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ABSTRACT

The single largest contributor to the cost of putting objects into space is that of the
launch portion. The currently avalable chemica rockets are only cgpable of specific

impulse (1) vaues on the average of 300-350 seconds, with a maximum of 450

seconds.  In order to improve the performance of the current families of launch vehicles,
it is necessary to increase the peformance of the rocket motors, and conversdy the
amount of propellant/oxidizer carried.

The purpose of this thess was to determine the feadbility of employing
SCRAMUJET technology for an intermediate propulsve dage of an expendable launch
vehicle. This was motivated by the fact that SCRAMJETS offer a very high propulsve
effidency when compared to conventional chemical rockets. The incorporaion of a
SCRAMJET engine into the configuration “stack” of an expendable launch vehicle,
offers the promise of increased payload mass fraction or an increase in the number of
atainable orbitd profiles. Anaytica tools were developed using opensource software to
identify launch trgectories for the SCRAMJET-enabled rocket configurations, and to
determine how these would differ from conventiond launch profiles. The effects of
incremental increases in configuration lift and drag coefficients due to the SCRAMJET
dage was andlyzed. It was determined that incorporation of SCRAMJET Technology
into an expendable rocket configuration offered marked improvement in performance,
reduction in tota launch weight, and increase operationd flexibility when compared to a
samilarly szed conventiona chemical rocket.
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INTRODUCTION

A. PURPOSE

This thess explores the feashility of adapting supersonic combustion ramjet
(SCRAMUJET) technology for the purpose of improving the performance capabilities of
future U.S. expendable launch vehicle families. This is motivated by the high propulsve
efficiency of this type of rocket compared to the more conventional chemica variants.
The objective is not to design an actud rocket system, but rather to use andyss to
identify whether the induson of such technology would provide a cod-judified
improvement over current design schema.

The focus here is primarily upon addressng the following questions what is the
maximum performance of current launch vehide configurations, what are the effects of
incrementd  SCRAMJET drag increeses on the flight profile how can SCRAMJET
technology be gpplied to improve launch vehicle performance what is the optimd flight
profile for a launch vehide with a SCRAMJET intermediate stage; how does this flight
profile contrast with conventionad launch profiles and what possble missons would
benfit from the use of such alaunch vehicle design.

B. STRUCTURE

The thess is split into seven sections Concept Review, Current Hypersonic
Research, Deveopment of Aerodynamic Daa, Deveopment of the Simulation, Andyss,
Future Work, and Summary of Results.

The Concept Review section provides a brief review of the physcd principles
asociated with supersonic flight, launch vehicle performance, and orbita  dynamics.
This refresher is vitd to the underganding of the materid covered in the later sections.
Accompanying appendices provide a more rigorous mathematical- based review.

The next section gives a current sngp-shot of US and interndtiond efforts in
pursuing SCRAMUJET technology. Different countries are pursuing this technology not

just as a means of obtaining solutions to the problem of more efficient, lower cost space



trangportation, but also as a means of advanced wegpons design. It is sgnificant to note
the cooperative nature of many of these efforts.

The development of the aerodynamic data necessitated the use of severd software
programs, namely AeroCFD, HyperCFD and Microsoft Excd. AeroCFD and HyperCFD
from Apogee Components provided the means of creating arodynamic rocket forms and
generating the accompanying aerodynamic data. Microsoft Excd was used to compile
the aero daa into Spreadsheet form, and was indrumentd in the vadidation of the
AeroCFD/HyperCFD data.

The devdopment of the smulation modd used during the course of this thess
aso relied upon software from several vendors, and is comprised of open-source coding.
The dmulaion modd endbles the operaior to dynamicaly dter various environmenta
and launch vehide parameters, and view these effects concurrently. Such a design
agoproach facilitates a greater understanding of the dynamics of launch vehicle trave
through the atmosphere,

The Andyss section contains the information obtained from the computer modd
and presents the conclusons drawn from this andyss.

The Future Work section serves to identify points that were not addressed, or that
arose during the course of thes's research, as well as points needing further investigation.

Findly, the Summary briefly reviews the tools and methods used during research,
the results, and reterates the motivation for gpplying SCRAMJET technology to launch
vehicles, and the gpproaches used toward the god of lower-cog, higher efficiency launch
vehicle desgns



Il. CONCEPT REVIEW

A. MOTION OF ROCKETS

When formulaing his now famous equations of motion, Issac Newton origindly
considered only the case where the mass of the system was conserved. His Second Law
is dso applicable where the mass of the system is not conserved, as is the case with
rocket systems. In order to develop a mathematics expression for the motion of a rocket,
one must make use of differentid equetions. Tsolkovsky’s rocket equation is given in
Figure 2.1, where

Timet Timet + Dt
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Figure 2.1 Rocket Equation

M, is the initid mass a the sart of the burn, m, is the amount of propellant burned in

time dt, rﬁp is the rate of change of the rocket mass, and U, is the effective exhaust

veocity of the rocket
A useful concept for evaduating the performance of any rocket design is specific

impuise (1_). Spedific impulse is a measure of the rocket engine's ahility to deliver an
impulse ((‘gtF >dt) for a given amount of propdlant, and is represented in units of
seconds. By convention, the ratio of thrust to mass-flow is divided by the eath's

gravitational constant (g, )to give units of seconds. Ingtantaneoudy, |, = l, is

indirectly related to the type of fuel/oxidizer used. Table 2.1 ndicates typica |, vaues

for different propulson systems.



Fuel Oxidizer I, (sec)
Cryogenics (LH>) Oxyger 440-460
Hypergolics (MMH) Nitrogen Tetraoxide 260-290
Solids Ammonium Perchlorate 270
Electric (Ion) -- 2,500-10k
Nuclear -- 10%-10°k

Table2.1Typica |, Vaues

Electric propulsion sysems can produce very high |, vaues but do not achieve high

thrus levels.  Political, environmental, and technicd concerns have limited the use of
nuclear propulsion sources for al but a few deep space applications. Research into new

fuel/oxidizer mixes will not likey result in a dgnificant increese in 1, Except for

experimental  gasses, the maximum possble 1, from chemica rockets has likely been
ataned. What remains to be pursued is a more efficient use of exising technologies.
Thisisa primary motivation behind this thes's research effort.

The rocket equation can be manipulated in order to provide an expresson for the

amount of fue and oxidizer necessary to achieve a particular velocity change (ddtaV).
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Important to note is the exponentid relationship of the propdlant load to “ddta V”
(Dv). Also, I, has a profound effect upon launch performance.  As the efficiency of

the rocket motor increases, the amount of fud necessary to achieve the required DV
drops gdgnificantly.  Figure 22 provides a gragphic depiction of |_ versus required

Sp

propellant to place a 1000kg payload in orbit. Engine I, for severd different launch

vehicles are indicated.
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Figure 2.2 Specific Impulse vs. Propdlant Required

Current engine desgns have efficiencies to the left of the bend in the curve. If it is
posshle to get past this “knee’, a sgnificant reduction of propdlant carried is possible.
Engines with an 1, of 1000 would reduce the propellant required by the Shuttle, in order

to loft a 1000kg payload, from the current 8:1 propellant mass-fraction (me) to close to

al:lrdio.
B. HIGH SPEED FLIGHT

In order to have a meaningful discusson regarding the possble benefits of
operaing a launch vehide in the atmosphere a much greater than the speed of sound, a
common terminology must be agreed upon. A comparison between the characteritics of
both subsonic and supersonic flight is aso needed.

The speed of sound is the speed @ which molecules communicate through
pressure waves. This sound speed varies with dtitude, as it is dependent upon the
compostion of the atmosphere through which it travels. Mach number (M) is a unit-less
number that conssts of a ratio between an object’s velocity (V) and the loca sound speed

(@)

M =— 2.2)



Thelocd sonic velocity is proportiona to the temperature of the air. Figure 2.3 depicts
how the temperature of the atmosphere varies with dtitude. Hight is defined as
supersonic for Mach numbers greater than 1.0, and hypersonic at Mach numbers greater
than 5.

Almosphere

z
=
&
2
=

Image: NASA GSFC

Figure 2.3 Atmospheric Temperature Digtribution

An interesting aspect of supersonic flight defies common intuition. In supersonic
flow, when area is redtricted, air dows down; when area expands, the air speeds up. This
is oppodte from wha occurs during subsonic flow. Figure 2.4 depicts the pressure
velocity relationship for each case. The reason for this derives from the fact that ar is
compressible.

subsomic —l"_'_"#) Malopity 4‘
_'_'_"‘“‘\\ Pressure 4

_.___,_._.-/ Mach # t
supersonic T
T, Pressure |

Figure 2.4 Subsonic Vs. Supersonic Flow

When a rocket collides with the atmosphere, the air compresses and changes in dendty
(think of a traffic jam, with the cars as ar molecules). This leads to the formation of a
shock wave and causes a deflection in the path of the arflow. In subsonic flow the
obstacle affects the flow upstream and downstream. In supersonic flow the obgacle is a

hydrodynamic surprise and affects are only seen downstream; the upsiream gas flows as
6



if the obstacle were not present.  The angle these waves make with the body-plane of the
disturbing body are a function of the body’s Mach number, as depicted in Figure 25. A
by-product of air-flow compresson isthermd build up.
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Figure 2.5 Characteristic Mach Waves

C. AIR-BREATHING ENGINES

The posshility that an ar-breathing engine could be used to propel a vehicle into
orbit was firsg envisoned dmost four decades ago. It is only with recent advances in
materiads technology that serious consderation has been given towards these sysems to
facilitate access to space [McClinton].

1 Advantages of Air-Breathing Designs

There ae severd key advantages that ar-bresthing engines have over
conventional rockets.  Air-breathers utilize amospheric oxygen ingdead of an onboard
supply of oxidant, thus a smaler overdl amount of fud can be carried aboard the launch
vehicle, thereby reducing weight, Size and codt.

In a conventiona rocket, the mass of oxidizer carried is about Sx times that of the
required fuel. Rearranging the now familiar |, equation, we get an expresson for | in

terms of propellant mass:

L F N F _F
N gOm gO éhfuel + ranB gO énfuel + 6mfue| H 790 émfud B

(2.3)

By virtue of the fact that it does not need to carry an oxidizer supply, I, isincreased by a

factor of 7. The exact amount of increased efficiency is dependent upon the fud mixture
7



used. Figure 2.6 gives a visud representation of the cgpabilities of current propulson
designs.

Ancther way of thinking about this is that an ar-breathing engine, as compared to
a rocket, uses gpproximately one-seventh the quantity of propellant in order to produce an
equivalent amount of thrust. This dlows for smaler, less codly designs, or the ability to
get grester payloads to orbit for a given total weight. Air-breathing designs aso offer
increased operationd flexibility compared to conventiond rockets.

Turbajet Ramjet

Propulsion systems
comparison

Tenon

Scramjels have the
highest efficiency
above Mach &

Mach reage! 0 1 5

Image: Grif Corpening
Figure 2.6 Propulson Systems Comparison

Hypersonic propulson sysems address the following NASA  Aeronautics

Technology objectives [NASA GRC]:

Objective 6. Safety - Make space travel as safe as today's air travel.
Reduce the incidence of crew loss by a factor of 40 by 2010 and by a
factor of 100 by 2025.

Objective 7: Cost - Reduce the cost of taking payloads to orbit. Reduce the
cost of delivering a payload to Low Earth Orbit (LEO) by afactor of ten
by 2010, and reduce the cost of inter-orbitd transfer by a factor of ten by
2015. Reduce costs for both by an additiona factor of ten by 2025.

Objective  10: Technology Innovation - Deveop the revolutionary
technologies and technology solutions that enable fundamentdly new
aerospace System capabilities or new agrogpace missions

8



It remains to be redized, but hypersonic propulson has the potentid to have as grest an
impact upon the way human beings live, work, and play as the advent of the arplane
nearly 100 years ago.

2. Limitations

Air-bresthing engines are not a miracle cure for the difficulties of launching
objects into space. The engine inlet is desgned to maintain arflow a a pre-determined
velocity/pressure profile. There are didinct regions of the flight regime where air-
bresthing designs such as scramjets can operate efficiently.  Supplemental  propulsion
systems, such as conventiona rockets, must be used in order to place the scramjet system
a the vdocity/dtitude profile a which the desgn can operae efficiently. Figure 2.7
depicts the velocity/dtitude profiles where various propulson designs could best be
utilized.

ROCKET, SCRAMJET,

ROGKRET ROCKET.
AFIISTED ASSISTED
RAMJET OR SCRAMJIET

TURBOJET pamiET SORAMIET  ORROCKET ROCKET
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FLIGHT MACH NUMBER

Image: NASA LANGLEY

Figure 2.7 Ve ocity/Altitude Profiles of Propulson Designs

Despite advances in many aress, the dae of technology is ill a limiting factor in
the ability to fidd hypersonic designs. The upper speed limit of scramjets has yet to be
determined, but it is envisoned that hypersonic designs are cgpable of attaining orbita
velocities. At these extreme speeds, scramjets may no longer hold an advantage over
rocket designs due to significant therma and structural stresses.

D. LAUNCH ECONOMICS

1 Introduction

Irrespective of the performance capability of an individud dass of launch
vehicles, one is able to address their various associated costs in an effort to determine
which has greater benefit than the other, and under what conditions these findings hold

9



true. The Microcosm Reusable Vs. Expendable Launch Vehicle Cost Model [WertZ]
presented at the International Agironautics Federation Congress, in Rio de Janeiro Brazil,
in October 2000 by James Wertz serves as the basis for determining the possible
economic advantage/disadvantages of reusable/expendable launch vehicle designs.  The
following paragraphs will introduce the terminology and methods used by the Microcosm
modd, briefly present the modd’s economic comparison of reusable and expendable

launch vehicles, and make use of these conclusons to address the feashility of including
scramjet technology within these designs.
2. Microcosm M odel
a. Terms/Methods
Wertz begins his economic comparison of reusable and expendable launch
vehicles with the following paragraph:

It is generally assumed by the community that reusable launch vehicles
will dramatically reduce launch costs because you don’t “ throw away the
vehicle” every time it is used. However, this is usually taken as an
element of faith, without any substantive analysis to support the
conclusion. The example of the Space Shuttle, originally sold to Congress
on the basis of dramatically cutting launch costs, suggests that this
concluson might not be accurate under realistic conditions of
development and operations.

What Wertz presented was an economic modd that alows the comparison between the
two different approaches. This in turn can be used to determine in what economic
environment it is feesble to pursue reusability in whole or in pat of the overdl launch
vehide design.

The modd developed by Wertz is presented in a purdy andytic form. It
was the god of the author (Wertz) to “clearly separate the economic modd from the
conclusons based on usng it.” In this manner it is possble for different users to develop
ther own concluson based upon their own experiences and assumptions. The totd
launch cos modd is presented in Figure 2.8. All figures which depict launch costs are
given in millions of FYOO dollars with an adjusment for inflation of 3%/fyr. Complete
derivation of the Microcosm model is beyond the scope of this thesis, and readers

desring a more thorough presentation of the economic modd should refer to the source
document.
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CIaunch = Cdr—.'velopment + Cvehicle + Cﬂightops + Crecovery + Cre\‘urb + Ci nsurance
Where:
Claunch °  Total cost of launch in FY 00 dollars (excludes inflation)
Cievetopmert °  Amortization of nonrecurring development cost
Cenicle ° Reusable: Amortization of vehicle production cost
Expendable: Recurring production cost
(Theoretical First Unit cost reduced by learning curve)
Cfiightops ° Total cost of flight operations per flight
Cecovery © Recurring cost of recovery (reusable only)
Creturb °  Refurbishment cost (reusable only)
Cirsurance ©  Cost of launch insurance

Figure 2.8 Microcosm Reusable vs. Expendable Launch Vehicle Cost Modd

b. Comparison of Reusable/Expendable

Table 22 summarizes the differences between expendable and reusable
vehicles in the Microcosm modd. Exp refers to an expendable vehicle and ReU refers to
areusable vehicle.

Exp RelU Factor Discussion
X X Amortization of nonrecurring Higher for Rel due to larger
development cost nonrecurring
X X Exp: Recurring production cost Exp uses lzarning curve; Rel is more
Rell: Amortization of production complex and expensive to produce;
cost Amortization rather than recurring

production is the major Rell cost savings

X Recovery cost 0 for Exp
X Refurbishment cost May be substantial for Reld; O for Exp
X X Flight operations Rell has more complex systems; more

expensive check-out and recovery

* X Vehicle insurance Depends on both replacement cost and
reliability; Exp or Rel) could be cheaper

Table 2.2 Comparison of Expendable vs. Reusable Launch Cost Factors

Reussble vehides enjoy the benefit of not throwing away expensve
hardware every time the vehide flies At firsd glance, this might lead to the assumption
that reusability is dways the best course of development efforts. One must be careful not
to fal into this psychologica trap, as reusable vehicles tend to be more complex, robustly

11



built (possbly heavier) to withstand repeated use, and more expensve to deveop.
Components that are desgned for use in vehicle recovery are of little use during the
launch phase of operations. Likewise launch systems would be considered “dead weight”
during the recovery phase (thet is why the Shuttle jettisons it's externd tank). By virtue
of ther design philosophy, expendable vehicles enjoy a greater payload to gross lift-off
welight ratio.

In addition to lower payload capacity, reusable vehicles incur the codts of
recovery, refurbishment, and retesting/recertification. These are cods that are not borne
by expendable designs. Another item to congder is the aging of a reusable vehicle fleet.
Experience shows that as vehicles get older, more money has to be expended on
mantenance efforts, necesstating grester testing and certification efforts.  The current
problems with the fud flow liners plaguing the Shuttle fleet is a good example of what
happens when your vehicles get older [Shuitle].

Figure 29 shows expendable vs. reusable launch cods over time. This
most likdy represents what the mgority of launch vehide manufacturers experience
during the course of a launch vehides useful lifetime. Cost per launch drops off for both
reusable and expendable designs once the development costs are amortized. Important to
note, is that for reusable vehicles, there will come a time when it will no longer be
economicaly feashble to repair the vehicle, and a replacement must be sought. Currently,
the Shuttle is the only vehicle desgn that can be consdered reusable, and the age of the
fleet is on the order of 20 years. Figure 2.10 shows expendable vs. reusable running
average launch codts.

The rumning average approach addresses the need to develop a
replacement vehicle around the 15-20 year point. It dso prevents the steep drop in
launch cost a this point evidenced in Figure 29. This prevents the dtuaion of a
cusomer ddaying a vehide launch until after year 15 in order to take advantage of the
“perceived” drop in launch cods, when if fact such a course of action would reduce the
launch rate and prevent amortization of the vehicles devdopment. The fact that studies
are dill being conducted in an effort to sdect a replacement for the Shuttle suggests that
the program managers did not budget for a Shuttle replacement during its development.

12
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Figure 2.10 Expendable vs. Reusable Running Average Launch Cost

The biggest influence upon the cogt of a launch vehicle is the number of
launches that occur per year. Figure 2.11 gives the cost per launch vs. the average launch
rate over a fifteenyear period from 2001-2015. The point to take away from the figure is
that as the number of launches per year increases, the associated cost for each launch will
decrease.  This reduction in launch cost is enjoyed for both reusable and expendable
vehide desgns.
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Figure 2.11 Cost per Launch vs. Average Launch Rate, 2001 to 2015

C. Conclusion
Wertz condudes that unless the launch rate is ggnificantly greater then

100 vehicles per year, expendable vehicles will continue to enjoy a “sgnificant economic
advantage” over reusable vehicles. Assuming that the model costs are redlized, a drop in
expendable vehicle launch costs by a factor of 510 should be possble. This advantage is
due in pat to the fact that expendable vehicles do not have to account for
recovery/refurbishment costs, are able to incorporate new technology and upgrades more
eadly than reusdble dedgns, and that flight operations for expendable vehicles are in
generd less complex than for reusable vehicles.

Once it is accepted that expendable vehicles provide an economicdly

viable means of delivering payloads to orbit, the question must be asked is it possible to
improve further. Scramjet engines have potentid 1, vaues well to the right of the curve

in Figure 2.2. If a scramjet is incorporated into the launch stack of an expendable design,
there is the potentid of reducing the totd launch-mass of the vehicle by gpproximately
hdlf.
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[1l. CURRENT HYPERSONIC RESEARCH

A. MOTIVATION FOR HYPERSONIC FLIGHT

The posshility that an ar-breathing engine could be used to propd a vehicle into
orbit was fird envisoned amost four decades ago. As early as 1948, enginears at
Dryden Hight Research Center were conducting flight tests with vehicles such as the Bl
XS-1 a speeds greater than Mach 1. In 1952, prdiminary studies were begun that
attempted to address problems associated with spaceflight.  The X-15, which holds the
current world records for dtitude and speed for winged aircraft, last flew in 1968.
Despite severd efforts, no usable hypersonic vehicle was developed for the next four
decades. Dr. Richard P. Hdlion, chief historian for the U.S. Air Force, observed that
early hypersonic technology was in effect ahead of its time. Quoted in a 19 August 1997
New York Times article, Dr. Halion commented [CDISS]:

When you look at the hypersonic work of the 50's and 60's, a lot of it was
really very good, far in advance of its time. What was not advanced was
the ability to develop the structures, materials, propulsion, guidance and
controls to make operational vehicles based upon the research. We can
contemplate vehicles today that are far more practical to develop than in
the 1960's, when much of the pioneering work was done.

With recent advances in material science, designs that were once consdered impractica

may hold the key to providing cheaper access to space.

B. UNITED STATESHYPERSONIC RESEARCH

1. Vehicles

The United States current research efforts into hypersonic vehicles focus upon the
X-43 series of vehicdes, collectively dubbed “Hyper-X.” This program owes much of its
legacy to the Nationa Aerospace Plane (NASP). The NASP was supposed to
demondrate hypersonic-to-orbit flight, but was cancelled in 1993 [Aerospaceguide]. The
Hyper-X test vehicles will be 12 ft (3.6 m) in length and have a wingspan of 5 ft (1.5 m).
They will employ a hydrogenfuded ramjet/scramjet.  The Pegasus booster built by
Orbita Sciences Corporation of Chandler, Arizona acceeraies the X-43 to launch
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velocity (Mach 7). The Pegasus and attached %43 are carried aoft by NASA Dryden’s
B-52 “Mothership”, depicted in Figure 3.1.

Figure 3.1 Pegasus/X-43 Launch Configuration

Figure 3.2 depicts the planned X-43 misson profile Following release from the
B-52 “Mothership,” the Pegasus booster delivers the X-43 to test dtitude and airspeed.
Upon booster burnout, the X-43 enters free flignt and the Scramjet engine ignites.
Following the powered-flight portion of the test, the X-43 is maneuvered to disspate
speed/energy and arrive at the desired impact area
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Figure 3.2 X-43 Misson Profile

The firgt flight of the X-43A occurred on June 2'%, 2001. Five seconds into flight,
the Pegasus booster went out of control. Subsequently, Hight Controllers destroyed both
vehides [Edwards AFB]. NASA engineers are currently working with industry to refine
the X-43 desgn. Two other variants of the X-43 are planned. The X-43C will be
increesed in length by four feet in order to accommodate its hydrocarbon fuel source.
The X-43B will be a propulson demonstrator for a rocket-based combined cycle (RBCC)

16



engine desgn. Unlike the X-43A/C variants, the X-43B will not need the Pegasus
booster [Soppet]. It will be able to switch between rocket mode and scramjet modes of
operation.
2. Weapons

a. Fast Hawk

In support of the Depatment of Defenses (DoD) Joint Warfighter
Precison Force vison, the Office of Navad Research is sponsoring research into a
hypersonic follon-on desgn to the Tomahawk cruise missle. The Low-Cost Missle
ATD, commonly known as Fast Hawk, seeks to demondrate a unique, finless, low-drag
bending annular missle body (BAMB) arframe and ramjet propulson concept to give
the Navy the capability to atack time-critical and hardened targets [MILNET]. In this
concept, depicted in Figure 3.3, the ramjet combustor and tandem booster are connected
to the frontd missle arframe by an articulating thrust vector control joint.

UNIYCASAL JOINT

COMBUSTOR

( WaRREAD |

21" DIA X 256 LONG - 3152 LBM (SURFACE LAUNCHED) HOCSTER
21" DIA X 168" LONG - 1980 LBM (AIR LAUNCHED)

Figure 3.3 Fast Hawk Vehicle Design

b. SHMAC

The Air Force's AF2025 sudy envisons a hypersonic atack missile as a
criticd component in ensuring the Air Forces ability to achieve Globa Reach/Globa
Power [USAF]. The Standoff Hypersonic Missile with Attack Cgpability (SHMAC), is
envisoned as a Mach 8 wegpon driven by a combined rocket/scramjet (RBCC)
propulson system, capable of being launch from ether arcraft, ship-based vertical
launch system (VLS) tubes, or mobile or fixed ground stes. A modular payload design
will dlow for amaximum of flexihility in highly fluid future combet Stuations.
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C. FOREIGN HYPERSONIC RESEARCH EFFORTS

Foreign efforts into hypersonic research can best be characterized as a
multinetiond effort.  No individud country has the economic might to individudly
chdlenge the United States. In view of the current austere budgetary environment, even
the US is beginning to adopt such a cooperative devel opment arrangement.

1 Audgralia

Audrdia leads a multinationa hypersonic flight project involving personnd from
Great Britain, Germany, South Korea, Japan, and the United States. HyShot is the
Universty of Queendand initiative that seeks to establish a correaion between pressure
measurements of an  axis-symmelric scramjet desgn made in the Universty of
Queendand T4 shock tunnel (Figure 3.4) and those actualy experienced in flight. The

Figure 3.4 Hyshot Shock Tunnel Test

HyShot Program uses a two-stage Terrier-Orion Mk70 rocket to boost the payload and
the empty Orion motor (the Orion motor remains attached to the payload) to an apogee of
aoproximately 330km. As the spent motor and its attached payload fal back to Earth,
they gather speed, and the trgectory is desgned so that between 35km and 23km, they
aretraveling at Mach 7.6 [HY SHOT].

The HyShot Program secured its place in higory with the firs successful flight
tet of supersonic combustion [History]. Future flight trids will seeks to develop an
engine design with a net pogtive thrust.
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2. China
Information regarding Chind's hypersonic program is extremdy sparse A September 17,
2001 news article stated that Chinese researchers were currently working on an arcraft
cgpable of flying a five times the speed of sound. The Xinhua news agency quotes the
Chinese Academy of Science as saying, “A Chinese 'hypersonic’ arcraft, able to cover
6,105 kilometers an hour, could be developed in 10 to 15 years [Airwisg)].

3. France

France is a recognized leader in high-gpeed engine design. They currently fidd a
ramjet-propelled cruise missle (ASMP) capable of Mach 3.5, with plans for a follow-on
verson capable of Mach 5+ [CDISS]. France entered into a partnership with the
Moscow Avidtion Inditute in 1995. The god of the partnership is to produce a variable-
thrust scramjet engine, depicted in Figure 3.6, with performance in the Mach 212 range.
The tests are smilar to those being performed by NASA’ s Hyper- X program.
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POINT ¢ i m— __.___F-
LOAY- A0 = i i
POSITION TOTAL MOWAGLE
HIGH-MALH GEOMETRY
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Figure 3.6 Variable-thrust Scramjet Design

France has dso engaged in joint research with Germany to develop a hypersonic
surface to air missile for air defense purposes, and will cooperate with Japan’s Nationa
Space Development Agency (NASDA) to conduct the flight-testing of the Japanese
unmanned shuttle design, dubbed HOPE- X.

4, Germany

Germany has recently tested flown a hypersonic experimenta missle (HFK),
reeching speeds of greater than Mach 6 [Jan€s Missles and Rockets|. The test
edablished the peformance of a conicad-shaped engine designed by the French
Corporation EADS. EADSLFK chief executive officer Werner Kadtenegger said,
“Usng the hypersonic test bed, we are able to investigate a broad variety of technica and
physcd phenomena in the high-speed range which will be of advantage to future
aoplications”  Further flight-testing of the HFK is expected to occur in 2003.
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5. Japan

Japan has entered into an agreement with the French Space Agency (CNES) to
conduct high-speed flight tests, as a part of Japan's H-1I Orbiting Plane Experiment
(HOPE-X) program, to develop a reusable space transportation system [CNES-NASDA].
The two-phase High-Speed Hight Demongration (HSFD) program is scheduled to begin
in 2002. The firs phase of the program will use a jet engine powered flight vehicle to

veify the autonomous landing sysem desgn. Phase Il will validae the aerodynamic
tools used to predict vehice-handling characteristics during transonic flight, usng a 25%
scale modd (Figure 3.7) of the HOPE-X vehicle dropped from a stratospheric balloon.
Both experiments will be performed at the Esrange test Site in Sweden.

‘ ., ﬂ‘ HED 2
Figure 3.7 Phase I/l1 HSFD Vehicle Deployment

6. Russia

In the 1990s, the Russans began conducting tests of hydrogenfuded
ramjet/scramjet engines as pat of a high-speed flight program. In November 1994,
Russas Centrd Inditute of Aviation Motors (CIAM) entered into a partnership with
NASA in an effort to determine the maximum Mach number a which a scramjet can be
expected to operate [AIAA-96-4572]. The Hypersonic FHying Laboratory (HFL),
“Kholod,” shown in Figure 3.8 below, caries aoft this axisymmetric scramjet design.
On February 12, 1998, a launch was conducted at the Sary Shagan test range in centrd
Kazakhsgan. During the tedt, the HFL achieve a maximum velocity greater than Mach
6.4 [NASA/TP-1998-206548].
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1. Experimental scramjet with compartment N1, engine
regulation and fuel supply system

2. Compartment N2, liquid hydrogen tank

3. Compartment N3A, nitrogenfhelium pressure supply system

4. Compartment N3B, flight control system and power supply

5. Propellant tank control systam

6. 5A-5 rocket motor

7.Fin

8. Roll control surface

9. Solid booster rocket

Figure 3.8 Hypersonic Flying Laboratory, “Kholod”
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V. LAUNCH SSMULATION

A. INTRODUCTION

As pat of this theds, it was necessary to develop a method of smulating a rocket
launch. The god was to be ale to teke a sngpshot of the dynamic conditions
experienced by the launch vehicle a any point in time. The end product is 3 degree of

freedom (DOF) smulation, which models radia velocity (V,), tangentid velocity (V,),

radius (r), true anomaly (n), and mass (m). The differentia equations used to describe

the orbitd motion of the spacecraft are derived using the satellite or Gaussian coordinate
sysdem [Vdlado]. In this coordinate system, the r-component points away fro mthe
center of the Earth in a radid direction, the n-component is perpendicular to the radid

direction and points in the direction of travel of the spacecraft, and the |-component

completes the right-handed orthogond coordinate system. This coordinate system days
fixed to the spacecraft a dl times, and the |-component is aways perpendicular to the

ingtantaneous orbit. The Gaussian coordinate system is depicted in Figure 4.1.

Unit Vectors:\i, . i1, |

i

—
Orbital plane

-~

Figure 4.1 Gaussian Coordinate System

The Nationd Ingruments software program LabVIEW was used to code the
launch dmulator. LabVIEW operates on the principle of data flow, vice traditiona top-
down software design methodologies. This gpproach enables the user to create virtud
ingruments with little or no programming language experience.
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B. EQUATIONSOF MOTION IN THE ORBITAL PLANE

Figure 4.2 depicts the Perifocd Coordinate System used in establishing the
equations of motion. True anomay, n, describes the orbital postion of the vehicle with
respect to perigee (covered further in section B).

\/;()tal

Figure 4.2. Perifoca Coordinate System

1. Position Vector
The polar form of the position vector, R, is represented by

¢Ru
5 _ €U
R‘eog 4.1
€0g
The Cartesan form of the position vector is
Ry & cos(n)u
&R =& sinfn) g (4.2
eRe &8 0 H
The orbital radius can dso be described in terms of the equation of an lipse
agl- e’y
R=—=— 4.3

~ 1+ecos(n)
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2. Velocity Vector

The velocity vector, V , has both radid an tangential components represented as

&,
7_&,u
V e (4.9
g0H
where: g = vehicleflight path angle (deg)
\Y :||\7||sin(g) (4.5)
A :||\7||cos(g) (4.6)
The Cartesan form of the velocity vector is
&/,u éos(n) -sin(n) 00,0 .
& U= gsin(v) cos(n) 0uS U & c_os(n) Vo S'n(n)ﬂ 4.7
eyu € uenu A sn(n)+V, cos(n)g
0 g 0 0 1HeOg

Although the above equations dlow for a component of veocity in the zdirection, only

inplane motion is utilized in the smulation. Fgure 4.3 provides overheed and sSde
views of the orbitd plane.

ZaJT

+—#= direction of perigee

. a[] - e'l] line of nodes

- 1+ e cos(v) “ <
ey 3
Ny /8

orbital

Figure 4.3 Polar/Planar Views of the Orbita Plane
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C. DYNAMIC EQUATIONSUSED BY SIMULATION
1. Orbital Energy

In an ided Keplerian world, the specific orbitd energy, € , is constant.

m
Corbit — - (48)
2aorbit

If a non-conservative force is performing work on the vehicle operaing in the
orbit“a’, after aperiod of timet, the new orbital energy levd is
m m_ . Energy change

Corbit N =-
[ " ] (Za‘orbit )t (Zaorbit)o Miehicle

(4.9)

With this in mind, Kepler's Laws no longer apply, and Newton's Laws must be used to

describe these orbits:;

Velocity \Y] :'EI—twv' R (4.10)
A F ™
Acceleration Alewn WV 5y (4.11)
M 1t
y - I:thrust
Mass-change M gice =~ ——— (4.12)
go >4 P

2. Acceleration Vector

Since the coordinate system is moving with the orbiting spacecraft, the effects of
the angular motion of the spacecraft must be accounted for. Therefore, the inertia rate of
change of the vehicle' s velodity vector is given by the vector A, where

@
I

q
[aoxY enY el e ¥ en} eny enlY end

D>
=

+

> (D> (D>
<
<

>
1
2P

=)
el =Y enly en end

(4.13)
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o
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[Friedberger]. Newton's Second Law gives an expresson for the force acting upon an
object as the object’ s mass multiplied by the objects acceleration, or

F=mxA (4.14)

After some rearrangement of terms, it can be seen tha the change in the vehid€'s

veocity is given by the expresson

¢ \°a
&0 FE €U
=l g (4.15)
e m E:'VnVrl:J
€r H
3. Resolution of Forces

The force acting upon the launch vehicle can be broken down into four broad
categories. gravity, thrust, and aerodynamic forces. As with the acceleration vector, each

of these forces has a component in the redid (r)direction, and the tangentia

(n) direction.

a. Gravity
Y a
I:grav %
> X
Figure 4.4 Gravity Force Diagram

The force of gravity is a consarvative force. That is to say that it neither

removes, nor adds energy to the orbit. Gravity is subject by the “inverse-square’ law,
which gtates that the force varies as afunction of iz , and is represented by
r
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Figure 4.5 Thrust Force Diagram

(4.16)

Thrugt is a nortconservaetive force that adds or removes energy from an
orbit. A amplifying assumption is tha thrust dways acts aong the direction of the
longitudind axis of the vehide. The force due to vehicle thrugt is given by the equation

4.17.

géFthrustl\;ll;l éFthrusI . l]

£ & gu e sina)g

thrust :ée uu:é m l:l

m &R, UU &R cos(q)!

g é s

mbg € m
C. Aerodynamic Forces

Figure 4.6 Vector Force Diagram
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The aerodynamic forces, lift and drag, are nornrconservative forces that
remove or add energy to the vehicleé's orbit. The lift force acts perpendicular to the tota

velocity vector, and the drag force opposes the total velocity vector. The aerodynamic
forcesare

éF U _éLiftxcos(g)- Drag>sin(g)

& Uum B g- Drag >cos(g) - Lift>sin(g)

i (4.18)
a
where g = flight path angle

This expresson can in turn be rewritten in terms of the total velocity vector

Z s

2

/ Lift - VDrag 33

NZrve @
SRR b (4.19)

- [V, Drag +V, Lift] d

Wi g

=

>
P H
TN/
3
o
|
@ @ D> D> D> D> (D

D P>

d. Vehicle Mass
Therate of change in the vehicle smass over timeisgiven as

: I:thrust
Myehice =~ (4.20)
go >4 P
The totd mass of the vehicle a any point in time can be found by integrating the rae
change over the interval of time and deducting this from the vehid€ sinitid mass
\F
M, =M;- O o (4.21)
0 9 A P
4, Generalized Equations of Motion

It is now posshle to describe the generdized equations of motion as a collection
of theindividua caculations previoudy performed
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D. TRANSFORMATION FROM GAUSSIAN TO INERTIAL COORDINATE
SYSTEMS

Because of dgnificant non-consarvative externd forces (i.e. lift, drag, thrust) will
be acting on the spacecraft, the indantaneous orbit will no longer remain congant. Thus
the ingantaneous orbit must be computed from the Gaussan on in-plane veocity and
podtion vectors. The sat of sgx classc orbitd dements (COE) used to describe the
indantaneous orbit with respect to theinertid coordinate system are

a- Semi-major Axis
e- Eccentricity
i- Inclination
W- Right Ascension of the Ascending Node
w - Argument of Perigee
n- True Anomaly
Figure 4.7 Classc Orbita Elements

These orbitd parameters, and the inertial coordinate system, are depicted in Figure 4.8.
Appendix C presents the transformations that dlow the reader to compute the orbital
parameters from the inertial velocity and position vectors.
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- %-axis pointsin the direction of the vernal equinox
-z axis passing through the Earth’s north pole,
- y-axis completes the right-handed coordinate system.

Figure 4.8 COE/Inertia Coordinate System

E. ATMOSPHERIC MODEL

The effects of lift and drag on the vehicle will be greatly dependent upon the
vehid€e's pogdtion within the Eath’'s amosphere.  For this analyss the 1976 sandard
atmosphere was used [NOAA].

Because the Earth’'s atmosphere is rotating with respect to the inertia coordinate
frame, the rotation must be accounted for in order to obtain high accuracy in the lift and
drag cdculations. With respect to the inertid coordinate system, the rotationd veocity
of the amosphere is expressed as the inner product of the inertid postion vector, and the
angular velocity of the Eath. This computed velocity vector due to Earth-rotation was
then subtracted from the inertid velocity vector to give an edimae of the “wind-rddive’
velocity vector of the vehicle.

F. DEVELOPMENT OF AERODYNAMIC DATA
1. Softwar e Programs
Severd software programs were utilized in the development of the tools required

during the course of this thess research. AeoCFD and HyperCFD from Apogee
Components provided the means of creating aerodynamic rocket forms and generaing
the accompanying aerodynamic data Microsoft Excd was used to compile the aero data
into spreadsheet form, and was insrumentd in the vdidation of the AeroCFD/HyperCFD
data
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a. AeroCFD

AeroCFD is a program that evaduates the aerodynamic qudities of a rocket
desgn. The user is able to create origind vehicle designs, or sdect from severa stock
rocket desgns. From these designs, agro data can be generated for varying subsonic
arspeeds and angles of attack (AOA). The AeroCFD user interface is depicted in Figure

4.9 below. The user isdso able to select between compressible and non-compressible

Edeern[:FD - Model Rocket Computational Fluid Dynamics [CFD)

Fil= Help Units Design Rocket LCFD Result: Constants  Quit CFD

< |t @] 7]

Analysis Lnits MHNS Im,n‘t,sec ;'
;ggkmet(liligh‘trsrpe;: 6 | [mectH =]
Rocket A0 II' DESREES

Rocket Flight aftitude | SE4 LEVEL =

| COMPRESSIBLE Ea |

Fluid Flow: Type

Computational Mesh

Mesh Size (M ¥ Grids) =0 ¥ bk DiEe S

hach Mumber (hMr): Reynolds Mumber (Rn): 294907240

Grid # on Circumference 12 ¥ Rocket Cp Locsation £ L: l:l Total Rocket Drag Force:  |38953.95 T
Rocket CFD Analysis Zd (Max Mose-Areal: 1.942 Mormnal Coefficient OCM): l:l
= B Zd (Max Body-Area): 355 Pitch Coefficient (Ch):
-] L
Cd Components (Max Nose-Area Reference)
SOLWE MESH Lowmp ABORT Mose and Body Tube: 1 447 Fin-Body Interference: as7
Rocket Base (Pressure); Launch Lug (Pressure); I:l
IMEShIngICFD Progress ] Fin Surface (Friction): 29

Figure 4.9 AeroCFD Front Panel Screenshot

fluid flow cases. AeoCFD usss the Prandil-Glauret rule to esimate the effects of

compressibility on air pressure and air velocity.

Once the agrodynamic data are generated for the rocket design, flow
visudization can be accomplished. The user is provided with options for displaying
velocity vector/contour plots, and Static/dynamic pressure contour plots. Examples of the
plots options are depicted in Figure 4.10.

B DA Tk IO et Pressure Contour Plot (30430 Mesh)

Figure 4.10 AeroCFD Plot Examples

32



b. HyperCFD

HyperCFD performs damilar functions for flight regimes in the transonic
region above Mach one. Once the vehicle design is findized, aerodynamic data can be
obtained for speeds greater than Mach 1.05. The US Standard Atmospheric Data (1962)
is used for variaion of pressure/dendty with changing dtitude. Figure 4.11 depicts the
HyperCFD front pand. HyperCFD makes use of the hypersonic amilarity lawv to
approximate the pressure coefficient (Cp) dightly above the transonic region (M > 1.05)
[Hamaker]. Experimenta pressure digribution results support this modification over a
wide range of Mach numbers. A visud depiction of these resultsis given in Figure 4.12.
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Figure 4.11 Hyper CFD Front Panel
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Figure 4.12 Hypersonic Similarity Approximeations

2. Aerodynamic databases
Figure 4.13 depicts the individud stages and combined configuration for the
notiond launch vehide An axis-symmetric scramjet desgn was incorporated into the
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second stage of the vehicle.  This choice was made in an effort to avoid some of the
problems associated with an asymmetric body-integrated desgn. The axis-symmetric
desgn is easer to integrate into the launch stack, provides better heat disspation (more
uniform surface) than the body-integrated desgn, and most importantly is far more
aerodynamicaly stable than an asymmetric design.

)

Total Configuration

+

Total Configuration
(without fins)

Stage 2 (with Fins) Stage 2 (without Fins)

Figure 4.13 Notiond Launch Vehicle Design

In order to determine the feashility of SCRAMJET technology for an
intermediate propulsve stage of an expendable launch vehicle, it was necessary to
generate subsonic (M<1) and supersonic (M>1) agrodynamic data These data were
developed using AeroCFD for the subsonic case, and HyperCFD for the supersonic case.
CN and CD are based upon the nose area of the vehicle. The calculations were repested
for each Mach and dpha. Units of meters, Newtons, and seconds (m-nt-sec) were carried
throughout both programs.

a. Subsonic Data

The firs step in obtaining the subsonic data was to define the body tube
geometry of the notiona launch vehicle. The program dlows the user to sdect standard
tube geometry or a free-form option. Figure 4.14 depicts the user interface. The user
sdects the basc nose cone shgpe from a pull-down menu and inputs dimenson of the
nose cone length, diameter and body tube length. The next sep is to establish the number
and configuration of fins (Figure 4.15) on the vehicle. Once the desgn of the vehicle is
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completed, a solution for the complex fluid-flow is determined. The user then has the
option of plotting these results, or modifying the vehicle geometry prior to resolving.
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Figure 4.15 Fin Design

For desgning the notiond SCRAMUJET launch vehicle, the free-form option was chosen.
A conicd nose cone shgpe was sdected to approximate the inlet design of the
SCRAMUJET engine.

Flow solutions were computed for three components of the launch vehicdle
launch configuretion, stage 11 (with fins), and stage Il (w/o fins). The later two designs
were necessty to overcome the limitation of AeroCFD not dlowing for multiple stage
desgns. The fingsans fins desgns were used to determine the “delta’ correction that hed
to be added to the launch configuration CFD results. Data were obtained for angles of

atack (AoA) of 0, 1, 2, 3, 5, 8, 10, and 15 degrees and velocities of 0, .2, .5, .7, and .8
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Mach. Figure 4.16 depicts the launch configuration Cn/Cd subsonic data.  Figure 4.17
depicts the Stage 1l (scramjet) Cn/Cd subsonic data.  The tabular data are contained in
Appendix B (Aerodynamic Databases).

Cn/Cd vs. Alpha
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8 l —4— Cn/Cd(0)
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0 .
0 1 2 3 5 8 10 15
Alpha (deg)

Figure 4.16 Launch Configuration Subsonic Data Plot

Cn/Cd vs. Alpha (Stage I1)

8
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Figure 4.17 Stage |1 Subsonic Data Plot

b. Supersonic Data

HyperCFD was used to develop the supersonic aerodynamic data for the
design. It was necessary to first establish the body geometry, then fin layout in a process
smilar to that used with AeroCFD. Theinterface is depicted in Figure 4.18.
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Figure 4.18 HyperCFD Body/Fin Design
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Although both programs are developed by Apogee Components, the mode developed for
one was not trandferable to the other. The same overdl dimensons were used for the
supersonic modd as for the subsonic case. Minor differences in the body shape between
the two designs were assumed to be negligible. Data were obtained for angles of attack
(AoA) of 0, 1, 2, 5, and 8 degrees and velocities of 1.2, 1.5, 2, 5, 8, and 10 Mach. Figure
4.19 depicts the launch configuration Cn/Cd supersonic data.  Figure 4.20 depicts the
Stage 1l (scramjet) Cn/Cd supersonic data. The tabular data can be found in Appendix B
(Aerodynamic Databases).

Cn/Cd vs. Alpha (Launch Config.)

——Cn/Cd(.12)
—=— Cn/Cd(1.5)

—— cnvcd(s)
L — cnvca(e)
N M —%— Cn/Cd(10)

0 1 2 5 8
Alpha (deg)

»

N W b

Cn/Cd

Figure 4.19 Launch Configuration Supersonic Data Plot

Cn/Cd vs. Alpha (Stage I1)
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Figure 4.20 Stage |1 Supersonic Data Plot

G. LABVIEW
The dmulation serves to provide ingght as to which parameters are important to
the problem. Baich smulations programmed usng LabVIEW ae cgpable of performing
extended Monte-Carlo andyses. The "piloted” smulation tool can be used for generating
feasble darting trgectories for subsequent optimization codes, such as POST and DIDO
[Fahroo].
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Nationd Indruments LabVIEW (Laboratory Virtud Ingrument Engineering
Workbench) is a computer-based development environment leveraged upon graphica
programming.  LabVIEW makes use of graphicd symbology to describe individud
progranming seps.  The program's ease of use is largedy due to its use of familiar
scientific terminology, symbols, and idess.  LabVIEW supports communication with
typicd laboratory hardware, and plug-in data acquistion boards. The software comes
with a tutorid complete with a glossxy of terms, learning activities, and support
resources.

Programs created in LabVIEW are referred to as Virtud Instruments (VIs). A VI
makes use of functions to manipulate data from a variety of sources and display the
results for the user. Each VI consggs of three basc components. the Front Pane, the
Block Diagram, and the |con/Connector Pane.

1. Front Pandl

The front pand is the user interface to the virtud ingrument (VI). The pand is
built usng controls and indicators the user sdects from the Control Pdette.  Controls
save as inputs to the block diagram of the VI. Indicators display the results of
cdculations, and can be used for intermediate check-cases for complex computations.
Figure 4.21 shows the relationship of the Control Paette to the VI front pandl.
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Figure 4.21 Control Palette/Front Panel
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2. Block Diagram

The block diagram contains the graphica source code for the VI, and conssts of
terminds, functions, and wiring. Every item on the Front Pand appears as a termind
(i.,e@@). Terminds take on the data type of the Control or Indicator that they represent.
Terminds sarve as access ports that dlow the trandfer of information between Front
Pand items and the Block Diagram. For cdlaity of understanding, severd terminds may
be bundled together into clusers. User defined inputs are manipulated by functions
within the Block Diagram, and the results of these cdculations are returned to Indicators
on the Front Pand. Wires represent the connections between Block Diagram items.
Figure 4.22 shows the Block Diagram corresponding to the previous example V1.
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Figure 4.22 Example Block Diagram

3. | con/Connector Pand

Once the Virtud Ingrument is created, the lcon (FM) sarves as the graphical
representation of the VI. The Icon can be edited so as to provide an obvious explanation
of its function. This is extremdy ussful when embedding VIs within other Virtud
[nstruments.

The Connector Pane is the interface between the sub-VI and the Controls and
Indicators located on the cdling VI's Front Panel. The Connector Pane shows what type
of inputs and outputs need to be wired to the terminas in order for the VI to function.
FHgure 4.23 provides a representation of termina wiring for the example VI.
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Figure 4.23 Example of Connector Pane Wiring

H. DEVELOPMENT OF SSIMULATION TOOL

In order to create the launch smulation, it was firsd necessary to create various
ancillary Vis tha would be needed. Some of these instruments were used off-line from
the actud smulaion, providing a means of testing new ideas before changing the man
body of code. A modular design philosophy dlowed for a sgnificant reuse of previoudy
designed coding. The virtud instruments created can be categorized as peforming one
of three functions data input/output, data manipulation, and presentation of results.
While it would be tedious and excessve to cover every functioncdl of every VI,
sepping through the cals made by the Launch_Sm Autopilot.vi will provide a greater
The overdl

understanding of the components that comprise this main andysis tool.
process flow is depicted in Figure 4.24.

Start
Launch_Sim_Autopilot

¥ ¥ ¥
Estz?b_llsh Establllsh Read Aero
Initial Autopilot Data
Conditions Commands
y
ca CL.” ae Calculate
Orbital LifyDr
Elements ag
Propagate izznsg;e Generate
State Vector Diagnostics Graphs
YES /\ NO
Stage? > End

Figure 4.24 Process Flow Diagram



1. Front Pand Clusters
Launch_Sm_Autopilot.vi brings together data collected and the results of analyses
performed offline by other VIs. The god was to provide an analyss tool that the user can
use to detemine the peformance and trgectory options for any launchstack
configuration. For easse of use, the Front Pand is divided into four functiond aress or
cdusers. Setup, Autopilot/Waypoint Control, Dynamic Controlg/Indications, and Orbitd
Mots.
a. Setup Cluster
The Setup cludter, depicted in Fgure 4.25, brings together the
aerodynamic modd, vehicle propulson daa, and launch dte and initid  trgectory
information. Based on this information, the resultant initid conditions are determined.
The user is able to sdlect the method of integration used. A launch dagnogtics module is
included in order to help determine the changes in velocity (ddta V) that are needed in
order to improve the vehicl€ s ahility to attain orbit compared to past smulation runs.
b. Autopilot/Waypoint Cluster
The Autopilot/Waypoint Control cluster (Figure 4.26) alows the user to define
initid vaues, weights, and auxiliary outputs for the autometic pitch and throttle controls.
Additionad inputs are the initid and find pitch vaues the target point for dtage one
burnout, the intermediate waypoints (based upon Mach) and the associated commanded
pitch change. An XY-grgph is induded to visudly depict pitch angle vs. time data  All
of the inputs feed into the Launch_Sm-Autopilot.vi to enable the user to define
trgectories in a much easer and intuitive fashion than is possble using current trgectory
design programs such as POST.




Figure 4.25 Setup Cluster
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Figure 4.26 Autopilot/Waypoint Control Cluster

C. Dynamic Controls/I ndications Cluster
The Dynamic ControlgIndications cluster (Figure 4.27) contains the pitch,

roll, throttle, autopilot, and master rurn/stop controls. Indicators include the current State
vector, externa forces, indantaneous orbital and amospheric trgectory dements,
commanded pitch and throttle settings, and dapsed smulation time (in sec). Plots depict
dtitude vs. downrange, and dtitude vs. Mach data of the resultant vehicle trgectory.
Lines of congant q,, are included in order to provide a visud reference to the ided

trgjectory.

Figure 4.28 depicts the two different methods of displaying the orbita
path within the Orbitd Paths cluser. While its use is unimportant during the launch
phase of operaions, the vehicdle pogtion within the orbitd plane is vitd when executing
post-launch orbita insertion maneuvers.  The geocentric  ground-trace aids launch
planners in determining quickly whether a planned launch azimuth will come dose to
population centers.  Together, these two visud depictions of pogtion within the orbitd
plane provide quick, easly interpreted indications of the vehicl€s current postion, as
well asits aility to attain orbit.
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Figure 4.27 Dynamic Controls/Indications Cluster
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Figure 4.28 Orbital Plane/Geocentric Ground Trace

2. Order of Execution

When the Run button on the Front Panel of Launch_Sm_Autopilot.vi is activated,
the contents of each frame ae activated in successon.  The firg frame contains the
Initial_Conditions.vi.  This retrieves the launch dte, initid trgectory, and propulson
dage data, and cdculates the launch initid conditions, launch veocity components, and
initid orbital dements.  The VI Diagram is depicted in Figure 4.29. These data are in
turn used to cdculate the velocity boost at the launch Ste due to the rotation of the earth,
aswdl as computing the initid x/y coordinates for plotting.

The second frame contains Constant_gbar_lines.vi. This VI takes the target point
for SCRAMUJET activation as input and plots the lines of congant q,,, as overlays on the

dtitude vs. Mach graph.
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Figure 4.29 Initial_Conditions.vi Diagram

The third frame reads in the aerodynamic data usng the VI cdled
Read aero data.vi. This retrieves the agrodynamic data file that was created off-line
usng AeroCFD/HyperCFD. The data ae retrieved from the file location and are
manipulated into the output aero data array (Figure 4.30). This array serves as one of the
inputs to the autopilot VI.

Defmlt Aero data file path,

[Dutput Aero Data Array|
ey e

Avra P

Figure 4.30 Read_aero_data.vi
The remaning sub-frames of the Launch Sm_Autopilot.vi are dependent upon
the previoudy collected data Table 4.1 gives a quick snapshot of the functionality of
eaech frame. Sub-frames 0, 1, 2, and 5 will be covered in more detail.
a. Sub-frame O
Sub-frame O is where the autopilot caculations are peformed. Figure
4.31 depicts the dataflow for the mgor features of the frame. Autopilot.vi recelves input
from the input clusters (Initid Conditions, Spacecraft Controls, Atmospheric Trgectory
Elements, Externa Forces, Smulation Controls, and Autopilot Aux. Initid Vadues and
Weghts). A logicd case dructure contains a provison for utilizing waypoints during
flight. Vehicle pitch can be commanded to target vaues occurring at discrete Mach



vaues. The VI then cdculates the output clusters (auxiliary State vector, and autopilot

controls), which serve asinputs for successve frames.

Sub-frame Function
0[0..7] Autopilot Caculations
1[0..7] Propagate the State V ector
2[0..7] Launch Diagnogtics
3[0..7] Plot S/C Posn. in Orbital Plane
4[0..7] Mot Alt. vs. Downrange
5[0..7] Manage S/C Mass
6[0..7] Plot Geocentric Lat./Long.
7[0..7] Mot Alt. vs. Mach

Table4.1 VI Frame Functions
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Figure 4.31 Sub-frame 0 (Autopilot Cdculations)

Figure 4.32 depicts the data-flow for the state vector propagator. The user
sects between Runge-Kutta and Trapezoidd rule for the method of integration to be
used. When Runge-Kutta is selected, the propagator predicts the values of k1, k2, k3, k4
in order to determine the fourth-order state vector:

§<k+1:§<k+%[k1+2k2+2k3+k4] 4.23)
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The Trapezoida Rule firgt predicts the Sate vector using explicit Euler Integrations,
X =X, + DK, (X, ) (4.24)

then corrects the sate vector:

—

Xk+1 = Xk +?§Xk (Xk) +X k+1(Xk+1)
e

(4.25)

oOCNC/

The sdected propagator VI recaves input from Initid Conditions,
Autopilot Controls, Propulsion Stage Data, Aero Data, as well as sdected vaues from
Initid Orbitd Elements (W, i, w), and Smulation Controls (Smulation time-step).
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Figure 4.32 Sub-frame 1 (Propagate State Vector)

Embedded within each propagator VI, is forces xdot.vi. This VI performs the orbitd and
amospheric cdculatiions, cdculates the dtitude variable thrust and mass-flow, computes

the gravitational force, aerodynamic force coefficients and Lift/Drag forces, and X. A
complete derivation of the equations necessary for transforming from the perifocd to the
inatid plane, deriving the orbitd dements, and edablishing the initid conditions is
provided in Appendix A.

b. Sub-frame 2

Sub-frame 2 (Launch Diagnogtics), depicted in Figure 4.33, performs

launch diagnogtics. It computes perigee and gpogee dtitudes and remaining propelant
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mass. This provides the user with an ingtantaneous view of key parameters, with which
they will be better able to determine the launch vehicl€ s ability to achieve orbit.
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Figure 4.33 Sub-frame 2(Launch Diagnostics)

C. Sub-frame 5

Sub-frame 5 (Manage SIC Mass), depicted in Figure 4.34, manages the
launch vehicleé's mass during the staging process. The Launch Diagnogtics cludter is tied
to a Boolean case dructure. Remaining propdlant mass is compared to the null case
(depleted fud). If the vdue of remaning fud is £0, then stage burnout has occurred,
the current stage # is incremented by one, and the user s queried whether or not to ignite
the following sage. If the remaning fud is 3 0, the stage is Hill producing thrugt, and
the current stage vector is propagated out. Next, alogica AND operation is performed,

fropagatad State
‘e ciat That

[Cumrent Stabe verter] [stage has bumed oul t T +
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Figure 4.34 Sub-frame 5(Manage S/C Mass)

which compares the logical vaue of the us’s decison and whether remaining vehicle
dages exist. A result of TRUE updates the propagated dtate vector. A result of FALSE
displays a message (Figure 4.35) stating the vehicle failed to achieve orbit.
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"Figure 4.35 User Dialog Box

3. Using Launch_sim_autopilot

A red-world example was chosen to illustrate the operation of
Launch_Sm_Autopilot.vi. NASA’s hypersonic X-43A test vehicle was sdected for
severa reasons.  First, the X-43 represents the most developed US hypersonic vehicle
desgn. Technica gspecifications for the X-43 and its Orbitd Science Corporation
Pegasus booster were readily avalable in aerospace literature.  Also, Dryden Hight
Research Center had expressed an interes in usng the dmuldions trgectory design
feature to determine possble flight profiles for the future flights of the X-43B and X-43C
vaiants. Both generic and Hyper-X gpecific aerodynamic modds were utilized in
vaidating the launch amulation. The results were very Smilar for each modd.

The Reagan Test Ste, Kwgdein Atoll was chosen as the launch point. The

Pegasus launch system had previoudy operated from the ste, and its location a 9 North
latitude provides an increase in the “ddta-V” of the launch vehicle of gpproximately 0.46
km/s when launched in the direction of earth rotation. An easterly launch trgectory was
chosen for the Reagan Test Site.

a. Pegasus Launch System

Pegasus is a commercid launch system developed by the Orbital Sciences
Corporation. The sysem condsts of the ar-launched Pegasus rocket, and its Orbitdl
Carrier  Aircraft (OCA), dubbed the “Stargazer,” which is a Lockheed L-1011
commercid trangport arcraft modified to cary the ar-launched Pegasus rocket. This
arangement provides for improved performance over conventiondly launched vehicles
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of the same sze. It ds0 enables the Pegasus to operate from any location with a suitable
arfield. Launch costs are on the order of $12-15 Million USD.

A specidly modified fird stage of the Pegasus XL was used in the launch
dack configuration. The second stage of the configuration conssted of the X-43 test
vehicle. The modified Pegasus fird stage booger, with the X-43A craft mounted to its
nose, was carried by NASA's B-52 jet (Figure 4.36).

Figure 4.36 X-43 Launch Configuration

Performance and mass information for the Pegasus 18t stage was taken
from the International Reference Guide to Space Launch Systems [AIAA 3rd Ed].
Similar informetion for the X-43 test vehicle was obtained from Dr. Stephen Whitmore,
a NASA Dryden Hight Research Center [Whitmore]. The propulson stage information
for al stack componentsis depicted in Figure 4.37.

Pegasus XL %43
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Figure 4.37 Propulsion Stage Data
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b. Launch Trajectory

An eagterly launch trgjectory was chosen for the Reagan Test Site (Figure
4.38). The Reagan Test Site encompasses approximatey 750,000 square miles, dthough
the tota land area is only about 70 square miles. Its location a 9 North Latitude
provides an increase in the “ddta-V” of the launch vehicle of gpproximately 0.46 km/s
when launched in the direction of earth rotation. Also, Orbita Sciences Corporation

Figure 4.38 Reagan Test Site

had previoudy conducted the launch of the High Energy Transent Experiment (HETE) I
gpacecraft from RTS on October 9, 2000 [Ray].

Geographic coordinates of 9.00'N, and 166.08'E were chosen for the
launch point. Launch dtitude was taken to be 6.32 km. Launch airspeed of 0.16 km/s, a
launch azimuth of due eest, and a flight-path angle of 2° were chosen as initid trgectory
edements. Figure 4.39 depicts the Autopilot/Waypoint Control Cluster settings used for
the RTS launch.
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Fi igure 4. 39 Autopilot/Waypoint Control Cluster
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All inputs were fed into Launch_Sm Autopilot.Vl. The smulaion was
programmed to intercept the 1000 psf q,, line after launch. With the autopilot engaged,

stage one burnout occurred at an dtitude of 32.6 km, a a veocity of Mach 9.43. The
maximum cross loading of the vehicle was 106 pdf. The plot of the trgectory from
launch to stage one burnout is given in Figure 4.40.
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Figure 4.40 RTS Launch Trgectory (Default Aero)

Utilizing the X-43 specific agrodynamic data, stage one burnout occurred
a an dtitude of 37.9 km, a a velocity of Mach 10.3. The maximum cross loading of the
vehide was 374 pd. The plot of the trgectory from launch to stage one burnout is given
in Figure 4.41.
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Figure 4.41 RTS Launch Trajectory (X-43 Aero)

51



THISPAGE INTENTIONALLY LEFT BLANK

52



V. ANALYSISCASE STUDY

A. METHODOLOGY

In an effort to quditatively show the potentid performance benefits of including a
scramjet within the launch vehicle stack, several case dudies were conducted. A
gandard configuration Atlas 1l was chosen for the basdine expendable launch vehicle.
A modified Atlas Ill, incorporating an axis-Symmetric scramjet engine, was to illudrate

the performance of a scramjet enabled design.

To address the possble economic benefits of incorporating scramjet technology,
three cases were used. As in the performance section, the basdline Atlas 111 and scramjet
enabled Atlas Il launch vehicles, were congdered. A third economic case was selected
aswdl, wherein the Atlas 111 was assumed to be partidly reusable.

B. INITIAL CONDITIONS

For the purpose of this andyss, dl vehides were assumed to launch from the
geographic coordinates of 27.5°N Latitude, and 80.0°'W Longitude Launch azimuth
was chosen as due eadt, in order to take advantage of the increase in “deta-V” due to
launching in the direction of the earth’'s rotation. Each vehicle desgn incorporates a
“misson payload” (payload + dructure + fue) of 4000kg, which is to be ddivered into
orbit. Figure 5.1 depicts the propulson stage characteristics of the Atlas 11l fird stage
that served as the backbone for each of the launch vehicle designs.

Liza7es 3 LSGTER
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5SEI136EH
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L I5ETE

Figure 5.1 Atlas 111 1% Stage Characteristics

One of severd important points to consder is tha while both vehicles utilize the
same firgd stage, there are condraints placed upon the scramjet-enabled design that the
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Atlas Il is not subject to. The Atlas Il quickly climbs out of the atmosphere, whereas
the Atlas 111-SCRAM must follow along the 1000 psf pressure (q,, ) profile in order to

ensure ignition of the scramjet.  Also, the Atlas Il is abile to modulate throttle/pitch
Settings in order to arrive a the desired gpogee dtitude. The Atlas 111-SCRAM mug fly
the prescribed profile until the fuel is expended. Once the apogee dtitude is attained, a
find boogt is required to circularize the orbit.
C. ATLASIII

1 Configuration Data

The Atlas Il vehicle (Figure 5.2) is an improved verson of the established Atlas
Il family of launch vehides The 1% stage incorporates a single NPO Energomash RD-
180 engine. Two versons of the Atlas Il are currently avallable, with differences only in
the number of enginesin the Centaur Stage.

Atlas |11
Height: 28.91m
Diameter: 3.05m
Total Launch Mass: 177,807kg
Dry Mass: 19,907kg
Pmf: 7.93
Figure5.2 Atlas 11|

The Atlas Il1IA has a sngle RL-10A-4-2 engine powering the Centaur upper stage while
the Atlas I1IB has two RL-10A-4-2 engines and a dretched Centaur upper stage to
increase  geosynchronous transfer orbit delivery performance to just under 10,000 Ib.
Internationd Launch Services (ILS) is marketing both vehicles [Atlas 1lI]. Figure 5.3
depicts the propulsion data for the upper stage.
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Figure 5.3 Centaur Upper Stage

2. Trajectory Design

Initidly, two different orbits were sdected for desgning the conventiond Atlas
[l trgectories. The first was to a find low earth orbit (LEO) of 165km, and the second
envisoned a re-supply misson to the International Space Station (ISS). Both utilized the
autopilot designed into the launch smulation.

After initid andyds, it was found that the conventiond Atlas Il was unable to
cost effectively achieve the LEO target. At stage 1 burnout, the Atlas Il has dready
achieved an gpogee dtitude of 200km. Re-supplying the ISS was chosen as the basdine
mission for analyss purposes. The space sation maintains an orbit between 362-476km
[1SS]. A target orbit of 425km was selected.

Figure 5.4 depicts the ISS service misson trgectory for the Atlas 1ll. The target
point for stage one burnout and waypoints used are depicted in Figure 55. For each
chosen Mach bresk point, there is a corresponding commanded pitch angle (qg,). The
autopilot initid vaues and weighting factors used in the trgectory desgn are shown in
figure 5.6.
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Figure 5.6 Autopilot Weights/Initial Values

3. Highlights
The following section performs the mahematica portion of the andyss of the
Atlas Ill performance. The amount of “ddtaVV” achieved is given a stage one and two
burnout. Also, thefind velocity change to circularize the find orbit is determined.
a. Stage 1 Burnout
Figure 5.7 depicts the dtitude/velocity profile of the Atlas Il a the time
of stage one burnout. Stage one burnout occurs at an dtitude of 81.0466km. At the time
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of engine burnout, the Atlas Il is traveling a Mach 17.879 (4.999km/s). The vehicle has

traveled a downrange distance of more than 120km.

) 25 i
MACH Wi

Figure 5.7 Atlas |11 Stage One Burnout

b. Stage 2 Burnout
Figure 5.8 depicts the dtitude/velocity profile of the Atlas Il a the time

of stage two burnout. Stage two burns out a an dtitude of 95.538km. At the time of
engine burnout, the Atlas Ill is traveing at Mach 24.3619 (6.750km/s). The vehicle has

traveled atotd downrange distance just shy of 200km.
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Figure 5.8 Atlas Il Stage Two Burnout

0.4

C. Apogee Burn
Once the second dtage burns out, the remaining misson payload enters a coast

phase. Airspeed is traded for dtitude until the payload reaches apogee (Figure 5.9). The
find dep is to determine the amount of “ddtaV” that an apogee kick motor (AKM)
would have to provide in order to circularize the orbit and keep the payload from

reentering the earth’s atmosphere.
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Figure 5.9 Atlas 11 Apogee Altitude

The veocity of the vehicle can be broken down into radid and tangentid components,

v Mp =20 (5.1)
R &V o
The changein velocity can then be expressed as.
e V, 0
. _(; =
D —Qvn ] ’ m : (5.2
8 R)rbit ﬂ

3
m= earth's gravitational parameter = 3.986x10° kn;'
S

where:

R, = orbital radius = 6371.00km+h

Deriving an expresson for the “ddta-V” required for circularizing the find orbit results

in

.2
(5] 0
DV=\/\/rz+g\/n- m (5.3)
(%]
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At apogee,V, @, andV, = 6.7350369. Subdtituting numerica values into the above
S

equation yields the following expresson for the required “ delta-V”:

2
e 3 0
c 3086x10° N1 2 n
DV = [0+C6.735036—2 - = 0.9230"
¢ s | (6371+425. 85) - s
& P

Now that we know the amount of “deta-V” necessary to circularize our find
orbit, it remains to be determined what amount of fud is require for this task. This takes

us back to the now familiar rocket equation. In its Smple form, the rocket equation is.

DV =1 ><go><lnaEm”'“al + (54)
gmfmal ﬂ

II'nitia| 8: mdry + mpay + mfud

where: +
mfina] g rndry + mpay

|, isthe specificimpulse of the rocket engine (sec)

g, = gravitational acceleration at sealevel = 9.81m2
S

This expresson can be further refined into an expresson for the propelant mass-fraction

(me ):

+ rqsay + mfue| — mdry + m + m

= =1+P, (5.5)

mdry + m mdry + m rr'dry + mpay

With some smple dgebraic manipulation, we come up with the following expresson for

the rocket equation in terms of the P,

| ey anid

(5.6)

o
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Thel,, of the AKM's engine is assumed to be 300 sec. Substituting this into the above

equation yields a numeric fraction for the amount of fud required:

6
0.9230k—m +

o8
L
oooc

(300s) >§?00981k—r2”9i

soo_1-=0.368

[aslel

P. =

mf

DD D> ('%CD D> D~

oo\ C

With a misson payload mass of 4000kg, the amount of fudl required to produce the
necessary “ddta-V” to circularize the orbit is:

My 4000kg
M + =4000kg P m,, =
e 0.368 J e

=1076.14kg

D. ATLASIII-SCRAM

1. Configuration Data
The Atlas Ill-Scramjet (Figure 5.10) design shares the same 1% stage as the

conventiond Atlas Il launch vehicde. That is where the design changes radicaly from
the Atlas Ill. The second stage of the Atlas 11I-SCRAM incorporates a notiona axis-
symmetric scramjet design.  The engine is mounted ahead of the payload module. Once
fird stage burnout occurs, the scramjet will in-effect function as a tugboat, pulling the

payload into space.

Atlas 11-SCRAM
Height: 28.91m
Diameter: 3.05m
Total Launch Mass. 93,752kg
Dry Mass: 20,807kg
Pmf: 3.51

Figure 5.10 Atlas 111-SCRAM
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2. Trajectory Design

Agan, re-supply of the ISS was chosen as the basdine misson for andyss
purposes. A target orbit of 425km was sdlected. In addition, a Low Earth Orbit (LEO)
misson was chosen in an effort to showcase the operationd flexibility of a scramjet-
enabled launch vehicle. For thismisson, an orbitd atitude of 165km was chosen.

In order for a scramjet to operate in the most efficient manner, it is necessary br
the vehicle to fly a congant pressure profile  The piloted smulaion enabled rapid
invedigation of candidate profiles to be invedtigaed in the time it would take
conventiona trgectory programs to tet a sngle desgn. Once an intuitive fed was
obtained, smarter darting values for autopilot weights, and waypoint sdection could be
rapidly achieved.

Figure 5.11 describes the trgectory for the Atlas 111-SCRAM in terms of Mach #,
and dtitude. It is important to undersand what information the figure is describing. As
the vehicle passes through the Stratosphere (~45km), the temperature of the air drops
rgpidly. This leads to a decreased sonic velocity and (recdling Equation 2.2) therefore an
increase in Mach #.  The target point for stage one burnout and waypoints used are
depicted in Fgure 512. The autopilot initid vaues and weighting factors used in the
trgectory desgn are shown in figure 5.13. These are vdid for both of the trgectories as

the scramjet flies a congtant pressure profile.

160.0-

140.0-~ —

120.0-

1 1
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MACH Murnber

Figure 5.11 Atlas 111-SCRAM Trajectory
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Fgure 5.13 Autopilot Weights/Initia Vaues

3. ISSMission Highlights

The ISS sarvicing misson necesstated specific fud loading for both the first and
second stages of the Atlas 11I-SCRAM. Fud had to be offloaded from the first stage in
order to achieve the pressure profile for the scramjet, without over stressng the vehicle.
Figure 5.14 depicts the propulson characterigtics for the first stage. Figure 5.15 dpicts
the same information for the second stage (scramjet).
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Figure 5.14 Stage One Propulsion Data
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Figure 5.15 Stage Two Propulson Data

a. Stage 1 Burnout

Figure 5.16 depicts the dtitude/veocity profile of the Atlas 111-SCRAM at
the time of stage one burnout. Stage one burnout occurs a an dtitude of 33.6463km. At
the time of engine burnout, the Atlas IlII-SCRAM is travding a Mach 10.3259
(3.16151km/s). The vehicle has traveled a downrange distance of 87km.

1 1 1 1 1 1
0.0 5.0 10,0 15,0 20,0 25.0 30.0
MACH Mumbey

Figure 5.16 1SS Mission Stage One Burnout

b. Stage 2 Burnout

Figure 5.17 depicts the dtitude/vdocity profile of the Atlas 111-SCRAM at
the time of stage two burnout. Stage two burns out at an dtitude of 45.9466km. At the
time of engine burnout, the Atlas III-SCRAM is travding a Mach 23.4387
(7.69348km/s).  The vehicle has travded a tota downrange distance of 417km.
Appendix B provides a comparétive table of performance data for both the Atlas 11l and
Atlas 11I-SCRAM vehicles. Although the scramjet burned out a a lower dtitude and
Mach number, it's velocity was greater by dmost 1 km/s, and it's totd specific energy is
higher than the conventiond Atlas |11 at this same point.
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Figure 5.17 ISS Mission Stage Two Burnout
C. Apogee Burn
Once the second stage burns out, the remaining misson payload enters a coast

phase. Airspeed is traded for dtitude until the payload reaches the apogee dtitude of 425

km (Figure 5.18). For the target dtitude, V. @0, andV, = 7_539123@_

1 1 1 1 1 1 1 1 2
0.0 2500.0  S000.0 75000 10000.0 125000 150000 17500,
downrange, km

Figure 5.18 ISS Mission Apogee Altitude

We find that the “ddtaV” necessary to circularize the find orbit a ISS mean orbitd

dtitudeis
& 56
¢ «n | 3:986x10° k"Q + K
DV = [0+¢7.539123—- S+ =0.11934—
¢ s | (6371+425.01)km = s
& 5
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Fndly, it is determined that the amount of fud needed to dabilize a a find orbitd
dtitude of 425kmis.

m
W= 4000kg b My, = 200K

Mie t—
0.04138 25.166

=158.943kg

4, LEO Mission Highlights

For the LEO example, fud loading of the scramjet stage was sdlected in order to
deliver the vehicle's payload into an orbit with a 165km apogee dtitude. Figure 5.19
depicts the propulson characterigtics for the fird stage. Figure 5.20 depicts the same
information for the second dage (scramjet). Once again, the amount of “ddta-V”
achieved a stage one and stage two burnout is given. Also, the find velocity change to

circularize the find orbit is determined.
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Figure 5.19 Stage One Propulson Data
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Figure 5.20 Stage Two Propulsion Data

a. Stage 1 Burnout

Figure 5.21 depicts the dtitude/velocity profile of the Atlas 111-SCRAM at
the time of stage one burnout. Stage one burnout occurs a an dtitude of 33.763%m. At
the time of engine burnout, the Atlas [II-SCRAM is travding a Mach 10.3806
(3.181km/s). The vehicle hastraveled a downrange distance of 87km.

Y
y
0.0- 1 1 1 1
15.0 20,0 25.0 30,0

MACH Mumber

Figure 5.21 LEO Mission Stage One Burnout

b. Stage 2 Burnout

Figure 5.22 depicts the dtitude/velocity profile of the Atlas 111-SCRAM at
the time of stage two burnout. Stage two burns out at an dtitude of 45.9466km. At the
time of engine burnout, the Atlas IlII-SCRAM is travding a Mach 23.2849
(7.63842km/s). The vehicle hastraveled atota downrange distance of 420km.
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Figure 5.22 LEO Misson Stage Two Burnout

C. Apogee Burn
Once the second stage burns out, the remaning misson payload enters a coast
phase. Airspeed is traded for dtitude until the payload reaches the gpogee dtitude of
165km (Figure 5.23).

H, ki

1 1 1 1 I 1
2000.0 4000,0 BO00.0 S000.0 10000.0 12000,
downrange, km

Figure 5.23 LEO Misson Apogee Altitude

At apogeeV, @0, andV, :7.738096@. Subdtituting numericd  values into the

S
previoudy presented equation yields the following expression for the required “ delta- V'

2
e 3 0
c K 3.986x10° k”; . K
DV = |0+C7.738096— - S+ =0.0712—
¢ s | (6371+165)km+ S
o
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Now that we know the amount of “ddtaVV” necessry to circularize our find

orbit, the amount of fuel required for this task must be determined. Thel, of the
vehiclé's engine is assumed to be 300 sec.  Subgtituting this into the equation for P
yields a numeric fraction for the amount of fuel required:

6

é y .0712"—5rn - l;l
es——m——> u
~ G kmo+ i
@ g(soos)yg?oogsl?gg a_
P, = @9 - 1@— 0.0245
€ u
5 U
e u

With a misson payload mass of 4000kg, the amount of fudl required to produce the
necessary “delta-V” to circularize the orbit is:

m., +% =4000kgP m,, = % = 95.7k
E. CONCLUSIONS

1 Performance Basis

The scramjet-endbled design is inherently more flexible than the conventiond
Atlas Il desgn. With a smdl increase in fud for the scramjet Stage, gpogee dtitude can
be rased by a factor of more that 25. This enables the Atlas 111-SCRAM design to
ddiver payloads to orbitd dtitudes throughout LEO and into the beginning of the MEO
region. The Atlas Il is designed to inject payloads into geo-transfer orbits (GTO). The
gation-servicing scenario assumes that the Centaur upper stage of the Atlas 1ll can be
defueled by the described amount, without an adverse affect upon the vehicle's gahility.
Table 5.1 summarizes the orbita insartion requirements for the two designs with respect
to the different orbita profiles.

Atlas lll/ | Atlas lll/ | Atlas Il
SCRAM | SCRAM

Apogee Alt. (km) 165 425 425
Prop. Mass Fraction] 0.0245 | 0.04138 0.368
Prop. Mass (kg) 95.7 158.943 | 1076.02

Table 5.1 Find Orbit Insertion Requirements
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In the envisoned launch configurations for each vehicle, the Atlas 11I-SCRAM
would have a total launch mass of 93,752kg, compared to a launch mass of 177,807kg for
the Atlas Ill. The Atlas I11-SCRAM would have a higher dry mass (20,807kg) than the
Atlas 11l (19,907kg). This is due to the weight of the scramjet module and associated
support systems. P, for the Atlas 111-SCRAM s cdculated as P, = 3.51. The Atlas I,

gtting on the launch pad, has a P, = 7.93. Table 5.2 summarizes the above results. The

greater dry mass for the Atlas 111-SCRAM accounts for the weight of thermal protection.

Atlas III-SCRAM Atlas IlI

Total Launch Mass (k 93,752 177,807

Dry Mass (kg) 20,807 19,907
Prop. Mass Fra::tion 3.51 7.93

Table 5.2 Comparison of Launcher Characteristics

2. Economic Basis

There is a rule of thumb that says tha launch vehicle cost is proportiond to the
propelant mass fraction. This provides a back-of-the-envelope check when determining
launch vehidle cost. Thisisonly useful as arough-cut for budgetary exercises.

Based upon open source information, the Federal Aviation Adminigtration (FAA)
edimates a price range for commercid Atlas Ill launch services of $90-105 million
[AIAA 3 Edition]. Lockheed Martin has previoudy absorbed the development costs of
the Atlas Ill. The development codts of the scramjet-enabled design could be in the range
of $700-900 million [Davig. Until commercid customers condder the design “mature’,
it is likely that the cost per launch of the Atlas 111-SCRAM design would exceed that of
the AtlaslII.

It is difficult to determine what, if any thing would be gained by incorporating
reussbility into the Atlas [II-SCRAM design. The assumption is made that snce
Lockheed-Martin did not incorporate reusable features into its Atlas IlI, the judgment
must have been made that this offered very little return on invesment. This does not
preclude incorporating reusability into the Atlas 111-SCRAM design, but it does provide a
garting point for design features.
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3. Censere Universus
It has been shown that fud and oxidizer are the two greatest components of the

weight of a launch vehicle. Incluson of a scramjet removes the need to carry oxidizer for

combugtion of the fud. By virtue of this, |_ is increased by a factor of 7, dependent

sp
upon the fud mixture used. Equivdently, usng amospheric oxygen as the oxidizer
dlows the engine to produce the same amount of thrust while usng 1/7 the amount of
propdllant.

The scramjet-enabled design was able to deliver the misson payload to a variety
of orbits, with a totd launch vehide mass much less than the standard Atlas IIl.  What
fdls out of this andyss is that scramjets provide the potentid to put lager customer
payloads into orbit than are possble with a conventiona design, or that a scramjet-
endbled vehicle tha has a much smdler fird stage can loft the same payload as larger

conventiona configurations.

Because it is unlikely that NASA would be able to dedicate the funds necessary to
edablish a new scramjet development program, it will be necessary for industry to do so.
Until the commercid launch sector determines that it is in their best interest to deviate
from the conventionad means of building rockets, the performance benefits of scramjet

technology will not be redized, or leveraged in an effort to reduce the cost of space
launch.

70



VI. FUTURE WORK

A. INTRO

This theds addressed the feashility of incorporating scramjet technology into an
expendable launch vehicle. In order for this vison to become redity, further research is
needed in the areas of Computational Fluid Dynamics (CFD), vehicle stability, as well as
thermal/acoustic stresses and dynamic loading.

The primary concerns are vehicle controllability, the stresses such a vehicle would
experience throughout the flight envelope, and the thermd loading it woud experience
during long duration high-speed flight through the aimosphere.

Equdly as important as the areas of further research that address whether “we can
do it, is research that addresses how such technology would be applied. It is left to
future sudents to determine operationa concepts in which the scramjet might offer
B. SCRAMJET DEVELOPM ENT PROGRAM

In order to redize the performance potentiad of incorporating a scramjet into a
launch vehicle stack, a comprehensive program must be deveoped. This effort would
likdy be a multi-nationd one, taking advantage of the various geographic, politica, and
technologicd strengths of each partner.

The X-15 high-speed flight test program has contributed to the success of US
gpace activities from the Apollo Lunar program to the Shuttle Orbiter. One reason it was
such a success, was the rate a which flights were conducted. Almost 200 flights were
conducted between the time that the program sarted in 1959, and the time of the find on
October 24, 1968. In order to gather a amilar volume of data regarding flight in the
hypersonic region, aflight schedule on the order of 20 flights a year would be necessary.

This would dso require a shift from the “zero-defect” mentdity that exists today
in the aerogpace indugtry. The arplane did not make the jump from the Wright Brothers
Flyer to the F-22 Raptor overnight. Smal incrementd improvements were made over
time, and numerous failures occurred dong the way. A test-fly-fix-fly (TF®) approach
would dill apply drict atention to detall, but would dlow for the pursuit of severd
different development paths at the sametime.
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Another idea that could be incorporated would be to adapt surplus munitions that
are being retired by the military. The F14 Tomcat is scheduled to leave the fleet within
the next 10 years [F-14]. The aircraft serves the Navy in an ar superiority, fleet defense,
and precison drike role. One of the many different weapons the Tomcat can employ is
the AIM-54 missle, code-named “Phoenix.” The Phoenix missile is the Navy's only
long-range ar-to-ar missle. Table 6.1 gives the generd characteridtics of the Phoenix
missle. By modifying the guidance sysems of the Phoenix, it should be possble to
enadble the missle to arive a a paticular point in the ky. This would enadle it to fulfill
the role of a high-gpeed flight test vehicle.

Primary Function: Longrange air-launched air intercept missile
Contractor: Hughes Aircraft Co. and Raytheon Co.

Unit Cost: $477,131

Power Plant: Solid propellant rocket motor built by Hercules
Length: 13 feet (3.9 meters)

Weight: 1,024 pounds (460.8 kg)

Diameter: 15inches (38.1 cm)

Wing Span: 3feet (.9 meters)

Range: In excess of 100 nautical miles (115 statute miles, 184 km)
Speed: In excess of 3,000 mph (4,800 kmph)
Guidance System: Semi-active and active radar homing
Warheads: Proximity fuse, high explosive

Warhead Weight: 135 pounds (60.75 kg)

Date Deployed: 1974

Table 6.1 AIM-54 (Phoenix) Characteristics
An axis-symmetric scramjet design would be the best suited for this type of test
vehicle. The designers do not have to contend with the asymmetric loads associated with
body-integrated desgns. The design dso helps mitigate the heet build up that will result
from travel through the atmosphere.
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VIil. SUMMARY

The god of this theds research was to determine the feashility of scramjet
technology for an intermediate propulsve stage of an expendable launch vehide. The
reader was firg provided with a review of basic concepts necessary for a better
understanding of the assertions made within the thesis. Next a quick overview of US and
international scramjet research efforts was undertaken to provide a broader context.
Detailed information regarding the software programs selected for the development of the
andyss tools, and how these tools were utilized will endble interested parties to

reproduce and vaidate the conclusions of thisthess.

Scramjet technology provides a potentid means of ggnificantly reducing the cost
of ddivering payloads to orbit. Usng amospheric oxygen as the oxidizer dlows the
engine to produce the same amount of thrust while carrying 1/7 the amount of propdlant

as conventiona rocket engines. However these benefits do not come cheaply. Scramjets

ddiver fa higher 1 vadues but they must follow an ar-breathing trgectory.

sp

Aerodynamic hesting and drag become Sgnificant issues  The extra mass required for
heat protection takes away from the payload fraction. Nonethdess, this anayss shows
ggnificant potentid gains for the scramjet configuration.

A sramjet-endbled  vehide enjoys grester  operdtiond  flexibility  than
conventiond desgns.  The find orbit of a payload ddivered by such a vehide is
theoretically only limited by the peformance of the scramjet stage. By varying the
duration of flight within the amosphere, useful payload weights can be ddivered to
practicdly any orbitd regime. By focusng efforts upon expendable vehicle designs,
these benefits can be redized in the short-term.

Pursuit of an axis-symmetric design could leverage current internationa research
efforts in supersonic combugtion, and avoid the dability and control issues that plague
body-integrated desgns.  The concepts proposed in this thess ae approaching a
technology readiness levd (TRL) a which potentia gpplications of an axis-symmetric

design could be found in the very near term.
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APPENDIX A. DERIVATION OF ALGORITHMIC EQUATIONS

Back in Chapter IV (Launch Simulation), the equations of motion used in the
launch gmulation were derived. What remans is to develop the sx classcd orbitd
elements (COES). Once this is done, rotationd matrices will be derived to shift from the
orbital to the inettid plane  Findly, the conditions used to initidize the smulaion are
caculated.

The order of presentation may at fird seem counter intuitive, but the choice is
completdly arbitrary. In the LabView code, in order to project the ground track of the
vehicle, it is necessary to go from the perifocd to the inertid frame for each data frame.
To initidize the amulation, the order of stepsis reversed.

A. DERIVATION OF CLASSIC ORBITAL ELEMENTS
Once an expression is obtained for the podtion and veocity vectors in the orbita

plane, the next sep is to derive the sx classc orbital dements (COEs): a,e i,w,Wn that
define the vehide's orbit.  All that is needed is the vehicleé's inertid postion and velocity,
Rand V. Understanding Space, by Jary Sdlers provides an in-depth explanation for

derivation of the COEs.
1 Semi-major AXxis, a

In order to determine the semi-mgor axis of the orbit, the magnitude of the
position and velocity vectors are used. The Vis-Viva equation gives an expression for the
semi-mgor axis

m

az—— (A.2)

2 lv?
R

where: R = magnitude of the position vector (km) =, [RZ+ R’ +R? (A.2)

V = magnitude of the velocity vector ?fgméz ) /VX2 +V,F +V,? (A.3)
2

) . ma e
m= earth's gravitational parameter = 3.986x10° 3@2
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In order for the orbit to be viable, the vdue of the semi-mgor axis should be larger than
the radius of the planet it is orbiting.

2. Eccentricity, e

The eccentricity vector erelates to the pogtion and veocity vectors by the

expresson
1 A6 2 mu — 7 = 7~ —l\J
= —aV - — XR- R g/ (A.4)

m&E  RH S d
o akm® 6
where: m= earth's gravitational parameter :3.986>a059—2+
eSeC” g

3. Inclination, i

FPenapsis

1 = Inclmation
Figure A.1 Inclination
Inclination defines the orientation of the orbit with respect to the Eath's

equatorid plane. It is the angle between the unit vector, K, through the North Pole, and
the angular momentum vector, h .

. LéK U
i=cos'a——0( (A.5)
eKong

The angular momentum vector, h, is obtained by taking the cross product of the position

and velocity vectors.

R=R V (A.6)
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4, Right Ascension of the Ascending Node, W

Fenapsas

/ Equinox = =" R
e e “Line of Nodes"
Figure A.2 Right Ascension of the Ascending Node

The right ascenson of the ascending node (RAAN) defines the point a which the

orbital plane croses the equatorid plane. It is the angle measured from the vector
defining the 1% point of Aries, |, ad the ascending node of the orbit. The ascending
node vector, n, lies in the equatoriad plane, is perpendicular to the polar axis, K, and is

perpendicular to the angular momentum vector, h .
n=K h (A.7)

The dot product is used to determine W (the angle between | and n)

1 >0 O
W:cos'lga—m+ (A.8)
el g

Because RAAN can range between 0" and 360°, it is necessary to peform a
quadrant check. Figure A.2 shows the reaionship of the ascending node vector and
geocentric equatorial coordinate syssem. The quadrant can be determined by ingpection

of the position of the ascending node vector relative to theJ unit vector. If (5><ﬁ) 30,

then 0 £ WE180°. Otherwise, 180 £ WE 360’ .

77



5. Argument of Perigee, w

Periapsis

/ Equinoz © -
\\\ — {3 = Arsument of Penapsiz

Figure A.3 Argument of Perigee

The argument of perigee defines the perigpss (low point) of the orbit rative to a
fixed line in inertid space. It is measured as the angle between the ascending node vector
and the eccentricity vector. Using the dot product yields the expression for w
o

_ (A.9)
nxg

W = COS

Thefollowing logica relaionship determines the correct quadrant for w

If (R >e) 30
0£w £180°
Else
180 £W £ 360°

6. True Anomaly, n
True anomaly is defined as the angle between the eccentricity vector, e, and the
position vector R

L,®xR0O

n = Ccos 86@5

(A.10)

It is aso possble to derive an expresson for the true anomaly in terms of the semi-mgor

axis.
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agl- e’p é1éadl- epgu U
r —MD n :cos'lg—éﬂﬂ- u (A.12)

_1+e>cos(n) geg R g4

B. COORDINATE SYSTEM TRANSFORMATION
The inertid reference axis is a line that defines a fixed axis sysem with respect to
inertid space. Figure A.4 depictstheright-handed XY Z coordinate system. The x-axis

2 Fenapsis

ﬂ. e ()
O s

WVemnal
[ dme
Figure A.4 XY Z Coordinate System

points in the direction of the vernd equinox, which sarves as the “anchor” for the
coordinate sysem. The z-axis passes through the geographic north pole of the Earth.

The y-axis completesthe system. All axes are perpendicular to each other.

Given the COE =, the vehicleé's postion with respect to the inertid axes can be
computed through the use of rotationd matrices  Vdlado, in Fundamentds of
Adtrodynamics & Applications, provides a rigorous derivation of the trandformation from
the orbital frameto the inertia frame,

1 Position Vector (Inertial Frame)

A 3x1 matrix represents the pogition vector in theinertid frame, where

éxu  écos(n +w)cos(W)- sin(n +w)cos(i)sin(W)a
0= Rgcos(n +w)sin(W) +sin(n +w)cos(i) cos(W) (A.12)
e & sin(n+w)sin(i) i
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2. Velocity Vector (Inertial Frame)
The following matrix givesthe veocity vector in the inertid frame

A p—
& U= /— (A.13)
€U 4agl- e*f

g Vee e

7

geos(W) gesin(w) +sin(n +w)g+cos(i) gecos(w) +cos(n +W)E|sin(W)Hg
cos(i) gecos(w) +cos(n +w)gcos(W) - gesin(w)+sin(n +w)gsin (W)

gecos(w) +cos(n +w)gsin(-i)

@D @ D> D D

u
u
H

C. ESTABLISHING INITIAL CONDITIONS

To dat, it is necessy to define the initid conditions a launch. Launch postion
will be defined in tems of laitude inettid longitude, and dtitude.  Figure A5
graphicaly depicts the launch pogtion in the Earth centered frame of reference.

| Greenwich Meridian

Launch meridian

Equator

Equinox Qg —

Figure A.5 Geocentric Launch Position

1. Position Vector
In the inertid coordinate system, the launch position in matrix formis

eR.u § R 1| c08[ 1 ] >c0s]d, |u
R = ARentho]cos[l, ]>sin[d,] (A.14)
BREwa & [Rawth]sn[lo]
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where: R IS the radius of the earth (km)
h, is launch dtitude (km)
| , islaunch |atitude (deg)
d, islaunchinertid longitude (deg)

Within the amulation, the radius of the eath was described as a function of
laitude. By consdering the earth as an dlipsoid, the radius a any point can be described
in terms of its semi-mgor and semi-minor axes. Figure A.6 depicts the relationship of

|etitude to position on the surface of the dlipse.
B dequitorial
Rearty = -

:; h
,\/ {l + L”h sin }.‘
l eemrh

bpular

dequitorial = 0378.13649 km

Dpolar = 0356.7515 km

Cearth — /\/ b]Jolar
dequitorial — Qequitorial ™

Figure A.6 Ellipsoidd Earth Model

2. Velocity Vector
It is dedrable to input the veocity in terms of a naturd set of coordinates

referenced to the vehicl€ sflight path. The velocity vector in polar coordinatesis

X

a» D> D>
«
[« o xY e anY ot

(A.15)

where V, = Earth relative velocity gkgmg
%)

g = flight path angle (deg)

f

launch azimuth (deg)
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The flight pah angle is referenced to the locd horizon. It is the angle between the
veocity vector and the locd horizon. The launch azimuth is referenced from due north.

The velocity vector can be further expressed in terms of its components

é/northu &, cos(f )cos(g)u Rotational velocity

U_ E"\/ sin Uy A.16
€ eas‘“ &osin(f ) cos (g)L,‘ of Earth (A-16)
@/down H 8 VO SI n (g) H
The boost in velocity due to the rotation of the Earth acts due east, and is expressed as
VEarth(boost) = [ Rea.rth + hO] )@/Vearth COS( l 0) [‘EI (A17)
i aoad g rad
where: W,,..., = Earth angular velocity 8_ +— 00007292115g

In order to get to the inertial frame, two successve rotations are accomplished.
The find form of the velocity vector (considering the characteridtics of the launch site) is

&/, U
V- (A.18)

évu

8, B
& cos(d,)sin(1) -sin(dy) - cos(d;)cos(l o)u v, cos{f ) os(g)
g sin(d,)sin(1,) cos(d,) - sin(d,)cos(l 0)3
f

g cos(l,) 0 -sin(l )

D> (DB<<fD> D
o

-V, sin(g)
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APPENDIX B. COMPARISION OF ISSMISSION ATLASIII/
ATLASIII-SCRAM PERFORMANCE CHARACTERISTICS

The following tables provide the reader with reference tool for comparing the
Atlas Il and the Atlas 111-SCRAM’s performance during the ISS re-supply misson. The
Sdected data points include the initid mass and fue mass for stage one and two, as well
as the dtitude and velocity at which stage burnout occurred.
A. ATLASIII

Atlas Il

Initial Mass (kq)

Propellant Mass (kq)

177,807

1.5190E+05

Stage One
Stage Two

9,405

3.2250E+03

Table B.1 Atlas |11 Mass Properties

Atlas Il I Burnout Alt. (km)

Velocity (Mach)

Velocity (km/s)

Stage One | 81.0466

17.879

4.999

Stage Two | 95.538

24.3619

6.75

Table B.2 Atlas 11l Parformance Characteristics

B. ATLASIII-SCRAM

Atlas I[I-SCRAM

Initial Mass (kg)

Propellant Mass (kqg)

Stage One

93,752

6.7500E+04

Stage Two

12,157

5.0767E+03

Table B.3 Atlas 111-SCRAM Mass Properties

Atlas III-SCRAMJ Burnout Alt. (km)

Velocity (Mach)

Velocity (km/s)

Stage One | 33.6463 10.3259 3.16151
Stage Two | 45.9466 23.4387 7.69348

Table B.4 Atlas I11-SCRAM Performance Characteristics
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APPENDIX C. AERODYNAMIC DATA

The following tables contain the aerodynamic data obtained from AeroCFD and
HyperCFD for the notiond launch vehicle. To fadlitate easy underdanding, the data
were entered into Microsoft Excdl.

A. SUBSONIC

All tables are to be read with apha varying down the left sde and vaues of

Cd/Cn for Mach values of 0, .2, .5, .7, and .8 across the top.

Alpha | cd(0) | cd(.2) | cd(.5)] cd(.7) [ cd(.8)] Alpha | cn() | cn(2)] cnes) [ en.7)] enes)
0 |1688)]1709]1.844] 2009 2383] o 0 0 0 0 0
1 | 1688]1.700 ] 1.843] 2.008 | 2.382 | 1 [ 2801 2.858 | 3.234 | 3.922 | 4.668
2 | 1688 1709 | 1.843] 2.008 | 2382 | 2 | 2865 | 2.924 ] 3.308 | 4.012 | 4.775
3 |1689] 171 | 1.844] 2008 [ 2382 ] 3 | 2.996 | 3.058 ]| 3.46 | 4.196 | 4.994
5 5
8 8

1.698 ] 1.718 ] 1.853 | 2.106 | 2.388 3.458 | 3.529 | 3.993 | 4.842 ] 5.763
1.74 | 1.76 | 1.894 ] 2.145 | 2.425 4.631 | 4.726 | 5.347 | 6.485 | 7.718
10 | 1.797]1.817]11.951)2201 2478 10 | 5.718 ] 5.836] 6.602 | 8.006 | 9.529
15 ]2091]2112 1224412491 |2.762 ] 15 | 9.396 ] 9.589 | 10.849]13.156] 15.659

Table C.1 Stage I/11 (No delta correction)

Alpha | Cd(0) | Cd(.2) ] Cd(.5) ] Cd(.7)} Cd(.8) | Alpha | Cn(0) | Cn(.2) ] Cn(.5)] Cn(.7)] Cn(.8)
0 J0.574]0.58210.636)0.737 108471 O 0 0 0 0 0

1 10.574]10582]0.636)0.737 1 0847 ] 1 ]1.758] 1.794] 2.03 | 2.462 | 2.93

2 1057410582 ]10.636)0.737 10847 ) 2 |1.787] 1.824] 2.063 ] 2.502 | 2.978

3 10.575]0.583 10.637 10.738 108481 3 [1.842] 188 | 2.127 }2.579 ) 3.07

5 5

8 8

0.582 | 0.59 |0.644 | 0.744 | 0.853 2.03 12072 ) 2344 12843 | 3.384
0.611 J 0.619 ] 0.672 ] 0.771 | 0.879 25 1255112886 3.5 |4.166
10 ]0.649 ) 0.657 ) 0.71 J0.808 | 0915 10 | 2.93 ] 2.991 | 3.384 | 4.103 | 4.884
15 ]0.839 ] 0.847 10.899]0.994 ] 1.098 ] 15 | 4.376 ] 4.466 | 5.053 | 6.128 | 7.293

Table C.2 Stage Il (With Fins)
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Alpha ] Cd(0) | Cd(.2) | Cd(.5) | Cd(.7) | Cd(.8) | Alpha ] Cn(0)] Cn(.2)] Cn(.5) | Cn(.7)] Cn(.8)
0 Jo0.478]0.487 | 0541 0.6410.752] 0O 0 0 0 0 0

1 Jo478] 0487 [ 0541]0641]0751] 1 ]0.001] 0.002 | 0.002 ] 0.002 [ 0.002
2 |o0.478) 0487 | 0541 | 0641 ]0.751 ] 2 |0.003] 0.003 | 0.003 | 0.004 | 0.005
3 J0.479] 0.488 | 0.542 | 0.642 | 0.752 ] 3 | 0.004] 0.005 | 0.005 | 0.006 | 0.007
5 J0.486] 0.494 | 0.548 | 0.648 | 0.757 ] 5 |0.007] 0.008 | 0.009 | 0.01 | 0.012
8 10515] 0523 ] 0577 ] 0.676 [0.784 | 8 ]0.012] 0.012 | 0.014 | 0.016 | 0.02 |
10 Jo.553) 0.561 | 0.614 ] 0.713 ] 0.82 | 10 ]0.015] 0.015 | 0.017 | 0.02 | 0.024
15 J0.743] 0.751 [ 0.803 ] 0.899 | 1.002 | 15 ]0.021] 0.022 | 0.025 ] 0.03 [ 0.036

Table C.3 Stage 1 (No Fins)

Alpha ] Cd(0) | Cd(.2) ] Cd(.5) J Cd(.7) | Cd(.8) | Alpha] Cn(0)] Cn(.2)§ Cn(.5) | Cn(.7)] Cn(.8)
0 §0.096] 0.095 | 0.095 ] 0.096 ] 0.095| 0 0 0 0 0 0
1 ]0.096] 0.095 | 0.095 | 0.096 | 0.096 | 1 J1.757|1.792 ] 2.028 | 2.46 | 2.928
2 10.096] 0.095 | 0.095 § 0.096]0.096 | 2 |1.784]1.821 | 2.06 | 2.498 | 2.973
3 10.096] 0.095 | 0.095 | 0.096 | 0.096 | 3 ]1.838]1875]2.122 ] 2,573 | 3.063
5 10.096] 0.096 | 0.096 § 0.096 ] 0.096 | 5 [2.023] 2.064 | 2.335 | 2.833 | 3.372
8 10.096] 0.096 | 0.095 | 0.095 | 0.095 | 8 24882539 | 2.872 | 3.484 | 4.146
10 ]0.096 ] 0.096 | 0.096 | 0.095 ] 0.095 | 10 J2.915 2.976 | 3.367 | 4.083 | 4.86
15 ]0.096] 0.096 | 0.096 | 0.095 ] 0.096 | 15 |4.355| 4.444 | 5.028 | 6.098 | 7.257

Table C.4 Delta Cdculation (B.2-B.3)

Alpha | cd(0)] cd(.2)| cd(.5)] cd(.7)] Cd(.8) | Alpha | Cn(0) | Cn(.2) | Cn(.5)] Cn(.7) | Cn(.8)
0 |1.784]1.804]1.939]2195])2478] 0 0 0 0 0 0
1 |1.784]1.804]1.938 ) 21942478 1 | 4558 | 465 | 5262 | 6.382 | 7.596
2 |1.784]1.804 ] 1.938 |2.194 | 2.478 ] 2 | 4.649 | 4745 | 5.368 | 651 | 7.748
3 11785]180501939 0219412478 ) 3 | 48344933 [5582 | 6.769 | 8.057
5 |1.794]1.814]1.949 122022484 5 | 5481|5593 |6.328 ) 7.675 | 9.135
8 |1.836)1.856]1.989] 224 | 252 1 8 | 7.119 | 7.265 | 8.219 | 9.969 | 11.864
10 ]1.893]1.913]2.047 | 2.296 | 2.573 | 10 | 8.633 | 8.812 | 9.969 | 12.089] 14.389
15 |2.187]2.208] 2.34 | 2.586 | 2.858 | 15 |13.751}14.033]15.877]19.254] 22.916

Table C.5 Launch Configuration (B.1+B.4)
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B.

SUPERSONIC
All tables are to be read with dpha varying down the left Sde and vaues of

Cd/Cn for Mach values of 1.2, 1.5, 2, 5, 8, and 10 across the top.

Alpha |cd(1.2)[Cd(1.5)] Cd(2) | Cd(5) | Cd(8) [Cd(10)| Alpha |Cn(1.2)|Cn(1.5)| Cn(2) | Cn(5) | Cn(8) |Cn(10)
0 |1.0109]0.8888 |0.7705 | 0.549 |0.4947 |0.4788] 0 0 0 0 0 0 0
1 ]1.0109]0.8888|0.7705 | 0.549 |0.4947 [0.4788| 1 ]0.24779]0.11631|0.09585/0.05786| 0.048 |0.04464
2 | 1.0109]0.8888 [ 0.7705 | 0.549 |0.4947 [0.4788] 2 ]0.49558/0.23261|0.1917 |0.11571| 0.096 |0.08928
5 ]1.0109(0.88880.7705 | 0.549 |0.4947[0.4788| 5 |1.23894|0.58153|0.47924|0.28929| 0.24 [0.22321
8 |1.0109]0.8888 |0.7705 | 0.549 |0.4947 [0.4788] 8 |1.9823|0.93045|0.76679|0.46286(0.38399|0.35713

Table C.6 Stage I/11 (No Delta Correction)

Alpha [Cd(1.2)[Cd(1.5)| Cd(2) | Cd(5) | Cd(8) |Cd(10) | Alpha |Cn(1.2)[Cn(L.5)| Cn(2) | Cn(5) | Cn(8) |Cn(10)
0 ]0.9329/0.8461 | 0.699 |0.4429| 0.381 [0.3625| 0 0 0 0 0 0 0

1 ]0.9329]0.8461 | 0.699 [0.4429| 0.381 [0.3625| 1 [0.24738|0.1159 |0.09544(0.05745|0.047590.04424
2 ]0.9329/0.8461 | 0.699 |0.4429| 0.381 {0.3625| 2 ]0.49477|0.2318 |0.19089| 0.1149 |0.09519(0.08847
5 10.9329]0.8461 | 0.699 [0.4429| 0.381 [0.3625| 5 ]1.23692|0.57951]0.47722|0.28726|0.23797(0.22118
8 ]0.9329/0.8461 | 0.699 |0.4429] 0.381 {0.3625| 8 |1.97906/0.927210.76355)0.45962/0.38076/0.35389

Table C.7 Stage Il (With Fins)

Alpha [Cd(1.2)|Cd(1.5)| Cd(2) | Cd(5) | Cd(8) [Cd(10) | Alpha |Cn(1.2){Cn(1.5)| Cn(2) | Cn(5) | Cn(8) |Cn(10)
0 |0.7544]0.6428 | 0.5678 | 0.3965 | 0.3523 | 0.3396 | 0 0 0 0 0 0 0

1 ]0.7544|0.6428 | 0.5678 | 0.3965 | 0.3523 | 0.3396 | 1  [0.03031]0.03031|0.03031(0.03031(0.030310.03031
2 |0.7544[0.6428 [ 0.5678 | 0.3965 | 0.3523 | 0.3396 | 2 ]0.06062/0.060620.06062(0.06062|0.06062[0.06062
5 |0.7544|0.6428 [ 0.5678 | 0.3965 | 0.3523 |0.3396 | 5 ]0.151550.15155/0.15155|0.15155|0.15155(0.15155
8 ]0.7544|0.6428 | 0.5678 | 0.3965 | 0.3523 | 0.3396 | 8 |0.24248|0.24248|0.24248(0.24248|0.24248|0.24248

Table C.8 Stage Il (No Fins)

Alpha [Cd(1.2)|Cd(1.5)] Cd(2) | Cd(5) | Cd(8) [Cd(10) | Alpha |Cn(1.2)|Cn(1.5)| Cn(2) | Cn(5) | Cn(8) |Cn(10)
0 0.1785[0.2033 [0.1312 [ 0.0464 | 0.0287 | 0.0229 | 0 0 0 0 0 0 0
1 ]0.1785[0.2033[0.1312 | 0.0464 [0.0287 [0.0229 | 1  ]0.21707/0.08559|0.06513|0.02714]0.017280.01393
2 |0.1785]0.2033 [0.1312 [ 0.0464 [ 0.0287 [ 0.0229 | 2  ]0.43415/0.17118(0.13027]0.054280.03457(0.02785
5 0.1785[0.2033 [0.1312 | 0.0464 | 0.0287 |0.0229 | 5  |1.08537]0.42796|0.32567|0.13571]0.08642(0.06963
8 ]0.1785]0.2033 [0.1312 [ 0.0464 [ 0.0287 [0.0229 | 8  ]1.73658/0.68473]0.52107]0.21714/0.13828(0.11141

Table C.9 Delta Cdculation (B.7-B.8)
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Alpha |cd@.2)|cd(1.5) cd2) | cd) | cd®) |cd(10) | Alpha Jen@.2)len@s)| cn@) | cn) | cne) |cn@o)
0 ]1.1894[1.0921] 09017 |05954 [ 05234 [05017| © 0 0 0 0 0 0
1 | 1.1894]1.0921 [ 0.9017 [0.5954 |0.5234 [0.5017 | 1 [0.46486[ 0.2019 [0.16098] 0.085 [0.065280.05857
2 | 1.1894]1.0921] 0.9017 [0.5954 [0.5234 [0.5017 | 2 [0.929730.40379]0.32197]0.16999[0.130570.11713
5 |1.1894[1.0921] 0.9017 |0.5954 [ 05234 05017 | 5 |2.32431]1.00949]0.80491| 0.425 [0.32642(0.29284
8 |11894[1.0921] 09017 05954 [05234 [05017 | 8 |[3.718881.61518[1.28786] 0.68 [0.52227]0.46854

Table C.10 Launch Configuration (B.6+B.9)
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