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HASA- HYPERSONIC AEROSPACE SIZING ANALYSIS

FOR THE PRELIMINARY DESIGN OF AEROSPACE VEIIICLES

Gary J. [Iarloffand Brian M. Berkowitz

Sverdrup Technology. Inc.
NASA Lewis Research Center Group

Cleveland, Ohio 44135

SUMMARY

A review of the hypersonic literature indicated that a general weight

and sizing analysis was not available for hypersonic orbital, transport, and

fighter vehicles. The objective of this study was to develop such a method for

the preliminary design of aerospace vehicles. This report describes the

developed methodology, and pr_vides examples to illustrate the model,

entitled the Ilypersonic Aerospace Sizing Analysis (IIASA). It can be used to

predict the size and weight of hypersonic single-stage and two-stage-to-orbit

vehicles and transports, and is also relevant for supersonic transports.

IIASA is a sizing analysis that determines vehicle length and volume,

consistent with body, fuel, structural, and payload wei2hts. The vehicle

component weights are ob_.ained frmn statistical eqt,ations fi_r the body, wing,

tail, thermal protection system, landing gear. thrust structure, engine, fuel

tank, hydraulic system, avi_mics, _'h:etrical system, equipment, payload, and

propellant. Sample size _,.nd weight l)rcdieti_ns arc given flJr the Space

,_huttl,: _Jrbiter and other pr_,p_._,d w:hicl,.,n, incltJtlinl_ f,_ur hyl)ers_nic

transp_Jrts,a Mach _;fight,,r,a supcrs_,nictransp,JrtISS'I'),a single sta_e to-

_JrbitlSS'l'()) vehicle, ;, tw,, _tage Space Shuttle with ;= Imoster and an orbiter,



and two methane-fueled vehicles. In addition, sample calculations of the size

and weight of the vehicles are presented for various fuel and payload mass

fractions. The propulsion systems considered include turbojets,turboramjets,

ramjets, scramjets, and liquid-fuelrocket engines; the fuels include JP-4, RP-

1, liquid hydrogen, liquid oxygen, liquid methane, hydrazine, and nitrogen

_etroxide.

The results indicate that the method is accurate enough, + 10% of

vehicle gross weight and length, to be used in preliminary designs and can

predict absolute values and trends for hypersonic orbital, transport, and

fighter vehicles. The model allows growth studies to be conducted with ease;

examples ofsuch studies are demonstrated herein.



INTRODUCTION

An important part of designing vehicles is predicting their size and

weight. The design of SSTO vehicles presents a particular challenge because

their performance is highly dependent on their size and weight, propulsion

system, and aerodynamics. The need is for preliminary ;lesign techniques

that can be used to estimate the size and weight of vehicles, and also be

applied to a variety ofpropulsion systems and propellants. Both airbreathing

and rocket-propu lsion systems are of interest.

To assess the trade-offs between performance and size and weight in

mission analysis studies, it is desirable to be able to change vehicle

configurations with relative ease. An analytical model is needed that can

predict a vehicle's size and weight requirements for various propulsion

systems, payloads, propellant types, etc. See Cook (Ref. 1) for a thorough

discussion of current methods.

Several weight prediction techniques have been developed using

statistical correlations for specific vehicles, q'hey include the Space Shuttle

Synthesis Program - SSSP, 1970 (Ref. 2); the Weight Analysis of Advanced

Transportation Systems Program WAATS, 1974 (Ref. 3); and the Systems

Engineering Mass l_rediction I_rogram SEMI', 1979 (Ref. 4). The limitations

of these programs are that SSSP and SEMP were developed explicitly fi_r the

Space Shuttle, while WAATS can predict only the weight but not the size of

subsonic and supersonic vehicles.

A recent sizing method, which also evaluates the relative range of the

vehicle, was developed by Fetterman in 1985 (Ref. 5) for subsonic, supe:sonic,

and hypersonic aircraft. One of its drawbacks is that it requires an initial



baseline aircraft. As component changes are made, the aircraft size and

weight are adjusted accordingly.

Other weight prediction programs developed by private industry and

NASA require specific vehicle parameters and are usually coupled to vehicle

synthesis programs. One NASA program that does not have these limitations

is the weight prediction method for advanced hypersonic vehicles developed

by Franciscus and Allen in 1972 (Ref. 6). While this method can be used to

predict relative vehicle weights, it cannot be used to predict the size and

weight of a new vehicle because the model coefficients must be recalibrated

after vehicle details are provided. In addition, technological changes cannot

be readily accounted for.

A review of the various computer models available for vehicle weight

predictions suggested that a new preliminary weight/sizing prediction

technique was needed that would cover a broad range of hypersonic vehicle

configurations. Although a weight and sizing model applicable to all types of

vehicles did not exist in mid-1986, several of the models reviewed were

adequate for a specific class of vehicles if reliable designs were available to

calibrate the model. It became desirable, then, h) obtain a model which could

(1) predict vehicle sizes and weights for both single-stage and two-stage-to-

orbit vehicles, as well as transports and fighters; (2) account for different

propulsion systems; (3) provide absolute values for vehicle sizes and weights;

and (4) be able t_J account for changes in technology (i.e., materials and

propulsion systems).

The llypersonic Aerospace Sizing Analysis model presented here is

designed to size and weigh various classes of hypersonic vehicles. Six classes



of vehicles are defined and considered for this study; they include hypersonic

transports, hypersonic fighters, and supersonic transports, as well as single-

stage-to-orbit, two-stage-to-orbit, and liquid methane vehicles. HASA can

account for changes in the technology of materials and propulsion systems. It

also incorporates the weights of various subsystems (e.g., hydra ulics, avi_nics,

electronics, and equipment) where other models do not. Most importantly, it

provides absolute values for the vehicles it sizes.
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Ahfp

AIorb

AR

Aratio

Avfp

Bb

Bor

Croot

Dbe

Fr
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kb

kc

kn
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mf

Nengrt

Nen_sj

Nengtj
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NOMENCLATURE

ratio of horizontal stabilizer area/wing area

ratio of body cyli nder length to body radius

wing aspect ratio

rocket expansion ratio

ratio of vertical stabilizer area/wing area

body width, ft

ratio of span to body radius

chord at root, ft

equivalent body diameter, ft

body fineness ratio = L/D equivalent

height of scramjet module, in

length calibration constant

calibration coefficient for non-ideatized body

ratio of body depth/body width

total body length, ft

modi fying factc,r

nunlher of rocket engines

nut:_ber of scram jet modules

numbe_ or'turbojet engines

number of tu rboramjet engines

maximum dynamic pressure, Ib/ft 2

body wetted surface area, ft2

reference wing :_rea (wing is c(msidcrcd t-
interrt, pti_m thr_,ugh the fuselage), ft2

extend withc,ut

I



Stb

Swfh

Swfv

t/c

Ttotrk

Ttott

ULF

Va. f.

Vfuel

Vpay

Vtot

Wa

Wb

Welect

Wemp

Weng

Wequip

Wfinh

Wfinv

Wfnitx

Wflie]

Wgear

Wgtot

_'Vprop/Wgtot

one half body wetted surface area, ft2

horizontal stabilizer planform area, ft 2

vertical stabilizer planform area, ft2

wing thickness to chord ratio

total momentum thrust of all rocket engines, lb

total momentum thrust of all airbreathing engines, lb

ultimate load factor

volume of air factory, ft3

volume of propellant, ft3

volume of payload, ft:_

total vehicle volume, ft 3

engine airflow, lb/sec

weight of body structure, lb

weight of electronics, lb

vehicle empty weight, lb (dry)

total engine weight, lb

weight ofonboard equipment, Ib

weight of horizontal stabilizer, lb

weight of vertical stabilizer, lb

weight of nitrogen tetroxide to take-offgross weight

total weight _ffpr_pell:mt, ib

weightoflanding gear, [h

total vehicle gross weight, lb

pn_pellant weight fracti_m

weight of hydrogen to take-offgross weight
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Whydr

Whydz

Wins

W02

Wpay

Wpros

Wrpl

W/S

Wspan

Wstr

Wsub

Wtavcs

Wthrst

Wthrua

Wthrur

Wtnk

Wtps

Wt,'j

Wtrt

Wt_i

Wttj

Wlt_

Ww

weight of hydraulics, lb

weight of liquid hydrazine to take-off gross weight

unit weigh t of thermal protection system, lb/ft2

weight of oxygen to take-offgross weight

weight of payload, lh

total weight of propulsion system, lb

weight of RPI to take-off gross weight

wing loading, Ib/ft2

wingspan, ft

total weight of structural system, lb

total weight of subsystems, lb

weight if avionics, lb

total weight of thrust structure, lb

weight of airbreathing thrust structure, lh

weight of rocket engine thrust structure, lb

total weight of propellant tanks, lb

weight of thermal protection system, lb

weight of ramjet engines, lb

we,ght of rocket engines, lb

weight ofscramjet engines, Ib

weight of turbojet engines, lb

weight ofturboramjet engines, Ib

weight _ffwing structure, Ib



8

8

h

rlvol

Pa

Pf

Phy

Pni

Po2

Prp

Ptank

Pth

Pto

Of

Greek Symbols

= 0 ifno fuel is stored in the fuselage

= 1 ifall ofthe fuel is stored in the fuselage

wing taper ratio

mid-chord sweep angle, deg

vehicle volumetric efficiency

vehicle density (Wgtot-WfueI-Wpay)/Vtot, lb/ft3

density of hydrogen fuel, lb/ft3

density of hydrazine, lb/ft3

density of nitrogen tetroxide lb/ft3

density of oxygen lb/ft3

density of RP- 1/JP-4, lb/ft3

density of propellant tank, 16/ft3

density of hydrogen tank, lb/ft3

density of oxygen tank, lb/ft3

fore cone halfangle, deg

0,. aftcone halfangle, deg

.q



SIZING ANALYSIS

A new model, the Hypersonic Aerospace Sizing Analysis (HASA), was

developed in which vehicle sizing is obtained by iterativelysolving for the

vehicle volume, wetted area, length, and equivalent diameter, following the

approach ofOman (Ref.7). The operating empty body volume, Vtot, isthe sum

of the empty body volume, the fuel volume, the payload volume, and the air

factory volume, i.e.,

W t- tiWl,_, I - W -Wr_Y -- _iWtnk tl_

= _- ti_, Iu,,t t V + V
Vt°t Pa i_Y _.f.

where:

Wgtot isthe total take-off gross weight, Wfuel is the fuel weight, Wpay is the

payload weight, Wtr_k is the fuel tank weight, Wtp s is the thermal protection

weight, Vfuel is the fuel volume, Vpay is the payload volume, Va r is the air

factory volume, pa isthe vehicle density, and tiis 1 ifall the fuel isstored in

the fuselage and 0 ifnone ofthe fuelisin the fuselage. (Most ofthe vehicles in

thisstudy have fuel stored in their bodies, except for the SST, which has allof

its fuel in its wings.)

The total wetted area of the body is defined as:

S_,,,,, 3 309 k

where 3.309 is for ;in idealized llack body of revolution, and kc is the

calibration coefficient GJr a non-idealized shape. The total length of the body

is determined from the fidlowing equation:
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where kb is a length calibration constant and qvol is the vehicle volumetric

efficiency,typically 0.7. The HASA model's results are not particularly

sensitive toqvol.

The vehicle fineness ratioisdefined as:

Fr -_I,i_/Dbc

where the body equivalent diameter is:

I

and the body width, Bb, is re]ated to [)be by the equation:

2 i)_,,

Bb- ! _-k
II

where kn is the ratio of the depth/width.

The constants kc, kh, and kn are determined by equating the actual

vehicle Sbtot, Lb, and Vt,, t with the idealized vehicle. The fore and aft body

half angles, Of and I),., are measured from top view drawings where available.

Ah}rb is defined as the ratio of the length of the constant diameter portion of

the body divided by its body radius. The equations equating the actual and

idealized vehicle fi_r Sbuit, wdume, and radius follow:

The Sbtot equation is:

t!
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3.309 c/I,bV tot- 21)_. i .12 n/2 14"(ll)Alorb +

( k,,)2 sinO,, sin0I+ r

The length equation _s:

I'bkb= 1 l_.
tan 0f
-- _C,_)(^,,.._)_tan"l0

r

And finally the volume equation is:

w t-/SW r.,. t - W pay - _Wt,, k

P Fay _L I'.

_"_):'I )! Alorb I

:_: "_'--_--_ 21,- 4 -- 4-
, ,, 6tan 0 r 2 6ta. ()r

Solving for kn, kc, and kh, which are iteratively solved as the vehicle weibht

changes, results in:

k =1) ]

| A I,,rh I )
2tJ 6ta n(Ál 2 6tan0 r

(W_ 't-_iWFt"'l 4 _Vfut, t ! V;_ty
Wl,ty

PA

I/3

-!

k
(.

,#

2 I)_,- / u/2 ',
SillI} llAh'rh

3.31}9 V_,hV-_, "

,d2
I

._i rl ()
r

('"")/ '
l.aill ()9 Ah'rh tan 0

It r

[ 'h

V

12
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WEIGtlTS ANALYSIS

A goal of the current study is to develop a preliminary design

methodology capable of handling a wide spectrum of hype,-sonic vehicle

configurations. Several classes of vehicles, including hypersonic transports,

single-stage-to-orbit vehicles, two-stage-to-orbit vehicles, supersonic trans-

ports, liquid methane vehicles, and hypersonic fighters, were considered for

both horizontal and vertical take-offeonfigurations.

To obtain a good approximation of the total vehicle weight that is

consistent with the preliminary design, the vehicle weight is divided into 14

individual components. The weight for each component is obtained from

statistical weight equations. These components include the propellant, body,

wing, horizontal and vertical stabilizers, thrust structure, propellant tank,

landing gear, propulsion, thermal protection system, avionics, hydraulics,

electronics, equipment, and payload. The weight analysis model uses the

iterative method described in the previous section. The vehicle is first

iteratively sized according to the sizing analysis described above, and then

weighed. Each weight component has a separate weight equation except for

payload weight and volume, which are inputs into the analysis. Unless

otherwise noted, all weights are in units of pounds.

Body Weight

The basic body weight includes majq_r str,tctural components but does

not include the thrust structure _Drprl_pellant tanks. The basic b_dy weight

equation has a coefficient to accomodate vehicle skin temperatures between

1500 ° and 20u0°F _Ref. 3_. The modifying factor Imf) can also account for

changes in the technology of materials. Figure 1 shows mfaa a function of the

13
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structural temperature for various materials, including aluminum, titanium,

and Rene 41.

The body weight equation is as follows:

Wb := 0.341 ratio) _°

where

I( I._t:V,F o,._ o.,_. '_)'1

The primary structure of the vehicles included in this study was

aluminum except for the SS'I', which was constructed of titanium. For th_)se

vehicles with an integral tank assembly, the body weight is equal to the tank

weight, as is further discussed in the tank weight equation described below,

Wing Weight

The wing weight equation includes the weight of the wing box structure,

the aerodynamic control surfaces, and the wing carry-through structure. The

wing weight equation (Ref. 7), which accounts for the wing aspect ratio and

the taper ratio, isa function of the empty weight ofthe vehicle.

The empty wcight of the vehicle i_defined as:

%'"','r _A';,,,,, - _"n,,.I

and the wing weight equati,,n is a._ fi,ll.w._:

II _'_',,m,l'l'l" ]_" IW 295_ _ml') ...............
'_ I IHII) S"I '1 I"'"l '' IA I_ --- :t _ ..............

I 0|';

14



The coefficient 0.2958 and the exponent 1.017 were developed as part of this

study, and ULF is the ultimate load factor. For integral tanks in the wing, the

empty weight is defined as:

Were p - Were p- Win k

Tail Weight

The weight of the horizontal and vertical stabilizers (tails) includes the

aerodynamic control surfaces (Ref. 3). The weight of the horizontal stabilizer

is:

Wfi,,h :: 0(11)35 (A) t .o

where

06 '2

A-_r e-----_" ) ( _ft| ((q_max)

and the weight ofthe vertical stabilizer is:

Wl_lllv ,_ (} (_lv)l 09

Thermal Protection System Weig_ht

The thermal protecti,m system is assumed to cover an area equal to the

sum of the planform area (.f the wing, the horizontal stabilizer, and half of the

wetted surface area .rthe b.dy. An average unit weight per unit area (Wins)

is assumed fi)r the entire 'rl's area. The TPS weight is defined as:

_"fl,- W,,,.ISIh t Sr,. t t S...,fh)

15



where Stb is the lower half of the body wetted surface area, Srcf is the planform

area of the wing, and Swfh is the planform area ofthe horizontal stabilizer.

Landing Gear Weight

The landing gear weight is defioed as the weight of the nose gear, the

main gear, and the controls. The landing gear weight is dependent on either

the vehicle gross weight or the empty weight, depending on whether the

vehicle takes offhorizontally or vertically. The landing gear weight (Ref. 3) is

calculated as:

W_,,.r : 0,00916 (Wgto t) I 124

For a vertical take-off vehicle, Wemp is substituted for Wgt,,t in the above

equation.

Thrust Structure Weight

The thrust structure supports the airbreathing and rocket engines. Its

weight is a function of the total momentum thrust of all airbreathing and

rocket engines. For airbreathing engines, the weight of the thrust structure

(Ref. 3) is:

W,hrt, . -: IIIH_(12h('l'_,,It) * t;911

For rocket engines, the weightofthe thrust structure is:

Wlhr,=r 1| 0025 (Tt,,trk}

,!

I_;
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Total Structural Weight

Thus the total structural weight is the sum of the body, the wing, the

horizontal and vertical tail, the thermal protection system, the landing gear,

and the thrust structure, as follows:

_st, == Wb _ Ww 4 Wlill h _ Wfin v + Wtp._ + Wg,_ar + Wthrs t

Engine Weight

Hypersonic vehicles will probably employ more than one type of

propulsion system. This report considers live different propulsi(_n systems,

including the turbojet, the turboramjet, the ramjet, the scramjet, and the

rocket. Table 1 shows the various combinations of propulsion systems

considered for this study. The IlASA model c:llculates an engine weight that

is dependent on engine performance characteristics and independent of its

location on the airframe. The weight equations for each of the propulsion

systems are listed below. (Inlet weight is ignored for this analysis.)

The turbojet weight equation, determined from data in Ref. 8, is as

follows:

W
itj 1

For this report, all airbreathing tl_rbine engines were weighed using the

turbojet weight equati.n.

The turboramjet weight equati_m, devel(,ped f(br GE 12/JZ8 engine (Ref.

3), is as follows:

W N 1782 _;3 (¢,/Jfw_( )W a

_lv m'v)l.nr

t7

O1



The ramjet weight equation is:

Wtq :- O.(|l ('ru_tt)

The value 0.01 is representative of a low volume ramjet with a thrust/weight

ratio of 100:1 (Ref. 3).

The scramjet weight equation, taken from Ref. 9, is:

Wt.sj = Nengsj (87.5 I IL_jtn - 850.0)

It is a function ofthe module height, lltsj,u.

The rocket weight equation, which is based on an LR-129 LOe/Lt[2

engine (Ref. 3), is as follows:

= ' " ' ' ( T A o 5Wtr t 0.0076D( I h*trk) "_ 0.00 )33( U)trk)( ratm_ _- 130(Ncngrt)

Note that this report uses a fixed propulsion system (i.e., the weight of

the propulsion system scales with airflow and thrust and not with the take-off

gross weight). For vehicles with several propulsion systems, it is unclear how

each individual system would vary; clearly, the systems will scale differently

with different vehicle gross weights.

Tank Weight

The tank weights are assumed to be proportional Ix) the tank volume.

Tanks that are an integral part of the vehicle body (integral tanks) are

assumed for cryogenic fuels. The tank weight equation is defined as:

Wtan k : N'PlankVfuel_ fuel tank insulation

)



where tanks for H2, O2, hydrazine, Ctt4, and N204 are accounted for.

Fuel tank insulation, which prevents cryogenic fuel boil-off, is not accounted

for in this report. This insulation weight would be proportional to the internal

surface area of the tank.

Total Propulsion Weight

The total propulsion weight is the weight of the engines plus the weight

of the propellant tanks:

Wpr,, s - W t. k _ W,.ng

Subsystem Weight

Some additional weight components not included in the Franciscus and

Allen model are the weight of the hydraulics, avionics, electronics, and

equipment. In most cases, these secondary weight components comprise a

nominal 5% to 10% of the total gross weight. The sum of these weights is

defined as the subsystem weight; their equations are given below (unless

otherwise noted, all subsystem weight equations were taken from Ref. 3):

Hydraulic Weight

The weight of the hydraulics is defined as:

why,i, :264 (qD I c)

where

' "_.1. ' '_.,},)'_,,,ax )(,.b, WSl.U,) II1)1)(I

19
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Avionics Weight

The weight of the avionics is defined as:

Wu_vc_ -- 66.37 (Wgu,t) °36j

Electrical System Weight

The weight of the electrical system is deft ned as:

W,,h,ct- 1.167(0) t''

where

Equipment Weight

,,+_I(w

The weight equation fi_r the equipment, taken from Ref. 6, is:

W,.,tu,t,- 10000 + 0.01(Wgu, I 0.0000003)

The total subsystem weight is thus defined as:

W>,uh Whvdr 'I+ Wl+l,c_ ._ W,,h.,t ! Wt.qiul ,

Pa21oad

The payload weight and volume are input data to the model.

payload densities are about 3.3 lb/ft:L

Typical

_Propellant Weight

The propellant weight is c+llculated as a funcli,m -f the vehicle gross

weight. Both fuel and oxidizer mass fractions are inpu_ data to the model.



The fuel and oxidizer weights are calculated as the product of the gross weight

and the mass fraction of the fuel or oxidizer.

Total Vehicle Gross Weight

The total vehicle gross weight is thus defined as:

W_h_l _- Wfu_. I t Wsl r t Wpay I Wlm_. _ t Wsu b

VEtlICI,E DATABASE

A literature search was conducted to obtain a vehicle database to assess

the accuracy of the ltASA model. A limited number of hypersonic vehicles

were available in the open literature. (The lack of detailed vehicle weight

breakdown and vehicle geometry is noted.) Eight hypersonic vehicles and one

supersonic vehicle were defined. They include 4 tlSTs, 1 SSTO, 3 TSTO-type

vehicles, and the Boeing 2707 ss'r. A Math 6 fighter and a methane-fueled

Maeh 6 fighter and transport were also included to illustrate the HASA

model's sensitivity to various vehicle parameters. The vehicle database is

summarized in Table 2.

Hypersonic Transports

liSTs will probably take _ff and land horizontally on conventional

runways. These passenger-carrying vehicles will operate at hypersonic

speeds generally at altitudes above 100000 feet. All of the lIST vehicles

considered fi_r this study were t'_ken from the same I_eneration of conceptual

designs suggested by NASA I,angley(Ref. IO, circa 1967). They,perateata



cruise speed of around Mach 6 and have long, slender elliptical-shaped bodies

with fineness ratios ranging from 12 to 16. A 200-passenger, 42000-pound

payload was proposed for each of the four vehicles, which are sized primarily

to accommodate the large liquid-hydrogen fuel tanks that fuel turbojet/ramjet

or turbojet/scramjct propulsion systems.

Trade studies by the Lockheed-California Company were performed on

many of the proposed NASA l:angley hypersonic vehicle configurations to

determine their feasibility (Refs. 11 and 12). Three vehicles from the

Lockheed studies, km)wn as the llycat series, were identified for the ItASA

study because they contained a detailed weight breakdown and vehicle

geometry.

The first vehicle, the llycat-1, is a 200-passenger, horizontal take-off

transport shown in b'igure 2a. It has a reference length of 389 feet, a wing-

span of 109,2 feet, and a total gross weight of 773706 pounds. The propulsion

system consists of a turbojet/ramjet configuration. (Note that this proposed

vehicle does not have a horizontal stabilizer.)

Hycat-lA, shown in 14'igure 2b, is an optimized design of the Hycat-1.

The Ilycat-lA is a 200-passenger, horizontal take-off transport with a

reference length ot"344.9 feet, a wingspan of 96.2 feet, and a total gross weight

of 613174 pounds. This vehicle is very similar t()the llycat-I except thata

h()rizontal stabilizer was added to this c()nfiguration. It also has a

turbojetlramjet propulsion system.

The 200-passenger llycat-4, shown in Figure 2c, is somewhat different

from the previous two vehicles in that it has a much larger wingspan of 146.7

22



Rockwell Space Division performed a trade study for a vehicle con-

figuration similar to that of the llycat series (Ref. 13). The Rockwell vehicle

(Figure 2d)is a 200-passenger, horizontal take-off transport with an elliptical

shaped body, a reference length of 300 feet, a wingspan of 112.5 feet, and a

total gross weight of 481400 pounds. A turbojet/scramjet propulsion system is

mounted on its body.

Single-State-to-OrbitVehicles

SSTO vehicles are defined as fully re-useable vehicles that may take off

horizontally or vertically and reach orbital flight with one stage of propulsion.

Martin Marietta (Refs. 14, 15, and 16) performed a study for several SSTO

configurations proposed by NASA l,angley. One of these configurations was

chosen for this study. It is a vertical take-off vehicle which is powered by eight

dual-mode liquid hydrogen/liquid oxygen rocket engines. Designated the

SSTO parallel burn vehicle (see Figure 3), it has a reference length of 1.49.4

feet, a wingspan of 114.3 feet, and a gross take-off weight of 2325607 pounds.

A large fraction of the total vehicle volume is used for liquid hydrogen and

liquid oxygen propellant tanks. The payload bay is 15 feet by 60 feet and is

equivalent in size to that ofthe Space Shuttle.

Two-Stage-to-Orbit Vehicle

TSTO vehicles can be defined as earth-toorbit vehicles that require two

stages to achieve orbital flight. The Space Shuttle is a vertical take-offvehicle

that is propelled by a pair of solid rocket boosters. A large external fuel tank

feeds the liquid hydrogen/liquid oxygen rocket engines (Ref. 17) of the orbiter

(see Figure 4), which has a reference length of 107.5 feet. l,iquid hydrazine
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and nitrogen tetroxide, used primarily for orbital maneuvers, is the onboard

propellant. The main propulsion system includes the three SSME engines.

A space shuttle system proposed by General Dynamics' C_nvair Division

is another TSTO vehicle considered (Refs. 18 and 19). Figure 5 illustrates the

launch configuration, which is made up of both an orbiter and a booster

eleme_t. For this study, each vehicle was analyzed separately. The proposed

orbiter, shown in Figure 6a, has a reference length of 179.2 feet and a wing

span of 146.9 feet. The wings are located inside the body until after re-entry,

and deploy for landing. The orbiter is a re-usable vehicle with a rocket/turbo_

fan propulsion system used primarily fi_r low-earth orbit landing maneuvers.

The payload bay is 15 feet by 60 feet and the total vehicle gross weight is

reported to be 891795 pounds. The proposed booster configuration, shown in

Figure 6b, is a large, re-useable fuel tank that can land horizontally like the

orbiter, and is powered by 15 liquid hydrogen/liquid oxygen rocket engines.

The reference length !z 210 feet and the wingspan is 201 feet. The booster's

wings are located inside its body until landing, when four turbofans are used

for low-earth orbit maneuvers. Since the boostez element does not reach

orbital trajectories, no payload bay is provided. With the large amount of fuel

onboard the booster, the total gross weight is 3335275 pounds.

___personic Transport

Figure 7 illustrates the proposed Boeing 271)7 SST (Ref. 20) designed for

290 passengers. It has a 69000-pound payload with fi)ur turbofan engines

mounted about the center section ()f the wings, which carry JP-4 propellant.

The vehicle has a reference lengtb of 315 feet, a wingspan of 126.8 feet, and a

total gross weight of 640000 pounds.
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Vehicle Description Summary

el'able 3 is the vehicle description sunmmry fi_r each of the 12 vehicles

presented in this study. The geometry input cfmsists of the fore and aft body

cone angles, the payload weight and volume, wing loading, vehicle fineness

ratio, thickness t9 chord ratio, and aspect ratio. Some of the propulsion

descriptors include the number of each type of engine, the engine airflow in

lb/sec, the engine expansion ratio, and the total thrust for airbreathing and

rocket engines. Other descriptors include the propellant mass fractions, the

propellant and tank densities, and the aircraft density.

RESULTS AND RECOMMENDATIONS FOR FURTHER STUDY

The results of this study are divided into five sections. The first section

presents and compares weight ,nd size predictions, using HASA, fi)r eight

hypersonic vehicles and (me supersonic vehicle. The second, third, and fourth

sections present model sensitivities and the results of applying the model to

these nine vehicles plus 3 hypothetical hypersonic vehicles. Finally, the fifth

section offers recommendations for further study.

ItASA Weight Prediction

ltASA was used to predict the size and weight ,)|'several proposed hyper

sonic vehicles including 4 liSTs, an SST() vehicle, 3 TST() vehicles, and an

SST. The weight predictions are compared t. the published wtlues in Tables 4

to 12. The overall model accuracy is ± 10% ofvehicle gross weight and length;

however, the detai led c(mll)_ment weigh!, error is larger. These predictions are

within the accuracy needed fi)r l)reliminary designs. Furthermore, the
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current model can predict absolute vehicle size and weight without needing to

recalibrate the model for each vehicle.

Sensitivity Studies

Vehicle size and weight was predicted fi_r _t Maeh 6 fighter vehicle to

illustrate the sensitivity of vehicle size and weight to fuel mass fraction. The

fuel mass, for the Math 6 vehicle (Ref. 21 )_ was varied from 0.1 to 0.65. Figure

8 illustrates the predicted gross weight as a function of the fuel mass fraction.

By comparing the predicted weight and length with the reported values, a

model accuracy assessment can be made. The predicted gross weight as a

function of vehicle length is shown in bigure 9, with the circle representing

the Mach 6 vehicle. The Mach 6 vehicle lies very close to the ttASA model.

These results illustrate the ability of the ttASA model to predict absolute

vehicle size and weight.

Methane Fueled Vehicles

T'he current model can be used to assess the impact of fuel density on

vehicle size and weight. As an example, the tlycat-4 vehicle, originally sized

for liquid H2 fuel, is resized using llASA by changing the fuel from liquid

hydrogen to methane. The L114 density :_t-184_'b 'is 22.16 Ibm/ft :_and at-13ff'F

is 17.92 lbm/ft :_. Compare Table 6 with Table 13 tosee the effect of fuel density

on vehicle size and weight. Only tile fuel density has been changed. The

ItASA predicted vehicle weight decreases fr_m 1 millic,n pounds to 550000

pounds and the length incre_ses fr,,m 392 feet t_ 40,9 feet. The equivalent

diameter decreased fr_Jm 28 feet to !{_ feet.

?l;



A similar study was done with the Math 6 fighter discussed previously.

Liquid hydrogen was replaced with methane fuel and the vehicle was resized.

The results can be seen by comparing Tables 14 and 15. Again, only the fuel

density has been changed, l'he predicted weight decreases from 211000

pounds to 255000 pounds when 112 fuel is replaced by CIt4 fuel, and the length

increases from 185 feet to 304 feet. The equivalent diameter decreased from

22 feet to 12 feet. In each of the examples _tresented above, the methane-

fueled vehicles were lighter and smaller in diameter than the same vehicles

fueled with liquid hydrogen. This result is reas_mahlc because the density ,Jf

methane is greater, and therefi_re, both its w_iume and the required structural

weight are less.

Sensitivity Study for Payload and b'uel Loading

The tlASA model is used to assess the relationship of vehicle size and

weight to payload and fuel loadings. Table 16 shows the results orchanging

the payload from 50% to 200% of the design values. In each case, as the pay

load is increased, the vehicle gross weight increased linearly. This result is

most likely a consequence .f the payload being a sma II fi'acti,m of the vehicle

weight.

An analysis of the relationship between fuel Imlqling and weight was _lls_)

conducted using the IIASA nmdel beclltlse sculling vehicles it: ,'entral t,) pre

liminary design. Table 17 and b'igurc Ill shows typic_ll results -f perturbing

the vehicle ab(_ut it.,s dcsit_n p_,int by wlrying tht, fuel hmtling fr_ml 80';_ to

120% of the desilcn wllues (se_' Table 3). This study illustr:ltes th,, utility _f

the IIASA m.del, b'i_urc Ill rt_v¢.,als th:_t the vehirlt, grllss weight, does n_t

it.crease linearl_ with incre_sed fuel h_ading. This is c.nsistent with the



authors' other sensitivity studies showing the effect of fucl loadhig on vchiclo.

gross weight (see Figure 9).

Recommendations for Further Study

In the future, both better definition of the engine and inlet weights and

simple equations tt, predict the engine weight,as vehicle size changes, are

needed. In addition, the engine airflow and thrust levels are currently held

constant for each vehicle, independent of vehicle size; however, variable

engine weights should be incorporated into the analysis and might be

accomplished by varying the airflow or the thrust of each propulsion system

with variations in vehicle size and weight. Finally, additional studies are

recommended for SST and lIST vehicles, especially where titanium or other

non-aluminum metals are used. Because the entire statistical database used

for this report is based on aluminum technology, it may be inappropriate for

non-alumlnum vehicles. Thus more fundamental weight analyses may be

warranted in the preliminar, design phase than is afforded by the statistical

approach used here.

CONCI,L ,qlON,q

A general vehicle weight and sizing m0,del has been developed for a

broad range ofvehicles which d_es m_t require a detailed, ,eight breakdown or

model recalibration. The weight and sizing methodology presented here can

be used in flight tr;0ject_ry studies where the flight trajectory, aertJdynamics,

weight, and propulsi_,n systems vary _ccording to specified values of vehicle

weight, size, length, and finel hmding fi_r a given missi_m.
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Figure 7
PROPOSED SUPERSONIC TRANSPORT
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Table 1

PROPULSION SYSTEM COMBINATIONS

LTOT

1

2
3

4

5

6
7

8

9

10

PROPULSION TYPE(S)

TURBOJET

RAMJET

ROCKET
TU RBOJETIRAMJET

TURBOJET/SCR.AMJ ET

TU RBOJET/ROC K ET
ROCK ETIRAM JET

ROCKET/SCRAM JET

ROCK ET/TURBOJ ET/SCRAM JET
ROCKET/TURBOJET/RAMJET
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Pa

pf (N 20q CH4)
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MISCELLANEOUS:

ON.
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mf
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I
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O, 0

03178 03488

0 0

0 0

0 0.1366

011 01125

12.82 8.65

1357 1357

110 90

12 82 14 1

43 40

8 02 4 04

9 90 1048

0 03 0 03

0 145 0 154

1600_ 13860

50000 4_0_

51 6 86

HYC.AT I

0

0

!0 3709

0

0

Table 3
VEHICLE DESCRIPTION SUMMARY

G.D.

HYCAT-4 iHUn'LE OnJlTEII

0 0 0637 0

0 0.0637 0

0 3772 0 0 0955

0 0 0 6104

0 0 00033

G.D. MARTIN IICHEIIMG CH4, Id. 6 _.H4o Id a 6

BOOSTlll IdAIU_ETTA SST FIGHTER rUNSPOeT

p, ,

0 0 063 0 0 784

0 12 0 16 0 13 0 0

9 89 10 63 833 8.15

1357 224 196 12 12
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15 92 1390 5 12 6 25

43 50 21 10

395 537! 27 7 12 97

7 61 8 69' 0 0

0 03 0 03 0 11 0 21

0 099 0 13 0 2 0 8
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42000 42000 72258 50000
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0 0 0 0 0

0 0 0 0 0
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0 10603 18940 1602 13860
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Ni,M.6
FIGH_R

0

0

O5

0

0

013

0
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605
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0 03
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Table 4

VEHICLE CONFIGURATION: LOCKHEED HYCAT-1

GEOMETRY

Vehicle Length, Forward Cone, ft

Vehicle Length, Cylinder, fi

Vehicle Length, Aft Cone, ft

TOTAL VEHICLE LENGTH. ft

Equivalent Diameter, ft

Length/Diameter *
Wing Area, Sref, _,2

Wing Span, b. ft
Aspect Ratio = b2/Srel .*

Wing Loading, WKtA)t/Sre|'=

Tail Area, ft 2

Body Wetted Area. ft2

Volume Required, ft3

Volume Payload, ft3 *

Actual

177.00

12i.00

91.50

]89.50

24.46

15.92

8792.00
109.24

1_357
88.00

97100

2585700

13860 00

Model

179.94

122.79

93.00
395.73

21.82
15.94

7923.20
103.69

1 357

88.00
950.00

20263 00

103582 00

1386O.O0

WEIGHTS Actual Model

Payload, Ib * 42000 00 4200000

Fuel Tank, Ib

Turbojet, Ib

Ramjet, Ib
Scramjet, Ib
Rocket. Ib

Propulsion. Ib

Body, Ib

Wing. Ib
Horiz, Vert. Tad, Ib

Thermal Protection System. Ib

71748.00
6959800

593000

155680 00

92757.00

6067600

14845 00

33966 00

86203.00

56782.00
3860.00

146845.00

90485.00
55965.00

8812.00

2708200
Landing Gear, Ib
Thrust Structure, Ib

Structure, Ib

Hydrogen, Ib

Oxygen, Ib
Other, Ib

Fuel, Ib

Avlonqcs, Ib

Hydrauhcs, Ib
Electronics. lb

Equipment. Ib

Subsystems. Ib

. i

Denotes Input

28711 00

3909 00

234864 00

286991 00

286991 00

33873.00
2482 00

218699 00

258608.00

258608 00

8540 00

1229 00

4346 00
16972 00

rOTAt TAKE OFF GROSSWEIGHr, It)

54121 00

773106 00
u

31087 00

697239 00
i

.11
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Table 5
VEHICLE CONFIGURATION: LOCKHEED HYCAT-1A

| I I

GEOMETRY Actual
i ," , I , i, !

Vehicle Length, FGrward Cone, ft 173.01

Vehicle Length, Cylinder, ft 105.81

Vehicle Length, Aft Cone, ft 66.11
344.90TOTAL VEHICLE LENGTH, f-t

Equivalent Diameter, ft

Length/Diameter *

Wing Area, Sref, t"1,2
Wing Span, b, ft

Aspect Ratio = b2/Srel "*

Wing Loading, WcuJSrcr*
Tail Area, ft2

Body Wetted Area, ft2
Volume Required, ft3

Volume Payload, ft3 *

24.46
14.10

7129.90

96.20

1.357
86.00

1875.00

21997.00

13860.00

Model

' '176.oi''
107.45

67.20

350.66

21.78

15.94
7100.30

98.16

1357

86.00
1768.70

17929.30

91434.50
13860.00

WEIGHTS Actual Model

Payload, Ib * 42000.00 42000.00

Fuel Tank, Ib

Turbojet, Ib

Ramjet, Ib

Scramjet, Ib
RGcket, Ib

Propulsion, Ib

Body, Ib
Wing, Ib

Horiz, Vert. Tail, Ib

Thermal Protection System, Ib

Landing Gear, Ib
Thrust Structure, Ib

Structure, Ib

Hydrogen, Ib

Oxygen, Ib
Other, Ib

Fuel, Ib

Avionics, Ib

Hydraulics, Ib
Electronics, Ib

Equipment, Ib

53469.00

54901 00

4620.00

120098.00

74670 00

45626 00

12481.00

2691800
23895 00

3098 00

TOTAt. TAKE OFF GROSS WEIGHT, Ib

1866_8 O0

213875.00

-.o

213875 O0

o..

°..

50514 O0

613174 00

I .r_

Subsystems, Ib

i i

Denotes Input

70996.00

56782.00

3060.00
o.-

130838.00

78166.00
48377 00

12173.00
I 2555200

29181 00

198200

19543100

212987.00

...

212987 O0

i 8140 00

1165 00

3946.00

, 16106 00
I
I

29357 O0

i 610611 00
I

t



Table 6

VEHICLE CONFIGURATION: LOCKHEED HYCAT-4

i i = t

GEOMETRY Actual

TOTAL VEHICLE LENGTH, ft

Vehicle Length, Forward Cone, ft

Vehicle Length, Cylinder, ft

Vehicle Length, Aft Cone, ft

Equivalent Diameter, ft

Length/Diameter *

Wing Area, _ref, _'t_

Wing Span, b, ft

Aspect Ratio = b2/Srer*

Wing Loading, WCu_JSr_r*
Tail Area, ft 2

130.00

130.00

80.00

340.00

24.46

13.90

9594.00

146 68

2.150

100.00

2095.00

Body Wetted Area, ft 2

Volume Required, ft3

Volume Payload, ft3 *

22077 00

13860 O0

Model

149.80

149.50

92.13

391.50

28.14

13.90

9819.80

148._1

2240

100.00

2184.90

23982.00

143284.00

13860.00

WEIGHTS Actual Model

Payload, Ib *

Fuel Tank, Ib

Turboiet, Ib

Ramjet, Ib

Scramjet, Ib

Rocket, Ib

Propulsion, Ib

Body, Ib

Wing, Ib

Horiz.,Vert Tail, lb

Thermal Protection System, Ib

Landing Gear, Ib

Thrust Structure, Ib

Structure. Ib

Hydrogen, Ib

Oxygen, Ib

Other, tb

Fuel, Ib

4200000

91100.00

68673.00

25329.00

186416 00

105831 00

107849 00

8339.00

33966 00

3428300

13180 00

271562 00

361860 00

361860 00

tOTAL TAKE OFF GROSS WEIGHT,Ib

o._

91588 00

959426 00

.11;

Avionics. Ib

Hydraulics, Ib

Electron0cs, Ib

Equipment, Ib

Subsystems, Ib

Denotes Input

42000.00

123467.00

56782.00

33030.00

213280.00

105147.00

110542.00

18323.00

33637.00

49776.00

2756.00

320180 00

370403 00

370403 00

9663 00

141300

5144 00

19820 00

3604000

981981 00



Table 7

VEHICLE CONFIGURATION: ROCKWELL VEHICLE

GEOMETRY

Vehicle Length, Forward Cone, ft

Vehicle Length, Cylinder, ft

Vehicle Length, Aft Cone, ft

Equivalent Diameter, ft

Length/Diameter *

Wing Area, Sre|", _'t2

Wing Span, b, ft

Aspect Ratio = b2/Srer*

Wing Loading, Wcu_t/Srer*
Tail Area, ft2

Body Wetted Area, ft2

Volume Required, ft]

Volume Payload, fO *

TOTAL VEHICLE LENGTH, ft

Actual

59.70

197.90

42.40

300.00

23.40

12.83

9323.00

112.50

1.357

51.60

102000

19000.00

..~

16000 00

i

Model

81.63

147.34

65.90

294.88

22.44

12.82

976920

115.14

1.357

51.60

1047.60

16024.00

81606.00

16000.00

WEIGHTS Actual Model

Payload, lb * 50000 00 50000 00

Fuel Tar, k, tb

Turbojet, ib

Ramjet, Ib

Scramjet, Ib

Rocket, Ib

Propulsion, Ib

Body, Ib

W,ng, Ib

Horiz.,Vert Tail, lb

Thermal Protection System, Ib

Landing Gear, Ib

Thrust Structure, Ib

Structure. Ib

Hydrogen. Ib

Oxygen, It)

Other, tL)

Fuel, Ib

40490 00

37000 00

16200 00

_o.

93690 O0

61410 00

32600.00

690000

2670000

18100 00

Aveonics, It)

Hydraulics, Ib

Electronics, Ib

Equipment, Ib

145110 00

1!;]000 00

TOTAL TAKE OFF GROSS WEIGHT, Ib

i i

153' 00 00

]200 O0

1800 00

28000 O0

39000 O0

481400 00

.17

Subsystems, Ib

* Denotes Input

30514 O0

36654.00

°__

21078.00

-°_

8824600

67386.00

58080 00

10070.00

17781 00

23524 00

151900

178360 00

160200 O0

,.o

160200 00

7596 O0

1191 O0

3433 O0

15041 00

27261 O0

504068 00
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Table 8
VEHICLE CONFIGURATIOM" SPACE SHUTTLE ORBITER

n

GEOMETRY

Vehicle Length, Forward Cone, ft

Vehicle Length, Cylinder, ft

Vehicle Length, Aft Cone, ft

Equivalent Diameter, ft

Length/Diameter

Wing Area, Sref, ft2

Wing Span, b, ft

Aspect Ratio = b2/Srer

Wing Loading,* WKtoJSre I.
Tail Area, ft 2

Body Wetted Area, ft 2

Volume Required, ft3

Volume Payload, ft3 *

Payload, ib *

Fuel Tank, Ib

Turbojet, Ib

Ramiet, Ib

Scramjet, Ib

Rocket, Ib

Propulsion, Ib

Body + Tank, Ib

W,ng, Ib

TOTAL VEHICLE LENGTH, ft

Actual
i

20.00

87.50

107.50

21 00

5.12

3103 30

78.00

1.961

71.75

510 00

5634 00

34347.00

10603 00

Model

24.53

107.17

131.72

28.79

512

2751.60

73.44

1.961

71.75

366 00

10298.00

60030.00

10603.00

WEIGHTS Actual Model

7225800 72258.00

+ Thrust St

Horiz, Vert Tail, lb

Thermal Protection System, Ib

Landing Gear, Ib

Thrust Structure, Ib

Structure, Ib

Hydrogen, Ib

Oxygen. Ib

Other, Ib

°°.

..°

-o.

33888 00

33888 00

4294100

15098 00

2848 00

2118700

7713 00

89781 00

32516 00

32516 00

5946 00

1855 00

lot]2 00

8/88 00

26/21 O0

TOTAL TAKE OFF GROSS WEIGHT. Ib 25511000

Fuel, Ib

Awon.'s, It)

Hydraulic% Ib

Eler tron_(s, Ib

Equipment, Ib

Subsystems, Ib

* Denotes Input

._o

15287 00

15287 O0

38028.00

1252300

311300

23702.00

8202.00

3525 00

8909300

..o

.°_

28825 O0

28825 O0

J
5688 O0

I 555 O0

1881 00

12263 O0

I 20387 O0

226272 O0



b

Table 9

VEHICLE CONFIGURATION: GENERAL DYNAMICS ORBITER

GEOMETRY

Vehicle Length, Forward Cone, ft

Vehicle Length, Cylinder, ft

Vehicle Length, Aft Cone, ft

TOTAL VEHICLE LENGTH, ft

Equivalent Diameter, ft

Length/Diameter

Wing Area, Sref, _'t_

Wing Span, b, ft.

Aspect Ratio = h2/S,t.r

Wing Loading, = WKt_jL/Srl.l'*

Tail Area, ft2

Body Wetted Area, ft2

Volume Required. ft3

Volume Payload, ft3 *

Actual

62.30

116.90

.._

179.20

28.68

6248

1781.00

146.90

12 12

145 63

1397. O0

14900.00

89060. O0

10633 00

Payload, Ib "

Fuel Tank, Ib

Turbojet, Ib

Ramjet, Ib

Scramjet, Ib

Rocket, Ib

Propulsion. Ib

Body, Ib* *

Wing, Ib

Horiz., Vert Tail, Ib

Thermal Protection System, Ib

Landing Gear, Ib

Thrust Structure, Ib

Model

57.680

108.180
_-_

165.87

27.82

6 250

179210

147.38

12 12

145 63

140500

12037 O0

70569 00

1063300

WEIGHTS Actual Model

50000.00

Structure, Ib

Hydrogen, Ib

Oxygen, Ib

Other, Ib

Fuel, Ib

Avionics, Ib

Hydraulics, Ib

Ele(troni(s. Ib

Equipment. Ib

Subsystems, Ib

Denotes Input
IB Integral rank Design

tOIAl [AKF OFf GROSSWEIGIII.II)

Wtj : Wfl_l,

49355.00

1383400

.._

16110.00

79299 00

0 00

23093 00

11027 00

37901 00

12245 00

6088 00

9035400

85162 00

544334 00

2930 00

632426 00

1593 00

3738 00

34385 00

39716 00

891195 00

5000000

46806.00

2999000

_=_

14001.00

90796.00

000

22290 O0

21930.00

27647 OO

11222 O0

I 4003 00
t

81092 00

85692 O0

547713 O0

2961 O0

636366 O0

9354 00

692 00

3967 00

18973 00

32986 00

891240 00

ii i

.! !)



Table 10

VEHICLE CONFIGURATION: GENERAL DYNAMICS BOOSTER

GEOMETRY

Vehicle Length, Forward Cone, ft

Vehicle Length, Cylinder, ft
Vehicle Length, Aft Cone, ft

Equivalent Diameter, ft

Length/Diameter

Wing Area, Srel" , ['t2

Wing Span, b, ft
Aspect Ratio = b2/Srer

Wing Loading,* Wgu,/Sret*
Tail Area, ft 2

Body Wetted Area, ft 2
Volume Required, ft 3

Volume Payload, ft3 *

TOTAL VEHICLE LENGTH, ft

Actual

35.60

174.40

210.00

39.40

5.33

3459.00

20100
11.68

137.75

2283.00
26610.00

236000.00
0.00

Model

34.34

168.01
--=

202.37

42.75

5.33
3628.60

205.87

11.68
137.75

2394.00

235OO90
203371.90

0.00

WEIGHTS Actual Model

Payload, Ib * O00 0.00

131542.00

58485.00

_._

39600 O0

229627.00

0.00

41972.00

24292 O0

41000 O0

20800 O0

2719400

Fuel Tank, Ib

Turbojet, Ib

Ramjet, Ib

Scramjet, Ib
Rocket, Ib

Dropulsion, Ib

Body, Ib **

Wing, Ib
Horiz., Vert. Tail, Ib

Thermal Protection System, Ib

Landing Gear, Ib
Thrust Structure, Ib

Structure, Ib

Hydrogen, Ib

Oxygen, Ib
Other, Ib

Fuel, Ib

TOTAL TAKE OFF GROSS WEIGHT. Ib

Wh = Wlnl

155258.00

374935 00

2437079 00
46781.00

2858795.00

3104 00

1545.00

86946.00

91595 00

3402316 00

Avionics, Ib

Hydrauh(s, Ib
Electronics, Ib

Equipment, Ib

Subsystems, Ib

* Denotes Input
** Integral Tank Design

127643.00

39986.00

--.

68563.00

236193.00

0.00

52804.00

61623.00
3821400

23311.00

18706.00

194658.00

393301.00

2556809.00
48988.00

2999098.00

.o.

15288.00
976 00

8234.00

44991 00

3499435 O0



VEHICLE CONFIGURATION:

GEOMETRY

Vehicle Length, Forward Cone, _.

Vehicle Length, Cylinder, ft

Vehicle Length, Aft Cone, ft

Table 11

MARTIN MARIETTA- PARALLEL BURN

|

Model

Equivalent Diameter, ft

Length/Diameter

Wing Area, Srer, fL2

Wing Span, b, ft

Aspect Ratio = b2/Srer

Wing Loading,* W_t,,t/Sr,.r*
Tail Area, ft 2

Body Wetted Area, ft2

Volume Required, ft 3

Volume Payload, ft3 *

|

Actual

46.70

102.90

...

149.40

38.28

3.90

2226 00

114.60

3.87

123.00

859.00

16406.00

10603 00

Payload, lb *

Fuel Tank, Ib

Turbojet, lb

Ramjet, Ib

Scramjet, Ib

Rocket, Ib

Propulsion, Ib

WEIGHTS

Body, Ib **

Wing, Ib

Horiz., Vert. Tail, Ib

Thermal Protection System, Ib

Landing Gear, Ib

Thrust Structure, Ib

Actual

65000.00

.°°

5117400

51174.00

53893.00

1377000

2590.00

35087.00

740100

Structure, Ib

Hydrogen, Ib

Oxygen, Ib

Other, Ib

Fuel, Ib

Avionics, Ib

Hydraulics, Ib

Electronics, Ib

Equipment, Ib

Subsystems, Ib

i

* Denotes Input
** Integral Tank Design

112741.00

17282200

1692000.00

18543700

2050260 00

4133 00

2367 00

584900

3388300

46432 00

TOTAL VEHICLE LENGTH, ft

TOTAL fAKE OFF GROSS WEIGH1, Ib 2325607 00

i

W b = Wtr_

42.58

93.66

136.27

37.11

3.91

2236.90

114.54

3.87

123 O0

492.10

13733.90

103162.70

10603.00

Model

17495.00

17495.00

68425.00

2642500

4299.00

2594600

11987.00

4070.00

72685.00

17364400

170045100

186264.00

2060359 00

13215 O0

581 O0

6095 O0

3337100

53268 00

2337232 00

51



Table 12

VEHICLE CONFIGURATION: SST

GEOMETRY

Vehicle Length, Forward Cone, ft
Vehicle Length, Cylinder, ft

Vehicle Length, Aft Cone, ft

Actual
:7

47.05
184.87

83.08

Equivalent Diameter, ft

Length/Diameter
Wing Area, Srer, ft2

Wing Span, b, ft

Aspect Ratio = b2/Sref

Wing Loading,* Wcu_t/Srer*
Tail Area, ft2

Body Wetted Area, ft2

Volume Required, ft3

Volume Payload, ft3 *

TOTAL VEHICLE LENGTH, ft

Payload, Ib *

Fuel Tank, Ib
Turbofan, Ib

Ramjet, Ib

Scramjet, Ib
Rocket, Ib

Propulsion, Ib

315.00

12.46

25.28

8447.00

126.84
1.90

75.77

1002.00

°_-

Model

48.48
207.24

85.75

341.47

13.17

26.63

8712.40

128.80
1.90

75.77

1144.30
11061.00

32566.00

18940.00

WEIGHTS Actual Model

Body, Ib

Wing, Ib
Horiz, Vert Tail, Ib

Thermal Protection System, Ib

| anding Gear, Ib
Thrust Structure, lb

Structure, Ib

Hydrogen, Ib

Oxygen, Ib
Other, Ib

Fuel, Ib

TOTAL TAKE OFF GROSS WEIGHT, Ib

69058.00

51049.00

51049.00

58915.00

76139.00
12198.00

0.00

2602800
--~

173280 00

_-°

303869.00

303869 00

256900

5709.00
6728.00

27747.00

42744.00

64000000

Avionics, Ib

Hydraulics, Ib
Electronics, Ib

Equipment, Ib

Subsystem, Ib

Denotes Input

69058.00

5470.00

42386.00
.-.

_-_

47856.00

90286.00

80691.00
6385.00

0.00

31854.00

1382.00

210598.00

310794 00

310794.00

8373.00

1235.00
4076.00

16601.00

30285.00

52



I

Table 13

VEHICLE CONFIGURATION: CH4 TRANSPORT (M = 6)
i • m • • i i i

GEOMETRY Actual

Vehicle Length. Forward Cone, ft

Vehicle Length, Cylinder. ft

Vehicle Length, Aft Cone, ft

TOTAL VEHICLE LENGTH, ft

Equivalent Diameter, ft

Length/Diameter *

Wing Area, Sref, rt 2

Wing Span, b, ft

Aspect Ratio = b2/Sr_,r *

Wing Loading, W_u)t/Srel'*
Tail Area, ft 2

Body Wetted Area, ft2

Volume Required, ft3

Vol ume Payload, ft 3 *

WEIGHTS Actual

-o_

Model

107.40

266.70

35.30

40940

15.72

27.30

6402.00

119.80

2.240

86.00

1104.30

15953.00

55610.00

13860 00

Model
• =.%. ._..

Payload, Ib *

FueITank. Ib

Turbojet, Ib

Ramjet, Ib

Scramjet, Ib

Rocket, Ib

Propulsion, Ib

Body, Ib

Wing, Ib

Horiz.,Vert Tail, lb

Thermal Protection System, Ib

Landing Gear, Ib

Thrust Structure, Ib

Structure, Ib

Hydrogen, Ib

Oxygen, Ib

Other, Ib, CH 4

Fuel, It)

Avionics, Ib

Hydraulics, Ib

Electronics, Ib

Equipment, Ib

Subsystems, I b

TOTAL TAKE OFF GROSS WEIGHT, Ib

Denotes Input

---

°_-

°.-

42000.00

20043.00

13326.00

1293 00

34662.00

7431690

60405.00

7919.70

22206.00

25975 00

877 00

191699 00

253803 50

253803 50

7841.00

1196.00

3894.90

15505.50

28438.00

550603 00



/

, | ,

GEOMETRY

Table 14

VEHICLE CONFIGURATION: H2 FIGHTER (M = 6)

Vehicle Length. Forward Cone. ft

Vehicle Length. Cylinder. ft

Vehicle Length. Aft Cone. ft
TOTAL VEHICLE LENGTH. ft

Equivalent Diameter. ft

Length/Diameter *

Wing Area. Sref. ft 2

Wing Span. b. ft
Aspect Ratio = b2/Sre| "*

Wing Loading, Wgtot/Sr,,r*
Tail Area, ft 2

Body Wetted Area, ft 2
Volume Required, ft3

Volume Payload, ft3 *

Payload, Ib *

Fuel Tank, Ib

Turbojet, Ib
Ramjet, Ib

Scramjet, lb
Rocket, Ib

Propulsion. Ib

Body. Ib

Wing. Ib
Horiz. Vert. Tail. Ib

Thermal Protection System. Ib

Landing Gear. Ib
Thrust Structure. Ib

Structure, Ib

Hydrogen. Ib

Oxygen. Ib
Other. Ib. CH 4

Fuel. Ib

Av,on_cs. Ih

Hydraulic', Ib
Electronics. Ib

Equipment. Ib

Subsystems. Ib

Actual

-..

--°

185 00

°-°

WEIGHTS Actual

-°-

-..

--°

--°

--°

.-°

°°.

°..

TOTAL TAKE OFF GROSSWEIGt4T. Ib 320000 00

Denotes Input

5,1

Model

137.80

11.80
35.60

185.20

22 46
6.04

3850.00
8085

1.698

80.78
500.00

9673.00
51380 00

1500.00

Model

5000.00

34555.00
0.00

1500.00

0.00

4571,00

40627 00

33022.00

25321.00
4378.00

8687.00

13670.00

2194.00

87272.00

15550000

°-o

155500 O0

6380 O0

706 90

2400 80
13110 O0

22598 O0

310997 O0



Table 15

VEHICLE CONFIGURATION: CH4 FIGHTER (M -- 6)

GEOMETRY

Vehicle Length, Forward Cone, ft

Vehicle Length, Cylinder, ft
Vehicle Length, Aft Cone, ft

Equivalent Diameter, ft

Length/Diameter *

Wing Area, Sw, Ref, ft2
Wing Span, b, ft

Aspect Ratio = b2/Sw *
• D

Wing Loading, W¢_,t/Sr,. !
Tail Area, ft 2

Body Wetted Area. ft 2

Volulne Required, ft 3

Volume Payload. ft] *

Payload, Ib *

Fuel Tank, Ib

Turbojet, It:.,

Ramjet, Ib
$cramjet, Ib
Rocket, Ib

Propulsion, Ib

Body, Ib
Wing, Ib
Horiz, Vert Tail, Ib

Thermal Protection System. Ib
Landing Gear, Ib
Thrust Structure, Ib

Structure Ib

Hydrogen, Ib

Oxygen, Ib
Other, lb, CH4

Fuel, Ib

Avionics, I|)

Hydraulics, Ib
Eleclromcs. It)

Equqpment, lb

Subsystems, Ib

• Denotes Input

TOTAL VEHICLE LENGTH, ft

Actual

°.°

.°.

.°°

-.-

...

-.°

°.°

Model

79.90

198.30

26.30

304 S0

11.69

27.28
2965 00

71 O0
1 700

86 00
511 50

8825 00

22880 00

1602 00

WEIGHTS Actual Model

5000 00

TOTAL TAKE OFF GRO$¢sWEIGHT. WgtoU Ib

..°

°..

.°_

...

9283.00

13326 00
1293.00

23903 00

39910 00
20374 00

3359.00

11362 00
10936 00

877 00

86818 00

._°

117555 00

v11555 00

5939 00

10915 00
2462 00

t2550 00

21730 O0

2550O6OO



kJLdi f

Table 16
EFFECT OF PAYLOAD CHANGE ON VEHICLE SIZE AND WEIGHT

VEHICLE

HVCAT WKL_t

cw__6_rEn Length, ft

HYCAT lEO0 WKUj t

CH4 TnANS,*URT Length, ft

SST Wgu, t

Length. ft

SHUTTLE i WRt_t

[ engtl% ft

_AM P. llURN WKLut

t e.gth, ft

ROCKWELL Wgt_,t

length, ft

HYCAT 1A WKU 4

t ength, tt

HVCAT 1 W gLd,L

I er_gth ft

HYCAT 4 Wgb, t

t .rlgth f'

GO ORIIITER _W_t,, t

I_,Igth ft

GO IIOOSTER _4_'gh, ,

f rrt(Jth ft

H/ fl(, dTER _'_t,,!

I _,tloTh t_'

No(e

0.5 '0.75

236800 245977

295 300

396126 473823

361 387

460375 $61242

286 316

151875 189466

112 123

162830 1987251

121 129

400794 452679

269 283

504392 557470

325 338

579221 638255

368 382

839234 910080

368 380

696397 796313

153 159

3502498 350?498

202 202

285072 29?903

119 182

Wpay/WpayDesign

1

255000

305

$50549

409

660000

341

226328

132

2339336

136

504000

295

610406

351

691000

396

1.25 1.5
i

264077 273065

309 313

628191 705196

430 448

758352 855853

363 383

262581

139

2693302

143

1.75

28180i

317

781899

466

953407

400

298414 333979

146 153

I 408

891000 998245

166 172

3502498 3502498

202 202

3_1000 I ....
185 --.

, l

Payload volume and weigh( varfed tW same factor

3051656 3413065

149 154

555307 606360 657709

306 316 326

663423 715778 767659

362 373 383

755714 813789 87102_

420

1124922

412

1099847

177

3502498

202

431

1196306

422

1202119

183

3502498

202

!

2

29o668
321

858919

481

1051516

416

369329

158

3771780

!59

709377

335

819994

392

928556

441

1268207

431

1306082

188

3502498

202

.°_



Table 17
EFFECT OF FUEL LOADING ON VEHICLE SIZE AND WEIGHT

Wfuel/_Nfuel Design

VEHICLE

HVCAT Wlrto t

_4 F_T[a Length. ft

H¥CAT 200 Wgt_ t

_'_4TP.AN_'_OaTLength, ft

Wgu)t

Length, ft

SHUTTLE ÷ • Wgto t

Length, ft

MM P. BURN Wgu_ t

Length, ft

ROCKWELL Wgu) t

Iength, ft

HYCAT 1A Wgt4)t

Lengzh, ft

HYCAT 1 Wgt. L

Length. fl

HYCAT 4 Wgh_ t

Length. ft

GO ORBITER Wgt_bt

i t e_lgth, ft

GO BOOSTER WKU,L

Lvwgth. It

H,_ FIGHTEq WKb,t

I (encJt h. f?

• Fuel m wing

0.8

174903

279

372665

378

489792

327

226328

132

1755336

124

399459

275

437587

317

475917

352

626406

340

754307

158

2259607

176

144070

143

0.9

207707

290

444433

391

562178

334

226328

132

2009251

130

445638

284

509974

332

566044

371

764666

362

825518

162

2149235

181

198248

159

1

255OO0
305

550549

409

660000

341

226328

132

2339336

136

504000

295

610406

350

697000

395 7

981980

392

897000

166

3502498

202

311000

185

1.1
329445

325

728336

437

801219

352

226328

132

2797543

145

579643

308

760015

375

905642

429

1380615

436.6

981427

170

4880613

225

.o.

1.2

463251

356

1092834

486

1022498

368

226328

132

3481970

155

682259

324

1005448

410

1289970

481

2445104

526

1084571

176

8516036

270

._°

Shuttle orbltor does not have apprecsable fuel on board
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