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I. OVERVIEW 



With the advent of the manned space station, man now 

requires a spacecraft based on the space station with the 

ability to deploy, recover, and repair satellites quickly and 

economically. Such a craft would prolong and enhance the life 

and performance of many satellites. We at MOVERS feel that the 

time for such a spacecraft has arrived, and have developed a 

basic design for an orbital transfer vehicle, or OTV. 

The basic design criteria determined for the OTV are as 

follows: The craft must be able to deliver and retrieve from 

geosynchronous orbit (GEO) a payload of 15,000 pounds. It must 

also be able to sustain a crew of three for seven days, and 

support extra-vehicular activities (EVA). The basic spacecraft 

should be adaptable to earth-moon missions with payloads as large 

as 80,000 pounds. 

Results indicate that our OTV, which satisfies the above 

criteria, will be modular in design. For the basic mission, the 

low-earth orbit (LEO) to GEO transfer, the OTV consists of a 

command module, a habitability module, an airlock, a remote 

manipulator system (RMS) , and EVA flight support station, 

propellant tanks, and an engine. A schematic of our OTV is 

displayed by Figure 1. To achieve the longer lunar missions, 

additional modules and tanks are easily attached. 

MOVERS researched design of the OTV and her systems in the 

following areas: avionics, crew systems, electrical power 

systems, environmental control/life support systems, navigation 

and orbital maneuvers, 

systems (RCS) , servicing 
propulsion systems, reaction control 

systems, and structures. The basic 
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ideas contained in each section are summarized below. 

The avionics section discusses the state-of-the-art 

equipment, both hardware and software, which was chosen for the 

OTV. New features of the computer system include bubble memory 

and electroluminescent screens, while all of the software will 

use Ada programming language. 

The crew systems report examines the relationship between 

man and machine in space, with emphasis on the need for human 

factors research and application of that research to the OTV. 

The report gives consideration to habitability, psychology and 

behavioral science, and design of the OTV in order to optimize 

crew satisfaction, work efficiency, and the success of future 

space missions. 

A chemical power production system will provide the power 

for the OTV. It uses two Hydrogen-Oxygen fuel cells to produce 

the electrical power needed by the spacecraft. The 

environmental control/life support system will be integrated with 

the OTV's power production system. The craft will operate with a 

partially closed system. The system receives water from the fuel 

cell operation, and regenerate the C02 produced in the 

environment into elements that can be used again in the OTV's 

atmosphere. 

For navigation the OTV will employ a combination of reliable 

instruments from the space shuttle and recently developed state- 

of-the art equipment. The navigation section also details the 

required orbital maneuvers for a typical mission, including a 

solution for the difficult rendezvous maneuver, termed the HITME 
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maneuver. 

We at MOVERS elected to employ nuclear power on our OTV as 

the wave of the future. Our propulsion specialist chose a high 

thrust, NERVA (Nuclear Engine for Rocket Vehicle Application) 

derivative engine. The engine, including the neutron/gamma 

shield, weighs 12,500 pounds, has a specific impulse of 880 

seconds, and can deliver 30,000 pounds thrust. For the LEO to 

GEO mission, utilizing high thrust nuclear engines results in 

significant propellant savings over traditional chemical systems. 

These engines were also found to be very competitive with 

proposed, aerobraked, chemical systems. Environmental analysis 

indicated that the problems of catastrophic failures and the 

diffusion of radioactive particles through the fuel rods in LEO 

does not pose significant health hazards to the population of the 

earth. The issue of misfired burns does represent a possible 

health hazard, and this problem is addressed in the propulsion 

systems section. 

The RCS report studied three RCS systems for the OTV to 

satisfy the six degree of freedom requirement. These RCSI were 

(1) monomethylhydrazine/nitrogen tetroxide, (2) supercritical 

hydrogen/oxygen, or cryogenics, and (3) monopropellant hydrazine. 

The cryogenic RCS was selected due to its higher performance and 

lower total program cost. The optimum configuration of the 

propellant tanks for the nuclear propulsion, non-aerobraked OTV 

were three cylindrical tanks; the cylinder shape was chosen 

because it gave the best propellant quantity for packaging within 

the shuttle cargo bay. 
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The servicing systems section examines the operations and 

hardware elements required to fulfill the spacecraft servicing 

function of the OTV in geosynchronous orbit. The report presents 

a design that is capable of resupplying fluid consumables to 

orbiting spacecraft and replacing malfunctioned or obsolete 

components. The design utilizes advanced telerobotic technology 

to execute the servicing operations with manual Extra-vehicular 

activity (EVA) as a backup. The servicing system is modular and 

can be separated from the core O W  vehicle. 

The structures section concentrates mainly on shielding, 

mostly radiation shielding with some meteorite shielding. The 

four major sources of radiation are 1) cosmic flares, the rarest 

but most damaging type, 2) the Van Allen Belts, the worst as far 

as dose/time goes and the second worst in terms of total dose, 3) 

the trapped radiation from the Starfish thermonuclear explosion 

of 1962, similar to the Van Allen Belts, and 4) background cosmic 

radiation, which is negligible. The total dose expected for a 

one week mission is around 35 rems for a 5g/cm2 aluminum shield. 

In case of a solar flare during flight, the spaceship will turn 

the reactor shield towards the sun to protect the OTV. 
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A typical mission of the OTV might occur as follows (refer 

to the navigation section for definitions and figures detailing 

the maneuvers) : 

April 24, 1996 

The OTV and crew is called upon to service a failing 

Telstar satellite. After preparing the OTV for departure, the 

crew waits for Telstar to cross into the Initial Launch Zone 

(ILZ). The dry mass of the OTV is 50,300 pounds, and 84,926 

pounds of propellant were added for estimated usage. The total 

mass of the OTV upon departure is 135,226 pounds, utilizing three 

cylindrical tanks for propellant storage. 

12:OO PM - The Telstar is in the ILZ and the OTV crosses 

the line of nodes at the initial departure point. Telemetry 

gives the initial angle of Telstar as 33O. The parameters for 

the waiting ellipse are quickly calculated to be: 

Semi-major axis, A - 27,628,030 ft 
Eccentricity, e - 0.21 
Initial required /\V - 2543 ft/s 

The time-of-flight is 2 hours and 11 minutes. 

2:11 PM - The OTV once again crosses the initial departure 
point. The burn is then performed to place the OTV into a 

Hohmann transfer for rendezvous. This /\V is again provided by 

the computer as 5439 ft/s. The time-of-flight of the Hohmann 

ellipse is 5 hours and 16 minutes. 

7 : 2 7  PM - The O W  soft docks with Telstar, after performing 

a final /\V of 6018 ft/s. Servicing begins, using the servicing 
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system platform. The servicing takes 4.5 days. 

April 29, 1996 

Servicing is completed. After a night's sleep, the OTV and 

crew prepare to return. 

7:30 AM - The OTV crosses the line of nodes opposite of the 
point of rendezvous with Telstar. The initial /\V is 6018 ft/s, 

placing the OTV into the return Hohmann transfer ellipse. 

Again, time-of-flight is 5 hours and 16 minutes. 

12:46 PM - The OTV reaches LEO on the line-of-nodes at the 
final rendezvous point. Telemetry gives the angle of the space 

station to this point as 51°. The computer provides the 

parameters for the waiting ellipse: 

A - 23,447,540 ft 
e - 0.069 
Required /\V - 7116 ft/s 

The time-of-flight of the waiting ellipse is 1 hour, 43 minutes. 

2:29 PM - The OTV meets the space station, mission complete. 

The total elapsed mission time was 5 days, 2 hours and 29 

minutes. 
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Design Inteqration 

Appearing on the next page is a diagram of the OTV configur- 

ation proposed by this report. Looking from right to left, this 

includes the satellite servicing system, the command module, the 

living quarters module, the four secondary propellant tanks, the 

four main propellant tanks, the reactor shield, the nuclear en- 

gine, and the exhaust nozzle. Each of these elements are dis- 

cussed in detail throughout the rest o f  this study. 

The addition of a 15,000 lb  payload results in the need for 

the secondary propellant tanks (see the section on Tankage) to be 

filled with propellant. 

The table below contains some overall dimensions of the OTV 

configurations. 

Length (overall) 

Width (maximum) 

Command Module (length/dia.) 

Living Quarters (length/dia.) 

Main Propellant Tanks (length/dia.) 

Secondary Propellant 
Tanks (length/dia.) 

Engine (length/dia.) 

~~ ~~ ~~ ~~~~ 

130 feet 

34 feet 

8 / 14 feet 

30 / 14 feet 

4 tanks: 39/14 feet 

4 tanks: 15/14 feet 

14 / 4 feet 
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11. AVIONICS SYSTEM 



Introduction 

The term "avionics" refers to all the specialized 

electrically powered and operated equipment used by the OTV to 

perform tasks ranging from orbital tracking and navigation to 

communication and data management. Due to the nature o f  the OTV 

application, the structure of the avionics system has the 

following general areas: 

- Data Management 
- Computer Processing (incl. program implement.) 
- Computer Interfacing and Control of the other 

- Data Acquisition 
avionics components 

- Navigation and Control Systems 
- Communication and Tracking Systems 
- other miscellaneous electrical equipment 

Some of these systems operate independently of the others, 

leaving the power supply as the only element common to all of 

them. However, most of these areas do tie in directly with each 

other, as can be seen on the figure below. 

t 1 r 1 I 1 

miscel laneous 
electrical H ( DMS 1 H equipment Data Management 

Systems 
Navigation and 
Control Systems 

(NCS) 
I I L I I I 

and Tracking 
Systems (CTS) 

other independ. 
miscellaneous 

equipment 

OVERALL VIEW OF AVIONICS SYSTEMS 

Each of these systems will now be explained in further detail. 
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Avionics Systems 

1.  DATA MANAGEMENT SYSTEM (DMS)  

The DMS i s  comprised o f  many i n d i v i d u a l  components t i e d  

d i r e c t l y  t o  a General Purpose Computer ( G P C ) ,  the  "b ra ins "  as i t  

were, o f  the  DMS. The p a r t i c u l a r  components o f  the  DMS are  shown 

below. 

General Purpose Computer R (GPC 1 

M u l t i f u n c t i o n  Telemetry Down- 

DATA MANAGEMENT COMPONENTS 

The GPC conta ins a c e n t r a l  processing u n i t  (CPU) and an i n -  

pu t /ou tpu t  processor, j u s t  as most computers do. These p a r t s  o f  

the  GPC c o n t r o l  t he  f l o w  and processing o f  t he  data acquired from 

the  o the r  av ion i cs  systems. The mass memory u n i t s  (MMU's) are  

r a d i a t i o n  hardened, n o n v o l a t i l e  s torage c e l l s  where a l l  t he  

maintenance/appl icat ion programs, data look-up tab les ,  and 

c o l l e c t e d  sensor data a re  s tored.  There are two o f  these u n i t s  
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f o r  purposes of redundancy. The te lemetry  downlink u n i t s  (TDU’s) 

are encoder/decoder and t ransmi t te r / rece ive r  systems which create 

and c o n t r o l  t he  f l o w  o f  computer c o l l e c t e d  data t o  and from 

e i t h e r  the space s t a t i o n  o r  the  Earth.  Again, t he re  are  two o f  

these u n i t s  f o r  redundancy. 

The m u l t i f u n c t i o n  d i sp lay  system (MDS)  i s  t h e  “human” 

i n t e r f a c e  o f  t he  DMS. The components o f  t he  MDS i nc lude d i sp lay  

screens, keyboard u n i t s ,  and d i sp lay  c o n t r o l l e r  u n i t s  which 

c o n t r o l  t he  screen ou tpu t  and i n t e r p r e t  the  keyboard i npu t .  

There are  two complete MDS systems f o r  m u l t i p l e  accessing and 

redundancy. 

Also shown on the  next  page i s  a schematic o f  the  sensor 

data system (SDS). The purpose o f  t he  SDS i s  t o  c o l l e c t  sensor 

impulses ( u s u a l l y  e l e c t r i c a l )  o f  several  element p r o p e r t i e s  a t  

var ious p o i n t s  around the  OTV and then conver t  those impulses t o  

data forms t h a t  t he  DMS can understand. The th ree  p r o p e r t i e s  

measured by the  SDS a re  temperature, pressure, and s t r a i n .  I n  

the case o f  the  OTV there  w i l l  be approximately: 

50 thermocouples 
30 pressure sensors 

and 50 s t r a i n  gauges. 

The thermocouples w i l l  produce very small  vo l tages which w i l l  be 

converted t o  l a r g e r  corresponding vo l tages by the  thermocouple 

processing u n i t  ( T C U ) .  The pressure and s t r a i n  gauge in fo rma t ion  

w i l l  be i n t e r f a c e d  by two processing c o n t r o l  u n i t s  ( P C U ’ s ) ,  one 

64 channel and one 16 channel PCU. 
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2. N A V I G A T I O N  AND CONTROL SYSTEM (NCS) 

The purpose o f  t he  NCS i s  t o  prov ide nav iga t i ona l  guidance 

and a t t i t u d e  c o n t r o l  o f  the  OTV. The NCS i s  l i n k e d  d i r e c t l y  t o  

the  GPC as shown below. For more i n fo rma t ion  on the  NCS, see the  

sec t i on  on nav iga t i ona l  systems. 

Star  Tracker 

NAVIGATION AND CONTROL SYSTEM 

3. COMMUNICATION AND TRACKING SYSTEM ( C T S )  

The elements o f  t he  CTS a re  rad io ’ s ,  t e l e v i s i o n s ,  antennas, 

e t c . ,  which are  used f o r  OTV t r a c k i n g  and crew - space s t a t i o n  

communication. Th is  s p e c i f i c  elements o f  t he  CTS are:  

S-Band PM ( r a d i o )  
Te lev i s ion  ( f o r  docking) 
UHF 
Antennas 
Support Equipment 

Th is  system and i t s  elements run independently o f  t he  DMS. 
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4. MISCELLANEOUS ELECTRICAL EQUIPMENT 

There are two types of components i n  t h i s  area: those t h a t  

are and are n o t  DMS i n te r faced .  Those i n t e r f a c e  u n i t s  which are 

connected t o  the  DMS are shown below. The " S "  associated w i t h  

the data bus l i n e s  r e f e r s  t o  " s t r i n g "  data bus, i . e . ,  these l i n e s  

General Purpose Computer 

U n i t  ( I P D U )  ( 2  u n i t s )  

s s 

Engine Contro l  Robot A r m  Contro l  
I n t e r f a c e  ( E C I )  I n t e r f a c e  ( R A C I )  

( 2  u n i t s )  ( 2  u n i t s )  

MISCELLANEOUS DMS INTERFACES 

are t r i p l e  redundant data buses. A s  w i t h  a l l  veh ic les  the  OTV 

has an appropr ia te  number o f  inst rument  panel d i sp lays ,  switches 

and c o n t r o l s  f o r  ope ra t i on  of t he  sh ip .  These panel c o n t r o l s  and 

d i sp lays  are  d r i v e n  and c o n t r o l l e d  by t h e  DMS through the  

inst rument  panel d r i v e r  u n i t  ( IPDU) ,  o f  which the re  are  two for 

purposes o f  redundancy. Another component shown above i s  the  

engine c o n t r o l  i n t e r f a c e  (ECI).  Th is  u n i t  i s  extremely impor tant  

f o r  p rec i se  opera t i on  o f  the  p ropu ls ion  and a t t i t u d e  c o n t r o l  
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systems, and so the re  are  two complete E C I  u n i t s  which the  DMS 

can use t o  c o n t r o l  t he  engines. The t h i r d  i n t e r f a c e  connected t o  

the  DMS i s  the  robot  arm c o n t r o l  i n te r face  ( R A C I ) .  The robot  arm 

w i l l  be capable o f  both manual and automatic c o n t r o l .  For the  

l a t t e r  type o f  c o n t r o l ,  t he  DMS w i l l  access t h e  mechanical 

systems o f  t he  robot  arm by means o f  the  R A C I .  Again, t he re  are  

two redundant R A C I  u n i t s .  Because these l a s t  two i n t e r f a c e s  are  

t r i p l e - s t r i n g e d ,  and the re fo re  r e q u i r e  th ree  t imes the  normal 

amount o f  data bus cab l ing ,  and because they are  n o t  i n  c lose  

p r o x i m i t y  t o  the  DMS, there  appears i n  the  f i g u r e  above twelve 

u n i t s  c a l l e d  mu l t i / demu l t i p lexe rs  ( M D M ) .  These components 

conver t  data bus s i g n a l s  t o  and from s e r i a l  and p a r a l l e l  formats.  

Th is  enables the  use o f  l e s s  cab l i ng  between the  i n t e r f a c e s  and 

the  DMS, and thus  l ess  weight.  There are  twelve o f  these u n i t s  

because the re  are  s i x  t o t a l  data bus l i n e s  ( t h r e e  f o r  each 

i n t e r f a c e ) ,  and each l i n e  needs one MDM a t  each end. 

Some o f  t he  o ther  miscel laneous e l e c t r i c a l  equipment which 

does n o t  connect w i t h  the  DMS are such t h i n g s  as the  robot  arm 

i t s e l f ,  t he  instrument panels themselves, var ious  l i g h t s ,  and so 

f o r t h .  
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S p e c i f i c a t i o n s  

This  s e c t i o n  o u t l i n e s  the  power, weight,  and volume 

requirements f o r  each o f  t he  av ion i cs  components and the  reasons 

f o r  t h e  s e l e c t i o n  o f  p a r t i c u l a r  systems over t h a t  o f  o thers .  A 

summary o f  a l l  t he  av ion i cs  components and t h e i r  s p e c i f i c a t i o n s  

i s  shown i n  Table 1 on the  nex t  page. I t i s  impor tant  t o  no te  

t h a t  t h i s  f i g u r e  inc ludes  a l l  o f  t he  aforementioned’ components 

w i t h  the  except ion o f  the  robot  arm. The sources o f  t h i s  

in fo rmat ion ,  as w e l l  as a l l  the  data descr ibed thus f a r ,  appear 

i n  t he  reference l i s t  a t  t he  end o f  t h i s  sec t i on .  Several o f  t h e  

systems shown i n  the  f i g u r e  deserve some exp lanat ion  about t h e i r  

s p e c i f i c a t i o n s .  These are descr ibed below. The preeminent 

requirement o f  a l l  these components i s  r e l i a b i l i t y ,  f o l l owed  

c l o s e l y  by the  min imiza t ion  o f  power, weight ,  and volume. 

1.  GENERAL PURPOSE COMPUTER 

The GPC chosen f o r  t he  OTV miss ion i s  t h e  Contro l  Data 

(SCP). T h i s  computer was chosen o v e r  o t h e r s  f o r  t h e  f o l l o w i n g  

reasons. To begin w i t h ,  t h e  nature o f  t h e  OTV miss ion requ i res  

t h a t  t h e  da ta  processing system be t h e  most up-to-date as 

poss ib le .  Th is  i s  due t o  n o t  on l y  t h e  need f o r  t h e  most r e l i a b l e  

y e t  l i g h t e s t ,  smal les t ,  l e a s t  power consuming, and f a s t e s t  

computer, b u t  a l s o  t h e  need f o r  c o m p a t i b i l i t y  w i t h  f u t u r e  t rends .  

Such t rends  w i l l  i nc lude  t h e  adopt ion o f  t h e  A i r  Force 1 7 5 0 A  

Standard I S A  and t h e  increased use o f  CMOS/SOS (Complementary 

Metal Oxide Semiconductor/Silicon-On-Sapphire) c h i p  technology 
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[ 2 1 ,  [ 7 1 .  Th is  t rend  i s  can be seen on the  soon-to-be-launched 

G a l i l e o  p r o j e c t  which uses CMOS ch ip  technology. The e i g h t  

candidate computers f o r  the  OTV mission are  shown i n  Table 2 on 

the nex t  page, along which each one’s s p e c i f i c a t i o n s .  Analys is  

of t h e  c h a r a c t e r i s t i c s  o f  each computer l e d  t o  the  f i n a l  choice 

o f  the Cont ro l  Data ( S C P ) .  

2 .  MASS MEMORY UNIT  

The type o f  mass memory technology se lec ted  f o r  t he  OTV 

mission i s  Bubble Memory. This  was chosen a f t e r  analyz ing the  

a v a i l a b l e  memory technologies,  as shown i n  Table 3.  The most 

impor tant  f ea tu res  o f  t h i s  f i g u r e  are r e l i a b i l i t y  and r a d i a t i o n  

hardness. I n  sho r t ,  the  bubble memory technology was se lec ted  

f o r  reasons such as those s ta ted  by Greenberg, e t . a l . ,  “ t h e  

advantages o f  s o l i d - s t a t e  bubble memory over t r a d i t i o n a l  

n o n v o l a t i l e  tape recorders are semi-random access o f  data,  

m i l l i second  access t ime,  h igh  r e l i a b i l i t y ,  r a d i a t i o n  hardness, 

and low power.” [6,p.35] 

3.  MULTIFUNCTION D I S P L A Y  SYSTEM 

The type of d i sp lay  se lec ted  f o r  t h e  OTV mission i s  

electroluminescence f l a t -pane l  technology (EL, f o r  s h o r t ) .  Th is  

i s  a break from the  t r a d i t i o n a l  CRT’s which the  space s h u t t l e  

uses. The j u s t i f i c a t i o n  f o r  t h i s  i s  based upon the  grea t  

techno log ica l  advances t h a t  have been made i n  t h i s  area i n  recent 

years. Table 4 summarizes the  comparisons made between CRT’s, 

EL ’S ,  L i q u i d  C r y s t a l ,  and Plasma Panel d isp lays .  As shown on the  
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EVALUATION OF FLAT PANEL TECHNOLOGIES * 

VALUE: Level o f  Importance: L = Low, for OTV application. 
M = Moderate, 
H = High, 

* Source: Buxton & Baecker: SIGGRAPH ’86, 
and Tannas,L.E.,”Electroluminescence Cathes the Public Eye”. 



f i g u r e ,  each d i s p l a y  was given a r a t i n g  i n  each o f  t he  areas 

l i s t e d .  I n  a d d i t i o n ,  t h e  importance o f  each area w i t h  respect  t o  

the  nature o f  t he  OTV miss ion i s  shown (see "VALUE"). As can be 

seen on the  f i g u r e ,  a l though E L ' S  do n o t  f a i r  w e l l  i n  terms of 

image q u a l i t y ,  they have e x c e l l e n t  r a t i n g s  f o r  shape and 

opera t ing  c h a r a c t e r i s t i c s ,  which i s  t h e  most impor tant  f o r  t he  

OTV. The ac tua l  s p e c i f i c a t i o n s  o f  t he  EL d isp lays  shown on Table 

1 were obta ined from Table I1 o f  re ference [ 1 5 ] .  

4 .  DATA BUS NETWORK 

The data  bus network i s  t he  system o f  c a b l i n g  used t o  

in te rconnect  a l l  t h e  components o f  t he  DMS toge ther .  Th i s  system 

uses both s i n g l e  and t r i p l e  s t r i n g  data busing w i t h  a l l  ex te rna l  

components connected t o  each o f  t he  th ree  GPC's. A diagram o f  

t he  data bus network f o r  t he  OTV i s  shown f o l l o w i n g  Table 4 .  
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___- Software 

1 .  REQUIREMENTS 

The na ture  o f  t he  OTV miss ion w i l l  p lace  demands on the  DMS 

s i m i l a r  t o  those of communication s a t e l l i t e s .  A t y p i c a l  sof tware 

system f o r  these s a t e l l i t e s ,  and t h e  OTV, has t h e  f o l l o w i n g  re-  

quirements: [5,p.433 

O r b i t  P r e d i c t i o n  - f o r  p lanning launch windows and 
o r b i  t a l  maneuvers 

O r b i t  Determinat ion - f o r  accurate de terminat ion  o f  
c u r r e n t  o r b i t a l  elements 

Apogee Maneuver Planning - f o r  t r a n s f e r  o r b i t  p lann ing  

Stat ionkeeping - t o  make o r b i t  c o r r e c t i o n s  due t o  per- 
t u r b a t i v e  i n te r fe rences  

A t t i t u d e  Determinat ion - spacecra f t  o r i e n t a t i o n  

A t t i t u d e  Maneuver Planning - f o r  p lanning a t t i t u d e  ad- 
justments 

and p r o p e l l a n t  requ i red  
Maneuver Commanding - t o  determine proper t h r u s t  t imes 

Database Management - t o  organize a l l  t he  sof tware and 
data a c q u i s i t i o n  opera t ions  

2 .  LANGUAGE 

I n  the  pas t ,  assembly language coding o f  sof tware has been 

t h e  most widely  used, due t o  the  l i m i t e d  memory capac i ty  o f  t h e  

on-board computers and t h e  l ack  o f  o f f - t h e - s h e l f  compi lers.  Th i s  

changed somewhat w i t h  t h e  Shu t t l e ,  which uses a h igher  o rder  

language ( H O L )  c a l l e d  HAL/S ,  which was developed by I n t e r m e t r i c s  

I n c .  between 1970 and 1972.  HAL/S,  however, i s  l o s i n g  the  
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p o p u l a r i t y  b a t t l e  t o  Ada, another HOL t h a t  i s  10 years newer than 

H A L / S  and which w i l l  soon be adopted by DoD as t h e i r  standard 

spacecra f t  sof tware (MIL-STD-1815A). HAL/S and Ada were de r i ved  

from two very d i f f e r e n t  concepts. Whereas HAL/S was designed f o r  

t he  spec ia l  purpose o f  f l i g h t  sof tware,  Ada was developed t o  

t r e a t  a wider range o f  a p p l i c a t i o n s .  I n  a d d i t i o n ,  Ada has a 

decade o f  advances i n  programming technologies upon which t o  

b u i l d .  I n  h i s  a r t i c l e  Space S t a t i o n  F l i g h t  Software: HAL/S o r  

Ada?, A l l a n  Klumpp "recommends t h a t  Ada be considered f o r  t he  

pr imary programming language and t h a t  HAL /S  be re ta ined  i n  o rder  

t o  u t i l i z e  core sof tware i n h e r i t e d  from t h e  s h u t t l e . "  [8,p.201 

Therefore,  the  OTV w i l l  use Ada as i t s  pr imary sof tware language. 

3 .  A R T I F I C I A L  I N T E L L I G E N C E  AND EXPERT SYSTEMS 

The l a t e s t  development i n  the  area o f  sof tware f o r  space 

a p p l i c a t i o n s  has a r i s e n  o u t  o f  NASA's d r i v e  t o  develop a 

permanent space s t a t i o n .  The research being conducted t o  develop 

opera t i ona l  a r t i f i c i a l  i n t e l l i g e n c e  ( A I )  systems f o r  t he  space 

s t a t i o n  has l e d  t o  t h e  advancement o f  exper t  systems which 

s imu la te  a human exper t  o f  a p a r t i c u l a r  sub jec t .  Expert  systems 

under development a t  Johnson Space Center inc lude:  [1O,p.59] 

On-orb i t  p o s i t i o n  de terminat ion  f o r  t h e  space 
s h u t t l e  and space s t a t i o n .  

Contro l  o f  a spacecra f t  e l e c t r i c a l  system. 

Diagnosis o f  sof tware f a i l u r e s  by ground c o n t r o l  
du r ing  a mission. 

Planning f o r  a space s h u t t l e  o r  o ther  spacecra f t  
mission, i n c l u d i n g  t r a j e c t o r i e s  and a t t i t u d e s .  
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-- Processing o f  radar t r a c k i n g  data du r ing  s h u t t l e  
ascent and reen t ry .  

-- Contro l  o f  a system t o  remove carbon d i o x i d e  f rom 
spacecra f t  cabin a i r  and c o n t r o l  cabin pressure.  

I n  a d d i t i o n ,  LinCom o f  Nassau Bay, Texas i s  developing exper t  

systems f o r  automated docking procedures o f  r o b o t i c  spacecra f t .  

These e f f o r t s  have been encouraged through a r e p o r t  i n  1985 by 

the  Nat iona l  Aeronaut ics and Space Admin i s t ra t i on  Advanced 

Technology Advisory Committee c a l l e d  "Advancing Automation and 

Robot ics f o r  t he  Nat iona l  Space Program". Th is  r e p o r t  urged the  

con t inua l  development o f  A I  sof tware and r o b o t i c s  systems f o r  t h e  

space s t a t i o n ,  i n  such areas as: [11,p.631 

-- E l e c t r i c a l  power exper t  systems t h a t  can d i s t r i b u t e  
loads, o r i e n t  s o l a r  a r rays ,  p rov ide  ana lys i s  o f  
e l e c t r i c a l  system performance t rends  and prov ide  
f a u l t  d iagnosis .  

-- Communication and t r a c k i n g  systems, i n c l u d i n g  com- 
municat ion schedul ing,  rendezvous t r a c k i n g  and data 
r a t e  s e l e c t i o n .  

-- In fo rma t ion  and data management exper t  systems f o r  
c o n t r o l  o f  subsystem s t a t u s ,  redundancy and con f ig -  
u r a t i o n  management and data-base management. 

_- Environmental c o n t r o l  and l i f e  suppor t  systems, i n -  
eluding crew alarm, s t a t i o n  atmosphere mon i to r ing  
and c o n t r o l ,  and hyperbar ic  chamber c o n t r o l .  

Some o f  these tasks  w i l l  be inc luded i n  t h e  f u n c t i o n s  of t h e  

DMS f o r  t he  OTV, however, due t o  t h e  l i m i t e d  microprocessing 

space o f  t h e  OTV, most o f  these AI and ES c a p a b i l i t i e s  w i l l  have 

t o  be omi t ted .  
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111. HUMAN FACTORS 



Human factors is a combination of all equipment required to 

maintain the crew in a healthy, comfortable, productive working 

environment. According to the RFP, the O W  requires systems to 

support three men for a period of seven days. The majority of 

the equipment used will be very similar to the equipment employed 

by the Space Shuttle and equipment tentatively planned for use on 

the Space Station. 

Psvcholoaical Considerations 

When designing the spacecraft the following considerations 

must be taken into account: privacy, crowding, and sensory 

depr vation. Crewmembers should be allowed to select a variety 

of clothes and colors for their wardrobe. This would brake up 

the monotony if everyone wore the same clothing. During Skylab 

missions, there was a lack of fragrances - only lemon dishwashing 
detergent and a spice scented deodorant were present (1:31). 

More items should be included that will provide a greater variety 

in aromas present. Additional items might include a variety of 

deodorants, aftershaves, and detergents. Also, the O W  will be 

broken up into two separate compartments, enabling a crewmember 

to separate himself from the other crewmembers in a time when 

privacy is desired. Estimates predict that each crewmember will 

need 180 cubic feet for total habitable volume, and 41 cubic feet 

for private crew quarters (5: 10) . 
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Interior Desian 

The interior design is set up in a one-gravity 

configuration. It consists of 21 service modules each 42 inches 

wide. The subsystem equipment is installed in modular packages 

that occupy the space near the walls, leaving a 84 inch square 

opening in the center to be occupied by the crew. The inboard 

faces of the crew quarters form a square @@hallway'@ about 60 

inches in width through which personnel and material traffic move 

without disturbing the sleeping crewmembers. 

crew Oua rters 

A very important requirement for the mission is the 

capability of each crewperson to have a private retreat that 

belongs to him/her alone, as well as one that provides noise and 

light control for restful sleeping and relaxation (see Figure 

3-2). Each crew compartment displaces one and a half service 

bays and encloses approximately 150 ft3. The zero-gravity 

environment is exploited to make effective use of a relatively 

limited volume by keeping the sleep restraint and personal use 

console oriented parallel. A small window is available for 

personal recreational viewing. A personal use console is 

installed, providing storage containers, a video/audio/data 

processing center for private work or entertainment, and 

appropriate body restraints (2:173). 
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Figure 3-2 
Crew Quarters 
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Wardroom 

The wardroom provides space for the multi-use table and to 

make possible a large viewing window in the sidewall. The table 

provides space for the entire crew at one time for eating or 

conferencing, and is usable by, the crew during off-duty time for 

recreation or conversation. 

Gallev 
The galley unit contains frozen, refrigerated and ambient 

storage provisions for food (see Figure 3-3). The galley also 

houses the subsystems needed for preparing and serving meals, 

including combination microwave/convention ovens, hot and cold 

potable water/beverage dispenser, utensil stowage and pull-out 

counters. An interface with the data management system provides 

recipe and cooking instructions and automatic control of the 

various cooking facilities. Clean-up and housekeeping is 

supported by inclusion of a trash compactor and stowage, and a 

convenient hand washer (2:172). 

Figure 3-3 
O W  Galley 
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Water Sumlies 

A human being requires approximately 15 lbs of water per day 

for both consumption and food preparation. It has also been 

estimated that 25 lbs of water per man per day is required for 

both personal hygiene and wash water (4). The necessary 120 lbs 

of water per day will be produced by the on-board power systems, 

(see Chapter IV, Power Systems). 

Health Maintenance Sv stem 

In zero gravity humans must exercise every day in order to 

maintain an appropriate level of physical fitness and slow the 

loss of minerals (especially calcium from the bones) and muscle 

deterioration. The O W  will use a treadmill type system which 

will provide resistance in the form of friction. Additionally, a 

bicycle ergometer will be provided to allow other muscle groups 

to be exercised. 

Personal Hvaiene Facilitv 

The personal hygiene compartment is characterized by the 

requirement to house the maximum size crewperson within an 

enclosure that controls odor, contains accidental spills and 

provides privacy. This compartment contains facilities for 

shaving, oral hygiene, hand/partial body washing, personal 

grooming, etc., and has a backup urinal for use in the event the 

waste management compartment is occupied (2:172). There will not 

be a shower on board. A shower takes up too much room and 

presents difficulty in capturing all the globules of water. 
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Waste Manaaement 

Waste management will be handled by the Waste Management 

Compartment (WMC), a system similar to the one currently in use 

on board the Space Shuttle. The WMC is an integrated, 

multifunctional system, primarily utilized to collect and process 

biowastes from male and female crewmembers in a zero gravity 

environment (3). The system is used as a standard Earth-like 

facility. WMC performs the following general functions: 

- Collects, stores, and dries fecal wastes 
and associated tissues 

- Processes urine, and transfers it to the 
waste water tank 

- Processes Extravehicular Mobility Unit 
(EMU) condensate from the airlock, and 
transfers it to the waste water tank 

- Provides an interface for venting trash 
container gases overboard 

- Provides an interface for dumping Air 
Revitalization System (ARS) waste water 
overboard in a contingency situation 

- Processes wash water from the Personal 
Hygiene Station (PHS) and transfers it to 
the waste water tank. 

Command Module 

The command module houses all of the command and 

control modules as well as the spacesuits and other 

necessary equipment needed for EVA operations. The 

module was designed so that the spacesuits could be 

donned in the main compartment and then both 

astronauts, if needed, could enter the airlock to exit 
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the OTV. Reducing the size of the airlock reduces the 

time and energy required to operate the airlock. 
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Figure 3-4.  
Command Module 



Conclusion 

Though the mission is only planned to last a total of seven 

days, every effort should be made to make the astronauts stay in 

the O W  as comfortable as possible. It must be taken into 

consideration that the crew has already spent a significant 

amount of time in a stressful environment while living on the 

Space Station. Any unneeded hardship would only compromise the 

mission. 
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I V .  ELECTRICAL POWER SYSTEM 



Hvdroaen-Oxvaen Fuel Cell 

Electrical power is a necessity on all modern space flights. 

The OTV is no exception to this. It needs power to run all its 

on board systems which include the environmental control/life 

support system, the communications and computer system, and the 

robot arm. There are a number of ways to produce electrical 

power in space but at the present time there is no single best 

way to produce electrical power in space. A number of systems 

were investigated for their potential as power systems for the 

Orbiting Transfer Vehicle. The systems investigated include 

solar, nuclear, and chemical power generation systems. A 

comparison was made between the three systems, and it was found 

that for the mission requirements and power needed by this 

vehicle, the best type of power system would be a chemical power 

generation system, specifically the use of fuel cells to produce 

the required power. 

A hydrogen-oxygen fuel cell system has been used on manned 

missions starting with Gemini and Apollo up through the system 

currently being used on the space shuttle. It is; therefore, a 

proven system which can be installed with confidence on the O W .  

It operates by using a chemical reaction of H2-02 to produce 

power. Its weight is superior to all other systems for a mission 

which lasts only for a 50-200 hour duration. The fuel cell is 

easy to maintain and uses fuels that will be readily available in 

this Orbital Transfer Vehicle design. Because of its proven 

experience, compact size, and low weight this system was chosen 
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3 Substack Hydrogen Oxygen Fuel Cell 

for the OTV. 

The Space Shuttle, as mention above, currently uses an H2-02 

fuel cell system. The cells used on the shuttle are similar to 

the ones that will be used on the proposed OTV. The OTV will use 

two fuel cells. These fuel cells will contain three substacks of 

32 subcells each. These subcells are where the power of the - 

system is produced. There will be two cells operating 

continuously on the OTV so that if one cell becomes damaged the 
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enough power to return to the space station. In emergency 

situations when both fuel cells become inoperative, it would be 

possible to use the nuclear reactor, which is used as a 

propulsion system for the spacecraft, as a power source until the 

fuel cells could be repaired. Listed below are the 

specifications of the fuel cell 'to be used. 

Type: 

Weight: 

Dimensions: 

Volume : 

Tanks : 

Oxygen 

Hydrogen 

Power: 

Heat Rejection: 

Water Produced: 

Loads : 

H2-02 Fuel Cell Powerplant 

3 sub 32 cell system 

255 lb (cell), 2112 lb system 

45 in long x 15 in wide x 14 in high 

5.47 cubic feet 

Contain 781 lb of 02 at 100-1050 psia 

and -260 to 170 F 

Contain 92 lb of H2 at 100-355 psia and 

-402 to 170 F 

12 KW at 27.5 VDC (normally) 

16 KW at 26.5 VDC (emergency) 

25 000 BTU/hour at 12 KW power produced 

10.7 pph at 12 KW power produced 

Can drive loads of 28.5 volts and 250 

amps 

Fuel Cell ODeration 

This system is easy to start up using a nickel-cadmium 

battery or the space station's own power supply to give the craft 
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the initial charge that it needs to start up the fuel cells, and 

it is easy to stop which involves only purging the system with 

water which the system produces itself. It integrates well with 

the Environmental Control/Life Support (ECLS) system by producing 

water which can be used by the ECLS system. It is estimate that 

the cells will produce 96 lbs of water per day for the crew an 

thermal control usage. It also uses oxygen which is needed in 

the ELCS system thereby not adding an extra tank to be used 

separately by the fuel cell. The heat, it rejects, can be 

eliminate by placing the cells on the strut supports of the O W  

and by regulating their heat loss to the required level of 

operation of the cell. 

Currently the amount of  power needed by the O W  is listed 

below. 

Power Requirements 

Avionics : 1900 watts (min), 2361 watts (max) 

Navigation: 800 watts (normal) 

Crew Systems: 2700 watts (min), 2750 watts (max) 

Docking Equipment: 2200 w a t t s  (normal) 

ECLS system: 4000 watts (normal) 

Robot Arm and EVA: 3750 watts (normal) 

Total : 15350 watts (normal I 5 watts ,sax) 

The fuel cell system proposed will be able to handle these power 

requirements. A schematic of the system is shown in Figure 4-1. 

The fuel cell system was chosen from among 3 other systems 

that were researched to determine which was compatible with the 

mission requirements given. These systems were solar, nuclear 
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and batteries. The problems with using solar power on an O W  

include its size being to great and the need to continually 

adjust the panel so that it points at the sun to produce power. 

Nuclear generation is too dangerous an such a short mission. Its 

main benefit is that it produces great amounts of power when 

compared to its weight for longer periods of operation. 

Batteries were found to produce little power compared to the 

mission requirement, an if they were used the amount of batteries 

needed would far exceed the allowakle weight limit. Figure 4-2 

shows a comparison between the four power systems and the optimum 

mission length f o r  each. The OTV mission length can be seen to 

fall in the fuel cells best operaticm condition. The technology 

currently existing for this power generation system, the amount 

of power that it can generate for the duration of the mission 

compared to its weight and its integration in the ECLS system 

make the Hydrogen-Oxygen fuel cell an attractive system. It is 

safe and well tried. This system will therefore be used on this 

OTV design. 

4 7  



cn 
U 
U 
0 w 
n a 
pc 
I- 

1 I ‘ I I I I I I I I I  

W 

U 
W 
3 
0 n 

-I 
w 
0 
A 
w 
3 
LL 

L 
I 

L 
L 
L 
A 
4 
I 
I 
L 
A 
I 

j 
L 
L 

I 
\ 
\ 

N 
I 
e 

I 



References 

1. Corbett, Robert. Power. Lockheed Missiles and Space Company 

2. Faymon, Karl A. Space Power Technoloav into the 2 1 e  

Report(N84-18288). Sunnyvale, CA:1984. 

Century. NASA Technical Report, Lewis Research Center. 
Cleveland, 0H:1984. 

3. Fordyee, J. Stuart and Schwartz, Harvey J. The Potential 
Impact of New Power Svstem Technoloav on the Desian of a 
Manned Space Station. NASA Technical Report, Lewis Research 
Center. Cleveland, 0H:1984. 

4. Fordyee, J. Stuart. Technoloav Status-Batteries and Fuel 
Cells. NASA Technical Report, Lewis Research Center(N79- 
10132). Cleveland, 0H:1979. 

5. Gitlow, B. Final Report-Development of the Advanced Fuel 
Cell Svstem. NASA Technical Report, Lewis Research 
Center(N79-12553). Cleveland, 0H:1979. 

6. Johnson, Richard E. Orbiter Fuel Cell Improvement 
Assessment. Le Tourneau College Technical Report(N82- 
19610) . Longview, TX: 1987. 

7. Martin, R.E. Topical Report - Electrochemical Enerav Storase 
for an Orbitins Space Station. NASA Technical Report, Lewis 
Research Center(N82-17607). Cleveland, 0H:1982. 

8. McBryar, Hoyt. Technolosv Status - Fuel Cells and 
Flectrolvsis Cells. NASA Technical report, Johnson Space 
Center(N79-10133). Houston, TX:1979. 

9. NASA Training Manual. Orbiter Fuel Cell Power Plant Review 
and Trainins Course. South Windsor, CT: United Technology 
Power Systems, 1983 

10. Orbiter Fuel Cell Performance Constraints. NASA Technical 
Report, Johnson Space Center(N80-19610): Houston TX:1980. 

11. Resenerative Fuel Cells - Technoloav ReDort. NASA Research 
Report. 1984. 

12. Sheilby, Dean W. Reaenerative Hvdroaen-Oxvsen Fuel Cell- 
Electrolvzer Svstems for Orbital Enersv Storase. NASA 
Technical Report, Lewis Research Center(N84-33670). 
Cleveland, 0H:1984. 

49 



and Reactant SuDDlv Svstem. NASA Technical Report, Johnson 
Space Center(N85-16947). Houston, TX:1983. 

50 



V. ENVIRONMENTAL CONTROL/LIFE SUPPORT SYSTEM 



The environmental control/life support system is an 

important concept which must be addressed on any manned space 

mission. It will provide the crew with its daily life support 

needs as shown in Figure 5-1. There are six major areas of 

concern in crew life support which will be addressed in this 

report. They are : 

1) Atmospheric Revitalization 

2) Life Support 

3) Water Processing 

4) Active Thermal Control 

5) Fire Protection 

6) Air Lock Support 

Figure 5-2 shows what units are defined under each area. This 

portion of the report will deal mainly with the first five areas 

while the sixth area will be explored in a later section o f  this 

OTV report. We will begin with a discussion of how closed the 

environmental control/life support system will be on the O W .  

The system that will be used on the OTV will be a partially 

closed system. From Chart 5-3, the weight of the system can be 

minimized by using a partial water recovery and a carbon dioxide 

removal system. A system which is closed more than this one will 

require more power than is necessary on the trip and will create 

weight problems. The closed system which will be used will 

decrease some of the launch weight/volume requirements, but the 

power required by the craft will also increase slightly over a 

totally open system. It is important to minimize the weight so 

that the amount of fuel needed to be carried is reduced and 
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Figure 5-2 

ECLSS subsystems 

Taken From: Silvano Colombano, Control Problems in Autonomous_ 
Life Sumort Svstems. NASA Technical Report, Ames 
Research Center(N83-3~020). Moffett Field, CA:1983. 
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Mission Durations effect on Spacecraft Weight 

Taken From: Concept Definition for an Extended Duration Orbiter 
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therefore the cost of each trip is reduced. One of the important 

ways to reduce weight, as illustrated in Chart 5-3, is to close 

the carbon-dioxide loop, or the atmospheric revitalization 

system. 

1. Atmospheric Revitalization 

The atmospheric revitalization system controls the quality 

of the spacecraft's atmosphere. This portion of the system deals 

with trace contaminant control and carbon-dioxide reduction on 

board the craft. This involves the removal of C 0 2 ,  humidity 

control, dust and contaminant control. A trace contaminant 

sorbent bed will be employed to remove atmospheric contaminants 

other than C02 from the cabin. The beds are made of activated 

carbon. They are contained in a canister which draws in, through 

the use of a fan, the air in the cabin. The carbon then acts as 

a filter and cleans the air as it goes through and re-emits the 

clean air back to the cabin. Each canister weighs 16.7 lbs when 

full and lasts for 15 days so it would have to be replaced every 

1.5 to 2 missions. These canisters are designed to remove trace 

contaminants only. 

The crew in the cabin produces carbon dioxide, a contaminant 

that cannot be removed by the sorbent bed system. Through 

research it was found that C02 can be removed by a generally 

lighter and less volume system concept than is being used 

currently. L i O H  cartridges which operate similar to the sorbent 

bed are being used to remove carbon dioxide. The sorbent bed 

system t o  be used on the OTV will be a regenerative type system 
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where the principle of combining C02 and H2 to form water for use 

by the crew will be used to save weight. The process used will 

be the Sabatuer and Bosch processes. The C02 is converted to 

water via hydrogenation. The water will be used to control cabin 

temperature and humidity control and as a supplement for the 

potable water supply. 

2. ECLSS Supply 

The system has certain requirements which it must meet in 

order for it to provide adequate life support for the crew, and 

these requirements are shown in Table 5-4. The object of the 

environmental control/life support system (ECLS) is to provide an 

atmosphere as similar to earth's as possible. It is, therefore, 

designed to provide an oxygenpitrogen mixture at 14.7 psi and 

has to be able to operate at a level of 8 psi without damage. 

The system will provide a cabin temperature of 70° F and be 

capable of withstanding a level of 10733 Btu/man-day. The craft 

must carry or be able to produce 53 lbs of cryogenic nitrogen and 

260 lbs of cryogenic oxygen. The system must provide 50 lbs of 

food per mission to support the crew. 

The crew must have, in addition to the above elements, water 

to survive. Water will be produced for crew use through the 

integration of the ECLS system with the fuel cell system. The 

crew needs 690 lbs of water on a 10 day, 3 man mission. The cell 

will produce 10 lbs/hr of water per 12 KW of power produced by 

the cells. It was estimated that the fuel cells could produce 

2400 lbs of water in 10 days, easily meeting the water 
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Table 5-4 ECLSS Average Design Load 

Metabolic 0 2  

Leakage A i r  

EVA 0 2  

Metabolic C02 

Drink H 2 0  

Food preparation H 2 0  

Metabolic H 2 0  production 

Clothing wash H 2 0  

Handwash H 2 0  

Shower H 2 0  

P e r s p i r a t i o n  and r e s p i r a t i o n  H 2 0  

U r i n a l  f l u s h  H 2 0  

Ur ine  H 2 0  

Food s o l i d s  

Food H 2 0  

Food packaging 

U r i n e  s o l i d s  

Fecal so l ids  

Sweat s o l i d s  

Charcoal requi red  

Metabolic sensible  h e a t  

Hygiene La ten t  H 2 0  

Food preparation l a t e n t  H 2 0  

Wash H 2 0  s o l i d s  

Shower/hand wash H 2 0  s o l i d s  

0.83 kg/man day 

2 .27  kg/day t o t a l  

0.55 kg/8 h r  EVA per man 

1.00 kg/man day 

1.86 kg/man day 

0 .72  kg/man day 

0.35 kg/man day 

12 .47  kg/man day 

1.8 1 kg/man day 

3.63 kg/man day 

1.82 kg/man day 

0 . 4 9  kg/man day 

1.50 kg/man day 

0 . 7 3  kg/man day 

0 .4  5 kg/man day 

0.45 kg/man day 

0.06 kg/man day 

0.03 kg/man day 

0 . 0 2  kg/man day 

0.06 kg/man day 

2.05 kW-hr/man day 

0 . 4 4  kg/man day 

0.03 kg/man day 

0.44  percent 

0.12 percent  
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requirement of the crew. 

systems will allow the fuel cell to provide oxygen for the 

craft's crew cabin, and hydrogen for the carbon dioxide reduction 

process. 

Further integration between the two 

3. Thermal Control and Waste Management 

The thermal control and waste management in the craft are 

also important parts of the ECLS system. The thermal control 

system removes latent heat produced by various equipment 

installed in the craft. This is accomplished by circulating 

freon through tubing in the spacecraft to pick up the heat. The 

freon then takes the heat transferred in the cabin to radiators 

located outside the craft on the skin where they radiate the heat 

into space. In this way the cabin temperature is controlled to 

the 70° F temperature required in all current manned spaceflight. 

An area for further study in this design is the thermal control 

of the heat produced in the reactor. The idea currently under 

consideration for the O W  specified in this report is to have a 

closed hydrogen loop where liquid hydrogen is circulated through 

the nuclear reactor in the engine to remove the heat energy there 

caused by engine usage. The hydrogen is then circulated out of 

the reactor in tubing to a series of tubes which have freon tubes 

wrapped around them. The freon will then take the heat in the 

hydrogen to the radiators to be liberated into space and the 

hydrogen will be returned to its holding tank to be used as fuel 

for the spacecraft. A further investigation of this system and 

other thermal control systems is required to choose the correct 
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system for the O W .  

The waste system collects and stores liquid and solid waste 

produced by the crew. This waste will be stored in a tank which 

holds 210 man-days of waste and this tank will be dumped into 

space every 4-7 days. The loads expected to be encountered in 

the system are 9.9 lbs/day of urine and 7.65 lbs/day of wash 

water which will be produced by a 3-man crew. 

4. Fire Detection and Suppression 

In the area of fire protection, the craft will contain smoke 

and hoat dotoctorm to warn of flro or potential fire. Sylrtems in 

fire areas will be able to be shut down quickly and a foam 

suppression system will be used in electrical systems. There 

will be both hand and automatic fire suppression equipment which 

will be used to control any fire situation. 

This system was chosen over closed systems due to its 

initial weight to length of the mission. The ECLS system is made 

by modular design. New modules can be put in to enhance the 

performance of particular systems, for example putting a module 

in to increase the efficiency of the C02 regeneration. The 

system can, therefore, easily be updated to provide expanded 

service to the crew on any mission which will be undertaken. 

With this type of system, the OTV can be modified to be used well 

into the 21st century. 
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VI. NAVIGATION AND ORBITAL MANEWERS 



Navisation 

This section of the report details equipment for the OTV's 

basic orbital maneuvers. The main navigation components include 

a GPS (Global Positioning System) receiver, two star tracker 

units, and a laser gyro IMU (Inertial Measurement Unit). The 

equipment is presented in the context of an actual OTV satellite 

service mission in order to appropriately describe their 

function. 

The first stage of the OTV mission is the orbital transfer 

for rendezvous with the target satellite. The craft begins in an 

orbit with the space station, and ends in an orbit with the 

satellite. Several different pieces of equipment handle control 

of the craft while in orbit, as well as positioning for the 

transfer. 

Attitude control is the most basic requirement for 

maneuvering a spacecraft. This concerns keeping the craft in 

level flight, on the correct course, and free from rotation. The 

IMU controls attitude control (Fig. 1). The OTV IMU's consist of 

laser gyroscopes and accelerometers, aligned along the principle 

axes of the craft (the body-fixed x-y-z axes), and they measure 

acceleration and inertial attitude. Laser gyroscopes are used 

over conventional gyroscopes because of their high degree of 

accuracy. The laser gyroscopes work as follows: A light beam 

from a laser is split into two beams, which are subsequently 

directed on two directions around a closed course defined by 
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FIGURE 1. 
The star trackers and main IMU units as 

oriented in the space shuttle. 

J 
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mirrors. The relativistic frequency difference between the two 

beams is a measure of the angular rate about the axis of the 

closed course. The accelerometers measure acceleration along the 

axes. The data provided by the gyroscopes and accelerometers is 

fed to the main IMU unit and to the Attitude Director Indicator 

(ADI) , which displays roll, pitch, and yaw rates. This allows 

the pilot to correct the course of the craft. 

The IMU measures change in attitude, but the attitude of the 

craft must be known. Also, the IMU units tend to drift over 

time, and so they are augmented by a second piece of navigation 

equipment: a position sensor of some type. These sensors are 

usually sun sensors, earth sensors, or star sensors, and they 

provide the orientation of the craft. Satellites may use any of 

these sensors, but a maneuvering craft is most likely to chose a 

star sensor device, referred to as star trackers. Star tracker 

units are simply sensitive light-receiving devices, like a 

camera, which record the positions of the different images they 

receive (Fig. 2). These devices are aligned in the spacecraft to 

record star positions. The OTV will employ two units, pointing 

at right angels to each other, and run them when attitude is 

required (Fig. 1). The positions of the stars are matched with a 

star catalogue contained in the main computer, known as the 

General Purpose Computer (GPC), thus establishing the orientation 

of the spacecraft. The OTV will employ the general purpose 

standard star tracker, which meets a wide variety of conditions 

while maintaining low weight and power requirements. 
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Electronics assembly. Contains optics and electronics for converting op- 
tical images into digital data 

Adapter plate. Provides comnon mount for Star Tracker subsystem 

Protective window. Provides a seal that protects and allows electronics 
assembly to be pressurized 

. 

Light shade assembly. Protects lens from glare. A l s o  provides mount for 
Bright Object Sensor (BOS) and shutter mechanism. 

STAR TRACKER 
ELECTRONICS ASSEMBLY W T E R  P U T E  PROTECTIVE YINOOY 
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CONNECTORS 

FIGURE 2 .  
A typical s t a r  tracker u n i t .  
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Specifications for the star tracker include: 

1) 6th magnitude sensitivity. 

2) Large 8Ox8O field of view. 

3) Flight proven design on space shuttle. 

4) 10 arc second accuracy. 

5) 

6) Withstands 20g acceleration. 

-1OOC to 5OoC temperature range. 

The last piece of equipment used for orientation is a GPS 

processor/receiver . The GPS is a network of satellites and 

ground-based stations. The satellites will be placed into orbits 

with a period of 12 hours and inclined 55O from the ecliptic 

plane. There will be six of these orbits, each with three evenly 

spaced satellites (a total of 18), with each line of nodes spaced 

60° from the next (Fig. 3). This means four satellites are in 

view from the ground at all times. The ground stations track 

these satellites, and send their position data to any craft with 

a receiver, including boats, airplanes, and spacecraft. The 

position data in synchronized so the receiving craft knows where 

the satellite was when it sent the signal. If the craft receives 

several signals from several satellites, its can determine its 

own position. Several of the GPS satellites are deployed, the 

rest await the continuation of the space shuttle program. 
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FIGURE 3. 
The GPS system. 

Proximitv Operations 

The other stage of the OTV mission begins when the OTV 

reaches the proximity of the target. This stage includes 

tracking and docking, and requires a different set of navigation 

equipment, specifically a Laser Docking Sensor, a laser ranger, 

and a high gain antenna. 
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Previously, the shuttle used its Ku-band Radar and 

Communications System for docking. However, this system is not 

sufficient for close-range operations because (1) it does not 

measure attitude, (2) it is not effective at ranges less than 100 

feet (the specified range for the beginning of proximity 

operations), (3) it cannot perform radar and communications 

simultaneously while docking a station-keeping, and (4) it is too 

large and heavy for the OTV. The solution was to research the 

Laser Docking Sensor. 

The OTV will employ the Laser Docking Sensor when the OTV 

comes within 100 feet of the target, presumably augmented by the 

laser ranger. The description of the laser sensor is an optical 

radar which uses a semi-conductor transmitter and an image- 

dissector receiver. 

Specifications of the Laser Docking Sensor are: 

1) It can augment or replace visual tracking of the target. 

2) It supports both hard-docking (physical dock) and soft- 

docking. 

3) It enables the OTV to determine relative position and 

relative attitude of the target. 

4) It can perform long term station-keeping in an automatic 

mode to relieve the crew from continually monitoring the OTV 

position and apply corrective maneuvers. 

5) It can tolerate viewing the sun without damage. 

6) It is small and low-power. 
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The laser ranger and the high gain antenna complete the 

radar and distance equipment used for docking. 

All of the state-of-the-art navigation equipment required by 

the OTV is summarized as follows: 

Totals 202 lb 800 W 10,950 in3 

Rendezvous 

Rendezvous is the first stage of orbital maneuvers, namely, 

the orbital transfer. The O W  Earth orbital transfer is most 

interested in conserving fuel, and the transfer involving the 

least amount of fuel consumption is a Hohmann transfer. A 

Hohmann transfer is simply an ellipse drawn between two orbits 

(Fig. 4 ) ,  with the earth at the focus, the perigee at the lower 
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FIGURE 4. 
A Hohmann transfer ellipse from low earth 
orbit (LEO) to geosynchronous orbit (GEO). 

orbit, and the apogee at the opposite side on the higher orbit. 

The transfer follows one half of the ellipse. The OTV performs 

an initial engine burn (expressed as A V) at perigee to place it 

on an elliptic trajectory, and a second burn when the spacecraft 

reaches apogee to circularize the orbit. 

Also, since the space station on which the OTV is based is 

inclined at 2 8 . 5 O  from the ecliptic and most satellites serviced 

will be at Oo inclination (geosynchronous) or some other 

inclination, the orbital transfer will involve a plane change. 

The fuel requirement is lowest if the OTV performs the plane 

change at the end of the elliptic transfer, and is even lower if 

the second burn and plane change are done together. 

Since in a Hohmann transfer the spacecraft finishes directly 
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opposite of where it started, is the time of flight f o r  the 

transfer is calculated, then the position of the target when the 

transfer began can be obtained. Knowing both the initial 

position of the OTV and the target yields the initial conditions: 

in this case, the angle between both the target and the 

rendezvous point, and the O W  and the rendezvous point. Whenever 

these initial conditions are present, the spacecraft can begin an 

TARGET t r o  

FIGURE 5 .  
The intercept problem. 
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orbital transfer. Since the time of flight is 5 hours, this 

requires that the target be 79O in front of the rendezvous point 

when the transfer begins (See Appendix A). 

However, the final rendezvous can only take place on the 

line of nodes because of the plane change involved, so the OTV 

must begin the transfer when it crosses the line of nodes, and 

the target must be 79O away from crossing the line of nodes. 

This situation occurs very infrequently, if at all. However, a 

very simple maneuver will enable the spacecraft to perform the 

rendezvous every 12 hours, with no addition to the velocity 

increment and little addition to the time of flight. 

The HITME (Hollo-Ibarra Transfer Maneuver Ellipse) maneuver, 

a new transfer technique originated by two of my peers, has the 

spacecraft initially placed into a small waiting ellipse by a A 

V, where it will return to perigee exactly when the target is '79O 

from the line of nodes, and the transfer can begin (Fig. 6). 

During one orbit of the OTV in LEO, the target travels 2 2 . 5 O .  

The target will cross into the Initial Launch Zone (ILZ) once 

every 12 hours. Since the ILZ is 22.5O, at some time while the 

target is in the ILZ the OTV will be at the initial transfer 

point. Then the angle of the target between its position and the 

79O mark is quickly obtained, along with the time of flight for 

the waiting ellipse, the parameters for the waiting ellipse, the 

initial velocity increment, the intermediate velocity increment, 

and the final velocity increment (See Appendix A). These 

calculations are not difficult and can be done by computer 
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(Appendix B). Calculations show that this transfer maneuver, 

while increasing transfer time, adds no extra velocity increment, 

and still minimizes fuel consumption. 

The No Transfer Zone (NTZ) is required between the ILZ and 

the 79O mark because if the OTV were to perform a waiting ellipse 

maneuver while the target was in the NTZ, the OTV would have to 

enter an elliptical orbit closer to earth in order to reach the 

initial transfer point, because the time of flight for the 

waiting ellipse would be less than one period of the OTV orbit, 

and that requires a lower orbit. 

The return transfer is similarly done, except that no 

initial rendezvous angle is required (Fig. 7). The OTV can 

depart any time it is on the line of nodes, performing the 

transfer to an elliptical orbit simultaneously with the plane 

change. When the OTV reaches LEO, the angle of the space station 

from the rendezvous point is taken and the time to the rendezvous 

point with the OTV is calculated, adding on one complete orbit so 

that the new waiting ellipse is not performed below LEO. The 

total time of flight of the space station reveals the waiting 

ellipse time of flight, and parameters are similarly calculated. 

These are also easily performed by computer (Appendix B). 
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FIGURE 7. 
The return maneuver. 
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Dockinq 

Docking is the last phase of rendezvous. It has an initial 

range of 1500 to 100 feet. A common method of docking deals with 

a control cone, which has its vertex at the target (Fig. 8). 

When the OTV reaches the edge of the cone, velocity is reduced to 

the required range-rate (closure velocity). Whenever the OTV 

subsequently touches the boundary of the cone, an impulse thrust 

sends it back towards the middle. The boundaries of the cone are 

measured by the docking system, and the pilot reads the 

parameters (such as range-rate, angular rate, and displacement 

from the nominal line) and corrects the spacecraft attitude. As 

the cone narrows, the OTV closes on the target. 

FIGURE 8 .  
Docking control cone. 
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APPENDIX A 

The Rendezvous Maneuver 

For this problem, 

R1 2.182~10~ ft 
R2 = 1.382~10~ ft 
Ue = 1 . 4 0 7 6 ~ 1 0 ~ ~  ft3Ls2 

where R1 is the radius of LEO, R2 is the radius of GEO, and 

The orbital periods are 

U, is the Earth's gravitational parameter. 

TP1 = 5400 s or 1 hour, 30 minutes 
TP2 = 86160 s or 23 hours, 56 minutes 

The transfer time for the Hohmann transfer is given as 

TOF = *.m 
where at = (R1 + R2)/2 and is the semi-major axis of the 

transfer ellipse. For the LEO to GEO transfer, TOF = 18950 s 
with at = 8 . 0 0 ~ 1 0 ~ ~  ft. 

In 18950 s the target travels 

(360°/86160s)x18950s = 79.18O 

This defines the angle that the target must have from the 

Also, during one orbit of LEO (5400 s) the target travels 
line of nodes when the OTV begins its transfer ellipse. 

(360°/86160s)x5400s = 22.55O 

This defines the Initial Launch Zone for the initial 
waiting ellipse, and well as the No Transfer Zone. 

To obtain the parameters for the waiting ellipse, as well 

First, obtain the 0 between the target and the 79O line. 

as the A VIS, the following calculations were performed: 

Then, find the time of flight for LEO corresponding to that 
angle. 

TOF = 8x(5400s/360°) 
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Next, the elliptic parameters for that time of flight can be 
determined. 

ae [ (TOF/2y) 2 ~ U e  J 

Where ae is the semi-major axis of the wait ellipse. Since 
R1 is the perigee radius, the eccentricity, e, can be determined 
from 

e = l-(R1/ae) 

The semi-latus rectum, p, is found from 

p = aex(l-e2) 

And h, the angular momentum per unit mass, is 

h =fGi 
Now, the velocities are found form the following equations. 

VP = h/Rl, VP is the perigee velocity 

A VI = VP - VC1 
a V2 is the velocity increment required for the O W  to 

attain the transfer ellipse. 
the transfer ellipse, or 33381 ft/s. Now, since VC = 6018 ft/s, 
or the combination circularization and plane change velocity 
increment, the total V is given as 

Vi is the velocity at perigee for 

AV = A VI + A ~2 + vc 
The total time of flight is the sum of the TOF of the 

waiting ellipse plus the elliptic transfer time. 

Total transfer time = TOF + 18950 s 
All of the above calculations can be programmed into a 

computer, and for each transfer and instant readout can be 
obtained. These calculations are performed by the computer 
program in appendix B. The return maneuver calculations are 
just as easily done, and are demonstrated by the second program 
in appendix B. 
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VII. PROPULSION 



A high thrust nuclear engine was chosen for the propulsion 

system on the MOVERS orbital transfer vehicle. 

This section will briefly review the history of high thrust 

nuclear engine development, and will outline the basic components 

of the engine used on the MOVERS O m .  The advantages of using 

these engines over more traditional chemical engines will then 

be described. The section will be concluded with a description 

of the potential problems with this engine. Included in that 

discussion will be an assessment of the environmental impact of 

using these engines. 

History of Hiah Thrust Nuclear ProDulsion 

A nuclear rocket propulsion system is not as exotic as it 

might first appear. Because it employs a lightweight propellant 

(hydrogen) and can operate at very high temperatures, it is 

very efficient in its use of propellant. In fact, with existing 

technology, a nuclear engine can easily reduce propellant needs 

to less than one half that of a more traditional chemical rocket. 

Given this potential, considerable research was performed 

by Los Alamos Laboratories during the 1960's and early 1970's 

under the Nuclear Engine for Rocket Vehicle Application (NERVA) 

program. The achievements of the NERVA program were significant: 

the final prototype which was built was started up 28 times and 

operated for a total of four hours with millions of gallons of 

hydrogen pumped through the engine. The engine had a reliability 

rating of .998, and was ready for actual flight testing in 
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space. This flight testing never occurred, though, because of 

the drastic cutbacks in space expenditures which occurred during 

the 1970's. 

How the NERVA Endne Works 

The basic principles behind the operation of a NERVA engine 

are elegantly simple. Essentially, a reactor is usedto generate 

phenomenal amounts of heat energy. This energy is then picked 

up by the hydrogen propellant which is pumped directly through 

the reactor. The propellant is then expanded out through a 

nozzle, as is done with a chemical rocket, whereby it imparts 

momentum to the spacecraft. 

Below is a schematic which details the basic components of 

these engines: 
.Y. 111¶.., 

1-s- I.. ..I 

I ,  

/ &--==- 
I -  

I 
- __. J 

--1 - -- 

i 
I - .*-- 

L--r- FIGURE 1. (10, p.  15) 

A High Thrust Nuclear Engine 
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The heart of the system is the reactor or solid fueled 

core. Here uranium (highly enriched U-235) is embedded in 

graphite rods. One end of each of these rods is attached to 

the core support grid; and the other end is left free so that 

the rod can expand as heat builds up in the core. 

It should be noted that U235 is the preferred fuel for 

space reactors because its long half life insures that there 

will be no damage to the environment if the chemical rocket 

which carries the reactor into orbit, experiences a catastrophic 

failure. 

To appreciate how the reactor is controlled, it is important 

to understand how nuclear fission works. a uranium atom fissions 

after it absorbs a neutron. When it fissions, it breaks into 

smaller fragments and releases more neutrons and considerable 

energy--which is what is used to heat the propellant. To control 

the fission process, there must be a strict balance between the 

number of neutrons which are released in fission, and the number 

which are available for absorption. The number of neutrons 

which ar released as a result of the fission is fixed by nature. 

Considerable control, however, can be exerted over the neutrons 

which are available for absorption. 

The neutron reflector which surrounds the fuel elements, 

for example, is used to minimize the loss of neutrons out to 

space. If it were not there, more uranium atoms would be 

necessary to achieve the critical balance between neutrons 

absorbed and neutrons emitted. As such, these reflectors 
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decrease the amount of uranium which is required to achieve 

criticality--thereby reducing the overall weight of the system. 

The fission control drums are the means by which the reactor 

is actually controlled. By rotating the drum, varying amounts 

of a neutron absorber (Boron-10) are exposed to the core. To 

start up the reactor, the drum is rotated to a position where 

no boron is exposed. The reactor goes supercritical (i.e., the 

number of neutrons available for absorption is greater than the 

amount currently being absorbed): and when the desired power 

level is achieved, the drums are adjusted for criticality (i.e., 

number of neutrons available for absorption equals number of 

neutrons being absorbed). To shut the reactor down, the drums 

are rotated to a position where a large amount of boron is 

exposed to the core--thereby making the core go subcritical 

(i.e., the number of neutrons available for absorption is less 

than the amount currently being absorbed). In this position, 

the fission process will soon stop. 

With a NERVA reactor, the only limit to the amount of heat 

which can be generated is the melting point of the materials in 

the core. For the MOVERS OTV, the core/chamber will be designed 

to operate at a temperature of 4853 degrees Rankine (max temp 

5256 degrees R) , a pressure of 449.6 pounds/inn2, and a power 

density of 118.9 MWT/ftn3. This power density constitutes an 

order of magnitude increase over the power densities achievable 

with a chemical rocket. The engine will be capable of producing 
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30,000 pounds of thrust and will have a specific impulse of 880 

seconds. 

The nuclear shielding is a crucial part of the reactor 

design. While the reactor is operating, high energy photons 

are also being released as a. natural result of the fission 

process. These photons would be dangerous to crews and equipment 

onboard both the O W  and nearby spacecraft. In addition, if 

the radiation is allowed to impinge upon the fuel tanks, it 

could cause the liquid hydrogen to enter the gaseous phase, 

which is considerably more difficult to handle. To limit this 

flux of radiation, a tungsten, lithium hydride shield was chosen 

for the O W .  What this shield does though, is to create a cone 

of protection as is depicted in the following diagram: 

FIGURE 2. (9, p. 321) 

Cone of Protection 
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People or equipment within the cone of protection would be 

protected against this high energy radiation. The shield i s  

currently estimated to weigh 8500 pounds (Note Appendix C). 

The use of a reaction control system to maneuver in close 

to target satellites may help to alleviate the problem of gamma 

radiation exposure: however, this would need to be further 

investigated. 

The nozzle of the NERVA engine is patterned after standard 

chemical engines. The actual NERVA prototype was capable of 

sustaining temperatures from 36.6 R (20 K) up to 4500 R (2500 

K), and pressures up to 90 atmospheres. 

A crucial element of the nuclear engine, which was not 

depicted in the diagram above, is the turbopump. The turbopump's 

primary responsibility is to deliver hydrogen to the reactor. 

Rather than delivering the hydrogen directly to the chamber, 

though, the turbopump routes the gas around the chamber and 

rocket nozzle: in so doing, the turbopump not only provides 

cooling to the chamber and nozzle, but it also captures heat 

energy which would otherwise be lost--thereby improving the 

efficiency of the engine. 

Reasons for Choosinq a Nuclear Ensine over a Chemical Ensine 

In selecting a propulsion system, the MOVERS design team 

considered the following propulsion/aerobrake systems: 

1) Chemical engine 
2) Chemical engine with aerobraking 
3) Nuclear engine 
4) Nuclear engine with aerobraking 
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In performing this analysis, two mission scenarios involving a' 

spacecraft such as the MOVERS O W  (where the basic spacecraft- 

less engine and tanks weighs 37,674 pounds) were considered. 

For the first scenario, the spacecraft was assumed to carry a 

15,000 pound payload on a roundtrip from Low Earth (LEO) to 

Geosynchronous orbit (GEO). In the second scenario, an 80,000 

pound payload was assumed to be carried on the same roundtrip. 

The assumptions and calculations associated with this study are 

presented in Appendix A. 

The use of a nuclear engine in conjunction with an aerobrake 

resulted in the greatest savings. However, this option was not 

seriously considered because it was felt that the possibility 

of a catastrophic failure during the low-altitude, aerobrake 

pass posed too great of a risk to Earth's biosphere. 

Of the remaining propulsion systems, it was found that a 

nuclear engine still used significantly less propellant than a 

spacecraft using a chemical engine, or a chemical engine/aero- 

brake system. 

The propellant requirements for the 15,000 pound payload 

option for these propulsion/aerobrake options are presented in 

the following table: 

TABLE 1 

15,000 Pound Payload Option 

Propulsion 
System 

Chemical 
Chem/Aerobrake 
Nuclear 

Propellant % Greater than Nuclear 
Required (lbs) Engine Propel Requirements 

357,000 
191,000 
121,000 
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The dollar savings associated with the use of a nuclear engine 

for just one mission are staggering. Assuming that it costs; 

$2000.00 to deliver a pound of propellant to the space station, 

the nuclear option results in a savings of $140.0 million dollars 

over the chemical/aerobrake option, and $472.0 million dollars 

over the chemical option. 

The chemical/aerobrake system, which is somewhat competitive 

with the nuclear engine, does have a number of attractive 

qualities. First, it weighs significantly less than a nuclear 

engine (the combined weight of the chemical engine, aerobrake, 

oxygen and hydrogen tanks was 8300 pounds: whereas the weight 

of the nuclear engine, with its hydrogen tanks, was 19,000 

pounds). And second, the use of an aerobrake in the chemi- 

cal/aerobrake option resulted in a delta V savings of 7,000 

ft/sec. Although these are significant attributes, it needs 

to be emphasized that they were not enough to offset the higher 

specific impulse (880 sec vs 460 sec) the nuclear engine. 

In fact, the effect of the nuclear engine's higher Isp 

becomes more pronounced as the total mass of the spacecraft/ 

payload increases. For these larger vehicles, the weight penalty 

associated with the nuclear engine is simply a less significant 

factor in determining how much propellant is required to accom- 

plish a given mission. This relationship is evident in the 

following table which outlines the propellant requirements for 

the 80,000 pound payload option: 

94 



TABLE 2 

80,000 Pound Payload Option - - 

Propulsion 
System 

Propellant % Greater than Nuclear 
Required ( l b s )  Engine Propel Requirements 

Chemical 790,000 
Chem/Aerobrake 414,000 
Nuclear 242,000 

226.4% 
71.1% 

As can be seen by comparing the results of the 80,000 pound 

payload scenario to that of the 15,000 pound payload scenario, 

the chemical/aerobrake system requires proportionately more 

propellant than the nuclear engine in the 80,000 pound scenario 

than it does in the 15,000 pound scenario. Or stated another 

way, the nuclear engine does become increasingly more propellant 

efficient than the chemical/aerobrake system, as the total mass 

of the spacecraft/payload increases. 

Thus the choice of a nuclear engine for the MOVERS OTV was 
I 

based on two considerations. First, a nuclear engine uses 

significantly less propellant than either of the chemical systems 

studied. And second, a nuclear engine becomes even more propel- 

lant efficient as the overall mass of the spacecraft or payload 

increases--a vitally important consideration given that the 

trend in spacecraft design is towards heavier vehicles and 

payloads. 
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Potential Problems with Nuclear Enuines 

- 
There are three environmental problems associated with the 

use of nuclear engines in space. First, there is a risk of gamma 

radiation exposure for crews and equipment on board the nuclear 

spacecraft as well as nearby. Second, there is also a risk of 

exposure for humans on the Earth as a result of nuclear space- 

craft operations in Low Earth orbits. And finally, there is 

the very real issue of what is to be done with the spent nuclear 

reactors. 

The issue of gamma radiation exposure for nearby spacecraft 

is not considered to be a serious problem. Spacecraft 

approaching the MOVERS OTV must exercise some caution. At long 

distances, they would be protected by the distance squared 

variation in the flux of gamma radiation. At short distances, 

though, they would have to be careful to approach within the 

cone of protection. Although considerable research is required 

to define these distances, this environmental problem does not 

appear to preclude the use of a nuclear engine. 

The buildup of highly toxic, radioactive waste in the 

reactor, though, is a problem. It should be emphasized that 

this is only a problem when the nuclear spacecraft is operating 

in Low Earth orbits. Assuming that this is the case, there are 

essentially three ways that radioactive waste enter the Earth's 

biosphere. First, there can be leakage of fission byproducts 

through the fuel rods. Second, the nuclear spacecraft could 

experience a catastrophic failure in low Earth orbit. And 
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finally, if a burn is not aimed correctly, a nuclear spacecraft 

could follow an orbit which takes it right into the Earth's, 

atmosphere. 

The problem of leakage will be dealt with first. Although, 

the rods are designed to retain virtually all of the fission 

byproducts, some of this material will inevitably diffuse out 

through the rods into the hydrogen stream. This problem is 

more acute near the end of the engine's design life. 

Analysis has shown that this problem is not significant. 

Using the program described in Appendix B, a very conservative 

estimate was made of the radiation exposure to humans on the 

surface of the Earth as the result of operating a NERVA engine 

in a 120 mile orbit. The engine was assumed to operate at 350 

megawatts (thermal) for 10 consecutive hours in a 120 mile 

orbit. This scenario is absurd, as engines are used to go 

places and thus one half the burns would be made elsewhere. 

However, it will suffice to make a point. It was also assumed 

that 1% of the core material diffused out into the hydrogen 

propellant stream. With these assumptions, the radiation 

exposure to humans on the Earth was estimated to be 9.08 E-03 

millirems. This radiation exposure level is less than 1% of the 

radiation damage which the average person receives from watching 

the television each year. 

The issue of a catastrophic failure represents a more 

serious problem for nuclear spacecraft operations in Low Earth 

orbit. Accidents do occur, and the radiological impact of such 
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accidents must be assessed. 

useless in a Low Earth orbit, the capability must exist either; 

to destroy the reactor completely or to get it to a higher 

orbit where it will not soon re-enter the atmosphere. If the 

reactor re-enters the atmosphere intact, there is a distinct 

probability that it will survive intact all the way to the 

surface; in which case, the radiation exposures in the vicinity 

of the accident could be exceedingly dangerous. The crucial 

objective is to have the reactor break up at high altitudes so 

that its contents will be spread over as wide an area as pos- 

sible. 

Assuming a nuclear ship is rendered 

The computer program described in Appendix B was used to 

assess the radiation damage to humans on the surface of the 

Earth, resulting from the catastrophic failure of a MOVERS OTV 

in a 120 miles orbit. The failure was assumed to occur at the 

end of the nuclear engine's design life, when the inventory of 

radioactive waste is greatest. The design life of the NERVA 

engine was assumed to be 10 hours. 

The results of that analysis indicated that the exposure 

due to the NERVA engine was 0.91 millirems, which is well below 

the maximum allowable exposure of 500 millirems for the general 

population. Because a very conservative model was used, these 

results could easily exceed the correct values by an order of 

magnitude. Additional research is recommended to obtain more 

accurate results. 
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The last issue of concern regarding the buildup of radio- 

active waste in nuclear engines is that of what is to be done, 

with the spent nuclear reactors. A number of recent studies on 

nuclear electric propulsion suggest that spent reactors be 

boosted to a 470 mile orbit. This orbit is referred to as a 300 

year orbit because an object in this orbit will remain aloft 

for 300 years before it finally re-enters the Earth's atmosphere. 

It is argued that 300 years is sufficient to allow most of "the 

fission and activation products to decay before a reactor re- 

enters the atmosphere." (David Buden, IISpace Reactors--What is 

a Kilogram"). In fact, the Russians are already storing their 

spent radioisotope therma generators in the 470 mile orbit. 

There are several problems with this strategy. First, 

although the radiation exposure may not be significant if one 

reactor re-enters the Earth's atmosphere, the radiation exposure 

due to a large number of reactors re-entering the atmosphere 

could be significant. An even more pressing criticism is the 

fact, that storing spent reactor in this orbit only adds very 

heavy and very toxic pieces of junk to the growing and dangerous 

amount of space junk already floating around the Earth. 

A number of possible alternatives exist for getting rid of 

spent reactors. They could be buried on the moon. They could 

be strapped together and sent into an orbit closer to the sun. 

And finally, reprocessing of the fuel in orbit may be possible. 

No conclusions are presented here; however, this problem needs 

to be addressed. 
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Appendix A 

Notes RE: Propulsion Systems 

To obtain a rough comparison of chemical vs. nuclear propulsion 
systems, four options were studied: 

1) Chemical 
2) Chemical with Aerobrake 
3) Nuclear 
4) Nuclear with Aerobrake 

The following assumptions were made: 

Basic weights (in lbs): 

Weight of the spacecraft (less: tank, engines, payload): 37,674 

Weight of engines: 
Chemical (Based on RL 10 Engine) : 1,000 
Nuclear (Based on NERVA prototype): 12,500 

Weight of Dry Tanks: 

where M (T) = mass of tank 
pf = propellant fraction 

= ratio of tank mass to propellant mass 

For Chemicals: pf = 0.0277 lbs tank/lb propellant * 
For the NUC's: pf = 0.0545 lbs tank/lb propellant 

Weight of payload: Scenario 1: 15,000 
Scenario 2: 80,000 

Weight of Aerobrake Shield: 2000 * 
* Indicates value was obtained from Project Orion OTV study; 

Department of Aerospace Engineering, W a ,  May 1988 .............................................................. 
To determine propellant required for each option, the following 
relation was used: 

M (0) / M ( S )  = e A (delta V/I (sp) G) 

Where M (0) = Total Mass of Vehicle before departure from 
low Earth orbit 
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= M (craft) + M (tank) + M (engine) 
+ M (propellant) 

= M (c) + M (t) + M (e) + M (p) 

Where M (s) = M (craft) + M (tank) + M (engine) 

= M (c) + M (t) + M (e) 
NOTES: a) M (craft) is assumed to include the payload 

b) for craft w/ aerobrake, M (e) also includes 
the mass of the aerobrake 

Where I (sp) = specific impulse 

The following I (sp)'s were assumed: 

Chemicals: 460 seconds 

Nuclear: 850 seconds 

The following delta VIS were estimated for the three options: 

01) Chemical: 28,000 ft/sec 
02) Chemical w/ Aerobrake: 21,000 ft/sec 
03) Nuclear: 28,000 ft/sec 
04) Nuclear w/ Aerobrake: 21,000 ft/sec 

Using this data, Mass ratio's were computed as follows: 

01) Chemical: M(0) / M(s) = 6.62 
02) Chem w/AB M ( 0 )  / M ( s )  = 4.12 
03) Nuclear: M(0) / M(s) = 2.78 
04) Nuc w/AB M(0) / M(s) = 2.15 

The propellant requirements can then be determined according to: 

M ( p ) = M R { M ( c ) + M ( e ) / [ l = ( M R + P F M R )  3 1 

Using this relation, the propellant requirements were calculated 
for each mission scenario: 

Propellant Reqd (in lbs) 

15,000 lb Payld 80,000 lb Payld 

01) Chemical: 
02) Chem w/AB: 
03) Nuclear: 
04) Nuc w/AB: 

357,000 
191,000 
121,000 
76,200 
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Appendix B: Calculation of Radiation Exposure Due to 
Cataclysmic Failures of Nuclear Engines 

Methodology Used 

To calculate radiation exposures for humans on the Earth 

due to a cataclysmic failure of. a nuclear engine in Low Earth 

orbits, it is necessary to determine the amount, and thus the 

activity, of radioactive particles in the nuclear engine at the 

time of failure, and then to determine the rate at which those 

particles work their way down through the atmosphere. The 

total biological damage to humans at any given point in time is 

then a function of the concentrations of the various radio- 

nuclides in the air and the water. 

The calculations associated with accurately determining 

the activities in a reactor and the rates of transport through 

the Earth's environment are exceedingly difficult. As such, a 

considerably simpler model was used to calculate these quan- 

tities. The model errs grossly on the side of conservatism, 

and the results for the exposure rates which were obtained 

could easily exceed the correct values by an order of magnitude. 

However, the results do provide a basic quantitative under- 

standing of the environmental issues associated with the use of 

nuclear engines in space. 

To calculate the activity in the engine at the time of 

failure, the following model was used. First, because it takes 

particles which are released at 120 miles approximately 2 to 5 

years (18, p. 35) to work their way out of the stratosphere, 
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only those radioisotopes with significant half lives (T1/2> 50 

days) were considered. The percentage of a given radioisotope 

in the reactor was then assumed to be equal to the cumulative 

percent fission yield by mass number. It should be noted that 

this significantly overstates the correct percentage because the 

cumulative fission yield also includes the contributions of 

short lived radionuclides of the same mass number. 

With this simplification, the activity inside the reactor 

due to any given radionuclide is then given by: 

-PG -PT. 
N = F y ( l - e ) e  

where : N = Atoms of long lived fission product after cooling 

for a time TC 

7' = decay constant for the nuclide 

F = Fission rate 

y = Cumulative fission yield 

Tr = irradiation time (i.e., time reactor is in opera- 

tion) 

Tc = Cooling time (i.e., time material remains in orbit) 

By expression F in terms of watts and the activity in terms of 

curies, and then dividing through by F yields the following: 

N = Curies/watt = 0.845 y (1 - e ) e 
+Tlk -R 

Multiplying through by the total power level of the reactor, 

then yields the total activity due to a particular radionuclide 
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at any given time after the engine failure. The activities Of 

each radionuclide are calculated in this manner. 

It should be noted that a better way to calculate activities 

was found. Oak Ridge Laboratories devised a computer code 

known as ORIGEN which accounts for decay chains to provide 

accurate estimates of activities. Unfortunately, due to a lack 

of time, it was not possible to use this computer program. It 

would, nonetheless, be very interesting to employ this program 

in the environmental analysis of nuclear engine failures. 

Once the activity of each radionuclide is calculated, it 

is then necessary to determine the biological damage resulting 

to humans on the Earth. A very simple, and conservative model 

was used. The radionuclide was assumed to remain suspended in 

the stratosphere for two years. After that time, these nuclides 

were assumed to be evenly distributed throughout the volume of 

air existing between the surface of the Earth and a height of 

two miles. 

This is extremely conservative because it does not take 

into account the transport of particles through the atmosphere, 

the deposition of particles in the water bodies of the Earth, 

or geological processes such as erosion which bury and thus 

eliminate radionuclides from concern. 

The assumption that the radionuclides remain suspended in 

air, and that the biological damage is due to inhalation is 

also conservative because the inhalation of radionuclides results 
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in orders of magnitude greater biological damage than the 

ingestion of radioactive particles. 

To determine the actual radiation damage to humans on the 

Earth, the resulting concentrations of each radionuclide is 

divided by the maximum permissible concentration (MPC) of that 

nuclide to determine the radiation damage in rems. The total 

radiation damage is then the sum of the damage done by each 

radionuclide. 

The attached computer program, RadExposure, is designed 

to perform all of the above calculations for radionuclides with 

sufficiently long half lives. Sample runs are also included. 
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Program RadExposure: 

list 10-790 

10 PRINT "This program is designed to calculate" 
20 PRINT "radiation exposure to humans as a'' 
30 PRINT "result of a cataclysmic failure of a" 
40 PRINT "nuclear engine" 
45 PRINT 
47 PRINT 
50 REM This program was designed by 
60 REM Richard McGuire Davis, on 03/25/88 
70 PRINT "Select Type o f  Engine to be" 
80 PRINT "investigated: " 

85 PRINT 
90 PRINT "NERVA Derivative: A" 
100 PRINT "Nuclear Electric: B" 
110 INPUT E$ 
120 PRINT 
130 IF E$ = "B" THEN 200 
135 IF E $  = "b"  THEN 200 
140 PRINT "Select Type o f  Engine Failure" 
150 PRINT "to be Investigated: It 

160 PRINT 
170 PRINT "Engine Failure: A" 
180 PRINT "Rod Leakage: B" 
190 INPUT S $  
200 REM Assumptions employed: 
210 REM Fuel = U235; 
220 REM Reactor operated 
230 REM Continously; 
240 REM radioisotopes in 
250 REM orbits > 100 km have 
260 REM mean residence time 
270 REM in stratosphere = 
280 REM 2 years; 
500 REM DATA ENTRY 
510 REM Following format is 
520 REM used: 
530 REM isotope, T1/2, time 
540 REM conversion, y(slow), 
545 REM y(fast), MPC(sol), 
550 REM MPC (insol) 
700 REM ACTUAL DATA 

720 DATA Kr85,10.76,y,1.3,1.42,1,3E-06 
723 DATA Sr89,52.7,d,4.79,4.55,1E-04,1E-08 
725 DATA Sr90,27.7,y,5.77,5.59,3E-06,3E-10 

740 DATA Zr95,65.5,d,6.27,6.07,6E-04,1E-08 

710 DATA H3,12.4,~,1.3E-04,1.2E-04,3.OE-06,1.OE-07 

730 DATA Y91,58.8,d,5.84,5.41,3E-04,1E-08 

750 DATA R~106,368,d,.38,.901,1E-04,2E-09 
760 DATA A~110,255,d,.02,.0757,3E-04,3E-09 
770 DATA Cd113,13.6,~,.0314,.0417,1E-07,1E-10 
780 DATA Sn119,250,d,.012,.0382,1E-07,1E-10 
790 DATA Sn123,125,d,.0173,.058,1E-07,1E-10 
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list800- 

800 DATA Sb125,2.71,y,.021,.0878,1E-03,9E-09 
810 DATA C~134,2.046,y,8.06,7.25,4E-04,4E-09 
820 DATA C~137,30.0,y,6.15,5,92,4E-04,5E-09 
830 DATA Ce144,284,d,5.62,5.83,1E-04,2E-09 
840 DATA Pm147,4.4,~,2.36,2.48,2E-O3,2E-08 
1000 REM CALCULATIONS 
1005 PRINT 
1010 PRINT "Enter Nominal Power Level" 
1020 INPUT "of Reactor (MWt-thermal): ";PL 
1025 LET LEAKAGE = 100 
1030 IF S $  = "B" OR S $  = "b" THEN PRINT "Enter % of Core Material" 
1040 IF S $  = "B" OR S $  = "b"  THEN PRINT "which leaks through the rods" 

1050 
1055 
1060 
1062 
1065 
1066 
1070 
1075 
1080 
1090 
1100 
1110 
1120 
1125 
1200 
1210 
1220 
1230 
1235 
1236 
1240 
1250 
1260 
1270 
1280 
1290 
1300 
1310 
1320 
1325 
1330 
1335 
1336 
1340 
1345 
1346 
1350 
1355 
1360 
1365 

IF S $  = "B" OR S $  = "b" THEN INPUT "life of reactor: ";LEAKAGE 
REM contamination zone 
PRINT "Enter Cooling period" 
INPUT "in orbit (yr): ";COOL 
REM hcz = height of 
REM contamination zone 
LET HCZ = 3220 
LET RE = 6.378E + 06 
DEF FN A(X) = ((4 / 3) * 3.142 * (X A 3)) 
LET VC = FN A(RE + HCZ) - FN A(RE) 
REM Converting VC to CC 
LET VC = VC * 1.OE + 06 
PRINT "Enter design life o f "  
INPUT "of engine (yr): ";TR 
REM RAD EXPOSURE CALCS 
DIM N$(5O),T12(50),TC$(50) 
DIM YS(50),YF(50),MS(50) 
DIM MI(50) 
DIM CW(50),TC(50) 
DIM CN(50),RI(50) 
FOR I = 1 TO 16 
READ N$(I),T12(I),TC$(I) 
READ YS(I),YF(I),MS(I) 
READ MI(1) 
IF E$ = " A "  OR E$ = "a" THEN LET Y = YS(1) 
IF E$ = "B" OR E$ = "b"  THEN LET Y = YF(1) 
LET A = 1 - ( EXP ( - 1 * TR * (.693 / T12(1)))) 
LET B = EXP ( - 1 * COOL * (.693 / T12(1))) 
LET CW(1) = .845 * Y * A * B 
REM CW(1) = curies of isotope/watt 
LET TC(1) = CW(1) * PL * 1E + 06 * (LEAKAGE / 100) 
REM TC(i)=total curies of isotope 
REM due to given power level 
LET CN(1) = (TC(1) * 1.OE + 06) / VC 
REM CN(i) = microcurie concentration of isotope 
REM for given volume of air 
LET RI(1) = (CN(1) / MI(1)) * 5 
REM REM's due to concentration of isotope 
LET AC = AC + TC(1) 
REM AC = Total Activity 
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]list 1370- 

1370 
1375 
1400 
1490 
1500 
1510 
1520 
1525 
1550 
1560 
1610 
2000 

LET CT = CT + RI(1) 
REM CT = Total REM exposure 
NEXT I 
PRINT llIsotope", 'IConcen","REM Exp" 
FOR I = 1 TO 16 
PRINT N$(I),CN(I),RI(I) 
NEXT I 
PRINT 
IF S $  = "B" OR S $  = " b "  THEN 1610 
PRINT "Total Activity = ";.AC;" curies" 
PRINT "Total Exposure = ";CT;" rems" 
END 

1 
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run 

This program is designed to calculate 
radiation exposure to humans as a 
result of a cataclysmic failure o f  a 
nuclear engine 

~ 

Select Type of  Engine to be 
investigated: 

NERVA Derivative: A 
Nuclear Electric: B 
?a 

Select Type of Engine Failure 
to be Investigated: 

Engine Failure: A 
Rod Leakage: B 
?a 

Enter Nominal Power Level 
of  Reactor (MWt-thermal): 350 
Enter Cooling period 
in orbit ( y r ) :  2 
Enter design life of  
o f  engine (yr): .00114 
Isotope Concen 
H3 1-329894293-18 
Kr85 1.50669521E-14 
Sr89 1.25588321E-14 
Sr90 2.81068295E-14 
Y91 1.37608999E-14 
Zr95 1.32948688E-14 
Ru106 1.45928193E-16 
AgllO 1.10656931E-17 
Cd113 2.95781359E-16 
Sn119 6.77149175E-18 
Sn123 1.94165628E-17 
Sb125 6.590582823-16 
Cs134 2.83790895E-13 
Cs137 2.776741693-14 
Ce144 2-793534513-15 
Pm147 5.552263453-14 

REM Exp 
6.64947143E-11 

2.511158683-08 
6.27941603E-06 
4.68447159E-04 
6.88044994E-06 
6.64743439E-06 
3.648204833-07 
1.84428219E-08 
1.47890686-05 
3.38574587E-07 
9.70828141E-07 
3.6614349E-07 
3.54738618E-04 
2.77674169E-05 
6.98383627E-06 
1.388065863-05 

Total Activity = 747441.173 curies 
Total Exposure = 9.084980443-04 rems 

1 
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run 

This program is designed to calculate 
radiation exposure to humans as a 
result of a cataclysmic failure of a 
nuclear engine 

Select Type of Engine to be 
investigated: 

NERVA Derivative: A 
Nuclear Electric: B 
?a 

Select Type of Engine Failure 
to be Investigated: 

Engine Failure: A 
Rod Leakage: B 
?b 

Enter Nominal Power Level 
of Reactor (MWt-thermal): 350 
Enter X of Core Material 
which leaks through the rods 
life o f  reactor: 1.0 
Enter Cooling period 
in orbit (yr): 2 
Enter design life o f  
o f  engine (yr): .00114 
Isotope Concen 
H3 1.32989429E-20 
Kr85 1.506695213-16 
Sr89 1.25588321E-16 
Sr90 2.81068295E-16 
Y91 1.37608999E-16 
Zr95 1.32948688E-16 
Ru106 1.45928193E-18 
A g l l O  1.10656931E-19 
Cd113 2.95781359E-18 
Sn119 6.77149175E-20 
Sn123 1.941656283-19 
Sb125 6.59058282E-18 
Cs134 2.83790895E-15 
Cs137 2.77674169E-16 
Cel44 2.793534513-17 
Pm147 5.552263453-16 

REM Exp 
6.64947143E-13 

2.51115868E-10 
6.279416033-08 
4.68447159E-06 

6.64743439E-08 
6.88044994E-08 

3.64820483E-09 
1.844282193-10 
1.4789068E-07 
3.38574587E-09 
9.70828142E-09 
3.66143493-09 
3.54738618E-06 
2.77674169E-07 
6.98383627E-08 
1.38806586E-07 

Total Exposure = 9.084980453-06 rems 

1 
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Appendix C: Estimation of Radiation Shielding for MOVERS OTV 

To accurately determine the radiation exposure which the 

crew of the MOVERS OTV would receive as a result of using the 

nuclear engine, it would be necessary to use a numerical tech- 

nique such as the Monte Carlo method. Modeling such a problem, 

though, is very difficult; and was not possible to do within 

the time available. 

Instead, an estimation of shielding requirements was 

obtained using a considerably simpler model which was found in 

Robert Busard's, Fundamentals of Nuclear Fliaht. In this model, 

the spacecraft is treated as consisting of the reactor, a shield, 

and a cylindrical hydrogen mass. The reactor is the radiation 

source, but its structure (i.e., the beryllium reflectors and 

aluminum pressure vessel) will absorb radiation. The shield 

consists of two separate parts: a tungsten shield to attenuate 

gamma photons and a lithium hydride shield to absorb neutrons. 

The hydrogen propellant, with its low atomic mass number, serves 

as an excellent absorber of neutrons. 

following steps are used to size the shield: 

Determine the leakage of gamma radiation through the 
top of the reactor 
Calculate the attenuation of that radiation through 
the top surface of the reactor and the hydrogen tank 
Before the tungsten, gamma shield can be sized, the 
attenuation of the gamma radiation in the neutron, 
lithium-hydride shield must be known. Therefore, the 
leakage of (fast) neutrons through the top of the 
reactor must be estimated. 
Next, the attenuation of the neutrons in the hydrogen 
tanks must be calculated. (Note: this model assumes 
minimal neutron attenuation in the reactor shell) 
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05) Once these calculations are performed, the size of 
the lithium-hydride shield can be estimated 

06) The attenuation of gamma radiation in the LiH shield 
can then be determined. With this known, it will 
then be possible to size the tungsten, gamma shield. 

The following pages outline these calculations. 
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V I I I .  REACTION CONTROL SYSTEM 
AND TANKAGE 



The purpose of the reaction control system (RCS) is to 

control the orientation of the spacecraft by producing small 

rotational and translational velocities which are independent of 

the main propulsion system (MPS). The RCS must have a fail-safe 

/ fail-operational design to insure man-rating requirements, but 

also have a reasonable development cost. 

RCS Reauirements 

In addition to the above general requirements, a report by 

the Boeing Aerospace Co. listed other important and necessary RCS 

requirements [5,p.212]. 

1. Provide thrust for velocity maneuvers of less than 20 fps. 

2. Satisfy man-rating requirements. 

3. Be compatible with shuttle launch. 

4. Have a 20 mission reuse capabilty. 

5. Provide six degrees of freedom control for docking maneuvers. 

6. Be capable of operating in a space-based mode (ground-basing 

of the O W  presented in this report is impractical). 

7. Satisfy the following performance requirements. 

Fission Phase 

Separate from Station 

Coast to first perigee burn 

Intermediate orbit transfer 

Transfer to GEO coast 

Delt a-V tfp SI 

10 

0 

2 0  

10 
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GEO payload positioning 

Coast at GEO (24 hours) 

Deorbit to LEO coast 

Phasing orbit trim 

LEO circulation 

Station rendezvous and docking 

Total 

15 

50 

50 

15 

10 

10 
190 

pCS Candidates 

Three types of reaction control systems were studied for the 

space-based, nuclear-propulsion OTV; they were: (1) monomethyl- 

hydrazine/nitrogen tetroxide, (2) supercritical hydrogen/oxygen, 

and (3) monopropellant hydrazine. 

1. MONOMETHYL-HYDRAZINE / NITROGEN TETROXIDE 

The monomethyl-hydrazine/nitrogen tetroxide RCS (MMH/NTO) is 

what the shuttle fleet presently uses, thus its technology is 

state-of-the-art. The most attractive feature of this system is 

that no ignition system is required; once the fuel and oxidizer 

come into contact, combustion occurs spontaneously. Although 

this feature adds reliability to the system and saves weight due 

to a simplified thruster design, the toxic and corrosive nature 

of the propellants can pose a serious risk during on-orbit 

refuelings. However, the propellants can remain in their liquid 

states for long periods of time without decomposing or boil- 

offing like cryogenic systems. 
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The fuel and oxidizer tanks are pressurized to 400 psia by 

gHe to insure a positive propellant flow into each thruster. 

Electric heaters around propellant lines are utilized to prevent 

freezing during low RCS activity. The specific impulse is 280 

seconds with a mixture ratio of 1.65. 

2. SUPERCRITICAL HYDROGEN / OXYGEN 

The supercritical hydrogen/oxygen RCS is attractive for use 

on the O W  for a number of reasons. The propellants have common 

storage with the fuel cell reactants, thus minimizing the number 

of fluids that require refueling at the Space Station. The pro- 

pellants are noncorrosive and relatively clean and nontoxic - all 
attributes desired in a reuseable system. The specific impulse 

is conservatively estimated at 410 seconds, and therefore, this 

RCS would have the lowest wet mass. 

Some of the disadvantages are that high pressure, light- 

weight composite tanks for containing hydrogen at 300 psia and 

oxygen at 900 psia need to be thoroughly tested. Rocket thruster 

development and testing is requirted since hydrogen and oxygen 

have never been used for RCS maneuvers. These disadvantages all 

add up to a research and development cost which was estimated by 

the Martin Marietta Aerospace Co. in 1984 to be $166 million 

C7.p.51. 

3. MONOPROPELLANT HYDRAZINE 

The last RCS that was studied was the hydrazine system. It 

has been used successfully on the Gemini and Apollo Space Pro- 
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grams, and it is used extensively today on satellites and space 

probes. The hydrazine RCS has the lowest dry weight but requires 

more propellant due to its lower specific impulse of 230 seconds. 

The attractive features of this system are its proven reliabilty 

and simplicity - inherent to its single propellant design. As 

with the MMH/NTO RCS, electic heaters are required, but the mono- 

propellant system is pressurized by gN2 to 380 psia. 

ComDar ison and Selection 

The supercritical hydrogen/oxygen RCS is recommended for use 

on the nuclear-propulsion O W  because of its higher performance 

and lower total program cost. A subsystem trade study prepared 

by Boeing in 1986 showed that the hydrazine RCS had a slight 

advantage over the cry0 system [5,p.219]. However, the nuclear- 

propulsion, non-aerobraked O W  required a larger amount of MPS 

propellant than the Boeing ballute braked O W .  Therefore, it was 

believed that the increased RCS thrust level needed to overcome 

the larger moments of inertia of the nuclear engine and MPS 

propellant offset the slight advantage of the hydrazine system by 

increasing the 385 lbm total weight advantage of the cry0 system. 

The net resupply benefit per flight would be greater than 660 lbm 

making the hydrogen/oxygen system's total program cost lower than 

the hydrazine RCS. The trade study comparisons and concept of 

the cry0 RCS are illustrated on the following pages. 

Dual redundancy for manned space missions requires 24 RCS 

thrusters to satisfy six degree of freedom control. The thrust- 
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ers are arranged i n  four c lus ters  with six thrusters  i n  each. 
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MPS Tanks 

The configurations of the MPS tanks are illustrated in the 

Overview section of this report. For the mission to GEO without 

a payload, four cylindrical tanks having a length of 39 ft and a 

diameter of 14 ft were selected.because this tank design gave the 

best volume of propellant for packaging within the shuttle cargo 

bay. Each tank accommodates approximately 23,323 lbm of .LH2 at 

15 psia and is made of 2219-T62 Aluminum. 

For the mission to GEO with a 15,000 lbm payload, an addi- 

tional propellant module is required. This module is also illu- 

strated in the Overview section, and it is comprised of four 

cylindrical tanks with lengths of 15 ft and diameters of 14 ft. 

The addiitonal tanks are made of the same material and can accom- 

modate approximately 6,970 lbm of LH2 per tank. 

The results stated above are summarized on the following 

pages, and the computer program used to determine these results 

is in the Appendix. 
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The LH2 tanks will be removable for space maintenance and 

replacement, and will have the technological concepts of the 

spherical removable cry0 tank illustrated on the next page. The 

following concepts are incorporated in the design: a single fluid 

/ electrical disconnect, a start trap to minimize the time spent 

in tank level idle during pump conditions, magnetic drive motors 

for the thermodynamic vent system ( T V S ) ,  autogenous 

pressurization, and pre-chill spray nozzles for onorbit refill. 

The thermal protection system (TPS) is composed of 50 layers 

of MLI having a density of approximately 3.5 lbm/cubic ft. This 

resulted in a blanket thickness of 1 inch per LH2 tank to mini- 

mize boil-off losses. A concern regarding this type of TPS is 

the possibility of delamination due to the high energy photons 

from the nuclear engine. 
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)IM R ( O : 1 5 0 )  

SPACECRAFT PROPELLANT MASS AND TANKAGE PREDICTOR 

by Mi les  0. Duquette 

f o r  AE 442, Space Veh ic le  Design 

1 0  February 1988 

iET MODE "EGAHIRES" ! T h i s  program r e q u i r e s  an EGA moni tor .  
IPTION NOLET 

! The nex t  8 l i n e s  i n i t i a l i z e  the  va r iab les :  

SP=880 
'HO=4.42 
V=28000 
s=20000 
P L = 1 5 0 0 0  
E=5000 
T=O. 05447 
XP=2.718281828  

I S P  = s p e c i f i c  impulse 
RHO = dens i ty  o f  l i q u i d  hydrogen 
DV = the  t o t a l  d e l t a  V ' s  
MS = mass o f  t h e  spacec ra f t  ( s t r u c t u r e  o n l y )  
MPL = mass o f  t h e  payload 
ME = mass o f  t h e  engine 
KT = r a t i o  o f  mass o f  tanks  t o  mass p r o p e l l a n t  
EXP = the  number ' e '  

! s t a r t  main program loop 

! s e t  c o l o r  t o  b r i g h t  red  

! i n t i a l i z e  a r ray  R w i t h  zero 's  

LINTIL choice=9 
:hoice=O 
SET COLOR 12 
FOR 1=0 TO 1 5 0  

NEXT I 
CLEAR 
SET CURSOR 6'22 
PRINT "PLEASE SELECT ONE OF THE FOLLOWING:" 

SET COLOR 14 ! s e t  c o l o r  t o  ye l low 
SET CURSOR 9 , 1 7  
PRINT "<l> "; 
SET COLOR 3 ! s e t  c o l o r  t o  cyan 
P R I N T  '' P e r f o r m  computation w /  present data." 
SET COLOR 14 
SET CURSOR 1 1 , 1 7  
PRINT " < 2 >  " ;  
SET COLOR 3 
PRINT " View o r  Change t h e  present data. "  
SET COLOR 14 
SET CURSOR 1 3 , 1 7  
PRINT "<3> ";  
SET COLOR 3 
PRINT " Compute r e q u i r e d  tankage f rom present  da ta . "  
SET COLOR 14 
SET CURSOR 1 7 , 1 7  
PRINT " < 9 >  "; 
SET COLOR 13 ! s e t  c o l o r  t o  b r i g h t  magenta 
PRINT " E x i t  t h i s  program." 
SET COLOR 10 ! s e t  c o l o r  t o  b r i g h t  green 

R ( I ) = O  

- 
DO U N T I L  (choice>O AND choicec4) OR choice=9 

SET CURSOR 2 2 , 2 7  
T L I ~ ~ I T  nnr\unT " \ I - . . -  ---I - - - -  - 8 1  



LOOP 
EAR 

cho ice= l  THEN ! cho ice  1 i s  t o  do computations 

KM = 1 - l / E X P " ( D V / ( I S P * 3 2 . 1 7 4 ) )  ! compute t h e  r a t i o  Mp/Mo 
MO = (MS+MPL+ME>/(l-(KM+KT*KM)) ! compute t h e  mass M o  
YP = KM*MO ! compute t h e  mass o f  p r o p e l l a n t ,  Mp 
VP = KM*MO/RHO ! compute t h e  volume o f  p r o p e l l a n t  

! s e t  c o l o r  t o  b r i g h t  whi te  

2LEAR ! now show the  r e s u l t s  
SET COLOR 13 
3 0 X  AREA 0 . 3 6 , 0 . 6 , 0 . 6 , 0 . 8  
SET COLOR 14 
SET CURSOR 8,35 
'RINT " RESULTS " 

;ET COLOR 3 
>ET CURSOR 1 4 , 2 0  

SET COLOR 15 
'RINT USING " # # # , # # # " : M O ;  
;ET COLOR 3 
'RINT " l b "  
;ET CURSOR 1 6 , 2 0  
.RINT "MASS OF PROPELLANT, MP = " ;  
ET COLOR 15 
R I N T  USING " # # # , # # # " : M P ;  
IET COLOR 3 
'R INT " 1 b" 
)ET CURSOR 18,20 

'RINT "TOTAL MASS, MO = " . 
1 

'R INT "PERCENT PROPELLANT, MP/MO = I' . I 

NET COLOR 15 
'R INT USING " # # #  . # # "  : KM* 1 0 0 ;  
ET COLOR 3 
R I N T  " X" 
ET CURSOR 20,ZO 
R I N T  "VOLUME OF PROPELLANT, VP = " . 
ET COLOR 15 
R I N T  USING " # # ,  # # # "  : VP; 
ET COLOR 3 
R I N T  " f t " 3 "  
ET CURSOR 24 , l  
R INT  "Press any key t o  cont inue. .  . "; 
ET KEY w a i t  

I 

EIF choice=2 THEN ! cho ice  2, view/change paramters 
me=O 
3 
ESTORE ! r e s e t  ' read '  p o i n t e r  t o  beginn ing of data 

-EAR ! show present  s e t t i n g s  
ET COLOR 12 
ET CURSOR 4 , 2 2  
? I N T  "THE OTV PARAMETERS ARE AS FOLLOWS:" 

-~ ~ ~- - -~ ~~ ~ -+n " - 4  7- L 



SET CURSOR 6+X*2,2 
SET COLOR 14 
READ n u m l $ , t e x t l $ , u s e l $ , v a r l l u n ~ t l $ l n u m 2 $ l t e x t 2 $ l u s e 2 $ l v a r 2 , u n ~ t 2 $  
PRINT numl$; 
SET COLOR 3 
P R I N T  t e x t l $ ;  
SET COLOR 15 
SELECT CASE v a r l  
CASE 1 

va lue = I S P  
CASE 2 

va lue RHO 
CASE 3 

value = DV 
CASE 4 

ORIGiNAL PAGE is 
OF POOR QUALITY 

value = KT 
END SELECT 
PRINT USING usel$:va lue;  
SET COLOR 3 
PRINT u n i t l $ ;  
SET COLOR 14 
PRINT num2$; 
SET COLOR 3 
PRINT tex t2$ ;  
SET COLOR 15  
SELECT CASE var2 
CASE 5 

CASE 6 

CASE 7 

CASE 8 

va lue = MS 

va lue = MPL 

value = ME 

E X I T  FOR 
END SELECT 

PRINT USING use2$:value; 
SET COLOR 3 
PRINT u n i t e $  

NEXT X 
1 < 5 >  " DATA " < 1 >  " , " S p e c i f i c  Impulse: " , "  # # # " , 1 , "  sec I ,  I ,  

DATA "Mass of spacecraf t :  ' I ,  " # #  , # # # ' I ,  5 " 1 b"  
DATA " < 2 >  " , "Densi ty  o f  Hydrogen: ' I  

DATA " # . # # " , 2 , "  1 b / f t A 3 " , "  < 6 >  ","Mass o f  payload: " , I '  # # , # # # " , 6  

3ATA "Mass o f  engine: ' I , "  ##,###",7," l b " , " < 4 >  ","Tank t o  prop. r a t i o :  " 

SET COLOR 3 
SET CURSOR 1 8 , 1 5  
>RINT " I s  the re  anyth ing you'd l i k e  t o  change? " ;  
E T  KEY chg 
:hg$=UCASE$(chr$(chg)) 
'RINT chg$ 
[F chg$="Y" THEN 
sel=-1 

1 <7> " DATA " l b " , " < 3 >  " , "To ta l  D e l t a  V's: " , I '  # # , # # # " , 3 , "  f t / s  4 '  I, 

3ATA " %. # # # # I '  , 4, " 1 b/ 1 b" , " " , " " " " ,I I ,  
9 18, 



~~ ~- ~ 
~~~~ 

SET CURSOR 20,50 
PRINT " 

SET CURSOR 20 ,15  
INPUT PROMPT "Which number do you want t o  change? ( 0  t o  a b o r t )  " :  se l  

LOOP 
I F  se l<>O THEN 

SET CURSOR 2 3 , 1 5  
INPUT PROMPT "What will i t s  new value be? " :  newval 
SELECT CASE se l  

CASE 1 

CASE 2 

CASE 3 

CASE 4 

CASE 5 

CASE 6 

CASE 7 

END SELECT 

I S P  newval 

RHO = newval 

DV = newval 

KT = newval 

MS = newval 

MPL newval 

ME = newval 

QRIG%hL 1s 
OF POOR WALm END IF 

done=O 

done= 1 
LSE 

ND I F  
COP U N T I L  done=l 

E ! choice 3 ,  compute tankage requirements 

F choice=9 THEN EXIT DO ! check f o r  'end program' choice 

F VP=O THEN ! make sure computations have been done 
SET CURSOR 1 2 , 1 5  
SET COLOR 20 
PRINT "YOU HAVE NOT RUN THE CALCULATIONS YET" 
SET COLOR 3 
SET CURSOR 2 2 , l O  
PRINT " Press any key t o  continue... .  , 
GET KEY w a i t  

" . 

VD I F  
VP=O THEN E X I T  I F  

ET COLOR 5 ! set c o l o r  t o  magenta 
j ,  DC,H=O 
1 WHILE DS=O 
SET CURSOR 1 0 , 5 5  
PRINT " 

INPUT PROMPT "What diameter, i n  fee t ,  f o r  spher ica l  tanks? ":DS 
-SET CURSOR 10,lO 

)OP 
\ \.,,I T I  r m-- -  *,-e 



SET CURSOR 1 3 , 6 2  
PRINT " 

SET CURSOR 1 3 , l O  
INPUT PROMPT " E n t e r  t he  d iamte r  and h e i g h t  f o r  c y l i n d r i c a l  tanks: " :DC,H 

LOOP 
SET CURSOR 2 3 , 2 0  
PRINT "One m o m e n t  p lease..  . " 
VS=4*P I * (DS/2  )*3/3 
VC=PI * (DC/2 ) "2 *H  + 4 * P I * ( D C / 2 ) ^ 3 / 3  
NS=INT(VP/VS+O.99)  
NC=INT(VP/VC+O.99)  
I F  VS>VC THEN 

! do computations of tankage 

T 1  =VS 
T2=VC 
N l=NS 

T1 =VC 
T2=VS 
N l=NC 

ELSE 

END I F  
FOR I = N 1  TO 0 STEP - 1  

N2=- 1 
DO 

N2=N2+1 
V T = I * T l + N 2 * T 2  

LOOP U N T I L  VT>=VP 
R(  I )=VT-VP 

NEXT I 
BEST=999999 
FOR 1=0 TO N l  

B E S T = m i n ( B E S T , R ( I ) )  
I F  B E S T = R ( I )  THEN B C = I  

NEXT I 
IF V S > V C  THEN 

N l = B C  
N2=INT((VP-Nl*Tl)/T2+0.99) 
V A V G = ( N l * T l + N 2 * T 2 ) / ( N i + N 2 )  

N2=BC 
Nl=INT((VP-N2*Tl)/T2+0.99) 
V A V G = ( N I * T 2 + N 2 * T l ) / ( N l + N 2 )  

ELSE 

END I F  

CLEAR ! show r e s u l t s  o f  ca lcu la t ions  
SET COLOR 1 2  
SET CURSOR 1,20 
PRINT "POSSIBLE TANKAGE CONFIGURATIONS" 
SET COLOR 3 
SET CURSOR 3 , 1 7  
PRINT "(Volume o f  p rope l lan t  = "; 
SET COLOR 6 ! set co lo r  t o  brown 
PRINT USING " # # , # # # . # " : V P ;  
SET COLOR 3 
D D t h l T  " E A A -  \ " 



~~ ~~~- ~~ ~~ ~ ~ 

,ET CURSOR 5 , 2 3  
'R INT " S p h e r e  D i a m e t e r :  " ; 

'R INT USING " # # # . # " : O S ;  

R I N T  " f t "  
IET CURSOR 7 , 1 6  
'R INT  " C y l i n d e r  D i a m e t e r ,  H e i g h t :  " ;  
ET COLOR 6 
'R INT USING ' I # # # .  # , # #  . # "  : DC, H ;  
ET COLOR 3 
R I N T  I '  f t "  
ET CURSOR 1 0 , l  
R I N T  " 

R I N T  " SHAPE 
ET COLOR 6 
DR 1 = 1  TO 4 

'ET COLOR 6 

)ET COLOR 3 

SET CURSOR 1 2 + ( I - 1 ) * 3 , 1  

VOLUME PER # U N I T S "  
U N I T  ( f t " 3 )  R EQU I RED " 

! s e t  color to red 

PRINT " .................................................... 
EXT I 
3R 1 = 1  TO 1 2  

SET CURSOR 9 + 1 , 3 1  
PRINT " : "  
SET CURSOR 9+1 ,47  
PRINT " : "  

EXT I 
ET COLOR 4 
ET CURSOR 1 4 , 1 6  
3 INT  "SPHERICAL" 
ET CURSOR 1 7 , 1 5  
?I NT "CYLINDRICAL " 
f T  CURSOR 1 9 , 1 5  
t I N T  "combi na t i on "  
fT CURSOR 2 0 , l l  
l I N T  "SPHERES & CYLINDERS" 
i T  CURSOR 19,34 
I I N T  "Average V o l  : " 
:T CURSOR 1 9 , 5 2  
! I N T  "Sph: " 
'T CURSOR 20,52 
! I N T  " C y 1  : " 
T COLOR 1 5  
T CURSOR 1 4 , 3 6  
I N T  USING " # # , # # # . # # " : V S  
T CURSOR 1 7 , 3 6  
I N T  USING " # # , # t # . t # " : V C  
T CURSOR 1 4 , 5 3  
I N T  NS 
T CURSOR 1 7 , 5 3  
I N T  NC 
T CURSOR 2 0 , 3 6  
I N T  USING " # # , # # # . # # " : V A V G  
T CURSOR 19 .57  
I N T  N1 
T Piiocno 3n E ' I  



PRINT N2 
SET COLOR 3 
SET CURSOR 2 2 , 5 0  
PRINT " R e m a i n d e r :  " ; 
PR I NT US I NG " # , # # #  . # " : R ( BC 1 

PRINT " P r e s s  a n y  key t o  cont inue. .  . "  
GET KEY w a i t a g a i n  

1 SET CURSOR 2 4 , 2  

, 

ND I F  
OOP 
ET COLOR 15 
LEAR 
ET CURSOR 1 2 , 3 0  
R I N T  " P r e s s  any key .  . . " 
VD 



IX. SERVICING SYSTEM 



Jntroduct ion 

The O m  will have two basic capabilities in Earth orbit: 

1) transporting payloads between Low Earth Orbit (LEO)  and 

Geosynchronous (GEO) Orbit and 2) servicing spacecraft in GEO 

orbit. The operations of 2) are designated in-situation (in- 

situ) because the satellite is serviced in its orbit. This 

report presents the design of the servicing system necessary to 

fulfill these O W  functions. 

The primary mission of the OTV Servicing System is to extend 

the lifetimes of GEO spacecraft that might be cut short by 

"infant mortality", random failures, and expendables (or 

consumables) exhaustion. In fulfilling this mission, the 

Servicing System must execute the following on-orbit servicing 

functions: 

-- resupply expendables, primarily Attitude Control System 
propellants and water, 

-- restore orbital spacecraft systems to f u l l  operational 

capability by replacing failed elements, and 

-- upgrade spacecraft systems to incorporate advances in 
technology. 

The U . S .  Space Station, located in LEO, will serve as a base of 

operations for the O m .  

servicing equipment, parts, or man-hours that the O W  is 

incapable of providing, the O W  will have the capacity to 

retrieve the spacecraft and transport it back to the space 

station for repair. 

Should a satellite or platform need 

After repairs are completed, the O W  has the 
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capability to return the satellite or platform to its 

geosynchronous position. 

System Reauirements 

The OTv Servicing System is fundamentally constrained to 

accommodate the requirements of the GEO customer in the 1990s. 

Specifically, the design of the Servicing System is based on 

these factors: 

-- spacecraft mass (dry), 
-- dimensions, 
-- consumables requirements, and 
-- hardware design. 

The analysis of the these factors concentrates on the design of 

commercial satellites. 

the Department of Defence (DoD). 

satellites are located in GEO orbit, providing television, 

telegraph, and data transmissions [5, p. 4 2 1 .  

commercial satellites will be in GEO orbit by 1990. 

predominance of the commercial satellite warrants its emphasis in 

the design of the Servicing System. 

Other users of GEO orbits are NASA and 

Currently about 70 COmmerCial 

Approximately 150 

This 

Three different commercial satellite designs are in 

existence today and will be utilized into the next decade. 

three types are: 

The 

-- spin stabilized satellites, 
-- three-axis stabilized satellites, and 
=- three-axis, hybrid satellites. 

The trend in satellite design is towards large platforms with 
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increased numbers of communications transponders. 

classified as any satellite with a total mass exceeding 5,000 lb. 

Table 1 summarizes the design characteristics of the three 

satellite types and a proposed platform, the Geostationary 

Platform. 

communications and maritime payloads. 

A platform is 

The Geostationary Platform is intended to support 

50.9 64.6 

7 

175 

S b E d  Size Did = ll.94 5.15 x 7 . E  8.2 x 6.17 Did- l l0  
(feet) Len = 10.99 X 5.81 x 8.66 Len=164* 

3,6U 2,877 

m-=i= 
4 , 149 

Biqnq. 

-t, - 
Table 1: Satellite/Platform Characteristics 

A GEO satellite is typically designed for an operational 

life of 7 to 10 years. 

has exhausted its Attitude Control System (ACS) propellant 

supply. 

the satellite or platform in order to function. 

At the end of this period, the satellite 

ACS propellant is an example of consumables required by 

The 
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Geostationary Platform will burn 1,764 lb of propellant over its 

7 year lifetime. 

The Geostationary Platform ACS makes use of hydrazine 

propellant, commonly used in spacecraft designs. Bi-propellants 

have been recently incorporated into satellite ACS designs. Bi- 

propellants offer higher specific impulses. The Space Station 

and LEO O W  designs make use of bi-propellants, serving as a 

catalyst for standardization of stored propellants. Yet, the 

fact that the proposed platform will utilize hydrazine 

propellant, indicates that the OTV must be capable of resupplying 

both propellant types. 

Another factor contributing to the effective lifetime of a 

satellite is the occurrence of component malfunctions. 

Solar Maximum Mission demonstrates how the lifetime of a 

satellite can be cut short by component failure. The Solar Max 

satellite was launched on February 14, 1980. Soon after launch 

three of four fuses blew in the ACS, crippling the satellite's 

ability to maintain the correct orbital attitude. This 

satellite, however, w a s  designed with servicing in mind. The 

Solar Max satellite is an example of the Multi-Mission Spacecraft 

(MMS) design concept. Figure 1 shows the Solar Maximum 

observatory. 

The NASA 

The MMS is a standardized reusable space platform capable of 

supporting a wide variety of Earth-obit programs. 

replacement of MMS hardware components is facilitated by 

modularity in its design. The basic structure of the MMS 

The 

supports modularized power, communications, data handling, and 
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altitude control components, which may be replaced in order to 

prolong the usefulness of the spacecraft. 

are commonly designated Orbital Replacement Units 01 ORUS. 

The individual modules 

, enclosure Coarse S u n  sensors 

- -  Instruments 

Ease structure 
assembly 

Sola r  array 
svstem i s A s ) l  

\Latch olns ( 3 )  I 
H I  gh-gain 
antenna 
system (HGAS, . *  

SFM 
observatory 

MS 

Figure 1: The Solar Maximum Observatory 

The ORUs are held in place by two jack-screws which require 

maximum torques of 70 to 90 ft-lbs. An electrically powered tool 
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called the Module Servicing Tool (MST) latches to the module and 

provides the necessary torque to mate and demate the module from 

the module support structure. 

The module retention system also mates/demates the electrical 

connections between the MMS and the module. 

The MST is shown in Figure 2. 

Figure 2 :  Module Service Tool 

Many existing designs do not utilize modularization and 

serviceable O R U s .  Current satellites lack standardized 

mechanical interfaces for grappling (affixing a manipulator end 

effector to the structure of the satellite), berthing, and f l u i d  

resupply. Such spacecraft would require highly complex servicing 

operations. In fact, it may not be feasible to (in-situ) service 

non-standard satellites. These satellites could be transported 

to the Space Station for servicing if cost effective. 

160 
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Servicing in GEO orbit will be practical only if satellites 

are designed with modular hardware and standardized fixtures for 

manipulation. 

orbit in the 1990s will represent larger investments that must be 

protected and sustained through in-situ servicing. 

Servicing System is designed for the servicing of MMS type 

spacecraft. 

The large platforms that will be placed in GEO 

The O W  

Servicins Operations 

After the OTV rendezvous with the GEO satellite, these 

operations take place: Capture and Berthing, Consumables 

Resupply, ORU Exchange, and Non-Standard Repairs. The following 

section briefly describes each operation. 

-- Capture and Berthinq the satellite for servicing on the 
Capture can be complicated by the attitude and outfitting OTV. 

of the satellite. 

positioned for capture by the Remote Manipulating System (RMS) or 

robot ana; it does not require any special stabilization or de- 

tumbling. In some cases the satellite can employ its own 

propulsion system to position itself for capture. 

is already fixed with an RMS grapple fixture, allowing the RMS t o  

grip the satellite without causing damage to its structure. 

A cooperative satellite is favorably 

The Satellite 

An uncooperative satellite must first be stabilized before 

final rendezvous and capture. 

grappling fixture must be captured using specially designed 

equipment. An Extravehicular Activity (EVA) excursion unit, the 

Manned Maneuvering Unit (MMU), vas used in the Solar Max repair 
161 
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mission of STS-41C to stabilize the satellite's angular spin rate 

about one axis. The MMU is a self-contained, propulsive backpack 

that provides mobility to the unpropelled crewmember during EVA 

(those operations outside the pressurized environment of the 

vehicle). 

The Shuttle RMS can not grapple the satellite until it is 

essentially stationary with respect to the vehicle. 

stabilized, the RMS can grapple the satellite as long as it is 

equipped with a compatible grappling fixture. 

tumbling will require, as yet, undeveloped technology. 

Once 

Multi-axis 

Berthing of the satellite to the Flight Support Station 

(FSS) is teleoperated by means of the RMS. MMU stabilization/RMS 

grappling is the baseline mode of satellite capture and berthing 

in the OTV Servicing System. 

-- Expendables Resumlv : the resupply of ACS propellants, 

pressurants, liquid helium, and water to the orbital spacecraft. 

Fluid propellants, pressurants, and liquid helium are transferred 

via umbilical connection. Once the umbilical connection has been 

established, the resupply is controlled automatically from within 

the OTV. Water will be resupplied by ORU exchange. 

-- ORU Exchanae: the replacement of a failed or obsolete ORU 

on a MMS with a functioning or improved unit via manual EVA. The 

ORU to be replaced is removed by means of the MST and temporarily 

stowed at a parking position. The new ORU is then unstowed and 

installed in the satellite/platform. This operation is performed 

by one or two EVA crewmembers supported by the intravehicular RMS 

operator. The Manipulator Foot Restraint (MFR), shown in Figure 
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3, is a portable workstation, allowing an EVA crewmember to 

access worksites within reach of the RMS. The MFR provides 

restraint for one crewmember, tool storage, and the transport of 

large O R U s .  

RMS 
grapple 
f i x t u r e  

Figure 3: Manipulator Foot Restraint 

-- Non-Standard Repair: maintenance operations that do not 

involve ORU exchanges. 

required to restore a hardware component in a degraded state of 

performance to a state acceptable to the operational requirements 

of the system. The range of repair operations is unlimited, yet 

two frequently occurring repair operations are: surface cleaning 

and freeing jammed mechanisms. 

instruments are extremely prone to contamination from thrus! a'r 

plume debris, requiring period cleaning. 

These operations involve those tasks 

Sensors and other sensitive 
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Repair operations necessitate in-situ interpretive skills 

and non-standard work sites. 

level of crew interaction with the intravehicular crew and ground 

control. 

Figure 4, are required in repair operations. 

These operations require a high 

Specialized tools, such as those for removing jams in 

Figure 4: EVA Jam Removal Tools 
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Elements of the Servicina System 

The following section presents the overall design of the 

Servicing System and its major elements, which have already been 

discussed in the Servicing Operations section of this chapter. 

Figure 5 shows the design of the Servicing System. The system 

consists of three modular elements: 

Fluid Resupply System, and the Flight Support Station. These 

elements are independent of each other secured by latch 

mechanisms. 

servicing of its elements and the potential for upgrading 

components. 

1. The EVA Support Module (ESM) 

the EVA Support Module, 

Modularity of the Servicing System allows simplified 

The ESM primarily provides the structural support for the 

OTV RMS and the MMU and its flight station. The OTV RMS is the 

same RMS as used on the STS Orbiter. The RMS is shown in Figure 

6. 

length allows the OTV to safely grapple satellites at a distance 

of over 30 ft. away. This capability is valuable in conserving 

reaction control propellants that would be spent in positioning 

the O W  within close proximity of the satellite position. This 

length, however, presents a special problem in stowing the robot 

arm during vehicle accelerations. 

arm within a notch in the side of the ESM, shown in Figure 5. 

The total length of the RMS is approximately 50 it. This 

The solution is to stow the 
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Figure 6: Remote Manipulator System (STS) 
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Figure 7: The Manned Maneuvering Unit 
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The MMu is a self-contained, propulsive backpack designed to 

provide mobility to the unpropelled astronaut within an EVA 

Mobility Unit or EMU. 

up in an EMU and having donned a MMU. 

degree-of-freedom control authority along with piloting logic in 

Figure 8 shows an EVA CreWmember suited 

The MMU provides Six- 

order to execute a full range of translations, rotations, Or 

combinations thereof. 

structural support for the unit and stores gaseous nitrogen 

propellant (GN2) for reservicing. 

The MMU flight station provides 

Figure 8 :  Astronaut in EMU and MMU 

168 



Note that The longitudinal path from the Command Module to 

the FSS has been left free to facilitate the translation of EVA 

crewmembers along the OTV exterior. 

2. The Fluid Resupply System (FRS) 

The FRS executes expendables resupply operations. The FRS 

module has room for up to six, 45 in. diameter spherical tanks 

developed for the STS Orbiter Reaction Control System. These s i x  

tanks are currently in production. This volume will accommodate 

up to 8,000 lb. of propellant, satisfying any one platform's 

needs well into the twenty-first century [5, p.331. Depending on 

the particular mission, the propellant can be hydrazine or bi- 

propellant. 

Nominally, the berthing of the satellite will automatically 

establish fluid transfer connections. However, to accommodate 

variations in satellite design, an umbilical system must be 

available. The umbilical connection will be connected via manual 

EVA. Plumbing connections are concurrent with the mechanical 

interface between the FRS and the FSS. 

3. The Flight Support Station 

The FSS serves as a satellite workstation allowing the 

The satellite to be secured and manipulated for servicing. 

location of the FSS at the front of the O W  does not limit the 

size of the platform or satellite to be serviced. 

positioning of the FSS along the longitudinal axis of the O W  

avoids off-center mass distributions. 

The 

The FSS provides EVA mobility and positioning aids ,  such as 

interfaces for portable foot restraints. Automatic interfaces 
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of the FSS provide propellant resupply and power to the berthed 

satellite as well as component diagnosis, testing, and checkout. 

The  base of the FSS is a rack for ORU storage, providing 

structural support and power to each ORU. Thermal control is not 

necessary since each ORU can be expected to have an independent 

system. 
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Technolosical Growth 

The OTV Servicing System has been I1scarred1l for 

technological growth. 

performing operations such as ORU exchanges and satellite 

capture. 

execution for servicing operations requiring a high degree of 

dexterity. However, a robotic system is under study to automate 

and augment EVA tasks. This system, the Flight Telerobotic 

Servicer (FTS), will be a multi-purpose robot, teleoperated from 

within the OTV Command Module as the RMS will be. 

Manual EVA is currently the only means of 

For this reason manual’EVA is the baseline mode of 

The Goddard Space Flight Center has produced a preliminary 

design, designated the Strawman. The Strawman telerobot has two 

dexterous manipulators and one manipulator to be used fo r  

attaching the unit to a worksite. The Strawman (FTS) concept is 

shown in Figure 9. The Strawman has grappling fixtures so that 

the RMS can position the unit in the same way an astronaut is 

positioned for EVA via the MFR. Cameras and light systems 

mounted on extended booms relay images of the worksite back to 

the intravehicular operator. 

adapted for robotic use. 

Figure 10 shows how the MST can be 

The ESM has sufficient volume to accommodate the FTS. The 

FTS should be positioned under the RMS shoulder joint to 

facilitate grappling. 

station as does the MMU. 

The FTS will require its own flight 
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Figure 9: Strawman Concept 
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Figure 10: RMS Module Service Tool 
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X. SHIELDING/STRUCTURES 



Prolonged space travel presents many risks to the astronaut. 

One of the most important, but fortunately, one of the most 

controllable is the hazard of radiation. There are five main 

sources of radiation the OTV will have to be protected against: 

cosmic rays, trapped radiation from the Starfish outer space 

nuclear explosion, the Van Allen belts, solar flares, and 

radiation from on-board power (propulsion) systems. 

The last two mentioned source should be protected against by 

shielding surrounding the reactor. In the case of a minor solar 

flare occurring during flight, the rear of the ship would be 

pointed toward the sun to provide extra protection given by the 

thick nuclear reactor shield. In the case of a large solar flare 

during flight, the ship would also be pointed toward the sun, the 

mission abandoned, and the ship brought back to the space station 

as soon as feasible. The other three sources have to be 

protected against by external shielding surrounding the craft. 

The problem of radiation shielding is magnified because 

nuclear radiation is composed of different components with 

extremely varying energies - over approximately eleven orders of 
magnitude. The most important (i.e., most damaging) of these are 

protons, electrons, and gamma rays. The higher the energy level 

of any given particle and the greater its flux rate, the higher 

its possible damage. 

Of the first four mentioned sources of nuclear radiation, 

each is vastly different in terms intensity, duration, and/or 

make-up. Before a discussion of each, an overview of how 
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radiation is measured and how much a human can tolerate is 

required. 

Measurinq Radiation 

The basic unit of radiation is the roentgen. Although it is 

no longer commonly used, its definition is the amount of 

radiation necessary to produce 0.001293 grams of air ions 

carrying one electrostatic unit of electricity of either sign. 

The common term today is the rad (radiation absorbed dose). 

It is the radiation of any type corresponding to the absorption 

of 100 ergs per gram of any medium. Since the absorbing material 

is not stipulated in the definition and every material absorbs 

energy at different rates, whatever type of material it is needs 

to be specified when the dosage is given. 

To complicate matters, each type of radiation constituent 

has a varying ability to cause biological damage. Therefore each 

constituent is given a factor called the RBE (Relative Biological 

Effectiveness) >= 1 which when multiplied by the dose in rads 

gives the rem (relative effectiveness, man) dose. This rem dose 

is helpful to know since it is independent of the radiation 

source type and therefore serves as the means for comparing 

radiations and what to protect against. 

Some examples of RBEs are as follows: 

X-Rays, Gamma Rays, and Beta particles 
Protons > 100 MeV 
Protons 1.0 MeV < E < 100 MeV 
Protons 0.1 MeV < E < 1.0 MeV 
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Alpha Particles > 5 MeV 
Alpha Particles 1 MeV c E c 5 MeV 

15 
20 

Radiation Effects on Man 

The damage done by radiation is directly proportional to the 

received rem dose. There are .variations depending on where on 

the body the majority of the radiation is received. Critical 

organs such as the eyes and the liver are much more sensitive to 

radiation than the body as a whole, however, since they are 

buried within the body which provides an extra layer of 

protection and the radiation received on the OTV will impinge on 

the crew from all directions, the discussion will be limited to 

whole-body dose and what human whole-body dose tolerance is. 

The short-term effects of radiation are about as follows: 

Dose in Rads 

10-50 

50-100 

100-200 

Probable Effects 

No obvious effects except minor 
blood changes 

Vomiting and nausea for about 1 day 
in 5-10% of exposed personnel; 
fatigue 

Vomiting and nausea for about 1 day 
followed by other symptoms of 
radiation sickness in 25-50% of 
personnel: no deaths 

Besides acute problems, radiation also has many long-term 

consequences. The increase in overall (lung, stomach, etc.) 

tumor incidence is about 4 X The increase 

in genetic effects is about 0.5 X per rem per year, for a 

total of about 4.5 X low6 per rem per year. 

per rem per year. 
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As additional guidelines, for the Apollo project for flights 

up to 30 days a permissible dose of 25 rems was set with a limit 

of 50 rems resulting in mission termination. The Soviets have 

similar, but more liberal dose limits. With expected crew 

rotations, no more than 1 or 2 flights per year per crew member 

are expected with the OTV. Based on the above considerations, a 

maximum dose limit of 30-35 rems per mission is planned for as an 

upper limit on radiation exposure. 

Radiation Sources 

Galactic, or cosmic radiation provides a continual 

background source of radiation f o r  the duration of the mission. 

Its intensity level is low, but is continuous. Cosmic radiation 

consists mainly of protons with a small fraction of alpha- 

particles and even smaller fractions of heavier elements. 

Cosmic ray energies range from 1 X to 1 X lo9 billion 

electron volts (BeV: note, 1 X lo9 BeV is about 1 joule for a 

particle weighing 1 X kg!) Thankfully flux rate goes down 

even faster than energy goes up. Fluxes range from one particle 

per cm2 per sec. down to 1 X particles per cm2 per sec. 

With such low intensities at high energy levels, the integrated 

total expected dosage per seven day mission from cosmic rays is 

about 5-8 rems. 

The Van Allen Belts consist of a second source of radiation. 

The belts are two torus-shaped regions of ions trapped in the 

earth's magnetic fields. The centers of these belts are located 

about 3,000 and 19,000 km from the surface of the earth. The 
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periphery of the belts are not as distinct and confined and with 

their low intensity levels present no major threat to the crews. 

The center of the belts represent a major radiation exposure 

problem, but with the short transit times through each belt, the 

total radiation exposure will be within limits. 

A mission to geosynchronous orbit and back will involve 

eight passes through a belt. With the elapsed time in the 

smaller waiting orbit ranging from 1-3 hours and the trip up to 

geosynchronous taking approximately 4 hours (yielding maximum 

belt transit times of 1/2 hour apiece), the maximum total 

expected dosage per mission from the Van Allen Belts is 

approximately 10-15 rems. 

The electrons trapped from the Starfish multi-megaton outer 

space nuclear explosion represent a hazard similar to traversing 

one of the Van Allen Belts. The trapped radiation is located 

about 3,000 km in altitude and the intensity ranges from 15 rems 

per day on the edges of the band to 150 rems per day in the 

center. Each mission will require six passes through the band 

and with expected velocities, the resulting mission dosage will 

be about 8-10 rems per mission. The sum of these three sources 

will expose the crew to a total of 23-33 rems: within the mission 

allowable dose limits. 

The most hazardous source of radiation and unfortunately the 

most unpredictable comes from solar flares. Solar flares consist 

mainly of high-energy protons. Particles travelling near the 

speed of light provide about ten minutes warning of incoming 

slower-speed protons. 
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Flares can be divided into about four classes based on 

intensity. The two most important ones need only be examined 

since the other two are of such low intensity as not to be a 

significant radiation hazard. Solar flares are pseudo-random 

events with probabilities of occurrence. The second worst has 

only about a 2% probability of occurring during an O W  mission. 

The worst-class flare has less than 1% chance of occurring, 

but if it did it would give the crew a dose of 50 rems or more of 

radiation if no action on the part of the crew was taken. As 

mentioned earlier, the best course of action in the event of 

either class of flare would be to turn the ship's engines 

towards the sun and use its reactor shielding as extra 

protection. The reactor's shield would have to be made thicker 

than otherwise necessary to cope with the radiation from both the 

reactor and the flare, but since flares are rare, weight is saved 

by having the extra protection in the reactor shielding rather 

than in the ship's hull because the reactor shield presents less 

surface area. 

An even better course of action would be not to go up at all 

if a flare could be predicted in advance. It cannot, but clues 

exist that hint at increased chances for a flare, such as flares 

have a greater chance of occurring one solar revolution (the sun 

revolves on its axis) after the last solar flare. Further study 

of solar activity may make flare prediction more accurate and 

reliable with its resulting weight and cost savings. 

Shieldins Material and Weisht 
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Matter needs to placed between the radiation and the crew to 

protect them. The more matter between the two, the more 

protection. Since extra weight means vastly increased costs in 

terms of fuel, the weight of the shield needs to be minimized. 

Therefore, for a given level of radiation protection, the 

material which weighs least is the best choice since 

manufacturing costs are but a small fraction of the total system 

cost. 

A first-glance choice would be lead for shielding material, 

but lead has one of the highest weights per given protection. 

The lowest turns out to be carbon (graphite), but it has the 

major drawback of debonding under radiation exposure which could 

lead to structural failure. The next lowest and best candidate 

is aluminum. The above given rem values per mission are 

calculated using an aluminum shield 6 grams/cm2 thick encasing 

the habitation module, and 4 grams/cm2 encasing the control 

module. Mass/area is the standard nomenclature for shielding 

thickness since for any given area radiation stoppage is 

proportional to the amount of mass in its path. 

The use of 4 and 6 grams/cm2 thick of aluminum gives a total 

shield weight of about 19,100 l b s .  19,100 lbs is based on 

expected OTV surface area and module size. The shield will be 

similar to a thick aircraft skin in support and construction and 

will also serve as the pressure hull. It shou1.d be noted that a 

radiation shield of this thickness will also serve as a good 

meteorite shield. Meteorites travel more than 5 miles per 

second and their impact can cause great damage (especially with 
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graphite which ltshatterslt upon impact, another reason not to use 

carbon as a shield). The larger the meteorite size the rarer the 

chance of impact. The particles that need to be protected 

against are dust-sized ones. Larger ones are much rarer and even 

if they happened to strike the OTV nothing could be done to 

reasonably prevent damage with any thickness shield; the OTV 

would be lost in any case. As an illustration of the relative 

harmlessness of meteorites because of their rarity, satellites 

have remained in geosynchronous orbit for many years with less 

protection than the OTV will get and have continued to function. 
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STRUCTURE 

Dry Weight 

Habitation Module Interior 

Command Module Interior 
(bulkheads, galley, etc.) .................... 3,000 lbs 

(panels, chairs, etc.) ....................... 800 lbs 

Power Systems and ECLSS ........................ 4,000 lbs 

Reaction Control System ........................ 1,041 lbs 

Avionics and Rendezvous Equipment .............. 1,039 lbs 

Satellite servicing 
(propellant and hardware) .................... 7,900 lbs 

Nuclear Reactor and Engine ..................... 4,000 lbs 

Reactor Shielding .............................. 8,500 lbs 

Propellant Tank Structure ...................... 6,600 lbs 

Radiation Shielding/Skin ....................... 19,895 lbs 

TOTAL 56,775 lbs 

Wet Weight (No Payload) 

Propellant Weight without Payload .............. 93,292 lbs 
TOTAL 150,068 lbs 

Weight Weight (15,000 lb Payload) 

Propellant Weight with Payload ................ 121,184 lbs 
Payload ....................................... 15,000 lbs 

192,959 lbs TOTAL 
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XI. COST ANALYSIS 



Vehicle Cost Analysis 

A cost analysis was done for the OTV based on the 

development costs for the Space Shuttle. The total cost of the 

Space Shuttle was 13.4 billion dollars (all amounts are in 1984 

dollars). This cost included design, development, test and 

evaluation, and the first manned flight. The dry weight of the 

Orbiter is approximately 165,000 lbs. This calculates to a cost 

of $81,21O/lb. The weight of the OTV is approximately 50,000 

pounds and when multiplied by the cost per pound of the Space 

Shuttle results in a cost of 4.06 billion dollars. This cost 

does not include the cost of the nuclear engines which are 

discussed below. 

Propulsion Cost Analysis 

There are three types of costs associated with the nuclear 

propulsion system used onboard the MOVERS OTV. 

F i r s t ,  there are the development costs of the engine. The 

16,000 pound engine which will be used on the OTV is based upon 

the actual NERVA design--however, significant development work is 

required before this engine can be deployed in space. The 

following figures on the costs associated with this development 

were obtained from "Nuclear Engine Definition Study--Preliminary 

Report, Vol. III,tt  published by Los Alamos Laboratories. Those 

costs were: 
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OVERALL PROGRAM COSTS 
( $  in thousands) 

Engineering . . . . . . . . . . . .  298,625 
Material and Services . . . . . . .  173,648 
Propellant and Pressurants . . . .  34,810 

TOTAL . . . . . . . . . .  507,083 
An additional 21 million dollars was allocated for the 

modification of existing facilities (i.e., test buildings, tank 

farms, control buildings, reactor pad, waste effluent clean-up 

system, etc.) . In actuality, significantly more funds will 

probably have to be allocated to support facilities, as it is 

currently unknown as to whether these buildings will even exist 

in 1995. Tentatively, it will be assumed that they will not, and 

it as been estimated that the cost of building them will be equal 

to the cost of actually designing and building the small NERVA- 

derivative engine. Thus: 

Support Facilities . . . . . . . .  527,420 
NEW TOTAL COSTS . . . . . .  1,034,503 

It must be emphasized that this last figure is totally suspect. 

It must also be emphasized that these figures are in 1984 

dollars. 

The second cost associated with the propulsion system is an 

operational cost associated with the construction and replacement 

of engines for the O W .  This figure is also difficult to 

estimate. Los Alamos Laboratories estimated that 103 million 

dollars would have to be allocated over the course of their nine 

year development program to purchase the actual hardware for 
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their various prototypes. As such, this figure does not specify 

how much the parts for a single engine would cost. Also 

important to note is that this figure does not include the labor 

to actually assemble the parts together. With these limitations, 

only an order of magnitude estimate of the cost of the engine can 

be provided. It will be assumed that a single engine with a 

lifetime of at least 10 operating hours will cost 74 million 

dollars. 

Cost of Replacement Engines . . . . 73,839 

The third cost associated with the propulsion system is the 

cost of producing and delivering propellant to Low Earth Orbit 

(LEO). It will tentatively be assumed that the cost of producing 

propellant is negligible when compared to the cost of delivering 

it to LEO. As such, estimates of the propellant cost will be 

based on launch costs alone. Currently it costs $2000 to deliver 

a pound of anything (i.e., also propellant) to LEO. However, it 

is questionable as to whether the Space Shuttle would be used for 

propellant deliveries. In fact, a big dumb booster would 

probably have to be used: and delivery costs for such a booster 

have been estimated to be approximately $350/pound. 

The cost of shipping this propellant to LEO from the surface 

of the Earth can be estimated using a range of launch costs. The 

results are outlined in the following table: 
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Propellant Requirements & Cost for MOVERS OTV 
Hauling 15,000 Pound Payload Roundtrip for LEO to GEO 

Wt Propellant cost 

Required (lb) $3 50/ lb $750/lb $10 0 O/ lb $2000/lb 

(Values are listed in millions) 

121,184 42.4 90.9 121.2 242.4 

Assuming a fleet of 2 spacecraft, each of which has a minimum 

design life of 100 missions to GEO--the cost of supplying propel- 

lant to these craft was then calculated using the same launch 

costs: 

Wt Propellant cost 

Required (lb) $350/lb $750/lb $1000/lb $2 0 0 O/lb 

(Values are listed in billions) 

121,184 8.48 18.2 24.2 48.5 

Conclusion 

Finally, the estimated overall cost of the OTV will be the 

sum of the vehicle cost analysis and the propulsion cost analysis. 

The vehicle cost is 4.06 billion dollars and the propulsion is 

1.03 billion dollars. This results in a total cost estimate of 

5.09 billion dollars. 
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