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Llst of symbols 
- .  

. .  

am 
surface ma of fuel tank 

acceleratfal 

semimajor axis 

maximum acceleration 

minlmum acceleration 

force 

value of acceleration due to gravlty at earth's surface 

gravitational constant 

height 

altltude from surface of the earth 

heat of vaporlatlon of fuel 

159 of engine 

mducttv i ty of insulation 

IenOth 

mass 

mass of a i r  in the cabin 

mass of vehicle at burnout 

m a s  of cabin 

m q  module - mass of cargo module 

mcrew - massofcrew members 

m&t fuel - 
mevap - 
mfuel - mass of fuel required for given AV 

m l m l -  m a s  of insulation 

mass flow rate of propellents 

m a s  of fuel that evaporates 

v 

. - f t -2  

ft"2 

ft/secA2 

ft 

f t / S e c A 2  

ft/SC-2 

Ibf 

ft/Sec^2 

lbm/lbf ft/sec"2 

ft 

ft 

B W l b m  

sec 

BTU in./ft-2 rankine 

ft 

1 bm 

Ibm 

1 bm 

lbm 

1 bm 

' lbm 

Ibm/sec 

1 bm 

1 bm 

' Ibm 



mass of fuel tank 

total m a s  of vehicle fncluding fuel 

number of crew membem 

stress 
maximum allowable stress in a material 

pressure at bottom of tank 

vapor pressureof fuel' 

vapor pressure of fuel 

rate of neat le%k into fuel tank 

total heat leak into fuel tank 

mass ratio 

altltude from earth's center 

density 

density of fuel 

density of insulation 

density of metal In structure 

rmetal in tank - density of metal in tank 

rtank - radius of fuel tank 

t 0 time 

t 0 time of burn 
tinsul - thickness of insulation 

d 

lbm 

. lbm . 

lbm 

lbm 

1 bm 

lbm 

1 bm 

lbm 

as1 

Psi 

Psi 

Psi 

Psi 

BTU/hour 

BTU 

ft 

1 bm/ftn3 

1 bm /ftn 3 

Ibm/ftA3 

Ibm/ft"3 

lbm/ftn3 

ft 

hr, min, see 

seconds 

inches 
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' Thrust- . .  . .  enofnethrust lbf 

fin - inside temperature of fuel tank . * mrlne 

Tart - outside temperature of fuel tank ranklne 

V - veloclty Wsec 

Vtmk - volume of fuel tank 

v e x w  - effative exhaust veloclty 

AV - cfmga in veloclty 

b .  - gravitatlml mass parameter for earth 

f f 3  

Wsec 

Wsec 

ft" 3/= '2 
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rV ANALYSIS 

SLR Hissfon 

This analysis determim the impulsa mcumuvem required for executing LEO to GEO 

Mmann transfers for the SLR mtsslon. Two possible methods of transfer are considered for 

this orbit dmp. The first AV calculation applies to the LEO-EO transfer involving the 

transfer f m  LEO to a high-earth orbit followed by a plane change to place the vehicle in  

*formus orb i t  The total AV required for thc method 1 t r d w  is found to be 

appmlmatety 18,040 fUsec. The set&& calculatlon Is fw a LEO-OEO transfer in which the 

orbital plane change is executed by a two-impulse manewer within the altitude change. The 

total AV required for the method 2 transfer is found to be approximately 14,27 I ft/sec. 

IVA Mission 

This analysis determines the impulse manewers rewired for executing the 53.27' 

plane chsnge in low-earth orbit (28.5' Space Station inclination plus 23.27' Earth inclination 

relative to the eclliptic plane). The total bV requited far the amstant orbit plene change is 

appmlmateiy 22,504 ft/sec 

The calculations associated with this analysis assume a low-earth orbit altitude of 230 

miles and a high-mrth orbit altitude of 22,000 miles. Derivation of equations used in AV 

calculations is given in (Ref. L+ ). 

3 
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Table I - Electric Propulsion System Comparisons (tatn 1%) 
. . . . . -  
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Table 2 - liquid Chemical Rocket Engine Comparisons ($e+, IS) 
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ORIGINAL PAGE is 
OF POOR QUALITY 

Table 3 - Dual Fuel / Mixed Mode Rocket Engine Characteristics (w G) 
- _  - -- _-__ ___L__-- e--. 

P a w t a r  

Vacuu Thrust (lbf) 20,OOo. 
V I C U U  lkliwred 

Chamber Pressure ( p i a )  2000. 
Specific Impulse (sac.) 418.6 

(lb/sec) 47.8 
Total Propellant Flowrate 

Mxture Ratio 4.25 
Nozzle A n a  Ratio 
Worzle Exit  Diameter ( i n . )  
Engine ~ ~ 1 9 t h  (in.) 
Total Engine k i g h t  ( l b . )  

. . . . . . - _ _  . . 

ERDYPA-7Q6 u 

0 
DRY WI. 4969 LB 

DRY WT. - 961 LR 
WK-FUEL E?!:. 
mWr. DEpupl PAYLOAD 

7926 LB 

DRY n. -3925 LB 

9915. 

460.6 
1007. 

21.5 
7.0 

400. 
49.3 

6 : . Z/YS.2* 
551. 

a 
DRT YT. - 3491 19 

Figure I - Single Us. MiHed Mode OTU Comparisons [Ref. 6 )  
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Thermal Protection 

The selection of the type of radlator was based on survlvabllity, and the membrane area 

per Btu/h output. Typically the hlgher the am required the higher the weight of the device.' The 

estlmated survlvabillty WBS based on research. For VSTAR the heat pipes are to be used 8s thermal 

buses between fluid systems 8nd the cholce of these based on the same characterlstlcs 8s the 

radiator. The data used to determine the fr2/6tu/h comes from several sources. The Btu/h is 

converted from Watts and this wattage 1s the maximum output of the device under choked flow 

conditions. As can be seen in Table , the best heat plpe for the thermal bus 1s the axially grooved 

variable-conductance heat pipe, but as a radiator, it's survivability Is far to law. As for the 

radlator, the rotating bubble membrane radiator 1s the superlor choice 8s 11 is hlghly survivable 

anddoesnotwastellquld(Ref. q, \6&3\)  

Table 9. Radlator and Heat Pump Data 

IYB ft̂ 2/Btu/h 

osmotic Heat Pipe 0.00293 

Heat Plpe Ssndwlch Panel 0.00007 

Double Walled Artery Heat Pipe 3.264E- 7 

Axially &ooved Variable- 

conductance Heat Pipe 1.3 1 OE-8 

RBMR 0.000 1 9 

Liquid Droplet Radiator NA* 

Heat Pipe as Radiator (we) 0.00075 

medium - low 

medium 

high 

medium - high 

medium to low 

* this device sprays the hot liquid directly into space but would weigh the same as the RMBR 
before the liquid was used up. 

lZ 
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Material selection 

Tablesshows the stress allowable and density of each materlal that was considered The 

exact cost of each materlal produced 1s not k m n ,  however, b8sed on I'BsB(rch estlmdted relati& 

costs have been determined Comjmtlbilfty is  known and is accounted for ln  the design. The 

materlal with the smallest densfty/strass 1s the stnwrgsst per unit mass. Metals wlthstand debris 

and micrometeoroid impact much better than do composites with epoxy bases, because metals tend 

to buckle before they are punctured and eoaxys tend to shatter. 

Therefore a metal 1s preferred for debrls protectlon. Careful consideration of thls data with the 

m l m e t e o r o i d  protection results in the choices made for the vehicle components.( Ref. 11 6 29 
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Table 5. Matertal Properties (Ref. a 

4 130 Steel 70000 0.283 4.0428E-6 low 

2024 Aluminum 42000 0.100 2.3809E-6 w low 

B m E O o x y  85333 0.072 8.496 1 E-7 medium 

Oraphite Epoxy 100000 0.057 5.7000E-7 medlum 

Aluminum OxW 

Aluminum 42222 0.100 2.3684E-6 lOW 

boron Aluminum 

2024 100000 0.100 1.00E-6 high 

boron Aluminum 

606 1 96889 

Graphite Aluminum 

GY70 2024 3791 1 

Grsphite Aluminum 

V60054 2024 43 1 56 

Graphite Aluminum 

T50 2024 31111 

0.100 1.0326-6 hioh 

0.100 . 2.638E-6 high 

0.100 2.3 17E-6 high 

0.100 3.2 1 4E-6 high 



I 

Debris and Micrometeoroid Protection 

BUMPER is a program provided to us by NAWMarshal to determine the chance of 

penetration of a vessel. BUMPER uses the equations based on some simplifying assumptions and 

your inputs. There are two modes correspondlng to single wall and double wall vessels. For double 

wall, inputs are surface area, sheild thickness, sheild stand-off distance, vessel thickness, and 

whether or not MLI is being used. For the single wall surface area, vessel thickness and MLI use is 

inputted. The program then returns the percented chance of debris or micrometeoroid protection, 

( Ref. 24. 

I 
I 

15 
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There are seve~al equations requlred in cost analysis. These equations am given below far 

eaCn of the subsectlons, vehlcle costs and program management costs. Vehicle costs we In 1978 dollars 

which must be multlpled by 2 to approximate 1988 dollars. The mmagement costs we functfons of the 
. -  

vehicle costs. (h+. 21) 

Vehlcle Costs 

DDT&E 

Structural Cost = (2)( 1.8531 )(Structural Weight)o.491 

Electrical System Cost = (2)( 0.6000)( Electrical System Weight) 0.584 

Propulsion System Cost = (2)( 0.1075)( Propulsion System Weight) 0.876 

FH 

Structural cost = (2)(0.+~1~)(~tructura-ai ~eight)O.440 

Electrical System Cost = (2)( 0.0422)( Electrical System Weight) 0.784 

. Propulsion System Cost - ( 2)( 0.1 158)( Propulsion System Weight) 0.550 

ManagementCosts 

Integration,Assembly&Checkout 

DOT&€ = 9.1 208( STE)0.46 1 

FH = (Total FH) 0.832 

System Test and Evaluation 
DDf&E = t 3.10 1 (Total FH) 0.672 

FH i m r o .  It is accounted for in cost of operation. 

22 ? 



I 
Systems Engtmrlng & lntegratlon 
DOT&€ - 0.45 19( 060) 0.876 

FH = 0.3750(Tatal FH) 0.855 

I 
I 

Program Management 
DDT&E - 0.6952(DISGS) 0.73 1 

FH = 0.31 46(FIS) 0.798 

Suplementary Equations I 
I 
I 

STE = 1 1.232(Total FH) 0.672 

DIS - Total DDT&E + Integ, Assem. &Check ( D D T U )  + Sys. Test & Eval. (DOT&€) 

DlSGS = STE + Total DOT&€ + Integ, Assem. & Check (DDThE) + Sys. Eng. & Integ. (DOT&€) 

FIS - Tatal FH + Integ.,Assem. &Check (FH) + Sys. Eng. & Eval. (FH) I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

- 
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Optimization Methods 

The following describes the derivation and assumptions made for each of the mathematical 

expressions describing the calculated parameters. The analysis is based on a division of the 

configuration into the components shown in flgure 3. 

The massof comgonents in many casesafe tnb d m  of the massesof thesubcomponents 

Their derivations are discussed under the appropriate sections and are not repeated here. 

Calculation of m d i n  : The mass of the cabin is constant and not dependent on the 

acceleration loads during flight. This is justified by assuming that it w i l l  be launched in  one piece 

from the space shuttle and wi l l  messarily mounter higher accelerations during launch than 

those experienced for a typical mission. 

. mcabln = ~ W B W  + mair + mstructure + mshielding + mother 

=600+ 150+ 1140+ 157+200 

= 2247 

Calwlatlon for mlife supOort : The mass of the life support system includes the mass of 

the power supply system and Is equal to a base mass plus the mas  of the consumables (breathing 

axygen, water, etc) usedper hour by thecrew. 

Calculation of mWgo module : The mass of the cargo module is dependent upon the mass of 

structures above it which it wi l l  have to accelerate during thrusting periods, as shown in figure 5 

25 
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An approximate function for the mass m be developed by considering Rgure k 

Let A be the cposs sectional wee of a column of density, r, and maxlmum allowable stress, 

0, and length 1. The material must withstand the stress genefated from mass m and acceleration a 

The fora exerted on the column Is : 

F - m a  

andkdqual: 

F - A o  

Equating and solving for A gives : 

A - m a l o  

The mass of the column is them : 

mcolumn r 

= r l m a / o  ...... ( 1 )  

This equation is based on the assumption that the mass of the column does not contribute 

any to the stresses in it. This is a reesonable assumption if m n mmlumn. 

An extrapolation can be made from the column of Figure 6 to the propased truss structure 

of the cargo module in  Figure s if the additional assumptions are made : 

27 
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Figure 4 - Stress in a Column 

A 

I 

B 

Figure 5 - Two Possible Tank Configurations 
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1 )  Thecross sectional area ls equal to thesum of the cross sectional areesof the 

constituent members of the structure. 

2) The maxlmum allowable stress in the supporting members is much lower than the 

compression yield stress to accwnt for lower buckling stresses in a slender column. 

3) The effective density is hlgrer than the actual density to account for the presence of 

cross beams and d i m 1  members which do not beer the compressive loads. 

Typical r/o values for steel and aluminum are 3.8 x 10'6 and 2.9 x 10'6 [lbm in /lbf] , 

respectively. For Aluminum with the maximum allowable stress to be 1 / lo  the compressive 

field strsss, the effective density to be 3 tlmes thd actual density, and a length of 20 feet, the 

fol lowiq expressiul results: 

msupport structure 31 0.01 7 m h 

Includfng an appruximate value for the mass of the metiorite shieldfq gives : 

msupport structure 150 + 0.0 17 m hax 

Where : 

Calculation of mtmk : Two possible configurations for the arrangement of the fuel tanks 

are shown in Rgure S. 

The tanks in Figure% are of equal radii , but because of different volume requirements 

they are of different lengths. They employ a monocoque structure which resists internal pressure 

and the forces due to acceleration and the mass above it. Figure 78shows two spherical tanks with 

29 . 
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a seperth support structue for reslstlng the acceleration loads. The tanks in Figure 74 81'8 

efficient In that they provide a dual role in resisting the internal pressure and the loads due to 

acceleratlon. Hawever, the nomtwical geometry is inefflcient in providing a light tank for a 

given volume. Mdltlonally, the monoaque skirt  between the two tanks w i l l  provide an excellent 

path for heat amduction be twm the two tanks at dlfferent temperatures, which if carrying LO2 

and LH2 wi l l  be ow IO0 degree$ rankine difference. This wi l l  complicate thermal control of the 

two tanks and incre8se boiloff losses The arrangement of Figure 78 was chosen because it allows 

the use of spherical tanks which weigh less for a glven tank volume, and since they are not actively 

involved in resfsting the acceleration loads, they c8n be more completley thermally isolated. 

. .  

The mass of the tank can be expr8ssed in the following form : 

The requlred volume is given by : 

The radius is given by : 

From fluid statics the pressure of a liquid of mity, r, under an acceleratlon, a, at a 

depth Of h is : 

p = p o + r a h  - 
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It m be shown that for a amstant thrust, the greatest pressure wil l  occur at the bottom 

of the fully filled fuel tank 8v8n though the acceleration is at a minimum. Assuming a thin walled 

pressure vessel the thickness required is: 

Theareais: 

The volume of metal in the tank 1s : 

''metal in tank =hank ttank 

And the mass ofthe tank is: 

mtank ' vmetal in tank ?metal 

Calculation of mw* The fuels are cryogenic and are assumed to be continually receiving 

a heat input whlch holds them at the bolling point for a given pressure. Any heat input is used in 

vaporltlng the llquid into its gseous state, whlch Is immedlatly vented, thus keeping the pressure 

constant. 

I 
I 
I 
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The particular insulation chosecr conducts heat thirty times faster in the direction parallel 

to the layers than in the direction perpendicular to the layers. It w i l l  be awned that the heat 

received from M a t i o n  on the illuminated side of the tank w i l l  be conducted to the unilluminated 

side allowing an werage surface temperature T,t to be used in the below equations. 

It is assumed that this Is the only sourn of heat input into the tanks for the entire 

mission. This is rot true however sInce there w i l l  be a M a t e d  and conducted heat transfer durfng 

the firing of the engfnes due to the fuel tanks being in close proximity to the hot engine and exhaust 

plume. These calculations may be dspendent on many variables, but only the heat due to the 

railation on the illuminated side of the tank is considered in the following calculation. 

The heat leak rate into the tank is given by : 

Then the total heat leak is simply : 

I 
I 
I 
I 

And the rnassevftporated is: 

Calculation of rnlnsul : The insulation is assumed constant thickness and covers the entire 

spherical tank. 

minsul= rinsul *tank tinsul 
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Calculatlon of mapport structure: The eqwtlon fur the m a s  of the support structure is 

developdalong the same lines as mcargo module It Is assumed to beofthe form : 

where : 

m = h a b i n  + mllfe support + mm + mtank 

200 - approximate mass of meteroite shielding 

Calculation of mmne : The mass of the engines are assumed to be known for a given 

configuration and are taken from the available literature. 

Calculation of m b r m t  and mtobl: The burnout maSS is simply the sum of a l l  the masses 

calculeted above. The total mass is the sum of the burnout mass and the mas  of the fuel. 

Calculation of amax and h i n  : The thrust is assumed constant over the burn time. 8y 

assuming specific thrust vs. time profiles, the maximum accelerations could be reduced while st i l l  

allowing relatively short burn times, however, here it is assumed they we constant. 

The accelerations then are simply : 

Calculation of mass ratio : It is assumed their w i l l  be no losses due to gravitational and 

drag effects. The mass ratio required then for a given AV and ISP is : 
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There 1s one other assumptian made In the program that needs to be pointed out. The boiloff occurs 

before the engines ignlte. This results In a h l w  mass ratlo than actually needed since In reality 

the boiloff would m r  continually and some of the fuel mass would not be imparted the full 

29,000 ft/= AV. 

Calculation of burn times: 

The m a s  of the fuel used is: 

mfuel = minitial - mfinal 

34 



I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 

Correctha fnr units: 

The program listlng and'progrm rum are lncluded below. Following this are graphs 

showing data on the liquld hydrogen and liguid oxygen 8s USBd in the program. 

I 
I 
I 
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OXYGEN/HYDROGEN RATIO 
OXYGEN/RPJ RATIO 
ISP 
ACCELERATION 0 MAX. 
ACCELERATION MIN. 
DELTA V - OBTAINABLE 
MASS RATIO 
STUCTUAL COEFF. 
PAYLOAD COEFFICIENT 
TIME, ENDURANCE 
THRUST 

t .  I t 7  
t .  I t 4.2s 
t. I .  t 420 
t g * m l  t 2.42 
tg'ml t 0.28 
Cft/recl t 29000 
1. I t 8.536368 
t. I t 0.0733 
t. I : 0.0496 
Chourrl t 72 
tlbf I t 30000 

MASSES OF COMPONENTS 
CABIN 
LIFE SUPPORT MODULL 
CARGO MODULE 
CARGO 
SUPPORT STRUCTURE 
HYDROGEN TANK 
OXYGEN TANK 
RPJ TANK 
ENGINE 
TOTAL BURNOUT MASS 
MASS OF FUEL 
TOTAL MASS 

t 
Clbal 
tlbnl 
Clbrl 
tlbal 
tlbml 
tlbnl 
tlbml 
tlbrnl 
tlbml 
tlbnl 
tlbrnl 
tlbml 

TANK - MASS tlbml I - MAX. STRESS Clbf/lnA21: - METAL DNSTY Clbm/ftA31: - PRESS., BOT. Clbf/inA23: - RADIUS Cftl t - SURFACE AREA CftA21 t - THICKNESS tin1 t - VOLUME Cft"31 . - VOLUME, MTL Cft"31 : 
PROP.- VAPOR PRS Clbf/lnA21: - DENSITY tlbm/ftA31: - MASS Clbml t - TEHP. Crankinel t - HEAT.VAPR2 Cbtu/lbml : 
SURFACE TEHPERATUE Crankinel : 
INSULATION - RHO Clbm/ftA2-in3: - MASS Clbml . - THCKNS Cinl . 

-K Cbtu-ln/hr-ftA21: 
HEAT LEAK - RATE Cbtu/hourl: - TOT Cbtul . . 
MASS EVAPORATED Clbml . : 

t 2247 
t 1376.86 

t so00 
: 642.4102 
: 936.6639 
: 448-6059 
t 74.83677 
: 1000 
t 12392.82 
t 93396.84 

504.8966 

t 105789.7 

HYDROGEN 
936.66 

35000.00 
489.00 
20. 14 
8. 09 

822.70 
0.0279 
2219.22 

1.92 
20.00 
4.38 

9681.38 
38.38 
188.16 
600.00 
0.20 
41.14 
0.25 

0.000056 
103.51 
7452.54 
39.61 

OXYGEN 
448.61 

35000.00 
489.00 
21.67 
6.10 

479.65 
0.0230 
987.80 
0.92 
20.00 
68.64 

67769.66 
166.41 
91.62 
600.00 
0.20 
23.90 
0.25 

0.000056 
46.59 

3354.22 
36.61 

RPJ -- 
74.04 

35000.00 
489.00 
21.28 
3.42 

147.12 
0.0125 
167.79 
0.15 
20.00 
95. 11 

15945.80 
58.33 
100.00 
600.00 
0.20 
7.36 
0.2s 

0.000056 
17.85 

1285.23 
12.0s 
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OXYGEN/HYDROGEN RATIO 
ISP 
ACCELERATION HAX. 
ACCELERATION - HINe 
DELTA V - OBTAINABLE 
UASS RATIO 
STUCTUAL COEFF. 
PAYLOAD COEFFICIENT 
TIME, ENDURANCE 
THRUST 

c .  I t 
c .  I t 
Cg'8l t 
Cg'ol t 
Cft/mecl : 
E .  I : 
c.  I t 
t .  3 : 
E hourr I : 
Clbf I : 

HASSES OF COMPONENTS 
CABIN 
LIFE SUPPORT MODULE 
CARGO NODULE 
CARGO 
SUPPORT STRUCTURE 
HYDROGEN TANK 
OXYGEN TANK 
ENGINE 
TOTAL BURNOUT MASS 
MASS OF FUEL 
TOTAL HASS 

: 
Clbml 
Clbml 
Clbml 
Clbal 
Clbal 
Clbml 
Clbml 
Clbnl 
Clbml 
Clbml 
Clbml 

TANK - MASS Clbal . - MAX. STRESS Clbf/inA21: - HETAL DNSTY Clbn/ft"31: - PRESS., BOT. Clbf/inA2I: - RADIUS tftl . - SURFACE AREA tft"23 : - THICKNESS Cinl : - VOLUHE Cft"31 0 - VOLUME, HTL fft"33 
PROP.- VAPOR PRS Clbf/inA23: - DENSITY Clbm/ftA31: - UASS Clbal : - TEMP. Crrnkincrl : - HEAT.VAPRZ Cbtu/lbml : 
SURFACE TENPERATUE Crankinel : 
INSULATION - RHO tlbm/ftA2-in3: - MASS tlbml . - THCKNS tin3 . 

-K Cbtu-in/hr-ftA23: 
HEAT LEAK - RATE Cbtu/hourl: - TOT Cbtul . . 
MASS EVAPORATED tlbml . 

t . 
t 
: 
: 
t 
t 
t 
: 
t 
: 

7 
460 
2.45 
0.35 
29000 
7.084234 
o.oaa7 
0.0611 
72 
30000 

2247 
1376.06 

5000 
641.6741 

5oa.9224 

so2.9s0a 
43a.6012 

12253. ai 

06800. aa 

1000 

74555.06 

HYDROGEN 
902.96 

35000.00 

20.17 
7.99 

002.17 
0.0276 
2136.36 

1.85 
20.00 

9319.38 
30.38 

600.00 
0.20 
40.11 

0.25 
0.000056 
100.91 
7265.84 
38.62 

4a9.00 

4-38 

-10a.16 

OXYGEN 
438.60 

35000.00 
489.00 
22.01 
6.10 

467.62 
0.0230 
950.87 
0.90 
20.00 
68.64 

65235.68 
166.41 
91.62 
600.00 
0.20 
23.38 

0.2s 
0.000056 

45.42 
3270.10 
35.69 
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OXYGEN/HYDROGEN RATIO 
ISP 
ACCELERATION MAX. 
ACCELERATION 0 MIN. 
DELTA V - OBTAINABLE 
MASS RATIO 

PAYLOAD COEFFICIENT 
TIHE, ENDURANCE 
THRUST 

STUCTUAL COEFF. 

c. I : 6  
t .  I : 470 

t g ' 8 1  : 0.36 

t. I : 6.795188 
t. 3 t 0.0930 
c. I : 0.0636 
thourarl : 72 
tlbf I : * 30000 

tg'81 : 2.44 

[ft/8+Cl : 28999.99 

MASSES OF COMPONENTS 
CABIN 
LIFE SUPPORT MODULE 
CARGO MODULE 
CARGO 
SUPPORT STRUCTURE 
HYDROGEN TANK 
OXYGEN TANK 
RPJ TANK 
ENGINE 
TOTAL BURNOUT MASS 
MASS OF FUEL 
TOTAL MASS 

: 
tlbml 
tlbml 
tlbml 
Clbml 
Clbml 
tlbml 
tlbml 
tlbnl 
tlbml 
tlbml 
Clbml 
tlbml 

TANK - MASS tlbml . - MAX. STRESS Clbf/inA21: - METAL DNSTY tlbm/ft"33: - PRESS., BOT. tlbf/lnA23: - RADIUS [ftl . 
- SURFACE AREA Cft"21 - THICKNESS tin1 - VOLUME fft"33 : - VOLUME, MTL Cft"31 : 

PROP.- VAPOR PRS tlbf/lnn23: - DENSITY Clbm/ftA33: - MASS Clbml . - TEMP. Crankinel : - HEAT.VAPR2 Cbtu/lbml : 
SURFACE TEMPERATUE Crankinel : 
INSULATION - RHO tlbm/ftA2-inl: - MASS Clbml - THCKNS tin1 . 

-K Cbtu-in/hr-ftA23: 
HEAT LEAK - RATE Cbtu/hourI: - TOT Cbtul 
MASS EVAPORATED tlbml 

. 

: 2247 
: 1376.86 
: 307.1932 
: so00 
: 641.9901 
: 908.1334 
: 411.8053 
: 3.70943E-08 
: 1000 
: 12313.14 
: 71356.95 
: 83670.09 

HYDROGEN 
988.13 

35000.00 
489.00 
20.18 
8.23 

851.53 
0.0285 
2336. S3 

2.02 
20.00 
4.38 

10193.85 
38.38 
188.16 
600.00 
0.20 
42. SR 
0.25 

0.000056 
107.12 
7712.90 
40.99 

OXYGEN 

35000.00 
489.00 
22.04 
5.97 

447.96 
0.0226 
891.52 
0. a4 
20.00 
68.64 

61163.10 
166.41 
91.62 
600.00 
0.20 
22.40 
0.25 

0.000056 
43.51 

3132.57 
34.19 

411. ai 

38 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

OXYGEN/HYDROGEN RATIO 
ISP 
ACCELERATION - MAX. 
ACCELERATION - MIN. 
DELTA V - OBTAINABLE 
MASS RATIO 

PAYLOAD COEFFICIENT 
TIME, ENDURANCE 
THRUST 

STUCTUAL COEFF. 

t. 3 t 6  
t. I t 486 
tg'rl t 2.46 

t. I t 6.379754 
t. I t 0.0988 

Choutrl t 72 
Clbf I t 30000 

tg'rl : 0.39 
tft/8eCl t 29000 

1. 3 t 0.0687 

MASSES OF COMPONENTS t 
CABIN tlbml 
LIFE SUPPORT MODULE tlbml 
CARGO MODULE tlbnl 
CARGO tlbnl 
SUPPORT STRUCTURE tlbrl 
HYDROGEN TANK tlbnl 
OXYGEN TANK Clbml 
ENGINP tlbnl 
TOTAL BURNOUT MASS tlbml 
MASS OF FUEL tlbml 
TOTAL MASS tlbml 

TANK - MASS tlbml t - MAX. STRESS tlbf/inA21t - METAL DNSTY tlbn/ftA31: - PRESS., BOT. tlbf/inA21: - RADIUS tftl 0 - SURFACE AREA tft-21 - THICKNESS tinl t - VOLUME tft"33 t - VOLUME, MTL Cft"31 t 
PROP.- VAPOR PRS Clbf/inA23: - DENSITY tlbm/ftA31: - MASS tlbnl . - TEMP. Crankinel : - HEAT.VAPR2 Cbtu/lbml : 
SURFACE TEHPERATUE Crankinel : 
INSULATION - RHO Clbn/ftA2-inl: - MASS tlbml : - THCKNS tinl : 

-K tbtu-in/hr-ftA23: 
HEAT LEAK - RATE tbtu/hourl: - TOT tbtul . 
MASS EVAPORATED [lbml . 

t 
t 
t 
t 
t 
t 
: 
t 
: 
t 
t 

2247 
1376.86 
510. 5695 
SO00 
641.3731 
909.1804 
380.309 
1000 
12197.84 
65621.38 
77819.22 

HYDROGEN 
909.18 

35000.00 
489.00 
20.19 
80 01 

805.32 
0.0277 

1.86 
20.00 
4.38 

9374.48 

188.16 
600.00 
0.20 
40.27 
0.25 

0.000056 
101.31 
7294.41 
38.77 

2148.97 

38-38 

OXYGEN 
300.31 

35000.00 
489.00 
22.13 
5.81 

423.62 
0.0220 
819.07 
0.78 
20.00 
68. 64 

56246.90 
166.41 
91.62 
600.00 
0.20 
21.18 
0.25 

0.000056 
41.14 

2962.40 
32.33 
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' 10 W S U B  lo00 'INITIALIZE VARIABLES ~ 

. .  20 CLSrIWPUTwOPTION 1 OR 2 .;IJOB ' - 1 .  . .  30 ON XJOB WTO 40,210 . . .  

50 FOR CONPIGml to 6 
60 READ OXW,OXRP,ISP 
70 TEND172 

.. . . . 40 OP€NwO"~ #I. .ROCKMl. OATw , 

I BO THRUST-30000 
90 TINSUL 
100 

1 1 =. 25 
TINSUL ( 2 1 10 25 

110 TINSUL ( 3 1 =. 25 
120 PVAPOR(l)=ZO 
130 PVAPOR(2)=20 
140 PVAPOR(3)=20 
150 OOSUB 2000 
160 GOSUE 3000 'GET HFUEL 
170 PRINT81, OXH, OXRP, ISP, TEND, THRUST, TfNSUL( 1 ) , TINSUL (2), TINSUL ( 3 1, PVAPOR 1 ) , 
POR(2), PVAPOR(3), HFUEL 

R(21, PVAPOR(3) PFt'EL 
180 NEXT CONFIG 
190 CLOSE81 . 
200 STOP 
210 GOSUB 7000 * SORT DATA 
220 OPEN.Om, #l, "ROCKET3. DATw 
230 OPEN.1.. 82. 'ROCKET2. DAT. 

. -  

175 PRINT OXH, OXRP, ISP, TEND, THRUST, TINSUL( 11, TINSUL ( 2), TINSUL ( 3 ) , PVAPOR ( 1 1, P V  

4 I -I- 
I 
I 
I 
I 

240 'INPUTU2, OXH, OXRP, ISP, TEND, THRUST, TINSUL ( 11, TINSUL ( 2 1, TINSUL ( 3 1, PVAPOR ( 1 
POR ( 2) PVAPOR ( 3 ), HFUEL 
250 GOSUB 2000 ' GET FUEL PROPERTIES 
260 GOSUB 3000 * GET PARAHETERS 
270 GOSUB 4000 PRINT PARAHETERS 
280 IF EOF(2)=O THEN 240 
290 CLOSE 
300 STOP 
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. .lo16 
1020 
10- 

I A040 
1080 
1090 
1100 
1110 
1120 
i 130 
1140 
1150 
1160 
1170 
1180 
1190 
1200 
1210 
1220 
1230 
1240 
1250 
1260' 
1270 
1280 
1290 
1300 
3.10) 

. . . .  .. 
DELTAVO-~~OOO 1 
KINSUL t 1 1 - 000056 
KINSUL 3 j=. 000056 
HAXSTRS(l)-350001 
MAXSTRS(2f-330001 
HAXSTRS(3)-33000L 
XPAY -5000 

RHEfAL(l)=489 

KINSUL (2) - 0  OOOOS6 

PI83.14iS9Z# 

Rl¶ETAL(2)'489 
RJ¶ETAL(3)-489 
RINSUL ( 1 ) 2 
RINSUL(2)*o 2 
RINSUL (3 ) -02 
TANK*(f)-aHYDROGENa 
TANK1(2)-aOXYGEN" 
TANKaC3)-aRPJa 
TOUT(l)-QOO 
tOUT(2)-600 
"QUT(3)=600 

- _. .. - 

, 

DIH N(3,3) 
FOR X=1 TO 3:FOR Y - 1  TO 3rREAD N(X,Y):NEXT Y:NEXT X 

DATA 3,3,2 
DIM TWVAPOR ( 3,6 1 HVAPORl( 3, 6) PFUELt 3 , f O )  p TPFUEL ( 3, 10 ) RFUELl ( 3, 10 ) TRFUE 

1310 FOR X-1 TO 3 
1320 FOR Y - 1  TO N(X,l)rREAD PFUEL(X,Y),TPFUU(X,Y):NEXT Y 
1330 FOR Y - 1  TO N(X,2):READ RFUELl(X,Y),TRFUEL(X,Y):NEXT Y 
1340 FOR Y - 1  TO N(X, 3) :READ THVAPOR(X, Y 1, HVAPORl (XI Y 1 :NEXT Y 

I 

-- 

1350 NEXT X 
1360 RETURN 

.47, 29,446, 4f.27,33.903,420 37 

, 4&47,3. 5,  52.07,3.14, 55.67,2.22,59.27 

1370 DATA f.O44,2So 07,l. 102,25.27,20959, 28.67,6.689,32.27,13.066, 35087,22;992, 

1380 DATA 4-71, 26.87,-4- 61*30.47* 4- 46,340 07,4o 43,370 67,4.18, 41.27,3.99,45.27,3. 

1390 DATA 32.27,890.83, 350 87,860.16r 39079,804012~ 43.4,744.19, 47,674.61,SO. Gr SC- 
22 
1400 DATA 0278 98.67, 035*116.67,2* 102, 134.67,8.22Sp 152- 67,23.655,170.67,78.7: 
197.67,196.692, 224.67,322.342* 242.67, Sofa 725, 260.07,611.814* 269.67 
1410 DATA 85.651 97.77,71.2* 162.77, e 2766,263.67 

_- 1420 DATA 101 91.62,500,91.62 
. 1430 DATA lo* 35, 118 33,12,35 

1440 DATA 75,38, 75,42,75,46 
1450 DATA 20,100870, 100 
1460 DATA 7, 2.21, 460 
1470 DATA 7,1000000000000000000,460 
1480 DATA 7,4.25, 420 - 
1490 DATA 6,1000000O00000000000,492 
lS00 DATA 6,1000000000000000000~ 486 
lSl0 DATA 6,10000000000000000001470 
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3000 '************a+***** FIND CABIN MASS 

3020 MCAB1N=600*130+137+1140*100*100 
3030 MBRNOUT=MCABIN 
3040 '**************e**** FIND LIFE SUPPORT SYSTEM MASS 

3060 MBRNOUT=MBRNOUT+I¶LIFSUP*MPAY 
3070 '*******e*********** FIND CARGO MODULE MASS ., 
3080 XCR~WOD=lS0*.017*I¶BRNOUT,AnAX 
3090 MBRWOUf=MBRNOUT+MCRGWOD 
3100 *eeeeeee*eeeee+e*eeee FIND TANK n~ssis 
3110 MFUEL(l)=HFUEL/(1-OXH*OXH/OXRP) 
3120 XFUEL(2)=HFUEL(l)*OXH 
3130 MFUEL(3)=HFUEL(2)/OXRP 
3140 FOR X-1 TO 3 
3130 XEVAPGO 
3160 VTANK(X)=(HFUEL(X)*MEVAP(X))/RFUEL(X) 
3170 RADIUS(X)-(3*VTANK(X)/PI/4)"(f/3) 
3180 AREA(X)=4*P1*RADIUS(XlA2 
3190 PA(X)=PVAPOR(X)~(RFUEL(X)/l2n3)*ANIN*(2*RADIUS(X)*l2) 
3200 T A ( X ) = P A ( X ) * R A D I U S ( X ) . r Z / Z / n A X S T R S ( X )  
3210 T(X)=TA(X) 
3220 VMETAL(X)=AREA(X)*T(X)/ff 
3230 MTANK(X)=VI¶ETAL(XI*RHETAL(X) 
3240 ODOT(Xl~KINSUL(X)*AREA(X)*(TOUT(X)-PTEnP~X~~/TINSUL~X~ 
3230 QTOT(X)-QDOT(X)*TEND 
3260 'PRINT USING"####.)###';MEVAP,MEVAP(X) 
3280 HEVAP(X)=O~T(X)/HVAPOR(X) 
3290 IF ABS(HEVAP-HEVAP(X)l+.Ol THEN HEVAP=HEVAP(X):GOTO 3160 I 

3300 HINSUL(X)=RINSUL(X)*AREA(X)*TINSUL(X) 
3310 HERNOUT=HBRNOUT*HTANK(X)*I¶INSUL(X)*l!EVAP(X) 

' 3010 MBRNOUT=O 

3030 MLIPSUP=f07S~(33.34/24)*3*TEND 

_ -  

I' 
1 
I 
I 
1 
I 
111) 

3320 NEXT X 
3330 . . . . . . . . . . . . . . . . . . . . .  FIND SUPPORT STRUCTURE HASS 
3340 NSUPSTR=200-.017*HBRNOUT*AHAX 
3350 HBRNOUT-HERNOUT*WSUPSTR 

3370 MENGINE=lOOO 
3380 'eeeee*ee**+eeeeee*ee FIND BURNOUT  ASS 
3390 HBRNOUT=HBRNOUT+HENGINE 
3400 MTOTAL-I¶BRNOUT*HFUEL 
3410 AXAX=THRUST/HBRNOUT 
3420 AHIN=THRUST/NTOTAL 
3430 'PRINT USINGa#####.####a;AHAX,ANIN,AC 
3440 IF ABS(AWAX-AC)>.Ol THEN AC=AHAX:GOTO 3000 
3450 ~RAT10=2.718281B#A(DELTAVO/32.2/ISP) 
3460 MFUELl-HBRNOUT*(HRATIO-l) 
3470 'PRINT U S I N G a # # # # # # # # # # . # # a ; N F U E L l ; H F U E t ; n R A T I O  
3480 IF ABS(HFUELl-HfllEL)>.Ol THEN HfUEL=PlFUELl:GOTO 3000 
3490 HRATIO=HTOTAL/HBRNOUT 
3500 DELTAV=32.2*ISP*LOG(HRATIO) 
3510 EPSILON=(NBRNOUT-MPAY)/(MTOTAL-HPAY) 

3530 RETURN 

3360 'eeeeeeeeeeeeeeaeeeee FIND ENGINE MASS 

. .  

3520 LAH~DA=MPAY/(MTOTAL-HPAY) 
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. 4000 PRINTrrl. .OXYGEN/HYDROOEN RATIO C / J  1.1OXH 
4010 PRLNfUl; .OXYGPN/RPJ. RATIO .[!,I ' . :';OXRP 

t *; tPRId~#l, USING.##. w # ~ ; A U A X  
4040 PRINT#A,~ACCEL&RATION - HIN. (9'83 :~;rPRfNTrl, USINGa##. Irra;AnIN 

. 4020 PRINT+l,"ISP ' C .  1 . 1';ISP I* 
' 4030 PRINTU1, 'ACCELERATION - MAX. .Cg'8f 

40S0 PRIWT#l.'DELTA V 0 OBTAINAMLP Cft/8WJ s'IPELTAV 
4060 PRINTU1,'HASS RATIO 

' 4070 PRLNT#l, .STUCTUAL COEFF. 
4080 PRINTU11'PAYLOAD COEFFICIENT 
4090 PRINTYl, 'TIHE, ENDURANCE 

4110 PRINT#l,aHASSES OF COHPONENTS 

4130 PRINTICl,' LIFE SUPPORT MODULE 
4140 PRfNT#l,. CARGO HODULE 

4100 PRfWTUl, 'THRUST 

4120 PRINTUl, ' CABIN 

4lSO PRINTrf, CARGO 
4160 PRINTUl," SUPPORT STRUCTURE 
4170 PRINT.1," HYLROGEN TANK 
4160 PRZNTIIl,' OXYGEN TANK 
4190 PRINf#l~a #PJ TANK 

4210 PRIN'f#l, aTOTAL BURNOUT MASS 
4220 PRINf*l,"HASS OF FUEL 
4230 PRINT.l,aTOTAL HASS 

4200 PRfNTIl,. ENGIN& 

c. I 
c.. 1 
C. J 
c l h U r 8 J  
Clbf 1 

Clbrl 
ClbrJ 
ClbrJ 
Clbrl 
C lbr J 
Clbml 
C l b r  J 
Clbrl 
CLbul 
C lbr J 
C lbr 1 
ClbmJ 

:' 

: ; HRATIO 
: ; t PRINTUI, USING.##. ; E;PSXL( 
t';PRINTUl,USINGarr.#~r#";LAnBDA 
t a ;TEND 
I ' ; THRUST 

I 

:.;UCABIN . 
: ; HLIFSUP 
I ' ; HCRGHOD 
:.;nPAY 
:';f¶SUPSTR 
r*;HTANK(l) 
: ";HTANK(2) 
I ~ ; H T A N K ( ~ >  
t.;HENGLNE 
ra;HBRNOUT 
: ; HFUEL 
: ; HTOTAL 

c 

i 

ORIGINAL PAGE IS 
OF POOR QUALfTY 
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* 6OOO MANV*(l)~.IWJEC7' HOHNAN T R A N S F E R ' .  .. - .  
- 1  
/ 

. : - w  . .  6010 #ANV+(2)-mCIRCULARIZE 
6020 HANV~(3)~"DE-CIRCULARIZE~ 
6030 HANV*(4)=*CIRCULARIZE 
6040 DELTAV ( 1 ) *8S29.8? . .  
6030 OELTAV(2)-5741.15 
6060 DELTAV(3)=574la 13 

I 6070 OELTAV ( 4 ) =8S29a87 

8 - . .  

6080 T=nFUPL*ISP/THRUST/60 
6090 PRINTUl,.~IlfE OF BURN CninUtm8l ra;T 
6100 MINIT=NTOTAL 
6110 PRINTIFOR X = l  TO 4 

6130 HFUEL=NINIT-HFINAL 
6140 T=WUEL*ISP/THRUST/60 
6150 PRIHTrl, =.IHANVI(X)I*:~~T,DELTAV(X) 
6160 HINIT=l¶INIf-HTUEL 
6370 NEXT X 
6160 FOR X = l  TO 15:PRfNT#lrm":NEXT X 
6190 RETURN 

6120 IFINAL=HINIf*2o72-(-DELTAV(X)/32o2/ISP) 

, 

ORlGiNAL PAGE IS 
OF POOR Q U A L m  

c 
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ORIGINAL PAGE IS 
. OF POOR QUALtTY 

. L  . r  boo0 OPEN'O', 01, mFUEL.  OAT. 
8010 FOR X = 1  TO 3 . 
8020 FOR Y-1. T O . N ( X ,  l ) tPRINTUl ,PFUEL(~ ,Y) ,TPFUEL(X,  Y) . (NEXT Y 
8030 COR Y -1 TO N ( X, 2 1 t P R I N T l f ,  RFU€Ll( X, Y 1 , 'TRFU€L t X. Y J I N E X T  Y 

8030 NEXT X 
8060 C U S & U l  

e040 FOB Y-1 TO N ( X, 3) t P R X N T l l ,  THVAPOR (X, Y 1, HYAPOR: ! X, Y ) t NEXT Y 

I 
.I - 

.. 
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