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TECHNICAL MEMORANDUM X- 64918

SPACE SHUTTLE LAUNCH VEHICLE PERFORMANCE TRAJECTORY, EXCHANGE
RATIOS, AND DISPERSION ANALYSIS

SUMMARY

A baseline 3pace Shuttle Trajectory for Mission 3A launched from WIR has
been generated. Design constraints of maximum dynamic pressure, longi-
tudinal acceleration, and delivered payload were satisfied. Payload ex-
change ratios for use in rapid tradeoff studies were generated and pre-
sented. A detailed dispersion analysis simulating vehicle parameters

at their + 30 values was performed to define design envelopes of dynam-
ic pcessure, SRB staging point, aerodynamic stagnation point heating,
and flight performance reserves. Optimum fuel bias quantity was cal-
culated,

INTRODUCTION

The Space Shuttle Program has reached a phase where all major system
elements have been contracted. Each contractor has evaluated the re-
quirements and replied with a definition of operation of his parti-ular
element.

These data have been assembled to define a launch vehicle that will
perform thc mission requirements. A detailed evaluation and study of
these data have been performed. This report contains the baseline
vehicle definition, Mission 3A baseline performance trajectory, payload
exchange ratios, dispersion analysis with design environment envelopes,
and a definition of flight performance reserve propellants.




SECTION I

NOMINAL LAUNCH VEHICLE PARAMETERS AND BASELINE TRAJECTORY

A, Discussion

The Space Shuttle Launch Vehicle (SSLV) has been sized under Level
I groundrules (Reference 1) for a flight labeled Mission 3A, This has
been ascertained through various studies as the most payload critical
mission defined in Reference 1. This mission is a single revolution
payload delivery flight launched from Western Test Range (WIR) into a
50 X 100 n. mi. orbit inclined at 104° with respect to the equatorial
plane. The requirement of 'orbiter intact abort' sizes the propulsion
system for an Abort-Once-Around (AOA) flight caused by Space Shuttle
Main Engine (SSME) failure. The current abort requirement provides
safe landing in the vicinity of the launch site following a SSME failure,

The Shuttle powered flight is divided into three phases, each of
which requires a different response to an abort situation. The first
phase is from liftoff through Solid Rocket Booster (SRB) burn-out and
staging, and into the orbiter/ET flight., During this phase, if a
failure causing an abort occurs, the SSLV executes a powered turn
around maneuver, initiated after SRB staging,and flies back to the
launch site. The latest time that this maneuver can be executed, and
thus the terminal time of this first phase, is designated the last
Return To Launch Site (RTLS), first AOA interface. Beyond this time the
downrange energy is too great to be cancelled, and a second phase of
flight is in effect. 1If a SSME failure occurs in this phase the SSLV is
targeted to the AOA Main Engine Cutoff (MECO) conditions stated in Table
I.1. Following MECO the Orbital Mancuvering System (OMS) is fired to
place the orbiter on a conic from which safe entry and landing may occur.
A third and final phase occurs when the powered flight nears the nominal
targeting conditions of Table I,1. If &8 SSME failure occurs during this
phase, the remaining orbiter engines are burned to the Nominal targeting
conditions and a post MECO OMS burn is used to place the orbiter into
the required 50 X 100 n. mi. orbit. The MECO target conditions are siuch
that the ET is on an earth impacting conic required for safe ET disposal,

B. Description of Launch Vehicle

The SSLV has been sized by the prime contractor, Rockwell Inter-
national/Space Division (RI/SD), and the component weight and mass data
used for this study are contained in Reference 2 and displaved in Table
I.2. A management requirement of 7000 pounds payload growth margin at
the time when this sizing exercise was performed was implemented. A
sketdcl. of the launch vehicle is displayed in Figure I.1. The aerodynamic
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data was obtained from Reference 3. The forebody axial force coeffi-
vs Mach Number and base force vs altitude curves are displayed in
Figures I.2 and I.3 respectively. The Solid Rocket Booster vacuum
thrust and weight flow rate profiles produced by Thiokol Chemical
Corporation and designated as TC-207-1, are displayed in Figure 1,4,
Values of vacuum thrust and specific impulse for the SSME, OMS, and aft
firing RCS engines are presented in Table I.3,

The ascent trajectory for Mission 3A was simulated using the
following groundrules:

1. Launch from WIR, latitude = 35%, West Longitude = 120.5°

2. Payload weight = 32,000 1bs. (exclusive of 7000 1lb payload
growth margin)

3. Orbit inclination = 104°.
4., 1971 Vandenberg Reference Atmosphere simulated (Reference 4).
5. Maximum dynamic pressure on nominal trajectory < 650 psf.

6. Vehicle erected on launch pad with tail fin pointing due
south,Az = 180°)., Roll program ( 19/Sec) begar at 6 seconds flight
until azimuth = 198.55° as required for coplanar flight,

7. Booster open loop pitch attitude profile selected to
maximize payload while limiting loads in region of maximum dynamic
pressure,

8. Optimum guidance initiated at SRB staging and is in effect
until MECO,

9, Thrust vector control supplied by SRB's from liftoff to
beginning of thrust decay at which time orbiter engines assume control
until cutoff,

10. Orbiter main engine throttle set at 109% from liftoff to AOA
MECO or 100% from RTLS to Nominal MECO except for throttling as required
to maintain longitudinal acceleration limit of 3g's.

11, Last RTLS time equals earliest AOA time (Vg = 8932 fps)
12. Trajectory shaped for earliest ACA (Table I.1 for targeting)

with orbiter engine #1 failure, Nominal trajectory simulation started
at RTLS/AOA point and targeted to nominal MECO target (Table I.1).



13, OMS propellant loading of 250 fps AV in excess of 50 X 100
n. mi, reference orbit and RCS loading of 100 fps on orbit translational
AV respectively (Reference 1) are assumed.

14, OMS and aft firing RCS engines burned in parallel with
orbiter main engines during AOA burn after engine failure. The
duration is limited such that sufficient propellants are available to
perform the post MECO maneuvers,

C. Trajectory Results

A sequence of events and resulting trajectory weight statement for
both AGA and Nominal MECO conditions are contained in Table I.4.

Plots of dynamic pressure versus time and longitudinal acceleration
versus time are displayed in Figures I.5, and I.6, respectively. A plot
of stagnation point heating (Referenced to a one foot sphere) is dis-
played in Figure I.7,

Table I.5 is a definition of symbols of the trajectory tables. The
detailed printout of the trajectory simulation from liftoff to AOCA MECO
is presented in Tables 1.6 through I1.13. Printout of the trajectory
simulation from the RTLS/AOA point to Nominal MECO is presented in
Tables I.14 through I.21,

By g o - =
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TABLE 1.1

MECO TARGETS - MISSION 3A

AOA Trajectory

Altitude = 55n, ~i. ¥
Inertial Velocity = 25,317 fps
Tnertial Flight Path Angle = .75°
Inclination = 104°

Nominal Trajectory

Altitude =60 n, mi, *
Inertial Velocity = 25,383 fps
Inertial Flight Path Angle = ,5°

* above equatorial radius



TABLE I.2

SHUTTLE COMPONENT WEIGHT AND CENTER OF GRAVITY DATA - MISSION 3A

-

Payload 32000 1b
Personnel 2636
Inert Wet Orbiter 156000
Usable RCS Propellant 3915
Usable OMS Propellant 12978
External Tank (WET) 75000
External Tank Propellant

Capacity Incl FPR and Fuel Bias 1555338
SRB Inert Staging Weight 350380
SRB Propellants Incl Inerts 2202400
Gross Liftoff Weight at T/W = 1.5 4390647

Center of Gravity

Weight 1b XCG* (in) ZCG* (in)
S 4400000 =448,0 -16.0
T 4368500 -449,2 -16.2
A 3615100 44,1 -19.6
G 2957400 -415.8 -23,7
E 1911000 =279.4 -37.0

1791600 -266.3 -39.8
1
S 1428000 -122,0 ~49.8
T 973400 -244.,5 =72.0
A 601700 -412.,9 -116.2
G 301300 -756.9 -235.6
E

YCG* = 0

2

* See Figure I.1
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TABIE I.3

ORBITER LIQUID ENGINE PROPULSION PARAMETERS

Space Shuttle Main Engine (3)

Vacuum Thrust at 100% Power Level = 470000 1b
Vacuum Isp at 100% Power Level = 455.2 s
at 1097 Power Level = 455.3 s

Exit Area 6471 inz/Engine
Throttle range of 109% to 50% Nominal Power Level
Crbital Maneuvering System (2)

6000 1b
313.2 s

Vacuum Thrust
Vacuum Isp

Reaction Control System (4) (aft firing)

Vacuum Thrust =875 1b
Vacuum Isp = 289 s

11
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TABLE 1.4

TIMED SEQUENCE OF EVENTS WITH CORRESPONDING WEIGHT HISTORY

AOA Trajectory

JIME (s) EVENT VEHICLE WT
0 Liftoff 4390647 1b
6 Initiate Tilt and Roll Attitude Program 4233432
7.86 Terminate Roll Maneuver 4183779
45.94 Mach Number = 1 3251833
54.49 Max Dynamic Pressure = 650 psf 3082478
107.50 Max SRB Longitudinal Acceleration
Orbiter Engines Assume Thrust Vector Control 1979738
121.42 SRB Staging 1778393
Initiate Closed Loop Guidance 1428013
253,04 Common RTLS/AOA Point
Engine #1 Failed/Ignite OMS & RCS 983719
236.81 RCS Cutoff 905960
342,12 OMS Cutoff 779372
536.68 Max Longitudinal Acceleration - Throttle 341533
558.71 AOA MECO 295395
ET Propellauts Consumed for AOA Trajectory 1538597

Nominal Mission

253,04 Common RTLS/AOA Point 983719
418.89 Max Longitudinal Acceleration - Throttle 470000
485,23 N-~minal Mission MECO 303576
ET Propel”-uats consumed for Nominal Trajectory 1534298

15
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SECTION II

EXCHANGE RATIOS

A, Discussion

After a baseline launch vehicle system is defined, there are design
variations that occur during detailed development phases. These varia-
tions may be advantageous or disadvantageous. The effects of these
variations on delivered performance must be con-inu~usly analyzed. This
can be done by performing a trajectory simulation with the changas eval-
vated, A more cost effe ‘ive method is the use of exchange r-tios,
sometimes called payload partials whose primary purpose is to provide a
quick and economicai assessment of design variations on the payload
delivery capability in the region near the baseline. Exchange ratios
are used by multiplying a change of a baseline parameter by its corre-
sponding exchange ratio to define the performance change at MECO, Com-
bining these data with similar cost analyses data, trade studies may be
performed to define the minimum cost impact required to recover per-
formance capability lost due to design changes. A secondary use is to
increase the baseline capability using the came methodology. The final
test of any proposed change is the trajectory simulation containing all
the proposed changes., This will define the new baseline payload capa-
bility and then the exchange ratios may be used during the next design
cycle.

As stated in Section I the 3A Mission is the design reference (pay-
load critical) mission. The exchange ratios contained herein are genei-
ated to describe the effects of a 'planned change' in the baseline
system as compared to the random occurrence of unknown i-.iations about
the baselire as discussed in Section III, Exchange ratios are generated
by changing each system parameter individually and simulating a maximum
payload trajectory through the RTLS/AOA point of Vg = 8932 fps t¢ the
AOA and Nomina. MECO conditions specified on Table I,1, This is done
by optimizing the tilt over maneuver and closed loop guidance while
limiting ET propellant consumption to maximum loaded value,

A change in the weight &t AOA MECO provides a similar change in the
gross payload (cargo bay plus consumables) weight, The case of Nominal
MECO is not the same. At this point the change in MECO weight represents
a change in gross payload from the AOA condition and & change in the ET
propellant residuals, The residual increase or decrease is dependent
upon whether the Nominal MECO exchange ratio is greater or less than at
AOA MECO,

ERECEL (NG PACE BLANK NOT PILMFD
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Historically, exchange ratios have been assumed and used as linear
values., This is generally valid in small regions about the baseline;
buc for some cases, the desizn parameters of max q and accelerations
are violated and must be constrained, The method for constraining max
q in this analysis is reducing the initial tilt-over (lofting) prior to
max q which causes the vehicle to exit the dense atmosphere quicker.
This results in a nor-optimum crajectory and a resulting payload im-
provement less for a given system change than the non-constrained
results. Detailed SSME throttling prior to max q was not investigated.

A rule of thumb for use of exchange ratios is that the unconstrained
ratios are used when payload is degraded or when recovering payload lost
due to design refinements and the constrained curves are used when try-
ing to increase the baseline performance.

B. Description of Results

A summary of linearized exchange ratios for both AOA MECO and
Nominal MECO is shown in Table II.,1. The exchange ratios for each de-
viation are shown in terms of A gross payload per unit parameter change
at AOA MECO, At Nominal MEZO the exchange ratio is labeled as A MECO
weight per unit change and includes the change in AOA gross payload and
ET residuals.

Figures IL.1 through II,17 display A weight for both AOA and Nominal
MECO conditions for unconstrained trajectory results. Figures IIL,1, 6,
7 8,9, 10, 12 and 17 include the effects at AOA MECO when the trajec-
tory must be reshaped to meet . he dynamic pressure design constraint.
These constrained curves emphasize that the exchange ratios must be used
correctly in order to obtain valid results,

A method of recovering the performance losses due to meeting the
constraints is by reoptimizing the trajectory portion pas* the time ot
max q to SRB staging. The system paraweter chosen for this illustration
is SSME thrust variation. Figure II,17 shows weight losses for a 30000
pound increase of vacuum thrust per engine of about 1000 pounds for the
constrained q case as coxnpared to 6400 pounds gain for the unconstrained
q case, By optimizing the flight path profile after max q . s been
passed, a net gain of 3100 pounds weight can be attained as shown on
Figure I1.18. This example stresses that linear exchange ratios are
valid only when used for small deviations about the baseline, In order
to increase the baseline performance, it is more realistic to perform
detailed analysis than to use the exchange ratios where design con-
strain-s are violated.
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MISSION 3A

TABIE II.1 EXCHANGE RATIOS*

@ AOA MECO | @ NOMINAL MECO
A PAYLOAD A MECO WEIGHT **

PARAMETER VARIED 3 PARAYETER A PARAMETER ™
FOREBODY DRAG (C ) - 84 1b/% - 9 1b/%
BASE DRAG - 20 1b/% - 28 1b/%
SRB SEPARATION DELAY -185 1b/s -200 1b/s
SRB VACUUM ISP (CONSTANT THRUST) 300 1b/s 330 1b/s
SRB VACUUM ISP (CONSTANT W) 810 1b/s 880 1b/s
SRM VACUUM THRUST (CONSTANT ISP) 664 1b/% 720 1b/%
SRM VACUUM THRUST (CONSTANT W) 2,120 1b/% 2,300 1b/%
SRB INERT WEIGHT -,093 1b/1b - .1 1b/1b
SRB PROPELIANT CAPACITY .024 1b/1b .025 1b/1b
SRB PROPELLANT TEMPERATURE 90 1b/deg F 100 1b/deg F
IAST RTLS - RELATIVE VELCCITY 3.3 1b/fps 1.2 1b/fps
ET PROPELLANT CAPACITY (NO ET

NERT WT CHANGE) .061 1b/1b -
ET PROPELLANT CAPACITY (ET INERT
WT CHANGE) .015 1b/1b .

SSME VACUUM ISP (CONSTANT THRUST) | 1,090 1b/s 865 1b/s
SSME VACUUM ISP (CONSTANT W) 1,360 1b/s 1,100 1b/s
SSME VACUUM THRUST (CONSTANT W) .4 1b/1b .43 1b/1b
SSME VACUUM THRUST (CONSTANT ISP) .08 1b/1b .07 1b/1b

* LINEARITY ASSUMED OVER SMALL VARIATIONS

%k  REPRESENTS A PAYLOAD + A ET PROPELLANT RESERVE AT MECO
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SECTION III

DESIGN ENVIRONMENT AND FLIGHT PERFORMANCE RESERVES

A, Discussion

Tne purpose of this rection is to develop a set of ascent trajecto-
ry induced design environments and flight performance reserve (FPR)
propellant requirements using the same techniques as previously used on
the Saturn class of launch vehicles. Every veliicle is initially de-
signed to some nominal set of parameters and conditions at a given
safety factor. It is assumed that each parameter is independent, nor-
mally distributed, and exhibits a known extreme tolerance defined as a
3 7 deviation. This savs that for 99.74% of the time a given item will
operate within its + 3 0 limits, This uncertainty is accounted for by
providing design envelopes of key trajectery characteristics which the
vehicle is predicted to stay within 99.74% of the time. The propellant
variations at MECO (FPR) are analvzed to assure attainment of MECO
99_877% of the time. Therefore, each parameter may be investizated at
its extreme tolerance and the deviated trajectory results combined bv
the root-sum-squared method. This is the technique used for the results
presented in this section,

The trajectories to AGA and Nominal conditions of Section [ produce
the baseline characteristics for this dispersion analysis. The analvsis
was performed by curve fitting the booster attitude tilt profile from
liftoff to SRB staging versus relative velocity and reloading this into
the trajectory simulator (Reference 6). This open loop atticude profile
was held constant for all dispersion runs except for the boost steering
error dispersion. The closed looup guidance was initiated at SRB staging,
flying the same type profile as described in Section I, Each svstem
component parameter was deviated from its baseline value by the amount
listed in Table III.1 and a trajectory simulated. All deviated trajec-
tories assumed orbiter engine #1 failure at a relative velocity of 8932
fps to define the last RTLS/first AOA interface. AOA and Nominal tar-
geting trajectories were simulated from this point., The RTLS trajec-
tories were not simulated, The following list of trajectory characte-
istics are investigated:

o Maximum dynamic pressure
o Maximum longitudinal acceleration during SRB burn

o SRB staging state vector and dynamic pressure

PRECEDING PAGE BLANK NOT FILMED



o RTLS/AOA point vector deviations and ET propellant
consumed from liftoff (VR held constant at 8932 fps)

o Stagnation point heating
o ET propellants consumed from liftoff to ACA MECO
o ET propellants consumed from liftoff to Nominal MECO

o Vehicle subpoint range from liftoff to ACA MECO and
Nominal MECO

Extreme (maximum and minimum) envelopes which are possible to occur
during a flight are generated for each trajectory characteristic.

Table III.1 lists the dispersion sources and the 3 0 extreme values
of each parameter, The atmospheric variations are listed as Hot day and
Cold day correlated atmospheric models and are found in Reference &4,

The wind data used are from Refercnce 4. The aerodynamic coefficient
parameters were obtained from Reference 3, Contributions due to guid-
ance, control, and navigatiocu systems were not analyzed due to lack of
complete definition and simulator limitations. These will be analyzed
at a later time when preflight analyses are performed.

B. Induced Design Environments

As each dispersion trajectory was computed, the deviated values of
tre jectory characteristics to be investigated were calculated, These
were then root-sum-squared to define the maximum deviation envelopes
about the baseline. This was done by evaluating all the plus and minus
deltas separately.

Figure ITI.1 displays the envelope of dynamic pressure the launch
vehicle may encounter in the region about nominal time of maximum q from
the baseline trajectory. It is observed the maximum value could reach
727 psf at 55 seconds flight time., The major contributions are SRB Web
Action Time (527%) and Headwind (447%). Figure TII,2 displays the stag-
nation point heating envelope for the AOA and Nominal missions. The
ma jor contributors to the maximum heating envelope are + SSME thrust
(24%), - SRB WAT (9%), + boost steering error (107.), Hot day atmosphere
deviation (37%), and SRM misalignment (17%). It should be noted the
heating at ACA MECO is 1437 that at Nominal MECO for the undispersed
cases. It can also be noted that the maximum heating at Nominal MECO {is
only 827 of the minimum heating at AOA MECO., The detailed design of ET
thermal protection should be performed on the AOA trajectoryv. The safety
factor required will define what degree of heating to use. Table III,2
lists the deviation in state vector and dynamic pressure at SRB staging,
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The deviation of mcximum longitudinal acceleration experienced during
SRB burn is included in Table III,2,

The RTLS/AQA point was assumed to be constant at a relative velocity
of 8932 fps. Table III.3 displays the deviation in state vector and
consumed ET propellant at that velocity, Currently, the on-board logic
to determine this interface has not been determined. More analyses are
required to define which parameter will be used to define this interface
in the flight computer. Some candidates other than VR are time or char-
acteristic velocity. Table III.4 summarizes the deviations of MECO time
and surface range from the launcn site at both AOCA and Nominal MECO,

The launch vehicle was targeted to the conditions of Table I.1 for all
cases simulated,

C, Flight Performance Reserves

In order to guarantee that the MECO targets may be attained for
99,87% of the time, an extra amount of usable mainstage propellants must
be carried. These are known as Flight Performance Reserves (FPR), They
are calculated by root-sum-squaring the positive (those above baseline)
mainstage ET propellants expended from liftoff to MECO, Table III,S
lists the contributions to FPR for each dispersion source at AOA MECO
and Nominal MECO, These contributions are at iaseline SSME mixture
ratio of 6:1, The mixture ratio uncertainty ef’ects of the SSME and ET
loading were combined statistically while optimizing the fuel bias
quantity using the technique as defined in reference 5.

The FPR required for this mission is 6471 pounds at AOGA MECO and
6661 pounds at Nominal MECO including fuel bias. The optimum fuel bias
is 1150 pounds. The cause for the Nominal MECO FPR being greater than
the ACA MECO FPR is that the trajectory is shaped for the ADA condition
and the Nominal is 'branched' at .he RTLS/AOA point.

The RSS of the negative quantities of ET propellants consumed yield
the negative FPR or excess residuals at MECO, These result from over-
performing launch vehicle parameters and are jettisoned with the ET,

The negative FPR including fuel bias could be as great as 6366 pounds at
AOA MECO or 6266 pounds at Nominal MECO,

When generating performance trajectories, an estimate of FPR 1is
desired. This has bern historically done by converting the FPR from a
detailed analysis such as this to a percentage of the characteristic
velocity from liftoff to MECO, The results of this analysis yield an
equivalent AV of ,0085 Vohar at ACA MECO and .0087 V.har &t Nominal
MECO not including the fuel bias. The fuel bias is summed with normal
residuals and is not recalculated fcr performance quotations.
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TABLE III.1

DISPERSION SOURCE 3 o VALUES
SRB Web Action Time * + 4.71%
SRB Vacuum Specific Impulse * + .5%
SRB Propellant Loading * + .21%
SRB Staging Weight * + .85%
SRB Staging Time + .5s
SRB Misalignment + .5°
SSME Vacuum Thrust + 6000 1b/Eng
SSME Vacuum Specific Impulse +2.3 s/Eng
SSME Misalignment + .5°
SSME Mixture Ratio * 1%/Eng
Orbiter & ET Inert Weight + .81%
ET Propellant Loading + .48%
Booster Steering Program + .s5°
Vehicle Center of Gravity + 2 inches
Atmospheric Hot/Cold day
Winds Head/Tail

Right/Lleft

Base Force Reference 3
Aerodynamic Coefficients Reference 3

NOTE: Orbiter Main Engine Variations Combined by
Stage Variation = N (Dispersion/Eng)/VN

Where N is number of engines operating i.e.
N = 3 for Nominal, N = 2 for Abort

* Combined Stage Variation
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CONCLUSION

The described launch vehicle has been evaluated and displays the capa~
bility to deliver the required performance to the design reference
mi,sion, The exchange ratios will enable management and design engi-
neers to quickly evaluate performance effects of any proposed system
changes in a rapid economic manner,

The design envelopes calcula‘ed shows that the maximum dynamic pressure
encountered on ascent may exceed the design requirement of 650 psf by
77 psf mainly due to overperforming SRB and a headwind. The maximum
ascent heating occurs on the abort-once-around mission and is con-
siderably greater (43% on an undispersed trajectory) than that from a
nominal flight. The flight performance reserves calculated have been
converted to an equivalent percentage of characteristic velocity of
.85% at AOA MECO and .877% at Nominal MECO, A statistical calculation
of fuel bias resulted in an optimum requirement of 1150 pounds.

RECOMMENDATION

It is recommended that these data te utilized in conjunction with
corresponding data generated br the system contractor, Rockwell
International/Space Division, and Johnson Space Center for design of
the Space Shuttle.
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