direct the thrust through the C G This results 1n
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large gimbal angles and thrust vectoring losses for a lifting trajectory. The effect of
tnm losses on the upright ascent are evident 1n figures 4 7 and 4.8 that compare flight
path angle and lift with and without trim With trim losses the vehicle doesn’t have
the ability to meet a dynamic pressure constraint at separation 1f it pitches over and
generates ift  As a result, the vehicle doesn’t fly a lifting trajectory but rather climbs
nearly vertical for 40 seconds before pitching over. Without trim, the vehicle is able

to pitch over and develop hift and still climb to meet the separation g constraint

In an inverted ascent, negative gimbal angles are required to trim aerodynamic
moments reducing the gimbal angle required to direct the thrust vector through the

C G. Thus, hift helps reduce thrust vectoring losses for an inverted ascent This 1s
evident 1n figures 4 4 and 4 6 that show lift and gimbal angel The vehicle pitches
over and generates the maximum allowable lift which results in a reduction in gimbal
angle Note that negative lift relative to the vehicle 1s upward hift relative to the
ground for an inverted onentation Figure 4 9 shows that the booster performance 1s
increased for the inverted ascent due to the utilization lift The separation Mach

number 1s increased from 3 15to 3 25

4.2 Optimal Ascent Trajectory

The weight to orbit performance 1s essentially equal for the upnght and inverted

ascent. The upnight ascent achieves 1022 Ib weight to orbit while the inverted ascent
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achieves 1020 Ib Thus 1s surpnising considering the inverted ascent’s performance
gain from lift The inverted ascent’s sllghin lower performance 1s a result of greater
drag losses, atmospheric pressure losses and thrust vectoring losses offsetting the
reduction 1n gravity losses shortly after separation Figures 4 10 through 4.14 show
drag, atmospheric, thrust vectoring, gravity and total losses The inverted ascent’s
utilization of lift results in a flight path angle at separation that is 10° greater than the
upnight ascent. Its gravity losses increase during this phase of steeper ascent reducing
the gains derived from hift. In addition, the upper stages must pitch over more to
depress the flight path angle back to an optimal level required for attaining the orbit.
The pitch over produces thrust vectoning losses large enough to increase the total

losses above that of the upright ascent.

The extent to which constraints influence the trajectory differs between the two
approaches The inverted ascent required that the limits of normal force and dynamic
pressure be met to achieve the weight to orbit performance whereas the upright
ascent’s maximum normal force and dynamic pressure were well below the limits
Thus, 1t 1s felt that there 1s more pqtentlal for increasing performance 1n the upright

ascent

Due to the upnght ascent’s shightly greater weight to orbit performance and its greater

potential for increased performance 1t 1s considered the optimal ascent trajectory Its
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weight to orbit performance of 1022 Ib yields a payload of 384 Ib exceeding the goal

by 54 Ib. The SSL-1 mass ratio‘(WTO/GLOW) for this trajectory 1s .0095

The optimal pitch angles detennir;ed by\POST are shown in figure 4.1 The vehicle’s
flight path angle, altitude and velocity are shown 1n figures 4.2, 4.15 and 4.16 The
flight path angle time history indicates that the vehicle mamtams a near vertical climb
for the first forty seconds of ascent. The initial drop in flight path angle was a result
of the transverse velocity produced by trimming A 3.8° gimbal angle was required to
trim the vehicle at launch producing a 19.5 1b transverse thrust component and 76°
flight path angle The tnmming effects w;are coupteied with a small positive pitch
(nose up) immediately following ij. ﬁlvq-sg(iond rise\frorp the launch pad over which
time no steer commands were allowed. Steerian commands are not allowed until the

launch pad gantry 1s cleared to eliminate the possiblity of the vehicle rotating into the

~ gantry as a result of a pitch maneuver

The steep ascent during the first portiionh of the ﬁajectory limits the SSL-1 ability to
take advantage of hift. Lift 1s generated but ;at a flight path angle near 90° the
onentation of the vehicle 1s such that lift dc;es not offset gravity loss In addition, the
trajectory must be bent over more ébmptly following fthe vertical nise resulting in a
negative angle of attack and negatl\‘/e lift. F 1gufe 4 17 shows a plot of lift and normal

force acting on the booster up to separation From the plot, 1t can be seen that only

48


https://4.2,4.15

one third the allowable normal force 1s generafed during the boost phase and that the
majonty of hift 1s negative as a result of the pitch over The net eﬁ'ect 1s that lift does
little to offset gravity losses as would be desl!red for a winged conﬁguratlon) The

trajectory seems to be less than optimal but 1s optimal for the given set of constraints

and vehicle characternistics

The ascent trajectory doesn’t fully utilize the SSL-1's hifting capabllsity primarnily due
to the dynamic pressure constraint at separation. The vehicle’s thrust to wer ght ratio
ishighat 1.42 . As a result, it accelerates quickly and 1f left unconstrained would
produce high dynamic pressures dunng th(; bo;)st phase To meet the dynamic
pressure coﬁst}alnt at separatlon the vehicle cllmbs vertically to attain altitudes that
offset the increasing velocity with décreasmé den51ty Densxt}f and dynamic pressure
are shown as a function o;' Mach duning the boost phase 1n figure 4 18 . The plot
shows that the maximum allowable\dynamlc pressure 1s not attained when the 300
1b/ft? constraint 1s met at separation. The separation constraint has the effect of

scaling the dynamic pressure relationship Figure 4 19 compares dynamic pressure

during the boost phase with and without the dynamic pressure at separation constraint

The dynamic pressure constraint at separation determined the shape of the ascent
trajectory As a result, neither the maximum normal force nor dynamic pressure

constraints were met Eliminating the constraint at separation increases weight to
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orbit to 1038 1b yielding a 400 1b payload Figures 4.20 through 4.22 compare pitch

angle, flight path angle and lift during the boost phase Eliminating the dynamic
pressure constraint at separation allowed the vehicle to pitch over and take advantage
of 1ts lifting charactenistics. The vehicle pitched over'quickly after the 5 second nise
and generated hift up to the allowable normal force limt The. maximum allowable
dynamic pressure was also nearly met as'a res;llt of flying lower 1n the atmosphere In )
addition to increasing lift, elimination of the separation q constraint also eliminated
the negative lift portion of the boost phase and allowed a more efficient use of hift in

reducing gravity losses

Laft 1s less costly in terms of drag losses during the subsonic phase of the trajectory
For transonic speeds there are dramatic drag increases making low angles of attack
and hence lower lift optimal Figure 4.23 shows the transonic drag increase with and
without the q constraint at separation In addition, the lift to drag ratio decreases to
half 1ts subsonic maximum for transonic and supersonic speeds making lift more
expensive 1n terms of losses due to drag at Mach numbers 1 and higher Figure 1 23
shows the maximum attainable lift to drag ratio as a function of Mach number The
optimized trajectories reflect the trend of reducing angle of attack and hift for Mach
numbers 1 and above Figures 4 24 and 4 25 show the vehicle’s angle of attack and
corresponding lift as a function of Mach with and without the q constraint at

separation As the vehicle approaches Mach 1 the angle of attack 1s reduced During

50



transonic speeds the angle of attack 1s reduced to 0° for the constrained case and to 2°
for the unconstrained case Due to the parabolic nature of the drag coefficient/angle
of attack relationship there 1s little 1ncrease in drag coefficient for small changes
angle of attack This allows' the vghlcle 'fo fly at small angles of attack without
incurring excessive drag pena‘ltlesu z,Th(; trend of reducing alpha and lift for Mach
numbérs 1 and above 1sapérlt;ciularly evident in cons;raint sen,s1tiv1t‘y studies All
trajectones reflect the trend reg;clrdless (;f constraint values. \ As a result, a non vertical

launch was considered 1n the constraint sensttivity studies to determine the benefit of

utilizing more subsonic hift.

4.3 Ascent Performance Sensitivities

4.3.1 Trim Effects

Trimming was required to balance thrust and aerodynamic moments. Thrust moments
resulted from the center of gravity (C G ) offset relative to the booster engines
Acrodynamic pitch moments resulted from the pitch moment characteristics of the
combined booster and upper stages. Engine gimbal was used to cancel moments
generated during ascent At liftoff, a 3 9° gimbal was required to direct the resultant
thrust vector through the C.G and eliminate thrust moments The gimbal angle
increased as the vehicle ascended due to rearward C G movement and development
of aerodynamic pitch moments Figure 4.26 shows the gimbal angle required to trim

the vehicle during the boost phase. After separation, trimming was not significant due
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to the fact that the upper stages did not have a C.G. offset and that q was small and

quickly dropped to zero

As mentioned earlier, the C G. m(;vement of the booster/upper stages combination
was approximated as a linear function of propellant consumed The gimbal required
to maintain the resultant thrust vector acting through the C.G from launch to burnout
also varied linearly from 3.9° to 8.2° . The gimbal angle required to trim
aerodynamic moments 1s approximately the difference between the linear transition
from 3.9° to 8 2° and the total gimbal angle It can be seen from figure 4 26 that the
aerodynamic pitch moment adds between 1° and 2° of gimbal angle during the
positive lifting portion of the boost phase increasing trim losses and decreases the
gimbal angle by as much as 3° during the negative lift phase reducing trim losses.

The net effect of aerodynamic pitch moment on trim loss is negligible

4.3.2 C.G. Location Sensitivity

Moving the vehicle C G has opposing effects on the gimbal angle required to trim the
C G offset moment and aerodynamic pitch moment Moving the C G forward
reduces the gimbal angle required to direct the resultant thrust vector through the C G
and eliminate the C.G offset moment. However,” moving the C G forward increases
the distance between the center of 'preésure and C G resulting in larger aecrodynamic

pitch moments and larger gimbal angles for tnm. Figure 4 26 indicates that the C G
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position 1s the dominant factor in the gimbal requirement

Table 4.1 summarizes the effect of C.G movement on weight to orbit, payload and
mass ratio  Moving the C G. had httle effect on weight to orbit. Moving the C G
forward 7% of the reference length increased weight to orbit 2 1b while rearward
movement of as much as 8% had almost no impact on weight to orbit. This trend 1s as
expected for the trajectory with the separation g constraint due to its small amounts of

1ift during the boost phase.

The effect of CG movemg;lt on weight to orbit is reversed for a high lifting
trajectory Table 4 2 summarizes the effect of C G. location on weight to orbit,
payload and mass ratio for the higher hift trajectory that results from eliminating the
separation g constraint. For the high lift trajectory, moving the C.G. rearward up to
8% of the reference length increased weight to orbit 6 1b while moving it forward as

much as 7% had no effect on weight to orbit

The gains 1n weight to orbit due to shafting the C G. location are no more than 0 5%
while the losses are approximately 0% Thus, vehicle performance is considered

msensitive to C.G location
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4.3.3 Constraint Sensitivities

Of the cons&amts placed on the ascent trajectory, only the dynamic pressure at
separation constraint impacted the trajectory The constraints placed on pitch rate,
angle of attack, normal force and maximum dynamic pressure were not met during the
ascent when the g constraint at separatlon«was active Thus, g at separation was

considered the driving factor in shaping the trajectory and influencing weight to orbut.

The dynamic pressure constraint at separation was varied to quantfy its impact on
weight to orbit. The constrainif was varied from 250 Ib/ft? to 500 Ib/ft? in increments
of 50 Ib/ft> Figures 4 27 through 4.29 show the vehicle’s flight path angle, hft and
drag throughout the boost phase for eac}l constraint value. Figure 4.27 indicates that
the vehicle becomes sensitive to the consfcraint between 350 Ib/fi* and 400 1b/fi?
Dynamic pressure constraints 350 lb/frt2 and below altered the trajectory from a lifting
type trajectory to a vertical ascent that develops small a;mounts of ift. Figure 4 28
shows that there isn’t an incremental decrease in lift as the constraint is incrementally
reduced. Instead, there 1s a step change resulytmg in two groupings of lift magnitudes

Figure 4 29 shows a similar trend for drag -

The weight to orbit, payload and mass ratio for each value of the separation ¢
constraint are summarized 1n table 4 1. The payload 1s not significantly impacted for

constraint values of 400 1b/ft? and above This 1s c6n51stent with the trend 1n hift
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Below 400 1b/ft?, the payload 1s impacted wfth the magnitude of loss increasing with

each decrement 1n allowable dynamic pressure

The advantage of utihzing subsomc hft due t£) greater hft to drag ratios 1s evident for
all values of dynamic pressure constraints. Figures 4 30 and 4 31 show that lift and
angle of attack 1s sharply reduced for Mach numbers 1 and above (up to separation) to

reduce drag losses

4.3.4 Launch Angle Sensitivity

The launch angle of the SSL-1 was made an independent vanable to be optimized for
maximum weight to orbit with and without the g constraint at separation This was
done in an effort to develop more lift dui:mg’ the subsonic flight regime for the
unconstrained ‘casé POST (;ptimizaitg;)n determined the optimal launch angle to be
90° with the ¢ constraint af sef;aratloh \'aétlvel. This was as expected since the
constraint forced the vehicle to climb vgrtically. However, POST optimization
determined the optimal launch angle to be 2 5° off vertical without the constraint
active Thus, no benefit is gained from orienting the vehicle in a position to generate
lift from launch This 1s due to Iift induced drag exceeding lift benefits at low speeds
With a wingspan of only 32 ft, the SSL-1 has high span loading resulting 1 high lift

induced drag at low Mach numbers
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4.3.5 Wind Sensitivity

The ascent performance 1s mnsensitive to the mean atmospheric winds at Vandenberg’s
launch site  Including the atmosphernic wind profile into the ascent trajectory reduced
weight to orbit 2 Ib (0 2%) The high thrust to weight ratio and steep ascent negate
wind effects Table 4.1 lists weight to (;rbit, paylbad and mass ratio with and without
wind . . .

4.3.6 Separation Point Sensitivity )
The effect of booster staging conditions on weight to orbit performance was
investigated by scaling the booster size The booster was scaled using the Vehicle
Analysis Branch weights and sizing model Booster scaling was based on incremental
changes in propellant load to influence the booster MECO Mach number The
booster engines and upper stages were fixed in the scaling process since the design 1s
constrained to use commercially available engines and upper stages Table 4.3 lists
the booster length, dry weight, propellant weight and the SSL-1 GLOW for each

change 1n propellant load

Figures 4 32 through 4 35 show Mach, altitude, flight path angle and lift during the
boost phase for vehicle sizes corresponding to -5 klb, nominal, +5 klb and +10 klb
changes in propellant Figures 4 32 and 4 33 indicate that separation Mach number

increases with increasing size while separation altitude decreases. Figures 4 34 and
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"4 35 show the flight path angle and hift 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 ¢ throughout the boost phase The vehicle doesn’t
have to climb as steeply to meet the g constramnt at separation allowing it to pitch over

and develop more lift during the boost phase.

The booster size has a lower bound 1n order to meet the separation g constraint. For
propellant reductions exéeedlné 5Kkib, tfle vehicle cannot climb to an altitude
sufficient to reduce g before MECO occurs. Thlis, the booster cannot be scaled below
this s1ze and meet the ¢ constraint. At its minimum size, the SSL-1 weight to orbit
performance and payload are 998 1b and 360 Ib respectively. The booster’s dry weight
and GLOW at the lower bound are 22550 Ib and 100775 Ib respectively Table 4.1
summarizes weight to orbit, payload and mass ratio for each scaling. The mass ratio
1s based on the overall system to give an indication of system weight to orbit |
performance. The mass ratios decrease with increasing vehicle size  The weight to
orbit performance per pound of dry mass is highest at the booster’s minimum size
Based on this result, the separation Mach number should not be increased but rather
decreased to reduce the cost of placing the payload m orbit Thus 1s counter to
findings of earlier studies that found maximum efficiency to occur at separation Mach
numbers near 6 0 [10] and minimum cost to occur for Mach numbers in the 3 3 to 3.5

range [11] due to the cost and operational expense of thermal structures required for
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the higher speeds The SSL-1 optimal separation point differs from the previous

findings due to 1ts constraints of fixed booster engines and fixed upper stages

4.4 Glide Back Approaches

Several glide back approaches were investigated 1n determining an optimal trajectory
The approaches were based on the booster’s flight conditions at separation,
specifically 1ts flight path angle, altitude and speed In general, an optimal approach
to a glide back will be a function of the separation conditions as well as the
aerodynamic and structural characteristics of the glide back vehicle. Due to the 52°
flight path angle and 86 kft altitude at separation the dynamic pressure that develops
aerodynamic force drops below 20 1b/ft* approximately 30 seconds after separation.
Once g diminishes, the booster approximates a symmetric ballistic trajectory with a
reentry flight path angle approximately the negative of the ascent flight path angle.
Thus, the altitude attained after separation and the reentry flight path angle are
determined by the booster’s ascent flight path a;lgle at the point where g diminishes.
The maximum altitude attained by the booster can be reduced and 1ts reentry flight
path angle made less steep by deéreasmg the ascent flight path angle as much as
possible during the 30 seconds following separation The reduced altitude and less
steep reentry angle work together to reduce the reentry sink rate a}lowmg the booster
to arrest the downward velocity and begin 1its 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 requining a longer glide to the landing site  The reverse
1s true 1f the flight path angle is increased after separation. For increasing flight path
angle following separation, altitude 1s increased and reentry flight path angle becomes
steeper This increases the reentry sink rate and reduces the altitude at which the glide
begins However, the downrange distance 1s reduced requiring a shorter ghide The
optimal glide back will balance these opposing effects These charactenstics form the

basis of the glide back approaches.

The approaches to the glide back trajectones were based on upright and mverted
separation Two inverted approaches were investigated In the first inverted approach
the booster rolled to an upright onentation after reaching 1ts peak altitude and
performed a bank turn to attain a heading toward the landing site. The second
inverted approach utilized an mnside loop to obtain a heading toward the landing site
A lateral separation (bank angle of 90°) was not investigated since the booster has
unstable yaw charactenistics for Mach numbers above 12  For a successful lateral
separation, the vehicle would have to roll 90° and maintain a 0° slide slip trajectory
Yaw control would be required to maintain 0° slide slip due gravity effects

introducing the possibility yaw 1nsfab111ty

In the first inverted separation approach, the booster separated 1n an inverted position

and remained inverted at high angles of attack until reaching its maximum altitude at
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which point 1t rolled upright ana maintained a high angle of: attack descent until
reentering denser portions of the z&mpsphere. Once Jq reached sufficiently high
values, the booster began a bank turn. The 1nverted orientation develo;;ed downward
lift reducing the ascent flight path a;lgle and mimimizing altitude attained after
separation. The upnight high angle of attacl-; descent increased the reentry flight path
angle and reduced the sink rate allov;/ing for a higher altitude turn In the second
inverted separation glde back approach ( inside loop approach) the booster separated
1n an inverted onientation and maintained a high angle of attack inverted position until
it looped back into an upright onjenta’aon with a heading toward the landing site No
bank turn was performed to eliminate crossrange motion and reduce the length of
glide back to the landing site In the upnght separation glide back, the booster
separated in an upright position and maintained an upright, ﬂlgh angle of attack
position through descent When sufficiently high g was developed a bank turn was
begun The gpnght 6n;3ntatlon deveioped upward hift increasing the ascent flight

path angle and mimmlzihg the downrange travel

4.5 Optimal Glide Back Trajectory

For the ascent trajectory separation conditions and the booster’s aerodynamic and
structural limitations, the optimal ghde back trajectory 1s an inverted separation
trajectory Thus, a 180° roll will have to be performed during the ascent prior to

booster separation for the booster to be 1n the optimal onentation for glide back The
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booster does not have the ability to perform an inside loop or upright separation glide
back from 1ts separation point with the imposed angle of attack and 2.5 g normal force
limits  For the inside loop approach sufficient levels of ¢ required to produce a 2.5 g
turn do not occur until the booster descends to 75 kft. At 75 kft, the booster’s flight
path angle and speed are approximately -50° and Mach 2 5 respectively. Gravity and
lift work together to increase the sink rate until y reaches -90° Due to the
increasingly large sink rate, the booster 1s unable to attain a flight 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 but reached ground level before reaching the HAC The upright
separation depressed the reentry flight path angle 22° below that of the inverted
separation. The steeper reentry sigmificantly increased 1ts sink rate resulting 1n the
booster sinking to an altitude of 45 kft, 15 kft lower than inverted separation, before
stopping its desc\:entL The booster was unable to'glide back to the HAC from this
lower altitude  Figures 4 36 through 4 38 compares the inverted separation and

upright separation glide backs latitude, longitude, altitude, and flight path angle.

For variations 1n Iift and drag characteristics or changes 1n allowable normal force, the
nverted separation ghde back trajectory 1s not always optimal Studses of the SSL-1

booster with aerodynamic characteristics of a generic wing body design indicated the
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upnght ghde back trajectory became optimal when the allowable normal force was
increased to 3g loads However, with the linear aerodynamic charactenstics
determined for the booster using APAS, this transition did not occur before the normal
force imit was increased to 5g loads The results from this hmited study suggest that
for high drag aerodynamics coupled with igh load limits the upright separation glide
back trajectory is optimal while for low drag aerodynamics coupled with low normal
force limts the inverted separation ghde back trajectory 1s optimal. A general
guideline as to the optimal approach for any vehicle and separation condition cannot
be made based on these results. Further studies involving a broad range of vehicle

characteristics and separation points would have to be pérfohned to develop a general

guideline

For the inverted separation glide back trajectory, the booster returns to the HAC at an
altitude of 11995 ft and speed of Mach 55 when trimmed and ghiding in mean wind
conditions The booste; reaches a maximum altitude of 146 kft and obtains a
maximum range from the HAC target point of 51 nmi during the ghde back. A
heading toward the HAC target point 1s obtamned 325 seconds after separation
Figures 4.39 and 4 40 show the trajectory latitude, altitude, and distance form the
HAC target as a function of longitude Figures 4 41 through 4 43 show the booster’s
altitude, Mach number, dynamic pressure, angle of attack, bank angle, flight path

angle and heading azimuth over the first 350 seconds of the trajectory These figures
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show that the booster maintains 1ts mverted position up to its peak altitude As the
booster descended it rolled to a bank angle of 38° This initiated a shght Westward
turn 1n 1ts heading The dynamic pressure peaked between 150 and 200 seconds after
separation. During this time, the bank angle increases to as much as 55° and the
angle of attack 1s modulated to limit the maximum normal force to a 2 5g load. The
pullup/bank maneuver stops the booster descent at 60 kft and turns its heading
Northward. The booster speed drops to Mach 9 by the end of the maneuver due to
high drag forces generated in the bank. Figure 4 44 and 4 45 show the ift, normal
force and drag developed during tl;e bank turn  Between 200 and 325 seconds, the
bank angle decreases to 0° when a headll;g toward the; HAC 1s obtained. The heading
toward the HAC is obtained 1\1ear 325 seconds at 43 kft and 32 nmi from the target

point. Once the HAC heading is obtained the bank angle 1s maintained at 0°

The ghde slope that will be modulated by the control system was considered to begin
when the flight path angle settled to a near constant value Figure 4.46 shows that y
settles to -8 5° at about 325 seconds after separation when the HAC heading is
obtained The altitude margin required for this tlrajectory 1s calculated to be18813 ft
The glide back altitude 1s 6819 ft below the goal Thus trajectory and/or vehicle
changes are required for a successful glide back Modification of the separation point
alone 1s not recommended during the inttial development stage since it ignores

increases 1n glide performance due to changes in vehicle characteristics Results from
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both ascent and glide back performance sensitivities studies should be considered
using a multi-disciplinary approach to determine the most cost effective method of
meeting the glide back constraint. Glide back performance sensitivities are presented

below.

4.6 Glide Back Performance Sensitivities

4.6.1 Separation Point Sensitivity

The Mach number at which the booster separated was reduced by scaling the booster
to 1ts smallest allowable size The booster length was scaled down approximately 3 %
resulting in 1 35 kib dry weight reduction and 5 klb propellant weight reduction. The
booster could not be scaled below this point and meet the ascent constraint on q at
separation. The ascent trajectory of the SSL-1 vehicle with the scaled down booster
was optimized to determine the new separation point conditions. The new separation

point conditions were used as the imitial condrtions of the ghde back

Scaling the booster size down reduced the \separation Mach number from 3 15 to 3.00,
decreased the altitude at separation to 80786 ft, and increased the flight path angle to
61° Lowering the separation point Mach number to 3.00 increased the ghde back
altitude at the HAC 2830 ft to 14826 ft. Ths 1s 1740 ft below the desired altitude.
Table 4 4 compares the range, altitude obtained at the HAC and altitude goal desired

for the trajectory glide range For the given vehicle aerodynamic and structural
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limitations, 1t 1s not possible to utilize vehiclé scaling alone to attain the required glide
back altitude Aerodynamic and/or structural limitations of the booster must be
changed for the SSL-1 to meet the mission constrant of the booster reaching the HAC

with sufficient altitude

4.6.2 Sensitivity to Glide Back Constraints

The dominant constraint in the glide back trajectory is the maximum allowable

. normal force No other constraint limits ;re reached during the ghde back with the
exception of the limitation on angle of attack The normal force limit has a
sigmificant impact on the altitude attained at the heading alignment cylinder. By
doubling the allowable normal force to Sg loads the altitude 1s nearly doubled,
increasing to 23410 ft The normal force limit determines the booster’s ability to stop
its descent and turn back toward the landing site The glide back ranges, altitudes
attained at the HAC target point and the desired altitude margins corresponding to
maximum normal force limits ranging from 2 5g to 5.0g are listed in Table 4 4 .
Figures 4.47 through 4 49 show the booster altitude, latitude and range versus
longitude normal force limits from 2 Sgto 5 0g The altitude gains from increasing
normal force limuts are evident 1n figure 4 47  As the allowable normal force 1s
increased, the minimum turn radius of the booster 1s decreased. The decreasing turn
radius reduces the range from the HAC and reduces the arc length of the ghde back

resulting in higher altitudes at the HAC A glide back that meets the altitude goal 1s |
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bosmble 1if the normal force limit can be increased to 3 0g .

An 1nteresting trend regarding the altitude at which the booster stops its descent 1s
also seen 1n figure 4 47 As the allowable normal force increases, the altitude at
which the descent stops decreases W;th higher normal force limits the booster has
the ability to stop 1ts descent at higher altitudes. However, POST optimization shows
that 1t 1s more beneficial to steepen the reentry angle to reduce range and execute a
smaller radius turn at a lower altitude than to make the reentry angle less steep and
make a turn back to the HAC at a higher altitude. Refer to figures 4 50 and 4 51 fora
plot of flight path angles and range from HAC corresponding to the normal force
limits A comparison between the inverted separation glide back and upright
separation glide back was made to determine which approach 1s optimal at a 5g

normal force limut. Figure 4.51 shows that the two approaches are nearly equal with

the inverted separation approach’s altitude at HAC being shghtly higher

4.6.3 Sensitivity to Ascent Constraints

Glide back performance i§ affected by the ascent constraint of hmiting g at separation
since 1t alters the separaﬁon point conditions from which the glide back starts The
separation g constraint has an equally significant impact on glide back performance as
does the normal force limit constraint Glide back altitude at the HAC 1increases

significantly with increasing g at seﬁaratlon An altitude of 24603 ft 1s attained with a
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q at separation of 500 Ib/ft* Table 4 4 lists the range, altitude attamed at the HAC

and desired altitude goal for separation g values ranging from 300 Ib/fiZ to 500 Ib/fi2
Figures 4 52 through 4 56 compare altitude, range, flight path angle, hft and dynamic
pressure for the various g Iimits. The effect of the ¢ limit on altitude at the HAC is
clear in figure 4 52 As q at separation increases the flight path angle at separation
decreases, reducing the maximum altrtude and making the reentry angle less steep
Refer to figure 4 54 for plots of flight path angle As the maximum altitude 1s
reduced, g throughout the arch of ihe trajectory increases to values sufficient to
develop aerodynamic forces Figures 4.55 and 4.56 show plots of ¢ and hift. The
increasing aerodynamuc force enables the booster to begin 1ts turn sooner making
significant changes 1n 1ts heading earlier in the trajectory and reducing the glide back
range Figure 4 53 shows that turn radius and range from the HAC is sigmficantly
reduced as q at separation increases. A glide back that meets the altitude goal is
possible 1f the ¢ at separation constraint can be increased to a value between 350 1b/fi?

and 400 Ib/f2

4.6.4 Sensitiviﬁy to Aerodynamic ]?ata

The ghide back performance 1s sen51‘t1vc~: to the booster’s aerodynamic lift and drag
charactenistics - The aerodynamic data used 1n the trajectory analyses was based on
the assumptions of linear acrodynamic relationships  As a result, angles of attack |

were limited to +18° throughout the glide back trajectory The glide back trajectory 1s
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significantly effected by the amount of drag that can be generated after separation and
into 1ts descent High angle of attack maneuvers increase drag and reduce the
booster’s speed and sink rate allowing the booster to stop 1ts descent and perform a
smaller radius turn back to the landing site. The acrodynamic data generated for the
booster prevented such a maneuver from being performed However, aerodynamic
data for a generic winged booster design was used that included lift and drag
coefficients for angles of attack up to 60°. Performing a lugh angle of attack energy
dissipation maneuver after separation with this data resulted in the booster reaching
the HAC with an altitude approximately 20 kit above the desired goal. Wind tunnel
testing 1s needed to determine the maximum angle of attack that the SSL-1 can be
flown and still maintain tn'm,and‘yaw stability from Mach 3 0 to subsonic flight.
4.6.5 Atomospheric Wind Sensitivity -

The effects of mean atmospheric winds are minimal on the glhde back performance.
Without winds the altitude 1s reduced approximately 500 fi to 11488 ft Figures 4 57
through 4 62 compare altitude, latitude, flight path angle, heading azzmuth, angle of
attack, and bank angle with and without winds No sigmficant changes 1n the
trajectory are seen as a result of the mean winds Table 4.4 lists the glide back
performance with and without wind The winds are beneficial to glide back
performance due the booster performing 1ts bank turn into the winds at an altitude

where the wind velocity 1s peaking  Figure 4 62 shows the bank turn that changes the
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booster’s Westward heading of 270° to a Northeast heading of 40° occurs between 60
kft and 50 kft where the wind velocity peaks The axial component of the wind
velocity increases the relative atmospheric velocity and hence q allowing increased
turning performance. Note that the maximum normal force 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 g due to winds are usable and beneficial since they do not

occur while the maximum normal force constraint 1s active

In addition to aiding the booster turn, the atmospheric wind has a tail wind component
relative to the azimuth of the of the glide heading to the HAC  The sensitivity to
wind will change when the SSL-1 is launched from other sites due to differences in
wind direction relative to the gll(ie back heading. It 1s recommended that ascent/glide
back trajectory optimization be performeti for Wallops and Kennedy launch sites to
quantify the wind sensitivities at those locations. This will allow any modifications in
aerodynamic or structural limits required for those launch sites to be identified and

incorporated into the conceptual design process
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5.1

CHAPTER 5

CONCLUSIONS and RECOMMENDATIONS

Conclusions

For the given vehicle configuration and constraints, the SSL-1 1s unable to
meet the mission constraint of gliding the booster back to the landing site HAC
at a destred altitude goal of 18800 ft for the given aerodynamic and structural
limitations However, 1t should be noted that the calculated altitude goal 1s
sensitive to the estimated control system glide slope reduction and the range
over which it 1s active A successful glide back may be possible with better
estimates of these values

A successful glide back may be possible with a high angle of attack drag
maneuver after separation. Simulations using high angle of attack
aerodynamic data for a generic winged booster design resulted 1n a glide back
to the landing site HAC at an altitude of 38 kft

For fixed booster engines and upper stages, the SSL-1 mass ratio 1Mproves as
the booster size 1s reduced and separation Mach number lowered If the
restriction of using fixed booster engine sizes and fixed upper stage sizes is

removed, the SSL-1 mass ratio can be improved with increasing booster size

70



With the booster engine thrust and upper stages being held constant, the
booster cannot be scaled down to a size that reduces the separation Mach
number to a point where a successful ghde back can be performed.

The SSL-1 booster size cannot be reduced more than 3% and meet the
dynamic pressure constraint at separation For size reductions exceeding 3%,
the booster MECO and separation occurs at an altitude to low for the
constraint to be met

The dynamic pressure limutation at separation 1s the dominant constraint
influencing the SSL-1 ascent For the SSL-1 thrust to weight ratio, the ¢
constraint forces the SSL-1 to ascend steeply and not utilize its hifting
capability. Increasing g at separation mncreases both weight to orbit
performance and ghide back capability

The influence of the dynamic pressure constraint at separation can be reduced
with reductions in the SSL-1 thrust to weight ratio

Weight to orbit performance 1s not sensitive to C G movements within +7% of
1ts reference length

Weight to orbit performance 1s not sensitive to atmospheric winds

Glide back performance 1s sensitive to the g at separation constraint A
successful ghde back can be performed with a g at separation value between
350 Ib/ft? and 400 Ib/ft?

Ghde back performance 1s sensitive to the maximum allowable normal force
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5.2

f limit of approximately\3 0g.

constraint. A successful glide back can be performed with a normal force

o’

Atmospheric winds h@veNa small 1mpact on booster ghide back capability

Recommendations

Booster aerodynz;rﬁlc cﬁaracteristic§ and maximum allowablé angle of attack
1n 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 xglaneuver should be investigated to determine the maximum
dynamic pressure at which a safe separation can be performed

A booster control system should be appfoximated to determine what glide
slope reductions will be needed and at what point the reductions will begin.
The altitude goal calculated for a successful ghde b.ackr is sensitive to the
contfol system ghde slope reduction and the range over which 1t 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 significant &l;e to glide backuheadmgs having a larger windward

component

72




REFERENCES

73




References

Talay, T. A “Glideback Booster Application to Small Payload Launcher
Development”, NASA Langley Aerospace Systems, Concepts and Analysis
Branch proposal, unpublished

Berry, ] and Barlett, S “SR-2 System Requirements Review”, Microcosm
Incorporated, SBIR restricted nghts data, unpublished.

. Bonner, E , Clever, W. and Dun, K. Aerodynamic Preliminary Analysis System II
Theory Manual, Rockwell International Corporation, Los Angeles Califorma,

NASA contractor report 182076, April 1991.

Bate, R., Mueller, D, White, J Fundamentals of Astrodynamics, Dover
Publications Inc , New York, 1971

Sutton, G Rocket Propulsion Elements An Introduction to the Engineening of

Rockets, John Wiley and Sons, Inc., New York, 1992.

Brauer, G, Comuck, D., Olson, D , Peterson, F, and Stevenson, R. Program to

Optimize Simulated Tra]ectones (POST) Formulatlon Manual, Martin Manetta

Corporation, Denver Colorado1990

Gill, P., Murray, W , Wright, M. -Practical Optimization, Academic Press Limited,
San Diego, Califorma, 1993

Justus, C, Jeffries W and Yung, S The NASA/MSFC Global Reference

Atmospheric Model - 1995 Version (GRAM-95), NASA Technical Memorandum
4715, Marshall Space Flight Center, Huntsville, Alabama, August 1995

74




9 Naftel, J., Powell, R “Analysis of the Staging Maneuver and Booster Glideback

Guwidance for a Two-Stage, Winged, Fully Reusable Launch Vehicle”, NASA
Technical Paper 3335, 1993

10. Stanley, D., Talay, A., Lepsch, R., Néﬂel, J,and Cruz, C. “Parametric Trade

Studies on a Shuttle IT Launch System Architecture”, NASA Techmical Paper
3059, 1991

11 Freeman, D “Future Space Transportation System Study”, Astronautics and
Aeronautics, volume 21, no 6, 1983

12 Lepsch, R “CONSIZ weights and sizing program”, NASA Langley Vehicle
Analysis Branch, unpublished.

13 Rowell, L, Braun, R., Olds, J., Unal, R. “Multidisciplinary Conceptual Design

Optimization of Space Transportation Systems”, AIAA publications, New York,
1998.

75



APPENDICES

76






Table 1.1 . SSL-1 Vehicle Charactenistics

Booster Stage 2 Stage 3

length (ft) 570 44 5 19.0
diameter (ft) 62 32 32
wing span (ft) 320 none none
dry weight (Lb) 23906 3045 760

ropellant weight (Lb) 55289 20814 2989
number of engines 4 2 1
vacuum thrust (kLb) 450 22.4 55
Isp (sec) 2750 3030 3000
exit area (ft*2) 333 678 170
mass flow (slug/sec) 1636 739 184
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Table 4 1 Summary of Sensitivity Studies for Upright Ascent

Sensitivity Study Weight to Orbit |Payload |Mass Ratio
(Lb) (Lb) (E-3)
C G Location
05 1024 386 9 558
0525 1023 385 9 549
055 1023 385 9 549
0 57 (nominal) 1022 384 9539
06 1022 384 9 539
0625 1021 383 9 530
065 1022 384 9 539
Separation g imit
250 1010 372 g9 427
300 (nominal) 1022 384 9 539
350 1030 392 9.614
400 1034 396 9651
450 1037 399 9679
500 1038 400 9689
MECO Mach Number
300 998 360 9900
3 15 (nominal) 1022 384 9 539
330 1046 408 9250
340 1060 422 8 890
Wind
mean wind 1022 384 9 539
no wind 1020 382 9 521
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Table 4 2 Summary of Sensitivity Studies for Upright Ascent without the Dynamic
Pressure at Separation Constraint

Sensitivity Study Weight to Orbit | Payload |Mass Ratio
without g imit at sep ) (Lb) (Lb) (E-3)
C G Location
05 1037 399 9679
0525 1037 399 9679
055 1037 399 9679
0 57 (nominal) 1038 400 9 689
06 1039 401 9698
0625 1042 404 9726
065 1044 406 9745
MECO Mach Number
285 986 348 10 420
300 998 360 9 900
3 15 (nominal) 1022 384 9539
330 1046 408 9 250
340 1060 422 8.890

Table 43 SSL-1 Vehicle Scaling

| Propellant Change |Lref dry weight 'propeliant weight! SSL-1 GLOW
| (kLb) (ft) (Lby . (Lb) ; (Lb)
| -10 53 61 21396 | 45291 . 94625 |
-5 55 36 22558 ! 50282 100779
0 (nominal) 57 00 23906 22589 ) 107134
5 58 54 24856 60286 i 113081
10 60 00 25989 65274 " 119202
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Table 4 4 Summary of Sensitivity Studies for Inverted Separation Glide Back

Sensitivity Study | Glide Range Alt. at HAC Alt Margin Desired | Surplus/Deficit
(nmt ) (ft) (ft) (ft)
Normal Force
2.5g (nominal) 320 11995 18815 -6820
30g 200 15248 15585 -337
4 0g 125 20877 13950 6927
50g 80 23409 12970 10439
Separation g Limit
300 (nominal) 320 11995 18815 -6820
350 250 15340 16675 -1335
400 150 18574 14495 4079
450 70 21864 12750 9214
500 10 24603 11730 12873
MECO point
300 245 14826 16565 -1739
3 15 (nominal) 320 11995 18815 -6820
Wind
mean wind 320 11995 18815 -6820
no wind 320 11488 18815 -7327
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Aero Data R1 0, Core Plus Booster Lift Coefficient, M=0 210 6 0
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Figure 1 1 Booster with upper stages hft 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=0 2 to 6 0
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Figure 1.2 : Booster lift coefficient as function of angle of attack for Mach numbers
2106.0
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Aero Data R1 0, Core Plus Booster Lidt Coefficient, M=0210 2 0
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Aero Data R1 0, Booster Lit Coefficient, M=02t0 2 0
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Figure 1.5 : Booster lift coefficient as function of Mach
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Aero Data R1.0, Core Plus Booster Lit Coefficient, M=0 2 to 6.0
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Figure 1.6 : Booster with upper stages lift coefficient as function of Mach up to
Mach 6
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Aero Data R1 0, Booster Lift Coefficient, M=0 210 6 0
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Figure 1.7 : Booster lift coefficient as function of Mach up to Mach 6.0

93



Aero Data R1 0, Core Plus Booster Drag Coefficient, M=0 2 to 6 0
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Figure 1 8 Booster with upper stages drag coefficient as a function of angle of attack
for Mach numbers 0.2t0 6 0
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Aero Data R1 0, Booster Drag Coefficient, M=0 2 to 6 0
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Figure 1.9 Booster drag coefficient as a function of angle of attack for Mach

numbers 0 2to 6 0
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Aero Data R1 0, Core Plus Booster Drag Coefficient, M=0 210 2 0
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Figure 1 11 Booster drag coefficient as a function of Mach
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Figure 1 12 Booster with upper stages drag coefficient as a function of Mach up to
Mach 6 0
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Aero Data R1 0, Booster Drag Coetfticient, M=0 210 6 0
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Figure 1 13 Booster with upper stages drag coefficient as a function of Mach up to
Mach 6 0
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Aero Data R1 0, Core Plus Booster Prching Moment Coefficient, M=0 2to 6 0
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Figure 1 14 Booster with upper stages pitch moment 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 Piiching Moment Coeffictent, M=0 210 6 0
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Figure 1 15 . Booster pitch moment coefficient as a function of angle of attack for
Mach numbers 0 2 to 6 0
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Figure 1 17 Booster with upper stages pitch moment coefficient as a function of
Mach number up to Mach 6 0
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Aero Data R1 0, Booster Drag Coefficient, Ptching Moment Coefficient,M=0 2 to 6 0
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Figure 1 18 Booster pitch moment coefficient as a function of Mach number up to
Mach 6 0
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Figure 1 20 Cp . of booster with and without upper stages
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Figure 121 C,_ ... of booster with and without upper stages
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25 x10° Vandenberg February RRA Wind Azmuth Profile
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Figure 3.2 . Wind direction as a function of altitude at Vandenberg launch site
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VITA

Brett Starr was born 1n Greenst;é)ro, North Caréhna on January 30, 1961 He attended
schools 1n the public school system of Guilford County, North Carolina, where he
graduated from Southeast Guilford High School 1n June, 1979. He entered North
Carolina State Umversity at Raleigh in August of 1979 In May of 1984, he received a
Bachelor of Science degree in Mechanical Engmeeh'ng. He worked in industry with
Volvo-GM Heavy Truck Corporation in Greensboro, North Carolina unti] J anuary of
1997 when becoming a full-time student 1n the Master’s Program at the University of
Tennessee Space Institute with a NASA Space Grant While at the Umniversity of

Tennessee Space Institute he completed double Master’s degrees 1n Engineering

Science and Aerospace Engineering
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