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Abstract

In the era of rapidly developing CubeSats,fghgload sizebavebeendrasticallyreducegdmaking
the traditional rocket launch and delivery system quite expensive anectimsuming in terms of scheduled
delays and long waiting. This project is an attempt to use a spaceplareesejthisticated and reliable
mission profile high perfamance ard the abilityto efficienty deliver CubeSats to at least 110 km of
altitude. Specifically, the research project considers the preliminary design of-&8& ®argoSat
Spaceplane, using an airplane design concept to deliver CubeSats to Low Bitu@hEQY). This could b
one of the least polluting, highly efficient approaches with less launch vehicle schedule delays in
comparison with traditional rockets. Tpeeliminaryaircraftdesignapproactuses computer programs and
simulations taanalyz the proposed componeiitsuch as fuselage, wing, vertical and horizontal tail and
landing geaii assessing the parameters that play a vital role during all operational phases oftilght.
has allowed for caceptual design of thepaceplanaising core methodologies and relevadtware to
increase accuracy and reduce the design process time. Since this spdwpkamaidair launch system
using a mothership, it requiredatively less fuel to climb frord5,000 ft of altitude where the air resistance
is very low increasing lteaerodynamic efficiency of the climb phase with less drag. Furthermore, efforts
aremadeto verify the reentry and adverse deceleration during deseeaking it an unpowered glider
The maximum payload capacity of 1,500i&kgonsideredyhich allows 24 largesizedCubeSats (27U).
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1.1  Motivation

1. Chapter 17 Introduction

It is quite often to use cryogenic rockets to deliver various satellites into space. Due to the size
constraints of roakts, their payload, propulsive efficiencies, rocket companiese all the satellites
together with a stratedyp launch them at once which keeps customers waiting till all the tickets are booked
even if some of them happen to be small sized satellites pfoject is an attempt to use th&X CargoSat
spaceplaneoncept instead of rockets to deliver those sieatitllites to desired orbit individually or all
together if accommodated without long waiting and required efficiencies.

1.2 Literature Review

There are various spaceplanes that have been designed, testedeanidnplemented for further
development such as¥6A-2, Dyna Soar, Virgin Galacticds Space:
shows a comparison from various literature sources highligitingy i n t oday 6s wor |l d spe
advantageous than fasts:

Table 1.1: Advantages ofSpaceplane®ver Rockets

Parameter/ Phase Rockets

Spaceplanes

Design & Assembly q

1 Design and assembly of rocketsver

cautious, since every investment is sitt
right on thetons of highoctane.

Even if the rockets are designed module
module, their assembly must be dq
vertically which requires a tall building (¢
structure), which may in turn cause unus
errors or challenges.

1 Spaceplanes are less risky since mos
them require solid prellant rockets an
have midair launch feature.

1 Spaceplanes are quite easy to design
assemble the components together. Pay|
compartment can be modified as desire(
based on the type, size, shape of payloa

Roclket launches arstill not 100% accurat

| 1 Spaceplane launches usually work or
and have at least 35% risk that it might mid-air launch concept, requiring
blow up right at the firsstage. mothership to take ibt45,000ft of altitude

1 ltrequires comparatively more fuel for lift o drop it and then climb higher usingacket

L from the ground excludindpéclimb. motor.
aunch _ _ o :

9 Since the launch is from the ground, { 1 This gives comparatively less aerodynar
complete roket has to dealwith heavy drag to them complete vessel due to thin
aerodynamic drag which makes a atmosphere at highetitudes; to achiev
drawback during the climb phase. higher rate of climb  requirin

comparatively lessuel.

1 The usualupper stages are only designed § Coasting is quite ey and reliable due t

Coasting, Deploying,
Docking and Undocking

coast in space using RCS thrusters but
designed to glide in the atmosphere as 1
have to splash down into the water wh
comingback.

integrated design and retaingdonics

1 Docking and undocking gets easidf
mission requires any damaged satellite
return toearth.

13



Parameter/ Phase Rockets Spaceplanes

1 Reusability features for rockets are emerdq  Spaceplanes are just like any other airpl
as technology advancesvhich wouldallow that can land at amsirport.
rockets to rdand and rdaunch in thduture.| § With the help of RCS thrusters, spacepla
However the reusability concept is still at can coast to targeted gralhocations sd

Landing early stage of development and has not re that they can dive in, glide and land w
a reliable stage for common use. lesseffort other than hypersongpeeds
1 Rockets also requires a separate landing | § There is no need of separate landing
isolated from any ci eitherin the sea or ir like rocketsto for landingandno avionics
the desed so that rockets ecacrash land i has to be lost during the complete missic

necessary and not pose a threat to civiliar

These points if considede can help with cost optimization of the mission. We areimgatith
advanced technologies where every necessary component for engineering is shrinking to smaller sizes
ultimately giving rise to CubeSats. In future, other than heavy payload delivergd®ts are quite extra
investments.

1.3 Project Proposal

The obgctive of this project is to design spaceplane capable of delivering CubeSats to at Low Earth
Orbits (LEOS). Theproject also helps to understand aerodynamics of delta wings68f that will face
high temperatures and pressures due to hypersonic speadgréentry, their optimal anglef-attack to
achieve perfect gliding as the returning is completely unpow@isl project will overlook the coasting
parameters and capabilities 0f69.
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1.4 Methodology

Define Mission

Configuration
Profile

Weight sizing &
Design weight Sensitivities

Wing high lift
System & latera|
contro| Surfaces

Fuselage Design
design

Performance
Constraints

Landing Gear ang
Weight & balance

Environmental/
analysis

Economics/ Safety
Tradeoffs

Figure 1.1: Methodology
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2. Chapter 21 Mission Specification
2.1 Mission Specifications

Table 2.1 Anticipated specifications

General Characteristics
2

Crew

Maximum Payload

1,500 kg (3,310 Ibs.)

Loaded weight

10,000 kg (22046.23 Ibs. .)

Powerplant

1x RocketmotorTwo ligid/solid hybrid rockeengineor

similar
Performance
4,000 km/hr (2,500 mph)
Low Earth Orbit
3.571 4.0
Launch and Landing Characteristics
B-52 Statofortress, White Knight Two
Approx. 0.71 0.8
45,000 ft to 50,000 ft

Maximum speed
Orbit
Mach

Launch Vehicles
Launch Speed
Launch Altitude/Service Ceiling

2.2 Mission Profile

Mission profile for %69 will look similar to that of X15 as shown in Fig. 1. There will be
modifications after X69 dives into the space, although itsaittnosphere is similao that of Xx15. Any
mothership will help to air launch-B9. After detachment, it will burnout and climb towards LEO using
RocketMotorTwo engine or similar ones

Control in
near vacuum

San
Francisco

A S
e
Burnout /‘“"ﬂf/_g_ \-_‘\h
—— e e
St N
N

\:—gﬁ .

)

Figure 2.1: Mission profile of X-15
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Fig 22 shows anticipated missioprofile of X-69 CargoSat. Depending on mission it may spend
variable amount of time in space either to just deploy and or wait for docking back another satellite. Re
entry will be initiated as it drops into the atmosphere andghile and land on aiigt.

——— S L bty o el St S ’ '

M&- Mo theyshi LED R J oy .faicll,}“ |
— e dee e l,

| %:69 fe?trs‘tr ot , 'd

el "yyusdni‘c afeed-

T | o ,)000 ’t‘
' X~£8
INES 50, obo ft (r),‘}l
clvepn l“uﬂc‘\ | ‘

alhituee |

;ji'm1 joxi £ | ‘
‘P saneobf EEREE | L jorxt

Figure 2.2: Estimated mission profile of X69

2.3 Market Analysis

Since a decade, concept of CubeSats and other small satellites has been trending with a rising market.
They deliver crucial advantages like compactness, multifunctional characteristics daeatoeal
technologies and highly efficient features. To datekets have been used to deliver these satellites into
the space or orbits. Rockets are good to transport heavy and large instruments into the space. Although if a
company or a customer wantgat their smaksized satellites to space, they have to agitay more price

17



if they seek to launch through rockets. Moreover, it keeps them waiting till all other satellite companies
collaborate for launch.

Reusable spaceplanes have capabilities tohreg to LEO and further. Small satellites can be
delivered nto space by spaceplanes with reusable capabilitigsl Xanes | i ke Vi rgin Gal e
Two, X-15, X-37B can make return trips with crew inside.

2.4 Technical and Economic Feasibility

Spacephnes carrying human to space have been under research arnukereflown quite many
times. From technical perspective, it would be feasible-ttesign thespaceplanekr satellite transport
with reusability which essentially gives the benefit for adrnissions. These planes can also be used to
bring back damged or reparable satellites with efficienteatry. Following points can be considered to
propose the design of-B9 CargoSat:

1 Based on payload and other avionics features, the desigo®l be similar to that been trending
for spaceplanefor humanspacdilight.

1  Air-launch will be same, using either® Stratofortress or White Knight Tvedrcrafts.
1  Will have to reconsider the aerodynamics foreatry and landingspects.
T  Propulsion sygm will change based on payload, carrysagellites back anirth.

Reusability is always an advantage for space transportation. Moreover, many attempts have been
made and some of them are even successful to bring back rockets from space like SpBagxX@ngin.
Although, this takes lot ofukel to fight with e-entry speeds and again to manage a perfect landing. It is
quite easy for an airpladike structure to land with less maintenance and accuracy. Again, spaceplanes
would not need specific launtainding pad. If X69 brings reparable sdlites from spaceit can be
delivered wherever it is necessary with less etahsportation issues. It can land on any airport, deliver
the satellite.

For instance, |l et 6s say sand@sks Anrerican sfaqeageecy whg e nc y
makesX-69 to bring backheir damaged satellite, it will be easy and feasible to rendezv@igstX that
satellite, dock it in, reenter and land on any airport in China delivering the payload and flying back to home
country. This will reduce ground transpodst, will not havedo bother about damaged satellites and many
other advantages.

2.5 Critical Mission Requirements

Following are the critical mission requirements that should be considered for design:

E ]

Deltawing desgin for reentry and efficienlanding.
Efficient propulsion gstem for X69 while airlaunching.
1 Outer body material to deal with-emtry heat and higiemperatures.

=

Deltawing pattern is quite traditional for supersonic aircrafts. Its design depemdgurements of
aircraft and othetechnical specificationgKe altitude, speed, taladf and landing distance etc. Due to
hypersonic speeds ateatry, the surround atmospheric air heats up which is unfavorable for aircrafts with
normal body material. §ing carborcomposite makes it lighweight, resistant to higtemperature and
pressure and many other structural advantages.
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2.6 Comparative study of Similar Airplanes

Table 2.2: Comparative study

Virgin Virgin
Gal act Gal act Boeing
X-69 Spaceship Spaceship X-20
Parameters CargoSat Two One Boei n-876 Dyna-Soar X-15
2 crew and 6
Crew 2 passengers 1 pilot none 1 pilot 1 pilot
Takeoff/Launc
h 21,428 Ibs. 21,428 Ibs. 11,000lbs. 11,387 Ibs. 34,000 Iis.
weight 22,000 Ibs. (9,740 kg) (9,740kg) (4,990 kg) (5,165 kg) (15,420 kg)
15,000 Ibs. 15,000 Ibs. 2,640 Ibs. NA (electric 10,395 Ibs. 14,600 Ibs.
Empty weight (6,804 kg) (6,804 kg) (1,200 kg) powered) (4,715 kq) (6,620 kq)
60,000 Ibf to 72,000 Ibf
75000 60,000 Ibf (270 20,000Ibf 157.4 Ibf (323 | 70,400 Ibf (313
Thrust Ibf kN) (88kN) 70kN) kN) kN)
(Orbital)
Critical Speed, 2,500 mph 2,170 mph 17,426 mph 17,500 mph 4,520mph
Ver 2,500 mph (4,000 km/hr.)| (3,518 km/hr.) | (28,440 km/hr.)| (28,165 km/hr.)| (7,274 km/hr)
300 mi and
apogeeafup to Earth orbit
LEOof 160 7 | Planned apoge 270 days 22,000 nm 280 mi (450
Range, R 250 km 0f 110 km 40 mi (65 km) (design) (40,700 km) km)
450 f¢ 273.34 ft (25.4 161.4ft2 (15 200 f¢
Wing Area, S (estimated) | m?) (estimated) 119) 345 f£ (32n¥) (18.6n7)
271t 16 ft. 5in (8.05| 14 ft11in (4.5 20 ft 10 in 22 ft41in (6.8
Wing span, b (estimated) 27 ft (8.3 m) m) m) (6.34 m) m)
Aspect Ratio, 1.62 2.667
AR (estimated) (estimated) 1.6 1.256 2.486
Type of Crew and
Payload satellite Crew Pilot Satellites Crew Crew
1x Rocket
Motor Two 1x Rocket 1xReaction
liquid/solid Motor Two Gallium MotorsXLR99-
hybrid liquid/solid 1x N2O/HTPB | ArsenideSolar RM-2 liquid
rocket engine hybrid SpaceDev Cells with Li- 1x Transtage propellant
Powerplant (proposed) rocket engine | Hybrid rocket, lon batteries | rocket engine | rocketengine

2.7 Discussion:

Various design the design of@9 will be challenging from various aerospace aspects. There is quite
a lot of versatility incomparing %69 with otherSpaceplanesonsidering their performance, geale
characteristics, applications, etc. As discussed, its launch weight will be similar to that of SpaceShipTwo
of about 22,000 Ibs. From the comparison table, optimal thrust welbbgideredn the range of 60,000 to
75,000 Ibs. f based on payload-1% using XLR99RM-2 liquid propellant rocket engine manages to
produce around 70,000 lbs. f of thrust which is enough to approach Madh/Mnticipated body design
of X-69 will be like that of X15 and SpaceShipTwo with additional concentration on its baatgrial and
its efficiency for reentry. RocketMotorTwo is an advanced powerplant that uses liquid/solid hybrid

propellant which can reduce weight unlikelX5 6 s
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entering to the space based on altitudenfearth, position of damaged satellite or position of undocking
on-board satellites.

An efficient reentry system will allow X69 simply glide and land back to base. This considers
advanced aeroghamics characteristics and wing, tail and body parts alotigits material, preferably a
carbon composite.

2.8 Conclusion and Recommendation
2.8.1 Conclusion:

X-69 will make satellite deliveries a lot easier and cost effective as compared to existirggls.
Advanced technologies in electronics and computer have shtutikeadevices and have made them
compact. This gives rise to high market for srséded satellites or CubeSats. Using a spaceilean& -
69 or an existing SpaBhipTwo makes theystem effice nt . Al so, we donot have
disposing fairlyworking satellites. They can be brought back to earth, rework on it, modify the design and
send it back to space using69. X-69 will be an efficient glider that will use its aerodynics to rach the
destination and safe landing.

2.8.2 Recommendations:

Air launch has many developments sincd5launched from 82 Stratofortress and other missile
launches from fighter jets. Motherships should have efficient performameaittain launch altitude dn
launch speed. Motherships are expected to be sophisticatedtructural point of view. Air launches are
quite delicate while cruising with high speeds which might be vulnerable to structural integrity. Virgin
Galactic useseantral air launch mechanisior SpaceShipTwo.

20



3. Chapter 3- Weight Sizing & Weight Sensitivities of X-69 CargoSat

3.1 Introduction

The mission profile of X69 divides its flight into two phases-69 makes an air launch and climbs
at supersnic speed in Phase |. Tlhphase will last for about 90 seconds in whicleXwill reachto altitude
of about 360,000 ft (110 km) at Mach 3.3.5. Deploying the payload (satellites) into space and docking
back returning satellites if required by missidnwill descend and landsing its gliding characteristics
decelerating itself to subsionspeeds in Phase I1.-89 will have reaction control system such as-F0b
RCS Thruster block or Vernor Engine to control transcend between phase | and |l. Tisteesthise very
less fuel ® maintain the required thrust in x, y and z direction forenaaring and attitude control. In phase
| for weight analysis, we consider supersonic cruise-fiaetion for initial calculations. In phase Il for
weight analysis, & consider sail plane fufilaction which eventually is like small honfilt airplanes.

3.2 Mission Weight Estimates

3.2.1 Database for Takeoff Weights and Empty Weights of Similar Airplanes:

Table3.1 provides a database for takeoff and empty weighsénafar airplanes. Boeing -87B is
an exception since this ROT vehicle is electric powered whashsAme empty weight as takeoff.
Table 3.1: Database fortakeoff weights andempty weights ofsimilar airplanes

Airplane Type Takeoff Weight Empty Weight
Lockheed CE1200 Lancer Supersonic 35,000 Ibs. (15,90kg) | 17,885 Ibs. (8,112 kg)
Martin Marietta X24B Supersonic 13,800 Ibs. (6,260 kg) | 8,500 Ibs. (3,855 kg)
Virgin Galactic Spaceship Ong Supersonic 7,900Ibs. (3,600kg) 2,640 Ibs. (1,200 kg)
Virgin Galactic Spaceship Twd Supersonic 21,428 Ibs. (9,740 10,423 Ibs. (4,272.8 kg)
Boeing %20 Dyna Soar Supersonic 11,387 Ibs. (5,165 kg) | 10,395 Ibs. (4,715 kq)
North American X15 Supersonic 34,000 Ibs. (15,420 kg) | 14,600 Ibs. (6,620 kg)

Lockhead Martin %33

suborbital spaceplane

285,000 Ibs. (129,000 k

75,000 Ibs. (34,019.43 k(¢

NASA X-38

CRYV reentry vehicle

54,500 Ibs. (24,721 kg)

23,500 Ibs. (10,660 kg)

Douglas %3 Stiletto

Supersonic

23,840 Ibs. (10,810 kg)

16,120 Ibs. (7,310 kg)

RyanX-13 Vertijet

VTOL jet aircraft

7,200 Ibs. (3,272 kg)

5,334 Iis. (2,424 kg)

Boeing X37B Reusable Orbital Test vehiclg 11,000 Ibs. (4,990 kg) | 11,000 Ibs. (4,990 kg)
North American %10 cruise missile 42,300 Ibs. (19,187 kg) | 25,800 Ibs. (11,703 kg)
Boeing X-40 Reusable launch vehicle 3,700 Ibs. (1,640 kg) 2,500 Ibs (1,100 kg)

3.2.2 Determination of Regression Coefficients A and B:

Before initiating the calculation for determination of mission weights and empty weight, it is
necessary to make an initial guéssstakeoff weight based on similar airplanes takieweightdata. Fig.
3.1 is the plot of empty weight v/s takeoff weighsahilar airplanes as tabulatedtable 3.1 Initial takeoff
weight can be guessed close to trend line. F@&9Xhe payload wght will be 1,500kg (3,3101Ibs.).
considering maximum capagibf 24 number of 27U size CubeSats.
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Weight Trends for Space-planes
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Figure 3.1: Weight trends for spaceplanes

Figure 3.2: log-log plot of weight data

It is necessary to determine regsion coefficients A and B for-B9. Fig3.2is a loglog plot of
weight data of similar airplanes that are considered. Equation of trend line will give regression coefficients
A and B as folbws:
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Equation of trend line is:

O TUL W T Qo Q (3.1)
In this case,
@ 11 Co (3.2a)
o 11 Qo (3.2) (3.2b)
from equation 2.16 iRoskanvol I,
(3.3)
w pT

Simplifying above equatio(8.3), we get

0 3.4
&0 o SEoe = (3.4
0 0
Therefore,
.E L wy
0
6 pdpoo
And,
0 T ¢ O
5 poQ
0 ™ ¢ o

Hence, we find the regression coefficientf\as-0.423 andB = 1.163.

3.2.3 Determination of Mission Weights:

There are twanethods such as manual edstion and using AAA program to determine mission
weights. Both methods begin by guessinglaeo#f weight followed by sequential phases of flight like
engine start and warmup, taxi, takeoff, climb, loiter if necessary, desedrapproach and landinghd
methods are described as follows:

0o o00~33,000da {i06 Qi i

As discused, X-69 flight consists of two phases in its complete flight. It will make an air launch from
mothership with a clean release and climb at supersonic speed. Although while descending and-landing X
69 will glide decelerating to subsonic speed using aewrndics and efficient wing configuration. Hence
fuel-fractions will be considered according to the mission phase of the flight. Subsonic glide fuel fractions
are average of fudtactions of light weght aircrafts like Homebuilt, Single Engine, Twin Engirmeda
Agricultural airplanes. Highlighted section table 3.2are the fuefractions considered for two phases of
X-69 flight and hence to calculate its takeoff weight.

Referring to table 2.1Suggestd Fuelfractions for Several Mission PhasesRoskanvol |,

Table 3.2: Suggesteduel-fractions for seweral missionphases

Mission Phase Engine start | Takeoff/Air launch Climb Descent | Landing, Taxi and Shutdown
Supersonic Cruise 0.990 0.995 0.920.87 0.985 0.992
Subsonic Glide 0.995 0.997 0.994 0.993 0.995
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Referring to Table 2.1%Regression Line Constants A anthBRoskanvol I, regression
coefficients A and B are 0.4221 and 0.9876 respectively sirg@Will be in supersonic flight.

3.2.4 Manual Calculation of Mission Weights:

The fuelfraction,myfor each phase is defined as the ratio of end weight to begin weight.

The next step is to assign a numerical value to theffaetion corresponding to
each mision phase. This is done as follows refey to Table 3.2

Phase 1. Engine Start and warm up:

This phase can be considered whef%is attached to the mothershgpeparing for drop
at 45,000 ft (mieair launch). Hence to avoid rocket firing delays, dassion abort, it would be
necessary to start the rocket motor by igniting the solid propellant but keeping the LOX or oxidizer
pressure at minimum to achieve to idle state of the engine. Thereforeedhrevigzightbecomes
Wro with end weight W. The fuelfraction for this phase igiven by: W/Wro.

Therefore, .
)
QO QI Bwwo %&s
T80 ©
O Em iAo
© O fIp Yo i
Phase 2. Clean Releagenid-air launch) followed by firing up of rocket motor:
Begin weight is W. End weight is W. The fuel fraction for thisipase is WW;.

Therefore,

Q0 Q QI ooooo%ee

Phase 3. Climb at Supersonic speed:

Begin weight is W. End weight is W. The fuel fractionNs/W- for this phase i9.9 according to
the fig 3.3 réerred fromRoskam vol las the cruising speed of60 will be around Mach 3.0 at the
end of climb phase. It will be assumed that the climb is performed at an averageatéirab82,000
fpm referring to similar airplands 365,000 ft (110,000 km) whidhkes around 90 seconds. Hence
the range coveredis— Yp @O i ¢ & & & This range is simply a powered range as the later
phases are unpowered glide and landing.
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Figure 3.3: Fuel fraction for phase 5 of mission profile
Therefore,

A
Q6 QI Ww®O %e
[
oW cPA Qi
® ¢ {wepdon O
Phase 4. Drop from the space and descent towards earth from 80,000 ft:

Beginweight is Wi. End weight is W. The fuel fraction for this phase iSJWs.

Therefore,
Q0 QI s € —
w
T8O W O @
¢ i Q80T Wi
® ¢ ipxgra @i
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Phase 5Glide, Approach, Landing, Taxi and shutdown:
Begin weight is W. End weigh is Wa. The fuel fraction for this phase issfW..

Therefore,
Q0 QI wwo %&

o
TOWU ———
G i x&ma wi
® ¢ {nomoi

Therefore, the mission fuéaction,Mxis given as:

. ) ® (3.4a)
U ; z —_
w w
6 b 0 6 6 (3.40)
v ® O O 0w
W
V] -
W
5 Cinom
ommnm
O T@Xe
Weight of fuel usedp
) p 0 ® (3.5)
@ p T@XQogTnT
W clwoedwi
o) mMmchs ppoo
! h o 8
W PpT 8
® PR XA
A tentative value foWVoe is found from equation below:
) O ® ) (3.6)

Payload weighty\p is 3,310Ibs.

o otinmnowe Yoo p 1
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@ ¢ fx qadi

A tentative value foW\e is found from equation below:

w w w w (3.7)

) T8I T U ® TMInuommnn

@ p O
") cixcgpomoum
@ ¢ fr pag i
ComparingWe-tentaNdWe-aiiowanld WE,
W W it b
q

Using MATLAB, Wrocan be iterated to obtain required comparison less than 0.5%. The code can
be referred from Appendix C.
After iterating,Wro= 13,870Ibs. give comparison percentage of aboQil01% which is less than
0.5% with empty weightWe = 8418.81Ibs.
Table 3.3: Mission weights with respect to selected takeoff weight = 13,870 Ibs.

Engine start and warmup, w1 13,731.3bs.
Air launch/ takeoff, w2 13,662.6bs.
Climb, w3 12,296.4bs.
Descent, w4 12,210.3bs.
Land and taxi, w5 12,149.2bs.
Weight of fuel used, W 1,720.75lbs.

3.2.5 Calculation of Mission weights using AAA program:

Before starting the calculation for takéf weight, itis necessary to set up the cgufiation of X% 69
in the software. Appendix D shows initial steps to set the parameters and configuration of aircraft:

In AAA program,after configuringX-69, we startwith weightanalysisby defining missionprofile
and respective fuefractions. Fig. 3 shows sequentially arranged segmeige mission profile with
requiredfuel-fractions:
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Mission Profile Mﬁ

Warmup 0.9900
Take-off 0.9950
Climb 0.9192
Descent 0.9930
Loiter 0.9998
Land/Taxi 0.9950

Figure 3.4 Mission profile of X-69 with fuel-fraction.

After mission profile is defined, we obtain regiem coefficients based of empty and takeoff weights
of similar airplanes that are accounted in table.1. Clicking e i g h t op&nis foliowing window as
shown in Fig3.5where user needs to feed imsar airplanes data as | did it for-89.

It is necessaryo maintainthe airplanedatalessscatteredThe morethe airplanesmorewill bethe
accuracy for regression coefficients. Fo6Y, | found up to 11 similar airplanes that were considered to
compute regression coefficients and will be usembtapute takeoff weight in next step. Fg6 showghe
trend line for empty weight v/s takiéaveight from which regression coefficients welgained.

After obtaining regression coefficients A and B, it is safe to proceed for takeoff waighhput
required phakeaffmeight Flight comlitoi@ wi ndow as shopuhsamen Fi g.
regressiortoefficientsA andB thatwe obtainedn previousstep.Any neartakeoffweightcanbeguessed
underWrees: There are no passengers ir6X kut 2 pilots weighing approximately 350 Ibs. each. Rest of
the payload of satellites have been considered Whger= 1,500 Ibs. Fuel fraction of trapped fuel (slivers
in the empty rocket motor) and oil is assumed t0.685% as referred froRoskamX-6 9 wono6t need
reserve fuel, sMs=0.

After hitting calculatejt givesfollowing outputparametersvith slightly different valueof takeoff
weight than that obtained from mangalculation.

Fig. 3.8showsthedespn pointfor takeoffweightusingthe sameequationghatwereusedto perform
manual calculations. AAA program givesr¥és design point equal 1&,683.3bs. which idowernumber
than that obtained from manual calculation witho& 13,870bs.
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Empty Weight - Take-off Weight Table

# Manuiacturer Airplane Name Wi b We Ib Relerence
1 NASA Martin Marietta X-24B 13800.0 7800.0
2 Virgin Galactic Virgin Galactic Spaceship One 7900.0 2640.0
3 Virgin Galactic Virgin Galactic Spaceship Two 21428.0 10423.0
4 Boeing Boeing X-20 Dyna Soar 11387.0 10395.0
5 NASA North American X-15 34000.0 14600.0
6 Lockheed Lockheed Martin X-33 285000.0 75000.0
7 NASA NASA X-38 25000.0 23500.0
8 NASA Douglas X-3 Stiletto 22400.0 14345.0
9 NASA Ryan X-13 Vertijet 7200.0 5334.0
10 Boeing Boeing X-37B 11000.0 11000.0
Output Parameters
2l 2
A -0.0888 B 1.0789
\ X\
Figure 3.6 Regression coefficients A and B
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Figure 3.5 Regression plot and trend line
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Input Parameters

Figure 3.7 Design point on trend line @ 12,874.6 Ibs.
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B 1.0789 FWepe 0 b HWrcarge 33100 Ib Ve 0.000 % Wro 150000 b
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Output Parameters
2 Jied liel 2] B2
My 0.8945 We 1358.9 Ib M 0.0 b We 3310.0 Ib W 7791.4 Ib
¥ Y A X\ hd
Il fird 2 2 2
ik 1358.9 b We 1358.9 b L 64.4 Ib Wosetul 5018.9 Ib Wrg 128746 b
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Mission Profile Table: Output
Mission Prclile Weegn b .\WFu“d Ib - Ib
1 Warmup 12874.6 128.7 1358.9
2 Take-c'f 12745.9 63.7 12301
3 Climb 12682.1 1024.2 1166.4
4 Descent 11658.0 81.6 142.2
5 Loiter 11576.4 28 60.6
6 Land, Taxi 11573.6 57.9 57.9
Figure 3.8 Takeoff weight: Flight condition 1.
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3.3 Takeoff Weight Sensitivties:
3.3.1 Manual Calculation of Takeoff Weight Sensitivities:

Before startingsensitivitycalculationsjt shouldbe checkedf equation2.24from Roskam
yields approximatelysametakeoff weight, Wro aswe obtainedfrom iterative methodin section
3.2.5 To dothat we can substitute values of regression coefficients A, B, C and D in equation 2.24
as stated below:

logipwys= 6 + 6 10g10(0. -y O)

SubstitutingA=-0.423, B=1.163, C=0.872 andD=3,660Ibs. and using small MATLAB
solver from Appendix3.1, we get

0910 ® v 138+ 11.§63 x 10g10(0.872 x W -yz 3,660)

W-yg = 13,8252 8
Wrothat wejust obtained is quite close to that we got from iterative method, hencerwe
move ahead with this takeoff weight for sensitivity calculations.
X-69 will not be cruising at any time throughout its flight since it will climb at supersonic
speed ast drops from mothership. Hence there is no cruise consideration while calculating
sensitivities either in AAA program.

After preliminary sizing, it is mandatory to conduct sensitivity studies on parameters such as

Payload,WpL:
Sensitivity of Take-off weight to Payload Weight:

From section 2.7.3ensitivity of Takeff weight to Payload weiglatf Roskanvol |,
sensitivity of takeoff weight to payload weight is given by:
Tw 08»
Tw O O0p 0 &

6 mcv ppoo

6 p p 0O p O O

W 0 8p 0 &
0
p 0 &v
No reserves, therefore
0y oF O
6 f1+0i9i p Doo Doge
0={p (1+0)(p 867t 80.005}
0=0.872
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This means that for each pound of payload added, the airplareftajess weight will
have to be increased By0256lbs. and is called growth factor due to payload fe8X

Empty weight, We
Sensitivity of Take-off weight to Payload Weight:

From sectia 2.7.3,Sensitivity of Takeff weight to Empty weiglaf Roskamsensitivity of
takeoff weight to payload weight is given by:

Tw 08
o p T 7
T PP @op b x T
To Pt h 8 8 718
Tw
— 18 O
Tw

For each Ib of increase in empty weight, the takaveight will increase byt.43lbs. and
is a growth factor due to empty weight for6%.

9 Range, R
Sensitivity of Take-off weight to Range:

Estimated range of %9 is 120nm (110 km) return tripcluding reentry and landing. X69
will climb atsupersonispeedandhencehecharacteristicéor calculatingsensitivitiesof take off

weight and range will be like that of fighter airplan€rom It is necessary to calculate a factor F

using equatin 2.44 inRoskanas giverbelow:
08»
68 8p 06 ©O

p 0 0

Substituting values of B, C, D in abogguation.

PP @op Gpx T
X cpaxmTp PP QO opoeT

@ @ X
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As X-69 ispowered by a hybrid rocket motor, average specific fuel consumpti@nges between 84,
hence considering around 10

G 10, ®=1984Qo(i 6 /) Qi |3486-Q&dMach 3.0)- xdp
Therefore,

T ottt opm
Y op yBITE O x

Tw x
B P& T bR
Hence for every increase of kilometer, gross taffaveight will increase by5.445Ibs.

Endurance, E
Sensitivity of Take-off weight to Endurance:

Same as Range, sensitivity of takeoff weight to enthedsgiven by

Lift -to-drag ratio, L/D

Sensitivity of Take-off weight to Lift -to-drag ratio with respect to range requirement:

T ;Y
u :
Fs o &
T ctitoppRa pm
'F,g ofp YQAra  x
(@)

X-69 will use fuel only while climbing. As said earlier, it will just glide while descending
without any use of fuel. Hence range, R in above equatitakésn only when it is climbing from
50,000 ft to 360,000 ft which givesound 110km of climb.

Hence,

C TN D

Ol
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If the lift-to-drag ratio of the airplane were 16 instead of the assumed 14, the desigiftake
gross weight wold decrease b$6-14=2x¢ 1 &=485.4lbs.

Specific fuel consumptiongk
Sensitivity of Take-off weight to specific fuel consumption, gwith respect to range
requirement:

Fio ott 1 gp p@G
Fo  ofp yQIQ x

Too A Qi
T PrR

3.3.2 Calculation of Takeoff Weight Sensitivities using theAAA program:

AAA program provides sensitivity computation if required parameters have been inserted. If
sequentiaprocedures followed, i.e. stating with missionprofile, obtainingregressiorcoefficientsand
hencetakeoff weight, then sensitivity autormatically considershosebasic parametersHitting calculate
button gives sensitivities of takeoff weight with payload, empty weight, rangefisgael consumption,

L/D ratio andendurance.

Since %69 will never cruise neither loiter, there is no takesasitivity with respect to range. As
stated eatrlier, after completing its mission in space it will be dropped towards earth with accurdee attit
using reaction control system. As it reaches 80j088,000 ft, it will use its wing and aerodynamics to
slow down and glide to destination. Although its total range will be 120 nm considering return trip excluding
cruising, loitering phase of flight.

There is significant percentage difference between manually calculated and AAA computed
sensitivities. Regreson coefficients A and B are the major cause responsible for this difference. It is
unclear that what method does AAA program use to calculgtession coefficients A and B using same
similar airplane database and hence trend line that is been usearfoal calculation. Although from the
linearcharacteristicandusingmethoddescribedn RoskanBook,we obtaindifferentA andB for manual
calculations than from AAA program. Table. 5 describes the percentage difference which on an average is
up to30%.
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Input Parameters

Jird 2 2
3] |1.u?ss = 3310.0 Ib =My, 0.500 % Wro 12874.6 Ib
a a 2
2 2 ird
Mes |u.3945 Weerew 350.0 Ib == MFres 0.000 % We 7791.4 b
y X nt
Output Parameters
2] 2 2
8Wp o /W 3.00 MWro/W oo,  [3.00 W o/EWE 1.78
aQ Q ot
Mission Sensitivity Table: Output
Mission Prclile EW gteW EW o/ EWE EW /e WE EWgleC) lb-hr | EW iR b EW gELID b | EWo/iE b
exp re oad reiuel m F
1 Warmup
2 Take-c'f
3 Climb 287.0 -410.0 48689.9
4 Descent
5 Loiter 1623.0 -1.2 24.3
6 Land: Taxi

Figure 3.8. Sensitivity calculation and growth factors

3.4 Trade Studies:

Thetrade studies fasensitivity of takeoff weightwith respect to specific fuel consumption fate
of climb is done withreference to the sensitivity qutt from AAA. However, the analysis requires more
of it from propulsion viewpoint whickvill be carried out in propulsion system analysige the climb of
X-69 is completely governed by the rocket executed after theaimldunch. For the weight analgsi
however, it is feasible to trade some payload eitheratter of climbor loiter time. As we discussed earlier
in section 3.2, the loitering should not last for more than 20 minutes which is more likely a waiting time for
confirmation for landing approhc

In case of aborted missions where the climb is simply aborted to cruise followed by loiter and landing,
extending the loitering time is vital. Moreover, the complete cruise and loiter is unpowered making it a
gliding flight. Therefore, sensitivity ofakeoff weight with respect to specific fuel consumption is
neglected. Hence, the trade studies will be carried out for loiter foofaleight with respect to L/D and
endurance, understanding how much payleadaveo shed in pursuit of more L/D.

At this point we need to understand the size and weight of payload based on their types. Maximum
payload considered for-B9 is 3,310 Ibs. which is about 1,500 kg. The CubeSats are accommodated in
special type of dispensers leal Canisterized Satellite §penser (CSD) that are discussed in detail in
Fuselage section. The total number of each type CubeSats are indeed rounded off to lower value to account
for all CSDs weight which is about 5lbs. Moreover, These CSDs are opéased on either launch
sequene using ejection system or by using small solid rocket boosters. The dispensing mechanism depends
up on the payload owner considering the sensitivity of the instruments onboard the CubeSat. The calculation
is as follows:
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Table 3.4. Types ofpayload

Type of Size per unit, | Weight per unit, Total number of payloads to reach 3,310
Payload incm Ibs./kg Ibs. (maximum limit)

12 cm X 24 cm X
6U CubeSats 36 cm 26.45 Ibs./ 12 kg 125 no.of 6U CubeSats

23 cmx 24 cm X
12U CukeSats 36 cm 52.91 Ibs./ 24 kg 62 no. of 12U CubeSats

34 cm x 35 cm X
27U CubeSat; 36 cm 119.05 Ibs./ 54 kg 27 no. of 27U CubeSats

Now that we have understood the payloads, trade studies are as follows:
Table 3.5. Trade study for payload

Typeof | Total TAF | T4 | TAF | TR | TR | TIA
CubeSat | numberas | 4k Ib- 3, I 255 Ib- 37 I
payload hr. Ib Ib/hr. hr. Ib Ib/hr.
Climb Loiter
6U
125 295.2 -421.7 50076.5 1669.2 -1.2 25
120 304 -434.3 51571.2 1719 -1.2 25.8
115 313.3 -447.6 53157.8 1771.9 -1.3 26.6
6U 110 323.3 -461.8 54848.2 1828.2 -1.3 27.4
105 333.9 477 56643.2 1888.1 -1.3 28.3
100 345.2 -493.1 58563 1952 -1.4 29.3
95 357.3 -510.4 60617.6 2020.6 -1.4 30.3
90 370.3 -529 62821.6 2094.1 -1.5 31.4
12U
62 295.2 -421.7 50076.5 1669.2 -1.2 25
60 302.2 -431.7 51265.4 1708.8 -1.2 25.6
58 309.5 -442.2 52512.1 1750.4 -1.3 26.3
56 317.2 -453.2 53820.9 1794 -1.3 26.9
12U 54 325.3 -464.8 55196.6 1839.9 -1.3 27.6
52 333.9 477 56644.6 18838.2 -1.3 28.3
50 342.9 -489.8 58170.5 1939 -1.4 29.1
48 352.4 -503.4 59780.9 1990.7 -1.4 29.9
46 362.4 -517.7 61483 2049.4 -1.5 30.7
44 373 -532.9 63284.9 2109.5 -1.5 31.6
27U
27 295.2 -421.7 50076.5 1669.2 -1.2 25
27U 25 311.4 -444.9 52833.3 1761.1 -1.3 26.4
23 329.6 -470.8 55911.4 1863.7 -1.3 28
21 349.9 -499.9 59370.2 1979 -1.4 29.7
19 373 -532.9 63285.3 2109.5 -1.5 31.6
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Sensitivity of Payload to Sp. fuel Consumption and L/D for
climb
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Figure 3.9. Sensitivity of payload to specific fuel consumption and L/D for climb

Sensitivity of Payload to Sp. fuel Consumption and L/D for loiter
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Figure 3.10. Sensitivity of payload to specific fuel consumption and L/D foLoiter
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Sensitivity of Payload to Endurance for climb and loiter

\

40 60 80 100

Sensitivity to Endurance for loiter, Ibs/hr

.
e
=
)
Ee)
o
£
©
=
S
o
)
3]
C
©
e
=
S
=
L
o
o
>
i~
=
=
7]
=
)
(7))

40 60 80 100
No. of CubeSats (payload)

12U —=—27U —e—06U 012U —e—27U

Figure 3.11. Sensitivity of payload to endurance for climb and loiter

From fig 3.9, we can see that tadd weight per unit glide ratio is increases with increase in jzallo
This in turn affects the glide performance. Funthere, this plot is applicable only in aborted mission
condition where X69 will execute unpowered glide back to base instead of landing which changes with
respect to the payload. Reader should undeddtaat this glide ratio is different to that of lgit&ffect of
payload on sensitivity with respect specific fuel consumption is inversely proportional. Also, this verifies
the fact that X69 will require more fuel per payload. Fig 3.10 and 3.11 giveenidea about similar
conditions in loitering and Endance respectively. The detailed version of table 3.5 can be referred in
appendix 3.

3.5 Discussion:

AAA softwarerefersthetheoryof Roskanbookup to someextent.Although, it is unclearthathow
divere airplanes data it can handle that should give close values to that obtained from manual calculation.
As we can observe that there is slight difference in final parameters in AAA program than we obtained
using manual calculations. Following T&able. 3.4 showing percentage difference between manually
calculated and\AA program computedarameters:
Table 3.6. Percentage difference fomission weights in Ibs.

Parameters Manually Calculated AAA program computed % difference
Takeoff weight, Wo 13,870 12,874.6 717
Empty Weight, W 8,418.81 7,791.4 7.4%%
Fuel weight, W 1,720.75 1,358.9 21.0%

Assuming that AAA program estimation has higher accuracy than manual calculation, it is beneficial
to proceed with AA computed takeoff weight for trade studies. Also, the-ftadtions considered for
each phase in both manual calculation and AAA progaaexclose Takeoff weight and henaather
dependenparameteralsodependnregressiortoefficientsA andB. And aswe canseethose coefficients
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are slightly different giving riseo difference in takeoff weight and othgarameters.

Same as mission wglit calculation, we have considerable difference in parameters obtained from
manual calculation and using AAA prograiifable 3.7 gives the percentage difference between significant
parameters:

Table 3.7. Percentage difference for sensitivities

Parameters Manually calculated AAA computed % difference
2 31 b2 TR 3.026 3.00 0.8%
2 @ b# 3 4.43 3.00 32.3%
: b F 49,208.6 48,689.9 1.05%
s X ATr -242.71 -410.0 40.8%
R ILE ; 170 287 40.76%

Takeoff weight is very significant and primary parameter for aircraft design. Hence it isargces
and mandatory to analyaecuratelytakeoff weight sensitivities with respect to payload weight, empty
weight, endurance, range, life-drag L/D ratio and specific fuel consumption (sifcpractical data is
available.

Considering the accuracy of AAprogram, it is preferable to considdre computed values for
designHencefor eachpoundof payloadaddedtheairplanetakeoff grossweightwill haveto beincreased
by 3.00Ibs. and is called growth factor due to payload fe89X Similarly, for eak Ibs. of increase Empty
weight, thetakeoff weight will increase by3.00Ibs. and is a growth factor due to empty weight fe8X
If the lift-to-drag ratio of the airplane were 16 instead of the assumed 14, the desigff grkss weight
would decease byl6-14=2x 410=820Ibs.If specific fuel consumption was incorrectly assumetd¢®.5
and, turns out to be 0.9, the design taKegross weight will increase 1y.9-0.5=0.4x 287=114.8lbs.

Observing takeoff weight sensitivity for specific fuel samption,c; and trade study plot fig. 9ve
canseethatif X-69 ownerdesiresto havemore payload,specificfuel consumptiorhasto be sacrificed
making the engine less efficient per poundshofist Although keeping the takeoff weight constant and
varying payload has less impact on specific fuel consumption as compared that with takeoff weight.
Referring the table. 6, we can see that for slight reduction in specific fuel consunospgimss t&eoff
weight increases drastically.

3.6 Conclusion and Recommndations:
3.6.1 Conclusions:

X-69 is desiredto havethe payloadweight of 3,310Ibs. thatwill accommodatsatellites racksto
place and hold satellites and instruments together unharmed from high speed clir@®.0HXving
mentioned the consistency of pagtbweight, takeoff weight of %9 has been calculated using manual
calculation as well as AAA program. After consideralgparametric aspect$3,870Ibs. will be a design
pointfor takeoffweightof X-69.X-69will bemanufacturedisingcompositefienceregressioroefficients
A andB mustbecalculatedseparatelyor manualcalculationasmentionedn Roskam X-69 will be using
hybrid rocket motor witleithernylonor HTPBas solid fuel and liquid nitrous oxide liquid oxidizer.
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3.6.2 Recommendations:

The weight analysis has been done very diverse data obtained from various resources. The compared
similar airplanes have very diverse configurations with respect to their missions. Hence unlike conventional
airplanes, there is no reference on previouskyedgmalysis on these type of airplanesRioskanor any
other resources. Altitude limit can be extended to low earth orbit to about 160 km. Also, if reaction control
thrusters are efficient enough, besides maneuvering for satellites they can be useX6®dver certain
location before it drops to earth graviBrom initial research, HS 130 airfoil will be used for wing, elevons
and stabs since it has high gliding efficiency at high altitude and speeds.
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4. Chapter 4 - Performance Sizing/ Constraints for X69 CargoSat

4.1 Introduction:

This report investigates the performance constraints-69 Yased weight analysis and previous
flight data of similar airplanes. Performance ob¥ signifies parameters likstal speed, takeff

field length, landing field length, cruise speed, climb rate. This will help to estimate major airplane
design parameters as mentioned below:

1) Wing Area, S

2) Takeoff Thrust, Tro

3) Maximum required takeoff lift coeffient: clean

4) Maximum takeoff liftcoefficient

5) Maximum landing liftcoefficient and many parameters.

As discussed in previous reports;68 flight profile is dividednto several stages as also shown in
figure below:

Zero gravity at maximum height
110km (360,000ft)

100km Edge of space

Mojave Space Port, California

=

Figure 4.1. Mission profile of V. G 6 s SpaceShi pTwo

Source: Virgin Galactic
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a) Air launchandcleanrelease ThemothershiguchasWhiteKnightTwo(WK2) makesaclean
release with pullup angle 66&°.

b) Boost/Climb: Rocket engine fires up climbing-89 to high altitudes. The tothurn time is
expected to be approximately 90 seconds at whi€i® Mill attain 360,006k.

Rocket engine is the primary enginéotiost %69 to climb to 360,000 ft altitude at supersonic speed.
The boostphaseof-B9 r el i es on Newvbotmmbés Second Law of

BO=a &

B"As the summation of all external forces applied to the rocket, m is the mass ed@mcXelerating
with fi aftise@. Theforcesactingon X-69 duringthrustingphaseg(climbing) of flight are its weight (W),
Thrust (T) and aerodynac drag (D). The effectiveness of thrust varies as the vertical component propels
the vehicle to the target altitude and depends ightflpath (pullup) angle with weight continuously
changing due to the burning of rocketl.

c) Coast:After 90 seconds dfoost and reaching apogee68 performs the desired mission to deploy
satellites using precise maneuverability with R@sters.

d) Re-entry: Using RCS thrusters to orient its attitude foerdgry. The reentry phase is up to 80,000
ft i 85,000 ft. Reentrys accompanied by changing wing configuration to feathered state where wing
feather gets locked to 60sing pneumatisystem.

e) Descendand Glide: X-69 decelerates using aerodynamic drag with efficient gliding performance.
The wing is designed fgenerate more and stable drag to kill the reepiegds.

f) Approach and Landing: X-69 makes an approach for landing at subsonic speed. Furilerda
performance is studied in performance constraints section. For this analysis, Mojave Adrghace
Spacepdris consideredo simplify and comparethe analysiswith spaceshipgwo since flights of
spaceship two were performed on thiiport.

4.2 Sizing to stall speed requirements:

According toAircraft Designi Vol I, section 3.1we can determine poweif stall speed of X69
using following equation:

o 4.1)
S v

0

We can consider similar poweff condition for X69 since it will be an unpowered glide and
landing.Referring both flaps full down and flaps up stall speeds of 50 kts (93 kon/84.4 ft/sel

and 60 kts 110 kmhr. or 101.3 ft/secrespectively in poweoff situation fromsection 3.1.1
exampleand maximum coefficient of lift values frofrable 3.1wi t h i n -df-thea rétsét at e

0 P T ¢ ‘D ¢dtm
To meet the flaps dan requirementwe taked CBr®w LIMOIYBQH
o w " 0
Y C
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4.3 Sizing to Takeoff distance requirements:

For X-69, sizing to FAR 25 takeff distance requirements fromo s k amdés siecti on 3. 2
referred. There are several assumptions made to achieve relation betwees @I/ Wo
which we require to select optimum performance f&X

4.3.1 Assumptions fortake-off distance sizing:

1) In the mission profile, X69 gets dropped at around 45,000 ft of altitude to which we call a
mid-air launch. Before the drop,-B9 is completelydle like any airplane preparing for take
off.

2) Airspeed of X69 drop will be equalktthe airspeed of the mothership of around Mach 0.8
since mothership is flying at cruising speed at an average of Mach 0.8.

3) After the detachment from mothership and daitine drop, X69 stabilizes itself and then
fires up the rocket motor for the nextrald phase. This phase can be considered analogous to
airplane running up for the takdf and climb.

4) Atfter the rocket motor firing, 69 will fly straight for 23 secondsollowed by climb (or lift
off) gradually increasing its flight path angle and heheespeed to higher Mach.

5) Atmospheric conditions at 40,000 ft (since considering a dropping altitude limit) are:

Pressure ratio at 40,0001ft= 0.1844
Temperature ratio at 40,0004= 1.07
HenceA 7] ™ Ydp8tx T XCT
Considering thdield length, Sor. = 5,000 ft
TOPss = 5,000/37.5 = 133.3 |bs 71t

Therefore, fronequation (38) of section 3.2.3we can relate:
oR Ty

Y oW YD
L, 8"Yw

(4.2)

Therefore,

43



8t T v W'Y

"W -
0

The following tabulation can be made for the required value’s#ub
Table 4.1: Required values of |75 4 |

T 4 V]| Fodey, 1.6 | 2.0 2.4
15 0.051] 0.0408| 0.037091
20 A7 4+ | 0.068| 0.0544| 0.049455
25 0.085| 0.068 | 0.061818
30 0.102] 0.0816/| 0.074182

Input Parameters

2 2 2
hro 45000 f ATro 20.0 deg F Clmm%o 2.200

aQ a Q

2 2 2|
Fro 1.000 Sto 5000 ft PotaC - [2.000

Y 3\ 3

Figure 4.2. Input parameters for take-off distance from AAA

4.4  Sizing to Landing Distancerequirements:

Itis assumed that-%9 achieves adverse deceleration to about 60 kts to 70 kts using its aerodynamic
features explained further which conforms with FAR23 landing distance requirements. Hence, we
follow the same method as thasiction 3.3.1 of Aircrafbesign vol I.

Therefore,
®  PBW (4.3)
YT e (4.4)
Y pBoY (4.5)
Y T p oo (4.6)

Now we can essentially size69 to landing field length of 2,500 ft at 5,000 ft altitude. The design
landing weight aspecified intable 3.3 of Aircraft Designvol |, 06 & X0 like that fighters
considering the payload and empty rocket motozgplsion system),

¢l 00 i
T[EB)pocp(p@ ol

From equation (4.1),

W
¢ v
TSI gmw O

o@ PHYY p BT
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From this it follows that:

3¢

B p ®O

0o T R hENidQQd Qi

© B 0O
o p®Oo
Hence fran following fig, 4.1 we can verify the range ofo 'Y andd which meet the

landing requirementFromt abl e 3. 1 f theotppicaR\mlsidda mo6 s for X-69
operatingundersimilar conditions are: 1.62.5.

In this case, a range of values of 1.7, 2.0, 2.3 are considered tombtamum allowable wing
loadings of 18.5878, 21.868 and 25.1482 psf respectively adding the same taMANY/S)o
plot.

WEIGHT RATIO ~ |

o L T AL | I___Iao

Foars N — —

Figure 4.3 Allowable wing loading to meet a landing distance requirement
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Input Parameters

2 7
h, 5000 - W, W 0.770 PlotaC, [2.000
S 9
2 i
AT, 50.0 deg F L“‘”L 2.700 S, 1500 ft
S iy
Output Parameter
b —?—
(Wis), 27.54 Z
9,

Figure 4.4. Parameters for landing distance from AAA

4.5 Drag Polar estimation:

We need to obtain clean, talkdf and landing drag polars for-89 with Wro = 13,870 Ibs.
Using theequation (3.2.2) from Roskame get wetted area as follows:

AaRY O BRO
Referring to the regression coefficients ¢ and d of jet airplade ast® ¢ gaadQ T w X

“Y p Tl8 8 h
Y plo t@p 0

Fromfig. 3.21,it is goparent that arwalue of 0.003 is reasonable. Hence, coefficients a anc
WQ TEITMisW ¢® ¢andw p

Q pm8 8 8

Q pm® 8h 8

Q o PD
For X-69, the wing loading is observeéd be ranging from 15 psf to 3%f. Hence taking tt
average wing loading of 27.5 psf andd¥ 13,870 Ibs. the following data are obtained:
) papxm

Y wryY C@o ¢ LD

Therefore,
0 "AY odoplp vEOL TBI T WT

To calculate drag polars, we have e = 0.85 and will consider the range of aspect ratio, L/ tmth25
Table. 4.2 shows drag polars for 3 conditions th&BXvill face considering various aspect ratios for further
analysis

Table 4.2: Drag polars at various conditions and aspect ratios

Aspect ratio, Take-off drag polar, gear Landing drag polar, gear
A Clean drag polar up down
19 0.00594-01971G? 0.02094-01855G?2 0.08294-01855G?2
2.0 0.005940.0.187252 0.02094-01762G?2 0.08294-01762G?2
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Aspect ratio, Take-off drag polar, gear Landing drag polar, gear
A Clean drag polar up down
2.1 0.00594-01783G2 0.02094-01678G2 0.08294-01678G2
2.15 0.00594-00.174252 0.02094-01639G2 0.08294-01639G2
2.18 0.00594-00.17252 0.02094-00.16252 0.08294-00.1622
2.20 0.00594-017G? 0.02094+016G? 0.08294-016G?
2.25 0.00594-0166G? 0.02094-0.1566G2 0.08294-01566G?

4.6 Sizing for Climb Requirements:

The climb rate of X69 is quite higher due to supersonic flight and higher flight path amfgles,

p L. Hence according tRoskamwe can find the relation between thrtigiweight ratio during

climb and flight path angles from following equations that apply for high speed airplanes such as
fighter.

~ . (4.6)

x Y
i Qe [— v v v p o

0
w (6]

(4.7)

0]
Vil —O
0]
P o0

For the best climb performance, the value of L/D in equation (4.7) can be taken to be«(L/D)
which is 7:1 for X69, as of other spaceplanes
Table.4.3and graph in figure4.5 shows T/W changes with respect to flight path angle.

Table 4.3: Thrust-to-Weight ratio v/s flight path angles

Flight path angle, in degree| T/W
10 0.318311
15 0.404375
20 0.488453
25 0.569905
30 0.64811
35 0.722472
40 0.792424
45 0.857434
50 0.917006
55 0.970684
60 1.018061
65 1.058775
70 1.092515
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T/W v/s Flight path angles

50

Flight path angles

Figure 4.5. Thrust-to-Weight ratio v/s flight path angles
4.7 Cruise speedkizing of X-69:

Cruise phase for %69 is an exceptional phase which would ocauly déf the mission is aborted.

For example, after midir launch (drop) if the mission requires to be aborted for some reason, X
69 will cruise back to the spaceport maintaining the cruigltigde before descent. Hence in this
condition, since no rocketotor is fired and X69 is dropped at an average Mach of 0.8, it

desired tamaintain the speedghich is maximum at sea level

Therefore, we consider maximum airspeed of M=h@ G, = 0.00594

Assuming compressibilitgdrag increment to be 0.003, gigith,=0.00594+0.003 = 0.008%hd
an average aspect ratioafl8with e=0.8and dynamic pressure at 50,000 ft altitufle,

pht x &) i &Quation (3.60) from Roskaran be written as:

(4.8)

o O e Ao Q
Therefore,

Y o ex ofY

© oOTIY vhpoes

Therefore, the following table can be made:

Table 4.4 Cruise speed sizing

A 4L 7 @ M=0.8
15 0.06613878
20 0.05192504
25 0.0439273
30 0.03903756
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Input Parameters

2 2

hee 50000 f Ver 530.00 kts Coocm , 00008
Y N\ a
2 ?

Fer |1 .0o0o We, Weq 0.066 BDpclean 4.4100
9|

Qutput Parameter
" 2
Cr o |l].924 -

Figure 4.6. Parameters for maximum cruise speed from AAA

4.8 Matching of all sizing requirements:

After establishing some relations between thtasveight ratio, takeoff wing loading, it
is possible to determine the best combination of these quantities for the design. A&9fail Xhe
parameters calculatedrm plotted in one graph as follows:

0.14

o
=
N

©
[En

0.08

0.06

0.04

Takeoff Thrustto-weight ratio, (T/W)o

0.02

12

Matching results for-§9

landing
distance
|
17 22

Takeoff Wing loading, (W/S)yin psf

Figure 4.7 Matching results for X-69

take-off
distance

CLmaxTO = 1.6

2.0
2:4

cruise speed

27 32

Therefore, in this section weanrelate and determine landing distance and some other

parameters as follows:

If point P is accepted as a satisfactory match pthetairplane characteristics can be summarized

as follows:
Takeoff weight:

13,870 Ibs.
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Empty weightw 8,418.8 Ibs.

Fuel weightw 1,720.75 Ibs.
Maximum lift coefficients:

Clean:o 1.6

Takeoff: 0 1.4

Landing:0 25

Aspect ratio, A = 1.65

Takeoff Wing loading: & 1Y 28 psf(point P)

Wing area: S = 13,870/28 = 495.654t
Takeoff thrustto-weight ratio: "Ww 0.15 (point P)
Takeoff thrust: Tro = 2,080.5 Ibs.

Take-off Distance
ATyo=20degF
— — — Maximum Cruise Speed
---------- Landing Dislance

AT, =50 degF
Wqg = 12874.61b

(TWho

Ib)
(WiS)o H

Figure 4.8. Matching plot from AAA @ 12,874.6 Ibs. of Wo

4.9 Discussion:

X-69 is designed to climb at supersonic speed to high altitudes and coast near LEO to deploy
CubeSatsln report3 we estimatedakeoffweightof X-69 of 13,870 IbsTo estimatepreciseclimb, glide
and landing, daulations for performance constraints hévgen performed manually. From f§3, we can
see that thrust to weight ratio varies in similar pattern with respect to wing loading at various possible pullup
angles. In previous flights spaceship one and sb@zdwo, standard pullup angle at clean retefiom
mothership and thereon boost is’ &5 79. Further efforts will be made analyze and optimize the glide
performance of X69 which happens to be another significant parameter §69.Xhe return is sadig
governed by unpowered glide after hypersarientry.

Rate of climb is one of the significant parameters that has major impact on design and hence the
performance. Consequently, it is also important to have optimal primary propulsion system thatidan p
continuousthrustto completethe boostphaseof about90 secondsAdvantageof using hybrid rocket
propulsion is that thrust can be controlled by pilot maintaining the oxidizer flow during comhursilan
solid propellantrockets In this analyssit is assumedhatthe secondarypropulsionsystem that is required
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for orbital maneuvering is optimal and will only come into play at coaatidgeentry initiatingphase.

4.10 Conclusion and Recommendations:

This chapter solely discusses the possiboityoptimal performance with giveresources. Further
efforts will be made to improve the cruise phase of the flight to enhance the smooth landing approach
performance. Moreover, the configuration will be built in such a way that the energy femtryea be
utilized for the gliding phas
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5.1

This report describes the configuration design fe69< Based on mission requirements, it is
necessary to propose a preliminary designckvitonsiders severaspects of aircraft like its general
characteristics, overall configuration, wing configuration, propulsion syateints dispasion, landing
gear disposition, etaVith the help of performance sizing we have some basic parametéras wing
area, aspet ratio and maximum coefficient of lift for various conditions. While studying overall
configuration in this report, we will understand the basic layout-69>and how should its appearance be.

Introduction:

5.2 Comparative Study:

Table 1 includea comparison ofthepaa met er s

5. Chapter 51 Configuration Design

f -878, XR@ and Dygedoar, alking

with NABRAO6samXd Virgin Galacticbs Spaceships
Table 5.1. Comparative study
Virgin Virgin
Galact i | Gal ac Boein
Boei n-g Spaceship| Spaceship | Boei n-g X-20
Parameters 37B One Two 37 Dyna-Soar X-15
2 crew and
Crew None 1 pilot 6 passenger none 1 pilot 1 pilot
Takeoff/
Launch 11,000 Ib 21,428 1b | 21,4281bs.| 11,0®MIbs. | 11,387 Ibs.| 34,000 Ibs.
weight (4,990 kg) | (9,740kg) | (9,740kg) | (4,990kg) | (5,165kg) | (15,420 kg)
N/A
Empty (electric 2,640 Ib 15,000 Ibs. | NA (electric | 10,395 Ibs.| 14,600 Ibs.
weight powered) | (1,200kg) | (6,804 kg) | powered) | (4,715kg) | (6,620 kg)
72,000 Ibf
16,534.67 (32
157.4 Ibf Ibf 60,000 Ibf 157.4 Ibf 3 70,400 Ibf
Thrust (700 kN) (74 kN) (270 kN) 70kN) kN) (313 kN)
(Orbital) (Orbital)
17,426 mph| 2,170 mph | 2,500 mph | 17,426 mph| 17,500 mph| 4,520 mph
Critical (28,440 (3,518 (4,000 (28,440 (28,165 (7,274
Speed, \& km/h) km/hr.) km/hr.) km/hr.) km/hr.) km/hr.)
675days Planned Earth orbit
(longest 40 mi apogeeof 270 days | 22,000 nm | 280 mi (450
Range, R flight) (65 km) 110 km (design) | (40,700 km) km)
273.34 ft
Wing Area, 161.4 f¢ (25.4 n?) 345 f¢ 200 f¢
S (15 n?) (estimated) (327 (18.6n7)
Wing span, | 14ft1lin 16 ft. 5in 14ft11in | 20ft10in 22 ft4in
b (4.5 m) (8.05m) |27f(83m)| (45m) (6.34 m) (6.8 m)
Aspect 2.667
Ratio, AR 1.6 (estimated) 1.256 2.486
Type of
Payload Satellites Pilot Crew Satellites Crew Crew
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Virgin Virgin
Galac t i Gal ac Boein
Boei n-g Spaceship| Spaceship | Boei n-g X-20
Parameters 37B One Two 37 Dyna-Soar X-15
1xReaction
1x Rocket Gallium Motors
Gallium 1x Motor Two Arsenide XLR99
Arsenide N20O/HTPB | liquid/solid Solar RM-2 liquid
Solar Cells | SpaceDev hybrid Cells with | 1x Transtage propellant
with Li-lon Hybrid rocket Li- rocket rocket
Powerplant batteries rocket engine lon batteries  engine engine

5.2.1 Configuration Comparison of Similar Airplanes:

a) Boei n@gi@s

b) Virgin Gal acti cds

X

FRONT VIEW

Figure 5.1.

TOP VIEW

Al

53

SIDE VIEW

SpaceShi pOne

Vi ews37® f B




Figure52. Al |l vi ews of V.

¢c) Virgin Galacticbds SpaceShipTwo

Figure53A1 I vi ews of V. G¢
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d) Bo e i n-godgna Roar
BOEING X-20 DYNA-SOAR

U.5. AIR FORCE =%=

Figure 5.5 All views of X-20 Dyna Soar
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e) X-15A-2

X-15A-2

Figure 5.6. All views of X-15A-2 with externally assembled ocket engine

5.2.2 Discussion:

Following are the parameters that can have major impact on the desiggBadsbriefly discussed
in report 1:

As we can notice many facts are common in theseadiis. Almost all the airplanes are designed to
land back dealing with hypersonic speeds and gliding. Also, they use motherships to air launch-except X
37B which was launa&d using traditional rockets. Basically, a deliag pattern has been implemented
on almost all the above designs with certain variations. bttgs give efficient performance at
hypersonic speeds with better gliding as they descend.

Low wing: X-37B, Spaceship Two,-20 Dyna Soar Advantages:

1. Overwing exits.

2. While in space, it is gte easy to deploy small satellites from upper fuselage where
wing does not come in tiveay.

3. Easier to stick the main gean.

4. Low wi ng doesthe@gabinnbl ock any of

5. Easy to access for maintenance and refueling.

56



Med Wing: X-15A-2. (also, its predecessot-15A) Advantages:

1. Med Wing provide besnhaneuverability.
2. Wing can be continuous through tluselage.
3. Maintains structural integrity with tHfaselage.

High Wing: Spaceship One Advantages:

1. Quick loading andinloading.
2. Higher clearance from the groundpiding less groundffect.

A certain disadvantage of high wing has been documented especially for Spaceship One. The design
wassusceptible to roll excursions. It has been noticed that wind shear causes a large roll immediately after
ignition progressingnto multiple rapid rolls. Although as it gains high speed upon climb, this anomaly
mitigates making the flight stable.

5.3 Overall Configuration:

a)
b)

53.1

a)
c)

5.3.2

Following the guidelines as pBro s k a m& %-69v o | 1,
Will be a landbased spagane.
Will be a conventionalyppe meaning tail aft.

Fuselage Configuration:

Design of X69 fuselage will be conventional that seeks to accommodate sateliites
sophisticated mechanisms to deploy or undock satellites into LEO or dock back returning satellites
without any damage toiteer X-69 or satellite. Deployment systems like NanoRacks CubeSat
Deployer (NRCSD) or XPOD Separation System can be used baste ¢ayout of racks and
fuselage design. Direction of deployment can be from sideways or rear since wing can be moved
up or cown with relatively less effect on-B9maneuvering.

Fuselage of X69:

Will be a twin boom with center fuselage type.
Will have aregular cockpit with 2 pilots.
Engine buried in the fuselage.

Engine Type:
Engine typeRocket Motorengine

Engine Integratio: Engine inside the fuselage frdmehind.

This is a Xtype of plane that uses rocket motors for propulsion. F68Xwe seek to use
solid/liquid hybrid propellant rocket that can deliver thrust in the range of 60,080 #,000 Ibf.
X-15 uses XLR99RM-2 liquid propellant rocket engine. Althgh this system makes it quite
bulky to handle liquid propellants and sloshing issues. On the other hand, Virgin Galactic and
Scaled Composites used hybrid rocket motor with benign fuel and oxidizer. The adwantage
hybrid rocket motor is that it is conttable and can be shut down at any time during boost phase
of flight. It has less issues with sloshing.

As a new requirement, it seems necessary to use Reaction Control System (RCS) thrusters
on small scale for kspace maneuverability, attitude controlefificiently undock/dock satellites
fromX-69.
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5.3.3 Wing Configuration:

534

These types of planes have relatively different wing patterns unlike traditional airplanes. Wing

design of both Spaceship One and Two are starad@tdimilar consisting Elevons aSthbilator.
From structural viewpoint,

a)
b)
c)

d)
e)

A braced (or strutted wing) wing will be preferred over cantilever wing due to structural
advantage that will be discussed later.

Have a low wing arrangement on fuselage has nsjeantage when combined with braced
wings.

An aft sweep (positive sweep) will be incorporated due to delta configuration of the wing.
This design will not necessarily require winglets due to presence of elevostsibifators.

Other parameters of wing clu as airfoil, thickness ratiaper ratio, twist angle, incidence
angle, dihedral angle. High lift and control surface requirements, winglets will be discussed
later.

Empennage Configuration:

The empennage of-B9 will consist of:

a)

b)

c)

Horizontal tail/stabiliers mounted on twin booms rungi backwards from the wing to
maintain the longitudinal stabilityThese components are also called as stabilators or stabs
since they are movable in angular manner as the tail boom tilts at different angles tip to 65
while re-entry.

Like traditional airpanes, elevons are aircraft control surfaces that combine the functions of
elevator that controls pitch and aileron that controls roll. For above aircrafts, elevons are located
behind the stabilator (also called as stab) tiyemnnected to the stick imé cockpit using
cables.

Vertical stabilizers are also mounted of twin booms to maintain the lateral stability.

There are spoilers attached to the wing that play key role in deceleratior6@ffiém
hypersonic speeds duringentry which will be discussklater in detail.

As discussed earlier, the stabs and elevons will be controlled using electromechanical system.

Although, it is very important to pick the efficieadnfiguration for better performance specially

to glide loiter if necessary and safe landing. From the research so far, there are three options such
as tail plane mounted, Twin tail boom or Wing mounted as shown in Fig. 11. For initial guess and
referring to previous designs, wing mounted configuration cguidied.

A\ M\ "\
| | I
A i
“*-‘II Il-—~’” .
(.
[ ]
U:U:ﬂ ||_||
Tailplane mounted Twin tail boom Wing mounted

Figure 5.7: Empennage configurations
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5.3.5 Landing Gear type and Disposition:

X-69 will have combination of retractable landing gear and nose skid. The rear landing gear will
be mounted under the wing retracting inwards towards the fuselage.

Due to space constraints at the nose, instéadse gear a nose skid is preferred.

Landing Gear:Retractableyear

Nosewheel landingyear

= =4 =4

Landing gear integrationtn thefuselage

1 Rear gears attached to wings retracinvgards.

Airfoils used for Wings:

X-69 like other Xplanes does not need muzhaerodynamics while climbing frormround 45,000 ft
to 50,000 ft. The climb is solely governed by rocket motor which takes bardly dfinutes to reach LEO.
lon Thrusters can be installed for efficient maneuver whigpate.

Efficient airfoil selectionwill play vital role in returning pase and rentry. X69 will glide as it
descends after +entry with required loitering to decelerate followed by landing approach. In the first test
flight of Spaceship One, landing procedure used modified versiostahdard engine out approach tlsat i
generally used by the military. HS 130 airfoil popular for dynamic soaring can be used for wing to obtain
efficient glide. From the research it is found that HS 130 delivers very less drag and has characteristics of
slope soaring. This airfoil is alsoed for elevons with 25% chord.

5.4 Proposed Configuration:

Basic design of 69 is almost like that of Spaceship Two. Although, based on requirements such as,
ground effects, type of propulsion system, docking/undockinghamésms, design of fuselage will be
slightly different. As proposed earlier, fuselage will have sideway doors to deploy satellites from upwards
which is why low wing has been chosen. Placement of RCS thrusters has not decided yet which is required
for maneuver in space to conveniently operdbcking/undocking.

Using SolidWorks, following is the preliminary design of68 as shown in figures, 12,13,14,15,16
from various orientation and angles. Due to time constraints, the design is missing completeha whi
of on-wing mounted type, proptionate size of fuselage, landing gears pockets for retraction, etc. HS 130
airfoil has been used for wing and tail modelling
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Figure 5.8 Isometric 3D view of X-69

Figure 5.9 Front view of X-69
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Figure 5.10 Rear view 0fX-69

Figure 5.11 Side view of X69
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Figure 5.12 Top viewof X-69
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6. Chapter 61 Fuselage Design of 69 CargoSat
6.1 Introduction:

Before starting layout design of cockpit and fuselage, it is important to revise the mission
specification based on which a comprehensive overall configuration can be interpreted.
Table 6.1. Mission specification

Crew 2 pilots
Weight of crew 350 |bs.(175 Ibs. each
Payload CubeSater smallsizedsatellites
Maximum Payload weight 3,310 Ibs. 1,500 kg.)
Deployment altitude 360,000 ft to 400,000 ft
Wing configuration Low wing
Deployment direction from fuselage Upwards with retractable door mechanism

In-fuselage major components NanoRackCanistermechanism to swiftly deploy satellit
Cockpit and fuselage avionics

Thestrategyof low wing is for convenientleploymenbf satellitedrom above Wing andnose ofX-
69haveRCSthrusterdo controlroll andpitch& yawrespectivelyduring coastingConsideringhisproject
as a prototype, at this time69 can contain 24 CubeSats with various categories. Before studying cockpit
and fuselage layoutt is important to understand type of payload and their mission requitemgpon
research it is found that some CubeSats require spacecraft assist deployment whereas some have self
deployment mechanisnusingeither rails or small solid propellartckes.

Development of CubeSats started with 1U and 3U sizes build by vaeiemsrces. After successful
services delivered by this concept, demand for bigger sized CubeSats increased due sizeduth
CubeSatsowrangedgrom 1U (10cmx 10cmx 10cm)to 27U (34cmx 35cmx 36¢cm). There arenanytypes
of CubeSats dispenseisat are used from time to tinseich as Canisterized Satellite Dispenser (CSD)
small rocket boosters, etc. Due to ease and convenience in Canisterized Satellite Dispenser design, this typ
of dispenser has been consideredpi@iminary deployment system. Moreover, CSDs are dimensionally
accurate and gives better idea to design interior of the fuselage. Section 6.1.1 discusses about CSDs in more
detail:

6.1.1 Canisterized Satellite Dispenser(GD)

These dispensers come withhinilt ejection system controlled by deployment switches followed by
door opening and ejection of the CubeSats as shown in fig.6.1. CSD uses either rail or tabs mechanisms to
achieve proper attitude deployment. Rails ostallso help to stabilize the CubeSatsmy launch or harsh
conditions.Canisters reduce risk to the payload and also provide easy restrictions on payload materials and
components. The tabs or rails are along the ejection axis directed upkigrds2 fiows the dimensions
of 27U CubeSat andanister. As mentioned earlier, canisters can either installed rails or tabs for satellite
dispensing is up to the satellite owner and depending up on the delicacy of satellite. Fig. 6.2 is example of
each payload thavill house in the fuselage of-B9
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Arm Connector
(installed after doorclosed)

( (
DTN D 1| |
Payload i
! Circuit 1
. i
' i
: [ I HC | Canister
i 1 Ejection
i il : Plate
! 1
! 1
I NG I
Deployment (Inhibit) Switch 1
{3x reguired) :

Canister Dooror Side Access

Figure 6.1. Payload inhibit and safe/arm circuit

| 38.10 |

33.82

38.10
35.07
)

B door
op View
Canister
tabs
27U
CubeSat

| \33_82

35.07
]
/

38.10

38.10

!
Side View

Figure 6.2. 27U CubeSat with canister (All dimensions are in cm)
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6.1.2 Defining Fuselage geometry using AAA:

The fuselage geometry is design with its basic parameters using AAA software. The nozzle extension
at the rear end has been excluded in the design of fesgiligg us the overall length of fuselage to about
74 ft considering 90 number of fuselage staiéiig 6.3 shows the plot of the fuselage from cockpit cone
to the nozzle inlet. The eordinatesof the fuselage can be referred from the appeBdix

80.00 . , . , . , 30.00
ﬂA“—'Si Z-location
I |
7000 |- T 2o
i | — [it]
| L
60.00 ~— 20.00
I |
|
£0.00 |
I |
40,00 — | 10.00
- |
3000 — |
I |
]
2000 g SRR |
I |
10.00 [ -
- |
0.00 & | 1 1 1 1 1 | 1 | 1 | 1 | 1 1 L 1 1 1 1 -10.00
0.00 10.00 20.00 30.00 40.00 50.00 60.00 T0.00 80.00 90.00 100.00
Fuselage Station, xgllg [%]
Figure 6.4. Fuselage plot and area ruling
Output Parameters
2 Ifed \ird 2]
67.50 ft Sa_ 565.57 #2 S, 78.06 82 Ze, 6.25 fi
-t 2\ 2 -
? 2 2 2
10.83 ft Splff 478.89 &2 Vs 3535.49 & hfw 10.83 ft
3 a3 2 3
2| 2 2y 2
9.17 ft Swet, 1667.35 g2 Xe, 38.98 ft x| 9.97 f
X\ S\ S\ oy
2 2 2 2
26.01 2 Xy 24.01 f Mt 2s 7.21 f he 0.00 f
X\ %\ S\ %\
2| 2 2 i
78.06 #2 X, 38.76 ft - 10.26 ft =5 0.00 ft
a3 2 A 2

Figure 6.3. Output parameters of fuselage using AAA

Following table.6.2 explains the output parameters,
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Table 6.2. Output parameters offuselage

Parameter Explanation Quantity
. | Fuselage lengtrexcluding rocket nozzle 67.50ft
-|| Iy Fuselage sidprojected area 565.57 ft
] Crosssectional area of fuselage at statiopwhere flow ceases to be potential  78.06 f¢
ij+ . Maximum height of the fuselage 10.833 ft
‘”-. Fuselage Planform Area 478.9 fE
L | Fuselage Viume 3535.5 ft
S T Maximum Fuselage Width 9.1667 ft
‘” wl Fuselage Wettedrea. It is the area of the fuselage that is exposed to the § 1,667.34 ft
Th+. Maximum Fuselage Diameter at Wikgiselage Intersectio 9.97 f£
‘||1+| Fuselage Base Area 26 ft?
. s Fuselage Height at Quarter Length of the Fuselage 7.213 1t
-|||]4=, Fuselage Maximum Frontal Area 78.06 ft

6.1.3 CAD model of Fuselage:

It is necessary to understand the bésjout of the interior of fuselage to provide the background for
selection of exterior fuselage layout that is obtained from AAA in flg). e complete fuselage is divided
into 3 compartments i.e. cockpitayloadcompartmentrfain fuselagpand rear roket housing.

uill T

240.00 _|_ 24000 _|_ 31491

A Cockpit
B | Payload compartment

~ -
m/‘ C Rocket housing

Figure 6.5. Fuselage dimensions (inches)

!

130.00

]

1 Cockpit: A conventional cockpit will contain main flight avionics, crew, nose skid and pitching
& yawing thrusters at the nose end for coasting while in space.
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1 Payload compartment: The payload compartment is sdlvided into two compartngs to
accommodate the hybrid rocket rapat the bottom and payload (CubeSats) at theRigp6 6
shows onlyin-servicefuselage overview with sliding door to allow the payload to be deployed.

payload (CubeSats)

rocket motor housing
SECTION a-a

Figure 6.6. Fuselage overview

Sliding door method would benafficient method as it has ®amechanism and can rest on
cockpit andocket motor housing during deploymeireover, the depressurization and sliding
door mechanism is quite traditional and allows depressurize the vessel gradually not causing
harm to the structural integrity of thessel.

1 Rocket motor housing: The rearmst component of the fuselage allows space for the rocket
motor which extends to the payload compartment as discussed earlier. The length of the rocket
motor is referred from t ha®©OneuwpaeeshipOoerusedN r gi n G
HTPB hybrid ocket propulsion system as shown in fig.6lhe oxidizer tank containing®
will be at the front end of the rocket motor either under the cockpit or payload compartment. The
rear part of the complete does not shtbe nozzle that will be left out in thapen to limit the
heat and high temperatures of the exhaust gas.

The grain configuration can be seen the fig hat burns from center to the periphery. The
oxidizer regulates thrust requirement that happens thdieadvantage of the hybrid rockets to

get the thrust up on demand unlike solid propellant systémsolid propellant is contained in

the steel case of #iBch diameter. The steel case is referred to design the lower part of the payload
compartment anthe rearmost part.
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Combustion Ports

Fuel Grain
IISOX Injectord
ort (18-in. dia)]
(18- 'a) > Siraulatgd S.ubrrrllergeld
Vaporization Chamber Fins ex Bearing Nozzle
P ) SECTION A-A SECTION B-B (3-D carbon-carbon throat)
glt:tasomc Transducer  yaporization Chamber ~_Main Grain .
orts Configuration Configuration Mixing Chamber.
Aﬂ B 7
CE oo = 4 .

i -

A Flow Deflector B - Z HTPB/PCPD Fuel Fuel
A588 Steel Case /
. (73-in. OD) EPDM
EPDM Insulation
‘ 512 in. |
546 in.

Figure 6.7. The hybrid rocket motor of SpaceShipOne

6.2 Layout design of the cockpit:

Initial proposed X69 will have cockpit with conventional layout. As shown in@ig.pilot seats
approximately aligned at liiches fronmthe center line running through the nose. Nose is essentiafly lon
to house RCS thrusters for pitch and yaw control while coasting in space. Fuel management system for
RCS thrusters for both at nose and wing is provided through the layerdastiddoardBlank spacebehind
thecrewin cockpitis to accommodataccessodssuch as washrooms, facility to store beveragesTat.
crew (pilot) loading and unloading is preferred to be carried through-tatatmechanisnas shown in
fig.6.10. This configuratioris feasible for both while in space and on the ground. The awoolsftand
right will openin upward direction without interfering with payload compartment door. Hence the pilots
can have easy support of the wing for feet and can be easily tethered¢6%for securespacewalkf
necessarywhereas on the grourlde system can use ladder connecting to the wing for pilots to come out
of the cockpit.

6.2.1 Convenience for pilots:

For a successful cockpit, it ieverylightfactorsuchasconsi d
visibility, flight avionics, quick eaction accessibility, etc. At least the basic functions done by pilots must
have to occur with least efforts. Hence considering these points following points have been proposed:

A general fator of the pilot about visibility is shown in fig.8&.In refeencetoRo s k amés Ai rcr
Design vol lll,basic visibility aspects have been considered with some tradeoffs due to design restraints.
As indicated in the fig. 8, a small ballike structureis nothing but a theoretical position of eye when an
average ma sits at resting position that accounts to about 4.5 ft from the floor including the chair base.
The cockpit nose contains nesled at the bottom extending towards the flight desk and ipgchnd
yawing thrusters. Therefore, the cockpit cone in the\sgle remains restrained giving the down visibility
of about 10.22 However, the side visibility is quite satisfying as both the pilots have to take efforts to see
at least 13%around his ge position.
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Theoretical position

of Eye
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Figure 6.8. Cockpit visibility factor
622 Pil otds ease avioncaeccess to major

Fig. 69 shows the basic sitting arrangement for pilots including flight deck and basic controls such
pitch, roll and yaw along handle and pedals respectively. The dimensions for the position of these
components are also referred and averagadR®@ s k Airn@fsDesign vol Ill.In fig 6.9, various section
views are shown to better understand the cockpit layout. Sectidrsi#ows the bisected side view with
clear vision flight controls and pilot seat along with the dimension. The line runmggthallthe section

is an eye position line for the reference. The blacked outer edge is the border that signifies the solid part
and rest as hollow.

Similarly, section BB signifies the crossection of the cockpit that exteriorly run with dimensiomtigh

thepayload compartmeni window is considered at the rear end of the cockpit to spectate the deployment
of the CubeSats.

Section CC shows the toisected view with handle to hand distance of 12 inch that ease access for pitch
and roll. The flighdeckremmi ns ¢l ose the pilotds controls incl
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Figure 6.9. Pilot seating arrangement of the cockpit (all dimensions inches)

6.2.3 Access to the outer environment:

This part of cockpit is bit trickgand includes many tradeoffs in design, aesthetics, manufacturing
cost that will be discussed later. However, basic layoconsidered as follows:

A) While in Space during Coasting:

It will be a rare part ohiny mission for pilots to come out of the cockpé most of the phase is
coasting. However, it is important to consider and involve basic feature of anyvgbécie b X-69.Since
pilots, who officially become astronauts at 360,000 ft for newcomers, want to commit thevalacer
manage any aviorécfrom outside in case emergencies such blockage thrusters or payload itself while
deployment. A tethered mechanism igfprred that attaches to the spacesuit of astronaut to restrict the
major dive of an astronaut. Alsihe wing comes right the door tife cockpit and gives better support for
thepilotd¥ f eet resting on the wing.

B) After Landing:

Many smallsized planes sicas fighters, or even rockplanes have elevator type of pilot entrance
coming from the bottom near the nose gear. However, conmdearidifferent alternative, it is quite
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convenient to use a simple external ladder mechanism to unload the pilotsddéedan be directed
supported to the wing to descend to the ground. Moreover, the ground clearar@® isfvery low which
gives anther advantage for pilot unloading.

Fig 610shows the basic illustration of access to the outer environment factor:

SECTION b-p

SCALE 1:150

HIE=

Figure 6.10. Access to the outer environment

pilot door

Kg/

6.2.4 2D CAD models:

Rear view Side view Front view

Figure 6.11. Front, rear and side view of cockpit

71



SECTION a-a

Figure 6.12. Top and top-section view of cockpit

6.2.5 3D CAD Models:

DETAIL ¢

SCALE 2375

SECTION &=s

Figure 6.13. Isometric view of cockpit detailing the interiors
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6.3 Layout design of thepayload compartment:

Layout offuselage ultimately relies on the payload or number of CubeSats to be delivered. To assess
the pefformance withmaximum payload capacity of-B9, dimension®27U CubeSatalong with that of
canister dispenser is considered

Table 6.3. Basic knowledge about payload

Parametersof Components Quantity
Typeof CubeSats 27U
Mass per payload (1 no. of 27U C@a#) 54 kg (119 Ibs.)
Dimensiond) ® 'O~ ocwéd ocWwd o®a
Canister Dispenser Dimensions pucpuEpuUE
Mass of CSD About 500 grams
Number of CSD and CubeSats 24
Deploying method Deployment from above

Preliminary design of fuselage slightly referred to the fuselage desigii Spac&hipTwo
considering shape and visualizatiéithough sincehe missionis to deliver CubeSatsall passengeseats
andequipmentreunloadecemptying the fuselage and filling it widstimated layout of CubeSats shown
in fig 6.6 and fig 6.3 ultimately making it a payload compartmebeployment phase is accompanied with
coastingphasenf X-69.While coastingCubeSatsvill bedeployedrom upwarddirectionwith open sliding
door maintaining fewer movingarts.A sliding door is advantageouisse the depressurization of fuselage
will be graduallyachievednaintaining the structural integrity.

As discussed in section 6.1.3,idt quite impractical elongate the fuselage to accommodate the
propulsion system separately. The roaketor itself isabout 45.5 ft long and 6 ft in diameter as shown in
fig.6.7 which if installed after the fuselage will make the6® much longer than aphisticated design.
Therefore, considering the rocket motor diameter as base reference, the propulsion systgnatisdinte
underneath the payload compartment that avoids the unwanted extension of fuselage as shové in fig 6.
All the safety measures acensidered while designing the rocket motor that will be discussed later.

This section mostly consolidates on the latyof the payloadThe deployment of the payload should
be efficient enough to achieve their predefined trajectories. As a-pfgamecorpany, the basic contract
wouldbesi gned as to a maximum altitude fromlsardher e th
handed over to the customer for further trajectory and orbital transfers. Hence, the deployment of CubeSats
is expected to very i€ient. Considering these points,

a) The CSDs are placed 21 inches from each other transversely as shown irdfigaitaining
the distance between adjacent CubeSats to more than 22 inches including diagonal clearance of
about 6.5 inches. The ejection chanism is so efficient that CubeSat will scarcely perturb.

b) Looking from the side or front view, one might considehd payload compartment door would
obstruct the deploying CubeSats in either last rows. The door, wpssehg,and payload line
are atleast 4 inches far from each other creating free andimerfering space for payload
deployment as shown in fig.18L.

Fig. 6.14 shows the layout of CubeSats kept in casings. Big5and6.16are front and side view of
fuselage respectively. Since69 is alow wing spaceplane, wing attachment can be seen at thedmger
of thefuselageFig. 6.18 is 3D design oftdiselage with payload and wing attachment.
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Figure 6.14. Payload deployment demonstration (all dimensions in inches)

Figure 6.15. Front and side view of payloaccompartment with sliding door open
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6.3.1 2D CAD models:

Figure 6.16.6. Top view of payload compartment withopen and closed door respectively

Figure 6.17. Front and side view of payloaccompartment with sliding door closed

6.3.2 3D CAD models:

Figure 6.18. Isometric view of payload compartment with operand closed door respectively
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6.4 Discussion:

There are some points needed to be considered to develop this prototype into more sophisticated
reliable machineThe propulsion system and payload compartrhame more scope in development since
this project mostly concentrates only on CubeSats to consider the maximum payload capacity. Furthermore,
the descent and landing completely relies on efficient wing aeemdigs and control surfaces as there
w o n 0ty plopulsianrsystem to govern these phases. The propellant for thrusters is installed in wing for
rolling and in nose cone pitching and yawing.

Following are the aspects considered for the improvement aifispg/stems:

6.4.1 Improvements in Payload Compartnent:

The basic mission specification describes tha@9Xwill have potential to bring back damaged
satellitesusing efficient docking mechanism. This is possible if payload compartment allows more room
for incoming payload as CSDs are fixed and integraitiithe payload compartment. Unless the mission
is solely to bring back damaged satellite including some coasting andvepalicé is possible to modify
the payload compartment up on mission requirement.

6.4.2 Improvements in Propulsion System Housing:

Hybrid rocket propulsion is one of the compact, efficient and robust propulsion systems for small
spaceplanesHowever, X69 demands more research in propulsion system area that could give more
sophisticated design to-89 itself. Propulsion system design cobidhdpful to improve the aerodynamics,
skin friction and drag during fentry providing it more surface for deceleration. If propulsion system
demands for extension of fuselage, the rear payload compartment can be kept reserved for incoming
payload withouaffecting the main payload compartment.
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7. Chapter 71 Integration of Propulsion System

7.1 Introduction:
Nature of mission of any aircraft decides the selection of appropriate propulsion system. In case of
X-6 9, t he fAspadambemaneaissiopmisto Euecessfully make it up to 110 km of
altitude from earth surface into at |l east LEO.
higher altitudes. Therefore, a rocket engine is the way to go.
7.2  Selection of Propulsion SystenType:

Before the selection process, it is necessary to understand the factors that play a vital role in:
7.2.1 Required Climb Rate and Maximum speed:

X-69 proposes to climb at supersonic speeds for very limited time period. The mission profile
indicates climb phasehich should be no longer than maximum 120 seconds.

7.2.2 Operating Altitude:

Flight phase of altitude will change constantly unti6® makes it to LEO. However, the actual
operating phase happens to be in coasting where the maneuveritd afi controlled using RCS
(Reaction Control System) thrusters. These thrusters are installed in wing and nose for roll and
pitching & yaw respectively.

7.2.3 Range:
As for the climb phase, the range is about 100 km with continuous climb. The hybrid rocket motors
allow to swecessfully achieve such mission profiles. Unlike solid propellant rockets, the hybrid ones
can be controlled, by monitoring the oxidizer flow rate.

7.2.4 Installed Weight:

More research and another preliminary design process for rocket engine is requiraihtthebt
accurate installed weight. This requires the experimentedatdatze analysis.

7.2.5 Reliability and Maintainability:

The rocket motor is expected to return empty after the mission completion. It simply consumes all
solid propellant and liquid oxidizdy the end of climb phase. Therefore, it is convenient to replace
the engine for the next mission quite conveniently. The fuselage itself has a separate rocket housing
compartment that allows easy removal of the complete unit of propulsion system digtoding

the payload compartment.

7.2.6 Fuel Availability and Cost:
Considering the above points, the Hybrid Rocket engine fits the requirements. The hybrid engine

consists of a solid propellant and liquid oxidizeolid propellant is either wax or detomgtimaterial
which when mixed with oxidizers gives efficient burn and lift.
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The actual estimation of rocket motor parameters have not been performed in this report due to lack
of resources and reference material. However, up on research, since thisdéragreliminary design
process for rocket engine, the method of using Differential Evolution is recommended. Similar to regression
method, D.E (differential evolutiorglgorithm requires preobtained data to define the population size
which up on iterabn narrows down to appropriate selection of rocket parameters. However, studying basic
parameters of hybrid rocket engine and referring
are incorporated:

Table 7.1. Hybrid rocket parameters of SS1.

Parameters Quantity
Maximum operating pressure 900 psia
Maximum vacuum thrust 250,000 Ibf
Throat Diameter, initial 14.60 inches
Nozzle Expansion ratio, initial 12:1
Liguid Oxygenflow rate 42071 600 Ibm/se (throttlable)
Fuel Weight 45,700 Ibf
Burn time 80 sed 90 sec
Speed at the end of the climb Mach 2.5 3
Altitude at the end of the climb 100 km to 110 km
Solid propellant used HTPB

Combustion Ports

Fuel Grain

LOX Injector
Port (18-in. dia)

I Simulated Submerged
Flex Bearing Nozzle
SECTION A-A SECTION B-B (3-D carbon-carbon throat)

Vaporization Chamber Fins

gltrasonic Transducer  yaporization Chamber Main Grain »
orts Configuration Configuration Mixing Chamber.
B - 7

(== Q- 4_):1_1
A \— Flow Deflector 5 [ \_ HTPB/PCPD Fuel Fuel j
A588 Steel Case EPDM
EPDM Insulation i RS
f 512 in. >
546 in.

Figure 7.1. Hybrid rocket motor i grain details and dimensions
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The grain size and pattern can be anything from stpezhto wheel shaped or enele grain. These
parameters of grain depend up on gtkmnndary layer and fuel regression characteristics which is affected
by various factors such as :

Pressure and Temperature of gas or oxidizer
Grain composition

Combustiorport

Oxidizer mass flow rate

Combustion port length

Combustion port diameter

E N

- Pressurization system
— LOX oxidizer
/— Systems tunnel

f - Graphite/aluminum LOX tank

- LOX injector

r Inert HTPB fuel grain

" Liquid oxidizer
L (lox).

: Combustion ports
Concept features Hypergolic

* Throttleable igniter
* Inert fuel grain
* Simple injector

Mixing chamber

Figure 7.2. Schematic representation of a hybrid rocket.

7.3 Differential Evolution Algorithm:

DE was first proposed by Storn and Price (1997) at Berkeley as a new evolutigaithm. It uses a
function caled crossover to increase the diversity of the perturbed parameter vectors ensuring that the last
vector gets at least one parameter from the previous one. As a poph&gerhalgorithm, the DE starts

with a set of candite solutions. The initial solatns are randomly generated over the problem space. The
steps of DE algorithm can be described as follows:

1 Initialize stochastic solutiorss equatior.1:
®» i @ @ (7.1)

where, r is a random numbery Tip .
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Evaluate each initial solution against the objective function.

Check the stopping criteria. Stop, if they are satisfied.

For each solution, create mutant solutior ;@s follows by randomly selecting #e different
solutions (R1, R2, R3) as equatidogd.

= =4 =9

® ® O o (7.2)
where, F is a mutation factor between [0,1].

9 For each mutant solution, generate a trial solutiagby copying parameters either from the parent
sdution x; or the mutant ong ;@s equation 7.3.
GE o 00D & & T 6'Y
o Qai Q (7.1)

where, CR is a specified crossover factor between [0,1] and the subscript j refergito the j
dimension of the solution vector.

9 Evaluate each trial solution against the objective function.

1 Compare the objective function of the trial solution with that of the parent solution. Select the better
solution to survive in the next generation.

1 Repeat th steps four to seven until the population is filled.

1 Update the best solution and go to stepehre

7.3.1 Design Process:

Design Variables

Vehicle Design L/D, T/W, f,,5, P, NDF
Optimization

Guess Values

Error=0.0005

END
» ﬁneﬂ
Mission requirement: 3l Objective
k4 ) function
AV total= 3 Converged

(AW + AVos5)
»Payload mass

Mission analysis Newl
P
and design process
~N

Thermo chemistry
calculation of Nozzle

N
’Erp ut

0 .
NEW fyper; - OId fipor=Error Initial
Initial mission ot foet ¥ Mass M, Mpmp’ Ie Design
. . Spe > L
analysis output: e;l;p ansion ratio. }n al'l‘ableg
»Initial mass Preliminary Calculation of NEW inert Dimensions »as,
> Propellant mass component design coasting time
»Motor case
» Thrust skirts v
> Igniter Vehicle Trajectory
»Insulator Total masses of the DE [<—1 Optimjzation
Fnozzle designed components
Preliminary
design decision _)’m‘
»Nozzle cone angle
»Propellant grain type. Payload mass
>Material selection. < AV loss

Figure 7.3. Chart of vehicle design and trajectory optimization of airlaunch vehicle using DE.
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9 Design Requirements:

o0 Mission requirementsMission requirements are the target parameters to be achieved in
the design process. Some requirements may be considered as constraints on the design,
which are:

o Orbit and Altitude:Main engine of X69 should be able to insert69 at least into LEO.

o Payload MassCollective payload mass for the engine is weight of corapta+ mass of
payload (CubeSats).

o0 Launch ConditionsX-69and hence its engine will be from a carrier aircraft at an altitude
of 45,000 ft and speed of at least 300 m/s.

0 Decisions:Certain parameters should be defined to start the design process. They are
selected based on published data of existing launch vehicles (e.g. Pegasus). However, some
of them will be set as design variables in the optimization stage in orded thé optimal
values. These parameters are: the number of stages (we have deaidedone stage:
fixed), type of rocket in each stage (we choose hybrid rocket motor: fixed), chamber
pressurele), thrustto-weight ratio T/W), length to diameter rati@d./D), T/W & L/D will
be design variables in the optimization process.

1 Initial valu es:
o0 To start the design process, initial values for specific impldgeaqd inert mass fraction
(finert) are required. However, these values will change during the design loop processes
until their values are converged. An initial value of tatal is also required to start the
design process.

30 YH QOEDOE Q'O a ‘Qp("h?)h QD@ SBM ¢ ORO O KIQI 60
3w phtigmonmin
30 X qat

9 Design of micro air launch vehicle subcomponents:
0 The rguired3wis used is mission analysis with initial specific impulse and inert mass
fraction. The output of mission analysis is the initial values of propellant and inert masses
using equations 7.4 and 7.5.

. Y@ P @ (7.4)

a @ a a (7.5)

Note that the selectedbat the first step of the desigrill be taken based on some
previouslyavailabledata of Pegasus to start the design process. Howevesgihiil be
replaced by the real value when the trajectory analysis is performed.

The propellant masses along witiWW, L/D and chamber pressure are used to
design the geometry of thehiele andto obtain the initial masses again and also to obtain
the inert mass fraction. The vacuum thrust of the vehicle can be calculated using equation
7.6.

"0 ab B0 (7.6)
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Fig 7.4 illustrates the main components of the engine-69XSolid mobr has classical

architecture and is attached to the other stages by thrust skirts. The volume is calculated

using the propellant mass and its density, a cylindrical motor case Witfohae ends is
selected for the design as shown in fig 7.4, the calonkare done using equations 7.7 to

7.12.
& (7.7)

) (7.8)

Pressure vessel and skirt masses are calculatedEcgiragion 7.9 to 7.12.

& " 00" p % ® 7
. (7.10)
Thrust Skirt Motor Case Internal
\ 1nsulat1< Nozzle Assembly

Igniter Propellant grain Port or bore

Figure 7.4. Main components of the solid rocket motor

Thus, the motor casmeass is:

& ppa é (7.11)

Insulation mass of motor case is

G P YYpma B0 8 58 (7.12)

<
1

Figure 7.5. Sketch, length and diameter of the motor ca:
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The nozzle parameters are shown in fig 7.6 and calculated using equations 7.13 to 7.20. Nozzle
system mass may be calculated from equation 7.13.

, (3 8 8
a ® T L QP TT ?—x (7.13)
P 0206%6 jt '

The throat diameter and nozzle length are calculated using equations 7.14 and 7.15:

0 — (7.14)

(7.15)

8 L
< Noz

A 4

Figure 7.6. Sketch of nozzle design

In this work, the inert mass includes motor case, the insulation, the nozzle system masses,
avionics, attitude control systems, etc. This may comprise an important fraction of the payload mass

a a6 a (7.16)

The inert mass fraction is calculated again using the new inert mass as in equation 7.17.

0 a (7.17)
a a a

If this new inert mass fraction is not the saméhagnitial values, then the néfiae: will be used in
mission analysis and the same steps will be repeatediidntibnverges. Whefier is converged, then the
value oflsp;should be evaluated andmpared with the initial values, if it is noeteame, the whole previous
procedure will be repeated until the solutionspfndfier cONverges. The calculation of the nozzle specific
impulse is done using equations 7.18 and 7.19 fe@orge P. Sutn 6 s Rocket Propul si on.
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(7.18)

p C w p .
R — —— p 0
0 & p C
o w p.
6 0p ——0 (7.19)
(7.20)
cw ¢ 0 — RD 0
o) —_— P = -
W p WP 0 0
. =6(3 (7.21)
(@] o)

Output of the vehicle design is total mgampellant mass, inert mass, specific impulse, inert mass
fraction, dimensions, nozzle expansion ratio, thrust, mass flow rate and burning time.

In the case of aahicle requiring real developments, the targeted payload mass should have a
margin to coveinevitable losses during the development, which may cause a substantial loss in the targeted
final mass.

1 Aerodynamic Model:

o Mission Datcom is the software useddiatain aerodynamic coefficients of lift and drag
using the dimensions obtained from the ge%f X-69 subcomponents.

I/ 6

Figure 7.7. Two-dimensional bodyforces for flying vehicle

Since the aerodynamic coefficients are obtained, the trajectory model is done usigggtinens
of motion 7.22and 7.23.

Qo .
oo, O0EE | @R ieEo (7.22)
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b=, 0 Oi Q¢ | 4dQ Wéri —wéri (7.23)
Qo 1

The totalzw, which is required from the launch vehicle, is calculated from equation 7.24.

3W ® ® 30 (7.24)

where,3®w is the summation of drag, gravity, steering and performance losses expressed in
equation 7.25.

30 30 30 30 3 (7.25)
In the equation 7.28;0 is the velocity needed to overcome the effect of the gravity and gain
altitude andsw is the loss due to drag that is profound at low altitudes, but becortigilslecat high
altitudes 3w is the velocity needed to steer and tilm& vehicle along the trajectosd

is the velocity loss due to ideal performance assumptions, since vacuum performance is assunbd during
design, whereas the actual rocket performance is reduced by atmospheric pressure.

7.4 Discussion;

Due to unavailability of data reference of Pegasus and Mission Datcom (a nriifitsey software),
the calculation for rocket parameters have not been pedpgst. However, the differential evolution
algorithm is appropriate method to obtain optimpalket engine parameters for69.

The propulsion system for RCS thrusters have propellant installed in the wing. As discussed earlier,
the disposition of RCS thsters is on wing and in nose to control roll and pitch & yaw respectively. The
computationamount of propellantequired is evaluated by defined by the mission profile during
coasting. If the mission requires an orbital transfermight increaseaquiring more propellant.
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8. Chapter 81 Wing, High Lift system and Lateral Control Design

8.1 Introduction:

A quick look back on the mission profilearameters obtained from performance constraints, weight
sizing and basic configuratiorusties are used to create and optimize wing planform 6@ X' he previous
parameters give an estimate for wing loading during landing, cruise and gliding. This report studies detailed

wing design considering various characteristics. The procedure fdlomw®lk 0 s k a m6 s

Aircraft

lll, a stepby-step preedure to carry out the wing desigdtherwing componentsuchastail, spoilers,

elewonsand stabs aralsoestimated.

8.2 Wing Configuration:

8.2.1 Wing size:

Due to low wing loading as discussed in parfance constraints, wing of-89 are preferred with
small size forming a dekaing similar to that traditional space shuttles. Moreover, large size wing cannot
sustain their structural integrity in supersonic and hypersonic regimes during climb -antly re

respectively.

Using equation frorR o s k a mo & DesignrVolrlllafor landing field length and following
assumptions that weight of-89 should drop to approximately 40% of its tafe weight Wro during
landing approachs the rocket fuel will be cortedely burnt and deployed payload with total wing area, S
= 659.56ft2 (= 900 f¢ including spoilers attached to the wing),we get the wing loading at landing

4] ™ (8.1)
oV v
® ™ papxm
Y QLY
B g & 70
Therefore, the landing field equation follows as:
Y t1qwfY T (8.2)
Y 1 ¢ wud do
Considering the from performance constraints in the range of 1.7 to the design point 2.7, th8.1zdohel

plot in fig 8.1 estimates respective field lengths

Table 8.1. Field length & specific g

O el
Landing Field Length, S in ft o dey

2124.811765 1.7
1901.147368 1.9
1720.085714 2.1
1570.513043 2.3

1444.872 2.5
1337.844444 2.7
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Figure 8.1. Field length estimation

Secondly, it is efficient to achieve cruise foemance with a cruise flight close to¥O
An appreciation for the effect of wing loading aifO can be obtained as follows:

P — (8.3)

070 -
120

with:

. . : 2 (8.4)
0 pryY p 1

Equations 8.3) and 8.4) can be used to study the effect of varying wing area (wing loading) onngk/
for X-69.

Hence to perform such a study, the following inpueferred

Aspect ratio, A =2.18

Oswal dés efficiency, e = 0.8

Regression constants that we obtained in chapter 4 (performance constraints) are as follows:
a=-2.523,

b=1,
c =0.2268,
d =0.6977

Takeoff Weight, Wro = 13,870 Ibs
Baseline Wind_oading, ¥V/S)aseiine
kww = 1.85 (approximately)
The constant & accounts for that part of the wing which is buried in the fuselage that dot
contribute to the wetted area,
The value for &seindn equation 8.4) follows from:
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0 (8.5)

Y W
Y
The lift coefficient at (L/Dpax follows from:
o v (8.6)
0 0 AOEQ

7

Therefore, solving from equatio.8) to 8.6) up on substituting the respectivaues, we get following
table8.2 and plot of wing loading and (L/RXxat cruise flight in fig8.2.

Table 8.2. Effect of wing loading oncruise flight parameters

TT'||-|-|-=|=V-IEIEE?-_ =IT|T O+e FAJTWD#.
15 20.5816 0.13312
30 19.56008 0.140072
45 19.35549 0.141553
60 19.2662 0.142209
75 19.21604 0.14258
90 19.18388 0.142819

(L/D),,, for Cruise Performance

20.8 0.144
20.6
0.142
20.4
20.2 0.14
E 20 E
a 0138 2
= 198 5
19.6 0.136
19.4
0.134
19.2
19 0.132
0 20 40 60 80 100

Wing loading, (W/S)paseline

Figure 8.2. Effect of wing loading on cruise flight parameters

Another major factor that could affect the wing parameters in terms of perfagnganstraints is
Ride through turbulencehich has a significant effect on wing loadingpesially on %69 during climb
and reentry. The climb cannot extend more than 3 minutes (max) however-émryeis to optimal to
achieve required deceleration fefficient gliding. Diving with hypersonic speeds is just another ride
through turbulencehat has keep extending to kill the acceleration. Hence during this phase, the wing
structure should be intact maintaining the structural integrity. Thus, the spmil®es into the picture
playing a major ra which will beexplained further.

The equatia referred fronR 0 s k aidedesponse to turbulence is proportional to the parametend

is given by,
RO (8.7)
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The above equimn when related to %9 performance requires more research conside
hypersonic parameters since the equation clearly mentions that lower wing loading yields highe
ride response whi ch transl at es i nquantitiviéipctanfiesdoor ridedgealitig:
however it is required to develop the wing that improve the turbulence response extending t
required for X69 to deceleration.

8.2.2 Low Wing Configuration:

X-69 incorporates a low wing configuration considering varaggects such as mission profile &
improving performance constraints, similar trendspgaceplanegor space shuttles), advantages and
disadvantages. Most of the spamhicles except X15A-2 and 510% of other have low wing
configuration since they offegood visibility and accessibility during coasting in space and deploying
payload as studied in fuselage section, combines with ventral part of the fuselage providing more surface
for ablativematerial to fight with hypersonic temperatures and pressorgsr lground clearance for quick
bailing out, etc.

8.2.3 Numerical parameters:

Rest of the parameters are computed and obtained using AAA software and some of the basic
relations for wing design. Enparameteri fig 8.3 are for the basic wing excluding theber as follows:

Input Parameters

2 2 jiri
by 47.06 f G, 7.82 ft Kapex 23.25 f

2 2 2

2 2 rl

27.00 f Aoss 37.2 deg Vottset, 4.58 f

Y
}a
F

Output Parameters

2 2 2

Sw 659.65 &2 gy 0.29 Ymge,, 7.73 ft Ae 45.4 deg
2 2 2
2 2 2

AR, 2.18 Cw 19.17 ft Xmgc,, 7.83 f Are 0.0 deg

}v
Va2
V2

Straight Tapered Wing Geometry: Qutput Parameters

Panel

c ft X, 1t X, tt Y, tt

27.0000 7.8200 23.2508 42.4332 4.5833

Figure 8.3. I/O for wing parameters from AAA
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Xmge, = 7831

c. =27.00f

ol

W =1917H

c, =782

=7.731

il
mgc,,

ol pou

b,/2 = 2353t

Figure 8.4. Wing geometry without spoiler

The basic wing layout output without spoiler can be seen i8.4igThe root chordp ¢ XQo
and tip ched, @  x& ¢Qdare desired and a constrained maintaining the aspecofa2id8 and span
area of 659.56 ft
From fig 8.3 and previous data,

0 Cd Y
Hencewingspan® with wing area’Y ¢ v&{® (excluding the spoiley).
® T Bru 0P

@ X&pov
w ¢ X

] ™ w

]

Therefore, the aspect ratio, A = 2.18 and taper fatiori® awill be considered for further computatic
of aerodynamic parameters with influential spaea,”Y plp p& & since the spoiler i

simply a flat plate.
Taperrato,= 0. 29 is close desired to contain t}
Sweep angle,y o B8 p Dbis preferred to keep the tliag edge of the wing perpendicular to t

longitudinal axis of X69 forming a deltaving configuration.
Twistangle; 1 ¢J, Atwist angle gives efficiency in deceleration in hypersonic regime.

90



Dihedral anglez 10
Incidence angleQ) 1
Average thickness ratiofw T8t w @ @

Wing Aerodynamic center will in estimation of empennage parameters.

Hence, to calculate mean aerodynamic center of wing@® Xve have
Mean aerodynamic chord, MAC is

Y SR p 1 1 (8.8)
066 o6f = o L
o p 1
« o v« wur G e PTR W TR W
066 o'._0 ¢ B ino TR o

066 oF p@ ¢ wa

y-location of MAC on each half of the vying is,

& w P ¢ TR W (8.9)
® p TH

TRILLE@D QORO P ¢ T W
® p TE W
O X& Q0

And according to VWmaGeometrgxslocatian oft the merodyhaméc ,center for
supersonic wing is,

© 1@ Yol (8.10)
W TWTNYpP owy
g x&cq&O

However, it is attempted to add spoilers in AAging an aileron feature to account for aerodynamic
parameters of spoiler along with the wing.

To add spoiler effect in AAA software, the aileron feature is used to plot spoiler as shown in fig
8.5. This atends the total span aré¥, pfp p& & and reduces the aspect ra#a1.29 which will
be considered for further computation of aerodynamic parameters. However, the spoiler is a flat plate
hinged to the wing where elevons on Horizontal Tail wilklde function of rolling,

The spoiler inptiparameters are maintained such that the root and tip chord of spoiler are 12 ft
spanning equally with the wing. The input and output parameters can be referref.@ Bging a low
wing configuration, the wing will attach to fuselage using either epdi-plane structure which can be
referred in fuselage section. This configuration allows the space for housing the main landing gears
retracting inwards. The space towarcbckpit can be used to accommodate the avionics of the system
making it compact W reliable.

Up on adding the spoiler to the wing, the parameters updated are as follows:
0 P& W

Hence, wing spap with wing area’Y  plp p& ¢® (including the spoilers).
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® T Bru 0Qp
pag

(O0V)

8-1| IR}

] ™M p

Therefore, the aspect ratio, p& cand taper ratiol T® pwill be considered
for further computation of aerodynamic parameters with influential span area,

plp p@& &b since the spoiler is simply a flat plate.
Taperratio_=051i s cl ose desired t ocomponentadndpropetiamt r o

Sweep angle,¥y o 8 p Dis preferred to keep the trailing edge of the wing perpendicular t
longitudinal axis of X69 forming a deltaving configuration.

Twistangle; 1 ¢J, Atwist angle gives efficiency in deceleration in hypersonic regime.
Dihedral anglez 1)

Incidence angleQ 10 _

Average thickness ratiofwo T8t w @ @

Wing Aerodynamic center will in estimation of empennage parameters.

Hence to calculate mean aerodynamic center of wing-@&3Xwe have

Mean aerodynamic chortMAC is

. 1 1
6o8 o = & 2
o p 1
™ T™®
606 of > cariny ——P P
o ™ p

066 6f oB QO

y-location of MAC on eeh half of the wing is,

ww P ¢ TP
® p T p
TRIVL@H QORO p ¢ T P
® p T p
@ g8 T Xaw
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Figure 8.5. Wing geometry with spoiker




Table 8.3. I/O parameters for wing with spoiler in aileron feature of AAA

Parameters Quantity
Spoiler Chord to Wing Chord Ratio at tBeoilerinboard Station,c & w 7w oK xbP
w To © T Y X QO
Spoiler root chord lengtlly & © pcQo
Spoiler(Spoiler) Chord to Wing Chord Ratio at tBpoilerOutboard Station, @ 10 p®ULP
@ T& @ T © T UL W QO
Spoiler root chord lengtlly @ © pcQo
SpoilerRoot Hingeline Location in Terms &poilerRoot Chord, ¢ 7o 3 o Tod v b
& T® &) m™iu p CQo
SpoilerChord Forward of Hinge &poiler Inboard Stationg © © T#'QO
Spoiler Poot Hingeline Location in Terms of Spoiler Root Chord, 76 _ 0 T Vo)
w T © v p ¢QO
SpoilerChord Forward of Hinge @poilerinboard Stationc o &) Q0
Spoiler Chord Aft of Hinge at Spoiler Inboard Statian, ® o p @8°Q0
Spoiler Chord Aft of Hinge at Spoiler Inboard Statian, & o p @°Q0
T T@XXb
Average Spoiler Chord to Wing Chord Ratio aft of Hinge Line, w T8 0O0XX 820
wfo o fw W p @pRo
Spoiler Mean Geometric Chorda A d p@Qo
Y o op@ p@®IQO
Spoiler Planform Areay Y Y cpRTD
Input Parameters
2 2 2 2 lird
AR, 1.29 b 0.51 (CefCu); 30.8 % (nfCh | 5.00 % i, 0.0 %
2 S 3 3 a
2 2 2 2 2
Sw 111432 g2 Ace 37.2 deg (CefCulo 60.5 % nfCho,, 5.00 % Moy, 100.0 %
3 3 3 3 2
Elevon Airfoils
Panel Root Aiifoil Name Tip Airloil Name
1 HS 130 HS 130
Output Parameters
? 2] 2] ?
CrEI 12.00 ft EDO | 0.60 ft CefCy 43.4 % Balance,, 0.05 ﬂ
a °© 2 3 3
? ? ?
R 12.00 ft Efiel 11.40 ft *Se. 215.93 e ~|coordinates Defined
2 2 2
2 ? 2
“D.e‘ 0.60 i “f.,el 11.40 f T 11.40 I o
2 Q) 2

Figure 8.6. I/O parameters of wing with spoilers

94



HS130 airfoils 18.94 |
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Figure 8.7. Wing-spoiler configuration dimensions

8.2.4 Function of Spoiler

The spoiler plays significant role during the-emtry phase of 9. The configuration is
demonstrated in fig8.8 and8.9.

A simple example of a badminton shuttle cock can be considered to undenstaaking of spoiler.

The shuttle cock always lands its hard, solid surface vertically (perpendicular to the ground surface) no
matter how player hits the shuttle cock. It simply lands vertically due the feathers around it that guide
aerodynamically tatay vertically stable.

Similar concept is used foX-6 9 6 s -spoilen apnfiguration where the spoiler lifts and locks
gradually up to 65angle directing and stabilizing-8B9. It also decelerates the hypersonic speeds to
subsonic speeds suitable forther glide and landing phase&:69 will be at arond -10 to-20° angle of
attack during reentry. The ablative surface under the wing will help to tackle high temperatures and
pressures. The spoiler locked af &ather angle will create a wake in the feow providing high drag
slowing the vehicle toubsonic speeds.

It can be in fig8.6 and8.7 the wingspoiler configuration with spoiler at Gnd 63 angle with respect
to horizontal plane of the wing. This configuration further addsiwhe tailboom with control surfaces
such as horizontal and vertical stabilizers, elevons and rudders that will be explained in empennage section.

—_— > —

Figure 8.8. Spoiler back at O during normal flight
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