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PREFACE 

SRI International is pleased to submit this Final Report of the Spaceplane 
Examination contract to the Headquarters Spac~ Division (AFSC) in 
accordance wih the Contract Data Requ~rements List (CDRL) Item No . A001 of 
the Short Form Research Contract F04701-81-K-0001 . 

The High-Performance Spaceplane (HPSP) or simply the "Spaceplane" system 
concept was conceived by Mr. Fred W. Redding, Jr., under contract DNA 001-
79-C-0419 t itled Strategic Concepts ru1alysis Support and contract DNA 
001-81-C-0217 titled Strategic and Space Systems Concepts Analysis Support. 
The contracts were established to provide professional conceptual support 
on a timely basis to the Office of the Deputy Director, Defense Research 
and Engineering, Strategic and Space Systems (now namen Strategic and 
Tactical Nuclear Forces). The contracts were administered by the Defense 
Nuclear Agency (DNA). The general tasks were to conceive and analyze 
strategic offensive, defensive and space systems as assigned and to analyze 
and evaluate other concepts designated by the Strategic and Space Systems 
Office. Assigned under the general tasks to provide a review ?nd critique 
of Space Shuttle payload plans, options and alternatives from a military 
conceptual viewpoint with emphasis upon payloads with man in the loop, the 
idea of the Spaceplane was generated and approved. Two Spaceplane-specific 
tasks were then stated ir the Work Statement to (1) prove the need and 
val ue of the high perfork 1ce manned military spaceplane operating from the 
Space Shuttle and (2) prove the need and value of the high performance 
manned military spaceplane operating independent of the Space Shuttle. As 
a result of the work performed, the Defense Advanced Research Projects 
Agency (DARPA) began its sponsorship by funding a modification of the DNA 
contract as a task to analyze mission and payload requirements with 
em~~asis on performing a broad range of missions. The result is evidenced 
by tt:e multi-mission nature of the configuration. The DARPA add-on work 
was monitored by its Strategic Technology Office under DARPA Order No. 
4097. In response to an unsolicited SRI proposal titled Spaceplane 
Research and Technology Analysis OARPA continued its sponsorship by funding 
the work reported herein under DARPA Order No . 4229 monitored by the 
Strategic Technology Office. 

The work was administered and managed by the Department of the Air Force, 
Headquarters Space Division, Air Force Systems Command. Technical 
management was directed by Lieutenant Colonel Darryl W. Smith, Chief of the 
Advanced Concepts Division (YLXC) under the Deputy for Technology (YL) . 
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1.0 INTRODUCTION 

Headquarters S~·ace Division of the Air Force Systems Command contracted 
with SRI International (SRI) to define and evaluate a small man- rated space 
transportation vehicle or high-performance "spaceplane" for military space 
operations in cislunar space. The purpose of the contract is two- fold: 

(1) To define and evaluate a small man-rated space 
transportation vehicle for military space 
operations whi c h is compatible with t he Shuttle, 
expendable launch vehicles or air launching and is 
capable of earth return and parachute recovery 

(2) To investigate configuration changes necessary to 
accomplish selected "off-design" missions 

The work was done by SRI supported by three subcontractors: Aerojet Liquid 
Rocket Company (ALRC); Hamilton-Standard Division of United Technologi~ s: 
and the Government Products Division, Pratt and Whitney Aircraft Group 
(P&W) of United Technologies. The principal division of technical 
responsibility was: 

ALRC 

Hamilton Standard 

Pratt & Whitney 

SRI 

Stor able propellant propulsion system 

Environmental control and life support system 
(EC/LSS) 

Cryogenic propellant propulsion system 

Spaceplane conceptual design and integration 
and program manager 

Unfunded support by Honeywell Avionics Division of St. Petersburg, Florida, 
has been provided for t he Spaceplane avionics definition and integra t ion. 

Unfunded support by General Electric has been provided to SRI and Hamil ton 
Standard. GE's new spacecraft recovery system should resul t in a nearl y 
ideal recovery system from supersonic initiation through soft landing at 
sites insufficient for non- control led parachute l anding and without weight 
or volume penalty relative to the non- controlled parachute system. 

Rendezvous , station-keeping and docking are expected to be required 
routinely with the Spaceplane or "Space Cruiser" . The in t egration of these 
capabilities with the pilot, the guidance, navigation and control 
subsystems, propulsion and vehicle a i rframe subsystems is best done from 
the outset. In this belief , SRI has obtained unfunded support from the 
LinCom Corporat ion of Houston, Texas, and Los Angeles • 

The Spaceplane airframe subsystem and aerodynamics are based upon the IRBM 
"SWERVE" reentry vehicle geometr.y being developed by Sandia National 
Laboratories. Sandia was contracted by the Department of Ener gy under 
DARPA sponsorship for the associated work and support to t h is Spaceplane 
Exat:ination . 
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Gene ral Research Corporation - Los Angele s Operations (GRC) pe rformed 
mission analysis and payload definition tasks under the associated 
Spaceplane Context Examination Contract also sponsored by DARPA. 

Lockheed Missiles and Space Company also provided unfunded consultation on 
overall vehic le integration, the rmal protec tion systems, and airframe. 

1.1 THE PROBLEM 

* The problem recognized in the previous contracted analyses is the 
non-military character istic and severely limited military capabi lity of 
past, current, and proposed spacecraft at the time when the military need 
is substantial and increasing rapidly. Manned spacecraft programs and 
concepts have been and are continuing to be characterized by all or most of 
the following non-military characteristic examples: 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Space maneuverability which is limited severely 

Payload-maneuverability in space which is limited 
se verely 

Inability to perform synergetic and other maneuvers 
in and out of the atmosphere 

Substantially conatrained miss i on profiles 

Weather dependency of launch and r ecovery 

Launch schedul e inflexibiU.ty 

Vulnerability of the launch facilities and the 
gl obal ground suppor t to direc t a t tack 

Dependence throughout their miss i on on extensive 
ground support monitor ing, tracking, control and 
commur.ications. 

Little or no space rescue capability 

o De pendence or orbital transfer vehicle s on the 
Orbiter or future space station 

These characteristics and capability limitations contrast sharply with the 
autonomy, f l exibility , maneuverabilit y, res pons i venes s , sur vivability and 
cost- effec tiveness required of military ae rospace operations. Furthermore, 
othe r manned space vehicle programs and concepts have reinforced the 
commonly held perception that the economi cs, technol ogy, and safety of man 
i n space inherently force the continuation of these n(·n- military 
charac teristics i n to the future. 

. . . . 
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The National Command Authority and the Department of Defense rely heavily 
on unmanned satelliteG as vital elements in command, control, 
communications , intelligence, surveillance, reconnaissance, and warning. 
Unmanned satellites l ave additional problem~ relative to manned vehicles 
such as inherent vul~erability to anti-satellites, single-mission utility 
and inability to adapt or to think. Balance and mutual support must be 
achieved between the manned and unmanned military space systems. The 
military manned vehicle must be capable of going where the action is , 
including to where the satellites are and can be in peace-time , conflict, 
and war. 

1. 2 THE NEED 

The need then is to provide the military man in space a highly cost
effective, near-term vehicle system with the required military 
characteristics and capabilities that will 1) protect the United States 
resources from threats in and from space; 2) conduc t needed aerospace 
offensive and defensive operations to use and protect the use of space by 
the United States and its allies; 3) enhance the land, sea and air forces ; 
4) serve as a practical utility vehicle in the support of space assets and 
in the exploitation of space; and 5) support as ~any aspects of u.s. 
national policy as possible. including armR control. 

The specific vehicle need is for a truly military, multi-mission vehicle 
that integrates well with the Shuttle and other launch vehicles where 
required and that eliminates or minimlzes the need for other vehicles or 
upper stages. The key perfo~ance r equirement in space is 
payload-maneuverability or equivalently, payload- velocity. Whatever the 
payload weight and dimensions the maximization of achievable velocity is 
the "name of the game". Under the limitation of chemical-propellant 
rocketry and with the high velocities required for orbital maneuvers, 
clearly the maximization of the mass ratio in the rocket equation is 
r equired. This transforms into the need for the smallest practicable 
manned vehicle with the largest practicable amount of total impulse 
(propellant) . 

1.3 THE SOLUTION 

The Spaceplane transforms the Space Shuttle Orbiter to an aircraft carrier 
in space and extends its military capabilities to higher energy orbits. 
The Spaceplane is a new generic type of piloted, rocket-powered airplane. 
It is configured for exoatmospheri c , transatmospheric, and endoatmospheric 
flight and the maximum payload-maneuverabil i ty in space. The limitations 
exemplified in the problP.m statement of Section 1.1 ar e not inherent in the 
Spacerlane system concept. Compatible with ground and air launch the 
Spaceplane can abo operate completely independent of ground operations and 
the Shuttle system . It can be cached on orbit , returned to the Orbiter or 
piloted to a landing at airfields or unprepared sites. 

It differs considerably from the other manned and unmanned space vehicles 
that have been studied or proposed. It differs in configuration, cost, 
performance, ease, and speed of development. 
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Figures 1-1 and 1-2 preview the Spaceplane configuration that resulted from 
this Spaceplane Examination and reported in this Final Report. Study of 
the figures will assist in understanding the mate ·.al presented in the 
report. External configuration detail of the Spaceplane has been omitted 
for secur ity purposes. 
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2.0 CONCEPTUAL DESIGN 

This section presents principal elements of the Spaceplane design rationale 
and introduces the configuration decisions that were made during the course 
of the Spaceplane Examination. Th~ objective is to provide context and 
insight to the analysis, configuration decisions and details presented in 
the balance of the report. 

2.1 SPACEPLANE DESIGN GOAL 

The overall design goal for the Spaceplane vehicle and its total system 
configur a tion is to obtain a near-term, truly military, multi-mission space 
vehicle. As a corollary, it must go where the satellites are, where the 
action is, where the need is. 

To enable the successful attainment of the overall design goal the 
following set of c riteria or design features were determined and used: 

0 Maximum delta-velocity .•• What the military needs in 
space is the capability to obtain as much velocity 
change as possible. 

o Maxim•1m payload-maneuverability.,. Whatever Lhe 
payload weight may be, the design need is to maximize 
the velocity that can be imparted by the vehicle. 
Large payloa~s can be carried externally to minimize 
the volume constr~ints. 

0 

0 

0 

Cislunar operations ••. Go where the satellites are or 
can go. 

Synergetically-maneuverable •.. The high delta velocity 
required to perform a substantial plane change in low 
earth orbit can b~ greatly reduced by using 
aerodynamic lift to perfo~ the plane change. 
Propellant is only required to make up the velncity 
required to deorbit and that lost due to drag. 

Mini~um weight and volume .•. Optimizes the 
Spaceplane's payload ~nd velocity to orbit during the 
launch phase. MaAimizes the available 
payload-velocity and permits reduction in transit time 
during maneuvers. 

Modular system •.. External mounting of large paylodds, 
propellant, stages, life support consumables , support 
equipment, and sidecars. 

o Launch optio~s • • • Shuttle, air, ground-launched, 
expendable-lau'1:-h ,.,hicle~ . Reusable launch vehicle 
concepts such a: ~SC type vehicles. 

o Un~anned mode . . • May be advantageous ior some 
missions . 
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Austere-site landing ... Capability to land a t 
unprepared sites , helicopte r-sui table areas, e t c. 

Launch and fo rget/listen • . . Autonomous option with 
r espect to ground oper a t ions , a mil itary requirement. 

Sta te- of-the-Art .. • Accomplish the above within the 
s tate- of- the-ar t , using developed technology. 

o Minimize cost .• . Small, low--cost veh i cle , r e usable, 
ra pid turn-around, maximum payload per flight, maximum 
maneuverability, minimum launch cost . Austere control 
and recovery support. 

2.2 DISTINGUISHING CONFIGURATION DECISIONS 

During the examination, numerous configuration decisions were made as the 
work progressed . The following list of decision results identifies and 
charac t er izes the Space?lane configuration beyond that shown in Figures 1-1 
and 1-2. Explana t ion and justif ication for the decisions are omitted here 
and found in the pert inent sections of the report. 

The geometrical shape of t he airframe inter nal moldline is conical , 
reflecting the basic conical shape of the reentry body. The reentry body 
air frame s t udied and t es ted by Sandia National Laboratories has small, 
extremely swept wings or "strakes" with elevons. The nose section 
containing the forward payload bay, ballast and power batteries extends in 
space to expose the forward reaction control nozzles fo r fi r ing. No 
nr zles are l oca ted in the thermal protection s truc tur e (TPS) with this 
appr oach . The nose can be removed and replaced while in its extended 
position. The nose after full ext ension folds aft alongside and is snubbed 
near the nosetip while in the folded pos : t ion. After t he nose is folded, 
light-weight struc ture can be attached t o the forward bulkhead or r i ng to 
attach the external payloads . In this way the payload is pushed by the 
Spaceplane. The pilot is seated a t the af t end in a seat o r couch that cJn 
be raised unril the pilot's hPad is outboar d, similar to an open cockpj t 
aircraft. In the raisP.d positio~ the pilot can view the external payload . 
Also, the pilot can view the fo rward payload bay con t ents when the top 
pan~l or door is open. The air f r ame is advanced thermal tile over a 
cor; osite non- metallic substruc ture such as graphite polyimide. 
Connections for refuP.ling Rre l ocat ed in the aft end with t he PCE, rather 
than penetra t e the TPS . There are two payl oad bays, one in the nose 
section and t he other in the aft end among the PCE nozzles . Landing is by 
controllable lifting parachute or "Parafoil." The parachute is deployed 
from near the vehicle ' s center of gravity between the propellant tanks 
after deployment of a deceleration drogue from the PCE pl ug volume. A 
redundant, identical chute is located forward of the oxidi zer tank. After 
deployment and disreefing of the lifting parachute the Spaceplane assumes a 
horizontal attitude for flight to the gr ound . The lifting aerobrake is 
reusable. A 195 lb, six-foo t one- inch pilot or 95tt percentile man is 
assumed. An 8 PSI EMU or spacesuit, under develo pment, is planned. Thi s 
suit eliminates the requirement fo r prebr eathing before f l ight. The 
portable life s upport back pack is detachable before launch and af ter 
landing . Fail operational/fail safe design cri t e ria are used fo: 
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environmental and life support. Pumped fluid coolants are used with 
coldplates for heat transfer from the heat sour ce hardware such as 
avionics. An expendable water heat sink is used f o r heat rejection. A 
helmet-mounted, internal, virtual-image display is provided. Voice control 
of the vehicle may be advantageous. An autonomous optical navigator with 
accuracy similar t o the GPS is planned. Ring laser gyro inertial platforms 
are used in the guidance and navigation system. Monopropellant-driven 
auxiliary power units (APU's) are provided and integrated with the 
rechargeable powe r battery. The aircraft is all-electric . No hydraulics 
are used on board. The plug-cluster engine bas 16 nozzles with independent 
on-off control for thrust vector and thrust magnitude control, thus 
eliminating actuators. The propel lant tanks are spherical for light weight 
and are centered about the vehicle's cente r of gravity. 

The propellants selected are nitrogen tetroxide as the oxidizer and a 
proprietary amine blend fo r fuel. The fuel is also used as a 
monopropellant in the APU's. The PCE nozzles are film-cooled. Elastomeric 
bladders are used in the pressurized propellant tanks. The attitude 
control system has nozzles mounted at the nose fold and with the PCE to 
provide six-degree-of-freedom attitude and translation control . Momentum 
wheels are provided for fine attitude control. A mercury trim control 
system is inc luded for real-time, on-orbit CG trim for reentry stability. 
It is expected that outboard propellant tanks will be saddle-mounted to 
protect the TPS. ~d s hown in Figure 1-2 , the Wid e Body Centaur upper stage 
was used as the reference for the external cryogenic stage . The Centaur 
would be modified by replacing the two RL-1 0 engines with a single RL-1 0 
Derivative liB engine. For overspeed reentry with the Centaur or entry of 
the Centaur alone, a lifting aerobrake could be attached to the aft end o f 
the Centaur. 

2.3 MULTI~ISSION CAPABILITY 

The Spaceplane provides the opportunity for a high deg r ee of mission 
flexibility because of: 

Its configuration and performance that explo its both the 
space and atmospheric envi ronments 

Its maximum payload-maneu" r abil i ty design 

Han's unique on-site ca pabilities 

Man-machine uni ficatio~ in the vehic le 

Unmanned operation mode 

Mission categories are exemplified by reconnaissance and surveil l ance; 
inspec tion and verifica tion; anti-satellite a nd antl-antl-satelllte; 
placement. supplementing and standing in fo r unmanned satellites; on-orbit 
service, repa i r a nd update o f satellites; and missions requi rin~ multiple 
atmospheric entry and exit. The Spaceplane t ransforms the Space Shuttle 
Orbiter into a multiple-aircraft carrier in s pace and eKtends i t s military 
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operations throughout cislunar space. Compatible with ground and air 
launch, the Spaceplane can also operate completely independent of ground 
operations and the Shuttle system. 

For very high delta velocity missions, such as rendezvous with a sequence 
of satellites or the place.ment or payloads in geostationary orbit a t an 
altitude of approximately 20 , 000 nautical miles , the external cryogenic 
pro~ellant propulsion module or stage is attached. Figure 1-2 depicts the 
Spaceplane with such a configuration . The module contains an RL-10 
Derivative engine and cryogenic ( liquid hydrogen and liquid oxygen) 
propellant tanks . 

2. 4 CONFIGURATION REASONING 

2.4.1 Why Configured for Entry? 

Entry capability is required for autonomous opera tion , proper energy 
management, and safety. Autonomous en t ry and r eco\ ery ~nable s t he 
Spaceplane to operate independent of recovery by the Orbiter. Proper 
energy management is vital to mission performance . Safety is vi tal to 
mission success, the pilot, and the avoidance of rescue costs. 

In terms of energy management, the capabili t y t o enter and maneuve r in the 
a tmosphere enables impor tant capabilities such as: 

1. 

2. 

3 . 

4. 

Maximizing t he propulsive veloc ity available to 
do mission tasks when less veloci t y is required 
t o reach the atmosphere and land than t o return 
to the Orbi ter or other rendezvous point 

Aerobraking at perigee in the atmospher e ra ther 
than requiring retro-propulsion with its resul
tant weight penalty and l os s of subsequent 
maneuver veloci ty 

Use of aer od ynami c lift to change the di r ection 
of flight (orbital plane change ) and then to 
r eturn to space f light. This energy-effic ient 
maneuver is called the syner gistic plane change 
and is efficient fo r a vehicle wit h the lift- t o
drag ratio and low drag of the high s l enderness 
ratio configuration of the Spaceplane 

Use of ae rodyn~ics to maneuver t o a l anding 
poin t on earth and t o minimize pre- en try 
propulsive mane uvers . 

In safety terms, the entry capability prov ides a r ecove r y return choice 
between the earth and a s pace station such as the Or biter as a 
func tion of the time available to reac h sanc tua r y; the specific failure , 
problem or damage that f or ced the premature recove r y or abort , medic~! 
needs, or subsequent docking risks t o the Orbi te r. The Spaceplane can 
s e rve as a rescue vehic le for the Orbite r or a space stati~n. 
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2.4.2 Why The Generic Conical Shape? 

The cone is the most understood and tested shape for reentry. It is the 
shape of the ballistic missile reent~y body for reasons in concert with the 
Spaceplane, particulary the need for low drag. Alternatively, the conical 
ellipse i s well known for its high lift-to-drag ratio while retaining the 
low drag of the cone . These result in the minimum loss of velocity during 
the endoatmospheric maneuvers. Therefore the least amount of propellant is 
consumed in returning to orbit. The cone and conical ellipse present the 
smallest surface area consistent with high aerodynamic performance and 
especially if ablative material is used as t he outer surface , surface area 
means weight in the thermally protected reentry body. 

Minimization of vehicle weight is vital to maximizing propulsive 
maneuvPrability in space, the maximizing of vehicle payload capability, and 
to the performance and size of any Spaceplane launch vehicle, whether it is 
the Orbiter, an expendable rocket, or a launch aircraft. 

The conical or low eccentricity elliptical cross-section conical shape is 
correct for the generic highly maneuverable spaceplane. Orbiter-like 
vehicles designed to meet a large, internal p3yload volume specification 
for returning payloads to earth require the large ~inged , non-axisymmetric 
sha~Ps exemplified by the Orbiter but are penalized greatly in weight and 
performance . Because there is no drag in the vacuum of s pace , payloads can 
be carried externally in space and under a launch vehicle shroud or in the 
payload bay of the Orbiter during launch. The size and weight of the 
Spaceplane is therefore minimized, resulting in the best 
payload-maneuverability performance . 

We may conclude that the conical ceentry body is best used for vehicles 
with specifications fo r maximum payload-maneuverability, maneuverability 
with small internal payloads, synergistic plane changes, lightest weight, 
compatibility with launch by the Orbiter or the MX ICBM booster, the Titan 
booster, near-term availability and lowest cost. Other shapes can be best 
where subst~,tial internal payload volume from space to the ground is ~he 
driving reql ~ ~ement . 

The latter type of vehicle is exemplified by the Orbiter. Vehicles of this 
type may be characterized as logistic vehicles. That i s , they are 
principally payload launch and recovery vehicles for payload operations 
with respect to low orbit. Their use in higher orbits or for high 
velocity-change maneuvers is not cost-effective or generally practical. 

2 . 4.3 Aircraft Launch 

Preliminary analysis of aircraft launch for the Spaceplane showed that the 
combination of the Boeing 767-200F freighter aircraft and a rocket launch 
vehicle or booster could place greater than 15,000 lbm into low orbit. 
Therefore the Spaceplane under a shroud with a large payload and/or 
propellant in Spaceplane-external tanks could be orbited. Alternatively, 
two Spaceplanes could be orbited by one launch vehicle. Aircraft launch 
would be a flexible means for delivering large payloads to orbit without 
the Spaceplane where they could then be transferred to or~its by an already 
orbiting Spaceplane. 
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The launch vehicle is of conventional design. The Titan LR-87 type engine 
would power each of two strap-on boosters attached to a two-stage core 
rocket powered by a single chamber LR-87 engine on the first stage and one 
Pratt and Whitney RL-10 Derivative liB engine on the second (final) core 
stage. Liquid oxygen and RP-4 or commercial liquid propane would be the 
propellants for the Titan engines. Rapid development, military 
characteristics 1 ease of handling, high performance and low cost to orbit 
could be obtained with this mission-flexible launch vehicle and aircraft 
combination. 

2.5 PERFORMANCE GOALS 

Velocity with internal propellants 

Velocity with cryogenic propulsion 

Total velocity without payload 

Payload to geosynchronous orbit (includesSpaceplane 

Velocity to payload of 160,000 lbm 

Endurance with internal consumables 

Endurance with external consumables 

Number of aircraft per Orbiter bay 

with internal propellant 

with Centaur cryogeni c propulsion module 

Launch options 

Shuttle 

Titan 

MX booster 

Aircraft launch 

Recovery 

Flying parachute 

Unprepared site 

Helicopter-compatible site or pad 

4000 f ps 

>25000 fps 

)29000 fps 

10000-12000 lbm 

3700 fps 

24 hr 

days to weeks 

8 

Turnaround Time Similar to R1gh Perfo rma nce Airc raft 
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. · · . -· . . · . -· "-. 
·. . . . ·. 

·-

Crew 

Pilot 

Multiple-passenger sidecars in space 

Weight 

Dry 

Wet 

Wet with auxiliary fuel in bays 
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3.0 SPACEPLANE INTEGRATION 

Introduction 

The integrat ion of Spaceplane subsystems reflects a team effort on the part 
of the following organizations: 

Sandia National Laboratories 
General Electric 
Aero jet Liquid Rocket Company 
Hamilton Standard 
Honeywell Avionics Division 

Pratt & Whitney Aircraft -
Government Products Division 

SRI-International 
Wright Patterson AFB (AMRL) 
Space Division (USAF) 
Aerospace Corporat ion 
School of Aerospace Medicine 
(USAF) 
NASA/Johnson Space Center 

The airframe is based on the Sandia Winged Energetic Reentry Vehicle 
(SWERVE), under development by Sandia National Laboratories. This conical 
maneuvering re-entry body vehicle, characterized in Figure 3- 1 , presents a 
significant challenge in terms of integr ating the numerous systems and 
subsystems into a small volume, while maintaining the specified CG limits 
required for aerodynamic stability. Spaceplane, as an operable vehicle , 
requires integration of the following subsystems and equipment. 

Thermal Protective System (TPS) 
Lift Control Surfaces 
Environmental Cont r ol/Life Support System (EC / LSS) 
Substructure 
Ballast 
Electric Power Subsystem 
Life Support 
Avionics and Communications 
Controls and Displays 
Recovery System 
Propulsion/Att itude Control 
Pilot/Couch 
Internal Payload/Ex~ernal Payload 

3 . 1 VEHICLE LAYOUT 

Looking at the vehi cle defined in Figure 3-t, it is c lear tha t g judicious 
use of volume inboard of the structur e must be made to accommodate packag
ing of all subsystems. In addition, subsystems must be packaged to be 
capable of withstanding acceleration loads during launch, r e- entr y , and 
synergistic plane changes . The challenge in subsystem equipment in t eg r a 
tion is to achieve a high packaging de~sity, thereby keeping t he ve l.1cl e 
small . Packing density PD is defined as: 

p -D 

Total subsystems volume 

Total vehic le packaging volume 
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For example, the Apollo portable life support system in the space suit 
system achieved a P

0 
• 45%. · In thi Space Shuttle program, the new Portable 

Life Support System (PLSS) in the EMU has a PD • 80%. Results of Space
plane integration studies indicate a PD • 62%, excluding volume allocated 
for payloads. Key coneiderations in the work of increasing Spaceplane 
packing densit y are: 

Optimize subsystem functional schematic 
Minimize component volume 
Conformal component packaging 
Combine components 
Optimize fluid line sizes 
Custom designs 

Therefore , selection of equipment has involved technology that will result 
in low volume and weight. In addition, control of the vehicle center of 
gravity in both radial and axial directions is important to vehicle dynamic 
performance. Therefore, judicious placement of equipment and consumables, 
to minimize CG shifts, is required. Another issue considered was position
ing of the pilot to provide adequate mobility t o accomplish required tasks 
and withs tand acceleration loads without physiological i mpairment . These 
issues and others were taken into account in the integrating of equipment 
and crew in Spaceplane. 

The basic geo~etry of the Spaceplane concept is shown in Figure 3-1. A 
detailed vehicle integration layout, with various c ross-s ec tional views, is 
included in this report as Appendix D. The conical vehicle i s approxi
mately 26.5 ft long, with an included cone angle of 10 . 5 and a dry weight 
in the ran~e of 4, 000-5, 000 lbs. The nose cone of the veh icle is hinged to 
fold back on-orbit to provide payload access and forva rd vi ewing. The 
various subsystem equipment to be integrated is listed in Figure 3-2, 
including weights and volumes of the va rious s ubsystems. 

Major constraints in configuring the vehic l e layout were: minimum desired 
vehicle weight and length, specified center- of- gravity, fo l d i ng nose , 
payload requirement, vehic le conical geometry, minimum spec i f i ed propulsion 
system V and need to protect the pilot from g- loads. The folding nose 
feature influenced hardware packaging to the extent t hat equipment involv
ing fluid coolant o r propellant was packaged away from the nose section to 
avoid requirement for high-pressure, flexible, fluid lines. Ballast 
required for CG trim and electrical system equipment, Lncluding ba tteries, 
were located in the nose because of their high density . To minimize 
ballast required t o trim f or the desired CG , the conical shape of the 
vehicle dictated that, wherever possible, heavy components be packaged 
forward, with light component s toward the rear of the vhicle . Major 
coosumables, such as evaporator cooling water and propellant, we r e balanced 
about the CG in such a way that their consumption du r ing the mission would 
result in mi nimal shift in overall vehiele CG. Volume for ballast was 
located at the vehic le nose tip, where i t would have the longest lever arm 
to the vehicle CC. 
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A ballast trim capability has been included , using mercury .,,,~t can be 
pumped between tanks fore and aft. The volume allocated for payload was 
located near the hinge point so that , on-otbit with the nose f o lded back, 
the payload would be accessible and have forward viewing capability. Fold
ing the nose back on- orbit also provides required viewing for rendezvous 
and navigational electronic equipment, which has also been packaged at the 
nose hinge point. Both the primary and secondary recove r y systems were 
located near the vehicle CG to minimize shroud- line runs to the vehicle 
load-bearing suspen&ion r ing and permit the vehicle to descend under the 
shroud in a controllable fashion. A description of the recovery system is 
included in this report as Appendix E. The pilot was located toward the 
rear of the vehicle to provide adequate volume for task mobility ~nd 
positioning in an upright position to offer protection agains t the 
physiological effec ts due to axial- directed g- loads during Spaceplane 
flight maneuvers. 

A hatch is provided above the rilot to provide vehicle ingress/egr ess and 
to permit open- hatch viewing in orbit . The couch is deployable so that, 
on- orbit, the pilot can open the hatch, remaining supported by the deployed 
couch with the body extended through the hatch. This capability provides 
the pilot with direct viewing of such space operations as rendezous and 
docking. As indicated, the Spaceplane cockpit and couch have been sized to 
accommodate a 95th-percentile male pilot. 

Most EC/LSS equipment and APUs have been packaged behind the pilot. This 
position places comp~nents requiring venting of water , ammonia vapor , and 
APU gas exhaust through lines to the low-pressure base region toward the 
rear of the vehi c l e. 

A second payload compartment is provided in the Spaceplane layout of Figure 
3-1. An aft compartment is provided with access through a door located on 
the base enclosure . 

The calculated CG, based on vehicle structure , skin , pilot, all on-board 
equipment and consumables, and a 250-lb payload in the forward compart~ent, 
was found to be behind the desired CG location. 

This results in a requirement for 388 lbs of ballast at the vehicle nose to 
move the calculated CG fo rward to coincide with the desired CG. Figure 3- 3 
shows the ballast required for various combinations of payload weights in 
the aft and forward compartments, together with overall vehicle weight . 
payload weights heavier than those of Figure 3- 3 are possible, although, in 
gener al, fixed compartment volumes will be the l imiting factor in payload 
capacity. 

3.2 OFF-DESIGN MISSIONS 

Several Spaceplane off- design missions are of interest . However , these 
missions would have an impact on baseline EC/LSS choices as defined to 
satisfy the 24- hour DRM . 

3-5 

... 

' 

..... 

.... 

• 

'· .... 

r ·~• 

.. 

... 

.-
-· 

.· 
• 

. . . . .. 
. ·. 

_ __:!. 



~AYI.OAD AND 8AI.I.AST WEIGHT (LUI YIIHICI.II WEIGHT (LUI 

~I'WD ~A" • •weT WDtt'f 

JU zso 100 117J AIU 

zso 201 100 1010 UIO 

no 0 Jll SU7 un 
0 IS toO IIU t!U 

0 0 uz 1101 4101 

FIGURE 3- 3 VEHICLE WEIGHT SUMMARY 

3-6 

. • .· 
. . 

--..:- .. __.. . .. . . . .. . . .. 

·-

·.4 

·-

-· 
... 

-· 
. · . 

.... 
.. ·. ·. 
·. 

.. ., . -. . . .· ..... . · .· - .. . .. -.. . . . ... ·. 

.. 
~ .. 

. . .... 

-· . . 

... 

... · .· .. 
. · .· 

~ .... 
. . . . - . 

.. .. .... .... 

. .... .. _ .. -

- . . . · ... · . . -.. · ...... 
...... . .. · .. . . . 

.. 

·.· . 
. -. . · .... .. ·. ·. 

1 
~I 



Unmanned Vehicle 

Certain missions might be accomplished with an unmanned spaceplane. For 
these missions, there would be no requirement for life support equipment 
and c~nsumables to sustain the pilot. Analysis shows that approximately 
31 ft of volume and 985 lbs could be freed up by remov ing the pilo t and 
equipment and consumables required to support the pilot, as defined in the 
baseline EC/LSS . That portion of the EC /LSS required for thermal control 
of avionics and payload ~quipment would , however, be requi red. If the 
freed-up volume of 3 1 ft were r e placed with propellant, then Spaceplane 
would have approximate ly the same total wet weight as the manned version o f 
the vehicle, but would more than double the DRM baseli ne 6V capabi l ity of 
2500 fps. 

Extended Duration 

The prac tical time limit on the Spaceplane pilot being s pace-suited is 
estimated t o be somewhere between 1 and 3 days. This limi t is based 
primarily on considerations of pilot comfor t and hygiene . Therefore, i f 
Spaceplane missions of extended duration a re to be considered, habitat 
provision will be required f or the pilot to doff the EMU periodica l ly t o 
attend t o personal hygiene. One approach woul d be for Spaceplane to carry 
along a sidecar caps ule that would have an airlock and EC/LSS provision. 
The Sidecar EC/LSS provi sion might be obtained through direct inter face 
with Spaceplane sys tems. Extra Spaceplane cons umables fo r extended 
missions could be carried in external tanks mounted on the sidecar. 

A cylindrical aluminum sidecar, with airlock, having hemisphe r ical ends and 
diu;ensions of 4' dia. x 12' long x 0.25" thick would weigh approximately 
1, 000 lbs . If the miss ion carried Spaceplane thr ough radia t ion-intense 
portions of the Van Allen belts, then an incr ease in the sidecar thickness 
( e.g . , 0 . 5") might be requi red to provide the pilot added rad iation pro tec
tion . Depending on the orbit, the Spaceplane pilot might be required to 
spend a portion of each day in the s idecar capsule on extended-duration 
mis isons to mainta i n safe radiation-dosage margin . Also, to minimize 
expendable water for Spaceplane coo l i ng, it is envisioned that a radiator 
would be used for heat re jection. 

The additional weight fo r the extended-duration mission, beyond that for 
the 24-hour DRM, is estimated to be approximately 200 l b/ day , as indicated: 

Spaceplane Consumables for Extended-Duration Missions 

H2o Cooling - a pproximately qo lb/ day 
APU Propellant - 100 lb/day 
LiOH - 13 l b/ day 
Was te Management - 8 oz/ day (wipes , bags ) 
Food - 16 oz / day 
Drinking Water - 36 oz/day 
Oxygen - 5 l b/ day 

J - 7 
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. · ...... · . 

1~us, for a 30-day Spaceplane mission, the total ap~roximate Spaceplane wet 
weight (lbs) would be: 

Space plane 
Sidecar 
ConsUlllables 

6,000 
2,000 (0.5" thi ck) 
6,000 (200 X 30) 

14,000 lbs 

Note that if a deployable Solar array eJectri~dl sys tem were used, an 
additional weight saving ~ight be realized , because only a small portion of 
the propellant (100 l b/day) would be required. A deployable space radiator 
heat sink would save an additional 90 lb/day. 
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4 .0 ENVIRONMENTAL CONTROL AND LIFE SUPPORT SYSTEMS . 

Introduction 

In support of the SRI International High-Performance Spaceplane Examination 
Study for the USAF Space division. Hamilton Standard has served SRI as the 
Environmental Contro l & Life Support System (EC/ LSS ) subcontrac tor to assist 
in the total specification , preliminary design, and/o r selec tion of subsystems 
required to transform str ategic maneuvering r eentry body technology into a 
piloted, milita r y, high-performance Spaceplane. The Spaceplane shall be 
capable of accomplishing a diverse set of missions throughout c islunar space 
and in the upper atmosphe re. The objectives of Hamilton Standard's EC/LSS 
s tudies were: 

1. To provide a t horough definition of the EC/LSS requirements for the 
Spaceplane. 

2. To define an EC/ LSS that provides required performance parameters 
utilizing existing technology/hardware wherever possible. Consider
ation was given to both the Des ign Reference Mission (DMR) and 
several alterna te missions t o ensure EC/LSS compatibility with 
overall mission objectives. 

3. To identify EC/LSS technological issues and prepare a plan fo r 
completing subsequent program phases in an effic ient and economical 
manner . 

4. To support SRI in the overal l i ntegrat ion of Spaceplane subsystems . 

5. To present findings in a final tec hnical report and presentation . 

6 . To suppo rt SRI as required t o ensur e program success . 

This sec tion of the r epo r t documents results of EC / LSS and vehic le s ubsystem 
integration studies. 

Many sources of information we r e ut ilized during the data-gathering phase of 
the study. An attempt was made a t each facility contri~" .. 'nv ti:na n 
coordinate Hamilton St anda rd' s r eques t for data throl ~.ng >c LOdivtdual. 
The fac ilities contributing data and the lndividu 1 10 provided t he 
coordinating function a re as f ol l ows : 

Mr. Fred Redding 
Maj. Darryl Smith 
Mr. Geo r ge Wright 
Mr. Roland Mayer 
Hr. Kirk Christensen 
Mr . William Isely 
Mr. James Brown 

Hr . Robe r t Van Patten 
Hr. William Ha ynes 
Hr. Wil Ellis 
Mr. Clark Neily 

SRI Int e rnational 
USAF-Space Division 
Sand i a Nat ional Labor a t o r ies 
Gener al Elec tr ic 
Aero jet Liquid Rocke t Company 
Honeywell Avionics Divis i on 
Pratt & Whitne y -
Aircraft Government 
Products Divi s i on 
Wright Patters on AFC ( AMRL) 
Aerospace Corpora t ion 
NASA-Johnson Space Cente r 
LINCOH Co r poration 

I; - 1 

Arling t on , VA 
Los An ge l es , CA 
Albuque r que . NM 
Ph llar1elph1a , PA 
Sac r amento , CA 
St . Pete rsburg, Ft 
West Palm Beach , FL 

Dayton, OR 
Los Angeles , CA 
Houston , TX 
Houston , TX 

• 
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• 

• 

• 
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• 

• 
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Hamilton Standard personnel who actively participated in this s tudy program 
were: 

Mr. Donald Stein Study Manager 
Dr. Harrison Griswold Engineering Manager 
Mr. Jeffrey Wehner Analytical Engineer 
Mr. Philip Heimlich Senior Design Engineer 
Hr . David Faye Design Engineer 
Mr . Paul Tremblay Reliability Engineer 
Mr. John Nason Analytical Engineer 
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SUMMARY 

The integration of man into a maneuvering r eentry vehicle has been a~com
plished with an Environmental Cont rol and Life Support System design that 
combines existing s huttle Extravehicular Mobility Unit (EMU) hardware with 
components that ar e derivatives of other space life support equipment . Stand
ard design practice, coupled with knowledge of ~anned systems, has made 
possible a vehicle integration that provides a quick-response, military 
spacecraft . This capability will be required in the future as the United 
States increnses its utilization of space. 

The Design Reference Mission (DRM) used in this study as the basia for the 
EC/LSS design is characterized as follows: 

Modified StJERVE vehicle 
One- man crew 
Shuttle launch - Extravehicular Activity (EVA) to Spaceplane vehicle 
Compatible with ground launch 
24-hour mission duration 
GEO excur sion possible 
EVA capability 

The environmental control and life support system proposed for Spaceplane 
incorporates: 

8 psi EMU and oxygen vent loop 
Fail-operational/fail- safe reliability 
Pumped water coolant loop 
Evaporative cooling heat r ejection 
Unpressurized vehicle cabin 

'The EC/LSS, which includes expendables necessary for life support for a 
24-hour mission that includes an excursion to geostationary orbit (GEO) , 
pr ovides EVA capability through the EMU. 

Consumables provided in the EC/LSS include food and water, LiOH for co2 
removal from the vent loop, oxygen for breathing and water, and ammon'~ for 
evaporative cooling. The pilot is suited in the EMU throughout the m1ssion 
and is connected to the vehicle EC/LSS through umbilicals while seated in the 
couch. The EMU interface with the vehicle EC/LSS is shown at the left of the 
schematic. lfhen conducting EVA, the pilot disconnects umbilicals at the suit 
and is supported by the self- contained EMU life support syste~. Redundant 
loops and components are used to satisfy a fail operational/ fail - safe 
reliability criteria. Waste management systems for urine, vomitus, and fP.ces 
are integrated within the EMU. The pilut couch, controls and displays, and 
other crew/hardware interfaces have been designed to interface with the EMU 
and be compatible with dexterity capabilities of a pilot's pressurized glove. 
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4.1 REQUIREMENTS ~EFINITION 

I n t his section , those aspects of the Design Reference Mission and the Space
plane vehicle that impac t the EC / LSS design are identified . The EC/ LSS is 
then defined with respec t t o the fun~tions that it must provide t o adequa t ely 
s upport the vehicle and pilot . Finally, a design s pecification is gi ven for 
each EC/LSS subsystem required to satisfy the vehicle EC/ LSS requirements. 
Additional EC/LSS performance, design, development, and ver i fication r equireme
nts are presented in t his r epo r t as Appendix A. 

MISSION DEFINITION 

Future military missions in spac~ will require a manned vehicle with a high 
degree of autonomy, flexibility, maneuverability, responsiveness , surviv
ab i l i ty , and cost effecti veness. Such a vehicle must possess the following 
characteristics: 

Independent of extensive ground control , monitoring, tracking, and 
communica t ions 
Capable of space rescue ope r a tions 
High degree of maneuverability i n s pace 
Large ext e rnal payload provision 
Flexibili t y in mission profiles , launch schedules , reentry 
conditions , and recovery 
Launch mode f lexibility and survivability 
Support of as tronaut extravehicul ar activity. 

The Spaceplane defined in this study is a straked-wing , conical reentry 
veh i cle , approximately 26 feet long, with a base diameter of 56 inches. For 
cislunar and other high-velocity change missions, an external propulsion 
module with cryogeni c propellant t anks is required . An internally s t ored 
propell ant propulsion system is standa rd in the basic vehicle to provide 
propulsion for many types of missions in low-to-medium altitude orbits . 
~xternal tankage can be added for increased velocity change beyond internal 

~pulsion system capabili ty. The Spaceplane i s compatible wi t h launches 
us i ng the Space shut tle , air craft, and a family of expendable launch vehi c l es. 
Land r ecovery of Spaceplane by a cont r ollable parachute is base lined. 

The Spaceplane provides the pot ential for perfo rming space missions with truly 
milita ry cha rac t eristics . Spaceplane could be used to defend satellites, 
gather reconnaissance informat ion , and conduct communica tions and intelligence 
missions. The vehicle could also fill an importa~t role through the se r vice 
of geosynchronous- orbit communications sa t ellites, because ext r avehicular 
ac t ivity (EVA) by t he pilot is included in the baseline concept . 
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The EC/LSS must support a 95 t h-pe rcentile pilot on a mission of 24-hour 
duration, including an excursion to GEO, under accelerations in ex~ess of 
3- g's. The EC/LSS must integrate into the Spaceplane vehicle defined by the 
geometry of the SWERVE, where minimum length will be selected to accommodate a 
single seated pilot and requi r ed sys tems. 

Sections 4.1.1 to 4.1.6 below define those aspec ts of the Design Reference 
Mission (DRM) that impact the design of EC/LSS. Section 2.1.7 includes 
discussion of the impac t on EC/LSS of proposed alternate miss ions. 

4.1.1 Environment 

The Design Reference Mission (DRM) c~ll~ for a Spaceplane launch into low 
earth oribt (LEO), using the Space shuttle at optional inclination and 
altitude . This launch mode will require the pilot to perform extravehicular 
activity {EVA) from the shuttle cabin to enter the Spaceplane carried aloft in 
the shuttle payload bay. Following deployment from the Space Shuttle, the 
Spaceplane will operate in space from LEO up to GEO altitudes . Depending on 
the mission, Spaceplane will pass through portions of the Van Allen Belts and 
will experience darkness for approximately 38 minutes of every orbit when on 
the dark side of the earth . The level and total dosage of radiation is 
dependent upon the orbit track, as indicated in Figure 4-l. As shown, for low 
earth 28- 1/ 2 and 55 orbits, radiation exposure is limited t o short intervals 
during each orbit when the vehicle passes through the South Atlantic Anomaly 
(SAA) or Polar Horns . Higher exposures to radiation will occur on higher 
attitude orbits where the spacecraft spends a significant portion of each 
orbit within the Van Allen Belts . 

4.1.2 Duration 

The duration of the Spaceplane DRM will not exceed 24 hours. The 24-hour 
duration is defined as elapsed time from Spaceplane deployment from the Space 
Shuttle to Spaceplane terrestrial touchdown following reentry and recovery 
system deployment . Certain intelligence gathering and surveillance missions 
could be of much shorter duration (on the order of 4 to 5 hours). 

4. 1. 3 Launch 

The DRM baselines a Space shuttle launch of Space;lane at an optional altitude 
anG inclination . The Space Shuttle Cabin EC/LSS will support the pilot prior 
to entering the Spaceplane in the Shuttle payload bay. Once Shuttle achieves 
orbit, the pilot will don the EMU spacesuit in the Shuttle airlock, for egress 
from the ai~lock into the payload bay to enter Spaceplane. Following checkout 
of systems, the pilot will switch to Spaceplane EC /LSS for the duration of the 
Spaceplane mission. The probable Spaceplane deployment technique would 
utilize the available shuttle Remote Manipulator System (RMS) to transport the 
Spaceplane out of the payload bay . 
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4. 1.4 Space Operations 

The Spaceplane will include on-board propulston and attiturt a . c ' t~ol systems 
for use during satellite rendezvous and docking, as well as for other orbital 
maneuvers. 

The propulsion system thrust will produce accelerations up to 1-G. During 
rendezvous and docking flight operations, the pilot will require visual 
verification of relative attitude of Spaceplane to the satellite. Some 
missions may require an orbital plane change that will be accomplished by 
reentering the earth's atmosphere, where the Spaceplane control surfaces can 
be used to effect the plane change. The maximum g-loads during these 
maneuvers will be 3- g's sustained for not more than 60 seconds . 

Some missions may requirg extravehicular activity (EVA) . During EVA, the 
pilot will he supported by the EMU. The maximum EVA duration during any given 
mission will be 7 hours, with EVA scheduled to safely limit pilot exposure to 
Van Allen Belt radiation. 

4.1.5 Reentry/ Landing 

The Spacepla~e will reenter Lhe earth's atmosphere and maneuver to dissipate 
momentum. The maximum deceleration expected will be 3-g's sustained for not 
more than 60 seconds. Following this period of initial reentry deceleration, 
a drogue chute t.-111 deploy , followed by deployment of the main parachute(s). 
The maximum deceleration dur ing this phase of reentry will be 3- g's sustained 
over a period not to exceed 60 seconds . The impulsive impact shock of a 
Spaceplane hard landing will not exceed (TBD) lbf· 

4.1.6 Detectability and Survivability 

To protect against detection, the leakage and / or ventir.g of expendables from 
Spaceplane shall be limited to not more than (TBD) cc per hour. In addition, 
the Spaceplane wall cons t ruction shall offer adequate crew protection from 
high temperatures due to solar and aerodynamic heating, as well as radiation 
from the Van Allen Belt . Vehicle hardening against radiation from a nuclear 
detonation or laser weapons is not a specific requirement in this study. 

4.1.7 Alternate Missions 

The first alternate mission to t:,e Dim is a 24-hour mission with an excursion 
to Geosynchronous Orbit (GEO) . EVA may be a requirement on this alternate 
mission. Other alternate missions to be considered are missions of up to 7 
days duration in both LEO and GEO with EVA performed. The EC/LSS for thesL 
extended-duration missions may be differ.ent from that defined for the DRM. 

4. 2 VEHICLE REQUIREMENTS 

Introduction 

This section defines Space plane EC/LSS requirement .:; in support of the 
Spaceplane DRM . The various interfaces between the Spaceplane vehicle and the 
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pilot are shown in gen~ral form in figure 4-2 . A useful way to view 
Figure 4-2 is in terms of inputs to and outputs from the crewman. There are 
two modes of operation t o consider : Intravehicular Activity ( IVA) and 
Extravehicular Activity (EVA) . In either mode of operation , the crewman 
requires a pressurized environment and basic consumable inputs of oxygen for 
breathing and water and food to meet metabolic requirem~nts. The pilot 
generates metabolic by-product outputs in the form of moisture, carbon 
dioxide , heat, and vari ous other liquid, gas, and solid waste products that 
must b accomodated by collector and storage systems. The moisture , carbon 
dioxide , gas contdminants (e.g., odors) , and heat must be continuously removed 
from t ha pilot ' s atmosphere, with make-up oxygen provided to replace that 
which is ccnsumed. Metabol i c heat, plus that generated from electri cal and 
propulsion systems, as well as solar and aerodynamic wall heating that would 
raise the pilot's environmental temperature, need to be controlled through 
heac transport and rejection. 

A couch / rest raint system which interfaces with the space- suited pilot is required 
for comfort and for protection during launch and flight maneuv~rs. Spaceplane 
controls and di~plays, designed to reflec ~ human factors, are required to 
provide the pilot with Spaceplane subsystem and mission operational status 
and the capability t o effect control of systems in response to displayed data. 

4.2.1 Thermal Control 

Thermal protection shall be provided to the pilot to insulate against the 
temperature extremes of reentry and solar heating and subcritical cooling of 
space . Also, provision must be provided to remove metabolic and electronics 
heat loads to maintain pilot comfort and allow electronics to operate within 
design limits. 

4.2.2 Atmosphere Revitalization 

Spaceplane systems shall provide the pilot environmental pressur ization and an 
oxygen-enriched atmosphere for breathing . Provision shall be included for 
atmosphere revitalization, including co2 removal, oxygen make up, trace 
contaminant gas removal, and humidity control . 

4.2 . 3 Rzdiation Protection 

Radiation protection shall be provided fo r the pil ot so that safe limits shall 
not be exceeded. This protection must be adequate for the DMR as well as 
alternate missions , including those to GEO. No specific r equirement is 
imposed for protecti on from nuclear detonation or f r om laser weapons. 

4. 2.4 Accelerations 

During synergistic plane changes , reentry, recovery system deployment , and 
landing , the pi l ot wi ll be subjected to t he effects of accelerations and shock 
loads and will therefore require protP.ct ion. 
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4.2.5 Flammability Control 

Spaceplane systems shall employ fire- r esistant materials and inc lude fire 
su~~Tession equipment, as required , to provide adequate fire saf~ty margin. 

4.2 . 6 Food and Water 

Spaceplane systems shall provide metabolic consumables of water and food to 
the pilot. The total quantity oif consumables will be dependent on mission 
duration. 

4.2.7 Waste Management 

Pro~ision sha ll be included for pilot waste management, including the 
collection of urine, feces, and vomitus. These systems shall provide for 
positive containment and limit contaminat.io~ of the atmos phere and equipment. 

4.2 . 8 Displays and Controls 

Provision for display of Spaceplane subsystem and mission operational data 
will be included. Cont~ols will be provided for the pilot to perform 
designated functions . Appr opriate pilot controls and interfaces with all 
Spaceplane subsystems will be des igned with appropriate human engineering . 

4.2.9 Integration 

Spaceplane subsystems will be designed to minimize overall Spaceplane weight 
and volume. This design wil l require subsystem configurati on flexibility to 
permit optimal integration into Spaceplane. 

4 . 2.10 EVA Provision 

Spaceplane shall provide equipment necessary to support EVA. Adequate 
r adia t ion protection will be provided for EVA to be conducted within the Van 
Allen Belts. 

4 . 2.11 Illuminat ion 

During periods in full sunlight, solar filtering will be required to protect 
the pilot. Artificial lighting will be required to conduct IVA and EVA on the 
dark side of orbits. 

4.3 SYSTEMS DEFINITION AND DESIGN SPECIFICATION 

Spaceplane systems will be required to satisfy the various EC/LSS-related 
requirements outlined in the previous sections. The following sect i ons d~fine 
and present design s pecifications for various systems comprisi ng the space
plane EC/LSS. Critical systems are to satisfy a fail operational/fail- safe 
reliability criteria. 
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4.3 . 1 Couch 

The couch will provide suitable interfaces to accommodate/ restrain an EMU
equipped pilot, including the Portable Life Support sys t em (PLSS) backpack . 
The couch shall be adjustable to permit EVA egress/ingr ess and viewing during 
s pace docking operations. The couch shall incorporate dn ener gy- a bsorption 
device to protect the pilot fr om la~ding impact shocks (TBD). TI1e couch shall 
be adjustable for different- size crew membe rs , be lightweight, require minimal 
volume, and be constructed of fire- resistant material~. 

4.3 . 2 Displays and Controls 

The displays and control subsystem consis t s of the necessary sensors and 
instrumentation, with appropriate signal conditioning, to provide control and 
monitor of the EC/LSS system during all modes of operation. 

A computer- based controller, in conjunction with a digital display, is 
envisioned to control and monitor all EC/LSS hardware and instrumentation in 
the Spaceplane . This type of equipment is compact, efficient , and s t ate-of
t he-art. 

All Spaceplane displays and controls shall be designed t o be operable and 
~!early visible by an EMU-equipped pilot. The equipment shall feature 
lightweight and compact designs. Illumination and solar filtering shall be 
provided in Spaceplane so that displays can be viewed independently of ambient 
illumination . 

4 . 3.3 WRste Management 

Because the pilot is in the EMU throughout all mission phase~ , waste manage
ment systems must be integrated into the EMU. A urine collection device shal l 
be provided to coll ect and s t ore 2,000 cc of urine. Collection devices shall 
be included for collecting (TBD) gm of solid fecal waste and (TBD) gm of 
vomitus matter. These devices shall be deslgncd so that contami nat i on of the 
a tmospher e shall be limited t o gases and water vapor not exceeding (TBD) cc 
total in a 24-hour period. 

4.3 .4 Support Equipment 

Provision shall be included in the desi gn of EC/LSS equipment for post-missio~ 
serv i cing and maintenance . The Spacepl ane shall be desicned so that total 
EC/LSS service time shall not exceed (TBD) hours. Repair or replacemen t of 
any major EC/LSS sybsystem/cooponent shal l take no longer than (TBD) hours. 
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Support equipment for post-mission checkout, recharging, and c leaning of 
on-board subsystems will be uece.ssary to assure rapid vehicle turnaround and 
proper functioning of all on-board EC/LSS equipment. This equipment will 
provide the capability to: 

Re charge the oxygen, water, and ammonia tanks 
Replace LiOH canisters 
Check out elec tronic cir cuits and components 
Replace/ remove waste collection devices 
Clean the cabin and equipment 
Check and r echarge coolant loops 
Re plenish food and drinking water 

The equipment inc ludes both ground-based and l aunch-vehicle support equipment 
as may be required . 

4.3. 5 Flammability Control 

Proper fire control will be achieved through select ion of proper materials and 
hardware designs withi n the v~nicle to preclude the possibility of f ire. 
Positioning of s ubsys tem equi~ment involving high-pressure oxygen and 
propellants will be given special attention. 

4.3 .6 Food and Water Supply 

Spaceplane shall provide for storing and dispensing f ood and water to the 
pilot for a 24-hour mission. P~ovision for positive food and water 
containment, eliminating con tamination of the envir onment, shal l be made . 

A diet adequate to s ustain t he pilot throughout the Spaceplaoe mission s hould 
provide approximately 3,000 to 4,000 ki lo-calories of energy per day, with 
adequate quantities of proteins, fats, carbohydrates, minerals, and vitamins. 
Exact calor i c requirements fo r the pilo t should be based on the actual body 
weight, age, height, and level of activity for the s pecific mission. 

The diet should provide constituents as fol lows: 

Pro t ein 
Fat 
Ca r bohydrates 

Kilocalo r ies 

420 
1, 050 
2 ,030 

3 ,500 

Calories % 

12 
30 
58 

LOO 

Vitamins and minerals will be supplied by food and die t ary supplements. 

In addition to the physiological requ irements , the die t must be acceptable to 
the pilot and easy to consume. 
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Because the pilot is suited throughout t he mission, the basic diet types ~ill 
consist of dried or semi-dried solids and liquid items that are easily stored 
within the EMU. 

4. 3.7 Air Revitali~3tion 

A Spaceplane system shall be 
pressure of 8 + 0.025 psia. 
crewmember environment shall 
shall not be condensation of 
shall not exceed 65F maximum 
removed from the ventilat i on 

provided for maintaining an oxygen vent loop at a 
The recircula ted ventilating oxygen entering the 
be within the limits of 40F to 90F, except there 
free water or helmet fogging, and the dewpoint 
at the suit inlet. Absorbed moisture shall be 
flow by condensation. 

Control oi the level of C02 and particulate and tr2ce contaminants shall be 
provi ded. The co

2 
partial pressure shall be maintained at less than 7.6 mm Hg 

for metabolic rates up to and inlcuding 1, 600 Btu/ Hr fC)r one hour and less 
than 15 mm Hg for metabolic rates up to 2,000 Btu/ Hr for 15 minutes. Particu
late matter in the ventilating gas shall be limited to 0.1 milligrams per 
cubic meter. The system shal l be designed to remove the trace contaminants 
generated by the crewmember at a rate that will maintain the concentration of 
the contaminants below the maximum allowable concentration presented in 
Table 4-I. 

4. 3.8 Thermal Control 

A thermal control sys tem shal l be provided for rejecting the hea t loads 
specified in Table 4-II . The thermal control system shall use a coolant that 
is compatible with EMU materials and is non-toxic . The system shall be 
gravity independent and provide adequate cooling to t he pilot and Spaceplane 
equip~ent throughout all mission phases. 

4. 3.9 EVA Equipment 

Equipment shall be provided to support EVA. This equipmenc shall consist of 
an EMU that includes a spacesuit and self-containP1, portable life s upport 
system (PLSS ) providing for a 7-hour nominal EVA . Visoring shall be provided 
for protec t ion from high-intonsity solar illumination , with provision for 
lights for dark-side ac tivit}· The portable l ife support system backpack 
shall be detachable for 1-G operations. 

The PLSS s hall satisfy the same r equirements of the vehicle EC/LSS , with the 
crewmember working at an average metabolic rate of 1,000 Btu per hour for a 
maximum duration of seven (7) hours and six (6) hours minimum under the wor st
case solar exposure. 

The PLSS shall stor e and deliver oxygen for metabolic consumption, syste~ 
leakage, and water tank pressuri zation . 

The PLSS shall provide atmosphere revitalization and maintain the proper 
spacesuit pressure leve l during EVA . The EMU shall inttgrate food, drinking 
water, and waste management systems . 
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TRACE 

Compound 

Ammonia 

Methane 

Acetcildehyd e 

Acetone 

Ethyl Alcohol 

Methyl Alcohol 

n-Butyl Alcohol 

Methyl Mercaptan 

Hydrogen Sulfide 

Source 

Avionics & Communications 

Life Support Equipment 

APUs and Electrical Powe r 

Payload 

Environmental Heating 

Metabolic 

TOTAL 

TABLE 4-I 
CONTAMINANTS PRODUCED BY MAN 

Maximum Allowable 
Concentration 

PPM 

25 

1,000 

10 

100 

17 

l3 

3 

1 

TABLE 4-II 
SPACEPLANE REAT LOADS 

Average Heat Load 
Btu/Hr 

1 , 100 

600 

1,000 

300 

300 

700 

4,000 

4-1 4 

Biological 
gm/ man day 

0.25 

0 . 04 7 

0.000083 

0 . 00013 

0 . 004 

0.0014 

0. 0013 

0 . 00083 

0 .000075 

Peak Heat Load 
Btu / Hr 

1 , 100 

600 

1, 00!' 

300 

) 300 

11 , 300 



4. 4 TRADE 1T1'1H ES 

Trade studies werP c0nduc ted to determinr appropriate EC/LSS subsystem choices 
for Spaceplane. The results of these trade studies, presented in the follow
ing sections, define for Spaceplane: 

heat trans port 
heat rejection 
cabin pressure 
extravehicular mobility unit (EMU) . 

4.4.1 Heat Transport 

Two options considered viable for heat transport in the Spaceplane vehicle for 
equipment cooling and removal of metabolic and environmental loads were us~ of 
a circulating coolant or heat pipes. Trade-off criteria used included cooling 
capability, volume and weight impact, and performance limitations. The 
advantages and disadvantages of eat:h of these two c.ptions are presented i n 
Figures 4-3 and 4-4. Heat pipes wer~ rejected from further consideration, 
primarily because of performance degradation when subjected to varying 
g-l0ads , the requirement for circulation of coolant through t~e spacesuit 
liquid cooling garment (LCG), and difficulties in interfacing heat pipes with 
the cold plates that are requirad for equipment cooling. Several coolants 
were considered fvr use in the circulating coolant option, including water, 
water/propylene/glycol, and Freons . Water was selected as the coolant for the 
circulating coolant heat transport loop because of its compatibility tqith 
existing EMU components , its excellent thermal characteristics, its weight 
advantage, and its l'lck of toxicity. Characteristics of the fluids screened 
are shown in Table 4-III. The choice of water, however, will necessitate 
protec t ing coolant l oop components f r om freezing. 

TABLE 4-III 
FLUID SCREENING 

Flut ds ate in order of derreasing desirability at 60F 

Freeze 
Lb/Ft

3 
No . Fluid Te~ Btu/Lb-F c 3 .,--

1 Water 32 62.4 1 3894 
2 65% Propylene Glycol - 35% H2o -65 76.5 0.735 1809 
3 F-21 -211 86.7 0 . 26 132.1 
4 F-114 -137 92.7 0.24 118. 7 
5 F-12 -252 83 .9 0. 24 97.3 
6 F- 11 -168 93.5 0 . 213 84.5 

The rec ~mmended fluid of choice is water for the following reasons: 

Recommendation: 

Circulating Water 
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ADVANTAGES (ASSUMING WATEit) 

• COMI"ATI.LE WITH EXISTING SUIT COMI"'NIENTa 

• GOOD THI:ItMAL CHAitACTII:ItiSTICS 

• NO TOXICITY 

• NO I"IEfU"OitMANCIE LIMITATIONS 

• GltAVITY INDIEI"I:NDIENT 

.. 
. · 

• '• 
·.t 
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• • 
' ·. ·. 
· ....... -
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• 
.· .. · .. 
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DISADVANTAGES - ' .· · 

• ltii:Q\I I Itii:S ltii:DUNDANT ClltCUI T (ADDITI.ONAL WIEIOHT) 

• ltii:QUIItii:S GOOD CONTACT CONDUCTANCIE .IETWCIEN 
COLD I"LATIE AND .LACK •oXI:S 

Figure 4-3 CIRCULATING COOLANT 
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A D V ANTAGIES 

• NI:Ait ISOTHIEitMAL OI"IEitATION/ SII:LP' lti:GULATING 

• GOOD "C>G" OI"IEitATION 

• ltiEDUCIED WIEIGHT/ VOLUMI: (< 10 L as) DUE TO ftt:DUCIED TU81NG ltUN8 

• ltiEDUCIED I"UMI" I"OWIEft (< I WATTS) 

DIS A DV ANTAGI:S 

• ltiEQUIItii:S GOOD CONTACT CONDUCTANCE 81:TWIEI:N HI: AT I"II"IES AND 8LACK 

80XIES AND H IE AT It EJECTION D&V ICIE 

• STILL ltiEQUIItiES ClltCULATING CO'~LANT P'Oit SUIT LCG AND VIEN"!' LOOI"S 

o I"IEitP'OitMANCIE SIGNIP'ICANTLV rJ~GitADIED aY HIGH " G " LOADINGS I N 
VAitiOUS I"LANES 

Figure 4-4 HEAT PIPES 
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Reasons: 

Water offer s good thermal properties 
Water is non-toxic and compatible with EMU materials 
Not gravity dependent 
Small weight/power penalty 
EMU requires coolant circulation 

4 . 4 . 2 Heat Rejection 

... 

Figure 4-5 summarizes the trade study performed to select the heat-rejection 
device to be ut i lized by Spaceplane. An estimated average heat-rejection rate 
of 4,000 Btu/ hr for Spaceplane was assumed generated from the following 
sources : 

Source Heat Load (Btu/Hr ) 

Metabolic 700 

Life Support Equipment 600 

Avionics and Communications 1,100 

APU and Electrical Power Equipment 1,000 

Payload 300 

Envi r onment al Heating 300 

TOTAL 4 , 000 

The advantages and disadvantages of each of the heat rejection opt i ons 
considered, indicated in Figure 4- 5 , are summarized in Figures 4-6 through 
4-10. Following is a discussion of each of the heat rejection options. 

Use of a r adia t or was e l iminated from f urther considerat ion for the324-hour 
du~ation Spaceplane because of the volume and weight i mpact (7 . 5 ft with 89 
ft surface area and over 100 lbs). Also, the r adiato r could not operat e in 
the atmos phe r e during a synergistic plane change and would impac t mission 
flexibility by forcing certain orientations in s pace for rejecti on of heat. 
Also of importance is the complexity added by a radiator depl oyment / r etraction 
mechanism and the increased de tectability posed by the r adiator' s highly 
reflective surface. As mission length increases, however, the advantage of a 
r adiator in redu~ing expendables could outweigh the disadvantes ( i . e., 4lbs/ hr 
of water evaporat~d for heat rejection). 
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KEY CONSIDI:ItATIONS 

• SIZE AND WEIGHT 
• JtEiti"OitMANCE LIMITATIONS 
• MISSION IMJtAC:T 
• CONTitOL ltEQUIItEMENTS 

OJtTIONS 

• ltADIATOit 

• THEitMA\. CAJtACITOit 
• IEVA..OitATION : 

PltAY I"LASH IEVA..OitATION 
- ... ltAY aOILEit 

ST AC:KitD J:V A..Oit A TO It 

ASSUMJtTIONS 

• I'IEQUIItED HIEAT lti£JECTION 01" 4000 8TU(Hit I"Oit 
Z4 HOUit MISSION 

• STEAM EXHAUST AC:C:EJtTAaL.IE P'Oit DETIECTA81LITY 

·. 

Figure 4-5 THERMAL CONTROL SYSTEM HEAT REJECTION DEVICE 
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ADVANTAGES 

• UTILIZE DEEI' II' ACE SINK TEMI'ItJtATUJtU P'OJt HEAT JtEJECTION 

• INOiti'ENDENT OP' MISSION LENGTH 

• JtEDUCED AMOUNT OP' C ONSUMA8LES 

DISADVANTAGES 

• LAJtGE VOLUME (AI'I'JtOX. 7 .1 P'TJ WITH It nlSUiti'ACit AJtEAI AND WEIGHT 
(AI'I'JtOX. 1 U L•SI 

• WILL NOT OI"':JtATE AT LOW ALTITUDES 

• INIUI',.C:IENT YEHIC:LIE IUIIIIP'ACE AJtEA 

• IMI'ACTS MISSION l'ltOP'ILI P'Oit l'ltOI'Eit HEAT JtltJECTION OltiE;IIT ATION 

• ltEQUIItES DEI'LOYMENT/IIIETIIACTION MECHANISM 

• HIGHLY IIIEP'LIECTIVE SUitP'ACIE I'IIOVIDU MltANI OP' TRACKING 

• IIEQUIIIES ADDITIONAL COOLING DEVICE DURING JtltENTitY/ SYNEJtGISTIC 
I'LANE CHANGE 

Figure 4-6 RADIATOR 
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ADVANTAGU 

• COOLING CAP'ACITY LIMITED TO CAP'AC:ITY 01" STOftAGE DI:VIC:IE 

• DEVICE IS SELP'-<:ONTftOLLING 

• DOES NOT ftEQUiftE ADDITIONAL COOLING DEVICES 

• SOME HEAT SINKING AVAILA8LIE TO P'UIEL TANKS 

DISADV ANT AGIES 

• ftEQUiftiES LAftGIE WEIGHT (SIJ 1.85/ DAY) AND VOLUME (t.S P'TJ/ DAY) 

01" HEAT !ITOftAGit 

Figure 4-7 THERMAL CAPACITOR 
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ADVAN TAGES 

• AL.I. HEAT JtEJIECTION ~JtOVIOIEO •v SINGL.IE OEVICIE 

• NO MISSION ~JtOP'IL.E lr'P'ECTS 

• GOOD CON'tftOL. ON COOI.ANT aY VAftYING S~ftAY P'ftEQUI:NCY 

OISA DV ANT AGES 

WEIGHT (II 1.•1 ANO VOI.UME (140 INJ) 

• WAITI:o VOI.UMI: CUI TO II'JtAY NOZZI.E ~ATTI:JtN 

• I.AftGE AMOUNT OP' CONSUMAaL.&S(II L.a OP' H 1 0 , I L.a OP' NH:s ~Eft CAY) 

• NEEO EXHAUST ~fti:UUitl: CONTitOL. TO ~ltEVIENT COOI.ANT P'ltii:EZINO 

WHIEN IEVAI"OitATING NH:s OUitiNG ltiEIENTitY 

FigLtre 4-BA. SPRAY FLASH EVAPORATION (ORBITAL WATER EVAPORATION· 
REENTRY AMMONIA EVAPORATION) 
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ADVANTAO~S 

• AL.L. HIIAT lt~IICTION ~ltOVIDIID aY .. NOL.II DCVICII 

• NO MlaiON ~~~0~1&.11 IM~ACT 

DISADVANTAOU 

• L.AitOIIIt AMOUNT 0~ CONSUMA8L.U THAN ~L.AaH IIVA~IItATOIIt DU& TO CAIItlltYOVIIIIt 
IN " 0 " 0 CNYIIIIONMCNTS 

• NIIIID CXHAUST ~lltiiS8UIItC CONTitOL. TO ~lltiiVIINT CllltCUL.ATINO COOL.ANT ~ltOM 
~ltiiCZINO WH~N CVA~IItATINO NHJ DUIIIINO lltiiiENTitY 

• MIXI:D ~L.UIDS IN DCVIC& WHIEN CHANGING TO NHJ DUIItiNO ltiiiiNTltY 

Figure 4-9A. SPRAY BOILER (SPRAY BOILING ON ORBIT, 
POOL BOILING DURING REENTRY) 
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Figure 4-98 . SPRAY BOILER 
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ADVANTAGES 

• ALL HEAT ,_EJECTION ~ .. OVIDED • ., SINGLE DEVICE 
• 

• DEAD ~ASSAGE ELIMINATES I:XHAUST ~"ESSU"E CONT"OL A~D NHJ LEAKAGE 

• LIGHTWEIGHT DEVICE (A~"OXIMATELY 10 LUI 

• LITTLE WAITCD VOLUMI: (A,1ROX. 10 INJ VI. UO IN:tl 

• SAME AMOUNT OP' CONSUMA8LICS AS P'O" ~~ .. AY P'LASH EVA,.O .. ATION 

• WICK P'EED CONTI'iOL SIMILA" TO U"AY P'"EQUENCY CONT .. OL 

• 1fO ~11SSION ~"OP'ILE IM~ACT 

DISADVANTAGES 

Figure 4-lOA.STACKED EVAPORATOR 
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Similarly , a the~al capacitor phase change device, using heat of fusion 
instead of heat of vaporization, was rejected from further consideration due 
to t he lar ge weight of phase change material required to reject 96,000 
Bt u/ day. A thermal capacitor in the form of on-board propel l ant was 
considered as a possible approach . Although there would be no tank vapor 
pressur e pr oblems with this approach, there would be only 18,000 Btu total 
cooling available from the propellant because of a coolant-supply tempe rature 
requirement of approximately SOF . This approach would save approximately 17 
lbs of evaporative cooling water, Lut the total weight saving would be less 
than 8 lbs. because o f the additional ducting, interface heat exchangers, dual 
interface loop pumps, and cooling loop bypasses r equired . This approach is 
therefore not recommended because of added system complexity and a mission 
heat rejection de pendence based on propellant cons umption. 

Evaporative cooling was selected as the means for Spacepl ane heat rejection. 
Due to its high heat of vaporization and density, water was selected as the 
evaporant above 100,000 feet and on-orbit; however, because o f its lower 
saturation pressure, ammonia was selected at altitudes below 100, 000 feet. 
Devices evaluated in this trade study were similar to the Space Shuttle Flash 
Evaporato r Subsystem ( FES ) and Water Spray Bo i ler (WSB) in addi t ion to a 
derivative concept from the FES and WSB called a "stacked evaporator, " shown 
in Figure 4- lOB. The stacked evaporator was selec ted for Spaceplane 
application for the reasons indicated in Figure 4- lOA. The FES was rejected 
because a cylindrical shape is required to accommodate t he required spr ay 
nozzle pattern and requires excessive volume as cowpaced with other devices. 
There woul d also be a need t o change over from H2o to NH 3 in the same co r e 
during descent at about 100 ,000 ft. This changeover would require exhaus t 
pr essure control during descent to prevent NR1 eva poration temperature f r om 
becoming too low, thereby freezing the coolant loop . The WSB was rejec ted fo r 
spaceplane application for the latter two reasons , plus t he fact that its 
higher degree of carryover in a zero-g envi r onment requires add icional 
expendables. 

The recommendation is therefore: 

Recommendation : 

Stacked Evapor ator 

Reasons: 

Single heat rejection device 
Low device we ight and volume 
~o carryover 
No loss in mission flexibility 
Built-in coolant f reezing protecti on 

4.4.3 Cabin Pressure 

A study was conducted, as indicated In Ptgure 4-11 , t o evaluate the trade-of~ 
of an unpressur1zed cockpit versus a cocKpit pressur l zed wi th e l ther oxygen , 
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KltY CONIIDI:IIATIONS 

• VI:HICLI: SI~E/WI:IGHT 

• COCKP'IT LI:AKAGI: 

P'LAMMA.ILITY CONTIIOL 

• MIUION P'IIOP'ILI: 

• CAJIN I'III:SSUIIIZATION/ VI:NTING 

OP'TIONS 

• UNP'III:ISUIIIZI:D CUCKP'IT 

• P'III:SSUIIIZI:D COCKP'IT 
Oz ATMOSP'HI:IIIE 

• Oz/ Nz ATMOPHI:IIIE 
• INI:IIT A TMO ... HIEIIIE 

,gure 4-11 . PRESSURIZED VS. UNPRESSUR IZED COCKPIT 
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an oxygen/nitrogen mixture, or an inert gas. Key issues considered in the 
study included the impact on volume and weight of such parameters as vehicle 
wall thickness, seal•;, and hatch mechanism, stored gas for leakag~ makeup o r 
cabin repressurizatiun and pi lot volume requirement s for EMU glove and helmet 
storage . Also considered ·"as the possibility of fire in an oxygen atmosphere 
cockpit and the po tenti?:;. impact on the mission caused by leakage leading to 
crewman incapacitation. The advantages and disadvantages of each option are 
presented in Figures 4-12 through 4-14. A key issue in this trade study was 
whether the crewman could function for t he entire 24-hour full mission while 
fully suited. It was concluded that, with improved waste management (i.e., 
feces, urine , 2nd v~mitus collection), a crewman could perform the one- day 
mission fully s·1ited with helmet and gloves . Although it would be desirable 
to allow t he cr~wman the additional freedom provided by doffing gloves and 
helmet, an unpressurized cabin was recommended as the baseline configuration 
for Spaceplane for the following reasons: 

Recommendation: 

Unpressurized Cockpit 

Reasons : 

Reduced vehicle size/ eight 
Less stringent seal! ~g requirements, resulting in reduced 
fabrication and maintenance cost 
Minimal fire hazard 
No mission impacts due to cabin leak 

4.4.4 Spacesuit 

The EC/LSS selected for the Spaceplane includes an unpressurized vehicle 
cah~n. with the pilot in a spacesuit throughout all mission phases. The 
spacesuit and life support system selected is an 8 psi derivative of the 
Shuttle EMU, with self-contained portabl e life ~••pport system {PLZS). For 
IVA, the crewman would be supported by vehicle life support systems and 
consumables via umbilicals. To conduct EVA, the pilot would disconnect the 
EC/ LSS umbilicals at the EMU s~it and activate the PLSS. Because previous EVA 
experience h~s shown that management of life support umbilicals re~uires more 
than one crewman, the EMU with self- contained PLSS for EVA was selected. 

The EC/LSS candidate spacesuit options considered viable for Spaceplane, 
together with principal discriminators considered in the trade ~tudy selection 
process, are indicated in Figure 4-15 . It was apparent from considering 
candidate mission profiles that the existing Shut tle EMU, although satisfying 
most EC/ LSS and EVA requirements, would re~uire modification. A modified 4 
psi EMU, whict. incorporated minimum modifications Lo the existing Shuttle EMU 
to meet mission requirements , was then considered. Final ly, an 8 psi EMU that 
incorporates several additional features to prn 1ide for mission quick response 
and flexibility was defined. A comparison of the three EMU configurations 
studied is made in Figure 4- 16 . The results of the comparison study ~ere 
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ADY /lHTAG.tS 

• ltiEDUC:I£0 WIEIOHT (-zo LaS I"Oit THIHHIEit WALU) 

• ltiEDUC:I£0 YOLUMIE (NO HIELMIET/ OLOVIE DOHNING/ STOitAGIE) 

• ltiEDUC:I£0 LIEAKAOIE 

• NO l"lltl£ CONTitOL IN VACUUM 

• NO MISSION IMP'AC:T OUIE TO SIOHII"IC:ANT LIEAK 

DISADY ANT AGES 

• P'ILOT SUI TI£0 AT ALL TIMIES 

• ltCOUIItiES IMP'ItOVI£0 SOLID WASTIE MANAGIEMIENT 

ltCOUIItiES VCHIC:U: ltiE,.ItiESSUIItiZATIOH 

f igure 4-12 .UNPRESSURIZED COCKPIT 
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ADVANTAGES 

• IM~ROVED ~I LOT COMP'ORT, ., UNSUITED 

• LESS STIUNGENT SOLID WASTE MANAGEMENT INTEitP'AC:E (I.E., HI:I.MIET OP'P') 

DISADVANTAGES 

• INCiti:ASED WEIGHT(- ZO 1.8S P'Oit WALL S) 

• INCREASED VOLUME (HELMET(GLOVE DONNING(:ITORAGE) 

• ltEOUIRU VEHICLI: SI:ALING/ I:MIERGENCY 81tEATHING SU~~LY 

• HIGH P'lltiE HAZARD IN Oz ENVIRONMENT 

• ~TENTIAL LIEAKAGIE IMI"ACT ON MISSION 

Fi gure 4-13. PRESSURIZED COCKPIT (02 OR 02fN2 ATMOSPHERE) 
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A DV A NT AGI:S 

• AIDS C:lti:W MO.ILITY WHI:N SUI TIED 

• NO Olt.ITAL MISIION IM~ACT DUll: TO LI:AKA~I: 

DISADVANTAGES 

• Clti:W MUST •11: SUITED 

• l't&QUII'tiS IMI"I'tOVID 101.10 WAITE MANAGEMENT 

• INC:Iti:ASEQ WEIGHT DUE TO THIC:KEit VEHICLE WALLS 

• lti:QUIItES IM~ItOVED V I:HICLE SEALING 

Figu re 4-1 4 . PRESSURIZED COCKPIT (INI:!RT GAS A ThiOSPHERE) 
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O~TIONS 

SHUTTLE EMU 

M"DI,.IED SHUTTLE EMU 

NEW S~AC:E IUI T SYSTEM 

DISC:ftiM IN A TOft• 

WIEIGHT/ VOLUMIE 

MO.ILITY 

~ltiE.ftEATHE "EQUiftiEMIEN':" 

C:JU:W SA,.IETY 

MISSI ON IM~AC:T 

ASSUM~TIONS 

UN,.ftESSU,.IZIED C:AaiN 

EVA C:APAaiLITY "IEQUI .. ED 

,.LSS P,.OVI DIES EC:/ LU aAC:KU,. 

. . . ... . ..... . ...... 

Fi gur e 4-1 5 . SPACE SUIT CIJNSIOERATIONS 
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Figure 4-16 . CANDIDATE EMU COMPARISONS 
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; 

tha t the existing Shuttle EMU would not satisfy Spaceplane mission 
r equirements wichout modifications. It w~s conc luded furthe r that the EMU for 
Spaceplane should be the 8 psi EMU, because this choice of spacesuit operating 
pressure eliminates the requirement for oxygen prebreathe prior to going EVAt 
whic h is required f~r Shuttle launch. For a ground-expendable boos ter launch, 
with a pressurized Spaceplane cabin and a 4 psi EMU serving as backup, 
prebreathing would still be required, because a cabin leak early in the 
mission could subject the !'ilot to the "bends . " The c hoice of 8 psi pressure 
for the EMU is based on results of r ecent preLreathe studies that indicate 
that a crewmember acclimated to a 14. 7 psi ambient atmosphere, such as the 
Space shuttle, could immediately go EVA a t a suit pressure of 8 psi (pure 
oxygen) without suffering denitrogenization bend problems . Presently, going 
EVA in the 4 psi EMU s pacesui t system requires approximately a 3-hour, pure 
oxygen, pcebreathe. The elimination of the prebreathing requirement is 
consistent wi th the quick response requirement of military missions. The most 
s ignifi cant EMU development impact of elevated suit press~re is the need f o r 
new gloves and suit joints to maintain crew mobil i ty and hand dext erity for 
performing both IVA and EVA tasks. NASA is expected to develop a derivative 8 
psi vers i on of the Shuttle EMU , and this t echnology would be available for use 
in the Spaceplane program. 

The r ecommendation for Spaceplane is therefore: 

Recommendation: 

8 psi EMU 

Reasons : 

Elimination of prebreathe 
Improved 1-G mobility 
Improved waste management 
Improved comfort under G- loads 

.. 
. -... 
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4.4.1 . 1 Preliminary Design 

The EC/LSS equipment and consummables required to integrate a crewman intc 
Spaceplane and to support the crewman in cislunar space throughout the 24-h~ur 
DRM consists of the following major components: 

EC/LSS Subsystem 

Liquid Loop 
Ven t Loop 
Consumables 

Extravehicular Mobility Unit (EMU) 

Portable Life Support System (PLSS) 
Spacesuit Assembly 
Food and Water Supply 
Waste Management Collectors 
Consumables 

Couch Restraint System 
Displays and Controls 
Support Equipment (Ground, Flight) 

The preliminary rlesign of each of these Et/LSS components is discussed below. 
A detailed requirements specification for the EC/LSS is presented in Appendix 
A. Wherever possibl~ , use was made of existing and proven space hardware to 
reduce Spaceplane development time and overall program cost. 

4. 5 PRELIMINARY DESIGN 

Before proceeding with a discussion of individual EC/LSS components, several 
basic EC/LSS design choices are discussed. A c l arification of these cho[ces 
pr~vides insight into the overall design of the Spaceplane EC/LSS. 

4.5.1 Reliability Criteria 

The Spaceplane EC/LSS has been designed to meet 3 fail operational/fail-safe 
reliability crite·cia . Analysis has shown that the difference in total systems 
weight for this choice over that of a fail - safe system is approximat~ly 35 
lbs. This additional weight is the result of adding redundant pumps, fans, 
valves, and regulators . The added margin of mission and pilot safety is 
considered to outweigh the disad11antages of a slightly heavier sys tem. 
Reliability/redundancy issues are presented in Table 4-IV . 
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fable 4-IV 
RELIABILITY/REDUNOANCY ISSUES 
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4.5.2 Flammability Control 

Flammability control for the Spaceplane EC/LSS is achieved through proper 
selection of materials and hardware designs within the cabin to prec lude the 
possibility of fire. Fire requires three basic ingredients: a combustible 
fuel, oxygen to combine with the fuel in combustion, and an ignition source. 
To determine the potential of a fire occurring in Spaceplane, the three 
requirements were analyzed. The atmosphere contains oxygen ; therefore, this 
fire ingredient canno t be t otally eliminated. Ignition sources cannot be 
totally eliminated because electrical power is used in s ubsystems, i ns tru
mentation, lighting, and displays. The ignit ion-source hazard can be reduced, 
however, by t he use of proper elec trical c ircuit design, by use of circ ui t 
breakers, by se lect i on o f nonarc ing elec trical components, by isol a tion of as 
much elec trica l equi pment as possible outs i de t he cabin , and by selec t ion of 
proper wiring. The approac h t o flammability con trol i s primar i ly through t he 
selec tion of non-flammable subsystem materials, provis ion for adequate eq ui p
ment cooling, thermal and elec trical insulation , and isolat i on of f uel / 
oxidizer bi-propellants. Special care i s taken wi th t he cabin vent l oop , as 
well as the EMU i tself, because this equi pmen t operates in an es s ential l y pure 
oxygen atmosphere at 8-22 . 7 psia . 

Standard material select i on and desi gn standa rds will be adhered to fo r high
pressure oxygen sys tems . Spec i al ca r e wi l l be taken to avo i d introducing 
contamination partic les duri ng manufact0,r e or se r vice and to select oxygE.n
compatible, nonmetallic ma t erials wi thin the EC /LSS. Nonmetallic ma t e r ials 
used in the EC/ LSS could i nclude coa tings , adhesives, films , elastomer s , 
gaskets and seals, thermal i nsul ation , potting/ encapsula t ions, l ubr i cants, and 
greases. An ac tivated car bon filter, which is part of the L1 0B cartridge, 
will remove odors a nd ha rmful t r ace contaminants in the oxygen vent loop 
atmosphere . Finally, the cabin ventilation system could be used to vent any 
residual contaminants f rom t he cabin ambient atmosphere should this become 
necessary . The basic a ppr oach to contamination con trol is summarized in 
Vigure 4-17. 

4.5.3 Radia tion Protec t ion 

The EC/LSS for t he Spaceplane must provide the c r ewman adequate radiation 
protection fo r a 24- hour mission , lncludlng an excu rsion t o CEO. Radiation 
data have es tablished the following regarding stngle, ~hort-duration radiation 
exposures by man , measured in REM : 

SHORT EXPOSUllE DOSES 

Result Dote 

Ef fects similar to standard X-Rav l-S RP-"1 

Statist ical shortening of llf 200 ROt 

Dea t h v ithin hour s SOO REM 

- ) 0 

-,. 



! 
CONTAMINANT 

IOUttc!':• 

Ctti:W • ACII:~LANII: 

I MATII:ttiAU 

Clti:W 
II:NYIItONMII:NT 

,_ 

ACTIYATID 
ATMO ... HI:Itll: 

CA1t80N 
LII:AKAGII: P'I LTII:IIt 

AND f'URGI: ATWOS~II:Itll: 
CONTAMINAN1' 

CONTitOL ltii:MOYAL 

Figure 4-17 .CONTAMINANT SOURCE AND CONTROL FOR SP~CEPLANE 
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There are four sources of radiation to which the spaceplane pilot could be 
exposed: 

- Solar Flares 
Galactic Cosmic Particles 

- Trapped Solar Electrons & Protons (two Van Allen Belts) 
Unscheduled Radiation Exposures 

Of these sources, only the Van Allen Belt radiation depicted in Figure 4-18 is 
predictable and was considered in designing Spac~plane for short-duration 
missions in earth orbit. 

In the analysis for Spaceplane, it was assumed that the vehicle will have a 
skin wall providing the equivalent radiatiu~ shielding of 0.25 inches of 
aluminum and that the pilot is suited in the Shuttle EMU. Van Allen Bel t 
radiation data indicote t~at, for the Spaceplane configuration, the peak, 
short-term, pilot radiation exposure experienced on a trip to GEO would be 
less t han 5 REM a nd that the wo:-st total rounrl-tri·> radiation dosage 
experienced on a transfer orbit between LEO and GF.O would be 10. 5 REM. The 
radiation dosage at GEO altitude in the same vehicle would be approximately 
1 REM/day. Therefore, if a 24- hour GEO mission is assumed with the 11-hour 
Hohman transfer orbit and 13 hours spent in GEO, the total dosage would be 
10. 5 Hohm + 13 (1/L4) GEO • 12.1· REM . The NASA 30- day safe limits set for 
rediation exposure are: 

NASA 30- DAY CUMULATIVE RADIATION EXPOSURE LIMITS 

Eyes 
Sk:l.n 

Organ 

Blood- forming organs 

Dose (REM) 

37 
65 
25 

Therefore, for the 24- hour Spaceplane mission scenario considered, the cumnla
tive exposure of 12 . .' REM would not jeopardize the pilot. The blood-forming 
organs would have received approximately 50% of the recommended allowabl~ 
30-day dosage of radiation. Using the NASA Jtandard, the pilot could fly one 
more such mission in the same month. Although further radiatlon analysis is 
required, preliminary r~sults indicate that Spaceplane, with a skin thickness 
equfval~nt to 0 . 25 inches of aluminum, would offer the pilot the required 
24-hour orbital radiation protection in orbits from LEO to GEO. 

4.5 . 4 Computer Model 

A computer model was constructed for thermal and EC/LSS design studies for the 
Spaceplane. The Spt'.C'eplane computer model is designed to compute optimum 
values of coolant flow and heat sink outlet temperature for an ECLS consisttng 
of one air and one water loop, both cooled by an evaporator using water or 
ammonia ~vapor~tive cooling . The optinum values for flow and heat s. nk outlet 
temperatct·e are those that result in t '.1e lowest total e ·•uivalent weight for 
the EC/ LSS. Total equivalent weight i; calculated as tl-.c! sum of EC/LSS 
component fixed weights, power equival~nt weight, and a system water loss 
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penalty. Water loss penalty is reflective of the total system heat load and 
is the quantity of ex~endable water t hat must be carried for evaporative 
cooling. 

The optimization logic begins wi th the lowest allowable heat s i nk outlet 
temperature and the minimum value for coolant f low, as determined by pil~ t 
liquid-c~oling garment requirements. The program first iterates t o determine 
optlmum total equivalent Wf ~ght at the minimum allowable heat sink outl et 
temperature . This value is saved, a n incremental change is made in heat sink 
outle t temper4ture , and the flow iteration performed again at the new heat 
sink outl e t temperature to determine a new value of tota l eQuivalent weight. 
This new value is compared to the saved value from the previous iteration. 
The program continu~s to iterate on temperature and flow until the l owest 
va lue of total equivalent weight i s achieved. 

The Spaceplane computer program can accept the heat loads of up to 50 elec
tronics and payload components as inputs to th~ program. Inputs to the 
program are heat loads (watts), base ar eas (ft ) , and component base temper
ature limits (F). Required cold plate areas are calcula ted as a f ixed factor 
(packing density) times the summation of base areas for all components. In the 
subroutine that evaluates cold plate performance, the base tempcrat11re of each 
component is calculated and checked agairst the input component temperature 
limit . 

Once optimum values of ;eat sink outlet temperature and flow rate have been 
de termined, a sy~tem schematic is printed, s howinp, calcula ted performance 
criteria for t he optimized system . A summary of the fixed weight cal cula t ions 
and t o t al equivalent weights, along with component pressure drips, is al so 
output by the progr am . Charts summarizing computer model logic, usee, input 
requirements, and program output are presented as Appendix B. 

4.5. 5 EC/LSS Subsystem 

Al ~ Spac~plane EC/LSS i nterfaces are sh?wn in Figure 4-19 . In t his Jection, 
the indicated EC/LSS Subsystem ancl its interfaces with the c r ewman and vehicle 
equipment will be discussed. All ot her equipment shown inte rfacing wi th the 
crewman will be discussed in subsequ~nt sections . 
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4.5.5.1 EC/LSS Subsystem Specification 

The ECILSS subsystem fo r Spac~plane shall provide environmental and thermal 
control necessary to support a one-man c~~w and vehicle &ubsystems throughout 
all phases of a mission of 24-hour duration. The EC/LSS s ubsystem shall meet 
the following specifica t i ons: 

Atmosphere Cont rol 

Pressure 
Humidity 
Carbon Dioxide Removal 
Oxygen Makeup 
Trace Contaminant Removal 
Temperature 

Thermal Control 

Ventilation Circuit Temperhture 
Electronic Equipment Cooling 
Pilot Cooling 

4.5 . 5.2 EC/LdS Subsystem Description 

The EC/LSS subsystem selected for Spaceplane . shown schematically in Fig·ure 
4-20, exhibits the following major :haracteri ~ tics: 

Unpressurized cabin i n space 
Cabin pressurization and vent lation provision 
Pilot spacesuited throughout mission 
8-psi EMU 
EMU provides life support system backup 
Oxygen vent loop 
Water coolant loop 
7-hour nominal EVA ca~ability 
Evaporative water/ammJnia heat r ejection 
Fail-operational/fail-safe r e l iability criteria 
100 percent consumabl es redundancy 

'l'he E<./LSS subsystem consists of f our major components, which &re discussed in 
the following sections. 

Vent Loop 

The oxygen ventilation circuit forms a closed loop with the pilot' s pressure 
ga\ uent assembly and Liquid Cooling and Ventilation Garment (LCVG). Within 
this closed loop, the oxygen ventilation cir cuit cir culates 02 for ~reathing 
whil~ removing CO , excess moisture, and ~race contaminan t s. The oxygen 
ventilation circuft will operate within a pressure range es tablished by the 
regulated 02 control module, shown at the top of Figure 4-20. The fan, which 
is redundant, circula tes 02 through the entire circuit. 
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Moisture-laden 0
2 

is cooled to its dew point i n the condenser section of the 
evaporator. The condensed moisture, along with a small quantity of 0 , is 
drawn off the condenser at the slur per, wh ich acts as a boundary laye~ suction 
bleed, and fed to the se pa rator, whic h centrifugally separates t he condensed 
moisture. Condensate is then pumped to the feedwater circuit by a pitot tube 
in the separa tor . The resul ting o

2
, free of entrained moistur e, is returned 

to the vent l oop at the fan i nlet. After leaving the evapor ator, the cooled 
02 passes through the Vent Flow Sensor and Check Valve prior to return to the 
spacesuit . 

In the spacesuit, 02 flows into the helmet through the helmet duct , whe r e it 
cools the head , defogs the visor, and picks up respired C02 and moisture . 
From there , 0

2 
flows over the body to the extremities, evaporating 

perspiration. Vent tubes in the LCVG pic k up the 02 and return it to the vent 
cir cuit through the umbilica l cl osing the l oop. 

The Contaminant Cont r o l Cartridge containing LiOH removes co2 , as well as 
trace contaminants from the gas stream. Outlet C0

2 
concentration is monitored 

by the C02 sensor, which usea fan pressure rise to drive the gas- sampling 
stream wiEhin which a flow orific e limits sample-stream flow. 

The Positive Pressure Relief Valve relieves 0
2 

ventilation ci r cuit pressure 
should the 0 pressure r egulators fail o pen. The Negative Relief Valve opens 
dur ing vehtcie pressurization to permit vent c ircui t internal pressure t o 
track rising vehic le pressure in the event the primary regulator does uot 
maintain s ui t pressure to within 0 . 0 to 0 . 2 ps id over vehic le pressure. 

The Purge Valve is a manually actuated valve that passes suffic ient purge flow 
t o provide emergency c ool ing, defog, co2 , and n i t r ogen washout i n the event of 
a vent loop or cooling system failure. In this mode , the purge oxygen is 
supplied from the 0

2 
control module. 

A Pressure Transducer in the vent l oop provides 0
2 

ventilation ci r cuit pres
s ure info rma tion to a Caution and Warning system , while the suit pr essure 
gauge provides direct , visual reado~c of suit loo p pressur e to the c rewmember. 

When the pilot goes on EVA, the umbili cals connecting the s pacesuit to the 
vehic l e EC/LSS subsystem are disconnec ted at the su i t . The umbilic a l inter
faces for both the vent loop and coo l i ng loop are shown at the left of Ftgur~ 
4-20 . The umbili cal is configured ~o that, wh en disconnected , a bypass valve 
c loses, enabling the vehic le vent l oo p to continue to ci rcular~ flow. This 
c l osu r e is required because the pump gas traps in the liquid coolant loop are 
tied into the fan water separa t o r s . 

The vent loop is r e-oxygenated wi th 2ake-up oxygen prio r to being returned to 
the pilot from the high-pressure oxygen supply. In addi tion , the t o red 
high- pr essur e oxygen is used t o pressu r ize the water and ammoni a tanks . which , 
in t urn, are used to supply fluid to the evaporator for heat re ject1on. The 
ven t loop equipment in Spaceplane ls l ocated behind the pilo t' s seat, as shown 
Ln Figure 4- 21. 
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The oyxgen tank stores a total of 5 lbs minimum of usable oxygen. The tank is 
isolated from the v~nt loop by a Manual Shutoff Valve. Two r egulat ors provide 
oxygen at usable presnures . One regula t o• provides 15.0 + 0.2 psid gas to 
pressurize the feedwater and amwonia circuits . Check valves in the feed 
circuits p~event water and ammonia tank depressurization in the event of 
leakage. The other r egula t or pressu~izes the ventilat! on circuit. A Flow 
Limiting Rest ric tor upstream ot both regulators lim!. , 02 flow in the e·.rent 
eit her regula t or fatls open. An orifice , downstream of Lhe Feed Pressure 
Regulator, permits a trick!~ flow to the vent loop, preventing the regul ator 
from dead-heading. A Relief Valve, in parallel wi t h the orifice , protects the 
feed loop from an open failur e of the regula tor, dumping the flow to the 
ventilation loop and thence overb0ard via the suit loop relief valve. The 
suit loop relief valv 1 will also handle t .1e flow froiD a failed-open Vent Loop 
Regulator. A check valve prevents backflow through the regulator when 02 is 
shut off. 

Liquid Coolant Loop 

The redundant liquid transport l oop s hown in Figure 4-20 circulates cooling 
water through the LCVG and various Spaceplane cold plates f..Jr electrical 
component cooling. The centrifugal pump shown ci r culates water through the 
liquid transport circuit. 

The liquid transport loop pressure level is established by feedwater circui t 
pressure applied at the inlet of the centrifugal pump. Liquid transport 
circuit pressure is tapped off thP. feedwater circuit upstream of the feedwater 
pressure regulator so the press~re l evel is the same as exists in the water 
tanks; namely, 15.0 .±. 0.2 psid above 02 ventilation circuit pt'essure . The 
higher press ure in the liquid loop limits diffusion of gas from the oxygen 
vent loop into the liquid loop, which could cause pump inlet vapor lock. 

Water temperature to the pilot is manually adju~table by the cooling control 
bypass valve located on the EMU. During oper ation, the coolant flow control 
module adjusts th~ feedwater or NH2 feed rate, thus adjust ing the liquid loop 
temperature. 

Purging of LCVG gas that has ent~red the liquid loop is accomplis hed by the 
Gas Trap located immediately upstream of the pump. LCVG flow brings bubbles 
to the gas trap, which i s a hydrophyllic screen that pas~es water but blocks 
bubbl~s. The bubbles are bled off through orifices, alonb with a pproximately 
1% to 3% of the LCVG water flow, to the fan water separator in the vent loop. 

After system s hutdown, the pitot-ac tuated valve in the water sepurator inlet 
line automatically c loses at 2 psi above suit loop pressure, preventing the 
LCVG water from leaking through the separator into the Ventilation Circuit. 
This valve closes in response to low separator pitot tube press ure . If this 
valve remained open after a wa t er separator malfunction, LCVG watf:r cou.Ld 
enter the ventilation circuit. During a dry startup, this valve i s manually 
overridden to an open position a 2t er the separator is energized . This 
condition remains in effect until pitot pressure builds up to 5 psid above 
suit loop pressure, thereby aut omatically holding the valve open. 
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Liquid transport loop pressure tends to force water through the Gas Trap to 
the water separator. Should the pump become airbound, the Check Valve assures 
that make-up water flows through the pump, clearing it of bubbles. 

A Temperature Sensor at the heat rejeC' tion device outlet moni tors the cooli;,g 
water tempera t ure leaving the heat r e jection device and provides an analog 
signal input to the coolant flow coucrol module. 

Af ter cooling the crewmember, th~ circulating water passes through cold plate~ 
to cool avionics, electronics, 3nd payload before returning to the evapo~ato r 
for heat rejection. 

The feed cir cuit shown on the right side of Figure 4-20 contains the equip
ment, expendable water, and ammonia to reject heat loads imposea on the S!rstem 
by the man, equipment, at'd environment. The feedwater circuit also collects 
metabolic condensate to supplement expendable ccoling water. 

Approxi~ately 150 lbs of feedwater and 10 lbs of feed ammonia are stored in 
r espective reservoir s . The re~ervoirs are then pre~surized to 15 psid above 
o2 ci.:cuit, a ~suri•tg th3 t any gas dissolved in the feedwater remains in 
solution i n th~ r~serv~irs . Water at this pressure tops off and pressurizes 
the liquid transport l oop. The feedwater (or ammonia) then passes through the 
respective prersure regulator that reduces pressure to (TBD) psid at a flow 
rate of (TBD) lbs/hr . The feedwate r, or ammonia, boils in the stacked 
evaporator h~at rejection device, which cools the LCVG water and o2 flowing 
adjacent to the device. Shutoff valves initiate ~eed flow to the heat 
rejection ~evice in response to a crewman command . Feed Pressure Sensors 
provide cJntinuous monitoring of ambient and feed pressures to a Vehicle 
Caution and Warning System. 

CondePsate picked up by the s l ur per is passed to the water separator, along 
with some ventilation gas. A gas and water mixture also enters the water 
sep~rator from the Gas Tr ap through the Pitot-Ac~uated Valve . The water 
se~arator separates the gas/water mixture, returning the gas to the ventila
tLon circuit and pumping the water through the Condensate Water Relief Valve 
co the feedwater circuit for use as feedwater. 

During reentry operation, no feedwater is required, because ammonia provides 
the cooling function . Condensate t hus generated is either stored or dis
c~arged to ambient through the evaporate •. 

During a dry startup, several minutes are required for sufficient condensate 
to accumulate in the Water Separator. During this time, the pitot tube may be 
dry, developing no head . Pressurized feedwater is prevented from flowing back 
through the separator and flooding the suit loop by means of the Condensate 
Water Relief Valv~ in the pitot discharge line. When suff~ .ient condensate 
has built up in the pito t tube so that 3.1 to 3.7 psid above water tank 
pressure is ~enerated across the relief valve, the relief ••a lve opens, 
allowing conden.;ate to leave the separat.or. If the pitot tube !.s partially 
dr:· in startup, pumping i nto the feedwater circuit might occur . The 
Condensate Water Relief Valve pr•wents this pumping by blocking the flow until 
full operating pressure is reached. 
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The Water Beparator is initially charged with water by temporarily depressing 
a manual override button on the Pitot-Ac tuated Valve to allow some of the 
water in the water transport circuit to enter the Watt' r Separator. After the 
separator has built up a 2 t o 5 psid head, the Pitot-Actuated Valve opens to 
allow subsequent water/gas miKture to enter the separator from the gas t rap. 
When 3.1 to 3 . 7 psid head has been generated by the Water Separator, the 
Condensate Relief Valve opens , all~wing water to leave the separator and enter 
the feedwater c ircuit. 

If the suit is stored after feedwater recharging and t~ermal expansion causes 
the wate r tanK pressure to exceed 19 + 1 psid, the Feed~a ter Relief Valve will 
open, bleE:.Jing the exc.;-ss water to ambier.t. 

Servicing of the unit is normally performed between mi~~ions and involves 
filling and draining the water and ammonia tanks . Bacteria Filters in the 
water fill line prevent bacteria migra tion to the vehicle . 

The heat loads from various sources used in the preliminary design of Space
plane EC/LSS sur~ystem are shown in Table 2-II. As indicated, the average 
heat load assumeo in space is 4,000 Btu/Hr with higher peak load of 11,300 
Btu/Hr sustained during the reentry phase of the mission. The evaporator is 
sized to re ject heat at the highest peak loads to be encountered. Results of 
the EC/LSS computer model run for the two cases arc shewn in Figures 4-22 and 
4-23 . 

Negative and positive cabin pr~ssure relief valves are included to maintain 
cabin pressure equal to that of the ambient environment. A surface press•1re 
profile represP.ntative of the stagnation point at the vehicle nose and at a 
point at the vehicle base is shown in Figure 4-24 . The yressure relief valves 
would be located at the vehicle base to avoid overpressu•ization of the cabin . 
As shown in Figm·e 4-24, the cabin could be safety r epressurhed r;o one atmo
sphere from spaCE.\ vacuum during the 25-minute (1,500 sec) reentry cruise, 
which starts at 310,000 feet. 

After recovery system canopy deployment, the vehicle hatch could be opened to 
assi st with through-flow vehicle ventilation cooling. After landing, the 
post-landing ventilation fon is turned on manually to circulate air through 
t1e vehicle to continue to remove heat soakback through tha thermal pro tection 
s}stem tiles to the vehi cle structure. 

Studies were conducted to define the Spaceplane requi•ement for reentry 
cooling . The reentry profile (Sandia ) shown in Figure 4-25 was assumed. In 
addition, the following assumptions were made : 
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Assumptions for Reentry Analysis 

Sandia reentry profile 

Reentry heat lodd (Btu/hL) 
p,..yload 
Avionir.s and communications 
uife support 
Metabolic 
APUs and electrical power 
Aerodynamic heating 

TOTAL 

EC/LSS thermal mass 47 . 45 Btu/~F 

300 
1,100 

600 
1,000 
1,000 
7 , 300 

11, 300 

Spaceplane base pressure 0.055 psi (ba~ed on BIH data, 125,000 
feet altitude) . 

The first analysis was to det ermine if adequate pilot cooling can be main
tained by relying entirely on EC/LSS thermal mass following evaporator/wate r 
cutout between 150-1 00 thousand feet. Figure 4-26 shows the results of this 
analysis , which indicate that if water/evaporator cooling cuts out at 125,000 
feet, the coolant temperature to the pilot will rise in excess of 90°F prior 
to touchdown. Ammonia cooling is therefore r ecommended during reentry below 
the altiturie where water evaporator cooling can be provided . Experience shows 
that ammonia is a good choice of evapora tor fluid at the lower altitudes 
because of its lower boiling point when compared with water. 

Characteristics of ha r dwar e components to be used in the EC/LSS of Figure 4-20 
are given in Table 4-V. This hcrdware is either Shuttle EMU Hardware or 
derived f rom other space-qualified hardware. In the few isolated cases where 
new hardware com?onents will be required, this hardware will be based on 
proven technology. Pictures of derivative Space shuttle and EMU hardware, 
listed in Table 4-V and planned for use in the EC/LSS subsystem, are shown 
in Appendix C. 

4. 5.5.3 EC/LSS Subsystem Hardware Specification 

The : C/LSS subsystem hardware e1uipruent shall meet the following 
specifications: 

Operating Life 

The unit shall be designed for a continuous operating life of (TBD) years. 

Physical Characteristics 

Maximum Operating Pressure 
Proof Pressure 
Burst Pressure 

(TBD) psid 
(TBD) psid 
(TBD) psid 
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TABLE 4-V 
EC/LSS SUBSYSTEM COMPONENTS 

TOTAL TOTAL OltY 
COM~NI:NT .2!! VOL jiNSJ WT IL•I OEitiV A TION 

OaTANK l uoo.oo ao. oo nANOAitO UHEitiCAL TANK 

OaCONTitOL , 110. 00 1 .60 EMU OJ ltEG . MOOIP'IEO 

NHsTANK l 7U.OO 8 .oo SHUTTLE HaO ACCUM. 

HaO TANK l l .. l .OO 10. 00 CONP'OitMAL LIKE EMU 

COOLANT P'LOW CONTitOL MODULE: I 180.00 10. 0., EMU COM~NENTS 

S/ 0 VALVE {HaO) • EMU 

CYCLING VALVE: (NHs) , EMI.I 

lti:G. VALVE (H1 ":11 , EMU 

STACKED EVA~OitATOit 118.00 11 .00 SU.LIMATOit/ AMMONIA 

•o•LEJI! 
CCC (UOH) UIO. OO SI.OO SHUTTLE MOO. 

~UM~/P'AN/HaO SEP' : 170. 00 7 .00 ltMU 

~ST LANDING VltNT P'AN to.oo 1 .10 SHUTTLE MOO. 

GAS Tit A~ l 7 . 70 I.U EMU 

COl SENIOit l 66.00 1.16 ltMU 

CONDENSATE VALVE VENT LOO~ l 1 .00 1.00 EMU 
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TABLE 4-V(CONT) 

EC/LSS SUBSYSTEM COMPONENTS 

TOTAL TOTAL DftY 
COM,.ONENT QTY VOL pNll WT j L81 DEftiVATION 

r IECK VAL.VE l IS.OO I . SO EMU 
pol.tftGE VALVE I o .so 0 . 10 EMU 
poos. "ftESS. ftELIEI" z z . n 0 .70 EMU 
CONDENSATE CHECK VALVE • 1 . 00 Z.IO 1:. 4U 
VENT I"LOW SENSOft Z. IO 0 . 70 EMU 
8Y,.ASS COOL.ING CONTftOL I 0.10 1.00 EMU 
NEG. "lit lESS. ftELIEP' z 0 .10 1.00 EMU 
VENT 8Y .. ASS I 0 .10 1.00 SHU TTL£ 
LIQUID LOO" CHECK VAL VE z z .oo 0 . 70 EMU 
"UM .. / MOTOft to.oo :s.oo STANDAftD CENTlltii"UGAL. -SU8TOTALS IZUI.SO IIO.SI 

MISC. 8ftACKETftY AND TU8ES IZOO. OO 10.00 

TOTALS U4ti.IO INS IIO.It L8 DftY 

(' .1 P'Tl) 
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Leakage 

External Leakage 

Water leakage i n the coolant loop shall not exceed (TBD) cc/hr at (TBD) psid 
per loop. Oxygen leakage in the vent loop~ shall not exceed (TBD) cc/hr at a 
loop pressure of (TBD) psid. 

Weight 

The dry unit weight shall not exceed (TBD) lbs. 

Power 

The total pump and fan operating power shall not exceed (TBD) watts. 

Performance (Design Point) 

a . Heat Rejection -The coo ~ant loop shall be capable of 
rejecting 4,000 Btu/hr a\~rage Spaceplane heat load, with a 
peak Spaceplane heat load of (TBD) Btu/Hr. 

b. Coolant -The coolant loop shall supply coolant at a rate of 
240 lb/hr, at a tempP.rature of 50° to the crewman . 

c. Oxk:en Supply - The vent loop shall provide maximum oxygen 
ma up at a rate of (TBD) lb/hr and maintain a total loop 
pressure of (TBD) psid . 

d . co2 Removal Rate -The vent loop shall maintain co2 partial 
pressure at not to exceed (TBD) psi . 

e . Vent Loop Flow- The vent loop shall maintain an oxygen flow 
of (TBD) lb/nr. 

f . Humidity- The vent loop relative humidity shall be 
maintained at (TBD) , at a temperature of 70°F . 

Flight Environment 

The unit shall be capable of meeting the operating requirements, as specified 
herein, at the following environmental conditions: 

a . Ambient Environment 

Atmosphere 
Pressure 
Temperature 

Air to space vacuum _
10 15 . 23 psia to 1 x 10 torr 

-25 to 180°F 

(Conductive/Convective/Radiation Environments) 
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b. Acceleration - ~3g's in any attitude 

c. Humidity 

Dew Point Temperature 

{Rela tive humidity can reach 100%) 

d . Acoustic and Random Vibration - Consistent wit h Orbiter 
payload bay levels. 

e. Shock toads - + (TBD) lbs force. 

4.5 . 6 EMU 

The EMU proposed for Spaceplane is an 8 psi system that wo~ld be a derivative 
of the existing Shuttle EMU. Only those features of the Spaceplane EMU that 
differ from the Shuttle EMU are discussed in detail here. 

4.5.6 . 1 EMU Specification 

The Spaceplane shall satisfy the following specifications: 

Provide self-contained Environmental control and Life Support. 
Provide required work mobility and glove dexterity . 
Interface with the vehicle. 
Incorporate food and water supply. 
Incorporate Waste Management Systems. 
Incorporate Voice Controller and Heads-Up Display system. 
Include detachable PLSS provis ion. 

4.5.6. 2 EMU Description 

The Spaceplane EMU performs t~ ba sic functions for the pi lot. It provides 
the life suppor t function by way o f a controlled, pressurized environment; 
clean oxygen for breathing; temperature control, waste management; and food 
and water supply . Secondly , it provides a mobile enc losure , the spacesuit , 
whic h permits tasks to be performed in the vacuum of space. 

The current Shuttle EMU contains end items that would also be incl uded in the 
Spaceplane 8 psi EMU, but with some differences i n certain cases. The end 
items in which major differences are seen wi ll now be discussed. 

Portable Life Su~port System (PtSS). The portable life support system 
backpack, mounte on the rear of the spacesuit upper t orso, contains the life 
support subsystem hardware and expendables . The PLSS st ructure , check valves , 
and regulators will be designed to operate at 8 psid. 

Simplified schematics for the Spaceplane PLSS vent and liquid loop ar~ shown 
in Figures 4-27 and 4- 28. The umbil ical interface with the vehicle EC /LSS 1s 
shown at the left of each figure . 
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Figure 4-2R. EC/LSS SCHEMATIC (SUIT LIQUID LOOP) 
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The existing Shuttle EMU does have an umhilical provision for Shuttle airlock 
operations providing for EMU checkout and service, which the Spaceplane EMU 
would also require. In addition, the Spaceplane EMU will require vent loop 
and liquid loop umbilicals, each providing a supply and return line between 
the! vehic'.e EC/LSS and the EMU. In addition, some minor plumbing modifica
tions will be rP.quired within the EMU s pacesuit . 

During EVA, the Spaceplane EMU will provide environmental control and life 
support through the PLSS. Following is a des~ription of PLSS operation. 

Oxy~en Ventilating Circuit . The Oxygen Ventilating Circuit, shown in Figure 
4-2 , forms a closed loop with the spacesuit assembly within which oxygen for 
breathing and suit pressurization is circulated and purified. This oxygen 
picks up heat, humidity, co2, and other ~ontaminants from the astronaut. 
These metabolic by-products are removed from the oxygen by the Oxygen 
Ventilating Circuit components. 

The Oxygen Ventilating Circuit operates over a range of pressures controlled 
by the Pri.mary Oxygen Subsystem or the Secondary Oxygen Pack (SOP) . 

A centrifugal fan (integtdted into a fan/separator/pump assembly) running at 
14,000 rpm to 20,000 rpm drives the ventilation flow through the spacesuit. 
The gas flow picks up co

2 
and trace contaminants, humidity, and sensible heat 

from the astronaut. The Contaminant Control Cartridge removes CO and trace 
contaminants . The gas stream continues through the Sublimator, ~ere it is 
cooled. Excess humidity is removed from the ventilation oxygen circuit and 
condensed in the Sublimator. 

The co2 level is measured in the ve.ltilating circuit upstream of the Subliru
ator by an electrochemical C02 sensor. A check valve/flow sensor is located 
downstream of the Sublimator. The check valve assures that when the fan is 
unpowered, all purge fl~w is directed to the helmet. The flow sensor monitors 
flow levels . 

Tne ventilation circuit flow then passes to the HUT, through hard-plumbed 
connections and then to the helmet . Venti lating circuit ducting in the HUT 
superheats the inflow o

2 
sufficiently to prevent visor fogging . Within the 

helmet, the flow pa~ses downward over the visor and head to provide co, 
removal and head cooling, then continues to the pressure garment. Venfilation 
flow is picked up at the extremities and returned to the HUT via a manifold 
that is part of the LCVG. 

During emergency, or other conditions requiring open-loop operation, the 
ventila ting circuit can be operated in a purge mode. Purge, checkout, and 
pressure relief are all accomplished with valves mounted in the DCM. The 
purge valve is manually activated and passes 0 from the Vt!ntilating circuit . 
Positive ,ressure relief protection against fatled-open SOP or Primary Oxygen 
Subsystem regulators is effected by a relief valve. A Negative Pressure 
Relief Valve permits suit internal pressure to rise at the same rate as the 
Orbiter airlock during an emergency repressurization. 
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The Condensate Circuit removes the condensate generated by the ventilating 
circuit and returns it to the feedwater circuit. 

Condensate collec ted by the slurper is passed to the wat~r separator with a 
smal l amount of ventilation gas. A gas and water mixture also enters the 
water separator from the gas crap through the pitot-ac tuated valve. The water 
separator separates the gas/water mixture, returns the gas to the ventilating 
c irc uit and pumps the water through a c ondensate water relief valve into the 
feed~ater circuit. 

Feedwater ~lrcuit. The Feedwater Circuit sto res and supplies feedwater for 
LCVG makeup, provides water for EMU sublimator cooling, and condenses and 
rlelivers condensate to supplement the feedwater supply . Feedwater is stored 
in a water reservoir and pressurized by the Pr i mary Oxygen Circuit. ~eedwatP.r 

passes through a pressure regulator that reduces pressure t o top off and 
pressurize the LCVG loop and to feed the sublimator. Feedwater passes into 
the sublimator, freezes in the stainless ateel, porous plate and sublimates to 
space, CQoling the LCVG coolant water as it flows through the sublimator. 

Liquid Transpo rt Circuit. The Liquid Transport Circuit, as shown in Figure 
4-28, c irculates water .through the LCVG and sublimator via a centrifugal pump, 
thereby performing crewman temperature control. The LCVG pressure level is 
regulated by the Feedwater Circuit. A Cooling Cont rol Valve, located on the 
DCM, provides temperature control by permitting the astronaut to bypass a 
variable amount of water around the sublimator or ALSS heat sink back to the 
LCVG. 

The PLSS Ventilating Circuit heat loads are transferred to the Liquid Trans
port Circuit in the sublimator, whic h acts as a gas-to-liquid heat exchanger 
in this mode. The PLSS pump provides the water circulation through the Liquid 
Transport Circuit . 

Two regulators provide oxygen at usable pressures . One regulator pressurizes 
the feedwater circuit and the other pressurizes the Ven~ilating Circuit for 
EVA operations. 

Operating Pressure. Preliminary results of a prebreathe study, which a re of 
interest in the conLext of an 8 psi spacesuit for Spaceplane, are shown in 
Figure 4-29. Figure 4-29 first assumes that a crewman, acclimated to an 
earthlike environment at some time priJr to zero, enters au 8 psi spacesuit of 
pure oxygen and, after 10 minutes, purges the suit of the nitrogen removed 
from the lung ~avities during br~athing. At time zero , th~ crewmember then 
continues tissue denitrogenization in the spacesuit environment of essentially 
pure oxygen at a total pressure of 8 psi. Results, shown in Figure 4-29, 
indicate the elapa~d time required in the 8 psi spacesuit to safel y depres
surize in a a single step to lower suit pres3ures of 6, S, and 4 psi. The 
advantages of a step-wi se spacesuit depressurization provision on certain 
missions might be that the c rewmember could s~fely reduce suit pressure prio r 
to going EVA, which would improve work mobility and, perhaps, improve 
spacesui t life and extend the time before oxygen toxicity effec ts occur. 
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Figure 4- 29. VARIABLE SUIT PR~URE PROVISION (PRELIMINARY RESULTS) 
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However, with the c urrent development of 8 psi spacesuit joints , such a scheme 
is probably unnecessary. 

Space Suit As sembly (SSA) . The SSA consi sts of end items forming dn anthro
promorphic pressure vessel that proteL ; s the ext ravehicular crewmen from 
extr eme temperatures , mic rometeor·o:f -Is, and space vac uum . !'he major task in 
development of an 8 psi EMU will be development of new suit joints and ~loves 
to provide adequa t e pilot mobility and dexterity at t he higher pres6 ~. 
Ongoing work indica tes that this t echnology is ac hievable. 

Food and Water Supply . A diet adequate to satisfy the pilot ~hroughout the 
24-hour mission should provide a pproximately 3 , 000 to 4,000 calor ies of 
e ner gy , with adequate quantities of proteins, fats, carbohydra tes, minerals, 
and vitamins . Exact caloric requirement s for pilots var y, based on the actual 
body weight , age, height, and level of activity for the specific mission . 
Thirty-six ( 36) ounces of water, contained in a drink bag, and s ixteen (16) 
ounces of food s ticks iould be integrated into the EMU s uit and accessible to 
the pilot in the EMU Helmet area. 

Waste Management. Waste management consists of provisions for urine, vomi tus , 
and feces collecti o n and storage . The urine col lection device would have a 
2,000 cc capacity to provide for t he 24-hour mission durat ion. The urine 
collector device (UCD) consists of a urine receiver, shutoff valve , and urine 
collec t ion bag. The urine receiver is a roll- on rubber sleeve. J us t lnside 
the opening of the receiver is a one-way check valve that is forced open by 
pressure o! the in-flowing ur ine. The UCD is integrated within the spacesuit 
and can be changed during post - mission maintenance. 

The fecal defecation collection sys t em consi s t s primarily of a strong, light
weight plastic bag . The collect ~ng bag is a nylon-ployethylene, laminated 
plastic bag. The circular open ng of the bag is about 4 inc hes in diameter 
and is encompassed by a 1- 3/4-inch circular flange t ha t is covered with a 
surgical-adhesive tape for attaching t he collec ting bag to the body. After 
defecation, the bag is r emoved from the body . The plastic pouch would contain 
a l iquid germicide , ruptured by pressure exerted from outside the collecting 
bag , for mixing with the fecal material. 

A vomitus collec tio n device has been concepted that would be i ncorporated 
within the EMU. 

The design features required o f the Vom.itus Containment Sys tem (VCS) a re as 
follows: 

Container to hold .5 liters (30. 5 cu. i n. ) of vomitus. 
Requi rement to accept gas expelled ~ehind vomitus . 
Use EMC purge flow t o propel vumitus into receptac l e. 
Mouthpiece requires minimal movement to r each it. 
Package comple t e assembly in helmet. 
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Figure 4-30 shows the schematic of the vomitus control system. Vomitus is 
pulled into the hydrophobic bag with suction provided by manual application of 
the •xisting purge valve. When purging is required and vomitus is not 
present, purge flow enters the mouthpiece and goes through tl~ bag with little 
additional resistance. 

In using the system, the crewman places his open mouth over the mouthpiece, 
presses against it, and regurgitates. During or immediately be fore this, he 
actuates the purge valve, exposing the hard bag container to a negative 
pressure. As the hydrophobic bag becomes clogged, the vacuum opens it against 
the hard container, drawing vomitus into it. An elastomeric flapper check 
valve keeps the vomitus in the bag with no purge flow. 

Figure 4- 31 is a pictorial sketch of the conceptual design. The mouthpiece is 
located betw~en the purge valve and the bite valve. The VCS is arranged over 
and behind the crewman's head, which places it under the viso r assembly. This 
position does not restrict visibility. 

To change the bag, the mouthpiece and bag are removed and a new assembly, 
including the mouthpi ece, is reinserted into the hard bag . 

4.5.6.3 EMU Hardware Specification 

The EMU spacesuit system hardware for Spaceplane will be a derivative of 
existing Shuttle EMU hardware. The EMU hardware for Spaceplane will satisfy 
t he following specifications: 

Operating Life 

The unit shall be designed for an operating life of (TBD) years. 

Physical Characteristics 

Suit Operating Pressure - 8 psid. 

External Leakage 

Oxygen leakage from the suit shall not exceed (TBD) cc/ hr at 8 psid . 

The dry unit weight shall not exceed 250 lbs. 

Size 

Sized to pass through a 20" x 30" opening . 

Power 

The EMU shall be operable from self-contained b~~teries . 
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Figure 4-30 . VOMITUS CONTAINMENT SYSTEM (SCHEM.&.TI~t 
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Figure 4- 31A. VOMITUS CONTAINMENT SYSTEM (HARDWARE) 
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Flight Environment 

The unit shall be capable of meeting the operating requirements, as s pecified 
herein, at the following environmental cond i tions : 

a. Ambient Environment 

Atmosphere 
Pressure 
Temperature 

Air to space vacuum _10 
15.23 psia to 1 x 10 torr 
-25 to + 180°F 

(Conductive/Convective/Radiation Environment) 

b . Acceleration 

t3 g's in any attitude 

c. Humidity 

Dew Point Temperatl : e 0 to 84°F 
( relative humidity can r each 100%) 

d. Acoust ic and Random Vibr ation 

Consistent with Orbite r payload bay levels. 

Performance 

Function 

EVA Life Support 

Emergency Life Support 

End Items 

Sizing 

Food and Water 

Provide pressurized spacesuit for suppo r t o f 
pilot in Spaceplane for Extravehicular Activities 

Seven- bgurs dc=dtion EVA (a t 1, 000 Btu/ Rr o r 
2 x tO Joules / hour metabolic heat re jecti on rate 

30 minutes 

(TBD) different items - Life Support System: 
Spacesuit Assembly 

Modular assembly to fit 5th to 95th percentile 
male pilots 

An in-suit drink bag sha.d stl)re 36 ounces o f water and have a tube projec ting 
up into the helmet to permit the c r e wman t o drink whi le suited. Food sticks 
(16 ounces) shall be integrated into the helmet to provide food t o the pilo t . 

Waste Management 

An in-suit , 2, 000 cc capac ity, urine collection devi ce consistlng o f adaptor 
tubing, storage bag, and disconnec t hardware, wi ll be provided. 
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A vomitus collection device with (TBD) cc capacity wi l l be integrated with the 
hel met. 

Checkout and Operation Microprocessor-assisted, isolates problems and 
provides corrective instructions 

Donning 5 ulinu t es 

Construction Features Helmet and Visor~ - polycarbonate 

Suit Materials 

main restraint - dacron 
bladder - urethane-coated nylon 
thermal/ meteoroid garment 

outer layer (orthofabric) - Gortex, 
Nomex, and Kevlar 
4 layers aluminized Mylar 
inner layer - Neoprene-coated nylon 

Hard Upper Torso - fiberglass and metal construction 

Joints - TBD 

Life Support Expendables - replaceable or 
rechargeable on orbit 

The Extravehicular Mobility Unit for the Spaceplane will IJe modularized to fit 
5th to 95th percentile men while providing mobility and protection for working 
in space. 

The EMU for the Spaceplane will be a derivative of the Shuttle EMU, shown in 
Figures 4-32 and 4-33, sharing many common features. 

4.5 . 7 Couch Specification 

The Spaceplane couch shall provide the pilot comfort and protection throughout 
all mission phases . The couch shall satisfy the following specifications: 

Integrate with the EHU/PLSS 
Provide pilot restraint with mobility 
Provide G- load protection 
Include s hock attenuation features 
Include deployment mechanism for ease of pilo t ingress and egress 
and on- orbit viewing 
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4.5.7.1 Couch Descriptitn 

The Spaceplane couch is designed to accommodate a 95th percentile pilot suited 
in the 8 psi EMU with the approximate dimensions indicated in Figure 4-34. 
The attachment points between the EMU and couch are the same, because the 
attachment points on the EMU will be standardized for all size suits. 

The couch , as shown in Figure 4-35, includes lightweight metal structural 
members with four hard attachment points to which the EMU / PLSS mounts. The 
same interface mechanism is planned that is currently used between the Shuttle 
EMU and the Shuttle Airlock Adapter plate, shown in Figure 4-36. The couch 
seat would be of nylon webbing similar to that used in the Apoll o spacecraft 
couch. 

Padding for crew comfort will be provided within the upper spacesuit torso and 
the buttocks and legs will be supported by the lower couch, permitting 
movement and repositioning for comfor t and vehicle control. The restraint 
harness system used with the Apollo couch, as shown in Figure 4-37, might be 
used with Spaceplane in modified form . The principal change would be to 
design couch disconnects compatible with EMU arm/shoulder mobility and 
pressurized glove dexterity. 

An EVA consideration is pilot-induced vehicle dynamics. Although the pilot is 
restrained in his couch on IVA, analysis indicates t hat changes in momentum 
resulting from torso or head motions can be effectively nullified by the 
on-board attitude control system momentum wheels. However, when free from the 
couch restraint system (for example, during EVA egress through the hatch), 
pilot motions can induce vehicle moments on the order of 36 in.-lbs. For a 
vehicle weighing 5,000 lbs with the geometries studied, th~se moments could 
result in vehicle yaw, pitch, 3nd roll rates in excess of 30 degrees/ minute. 
In Tables 4- VI and 4- VII, forces and torques that were exerted in Skylab EVA 
are shown. It is expected that Spaceplane mission EVA could involve similar 
tasks and associated forces/torques . Ideally, should the pilot impart 
dynamics to the vehicle When on EVA, vehicle dynamics would be nullified when 
the pilot again stabilizes through physical contac t with the vehicle . 
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Figure 4-34 . SHUTTLE EMU DIMENSIONS (95TH PERCENTILE MAN) 
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Figure 4-37 APOLLO COUCH RESTRAI NT- HARNESS 
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Tabl e 4-VI REPRESENTATI VE FORCE VALUES FOR SKYLAB EVA HARDWARE 

-
OI"E .. ATION 

OI"EN.C L OSE EVA HATCH 

OI"EN.C LOSE I NTE.-10" HATCHES 

ACTUATE HATCH LATCHES 

OI"EN.CLOSE ATM ACCESS ooo.-s 
LATCH· UNLATCtl SOS:Z LATCH 
HANDLE 

INSTALL ATM CAME"A TO INST .. UMENT 
LATCHING MECHANISM 

OVE.-COME A T M SOU LATCH 

LCVE" QETENTS 

OI"E .. ATE SOU LA TCHING HANDLES 
SUSTAINED 
IMI"U LSI: 

ACTUATE SOU CONTAIN I:" 
LOCKING MECHANISM 

OI"E .. A TE SOIZ CONTAINE" 
OI"EN.CLOSE L EVE .. 

OI"EN SOIZ CONTAINE,. LID 

ACTUATE SOli T .. IGGE.-
MECHANISM (HAND SQUEEZE) 

.. ·. 
. .. .. . .. 

P'O .. CE "EQUI .. ED 
( LU) COMM"NTS 

.... 0 

no 
u .o LEVI:" TYI"E HA'tDLE 

10.0 ,,, I"UP.H·I"ULL 
.. . 0 

10.0 SOU, SOU, H AL,.HA I EX"E"IMENTS 
I"USH·I"ULL "EQUI .. ED B Y C"EWMAN 

u .o DETENTS "EST .. AIN THE EX"E"IMENT 
11.0 WHEN IN THE UNLOCKED I"OSI TION • 

I"USH..PU LL "I:QU J.-ED 

u .o T ANGENTIAL P'O .. C I: "I:QUI .. ED 
u .o 

J .O THUMB OI"I: .. AT~D LEVE" DEVICE 

u .o AP'I"LII:O AT 1 .1 IN. P".-OM I"IVOT 

J . O I"ULL AGAINST A P'"ICTION H INGE 
1 .0 

JO. O "EQUijlti[D A SQUEE%1NG MOTION 
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TABLE 4- VII 
REPRESENTATIVE TORQUE VALUES FOR SKYLAB EVA HARDWARE 

TORQUE REQUIRED 
O~I:RATION (IN·L8) COMMENTS 

"OTATION CONTROL LEVER 11.0 MAXIMUM 
(ATM ~ANEL 110) • . 0....0 O~ERATIONAL 

"EGULATOR SELECTOfO VALVE ti.O ~E"ATING TORQUE 
(~RESSU"E CONT .. OL UNIT) 

,.LOW CONTROL VALVE ti.O O~ttRATING 8"EAKAWAY TORQUE 
(~"ESSU"E CONTROL UNI T) 

P'ILL AND SHUTOP',. VAI..VE 11. 0 MAX. O~ERATING TORQUC 
(SECONDARY OXYGEN ~ACK) 

GAS ,.ILL CONIIiECTOR (MANNED to.o •1-1•0 DEG. ROTATION 
MANEUVERING UNIT) 

P'"O~ELLANT SU~LY CONNECTO" Je.o • f-J.U RI:VOLUTIONS 
(MANNED MANEUVE .. ING UNIT) 

ELECTRICAL CONNECTOR (LI,.E u.o MAXIMUM 
SU..a"T UM.I LICAL TO E'\1 A ~ANELj 7. 0 MINIMUM 
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However, a net angular displacement of the vehicle from i t s original att itude 
would have occurred in the interim. The approach taken may be to allow 
vehicle attitude perturbations during EVA. When the pilot reenter s the 
vehicle following EVA, the vehicle guidance system would be reactivated to 
r eestablish vehicle attitude. 

The couch is designed with deployment provision for ease of pilot ingress and 
egress from Spaceplane . The couch drive motor mec.hani sm with the seat in 
different positions is shown in Figure 4-35 and Figures 4-18 through 4-40. 
The drive motor can raise or lower the upper couch back, whi c h rides in the 
couch side-track structural members affixed to Spaceplane . ~~e lower couch 
leg and seat supports are attached to the couch back e nd move together with 
the couch back during deployment. When on-orbit , th.t piloc •;ould deploy the 
couch to provide unobstructed visibility during such operatic~s as rendezvous 
and docking with a satellite. Couch deployment would also aid EVA egress. 

G-loads - The maximum g··loads to be sustained during Spaceplane miss ions with 
Sh- ttl e launch are sustained during reentry, as indicated in Figure 4-41. 
Preliminary data indicate that , for a maximum 3 g-load directed along the 
Spaceplane centerline and sustained fo r a time interval of less than 3 minutes 
in duration, the pilot in the flying position of Figure 4-19 would not be 
endangered. The structural design of the couch would be required to support 
approximately 450 lbs of pilot/ EMU during the g-loads sustained in all flight 
maneuvers . 

For an expendable booster ground-launch mode, g-loads in excess of those for 
the DRM (3-g' s ) can be expected. Data from AMRL at Wright-Patterson AFB in 
Table 4- VIII in.H cc.t e that human tolerance time limits decrease with the level 
of t},e g-load :;astained. For ground- boosltar launch of Spaceplane, it will be 
requireu that the pilot be repositioned to withstand rqe high g- loads. Work 
at AMRL provides some bas1s for the expectation that L pilot positioned as 
shown in Figure 4-40 can withstand g-loads expected from an MX launch . The 
couch in Figure 4- 40 has been deployed and locked ln position with the pilot 
extended through the open vehicle hatch but protected beneath the launch 
vehicle shroud. With the high g- load direc~ed along the 5paceplane center
line, the recommended pilot poRi tion woulri be· 

Upper torso inclined fot~ard, forming a 65° angle with Spaceplane 
centerl L .c 
Upper torso and thigh included angle of 100° 
Thigh and leg calf included angle of 100° 

Finally, the couch design includes shock attenuation provision to protect the 
pilot during landing. AlthouP,h the paraglide recovery system provides for 
canopy flare-out to provide a soft landing, provision must be made for a 
sustained shock load at touchdown . In Figure 4-39, the couch shock absorber 
system is shown. A shock absorber is located on each side of the couch, which 
swings out to a stowed position during all mission phases other than landing . 
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Figure 4-40. COUCH IN GROUND LAUNCH/SPACE FLIGHT POSITION (DEPLOYED) 
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I TABL~ 4-VIII 
HUMAN TOLERANCE TO SUSTAINED ACCELERATION LEVELS 

Ci-Lii:VEL DU"ATION 1 

l l4 H"S 
J t H,_ 

• 10 MIN 
ll WITH Oo-SUIT tM IN 
7 WITH G-SUIT 1-l MIN 

I 
1

USEI'UL CONSciOUliNESS -ADEQUATE P'ENI'O"MANCI: 

I 
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During reentry, following deployment of the recovery paraglide canopy, the 
pilot would open the Spaceplane hatch a nd partially deploy the couch- The two 
shock absorbers would then be unstowed by the pilot and swung into the seat 
upper frame and secured in place . In tl.is position, the shock absorbers would 
have the required stroke to absorb landing shocks. 

4.5 .7.2 Couch Hardware Specification 

The couch for Spaceplane shall meet the following specifications: 

Physical Characteristics 

Deployment Range (TBD) 
Weight not to exceed (TBD) 

Power 

Drive motor power not to exceed (TBD) 

Flight Environment 

The unit shall be capab" of meeting the operating requirements, as specified 
herein, at the following environmental conditions : 

a. Ambient electronics Environment 

Atmosphere 
Pressure 
Temperature 

Air to space vacuum _10 15.23 psia to 1 x 10 _ torr 
-25 to +180°F 

(Conductive/Convective/Radiation Environment) 

b . Acceleration 

+10 g's in any attitude 

c . Humidity 

Dew Point Temperature 

(Relative humidity can reach 100%) 

d. Acoustic and Random Vibration 

Consistent with Orbiter payload bay levels 

e . Shock loads (TBD) 
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4. 5.8 Displays and Controls 

4.5.8.1 Displays and Controls Specifications 

Without proper design, a proliferation of displays and controls will confront 
the Spaceplane pilot from whic h he has to collect , collate, integrate and 
interpret data. A systematic display and cont rols design approach to the 
Spaceplane cockpit is required. The subsystems for Spaceplane shall include: 

4.5.8.2 

Necessary sensors and instrumentation, with appropriate signal 
conditioning to provide pilot capability fo r controlling and 
monitoring subsystems during any mode of mission operations. 

Appropriate Display and Control interfaces compatible with a 
space suited pilot. 

Displays and Controls Description 

The interaction of the space suited pilot and the vehicle while engaged in 
IVA and EVA requires consideration with regard to displays and controls which 
must be designed to be accessible, operable and communicative. Any Space
plane manual controls (e . g. , levers, buttons, s witches) must be designed to 
be compatible with the pilot's pressurized glove geometry and dexterity 
limits. The use of voice cont r ol and optical system heads-up-displays inte
grated into the pilot's helmet system is recommended and offers many 
advantages in performance, flexibility and weight and volume savings . 

Manual Controls 

Views of the Spaceplane cockpit displays and controls panel a re shown in 
Figures 4-26 to 4-28. The panel is located so that the space suited pilot can 
reach and operate contr ols under the full range of potential mission g-loads. 
With the hatch open and the couch deployed on-o rbit , the panel is designed to 
rotate up to provide the pilot with visibility of displays in that deployed 
position. 

All displays must be situat~d and illuminated to provide clear visibility to 
the space suited pilot in the ext reme lighting conditions of space . Manual 
EC/LSS controls consist of knobs that can be rotated with the pressurized EMU 
glove and toggle s witches and push buttons providing the pi lot access to the 
onboa rd computer. The displays might include an LCD display to verify 
computer entry data and AC-plasma or CRT displays for mission data. AC-Plasma 
displays are now unde r development for military tactical systems. A one meter 
(diagonally) f1at panel AC-plasma display has a low electrical drive power 
requirement and can be driven by a small battery. An AC-plasma display only 4 
inches deep including all required drive electronic s could provide a resolu
tion of over 50 pixels per linear inch. 

Current research efforts a re enhancing the capabilit ies of AC-pl asma devices. 
A three-meter (diagonal) display is being developed with an unprecendented 
125 pixels per linear-inche resolution. Also , wor k is being done to extend 
color capabilities from monocolor orange to multicolor red, blue, and green. 
This display technology should be available for Spaceplane application . 
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Voice Controller - A voice controller for the Spaceplane pilot to cont rol 
subsystems would offer mission flexibility. FuL example, while conducting EVA 
the pilo t could override manual controls with the voice controller and thereby 
continue to control Spaceplane systems . Use of a voice controller would allow 
both of the pilots hands tn be free for EVA work activity. 

Through recent advances in semiconductor technology, the economics of speech 
re~ognition are beginning to improve rapidly including extending speech to 
man- machine interactions . A new generation of lower-priced speech-recognition 
modules aimed specifically at origir1al equipment manufacturers is coming to 
market and, for the first time, dozens of companies are looking at building 
this capability into their products. Speech recognition has until r ecently 
been an experimental effort, but the technology is nov ready for commercial
ization. 

The signal flow for a Spaceplane voice controller is shown in Figure 4- 29. 
Sounds are converte\. into digital codes and stored in the computer memory. 
When a user then utters a command, the digital code for the new sound is 
compared with the stored data until a close match is found. Accuracies in 
laboratory tests often approach 997. ; however, performance may drop if the 
environment is noisy or if the speaker is subjected to a stressful situation 
such as high g-loads . Work is being done to understand the effects on speech 
of stressful activity. 

Semiconductor advances are making speech recognization technology available at 
much lower cost. As thousands more circuit functions are packed onto solid 
state chips of silicone, the costs of orocessing the speech signal and storing 
the results are dropping . It will soon be possible to replace hundreds of 
individual components with a single chip for converting voice sounds into 
data. 

Heads- Up Display 

the Spaceplane pilot will be required to perform a myriad of control and in
formation pr ocessing functions by inter~cting with an assortment of cockpit 
controls and displays . The pilot will have to attend to information from 
flight systems (e.g., engine status, fuel, altitude, atti t ude, velocity, 
etc.), as well as from navigation, communications, radar , and imaging sensor 
systems . Simultaneously, he must initiate control actions to direct various 
subsystems and payloads . Many of these operations must be performed and 
directe~ from inside the cockpit with no direct visual contact with the 
outside' environment. While digital avionics systems have provided some 
degree of automation , it has been at the cost of an increase in the amount of 
information to be displayed and in the control options available to the 
pilot. 

Since 1966, the USAF Aerospac~ Medical Research Laboratory has been developing 
a new family of control/display devices collectively termed "visually- coupled 
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systems." This approach takes advantage of the precision wtth whic h a pilot 
can aim his head and direct his gaze. [o essence, the interface between the 
crewmember and the vehicle systems is h·.ought dbout through the c >m::unicat ion 
of he~d (anJ consequently eye) position coordinates \11 u•ner to designate 
objects or sensors or activ~te switches. The two c~~ponent~ which c~mprise 
visually-coupled systems ar~: 1) 1 he helmet-mounted s l h t , llhich pr~vides 
line-of-sight data; a nd 2) the helmet-mounted display, ~ 1rovides feedback 
via displayed inforQation. 

The helmet-mo•JPted sight would make use of an aiming reticle whic h, mounted t o 
the pilot's he~d, is collimated and projected into the crewmember's eye by an 
optical asGP.mbly integrated with the EMU flight helmet . The operator can 
position the reticl e over objec ts of interest by simply moving his head. The 
system line-of-sight is determined by measuring the orientation of the helmet 
in the cockpit . The output signals of the helmet-mounted sight can be used to 
select v~rious devices a nd cont.rols in the Spaceplane cockpit . This select 
control 1~vice could al~o be activated using the voice controller described 
above. The pilot can pu"posefully shift his line-of-sight to labeled control 
surfaces in order to initiate various Spaceplane subsystem functions (e.g., 
selecting temperature, display modes, etc.). For ex~mple, he need only posi
tion the helmet-mounted reticle over a symbol box designated "t,_mperature 
status" in order to re-:.eive EC/ LSS tel!lperature information. 

Although the Honeywell electro- optical system represents a first generation 
helmet-mounted sight, such a sys tem is capable of measuring helmet orientaton 
with an accuracy of better than 1 degree virtually anywhere in the cockpit. 

The helmet-mnunted display presents a virtual image which can be viewed 
continuously, regardless of head orientation . Figure 4-30 depicts the opera
t ion of the Honeywell helmet-mounted display. Pictorial and/or symbolic 
information is i · .aged by a miniature, high resolution cathode l·ay tube inte-
grated with EMU helmet. The active area of the CRT is approximately 19mru in 
di ameter, with a limiting resolution of 1,000 Tl l1nes at a highlight luc
inence of 1700 cd/m2. The CRT image is magnified and collimated by optical 
elements on the heJ~et . It is then projected into the eye of the pilot via a 
combiner which is integrated into the heJmet flight visor. The operator 
perceives a wide field-of-view image which appears at optical infinity . The 
fields-of-view of current helmet-mounted displays are up to 40 degrees, being 
limited in practice by the size of the optical elemen ts. The exit pupll is 
t ypically 14-16mm, with an eye-relief ( f ·approximately 25-40 mm. 

There are several important advantages of visually-coupled systems for Space
plane application. As described earlier, the EMU helmet- mounted sight allows 
the pilot to head track/aim assuring a quick reac tion time, ~ith no learned 
ski l ls required. Additionally, the line-of-sight data can provide the pilot 
a heads-up view external t o Spaceplane as seen by an external camera or TV 
monitor. The effect per ceived by the pilo t is an~logous to viewing the out
side space environment through a movable window. 
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The he lme t-mounted display offers t he additional advantage of a presentation 
of v i s ual info rma t ion r egardless of t he operator's direct i on. For example, 
when on EVA, the pilot coul d take along t he cockpit control panel in the form 
of a computer-driven virtual image. Head-up display-type symbol s plus sensor 
images can be presented s imultaneous ly . Since the optics form a virtual 
i mage , the image angle is greater than that which can be achi eved with panel
mounted displays. Additionally , mo r e information elements can be conveyed to 
the operator than using conventional panel-mounted displays. Th i s distinction 
i s very i mportant i n the display of sensor imagery which i s usually limi ted i n 
quali ty by poor resolution . Another key advantage of the helmet-mounted 
dis play in the c rew stati on design is that it occupies l ittl e s pace in the 
smal l volt~e Spaceplane cockpit. 

Symbolic images whic h normall y appear on a heads-up display in fixed locations 
relative to the airfr~ ue can also be presented on the helmet-mounted display. 
However, the symbols can be made to appear stationary rel.:1tive to Spaceplane 
and actually move in and out of the fi~ld-of-view of the helme t-mounted 
display as the pilot moves his head beyond a certain position. There are 
three advantages t o a "visually-coupled ~ heads-up display . First , the instan
t aneous f i e ld-of-vi ew of the helmet-mounted display i s much larger than that 
of most head- up displays; therefor e , more i nformation can be displayed. 
Second , t he vi sually-coupled system will not require valuable Spaceplane 
cockpit area required by a conventiona l head-up display . Third, additional 
display modes are possible. One of these modes can be termed a "wrap-around" 
o r hemispherical dis play. It i s possibl e , for example, to present the pilot 
with a continuous artifi c ial horizon which is super-imposed over t he real 
horizon and which can be viewed at a ny azi muthal angle. 

4.5.8 . 3 Displays and Controls Hardware Zpecification 

The displays and controls voice cont r oller and heads-up display hardware 
described in the previous sectlons must qat i sfy the following speci fications. 

Oper a ting LHe 

The unit shall be desi gna ted for a conLinuous O?era ting life of (TBD) years. 

Physical Characteri stics 

Vocabulary (TBD) 
Data Rate Maximum (TBD) 
Resolution (TBD) 

Weight 

The unit weight shall not exceed (TBJj 

Power 

The unit power r equirement shall not exceed (TBD) 

• •• 

• 

• 

•• 

. 
~ · 

_. 

. • . .. 
-

. 
. -
•••• 

. -
~-

' .;~ 

.. -... .. 
' • I 

'·• · 
-· . 
... . •.· . -· ._. -l 

~-· .... ). 
. -1 

~-::>::.:·: : ·.l . .. ., 
, . ,. . . ·., 
- l 

:-:-•-:---=-:~ . -· ..... ... . ., 



. . . .. 

Flight Environment 

The unit shall be capable of meeting the operating requirements as specif i ed 
here in at the following environmental conditions: 

Ambient Environment 

Atmosphere Air to space vacuum 

Pre ssure 15. 23 psia to 1 x 10-10 torr 

Temperature 

(Conductive /Convective/Radiation Environment) 

Acceleration 

+10 g's in any attitude 

Humidity 

Dew Point Temperature 

(Relative humidity can reach 100%) 

Acoustic and Random Vibration 

Consistent with Orbiter payload bay levels 
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4. 5.9 Support Equipmt _ 

Equipment will be required to support Spaceplane EC/LSS during launch phases 
and during post mission activity. This equipment is launch mode dependent and 
falls into two categories - Gr ound Support Equipment (GSE) and Flight Support 
Equipment (FSE). The DRM launch mode assumes a Spaceplane launch from the 
Space Shuttle. FSE equipment r equired to support the Shuttle launch mode, 
as well as that for alternative modes, i s discussed below. GSE for post 
mission activity is also discussed . 

4.5. 9.1 Ground Support Equipment (GSE) Specification 

The GSE mus t support EC/ LSS aboard the Spaceplane throughout prelaunch and 
post-miss.ion phases. The GSE must support Spaceplane during ground service 
and checkout operations and final checkout in the Shuttle payload bay while in 
the Vehicle Assembly Building at the launch si t e . The GSE must satisfy the 
following specification· 

l. Provide Avionics/payload cooling d uring service and checkout of 
systems. 

2. Recharge of EC/~SS subsystem consumables (water, ammonia, oxygen). 

3. Recharge of EMU consumables (waste management devices , water, 
oxygen, LiOH, drinking wate r, foodsticks) . 

4. 5.9.2 GSE Description 

A GSE cart is shown in Figure 4-47 for use in ground service of Spaceplane. 
A schematic for the GSE for Spaceplane to replenish vehicle EC/LSS consumabl es 
of water, ammonia and oxygen i s shown in Figure 4-48. As s hown, the GSE would 
include a water accumulator supply reservoir pressurized with nitrogen, a high 
pressur ' oxygen r echar ge system and a nitrogen press urized liquid ammonia 
system. schematic for GSE cooling, which ~mploys a Freon-12 loop and 
condenser cool ed by ambient air is shown in figur e 4-48c . The interface with 
the 
Spaceplane EC/LSS subsystem uses umbilicals c cnnected to two ser vice 
disconnect ports in the EC/LSS. 

The GSE described in the preceeding paragraph could also be used fo r service 
of the EMU. The high pressure oxygen source would replenish oxygen in the 
PLSS and the pressurized water source would replenish PLSS sublimator water. 
Waste management service would involve the exchange of insult waste collectors 
(vomitus, feces , urine). In addition, foodsticks, drinking water and LiOH 
cannister would be replaced. 
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4.5 . 9. 3 GSE Hardware Specification 

Specification for the GSE equipment is as follows: 

EC/LSS Subsystem GSE Service/Checkout Specification 

Water: 

Temperature 
Flow 

Recharge Consumables 

Water: 

Weight 
Supply Pressure 

Ammonia: 

Weight 
Supply Pressure 

Oxygen: 

Weight 
Supply Pressure 

34F 
240 lb/hr 

300 lbs 
0-1000 psia 

20 lbs 
(TBD) 

20 lbs 
3000 psia 

4.5.9.4 Flight Support Equipment Specification (FSE) 

During earth-to-orbit Shuttle launch and prior to Spaceplane deployment from 
the Shuttle payload bay, it is assumed that Spaceplane Avionics/payload 
thermal control wtll be supplied by the Space Shuttle active thermal control 
system through an umbilical inte~face provision. However, FSE will be 
required to support service of of the EC/LSS aboard the Spaceplane between 
Spaceplane sorties operating from the Space Shuttle. 

The FSE must satisfy the following specification: 

1. 

4.5.9.5 

Provide on- orbit recharge of Spaceplane EC/L~S s~bsys tem consumables 
(water, ammonia, oxygen) 

FSE Description 

A sketch of a FSE kit for on-orbit service of Spaceplane l s shown in Figure 
4-49. The kit would include a Remote Manipulator System (RMS) grapple pin for 
transport of the kit in the Shuttle payload bay to the Spaceplane during 
service operations. A schematic for FSE designed to replenish EC/LSS 
consumables is shown in Figure 4- 50. As shown, t he FSE, similar to the GSE 
cart, would include provision foe recharging Spaceplane water, ammonia and 
oxyge:, in the Space plane EC/LSS. Service of the EMU would be accomplished 
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using the exis ting Shuttle Airlock EMU service provis ions. Between Spa~eplane 
sorties operating from the Shuttle replacement LiOH canisters for Spac~plane 
would be stored i n the Shuttle payload bay. 

4 . 5.9 . 6 FSE Hardware Sp~cification 

Specification of FSE equipment is as follows: 

Recharge Consumables 

Water: 

Weight 
Supply l'ressure 

Ammonia: 

Weight 
Supply Pressuce 

Oxygen: 

Weight 
S•.;.pply Pressure 

(TBD) 
0- 1000 psia 

(TBD) lb 
1000 psia 

(TBD) 1~ 
3000 psi 

Flight Environment 

The unit shall be capable of meeting the operating requirements as specified 
herein at the following environmental conditions: 

.· 

~. Ambient Environment 

Atmosphere 
Press~:re 

Temperature 

Air to space vacuum 
15.23 ps ia to 1 x 10-10 torr 
-25 to +122 °F 

(Conductive/Convective/Radiation Environment) 

b. Acceleration 

~3 g's in any attitude 

c . Humidity 

Pew Point Temperature 

(Relative humidity can reach 100%) 

d . Acou~tic and Random Vibration 

Consis tent with Orbiter payload bay levels. 
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4.6 SPACEPLANE TECHNOLOGY PROGRAM PLAN 

This program plan for the Spaceplane Technology Program was developed in 
conjunction with the preceding studies. The program, based on our previous 
EC/LSS exper ience on the Shuttle orbiter and the EMU and recent EVA studies, 
permits us to offer a complete and efficient program that could produce 
flight- qualified hardware for use in the Spaceplane within 2 years from 
program go-ahead. 

4.6.1 Objective 

The objective of the Rami! ton Standar d ,,cogram described herein is t o define, 
design, manufacture, tes t, and deliver flight- qualified technology items. 
Elements of this task include: 

8 psi :Mu 
EMU with Detachahle PLSS 
EMU Solid Waste Systems 
Stacked Evaporator 
EMU Heads- Up Display 

Part of our objective is the utilization of as much existing Shut tle and EMU 
hardware as possible, reducing overall program costs thereby and allowing 
near-term completion of the program as planned. The write- ups that follow are 
typical of the development programs required for eac h of the above items. 

4.6.2 Work Breakdown Structure 

Figure 4-51 defines the typical work breakdown structur e (W"BS) that would be 
used for each technology item. The figure represents the ma jor prog r am phases 
and the elements over which program financial contrcl wil l be exercised. For 
progress and technical activity monitoring, the task e l emen ts will be further 
detailed in the form of technical status schedules. 

Althou~h all other elements wi l l be performed solely by Hamilton Standard, t he 
program for the EMU Reads-Up Display wil l be perfo rmed by 6 subcontractor . 
The system integration and W"BS Tasks 1. 0 , 2. 0, and 5.0 will be mutual e ff orts, 
with the subcontractor performing W"BS Tasks 3 . 0 and 4.0. 

4 . 6.3 Program End Products 

The end products of these programs will include documentation desc r ibed her ein 
and delivery of one each of the technology it~ms. 

4.6.4 Program Schedule 

The typica l schedule for accomplishing the task elements identifierl in the WBS 
is pres~nted in Figure 4-5 2. Also identified a re the ma jo r program mi1e
stones. Figure 4-53 describes the pro~ram logic with the r e lationship between 
various t asks . 
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4.6.5 Task Descriptions 

As previously stated, Hamilton Standard wi} 1 conduct Lhe technology prog rams 
in accorn~nce with the WBS defined in Figure 4-51 . All in-house financial 
data collection will be against WBS task element effort. In addi.tion, to 
assist in the day-to-day administration of the program, each WRS ele·1ent will 
have a detailed technical status schedule. The preparation of these schedul es 
is the responsibility of the program project engineer. The schedules will be 
reviewed on a con tinuous basis by Program Management. All active technical 
status schedules will be included in the first monthly progress report and 
updated on a mon thly basis thereafter as part of ~he monthly report . 

The following discussion describes each of the WBS task elements and the 
program flow in accordance with the program logic chart (Figure 4- 53). 

4 . 6.5.1 Requirements Definition 

Under this task, the complete requirements for the EC/LSS will be documented 
in a design specification . This specification would be common to technology 
items at the system level but, at ~he subsystem level, would be specific. 

4 . 6.5.2 Requirements Review 

For this task element, all available information and data, including ~ission 
definitions and alternates, vehicle environmental input to subsystem, opera
tional requirements, contingency and docklng considerations, EVA requirements, 
and other demands impacting the technology item requirements, will be used. 
To obtain this information and to better understand mission r equirements and 
vehicle interfaces, discussions and meetings will be held with approp~iate 
organizations, as required, during the program . 

4.6.5.3 Requirements Specification 

Based on the requi r ements review, a detailed specification for each technology 
item will be generated. Quant itative requirements in the specif i cation will 
include data from the Preliminary Spaceplane Study, mission definition, 
vehicle, crew, eq~ipment, cabin e ••v ironment, EVA, and o ther considerations . 
Qualitative requirements will include reasonable design objectives , based on 
pr evious spacec raft and spacesui t experience and Spaceplane Study results . 

Upon completion of this program element, the design specification generated 
will be reviewed with the concract technical monitor and used as a basis for 
the conceptual design of the technology item. 

4 . 6.5.4 Technology Concept Evaluation Study 

In thi s phase, the technology concept sel~ction will be reevaluated, together 
with all Spaceplane-related items, against the Requirements Specification, to 
define a complete EC/LSS. 
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4.6.5.2 . 1 Concept Selection Upda te 

The selec t ed technology concept will be reevaluated against the Requirements 
Specification t o assure t~at all mission objectives can be met . Every effort 
will be made to cont~nue to utilize existing technology and space-qualified 
hardware in th~ res~lting des ign to minimize bo t h the lead-time and tota l 
program costs. 

4.6 .5.2.2 Technology Subsys tem Definition 

Utilizing the concept selected above, a complete technology subsystem will be 
defined. Included in this definitior. will be t he integration of a ll the new 
technology items and a l l ancillary e quipme nt, including EVA and suppor t equip
ment t o assure all interfaces are compatible within the Spaceplane during all 
mission phases . Also to be considered 1.s the acceptability to the crew member 
and such factors as safety, reliability, main tainability, and commonality. 

4.6.5.3 Subsystem Design 

Under this task, the technology items wi ll be designed, detail drawings 
prepared as required, and a preliminary design review (PDR) and a Critical 
Design Rev!~w (CDR) held. 

4.6.5.3.1 Preliminary Design 

The design phase effor t is initiated in this task element. The objective is 
selection of an optimum design configuration, including system level per form
ance, safety , we ight, volume, reliability, maintainability, and considera t ion 
of interface requirements utilizing design l ayouts, packaging drawings, etc. 
Recommendations concerning applicable flight controls and displays and ground
test i nstrumentation will be made . Thermal and performance ana l yses required, 
as applicable, to evaluate each selection will a lso be made to assure proper 
system integration at the detail l evel. 

4 .6.5.3.2 Preliminary Design Review 

A Preliminary Design Review will be held to r eview all work completed t o date 
and to assure agreement on all e lements of the design before it is initiated . 
Personnel from the Air Force and the con tracto~ a•e expected to attend this 
r eview. 

4 . 6.5.3.3 Detail Design 

The design task eleffient covers the gene ration of detailed technical de fini
tions for the system f r.om th~ configuration concept ap~roved in t he design
setting phase . The primary effort is involved in pre?aration of the detail 
and assembly drawings for fabrication, procurement , and final assembly o f all 
elements of the subsystem. The effort will also include the addit ional 
functional , thermal, and struc t ural analyses of the system t o assure compli
a nce with the requirements of the SOW . The task will terminate 111i th conduc t 
of ~he CDR and incorporation of CDR comments resulting in the approval of the 
eng i neering dr awi ngs. 
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Hamilton Standard will conduct a materials control program to identify all 
nonmetallic materials to ensure compatibility with the environment in the 
subsystem. This effort will r esult in the generation of the Nonmetallic 
Materials List and corrosion-protection summary to be included in the Final 
Report. Although the effort is scheduled for completion by CDR , on-going 
overview will be maintained by Materials Engineering throughout the duration 
of the pr ogram. 

Intrinsic reliability is a system characteristic that Hamilton Standard 
recognizes as being o f major importance. All design-phase effo r t will include 
inputs from our Reliability Engineering Group to assure attainment of the 
maximum practical reliability. The ma jor effort f or this task element will he 
preparation of the Failure Mode and Effect Analysis. A preliminary analysis 
willbe available at CDR . 

4 . 6 . 3.4 Critical Design Review 

Upon completion of the design effort , a Cr itical Design Review will be held 
with the representatives from the Air Force and the contrac t or. At this 
review, the final design will be review~d in detail for comments and /o r 
changes. Drawings for selected long-lead items may be released prior t o this 
meeting in order to maintain schedules. 

4.6.5.4 Hardware Fabrication and Test 

This task includes all effort and material necessa r y to man uf ac ture , ass embl e , 
and test hardware for this program. Also inc luded i s t he e ff ort t o refurbi s h 
the hardware prior t o deliver y to the customer. 

4.6.5.4.1 Hardware Fabrication 

This fabrication phase inc ludes all e f fort and ma ter ials necessary to manufac
ture and assemble one complete set of hardware fo r t his pr ogr am. The phase 
also includes inspec tion of raw materia l s , f abrica t ed har dwa re, and the 
complete assemblies. Inc luded is the Manuf ac turing Enginee r ing and Cont r ol 
effort necessary to prepare all manufac turing documenta t i on and t o exped i te 
the processing of the hardware. Because i t is planned to deliver this h2~d
ware t o the customer, all necessary controls and pa perwor k wi ll be inspec ted 
and documented. 

4.6.5.4 . 2 Development Tests 

This task element inc ludes the effort to conduct development tests to evaluate 
the effect of modifications on exis t i ng hardwa r e and to establish the perform
ance of all items in the mission operati ng range. Also inc luded is the effort 
for the special test equipment t o cond uct the above tests , as w~ll as any 
qualification and produc tion acceptance t es t s. 
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A master test plan de fining the complete t est program will be prepared under 
this task element. I t will be submitted to the contractor for comment and 
approval at least 90 days before testing is to begin. 

4.6. 5 . 4.3 Qualification Tests 

Within this task element, verification of the qualification test requirements 
will be accomplished, e ither by actual tes ting or by doc umentation that shows 
that existing or modified flight hardware is capable of meeting the require
ments defined in the master test plan. 

4 . 6.5 . 4.4 Refurbishment and Delivery 

This t.ask element covers ... he effort llecessary to inspect the unit thoroughly 
11fter co111pletion of the subsystelll testing, to perform any required refurbish
ment and to prepare the unit for shipment . Because there are no limited-life 
items in the subsystem, this effort is expected to be minimal. Acceptance 
tests will be conducted on all items prior to delivery. 

4.6.5.4 . 5 Qualification Test Report 

Upon completion of the qualification testing, a qualification test report, 
fully doc umenting all test data and conditions, will be prepared. The report 
~ill include photographs of the test setups and hardware. 

4.6.5.4.6 Final Report 

A final rP.port documenting all activity accomplished during this program will 
be prepared. It will inc lude, as appendices, the various test plans and 
reports generated during the program. The report will be submitted to the 
contractor for his review and approval. 

4 . 6.5 . 5 Program Management 

The objectiv ~ of this work task is to provide the manpower necessary to 
direct, managl':!, administer, control, c.nd report upon Hamilton Standard's 
performance of the Spaceplane Technology Prcgram. 

4.6 . 5.5.1 Program Control 

An accounting and scheduling system built upon the ~rns ~ill be established and 
included as a part of the first monthly progress report. Resource budgets 
will also be established and mai~~ained, with actual expenditures id ~ntified 

in all subsequent monthly progress reports. Progress against the pre.ieter
mined milestones will be maintained continuously. Program control information 
in the form of the Technical Status Schedules will be a part of the monthly 
report. Monthly Progress Report and Monthly Financial Management Report will 
be prepared and submitted in accordance with contract requirements. 
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4.6 . 5.5.2 Da ta Management 

Under this WBS task element, the existing Hamilton Standard data managemen t 
capability will control the collection, preparation, publication, quality, 
assessment, distribution , and maintenance of all data items, in accordance 
with the cont l act Statement of Wo rk. 

4.6 . 5.5.3 Program Documentation 

This task element provides effort for preparation of that documentation 
required by the Statement of Work Data Requirement List (DRL) and not 
specifically prepared under other task elements . 

4.7 SPACEPLANE EC/LSS PROGRAY PLAN 

This program plan for the Spaceplane Environmental Control and Life Support 
System (EC/LSS) was developed in c0n~unction with the preceding studies. The 
program, based on our previous Shuttle and EMU EC/ LSS experience and recent 
EVA studies , permits us to offer a complete and efficient program that could 
produce flight-qualified hardware for use in the Spaceplane wit~jn 3 years 
from program go-ahead, assuming a 1-year head start on the Spac~plane 
Technology Items. 

4 . 7 . 1 Objective 

The objective of the Hamilton Standard program described herein is to define, 
design, manufacture, tes t , and deliver a flight-qualified EC/LSS, essentially 
as defined in Figure 4-54, and a couch for use in the Spaceplane. Also 
included in this pro~ram are vehicle EC/LSS control and display requirements, 
flammabilit y control and suppressio~ hardware, necessary ground and flight 
su~ ~ort equipme~t, and i ntegration of new technology items into the Spaceplane. 

Part of our objective is the utilization of as much existing Shuttle and EMU 
hardware as possible to reduce over all program costs, assuring completion of 
th~ program as plann(i. 

4 . 7.2 Work Breakdown Struct ure 

Figure 4-55 defines the typical wor~ breakdown structure (WBS) that represents 
the major program phases anc tbe e:ements over which program financial control 
will be exercised . For progress and technical activity monitoring, the task 
elements will be further detailed in the form of technical status schedules . 

4 . 7 . 3 Prc~~".a. End Products 

The end products of these pr ograms will include documentation de yc ribed herein 
and deljvery of one EC/LSS and one couch, which will be refurbished prior to 
delivery t o the Air Force. 

4.7.4 Program Schedule 

The schedule for accompl i shing the task e l ements identified in the WBS is 
pr esented in Figure 4- 56 . Also identified are the major program milestones . 
Figure 4-57 describes the program logic with the relationship between various 
tasks. As noted, init iation of this program is paced by definition of five 
(5) new technology items. These i tems are: 
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EMU Heads-Up Display 
8 psi EMU 
EMU Detachable PLSS 
EMU Solid Waste Systems 
Stacked Evapora ~or 

4.7.5 Task Descriptions 

As previously stated, Hamilton Standard will conduct the EC/LSS Program in 
accordance with the WBS defined in Figure 4-55 . All in-house financial data 
collection will be against WBS task element effort. In addition, to assist in 
the day-to-day administration of the program, each WBS element will have a 
detailed technical status schedule. The preparation of these schedules is the 
responsil-ility of the program pr oject engineer. The schedules will be 
reviewed on a continuous basis by Program Management. All active technical 
status schedules will be included in the first monthly progress report and 
updated on a monthly basis thereafter as part of the monthly report. 

The following discussion describes each of the WBS task elements and the 
program flow, in acco rdance with the program logic chart ( Figure 4-57) . 

4.7.5.1 Requirements Definition 

Under this task, the complete requirements for the EC/LSS will be documented 
in a design specification . 

4.7.5.1.1 Requirement s Review 

For this task element, Hamilton Standard will use a~l avai lable information 
and data, including mission definitions and alternates, vehicle environmenta l 
input to subsystem, operational requirements, contingency and docking 
considerations, EVA r equi rements , and o ther demands impacting basic EC/ LSS 
requirements. To obtain this info rmation and t o better understand mission 
requirements and vehicle interfaces, discussions and meetings will be he l d 
with appropriate organizations , as required, during the program. 

4.7.5 . 1 .2 Requirements Specification 

Based on the requirements review, a detailed EC/LSS specification will be 
generated. Quanti tative requ1rements in the spec if 4 cat1on wi ll Lnclude data 
from the Preliminary Spaceplane Study, mission de fi nition, vehicle , c rew, 
equipmet, cabin environment, EVA, and o ther considerations. Qualita t ive 
requirements will include reasonable design objectives. based on previous 
c raft and spacesuit experience and Spaceplane Study rPsults . 

Upon completion of th is program element, the design specification fenerated 
will be reviewed with the contract technical moni to r and used as a basts for 
the conceptual desi~n o( the Spaceplane EC/LSS . 

4.7.5.2 System Concept Reev~ luatlon Study 

In this phase, the concept selection lolill be reevaluated. to~ether wtrh .111 
Spaceplane-rela ed items, against t he EC/ LSS Requ i r ements Sp•r el catlon , t o 
define a complete EC/LS~ . 
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4 . 7. 5. 2.1 Concept Selection Update 

The s-leeted EC/LSS concept ~ill be reevaluated against the reouirements 
specification to assure that all mission objectives can be met . Every effort 
will be made to continue to utilize existing t echnology anrl space- qualified 
hardware i.n the resulting design to minimi?.e both lead-time and total program 
costs . 

4.7.5.2.2 EC / LSS Definition 

Utilizing the concept selected above, a complete EC/LSS will be defined. 
Included in this definition will be the int egration of the new technology 
items and all ancillary equipment, including EVA and support equipment, to 
assure all interfacas are compatible within the Spaceplane during all mission 
phases. Also to be considered is the acceptability t o t he crew member and 
such factors as safety, reliability, maintainability, and commonality. 

4.7 .5.2.3 System Integration Studies 

As part of this task element, the following equipment wil i be defined in 
detail: 

EVA equipment 
Vehicle EC/LSS control and display requirements 
Flammability control and suppression hardware 
Ground and flight support ef'"lipment 

The definition will include a list of requirements, a rlescription of the 
hardware and its availability, and identifica tion of any long-lead-time items. 

A study will also be conducted to show t hat the new technology items defined 
under the Program Schedule paragraph above will properly integrate with the 
EC/LSS defined by t his program. 

4. 7. 5. 3 System Design 

Unde r this task, the EC/LSS and the couch wtll be desi gned, detsil drawings 
prepared as required, and a Preliminary Design Review (PDR ) and a Critical 
Design Review (CDR) held. 

4.7 .5.3.1 Preliminary Design 

The design phase effort is initiated in this task element. The o bjective is 
selection of an optimum design configur3tion, including system level perform
ance, safety, weight, volume reliability, malntain.ibility, and consider ation 
of interface and requirements uti lizing design layout s, packaging drawings, 
e tc. Recommendations concerning flight controls and displays and gr ound-test 
instrumentation will be made. Individu~l components ~lll be identified and 
selected for all functions in the EC/LSS . Thermal and performance analyses 
required t o evaluate each components sel ection will also be made to assur e 
proper system integration at the detail level. 
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4.7 . 5.3.2 Preliminary Design Review 

A preliminary design review will be held to review all work compl eted to date 
and t o assure agreement on all elements of the design before it is initiated. 
Pe:·sonnel from the Air Force and the contractor are expected to attend t his 
review . 

4.7.5.3.3 Detail Design 

The design task element covers the generation of detailed technical definition 
for the system from the configuration concept approved in the design-setting 
phase. The primary effort is involved in preparation of the detail and assem
bly drawings for fabrication, procurement, and final assembly of all elements 
of the subsystem. The effort will also include the additional functional 1 

thermal, and structural analyses of the sys tem to assure compliance with the 
requirements of the SOW. The task will t e (minate with conduc~ of the CDR and 
incorporation of CDR comments resulting in the approval of the engineering 
drawings . 

Hamilton Standard will condu~t a materials control program to identify all 
nonmetallic materials to ensure compatibility with the envi~onment in the 
subsystem. This effort will re~ult in the generation of the Nonme t allic 
Materials List and corrosion-protection summary to be included in the Final 
Report. Although the effort is scheduled for completion by CUR, on-going 
overview will be maintained by Materials Engineering throughout the duration 
of the program. 

Intrinsic reliability is a system characteristic that Hamilt on Standard 
recognizes as being of major importanr.e . All design- phase effort will includ~ 
inputs from our Relio~ ' lity Engineering Gr oup to assure attainment of the 
maxiruum practical r~liabil ity . The major effort for this task element will be 
preparation of the Failure Mode and Effect Analysis . A preliminary analysis 
will be available at CDR . 

4.7.5.3.4 Critical Design Review 

Upon completion of the design e ffort, a Critical Design Review will be held 
with the representa t ives from the Air Force and the contractor . At this 
revie!,r , the final design will be r eviewed in detail for comments and/or 
changes. Drawings for selected long-lead items may be r"! l eased prior to this 
meeting in order to maintc itt schedules. 

4.7 . 5. 4 Hardware Fabrication a nd Test 

This task includes all effort and material qecessary to manufacture, assemble, 
and test hardware for this program. Also included is the effort to refurbish 
the hardware p~ior to delivery to the customer . 

4 . 7.5.4 .1 Hardwa1e Fabrication 

Th1 ~ fabrication phase includes all effort and materials necessary to manu
facture and assemble one complete set of h2rdware for this program. The 
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phase also includes inspection of raw materials, fabricated hardware, and the 
complete assemblies. Included is the Manufacturing Engineering and Control 
effort necessary to prepare all manufacturing documentation and to expedite 
the processing of the hardware. Because it is planned to deliver this hard
ware to the customer, all necessary contr ols and paperwork will be inspected 
and doc umented . 

4.7.5.4.2 Development Tests 

This task element includes the effort to conduct development tests to evaluate 
the effect of modifica tions on e~isting hardware and to establish the perform
ance of all items in the mission operating range. Also included is the effort 
for the special test equipment to cond uct the above tests, as well as any 
qualification and production acceptance tests. 

A master test plan defining the complete test program wi ll be prepared under 
this task element . It will be submitted to the contrAc tor fo r comment and 
approval at least 90 days before testing is to begin. 

4.7.5.4.3 Qualification Tests 

Within this task element, ver i fi cation of the qualifica ti on test requirements 
will be accompli shed, either by actual testing or by documentation that shows 
that existing or modified flight hardware i s capable of meeting the r equi re
ments defined in the master test plan. 

4 . 7.5.4.4 Refurbishment and Delivery 

This task element covers the effort necessary to inspect the unit thoroughly 
after completion of the subsystem testing, to perfo rm any required refurbish
ment and to prepare the unit for shipment. Because there a r e no limited-life 
items Ln the subsystem, this effort is expected to be mi nimal . Acceptance 
tests will be conduc ted on all items prior to delivery. 

4.7.5.4.5 Qualification Test Report 

Upon completion of the qualification testi~g. a qualification test r eport , 
fully documenting all test data a nd conditions , wi ll be prepared. TI1e ~eport 

will include photographs of the test setups and hardware. 

4.7.5.5 System Test 

An unmanned system test will be set up and conducted to demonstr~te that all 
items within the EC / LSS i ntegrate anci function properly and that the desired 
system performance is obtained under various performance operatln~ ranges. 

4.7. 5. 5.1 System Test Plan 

A test plan will be prepared defining the test setup , 
parameters, and the required data. This plan ~i ll be 
tor for his approval at least 120 days before testtn~ 

4-128 

operating condttlons and 
submitted co thP contrac 
be~ins. 

. .. 
•. 

... 

• 

·-
' 

• 



:. 

• 
-· 
. 
I 

( 

.• 

I 

l 

·. 

APPENDIX A 
EC/LSS PERFORMANCE, DESIGN, DEVELOPMENT 

AND 
VERIFICATION REQUIREMENTS 
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MIL-C-6021 G 
9 September 1967 

MIL-H-6088 E 
9 June 1972 

MIL-H-6875 F 
17 January 1972 

MIL-F-7190 A 
18 September 1958 

MIL-B-7883 B 
20 February 1965 

MIL-A-21180 C (1) 
26 February 1965 

MIL-A-22771 C (1) 
25 August 1969 

MIL-1-26860 B 
17 May 1972 

MJL-H-83282 A 
?.2 February 1974 

MIL-L-23699 B 
1 October 1969 

M!L-H-81200 A (1) 
24 Mili"Ch 1969 

HIL-P-257328 
11 January 1967 

HIL-F-83142A 
1 December 1969 

NASA 

SP-:l-0022 A 
9 September 1974 

HSFC-SPEC-250 {1) 
February 1964 

Casting, C)assification and 
Inspection of 

Heat Treatn1ent of A luminlJ11 Alloys 

iieat Treatment of Steels (process for 
Aircraft Practice) 

Forgings, Steel for Aircraft and 
Special Ordinance Aplications 

Brazing of Steel, Copper Alloys, Nickel 
1\lloys, :; luminum and Alt.JIIinum Alloys 

Aluminum Alloy Casting, High Stren9th 

Aluminum Alloy Fo~gings, Heat Treated 

Indicator, Humidity, Plug, Color Change 

Hydraulic Fluid. Fire Resistant 
Synthetic Hydrocarbon Base, Aircraft 

Lubricating Oil, Aircraft Turbine 
Engines, Synthetic Base 

Heat Tre~tment of Titanium and 
Titanium Alloys 

Packing, Preformed, Petroleum Hydraulic 
Fluid Resistant, 275F 

Forgings, Titanium Alloy, for Aircraft 
and Aerospace Applications · 

Vacuum Stability Requirements of Polymeric 
Materials for Spacecraft Application 

Prot~ct1ve Finishes for Space Veh lcle 
Stru~tures and AssJciated Flight Equipment, 
Get.eral Specification for 
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MSFC Owg. 10M331078 
a August 1975 

NH8 8060.1 
F£:bruary 1974 

MSFC-SPEC-469 
February 1968 

SC-D-0001 

SC-M-0003 

SD-W-0020 

SE-R-0006A· 

Standar"s 

FedeY'a1 ---
FED-STD-1018 (2) 
a October 1971 

FED-STD-2098 
24 Apr11 1973 

Mil ftary 

MIL-ST0-129F 
30 March 1973 

MIL-STD-143 8 
12 November 1960 

MIL-STD-454C 
1 December 1971 

Design Guidelines for Controlling Stress 
Corrosion Cracking 

Flammabili ty, Odor, and Offgassing 
Raquirements and Test Procedures for 
Materials in Environments that Support 
Combustion 

Titanium and Titanium Alloy, Heat 
Treatment of 

Metal Foil Decals, Manned Spacecraft 
and Related Flight Crew Equipment, 
Specification for 

Markings. Labeling and Color, Manned 
Spacecraft and Related Flight Crew 
Equipment, Functional Design 
Requirements for 

Water Quality 

General Specification for Materials 
and Processes 

Preservation, Packaging, and Packing 
Materials, Test Procedures 

Clean Room and Work Station Requirements 
Controlled Environment 

Marking for Shipment and Stotage 

Standards and Specification, Order of 
Precedence for the Selection of 

Standards, General Requirements for 
Electronic Equipment (Requirement 
Numbers 4 and 11 only) 
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MIL-STD-130 

MIL-STD-280 A 
7 .luly 196.9 

MIL-STD-794 D (1) 
25 May 1973 

MIL-STD-810 8 (4) 
21 September 1970 

MIL-STD-12·16 A 

MIL-STD-1247 B 
20 December 1968 

MIL-STD-1472 A 
15 May 1970 

Handbooks 

Military 

MIL-HDBD-58 (4) 
1 September 1971 

NASA 

NHB 6000.1 (1A) 
December, 1969 

TMX-64589 
10 May 1971 

~ -,. -

Identification and Markin~ of 
U.S. ~ilitary Property 

Definitions of Item Levels, Item 
Interchangeability, Models and 
Related Terms 

Parts and Equipments, Procurement 
for Packaging and Packing for 

Environment Test Methods 

Product Cleanl iness Levels and 
Contamination Control Program 

Marketing and Functions and Hazard 
Designations for Hose, Pipe and 
Tube Lines for Aircraft, Missile, 
and Space Systems 

Human Engin~~ring Design Criteria 
Military Syst ems, Equipment, and 
Facilities 

Strength of Metal Aircraft Elements 

Requirements for Packaging~ Handling 
and Transport3t1on for Aeronautical 
and Space Syst~ns Equipment and 
Associated Components 

Terrestial Environment {Climatic) 
Criteria Guidelines for use in Space 
Vehicle Development, 1971 Revision 
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CHARACTERISTICS 

Performance 

Spaceplane EC/LSS equipment will provide seleeted crew functions in 
life support. Operation will include service during all orbital 
mission phases. Nominally, this shall include support of a crew of 
one for a maximum duration of 24 hours. 

Oxygen Partial Pressure 

The oxygen partial pressure shall be maintained at 8! 0.25 psia. 

Carbon &ioxide Partial Pressure 

Carbon dioxide partial pre~sure will be maintained at or below 
3.0 mm Hg during nominal operations. 

Trace Contaminants 

a. Normal atmosphere leakage shall not be considered as a method 
of controlling the level of airborne trace contaminants. 

b. Expected airborne trace contaminants, initial and nominal 
production rates and their maximum allowable concentrations 
during nominal operational levels are (TBO). 

c. T~e MAC (maximum allowable concentration) of total organics, 
exclusive of fluorocarbons, 1s 100 ppm n-pentane equivalents. 

d. The MAC of total fluorocarbons is 100 ppm. 

Airborne Particles Contaminant Control 

The F.C/LSS shal l adhere to airborne particle control requirements 
-1s follows: 

Airborne particle filtering 

Drinking Water 

(TBO) micron nominal 

Drinking water shall meet the requirements of the water quality 
Specification: NAS-MSCFC specification SD-W-0020. 

Life Requirements 

The equipment shall be des igned to provide for (TBO) years the most 
cost effective life capability, considering minimum maintenance 
and/or refurbishment, as well as state-of-the-art hardware design. 
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Operating Life 

The equipment shall be capable of performing all operations specified 
herein for a minimum of 30 days under mission or standby conditions. 

Useful Life/Shelf Life 

As a design objective, the equipment shall have a useful life of 
(TBD) years when exposed to space environments with a minimum of 
pre~~ntive maintenance, servicing, repair, and parts replacement. 
In those cases where age-sensitive materials cannot be avoided, 
scheduled maintenance shall be permitted. 

Limited Life Items 

Limited life items (i.e., items whose expected life is less than 
the specified minimum operating life of the equipment of which the 
part is a member) shall not be incorporated in the design unless 
justified to and approved by the prime contractor. When used, 
limited life items shall be controlled from date of manufacture 
through delivery to the prime contractor. A list of limited life 
items used in the design shall be established. The list shall 
include: 

a. Item name 
b. Item number 
c. Life limits 
d. Operating parameter limit 
e. Refurbishment limit 
f. Handling and storage requirements 
g. Special requirements not c~vered above 

A record of accrued calendar time and operating time on limi ted 
life items by part name, part number, and serial number shall 
accompany the delivEry of the hardware in which the limited l ife 
items are included. 

Rel hbil1ty 

The equipment shall be fa11-operatfonal/fail-safe as a minimum. 
Fail-operational/fail-safe is the ability of each subsystem to 
sustain a double known failure and not induce a failure 1n anot her 
subsystem, or compromise crew safety. Additional tolerance to 
failures utilizing further redundancy shall be considered when 
sufficient rationale warrants. 
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Fail-Safe Provisions 

The following prov1sions shall bP incorporated to prevent failure 
propagation of those failure modes identified as critical in the 
fa1lure modes and effects analys1s. 

a. Failure modes which could induce a failure in another subsystem 
shall have single backup provisions. 

b. Fa1~ure modes which could coo•promise crew safety shall have 
dual backup provisions. 

c. Backup provisions shall include redundancy and/or automatic 
sensing and shutdown equipment. No crew action shall be 
required to place the subsystem in a safe configuration 
subsequent to a failure. 

d. Should 'on-line' redundancy be employed, means of identifying 
a failure in the primary equipment shall be incorporated. 

e . Instrumentation and components used for subsystem operational 
control shall not be used for failure detection and shutdown. 
The shutdown equipment shall be independent of the subsystem 
contro 1 equipment and powered by a separate emergency power 
source. 

f. It shall b~ t~e responsibility of each subsystem to monitor 
its critical interfaces and to initiJ~e shutdown should a 
loss of that interface result in a failure propagation. 

g. Safety critical shutdowns st.~11 have manual override provisions. 

h. Each redundant or shutdown circuit shall be capable of verification 
as part of t he ground checkout procedures . 

i. Valve position 1ndicators {visual or electri,al) should be 
considered to verify operation during checkout sequences. 

j. 

k. 

A warning signal will be provided during periods when shutdown 
features are inhibited as part of the startup sequence. 

Manual startup and shutdown sequences sha11 be fail safe. At 
least two procedural operations shall be required for initiation 
of safety-critical functions. A hazard shall not result from 
any single procedural error. 
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Instrllllefltation 

The instrument.at ion reqlii rements are delineated below: 

a. Instrumentation shall be l ~mited to that necessary for normal 
operation, system leve 1 perforniance tast moni toring, and sub
system level fault detection. 

b. Process control and emergency shutdown shall be performed at 
the subsystem level by the central computer. 

c. Local limit checking shall be performed on safet y critical 
instrumentation and warning signals shall be iss~ed when 
emergency life support parameters a~e exceeded. 

d. When the time from fa i lure to critical effect is suff ic ient 
to permit crew action, lower anticipatory l imi ts shall be 
established and early warning ~ignals shal~ be provided at 
pre-selected intervals prior to automatic shutdown. 

Maintainabi lity 

The crewr.~an will perform mi !".imal inflight maintenance and repair 
to sust ain the integrated Envit·onmental Control and Life Support 
Subsystem oper<.ttior1 throughout the mission. 

Scheduled Maintenance 

Scheduled maintenance shall be limited to disposi~ion of di sposables, 
replenishment of consumables ~ cockpit cleaning, coolant loop and 
elP.ctronic~ checkout, and oxygen, water, ammonia, LiOH canisters 
and food and drinking water and coolant loop recharging. 

In th! event equipment design cann~t avoid preventive maintenance 
req~irements, all prevent ive maintenance tasks shall be ident ified 
(1.e., ren1oval and replacement of filters, removal and replacement 
of rotating components). 

Unscheduled Maintenance 

Installation of subsystems equipment shall be designed so that 
corrective maintenance can be accomplished during vehicle turnaround 
by replacement of flight replaceable units (FRU). A flight repi aceable 
unit is a combination of components, units, parts, assemblies, 
subassembl'ies, etc., that are contained in one package or are so 
arranged that t ogether the combination is common to one mounti ng. 
and provides a co.nplete function to the larger entity withi n which 
i t operates. 
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Special Tools 

The equipment shall be designed to preclude, to the maximum extent 
possible the use of special tools and equipment for maintenance 
and repairs. 

Spe ~ial tools, if required, shall be provisioned as GSE or FSE and 
~hall be designed to withstand t he intended use throughout the 
life of the equipment. 

Temperature Sensors 

Tamperature sensor installation in liquid line ports shall be designed 
in a manner to permit removal and replacement with no fluid leakage . 

Servicing 

Servicing and sampling provisions for fluid systems shall be pro
vided and shall be accfssible without requiring removal of access 
~ 1 ltes or covers except service caps. 

Th~ equipment shall not require r.onstant/periodic circulating during 
p~1ered down situations, and shall be designed to permit flushing 
ana drying to accommodate cleaning of the vehicle. 

The equipment shall be designed so as to minimize the need for on
line support equipment. 

No on-vehicle adjustments or calibration shall be permitted except 
as identified in detail specifications. Calibration controls, 
when required, shall be accessible and clearly marked for major 
functions. 

Servicing and test points shall be accessible and clearly marked. 

Attachment fittings for components routinely removed shall b~ 
operable without hand tools. 

QUALITY ASSURANCE PROVISIONS 

Subcontractor's Quality Program 

Equipment furnished in compliance with this specification shall be 
produced under the controls established in the contractor's Quality 
Program Plan. This plan shall be prepared and submitted for 
approval in accordance with the quality requirements specified in 
the Contract. 
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Verification 

All hardware furnished in accordance with this specif ication shall 
be verified that each specific des1gn requirement delineated in 
Sections 3 and 5 of this document has been satisfied. 

Verif1ction may be accomplished by means of test, analys i s, 
or assessment techniques or combinations of all three. Selection 
of the method of verifi : -tion shall be based on hardware class 
(i.e., new e~i sting as-is or existinQ modified) as well as the 
results of an in-depth hardware evaluation. This evaluation 
shall invest~gate all ava1lable material related to the testing 
of usage of the equipment (i .e., history, prior use, previous 
test results, etc.) and compare it to specific equipment 
requirements. 

A. Verification By Analysis 

This method shall use existing analysis or may include 
additiona) analysis and design techniques to support the 
verification. When this method is se1ected, it shall be 
incumbent upon the contractor to provide substantiation 
of the method, including documented evidence. Analysis 
methods include: 

1. 

2. 

Similarity 

Comparison of configurat1on, design and environmental 
capability based on prior test results, with ~imilar 
r!quirements. 

Design Correlation 

Engineering analyses, data extrapolation or computer 
modeling methods, to show that the design is compatible 
with a nonsimulatable flight condi tion • 

3. Data Extrapolation 

Yhe use of analysis to extrapolate test data to the 
011 time ~pectrum of flight conditions, where it fs 
not economically feasible to test. 

B. Verification By Assessment 

Th is method appl ies to h~rdware acceptance and checkout. 
Assessment methods include: 
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1. Inspection 

Verification of construction features, drawing 
compliance, and physical condition of the end item. 

2. Design Review 

Verification of hardware requirements during formal 
review. 

C. Verification By Test 

1. If cert1fic~tion by test is chosen, it shall include 
tests as dictated by the hardware class, suitabil ity 
evaluation and Spaceplane requirements, and shall 
comply with the applicable paragraph of this specif•cation. 

2. As a general guideline off-l imit testing will not be 
conducted. However, off-limit testing wi ll be 
considered: 

a. When design margins are relatively small with 
respect to off-n~minal abort conditions . 

b. When uncertainty exists in the definition of 
the design criteria. 

c. When ~1ngle point failure modes exist. 

d. .~hen failure mode analysis indicated that a 
credible probab i l i ty of associated hardware 
failures wi ll creat~ ~n off-limit cond i tion. 

Testing of this nature must. have considered preservation 
of at least one specimen or certification hardware 
for later testing. 

3. Acceptance tests, procedures, equipment and test 
levels shall be proven and verified d~ring development 
testing. 

4. Where new materials or existing materials under new 
conditions are to be used, adequate test i n~ shall be 
performed to statistically identify material property 
values . 

5. Application of non-destructive evaluation techniques 
shall be proven and verified during the de~elopment 
test program. 
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6. Certifi cat ion shall be structured to verify the full 
range of the design requirements under miss ion 
environments. 

7. All test specimens shall be p~ocessed through specified 
acceptance testing prior to subsequent test. 

8. Where redundancy in design exists, each redundancy 
shall be veri fied through normal output sources 
designed for that purpose. 

9. Wherever practical and technically sound, accelerated 
life test techniques shall be utilized. 

10. Testing shall be conducted at the most effective 
level of assembly. 

Test Responsibi l ity and Location 

The EC/LSS subcontractor shali be responsible for implementing 
the quality assurance requirements specified herein at the CEI 
level and higher. For lower level s of component identity, the 
EC/LSS subco.1tractor may implement the process or assign share 
elements with lower level suppli .. ; s. Each component 

·specification shall del ineate t~~ assignment of responsi bilities. 
Except as otherwise noted, EC/LSS subcontractor facilities or 
any conmercia 1 laboratory approved by the subcontractor ma~/ be 
used for the conduct of tests . 

Classification of Tests 

Items covered by this specifiction shal l be subjected, as required, 
to the following tests as defined by detail specifications to 
determine compliance with all specified reQuirements: . 

a. Development Tests 

1. Design feasibility (Breadboard) 
2. Design evaluation 
3. Individual Requirements 
4. Structural 
5. Electro.nagnetic compati bility 
6. Maintainability demonstration 
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b. Acceptance 

1. Individual tests 

a. Examination of product 
b. Base point tests 
c. Operational 
d. Fixed duration burn-in/run-in 

Development Tests 

Development enco~asses engineering evaluations of manufacturing 
processes and techn iques for the proposed hardware, software, 
manufacturing processes, and techniques for the purpose of acquiring 
engineering data; identifying sensitive parameters; evaluating the 
development configuration; providing the necessary confidence that 
the hardware will meet the specificatiion requirements; and assurance 
that the manufacturing process will produce an acceptable product. 
Development objectives shall encompass the following as a minimum. 

a. Design and performance capabil i ty, including redundancy. 

b. Ability to meet mission requirements with adequate design 
margin. 

c. Integration of ·each component and subsystem with other components, 
subsystems, facilities, support equipment, etc . 

d. Establishment of processes, procP.dures, equipment and test 
levels for manufacturing, ~cceptance testing, maintenance, 
checkout, and operational phases of the program. 

e. Id~"tification of significant failure mode and effects. 

f. Determination of the effect of various combi nations of tolerance 
and drfft design parameters • 

g. Determination of the effect of combinations and sequences of 
environments and varying stress levels • 

h. Identification of safety hazards, parameters, requirement s. 
Md procedures. 
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Design Feasibility 

Design Feasibility tests shall be conducted as required on selected 
material, parts and circuits both on the bench and under simulated 
critical environments to verify feasibility of design and aid in 
the selection of material and parts. This shall include fluid 
compatibility tests where applicable. A summary outline of testing 
to be accomplished shall be prepared. Tests reports shall be 
developed which summarize test results. 

Design Evaluation 

Design evaluation tests shall be performed to demonstrate atta inment 
of functional and performance design requirements. All FRU's 
embodying new components or concepts shall be subjected to this 
test. The test item shall be a full-up prototype of the end item 
fabricated to approved production type drawings. 

Test Requirements 

In general, tests and sequences to be conducted shall conform to 
the requirements of the detail specifications. Tests shall include 
the following. 

Vibration 

The vibration tests shall be performed to determine if the equipment 
i s constructed to withstand e~pected dynamic vibration stresses 
and to insure that performance degradations or malfunctions will 
not be produced by the dynamic environment during operation. 

The test item shall be in fltght and reentry modes except for 
critical electronic components wh ich should be operated to al low 
continuity checks, even if they are turned off during port ions of 
the normal flight envelope. Prior to and after the vibration 
test, the equipment shall be visually examined and functionally 
tested to check performance. 

The equipment shall be subjected to the vibrat ion environment to be 
encountered during mission phaset . 

Electromagnetic Compatibility 

Qualification tests for electromagnetic compat ibi li ty, where 
applicable shall be conducted in accordance w1th SL·E-0001 and 
SL·E-0002. 
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Maintainability Demonstration 

Hamilton Standard will specify a test to demonstrate the foll~w1ng, 
as applicable: 

a. Fluid and gas replenishment. 

b. Access capability to all Line Repl3ceable Unit (LRU) attaching 
points, fluid line connections and interconnects, and handling 
equipment attachment points and fitt ings. 

c. All diff icult, hazardous and repetitive tasks on installed 
s.ection. 

d. Trouble shooti ng p~~cedures. 

~cceptance Tests 

Acceptance tests shall be perfo~T.ed to verify that all equipment 
supplied meets the performance re~uirements of Section 3 in all 
respects; including construction, workmanship, and quality. 
Acceptance o~ approval of material du~ing the course of manufacture 
shall not be construed as a guarantee of its ~cceptance in the 
fin ished product . Evidence of non-compliance with the above 
include the following elements, as applicable, for each Contract End 
Item (CEI). The CEI specification will delineate the spec ific require
ments which are applicable in eac~ case. Abridged component acceptant e 
tests, based on the same element definition, shall be considered and 
applied as required to preclude assembly of a complete package CEl 
with dP.fective or marginal components. 

General Requirements 

Test Duration 

The total time for acceptance testing shall be recorded. 

Inspection After Test 

Upon completion of the acceptance test, the unit shall be subjected 
to a visual inspection. If any part is found to be defective, an 
approved part shall be supplied to replace it and a suitable 
penalty test may be conducted. 

Description of Acceptance Tests 

The acceptance tests described belo~ shall be conducted on the 
equipment as specified in the detail specifications. 
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Examination of Product 

All equipment shall be examined carefully during appropriate 
stages of manufacture and after final assembly to determine that 
the materi~l, workmanship and mass properties requirements have 
been met and that all internal comoonents and subassembl ies are 
proplrly coded, loca~j and affixed and that all external devices 
such as flanges, mounting provisions and connector ~~cations are 
correct as specifiP.d herein and in the applicable drawi ny. Appropriate 
records :hall be reviewed after assembly to assure completene~s of 
product examination. 

We ight 

The dry test art icle shall be weighed and ~ ts weight shall not 
exr~ed that speci fied in the applicable detail specificat~ on. 

Burn-in/Run-in Tests 

Each specified subsystem shall be subject to a burn-in/rut -in test 
to reduce latent defects . The optimum time/cycle limit to be 
imposed on each type of hardware to effectively expose workmanship 
and component defects or to pro·-ti de the necessary wear-in period 
to assure proper seating or conditioning is TBD. 

Base Point Tests 

Base point tests shall be usee as baseline test to establish 
f rJnctional parameters which can be used for comparison purposes to 
detect degradation in equipment cperation or equipment leakage as 
a result of Burn-in/Run-in Tests. Base point tests shall consist 
of the fcllowir.g, as appropr iate: 

a. Performance 
b. Leakage 
c. Calibration 
d. Handle torque 
e. Other non-destructive tests as described in the detail 

specifications • 

Performance Tests 

Performance tests shall demonstrate that the unit under test is 
capable of operating within specified design performance requirements 
of the appl icable detail specification. The per formance test 
shall ensure that the unit under test is functionally monitored 
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f~i l time for possible dis,ontinuity and intermittent conditions. 
Performance tests shall be conducted before, during and after each 
te~t or sequence of tests as appropriat~. 

The test shall demonstrate that the unit is operating within 
specified tolerances throughout its operational range. The test 
shall consist of, as a m1nimu, an abridged mission profile in 
which all components are exercised including redundant mode opPration. 

leokage Tests 

Leakage tests shall be made on assemblies and applicable components 

.. 

of those assemblies to the requirements specified in detail spec1fictions. 
Leakage tests shall be performed utilizing helium or nitrogen 
unless otherwise specified in the de~a i l specifications. 

Calibration Tests 

The equipment shal l be operated to establish full compliance with 
the detailP.d performance requirements of Sec~ion 3. Calibration, 
if requireu . shall be conducted and set points recorded and become 
part of the data package for each unit. 

Valve Torques 

Valve operational torque tests shall be conducted on all manual 
valves. Loads shall be applied in all operating directions and 
shall not exceed 10 in-lb torque. 

Random Vibration 

The objective of the acceptance vibration te~ting is to locate 
latent material and workmanship defects in equipment of proven 
design before they are integrated into the Spaceplane. 

Prior to and after the vibration test, the equipment shall be 
visually examined and functionally tested to verify performance 
integrity. 

The test item shall be subjected to t~e random vibration level 
(TBO) along each of three mutually perpendicul ar axes. 

The vibration test duration shall not be less than 30 seconds or 
greater than 5 minutes per axis. Should reruns be required in any 
axis, the total accumulative vibration test time in that axis 
shall not exceed five minutes. The package shall be tested on the 
same fixture \Jsed for the vibration development tests. Functional 
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tests shall be conducted on all items before and after acceptance 
environmental tests. Functional verification during the vibrati on 
tests shall be made for those outputs ~ignificant to the mode of 
flight be ing simulated. All electrical circu ~ ts shall be monitored 
for continuity during the vibration test to c;leck for intermittents 
and opens . 

Proof Pressure Test 

Each specified CEI shall be subject to a proof pressure test. 
Testing shall not acc~.~nulate in excess of a maximi.ITI nltmber of 
proof pressure cycles, as noted in the detail specif ication. 
pressure and tank temperature vs. time shall be recorded (from 
strip chart of equivalent) at all pressure 1evels above 15 psig. 
Evidence of permanent set or deformation, excessive ieakage, or 
degradation of performance shall be cause for rejection. 

Dielectric Strer . .9lh 

Dielectric strtrgth tests shall be conducted in accordance with 
SL- E-0002 when r equir ed b y t he d eta i l spec i fica t ion . 

Insulation Resistance 

Insulation resistance shall be conducted in accordance with SL-E• 
0002 when required by the detail specifications. 

Special Tests 

Special tests shall be conducted, as required, for the purpose of 
checking the effect of any design or material change on the performance 
of the equipmen1: and to assure adequate quality cont rol. The 
items selected for special tests as part of development and/or 
acceptance tests are identified in the applicable detail specificat ions. 

Special Test Descriptions 

Performance Maps 

£,ur1:'lg development, performance testing shall be conducted to 
generate performance maps for both normal and selected off-design 
conditions . The tests, in general, s~all consist of the following: 
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a. ~ 

Determine variation in fan performance with flow inlet temperature, 
1nput voltages, and system pressure drop. Determine resulting 
variations in flow, fan speed and input current. Transients for 
nominal start up conditions shall be determined. 

b. Cold Plates and Evaporator 

Determine variations in performance with change 1n flow, change 
in fluid operating temperatures and, where applicable, change 
tn operating pressures. 

Stability/Response 

Development tests shall demonstrate that check valves, relief 
valves, regulators and systems do not exhibit signs of instability 
at design range flow rates. Tests shall also be conducted to 
demonstrate that pressure regulators shall control pressure within 
specified limits while reference pressure varies at expected 
rates. 

Noise Tests 

Noise generating components shall be subjected to noise level 
tests as installed in their final FRU level of assembly and interfacing 
with actual or duplicated inlet and outlet plumbing or ducting, as 
applicable. Sound test set-up shall include controllable system 
resistance and 'frequency range measurement fr0111 40 to 10,000 Hz. 
Where feasible, Spaceplane equipment orientation and equipment 
installation shall be simulated. Noise level of equfpment shall 
not exceed that specified in Section 3 of the applicable Detail 
Specification. 

Negative Proof Pressure 

Negative proof pressure tests shall be conducted on all items 
which are subjected to external fluid or g1s pressure dur ing 
ground servicing tnd/or flfght operation. Negative proof pressure 
shall be imposed on the it~ and held for It least 2 minutes. 
Evidence of permanent set or deformation, excessive leakage or 
degradation of performance shall be cause for reject ion. 

Drainage 

With the test tt~ 1n the normal ltunch and landing att i tudes the 
fluid syst..s shall be completely filled with the working fluid 
then drained to the m.x1m~ extent possible. The flufds remaining 

• 

• 

-• 

• 

. ... 

shall be determined. --• 
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Fluid Compat ibility 

Tests of the effects on the test unft of the chemical actions of 
fluids specified to be used shall be determined and proposed for 
the following: 

a. Aging with fl ,aids 
b. Drying in air 
c. Contact with vapors and MOSt detrim ~•1 combinations thereof 

-• 

• 

Test conditions shall simulate those encountered in actual applications. • 
Qualifying criteria shall be specified in the detail specificat ion. 

Overspeed Tests 

The test ftem shall be operated at a susta1ned overspeed cono1 tion 
to determine if performance degradation will occur. Test to be 
conducted with nominal design inlet temperatures and nominal 
system delta pressure (pre-set prior to initiation of overspeed 
condition). The overspeed condition will be initiated by adjusting 
input voltage from nominal condition to nominal condi t ion plus 
20S. 

General Conditions For Tests 

· These rules shall be in accordance with MIL-STD-810 and the fo l lowing 
general test conditions. In the event of 1 confl ict. th is specfffcatfon 
shall have precedence. These cond i t ions shall apply to qualfficat jon 
and acceptance tests. 

Standard Conditions and Tolerances 

Standard Conditions for Test Area 

Standard ambient conditions for the test area shall be as indicated 
below. unless otherwise spec ified. 

Tf111Perature: 
Relat ive Humidity: 
Barometric Pressure: 

Cleanliness Conditions: 

71.5 + 9F 
701 or less 
13.4 !_ 1.6 psi 

The test area shall be visibly clean. f.e. v1s1bly free of phys ical 
contaMinants such as corrosion products ... ta l or non-metal chfp 
and shavings. oil or grease etc. The test item shall be cleaned 
before ft reenters a class 100.000 cleanroom. FEO-ST0-2098. 
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Measurements and Tolerances 

All instrumentation used in these tests shall be in current calibration 
and shall bear appropriate documentation to this effect from an 
approved calibration laboratory. 

The maximum allowable tolerances for test conditions and physical 
properties shali be as follows, unless otherwise specified by the 
applicable test sect1on in the particular test specifications. The 
values are exclusive of instrument accuracy. 

a. Mass 

b. Center of Gravity 

c. Temperature 

d. Acoustic noise 
OAL 
1/3 Octave Bands 

e. Humidity 

f . Stnusoidal Vibration 
Amplitude 

g. 

h. 

i. 

Sweep Speed 

Random Vibration 
(overal~ RMS level) 

Random Vibration 
(PSO) 

R~ndom Vibration 
Test Time 

j. Displacement 

k. Vibration Frequenr.y 

Freguency Rang~ 

10 to 100 Hz 
100 to 500 Hz 
500 to 2,000 Hz 

,!().3% 

+1% on assemblies 
!5% on components 

-sa to 212 (+ 3.6F) 
212 to 698 (+ 7F) 
-58 to -328 T~ 7F) 

+ 1 dB 
! 3 dB 

0 - 5% R.H. 

+10% 
+s% 
+10% 

+3 dB 

0 to +10% 

+10% 

4-A-22 

Maximum Effective Bandwidth 

6 Hz 
12 Hz 
24 Hz 

, 
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... 

1. Acceleration !,5% 

m. Pressure !,10% 

n. Force + TBD 

o. Power _!5% 

p. Flow rates +5% 

NOTE: 

OAL Overall Level 
Rr~s Root mean Square 
dB decibel 
PSD Power Spectral Density 

Accuracy of Test Apparatus 

The accuracy of instruments and test equipment used to control or 
measurethe test parameters shall be less than one-third the 
tolerance for the var!able to be measured that is specified in 
this specification or equivalent to the "state-of-the-art" for 
measurements that cannot be made within one-third of t he tolerance 
band. 

Vjbrat1on Testing 

The vibration control accelerometer signal and any response accelerometer 
signals shall be recorded (and identified by voice annota~ion) on 
magnetic tape for all acceptance and qualification vibration 
tests. The tape recorder shall record these signals whenever 
power is aoplied to the shaker system. System calibration information 
(g's/volt, etc.) sufficient to allow analysis of tt.e vibration 
signals subsequent to the test, shall also be recorded on the 
magnetic tape and any other applicable documentation. The magnetic 
tapes shall be maintained as part of the permanent vibration test 
records. The vibration control accelerometer(s) shall be located 
to ensure that. the specified vibration is being app1_1ed to the 
test specimen. 

For random vibration testing, a dynamically simi lar dummy shall be 
used in place of the test specimen, when possible, for pre-test 
equalization(s). The final equalization prior to the test shall 
be accomplished using the test specimen and shall be conducted at 
the full specified random vibration level. The time expended 
during the final equalizat ion shall be counted as part of the 
required test time for the random vibration test. The final 
equalization shall be verified by a narrow band analysis prior to 
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1nitfat1on of the test, using effective bandwidths not exceeding 
those specified 1n paragraph 4.1.1.2. A narrow band spectral 
analysis shall be performe~ on the input control accelerometer 
signal once per hour during the test (analys ~s may be actually 
performed subsequen ·. to test run) to demonstrate that the test 
specimen has beer. subjected to the specified random srectrum. All 
random spe ·tral analyses shall be performed ~s X-Y log-log plots 
of acc~leration spectral analyses density (g2/Hz) versus frequency 
(Hz). The major components shall be exposed to the requirements 
of the deteil specification in each of three orthorgonal axes for 
t ime periods specified in the detail specification. 

PREPARATION FOR DELIVERY 

General Requirements 

Preservation, packaging, and packing of all equipment and materials 
shall be in accordance with the requirements of MIL-STD-1246A as 
required by the detail drawing/specification. Packing/packaging 
shall be such as to protect against corrosio~, deterioration in 
transit and/or immediate storage. For vendor items delivered to 
Hamilton Standard, any special requirements of the purchase order 
shall also apply. 

Contract End Item 

The following detailed requirements shall govern the preparation for 
shipment and the transport of all Spaceplane End Items to government 
facilities and test sites. The ~thods of preservation, packaging 
and packing utilized shall adequately protect the equipment against 
the transportation, handling, and storage environmen~s . 

Packaging, handling and transportation shall be in accordance with 
Level B of MIL-ST0-794. 

Packaging of Precision Clean Items 

Items cleaned tn the level specified in Section 3 shall be proter.ted 
in accordance with MIL-ST0-1246A to assure maint~nance of the 
prescribed cleani iness level . 

Temporary Closure Identification 

All temporary closure devices shall be of a high visibility color 
(e.g . , cerise) and require streamers, if necessary, to ensure that 
installed plugs and covers are easily identified under casual 
observation . 
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Packaging Data 

Drawings, Specifications, plans, or other data defining methods of 
packaging, handling, or transportation shall be supplied only as 
required by Data Subm ittal requirements of the Conttact/Purchase • • 
Order. 

Marking for Shipment 

Interior and exterior containers for CEI's shall be marked and .... 

labeled in accordance with MIL-STD-129 including precautionary • -·· marking necessary to ensure safety of personnel and facilities and 
to ensure safe handling, transport, and storage. For hazardous 
materials, markings shall also comply with applicable requi rements 
governing packaging and labeling of hazardous materials. Packaging 

I 
with reuse capability shall be identified with the words "REUSABLE • • CONTAINER- DO NOT DESTROY -RETAIN FOR REUSE• . Identification 
information on interior and exterior containeri shall be in the 
following format ar.d shall include: 

BUYER PART NUMBER . • • • 
ITEM NAME 

MANUFACTURER'S TYPE OR PART NUMBER .· . 
TRACEABILITY IDENTIFICATION 

I AGE CONTROL MARKING 

CLEANING MARKING THIS PART HAS BEEN CLEANED TO LEVEL 
. 

! SERIAL Nll'1BER t ... . 

MANUFACTURER 
. . . . ... . . . 

BUYER PURCHASE ORDER NUMBER - . 
DATE OF PACKAGING ·~·· 
~EVELS OF PACKAGING AND PACKING 

MANUFACTURER'S PACKAGE PART NUMBER 
(NOT REQUIRED FOR OFF-THE-SHELF CONTAINERS) . -

p •• 

, -· 
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APPENDI X B 

EC/LSS COMPUTER ~lODEL 
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EC/LSS COMPUTER MODEL 

The following charts summarize the thermal EC/LSS computer modei construc ted 
for Spacephne des ign studies. The charts indicate computer mode l logic, uses , 
required input and output. 

~E .. P'O"M T"ADE·OP'P'S OP' SYSTEM CONP'IGU .. ATIONS: 

• SELECTION OP' O~TIMUM IEOUI~MENT 

• STIEADY•STATIE SYSTIEM ~IEfii'O"MANCE 

• WIEIOHT, YOLUMIE ~"IEDICTIONS 

COMPUTER MODEL 

4-B-2 
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USI:O TO C:OMPAJtC VARIATIONS IN 

• COMPONI:NT SCL.CCTION ANO AJt ltANGII:MCNT 

• HEAT L.OAOI 

• TCMPI:JtATUJtC L.IMITI 

• COOL.ANT I'L.UIOS 

• SUIT OJt COCKPIT PJti:ISUJtll 

• SUIT OJt COCKPIT ATMOSPHII:Jtll COMPOSITION 

• POWI:It PCNAL.TY 

• MISSION L.IINGTH 

OPTIMIZATION 
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INI"UT 

• .A81:LINI: 8Y8TI:M SCHEMATIC 

• DUIGN POINT HI:AT LOAD8 

• 81:LI:CTI:D TI:MI"I:ItATUitU AND l"lti:QUitU 

• MINIMUM AND MAXIMUM TI:MI"I:ItATUitU AND HUMIDITII:8 

• MINIMUM ALLOWA.LI: P'LOW ltAT1:8 

• POWI:It I"CNALTY 

• MISSIO~ LIENGTH 

OPTIMIZATION 
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OPTIMIZATION LOGIC SEQUENCE .· 
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r OUTPUT 

• COM..ONI:NT 'llfii:IQHT, POWEJI, VOLUMI: 

if • COM..ONENT OUIGN POINT PEJIP'OJIM4Nt_:E 
PAJIAMETEJIS (LQ., UA) • • •• 

• SYaTEM VOLUME AND EC::UIVALENT WI:IGHT 

• SYSTEM OPTIMIZED I'LOW JIATU ·. 
• SYSTEM PJIEUUJIE DJIOPS 

• HEAT SINK OUTLET TEMPEJIATUJIE . ... 

r OPTIMIZATION 

·~ ·• 
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• • 
~ . .JUIIU,.INE SYSTEM SCH~MATIC ANO P"LUIOS 

• COOLANT P"LOW !tATE ,, 
• •• • HEAT LOADS 

• OltSIItED CONTitOL TEM~EitATUitE 

• HEAT EXCHANGEit SIZES 

• P"AN AND "UM" ~WEltS 

• MISSION LENGTH 

i ~ • ., 
• USES ~AIN LINE ~ltOGitAM ANO COM~ONENT 

SU.ItOUTINES SIMILAit TO O"TIMIZATION ~ltOGitAM 

O UT .. UT 

• SYSTEM TEM .. EitATUitES ANO HUMIDITY • ~,~ I 
• ltX .. ENDA.LE CONSUM~TION 

-. 
.· • . I 

STEADY·STATE SYSTEM PERFORMANCE ........ . ·. I , ,.. 
::.• l . 
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EC/LSS COMPONENT PICTURES 
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CHECK VALVE AND VENT FLOW SENSOR 
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ITEM 122 
CARBON DIOXIDE TRANSDUCER 
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FAN/ SEPARATOR/ PUMP ASSEMBLY 
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ITEM 128 
CHECK VALVE AND HOUSING 
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ITEM t31 
PRIMARY WATER TANK •t 
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APPENDIX D 
VEHICLE INTEGRATION LAYOUT 
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APPENDIX E 
SPACEPLANE RECOVERY SYSTEM 

(General Electri c Re-Entry Systems D1v1s1on) 
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'CLASS' 
erminal Descent Control Vehicle Recovery System 

Space PlanfJ Application 

, .. 

RE-ENTRY SYSTEMS DIVISION 
31980leslrut St.~ PA 19101 

GENERAL fl ELECTRIC 
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CHIEF ENGINEER 
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~ATELLITE VEHICLE RECOVERY 

BACKGROUND 

• 21 YEARS OPERATIONAL EXPERI ENCE 
<DISCOVERER - AUG. 1960) 

t SEVERAL HUNDRED VEHICLES FLOWN -
99% SUCCESSFUL RECOVERIES <AIR RETRIEVAL> 

t 100% SUCCESS SINCE 1970 
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TERMINAL DESCENT. CONTROL VEHICLE REOOVERY SYSTEM 

GENERAL 

• RADIO CONTROLLED, RAM AIR GLIDING PARACHUTE BASED ON "PARAPOINT" 
CARGO DELIVERY SYSTEM DEVELOPE!:\ BY PARAFLITE INC. PENN~UKEN~ N.J., 

• IN SRV RECOVEhY APPLICATION IT PROVIDES: 

- CAPABILITY FOR CORRECTION OF REENTRY DISPER~ION ERRORS 

-TERMINAL OBSTACLE AVOIDANCE 

- LOW TOUCHDOWN VELOCiTY (FLAREOUT MANEUVER) 

- ~ELF SPILLING (NO TOW) FEATURE IN WATER RECOVERY 

• SMALLER AND LIGHTER THAN CONVENTIONAL CHUTE USED FOR AERIAL RECOVERY 

• OPERATING MOllE OPTIONS 

- AUTO HOMING 

- MANUAL CONTROL 

- ''PIED PIPER" MODE 

• PERFORMANCE AND RELIABILITY OF BASIC CHUTE CONCEPT DEMONST~ATED BY 
EXTENSIVE USEAGE IN SPORTS FIELD. 

' . T. .. . . . ·- •• . •r:· . • ••• :• • • . 
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TERMINAL DESCENT CONTROL VEtiiCLE RECOVERY SYSTEM 

TYPICAL PERFORMANCE DATA 

• LOW SHOCK · DAMPED OPENING DEPLOYMENT 

• 3:1 NOMINAL GLIDE RATIO 

• NO~,INAL OESCENT VELOCITY 

VFWl.. • 80 FPS 

VOOWN • 20 FPS 

• IMPACT VELOCITY (RESULTANT) 

WITH BRAKING · 10 TO ,& FPS 

WITH FLAREOUT • 6 FPS (GOAL) 

• ACCURACY 

- , - 1 

60 FT MISS DISTANCE tN 35 KNOT WIND · MANUAL CONTROL (DEMONSTRATED 
AT EDWARDS DROP TESf) 

-, - - 1 --, 

I I I . :· , ., . ' , . . . . . . ' ·, . .• r ' I . I • I • 1-. 18 ' ' ' •'?e .',•:, '• ',•', , • ~ ' ', ' .• , • .I 1 'c ' , , . • 
' I I II f I I I <'I I' I', I • • ( ' ~ l ' I I I . . . I . . . 'o I .. . 

. J • • - •• J .... • ! I I • - . 

I . • • ' · • • •• , • ' •' ,• A I . •a 
".~ .. -·- - "'·'"' ' .. ,- _,_, , _ · -- -· - .. .. . - ... .... . .. . ,.. . . .. 
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LANDING IMPACT 

• CURRENT SYSTEM - 688 rr2 RINGSAIL CHUTE 

• 240 LB PAYlOAD 

·- 24 FPS IMPACT VELOCITY 

t SEA lEVEL 

TOC VEHICLE RECOVERY • 260 rr2 GliDING CHUTE · • SYSTEM DEMO 
• 240 LB PAYLOA~ 

- i0~15 FPS RESUlTANT iMPACT ~f~JCIT~ 

- BRAKE BUT NO FLARE OUT 

t llHITED MEASURED DATA OM JUMPERS AND EARliER PARAGLIDER 

lESTHlG INDICATES CONTROllED FLAREOUT CAN REDUCE DESCENT 
'/ELOCITY FROM 40 TO 70S 

t AFTER 12 DROPS AT LAKEHURST CUMULATIVE DAMAGE WAS BUCKLING 

OF UNSUPPORTED .051 ALUM. NOSE - SUPERFICIAL ~ NO INTERNAL 
DAMAGE. 

t SINGlE DROP AT EDWf.ROS RESULTED IN SUPERFICIAL tlOSE SHELL 
DAMAGE AS ABOVE. 
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DEVEL~ENTALSTATUS 

CANOf'Y 

• PAAAFUTE HAS DEVELOPED NEW CANOPY CONFIGURATION wmi ,\ID Of 
AEROVIRONMENT INC. 

- liSSIMAN AIRFOIL 

- 3:1 ASPECT RATtO 

- LESS CONTROL MOVEMENT/LOWER CONTROL FORCES 

• 100 LB CAPACITY UNIT C1r X li'J BUll T AND UNDER TEST 

• 1200 LB CAPACITY UNIT DESIGNED AND STARTING FABRICATlON 

COMMAND AND CONTROL SYSTEM 

• GE IS DEVELOPING A PROTOTYPE WITH FLAREOUT CAPABILITY 

• SOME MAJOR ELEMENTS ARE BEING BREAD BOAR ;"JED AND TESTED 

• DESIGN COMPATIBLE WITH 1500 LB PAYLOAD CHUTE 

3000 LB CAt' A~ lTV WITH MINOR MODifiCATIONS 

6000 LB CAPACITY - REWIND MOTORS 

-INCREASE BAnERIES 

- STRENGTHEN AnACHMENTS 

- .· 

•TEST PROGRAM ON PROTOTYPE RECOVERY SYSTEM COULD BE INITIATED WJTH MINIMAL LEAD 
TIME • 

• 

. 
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.. CLASS"" 

CCONTROLLEO LANDINGS AT SElECTED SITES) 

ALTERNATE APPLICATIONS 

• SRV RECOVERY (T.D.C.V.R.S.I 

• RESfARCH VEHICLE RECOVERY 

• MANNED VEHICLE RECOVERY 

• PRECISION WEAPON DELIVERY 

• ORBITAL HARDWARE RECOVERY 
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SPACE PLANE 
RECOVERY CONCEPT 
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•cLASS" 
ORBITAL HARD\~ARE RECOVERY 

I REQUIR EMENTS 

EQUAL 
- SOFT LANDING } 

- LANDING SITE SELECTIVITY SIGNIFICANCE 

I .. CLASS" SYSTEM CAN PROVIDE: 

- SOFT TOUCHDOWN THROUGH AUTOMATED 
FLARE OUT CONTRO~GROUND SENSING 
INITIATES FLARE OUT SIGNAL, 

- PRECISE LANDING SITE SELECTIVITY 
THROUGH AUTO-HOMING AND MANUAL 
OVERRIDE FROM GROUND OR AIR, 

- FINAL OB~TACLE AVOIDANCE THROUGH 
TERMINAL MANUAL CONTROL, 
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• CLASS 
'£ R/4/NAL DECENT CONTROL VEfiiCL£ RECOVER/ S'ISTEJ./ 

SPACE PLAN£ APPLICATION 

EMERGENCY 
STABILIZATION 
DROGUE (OPTIONAL) 

NOTE :-STABILIZATION DROGUE DEPLOYFD BY HIGH 
SPEED DECELERATOR (NOT SHOWN). 

- EMERGENCY CHUTE DEPLOYG'D 81 STA/3/L!lATitJN 
DROGUE 

S'JSPENDED WT. 4000 LBS 
CI-IUT£ SIZE 66' )( .33' 

WT VOL* 7YPICAL 
P.!?/11A ~y SYSTEM 

1LBS) (FT3) srt:£_0N) 
C I-IU7£, DROr;u~(HARNES.S /30 .3 .3 48•12'11/0 
CONTROL 80'K 55 / .0 I ~I( I /riO 
D£PLOY 140/(TOR I <O.OI 1.2dx5 
c /1£ R SEP DEVICE I **- ** S1A8. DROGU£ (G'DIA) _z ...D.J. /2 x/Ox J 

TOTALS 189 4.4/ 
£1·1ERG£JJC/ SYSTEM 
CHUT£¢HARN£SS 128 3.2 30dx8 

*PRESSURE PACK AT 40 PC;= 

*~ INCLU/JED INCHUT£ VOLUME 
4- E- 17 

5000 LBS 
74' X3 ] ' 

WT VOL* TYPICAL 
(LBS) (FT3) SllE(!N) ,,5 4.1 GOx/2~10 
G5 /.2 IG r /2 r:// 

I <..0.01 /. 2 cl 't 5 
I ~-A ~~ 

z. 0.1 12~;o ~1 

234 5.41 

1~3 4.0 30(/)( 10 
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DEPLOYMENT EXPERIENCE 

0 PARAFLITG' TESTS 
8 LAK£f.IURST 

. ·• 
- --• • 

• • •• 
·. 

-· 

~ 
~ 

8,.EOWARDS -:e -; 
~ 8VRS(NO PILOT CHUT~ .-,_._ :-: 

. - . . . " ------~ 
C:) 

4/Jons 
~bOO 

~ -
ai 500 

~ 
U') 

fZWO 

~ 
S-.J:a? 
~ 
~ 

~200 

100 K58 
~~~AIN REEFED DROGUE 

o~~~~~~~~=~~~~WN~D~t.~S~~~~E~~~~--~~--~= 
0 .2 .4 .6 .8 /.0 /.2 1.4 

MAC/-1 NUMBER 
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"CLASS" 

GRO\:liH ITEMS 

• INTEGRAL HARD WIRE CONTROL 
- FOR ONBOARD PILOTED LANDING 

• BIASED AUTO HOMING 
- RANGE IMPROVEr£NT IN AUTOMATIC MODE 

• AUTO FL~REOUT 
- PRECISE SENSOR CONTROLLED FLAREOUT 

FOR MINH1Uf·i VELOCITY TOOCHDOWN 
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SPACE PLANE 

SUGGESTED DEVELOPr1EjilAL DROP TEST PROG~Ml 

• PROTOTYPE •cLAss• RECOVERY SYSTEM 
- HEW 1200# CAPACITY CANOPY UNDER DEVELOPf1ENT BY PARAFLITE 
- UEW PROTOTYPE COM!'1AUD AND CONTROL SYSTEM WITH EU I I.T IN 

FLAREOUT CAPABILITY U~DER DEVELOPMENT BY G.E.-RSD. 
- MODIFIED PARAFLITE COf¥il'1AND TRANStliTIER INCORPORATlNG 

FLAREOUT CO~~ND 

• 115 SCALE SPACE PLANE DROP TEST SIMULATOR 
- APPROX. 5 FT. LENGTH 
- 1000 LBS. 

REPRESENT I AT I VE fiASS PROPERTIES 
VARIABLE ATTACHf1ENTS 

- INSTRUMENTATION 

1 DEMONSTRATION DROP TESTS AT LAKEHURST NAS COR SIMILAR> 
- HELICOPTER DEPLOYMENT 
- 6K TO 10K FT. DROP ALTITUDE 
- STATIC LINE H!ITIATION 

• TEST OBJECTIVES 
EVALUATE SYSTEM CONTROLLABILITY 

- FLAREOUT EFFECTIVITY/LANDING IMPACT 
SPACE PLANE SUSPENSION 
I LOCATIOtVC.G. TRAVEL SENSITIVITY 
I TR~M ANGLE 
• POINTH!G STABILITY-NEED FOR DIRECTIONAL DROGUE 

- DEPLOYMENT BEHAVIOR 
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TERMINAL DESCENT CONTROL VEHICLE RECOVERY SYSTEM 

DROP TEST DEMONSTRATION 

• FUNDED DEMONSTRATION DROP UNDER REPRESENTATIVE 
RECOVERY CONDITIONS 

• TEST PLANNING, DIRECTION AND INTEGRATION · GE 

• FLIGHT TEST UNIT 

OFF THE SHELF 'PARAPOINr SYSTEM 

DUMMY PAYLOADS AND INSTRUMENTATION· GE 

• 12 DROPS LAKEHURST N.A.S. -SEPTEMBER 1980 

• 8 DROPS EDWARDS AFB- DECEMBER 1980 

• FILMED SUMMARY (LAKEHURST SEGMENTJ 
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5.0 STORABLE PROPULSION SYS~EM 

S.l SUMMARY 

In support of the Spaceplane Examination, Aerojet liquid Rocke t Company 
(AlRC) served a~ the storable propellant liquid rocke t propulsion 
subcontractor. AlRC completed a preliminary design and evaluation o f an 
onboard propulsion systems as reported herein. Sandia National 
laboratories and Hawil ton Standard supplied vehicle profile and vehic le 
internal layout integration data respectively . 

5. L.l Study Requirements 

The primary requirement of this study was to conceptually design and 
evaluate a storable , pressure fed, liquid rocket propulsion system for the 
Spaceplane vehicle. The initial r equirements for this propulsion system 
are listed below: 

0 Storable propell,ants (N204 /~) 
0 Pressure fed system 
0 Plug c luster engine (PCE ) configuratio~ 
0 Thrust level: 4500 to 6500 lbr 
0 Chamber pressure: TBD 
0 PCE diameter: 30 t o 60 i nches 
0 Propellant weight: appr ox. 1200 lb.'< 

On the basis o! t'ese geceral r~ui~e:eats. ~ stud~ ~1&: ~s for.Kal•ted 
vfo-ere.io t~ con~rac~ed prog :-.a::s vas per!or-:sec! ta t r~ p:wses: 

0 

0 

0 

Phase I 
Phase II 
Phase Ill -

Concept Design Synthesis 
Parametric Analysis/ Preliminary Design 
Propulsion System Integra clon and Interface 
Defioi:ioo 

These phases and the subtasks contained the rein are de~lcted In Figu r e 1 . 
Spaceplane Study Program, as revised on 30 April 1982 by agreement with SRI 
International. This agreement extended the technical period of performance 
from 30 April to 31 May 1982. The final r e port was prepa red in June and 
submitted to SRI in July 1982. The month of July wa s reserved t o respond 
to questions during the final report review by SRI. 

5.1. 2 Study Results 

The main features of the onboard propul s i on system , inc luding the resulting 
plug c luster engine (PCE ) and reaction control sys tem (RCS), for 
application to the Spaceplane vehicle are as follows . Al l tasks were 
completed within the cont ract period o f technical perforoance. 

Plug Cluster Engine ( PCE ) 

o 16 modules (thrusters) 
o Module thrust: 188 lbF 
o Total thrus t: 3058 lbF 
o Module c hamber pressure: 100 psia 
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o Propellants: N2o4/PAAB-t• 
o Mixture rat i o: 1.2 

0 

0 

0 

0 

0 

0 

0 

0 

FIG 
Total weight : 85.1 lbM 
Module nozzle area ratio: 37:1 
PCE are a ratio: 85.7 
PCE diameter: 43.4 inches 
PCE length: 13.9 inches 
Module tilt a~gle: 14.6° 
Nodule delivered lsp: 311.7 seconds 
PCE delivered lsp: 316.9 seconds 

*A propulsion system using N2o4/ MHH s described 
3.8 (Selected Design) discussion in this report. 

RCS 

o RCS thrust: 15.0 lbF/ module 
o RCS configuration: 

8 Foreward thr·•sters 
6 Aft thrusters 
2 Aft moun ted ret ro tt.rus t~rs ( 188 1 bF each) 

o RCS weight: 45.0 lbM 

Propellant ~an~~ 

0 Total propellant load: 1400 lbM 
0 ~pherical oxidizer tank : R • l'i . l in, t "' .047 
0 Spherical fuel tank: R = 16. 2 i n, t = .050 in. 
0 Oxid i zer tank weight: 21.4 lbM 
0 Fuel tank weight: 26.5 lbM 
0 Propellant tank (ox and fuel) pressure: 200 psia 

Pressurization Subsystem 

0 The pressurization subsystem weight: 78 . 0 l b''\ 

the Task 

n. 

Figure 2 shows a Spaceplan~ vehicle config1.ration utilizing the propulsion 
system described above. Figure J shows additional Je talls of the foreward 
RCS thrust~rs. Figtir es 4 and 5 display rear and sid~ views , respectively, 
o f the PCE inc luding the 6 aft mounted RCS thrusters . Figure 6 shows two 
aft mounted retro thrusters. The two aft thrusters represent two different 
valve location/nozzle configuratinns . Obviously, only one configuration 
would actually be implemented on the Spaceplane vehicle . 

The major conclusions and recommendations resulting from this study are: 

0 

0 

The Sp~ceplane concept is viable from a propulsion viewpoin t 

The 3058 lbf thrust level selected results in acceptabLe · •llic l e 
acceleration. Selection of the optimum thrust will be do~~ after further 
s tudy . 
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0 Demonstrated ALRC 100 lbF and 5 lbF bipropellant engines , with mino r 
~odifications, meet the Spaceplane internal primary and secondary 
pr0pulsion r equirements 

o The selec ted Spaceplane internal propulsion system is a f l exible concept 
which can ba ~ptimi zed for many conditions, (eg. various launch modes) 

0 Extensive Spaceplane internal propulsion system modeling capability 
(predictiun of propulsion system weight, e.g, envelope , performance, 
etc . ) exists at ALRC 

o Recommendations 

o Establish firm vehic l e and propulsion system desig n requireme nts 

0 Prepar~ Spaceplane preliminary propulsion system design, based on above 
r equirements 

o Begin developmen t of a l ong-life, N
2
o4 - compatible, elastoroeric tank 

diaphragm 

0 Begin desi~n modifications t o ALRC 5 &nd 100 lbF thrusters for Spaceplane 
PCE and RCS application 
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5.2 INTRODUCTION 

5.2.1 Study Background 

ALRC submitted its original proposal (LR801085) to SRI in August 1980 In 
which the use of ALRC's Low Cost Axial Engine (LCAE) was recommended fo r 
use on the Spaceplane ( then called Space Cruiser) vehicle. The Low Cost 
Axial Engine, designated AJl0-203 by ALRC, was built in the mid-1970's 
under A.tr Force Contract F046ll-76-C-0066 and demonstrated satisfactory 
operation over the thrust range required fo r the space cruiser. 

ALRC proposed t o combine the Low Cost Axial Engine with many of the 
pressurization and feed system components wh ich had been qualified for the 
Thor Delta Upper Stage and Japanese Delt a o r N- 2 program. Pr opellant 
tanks, two each , fuel a nd oxidizer were to be of a des ign simila r to those 
produced fo r the Space Shuttle OMS, Concord SST and MX Fourth Stage by 
Aerojet Manufacturing Compan y (AMCO). Al l of the components considered 
were i n production or were commerc i a l items . The resulting maio propulsion 
system assembled in the Spaceplane was as shown in Figure 7. 

I t was also proposed that the A.LRC 5 l bF thruster AJl0-181-2 be used 
t o maintain vehi c le stability and perform docking and maneuvers in s pace . 
This engine was developed under AFRPL Contract F04611 - 73-c- 0061 and 
demonstrated high performance both steady-state and pulse mode in a small 
bipropellant thrust c lass engine . 

The components selec ted for the pressur ization system were based on 
cost, procurement, and technical criter i a. The cost aspec t related t o t he 
flight certification. Using fl ight qualified and flight demons t rated 
components would min i mize the certif ication testing f o r this program as 
well as the design activity . The procur ement c riteria rela tes t o the fa c t 
that all of the pressuriza tion components were ( l ) currently i n produc tion 
f o r other space progr ams, ( 2) would be fabricated for planned space 
programs by the time the space c ruise r program is i n development, o r (3) 
were commercial off the shelf hardware. The fac t these componen t s are " in 
produc tionM provides re latively short lead times . The selec tion crite ri a 
for the propellant and feed system ha rdware we r e the same as the 
pressurization components. 

The proposed propellant tanks we r e a design developed by Aerojet 
Manufacturing Company. These all ti t anium tanks were compati bl e with both 
f uel and oxidizer. This tank design had been flight qualif ied on the PEP 
experimental program, MX validation , Space Shuttle OMS pod and on t he 
Concord. They had also demonstrated excellent operating character is tics 
during long dynamic loading conditions . 

Subsequently, ( i.e. after Aug 1980 ) , lt became appa r e nt that one way 
of increas ing the Spaceplane propellant volume a nd the r e f or e payload , was 
through utilization of the plug cluste r eng ine ( PCE ) conce~t . A Spaceplane 
baaed comparison of the LCAE and PCE was mad~ . The i mpor tant results of 
this comparison are shown in Figure 8. Although the vehic le dry weights 
and resulting values i n Figure 8 were subseq uently s hown to be 
optimistic , the r e lative values demonstra ted t he bene f l t of the PCE. It 
was on this basis that SRI requested an evalua t lon of both the LCAE and PC£ 
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for Spaceplane application. The analysis resulted in a decision to 
eliminate the LCAE for Spaceplane application. 

5. 2.2 Study Requirements 

The study was divided into 3 phases with subtasks. The subtask 
r equirements a r e outlined below by phase. 

1. 

2. 

Phase I Concep tual Design Synthesis 

Task 1.1- Requirements Definition 

The Spaceplane onboard propulsion system requirements 
( t hrust, chamber pressure, etc . ) were to be established wi th 
concurrence of both SRI and Sandia National Laboratories at 
Albuquerque ( SNl.A) . 

Task 1.2- Candidate Subsystem Definition 

The study was to consider , as a minimum: 
1 engine geometr y (plug cluster conf i guration) 
4 tank designs and materials 
3 propellant contr ol subsystems 
3 tank pressurization subsystems 
2 methods of thrust vecto r control (TCV) 
2 methods of thrust magnitude control (TMC ) 

Phase II Parametric Analysis / Preliminary Design 

Task 2.1 - Performance 

Both propulsion system delivered specific impulse 

the 

(lsp) and Spaceplane vehicle ( SP ) we r e t o be presented as 
functions of nozzle area ratio, chamber press ure, propellant mix
ture r atio and plug cluster engine configuration. 

Task 2.2 - Weight and Center of Gr avity 

Propellant weights and propul sion s yst em dry weights 
for all of the combi nat ions resulting f r om Task 1. 2 were to be 
provided, plus the center of gravity fo r one Spaceplane vehic le . 

Task 2.3 - Operation and Control 

The ope r at i on and control of a concep tual propulsion 
3ystem was to be described. 

Task 2.4 - Reac tion Control System ( RCS ) Definition 

The thrust level and location of RCS t hruster s t o pr o-
vide vehic le roll , yaw a nd pi t ch we r e t o be defined on t he bas t s 
o f moment requi r ements to be suppl ied by SNLA . 
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3. Phase III - Propulsion System Integra tion & Interface Definition 

Task 3 .1 - Propulsion System Installation 

A selected propulsion system design was to be updated 
per vehicle requirements suoplied by SNLA, RCS nozzle configura
tions were to be s pecified and propulsion system thrust load 
paths were to be defined. 

Task 3.2 - Propulsion System Interface Defiuition 

Fluid, power, command and control interfaces were to 
be established. 

Task 3.3 - Installed Propulsion System Performance 

To t a l impulse (specific impul se mul~iplied by total 
propulsion system burntime), SP ~nd potential improvements t o 
ei ther parameter were to be defined. 

Task 3.4 - Vehicle Interfaces 

Mechanical, electrical, control and fluid interfaces 
were to be described. 

Task 3.5 - Maintenance and Refueling 

In- situ refurbishment and/or replaceme~t (R&R) of four 
major propuls i on subsystems were t o be di scussed. Refueling pro
vision~ and auxiliary drop tanks were t o be described. Any vehi
cle re~uiremtnts thus affected were to be identified. 

Task J .6 - Safety Issues 

A preliminary failur e mode analys i s of each propulsion 
subsystem was t o be performed. 

Task 3.7- Development/Technology Issues 

Any technology reqcirements and justifications were to 
be identified. 

Task 3.8 - Selec ted Design 

The optimum propulsion sys~em design was to be 
selected. A layout drawing of t~is design was to be made . A 
written description (preliminary engine spec ification) of this 
design was to be provided, including performance and opera~ions 
information. The justification for the design selection was to 
be described. 

There were, in addition to the tasks described ~hove, three reporting 
tasks (1.3, 2.5 and 3.9) . These reporting t asks tog~the!. required a 
written monthly progress r e port at the end of each month during the 
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technical period of performance, except for the last month whe n a final 
report was to be written. Therefore, there were eight monthly report~ and 
one final report. 

Additionally, two technical presentations were made at TI/TD (Technical 
Information/Technica l Direction) meeting~ held at Aerospace Corporation in 
January and May of 1982 . A final present3tion may be made in Au:o:ust or 
September of 1982. 
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5.3 TASK 1.1 REQUIREMENTS DEFINITION 

The essential requirement of Task 1.1 was to define the c~board propuls ion 
system rP~uirements and other Spaceplane vehicle parameters impacting t he 
onboard propulsion with the concurrence of both SRI aPd SNLA . T~ese 

pr~pulsion sys tem requirements or goals , and vehi cle parPmeters, as 
understood a t ALRC at contract initiation, are listed below. 

o Tecr~ology readiness: 1985 
o Spaceplane vehicl e length : 22 ft (or less) 
o Propulsion system dry weight (not incl1~ing tanks and pressurant gas): 

200 lb 
o Propulsion system c r y weight (including tanks and press urant gas): 

550 lb 
0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Main engine propellant weight 
Maximize Isp (minimum will be 
chamber and e = 150:1 nozzle: 

(N2o4 and MMB): 1200 1b 
Isp of single 100 lb engine with SS 

310 seconrls) 
Start/Stop response: TBD 
Multiple restart capability: 3-4 in space restarts 
Reusability: (50 to 100 missions) 
Non-shifting e.g. location during main engi~e ~urn 
Man-rated reliabill t y 
Minimum vehicle 2500 
~ain engine heat transfer 
Main engine propellants: 
Thrust magnitude control 
Thrust vector control is 

ft/sec 
t o vehicle struc~ure; Maximum is TBD 
N20/MMH 

is requirec; throttling ratio: TBD 
required; total vector movement: TBD 

During the course of the study, it became apparent that there Wf'rc 
additional requirements to be defined. Several TBn (To Be Determined) 
values were defined while other valu~~ were revised. The resulting 
requirements list is shown below. 

0 

0 

0 

Tec~1ology readiness: 1985 
Spaceplane vehicle length: 25 ft (or less) 
Propulsion system dry weight (excluding tanks and pressurant gas): 
220 lb 

o Propulsion system dr•· weig 1t (including tanks and pressurant gas ) : 
550 lb 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Ma!n engine propellant weight (N204/MMH or N2o4 /PAAB-l ): 1200 lb or 
more 
Isp which maximizes Spaceplane 
Start / Stop response: TBD 
Multiple restart caprbility: Minimum: 3 to 4 restarts in space 

Maximum : TBD 
Reusability: 50 to 100 missions 
Minimum shifting of e.g. ! ~cation during main engine burn 
Man-rated reliability 
Minimum vehicle Wy : 2500 ft /sec 
Main engine heat transfer 
Main engine propellants: 

to vehicle st r ucture: maxi mum: 
Ntt/PAAB-1 or ~2o4 /MNH 

TBD 

Thrust magnitude control: 
Thrust vector control: required; total vec tor movement: 14.2° round 
pattern 
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o Vehicle e . g . location : 69% of vehicle length (measured from front o f 
vehicle) , Station 221.6 

o RCS: 

Function 

Pitch 
Yaw 
Roll 
Retro Thrust ( -X Axis) 
Forward Thrust (+X Axis) 
Translat ion (+Y Axes) 
Translation (~Z Axes) 

Max Acceleration 
Angula2 Linear2 
(

0
/sec ) (ft/sec ) 

4.0 
4 . 0 
s.o 

0 . 40 
0 . 40 
0 . 40 
0.40 

0 Main engine thrust level: 3000 lbF 

Max Time Required 
to give Vehicle 
~ 0.02 ft/sec 

(sec) 

0 . 10 
0 . 10 
0 .1 0 
0 . 10 

The justification for r evisions and additions t o the initial requi r ements 
is discussed here. Initially, these addltion~l requirements wer e 
identified: 

0 Vehicle e .g. location : approximate l y 66% of vehicle leng t h (measu r ed 
from front of vehicle ) 
RCS {pitch, yaw and roll capability) r a tes: TBO 0 

0 Vehicle 3-axis translation capability (in a dd ition to main engine and 
RCS) to provide g levels of : TBD 

PAAB-1 (Proprietary Aerojet Amine Blend No. 1) was added as an i nternal 
propulsion fuel. There were two major reasons fo r ma~ing this 
recommendatio n: 

(1) PAAB-1 can serve as both a bipropellant and monopropellant. This 
means that the Spaceplane APU's wi ll not require sepa r a t e monopr ope l
lant tanks. This represents a savings in weight and complexity and , 
hence, an improvement in reliability . 

{2) The N2o4/ PAAB-l propellant co~bination ls also higher-perfo~ing than 
the N 04/ HHH combinat i on - from an Isp as well as an lsp-bu1k propel
lan t ~ensity standpoint . 

Some of the available data on PAAB-1 a r e listed in Table 1. 

TABLE I 
PAAB-1 CHARACTERISTICS 

Freezing Point, 0 p 
Spec ific Gravity (at 60°P) 
Vapor Pressure, psis {at 60°F) 
Maximum I s p Mixture Ratio (N1o4 Ox idize r ) 
Mixture Ra tio o f Equal Tank Volumes ( N2o4 

5-Il 
Oxidher) 

+24 
0.99 
0 .2 
1.4~ 
1.48 
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The reac t •on control subsystem (RCS) req uirements were formulated on t~~ 
basis of discuss ions at the Janua r y TI /TD meeting. A mo re in-depth 
discus~ion of the RCS is found !n the Task 2 . 4 (RCS Def inition) desc r ipt ion 
in thjs report . 

A thrust level of j , OOO lbF was also selec t ed 03 the basis of discussions 
at the January TI / TD meeting . 11,e optimization of t he plug cluster engine 
tPCE) was performed on the basis of t his thrus t level . 

The thrust magnitude control (TMC) capability shown i s inherent in a 16-
module plug cluster engine ( PCE) configurati on . 2:1 t hr o t tling of 
individual PCE modules would increase this total PCE throttling capability 
to 16·1. Presently , t he 8:1 thrott ling capability appeRrs to be adequa t~ , 

with the poss ible exception of r endezvous and docking maneuvers where the 
RCS i s available -

The TVC capability shown (14 . 2° round pattern) is alsu a resul t of the 
baselin~ (16 module) PCE configuration . 

The format of the RCS "'equirel!'ent s was r eviseJ to allow e."lsier evaluation 
of a given RCS. The new format is the same as that used to describe the 
capabilities of the ba~e lir.e RCS . 

The Spaceplane vehic1e length was changed to 25 ft ( was 22 ft) based on 
discussions with both R/S and SNLA. The consensus was that 25 ft would be 
required to accommodate th z pilot in an upright position and to provide the 
propellant volume ~ec~ssary to achieve a total Spaceplane of 2500 f t/sec. 

The main proFllanL we ight was changed from "1200 lbM" t o "1200 lbM or 
more. Analysis sh~wed thgt 1200 lbs of propellant woulc only provide a 
of approximately 2000 to 220C ft/sec as opposed to the required 2500 
f t /sec . 

The optimum Isp wa~ defined as the delivered Is p which would result jp the 
max~.num SP This value will vary considerably depending on the available 
di amet er fo r the internal propulsion system or PCE and the r equired PCE 
thrust level. For the Space plane application, Isp increases with either a 
thrust decrease or diameter increase. The resulting Isp could range from 
approximately 280 to 320 seconds . Ultimately, the Isp of the N

2
o4/ PAAB-l 

system was 316 .9 seconds. '!l1e corresponding value for the N
2
0

4
1MMH system 

was 312.9 seconds . In t he casP. o f the Spaceplane, the maximum possible Isp 
did no t result b. the highes t SP 
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5.4 TASK 1.2 CANDIDATE SUBSYSTEM DEFINITION 

The prima ry objective of this task was to evaluate, and r ecUIIIl'IPnd on a 
priority basis, the following Spaceplane onboard propulsion subsystems: 

1 engine geometry ( plug cluster configuration) 
4 tank designs and material~ 
3 p~opellant control subsyst~ms 
3 tank pressurization subsys ;ems 
2 methods of thrust vec tor control (TVC) 
2 methods of thrust magnitude control ( TMC) 

The numbe rs of subsy:; t ems \'ere considered to be minimum va lues. 

The bases for comp~ring these propulsion subsystems and parameters includ~ 
c::>nsiderntions der ived f rom the propulsion system requirements (see Task 
1.: Requirements De finition). The evaluation of candidate subsystems and 
selection of recommended baseline subsystems for each of the propulsion 
s ubsystems categories listed above is considered here in the s~w~ oreer as 
listed. 

5. 4 . 1 Engine System Geometry 

The plug cluster engine (PCE) configuration was the customer (SRI) 
designated baseline conce~t. The major r Json for selectinb r he PtE 
concept for the Spaceplane appl i ca tion is that t he PCE is much shorter than 
a conventional bell nozzle engine of the same thrust level a nd chamber 
pressure. The requirement for a minimum length vehicle was a major 
Spaceplane system req uiremPnt . Another advant age of the PCE, over a single 
engine installation , is i t s inherent reliabi l ity due to its multi-chamber 
configuration. 

5 . 4.2 Propella~t Tanks 

5.4.2 . 1 Tank Configuration (Sh~ 

The propellant tank configurations , in ?rder of preference, are: 

0 Separate spherical tanks 
0 Combination of spherical and conformal tanks 
0 Separate conformal tanks 
0 Integral bulkhead , conformal fuel/ox tank 
0 Separate toroidal t anks 

Multiple tanks offer potentiul benefits suc h as increased reliability 
and packaging advantages plus some disadvantages includinR increased 
weight. 

Four of these tank configurations are shown in Figur~s 9 through 12 . 
These figur es show the volume , weight and s hape of these configurations. 

The use of Q s i ngle conformal tank with ell iptical bulkheads, with an 
internal el liptical bulkhead separating the propellants (see Figure 11 ) , 
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Ftn ~NSin 
01 WOL
f'WL YOI.(Jt[ 

• 871.7 LB 
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WEIGHT OF BOTH TANkS • 188.34 Ll 
TANk SAFfTy FACTORS • 4.0 

• 528. 3 l8 

• 90.9 L&trr3 

• 54.8s LBtrr3 

• 9.59 rr3 

• 9.63 rr3 

t- 3. 5" 
I 
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TANk MATERIAL~ • 130,000 PSI (Tf) 
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MIXTURE RATIO = 1.65 (N204(MMH)j 
TOTAL P~PELLANT WEIGHT z 1400 LB 
OX WEI GHT 
FUEL WEIGHT 
O.X DENSITY 
FUEL DENSITY 
OX VOLUME 
FUEL V0LUHE 

= 871.7 LB 
= 528.3 LB 
= 90.9 LB/FT3 

= 54.85 LB/FT3 

= 9.59 FT3 

= 9.63 FT3 

t :.: 3.5" 

WEIGHT OF BOTH i ANKS = 295.5 LB . . 
TANK SAFETY FACTORS = 4.0 
TANK MATERIAL DENSITY = 0.16 L8/IN~(Tf) 
TANK MATERIAL u = 130,000 PSI {Tf) 

~PROPELLANT CG, IN. = 207.0 

~--__._ __ 

INTEGRAL BULKHEAD, CONFORMAL, FUEL/OX TANK / 

TANK LENGTH, TN. 46.31 
FORWARD ELLIPTICAL BULKHEAD RADIUS, IN. 14.66 
INTERPROPELLANT BULKHEAD RADIUS, IN. 15.81 
AFT ELLIPTICAL BULKHEAD RADIUS, IN. 17.42 
OX TANK LENGTH, IN. 27.95 
FUEL TANK LENGTH, IN. 18.36 

STA (185 .0) 

WALL THICKMESS FOR( TO AFT, IN. .090, .214, .107 
OX TAAK WT, L8 153. 3 
FU£L TANK WT, LB 142.2 

STA (231.3) ~ I 
20t STA (240) -.J 

21\STA (2~2) 

22\ STA (26~) 

23'\(TA (276) 

24'~TA {288) 

zs\ nA (Jool 
26'~ STA (312) ... 

,. . . ., .. . . 
~ - .. 

Fig_ure 5-11 Spac~lane Tank Configuration: Integral Bulkhead, 
Confonwal Fuel/Ox Tank 
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I ---

"' 871.7 lB 
= 528.3 lB 
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= 54.85 l8/FT3 

= 9.59 rr3 

~ 9.63 n 3 

t- 3. 5" 
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although compact, is inherently unsafe in the event of an interpropellant 
bulkhead l eak. With the hypergolic propellants i~volved, such a leak would 
likely be catastrophic to the Spaceplan~. It could also destroy the 
Shuttle orbiter if the Spacepl~ne had not been deplcyed. Consequently, 
there is a question of safe ty r elative to this ta~k configuration. 

The use of an integral bulkhead fuel / ox tank has another serious 
problem which complicates the interpropellant leak danger. If H20 is used 
in an interpropellant barrier, then the barrier cavity pressure should be 
approximately equal to the propellant tank pressure to keep the barrier 
wall thicknesses small. Maintaining the barrier pressure nearly constant 
if water is depleterl represents an added complexity . 

Another consideration regarding the integral bulkhead fuel/ O.'{ tank i s 
the fact ~hat although an elliptical barrier is preferred over a flat 
barrier, to ~ave weight, an elliptical barrier can, under a relatively 
small pressure differential, buckle. Again, a heavy barriP.r wall may be 
r equired to eliminate this possibility. 

A promising solution to t hese problems is the use of r adial r~bs between 
the two elliptical, ir.tegral bulkhead surfaces. This would result in a 
modest weight p~nalty bu t would also e liminate the potential bulking 
problem. The cavity would still be available to hold water if required and 
could even suttain leaks in both propellant tanks if vented through 
diffe tent segments enc losed by the radial ribs. 

Based on discussions with SNLA and H/S , tank shapes will ultimately be 
determined by the vehicle e .g . location requi~ement (i.e., originally 66% 
of the vehicle length, later 69% of the vehi c}e length) . At the original 
vehicle e . g. location (i.e. 66% vehicle length), only conformal tanks would 
fit. 

The selection of t wo spherical tanks ( Figure 9) as the recommended 
configurat ion was made on the basis of discussions held at the January 
TI/TD meeting with SRI , H/S and Lincom. The important reasons f or this 
recommendation are listed below. 

0 

0 

0 

Sphe~ical tanks are the lightest weight. 

The internal vehicle volume/ l ength penalty of two spherical tanks 
compar ed to the conformal tank configuration (see Figure 11) is 
not "onsidered excessive. 

Spherical tanks ar e ideal for placemer.c of a toroidal He bottle 
located between them . 

The usc of PAAB-1 as the mair fuel, ins tead of MMH will, because 
of the r equired mixture ratio, result in a smaller ox tank and 
larger f1•el tank. This would res11lt in a more efficient use of 
the tapering conical envelope of :he Spaccplane iP-terior volume. 
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0 Since the desj red vehicle c.g .location moved aft (from Station 
207 shown in Figures ~ through 12) to Station 221 . 6 (6or vehicle 
length) , adequ~te spacing between the o'idi ze r tank wall nnd 
vehic le structure was provided for placement of propellant and 
other lines. 

5.4.2.2 Tank (·adteria ls 

The four recommended tank materia l options, listed in order of 
preference, are: 

0 

0 

0 

0 

Titanium (Ti 6Al-4V a lloy) 
Aluminum (Al 2219) 
Stainless Steel (Cryoformed 301 SS ) 
Nickel Alloy (Inconel 718) 

This selec tion was made on the basis of ~hese primary considP.rations: 

0 

0 

0 

0 

Cost 
Technology 
Propellant compatibility 
Weight 

The mo~t expensive of t hese materials, titanium, al so has the most 
ex t ensive use as an acruiil s t o r able propellant tank mate rial. The only 
major disadvantage of titanium is that, although fully compa t ible with 
green (NO inhibi ted) N2o4 , it is no t compatible with r e d (uni nhibited) 
N204 . 

Aluminum is much cheaper a~d relatively easy to fabri cate. However, 
if wall thicknesses are large (over 0 .5 inches) reliable welditg can become 
difficult. 

Cryoformed 301 stainless steel is a viable option whose only real 
di~advantage is the question of f abrica tion of tank shapes or sizes 
required by the Spaceplane . 

The nickel al loy, Inconel 718, provides a fourth, b~ ~ not recommended, tank 
material opt i on. Although compatible with N204, MMH and PAAB-1, Inconel 
718 tanks would require a lengthy and intricate heat treatment. This 
consideration alone also makes lnconel 718 tanks expensive. 

Also noted here, in order of preference, are the recommended tank materials 
for fabrica tion of the storage bot tle~ . 

0 

0 

Ti t anium \Ti 6Al-4V alloy) 
Stainless St eel (Cryofonned 301 SS) 

The basis for this selection ~as the same as outl ined for the main 
propellant tanks except t hat propellant compatibility was no t a 
considera t i o n. 
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5.4. 3 Propellant Cont rol Subsystem 

The initial propellant contro l (PC) candidate subsystems included: 

o Non-metallic bladders 
0 

0 

0 

0 

Sep~rate start tanks 
Hoppers 
Screen assemblies ( surface tension barrier) 
Tank pistons 

Before d~fln ~ng the selection criteria, several important considerations 
we r e identified: 

0 

0 

Butyl rubber bladders are cor:~patible with r-g.m but not with N o4 , 
and t hey a re reusable. It should also be pointed out that e fasto
meric bladders means elastomeric bladders or diaphragms. The 
basic difference between a bladder and oiaphragm for conical 
tanks which are typical of the Spaceplane is illustrated in 
Figure 13. The choice of a bladder or diaphragm is a design 
detail that will be resolved in a later ph~se of the Spaceplane 
program. 

Based on a literature survey and industrial contacts, Carboxy 
Nitroso Rubber (CNR) bladders appear to be a viable, but probably 
expensive, option for ~•e in the N204 propellant tank. Two fo~l 
literature searches were then initiated to verify (or negate) 
this initial assumption . The two formal literature searches con
duct~d produced the following documents: 

1. NASA Literature Search, "Elastoa:ers that ar e Co mpa tible with 
Nitrogen Tetroxide ." 2 Volumes ( (1) Open and (2) Limited 
D~stribution ceferences), NASA Search No. 47004, dated 16 
No,ember 1981. 

2 . Defense Technical I nformation Center (DTIC), "Elastomers." 
1 Volc~e, OTIC Search Control No. 008546, ri~ ted 13 November 
1981. 

o Fixed metallic propellant ~antral systems (such as screens, ho p
pers and s t art t anks) are preferred over bladders. Figure 14 
il1ustr~ ~es the basic operation of sta r t tanks and hoppe rs with 
some of their r elative advantages and disadvantages. 

o D!fferent metallic bladders are compatible with both propellants, 
but they are not reusable. 

o A preliminary ana l ysis, based on available data, indicated that 
screens are suitable for zero g engine starts, but not the S g 
loads anticipated for the Spaceplane . 

o Scr een assemblies ar e potentially heavy. 
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0 Tank pistons are considered thP least desir~ble option as they 
are heavy and require cylind rical tanks which do not package 
efficiently in the SpacEplane vPhi~lP PnvelopP 

o Any propellant control system must be compatible with th~ tank 
pressurization system. 

Eventually, screen assemblies (surface ttnsion de1ices) were elimin
ated as a candidate PC ~ubsystem based on these considerations: 

o A fine mesh metallic screen can have a catalytic effect on N204 
over long term (over 2 months) storage. 

0 Screen ~3semblies for the Spaceplane would be the most complex of 
any PC subsystem because of the propellant orientation during thP. 
synergistic plane change maneuvers. In addition to the screen 
channels, one or more internal ~ank barriers would be required. 
Interna l tank barriers are~~' heavy. 

o s~reen assemblies must be clean, otherwise contamination can 
result in corrosion of the screen mesh. 

0 Fi~e ~esh screen shows susceptability to direct oxidation by 
N204. 

On the other hand, elastomeric Lladders were retained as a v~cble FC 
subsy~tem for both propellant tanks. This is based on the •esults of the 
DTIC lite r ature search. Basically two important developments were noted in 
thts literature search : 

o TRW reported, in 1971, on an improved CNR (Carboxy Nitroso Rub
ber) material that " ... has ~~chanical properties which compare 
favorably to previous CNR compounrls and, most significartly, has 
a thousandfold dec r ease in the nitrogen tetroxide permeability 
rate." (Ref. 1) 

0 More recently (1978-80), TRW has reported on "AF-E-lNT, a per
flouro polymer ma~ufactured by DuPont and modified by TRW, . .. was 
evaluated for nitrogen tetroxide expulsion bladders, .•• these 
evaluations demonstrated the feasibility of using AF-E-12 1T 
"'.<pulsion bladrlers for nitrogen tetroxide service." (Ref. 2) 

Also, ALRC became Rware of another DuPont elastomer, Kalrez R , which 
was advertised as being compatible with N2o4 . Unfortunately, this material 
appears to be suitable only for use in seals or gaskets rather than 
bladders or diaphragms. This observation is based on the known histori~al 
aerospace uses of Kalrez R . The optimum bladder mate~tal still needs to 
1:-e determined. 
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Based upon these preliminary consideratior.s , t he r ecommended propellant 
control subsystems for separat~ and conformal tank configurations were: 

1. 

0 

0 

0 

0 

Separate propellant tanks 

Start tanks for both prope llant tanks 
Combination of start tank and bladder 
Elastomeric bladders in both tanks 
Combination 0f s tart tank and hopper 

L. Integral bulkhead, conforrual f ue l /ox propellant ~ank 

0 

0 

0 

0 

Start tan~s for both propellant tanks 
Ox t a nk elastumeric bladder and fuel tank start tanL 
Combination hopper and start tank (one to each propellant 
t a nk) 
Ox tank elastomeric bladder and fueJ tank hopper 

This preliminary selection was specifically made on the basis o ~ 

these ~eighted criteria: 

0 

0 

0 

0 

0 

0 

Complexity 
Reliability 
Material (propellant) compatibility 
Weight 
Expulsion eff iciency 
Size 

o Tank configuration 

SubsequQnt evaluation showed that, with the high g maneuvers a nticipated tn 
be performed by the Space r,lane, both start tanks and hoppers would be 
inad~quate to ensu=e liquid propellants (instead of vapors) to the PCE . 
Based on preliminary calculations, elas t omeric diaphragms appear to have 
excellant propellant control capability even under high adverse g loads 
(fl Og's) . The requirement of Spaceplane cetro thrust capability would 
necessitate at l~ast two start tanks or to ppe rs per propellant tank. 

It also appears that with the relatively small mass of the Spaceplane, 
that propellant sloshing in orbit may require extensive use of the RCS to 
maintain the require~ vehicle attitude. This in turn will require more 
propellant and hence bigger tanks and ultimately a reduced Spaceplane 
If propellant slosh is to be suppress~d, this will eliminate both hoppers 
and start tanks as prop~llant control subsys tem options. The neYt choice 
would be elastomeric dia?hragms i n the spherical propellant tanks. Other, 
heavier options would b~ bellows or piston tanks. Bo th are heavy, have low 
expulsion efficiency a~d a r e not usable in spherical t anks . 

Based on these cons i terations, the only remaining propellant control 
subsystem for any tan~age CG~figuration was elastomeric bladders or 
diaphragms. This resulted in the requirement for a l t ng life, N2o4 
compatible elastom~ric bladder, or diaphragm , material although not 
c urrentl j stat~-of-the-art. 
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The use of elastomeric materials in either tank also eliminates any 
hot gas pressurization systems which were evaluated in the pressurization 
subsystem comparison described next. 

5.4 . 4 Tank Pressuriza tion 

The tank pressurization candidate subsystems as first def i ned included: 

0 A•1togenous pressu r i zation using hea t exchanger(s) and electri-
cally-driven pump(s) 

0 Cold gas pressurization using He, N2, t tc. 

0 Warm gas pressurization using He, N2' etc . , and heat exchanger(s) 

Some of the first observations made included the following: 

0 

0 

0 

0 

He and N
2 

arL both compatible w~t:l MMH and N2o4 ; however, auto
genous pressurization is superior from a performance standpoint. 
The basic tradeoff to be made is the simpler, but heavier pressor
ant gas system using He or N2 versus the lighte r but more complex 
autogenous system. A further consideration is the propellant 
control method utilized. 

A co ld gas (He or N2) pressurization system evaluation resul ted 
in a He requir ement of approximately 10 to 15 lbs in addition to a 
pressurant tank weight of 75 to 200 lbs ( depending on the safety 
factor assumed). This is a simple but heavy system. 

Warm gas (He or N2 ) would be a relatively light system , especially 
compared to the cold gas system. The possibility of heating the 
pressurant gas with heat from the main propul sion system o r from 
the cockpit was also considered. It should be emphasized that the 
use of a warm pressurant gas in place of a co ld pressurant gas can 
have a significant impac t on the total pressurization system 
(pressurant and tank) weight. 

The autogenous pressurization s ystem (requiring a pump assembly) 
is the third and least desirable candidate pressurization system. 
Its inherent complexitv makes it the least reliable of the three 
candidate pressurization systems. 

Subsequent to these initial conclusions, three additional hot gas (i .e . gas 
generator) pressurization ~ubsystem concepts were iden t ified. These are 
desc ribed briefly below. 

The first was an at ~ogenous pressurizat i on system resulting from a 1971 
APRPL-sponsored prvgra~ conducted by Rocket Research Corporation (RRC) . In 
this program, a motor / pump-fed monopropellant hyd r azine boots trap 
pressurization system was designed, bullt, and teste~. The final rPport 
for this prog ram is Reference 3 . Some of the majo r features of thi 9 
program and the resultan t sys tem a re described below. 

5-31 

" .. ·-

• 

• 
" .... . . . .. 

........ ·. ·. ,· .. . .. . . . . . .. 
·.··:.··:.": 

·~ 

• 

• 

• 

• 

.. 

•-



-. .-

•• 

.-

I 

-· 

0 

0 

0 

• a;;: . . 

The major objective of the program was to demonstrate the capa
bility of a pump-fed monopropellant hydrazin~ bootstrap pressuri
Z<~tion subsyst€!o. tJ meet the per Eormance and environmental 
requirements of advanced post-boost propulsion systems . A sche
matic of t~e subsystem indicating its relationship to an overall 
propulsion system is shown in Figure 15 . A photograph of this 
systeffi is shown in Figure 16. Table II lists the system require
ments as specified iT' the st~' contract. 

The total weight of the assembled subsystem was 8.61 lbM. 

The system is also compatible with the N2o4/PAAB-l propellant 
combination . In addi t ion to serving as a bipropellant fuel, 
PAAB-1 will also serve as the monopropellant used to drive the 
system reac • or (see Figure 15). This motor/p~mp system will 
rece\ve ser1ous consideration when the candidate propel l ant pres
surization subsystems arc r anked in order of preference. 

• 

T'1e second concept was a monop r opellant gas generator using a He bottle 
pressure source. Thi5 subsystem is illustr ated schematically ln Figure 17. 
The basic advantage of this concept over a cold He pressurization subsys t em 
is Lhat the pressurant gas is actuall y stored as a liquid (i .e., the 
monopro pellant or PAAB-1 if used as the Spaceplane fuel) instead of a gas. 
The large differ ence in density b~tween the liquid and ga~ r~sults in a 
ouch smaller volume, and hence weight, required f~r the liquid as compar e d 
to the gas . ThiG r eduction in size and weight comes at the cost of 
increased complexity (i . . e ., gas generatory, valves, warm gas lines, e t c . ) . 

The third concept was a mono propell ant gas gener ator using air intensifier 
(boo t strap) tank pressure source. This concr pt is illustrated 
schematically in F:l.gure 18. This bootstrap pressurization s ubsystem is 
potentially the li~htest of all pr€!ssurization subsystems because it stores 
all of the required pressur ant as a liquid, but does not require a separ a t e 
He bottle for monopropellant pressurization as does the first subsystem. 
The s ubsystem as shown in Figure 18 is for a one-use application, but it 
can be configured as a reusable , demand subsystem . This concept requires 
the use of a "bootstrap" or "intensifier" t ank which , depending on the 
volume of monopropellant to be expelled , can be large and heavy . 
Additionally, this &yst.•m r equires a separat~ mocopropellant (bootstrap) 
tank and thus would not ~articularly benefit from the use of PAAB-1 as the 
Spaceplane f uel. 

Bo th of these subsystems were included in the PS selection process. The 
results of this selection showed that the pr eferred pressurization 
subsystems in order, are: 

1. PS redundAncy not required 

o Cold He 
0 

0 

0 

Warmed He presti urization 
Monopropellant gas generator us ing an elec tric mator driven pump 
Monopropellant gas generator using He pressurizatio"l 
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Figure 5-16 Pump-Fed Honopropellant Hydrazine Bootstrap Pressurizat ion Sub~ystem ' 
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TABLE II 

CANDIDATE PRESSURIZATI~ SUBSYSTEM REQ~IREMEHTS 

Total p·opellal'lt tan!• vol~.~ne to be pressurized 
Prope ll1nts 

r,~2 generator output pressure 
Gas gener·ator output flowratc 
Maximv.r. gas tem~erAture 
Gas gene; ator propellant 
Mission time 
Tank pressure control band 
Storage temperature 
Op~rating temperature 
Storage life goal 
Ambient pressure 
Acceleration 

Shock 

S- 37 

30 ft3 

N204 
Amine fuel 
500 psi 
0 - 0.05 lb/sec 
1,500°F 
Hydrazine (iizH4) 
900 sec~r.ds maximum 
±~ maximum, tl~ de~ ired 
80°F ± 40°F 
70°F ± 30°F 
10 years 
0 - 15 ps1a 
23 g' s maximum 
2 g• s operating 
27-g peak. 18 msec, half t ime 
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2 . Redundant PS 

0 

0 

2 cold Re bottles 
2 warmed He bottles 

o Monopropellant gas generator with a motor/ pump for fuel tank 
pressurization with direct, warmed Re pressurization of ox tank 

o Monopropellant gas generato r with an He bottle for fuel tank 
pressurization t ank with direct, warmed He pressurization of ox tank 

A redundant PS for the Spaceplane is one in which either of two independent 
PS' s (one for each propellant tank ) can provide at least partial 
pressurization for both tanks in the event of a failure of one of the two 
independent PS's. 

This se l ection wa s based on these weighted criteria: 

0 

0 

0 

0 

0 

0 

0 

Complexity 
We ight 
Presence of combustion devices (gas generator) 
Capability of providing redundancy 
Rot or warm gas ci rcuits 
Size 
Reliability 

The results of this screening can be combined with the propellant con trol 
(PC) cand idate subsystems previously desc ribed, t o f ormul a te several 
compatible combinat ions. All of the resulting pressurization/ pro pellant 
control subsystems provide PS redundancy. 

The propellant cont rol / pressurization subsystems compatibility c riter ia 
were: 

0 No hot, fuel-rich gas in direct contact with the oxidize r o r 
any elastomeric bladder In elghter the primary mo~e or 
backup mode. 

o No elastomeric bladders or diaphragms in fuel portion of a n 
integral bulkhead, fuel / ox tank. 

1 . For use with an integral bulkhead, fuel /ox propellant tank 

o Start tanks in both propellant tanks 
o Ox tank elastomertc bladder and fuel tank sta rt lAnk 

Both o f these PC subsystems are compatible with on l y the first two 
of the redundant pressurization subsystems listed above. 

2 . For use with separate prope llan t t anks 

o Start tanks ln both propell ant tan~s 

o Combination o f elastomeric bl adde r and st r t tank 
o Elastomeri c bladders in both propellant tanks 
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All threP of thLse PC subsystems are compatible with only the first 
t~u redundant pres&urization subsystems listed above. 

Finally, 3S noted in the discussion of propellant control sub~ystems, the 
selec tion of elastomeric diaphrams (or bladders) eliminates all hot gas PS 
concepts. For this reason, only warm or cold He pressurization, fo r either 
r edundant or non-redundant pressurization subsystems, is recommended for 
application in the Spaceplane onboard propulsion system. 

A more rigorous weight and envelope compar ison of cold and warm He 
pressurization subsystems is described below. 

Figures 19 through 21 are plots of pressurization sub~ys tem , (PS) weight 
vers us He tempe r a ture in the propellant tanks at pr')pellant deple tion. 
This temperature value is really an indicator of the :elative use (or 
absence) of heating the He before it enters the lr opcilant tanks. A value 

0 0 of approx~mately 233 R (ot - 227 F) on t hese plots corresponds to an 
unheated He PS . A tempe r ature value of 530°F (70°F) is r epresentative of a 

0 
PS in which the He is raised to r oom temperatur e (70 F) befo:e -t enter s 
t he propellant tanks. T~e three fi~ures correspond to t he storage 
pressures of 2000, 3000 B•ld 4000 :>sia, respectiv~ly. As t he plots s how, 
the PS weight decreases wi t h i ncteasing He s t orage pressur e . They al so 
show the major PS weight reduction possible with the ~se of He heating. 

It shoulc also be noted that t he redundant systems identified a r e 
completely redundant. That is, the failur e of e i ther He s t or age bottle 
will not degr ade the miss1on capability of the Spaceplane . On the other 
hand, the non-redundant PS's are those ln which the loss of a single bottle 
will result in the comple t e loss o f t he PS . A two-bottle, non-redundant PS 
(such as a t orus and sphere ) means that t he l oss of both bottles is 
r equired for a complete PS loss . 

This last observat i on indicates the potential benefit of a multiple bottle 
PS. Theor·e tically , several spherical bottles a r e eq11a l in weigh t to one 
large spherical bot tle o f t he same total volume. In practice , the r e would 
be some weight penalty to the multiple bottle system due to add itiona l 
lines , mounts, and pressure <egulators . The advantage of t he multiple 
bottle sys tem i s that the loss of one or mor e bottles will not necessarily 
result in a mission abort s ince, depend i ng on how many bottles a re used , 
t he PS wi ll have los t only a portion of its t o t a l c 2pability. The use of 
mul t iple spherj cal bo t tles also offe r s a t t r ac tive packag ing flexibil i t y . 

The optimum conf i guration of a multiple-bottle PS (i . e . , number, size, and 
placement o f the several He bottles) is a Spaceplane subsystem integr a
tion problem which H/S addressed. From a propulsion sys t em per formance 
standpoint, numbe r , size, anr placemen t of He bottles is r el ativel y 
unimportant. The propuls i on system reliabi J ' ty , on the o t her hand, is 
quite dependent on the number of He bot t les in the PS . 

Figures 22 , 23 and 24 are plots of important dh1ensions associated with the 
PS weights plot t ed in Figures 19 , 20 and 21, respectively. A~ain, each 
figu re corresponds to He s torage pr essures of 2000, 3000 and 4000 psia , 
r eFpectively. In all cases the torus tank P-O t only has a larger mir.imum 
diame t or, but is dlso heavier t han a~ equal volume spher ical tank . This is 
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the sam~ conclusion r eached from the compar ison of toroichl a o~ rl -;pherical 
p .. opellant tanks . 

On the basis of the codd vs. warm He pressurization subsystem weights for a 
4000 psia He s t orage r r essure sys t em as shown in Figure 21 , the warm He 
pressurizntion subsystem was recommen~ed as the baseline Spaceplane onboard 
propul sion propellant pressuri zativn concept. 

Initially it was assumed that the PCE itself would provide the heat source, 
via plug mounted heat exchanges, to warm the He prior t o propellanl tank 
in jec tion. There are at least two ~ther methods of warming the He that 
were also considered: 

0 Using the low powe r level (~pprox. 1 HP ) , c ontinuously runn . ng 
Spaceplaoe APU(s) as the He he~ t source 

o Hea~i ng the He elec tcically, using the Spac~plane onboard elec
trical power system (APU ' s and bat t ~ ries) 

These two met hods ar e discussed bel ow: 

APU ' s as He Hea t S~urce 

First of all, there was so:nc: ql'.!S t ion as to whethe r or not a hydrazine 
powered APU could r1., c ont im• .. JUsly for 24 hours. It is possible however, 
t hat such a low power device (appr oximately 1 HP for t he Spacepl ace) may b~ 
able t o empl oy an energy conver sion dev i ce o t her t han a t urbine, which is 3 

l ife l imit ing elemert of a conventional APU . An APU manufac t urer should be 
consulted to r esoLve this i ssue. 

Elect r i cal He Heat ing 

A heat transfer ana l ysis was completed to evaluate t he possibili t y of 
elec tr ically ( resi~tance) hea t ing t.he He pr essurant gas i nstead of us i ng 
PCE moun ted heat exchanges . Some of the advantages an~ disadvantages of b! 
elect r ical heating as opposed to PCE heating are listed bel ow: 

o El ectrical (Resis t ance He Heater) 

Advan t ages: 

o Flexi ble packag ing (easy to locate He l LnP hea t er inside of 
Spacepl aroe). 

o Lightweight (bas i cally wire and possibly insulation). 

Disadvantage: 

o Resul t s in requirement fo r additional Spaceplane elec trica l 
power (increased battery weight and/or additional APU mono
propel lant requi r ed j . 
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o PC~ Mounted Ga~ IG< s He Hea t Exf hang~r 

Ad vantages: 

0 No impact to Spaceplane e l ectr ical power requ i rement s. 

Disadvantages: 

0 

0 

0 

0 

Some weight penalty for on~ or more heat exchangers and He 
line s . 
Potential leRk path for hot PCE combustion products to 
pellant tanks. 
Inflexible packaging (i.e . , heat exchangers mus. be on Space
plane aft end) 
Loss of hea t source if heat exchanger s not located near 
firing PCE module (heat exchanger near every PCE module is to 
be avoided because of potentially severe aft end weight pen
ally with adverse vehicle c .g. effects and He "plumbing" com
plexity). 

The pr imary purpose of this analysis was to determine how much electrical 
power would be required to heat the He si;1ce, a !l indicated above, the 
requirement for additional electrical pvwer is the only, or at least major, 
drawback t o this concept . 

The analysis done was based on the use of a constant area duct (or tube) 
with an external heat source ( el~ctrical) resulting in a simple T

0 
- change 

process for the He . The results of this analysis showed that the 
electrica l heater would have to maintain , for a one-foot tube, an average 

0 
tube wall temperature of approxJ~ately 191 F to result in a He exit 
temperature of approximately 70 F. Based on a heat transfer coefficient 
correlation for turbulent gas flow through a constant area duct, this 
results in a power requirement of approximately 0.9 KW. It should be 
remembered that this is the power level required only while the PCE is 
firing , which is approximately two minutes total. This value may be 
compared to the power requirements for the other Spaceplane subsystems, as 
presented by Honeywell , at the Jan TI / TD meeting. These values are 
presented in Table III. The approximate requi rement for the PCE valves is 
also shown for comparison. 

0 Avicnic s 
0 Life Support 
0 Aero-Surfaces 
0 Propul~ion 

v H2 Heating 

.. .. _ - · .. · 

TABL.E III 
SPACEPLANE POWER REQUIREMENTS 

Voltage , 
Vol ts 

28 
28 

280 
28 

Average 
Power, KW 

Peak 
Power, KW 

0 . 25 fo r 24 hrs .80 
0.30 fo r 24 hrs .30 
2.10 for 0 . 5 hrs 42 .0 
0.65 for .033 hr s .65 
0.90 for . 033 hrs . 90 

TOTAL 
5-47 

Energy 
KW-HRS 

6 .0 
7 . 2 
1.05 
0.02 
0 . 03 

14.30 
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The table also shows that, although the peak power requirement for He 
heating is significant compared to the other Spaceplane subsystems, except 
for t he Aero-Surfaces, the resulting energy requirement (. 03 KW-HRS) i s 
negligible because the He heating time is so short (.033 hrs or 
approximately two minutes,. The appropriate voltage level (28 v . or 280 
v.) shou:d be selected on the basis of impact to the t otal Spaceplane power 
system. 

The He pressure drop associated with this one-foot long heated tube is 
relat ively small (approximately 12 psia). And, al though the He velocity in 
the tube is relatively high (100 to 300ft/second), the resulting mach 
numbers are still low . 

It is noted that no effort was made to design, much less optimize, an 
electrical He heater for application to a constant area duct (or tube). 
The primary reason for this present preliminary analysis was to determine a 
reasonable electrical power requirement. A more rigorous analysis, and 
possible design, of an electrical heater is recommended. 

~.4.5 Thrust Vector Control (TVC) 

These two TVC methods considered were: 

o Selectable thruster on/off capability 
o Mechanical gimbaling of individual thrusters and/or engine sys : em 

It was also observed that: 

0 The PCE configuration is capable (with appropriate thrusters shut 
down) of providing pitch and yaw with axial It will not provide, 
without gimbaling of individual thrusters, ~~re pitch or yaw moments 
to the vehicle. 

o A Reaction Control System (RCS) will perform the r oll maneuver. 

Finally: 

o TVC by selective on/off operation, rather than throttling of 
individual thrusters, is the simplest and preferred concept. 

o A second, and less desirable, TVC system reGuires the gimbaling of 
individual thrusters. This system carries a weight penalty (due to 
gimbal assemblies) and power requirement penalty (due to gimbal 
ac t uation power requirements). 

5.4.6 Thrust Magnitude Control (TMC) 

These three TMC methods were considered: 

0 

0 

0 

On/ off operatior, of individual thrusters 
Throttling of individual thrusters and/or engine system 
Both of the above. 
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The following observations were also made: 

0 

0 

Throttling of individual thrus t e rs is both technically difficult 
because of resulting low flowr a t es and also appears to be expensive. 

The remaining two opti•>ns (individual thruster on/off opera tion and 
engine system throttling) are preferred . The tank safety valves could 
be throttleable valves, or the tank pressure could be varied, for 
example . 

On t he basis of these considerat ions: 

0 

0 

0 

TMC accompl ished by selective on/off operation of individual pairs of 
thruste rs is the preferred concept. 

A second, or backup, concept would be throttling of individual 
thruster pairs. 

As a typical design, a 20 engine cluster of 300 lbF modules (6000 lb 
total axial thrust) will permit LO:l throttling capability . 
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5.5 TASK 2. 1 PERFOR1'1ANCE 

The primary requirement of this task was to present both propulsion system 
delivered specific impul se ( Isp ) and Spaceplane vehicle (SP ) as a 
function of nozzle area ratio, chamber pressure, propellant mixtur e ratio 
and plug cluster engine configuration. 

5.5.1 Perfor mance Prediction Methodology 

First of all, t he methodology for calculating plug c luste r engine (PC£) 
performance had already been developed at ALRC under Contract SAS 3-20109 
(Ref. 4). It was based on the use of the JANNAF Simplified Performance 
Prediction Methodology ( Ref. 5) desc ribed here. This methodology may be 
summarized by this expression: 

where: 
Ispd 
lsp 

Diede 

F 

ERE 
KIN 

FBL 

lsp d o e 
DIV 

• 

• 

ERE . KIN 

Isp deliver ed (seconds) 
Isp ode (seconds) 
Nozzle efficiency 
Energy release efficiency 
Kinetic efficiency 
Bounda r y layer loss (lbF) 
Delivered t hr us t (lbP) 

This simplified methodology provides a very cos t-effective procedur e, wit h 
results comparable in ac curacy to more rigorous methods when properly 
utilized . This procedure is desc ribed in Section 3 of Re f e re nce 5- As 
depicted schematically in Figure 25, it consists of s tarting wi th 
one-dimensional equilibrium specific impulse (Isp d ) and correcting the 
performance downward for contributing component p~rformance l osses. 
Subtracting the kinetic, dive rgence, and boundary layer losses from Isp d 
in Figure 25 provides a hypothetical "perfec t injector performance" tha~ is 
degraded for the real nozzle losses. This perfo rmance is f urther degraded 
by the energy release loss whi c h accounts fo r the in jector r ela ted 
performance inefficiencies due t o incomplete propellant vaporization and/ or 
non-unifo rm gas-phase mixing. When chamber pressure becomes too high , it 
may become necessary to provide auxiliary cooling from the combustion 
gas-side through such means as barrier or zone mixture ratio cooling, film 
cooling, or transpiration cooling. 

Once the performance of the individual thruster is cal culat ed by way o f t he 
JANNAF simplified methodology, the performance of t he PCE is determined by 
the following steps: 

1. Determine axial thrust l oss of modules due to t1 l t1 ng. 

2. Determine the average pressur e of the rec ircu l atln~ gases on the 
plug base ( this pressure is an assumed func tion of the PC£ rotal 
area ratio and PCE modul e chamber pr essure). 
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3. The thrust of the plug base is then the base area mul t iplied by 
the average base pressure. 

4 . With the total thrust (due t o tilted modules 3nd plug base) known, 
the PCE performanc e ( Isp) is found by dividing t •.'! tota l PCE 
thrus t by the total flowrate going to a ll of the i udividual th r us
ters. 

A method for defin ing the performance loss due to eng ine out operation , 
whic h l e t s the recirculating gases "t r a pped" on t he plug base esca pe, has 
yet to be defined. The effec t o f scarfing the module nozzles , if s carfing 
is done, a l so needs t o be defined. The work done under the present 
contrac t did no t cons ider either of these effec t s . 

This perfo rmance methodo logy was then us~d with engine system and componen t 
weight scal i ng relationships, des c ribed in the next sec tion , to gener ate 
PCE parametric performance , weight and envelope data. 

5. 5.1 Weight and Envelope Prediction Methodology 

Both the weight and envelope scaling relationships include PCE paramete r s 
such as module exit di ameter , module tilt angle , engine sys tem l iameter , 
plug base area and engine t hrus t level as f unc t ions of numbe r of modu les , 
c hamber pressure , and module thrust l evel. 

These scaling equations a r e formulated a round t he exi sting ALRC 5 lbF and 
100 lbP RCS bipropellant t hruster s as the base l ine case. The to ta l 
propulsion system weight is determined by calculating and adding t ogether 
the weights of all the majo r componen ts inc luded in the pro pulsion system . 
These included: 

o Plug base 
o Injector s 
o Combustion chambers 
0 

0 

0 

0 

0 

0 

0 

0 

Nozzles 
Valves and actuator s 
Propellant lines 
Re bottle(s) 
He r equired 
Tank pressurant heat exc hangers and associ ated equlp~en t 

Pr opellant tanks 
Miscellaneous (elec trica l ha rness , inst r wmentation , brackets, 
auxil iary line and controls) 

A contingency was no t i nc luded because this is normal ly accoun t ed for fn 
the t ota l vehic l e weight statement. 

Most of t he conceptual design engine baseline component weight• were 
establis hed initially from the ~ ts to rl cal data base on components of 
simi lar nature from existing engines of comparable thrust and c hamber 
pr es s ure (such as the ALRC 5 ! bF and 100 lbF RCS t hrusters). lf a 
component did not exist at a particular design point , baseline weights ~ere 
established through the use of scal~ng equations (i . e . • scale what doPS 
exist t o the desired condit lon). 
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Scaling equations are fo rmula t ed a round the se baselines from geometr i c 
cons idera tions ( i . e ., dimensions and surface areas ) along with kr.own 
component weight trends with t he des ign va r iable s of inter est. For eng ine 
wei ght scaling , this is generally thrust c hambe r pr essure , thrus t and 
nozzle a rea r e t ia or parameters which can be related to one of t hese (i .e ., 
thrus t and flow o r chamber pressure and pump dischar ge pressure). 

This procedure has been utilized effec tively in s everal past and continuing 
ALI\C contracted and in-house studies such as the Aivanced IUPc Prog ram (NAS 
3-19727 ) , ~he Mixed-Mode OTV Study (NAS 3-21049 ) , the Unconventional Nozzle 
Tradeoff Study (NAS 3-20109), the Orbit-to-Orbit Shuttle Engine Design 
Study (F046ll-71-C-0040) , t he Stor able Space Tug Study (NAS 8-29806), OTV 
Engine Phase "A" Study (NAS 8-32999), Dual-Fuel, Dual-Throat Engine 
Preliminary Analysis (NAS 8- 32967) , and the parametric analyses conduc t ed 
for the early Phase b Shuttle ~~in Engine Decinition Study (Contract NAS 
8- 21il88). Existing pump-fed engines such as the Agena , RL-10 and Titan II 
second s tage and study engir.es such as the OOS , Storable Tug and RL-10 
derivatives provided the original basis for component weigh t data. For 
this study , the ALRC 5 lbF and 100 lbF RCS thruster data will be the 
primary checks on the weight data obtained from t he scaling equa tions . 

Engine length is the summation of injector, chamher and nozzle lengths. As 
with the baseline component weights , the baseline injector and chamber 
lengths were determined on the basis of the ALRC 5 lbF and 100 lbF RCS 
thrusters. The nozzle exit diameter is calculated as a function of nozzle 
area ratio, thr ust and chambe r pressur e. 

Nozzle length is determined from the t hrust, area ratio and chamber 
pressure. The percen t bell nozzle (85%) is based upon the ALRC 100 lbF RCS 
thruster nozzle . The injector and chamber lengths are based upon 
geomet r ical scaling of t he baseline values. 

5.5 . 3 Computer Prog ram SPVl 

A computer program, SPVl (for Spaceplane Version 1) was developed to 
gene r ate onboard propulsion system parametric performance (including 
Spaceplane ), weight and envelope data. SPVl incorporates fully both 
performance prediction and weight and envelope prediction methodolog i es 
discussed in the two previous sections . 

Some of the programs more important feat ures a r e ou tlined below: 

0 

0 

0 

0 

0 

0 

0 

Terminal operated 
Completely self-tutorial and interactive 
24 required i nputs (input default value always displayed) 
Performance calculation for both N2o4/ PAAB-l and N2o4/MMH based 
on JANNAF simplified methodology described previously 
Ut ilizes propulsion system weight ~nd envelope prediction method
ology described previously 
Generates weights, envelopes and e .g. locations o f (1) sphe ri
cal, ( 2) conformal, (3) toroidal, and (4) integ r al bulkhead 
fuel / ox conformal propellant tanks 
Other propuls ion s ubsystems and components modeled ( i.e . , weight 
and envelope determination) include: 
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plug base 
propellant lines 
valves and actuators 
injectors 
combustion chambe r s 
nozzles 
He pressurization subsystem 
RCS 

Calculates e .g . at t ributable to propellants only 
Cal cula t es e .g. of PCE 

0 

0 

0 Calculates total predicted ideal Spaceplane vehicle 

SPVi was used to generate the pressuriza tion subsystem we ight and envelope 
data presented in Task 1.2 (Candidate Subsystems Definition). SPV1 was 
al so use~ to generate the propulsion 3ystem parametric perfo rmance, we ight 
and env~lope data presented in the next report sec tion (Preliminary 
Parametric Data). SPV l was also used extensively in Task 3.8 ( Selec ted 
Design) to optimize the onboard propulsion sys t em using either propellant 
combinatio-t . 

~ .5. 4 Preliminary Propulsion System Parametric Data 

In support of the SOW Task 2.1 r equirement, SPVl was used to generate 
preliminary propulsion system parametric performance (SP ) , weight and 
envelope data. Specifically , t hese data was generated in t~ree categories: 

o Mixture ratio optimization 
o SP6V vs . propellant volume 
o Propulsion system par cmetric per formance, weight and envelope 

data. 

These data are presented below. 

5 . 5.4.1. Propellant Mixture Ratio Optimization 

The optimum mixture ratio (MR) is d~fined as the MR whi~h results in the 
maximum vehicle 6V • This optimization was done for both the N2o4 /PAAB-l 
and N2o4 / MMH propel lam. combinat:i.ons. From a vehicle 6V standpoint, 
assuming a fixed vol•~e for onboard propellants, a mixture r atio of 1.481 
for N204/ PAAB-l is optimum. It also resu~ts, coincidentally, in equal 
volume fuel and oxidizer tanks. An equivalent analysis fo r N20

4
/ MMH showed 

that a mixture r ?tio of 2.4 is optimum. Neither of these analyses, 
however, t ook into account the influence of film cooling . 

The e ffect of fuel film cooling on the optimum N
2
04/MMH mixture ra tio was 

evalua t ed first. In general, the effect of fuel film cooling is t o 
decrease both the delivered specific i mpulse and the ~m at whic h the 
maximum delive r ed specific impulse occurs . This principle is conce ptually 
illustrated in Figure 26 . 
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Figure 5-26 Effect of Fuel Film Cooling on Vacuum Delivered Specific Impulse 
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The analysis takes into account the effect of propellant bulk density as 
well as specific impulse on delivered vehicle O.V . 

The results of t his optimization showed that, for a Spaceplane c lass 
vehicle, an ~ffi o f 1.65 with N2o4/ MMH i s very close to the optimum . The 
fac t that the c urve of ~V vs. MR is very flat, indicates that the PCE MR 
could be anywhere between 1 . 5 and 2 . C with only minor O. V penalties (less 
than 50 ft/sec). Also, since the existing ALRC engines were designed to 
operate at an MR of 1.65, 1.65 was assumed for the purf'OSe of performir 
the PCE optimization. With both propellant combinations (N204/ MMH and 
N2o4/ PAAB-l), a lower MR is desirable because it reduces the oxidizer 
volume and hence tank size , allowing easier line r outing around the 
periphery of the tank. 

A similar analysis for N?O / PAAB-1 yielded an optimum propellant mixture 
ratio of 1.2. All of the ~ata required in this mixture r~tio optimization 
was gen~rated by SPVl. These values were used as constants in the 
propulsion system optimization performed in Task 3.8 (Selected Design) . 

5.5 . 4.2. Spaceplane 6V vs. Propellant Volume 

The generation of plots of Spaceplane vehicle 6V versus propellant volume 
for both (N2o4/MMH and N2o4/PAAB-l) propellant combinations was completed 
primarily as an aid to tfie Spaceplane vehicle integrator (H/ S). They are 
reproduced here in Figures 27 and 28. These plots are based on the ide~\ 

vacuum equation: 

where: 
O.V total vehicle velocity increment, ft/sec 

gc gravitational constant, 32.174 ft / sec 
Isp • delivered spf ·ific impulse of propulsfc n system, 

seconds 

MI initial (before propulsion system operation) vehic l e 
mass, lbM 

~0 final, or burno~t (depletion of propellants) vehicle 
mass, lbM 

5.5.4.3. Preliminary Parametric Data 

SPVl was used to generate the parametric data plotted in Figures 29, 30, 
and 31. These data are preliminary , since the performance of the 
N2o4/ PAAB-l propellant combination require some refinement which was 
accomplished before the propulsion system optimization of Task 3.8 
(Selected Design). The performance (Isp) values shown are approximately 
2.5% (7 to 8 sec) conservative . This deficiency was later correcte~- In 
the interim, hand calculations showing tr.a influence of this Isp bias on 
the total Spaceplane performance were made . 

The resulting preliminary estimates of the Spaceplane performan<e vs. 
propellant characteristics are shown in Table IV. The assumptions made for 
the calculations are that the initial vehi~le weight is 6275 lbM, that the 
baseline propellants will deliver 320 sec. specific impulse, and that the 
PAAB-1 propellant performance is 1.2% higher. 
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TABLE IV 

SPACEPLANE 6V VERSUS PROPELLANT MASS 

Fuel/N22J. Propellant Mass, lbH Velocit~ Increment, ft / sec 
HMH 1200. 2185. 
HMH 1300 . 2390. 
HMll 1353. 2500. 
PAAB-1 1200. 2211. 
PAAB-1 1300. 2419 . 
PAAB-1 1339. 2500 . 

The tre~ds illustrated by the parametric plots (Figures 29, 30 and 31) do 
not depend upon the absolute value of specific impulse. Several important 
observations can be drawn from these plots by considering the maximum 
Spaceplane diameter constraint of approximately 56 inches and initial 
thrust re~uirement of 4500 to 6500 lbF. 

First, from Figure 29, the highest performance FCE will have module nozzle 
area ratios between 40 and 100. The resulting delivered performance will 
be somewhat in the 310 sec. range, not counting the 7- to-8 sec. bias 
discussed previously. Higher performing PCE's (up to approximately 320 
sec.) can be obtained, but only at lower thrust levels. This can be seen 
in Figure 29 , by assuming that PCE thrust is approximately equal to the 
number of modules times the thrust per module (300 lbF in this parametric 
study) . 

Figure 30 shows that the engine length, which consists e 2ntially of the 
module chamber and nozzle, will be approximately 16 inches. Figure 31 
shows that this PCE will weight approximately 130 to 140 lbM. 

In addition to the performance prediction refinement already noted, several 
improvements to SPVl were still required to complete Tasks 2.1 and 2.2 . 
TI1ese modifications are noted here : 

0 

0 

0 

Addition of He and He bottle weight (and size) calculation 
Improvement of Isp prediction for both N2o4/MMH and 
N 0 / PAAB-1 
Ahdttion of PCE e.g . location calculation 

SPVl was then used to provide the 1mportant dimensions for several 
candidate PCE systems . These sketches were reduced, and reproduced in 
Figures 32 through 36 in order of decreasing PCE diameter. Note the 
relationship of delivered Isp to PCE diameter. 

The PCE configuration shown in Figure 34 was select ed by both B/S and SNLA 
for the initial Spaceplane vehicle integration effort . Although several 
propulsion system parameters changed (such as propellants used, tank 
pressure, PCE module chamber pressure, number of PCE modules, etc.) during 
the propulsion system optimization conducted in Task 3.8 (Selec~ed Design), 
the PCE major dimer_ions (diameter of 43.5 in. and length of 12.2 in.) were 
assumed fixed for the balance of the study. These two values we re 
t onsidered design constraint s in Task 3. 8 . 
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3. PC£ JIOOUl£ THRUST • 300 LBF 

RIEL AHO 
OXlDlZER 
SUPPLY llN£S, PC£ I«>OUL£ -

VALVE ASSEMBLY 4. TJLT ANGLE • 17.5° 
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6. PROPELL~: N204JMMN (MIXTURE RATIO • 1.65) 
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BASE 
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COHPOSlTE) 

I U 5 IH. 
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5.6 TASK 2.2 WEICHT AND C. C. 

The main objective of this task ~·as to provide: (1) propellant weights and 
propulsion system dry weights for all of the candidate propulsion 
subsystems considered in Task 1.2, and (2) the center of gravity for one 
Spaceplane vehicle . Much of the r equired weight and/or e .g. data was 
presented previously in theTas~ 1.2 (Candidate Subsystem Definition) 
discussion. Thi s included the weight and e .g. of different propellant tank 
configurations as well as the weight of candidate propellant pressurization 
subsystems (PS's) . The weight of the propellant cont rol subsystem was 
assumed to be part of the propellant tank weight . Because of the 
relatively low weight of the selected propellant control subsystem 
(elastomeric diaphragms), this was a r easonable assumption. 

All of the tank weights shown were based on a safety f acto r of 4. Although 
this results in a very conservative tank wall thickness, the r esul ting 
total tank weights were determined, on the basis of ex i sting flight proven 
tanks, to be rea listic. All of these tank-weight and enve!ope data were 
generated by the computer program SPVL. 

A- o of primary importance is the location of the e.g . attributable to the 
~ ·•ellant only. This position can be located by placing the propellant 
tanks in the appropriate positions. Figures 9 through 12 presented in the 
Task 1.2 description (Candidate Subsystem Definition) , show four differ ent 
tankage configurations. The e .g. locations noted in these figures are the 
e . g. locations of the ful l volume of propellant con tained by the particular 
tanks. ln most case8 (except for the conforma l tanks) this e.g . location 
can be considered coincident with the actual tank-only e .g. location. 

Ultimately, based on discussions with SNLA , Station 221.6 corresponded most 
closely to the desired vehicle e.g . However, this does not influence the 
tank weight comparison as shown in Figures 9 through 12. This vehicle e.g. 
at Station 221.6 is represented by the H/S layout drawing shown in Figure 
37 . 

A determination of the PS e.g. location was not pr actical at the time Task 
2.2 was in progress since the number and loca tion of He bottles was a 
vehicle integration issue that was not addressed until the end of the 
study. The bulk of the PS weight was ultimately between the rear pa yload 
bay and PLSS (Portable Life Support System) whic h was attached to the r ear 
of the pilot's co uch . This arrangement is also illustrated in Figure 37. 

Engine system (plug cluster engine) parametric weight data was pr esented in 
the previous report section (Task 2.1, Perfo rmance) . Engine system e.g . 
data is documented in the Task 3.8 (Selected Design) description. The 
computer program SPVl, described previously, calculates the e.g. of the 
PCE, propellants, and propellant tanks (full and empty) . 

The wetght influencing parameters are gene r a lly thrust, chamber pressure, 
number of modules and module nozzle area ratio. The components and 
subsystems modeled by SPVl in this way inc lude: 
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plug base 
propellant lines 
valves and actuators 
injectors 
combustion chamber s 
nozzles 
conformal propellant tank( s) with flat or e lliptiLa , (2: l) bulkheads 
spherical propellant t anks 
toroidal prope llant tanks 
Be pressurization subsystem 
RCS 

Besides generating parametric we ight and c.u . data, SPVl was l ate r used to 
optimize the selected baseline PCE (Task 3.8, Selected Design). The RCS 
weight was assumed to be a constant 45 lbM. This preliminary weight 
es tima te proved to be fairly accurate, as discussed it de tail in the Task 
2 .4 (RCS Definition) des : ription. RCS e .g . data was nLt practical, or 
particularly useful, since the RCS thruster weight was &~ low and since the 
loca tion, and hence e.g . , of the RCS t hrusters was no t defined until Task 
2.4 (rrcs Definition) . 
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5 . 7 TASK 2. 3 OPERATION AND CONTROL 

The objective of this task was to describe the operation and cont rol of a 
conceptual Spaceplane onboard propulsion system . 

A preliminary assessment of what valves were required in the Spaceplane PCE 
was based on the ass umption that any propellant carried in the Shuttle 
payload bay must be separated from its associated combustion device by at 
least 3 valves in series . For the Spaceplane, this will probably mean one 
tank cutoff valve and series r edundant, bipropellant valve for each PCE 
module. This arrangement is shown schematically in Figure 38. 

The series r edundant 
development a t MOOG . 
MOOG valve in use on 

valve indicated in Figure 38 is currently in 
I t is very similar , except fo r its r edundancy , 

the curr ent ALRC 100-lb N2o4/t-1MH thruster . 
to the 

Although valves on every thrust chamber r epresent the maximum operational 
flexibility, they also represent the maximum val ve weight. This penalty 
will not be sever e however , since each valve weighs approximately 2.5 lbs . 

An updated operation and cont rol schematic for the Spaceplane is shown in 
Figure 39. The schematic illustrates the interaction be tween the 
pr essurization system, the propellant feed system , and the combustion 
device. Also included are proposed locations for the various purges , 
vents, bleeds, and drains necessary for servicing the vehicle. 

5.7.1 Component Description and Function 

The system pressure source , shown in Figure 39, consists of two (or more) 
gaseous helium (GHe) bottles connected in parallel, whi ch tie in with a 
common pressure regulato r . Both tanks have individual, d i rect ac ting, 
solenoid va lves for redundancy in fill and vent capability. Check valves 
are included between each GHe bottle and the regulator to insure continued 
operation in the event of a single bottle failu r e or leak. Both GHe 
bottles are instrumented with pr essure transducers and thermocouples to 
monitor temperature and pressure during the bottle pressurization phase and 
during the bottle blowd own when the engines are firing. 

The pressurization system is activated by an elec trical signal which ~pens 
the oxidize r tank shutoff valve (OTSV) and the fuel tank shutoff valve 
( FTSV) , t o supply GHe at regulated pressure to the propellant tanks . Both 
the OTSV and FTSV are direct- acting solenoid valves. The regulato r is an 
ambient sensing device that is capable of reducing the stor ed 4000 psig 
bottle pressur e to approximately 500 psig /or pressurization of the 
propellant tanks. The regulator selected fo r thi s application should have 
a wid e N flowrate-versus-regula ted-pre sure" bandwi :1 th because of plans to 
throttle by selective operation of individua l PCE thruste r pairs. 

ln the inter est of conse rving helium mass, thus reducing vehicle weight, 
the helium will be warmed by a heat exchanger installed between the GHe 
regulator and the propel l ant tanks. Since the regulato r seeks only to 
supply a specified pressure to the propellant tanks, less GHe mass will be 
consumed if the GHe is heated (e .g . , Perfect Gas Law ..• PV • nRT) . 
Experience and analysis show that without the aid of this heat exchanger, 
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the rapid expansion of the GHe during tank blowdown would r esult in 
0 

temperatures as low as -200 F o r less. GHe flowrate demand would be 
excessive at - 200°F to maintain the desi r ed regulated pressure . It is 
anticipated that whether the heat exchanger is driven by the excess APU 
heat or by heat from the PCE fi ri ng , the r egulated GHe will not experience 

0 temperatures greater than app r oximately 70 F. 

Check valves are located directly downstream of both the OTSV and the FTSV 
to prevent the 1nadvertant mixing of residual propellant vapors in the 
event of leakage through either shutoff valve. 

After pass ing through the check valves , the GHe enters the propellant tanks 
and maintains a constant r egulated pressure during propellant depletion . 
If the t ank design i ncludes a propellant/gas interfac e, both propellant 
tanks will be suppl i ed with vent valves (direct acting solenoid), tank 
overflow quick disconnect fittings (Q . D.'s) and propel lant fill and d r ain 
valves (handva lve type). The func t ion of these three items will be 
discussed at length later in this repor t. 

If the tanks contain elastomeric bladders co prevent propellant slosh , no 
t ank overf l ow Q. D. will be required . Both t ank~ ~re also provided with 
pressure transducers and thermocouples to monitor temperature and pressure 
during engine operation. 

The fuel and oxidizer in the propellant tanks is separa ted from t he engine 
system by isolation valves . These isolation valves are activated by GHe 
pressure wh i c h is admitted through a pilot valve co nnec ted t o the helium 
line upstream of the pr essure regulator. The pneumatic boost from the GHe 
insures that the valve will operate successfully ove r the wide range of 
pressures and propellant flowrates encountered i n a thro ttled engine 
system. 

Downstream of the isolation valves, the propellants pass thr ough redundant 
turb ine type flowmeters. Data from the s~ flowmeter s I ~ nsP ~ to determine 
the engine system mixture ratio (MR) and to confirm that all sys m 
hydraulic r esistances a r e correct . In addition, software could be used to 
comput e propellant residuals. An alte r nat ive to the flowmete r s could be 
dhe use o f liqu id level sensors in the tanks. Liquid level versus time 
cor relat ions have been used successfully to give approximate MR 
i nf o rmati on . After a certain deg r ee of conf idence has been obtained in the 
system, the flowmeters could be deleted, while using only system pressure 
drops and known hydraulic r esistances t o calculate MR and flowrate . 

The propellant then passes into a toroidal distribution manifo ld wh e r e it 
is direc ted toward the seve r a l separ ate PCE inlet lines. Each inlet line 
is separ ated from its PCE module by a series-redundant bipropell~nt valve 
(BPV). All BPV's wil l be equipped with t he follo~ing attach and service 
points: 

1. Propellant Bleed Q.D. - Used to bleed pr opellAnt up to the BPV 
before firing . Eliminates air bubbles and provides firm en~tne 
s t a rt s . 
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2. Purge and Drain Between th~ 2 Valves - Used to drain this cavity 
during post misslou processing. 

3 . Trickle Purge Port - Used to provide a low flowrate purge down
s tream of the BPV to preclude injector contamination. 

The possibili ty exists that a single series redundant BPV could be used to 
provide propellants to a pair of PCE modules. The cost and weight savings 
to be gained by doubling up like this would have co be balanced against the 
loss in thrust magnitude flexibility. 

The BPV will most likely consist of two torque J'lotor valves or tto~o direc t 
ac ting solenoid valves connected in series. Flight proven valves of this 
type a re manufactured by companies such as MOOG, Hydraulic Research , and 
Marquar~. t. 

After passing through the BFV, the propellants are evenly distributed and 
mixed in the combustion chamber by the injector. Chamber pressure for each 
thrust chamber is monitored by a pressure t ransducer . 

5.7.2 System Operation 

M~thods of delivering the Spaceplane to orbit include several potential 
launch modes. It can be assumed that if the Spa~eplane is transported in 
the Shuttle bay, at least two days will be available for launch preparation 
while awaiting the lengthy Shuttle coun tdown. If, on the other hand, a 
rapid launch is required, the Spaceplane will need to be poised in a state 
of constant readiness. The following paragraphs will address the 
operational procedures to be used for the rapid launch case. 

Months Prior to Launch: 

l. 

2 . 

3 . 

4. 

5. 

6. 

7. 

Open propellant tank fill and dra i n valves and connect the ser
vice Q.O. ' s to a catc tank reservoir. 

Fill the tanks until the serv i c e line overflows with no bubbles. 
Close the fill and drain valves . 

Open the OVV and FVV and blow the servicP. line clean with GN2 . 
Cap off service Q. O.'s . 

After checking propellant temperature , open the fill and drain 
valve and draw the proper tank ullage (if desired). Close fill 
and drain valve. 

Pressurize the GHe spheres to approx. 30 psig . 

Open the OTSV , FTSV, fuel isolation valve, and the oxidizer iso
l ation valves simultaneously . Bleed prope llants through BPV 
bleed Q.O . 's until air bubbles disappear . 

Close the OTSV, FTSV, and the two isolation valves 
bleed Q. O. 's. 

S-75 

.. 
.. · .. ' . 

Cap off BPV 

• ·~ 

•• 
... . .......... ~ 

• .• • I . .. .. 

._ . -.' . - -
- .. · _ .. "1,,::· •. 

•••• 0.. ..... • .... • ..... . 
~· .. · 

. .... 

•• - .. 
.·: ..... . ... 



.. 

. . 
'• . . . . --. 

-. .. . . 
• .. 
. ... . 
·.: 

. I · . 

. . . . .. .. . . .... ... 

..... · -•• 

I 
. . . ·. ·. 

··~ 

... 
•. 

. -

·-

·. ' . ,.__..,_:...., ..... 

T.!u Minutes Prior to Laur.c.1 : 

L Pressurize GHe spheres to 4000 psi a. Heat exchangers will be 
necessary to cool the GHe during a r apid fill such as this. 

Ignition: 

Energize the OTSV, FTSV, both isolation valves, and the BPV's 
s imultaneously. The PCE inlet lines and injector manifolds will 
be sized such that the oxidizer will enjoy a SO millisecond lead 
on the fuel, thus precluding chamber explosions or rough starts. 
Selection of engine pair s to be fired will be controlled by key
board i nput and software for large 6V requirem~nts and by pilot 
hand controls fo r fine tuning • 

ShutdoloTll: 

1. De- energize the OTSV, FTSV, both isolation valves ~n ' 
simultaneously . 

., 

Subsequent Firings: 

1. Same valve sequence as above . 

2. GHe tank and propellant tank pressure and temperature must be 
monitored between firings. OVV or FVV may b~ energizerl to vent 
any excess propellant tank pressure obtained through thermal 
soakback . 

5.7.3 Posttest Processing 

l. Vent the GHe spheres to ambient pressure through their respective 
fill and vent valves . 

2 . 

3 . 

4. 

Open t he OTSV, FTSV, OVV, ~N, and both isolation val ves simul tan
eously and vent the propellant tanks and lines to ambient pres
sure. Close same six valves . 

Purge and drain propel l ant s in cavity between series redundant 
BPV. Propellants are left in the tanks and lines between the tank 
and the upstream BPV. This procedure has been followed safely for 
6 months on the Space Shuttle OMS engine . 

Connect GN2 purge t o trickle purge ports doloTllstream of the BPV. 

5. Reload propellants per the procedure already 1escribcd. 

The Spaceplane safety evaluation (see Task 3.6, Safety Issues) revealed 
some alternate controls configurations that should be noted here . 

One series bipropellant per opposing pair of PCE modules should be adequate 
from both a safety and controls standpoint . If a PCE module ~alfunctions, 
its opposing module will have to be shutdoloTll anyway . For this reason , one 
bipropellant valve to an opposing pair would serve this function. The 
disadvantage is t he loss in flexibility due to the resulting inability to 
operate either of t he paired PCE modules separately . 
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5.8 TASK 2.4 REACTION CONTROL SYSTEM (RCS) DEFINITION 

The pr imary objective of this task was to define the thrust level and 
location of RCS thrusters to provide vehicle r oll, yaw and pitch on the 
basis of moment requirements to be supplied by SNLA. Ultimately, the 
actual roll, pitch and yaw rates were established on the basis of 
discussions with Llncom of Hous ton, Texas, regard ing the RCS requirements 
of manned space vehic les in gener al . Lincom specializes in spacecraft 
rendezvous and docking procedures . Rendezvous and docking capabi l ity was 
considered a Space plane onboard propulsion syste1a requirement. The ac tual 
moment data from SNLA was delayed primarily because of wind tunnel 
scheduling problems. This occur r ed because much of the wind tunnel test i ng 
necessary to define vehicle moment r equirements was not performed in SNLA's 
own facilities. 

Some of the general consider ations involved in the RCS definition a r e no t ed 
first: 

0 Based on discussions 
RCS will be based on 
module thrust level. 
tively large vehicle 

with Honeywell and Liocom, it is assumed t hat any 
the use of pulsing thrusters regardless of RCS 

Host importantly, this method accommodates rela 
c.g. location changes with little difficulty . 

o A high-thrust (i.e., 300 lbF o r higher) module located in the nose 
opening to provide retro thrust may be necessary. 

0 Placement of small pitch and yaw thrusters in the nose will probably 
be necessary. 

o Placement of RCS thrusters in the nose opening would eliminate open
ings and flap doo r s in the Spaceplane vehicle skin . 

0 

0 

The preliminary design of the RCS o r ACS wa s impac ted considerably by 
the requirement for pure translation capability in addition t o pi tch , 
yaw and r oll requirements . 

An RCS system using dedicated thrusters (i.e., thrus ters provide onl y 
pitch, yaw or roll) in addition to a dedicated maneuvering sys t em 
(i.e . , thrusters ~rovide only vehic le translation) coul d requir e mo re 
than 30 separate RCS type engines . 

o The S lbF module is easily scalable, primarily through pho t o enla rging 
of injector platelets, to higher thrus t levels. Addltlona l l y , the 
required film cooling is less, and hence perfo rmance i s i mproved , a t 
higher thrusts. 

0 An important influence on the design of the RCS i s t he po t enti al 
requi rement for redundancy . The Space Shuttle o r biter has a com
pletely redundant RCS. Although th i s r equ i rement probably is no t 
realistic for the Spaceplane, a par t ially redundan t RCS ma y be 
required . A partially redundant RCS cou ld sus tain t he l os s o f seve r a l 
RCS thrusters and still perfo rm the bas i c maneuver s required fo r a 
safe re-entry or return to the Shuttle orb i t e r. 
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o A potential problem is th~ effect of the RCS plume impingement on the 
Spaceplane pilot. This potential problem is based on the assumption 
that the ;>ilo t will be at least partially outside of the Spacep1ane 
conical envel ope while RCS thru&ter· are firing. 

To obtain a rough idea of impulse required to maneuver the Spaceplane,
0

a 
preliminary calcule tion of total impulse requirements for making a 180 
turnaround maneuver was accompl i shed. These calculations were based on2 predicted Spaceplane vehicle ro~ational inertia values of 156 , 000 lb-ft 
(pitch and yaw) and 10,500 lbft ( roll). These values were also 
corroborated with borh SNLA and H/S. Table V shows estimates of Spaceplane 
total impulse vs . maneuver time. The basis for the estimates is that 
applicatio2 of 1000 in.-lbF torque results in an angula r acceleration of 1 
degree/sec • The total burn time shown is t he sum of initial acceleration 
and final deceleration burns. The total impulse is approxima tely 400 , 000 
lbF-sec. 

Burn Time 
(sec) 

26. 8 
20.0 
10.0 
5.0 
2.0 
1.0 

TABLE V 
SPACEPLANE TOTAL IMPULSE VS. MANEUVER TIME 

Maneuver Time 
(sec) 

26.8 
28.0 
41.0 
74.5 

181.0 
360.5 

Total Impulse 
(lbF-sec) 

268 
200 
100 
so 
20 
10 

w max 
(degrees/ sec) 

13.4 
10.0 
5.0 
2 . 5 
1.0 
o.s 

At least three RCS configurations were considered bef ore the final RCS 
configuration \las defint>d. These three configurations, and their 
associated benefits and deficiencies, are briefly described below • 

5.8.1 Integral PCE/RCS 

In order to r educe the total num her of individual thrusters aboard the 
Spaceplane, an i ntegra! main propulsion/RCS/vehicle translation system was 
configured. A preliminary uesign is shown in Figure 40 . The important 
points to be made regarding this system a re noted here (refer to the figure 
for identification of the thrusters discussed below) . 

0 

0 

0 

The PCE provides +x (axial) D.V (only two thrusters, No. 3 and No. 
4, of the cluster are shown) • 

Thrusters No. 2 and No. 4 together provide positive vehicle yaw 
(two corresponding thrusters in the perpendicular plane provide 
positive vehicl e pitch) . 

Thrusters Nc. 2 and No . 3 together provide +y vehi c l e translation 
(two corresponding thrusters in the perpendicular pl ane provide 
+z translation) • 

. -. ·.· 
. · . 
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0 

0 

Thrusters No. 1 and No. 4 together provide -y vehicle translation 
(two corresponding thrusters in the perpendicular plane provide 
-z translation). 

Thrusters No . 1 and No . 2 t ogether and/or two thruster s in the 
per pendicular plane provirte -x (retro) 6V . 

The resulting t o rque fo r each of the thruste r pairs for the pitch and yaw 
maneuvers is approximate l y 2575 ft-lb. The net + y (or + z) translation 
thrust is approximately 205 lb. The ne t retro (~x ) thr ust i s 564 lb (2 
modules) or 1128 l b (4 modules). The translating thrust levels result in 
vehicle g levels of approximately .033 to . 043 . The pitch at·d ygw enfines 
wou ld provide a vehic le angular acceleration of approximate l y 35 /sec • 
The forward thrust e rs should be , and can be , moved af t, hopefully to some 
point aft of the con templa ted nose hi nge . However, to pr ov ide s i de-to-side 
translatio~, the thrust level of these modules must be equa l to or greate r 
than that of the PCE modules. This pre l iminary design was based on 300 
lbF/ module but is adaptable t o PCE sys t ems using 4 , 8, 12, 16, 20, etc. 
modules. 

Ro l l engines were not positioned. Unlike the o ther modu1 es in t he integral 
main propul sion/ RCS/ translation design shown , these t hr usters will pr ovide 
only the roll maneuver. The r eduction of this numbe r ~o only 4 (plus 
whatever r o ll engines ar e required ) was a co ns iderable reduction in vehicle 
complexity and hence improvement in r eliability. 

Subsequent discussions with both Honeywell and Lancom indicated that the 
vehicle rotationa l and translational accelerat ion ra tes inherent in this 
system were entirely excessive. On the basis o f these discuss ions, it was 
determined that thruste rs wi th thrust leve l s different fr om that of the PCE 
module wil l be requ ir ~d . ALRC has a lready developed RCS thrusters that 
deliver fr om l to 5 lb. of thrus t. These , and possibly the ALRC 0 -5 lbF 
thruster, wi ll be required t o perfo rm the RCS ve r nier r equir ements - This 
type of appli cation normally requ i r es a fast engine response and the 
ability to pe r form rapid pulsing . Both of these ALRC engines are high 
r esponse pulsing engines and ar e therefore ideal for use in t he Spaceplane 
RCS. 

5.8. 2 5 LBF Thruste r RCS 

This Reaction Control Subsystem (RCS) defi nition was peformed on the basis 
of (1) t he updated RCS requ i r emen t s tabulated in the Task 1.1 (Requirements 
Definition) desc ription and (2) the sole use of ALRC ' s existing 5 lbF 
N2o4/ HMH t hr uster . These rev i sed requirements were made on the basis o f 
r esults of the January TI / TD meeting and disc uss i ons with Lincom. These 
RCS r equir ements are compar able to RCS performance of both Apo llo a nd t he 
Space Shuttle o r biter. A photograph and description of this thrust e r i s 
shown in Figure 41. 

The RCS based on the us~ of 5 lbF modules i s shown sc hematica lly in Figur e 
42. The i dea l performance of thi s system is outlined in Ta ble VI below. 

A comparison of thi s 5 lbF based RCS to the RCS requiremen ts, lis t ed in t he 
Task 1.1 result s description, shows that lt is some what slowe r t han 
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TABLE VI 

5 lbF ...:>OULE RCS PERFORAANCE 

Anvular Time to Reach L 1near 
Acce er~t1on Angular Velocit) Acceleration 

(
0 /sec ) of 2.0°/sec (sec (ft/sec2) 

0.91 2.2 . -

2.00 0.98 -
- - 0.30 

- - 0.075 
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desired . Thi s i s particularly true fo r the pitch and ya w maneuvers. The 
roll maneuver r esponse is adequate as is che 2 axis translation. 

An equivalent arrangement for the pl ug base a rrangement requiring only two 
RCS clusters is shown in Figure 43 . It should be noted that the retro 
thrust maneuver would be provided by two 100 lbF modules positioned between 
o pposing pairs of PCE modules . This concept is illustrated in figure 44. 

The placement of these retro engines in the r ear of the vehicle eliminates 
the need for placement of additional axial modules in the hinge plane 
(appr oximate station 168) of the vehicle. 

5.8.3 100 LBF Thruster RCS 

This RCS was based on the sole use of ALRC's existing lOU lbF N20 4/XMH 
thruster. A photograph and description of this thruster is shown in Figure 
45 . The arrangement of these engines is identical to that shown for the 5 
lbF module RCS (see Figure 41). The major difference between these two 
systems, besides the obvious module thrust, is the fact that the 100 lbF 
module nozzles are truncated, giving a r eduction (10 to 20~) in performance 
and thrust level , to occupy an envelope approximately equal to that o f the 
5 lbF module. The resulting difference then between the two systems is 
primarily perfo r mance r ather than weight or envelope . TI1e performance of 
the 100 lbF module based RCS is listed in Table VII. 

As Table VII shows , the potential difficulty with this system is excessive 
acceleration ra tes . However, t he use of very short burn times should 
lessen the overal l impact of these accelerat ions on both the pilot and 
vehicle . 

5.8.4 15 LBF Thruster RCS 

Finally, in an effo r t to incorpora te both 5 lbF and 100 lbF thrus ters, a 15 
lbF thruster RCS was configured. This system is described in Table VIII 
bel ow. 
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TABLE VII 

100 lbF MODULE RCS PERFORMANCE 

Angular Ti me t o Reach L 1 near 
Acceleration Angular Vel ocit) Accelerati on 

Function (
0 /sec2) of 2.0°/ sec (sec (ft/sec2) 

Pitch and Yaw 14 .7 0.136 -
(Y and Z axes) 

Roll (X axes) 37 .7 0.053 -
Retro Thrust - - 0.30 
(-X axes) 

2 Axes Translation - - 0.99 
(Y and Z Axes) 
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Time to Obtain 
Spacepla ne bY c 

0._02 ft/ sec (sec) . 
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TABLZ VIII 
N2o4/MMH RCS DESCRIPTION 

Total numbP.r of RCS modules 
RCS module thrust level, lbF 
RCS module chamber pressure , ps ia 
RCS propellants 
RCS modul e propellant mixture ratio 
Total RCS weight, lbM 

16 
15 
142 
N204/HHH 
1. 65 
45.0 

A nea r ly equi va l ent RCS based on the use of N204/PAAll-1 is outlined in 
Ta ble IX below. 

TABLE IX 
N20/PAAB-l RCS 

Total number of RCS modules 
RCS module thrust level, lbF 
RCS module chamber pressure, psia 
RCS propellants 
RCS module prc pe l l ant mixtu r e ratio 
Total RCS weight, lbM 

16 
15 
100 
N2o4/PAAB-1 
1.20 
45.0 

Figures 46 through 49 show the location and thrust magnitude of al l of the 
N~04 /PAAB-l RCS thrusters, including the two aft mounted ret ro thrusters 
(l88 lbF each) . BecRuse the N2o4/PAAB-1 RCS oper a t es at a slightly lower 
c hamber pr essure (100 psia) compa red to the N2o4/MMH RCS (142 ps i a), its 
perfor mance will be somewhat lower, assuming a fixed envelope for the RCS 
thruster nozzles. Because the tota l RCS propellant mass r equirement is 
relatively l • this difference in RCS Isp's will have a negligible effec t 
on the SP d~· to either RCS. 

The N2o4/ PAAB-l RCS capabil ity is outlined in Table X. This table has been 
formatted to allow a dir ect compar ison to the RCS r equirement described 
previously in the Task 1.1 Propulsion R~quirements Definition. 

These capabilities are comparable to those of the RCS systems used on other 
manned spacecraft . This comparison is illustrated in Figure 50 , a pl ot of 
angula r (rotational) vs . linear (translational) acceleration l evels for 
existing (Shuttle) and past manned spacecra f t. The Spacepl ane RCS envelope 
(except for the +X aXi3 translational acce lerati on which i s not r eall y par t 
of the RCS r equirement) has been superimposed on this plot . This fi gure 
was supplied t o ALRC courtesy of Lincom . 

An RCS module thrust l evel of 15 l bF r epr esents a very modes t modification 
of e ither ALRC ' s 5 lbF or 100 lbF b1propellant RCS thr usters . 

A preliminary study of the po t en tial RCS plume/pilot i~pingemenr problem 
indicates that the 15 lbP RCS thruster plume will not be hazardous t o the 
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pilot ( th ls des pi te t he fact tha t the pilo t may occ3slonal ly ex t e nd 
some1~ha t be yond the Spaceplane conica l enve lope during a miss i on) . 

Finall y , the ques tion of RCS r ed unda ncy ghould be addressed . A complet e ly 
r edundant RCS will be heavy and require numberous propellant lines . On the 
other hand, a t l e as t s ome redundancy i s recommended for a ma n-ra t ed sys t em. 
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TABLE X 

SPACEPLANE RCS CAPABILITY 

Pitch 
Yaw 
Roll 

Function 

Retro Thrust (-X Axis) 
Forward Thrust (+X Axis) 
Translation ( ~Y Axes) 
Translati on (±Z Axes) 

.· . 

2. 72 
1.36 

3.98 

5-95 

0.154 
2.014 
0.112 
0.225 

Max time Required 
to give Vehicle 
6v = 0.02 ft/sec 

(sec) 

0.13 
0.01 
0. 178 
0.089 
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5.9 TAS!Z 3.1 PRO?ULS ION SYSTE~I t~STALLATION 

This task hact three specific subtasks , noted here: (1) update the selected 
propulsion system design per vehicle requirements suppl ied hy S~LA, (~) 

specify RCS nozzl e configur1tions, and ( 3) define All propulsion syste~ 
thrust load paths. 

5.9.1 Propulsion System Desi~n 

Drawings inco r porating the results of the PCE optimization performed in 
Task 3.8 (Selected Des ign) were generated for both the N

2
0
4

/PAAB-l and 
N?o

4
hf}fll onboard propulsion systems. The engine operating specs, and the 

justification for selection of these configurations , a re found in the Task 
3.8 discussion. 

The N20l/PAAB-l onboa r d propulsion system is shown in Figures 51 through 
55 , w~iJh were taken direct ly from the latest version of ALRC Drawing ·~ . 
1195445. Figure 51 shows the Spaceplane aft end. Both the PCE module 
nozzles and six aft mounted RCS thrusters are visible. Figure 52 shows the 
Spaceplane aft end from the side . Although the He bottle a rrangement is 
a r bitrary, the total He bottle volume is not. The final a rrangemen t of th e 
He bottles, as det e rmined by H/S, was shown previously in the H/S 
Spaceplane vehicle layout drawing, Figure 37. Figure 53 shows the two aft 
mounted retro thrusters, each of 188 lbF. Two different nozzle 
configurations are shown , although in practice only one would be used. 
This figure serves to show that the room av~ilable fo r the r et r o thrust 
nozzles a nd valve assemblies is very limited. Fi~ure 54 shows ALRC's 
spherical pr opellant tank design and installation. The volume of the 
PAAB-1 tank does not reflect the r equirement for additional PAAB-1 to 
operate the Spaceplane APU's. An enlarged PAAB-1 tank having this extra 
capacity was also shown previously in Figu re 37. Figure 55 shows both the 
front and side view of the eight foreward mounted RCS thrusters. 

Figures 56 through 59 show a corresponding series of drawings whi ch 
document the N

2
0 4 /MMH onboard propulsion system . The two retro thrusters, 

which would be identical to those in the N204 / PAAB- l system, a r~ not shown. 

Some of the revisions to the preliminary design selec t ed in Tas~ 2 . 1, as 
well as some of the subtle diffe rences between the N2o4/PAA'R-l and N2o.,./H}IIt 
systems, are described here. 

0 

0 

0 

0 

Two r et r o-thrust engines were added t o the Spaceplane aft end. 

The N
2
o /PAAB-1 PCE will have appr oximately the same envelope 

(i . e . , ~CE module length and PCE di amPre r ) as the current 
N

2
o

4
/Mt-nl PCE . 

The N
2
o4 /PAAB-l PCE module throat r adius will be somewhat larger, 

since the chamber pressure is slightly lower (1 00 ps la vs . 142 
psht ) than the N

2
0 4 /t-!:'lll PCE . 

The t\20 4 /PAAB-1 propellant tanks, although c ont'li1i n~ E'llW'I I tot:!l 
propellant weight, a re slightly diffprent 3n slze bec 3U S< o f r i-te 
density diffe3ence of PAAB- 1 (61 . 39 lb'l / ft ) compared to ~~m 
(54 .85 l Ml/ft ) and because of a lowe r mixture r a tio (I. 2 fo r 
N

2
o

4
/PAAB-l vs. 1.65 for N

2
0

4
/'IHH). 
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fo rtunately , this thrus t 1s di st r ibuted evenly a round the periphe ry of the 
tail cone s tructure. Thts thr ust loading a rrangement elimi nates the need 
for, and pr oblem3 assoct~ted with , a structu r al assembly to distribute the 
for ce of a single la r gP t hr uster t o the vehtc lP st r urture. There i s alsn a 
pre s sure force of approxi~a tely 148 lbF (ave rage pr essurP of 0 . 20 psia) 
acting on the surface of the PCE base . 

After RCS thruster operation will resul t in net f o r ces ac ting on the t a il 
cone in the +Y axes , and +Z axes . Al: :tough not inte nded for perfo rming ti-e 
roll manuever, the aft RCS thrusters can perform an emer gency , or backup, 
roll maneuver . This would r esult in a net s hearing fo r ce between the t ail 
cone s~ ructure and main Spaceplane str ucture . These fo r ces , as Lhey act on 
the Spaceplane fo rward conical struc ture, •re indica ted in Figures 61 and 
62 . 
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5. 10 TASK 3 . 2 PROPULSION SYSTEM INTERFACE DEFINITION 

The objective of Task 3 .2 wa s t o e s t~blish SpAcepl ane onboard pro pul s i on 
s ystem fluid , potJer , command and control interfaces . First, the fo ur 
gener al interface types were de fined : 

0 

0 

0 

0 

Fluid (i.e., He ancl pr opell ants) 
~1echanical 

Command (interface activation dettH.llines s t atus of propulsion system 
operation) 
Cont rol (interfa~e act ivation monitors sta tus of ~repulsion system 
operation) 

The fluid in terfaces are listed and briefl y described Ln Table XI . All of 
these fluid interface s a re strict l y propulsion system inter faces (i. e ., 
propulsion subsyste ms iPterfacing with other propuls i on subsystems) . The 
definition of t hese i nterfaces is an import 1nt part of t he vehicle 
i ntegration work because the propulsion subsystems (PCE, RCS, propellant 
pressutization a nd propellaut tanks) must be located i ~ s eve ral diffe r ent 
arean of the Spac e plane. The vehicle contr actor (H/~ ) alsn needs to know 
if and how these subsystems inter f ace siuce this can i mpact the plac ement 
of other , non-~ropulsion Spaceplane subsystems • 

TABLE XI 

SPACEPLANE PROPULSION SYSTEM FLUID INTERFACES 

All identifie d mechanical interfa .es a r e propulsion system/vehicle 
i~f'erfaces . The!>e mechanical in :erfaces an~ identified in the Task 3.4 
discuss ion, which deal s exclusively with propul sion system/vehic l e 
mechanical interfaces. The command inter faces a r e identified in Table XI I 
below . 
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TABLE XII 

SPACE PLANE PROPULSION SYSTEM COHNAN'O INTERFACES 

Valve 
Requirement {watts) 

Valve at ~S volts de 

PCE Module Bipropellant Valve(s) (Hi) 30 tJatts/valve 
ACS Th r uster Bipropellan t Valves 15 watts/valve 
~4 Tank Shutoff Valve (OTSV) 45 watts 
, Tank Shutoff Valve (FTSV) 45 watts 
N,o4 Tank Isolation Pilot Valve 30 watts 
~~H Tank Isolation Pilo t Valve 30 watts 
He Bottle(s) Vent Valve(s) 30 wa tts 
N 0 4 Tank Vent Valve 30 watts 
~~H Tank Vent Valve 30 watts 

A command in t erface has been rlefined as an electrical power interface in 
which e l ect r ical power i s utilized by one or more components of the 
Spaceplane internal propulsion subsystem (i .e., valves) . In some cases the 
activation of this interface will be implementerl by the pilot (manual 
operation). In other cases , a command interface will be act ivaterl 
automatically by the Spaceplane avionics/cont r ol system in an automatic 
feedback control mode of operation. For example , a desired on orblt 
Spacepl ane vehicle attitude may be required . The Spaceplane 
avioni cs/control system may operate selective RCS thrusters , via the 
e l ect r ically powered RCS thr uster solenoid propellant valves, to main tain 
t he specified attitude without pilo t intervention. Al~ of the command 
interfaces, therefore, originate at the Spaceplane electrical power source 
( ba t teries a nd/or APU powered gene rators) . The control interfaces a r e 
i dentified i n Table XIII. 

A cont rol i nt e r face has been defined as one in which low level electrical 
power (FFl watt) is required to monitor a particular propul sion system 
parameter , such as PCE module chamber pressure, propellant tank pressu r e , 
etc . Th i s i nter f ace type would be represen ted by all pressure transducers, 
thermocouples (or thermistors) and any flowmeters. In other words, cont rol 
lnte:faces monito r the propulsion subsystem rather than direct it . Th e 
state o f the various propulsion subsystem parameters (e.g., flowrates, PCE 
module chamber pressure, He bottle pressure, etc . ) will determine whAt 
command interfa~es are activated to operate the Spaceplane propulsion 
system . 

Al l of the c~ntrol interfaces are measured and /o r monito r ed in the cockpit. 
Fo r this r eason , all electrical leads o riginating at pressure tr~nsduc~rs , 

thermocouples or thermistor3 , and flowmeters will terminate in the coc~p lt 

avionics/cont rol system . The power r~qui rement for all o f t he rontrol 
interfaces would he much less than 1. 0 wa tt (l .e ., 0 .1 r o !).5 w.Hts). 
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TABLE XIII 

Si'ACE:>LANF: PROP11LSION SYSTEM CONTROL INTERFACES 

Monitoring Device 
Locat ion 

PCE Modules 

PCE Modules 

riz04 L1ne to PCE 

f'!MH Line to PCE 

Nz04 L1ne to PCE 

MMii L1ne to PCE 

Nz04 Tank 

MMH Tank 

Nz04 Tank Vent Valve 

Nz04 Tank Vent Valve 

~MH Tank Vent Valve 

MMH Tank Vent Valve 

He Bottle Fi ll and 
Vent Valve(s) 

He Bottle F111 ~nd 
Vent Valve(s) 

Hz04 Tlnk 

Fuc1 Tank 

. .. 
0 •• 

. • 

Parameter Being Measured 

PCE Module Chamber Pressure 

PC£ l'lod!Jle Nozzle Tern~ 

Nz04 Temperature (to PCE) 

...ui Temperat:Jre (to PCE) 

Nz04 Flowrate to PCE 

MMH Flowrate to PCE 

~204 Tank Pressure 

MMH Tank Pressure 

He Temperature 1n H204 Tank 

He rressure in N204 Tank 

He Temperature in MMH Tank 

He Pressure in MMH Tank 

He Temperature in He Bottle 

He Pressure 1n He Bottle 

Propellant Qty (%or abs) 

Propellant Qty (%or abs) 
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Monitoring Device 

2 or 4 le~d strain gage 
pressure transducer 

2 lead thermocouple 

2 lead thermocouple 

2 lead thermocouple 

Turbine type flowmeter 

Turb~ne type flo~eter 

2 or 4 lead strain gage 
pressure transducer 

2 or 4 lead strain gage 
press~re transducer 

2 lead thermocouple 

2 or 4 le3d strain gage 
pressure transducer 

2 lead thermocouple 

2 or 4 lead strain gage 
pressure transducer 

2 lead thermocouple 

2 or 4 lead strain gage 
pressure transducer 

TSO 

TBO 

·. 
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5.11 TASK 3.3 I NSTALLED PROPULSION SYSTEM PERFORMANCE 

ThP objecLive of this task was l o define: (1) the total impulse (specific 
impulse ~ultiplied by total propellant load o r thrust multiplied by total 
burn time) o f the sel ected baseline Spaceplane onboard propulsion syste~ , 

and ( 2) the r esult i ng Spacepl ane vehicl e (SP ) . Poten tial impr cvements 
to either parame ter were also to be defined . 

Three methods of total Spaceplane vehicle onJoa rd propul sion system 
impr ovement evaluated were: 

0 

0 

0 

Use of Orbit T:ansfer Vehicles (OTV ' s) to i nc rease total Spaceplane 
Use of r lternate prop~llant combinations 
Use o f auxiliary propellant tanks l ocated in forward and aft Space
plane payload bays 

5 . ll.1 Total Impulse and Spaceplane 

The current va lue of these par ameters are listed in Table XIV belo•· . 

TABLE XIV 

SPACEP~~ INSTALLED PROPULS iON SYSTEM PERFO&~NCE 

Spaceplane Propul s ion System 
Perfc7mance ParAmeter 

PCE Thrust , lbF 
I sp VAC of PCE , seconds 
Total Usable Propellant Load , lbM 
PCE Thrust , lbF 
PCE Burn Time, secondo 
Isp Total, lbF- seconds 
SP , ft/seco nd 

Propella~t Combination 
N204/MXH N2o4 /PAAB~ 

3,052 . 7 
312. 9 

1281. 
3052 .7 

131.3 
400,81 :. 1 

2,497 .2 

3,058.1 
316 . 9 

1281 . 
3058 . 1 

132 . 7 
405, 884 .9 

2,559 .7 

Som~ of the importan t assumptions on which this table are based are 
diocussed below. 

o The Isp values ar e based on full PCE thrust operation (i .e ., all 
PCE modules a r e firing). One or mor e PCE modules not firing will 
r esult in a slight Isp decreme~t because of the par tia l or total 
l oss of base thrust which contributes to t ~ P PCE tnt~l thrust and 
hence Isp . Thi s Isp l oss will increase with an increasing number 
of non-firing PCE modules . The actual lsp loss will r ange from 0 
to a maximum of 14 seconds . 

o The Spaceplane dry vehi c le weight , not i nc luding the pr opulsion 
system (i . e ., PCE, RCS , propellant pressur ization and ~ropellant 
control systems) or propel l ant , is assumed to be 4155 lb~l per 
directions f r om H/S . 
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Approximdtely 30 lbM of the total possible propellant l oa d (1400 
lb~l) has heen reserved for use by the RCS . This is equival <!nt t o 
50 ft / sec of SP~v . 

A 3 .47. propellant tank ullage volume has bee n assumed . This is 
equivalent to approximately 48 lbM of propellant . 

A pro pellant res idual of 1% of the total PCE propellant l oad has 
been assumed. This is equivalent to t3 lbN of propellant which is 
considered not usable for either the PCE o r RCS . 

A propell ant reserve adequate to provirle an RCS based SP of 
approximately 50 ft /s•!C has been assumed . This , like the RCS 
a llocated propellant weight is approximately 28 lbN. 

TI1e effect of the four previous assumptions is t~ reduce the total 
usable axial thrust propellant load from 1400 lbt-1 to 1281 lbM (a 
reduction of 119 lbM). 

In the N2o4/PAAB- l case, no aUowance has been made for the PAAB-1 
(approximately 100 lbM) requir ed to ru~ the Spacepl ane APU ' s. 
This will not degrade the Spacepl ane ~V capability , however, since 
the PAAB-1 tank woul d be enl arged to include the extr3 PAAB-1 
needed . 

The SP values shown in the tables are slightly different from 
those generated by the computer program SPVl primarily because 
SPVl assumes the total pro pellant load (1400 lbH) is usable by tt~ 
PCE. 

As a final note , the values in Ta ble XIV, especially SP~V, will change as 
the Spacepl ane vehicle dry and wet weight s are better defin ed . The Isp 
val ues will not vary unless a PCE design par ameter (such as P or avail ab l e 
PCF. diameter) i s changed . c 

5 . 11.2 Orbit Transfer Vehicles 

A compartson was made of storable and cr yogenic Orbit Transfer Vehic l es 
(OTV ' s ) for transpor ting the Space plane from LEO (LoiJ Earth Orbit ) to 
Geosynchronous Earth Orbit ( CcEC) . One of the major driver s 0f OTV 
performance (i . e . , total t:,IJ capability) is stage propellant mass fraction 
(MF) which is defined as: 

MF = Hgro/~~o 
M - T tal usable main propulsion propellants , lbN 
Mprop 

bo =Stage burnout mass , lbM 
where 
and 

For the purpos es of this comparison, M does not include RC£ pr opellant 
weight . Mb includes the vehic le strug[3fe , propulsion system , 
consumables~ unusabl e propellan ts and material normally ejected 
non-propul sivel y (e.g., H

2
o) . The purpose of these somewhat strict 

definitions was to enable an "appl es to apples" comparison of conceptual 
and existing OTV-like vehic l es (such as Centaur) . 
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MF data for over 60 conceptual c r yogenic and storable OTV ' s was collected . 
Most of the dat a could be included in the following categories: 

o Centaur 
o Space Tug Studies (Storable OTV) 
o Low Thrust OTV Studies (o r COTV for Cargo OTV) 
o Manned OTV Studies (~OTV for Manned OTV) 
o DoD Advanced Spacecraft Deployment System Studies (Mili tary MOTV) 
o Space based OTV's 

The MF data considered was generated between early 1974 and early lOR2. An 
analysis of the compi led d3ta showed two important trends: 

0 

0 

Study HF values tended to decrease with time. That is, the later 
the data, the more conse r vative it became and mo re consistent with 
the only existing c ryogenic OTV-l ike vehicle , Centaur. 

With the above observation taken in to acco unt , MF values for c ryo
genic OTV ' s appear to be in the . 83 to .89 r ange . Sto rable OTV's 
have MF values in the .86 to . 95 range . The higher MF values for 
the storable OTV is consisten t with existing ae rospace vehicle 
data whi ch shows that storable propellan t stages o r vehicles do in 
fact possess higher propellant mass frac tions . 

On the basis of t hese trends , an MF of 0 . 860 was selected fo r c ryogenic 
OTV ' s and 0 .905 waq selected for storable OTV's. These values are somewha t 
higher than the :IF values ( . 746 and . 840) assumed f or the drop tank 
assemblies evaluated previously in Task 3. 5 (Ma in tenance and Refueling). 
The primary r ea son fo r this difference is that virtually all OTV concepts, 
including the Centaur, utilize pumpfed pr opulsion systems , whe rea s t he drop 
t ank assemblies conside r ed were exclusive ly pressur e fed . I n gene r al , 
except for very small }V vehic l es , a pump-fed based vehicle wi 11 weigh less 
than a pressure-fed based ve hi c le of equal propellan t mass , and henc~ , 

possess a higher Mr. 

The final results of the c ryogenic vs . storable OTV (Orbi t Transfe r 
Vehicle} comparison are listed below. 

0 A typical c ryogenic OTV with a Spac~plane as a payload wi ll have a 
6Vcapab i lity of about 22 , 620 ft / sec (this compares re~sonBbly with the 
25 , 088 ft /sec value for the Centaur wh i ch inc l udPs the \duP to use of 
the RCS) 

o A typical storable (N2o4/ PAAB-l or N204 / '1HH } OTV with a sp.1ceplane ac; 
a payload will have a v capability of 3bout 18,300 ft lsec . 

o The c ryogenic OTV possess a to ta l \ ~dvan t1 ge of approxfm~t~ly ~30n 

ft /sec ove r the sto r able OTV wJ t h equ11l propell.1nt ma s<~t> 'i. 

o A 14-foot diameter storable OTV wt 11 be about 9 . 7 feet "hortcr th tn 

the equal pro pellant masc;, equa l st~~~ dl1mete r c ry09Pn1 c OT~. 
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5 .11.3 Alternate Ptopeli ants 

Another subtask performed in support of Task 3.3 was the identificatio n and 
evaluation of a l ternate propellant combinations which could yield 
substantial ~yaceplane ~V (SP 6V) i~provements. The results of this 
investigation are dis cussed below. 

In general, t he selection of the optimum liquid rocket propellants for use 
in a space vehicle depends on many factors i~ addi tlon to the delivered 
vacuum spe~i fic impulse (Isp ). This concepc can be illustrated by 
examining t he ideal t>,V equatYon: 

t.V 
where 

t:J.V 

~0 

gc Isp ~ (M /Hb ) v I o 
(1) 

ideal vehicle velocity increment neglecting gravi ty and 
a tmospheric l osses , ft/sec 

2 
acceleration due to gravity , 32.174 ft/sec 

tota l vehicle mission st?rt weight ( i.e., loaded with 
propellants), lbM 

vehicle burnout weight (i.e. , usable propellants burnP.d and 
expelled) , lbM 

Equation (1) shows that, indeed , de lta -V is directly proportional to lsp . 
Therefore , all other parameters being constant , del ta- V will improve wit~ 
increasin~ Ispv· 

The other efiect of propellant srolection on del ta- V is not as easily 
identified. lt may be illustrated by first defining: 

MI 
where 

M prop 

Also 
M 

where prop 

and 

Vol 
prop 

M + M bo prop 
(2) 

mass of usabl e propellant stored in the vehicle, lbM 

Vol o ) prop • bulk (3) 

vo~ume available i n the v~hicle for propellant load, 
ft 

bulk density of the propellants, lbM/ f t
3 

Making the proper s ubst itutions , equation (1) may then be r ewritten as: 

t.V (1 + Vol • ob l k) 
Pf~~ u 

(4) 

Equation (4) now shows that for a cons tant Vol /~L vehicle , an increase prQg ·bo 
of o l k of propellants also increase rlelta-V . F r a cons tan t Vol ro 
appl~gation then , the objective is to sel ect those propellants whoEe £s p v 
ard ob•.Jlk resul t in the maximum del ta- V. 
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A prope lldnt combination pa r ameter which strc,ngl y influenc£s both Ispv and 
ob l k is mixture r a tio (MR) . The opt imum MR for a g iven propell an t 
coMo1nation and fixed availab l e propell ant volum~ is tha t ~ which resul ts 
in t he highest vehicle delta- V. This optimum MR does not al ways correspond 
to the maximum I spv· 

One conveni ent 11ay t o e valuate both of t hese influences simultaneous ly is 
to first determine obulk as a f unct ion of HR for a particul ar propellan t 
comb1na tion. A plo t or I spv vs . oLul k is then made . 

Equation (4) can then be used to make plots of Isp vs. obulk based on 
various values of del ta-V and a fixecl Vo l /K . v prop bo 

This pr ocedur e was followed fo ,· severa l propellant combinat i ons with the 
r esulting plot shown in Figure 63 . As i s appa r en t in Figur e 63 , in some 
cases , lap ~ da t a was onl y available at one mixtu r e r a tio (as opposed to o e · 
the r ange o ~ixture r atios considered fo r many o f the pro pellant 
combina tions) . Al t hough these mlxrure r atios are not necessarily optimum 
fn· t.he Spaceplane vehicle, an approximate SP increment can s till be 
estimated . 

One obse rvati on , among others, that can be made on t he basi s of Figure 63 
is that vehicles with small propellant volumes (i . e ., Vol rop/Mb is low) 
have higher delta-V capability oper ati ng with hi gher densf ty , lo8er I s pv 
propella nts (such as N

2
o

4
/MMH o::- cn·

5
tN

2
H

4
) than with l ower density, hig~· 

I s p pro pe llants (such as Lox/LH2) . On the other hand , as vehicles possess 
l a rger and l a r ger propellan t volumes (i . e ., Vol / t:1, i s high) the l o•Jer 
density, higher Isp propellants (i .e., Lox/LH2~r%ggin°providing vehic· e 
delta- V values clos~r to t hose provided by the higher densi t y , l ower I s p 

v propella nts . 

The varinb:e l abeled AS o h in Figure 63 is equal to Vol /~ · This ve oroo ·oo 
plot. show~ both the maximum delta- V that may be expected rrom a particular 
propellant combination anJ the MR r equired to yie ld that maximum ~elta-V . 

a l so, Fi5ure 63 is based on ODE I s p (i .e., maximum theoretical) values 
wher~as a mor e rigocous analysis would util1ze I spv ( i.e ., delivered Isp 
vslues) • 

There ar e some secondary i nfluences not conside r ed by t h i s anal ysis which 
would normally be eva luatP-d in a de tailed design procedure. For example , 
the effect of propellant combination sel~ction on ~ has not been 
consider ed . A c ryogen i c tank normally we ighs cons id~rably mor e than an 
equa l volume , equal pressur~ t ank con taining s torable prope llants. In the 
pr esent case onl y stor able ~ropellant combinations a r e considered. 

This proecure was used t o identify other propellant combinat .ons (besides 
N 2o4/~L'1H and N2o4 / PAAB- l) which w~uld irnpt:>ve SPllV based upr.l a rtlat ive ly 
constant tota l volume of 18.64 ft i n the Spacepl ane available for 
propellants . :hese other propel l~nt combinations and the approximate SP 
improvement attributable to ea~h ar e listed in TablP XV • 

It s hould be noted here that a somewha t differ en t propellant se l ect i on 
procedure would be fol l owed if the r a tio of Vo lprop/Mbo were not fixed (e . 
g . , fixed M1) . 
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Pc • 1000 psia 

£ • 100 

.05 

PB- BULK PROPELLANT DENSITY (lb/in. 3) 

F1g~r£ 5-63 Vacuun Delta V EqUltion Applied to Propellant 
Perfomance Proper;i es 
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TABLE XV 

CANDIDATE SPACEPLAN£ PROPELLANTS 

Propel l ant Combination 

LFz/ NzH4 
NzF4/NzH4 

ClF30/ MMH-A1 (70-30 ) 

BrFs/ MMH-A1 (70-30 ) 

ClFs/PAAB-1 

ClF30 w/ MHF3, MMn or PAAB-1 

BrF5/ PAAB-1 

NF3/N2H4 

~lF3/N2H4 

ClF5 w/MHF3 or MMH 

BrF5/I't1H 

OF2/PzH6 

C1F30!B2H6 
FLox/CH4 

NzQ4/PAAB-1 

N204/,.,.,H 

. · 

Pbulk 

(lbM/ ft3) 

SPAv 
Increment 
(ft / sec}_ 

83.3 1,550. 

89.3 1 t 200 . 

99.4 1,140. 

121.0 1,130. 

90.9 955 . 

92.1 - 93.3 830. - 880 • 

115.8 880 . 

85.0 700. 

93 .8 750 . 

86 .7 - 87.6 680. - 730 . 

112.3 . 680. 

62.6 500. 

75.2 450 . 

66.5 400. 

74.6 30. 

75.2 0 
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The a ssumption was a l so m~de that cryogens ( i. e. , LH2 , Lox) or hydr ocarbons 
like pr opane or methane would not be used a~oard the Space plane . All poss
ess c ryogenic charac teris tics that make rapid propellant lo~ding requi r ed 
for a military vehi cle very difficult . 

There a re oth~r consider ations which also in f h1ence propella nt selecti on in 
add i t i on to those ~Jnsidered in this procedure . These are discussed 
briefly here . 

The propellant com'>inat i on BrF 5/~~-Al would yield an i mp r ess ive SP 
improve~en t (ll40ft/sec) . However , the pr opellant bul k density of t his 
combin~tion is consider11bly higher than that of N 04/~!H (1 21. - 75.2) 
lbM/ft = 854 . lbN. In o t her words , a maximum ve~icle mi ss i on start weight 
may determine the maxi mum propellant bulk density permissible . An 
a lternative soluti on would be , if a higher ob 1 propellant combinat i on 
were selected, to use smaller tanks to reduceut~e Spacepl ane total mission 
start weight. However, this would a l so r educe SP 

The propulsion system we i ght, which is part of Mho' is st r ongly inf l uenced 
by the pr opellant combinat i on. In general, thP. l ower the pro pellant bulk 
density (such as Lox/LH2 and Lox/Hydrocarbons) , the g r e ater the engine 
weight. For this reason, a hi gher propell~nt bulk density can r esult in a 
double benefi t to t he vehic l e: (!)possibly higher Isp , and (2) lighte r 

v 
engine wei£ht . 

The technology status of the various propellant combinations is another 
impottant conside ration in the selecti on of propellants. All of the 
propellant combinations listed in Table XV, except N204/W.1H Rnd N204/PAAB
l , are advanced technol ogy propellants . In f act, as might be expec ted, the 
higher the potential SP improvement , the more advanced the propellant 
combination. For example, many propellant combina tions were consider ed in 
the Advan: ed Spacecraft Deployment System Study (ASDS) recently conducted 
at ALRC ( 1~ef .2). Part of this study was a t echnol ogy s t atus evaluation fo r 
several oE the se pr opellant combina tions. This evaluation is summarized in 
Table XVI . The actua l e ngine systems ( inc l ud ing existing , R&D and 
concept ual sydtems) on whic h this technology s '.atus det ermination was ma.:.e 
are summarized in Table XVII . (The r eferences cited in Table XV!l a r e 
listed in the ASDS Final Report noted above). 

Any of the propellant combinat i ons in Table XV t hat have not been 
speclfi cally mentioned in the foregoinr. discussion (such as LF 2/N2H4 , 
N2F4/N2H4, NF3 /N H

4
, etc.) defini tel y repr esen t new technology. For this 

r easo n alone, an3 assuming a desired near term IOC for the Spaceplane, no ne 
of these propellant ~ombinations a r e recommended for Spaceplane 
app l ication . 

It should a l so be note d that any aluminum in the rocket e1:haust plume is 
mor e r eadi l y i de1tlfied by a pronounc ed IR s i gnatur e . This mdy be a majo r 
disadvantage fo r the Spaceplane . 

Another important propellant se l ection considerat~on i s STS 
Orbiter/pro pellant compatibility . It i s entir~ly possibl e that a new 
propelts·.nt combina t ion (i.e ., any propel lant combination that is not f ull:· 
qualifi ed) may have t o be qualified fo r storage abo11 rd t he Otblter. Th i s 
restric tion mi ght even appl y to the use of N2o4/PAAB-l. 
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S{l[Cl[D 

Lo2tu+2 

" zo•""' 

l~/·-1 

l~/04. 

Lf z!LHz 

LF z'"zH• 
Clf 3ot85Hg 

Cl r 5t LHz' "zl'l• 

IIOT Sfl£ CT£0 

CIF s ' "zH• 
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L02tt3H8 
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lOzt>Hz!RP· I 

. . . . 

TABLE XVI 

CANDIDATE PROPELLANTS SELECTION (AS05)' 

TlCifi:llOCY 
surus 

High 

High 

Hl<jll r, Y• 

lien~ 

High 

looo 

None 

None 

ltw 

Low 

High 

S£UCTICJ. 
CltlTlltiA 

High perfo,..lng basellnt cryO<JPnl c hrob•bly used In booster sttge) 

law perfof1111ng basellnt stortllle 

• . Probt b ly .. l ll be used In booHer supe (space stor•ble) 

,.., rppltc~ • -I In booster Ht9f (uece storable) 

Hlgllrs t perfo,...lng blpr"'O)tll t nt cQII'Iblnot ton 

~lng dr~loped ror NASA sptce 111ut .. s 

Hlgllrst perfof1111ng storeblt 

Mind~ trlpr~llont with high dc!nslty stortb l t blpropelltnt 

Hlgllrst IMIIk drnslty (t? be ewtluettJ as trlpropellon t COI'IPont nt) 

Slt gh t ly I ~r pe rfo1'1111ng thon C If 
3
o, a

5 
H

9 

llot SICJIIflcon, ly dlfft"'nt frooo LOzi HC (liP• I , CH4, t tc , ) 

Not siCJi tflcently dlfft,..nt r,. other JtP-1, CH4 • e tc. e•ctPt If sut>cooltd 

High perfo,.lng tr-lpropelhnt •• uoce storobl t blpropellont 

Hlgllrst perfo,.lniJ trlpr"'O)tlltnt • • spect storable blproptlltnt 

MoH llktly boosttr trlpropelhnt •· spt ct Hortblt blpropellont 
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ROCKET ENGI NE STATE-OF-THE-ART SUMHARY (ASos; 

Pc r E HA 
PROP£ tL.:..\"S !:)\ ! 1 ; ( lbrl 

·T ~ 
lOS e.ooo •o 1 0 

817 100 ,()01) 19 1.8 

IJ~ 9 .8S(i •s 1. 6 
\..~ 
t ,_.. 

j 
12S <; .~=~ 10 1.9 N 

0' 

12! l .~c: 16 1.6 

!C:;. 2 .2·:~ 60 2 . 0 

2 .eo: 1·)0.~1) 20 1. 1 

Lr 2t Lfl2 • L' 7S~ 2,0CC. 60 u 

. I -
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111s 
T(U C(Jl~AACT A[f[R[NC[ :[tlfflOLOG Y ~ U TUS 

.9? 1979 rat70I-76- 39 
C-011• 

. 91 1961 •ro• (6•7 l- 18 
S11 

. 91 1966 NAS~ · 1100 36 

. 91 1970 OAt ~e- )1 

80::11 

92 1969 HAS9- H 98 11 

. 90 1962 Af01(~17)- 12 
767 

. 92 1967 1(()1(611 )- so 
1?8Y.' 

. 9S 19 70 leAS ]. 112l0 S2 
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On the basis of t he cons i deratlons lis t ed below, it is reromrnended tha t 
N2o4/ !l-1H or N20li / PAAB- l bP. r e taine r\ as t he baseline Spacepla ne intPrn::~l 
propulsion pr opellants . Fur t he r mo re , t his analys i s r ecognizes ho t h 
propellant combinations as s upe r io r (on a SP basis) t o eithe~ Lox/LH2 or 
Lox/Hydroc arbon ,ropellants. 

o SP potential inc r ement 
o Spaceplane M

1 
(vehicle start mass) penalty 

o Pro pulsion system weight effects 
o Technology s tatus 
o IR plume detec tion 
o STS Orbite r compatibility 

J . 11. 4 Auxiliary Propellant Tanks 

Rel a tively la ~e in t he program, ALRC was asked to evaluate the possibility 
o f placing auxiliar y propell~nt t anks in the forewa rd and af t Spaceplane 
payload b~ys . Bot h of these payload bays can be seen in t he H/ S Spaceplane 
vehicle l a)'out- dl·awing in Figure 37. Only a very cursory evalua tion was 
possible with th•! available time . ~e r esul t s of this evalua tion 3r e 
discussed her e. 

First , a review of possible auxil iary t ank propellant utilization schemes 
1~ere cons i d e r erl . 'tu<!se i ncl udcd : 

o Deple ting , and evacua ting main propellant tanks (by 
f luic i nt e rface with deep space vacuum) prior t o 
r efilling f r om auxil i a ry tan~s. This would r esult in 
the lowes t r equired ~P be twe£n the main and auxiliar y 
prope llant t anks , but wo uld a l so result in t he maxi mum 
r equired onboard He . 

0 

0 

Pumping di r ectly from auxilia ry to main prope: lant 
t anks . This me thod would r educe the total He 
requirements, but could penalize the Spaceplane on a 
weight , and hence pe r formance, basis depending on how 
the pumps wer e driven . 

Pumping prorellan t s direc t ly from the auxiliary tanks 
to ~he PCE . This, in effect, cons t itutes a pump-fed 
propulsion sys t em as opposed t o t he main pressure-fed 
system. The turbopumps r equired (h igh ~P, l ow 
f l owrate ) a r e not sta t e- of- the-art. I f t he required 
tu r bomachi ner y wer e ava i lable , t hen t he use of all 
pump- fed propulsion for the Spac eplane IYOuld probably 
be r ecommended . 

o Inc luding an integra l cold He pressurization bottle(s) 
with each auxiliary prope llant tank . This woulc be a 
r ela t ively heavy sys t em and , hence r esul t in J0wer SP . 
It is r e l a tivel y simple sys t em , however . 
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0 Operating the PC::: in a He blo1~down marie , i nstead of 
regul ated He. In thi s procedure, the !!lain prope llant 
t anks m' uld be opera ted t o pro pe ll ant dep l<~ t lon in t he 
blowdotm mode. The main tanks woulrl then be pump-fed 
wilh prope llants from t he auxilia ry t anks . The main 
t anks would then be depleted in the blot~down mode us i ng 
the main tank He pr essure . The biggest obstacle i s the 
possibility o f PCE mod· •l e c hugging instability if the 
module inle t pressure drLppcd t oo l ow . 

A general obse rvation is that there will always be some He weight pe nalty 
for the use of auxiliary pro pe llant t anks if He i s t o pressuri ze the 
auxiliary tank~ . The only vay t o eliminate the He we1ght penalty , at the 
expens~ o f inc urring an onboard e nergy supply we ight penalty due t o the 
inc r eased energy requirement, i s to press urize the tan~s in some o the r way . 

Finally, some preliminary ca l cu l ations of ene rey r equirements fo r oper~ting 
a pump- fed PCE were made . These results are l i sted bel ow. 

0 Oxidizer pump s haft ho rsepower required : 5. 3 
0 Fuel pump sha ft horsepower requi red: 5. 3 
0 El ectric iJOWer required fo r each pump: 4.63 Kt~atts 
0 Total pump-fed PCE electric powe r requL:ed : 9.25 Kwa t ts 

The total power requi rement (9 . 25 Kwatts) can be compared t o the maximt.rrJ 
anti.ciratcd ae ro surface po111er require:nen t of 42. 0 K\Jatts (see Ta ble III) . 
The total energy requirement , on the other hdnd, i s very l ow (0.308 Kw- Hr s) 
since the pumps would only operate for a pproxima t ely 2 minutes . The ectal 
energy r equirement for the Spaceplane aer o surfaces has been estimated to 
be ap proximate l y 7.2 Kwhrs. 
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5. 12 TASK 3.4 VEHICLE INTERFACE 

Task 3.4 was performerl in parallel with Tas'<. 3. 2 (Propuls ion System 
In terface), desc r iberl previously. IVhcreas Task 3 . 2 aeals with a ll 
propul sion system interfaces (i.e., with t he pilot, with other Spaceplnne 
subsystems , etc.) , this t ask dealt specifically with the irlentification of 
propulsion s~rstem/Spaceplane vehic le interfAces. These mechanical 
inte rfaces a re listed and briefly des . ribed below. 

o Attachment of PCE modules (16) to Spaceplane 
vehic le structure 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Attachment of r ever se thrusters (2) to Spaceplane 
aft vehicle structur e 

Attachment of RCs thrusters (14) to Spaceplane 
vehicle structure 

Mating of Spaceplane aft end/PCE to Wirle Body 
Centaur 

Routing and attachment of PCE Qropellant lines (2) 
inside of Spaceplane vehicle structure 

Routing and attachment of RCS thrus t er pro?ellant 
l ines (14 pairs) inside of Spaceplane vehicle 
structure 

Attachment of propellant tank support structure 
within Spaceplane vehicle structure (2 tanks with 
2 supports/tank) 

Location and attachment of He bot~le(s} within 
Spaceplane vehicle structure 

Routing and a ttachment of He lines and within 
Spaceplane vehicle struc ture 

Location and attachment of HE heat exchanger£ (l ) 
within aft cone of Sp~ceplane vehicle structur~ 

Routing and attachmer. t of Be lines (2) (from He 
bottle(s) directly to propellant tank isolation 
valves) t o Spaceplane vehicl e structure 

o Location and attachment of propellant toroidal 
manifolds (2) within Spaceplane vehicle structure 

The ins ide diameters for the lines included in this list were ident~fied in 
Table XI • 

.. • ... . . . . .. . 
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The preliminary design of sevPral of these interfaces has been acomplished 
during the complet i on of Tasks 3 . 1 (Propulsion System Installat ion) and 3 . 8 
(S~ l ~cted Oc~ign) . The res ul ts a re also documented in ALRC Drawing 
1195445 , which has been reproduced i u Figures 51 through 59 . In general, 
the ro u ting of propellant and lie 1 in"'S tJas a vehicle integration problem 
addressed by H/S . The mating of the \Hde Body Centaur (WBC) to the 
Spacepl ane aft end was also addressed by H/S . 
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5. 13 TASK 3.5 MAI~TENA~CE AND REFUELING 

The objective of thi s task w3s to discuss in-situ refurbis~ent and/or 
repl acemen t (R&R) of t he four major propulsion sub3ystems (i .e . , PCE , RCS , 
pr essurization and tanks). Refueling provisions and auxilia r y drop tanks 
w~ re to be described. Any vehicle requirements thus affected were also to 
be identified . 

One of the major advantages of the PCE concept is its inherent e~se of 
maintenance . Bec~use of its modula rity (i .e., multiple PCF. module9 and 
mul tlple He bottles) and its annular geometry , it will be easy to replace 
se l ected components . 

5. 13 . 1 R&R of Sp3~eplance Propulsion Major Components 

The R&R requi r ement for Spacepl ane propulsion major co11ponents h:1s b en 
evaluated on the basis of two i mportant considerations: 

o Ground onl y R&R vs . ground and on- orbit R&~ 

o Postfire R& R vs. prPfire R&R (or mission start vs. 
mission co~pleted R&R) 

The major components to be evaluated for R&R activities , on the basis of 
t hese consideration, , lncludP: 

o PCE modules 

o Propellant tanks and propellant control devices 
(elastomeric diaphra&ms or bladders) 

o He bottles and othe r pressurization subsysteo 
components (i . e . , Re manifolds and regulators) 

o RCS thrusters 

All PCE modules are located around the periphery of the vehicle, which 
ideally permits easy access to the modules. The propellant lin s would 
t hen pass through vehicle structure cutouts or port~. In pr etlce , 
however, the PCE ~odule ~unting bracket and valve ass ~ply, whlch are 
relatively cogl (300- 400 ) , should be thermally separated fro th hot 
(approx . 2000 F) cha~ber and nozzle to reduce heftt soakbftck to th valves 
and vehic le structure at engine shutdown. The impact of this requirement 
on the ideal PCE conf i guration is illuatr~ted conceptually in Flsure 6 • 

This lessens , t o aome degree, th ease of R&R of PCE modul either on
orbit or on the ground . One potential solution t o this problem l to place 
cce<~s door' in the V"hicle wall close! to the PCE mount tng structur . For 

the Spaceplane , however, thll ls noc advlsabl~ sln c th thermal prot~~ tlon 
syste~ (TPS) , consisting of STS-type tile' and/or a coatlt of llic 
phenolic blrnive , covers the vehicle surface. : tkln~ cc ss oors through 
these materials could be dtfflcult . 
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Ano ~ltt r alternative is to access the PCE modules from inside the vehic l e . 
The practicality of thi s alternative depends on at least t~o other 
considPrations : 

0 

0 

Can the PCE module nozzl e and chamber be removed 
externally? (The answe r is yes if the PCE modules 
utilize a bolted chamber design.) It is likely 
tha~ the chamber and nozzl e would hove to be 
detached from the valve assembly befor P. the valve 
assembly could be r emove d f r om insidP. the 
Spaceplane . 

Dors the arra~gement of propellant pressurization 
bottles (He) and life support equipmen t behind the 
pilot allow r Gom t c ~ccess the PCE modules? 

In answer to the flrst question, lt should be no ted that anot~er advantage 
of the bolt~d chamber design is the fact that rapid removal at i r eplaceillen t 
of th~ noz!le and c hamber could be import~ ~· i f the total design life of 
these compone nts is less than that of the ..Jpr ..... eplane design life. The life 
l imita tivn of the nozzle and chamber is due solely to the eventual 
degradation and loss of the silicide coating used in the nozzle . This 
advantage would not be av:lilable if an .'lll welded de ~ ign ~o,·ere used . A 
further advantage of the bolted flange configurati on is the fact that the 
two flanges, separated by a se~l, is en e ffec tive conductive heat t ransfer 
barrier since the t wo flanges are not in direct, metal to metal contart . 
Another alte rnative would he pl~cement of radiation heat barrier s between 
the valve assembly a nd nozzle and chamber. These barrier s are usual ly flat 
reflective mettal i c plates placed between the valve assembly and n~zzle and 
chamber so as to r e flect the heat being radiated fro~ t~e hot nozz. e back 
to the nozzle or out to space. 

The answer to the second question can on ly be answered on the basis o f t he 
ultimate Spaceplane internal configuration • 

In al l cases, ease of accessibility to a ny spa~eplane subsystem is more 
critical in on-orbit R&R activity as opposed t~ ground R&R act!vity . This 
i s partl y because much on-orbit R&R activity wo uld be done by the pilo t or 
others in spacesuits . Mos t of the ~&R activity (loosening bolts , opening 
access doo r s , replac ing large and small components , etc . ) is much eas i e r on 
thE ground (i . e . , not weightless , not wea ring bulky gloves , e tc . ) . Some 
ground R&R act i vity would be vi rtually impossible on-orbit, such as 
working on porti ons of the Spaceplane inte r i or not big enough to allow for 
the added volume of a spacesuit • 

For these r easons, on- orbit R&R r equ ires tte maximum case or accessibility 
to those subsystems needing R&R. It should be noted that there are hand 
tools available, and in development, specifically designed for use in a 
weightl ess e nv i ronment by spacesuited pe r sons. The use of s uch tools 
should allevi ate some of l he djfficultie s inherent in on-orb it R&R 
activities. 

. -·- . 
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A fi~3l conRtde rAtlon r ega r ding rr&R o f PCE mojules , eith~ r on- o rbi t or t~e 

gro und, is the fac t that the prope llant lines and manifo l d s supplying the 
PCE modules will always contain N2o4 , PAAB-1 or HHH. This t s a r equiremen t 
f or the qulc k launch mode of opera tion dis cussed in Ref. 1. Ground R& R 
procedure s prec- lude pre - or postfi r e ex1miniltion o f propul s i on subsysce11s 
us ing these s t o rable propellant s without exre ns ive and time-c-onsu~i lg clean 
and purge ope rations. 

Based on this consideration a~:>ne, R&l! of PCE modul es would only be 
feasible at g r ound facilities . Pre-fire R&R, in which t he pro pellant lines 
::tnd manifolds are not yet filled with propellants , al t houg'l s till 
hazardous, couJd be done on the ground or on-or hit. This R&R rrocedur e 
would not be feasibl e , however, if rapid l aunch capability is requi r ed . 
Methods for mak l ne on-o r bit ~&R of PCE modules feasi hl ~ wJu.d probably 
r equire a dditional valves . This added complexity i s no t warranted by the 
added cap~Lility (i . e . , on- orbit R&R of PCE modules). Additionally, the 
: equirement for on-o rbit R&R o f a faulty PCE mod ule could be elimjnated 
entirel y by no t us ing the faulty PCE m1Jdule or ; ts opposite modul~ jur ing 
tne mission . This would result in a umall (1!8) total thrust loss . The 
faulty PCE module could then be repl..1cc on the g round before the next 
miss i on. 

P&R of full, 0r par~ially full, pro pelli nt t anks i s always ve ry haza rdcus 
because of the propellan ts . Even ground R&R of depl eted tanks (residuals 
and prope l lant vapo r s still i n tanks) \lOuld reql.li r e ex t e nsive drain , pur3c 
and clean ope rati)ns such as those used to desafe a deorbited, land Shuttle 
o rbi te r. The ~xtremely c l ose packaging of t he various Spacepl ane 
subs ystems {i .e . , l ife support, recove r y parachu t e , av ionics , propellant 
pressurizativn , etc . ) makes R&R of the main pr ovellant tanks even more 
difficult. For these r easons an>· on- orbj t r eplacement of the m::tin 
propellant tanks i s considered feasiole but undesirable . Additionally, the 
recommended altetnat i w: to ground R&R of the tanks i s to rlesign them for a 
useful life at least equal to the vehicle design life. In this way , R&R of 
t he tanks, either on- orbit or on the g ro und, is never req uired during thei r 
design life. 

A requi r ement for R&R of the baselined propellant control devices (i .e., 
elas tomeric bladder s or diaphr agms) during the design life of the 
pr opellant tanks may necessitate making the pr opellant tanks easily 
removed. Again, this procedure would only be done on the ground because of 
the hazardous nature of the propellants and the close packaging f nea r by 
subsystems. How often such R&R is requi r ed depends on: 

0 

0 

The design life of the elastomeric devices 
compare d to the tank design life 

The propellant storag e time reGuirelt•' nts 

Both o f t hese i ssues still need de finition. Tl~ ideal solution , of course, 
would be elastomer ic pro pellant contro 1 devices wi t h ~esign lives equal to 
o r greate r than that of t he propella nt t a nks . Because these i evi~es are 
not c urrently ava ilable , ALRC r ecommends that the development of Nz04 -
compatible, long life elastomeric diap. r a gms (or bladder s) be cons J.dere d a 
technology effo rt required for success ful developmen t o f the Space plane 
vehicl e . This r ecommendat i on is treate d s~parately i n the Task 3.7 
(Development/Technology) discus s i on of Lhls report. 
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The primary cor::>iderations relative to R&R of the s phe rical He 
pressurization tJtt l es include: 

o The acce~sibility of the H~ bo ttles 

o The He gas storage pressure 

In this ca~e , as opposed to propellant tank R&R , the conta ined merlium, He , 
i s relativel y henigh. On the other hand, the high He storage pressure 
(4000 psia) repr~scnts a potential ha zd rd during maint~n~ncc. 

As currently configur ed , multiple He bottles are cono~cted by one or more 
high 9ressure manifolds , which in turn a ce connect@d to pressure 
regulators. Separate He lines also a r e connec t ed to the pneumatically 
operated pilot v,lves on the mdin propellant v~lves . For this reason, a 
singl e , full He bottle could not be removed without ~isconnect lng all He 
lines downstream of t he cssoci~ted pressure regu l~~or(s) and pilot valves . 
This repr esents e fairly complex procedur~, which could be largely avoided 
by designing He bottles and He distribution system with a desi•,n life equal 
to or greater than the 3paceplane vehicle design life . 

R&R of empty He bottle(s), on t; .e other hand , is a much simpler operation, 
since single bottles can be removed . Ther e appears to be little like lihood 
that on-orbit R&R of depleted He bottles would ever be required , however, 
since this could be accomplisherl on the ground whe n the Spaceplane would 
normally return with nea rly d~pleted He bott les . 

Any on- orbit R&R of He bottles , or ass~ciated ha rdware, is not r ecommended . 
Ra ther, dny i nd ication of pressuri~ation system malfunction (mainly He 
l eakage) during an on- orbit mission start should r equire a mission abort 
and return to earth. 

On ground R&R of the bottles , on the other hand , is feasible since the 
pressurization system could be deple t ed anrl purged before r emoving any 
portions of it. With the storage pressure red uced to atmospheric, single 
He bottles could be removed , refurbished or replaced without danger . This 
~ondition would not likely exist on-orbit since , at mission start , the 
pressurization system would be charged (to the high storage pr essures) . 
Then, at mission e nd , wit h a relatively depleted He pressuriza tion system, 
the Spaceplane could be r eturned t o Earth for He hcttle R&R, if r eq uired, 
or othe rwise merely refilled for reuse . This scena rio would eliminate the 
need for any on-orbit, full pressure He pressurizatio~ s ubsystem R&R . 

Finally , some observations regarding R&R of the RCS thrusters should be 
made . First of all , the location of the forwa rd RCS thrusters (on the 
hinge plane bulkhead ) as currently config ured (see Figure 2) , provides easy 
access with the Space plane nose opened up . This makes these RCS thr•1ste rs 
easy to inspec t e ithe r on the ground or on-orbit . Howe ve r, as with the PCE 
mod ules , R&R of theee acs engines would be hazardous , because the 
propellant lines and valves supplying the RCS r hruste r s would always be 
full of propellan':s . Of the 8 RCS thrusters in the hinge plane , the 
forward facing retro thrusters would be the most diffic ult to access . The 
othe r 6 RCS thrus t ers , which are oriented perpendicular to the vehicle 
l ongitudinal axis , are easily accessible. The final configuration of 
aviontcs g ear in the f orward opening could i mpact this current a rrangement . 
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The RCS thruster~ on the aft e nd of the vehic~e (see Figure 4) should a l s o 
be relatively easy l o access. Again , any R&R ac tivi ty would occur on the 
ground whe re :a co.npl e te purge of tl1p propell1nts in t t e RCS t hruster supply 
lines i s conveni~n t • 

One importan t obs~rvation relative to the above discus sion i s that many of 
the o n-orbit R&R a c tivities identified <h· not r ecommend ed could become 
feasible , and in some cases recommended, if a permanent , manned Space 
Oper ation Center (SOC) were avai l able for Spaceplane operatio~al support . 
The pr ceent recommendations were based on the avail abil ity of Shutt l e 
or.-u(blt support only . 

5 .13. 2 Re fueling 

As des c ribed in the Task 2.3 (Operation and Cont rol) di scuss1on , both 
onboard propel lant tanks a re equipped with fill and drain valves. All He 
bottles are similarly equipped with fi ll and ve,t valves . The location of 
these valves will ~e te1 mine the r elative ease ~r difficulty of on-o r bit 
r e fueling . If th~re i :; no requir-ement for on-or tJit re fueling of either
propellant or repressu •ization of the He bottles, these valves could be 
located anywhere within the vehicle that is convenine t to propellant and He 
fill lines . An on-or bit refueling r equirement wo uld result in placement of 
al l Spacepl ane inte rnal fill , ven t and purge ports as close to the vehicle 
exterior as possible . Ad~itionally, the access door ( s) over the fil l, vent 
and purge ports, such as those covering the drogue and secondary 
p3rac hutes , migh t be r equired. These access door s would be located 
pr eferably on the aft end of the vehicle to avoid access doors through the 
TPS. 

An additional consideration relative to repressurizat ion of th~ He bottles 
is t hat it must be done s lowly to avoid excess ive He heating as the He 
bottle pressur e rises. The a l ternative is rapid filling 1~l:ich would 
requi r e a He bottJe co1ling device integrated within the Spaceplane . 

5.13 . 3 Drop Tanks 

Auxiliary drop tanks for added Spaceplane t V (SP~V) woul d be carried 
externally to the Spaceplane vehicle. The volume of prope llant drop tanks 
would he determined on the basis of r equired additional SP{)V . 

Three alte rnatives f or lie pressurization of the drop tank propellants are: 

o U.,e of Spa ~eplane it~te c nal He bottles 

0 u~e of sep~rate He hottle(s) integral with the 
propellant drop tanks and usln3 the ~~~·~~l one He 
hea ting c irct:it 

o Use of sepa ra t e He bott l e(s) integr al wi th the 
prope llant drop tanks (no He heating) 

These alte rnatives are illustrated conceptually in Figure 65 . 
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Figure 5-65 

He HEATI1~G 
CIRCUIT 

He~EATING CIRCUlT 

FU£L DROp TANK 

OXIDIZER DRop ;ANI< 
DROP TANK 
AsSEMBLY 

----He DROp B0TTL£(S) - - -------, 

FUEL DRop TANK DRoP TANK 
OXIDIZER ASSEMBLY 
lJROp TANk 

DRop· TANI( 
ASS£11BL I 

c) PROP£LLIINT~ & COLo He OP.op TIINK CONCEPT 

Drop Tank Assem~fy Prope))ant He Pressurization Concepts 
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The first alternati ve could , depend ing on the drop tank propellant load, 
r esult in sever e Spaceplane pressurization subsyst~~ weight pen~ltles ~ue 
to tht! increase He requirement . Thls weight rwn.1l ty would, ln tur·~ , result 
in some SP .:.V penaltiPs. Perhaps mo r e importantly , the al r eady tight 
p1ckaging constraints of the various Spaceplaoe subsyste~s may not allow 
use of an enlarge H~ bottle. A resulting lack of dr op tank size 
flexibllity would result from select i on of thi~ alternative. 

The second drop tank assc~bly concept has an integral He supply , which 
means the Space plane onbao r d He requirements are unaffected . However , this 
concept is somewhat ~re co~plex because it carries th r ee fluids (He , fuel 
and oxidizer) instead of just two. It also requires four drop 
tank-to-vehicle interfaces ( i.e., (1) fuel, (2) oxidizer , (1) cold He , and 
(4) war~e~ He) , in~tead of three . 

Like the second concept , the third concept required drop tanks to carry 
fuel, oxidizer and He. By using cold He pressurizl'ltion, however, the drop 
tank-to-vehic le He interface, required to provide waraed Re, is eliminBted. 
This conc~pt , therefore, requires only two drop tank-tovehtcle interfaces: 
(1) fuel, and (2) oxidizer. There ls a weight pennlty associate~ wtth th~ 
use of cold He, however , as opposed to waro~~e-:1 He. Thia SP~'.' pen1lty ls 
indicated in Table XVIII , which shows SPAV increment as a functlonof drop 
tank propellant l oad and use of w~rmed or cold He propellant 
pressurization. 

The sperical tank radii shown in Table XVIII are include~ only aa a W3Y of 
presentlng the approximate drop tank size . The tual propell~nt tank 
portion of the drop tank asse~plies would probably b cyllod rl cAl . The SP 
values shown are also based on the use and depletion of the drop tank 
propellants before any Spaceplane internally stored propell nts are used. 
The cur r ent PCE configurttlon was also assU3ed (N 2o /~l; lsp • 31208q 
seconds; tlnk pressure • 284 psi ; He teop tn propellant tanks • 70 F). 

The weights of drop t.tnl: a se;ablle~ using cold or w1r ed HI!, e fun<:t!on 
of r esulting SP 6V lncreoent, have also been plott d in Figu~e 66 . 

As both Table XVIII and Figure 66 sho~. the SP~V penalty re·ulttng from use 
of cold He pressurization is s~all. 

All o~ the drop tank assembly concepts considered would requir a drop 
tank-to-vehicle electrical lnterftce to activate ~nd control v l • s 
(propellant and/or He). 

This third drop tank asse~bly concept (propell~nt + cold He) ta reco nded 
as the preferred configur~tlon on the basis of th consideration 

o Only two drop tank-to-vehJele fl uid tnt rf c s 

o Spaceplan lnt rnnl H require nt un ffcet d 

0 ~lnor SP6V penalt 
h tln circuit 

r not ut11Szin S nc pl n l~ 
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Drop Tank 
Configuration 

Propellant + Warm He 
Propellant +Warm He 
Propellant+ Warm He 
Propellant +Warm He 
Fropellant +Warm He 
Propellant+ Warm He 
Propellant+ Warm He 

Propellant+ Cold He 
Propellant+ Cold He 
Propellant+ Cold He 
Propellant + Cold He 
Propellant+ Cold He 
Propellant + Cold He 
Propellant+ Cold He 

.. ·.· 

TABLE XVI I I 

DROP TANK PERFORMANCE SUp.foiARY 

Drop Tank Spheri ca 1 
Tank Di ameter5 

Assembl~ Weights 
N204 Dry Wet P~opell ant (+ti He 

Weight Weight Weight Tank Tank Ttink 
Pbml pbm) pbl!ll_ .li!!.J. ~ .li!!.J. 
19.0 119.0 100. 13.1 13 .1 6.3 
38.0 238.0 200. 16.5 16.6 7.8 

n4 .o 714.0 600. 23.8 23.9 11.3 
189.9 1 , 189.9 1 ,000 . 28 .3 28.3 13.4 
265.9 1 ,€o5. 9 1,400. 31.6 31.7 15.0 
341.8 2,141.8 1,800. 34.4 34.4 16. 3 
398.8 2,498 .8 2, 100 . 36.2 36.3 17.2 

34.0 134.0 100. 13.1 13. 1 10.3 
68.1 268.1 200. 16.5 16.6 13.0 

204.1 804.1 600 . 23.8 23.9 18.7 
340.5 1,340.5 1,000. 28.3 28.3 22.1 
476. 2 1,876.2 1,400. 31.6 31.7 24.8 
612.9 2,412.9 1,800. 34 .4 34.4 26.9 
7'15. 0 2,815 .0 2,100. 36.2 36.3 28.4 
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Space 
Plane 

t:.v 
Incren;ent 
~ft/sec} 

169.4 
335.0 
961.6 

1,537.0 
2,068.2 
2,560.8 
2,907.6 

169.0 
333.3 
947.9 

1,502.4 
2,006.1 
2,465.8 
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Figure 5-66 Space~lane 6v Increment vs Drop Tank Assen~ly Weight 
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The possibility of other propftlldnt pres,uri zation conc~pts , s ue~ ai 
monopropellant hot gas genera tors , could be c~nsidered . Several 0f these 
pressurization concepts and propellant control subsystems are described in 
Refe rences 2 and 3 . The drop tank a s s embly lveight could be furt he r 
redL•ced , if required , by heating _he dro p tank He in other w.1ys s uch :.~s : 

0 Using a nrop t ank integra l radiant He heat 
el'(c hanger 

n Using a drop tank integral e l e c trical He heater 
running off of the Spaceplane onboa rd powe r supply 

All Spacepl ane dro p t a nk a ssembly concepts , in addition t o the propel lant , 
electrical or He pressurant g3s interfaces , will requir e : (1) some 
modification to t he Spacepl ane internal structur e to suppo rt the drop t anK 
a ssembly we ight while on the ground , and (2) Spaceplane vehicle s truc tural 
attach points . This second r equirement aQain rep resents the prob l em of 
attachmen t to the Spacepl ane vehicle t hrough the TPS layer s . An eval uation 
of the STS Orbiter-~xternal Tank (ET) structural inter face wouid be 
helpful , since it represents <~ similar situation (i . e . , mechanica l 
Mtta~hment to a TPS- protected re- en t ry vehicle) . 
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5. 14 TASK 3. 5 SAFETY ISSCES 

The primary objective of Ta sk 3. 6 was to perform a pr el i minary hilure mode 
analys i s of each propt1lsion subsyst€'m . The compl e tion of this t<sk w:~s 
assigned t o ALRC ' s Qu.1li t y As'iu r i'Jnce ( QA ) department . A compl ete 
description of the rPsults of their analysis follows . 

Safety f or the pilo t and vehic le is the overr iding cons irl e r at1.on fo r t he 
Spaceplnne internal pr opulsion system . In gener a l, specific safety 
consirle r at i ons mu!"t include adequate st r eng t h mar gins for all system 
components (including t a nks) , t hr ee mechanica l ly s eries i ndependen t f l ow 
contro l devices t o preven t prematur e firing of any thrus t c hamber assembl y , 
dua l vent i ng paths , redundancy i n all critica l components whe re f easible , 
separation of components , whe re f eas ible , t o reduce effec t s of explos i ons 
or f ire , a nd the el i mination o f the possibili ty of prope llant l eakage . 

The overal l purpose of the prelimi nary ha za rd analys i s described he r e i s t o 
provide a systematic means for early identification o f potent i a l safet y 
problem a r eas , t o support des i gn r ev i ews , and to es t ablish a documented 
basel ine to fac i litate subsequent design c hanges. 

The specific objective of the ana lysi s was to i dentify RCS and PCE sing l e 
po int fail ures which could r esult in a c r itical or catast r ophic haza rd . A 
critica l failure i s defined as any single point failure whic h would r esult 
i n (1) damage t o the equipment o r (2) the us e o f contingency o r (3) t he use 
of emer gency procedures . A ca tas trophi c failur e i s def ined as any s inBle 
po i nt f a i l ure whic h would (1) r esult in personnel injury a nd/or loss of 

life , o: (2) make the Space plane unable t o de- orbit ( r e- enter) or r eturn t o 
t he orb1ter . 

The i mpo r tant assumpt ions on which this annlysi s wer e based are outl i ne 
below. 

o Ca t egorizat ion of a component by the "worst t:ase 
direct e ffect of failure wil l define the 
components criticality . 

0 

0 

0 

0 

Fail ure modes tha t could propaga te t o o ther 
s ubsystems or the vehicle have been identified . 

Failure detec t ability , a ssuming the availability 
o f telemet r y or the c r ewman responding to 
monitored di spl ays , is no t covered in thi s s tudy • 

Structura l fa ilures of lines ( gr oss ex t ernal 
leaking ) a re included in this anal ys i s . In mos t 
cases , line s truc t ur al failur es can be r elate dto 
upstr eam/downstream exte rna l l eakage eff ec t s . 

Redundancy fo r rol l , yaw and pitch has heen 
assumed to be provided by r.he fo r ward and aft RCS 
thruste r s . 
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PC!:. mo'ule-out capahility dttrinn nn-or bit 
maneuve r s has bee~ ass umed . PCE module-out 
cap~bility during synergi s tic plane change 
maneuver s and re-entry i s TBD. 

The ana lysis conside r s only those singl e f 1 il~re 
points havi ng a significan t potential imp~ct on 
pilot/vehicl e safe ty . 

The results o f this preliminary haza rd ana lys i s a r e presen ted in Tabl e XIX, 
which identifies the subsystem component , failur e mone( s) , a nd 
c l ass ification and the effects on the pilot /vehic l e . 

Anothe r objPctive o f this tas k was to evaluate the inheren t safety o f t hP 

baseline RCS and PCE when the Spaceplane is carried as a payl oad in the 
Orbiter payload bay . A NASA/ Headquar ter s Do cument (NHB 1700.7 ) tit led: 
"Safe ty Policy and Requi rements for Payloads Using the Spnce Trans portation 
System" (Ref . 6) was reviewed for thi s purpose . As a result of this 
review, t he following techni~al requirements ext r acted from the r e ferenced 
docu~ent, a re considered mandatory to mee t the payload requirements for the 
Spaccplane while in the Orbit payload bay . 

A f ew portions of the document extract , which are not considered 
applicable , have been enclosed in par en theses . 

Functions Resu lti ng in Crit i cal Haze~rd!' . Any f unc t:ion r hd t . coulif resnlt in 
a critical hazard must be contt~lled by two inde pe ndent inhibits. 
Monitoring of these inhibits and the r equi r ement to r eturn to a safe 
condition will be determhed on a case-by-case basis ; when required, these 
inhibits may be monitored by the Orbiter flight cr ew in real time or by the 
ground in near- r eal time. 

Functions Resulting in Catast r ophic Haza rds. Any function that cocld 
resul t in a catastrophic ~azard must be cont r olled by three independent 
inhibits . In-flight moni t oring of these inhibits and the capability to 
r eturn to a safe condition shall be availa ble to the flight c r ew in the 
Orbiter in real- time until the function is in t enttally performed or, in the 
case of a free- flying payload , until fina l separation of the payload from 
the Orbiter. ~fuen necessary to assure safe ground operations, monitoring 
of the inhibits shall be available at the launch site . 

Liquid Propellant Propulsion ~ystems . The prematur e firing of a 
liquid propelJant propulsion syst em is a catastr ophic hazard . Ea ch 
propellant delivery system must contain three mechanically independent 
propell an t flow control devices in series that r emain closed during 
all ground and flight phases (except grou~d servicing ) until the 
deployed payload has reached a safe dl ~ tance from the Orbiter. For 
bipropellant systems , these devices must prevent mixing of or any 
contac t be tween the fuel a nd oxidize r, as we ll as prevent expul sio~ of 
e ither or both propellants through the thrus t chamber . Fo r 
monopropellant systems , these devices must prevent propellant 
e xpulsion through the thrus t chamber . In addition , the operation o f a 
propellant deliveri sys t em by opening the mechanical devices shall be 
controlled by circuitry that contains at leas t three elec trical 
inhibits . ( These e l ectrica l inhi bits s hall be monitored a s s t a t ed in 
Paragraph 202 . 2) The need for monitoring o f the mechan i cal devi c e s 
will be dete r mined through the sa fety r eview process . 
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TABLE XIX 
PRELIMINARY HAZARD ANALYSIS 

(SPACEPLANE SINGLE POINT FAIL~RE SUMMARY) 

Cmponent 

Hell.., storage ~nk 

HeliUII check V<1lve 

Helium pressure 
regulator 

Fuel tank shutoff 
V<1lve 

Fue 1 tank check va 1 ve 

O~idlzer tank shut-off 
valve 

Oxidizer tank check 
valve 

Heat exch11nger 

. · ·"' .· . . '··· . . 

fa f1 ure lbdt 

S,t rue tura 1 fa 11 ure 
(Rupture) 

Structur<1l f<1llure 

Falls to open 

Falls to open 

Falls to open 

Same as fuel tank 
check valve 

Same as fuel t11nk 
check valve 

Falls to warm the 
hel fum to 70°F 

fe11urt 
Clu S'l'1'lCaT I on 
-----~--

Ca tas t roph fc 

C<1tastrophlc 

Casas trophic 

C11tastrophlc 

C11t<1s trophl c 

Catastropl'tfc 

Cat11strophlc 

Critical 

. -. 

-..... -:4 . .. .. ..-~ ..... · .~ • .i;:' r --

• 
• ! -

Sheet 1 

Effects 

Vehicle da~ge. Probable 
loss of pilot/ vehi cle 

loss of propellant tanks , 
pressurization supply. 
Pilot/ vehicle str•nd~d In 
orb i t . 

loss of propellant unl 
pressuriza tion. Pilot/ 
vehicle stranded In orbit . 

Unable to pressurize tht 
fue l tank. Strandtd pilot / 
vehicle In orbit. 

Unable to pressurlre the 
fue l ~nk . Possible pilot/ 
vehic le stranded In orbit . 

The r1pfd e•pan\lon of GHe 
during tank blowdowq would 
~suit In tr~r•t~res as 
low I S 200•F. GHe f lowrate 
woul d be exce\\lve to ~~~
ta ln the ~\Ired ~ul1tPd 
prt ssur- with t~ possibili 
ty of Jlr1ndln1 t he pilot / 
ve~1 tlf In ~rbl t 
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Sub~r te"! 

Hell urn Pressurlzat ton 
(cont . J 

Propell ant Feed 

\J1 
I ..... 

.r:-
l.ft 

Reverse Thruster~ 

f.CS Thrusters 
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TABLE XIX (Cont .) 
PRELIMINARY HAZARD ANALYSI S 

(SPACEPLANE SINGLE POINT FAILURE SUMMARY) 

Co~o_n_e_nt 

Subsyste~ i ncludinq lines 
se~arable j oi nts, QO' s, 
etc. 

Propellant tank ~ 

o~tdlzer and fuel 
i so 1a tlon valves 

Bi~ropel l ant Valve~ 

Thrust Chamber as~eMhly 

Subsystem Inc ludes l ines, 
separable joints , QJ's, 
etc. 

•, r, •. •. • , 

r~_iJu_ry>_ Mod<? 

External GHe l e~'age 

Struc tural fa i l ure 

ra il to open 

ra 11 to open 

(xlernal hot gas lea' 

E~terna l fuel and/or 
oxidi zer l eakage 

No thrust {btprop
v~lve fails to open) 
or falls to shutdown 
(blrrovalve fall s to 
close) 

ra ilure 
Class if i_ca't ion 

Crt tical 

Catas t rophic 

Catastror>hic: 

tr lt ica l 

Ca tas t ror>h ic 

Catas trophic 

Criti cal 

Ca tastrophic 

·~ 
. ~ , .. ,-, .... .. ~ 

(f_fe_c t ' 

[~cess i ve use of GHc. IOH 
of propr l1 ,1n t td nl prt-\~ur 

lzatton , rosstble st ran~ • 
of pi lot/ve~· ttl, iu od·tt . 

Fra~ntatlon of vroocllant 
tank( s) and dama?e to ~pa~e
plane . Possibl e fire or 
expl~si on wi th Ins' of ptl ~ l / 

vehic le. 

los~ of o~id i 11• r 

fuel to the plu') 
engine modul i's . 
vehicle st•·andrd 

or 
c l ust" r 
Pilnt/ 
111 Or~d l 

PCE rodul c rrchmo:!''- ' y 1 ' 

available for Sp~cc·rl.un• 

orbi l rnanr uver- hut tS 180 
for rr-entry and ~-y•·:O•')~< l •c 
plane chanqes. 

Safe t y haz.srd . l(''' of H A 
Or POSSible daMUg~ to ~d· 
j acent TCA's anci/or v:hlclP . 
Pi lotlveht clr st r~111'ld t n 
orbIt. ltml ted r,• J:~• td,.ncy 
available. 

Possi bl e pt tot/vehlt le loH 
If 1 Pa ~ rate Is exli'S~ he . 
r1re or explos ive harard 
pass lbl e . 

Contlngency/ernergPncy 
procPdure requlrrd . 

San!' a~ thrust chamhrr 
assprnbly . t oss of transla
tion Is lBD . 

I . • • · ~ I • • • • • I 
I•", r • , ,, ,' I • t I •.' Jf • :lot' • • ~· a •. • • ,· 

.~ • .. : io. • .... • • it\~ . • •• ,.. • • '• • - ,,- • l . , ••• • t · · · · · · · · · • I ·· . ··. · .. · • : • I· .·· ·· · r 
I . . ·. ·.· .... ·. ,. , .. ····· ·. . I 
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RETRIE\'AL OF PAYLOADS. Deployable and free-flying payload s that are to he 
retrieved shall have the capability t o r e turn hazartfous systctT..; t o a s.l f· 
condition and sha ll provide veri f ication to the Orbite r or the ~rounrl that 
safing has been accomplished prior to ret rieva l while s till a safe dls tanc~ 
from the Orbiter. 

HAZARD DETECTION AND SAFING . The need for hazar d detection ~nd safing by 
the f l ight crew shall be minimized and will be imple~ented only when an 
alternate means of reduction or cont rol of hazardous conditions is not 
available. \fhen implemented , these functions shall be cnp1ble of being 
tested for propet operations dur ing both ground and flight phaqes. 

EXTE~DII\LE PAYLOADS . Any payload which m.1y be oper able in a f.1shion which 
could prevent closure of the payload bay doors shall be provided with 
primary and backup methods of cl~aring the pnyloa~ bay door envelope . The 
pr imar y method may be either retraction or 1ett1son and shall be cont r olled 
by r emote initiation. lolhen the primary method is retraction, the bctckup 
t echnique must be either remote jettison or r emoval by EVA. (For EVA, see 
Paragraph 217.) 

FAILCRE PROPAGATIO~ . The design shall prec lude propagation of failures 
from the payload to the environment outside the payload . 

REDUNtA~CY SEPARATION . Safe ty-c ritical redundant subsystems shal l be 
arr anged so that the probability of p~opagution of failure of one to the 
o t her i s minimized. 

STRUCTL"RAL . 

Str uctural Design. The struc tural ~eslgn shall provide ultimate 
factors of safety equal to o r greater than 1. 40 for all norma l STS 
mission phases . ' lhere required to avoid a catastrophic h~tzard , 
primary struc tural and support brac~etry shal l be designed to preclude 
failure caused by propagation of pre-existing flaws based on fracture 
cont rol. 

Str ess Corrosion The sel ec tion of m3terials used in the design of 
payload struc tures, support br~tc ketry , and mounting hardwa r e shall 
comply with the stress corrosion r equi r ements of ~ISFC-SPEC-.522. For 
t hose applica tions in which ISFC-SPEC-522 TPquires the submltt~l of a 
materials usage agreement, the data sh 11 be submitted a~ a waiver 
request in accordancP with JSC 13830. 

Pressure Vessels. Pressure vessels shall ceet t he AS~E Roller and 
Pressure Vessel Cod£ , Section Vlll, Divisions l and ~ or MIL-STD-1522. 
Where weight limltatlons prohibit meeting the above standard• fo r 
flight vessels, ~SS/H P 1760.1 qhall be used a3 t he st n ~trd ~lth an 
ult imnte safety factor of t.~ or rester. Pressure vessels using 
MlL-STD-152'2 o r NSS/IIP t 740.1 shall ~thn he qualt fic.~tl on tC'StQd t o 
demons tra te no failure at the dest~n hurst pr Ps8ure l~vel. Pr~• ure 
vessels using t he AS''E Code o r HIL-STD-1522 c;h~ t 1 a l c;o be 
qual i f i cation tested t o demonstrate a lifP- cyc l e capohJ lity of t 
1~ast twice t~e maxim~~ predi c t ed n1~be r of operatln cycles. Upon 
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rl" ques t for wa iver, pre t>sure vesse l s of p.'lylo;ads previous ly f l own nn 
expendable l a unc h ve hicles whlch do no t mee t the a bove r~quirPnen t s 

will be consid~red for s ingl e use on the STS prov i ded that they have 
compli Pd with a pplicable expendable l 1unch ve hicle ~ round safety 
r equirements withou t wa ive r s and that cert ifica tion to thi s ef fe c t i s 
presen t ed . Particular a ttention s h;all be g iven t o ensure 
compatibility of fluids uced in cl ean i ng , tes t, and oper ation with 
pressure vessels . 

Pressurized Lines and Fittings . Pressur ized lines and fittinp,s s ha ll 
have an ultimate factor of safety equa l t o o r g rea ter than 4. 0 . 

Decompression . Payloads l ocat ed within manned pressurized volumes 
des i gned to withstand decompression or subsequent r e pressuriza tion 
~hall be capable o f t olera ting the differential pres~ure without 
r esulting in a haza rd . 

MATERJALS . 

Hazardous Material s . 

Gene r al . Haza r dous materials shall not be r e l eased or e jected in 
on nea r the Orbiter. Hazardous fluid systems must contain the 
fluid s after exposure to al l STS environments including normal 
and eme rgency landing loads . Alternate methods to the above , 
including use o f the Orbite r ven ' and dump capabi lity, mus t be 
negotiated with the STS oper ator. Particular attention shal l be 
given to ensure storage and use compatibility of metallic and 
non-metallic ma terials with ha zardous fluids. Guidelines for 
material se l ec tion t o avoid incompatibilities a re available in 
JSC 11123, JSC 09604, and JSC 02681 . 

ELECTRICAL SYSTEMS. Electrical power distribt•lion circuitry shall be 
designed so that faulr s internal to the payload do not damage STS c ircuitry 
and do not creace ignition sources . Where lightning protection is required 
to avo id a catastrophic hazard, document JSC 07636 shall be used as a guide 
for payload 1esign • 

On the basis of the preliminary hazard analysis and safety evaluation of 
the Spaceplane as an STS payload, it has been concluded that critica l and 
catastrophic single failure points exist for the failure to open , rupture, 
excessive external leakage and failure t o close biprop valves . However , 
a ll of these modes of failure can be ci r cumvented by redundancy or rerluced 
to an "Acceptable Risk Level". 

The following recommendations are also made on the basis of the prel1minary 
hazard analysis and safe ty evaluation o f the Spaceplane as an STS payload: 

0 Rationa l f or acceptability of all sing le f a ilure 
points should be es tablis hed as an extension of 
this preliminary safety s tudy. Thi s would pr ovide 
guidelines for des i gners during the detail des ign 
phase of the prog ram. Two important parts of this 
study would inc lude a re~undance study ; and a 
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f a ilure de t ec tabi li t y analys i s 
failu r e point classifica t ion~ . 

c l ass ifica tion woul d es t · ~ lish 

i tems: 

to ~~ t e rmine sin~·~ 

Thi s 
the fo ll o1~i1g 

(a) I tems for wh i ch des i gn ac tion is r ecommended . 

(b) Items fo r which addttional in-flirht and 
gr ound procedures ar~ r ecommended . 

(c) Items for whic h (1) analys is and his to rical 
tes t data suppo r ts acc~ptabil!ty and (2) 
acequate pr ocedures exis t t o minimize or 
~liminate the effect of a f a ilure mode 
occurrence . 

(d) Items which (1) possess pas sive equipment 
character istic s , (2) posse ss ade quate safety 
ma r g i ns and (3) are acceotahle on the basis 
of historical test r e sults . 

The next phase of the hazard analysis should also 
include the safe ty problems associated with: 

(a) Delivery of t he Spaceplane to low ear th orbi t 
using the Spac e Tra ns porta tion System . 

(b) Delivery of the Spaceplane to l ow ear th o rbit 
us ing an expendable l aunch vehicle. 

{c ) Return to ear th (re-en try) of the Spaceplane 
unde r its own power. 

Pl an and provide a program or gan i zed and conducted 
to provide the detailed info rmation re quired to 
fully acces s the safe ty o f t he Spaceplane as an 
STS payl oad . 

Identify the Spaceplane participant(s) r esponsible 
for pr ovidi ng the required safety i nhibits . 

Define t he inst r umentation requi r ed for 
verification to the Orbiter or the ground that 
Spaceplane safing has been accomplished . 

It is recognized that the P.CS and PCE conceptual d e s i gns do not currently 
prov i de the detail required to full y asses~ t he safety of the Spac epl ane as 
an STS payload o r during launch , syner gi s t i c pl a ne c hange or de- orbi t 
maneuvers . However , sever~l i mprovemen ts to the ba s e l i ne cont rols 
configur at i on (Ref . 4) were suggested as a r esult o f the pre limina ry ha za rd 
analys i s . These suggeste d changes enhance both the safe ty aspects of the 
Spaceplane internal propulsion system as well as t he opera tional aspects 
(system we ight, complexi ty, etc .). 
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0 Use single flowm~rers inste1d of r edundan t 
flo1.rmeter s (currently the Nl [ l a unch vehicl e uses 
single flo~.rmete r s) . 

o Replace the FVV (Fue l Vent Va l ve) and nVV (Ox Vent 
Valve) with a s ingle pressure r e lief valve 
ctownstream of the H~ regulator( s ) . 

0 

0 

Use a single fill and vent va lve rnnrifo lded to a ll 
of the He bottles. A quick disconnect would still 
be located in series with the fill and vent valve 
providing redundancy . 

Use a mor e reliable solenoid and pressure switc h 
combination in place of press ure r ep.u l ating valve 
for a very small we i ght penal ty (the pr ope llant 
tanks mus t be capahle of withstanding peak 
modulated pressure) . 

Severa l other sug~estions relate directly to the Spaceplane electrical 
control system whi ch (1) must ~e manratcd , and (2) incor porates e l ements o f 
the onboard propulsion sys tem. These suggestions are listed bel ow . 

0 

0 

Electrical connector s , plugs and r eceptacles 
should be mechanically keyed to prevent incorrect 
connection. 

Electrical subsystems should include checkout test 
po i nts ~hich will permit normal subsystem checkout 
tests to be made without disconnecting electrical 
connectors which are normally connected in flight. 

o The control system should be designed to susta in a 
fa i lure of a singl e item without l oss of l ife o r 
vehicle • 

o Redundant wiring should not be r outed in the same 
bundle or through the same connector . 

o Electrical ci r cuits shou l d not be routed thr ough 
adjacent pins of an electrical connector if a 
short cir cuit between them would constitute a 
single f ailur e that woul d cause loss of the pilot . 

Final l y , one important observation, rel ative to Spacepl ane safety in 
general , should be r eemphas ized: the r eliability/safety requirements for a 
r eusable , manned military spacecraft boosted by an expendable launch 
vehicle could, and most likely will, be much different than the 
corresponding requirements for a Shuttle boos t ed , reus~ble , manned military 
spac~craf t. This fact should be r ecoenized ea rly in the total Spaceplane 
program, especial l y whe r e plans a re developed for des igning both a t es t 
vehicle(s) and operational vehicles, and selec ting a l aunch mode . 
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5.1 5 TASK 3 . 7 DEVELOPHENT/ TECHNOLOGY ISS UE S 

Th~ objec tive of this task was to Identify a ny dev~lopment anrl /o r 
technologj requirement s , wi th just if i cat i on , necess~ry for the successful 
jevelopment Jf the b1 s~l tne 3pacapl ane onhoard pr opul s ion syste~ . Three 
such deve lop~ent an~/o r t echno l ogy require~ents and t he associated risks 
and r ea sons necessary a r e describe d be low . 

5 .15 .1 Long-Life N224 - Compatible Elastomeric Diaphr agm (B l adde r) 

A l o ng-l ife (SO to 100 missions x 24 hour/ mi s sion) N?o4 - ~ompatible , 
el~stometric diaphragm , or bladde r , is r equi r ed for the Spacepl ane inte ~na l 
propulsion N

2
o

4 
sphe rical propelld nt tank . 

~l:IH (and PAAB- 1) compa tible elastrmetri c blanders and diaphragms a r e 
considered state-of-the-a r t an~ thus do not requi r e a ny signif i cdnt 
tec hnology development . Some examples of propulsion systems using 
long-life (months to y ear s ), :-t:m (and PAAB-1 ) compatible elastomet ric 
bladders or ~iaphragms would inc lude: 

0 ERTS o rbi t - adjust s ubsystem (OAS) 
0 Atmospheric Explore r OAS 
0 Intelsa t I II 
0 Pioneer 10 a nd 11 
0 Gemini/ON-IS 
0 ~lari ner ' 69 / RCS 
0 Titan III Transtage/RCS 
0 Apollo LEH/RCS 

The elastom eric diaphragm , or bland e r, concept has been r ecomme nded 
pri~arily bec~use all of the ~tate-of-the-~rt (SOA) alte rnatives a re 
excessively heavy and / or large and / or the wrong shape fo r the Spaceplane 
veh i c l e . For example, pis t on tan'<s a r e heavy and r e quire cylindrica l 
tanks . Ot he r SOA alte rnatives cannot be used beca use they do not prov i de 
the propellant control that is r equired to pr ovide (1) smooth PCE fi ring 
(i . e ., liquid propella nts , instead of propellant vapo r s , at the PCE modul e 
inle t) and/o r (2) elimination o f propell ~nt sloshi ng and r esulti ng vehicle 
movement during precise r e ndezvous and docking maneuvers . SOA a lte rnatives 
in this c ategor y inc l ude : 

o Screen assemblies 
o Start t anks 
o Hoppe rs 

The elas t omeric diaphrasm concept wi ll ideally overcome a ll of the 
def i c iencies inher ent in the SOA alte rnatives . The prima ry goal of 
technolog y program would be t o devel o p (or find if al r eady developed) a n 
el~-;tro~'=! ri c :ntter ia l which woul d bl! us;;~ble P~ a d l l!"J:lra:Jill l) r b ladder an~ , 

•nor P. i mportantly , be compat li> l ~ wi.th :-.~2 '\ fo r l ong te r m use . Sever ,:t l 
pote ntia l e lastomer s have a lready been ide ntified by ALRC. One or more of 
these mate rials should now be se l ected as the subject of technology pr og ram 
to de t e rmine whether i t i s , o r is not , adequa t e for t he Sp~ceplane 
appl1cat ion. 
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5. 1 ') . 2 ~!odtfl l: 1ti.on o f ALRC l O·i LBF RCS Thruster T-1 -:> rovide l RR LI1 P 
Thrust 

This r equ irement iRa <lcv·~ lop.nent i ssu<> ;ltlu not 11 t ac hnology i ssue . In 
o ther wo rd s , th~ r i sk invo lved in ma k ing Lni;-;odi.flca tion Ls c:ons iciererl 
very l ow for ~h~ reasons out lined here. 

This modif ication is r equired to provide a Spacepl a ne tot~l thrust of 
approximately 3000 lbF with 16 PCE modules (i.e ., 16 x 188 lbF = a pprox . 
301)0 lbF). The chambe r pressure o f 142 psla was selected on the bas i s of 
the PCE optimization which i s desc ribed in the Task 3.8 (Se l ected Des i g n) 
discus sion. 

Firs t. the needed thruster chamber pressure i s the same or l ess than tha t 
of the existing ALRC 100 l bF RCS t hruster. In genera l, a l ower P c and /or 
a greater thrus t l evel wil l r esult in a l ess stringen t chamber cooling 
r equirement . In this c~se , l ess fil~ cooling will be required . 

Secondly, ALRC's pla t e l et injec t or manufac turing techno l ogy allows the 
r apid and low cost enl a rgement of t he exis ting lOOlbF thruster injector . 
This enlargement process , inc luding the photographic enl3rgement/reduction 
and c ropping techniques , was discussed at the Spaceplane Kickoff Hee ting 
held a t Ae r ospace Corporation on 23 and 2 4 July 1981. 

Thirdly, the existing valve assemblies for t he lOOlbF RCS thruste r can 
accommodate the flowrates required to provide 188 lbF with no modification. 

Fin9lly, the manufac ture of the chamber and nozzle , wi th either a bolted or 
all welded design, for a thrus t l eve l of 188 lbF presents no new techHology 
r equirements . In fact , the incr ea: d size of these components could 
benefit their manufacture . 

5 . 15.3 Nodification of ALRC's 100LBF RCS Thruster or 5 LBF RCS Thruster 
to Provide 15 LBF Thr ust 

This required modification is a result of the RCS definition task , also 
described in the Task 2.4 (RCS Deftn.ition) discussion, whi.~h U en tified an 
RCS module of 15 lbF thrust. This modification, like that of the ALRC 100 
lbF RGS thruster, i s a developme nt requirement and no t a new technology 
r equirement . The reasons f~ r considering it a development r equi r ement, 
r a ther than a technology r equi rement, are outlined bel ow. 

First. the P is less than the ALRC 5 lbF RCS thruster which results , as 
c 

with the 100 lbF RCS thruster modification, in a lower film cooling 
r equir ement. A more severe film coo l ing requirement would result, however, 
if the 100 lbF RCS thruster wer e modified ~o pr ovide only 15 lbF o~ thrust, 
since the P would be constant . This consider at i on indicnt~s that t he ALRC 
5 lbF RCS tRruster sho uld be scaled up (to a higher thrust and lower Pc) 
r athe r tha n scal i ng down the ALRC 100 lbF RCS thruster (to a l ow : hrust at 
same P ) • 

c 

Se condly, the platel et injectors , utilized in both the 5 lbF and 100 lbF 
RCS thruster are , as be fore, easily e nlAr ged or reduced/cr op ped as 
required . 
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Thirdly , che ex i sting v1lv~ ils sernbly of the ALRC 5 lbF R\S thro1st•~r c 11'1 

a cco'tlrnodat che flCiwra tes required to provide 15 lbF with no modifica tions . 
The 100 lbF RCS thruster valve ~sse~bly may not provide ~dequ~te dalcd-P ac 
the lower flo1~rates . This is another re~son to modify the 5 lbF RCS 
thruster t o provide 15 lbF tlf thrust r1th~ r than modify the 100 l bF P.CS 
thrust~r . 

Finally, as with modificat i on of the 100 lbF RCS thruster, the manufactu r e 
of the chmaber and nozzle, with either a bolted or all-Helded design, for a 
15 lbF chrust level presents no new technology requirements . 

5.1 6 TASK 3. 8 SELECTED DESIGN 

The primary objective of this task \~as to select , f r om parametric 
propulsion syste~ data , an 0ptimum Spac • p~ a ne onboa rd propulsion system 
design. The justification (optimization procedure) for this design 
selection was t o be described. A layout d r awing of this design was t o be 
made. A written description (preliminary engine specification) of this 
design , including perfonn.1nce and operations information , ~~as t o be 
providerl. 

5. 16 . 1 Propulsion System Opt imization Procedure 

The on board propulsion sys tern optimization procedure used vas based on the 
assumption that Spaceplane delta- V (SP delta-V) was to be maximized by 
varying these 4 PCE parameters: 

e PCE 0 m roodule nozzle area ratio 

F ,.. PCE module thrust 0 m 

0 :i • Number of PC~ modules 

0 p 
c "' PCE module cha~ber pressure 

The computer program SP delta- V (for Spacepl ane Version 1) was ideal for 
perfor.Ding this optimization because these 4 major PCE design parameters 
are program inputs, while SP delta-Vis a program output. The optimization 
t~sk then was to vary these 4 PCE design parameters for each SPVl execution 
to find the combination of PCE design parameters which .esulted in the 
maximum SP delta-V. This somewhat iterative procedure ~~as particularly 
appropriate, since SPVl is a terminal-operated , interacrive computer 
program . 

Superimposed on the resulting PCE parametric envelope data were the PCE 
diameter 1nd l ength constraints of 43 and 12 inches, r espect ively. These 
values wer e the diameter and l ength of the PCE selec ted fo r the initial 
Spaceplane vehicle integration effort in Task 2. 1 (Performance). It was 
assumed that although the total thrust l evel , or num~er of PCE modules, 
could c hange , that t he overall PCE envelope (i.e., l en:: rh and diameter) 
would not change from these initial values established in T.1sk 2.1. Other 
constraints, such as thrust level per PCE module , were also included in the 
optimization procedure . 
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Some explan=ttion regarding the optl:num ch.1mbe r pressure for any 
pressu r e-Fed propulsion system, including the Spaceplane onboard propulsion 
system , will .1lso be helpful. ln general , the lpti;nu:n prl?'>Sure-fe:l 
propul 3ion syst•~Jl is one which results in the highest vehicle ~elt'l-V (o r 
payload for a given gross vehicle weight) . Specifically , this wns the 
assumed criter ia for optimization of the Spaceplane onbo.1rd propul sion 
system . The two important trends that d~.?termine the cha~ber prl?ssure (Pc) 
of this optimum pressure-fed system are : 

2. 

(1) 

For a given th rust le~~.?l ~nd nozzle area 
Pc increase , lsp 3lso increases. Since 

delta- V "' 8c lsp ln (I~IC!Il/\-IBO 
whe r e 2 

• acceler ation of gravity , 32.174 fr/sec , 

• 

gross vehicle ~eight (i.e ., loaded with 
propellants) and 
vehicle burnout we i,ht (1 ~ . , empty of 
propellants, 

therefore , del ta-V is directly proportional co 
delivered lsp . ~erefore, not considering other 
effects, delta-V tends to increase with increasing 
p • 

c 

As P increases, the weight of the propellant 
c 

pressuri~ation subsystem (hP, He bottles, etc . ) and 
propellant tanks also increases. Since these 
sub:tystem weights lncrease both WICN and w80 by the 
same amount , the ratio of WtCN/w

8
o aecreases. In 

thls case equ'ltion (1) shows th~tt , not cono;trlerlng 
oth r effects, del ta-V tends co decrease with 
increasing P • 

c 

The effec t of these two trends is to define an optlmu~ P which results in 
the c'lxl~um vehicle delta- V. The computer program SPVl ~. Again ideal for 
performing this P optimization because it takes into account both of these 
trenis . c 

Finall y , lt should be noted that the results of this optimlzatlon procedure 
can be altered if other constr.1ints are i111posed, s~h as a l1111lted WIG"P 
limi r ~A ~icle envelope , high gloss trajectory, etc. 

S. l6 . 2 ~24/~m Propulsion System Optimization 

Some of the import.tnt as!iu ptions m.1de to rerform thi• optlmi~ation re 
listed bel •· 

o The p .. op llant tank pre s ure 1 • deft ,,~ 1 a tll{ce 
the P\:1: odule ch<nbli!r pres ure. r·, r~ ssunrt Lon 
waA b acd on romp rteon with existlng rrcss ar~-fed , 
storable, c1n-rtted rocket ng!ncs (e.g ., ~~E). 

o A hture ratio ot 1.65 for the N
2
0,/\{."Ut propellanL 

co11binH ion was ass ed based on the re5ults of 
the ~IR optl:laint!on de crib d puvlously (T k 2. 1 
P rfora nee). 
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0 The t ot-1l Spncepl .1ne burnou t ( •Jr lr:,.) l~l'i~ht , not 
includlng the •Je i ght of the PCE , "RCS , PS , and 
propellant tank.;, w:-t:; 4500 lb"l. (T'1i.s IMS a 
conse rvative value compare d to the 4155 lb~l v;lue 
recomme naerl subspque,lt l y by H/S . Howeve r, t his 
assumpt ion did not affect the results of the 
optimiza t ion . For the de finition of t he bnseltne 
tl2o4/~lh propulsion system SPVl w3s rerun at the 
optl<lllam PCF: confi 3urHtion wi t h the 4155 lb'l value 
t o deter~ine the predicted SP del ta-V.) 

o Spherical propellant tanks were assumed. 

0 

0 

0 

0 

0 

0 

'•000 psia HE stor age pressur e was assumed . 

1400 l bM total prope llant load was assumed. 

The HE \~as assumed to enter the prooellant tanks at 
appro~tm~ tely 70°F. This, ln tur n, presupposes t he 
use of a heat exchanger somewher e in t he UE 
c ircuit . 

The parametric values of the four ma jor PCE design 
parame t ers were : 

N (nu~ber of PCE modules): 8, 12, 16, and 20 
Fm (PCE module t hrust, lbf): 375, 250, 18R, a nd 
150 
e (PCE module nozzle area ratio) : 40, 100, 150, 
aWd 200 
P (PCE module chamber pressure , psia) : 142, 
t§o, 250, and 300 

N and Fm were always considered a pair of 
parame t ers which, multlpliP.d, gave a total PCE 
thr us t of a pproximately 3000 lbF. 

A total PCE outside diameter (DPCE) constraint of 
43.5 in. (correspond ing t o t he previous baseline 
PCE) \~as assumed . 

A t o tal PCE length (LPCE) constraint of 12 to 14 
in . was also assumed . ~This corres ponds c l osely to 
the previous baseline PCE l ength of 12.3 in . ) 

The resulting propulsion system parailiP. tric weight , envel o pe and performance 
(SP delta-V) data i s shmm in Figure!l 67 through 74 . Fig ures 67 through t 
70 show SP delta-V vs . DPCE; Figure 71 t hrough 74 show SP delta-V vs . LPCE' 
! he DPCE and LPCE constratnts (43 . 5 in . and 12 to 14 in ., r espectively) are 
supe r l onposed on the'>c fig ure s . Aga in, it noterl that t he S? tielta-V value s 
sh01m in theSE' figur es ar e for a vehicle burnout wei ght ( e i<clud i.ng the PCE, 
RC3, PS and propellan t tanks) of 4 500 lbM . For t he perferreri l~/S value of 
41 55 lbM, a ll of these SP delta-V values should be inc reased by about 200 
ft / sec . The important trends r esulting from this op timizat i on c an be 
summarize d as follows : 

-.. . . 

o SP delta- V 
do1m t o ? 

c 

.. 

impr oves with decreasing Pc (at leas t 
.. 142 psia) 
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Figure 5-67 Spaceplane 6v vs Plug Cluster Engine Diameter (N • 8) 
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' Figure 5-66 Spaceplane ~v vs Pl ug Cluster Engfne Df~eter (N • 12) 
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Figure 5-69 Spaceplane 6v vs Plug Cluster Engine Diameter (N • 16) 
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Figure 5-70 Spaceplane ~v vs Plug Cluster Engine Diameter (N s 20) 

•, •. '• ' '• ·, •, 'I T r r , 
..-• I •' t' t I • •' I • I II f a I I 

. j ... •: .·: :.· ·.·>>: ; .-:: : /· . .'· . ..:._ . . . . · .. ·.· ... - .· .... 
.. .. ·: ·: ·. ·: ._-- •, . · .. ·._. · .. · .. 

·'r ·' , •\ •',• ' 
I f I I I .. · .· / .· .. . 'c. .··:· . • ··:·. 

... . • " . . .. . '=" ~---=-.2_...:...:_~ ~·~·-·:·._ ..... ·~ ~~· ••· 

. · ... .. 
(" .· . 

I ..-• • · , '•:'• 

o , I ~ T 1 1 
t I • 1 

I • ' , .: ._·. !~ •. !· .. ~ .. • • • ..:. 

,~ 'f'-. . . . . . , 
I 

. . . . . ' .•. .·. 
't •. _• 'It," 

~- ~:·:·~·:·::._-:.,·~.;~ . 
: :~:::::·.?::::::::::::.:i i :~·~::::; :)_ ... __. 

_.._e ..... . -- ~~ .... · .!. · .. ~ » !:' .. ·.·.· ... · ... . 

. ·r ; r ,. ' -. -.. - 0 ...--;, 1 ., • 
'. '. . ... ·. -. ·~·· : .· 

t I . . ' ·' ;., I t·.' .· . . '"':•:·. ·.'· :·· ·. · .. ' . 
t .-·~~·'·~··.,.·. ·.,.· , .~tr7:: ::·1 ,' . 

t J' . ... ~ .. "':.-~·..,_ • •• - • ~ •• ·~·:. • . • 

lf t. • . . ·. ;, •·• ~ r . • • . • •• . • f' 
~- . , ·,·,• .• ·• f··· .. ·.· .. · • . · · . • ....._ .-_s_ .. _ .. _;_ . •.•.• ... • • -

-· 
·~ 

.. · .. I .· ", :· 
. · .. :· ·• 

. .· .• ... .. 
·, .. , • I. 

·.~·.;:- .. ~ .. '.: ·. ·-
I 

., I 

.-.1 - •j . · .. ,. ( 



L•-._.•,: ... _, ·. • •• :~' • ....... -•• · .. - .r,_~l··, .·,··.: . .. ·.a.·,.·-.:-." .. *..• .. "'~ •• ~ rt;•;·,"~~'"'"':"·~·,. 
....... · .. ·.··----· .• .. : .• .. ~- .· .-..• ·.~: :. ' • ·.· ·~a r ·.· .. ·•. '• ·. • .. ..... fa • ·. •, ' , •, •. •, ~. 1 ... ,. ,· • •• ~.. -· . .. •.-.r, ...... rJr, r ,r,..:_, 

.. · .. 
I. t '• 

'• 

. 
·: . . · .-

Vl 
I ..... 

0'\ .... 

. . • 

u 
UJ 
Vl -G: .. 
:::-
<J 
UJ 
:z: 
4: 
.-J 
0.. 
w 
u 
4: 
C". 
Vl 

2700 

2600 

2500 

2400 

2300 

EXISTING PCE LENGTH( ~ 12.3") 

PC = MODULE CHAMBER 
PRESSURE, PSIA 

tM = MODULE NOZZLE 
AREA RATIO 

= 150 

PLVG CLUSTER ENGINE CONFIGURATION: 
8 MODULE 
375 LBF/MODULE 
SPACEPLANE DRY WEIGHT 
{EXCLUDING PROPULSION): 4500 LBM 
PROPELLANT WEIGHT: 1400 LBM 
PROPELLANTS: N204/~H (MR = 1.65) 

2200 5 10 15 20 25 30 35 

PLUG CLUSTER ENGINE LENGTH, IN. 

Figure 5-71 Spaceplane ~v vs Pl ug Cluster Eng ine Length (N = 8) ' 

' . '; •.,~/:: .·:::,": .,' ,; • • t I • : .• 't I I '••' ,,-~ 1/'•, •,' ... •,' o."f"'. 'f"F, 't , • , f' :It "\ ,._ T: '1',• •,• ',• II ' l ,t • ' , • •,'f"r ' ',• ' , · 

~
1 •,·~·~.··:·.', , . • ,• ,• .• .'. ' , i l.",. '.··, , ·', 

1

1 • ' t .,.r._J' •.: •. _ { ··, ,•, ··~··-;·, ·,,',' ' 1. . ,' :- •• .\ I . I 
0 

l I ' 
1 

1 lr f, 'o 0 , 1
1 

, • ,

1 
\ ~ 1 o 1 <0 I I ~ o 1

1 
1

1 
i 0 1 t t 0 1 o ', 1 • I j I t 

I I I I t • I I ., o # I o lo • • If I , . .. ' , o ,I o • II ' • . .. e f ~ ._ t o I I f i I , - f If •, r I o -

• : · : • • ·~'.' • •• '• •. 1. •• • .... . ' ' •• •• •• • • ..... • .• •• . .. .... • ••• • •• • ·• •• • • • .. •• •' •• 

40 

••• 
; ·:.::·.::·.:··> : .. ·:·::<--:·:.::: :l·. .:::.::: ·:::·-.::. ::-.. :.: . ·::~·:.~· .·:\ ':l! \:.:·.::;:.-:.:·:.:·:::.' ' . <· :: ,::·:·: .... -: .. 
' • • • • . ·-. • • . ' • • ' • ' • • • ' 4t ' • 'o • • "U r. . •• . . .. .. j. . . ' . . i ~ • 

1

o • I , • .- I 
1 

I 
0 

o 
1 

I 
1 
I, I • • • f 

0
1 • I 

0
' I~~ , I f " I I 1 • I .> ' .It 'o 01 1 • '. 1 I • •, t 0 o 0 o 1 I 0 t 1 e • e 0 f 

~ ~.~-:.::__--, · j·~·.'.•,~ • !~-~·· •. 1' ··:. ·~,'· •• · ... · t. ~J11J'•":1J11,• . • : • , • , . • '. '..• ( .. !•t ~· •• a .. :,. t ', <:-", ~·. •' • • ·,.;:, •', • Lo '• • • '•" ,.. • !A ·.~ . .. d • - . - · - ·.81. 

.· . 
'• .l 

•• •• -: ·.·: -·~~ 1 .. 



,_,_-, ... ..... . . ~ .. . . 

. .. . 

, . .. . .. 
·.·., · ... . ··: 

. ... .· .... · 

.. .. 
'· . 

• .. 
U> 
I ,_.. 
0' 
N 

. . 
I ·.L 

·' . . . ' . • . ,, . 
. .. . . 
i •• . . ·-·-

'· .. "l - t •. •.• . .. •.• .. • .. • .. ~s. ,-... .i.l."·.•,• . - .. • -., ·; · . ~ . '· ... ' .· •.-~ AIIIi I• '.• '.: 1 
.. • 4 ~ '.• - . , ' · -

..... -· ... · .... ..-.. . · .. · .. ·.··.·.·.· ... ~·.·.· 

27001 r EXISTING PCE LENGTH( =» 12.3'' ) 

' 
' 

' ' 
' 

260d r- lJ 
u ....., 
Vl 
........ 
t.;:: 2500 

~", 
. PLVG CLUSTER ENGINE CO~lFJGURATION: 
~ 

J 
12 ~OULES 

LtJ 
z 250 lBF/MOOULE :5 
~ 2400 SPACEPLANE DRY WEIGHT 
u (EXCLUDING PROPULSION): 4500 LBM ~ 
a. 
Vl PROPEllANT WEIGHT: 1400 LBM 

P • MODULE CHAMBER PROPELLANTS: N204/ MMH (MR = 1.65) 
C PRESSURE , PS IA 

2300 1- tH = MODULE NOZZLE. 
AREA RATIO 

22005 
10 15 20 25 30 35 40 

PLUG Cl~TER ENGINE LENGTH, IN . 

Fig~re 5-72 Spacepl ane ~v vs Plug Cluster Engine Length (N = 12) 

· ... 
.- , ... · .::.::· ... 'I .· . 

e 1~·.· :'' · .·.··~:···· • , ·· ··: · .. ··.f• 
- ,.,. _ t • • '~- t . , -, , -., .• - t •. •-•.0'•. · -~I •. •'- • •• · -· "• • " • :&. 



.. 

. . . . 

. 

. . .. 

V1 
I ,.... 

0. 
w 

. 

2700 

. 2600 

u 
LLI 
V') 

2 2500 . 
:> 
<1 

LLI 
:z: 
c:t: 
._J 

~ 2400 
u 
c:t: 
a. 
V') 

I 

2300 1-

·' 

P : P«lDUlE CHAMBER 
C PRESSURE, PSIA 

fM = MODULE NOZZLE 
AREA RATIO 

, .. ·~~ .... .. ~· ... -.--... -.-.-.-. - · .. 

PlUG CLUSTER ENGINE COHfiGURATIOH: 

16 MODULES 
188 LBF/~DUlE 

SPACEPLAHE DRY WEI GHT 
\EXCLUDING PROPULSION): 4500 LBM 
PROPELLANT WEIGHT: 1400 LBM 
PROPE~LANTS: N204/ MMH (MR = 1. 65) 

j I I I I I I I 2200 
5 10 15 20 25 30 35 40 

PLUG CLUSTER ENGI NE LENGTH, IN. 

Figure 5-73 Spaceplane 6v vs Plug Cluster Engi ne Length (N = 16) 

·. 

el 
. 

·' .. 

j • 

·'• 
1' .. , _; o • o ~ f • t •' I 

,,'; ··,, ._:· .. :' . -~.: 
'• •, •r • '"r • I . · :.· .·-·.· · 

1
:'::::·:· : . .. ...... .. 

' ' , • , I , . .. •, · ·, .. ·, -~· •; . 
: , .. · .· ,• .• . •,·,•, •. • . · ...• 



1.1\ 
I .... 

0\ 
~-~ 

u .... 
V) 

....... 

2700 

2600 

t: 2500 . 
> ., 
.... 
~ 
a.. 
~ 2400 
~ 
a.. 
V) 

2300 

22005 

EXISTING PCE LENGTH ( ._. 12. 3") 

Pc E MOOULE CHAMBER 
PRESSURE , PSIA 

tH = MODULE NOZZLE 
AREA RATIO 

10 15 20 

PLUG CLUSTER ENGINE CONFIGURATION: 
20 f«>OULES 

25 

150 LBF !f«)OULE 
SPACEPLANE O~Y WEIGHT 
(EXCLUDING PROPULSION): 4500 lBH 
PROPELLANT WEIGHT : 1400 lBH 

PROPELLANTS : N2o4tMMH (HR E t.65) 

30 35 
PLUG CLUSTER ENGINE LENGlli, IN. 

Fiqure 5-74 Spaceplane 6v vs Plug Cluster Engine Length ( 2 20) 

40 



.. _.._ , ....... -... . t• •· .-.-. 
.. 

•,. 
/ ... 

.·· .. -. 

~' :·;.: :·.: ... 
.· 

~ .. . . ' •' . . ,, ·. t t', •• •• 

,~· . . ,,. 
,. 
~-t.' 

~.-
1···. 
v-:, 
t_·-, ···/ 

~. 

•' . 
V'l 
I ..... 
"' 'J1 

I · .. :· .... :· :·.· .,~ . .. •. ·. '• ·.... ' ... 
r.:... •••• ·. ··, ••·· .. · .. ·,. ... 

o I :· • • ··. : - :• 

0 .' l'f •• 

,. , .. .. .. ..... .. ·,·.·. ·,·'-· ... · _._.·.~.·.· .. ·.· ·= - . .'. ,., '·'",··· ·.· ~·· .· .· ... ·.··_,: .- ·.~·_ ... _, .· ,.., .. _, ·,~· ·.·_.·.:· 

. 
E 

. 
i!= 
E ...., 
.J 

LIJ 
z .... 
(!) 
z 
w 
a:: 
w 
1-

30 

25 

20 

MODULE CHArBER PRESSURE • 142 PSJA 
(SN£ liPI£ FOR 190, 250 AHD 300 PSIA} 

PCE lENGTH 

• ... 200 

~ 15 LENGTH • 14. 3" ( .·. 2" la.Gl:R) 
_J 
u 

g 
...J 
a.. 

tH = 40 

10 

~ M = ~DUL£ NOZZLE AREA RATIO 

PCE DIAMETER llMI H • 4 . .LS") 

PlUG ClUSTER ENGINE 
CONrJGUAATI OH : 
16 ,._,OULES 
188 LBF /P()OULE 
PROPELLANTS: N204/HMH 

(MR • 1. 65 ~ 

5 1 I I I I I I I 
20 30 40 50 60 70 ~ 90 

PLIJG CLUSTER ENGINE DIAH£TER , IN. 

Figure 5- 75 Plug Cluster Engine length vs Plug Cluster Engine 
Diameter (N 2 16) 

•' · . · ·. · ·. :.r ~- · . • • . r; \ · . . · ~, . .- · . ~ f t I 1 ° I o t o r I I ' .. f. ' t 0 ... .. • I • o 0 

I 
0

; 1 t. : I 1 I • t 

0 

l ~ tJ 1
1 

,• , • t
1 

.. f • 0 

I:· . · • .',~01 t011l; I I I I : ...... .. ,; '.·:·• • .. ·:·.·:.··· .. : " ~ • 
1

1 ~;-.:~ 
1

: . . . . . ·r· . . . . . • ,_ . . . . . . . . . .• . .. 
~.::::..::::<:::: : '. ·~::. :·>.::::::· ... f: ~·-::<'·:· .. ::::::~:·::<~ \:::.:. .. :: :· 
· ·,··.:-., . .. .... ~ ( ..... ... . ·.,·.;-,;. "•C.. :t .. ;· _·•: ·~·,":: (~· ·~ · .. "· .···,·. 

....... j - -· - .. • -

• 
.. 

. ~ 

I 

I .. . • . .. 
I I I .o 

• ~ l " • -- . • .. ·,· .. - .... 

I • • 

-l 
·~ 

' j 

1 
~ 



•, ~- • ··~ ,;.- •, • • "', •• &., • .• ..-.1 • .r:~l ,..,·, •,.,·, o •, ,·t• : tl •. 4• ~~ o' •" ··r• r··;r .·to I I·· .. ···:· I. ' : : -·. •' . ~ ~ - - - . . . . .. ' . ' . . . . . . . . . . . . . I '• "• · · " '• t, • a Ll'" e • ,• t' _,• • ,• ~~ I·~ ~·· "• II • , .•,_ . -.• .. · ... · -· ' ~ •, •, .. ·. ·. · .. #'- .· .· .• : ' ,• 

.. ··.:· .. 
~ :· ':· . .... .... . . . . 
,. ,• ... 4'1 .. , .. 

'• . 
' . ' . . ... : . 

I 

•' . •' 

. 

\.11 
I 

...... 
C1' 
C1' 

100 

80 . 
:z: -. 
z 
0 -Vl 
z: 
IJ.J 
X 60 -0 

IJ.J 
z: ...... 
C) 
z 
IJ.J 

a: 
UJ 40 
1-
Vl 
=> 
...J 
L) 

C) 
:::> 
...J 
a... 

f«)W.,[ CHN40ER PMSSURE • 142 PSIA 
PLI.Xi O.USTE.R ENGINE 
~FIGURATION : 
16 I()OULES 
188 lBF/f«)Dtl.E 
PROPELLANTS: N204/MMH 

(MR • 1.65) 

PCE ... I - I -
LENGTH 
~ 14" 

00 

'f«>otA..E • 52 

OIAM£TER 

PCE OIAKTER CONSTRAINT ;r 43.5" 

LENGTH 

I I 
100 200 400 

"DDULE NOZZlE AREA RATIO 

Fi gure 5-76 Plug-Clu~ter Enqine Dimension vs Modul e Noz1le Area 
Ratio ( N= 16) 

,•", j • · •, •, '• '· · r '• - • • • •. • • 'I • 1 • • • • · ••· r- l , • . .. 
t,' I o : I I r • • ',. • I .. , ~ •• • • , ' •,' ,_.I o •,' I , •:,~: ••• • •• • •: , • o '.I~ o 0' 

I •• j f • , I ••• J ' I . ~ •• tl •• • ... I •• • • • 

••• ·.·.·.'· •• • • •• • I • II •• • 0 

.. , . ·I •• 

. ,..., . 
•• J, I I . ·- I . - I ~ . . . . . . . o o' o I o 

' • t":!,- .... . , ', ... . . •.• . . ·e ·'": . . , .. :e l - • I I 

·.·.··."·:· .·· -. .• - •. ·:. ·-· ...... '·le' ··. ~: • • ·. ·. ·. ~.·' , ... ; •. ·.,,,, •• '•- ~·· ..... -
• l ~ I I , , t I ~ t , t 1 '••'I 11• I , '• 1 0 

t •. • • 
1 

' '·.'•'• .• ,· ,• •' • ? ·. ~ :, ::·,~::'·,·:_.:·,:t :'~-:': .. ,~. :·:::·/ • •',o '! ' I • ,\~ 

r· ·· . . .. ; 
• ....... : I·,.~ • '-

, ' .• r ' 
9

, 11 . ·,··.••· ie' . . . 1' : :-~·~ .. ~-······~· ·.· ·. l • • ·.- ~t •. · .. ·. · 
0 

I I I 'e e I I - I I f , , •. o I I I o f I t • •• • ' • • -. .. r:: rd ·· f. I · -..&. ' ~L~~__._!; ~ ------- __.. . :. .. .. !.~ · E· - · -·-- · - -- - ·~· t4t _. J L'!_ , • • • • .. !.._• · ' - lllil .· I ', ... "'t ! f"r .-,...• •, '• • ' 
'. • · ·· ·· . . , .. ·. r •• 

.-.. . - -- . *" "' -,_ . ... . ·-... .. 

.· 

. ···• 1.·.··. 

. . .. ... 



t•.-,:·;~•;.•.; ·.~ .... -- ;~.t.;•~;·.l_•,;•,i;,•,. .•,-.,-i:-;• .. •, •; . a • ; · · .. . .. ·· ·-•-- .. _. . ..... ,. .. ... j,. . ·- ·- . . . , .. - ~ ..!-
. .-.!_: -,:~!:.:.·_ -...~.~a .r.•·.~. 

"' OPCE LIMI; :!: 43.3" 

C" I, ( ) 
I I 

Pc = 120 
I I 

u 
w 
VI -t 

2700 N = 16 . 
F = 188 LBF M 

> 
<I 

w 
N204/MMH Vt ~ I .... _, 

a- a.. 
MR = 1.65 -.,J w 

u 2600 ~ 
a.. 
VI 

25.0 35. 4S . 55. 75. 75 . 85. 95. 105. 

PLUG CLUSTER ENGINE DIAMETER, IN. 

Figure 5-77 SP t..vvs Plug Cluster Engine Ofaneter (N 204/MMHl 



••• 

·.· -. 
·-.· ·. 
•.-': 
-. ;. 

i 
·. 
. 
·.· -· .· 
·. 

, .· 

.· 
. . · 

·.• 
.· .· .· 

·. 
• , .. ·.· · .. 
'• 

•• ~ 

·.· 

.· 

N = 16 

FM = 188 LBF 

65 . Nz04/MMH 
MR = 1.65 

55. 

"' LIJ 
;z: 

OPCE LIMIT ; 43.3 -t:) • 
;z:z: 
1.1.1-

CI: • 45. 
~«------~------~---------7~~~~~--~--~~~----~-------t;;~ 
:;) ....., 
d?i 
~0 
:;) 
...1 
~ 35. 

10 2 

PLUG CLUSTER MODULE NOZZLE 
AREA RAT 10 

100 

·- 'BASELINE = 52 

150 200 

Figu~e 5-78 Plug Cluster Engine (PCE) Diameter vs PCE Module Nozzle 
Area Ratio (N204/HMH) 

5- 163 

·.·• . -··-· ... · ... · .. ·. 

• -~ 

• • 

.... 
·. ·. . . . :: ... - :· 

'· .· .· 
' . . 

..:....-..!.: .. :• 

.· .· . .. 

. . 

... . . 

.· 
·. . 

. . . .. . .. ... ... 
.. ·. . .:·. .. ... . .. - .. .. · <· .... -.. -· : -: 

.· 
· .... -

. ·' • • I 

: .. ~ . :. .: -: ·:. : ) 
. . .... . . . . -~ ·.- . .. . ... ·-. ... .. -. . . . . .. . 

-· ~ 



.. 
I 

. 
I 

. • 

.. ·. 

2800 
u 
w 
V') 

' t: 
.. 

> 
<l 2700 
w z 
ct 
_,J 
CL. 
w u 
< 
CL. 
V') 

2600 

40 80 100 120 142 190 250 300 

PLUG CL USTER ENGINE MODULE 
CHAMBER PRE SSURE , PSIA 

N = 16 
FM = 188.LBF 
N204/ MMH 
ti!R = 1.65 

"' DPCE : 43.3" 

Figure 5-79 SP~v vs Plug Cluster Engine Module Chamber Pressure (N204/MMH) 

5-169 

.. 
. . . .. . 



. . 

I 

I 

j 

. • 

5. 16.3 ~2241~~ Propuls i on System Selected nesign 

To generate the N20~/~~ onboard propulsion system operating specification, 
SPVl \ns executed a t the design polnt identified in t he optimi. z"'ltlon 
pr~cedure (l .e ., ~ = 16, F~ • 188 l bF, e =52 dnd P : t42 psi.a). This 
SPVl r un also incorporated the H/S Space;lane burnou£ weight (exclurling the 
PCE , RCS , PS, and propellant tanks ) of 4155 lbM. 

A co~plete listing o f both the inputs and outputs for this baseline sys t em 
shown in Figures 80 and 81. The base line design is also shown in Figures 
82 through !'iS , which w re t aken direct ly from ALRC Drawing ll95445 . All 
four of t hese figures , except Figure 58 f o r the prope llant t a nk 
configuration, were shown pr eviously in Figures 56 , 57 and 59 , whi ch 
illustrated the current RCS . The baseline PCE modules are a r ranged su~h 
tha t the vehicle X ..tnrl Y axes pnss between palrs of PCE modules instead of 
th r ough the cen t e r l lne of PCE modules . This was done so that the RCS 
valve assemblies could be l oca t ed directly on the vehicl e major axes , X and 
Y, between the PCE modules . 

5. 16 .4 ~~/PAAB-1 Optimization Propulsionn System 

Some of the important assumptions made to perform t his optimizat i on a re 
lis ted belor<~. 

0 

0 

0 

The prop lllnt tank pr essure was definerl as t wice 
the PCE module chamber pressure . This assumption 
was based on comparison with existing pressure-fed, 
storable , man-rated rocket engines (e .g ., 0~) . 

As de t ermined previously (Task 2.1 Performance) , a 
mlxc ure rat ion of 1.20 fo r the N2o4/PAAB-l 
propellant co~blnation was assuced . 

ThE' ·o t a l 
inc ludins 
propellant 
H/S . 

Spaceplane burnou t (o r dry) weight,~ 
he weight of the PCE, RCS , PS , and 
t anks , was 4155 lbH, as recommended by 

o Spherical propellant tanks were assumed . 

o 4000 psia HE s t or age pressure was assumed . 

o 1400 lbM total propellan t load was ass~ed . 

o The RE w:ts 1ssum6d to en ter thP propelllnt t'lnk ~t 
Approximately 70 F. This again, in turn , 
presupposes the use of ~ heat exchanger so~ewhere 
in the HE c ircult. 

o The ranges o f four major PCE design para~cters 
were : 

N (number of PCE modules): 1~ 

Fm (PCE modul~ thruqt, lbf): lRR 
e (PCE ~odule nozzl~ area r1ttlo) : 40 , 100 , 
1~0 , and ZOO 
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P (PCE module chamber pressure , psia) : 40 , l UO , 
1~0 , 142, 190 , 250 , and 300 

16 PCE modules of 188 lbF each we r e selec t ed as 
optimum on the basis of the N

2
o4/'!}IH propulsion 

system optimization results. The r easons for 
elimina ting N ~ 8 , 12 aand 20 (N = 8 and 12 
represent new PCE ~odule develo pment ; N 20 
result s in l ower SP delta-V compared t o N ~ 16) are 
also v~1id f or N

2
o

4
/PAAB-l . 

o A total PCE outside diameter (DPCE) constraint of 
43 . 5 in . (corresponding to the pre limi nar y base l ine 
PCE) was again assumed . 

0 A t otal PCE length (LPCE) cr nstraint of 12 to 14 
in . was also assumed . 

The r esulting pro pulsion system pa rametric weigh t , eenve lope and 
performance (SP delta- V) data is shown in Figures 86, 87 , and 88 . Figure 
86 is a pl ot of SP delta-V vs . PCE diaueter, with the PCE diamete r 
constraint (43 . 3 inches) again superimposed . The plot of PCE diamet r vs . 
PCE ~odule nozzle area ratio with the PCE diameter constraint superimposed 
i s shown in Fi gure 87. These two plots we re then cross pl otted to show SP 
del ta-V >tc; a functit>'1 of PCE module cha.ober pressura fnr .a f ixed PCE 
diamter of 43.3 inc hes. This plot is shown in Figure 88 . 

The i mportant trends and results of thi s optimization study are : 

0 SP delta- V improves with increasing em 

0 SP de l ta- V improves with increasing 1PCE 

0 SP del ta- V improves with increasing 0PCE 

0 SP j lta-V l s o max i mum at Pc = approx . 100 psia . 

The PCE module nozzle area ra t io at this poi nt is 37 . 0 . As a check, SPVl 
was run at each P value again , with the PCE module nozzle area r atio 
r equired to yieldca PCE diameter of 43.3 inche& . The results o f these r uns 
confirmed the initial assumption that a PCE module PC of 100 ps i a and PCE 
module nozzle a r ea ratio o f 37.0 are optimum . 

The resulting o ptimu:n 'l, \ / PAAB- 1 on-board propulsi on Rystem had the 
following basic charac t e ris tics: 

0 N 16 
0 Fm 188 lbF 
0 e approx . 37 
0 

pm = 100 psia c 
0 0PCE 43 . 3 inches 
0 1PCE 13 . 9 inches 
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It should be emphasized that the P = 100 ps la case does not correspond to 
c ---

the maximum PCE vacuum delivered Isp case . For example, a t a PCE module 
chamber pressure of 300 psia and PCE module nozzle ratio of 112 , the total 
PCE vacuum deliver ed tsp is 322 . 2 seconds, as opposed to the optimu~ PC£ 
value of 316.85 seconrls . SP delta-V is actu1lly higher (by about 110 
ft/sec) at the lower PCE Isp value bectuse the higher PC£ lsp value (322.2 
seconds) corresponds t o t he heavi est propellant pressurt=~tioo subsystem 
and propellan t tank weights . These heavier subsystem weights more than 
compensate for the inc r eased SP delta-V one would expect with a high Isp. 
It was also assumed t hdt the N2o4/PAAB-l RCS would ope rate at a Pcof 100 
psia. 

5 . 16.5 ~2~/PAAB-1 Propulsion System Selected Desi~j 

To gener a t e the N204/PAAB-l onboard propulsion system operating 
specification, SPVl was execu ted at the design point identified in the 
optimzation procedure (i . e ., H • 16, fm • 188 lbP, e • 37 a nd P • 100 
psia) . The results of this execution , with both ino~t and output , are 
shown respectively in Figures 89 and 90 . SPVl was also used to locate t he 
propellant t ank e.g .' s such that the resulting "propellants only" e.g . is 
at Station 221.6. 

The baseline design is illustnted in Figure 91 through 95 , all of which 
wer e taken di r ectly from ALRC Drawing 1195445 . The baseline PCE ~odules 
a r e arr anged such that the vehicle X and Y axes pass between pairs of PCE 
modules instead of through the center line of PCE modules. This was done 
so that the RCS valve assemblies could be located directly on the vehicle 
major axes , X and Y, between t··~ PCt: ,odules. 

Other aspects of the N2~4/PAAB-l baseline onboard propulsion system a r e now 
discussed. These include: 

o Contr ol panel requiremenLs 
o TVC capability 
o Propellant tank evaluation 

It should be noted that these observations are also valid for the N204 /~IMH 
baseline onboard propulsion system. 

1. Control Panel Requirements 
The Spaceplane internal propulsion syste~ 
parameters to be monitored from the cockpit con trol 
panel were identified in April. The selection of 
pa rameters was based on an evaluation of other 
manned aerospace vehicles including : 

o Space Shuttle Orblter 
o lunar !·fodule (Descent Propulstnn Svstem) 

The Lun~r Mo~ule i s more tmil~r to th~ Spaceplane 
than the Space Shuttle Orbiter because the descent 
propulsion system, 11~, Lhe Spaceplane internal 
propulsion, is a storable, pressur -fed system • 
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OF OXIDIZER TANK C.G. <OR FOREUA~D JUlKHEAD 
CONFORPIAl TANK>• 

28.X STATION lOCATION <IN . > OF FUEl TAHK C.G. 
<OR FOREUARD BULKHEAD IF CONFOR"AL TANK>• 

21.TOTAL PROPELJ.ANT YEIGHT<LB~>· 
22.HE STORACE ~RESSURE<PSIA>• 
23.HE TE~P AT PROP DEPLETION<R>• 
2~.TOROIDAL HE TANK S"All RAD<IN.>• 

.16.00 
188. 09 

2.90 
37~ 09 

289. 00 
t9o.e9 

1.299 

~155.09 
99.99 
61.3g 

~.e0 

~.90 
.16 
.16 

138898.98 

138889.00 
1.89 

1.ee 

IF 
287.15 

238.91 
1~88 . 99 
~888.99 
538.88 

6.88 

Figure 5-89 SPVl Inputs for N204/PAAB-l Spaceplane On Board 
Propulsion System 
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AEROJET LI QUI D ROCKET CO~PANV 
SPACEPLAHE IHTERHAL PROPULSION D£S ICH 

1. I SP ODE (SEC ) • 
2.DIV EFF• 
3.BL LOSSCLBF>• 
4.KJH EFF• 
5.ERE• 
6.COL EFF• 
7.ISP DEL<SEC>• 
S.FUEL FLOUCLB~ISEC>• 
9.0X FLOUCLB~ISEC)• 

18.TOTAL FLOUCLB~ISEC>• 
lt.CSTAR(FTISEC)• 

335 .ee 
. 992 

2.71 
. g79 
.990 
.981 

311.66 
.27 
.33 
.60 

5564.38 

PLUG CLUSTER EHGIHECPCE> 
ENVELOPE PARA~£TERS 

PLUG CLUSTER EHCIHE 
PERFOR,.AHCE PARA,.ETERS 

t ... OD. THROAT AREACIH2) 
2.THROAT DIA~CIH> 
3.THROAT RAD.CIH.) 
... "OD. EXIT DIA<IH.> 
5.PCE DIACIH.) 
6.BASE AREACIH2> 
7.PCE LEHGC IH. > 

1.163 
1.163 

.582 
7.877 

.. 3.35 
731.75 

13.88 

1. 
2.PC£ PIACH HO. 
J.PC£ PRAHDTL 
4 ... 0D PIACH NO . 
S ... OD PRAHDTL AHG 
6.THETACDEG> 
?.PC£ AREA RATIO 
S.BASE PRESSCPSIA> 
9.8ASE THRUSTCLBF> 

18.PCE THRUST<LBF> 
11.PCE ISP DEL.<SEC> 

5 ... 6 
113.89 

4.55 
99.26 
14.630 
85.69 

.282 
1-47.6 .. 

3058.12 
316.85 

PLUG CLUSTER EHGIHE<PCE> 
UEIGHT BREAKDO~HCL~~S> 

SPACEPLAH£ VEH. PARA,.ETERS 

1.PLUG BASE 
2 . LIHES 
3 .'VALVES ' ACT 
4.INJECTORS 
S.COPIB. CHA,.BERS 
6.HOZZLES 
?.TOTAL PCE 
S.RCS UT<LDA> 

1.34 
1g.e1 
26.26 
6.:n 

11.57 
28.58 
85.13 
45.08 

1. JURH TIME< SEC) 
2.FUEL YEIGHTCLB"> 
3.0)( UEIGHTCLJ~) 
4.FUEL VOLCF'T3> 
S.OX UOLCFT3> 
6.PROP. C.G.CIH.) 
?.PC£ CC CIH> 
S.GLO'-ICL,~> 
g.JURHOUT YT<LD~> 

11.DELTA UCFT/SEC> 

Fi aure 5-90 SPVl Outputs for Nz04/PAAB-.l Sp.aceplane On Board 
Propulsion System (Sheet 1 of 2) 
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O><IDIZER TA"'" 
(SPHERICAL> 

t.RADIUS AVAILABLE<IN.> 
2 . RADIUS REQUIRED<IN. > 
3.UALl 1HICKNESSCIN.) 
~.TANK UEIGHT<LB~> 
5.)( FOREUARD STATION<IH. > 
6.)( AFT STATIONCIH.) 
?.PROPEllANT C. C. STATION<IH . ) 

FUEL TANK 
<SPHERICAL) 

t.RADIUS AVAllABLE<IH . ) 
2.RADIUS REQUIREOCIN.) 
3.UALL THICKNESSCIH.> 
~.TANK UEICHT<l9~> 
5.)( FORE~ARD STATION<IH. > 
6.)( AFT STATION<IN.> 
?.PROPEllANT C.C . STATIOH <IN.> 

PRESSURIZATION SVSTE~ DATA 

1.UT. OF HE FOR FUEL TAHK<lB~>· 
2.YT. OF HE FOR 0)( TAHK<lB~>· 
3.UT. OF RESIDUAl HE <LB">• 
~.TOTAl UT. OF HE REOD<lB">• 
5.TOTA" VOl<FT3) OF HE REQD• 

SIHClE SPHERICAl HE TAHKZ 

t . TAHK RADIUS<IH. )• 
2.T~HK UAll THICKHESSCIH. >• 
3.TANK UT.CLBI'D• 

15.g6 
15.13 

.e·n 
21 . ~ .. 

1g1 . g? 
222 . 33 
297 . 15 

18.86 
16. 2:l 

.050 
26 . -46 

222.63 
255 .lg 
238,g1 

1.~5 
1.17 

.61 
3.23 
1.33 

8.19 
.555 

7~.78 

Figure 90. SPVl (\rJtputs for N2o4tPAAB-l Spaceplane on Board 
Propu1sion System (Sheet 2 of 2) 
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Figure 5-91 N204/PAAB-l Pl ug Cluster Engine (Rear Vi ew) 
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Figure 5-93 N204/PAAB-l Retro Thrusters 
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Sever a l mod~s o f pro puls1on system parame t ~ r 

di splay wer e a l so identified. These included ; 

o Alwa ys visible 
o Availabl e upon pilot action 
o Caution and/or 111arn i ng (C/IV) signal 
o Combinations of the above 

It should be poinled out tha t in most cases the C/W 
signal can and should be integr a l with both the 
"a lway& visible" display and "pilot action" 
displa y . The r esulting two displ a y classificu tions 
a rP. used in Table XX to list the Spaceplane 
internal propulsion sys tem parameters to be 
displa yed. 

It should also be noted that t he displa y 
r equirements , aG rl~scribed in Tab l e XX , a r e ~aximum 
requirements . For the Spaceplane application , 
sever a l, or possibly many, o f these displays may be 
unneccessa r y . 

TABLE XX 

SPACEPLANE INTERNAL PROPULSION PARAMETERS FOR COCKPIT DISPLAY 

Alwa~s Visible with Internal 
Caution/Warning {dia~, 
meter , gauge , digita , etc.) 

1. 
2. 
3. 
4. 
5. 
6. 

7. 
8. 

Fuel Quant ity (%or lbM) 
Ox Quantity (% or lbM) 
Fuel Temp 
Ox Temp 
Fuel Pressure 
Ox Pressure 
He Temp in Fuel Tank 
He Temp in Ox Tank 

9. He Pressure in Fuel Tank 

10. He Pressure 1n Ox Tank 
11. He Bottle Pressure 
12. He Bottle Temp 
13. PCE Thrust level 

F or Pc of indi vidu~l PCE modules (16) 
Temp of individual PCE modules (16) 
Indication of fir ing PCE modules (16) 
Fuel flowrate (PCE) 
Ox flowrate (PCE) 
Indi cation of f iring RCS thrusters 
Temp of individual RCS t hrusters 
F or Pc of indi vidual RCS thrusters 
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2 . TVC 
A thrust vector cont ro l (TVC) analys i s of the 
ba s e line PCE was conrl uc t ed. The major results an-t 
t r ends of thi s ana l ysis a r e desc r ibed here. Fo r 
the purposes of this ana l ysis , t he effective gimbal 
a ng l e i s defi ned as the ang l e be tween the 
SPaceplane veh i cle l ongi tudina l axis (+X axjs) 
through the e . g . and the d irection of PCE t;ru3t 
acting t hrough t he vehicle e . g . 

0 

0 

0 

0 

0 

The maximum effective g i mbal angle (14.2°) 
dec r eases wi th the numbe r o f PCE modules f iring 
at one time. The max imum value o~curs with 
only 1 PCE modul e fir i ng . The minimum gimbal 
ang le i s 0 . 966° whic h occurs when a ll but one 
module is fi r ing . (There is no effective 
gimbal i ng when a l l of the PCE modul es a r e 
firing.) 

The g reatest vehicl e momen t r e sults when the 
given number of firing PCE modules a r e 
sequent i ally l oca t ed adjacent to each othe r . 

For an even number o f firing PCE modules , the 
r esulting tota l minimum moment possible (in 
addition t o the transla t ion~! acceler at i on) is 
a lways ze ro . For an une ven numbe r of firing 
PCE modules, the re sulting total minirn~m moment 
possibl e is a lways some fixed value (beginning 
at 9357.7 l bF- in . with one PCE module firing , 
d01m to a value less than 2000 lbF-in . t~it h 

~ore than one PCE modul e firing) . 

An even number of firing PCE modules can 
provide pure pitch or yaw moments i n addit i on 
to vehic le transla t i onal accel er a tion. An 
uneven numbe r of f i ring PCE modules cannot 
provide pure pitch or yaw in addition t o 
vehic l e trans l at i ona l accel e r a tion . 

The tota l vehicle translat iona l acceler ation is 
a s trong f unct i on of the numberof firing PCE 
modules but not of the position if those 
modules. 

All of ti e above trends a r e do cumented in Table 
XXI , which consists of a br ief summary o f the t o t a l 
capability of the PCE as a functicn of number of 
firing PCE modules . 
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TABLE XXI 

N204/PAAB-l PLUG CLUSTER ENGINE 
TVC CAPABILITY 

AcG Max 
( Max ~~~lar ) ( Max Linear ) N Accelerat ion of MMax Accelerati on 

(Number-o fPCE} Spaceplane
2

CG, (Max Moment,} About Space~lane 
Modul es Fi ring ft/sec lbF-in. CG 1 °/sec 

0 0 0 0 

1 1.008 9,357.7 9.215 . 
2 2.014 18,355.8 18.08 

3 3.016 26 ,649.0 26.24 

4 4.01 33,917.3 33. 4 
s 5.00 39,884.0 39.28 

6 5.982 44,315.2 43.64 

7 6.955 47,046.1 46.33 

8 7.922 47,966. 7 47.23 

9 8.885 47,046.1 46.33 

10 9.845 44,315.2 43.64 
11 10. 805 39,884.0 39 . 28 
12 11.76 33,917.3 33.4 
13 12.73 26,649.0 26 .24 
14 13.69 18,355.8 18.08 
15 14.67 9,357.7 9.215 . . 
16 15.641 0 0 

9Max 
~rection of Linear C~ Accelerati on with 

Respect to Vehicle 
Longitudi na 1 [X] 

Axis 

0 
14.2 
13.93 
13. 50 
12.91 
12.16 
11.29 
10.29 
9.203 
8.04 
6.829 
5.596 
4.368 
3.171 
2.029 
0.966 
0 
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3. Pro pellant T~ nk Evaluation 

-~. 

A r ev iew of exis ting aero s pace vehic le t a nkage was 
made to determine if the current Space plane 
propellant tanks and HE bottles ha ve acceptable D/ t 
r a tios (D : tr- ~k diame t er, t = t ank wall 
thic kness ) . Some of the sys t ems evaluated \ve r e : 

0 Mariner '71 N2o4 Tank 
0 Agena ?ropulsion He Bottle 
0 Atlas Pneur.tatic Systera He Bottle 
0 Gemini RCS N2o4 Tank 
0 Lu nar Module Ascent Engine Tanks (A-50 or N2o4 ) 
0 Saturn II Pneumatic ')ystem He Bottle 
0 X-15 Ht2 Tank 
0 Agena N2 Bottles 

The three important results of this evaluation 
we re: 

o The Spacepl ane tank (propellant tanks and He 
bottle s) D/t values are somewhat conservative 
(i.e. , low). 

0 

0 

The SpaLeplane tank weights are cons i stent with 
exist i ng systems of the same size, volume and 
storage pressur e . 

From these two o~servations it can be implied 
that the actual Spaceplane tank wall thickness 
will be smaller (makes D/t larger) than 
predicted by SPVl, wher eas the total predicted 
tank weights are accurate. 
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5 . 17 REPORTING AND PRESI:t-:TATIONS 

The total pr ogr am r equired a monthly progress r eport at the end of each 
month , in adctit ion to a final r eport . Ther e \J~ re, as a r e sult , eight 
monthly r eports written, ~s well ~ s the fin a l r e port . 

In addition to these r e po r ts , tt~o t echnica l pr esentations t~f're made a t 
TI/10 (Technica l Info rma t ion/Technical Direc t ion) meetings held a t 
Aerospace Corpo ration i n Ja~uary and May of 1982 . Other contrac tors a~d 
governmen t agenc i es in attendance at these mee tings inc luded: 

0 

0 

0 

0 

0 

0 

0 

0 

0 

SRI (Stanfo rd Resear ch Instit~t P.) 

SNLA Sandia National L:lbora t ory at Alber ·erque 
H/S (Ha~ilton Standard) 
Lincom 
Honeywell 
Pratt & Whitne y 
USAF Space Division personnel 
Aeros pace Corpor a tion 
Lockheed 

A third technica l presentat i on/final briefi ng is ant icipated f r Augus t or 
Septembe r 1982 . 

5-195 

.· .· 

·. 
• •• 

.· 

• • 
·: 

• ..... 
•, . ·. . .. 

.· 

••• ··. 
. ... 

.· 
•• • • • .. • & 

~~. o .: '• I 0 •• '"• . . . 
.. · ... · .. ... 

.· 
• . .. . . . 

• ,. • •I , . ... .. 



'. . ' 
,J 

,· 

·. 
•, 
•, 

I 

• 

• 

'• 

.· . . . 

5 . 18 CONC:.LSlONS AND RECC~~!END \TIONS 

5 .18 .1 Conc lusions 

The ma j or conc lus i nns resulting from thi s s tudy ar~ : 

5.18 . 2 

o The Sp~ce planc concept is viable from a pr opuls i on 
vi ewpoint . 

0 

0 

0 

Demonstra t~d ALRC 100 lbF and 5 lbF hi propellant 
e ng ines , with mi nor modi fications , meet the 
Spar.epl r.ne internnl primary and secoondary 
propuls i on requirement ~ . 

The s e l ected Spaceplan~ inter na l propulsion system 
is a fl exible concept which can be optimized f or 
many conditions (e . g ., various launch modes) . 

Extens ive Space pla ne interna l propulsion sys t em 
modeling capability ( pr~diction of propuls i on 
system we i ght, e .g., enve lope , pe rformance, etc . ) 
exis t s at ALRC . 

Recommendations 

The ma jor recommendat i ons resulting from this study are: 

0 

0 

0 

EstablLsh firm vehic le and propulsion system design 
requirements. 

Pre~are Spaceplane prelireinary propulsion system 
design, based on above requirements . 

Be gin rlevel op •'nt of a long-live ~2o4-compa tibl e , 

elastorue tric tank diaphragm. 

o Begin design modifications to ALRC 5 and 100 lbF 
thrusters for Spaceplae PCE and RCS application. 

Several specific recommendations , which support the general recommendations 
listed above , a r e outlined below . 

0 

.. -.... ._ .. -. . . 

Te chnolngy for constructing the Spaceplane skin to 
incorpardte ac tive, liquid re-entry cooling exists 
a t ALRC. Both regenerative and transpira tion 
cooling appear a pplicable to t he Spaceplane 
r e- ent r y conditions . It is r ecommended that a 
study be marle to de termine the we ight aavantage of 
replac ing the curre ntly base-lined ther mal 
pro t ection system (tiles or abla ttive or 
c ombina tion) with active , liquid cooling . 

Evalua t e the performance of PCE module scarfed 
no zzles. The use of scarfed nozzles could impac t 

~· ....... . . ·~ . . .· .. · · .. 
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PCE delivered Isp (especially at lower altitudes) , 
PCE st r uctural configuration and/or weight , etc . 

Perform a radiation heat t r ansfe r analysis of hot 
PCE module nozzles r adiating to the SpRceplane 
vehicle structure . This may be important in 
determining the total heat load to the Spaceplane. 

o Perform a more r igorous design and analysis of an 
electrical He heater to refine the preliminary 
electrical power requirements . 

0 

0 

0 

0 

0 

Evaluate an advanced technology SpaceplAnc 
vehicle/propulsion system. Such a vehicle might 
incorporate, for example : 

all graphite/polyimide structure 
LF2/N2o4 propellants 
acEive cooling using EC/LSS byproducts (water) 
high pressure , pump-fed propulsion concepts 
integral tank/s tructure/TPS materials 

Perform a rigorous propulsion system controls 
analysis to better define a valve power 
requirements . 

Conduct a PCE test prog~am to verify the 
p~tformance prediction methodology currently in 
use . 

Investigate the use of existing electric 
~otor-driven , storable propellant pumps for PCE 
application. These motor/pump sets , althouyh 
designed for a differen aerospace application, may 
be ideal for use on the Spac~plane . 

Perform a Spaceplane propulsion optimization based 
on the use of non-spherical tanks. Although 
non-spherical tanks will always be heavier th8n any 
equal volume, equal internal pressure sphericnl 
tanks , the resulting SP delt~-v penalty of an 
optimized propulsion system using non-spherical 
tanks may be quite low. 
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APPENDIX A 

MISCELLANEOUS TASKS 
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Soarepl ane He~t Ba l ance/Interfaces 

From conve r sations with Hamil t on Standar d , it was concluded that abour 100 
lb o f ECC/LSS we i ght might be saved by e liminating ( 1) the s ub l i ma tor a nd 
(2) the water r equired to re ject a maximum of 4 , 000 Btu/hr from the sys tem 
( caused by bio l ogical and ins trument he~ t gene ration) . Quick ca l c ula tions 
showed that the internal propulsion system propellant ~eat capaci t y was 
s ufficient t o r eceive this amount of hea t for one nay . However , subsequent 
calcula t ions r evea l ed tha t the major heat capacity of the propellants 
existed a t t emperatures above those of the hea t sour ces . Further , it was 
seen that a cloubl e heat exchanger woul d be needed t o provide r ed11ndant 
protection fo r the pi lot from propellant vapors in the event of a sinp, l e 
heat exchanger crack or l eak . 

Two solutions to this prob l em we r e consider ed. One was to us e a s mal l heat 
pump to dr ive the low t emperat ur e cockpit heat into the equa l or higher 
temperature propel l an ts . Rotating ~achinery is a lready be ing use d in the 
ECC/LSS to r emove heat . A second approac h was t o determine the thermal 
h i s to r y of a non- insul a t ed , orbi t ing spacecraft to see if heat r e moval is 
a l ways a proble m. A preliminary study was made of a conica l vehicl e in a 
100- minute orbit about Eart~, such tha t one side ~ees Earth , while t he 
other side sees the sun a L various angles of 60% of the time and shade 
(deep space ) 40% of the time . Table A-1 su~rnari zes the r esul ts of the 
study. A low emissivity/absorptivity ( I ) Spacepl ane exterior r esul ts 
in l itt l e improvement ; only abo ut 600 Btu/hr of the 4000 Btu/hr inter nal 
heat generation is lost from the spacecraf t during one Earth orbit . 
Conver sely , a "grey" sur face , such as abl ative , grey til es, etc., with hig h 
( I ) , r esul ts in excessive heat l oss from the spacecraft during Earth 
orbit. In this latter case , the propellants freeze within about 6 hours , 
even wi t h interna l hea ting. 

At least two sol uti ons e':.:.st to this critical heat ba l ance prob l em . In one 
solution , a proper amount of insul ati on used with t he Spaceplane skin 
(maybe til es alone) could provi de enough net hea t l oss t o e l iminate the 
ECC/LSS heat rejection system, witnout freezing propel lants and pi l ot . The 
second solution, sel ection of a proper Spacepl ane surface ( I ) , could 
provide the same resu l t . Consider abl e Spacepl ane volumetric savings coul d 
be made if surface insulat ion co ul d be avoided . 

For exampie , mor e than 10% of the Spacaplane volume would be occupied by a n 
internal insulation layer on l y 1 inch thick . 
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Radietion Hea t TransfPr Analysis 

The primarv purpose of this task was to perform a pr eliminar y rarliation 
heat transfer analysis of the hot (operating) PCE module nozzles. A first 
sttp in this ana lys is was determinat i on of PCE and RCS thruster exhaust gas 
t empera t ures . Figure A-1 is a pl ot of exhaust gas t emper atur e as a 
funct i on of propellant combination and nozzle a r ea ratio . The N2o4 /~INH 
line in t he pl ot corresponds to a mi x t ur e of ra tio (HR) of 1.65 and chamber 
pressure (P ) of 142 psia which ar e the currPn t N2o4/MMH PCE des i gn va lues . 
The N204/P~B-l line in t he plot corresponds to a ~ffi of 1.20 and P of 100 
psia . These ar e the current N2o4

/PAAB-l PCE design values . c 

It shoul d be noted that the maximum chamber wall temperature experienced by 
the N204 /NMH PCE modules 1~ill be appr ox i mate ly 2960°R (2500°F) because of 
the use of film coolir.g. Temperatures of the nozzle wa ll downstream of 
this maximum t empe ra t ure point (usually near the throat) will be less than 
this maximum value . The major assumptions and r esults of this ana l ysis ar e 
descr ibed bel ow . 

The major assumpt i ons were : 

0 

0 

0 

0 

0 

0 

0 

Emissivity of the nozzle silicide coating is 0. 8 . 
This value is consi stent with data for several 
differe nt types of silicide . 

A nozzle t emperature of 2000°F was assumed . 4000° 
is an average value of free str eam combustion gas 
temperatures (PCE module throat (T = appr ox . 

0 0 5000 R) ; PCE modul e exit (T = approx. 3000 R) ) . 
This 4000°R value was then biased by 2000°R to 
account for the use of fue l fi l m cooling. This 
thruster hot fire test da ta, which shows that the 
difference between combustion gas frPe st r eam 
t emper atur e and nozzle materi al tempe ra tur es at any 
nozzle location is appr oximate ly 2000°R . 

Each nozzle weighs appr oximately l o3l lbM. 

C of the nozzle materia l (Columbium) i s 0.065 
BFu/lbM0 R • 

The actu.1l nozzle radiation surface was as~umed to 
be a fl at ci rcular shape with an a r ea equal t o the 
PCE modul e nozzle exit area. 

A so l a r fl ux of 442 . 2 Btu/hr . ft2 ( 1.395 K\~/M2 ) at 
the Spacepl ane aft end was assumed. 

The nozzle coa ting surface was assumed to be gr ey 
( i.e ., t he emissivi ty is equ~l to the 
absorptivity) . 
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NOZZLE AREA RATIO 

Figure A-1. Exhaust Gas Temperature vs Nozzle Area Ratfo 
(Nz04/HMH and Nz04/PAAB-l) 
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0 The nozzles 1,rere assumed to be facing the sun 
immed ' ate l y a fte r PCE fir ing . 

The most impor t ant r esults o f the heat transfe ~ analysis are not ed b• low: 

0 

0 

0 

The nozzl e material equil ibrium temperature of 
a pproxi ma tely 251°F is reached in appr oximatel y one 
to three minutes . Three min utes is conside r ed very 
conser va tive f or at leas t three reasons : 

Radia tive heat t ransfer from the outside nozzle 
wal l faci~g dark space or the Earth is not 
cake n into account . 

The effec tive emissivity of a cavity , such as 
the inter ior of a PCE module nozzle , is 
gr ea t e r, by a ratio of approximately 
0 . 677 : 0 .50, than a simple flat pla te of equa l 
area . 

The insul ating effect of the tile mater ial on 
por tions of the hot nozzle a r e not accounted 
f or . Th i s insulating effec t would tend to 
inc rease the r ad iative heat transfe r from the 
hot nozzle by r estricting the cond uctive heat 
tra nsfer to the Spaceplane vehicle structure 
that would otherwise occur. 

The actual radiative heat t r ansfer from the hot 
nozzles to the vehic le str uc tu re will be minimal, 
be~ause of (1) the orientation of the nozzels 
ann /or (2) the time material between the nozzles 
and vehic le str ucture . 

11~ conduc tion hea t t r ansfe r , from the PCE module 
mounting points t o the Spaceplan~ vehi · l e structure 
will likely be highe r . 

A mor e extensive hea t transfer analysis , to ve r ity these prelimina ry 
r esults , is recommended . 
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6.0 INTRODUCTION 

The objective of the Pratt & Whitney Aircraft effort , under the Sp9ceplane 
Examination, was to define an external propulsion system (modul e) for use 
with the Spaceplane on high 6v missions. The primary study ground rules 
were: 

o Propulsion system with Space plane , to be launched 
by a 65 , 000 lb. maximum capability space shuttle . 

0 

0 

Propulsion syste~ drsigned to maximize Spacepl ane 
capability . 

Propu~sion sys tem to be availablP. in 1987/1988. 

In the course of the study, any enabling or enhancing technology features 
were to be identified. The schedule followed by Pr att & Whitney, ch.oring 
this study , is shown in Figure 6-1 and the results of the study are 
detailed in subsequent sections of this report. 

6.1 GENERAL CONSIDERATIONS 

In order to achieve the objective of obtaining the highest credible 6V 
capability for the Spaceplane exter nal propulsion system (within the 
overall program's gr ound rules) , several "basic characteristics were 
identifi·•d and ar e discuss'"'d below. 

0 

0 

Propellants : The signifiC3ntly higher performance 
of hydrogen/oxygen over the storeable propellant 
combinations (e .g. N2/04/UDMH, 02/RP- 1) has been 
well establisJ-.c d. Higher per fo rmance propellant s 
combinations (e.g ., hydrogen/ fluoriue) were ruled 
ou t due to handling proble~s as not b~ing within 
the "near-term State-of-the-Art" requirements • 
Therefore the external propulsion system was 
defined as one using cryogenic hydrogen and oxygen 
as the main propuls~cn propellants . 

Performance: Propulsion system 6V capability is 
cha~acterized by the following equa tion: 

= 

where : 

6V 
Isp 

g 
K 
~li 

f 

= 

.. ·.· 

total v&iocity change capabil ity ; ft/sec 
effective vacuum specific impulse, 2sec 
gravitational acceleration , ft/sec 
vehicle initial mass (at ignitio~). lb 
vehicl~ final mass (at burnout), lb 
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PRATT & WHITNEY STUDY SCHEDULE 

Tasks 

1. Literature search 
2. Design .stage 
3. Investigate stage options "' 
4. Launch/mission options -5. Technology identification -6. Follow-on plans -7. Reports anc;t presentations 

Milestones 
1. ATP • 2. Program plan 
3. 1st order design 
4. Revised design 

• • • 5. Study complete 
6. Final review 

Figure 6-1 
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Fr om this equation it is appar ent that f or a fixed initial mass (e .g ., 
limi t ed to 65 ,000 lb less Airborne Support Equipment weight by the Space 
Shuttle launch capability), maximum performance i s achieved by t he highest 
Isp and lowest final mass possible . This is ~llustrated by Figure 6- 2 for 
typical specific impulse and burnout weight value s . 

0 

0 

0 

0 

Multiple Start: A typical spaceplane mission 
utilizing the external propulsiun system (e.g., 
low-earth-orbit to geosynchronous orbit and r eturn) 
would involve 4- 6 main propulRion engine burns 
which mi ght impart 4,000 to 8 ,000 ft/sec each to 
the vehicle. The rropulsior. system might also be 
required to provide many s~aller impulsive burns 
for maneuvering/rendezv: us wi th a multiple targets 
in earth orbit. The ex t ernal propulsion systems 
should not therefore, be limited i n starts o ther 
than by the mission consumabl eb , e.g. , main impulse 
propellants, pressurization gas, ele~trical power, 
etc.) • 

Reuseability: On missions where the spaceplane is 
returned to the vicinity of the s huttle by the 
external propulsion system, the vehicle could be 
reused on a later mission if provisions are made 
for re-insertion into the orbiter. An option to 
this would be provision for orbital re-f•Jeline from 
tanks carried up by t~e shuttle along with a new 
refurbished spaceplane . 

Operational Date: In keeping with the study 
grou~drules of a vehicle which has a l ow 
cevelopment cost and a near-term operational 
capability (i .e. , 198~ IOC), the vehicle definition 
must reflect relatively nes :-term State- of-the- Ar t 
technology . This, by implication, means that 
vehicle components must either be similar t o 
c·1rrent designs (or be readily demons tra table by 
about 1984) or have an acceptable fall-back design 
available . 

Man- rating: Two mission safety issues are raised 
by the re~uirements of a manned system launched ou t 
of the shuttle ca r go bay. The firat and more 
st raightforward i s t he requirement to not effect 
the shuttle system safety during launch and orbital 
checkout prior to release o f the sp1ceplane and its 
external pr opulsion sys t em. This should be rather 
R s traight-forward tas k (even though comple x) and 
has been analyzed for several systems (e .g. , IUS, 
Centaur, Spacelab, etc . ) . The second s afe ty issue 
is one of the overall spaceplane mis sion safety. 
This requires a definition c ! a maLned mission 
reliability in terms of acceptable probabl lity of 
mission success and of safe crewman return to the 
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orbiter (or to a ground recovery site). All three 
OTV systems study cont r actors (Refer ences 7, 8, and 
9) addressed the subject of mar.ned mission safety 
but no consensus was reached other than all systems 
necessar y fur c r ew return should be a t leas t singl e 
failure tolerant and that abort/ r escue modP~ should 
be considered . 

6.2 SPAt'E TUG STUDIES 

During the early 1970's a number of studies we re conducted to define a 
cryogenic upper stage which would ope r ate out cf the Space Shuttle in the 
1980's (Reference 1 ·6) . Typical of ~he later of these s t udies was ; hat 
completed by the NASA-1-!ar shall Space Flight Center c:s documented in r~port 

MSFC 68M00039, dated 15 July , 1974 (Refe r e nce 6). 

The "HSFC Tug" was designed a round requirements ot r~<trieving a 3500 lb. 
payload from Geosynchronous Orbi t (GEO) and retrieving it t o the Space 
Shut t le . Figure 6-3 shows the inboard profile of this vehi ~le. 

o.3 OTV STUDIES 

During 197 8-1980 several addit i onal cr yogenics stage "Phase A" studies were 
conducted fo r the NASA (Refer ences 7, 8 , a nd 9). One of these, conducted 
by the Boeing Aeros pace Company (Refe r ence 9), was configured to meet the 
OTV program manifest shown in Figure 6-4. Tile Roeing OTV characterist i cs 
a r e summari zed in t he following ser.tion. 

6 . 3.1 OTV Operational Descr iption 

The Orbital Tra .. Jfer Vehicle (OTV) is a c r yogenic (L02/LH2) propulsive 
stage carried to low earth orbit within the payload bay o f the Space 
Shuttle Orbiter. The design of the OTV is optimized for use with ~he 

Shuttle Orbiter and extends the r e use capa~ility of the Sp~ce 
Transporta tion System to include upper stage . The OTV also is operated i n 
the expendable mode when this mode opt imizes the overall STS effectiveness . 

To place in perspectivt th ~ key Jesign requirements pr esented later i n this 
section, a brief discu·>s :i 1n of OTV opera t ions for a typical payload 
delivery mis>ion with OTv r ecovery follows. 

Following checkout, the OTV, its airborl' .. support equipment, and its 
payload ar e mated and uniergo integrate~ t ests . The i~tegrated assembly is 
then tranaferred to the l'unch pad and installed in the Shuttle Orbite r 
where propellant l oading of the launch vehirle and the OTV a r e 
accomplished. 

Following launch ang cir cul arizat ion to a 160 nautical mile orbit with an 
inclination of 28.5 , the Orbi te r payload doors are opened and the OTV 
unde rgoes a predeployment checkout. Tile OTV/ spacecr af t is deployed and 
after the Orbiter and OTV / spacecr aft separ ation distance is safe, the OTV 
attitude control syste~ is enabled. The OTV/spacecraft phases in t he 160 
nmi orbit, accomplishes a phasing/plane change burn, coasts fo r one 
r evolution in the phasing orbit and , at perigee, initiates the CEO transfer 
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Figure 6-4 
Selected Pr~gram Mission Hanif~st (Revision 2 Nominal Missi on ~odel) 
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orbit jnj ection burn. Mid-course correc tions ar e accomplished if required, 
and at 19,300 nmi a GEO circularization ~urn is performed followed by a 
coast and orbit trim peri od. 

The payload is released at GEO and after phasing for the proper nodal 
crossing , the GEO to LEO transfer orbit i njection burn i c accomplished. A 
phasing orbit is used to accomplish proper r endezvous phasing with a 
Shuttle O~biter . The rendezvous orbit circular iza tion burn is performed 
and , after orbit trim, the OTV achieves a stable attitu~e and remains 
passive during recovery by the Orbiter. 

The OTV is r~turned to the Orbiter payload bay using the remote manipulator 
sys tem, latched into the airborne support equipment structual adapter, 
stowed into the payload bay, and returned to the launch site for subsequent 
refurbishment for a later flight. 

During the period that the C\TV is \Jithin the Orbiter payload bay, command 
and control is accomplished by GSE and Orbiter systems prior to launch and 
through Orbiter systems after launch. When deployed outside the Orbiter, 
command and control is accomplished by a STDN/TDRS compatible RF link. The 
OTV is capable of autonomous mission operatJ.on and js capable, by addition 
of a kit, of providing a secure comr ·micatioo link if required. 

6 . 3.2 Configuration 

The Orbital Transfe>r Vehic le is m~de up of the follo~J ng subsystems: 

o structural-includes ~n external, load-bearing body 
shell, a LH2 tank, and a 102 tank 

0 

0 

0 

0 

0 

therm3l control-both active and passive to regulate 
heat.ing loads 

avionics- redundant and includes all ele~ents (i.e . , 
guidance and navigation, data management, 
communications, and instrumentation) 

and distribution- features redundant 
and distribution and control units 

propulsion- consists of a RL- 10 dertvative II B main 
engine with an extendable nozzle, electromechanical 
ac tuator thrust vector control , and propellant 
delivery, pressurization, and vent sullsystems 

a ttitude control-consists of four hydrazine 
thruster pods and associated tankage and control. 

The OTV is 30. 7 feet long including t he 70-inch-long main engine (in the 
retracted pos ition). The vehicle dia~eter i s 176 inches. The volumes oi 
the main propulsion system propellant tanks are 587 and 1,720 cubic feet 
for the 102 and LH2 tanks, respective ly. Ar. inboard profile of the 
configuration is snown in Figure 6-5. 
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The airborne support equipment (ASE) is that portion of the OTV system 
flight hardware which remains in the Shuttle Orbiter payload bay when the 
OTV is deployed. The ASE provides fo r the adaptation of the OTV to the 
Orbiter payload bay and for the distribution of all loads in the 
X-direction t o the Orbiter. The ASE provides for the interfaces for OTV 
fluids, electrical, and avionics subsystems to Orbiter provided interfaces . 
The ASE also provides a reserve electrical power source , a cont rol and 
monitor panel mounted in the Orbiter aft flight deck, and a pressurization 
source used for the dumping of propellant in the event of an RTLS abort 
during ascent to low ear th orbit. 

Structures-An exploded view of the structures subsystem is shown in Figure 
6-6. The LB2 and L02 tanks are made from 2219-T87 aluminum and are 
supported by struts Within the external body shell. The body shell 
consists of four sections, three of which are constructed of graphite/epoxy 
core. The remaining body shell section is the avionics ring assembly which 
is cons tructed of aluminum and provides for the installation of avionics, 
electrical power, and attitude control subsystem tankage (see Figure 6-7). 
The main engine is installed on the thrust structure which is supported by 
struts connected to a thrust ring incorporated into the lower bulk~ead of 
the L02 tank. 

Thermal Control-Both active and passive techniques are used to provide 
thermal control of the OTV. Thermal control of the fuel cells is provided 
by an active thermal conditioning system consisting of a Freon 11 fluid 
loop with a radiator, located on the body shell exterior, and the 
associated pumps, valves, aod cont rol elements. The passive thermal 
control techniques include insulation blankets, thermal control coatings, 
and selected radiative surfaces. The thickness of the aluminum used for 
the avionics ring assembly is controlled to provide for proper heat flow 
from internally mounted components and its exterior surface is covered with 
flexible optical solar reflec tor (FOSR) to provide the radiative surface. 
Electrical heaters are provided for RCS components and avionics equipment 
as required. The LH 2 and L02 tanks are insulated using MLI. lhe MLI 
consistes of layers of doubly aluminized kaptoo with a dacroo net spacer. 
Twenty-three layers of ~ar are used oo each of the tanks. The MLI WTapped 
tanks are enclosed within purge barriers which are purged with dry gas 
(helium for the LB2 tank and nitrogen for the L02 tank) prior to launch. 

Avionics-The avionics subsystem design for the OTV is based on the maximum 
use of components used on the IUS. The guidance and navigation components 
include an inertial measurement unit and a 1tar scanner, both of which are 
internally redundant and are powered from redundant power buses. Included 
within the communications area are redundant RF links which are NASA 
STDN/TDRS compatible. Deployable pairs of antenna pods are diametrically 
mounted in the avionics ~ing assembly. Each RF link contains a 20-vatt 
S-band power amplifier and a STDN/TDRS transponder. ln th• normal 
operating mode both transponders are operating in the receive ~od , on~ 
transponder is operating in the transmit mode. and its corre ponding RF 
power amplifier is on. 

The data management subsystem contains two computers, two signal 
conditioner units. a signal interface unit, and a th rust vector control 
unit. Each co~puter has 65k memory capab111ty, an operational capab1ltty 
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of SSOk operations per second. and performs all compulation and data 
processing associated with guidance, navigation and control, command 
decoding, telemetry forma tting, redundancy management, and communications. 
The signal conditioner units provide for measurement sampling and 
conditioning, performs r edundancy management, and provides the interface 
between computer generated commands and other OTV subsystems. The signal 
interface unit performs buffering, switching, formatting, and filtering of 
communications signals. 

The instrumentation subsystem provides for status monitoring of OTV 
subsystems. The preliminary measurement list contains approximately 160 
analog measurements aud over 400 discrete (hi-level) measuremrmts . 
Included within the instrumentation at ·.! c'lpaci tance liquid lf.vel 
measurements used for propellant loading ~nd consumption monitoring during 
main engin~ firine and also propellant depletion sens~rs • 

Power Supply ~nd Distribution-The primary power source for the OTV is a set 
of redundant 2kw-no~inal, 3 . 5kw-peak fuel cells. The fuel cells are 
actively redundant (i.e., both operating in the normal mode) . Each fuel 
cell i :: capable of providing normal mission power. A 25-amp-hour 
nickel-hydrogen battery i s provided for backup power and for suoothing of 
line transients. Distribution and control is provided by redundant po~er 
distribution units 11.nd a power transfer switch. 1he power iistribution 
units are used for swit ching of h1ghly inductive or high current loads. 
The po\\•er transfer unit is for control of the spacecra! t power from GSE:, 
Orbiter, and OTV power sources. · 

Propusion-The main engine is a Pratt & Whitney RLlO derivative II B engine 
with a retractable nozzle. The engine has the capability of operating in 
three modes: tank head idle , pumped idle, and mai~stage . The propellant 
delivery system L0

2 
and LH

2 
feedlines are of a luminum and include bellows 

expansion joints to corup~nsate for thermal expansion and engine gimballing. 
Screened surface start haskets are located at the inlets to each line. 

Pressurization of the tanks is accomplished using an antogeneous 
pressurization system. Two separate propellant ventlcelief systems are 
installed for each tank; one fo~ use when stowed n the Orbiter payload bay 
and one for use in space . 

Thrust vector control is provided by two electroemchanical ball- screw 
linear actuators. Each actuator is equipped with redundant electric motor 
drive. 

Attitude Control-The attitude control subsyst~m (ACS) uses hydrazi~e 
monopropellant with a blo~-down pressurized sys tem. The ACS design uses 12 
thrusters positioned arout:d the aft OTV body shell to provide rotational 
moments a bout the vehicle e.g. in pitch, rol!, and yaw . 

The propellant storage consists of three 21-~nch diameter tanks each with a 
storage capacity of approximately 120 ~unds of ;ydrazine. The tanks are 
wrapped with ~~I fo r thermal insulation and ate connected to th~ ACS feed 
manifold • 

. . ·.· . . ' .. · .......... 
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The thrusters use a catalytic decomposition gas generator and produce 30 
pounds of thrust a t 380 psia supply pressure and at the 100 psia supply 
pressure produce 8 pounds of thrust. He~ters are installed on ACS valves, 
lines, decomposition chambers, and the hydrazine tank exterior. 

Airborne Support Equipment-The a irborne support equipment (ASE) portion of 
the OTV S>- :.cm provides for the interfacing of the Orbital Transfer Vehicle 
to the Shuttle Orbiter. The ASE c~nsists of the structual assembly , fluids 
subsyste~, electronics, batteries, and cabling . The ASE structure is 
fabricated from gr.aphite/epoxy. The structual assembly pivots about the 
ASE-to-Orb~ter trunnions using a tilt mechanism. The structual assembly 
interfaces with the OTV through a circular ring frame with 36 latching 
mecha~isms ar.d fluids and electrical umbilibals . On deployment the tilt 
mechanisms rotate the combined OTV/ASE to the release position, the 
latching mechanisms are released, and the OTV is deployed by a series of 
springs around the mating circular ring f rames. On retrieval, the OTV is 
maneuvered by the Orbiter RMS into the ASE us i ng the OTV berthing probes, 
the latching mechanisms are relatched, and the mated assembly is rotated 
back down into the Orbiter payload bay . 

The ASE fluid system consists of Orbiter to OTV fill, drain, dump, vent 
lines, umbilicals , and pressurant gas storage for use in the event that 
dumping of OTV propellant is required during an RTLS abort. Redundant 
v3lving is incorporated into all l i nes as required to meet Orbiter payload 
bay safety requiremc:n ts. The pressurant gas used for abort dump and ASE 
valve control is helium. Approximately 100 pounds of helium gas storage is 
provided by bottles mounted on the ASE structural n~sembly. 

The electrical/avionics system provides fo r backu p electrical power and 
cotttrol, ASE status monitoring command and control, cabling and interfacing 
cabling between OTV, space craft systems, and orbiter-provided payload bay 
data interfaces . A power control unit is provided t o select between gr ound 
power (supplied via the Orbiter) or Orbiter power. The .sE batteries floa t 
online to prevent power d~opout during the periods when the ASE is powered 
up. Power distribution units are included to provi~e switching capability 
of l a rge or h i ghly inductive loads . A control unit mounted in :he aft 
flight deck performs the functions of the monitoring of cri t ica ASE and 
OTV functions and for the control of the ASE during the deployment aud 
berthing processes. 

6.3 . 3 Weight Su=ary 

A weight summary for the initial O!V (and its ASE) is presented in Table 
6-1 for the reusable delivery mission to GEO. A weight growth margin of 
633 pounds is included in the definition of OTV dry weight. This margin 
re ~lects 5% for existing hardwat~ and 15% fo~ new design. 

6.3.4 Mass Characteristics 

The longitudinal center of gravity compatibility of the OTV/ASE/spacecraft 
payload with Orbiter reQuirements :!.s present eel in ·Figure 6-8 . As shown , 
Orbiler requirem~n-~ are met with the exception of the ASE return only 
case . The current ~stiwate of total ASE weight (contractor plus 
government) is 5 , 500 pounds. This weight is located 50 . 7 feet aft of the 
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TABLE 6-J. 

Summary Weight Statement (GEO Delivery Mission) 

Structure 

Thermal Control. 

Avionics 

Power Supply/ Distribution 

Prop1.1lsion 

Attitude Control 

Weight Growth 

(OTV Dry Weight) 

Residuals 

Reserve Fuel Cell Reactants 

(OTV Mission Sequence Final Weight) 

Reserve Attitude Control Propellant 

Reserve Main Impulse Propellant 

Inflight Losses 

Fuel Cell Reactants 

Attitude Control Propellant 

Mail Impulse Propellant 

(OTV Gross Weight) 

Pa:rload 

(S l art Mission Weight) 

Contractor ASE 

Government AS~ 

ASE Ballast 

(Total Launch Weight) 

OTV Mass Fraction 

.· . .· .· 
0 • ..... • ••• ... • • • • ••• 
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2464 

315 

649 

634 

937 

138 

633 

(5770) 

476 

15 

(6261) 

22 

258 

181 

73 

223 

46,24/ 

(53,265) 

6,170 

(59 , 435) 

4,300 

1ZOO 

120 

(65 , 095) 

0.873 
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Longitudinal CC Compatibility 
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forward end of the payload bRy , and is 1.6 feet aft of the e.g. envelope. 
The addition of approximately 160 pounds of ASE ballast (on the aft flight 
deck) is r equired to satisfy e.g . limits . 

6.3.5 Performance Capabili ties 

The initial OTV primary design reference mission is payload delivery t o GEO 
in the reusable mode . Secondary mission capabilities include expendable 
GEO delivery (in both normal and low G modes), insertion into GEO transfer, 
and planetary missions. Table 6- 2 summarizes the GEO performance 
capabilities of the initial OTV . 

Table 6-2 

OTV-GEO Performance and Weight Summary 

Mode P/ L Wt. 1 
Pro2· Wt. 2 Start Mission Wt . 

I 

Reuseable 6170 46500 59410 

Expendable (of floaded 16390 36300 59390 
for 65K STS) 

Expendable 22890 46500 76160 
(fully l oaded) 

Low G Expendable (off- 15970 36710 59380 
loaded for 65K STS) 

Low G Expendable 22030 46500 75300 
(fully loaded) 

GEO Transfer (off- 22870 30000 59400 
loaded for 65K STS) 

CEO Transfer Injection 45360 46500 981.50 
(fully loaded) 

1 Nominal plus reserves 

2 OTV plus payload plus propellant (does not include AS!) 

6.4 Centaur Studies 

Numerous studies have been conducted by Gene r41 Dynamics ove r the last 
decade related t o integrating the existing Centaur stage into the Spa~ 
Shuttle system . These studies resulted in the desi~n of the Centaur Y 
vehicle (Reference 10), which was optimized for the launch of the Gal11co 
mission in 1985 or 1986. A summary description of the Centaur F Vehicle fs 
given in the following section. 
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6.4 . 1 Centaur F Vehicle 

The Cent aur vehicle 
that transitions to 
tanks are insulated 
radiation shields. 

(Fig ure 6-fl ) cons ists of a 10-foot-diameter L0 2 tank 
a 14 foot, 2-inch-diam~ter LH2 tank. The cr yogenjc 
with combinations of helium-purged foam blankets and 
The fo r ward P.nd of the vehiclP. consists of bolted-on 

c yl ind r ical stub a~apter and a conical equipment module, which provides 
mounts for all vehicle electronic package~. The aft end of the vehicle 
consists of a cyl .nd r ical aft adapter and a pyrotechnic separ ation ring. 

The vehicle avionics system performs the functions necessary fo r autonomous 
control of the Centaur vehicle f r om a pr e- defined safe separation distance 
following Centaur deployment from the Orbiter through postseparation 
maneuve r.s . 

The GN&C system for Centaur F is the Atlas/Cen taur GN&C system with minor 
modifications . The system was completely redesigned to NASA Hi-Rel 
standards in 1972. A star scanner has been added fo r attitude up~ate , and 
the computer memor y is now addr~ssable via the TT&C up/down link. 

The TT&C system is compatille with the Or biter and Tracking and Data Relay 
Satellite System (TDRSS) !. i nks , and permits dat ·. uplink via the O~hiter or 
TDRSS. 

Electrical power to saf~ty-related avionics control f unctions is inhibited 
until the Centaur is a s~fe distance f r om the Orbiter . 

6.4.2 Centaur F Integrated Suppor t System (CI SS) 

The CI SS consists of a Cen taur suppor t struc~ure ~CSS) , a deploymen t 
adapter , and t he associated CISS electr onics and fl uid l ines (Figure 6- 10) . 
t he CSS adapts the Cen taur vehicle a nd deployment adapter to t he Or biter 
thr ough a five- point support system. The deploymenc adaptor attaches to 
the aft e nd of Cen taur at t he separation ring and to t he CSS through two 
rota tion trunnions. 

Dur ing deployment, the vehicle is r otated to its separ ation atti tude by a 
r otation mechanism attached to the deployment adaptor . 

Fluid systems ducting and flexible sections ar e pr ovided to inter connect 
the va r ious pr opellan t tank service lines to their associated Or~i ter 

over-boar d service ports . Flexible sections permit the Centaur t0 be 
r otated to the deployme nt position while maintaining all safety-related 
systems i n a connected and f unctional state . 

Helium storage spheres and two-failure- tolerant pressurization ard pressure 
regulation systems supply all helium fo r pressurizing Centaur tanks , 
actuating vent and d ump system purges to manage ~entaur propel l ants safely. 

CISS avionics performs all control functio ns fo r vehicl~ s~fety while the 
Cen taur is attached to the Orbiter and for deployment. 
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Figure 6-10 
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Two-fai lure-toler ant control is achieved 1dth five s trings of mic r o
processor-rontrol avionics, associated sensors and controllers . 

6.5 MAIN iNG(NC STUDIES 

Throug hout the 1970 's numer ous studies have been conducted by three 
propulsion contractors (Aerojet, Pre " & Whitne y and Rocke tdyne) of engines 
applicable to Shuttle cryogenic uppe r s tage vehicles ( References 11- 21). 
The spectrum of engines covered by these studies range f r om the current 
RL10 and its near-term derivations to advanced high-perfo~ance expander 
and stage-combustion cycl e engines. Figure 6-11 shows ~ r~preseotative 

summary of these engines at a common operating point (15, 000 lb. thrust, 
6 . 0 :1 mixture ratio) and ~t a common installed length (for those eng ines 
having two-posi tioq nozzles) for comparison purposes. 

The requirements of the main propulsion engine are similar to those 
discussed for the overall-ve~icle in Sec t ion 6- 1, namely: 

0 High Specific Impulse 
0 Light ~eight 
0 Multiple Start 
0 Man Rateable 
0 Available .-v 1988 
0 Low Thrust Capability 
0 Reuseable 

From those engines meeting all the requirements, the only engine availabl e 
within the 1988 ~perational capabili t y requirement is the RL10 Derivative 
Ilh (the RL~OA-3-3A and RLlO Derivative IIC enpines were primarily 
eliminated due to a lack of a low thrFut capability). I n addition, the 
higher performance of the advanced expander cycle engine would only produce 
a pproximately 77. higher ~V capability which is probably not w0~th its 
consider ably increased cost and risk. 

6 . 6 EXTERNAL PROPULSION SYSTEN DESCRIPTION 

From the studies available on cryogenic propuls .on systems for shuttle 
upper stages (referenc~~ ~-10), the major concepts available for use as a 
Spacepl ane external propul.;ion system definition s t arting point are the 
Centaur F, the Orbit Tra nsfe r Vehicle and the Space Tug. A summary of the 
bas ic rh3rac tertistics of these stages is given in Figure 6-12 . 

The Cen t aur F has the most detailed design bac kgr ound (it is derived from 
the operational Centaur D-lA and has been 0vaiuated at the PDR l evel, while 
the others are only Phase A studies) , and is the earliest operat ional 
vehicle . Primarily for these r easons, the Centaur F was selected as the 
external propuls i on system de sign starting point. The following 
subsections describe a Centaur F modified (her eafter called Centaur SP), t o 
meet the r equirements of a high ~V Spaceplane mission . 
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CANDIDATE ENG INE CHARACTERISTICS 

o-
1 

N 
N 

FULL THRUST (VAC)J LB 
MIXTURE RATIOJ NOMINAL 
CHAMBER PRESSURE1 PSIA 
SPECIFIC IMPULSEJ SEC 
REQU IRED INLET 

CONDITIONS 
rUELJ NPSPJ PSI 
OXIDIZERJ NPSPJ PSI 

INSTALLED LENGTHJ IN. 
WEIGHTJ LB 
NOZZLE AREA RATIO 
ENG INE LIFE (TBO)J 

FIRINGSIHR 

RLlOA-3-3A 

425 
440 . 4 

2 
4 

70 
305 
61 

10/1 . 251 

DERIVATIVE DERIVATIVE CATEGORY 
!IB I I C IV 

15,000 

6.0 ~ 0.5 P.U. Capability 
400 400 915 
459.8 458 .6 471.7 

0.5 2 0 
4 4 0 

55 
392 374 371 . 
205 205 ' 388 

190/ 52 10/ 1.251 300/ 102 

ADVANCED 
EXPANDER 

-
1505 
481.0 

0 . 5 
1 

410 
570 

300/ 102 

. . .,_ ...... . ... 

ENGINE CONDITIONING OVERBOARD TANK-HEAD OVERBORAD TANK-HEAD TANK-HEAD 

.. 

MANEUVERING THRUST 
CAPABILITY 

AVA I LAB I Ll TY 3 

::JUMP 
COOL DOWN 

NO 

CURRENT 

IDLE DUMP 
COOLDOWN 

YES NO 

"'1988 '\11986 

1. Expendable engine , one mission life 
2. Reuseable engine, time between overhaul~ 

Notes: 

3. Assumes deve lopment ATP 1/l/ 84 

Figure 6-11 
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Contrtsctor 
Datr~ 

Propulsion concept 
Main engine 
Max propellant wt, lb 
Dry weigllt, lb 
Status 
Operational date 
Design mission 

Centaur F OTV Space Tug 

GDC GDC/ Boelng NASA-MSFC 
Current 1980 1974 
All propulsive Aero br ,1i<ed All propulsive 
AL 10A·3-3A(2) RL 10 Deriv liB AL 10 Deriv liB 
46,000 55,000/46,250 50,780 
5776 9880/5770 5150 
PDA complete ¢A study ¢A study 
'1985 ATP + 7 yrs ~TP + 5 yrs 
Galli eo Leo-Geo (dep:oy) Leo-Geo (der.ioy) 

Geo-Leo (return) Geo-Leo (return) 

Figure 6- 12 
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6 . 7 STAGE CONFIGURATION 

The basic Centaur SP vehicle with the Spaceplane attached in a typical 
flight configur ation is shown in Figure 6- 13 . A detailed description of 
the stage configuration is given in the following subsections. 

6 . 7. 1 Centaur SP Tank Configuration 

The basic propellant tank ar rangement is an L02 tank and an LH2 tank, as 
illustrated in Figur e 6- 14 . The weight effective , pressure stabilized tank 
configuration has been pr oven in 463 Atlas flights , 56 Atlas/Centaur 
flights , and 7 Titan/Centaur flights. This structurally efficient Centaur 
tank contains the main engine propellants, establlshes vehicle primary 
structural integrity, and supports vehicle systems and components. NASA 
has determined that the cryopenic Centaur F can be safely integrated into 
the Space Transportation Sys tem. Extensive testing of the Atlas/Centaur 
tank has demonstrated that the tank has a much greater strength capability 
than the design values . 

The basic tank material is 301 CRES purchased from t he mill to an exacting 
Convair specification. The entire welded tank assembly, including all 
rings and brackets , is made of 300 series CRES, which minimizes galvanic 
corrosion. Stress corrosion cracking problems are avoided by the selection 
of the tank materials and by storage and maintenance activities that 
provide a periodic WD-40 protective coating. 

Tank raw stock is ultrasonically inspected. Tenslle, elongation and weld 
joint fatigue tests are run on all tank raw stock and this procedure will 
be continued. Major structur~l member integrity ts verified by test 
coupons from parent material. Tank weld samples are tested before, during, 
and after the machine welding operation. This extsting procedur~ will be 
continued . All tank weld joints are 100% radiographically inspected. Leak 
testing is performed oo all tank weld joints. All existing and proven 
Centaur Reliability and Quality Assurance require.ents wil l continue to be 
imposed on the tank design and manufacturing. 

The L02 tank consists of a 120-inch-diamet~r cylindr ical section closed at 
each end by an ellipsoidal bulkhead. The LU2 t nk will constat of a 
170-inch-diamter cylindrical section closed fiy an ellipsoidal fo~rd 
bulkhead and a 24-degree conical aft bulkhead that attaches to the L02 tank 
at ita forward bulkhead/cylindric 1 section joint; refer to Ftgure 6-15. 

The 170-Jnch-diameter for the LH 2 tank cylinder was selected to provide 
adequate dynamic clearance between the Centaur and the STS Orbiter p yload 
envelope. Structural rings, insulation, and LH2 vent duct srace 
requirements were accounted for in selecting the tank diameter •• shown in 

• 

Figure 6-16. e 

The tank volume~ w1~l be desianed to provtde tot l propellants of 7,300 
poun~s, including residuals at a burn mixture ratlo of 5 .0 CL02) to 1.0 
(LR2). Tank skin ~ages will be based on internal pressures re ultia from 
Centaur engine inlet pressure requirem nts; see Plgures 6-17 throu h 6-21. 
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The LH
2 

tank forward bulkhead cons ists o f 17 gore sections buttwelded to 
form an ellipsoid as shown in Figure 6- 17 . Except fo r the buttweld land 
a r eas, the go res will be chem-milled to reduce weight . At the fo rward end 
of the bulkhead , and access door will bolt to a door ring, which will be 
welded to the bulkhead . Welded to the inside of the door will be support 
s tructur e for the pressurizing gas diffuser/dissipato r and the zero-g vent 
system as shown in Figure 6-21. 

The LH2 tank cylindrical section will consis t of three sections about 25 
inches long and 170 inches in diameter . The three skins will be 
spotwelded , ~eamwelded , and stove-piped together using e~isting production 
techniques as shown in Figure 6-17 . The forward skin will mate with the 
aft end of the forward bulkhead and will contain the stub adapter support 
ring. The aft skin will mate to the LH2 tank aft cone transition as shown 
in Figure 6-20. Both joints will use existing Atlas /Cen taur-type 
spot/seamweld joints. The cylindrical section will contain propellant 
utilization probe support brackets welded to the interior surface . Support 
structure fo r items such as vent and pressure linea, wiring, and 
insulation, will be welded to the external surface. 

The LH, tank aft cone section will consist of sixteen 24-degree coni c skin 
gores outtwelded together and attached to transition rings at each end. 
The aft transition ring will also attach to the L02 tank at the fo rward end 
of its cylindrical section. The aft cone LH2 sectlon inner surface will 
contain LH2 propellant feed and LH2 fill and dump outlets as shown in 
Figure 6-18. Support structure for various items such as vent and pressure 
lines, wiring, and insulation, will be welded to the external •urface . The 
LO tank forward structural bulkhead will be identical to the existing 
At~as/Centaur. It will consist of gore sections buctwelded together to 
form an ell ipsoid and will attach to the forward end of the L02 tank 
cylindrical section. The gore sections wi ll be chem-milled to reduce 
weight except in areas of the buttwelds . Refer to Figures 6-14 and 6- 18. 
Tne structural bulkhead will be spot and seamwelded to the aft tran~ltion 
rings , provising the same sealing and structural integrity as in the 
existing Atlas/Cen taur. 

The L02 tank forward spring ring/insulation bulkhead ~tll be identifical to 
the _xisting Atlas/Cen taur assembly, except the aft t lange of the sprinR 
ring will attach to the L02 tank cylindrical section rather than the 
ellipsoidal aft bulkhead contour. The insulation bulkhead will con•iat of 
gore sections buttvelded together to fo~ an ellip oid and will be welded 
to the formed spring ring . The •o•ulatioa bulkhead will be pot nd 
seamwelded to the L02 tank cylinder skin, providJn~ the same sealins and 
structural integrity as in the the existing Atlas/C ntaur. Th~ cavity 
between the forward structural bulkhe d and lnsulat 1on bulkhead vill 
contain insulation identical to the exi•ttng Atlas /Cent ur; s Flgures 
6-14 ~nd 6-18. 

The L02 tank cylind rical section will consi8t of on s ction bout 30 
inches long and 120 lnches in dln ecer. The forv rd end vtll b v lded to 
the Lh 2 aft cone/ L02 fo rwa rd bulkhead/spring ring tran teton joint as shovn 
Jn Figure 6-18. The aft end wtll be welded to the L02 t nk f bulkhP.ad. 
Thi • join t vill also contain the aft tank ring on tl1e aft bulkh d near the 
cylind rical section of the L02 t nk aa eho~ fn Figure 6-19. rh rin vlll 
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be used to attach the aft adapter . The L02 tank cylindrical section will 
contain the inte r nal vent line , terminating in exte rnal parallel vent 
valves mounted to the skin , and the fill/dump siphon duct terminating in 
parallel fill and dr ain valves mounted to the skin. Support structure for 
var ious items, such as vent and pressur e lines , wiring, and insulation, 
will be welded to the external sur face ; see Figure 6-21 . 

The L02 tank aft bulkhead str ucture will be similar to that of existing 
Atlas / Centaur . It will consist of gore sections buttwelded together to 
form an ellipsoid as shown in Figure 6- 15. Support structure will be 
welded to the bulkhead to support propellant lines, helium and hydrazine 
bottles , wiring, the engines, electrical boxes, radiation shields, etc. 
Minor diffe r ences in these items will be required from the exis t i ng 
vehicle. Internally , the bulkhead will contain the L0 2 tank pressurzing 
bubbler ring , L02 mixer , and the engine thrust barrel. The L02 propellant 
feed sump will be mounted on the aft end of the bulkhead as shown in Figur e 
6-2J . 

The thr ust barrel structure inside the L02 tank will be identical to the 
existing Altas/Centaur structure, with the exception of some support 
structure details . Detail mounting structure will be revised for 
installing the L02 vent standpipe supports, and the new configuration fill 
and drain duct will be routed through the structure . 

The thr ust barrel is a SO-inch-diameter cylinder 15.5 inches high of 
skin-stringer construction. It reac ts engine thrust loads and distributes 
them into the L02 tank aft bulkhead. The forward ring and thru•t longerons 
ar e 2124 aluminum alloy; the skin and stringers are 2023 aluminum alloy. 
The cylinder attaches mechanically to the aft ring, which in turn is welded 
to the L02 tank aft bulkhead. 

6.7.2 Centaur SP Adapters 

Three new vehicle adapters (equipment module. stub adapter. •nd aft 
adapter) will be designed for Centaur SP ~s ahown in Fig~re 6-22. They 
are similar to exlstlng Centaur ad~~tera in for. and function . Extensive 
use of finite-element analysis (which has •hown ft very close correlation 
with test results ) will be made for sizing and designing these adaptera . 

Equipment Module 

The equipment module is a 33-degree conical akin-stringer, alu.inua llo 
structure with a 170-inch-diamter base. It is 47 inchea long and 108 
inche• in diameter at the forward end. Centaur equipment, chiefly 
avionics, are mounted on the conical surface. The module will lnelude: 

• A digital computer unit (DCU) used to convert Spaceplane co and 
s ignals (e.g .• engine start , pitch. yaw and roll) into Centaur 
SP subsytem command signals. 

• A ir- conditioning duct for ~round cooling of equipment. 

* A vent door that wtlt open for Orbit r ascent 
abort return, •• required. 
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In addition, the eq~~ pment module i ncl udes a beam and truss support system 
that interfaces with the Otbiter midfuselage payload support system. This 
support system will pr ovide f orward support for Centaur in the Orbite r . 

The Spaceplane adapter is approximatel y 36 inches l ong , is also a conical 
skin-stri nger structure and will interface with the ~orward end of the 
equipment modul e. 

Stub Adapter 

The r. tub adapter is a 170-inch-diamete r cylindrical aluminum skin-s t ringer 
structur~ similar to that flown on Atlas / Centaur; it i s 25 inches l ong. 
The aft end of the adapte r a ttaches to the Centaur LH2 tank forward ring. 
The forwa rd end of the adap ter attaches to the equipmen t module . 

The forward end of the LH2 tank sidewall i nsulation sys tem attaches t o the 
stub adapter . Also , the forwa rd support truss fore and aft drag strut s 
attach t o the stub adapter. 

Aft Adapter 

The aft adapter is a 10-foot-diameter, 11 .2 inch-long, aluminum alloy, 
skin-stringer cylinder structure with attachemtn rings at each end. This 
adapte r distributes CISS support l oads int othe Centaur tank and provides 
and interface for a ttaching the separation system. The forward ring bolts 
t o the L02 tank aft ring and the aft ring a ttaches to the separation ring. 
The aft aoapter is similar in design to the pr oven Atlas/ Centaur 
interstage adapter. 

Common design features include attachment ring configuration and bolt 
pattern , cutout l oca t ions, and a stringer spacing of six degrees. The skin 
is of variable thickness. The adapter cutouts are de~inged for routing the 
LH2 tank cylindrical s~ction to the L02 tank aft bulkhead area, and fo r 
routing small t ubing . Li ght, efficient • support structure is mounted on 
the aft adapter for the vehicle separ a tion springs, fluid disconnect 
panels, radiation shields , and wid.ng . 

6.7 .3 Separ a tion System 

The reliable Lockheed Super*Zi p pyrotechnic separation system, which has 
become an industry s t andard , will separ a t e Centaur f rom the Orbiter. 
Lockheed will provide a separation ring containing the Super*Zip system. 
It is a 10-foot-diamet~r, 5.50-inch-long , aluminum a lloy cylinder section 
with attachmen t rings at each end. The separation ring simply bolts to the 
aft adapter and the CISS deployment adapter . 

Super*Zip is a de pendable, dual pyrotechnic system. When it fires , a 
spring system thrusts t he Cent aur fr oru the CISS depl oyment adapter. Should 
the Super*Zi p not separate, the Centaur and deployment adapter car, safely 
be l owered back into the payload bay , thus providing a two- fai l ur • -tolerant 
system. A Supe r *Zip sys teru was used for shroud separation on 
Titam/Centaur • 
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6.7 . 4 Insula tion System 

The Centaur Sp insulation system is functionally i1entical to the 
~tlas/Centaur f orward bulkhead system . All materials have been selec ted t o 
me~ ~ STS contamination and saf ty requirements. 

Ta~k Insulation S,3tem 

Thi ll system consists of two major portions (Figure 6-23): the forward 
bulkhead insulation and the tank sidewall insulation. The forward bulkhead 
two-layer foam insulation blankets are installed on the hydro~en tank 
forward bulkhead and enclosed by the cylindrical stub adapter and the 
conical equ i pment module. The tank sidewall two- layer foam insula tion 
blankets are attached ~t the outboard flange of the forward ring of the 
stub adapter and extend aft along the full length of the hydrogen tank 
s idewall cylindrical and conical section and are attached to the purge 
collector plenum. 

Sidewall insula tion blankets are enclosed by a radiation shield which is 
sealed to the stub adapter retaining channel at the forward ring flange and 
the purge ple num at the aft end which prov:f.des containment of the blanket 
helium purge gas . Holes are provided in the stub adapte r to connect the 
fo rward bulkhead blanket compartment to the sidewall blanket compartment . 
Vent door~ are provided in the equipment module and the purge plenum to 
vent the insulation blanket compartment during ascent. The insulatio n 
blanket c ompartments at~ purged with helium before tanking to pur~e the GN2 
fro~ the blanket. During tanking, this helium purge keeps out the payload 
bay Gll'2 purge and maintains a positive 6P across the radiation shielc to 
provia e insulation. In the event of an abor· , the purge is activated to 
preclude moisture and air from entering during the abort descent and after 
shutdown. The purge gas enter3 the forward blanket compartment t hrough a 
purge tube in the equipment module and flows through the forward bulkhead 
blanket, through the holes in the stub adapter, aft along the sidewall 
blanket, and exits into the payload bay t~Lough two check valves. 

Forward Bulkhend Insulation 

The LR tank f~rward bulkhead is protecl~G/shielded, first by a three-layer 
·adia tfon shield and secondly by a two-layer foam blanke~. The three-layer 
radiation shield has the same properties as the LH2 sidewa? l radiation 
shield, except that the inboard layer shall also be perforated (see Figure 
6-24). This shield is held in place by the same pins holding t ·le foam 
gores in position. 

The foam insulation blanets encompassing the bulkhead is enveloped by a 
single sheet of 1-mil, double-aluminized kapton . The insulation blankets 
shown in Figure 3-12 are installed as two separate blankets, each 3/4-inch 
thick and insta lled one over the other, with the butt joints offset half 
the width of the gore, providing a total assembly thickness of 1-1 / 2 
inches. 

Eacn blanket is fabricated in 12 separate gores ; they are fastened to each 
other with pin fasteners. A low-level he lium purge is e~ployed t o maintain 
a !Jrela unc h helium en•tironment forward of the bulkhead , as shoun in 
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Figure 6-23 
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F!gure 6-25 , tnd the e f f ective thermal conductivity of the insula tion 
approaches that of quiescenc helium. However, early in-fl ight evac uation 
of the l iberally vented insulation yields a system of three-layer r adia t ion 
shield for on-orbit therma l contro l of the forward bulkhead . 

LH
2 

Tank Sidewall Insulat i on 

The foam insulation design on the Centaur forward bulkhead is a l s o used on 
the Centaur SP LH2 tank sidew~ll for pre-launch thermal control. As shown 
in Figure 6-25, a Kapton/ blasscloth/Kapton laminate containment membrane 
maintains internal helium in the blanket during prelaunch ~peration. 
Predicted prelaunch heat fl~x through the LH2 tank sidewo is 
approximately 140 Btu/hr-ft • Two radiation shielr's are positioned 
outboard of the helium-purged blanket. These lam1nated shields ate 
liberally ventilated to achieve rapid in- ~light radiation shielding of the 
LH2 tank sidewalL This system of radiation shields has been thoroughly 
tested and corroborated on Titan/ Centaur missions. 

Purge and Ven t 

The insulation system is purged with helium gas Introduced at ambient 
temp~rature and at 20 to 60 pocnds per hour at the forward end of the 
equipment module. A dual-pos i tion vent door on the module opens to vent 
the compartment during ascent (Figure 6-25). Before riseof f, equipment 
module purge gas flows into the sidewall insulation at the forwar d end 
through holes in the stuh adapter . The gas f lows aft to an annular purge 
plenum and vents through relief devices and another dual-position. vent door 
for ascent venting. The doors will close to permit blanket 
repressurization during an abort reentry sequence when t he Centaur tank 
will contain po~tdump residual propellants . The r estart of purge flow 
du.ring reentry and the foam blanket rigidity prevents liquid air run off. 

!:!!_z/L02 Tarok Intermediate Bulkhead 

The twin- skin vacuum bulkhead separating the two tanks has been employed 
successfully on all Centaur vehicles. As shown in Figure 6-18, the 
assembly contains a fiberglass mat insulation which is maintained in 
compression by the spring ring bulkhead and by LO tank pressure. 
Cryo-pumping of the intervening volume f~llowing tH2 tanking yields a low 
conductance of less t han 0.045 Btu/hr-ft -R. A typical measured heating 
rate through the intermediate bulkhead is 710 Btu~hr. This corresponds to 
an effective conduc t ance of only 0.0393 Btu/hr-f t - R. 

~ Tank Aft Bulkhead Radiation Shield 

This shielding system includes an out er, semi-rigid f iberglass shield 
having an aluminized inner surface aod a white (polyvinyl-flouride) outer 
surface, and twin double-aluminized Kapton inner shields and an inner 
membrane shield. The system has been employed successfully on numerous 
Centaur flight vehicles. L02 tank aft bulkhead heat 21ux through the 
shielding system was measureo at 1.0 to 2 . 0 Btu/hr-ft on TC-5. 
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Insulation purge and vent systems meet all STS safety requirements. 

Figure 6-25 
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Tank Sidewall Radiation Shield 

This shielding system is s imply an extension of the LH2 radia tion shield 
ass embly a nd is identical thereto. However, a heliuw-purged foam blanke t 
i s not requi r ed for pre-launch insulation of the L02 tank s idewall and i s 
thus omitted i n this f, ystern. 

6.7.5 Mod i fications for Spaceplane Mi ssion Requirements 

Several modi f ications have been identified which improve the use fulness of 
the Centaur SP over the basic Centaur F, relative to the Space plane mission 
requirements . The se modificati0ns are described in the following 
subsections. 

Single Main Engine 

The two RL10A- 3-3A engines of the Centaur F have been replaced with a 
s i ngle RLlO Derivative II B engine. The higer area r a t io nozzle of t he 
Derivative I I B produces an i nc r ease in specific impulse of appr oxi mately 
26 seconds. The engine also has l ow thrust operating level s for small D. V 
maneuvers, propellant se ttl ng , etc . The reduced thrust level (33,000 lb. 
versus 15 , 000 lb. vehicle thrust) has no significant effect on vehicle 
performance. A more detaile~ descripti0n of the Derivative II B engine is 
given in Section 6 . 8 . 

In addition to the removal of one engine, r emoval of propellant ducting, 
one of the veh1cle t ank outle t valves , one set of engine g i mba l actuators, 
propellant settl.1.ng thrusters (due t o the low ~ V c apability of t he 
Derivative II B), and other mi scellaneous hardware results in a 
signifi cantl y vehi cle dry-wei ght reduction (see Sect ion 6 . 7.6). 

Avionics 

The Cent aur SP av i onics component s and weight ar e reduced from those of the 
Centaur F because the main computer functions (s t eering commands, 
telemetry, e t c .) are performed by the Spaceplane itself. A much simplified 
com?uter is r etained on the s t age to in t erpret Spacepl ane commands and t o 
pr ovide miminal con t r ol after the Spacepl ane is separa t ed . Because of the 
reduced avionic component r equirements and the reduction of ma in engine 
powe r requ i rements, the vehicle electrical ( ba ttery) requirements are 
reduced, also providing a weight savi ngs . 

Basic Structure 

Due to we i ght saved in ot her vehicle systems, the vehicle tanks can be 
lengthened slightly t o add addit i onal pr opellant capac i ty . In this case , a 
t ank weight increase of approximately 28 lbs . allows a propellant add i tion 
of slightly over 1800 l bs ., yielding a significant increase in vehi cle D.V 
capability . 

Fl uid Sys t ems 

For vehicl e mane uvering purposes, i t i s likely t ha t sta tion-keeping and 
axia l movement r earward might be better accomplished by using thruster s on 
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t he Centaur SP rather than those on the Spaceplane. Therefore, forward
facing hydrazine thrusters wer~ acided to the Centaur equipment module 3t 

four locations. Since a hydrazine supply is already on the Centaur SP for 
fine pitch aud yaw pointing and for r oll control, no significant weight 
impact was eGtimat ed for the addition of these new thrusters. 

Airborne Support Equipment (ASE) 

The basic Centaur F with its ASE i n the shuttle cargo bay envelope is shown 
in Figure 6-26. Our initial approach was t o use essentially the same ASE 
with only mino r modifications for the Centaur SP, a s shown in Figure 6-27. 
The weight o f this ASE, however, is over 8600 poun~s. Investigation of ASE 
weights projected in the OTV systems studies (references 8 and 9), a s well 
as earlier studies , indicated that weights of 5000 to 5500 pounds could be 
achieved primarily through the use of composite materials rather that t he 
more conventional aluminum construction of box beam bulkhe~d and skins o f 
the Centaur F. A revised ASE for the Spaceplane was then CQnceptually 
designed which was estimated to weigh 5500 lb. and is shown in Figure 6- 28. 

6. 7 .6 Mass Properties 

!t The estimated mass properties of the Centaur SPare shown in Table 6-III . 
· •. Centaur F weight s are provided for comparison purposes. 
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6. 8 MAIN ENGINE DESCRIPTION 

As stated in Section 6 . 5 , the baseline main engine selected for the Centaur 
SP is RLlO Derivative liB . This engine is derived from the basic RLlOA-3-3 
but has increased performance and operating flexibility for shuttle 
cryogenic upper stage (e.g . , OTV) . The Derivative liB described here was 
specifically optimized for use with the Centaur SP/Spaceplane (e .g., 
norminal mixture ration is 5:1, engine installed length is 70 in.) and is 
summarized in Figure 6-29. 

6. 8. 1 Definition and Requirements 

The Deriv~t4ve liB engine is def ined as an RLlOA- 3-3 with the following 
changes : 

1 

2 • 

Two-position nozzle wi th recontoured primary section to give 
a large increase in specific impulse with engine-installed 
l ength no greater the RLlOA-3-3 (70 in . ) 

Tank head idle (THI ) capabilities, where the engine is run 
pressure fed without its turbopump rotating on p=opellants 
supplied f rom the vehicle tanks at saturation pressures • 
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Table 6-III 

•. CENTAUR SP MASS PROPERTIES 

Centaur-SF Centaur-F 

Body/structure, lb 2,960 2,932 

Propulsion group 713 1' 213 

Flight control 60 310 

Electrical 166 266 

Fluid systems 685 630 

Info. and safety 265 265 

Aft sep. system 160 160 

Dry weight, lb 5 ,r 19 5' 776 

Residuals 609 609 

Spaceplane adaptor 120 120 

Burn-out weight~ 5,738 6,505 

Expendables 

Main propellants 47,262 45,450 

He, N2H4 700 253 

Stage ignition weight, lb 53,700 52,208 
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Propellant conditions at the engine inlets can vary from 
superheated vapor, through mixed phase, to liquid. The 
objectives are to supply low thrust to settle vehi c l e 
propellants and also to obtain useful impulse from the 
propellants used to condition the engine and vehicle feed 
system . 

Pumped idle mode, with satura t ed propellants in vehicle 
tanks, and bootstrap autogenous pressurization. This mode of 
operation allows the RL10A-3-3 Bil l-of-Material turbopump to 
be run at a sufficiently l ow speed where prepressurization 
subcooling of the propellants at the pump inlets is not 
required. By using the engine's bootstrap autogenous 
pressurization capabilitiy , the tanks can then be 
prepressurized to satisfy the engine's f ull thrust pump inlet 
net positive suction head (NPSH) requirements before 
accelaration to full thrust . 

Capability for both H
2 

and o2 autogenous pressurization, 
which mav be required on very long burn missions in order to 
avoid excessively low propellant vapor pressure . 

6.8.2 Description 

The general arrangement of the RLlO Derivative liB engine is shown by the 
installation drawings in Figures 3-30 and 3-31. This engine is 
interchangeable with the RL10A-3-3 . 

The principal components of this engine are shown in Figure 6-32 . The fuel 
pump interstage chilldown valve is deleted, s ince the engine is conditioned 
by running in THI mode . A co2 heat exchanger, co2 control valve, and 
turbine bypass valve are addea to enable the engine to run in THI. Fuel 
and oxidizer tank pressurization valves are added to give autogenous 
pressurization capability . Additional solenoid valves and modifications to 
the oxidizer flow control valve and thrust control valve give the engine 
its capability to opera t e in three modes. A dual exciter gives improved 
ignition r eliability in THI. The primary nozzle is recontoured and a 
jackscrew- operated, two-posit1on, radiation- cooled, extendible nozzle is 
added. The engine maintains the same design margins as the RL10A-3- 3 
engine since the chamber pressure level remains unc hanged and the 
turbopumps are basically unchanged . 

The dry weight of the engine and its subasse.nblies are summarized in Ta.ble 
6-IV . Of the total engine weight of 415 lb, 42% is the weight of existing 
hardware, 40% is calculated from layout drawings, and 18% is estimated. 

6.8.3 Operation 

The engine is started in THI mode , with propellants supplied in vapor, 
mixed , or liquid phases. 

With the inlet shutoff valves open, f ue l flows through the pump, the thrust 
chambe~ cooling jacket, a round the turbine, through the Go2 heat exthanger , 
and in to the main injec~or. Similarly, the oxidizer flows the heat 
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Thrust 
Chamber pressure : 

15,000 lb 
400 psla 
315 Area ratio 

Specific Impulse 
Operatlo,, 

Condi:loning 
Welg'lt 
Life TBO) 

472 sec at S.O MR 
Full thrust 
(low NPSH) 

Pumped Idle(- 3700 lb thrust) 
(saturated propellants) 

Tank head Idle(- 150 lb thrust) 
: <415 lb 
: 190 flrlng/5 hr 

Meets system operational and schedule requirements 

A~ llttOIMtlU 

RLlO Derivative liB Optimized for Centaur SP 

figure 6-29 
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Figure 6-30 
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Daiuatiue liB Engine InstallatiOn Drawing (Sheet 2) 

Figure 6-31 

6-46 

. · 

· . 
. 

• ·• 

• I 

. .. .. 

•• • 

. ~· 

·, 
·. 
·~ ·~ 

-'- --

-. 
•. 

L. 

· . . · .. 
. · 

t 

··.·•.•• ~·I 

. ... 

... 

... · ... 
-

. · . 

..· . . 
... · .. . ! .. - . ' 

, .. 



··-

· . 

. · 
· . 

.. 
· . . · ·. ... ... ) -· . . · . . 

.......... \ ·. 

·.· 
.· . . 
' 

· . 
...o_ 

' 
·. 
I 

.· 

I 

SIEAI. COO~T 

I'D 74111b 

RLIO De!.":ivatfve liB Propellant Flow Schematic 

Figure 6-32 
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exchanger to the injector. The operating conditions shown on Figure 6-33 
are for a thermally conditioned engine wi th liquid propellants supplied at 
16 psia. 

After pump conditioning has been completed in THI mode, the engine is ready 
to be rought to its maneuver thrust level for low t::J.V maneuvers or as a 
step on its acceleration to full thrust. To start t he turbopumps, the main 
fuel shutoff valve is opened, and the turbine bypa$S valve is closed 
momentarily to give a high initial turbine torque and is then r eopened to 
the maneuver thrust position . A wide range of ?repressurization flowrates 
can be supplied in pumped idle mode with little change in engine thrust , 
although active control valves are not used . 

Prior to acceleration to fu l l thrust, propellants with positive NPSH have 
to be supplied to the engine , either by using the engine's autogenous 
pressurization system or with some vehi c l e-supplied sys tem, i.e., boost 
pumps, helium pressurization, etc. 

By closing the turbine bypass valve, the engine is accelerated to full 
thrust . At about 90% of full thrust , the thrust control valve opens to 
reduce thrust overshoot. Operation of the engine in full thrust and 6 .0 
mixture ratio is shown in Figure 6-34. 

6 . 1L4 Performance 

The steady-state performance characteristics of the Spaceplane optimized 
RLlO Derivative IJB engine are summarized in Table 6-V. 

6 . 9 Performance 

Performance capability ?f the exter nal propulsion system is ob.·iously a 
function of the Spaccplane weight. In this section, a Spaceplane 
wet-weight of 5800 lb. is assumed, with no losses prior to separation of 
the Centaur SP . ( In most missions, however, some weight r.hange would 
occur , due to consumption of reac tion control gas, water ~oss, etc.) 

6 . 9.1 Maximum t::J. V Mission 

On a maximum 6V mission, the following t able illustrates t he Centaur SP 
capability. 

Shuttle capabil ity 

ASE weight 

Haximum ignition weight 

Spaceplane weight 

Maximum Centaur SP weight 

(system we i ght @ Centaur SP burnout 

6-48 

65,000 lb. 

5,500 lb . 

59,500 lb. 

5 ,800 lb. 

53 , 700 lb. 

11 ,538 lb . 
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Table 6-IV 

RL10 DERIVATIVE liB ENGINE \ 
WEIGHT (C-~ 4i P olt''•••·~••J 

Turbopump and Gearbox 
Thrust Chamber and Primary Nozzle 
Extendible Nozz e Actuator Sys t Em 
Extendible Nozzle 
C02 Heat Exchanger 
Controls, Valves & Actuators 
Plumbing and Miscellaneous Hardware 
Ignition System 

TOTAL DRY t-/'EIGHT 

Table 6-V 

79 lb 
110 lb 
48 lb 
40 lb 
13 lb 
00 lb 
44 lb 
15 lb 

415 lb 

Performance Characteristics of RLlO Derivative liB 
Engine (Spaceplane Mission Optimized) 

Operating Mode 

Thrust, lb 

Mixture Ratio 

Chamber Pressure, psia 

Specific Impulse, sec 

Fuel Turbopump 
Speed , rpm 

Pump Inlet Condition 
Limits 
Fuel 

Oxidizer 

Fuel Systeill Pressuri
zation Supply 

Oxidizer System Pres
surization Supply 

Tank Head Idle Maneuver Thrust Full Thrust 

170 

4.0 

5.2 

438 

0 

~ 16 psia Superheated 
Mixed phase 

) 16 psia or Liquid 

N/A 

N/A 
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3,750 15,000 

5.0 5 . 0 

100 400 

461 472 

13, 'J70 27,1..'50 

10 psi a '> 14 ft NPSH 
65% Vapor 
10 psia -;.7 . 5 ft NPSH 
45% Vapor 

0 t o0 .15 l b/ 
sec ssoo to 
520°R 

0 t o 1 lb/sec 
5700 to 2300R 

0 t o 0.1 lb/sec 
4400R 

0 to.5 lb I sec 
45oo to 2250R 
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RLlO Derivative liB Propellant Flow Schematic - Tank Head 
Idle Mode 

Figure 6-33 

RLlO Derivative llB Propellant Flow Schematic - Full Thrus t 
(MR • 6.0) 

Figure 6- 34 
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The Maximum system 6V capability, using these weights, is approximately 
24 ,930 ft ./sec. A geosynchronous (circular) transfer from low earth-orbit 
(LEO) requires approximately 14,000 ft. ,'sec. The return transfer orbit 
requires a pproximately 4,700 to 6,000 ft/sec., depending on whether a 28 
L/ 2 degree plane change is accomplished, bringing the tota l t o 
approximately 18,700 to 20,000 ft. / sec. A c ircularization at LEO requires 
an additiona l 6V of approximately 8,000 ft./sec . , which is some 1,800 to 
3 , 100 ft./sec. beyond the capability of the Cent aur SP . 

A geosynchronous mission should still be achievable, however, by using the 
Spaceplane's internal 6V (~ 2500 ft . /sec.) and synergistic plane 
change/ reentry capability. Alternative approaches to obtaining additional 
Centaur SP 6V capability ar e discussed in Sect ion 6 . 10 (System Options). 

If the Spaceplane mission weight were reduced below 5, 800 lb., additional 
performance would also be achieved, as shown in Figure 6-35. This c urve 
shows that if the Spaceplane mission weight were reduced by 800 lb., the 
current Centaur SP (5 , 009 lb. dry-weigl1t) could provide an additional -850 
ft . / sec . If the 800 lb. could be used for extra propellant (plus a small 
tankage increase), a total OV of 26,000 ft. / sec. could be achieved . It is, 
therefore , significant to achieve a minimum Spaceplane weight. 

6 .9.2 Large Payload Capability 

A mission has been proposed for the Spaceplane system which would start 
from a Shuttle launch to a 308 n. mi . orbit , at a 28 1/2° inclination, 
perform a plane change to an equatorial orbit (still at 308 n . mi.) release 
a series of payloads (estimated weigh t of 3,140 lb. plus a 150 l b. 
adapter), and r e t urn to the vicinity of Kennedy Space .nter. A system 
weight breakdown is as fo l lows: 

Shuttle capability 
ASE weight 
Maximum ignition weight 
Spaceplane weight 
Payload/adapt or weight 
Maximum Centaur SP weight 
Main Propellants 

65,000 lb. 
5,500 lb . 

59, 500 lb . 
5,800 lb . 
3,290 lb. 

50,410 lb. 
43,972 (tanks off-loaded) 

required 6V: 11, 800 ft . /sec . (see Figure 6-25) 

Weight at mission orbit: 

11,800 2 (472) (32 . 2) Ln 

Mf • 27 ,3,74 lb. 

If it is assurued that approximately 75% of t he non-propellant expendables 
( i .e. , N2 H4, He) were used in achieving the mission orbit and in 
station-Keeping , etc . , 175 lb. remain, making a Centaur SP star t - burn 
weight of 23,559 lb. for the return trip since the payload (aLJ adaptor) 
have been r eleased. 
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System burn-out weight, in t his case , is the same as for the high 
mission and, therefore, the ~V capability is: 

23,559 
6V • (472) (32 .2) Ln (11 , 538) - 10,850 ft . /sec . 

v 

0 This 6V capability is equivalent to a plane change of -25 at 308 n. mi. 
but can be used in combination with the Spaceplane's internal 6V capability 
and synergist ic plane change/ reentry capability to easily accomplish the 
defined mission. 

6 . 10 SYSTEM OPTIONS 

During the cour se of the exter~al pr opulsion system s tudy , several options 
to the baseline Centaur SP system wer e fo und . Each of these options appear 
t o pr omise improvements in either system 6V capability or in system 
flexibility. In the following section , system options , which appear to be 
within an estimated t wo yea r (or less) technology capability, a r e 
discussed. 

6 .10 .1 Aerodynamic Maneuverint 

On Spaceplane missions to high orb it (e .g, CEO), tbe Centaur SP by itself, 
may not have a sufficient 6V capability to achieve a circular orbit at LEO 
for Shuttle rendevous or retur n to the launch site. Studies over the past 
several years have shown that if a spacecraft is allowed to dip into the 
earth's atmosphere, the resulting drag can substantially reduce propulsion 
6V requirements to achieve a cir cular low earth orbit. The primary 
problems, of course , are surviving severe thermal environment anJ 
maintaining satisfactor y vehicle control within acceptable system weight 
limits. The recen t OTV systems studies by General Dynamics and Boeing 
( references 8 and 9) both proposed aerodynamic braking systems. The 
following discussion is based on the General Dynamic's approach, called the 
"Lifting Brake." 

The general char acteristics of a lifting brake return from GEO mission is 
illustrated in Figure 6-37. The characteristics of a lifting brake 
designed for an OTV are shown in Figure 6-38 and are based on the use of 
Nextel 312 cl oth cover ing graphite/polyimlde ribs. A detailed weight 
breakdown of t he aerobr ake , designed for a 30,000 lb. gross weight OTV, is 
given in Figure 6-39 snd shows a total weight of 3,300 lb. including a 15% 
contingency. 

Size of the brake is a function of peak dynamic pressure and vehicle gross 
we ight . For an OTV with a gross weight of approximately 30,000 lb., flying 
a trajector y with a maximum dyn~mic pressure of 23 psf, a brake diameter of 
50 ft. is requir ed. A smaller vehicle flying to the same maximum dynamic 
pressure would utilize a smaller brake, as shown in Figure 6-40. 

For a t yp i cal OTV trajectory analyzed by CDC, the •lnimum altitude was 
approximately 260 ,000 ft. during the braking maneuver and the relative 
velocity waa reduced by approximately 7, 500 ft./sec (Figure 6-41). 
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Figure 6-38 
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Figure 6-39 
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The analysis also indicated that to r endezvous with the Shuttle, by using a 
minimum propulsive 6V , t wo a t mospheric passes would usually be preferred to 
a s ingle pass, although several addi t ional hours would be r equ ired fo r the 
miss i on . 

Th e use of an aerodynamic braking trajecto r y for a Centaur SP Spaceplane 
LEO-CEO-LEO mission can pr ovide a significant performance (payload) 
advantage over a non- augmented t r ajectory. An example of this performance 
is shown in Figure 6-42 and shows that over 1,100 lb. of additional payload 
capability would be available . 

The basic problem of aerodynamic heating of the brake appea r s to be well 
within the capabili ty of the Nextel 612 cer amic fiber cloth (typical 
maximum calculated tempera ture -2100 F cloth capability) . A vehicle such 
as t he Centaur SP, with the Spaceplane attached , should no t encounter 
significant heating since the base flow will no t close fo r 1.5 to 2 . 5 times 
the brake diameter downstream (e .g, with a 40 ft. diameter brake , a vehicle 
would have to be longer than-60ft. to experience significant heating). 

During the atmospheric braking maneuver, vehicle acceleration would be 
compared against expected values and changes in steering (L/D trim) would 
be made to control the characteristics of the final orbit. This requires 
the best possible local atmospher ic density information prior to entry and 
a responsive guidance , navigation , and control system. 

A technology effor t should be under taken prior to a commitment to the use 
of a n ae rodynamic braking system. An assessment of this technology by 
General Dynamics is shown in Figure 6-43 . 

6 . 10.2 SHUTTLE PROPELLANT SCAVENGING 

As a part of a study fo r NASA-JSC on the Space Operations Center ( Ref . 22), 
Rock~ell International investigated the recovery of residual propellants 
from the External Tank. for later use on orbit (e .g., in an OTV). From this 
investigation, it was determined that for a full-capacity s~uttle launch 
(65 , 000 lb. payload) , the low level 3o residuals available would be 2, 728 
pounds and t he nominal residual would be slightly over 9,300 lb. at a 
mixture ratio of -2:1 . The Rockwell analysis showed that the transfer of 
such propellants into a receiver tank could be accomplished within the 
basic shuttle mission requi r ements, including a safe impact of the E. T. , 
even though jettisoned some 20 minutes later than normal . 

For the Centaur SP vehicle, if approximately half of the available 
propellants could be recove r ed (1 .375 to 4,650 lb.), an additional 
capability on the order of 330 to 1,100 ft./sec . could be achieved. 
Further analysis of such a concept should be pursued to determine if the 
additional V capability is justified. The next section of this report i s 
also cente red on the same basic concept. 

6 . 10 . 3 DRY LAUNCH OF CENTAUR SP 

In the basel ine configuration . the Centaur SP/Spaceplane ~eight ia lt.ited 
by the 65,000 lb . Shuttle lift capac ity. Of this total , ove r 47, 000 lb. ( 
73%) are the cryogenic main propellants. The remaining 18,000 lb . cons i s t 
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I 
of the Spaceplane, Centaur stage, with its other fluids (He, N2 H4) and 
the Airborne Support Equipment (ASE). 

The Rockwell SOC St udy ( r efer ence 22) has determined that the weight of the 
cargo bay payload plus the External Tank (ET) nominal propellant residuals 
varies between approximately 71 , 000 lb . (no cargo) and 74,400 lb . (65 , 000 
lb. cargo). Therefore, in the case of a launch of the baseline 
configuration without propellant (- 18,000 lb . cargo weight ) , some 53 ,500 
lb. of cryogenic propellants remain in the eT at SSME shutdown ( MECO ) 
compared t o the nominal Centaur SP value of -47,300 lb. 

An additional con~lderation for the dry-launch case is that, with a 
subst antially reduced stage launch weight, it should be possible to reduce 
the dr y- weight of the vehicle and of the ASE . Also, since the RTLS and AOA 
abort r equirements are simplified for the Centaur (in particular the 
requir ement for a rapid dump of the propellants), ASE weight could probably 
be further reduced. 

The effect of mission performance is dependent on tbe actual system weight 
r eduction, propellants transferred, etc. However, for illustration 
pur poses, the following estimates were made: 

Ccnt•ur ~ P weight reduction: 
ASE weight reductior : 
Orbiter weight for transfer 

system: 
Cargo bay (payload) weight: 

-500 lb. 
-1500 lb. 
+1000 lb. 

-1000 lb . 

Therefore, a "65K" Shuttle launch would carry a payload of approximately 
17,000 lb . This , in turn, would providP •• dual propellants in the ET of 
some 54,500 lb. Rockvell assumed a transfer efficiency of 90%, thereby 
producing a propellant wei~ht of 53,400, transferred to the Centaur Sp on 
orbit. (To minimize boil-off losses, R kwell reco~ended a ground chill 
of the LH2 tank to 170°R). This propt-1ant weight is approximately 5,600 
lb . greater than the baseline configuration. 

The mission start weight is approximately 65,600 lb. (+ 5,600 lb. 
propellant - 500 lb. vehicle weight ) and the stage burn-out weight would be 
appr oximately 11,040 lb . , yielding a miximum 6V capability of 27,080 
ft./sec . (~n increase of 2150 ft./sec. over the baseline. ) . 

Further analysis of this concept should be undertaken, regarding the 
general subject of propellant transfer. Specific analyses, relative co the 
Centaur, should be in such areas as evaluation of weight reduction 
potential, the allowable Centaur tank presaures during transfer 
(considering the common bulkhead6P limits) and the safety aspects of the 
dry launch and of an abort from orbit following a propellant transfer. 

6 . 10.4 DOCKING ADAPTER 

The current baseline Spar.eplane/Centaur interface is the rorvard end of the 
payload adapt _r which is a hard mount system with a one-time separation 
capability. A Spaceplane mission might call for many small ~V maneuvers at 
a specific target site (e.g., rendezvous and repair of a satellite). For 
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this type of maneuver, it would be quite advantageous to separate the 
Spaceplane from the Centaur for efficiency of contro l and conservation of 
propellants. The Spaceplane would then dock with Centaur for the next 
major maneuver. 

Of the u.s . docking systems used i n the past, the Apollo/Skylab, Apollo/LM, 
and ASTP modules were all much more complex than is required by the 
Spaceplane system. This is primarily due to the pressurized tunnel 
requirements fo r manned egress, which is not required here. (The 
Gemini / Agena system may have been similar but no data on that system was 
found during the current s tudy) . 

The unique featu r e of a docking maneuver would be that the pilot would be 
backing up, probably requiring some sort of a mirror aligt~ent system. 
Other requirements, such as capability by the Centaur for stationkeeping 
and for a single electrical cable connection, appear to present no 
significant proolems. 

6.11 PROCRAMMATICS 

The total vehicle development program can be accomplished to achieve a 1987 
first launch capability. The development program is based on several major 
assumptions. 

o The Centaur F is integrated into the Space Trans
portation System for a 1986 la~nch. 

o There is an on-going Atlas/Centaur production and 
launch support program. 

o Centaur SP development program go-ahead is January 
1984 . 

o There is an on-going RLlO product improvement 
program. 

The estimated total vehicle development program cost in FY82 dollars is 
~ 145 million. This estimate does not include contractor fee, propellant 
cos t , or system integration testing. This latter item cannot be 
realistically estimated until a site for such testing (for example, the 
AEDC J-4 test call) is established. 

6.12.0 CONCLUSIONS AND RECOMMENDATIONS 

The results of the analysis of an external propulsion system for the 
Spaceplane has led to the following conclusions: 

1. An external propulsion can be designed, using State-of-the
Art technology, which wJll provide a useful 6V on the o rder 
of 25,000 ft ./sec . to a 5,800 lb. Spaceplane. 

2. The external propulsion system must be based on LH2/L02 main 
propellants. 

6-62 

•· 



·. 

' 
• . 
. . 

3. In order to achieve a system which can be operational in the 
1987-1988 ti.me period at a reasonable cost and risk, the 
vehicle must be powered by an RL10 Derivative main engine . 
It also appears that the stage design should be based on the 
Centaur vehicle. 

4 . One of the major limitations on upper-stage propulsion 
capability is the 65 , 000 lb. weight limit of the Shuttle 
orbiter (a ground rule for this study . ) 

5. Several potentially significant . echno1ogy options were 
iden tified, which can enhanc- t he usefulness and flexibility 
of the Spaceplane/external propulqion system. 

Based on these conclusions, the following recommendations are made for the 
follow-on Spaceplane system study: 

1. The baseline for the external pr opulsion system of a modified 
Centaur and RLlO Derivative II main engine should be 
continued and refined . 

2. The follow-on study should refine the airborne support 
equipment (ASE) characteristics considering SpaceplanP 
mission requirements. 

3. 

4. 

The possibility of increased Shuttle lift capability should 
be investigated (e .g., a lower altitude orbit). 

The potential advantages of an aerobraking return from a high 
altitude orbit (e.g., by use of a lifting aerobrake) should 
be further investigated. 

5. The potential use of residual External Tank propellants 
should be further refined. 

6. 

7. 

The possible reduced system dry--weight (and thereby, improved 
mass fraction) by the use of a "dry launch" technique, should 
be further refined • 

For enhanced maneuvering capability, the use of a relatively 
simple Spaceplane- to-Centaur SP docking system should be 
evaluated. 
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7.0 VEHICLE SYSTEM EVALUATION 

The principle performance features of the Spaceplane vehicle concept are: 

o Payload-maneuverability 
o Synergistic plane change 
o "Zero-speed" landing 

From the vehicle performance evaluation point of view payload
maneuverability and synergistic plane change performance dominate. 

7.1 PAYLOAD-MANEUVERABILITY 

The basic component of payload- maneuverability is payload-velocity, the 
change in velocity or delta- V that t he Spaceplane can give to a payload a~ 
a function of t he payload weight and the Spaceplane's configuration . 
Payload-velocity is the normalized measure of payload-maneuverability in 
the sense that the total velocity available with a given payload can be 
used to perform a wide spectrum of maneuvers . We can evaluate performance 
in terms of payload-velocity without loss of generality . Several example 
maneuvers should then serve to present the transformat ion of payload
velocity to payload-maneuverability. 

Payload-velocity func tion space can be used to evaluate Spaceplane 
performance . Figure 7- 1 presents payload-velocity as a function of payload 
weight for several Spaceplane system configurations . The logarithmic 
curves result from the rocket performance equation. 

The lowest curve represents the Spaceplane confi gura tion in which the 
payload bays are empty and the vehicle is ballasted with the 492 lbm of 
ballast appropriate for atmospheric flight stability ~~th empty payload 
bays . The maximum velocity of 2647 FPS occurs with ze ro payload, a vehicle 
gross weight of 5601 lbm, a.nd 1281 lbm of usable propellant. A velocity of 
2578 FPS is obtained with a payload weight of 250 lbm. This configuration 
meets the contractual performance specification of 2500 PPS with a payload 
of 250 lbm. 

The curve marked bay-propellant represents the performance obtained by 
adding conformal auxili1ry propellant tanks i n the t wo payload bays and 
pumping the propellant to the PCE. A zero-payload velocity of 3714 FPS 
obtains and for 2500 PPS a payload weight of 2513 lbm results. The 
auxiliary propellant thus results in an order of magnitude increase in 
payload weight at a velocity of 2500 FPS. The wet weight of the vehicle 
with auxiliary propellant i s 6291 lbm, with a usable propellant weight of 
1921 lbm. 

For r eference , the maximum capability of the Shuttle Orbiter is overlaid . 
Operating at a very low mass ratio, its payload velocity curve is nearly a 
straight line. At ~ero payload the Orbiter has a maximum velocity 
inc rement of approximately 1000 FPS. 
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The shuttle orbiter can carry up to eight Spaceplanes on a single flight, 
each of which has a capability of approximately 2600 ft/sec with a pilot 
and 250-lb payload . This greatly increases the scope of manned maneuvers 
possible from a single shuttle launch. 

The upper cu rve represents the performance of the Centaur-Spaceplane when 
the Centaur is used as a stage or propulsion module . Its zero-payload 
velocity is 24,400 FPS and it can provide 20,000 FPS to a payload of 5,000 
lbm. This corresponds to a 45-degree plane change at an orbital altitude 
of 100 nmi. 

If another Centaur prop•dsion stage is added in tandem, it would see a 
payload of the Centaur-Spaceplane (60 , 000 lbm) and would provide 7600 PPS 
as a first stage. The Centaur-Spaceplane adds 24,400 FPS and finally the 
Spaceplaoe adds 3700 FPS. This adds up to approximately 35,714 FPS. The 
Apollo 15 used 28,832 FPS to land on the Moon and return. 

The transformation of velocity into typical maneuvers 1n space is a 
straightforward matter. For example, a coplanar transfer from a lOOn.m. 
ci rcular orbit to a 900 n.m. circular orbit and return to the original 
orbit requires approximately 5000 ft / sec, A Spaceplane with a 2500-lb dr op 
tank assembly could perform this maneuver with an 800-lb payload . 

7. 2 SYNERGETIC PIM."E CHANGE 

The detailed evaluation of the Spaceplane ' s performance in terms of 
synergetic plane change is the responsibility of the Sandia National 
Laboratories and will be included in its Final Report. Preliminary data 
supplied by Sandia indicate that a 10° plane change will require about 2300 
ft/sec. 

The use of auxiliary propellant in the payload bays should increase the 
synergetic plane change -· ~le significantly by permitting an increase in 
velocity loss due to draJ while retaining a sufficient delta-V t o return to 
orbit and deorbit to .er ; r ?lane changes up to 15-16° might be 
accomplished in this manner. 
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8.0 AVIONICS 

8.1 INTRODUCTION 

Honeywell is pleased to submit this final report on the Spaceplane 
Avionics Feasibility Study as an unfunded member of the study team. 
Honeywell acknowledges the conceptual leadership provided by SRI in 
providing timely inputs and constructive suggestions which have played a 
most significant role in bringing this phase of the program to a successful 
completion. 

In this report we will review the Spaceplane requirements from an 
Avionics point of view, go over the baseline, and touch on some of the 
significant trade-offs involved in their selec tion. A lack of funding 
prevented complete analyses, but those performed are summarized. A major 
output for use by other study members, the systems physical characteristics 
of the Avionics Sys tem Baseline is given. Finally, critical tasks are 
recommended for the next phase. 
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8 . 2 REQUIREMENTS 

8 . 2.1 Overall Requirements 

In establishing the Avionics system requirements the starting 
point was the design reference mission and the alter nate mission fo r a GEO 
Rendezvous . These were both shuttle deployed. To insure flexibility to 
handle the full envelope of future missions, both an air launch and booster 
launch capability (as far as the Avionics is concerned) was also considered 
a requirement. 

8 . 2. 2 Given and Derived or Assured Requirements 

Avionics requirements are summarized in Table 8- 1. 

8.2.3 Functions and Operational Modes 

8 . 2. 3.1 Prelaunch 

The inertial systems and pr ocessor must be initialized before 
deployment or launch . 

8 . 2 . 3. 1.1 Shuttle Deployment 

For a shuttle deployment, the shuttle position, velocity , time and 
orbital parameters must be transferred to the spaceplane navigation system 
as well as rough attitude . Right after deployment the spaceplane will 
update its attitude precisely by celestial observations. 

8.2 . 3.1 . 2 Ground Launch 

Ground launch can be accomplishea by the pilot inserting all 
needed initial conditions manually by means of his controls. Inertial 
alignment in the vertical channels is achieved by means o f the 
accelerometer outputs. Depending on the mission accuracy requirement and 
ready time, azimuth alignment can be achieved by gyro compassing, 
theodelite transfer, or pilot input through the cont rols. 

8 . 2 . 3. 1.3 Air Launched 

The inertial system would be aligned before carrier aircraft 
takeoff and alignment trimmed by matching to the mothership inertial 
system . Position and velocity before separation w~uld be automatically 
transferred from the mothership inertial system. 

8 . 2. 3.2 Rocket Powered 

When under rocket power, whether self-contained or with lower 
stages , all steering signals are generated 1n the Spaceplane computing 
system . 

For vacuum burns a single attitude is calculated and held during 
the burn with the rocket cut off when the desired nelta V has been 
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Table 6-1 

SUMMARY OF OVERALL REQUIREMENTS 

Mission length of 24 hours. 
Dormant with near instantaneous ready time. 
Provide continuous at titude in all modes. 
Provide continuous navigation in all modes. 
Provide continuous attitude control in all modes . 
Provide velocity and transl ation control in csll three axe!= . 
Allow input flexibility to permit major mission changes in real time. 
Require minimum temperature conditioning. 
Tolerate high vibration levels • 
Rendezvous with friendly target and unfriendly targets in precisely known 

orbits 
Use minimum size, weight, cooling and power consistent Vlith technology 

expect~d to ~e Jevel oped in the Spaceplane era. 
For time critical mission phases such as boosting or re-entry provide fail 

operational capability. 
For non-time critical functions provide a back-up capabi lity if pilot 

recovery is involved. 
Specific Numerical Parameters: 

Longitudinal Acceleration + 6G 

- 3G 

Yaw and Pitch Acceleration + SG 
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accumulated. For ground and air launch rocket boosting through the 
atmosphere, a nominal zero g trajectory will be fo l lowed to minimize 
aerodynamics loads, with modification as necessary to accommodate winds 
aloft. While rocket firing, steer ing , staging, and rocket cut off 
nominally be automatically performed; pilot override will be provided . 

8.2.3.2 Free Fall Orbital Transfer 

For normal free-fall orbital transfer, the pilot at his option may 
allow the vehicle to slowly tumble or put the vehicl~ in a reaction control 
jet control mode. Submodes should allow inertial hold at any desired 
attitude, Earth local vertical with any desired bias, a slow rotiserrie 
roll for thermal control, or a sequence of attitude maneuvers to perform 
celestial attitude and navigation updates . 

During free fall in orbit when attached to a lower stage such as a 
large cryogenic stage required to achieve CEO capability, the spaceplane 
reaction control jets would not have had sufficient control authority to 
handle the combined vehicles, and hence control commands to the lower stage 
would cont rol the lower stage reaction contr ol system. 

8 .2.3.4 Free Foi l Precision Pointing 

During free fall precis i on pointing (or scanning) can be commanded 
by means of the mementum wheel control system. Where a precision payload 
may be in use, vigorous motion by the pilot must be avoided in the mode due 
to the limited command authority of a modest sized momentum system . 

8.2.3.5 Rendezvous and Docking 

Rendezvous and docking involves a series of modes that starts with 
a transfer orbit to intercept the target at a predicted location. After 
radar acquisition , a series of thrusting burns are required to insure an 
efficient use of the fuel in making the rendezvous. Final approach and 
dock can be normally expected to be accomplished manually with the piloL 
having full three axis rotation and translation control. The normal 
rendezvous will be programmed to maintain the target in the forward area so 
that target tracking by the rendezvous radar is continuously maintained. 
Co-mounted with the tracking rada r is a viewing camera that allows the 
pilot to inspect the target at greater magnification than no rmel vision. 
For night rendezvous and docking approaches, also co-mounted with the 
tracking radar is a laser illuminator. 

It is not anticipated that docking would be accomplished with a 
large lower stage attached, but rather than the lower stage would be 
"parked" and docking would be m'ide with Spaceplane alone. 

8.2.3.6 Station Keeping 

For pilot convenience duriog inspection or othe r similar missions, 
a station keeping mode allows holding the spaceplane off a given distance 
from a target as well as at any desired attitude . 
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8.2.3.7 Normal Re-Entry From Low Earth Orbit 

he-entry. like rendezvous, is a series of modes startin~ with Lhe 
re-entry burn which puts the Spaceplane in a transfer orbit to intersect 
with a desired re-entry window. In t he normal re-entry mode the initial 
desired re-entr j attitude is held by the reaction control jet system until 
aerodynamic cont rol is establ t s hed. A minim•llD heating or other c ri teral 
cor rider is flown. If la11ding at a particular place is required, later al 
maneuvering and energy management maneuvers ~o~ill be utilized. lo/hile 
~~-entry is largely flown on the inertial system, the radar altimeter can 
be used as a monitor. or backup. When a critical velocity is reached, the 
Spaceplane recovery sequence i~ initiated. Once under low velocity flig~t. 
steering signals are provided to the recovery system to instH P. touch down 
at any location. Naturally, pilot override at any point in the re- entry 
sequence is provided fo r . At this point the Spaceplane re-entry profile is 
no t well defined. for reference purposes, a nominal shuttle re-entry from 
low Earth orbit is given in Figure 8-1 . 

8 . 2 . 3 .8 Re-Entry from Energetic Orbits 

Re- entry from higher orbits which involve the need to dissipate 
significantly more ener gy are the same as a normal orbit except either a 
braking burn or the use of an aerodynamic brake preceeds the normal 
re-entry sequence . 

8.2.3.~ Synergetic Plane Charge 

This sequence of modes starts out the same as a normal re-ent r y 
except that a higher window is targeted and a late!"a.l as well as pullup 
aerodynamic maneuver is performed such t hat the spaceplane re- exi t s the 
atmospher e, but in a different and now sub-or bital plane . A subsequent 
Lurn can be performed if the velocity hasn't dropped to low in order to 
regain orbital status. The entir e synergetic plane change maneuver would 
be done under the iner t i al system's control . 

8.2.3.10 Ground Command 

In t he event of pilot disablement , it is anticipated that ground 
commands could initiate any of tile above sequences that could be 
ac~omplished without the need fo r pilot action . 
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8.3 AVIONICS TRADEOFFS AND BASELINE 

Because of the limited resources available, emphasis in the 
avionics system trade-offs and baseline selection was placed in those areas 
most cri t ical in their effects on other aspects of the space~lane. Areas 
judged non-critical received only cursory attention in that it was felt 
they could be dealt with in the next phase. 

A top level block diagram of the Avionics System not identifying 
signal types or mode switching, is shown in Figure 8-2 . This configura tion 
is based on a dedica ted custom interface design. At this stage an 
alternative input/output design using an 1/0 bus such as 15538 is also a 
viable candidate and would significantly alter the interfacing design. 

To avoid obsolescent hardware with attendant weight, power , 
volume, and reliability penalties, the baseline hardware chosen was th ~ 
which is near the edge of proven technology, but not so close as to .1. -" v.>lve 
development risk . 

Most of the avionics hardware woul d therefore be modification of 
exis ting equipment, or could natur ally be expected to be developed to a 
more mature status on other pr ograms aa the Spaceplane program comes into 
being. 

At the heart of the avionics system are ~o three- gyro laser 
IMU's, appropriately oriented so that any failure is automatically 
isolated . The laser gyro IMU provides immediate use, does not require 
temperature control, and also has a capability for precise atti tude 
reference whil e at the same time allowing body rates compatible with 
aerodynamic vehicles . 

Automatic a ttitude updates are provided by the celestial sensor 
and horizon aensors, with a less accurate atti t ude update capability 
provided by the pilot using the TV camera sight. At low altieude, position 
and velocit y would be updated by the use of GPS , while at high altitude, 
orbital pQrameters would be determined by combining knowledge of the 
Earth ' s '1 1U vertical with celestial observations and absolute time . 

~a.ng pilot or ground- input commands, the redundant computers 
would gen~cate the appropriate contr ol co~ands, whether rocket steering, 
reac tion jets, aerosurfaces, or reaction wheels. 

rhe pilot is given appropriate displays of his current situation 
and t wo very important displays for general orientation, a ball display 
showing the Ear th under him as he would see it if he looked straight down, 
and a second ball display giving him his attitude with respect to the local 
vertical . The yaw reference could be selectable either to geographic North 
or to his velocity vector. 

For both the Shuttle- deployed and air-dropped mode of launch, the 
system needs to be initialized from the mother vehicle. In the case of a 
747 mother aircraft, position and velocity data needs to be continuously 
provided so that azimuth can be ascertained by velocity matching. Since 
the Shuttle is in f r ee- fall, this is not possible, so a precise azimuth is 
ascertained b~ use of the celestial sensor . 
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For mi nimum reaction t ime, the sys tem should be capable of direct 
ascent to CEO . However , in the majority of cases a parking orbit provide ~ 

more flexibility for phasing adjustments. 

For ground and 747-launched missions , a parking orbit also allows 
a period to make precise updates befor e making t he last burn to achieve a 
GEO transfer orbit. 

For some operations, suc h as r eentry or rendezvous t he performance 
required may be so precise that a number of iterative observations and 
corrective maneuvers will be required. 

8 . 3 . 1 Inertial Reference 

An inertial at~itude r eference is needed fo r almost all 
operationa l modes, both powered, and free fall, and is a big element in the 
control of the spaceplane . In previous mechanizations a precision gyro 
package would be used fo r attitude reference and a rate gyro package would 
be used for high rates for rate damping . With the advent of laser gyros, a 
s ingle accurate device i s available with such a wide dynamic range tha t 
both functions of the previous separate a:t i tude and rate gyros are 
c ombined in one device . This reduction i ;, t he required devices , plus the 
lack of need for temperature control , and immediate operation make the 
laser gyro the clear choice. 

For purposes of provi ding fai l op~rational capability during 
critical operating modes, either 3 IMU' s or Lwo skewed to each other can be 
used. I f two IMU' s each with orthogonal components, are arranged as shown 
in Figure 8- 3, t hen each component in each t r i ad i s monitored by the three 
in the other, and visa versa . Parity equat.lons mechanized in the 
navigation processor then can identHy a fat.led gyro or accelerometer and 
operate on the r emaining 5 components. 

Honeywell has several sized RLG gyros in production, three being 
s hown here in Figure 8-4. Performance c:urrently being experienced is twice 
as good as the chart indicates . With a t ~iturle <~pdates before major burns , 
the small gyro will provide adequate pez to~ance . 

Honeywell has designed and produced ~bout 10 laser gyr o IMU's in 
recent years , the latest being t he IMU fCl r the Sentl.'y Program. Because of 
the size and weight limitations for spacepl 3ne, i t ia anticipa ted that a 
l ase r pack3ge would be optimized fo r s~~c~pldne . A mockup of s uch a 
package which would utilize largely LSJr. e lectronics is shown in Figure 
8-5. 

8 . 3 .2 Celesti al Sensor 

The celestial sensor is required for precision attitude update 
after deployment from shuttle and also before any significant planned 
maneuvers and thrusting. Initially, a slit detector ~ad been basel ined as 
the device wrich could be implemented m~1t simply. During the trade-off 
s tudies it was realized that if a solid state tracker type device could be 
used which could track s tars close to the horizon, an autonomous navigation 
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c~pability could also be provided. Therefore, the baseline design was 
changed to a solid state tracker, representation of which is the Ball Bros. 
unit shown in Figure 8- 6 . The actual fie ld of view, star sensitivity and 
sunshade design need to be optimized in future sgecific mission studies . 
It is anticipated that a field of view of 10°xl0 with a sensitivity to 5th 
magnit~de stars would be more than sufficient. 

8 . 3.3 Horizon Sensor 

With a normally operating system the attitude relative to the 
Earth will be known accurately at all times. As a backup to insure a safe 
entry in the event of only a partially operating sys tem, Earth horizon 
sensing is provided. The major trade-off is between scanning and s tatic 
Earth sensors. Whi le the latter are the most accu~ate and reliAble, they 
are also only suitable over limited altit~de ranges such as are encountered 
by satellites in circular orbjts. The scanning type Earth sensor can 
provide modest attitude information over a wide range of altitudes of two 
units are used, one for pitch and the other for roll. Ithaco horizon 
sensors as shown in Figure 8-7 are baselined for the spaceplane. 

8.3.4 GPS Navigator & Precision Clock 

During peacetime and medium to low Earth orbit operation, a GPS 
navigator will be the primary subsystem for providing the spaceplanes 
position. Since at least 3 electronic companies dppear to be firmly 
committed to providing space qualified GPS equipment, it did not appear 
neces~try to make a close study at this time . The equipment appears to be 
getting smaller all the time, so the recommended strategy is to make the 
selection downstream when other users have developed the optimum equipment. 
An example of current hardware available is shown in Figure 8- 8. 

For sizing, power, and weight estimates a vendor was chosen, in 
this case Texas Instruments because the microprocessor implementing their 
GPS system is the same as baselined for the spaceplane processor. The 
processor board of their GPS eq~ipment is shown in Figure 8-9. 

A trade-off not settled is t he location and type of antenna 
required for GPS. The preferred location would be in th~ rear vehicle area 
and to survive through re-entry may need to be extendable. I t is certainly 
desirable to have GPS capability during the recov~ry phase after re-entry 
to facilitate a precision touc hdown . 

A precision clock which is usable by other avionics subsystems 
would normally be a component of the GPS hardware . For redundance purposes 
a backup lower accuracy clock will probably be required. 

8.3.5 Tracking, Telemetry, and Command (TTC) 

As with the GPS equipment there is a reasonable choice of TTC 
equipment, although some ~odifications will no doubt be required when the 
spaceplane missions are better defined, particularly what control network 
will be used s uch as existing ground systems or future satellite relay 
system . Physical characteristics were established that should be 
repres.entative of the hardware avilable in the needed time period. 
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Rockwell on the GPS satellite program has recently i ssued RFQ ' s and will 
embar king on a "Mic romin Hardware" program for the GPS TTC which should 
insure that a next generation miniatured system will be in being. 

As with the GPS system suitable antennas will be required, again 
probably of the retractible type l ocated at the r ear of the vehicle. 

8 . 3.6 Radar Altimeter 

be 

l.fuer eas a normal re-entry will be implemented by navigation 
utilizing the GPS and inertial subsystems, a radar altimeter is required as 
part of the back-up re-entry sys t em to be used in conjunction with the 
horizon sensor. The ideal configuration would be to use the rendezvous 
millimeter wave radar in a altimeter mode. Future trade-offs are required 
to determine whether a door or radome can be appropriately located so that 
the radar altimeter can be operated with the nos~ ~rcess closed . One 
alternate would be to use the gimbal mounted mill lmeter wave radar 
transmitter with a second antenna built flush into the spacecraft 
structure , or separately deployed in the rear area. l~e worst case would 
be if a completely separate unit is required . The baseline assumes tha t at 
a minimum the rendezvous radar could be utilized but with a separate small 
antenna. Since the second antenna would not be gimbaled, during radar 
altimete r operation the vehi cle would need to be oriented to some nominal 
atitude to insure an adequate signal return. 

8 . 3.7 Momentum Controls 

For prec i sion pointing and low jitter operation during inspection 
and/or su~veillanc.e miss~ons, a precise attitude control subsys tems is 
required which is satisfied by momentum reactions wheels. Four Sperry 
wheels \·!ere initially selected for baseline . 

Since the wheels are not required for any mission mode involving 
safety, it was decided to eliminate the redundant wheel in the initial 
baseline and provide only three wheels. Should a wheel fail , the pilot can 
switch that channel to jet control and continue operation with degraded 
performance . 'fhree momentum wheels made by Sperry of the type contemplated 
~re shown in Figure 8-10. 

The units selected would need to have more momentum than those 
shown, although further study ls required to determine the exact sizing . 
Wheels weighing 10 lbs. each can supply about 13 oz. in torque. 

8 . 3.8 Reaction Control Jets 

While the reaction control jets are not part of the Avionics 
system proper, close coordination is required to assure a good spaceplane 
control system. The most critical modes where the reaction control jet s 
are used are rfndezvous and docking. Jet sizing 3nd location must be such 
as to provide ~~re rotation, translation, and combinations of both about 
and along all t hree axis . The level of acceleration in thrus ting and 
angular acceleration required will be determined in the next phase as the 
resal ~: of study of rendezvous and docking by Li n Com. The puls ing length 
mus t be capable of short durations in order to insure reasonable control 
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without large amplitudes of limit cycling as well as ineffici£.nt depletion 
of fuel. Sizing must also be adequate to control the vehiclE during the 
transition from space to the upper atmosphere where the aerosurfaces take 
over. 

8 . 3.9 Aerosurface Electric Drives 

Honeywell is res ponsible fo r the flight control system on the 
space shuttle and considerable trade information was available because the 
s pace shuttle had recently complet ed a study of hydraulic versus electric 
drivers for the primar y aerosurfaces. 

The motivation for the study was to eliminate the contamination of 
t he vehicle by hydraulic fluid, reduce weight, save power, and improve 
reliability. The s t udy concluded that all four of these objectives could 
r easonably be expected to be met. An examination of the shuttle data 
indica t ed an elect r ic drive for the spaceplane should provide the same 
advantages, and hence an electric drive was baselined. Experience with the 
electric drive is actually quite matur e, some examples being shown in Table 
8-2. 

0 

0 

0 

0 

0 

Table 8- 2 

INDUSTRY EXPERIENCE WITH ELECTRIC DRIVES 

NASA DRYDEN PROGRAM USING AIR RESEARCH "POWER 
HINGE" 

NASA AMES/BOEING LINEAR ACTUATOR ON THE QSRA 
AIRCRAFT 

NASA'S ALL ELECTRIC ACTUATOR TRANSPORT 

BOEING E727 FOR AN ALL ELECTRIC RUDDER 

Fl4 FLIGHT TESTS WITH ELECTRIC RUDDER ACTUATOR 

There are two basic types of electric drivers--the linear 
actuators designed as one-on- one replacements for hydraulic piston 
actuators, and r otary drivers. Because electric motors are naturally 
rotary devices, for new designs, the rotary type device will weigh less for 
a given horsepower rating . 

Figure 8-ll depicts an electric actuator being considered for 
future appli cation to s pace shuttle and of course is much larger and more 
powerful than required for the spaceplane. The solution for spaceplane 
cannot be made without hinge moment da ta but it can be assumed that duty 
cycle experience with space shuttle will be similar on spaceplane . 

On that basis, an Air Resea rch EM type actuator called the 
Electric Hinge appears attractive, as shown in Figure 8-12 . 
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Because of the ranging and range rate r~quirements it was early on 
recognized that active systems would be required, I.R. would not suffice. 

To provide the functions of Table 8-3 it became clear that a 
gimbal system would be required to isolate the sensors from the vehicle 
motion and at the same time allow for the target to be located in a large 
segment of the forward sky. To provide such access obviously requires the 
vehicle nose to be folded back as illustrated in Figure 8-14 showing the 
baseline rendezvous and docking sensor assembly. 

The actual gimballing and mounting is clearly subject to change 
depending on the viewing angle available and based on the recommended 
simulation, the direction the rendezvous targets would generally appear 
from. The configuration of the laser illuminator and ranger will depend on 
what sort and location docking system is selected. 

While an antenna dish nearly 8 inches in diameter is shown in the 
sketch, a millimeter wave radar providing the performance shown only 
requires a 6-inch diameter dish at 2KW peak power. The radar can double as 
an altimeter if earth viewing is provided, or if a separate antenna is 
provided which illuminates the ground in the nominal re- entry attitude of 
2° pitch down. 

8 . 3 .11 Displays and Controls 

Until the missions are better defined and the pilot man- machine 
interface is further studied only some broad characteristics of the 
displays and controls can be ascertained. The fact that the pilot will be 
fully suited for the full mission duration is a significant factor. 

Because of sun glare, and poor viewing atti tude wi.en the pilot has 
his head up through the access hatch , it is essential that at least 
critical displays be projected inside his helmet. Also because he may have 
his hands occupied it is very desirabl e for critical commands to be voice 
activated. This would allow some degree of display and control during EVA, 
should that be necessary . 

The panel mount ed displays should preferably be solid state for 
high reliability and general flexibility should be provided so that any 
critical display function could be moved to a secondary display should the 
primary fail. An interact i ve, digitally controlled display and control 
system is anticipated where the desired functions are called up by the 
pilot using a menu type of system. 

It is anticipated that the TV type visual images located on the 
gimbal1 ~d rendezvous sensor assembly would be projected when desired both 
on the display panel area and on the hLlmet sight, with wide range zoom , 
angle, and focusing controls that would provide a significant capability 
for outside viewing when required . 
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FI GURE 8- 14- RENDEZVOUS & DOCKING SENSOR ASSEMBLY 
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8.3 . 12 Processors and Input /Output 

Of all the overall requirements, the need fo r fail operational 
capability has the most significant implications . Triply redundant 
computa tion is required with voting between the three computer outputs. 
Each computer also needs to receive inputs from r edundant s ensors so as t o 
be able to disc riminate against failed inputs. The degree of c ross
strapping involved is illustrated in Figure 8-15 which shows j ust the 
i nterfaces with the laser IHU's and the celestial sensor . The same degree 
of c ross-strapping would be involved with all the other time c ritical 
subsystems where fail operations is required. 

Lack of r esources did not allow a t rade- off to be perfo rmed in the 
interface/ input-output area specifically f or spaceplane. The need for the 
same degree of redundance , however, has been recently studied on othe r 
programs and the attrac tiveness of a standard bus system such as MlL-STD-
1553B must be evaluated. With the maturing of mic roprocessors ove r the 
last several years the computing functions can best be performed by a 
mic roprocessor. If required, a 32 bit, floa ting poin t microprocessor 
capable of being programmed in a higher order language (HOL) should be 
available, although possibly it would be an overkil l for spaceplAne . The 
Air Force seems to be converging on a standard architecture for its future 
computers in operatoina l systems , the M1L-STD-1750A a rchttecture, and 
during the next phase the advantages of using a 1750A processor needs to be 
examined . 

Also very key to the spaceplane compute r system ia the co~puter 
memor y to be used. For flexibility to make changes and still prevent 
memory mishaps, past experience haa shown the need in operational systems, 
besides the scratch pad memory. for the program memory to be repro
grammable, non-volatile with po~~r interruption, and using a non-destruct 
read system. The wide ranging oper aciooal modes and .Isaions. particularly 
in the pilo t display area, will probably also require some for. of bulk 
memory such as disk drives for br inging in tenant programs. 

Pending the future t rade-offs , a curent microprocessor, the Tl 
9989, has been selected along wi th Har ris RAM's fo r scratch pad memory , and 
Honeywell/ General Instrument NMOS BAROMS fo r program memory . These key 
components are shown in Figure 8- 16. and have been assembled into a 
demonstration co~puter designed for the control of space vehicles. 

Mockups that illustrate the type of pac~,~ing typical of the 
processor and 1/0 hardware are shown in Figure 8-17. 

8.3 . 13 Electrica l Power 

Total Electrical Power r equirements a re broken down in Section 
8 . 5.2 and summarized in Table 8-4. 

Note the dramati c difference between the two types of power, high 
voltage, high peak, low duration power for the aero surface drives , and low 
voltage, steady drain, long durationpower for the avionics and life support 
system. 
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Required Characteristics 

Voltage 
0 Avionics 28V 
0 Lf fe Support 28V 

0 Aero-Surfaces 270V 

Table {;-IV 
POWER REQUIREMENTS 

Average Power-KW 
.25 For 24 Hours 
.30 For 24 Hours 

2.10 For 1/ 2 Hour 

Peak Power-KW 
.80 
.30 

42 .00 

(Peak HP- 27, Average 5~ . Drive Efficiency 65t) 
o Fail Operational 

Desirable Characteristics of Power System 

o No Additional Ta nkage 
o Easily Serviced in Space (Fluid Repl acements Only) 
o Reasonable Weight and Volume 
o Reserve for Contingencies 

8-30 

Energy-KW-Hrs 
6.00 

7.20 
1.05 
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These drastic differences will require a combination auxiliary 
power system meeting both requirements. Pail operational is a requirement 
fo r pilot survival. Other desirable characteristics vhich will shape the 
confi&uration selected, are listed in the table also . 

In the conflicting opinions about the electrical power system it 
quickly became apparent that a r igorous, systematic approach would be 
r equired to make an objective trade-off between the various candidates. 
Fortunately, a simila r trade-off had already just been finished by the 
Honeywell Shuttle Plight Control System group looking at upgrading the 
Shuttle to all-electric dr ives . This group had converted all the data on 
power systems they had collec ted into a very useful form, a plot of power 
density versus energy density and shown in Figure 8-18 . It should be 
recognized that these are smoothed curves and that some suppliers pr oducts 
may be "better" or "worse" than depicted due to other consideration such as 
designs fo r sever e environments , long life, ease of maintenance, low cost , 
etc. 

As a reminder it should be noted that at this time Lithium 
batteries are not considered recha rgeable and due to their use of non-water 
elect rolytes have lower power densities than some other power sources. 
Silver-Zinc batteries can only be considered as semi-rechargeable because 
of a t r icky cha rge/discharge profile requirement. Practical fuel cells for 
space utilize LOX and LRz the latter not otherwise being required for 
spaceplane. Some of the systems such as moltan salts require continuous 
heat inputs which would have to be charged as an energy penalty and limit 
quick use capability from a dormant state . The I.e . Engine is shown for 
r eference , but is not a practical space candidate since its plot does not 
account for the weight of 02 consumed . Also note that the fuel cell curve 
never gets very high on the chart representing its characterist ic of being 
unable in a reasonable size and weight to handle the peak load demands of 
the aerosurface drives . 

Note on the curves that the weight of a system varies 
cons iderably, depending on the time duration of use and power drawn, a fact 
many vendor s are not quick to volunteer. For instance , the Lithium battery 
provides nearly 400 watt-hour s per pound at low current drains such as 6 
watts per pound but when pushed to the maximum power drain would we ight 
nearly 10 times as much to provide the same total energy. 

With all this information in hand a number of power systems were 
configured wherein the desired characteristics after acceptable redundancy 
wer e to be minimum volume and weight. The best three of these are shown in 
Figures 8-19 , 8-20 and 8-21 . For comparison purposes the optimum 
electr ic/hydraulic system is shown in Figure 8-22. To be on the same basis 
actuators weights and volumes are included in the totals. For these four 
systems there was not great differentiation on the basis of volume and 
~eight only, although the all battery system had the slight edge on volume . 
The only one of the four which did not have some other serious drawback 
however, was the continuous power generation, load leveling system, and it 
vas selected for the baseline. In this selected system the power 
generation is provided by a redundant turbo-generatory system, continuously 
outputting both 270V and 28V. Mission time or the number of re-entries 
only affect the amount of hydrazine consumed, estimated at 6 lb/KW-hr. 
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BATI. 

28V 
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BUS B 

28V LOAD 
LEVELING 
BATI. 

COI11ENTS 
· MISSION TIME OR NUMBER OF ENTRIES 

EXTENDED BY INCREASING HYDRAZINE 
CONSU~iPT I ON 

· NO LOGISTIC PROBLEMS WifH SP~CE 
BASING 

270 VOLT 
LOI\D L£VELI NG 
B~'[f_. - --...& 

HYDRAZINE 
TURBO-GENERATORS 
POWER CONTROL 
ACTUATORS 
270V BATTERIES 
28V BAITERtES 

REDUNDANT 
ACTUATOR 
POWER CONTROL 

REDUNDANT 
AEROSURFACE J 
ACTUATORS 

WEIGHT VOL. --
100 1.5 
30 .8 
50 .75 
25 .5 
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FIGURF. 8-19 CJNTINUOUS POWER GENERATION 

WITH LOAD LEVELING- SYSTEM SELECTED 
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BATTERY BATTERY ..... 
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C(IM~NTS 

MULTIPLE ENTRY WOULD REQUIRE 
MORE BATTERY CAPACITY 

REDUNDANT 
ACTUATOR 

POWER 
CONTROL 

28V 
DUS A 

270V BATT 
28V POWER CONTROL BUS B 

ACTUATORS 

FUEL CELL 

H2 TANK 

_I REDUNDANT 
AERO-SURFACE 

,. f~CTRO-r1£CHANICAL 

ACTI:IATORS 

WEIGHT VOL. --- --100 .7 

50 .75 

25 .5 

150 2.5 

10 .I 
335 4.05 

LH2 POSES LOGISTICS PROBLEMS 
AND ADDS ANOTHER EXPENDABLE FIGURE 8-2 0 - FUEL CELL/BATTERY COMBINATIO 

FUEL CELLS ADD SIGNIFICANT VOLUME AUXILIARY POWER SYSTEM 

PEAK POWER REDUCED WITH SINGLE BATtE~, lOSS 
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FIGURE 8-21 - ALL BATTERY AUXILIARY POWER SYSTEM 
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Batteries are used for load leveling. Very small batteries on t h• 28V 
buses help suppress switching translents and held up the po~~r l ong enough 
to make an emergenc y re-entry from low ~arth orbit in the event of bo t h 
turbo-genera~ors failing. Also , the h~!h power density of the 270V supply 
insures a bat Pry of sufficient energy density to be able to support 
aerosurface needs during such a re··entry. Sil ver Zi nc batteries would be 
today ' s choice; however, in the future , so~e battery weight might be saved 
by using SilvP.r Hydrogen • 

Note this syste~ is reasonably dense , is weight competitive, has 
rrmJth potential , high reliability, and is compltible with Space basing . 
It also uses the same fuel as is contemplated for the Space1 :ane rockets 
a nd reaction control jets, thus being able to share tankage. 

The all battery system would have been prohibitLvely heavy without 
using ljthium batteries for the 28V buses and he~~e it is disqualified for 
space basing, since it is not rechargeable. The fuel cell system requires 
tt·e usc of liquid H2, not otherwise required oa the spaceplane, and a 
difficult exp•!ndable to make available in spar:e . In the future fuel cells 
may be availa~1e using hydro carbons i~ place of l iquid H2 which ~ight be 
more attractive . 

The electric/hydraulic system shown fo r r efer ence is primarily 
rejected because it violates the desire for all e l ectr ic vehicle to avoid 
the sever e col'tamiration problems encounte r ed with hydraulic systems. 
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8. 4 PERFORMANCE ANALYSES 

A l imit ed numbe: of analyses we re performed in support of the 
t rade- off studies and to help in acc~~sing the capabilitie s of the system 
basellned. While the analyses were predominatel y in areas concerned with 
navigat~on , several other analyses were performed. 

8.4 .1 Navigation Perforcance to Geosynchronous Earth Orbit (GEO) 

While normal peacet ime navigation accuracy can be expected to be 
as good as that provided by GPS, it i s of impor tance to know the expec ted 
error to GEO , the most seve~e case cons idered when r equired to use pure 
inertial nav.1ga tion . If th•! SANS concept is implemented as r ecommended in 
the baseline, autonomous position e rror s should b~ bounded nround one or 
two nautical m1les, dependi.1g largely on the number and time separations of 
celestial observations made . ~ure inertial nav igat ion performance t o GEO 
is shown in Table 8-5. 

8.4 .1 .1 Shuttle Deployed 

The shuttle C:.=!ployed hi- e lliptic encounter trar.sfe r t o GEO was 
particularly analyzed. The condl ti·· ns for the hi-elliptic encounter 
transfer are given in Figure 8-23 . The breakdown of error sources and 
their contribution to navigation error s in in-track, cross-track and radial 
directions i s given in Table 8-6 . The cl ear l esson 19 that the poor 
shuttle altitude handoff i s unacceptable and that one and prefe rably two 
atLitude updat~s 9hould be performed to insure thrust ing Is precisely along 
the desi r ed direct i on. 

8 . 4 . 1.2 Air Launched from Aircraf t Mothership 

Pure inertial naviga tion performance for a n air launch from an 
aircraf t mothe r ship is shown in Figures 8- 24 and 8-25. The spaceplance 
i ne rtial system is aligned by velocity matc hing duri~g flight prior t o 
separation from the mothership . Two mothership navigation type systema 
were assumed, g iving significantly different r~sults. Even with a 
prec ision mothership navigator, pe rformance results are pooret· than would 
be considered acceptable f o r most mis sions. Normally both position and 
attitude updates would be performed during parking and orbit t ransfer modes 
t o reduce the pute inertial e rro r s t o a~ceptable level s . 

8 .4.1.3 Gr ound Launched 

While a specific ground launch~1 pure inertia l pe rformance 
analys is for spacep]qne was not made , the performance to GEO given in Table 
8-5 i s that expec t ed , based on the experience with Atlas Centaur for which 
Honeywell is the i ne rtial equipment supplied. Assuming an azimuth optical 
alignment as is currently done on the Atlas Centaur, the perfo~ance of 10 
N.M . and 8 f t . /sec. can reasonably be expected. 

8.4.2 Stellar Autonomous Navigation System (SANS) 

It is well known that if a space vehicle accurately knows its 
celestial attitude, its Earth l ocal vertical attitude, and preci se time at 
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Table 8-V 
SUt~MARY OF PURE INERTIAL NAV IGATION PERFORMAI~CE TO GEO 

Condition 

Ground launched 
by expendibl e 
l atJ!lCh vehicle. 

36 SPERICAL ERRORS AT APOGEE * 
Pos Error Vel Error Dominant ~emaining 

N . M. Ft/Scc Error Source 

10 8 IMU Instrument Errors 

2. Shuttle deployed 35 27 Shuttle Pos and Vel 
rtandoff Errors with Celestial 

Attitude update 
before both perigree 
and dpogee burns. 

3. Mother aircraft 
air launched with 
on CIS update . 

* 

10 35 Transfer Alignment 
From M.:>ther .a1 rcraft 

Perfonnance for all cases would be s1 gni f1 cantl y improved with GPS or 
SANS updates and t r im maneuvers during transfer orbits. 
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FIGURE 8-23 BI-ELLIPTIC 
ENCOUNTER TRANSFER TO GEO 

/j.V1 6672.6 FTISEC 
1::1'12 1344.1 FTISEC 

*~V3 <CIRC.) 1198.7 FT/SEC 
<PLANE CHG. 
28.5 DEG> 4961.8 FT/SEC 

T1-2 3 HOURS 

T2-3 6.177 HOURS 
Rl 200 NMI 
R2 14468.5 NMI 
R3 22808 NMI 

*wHENAVJ CIRCULARIZATION AND 
PLANE CHANGE ARE DONE TOGETHER 

~VJ • 5104 . 5 FT/SEC 

. - ' 

---
• ·.t 

... ·.·... . 

---• ·• 
·. 

~ .... 
. : · .. . . 

... 

•• ' . :. .. . . .. . ~ ' 

:: \:::~:: ·:~ .. ~ 

• . ... '" .. ·1 

::._·:_;.~ . ~· 
~ - .. . 
·:< :: --:~:< 

• • ,. "' • I .. _ ..... -.. · · .. · 
= ... - . - ..... 

. . 
·' 

•• • 

~· 



,• 

.. 
; 

I 
•, 

,• 

Error Source 

Laser Gyro 
Random Walk 

Laser Gyro Bias 

IMU Al igment 

Accel. Bias 
Accel . Seale 
Accel. Alignment 

RSS Sensor Errors 

Initial Att .. tude 
Error Fr011 
Shuttle Handoff 

RSS Error wi ~.h 
one Attitude 
Update Prior 
to Burn 1 

RSS Error with 
Attitude 
Updates Prior 
to Burn 1 
and Burn 2 

. ·. 

Table 8-V l 

PUkE INERTIAL 
NAVIGATION ERRORS AT nJCOUNTER 

Position Error. NMI 
In Cross 

V e 1 oc i ty E r ro r • 
Cross Erro1· In 

Magnitude Track Track Radia l Track Track 

0.02 Deg/ 4.3 5.5 2.1 
Hr 

0. 05 Oeg/ 18.7 38.6 14.6 
Hr 

0. 2 1.15 1.0 0.4 
Mill i rad 
5 G 0.2 0.4 0.2 0.01 
45 PPN 3.9 7.8 4.3 0.2 
0.2 1.6 1.0 0.4 

19.7 !.8 39.3 14.8 

1 Deg 139.6 IH . 3 34 . 9 

45 19. 8 7.8 39.3 14.8 
ARC SEC 
Update 
Accuracy 

45 4.8 7.8 4.6 0.7 
ARC SEC 
Update 
Accuracy 
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a number of points on an orbit, position and velocity can be au t onomously 
determined. Using the celestial sensor and thE horizon sensors, the 
capabili ty is in fact planned as a back-up navigation mode. 

Greater precisions in autonomous navigation of thi s type can be 
achieved if the stellar sensor i s capable of accurately tracking stars as 
their ~t~ht posses through the atmosphere. A system based on this concept, 
named SANS , is proposed as part of the spaceplane avionics baseline, and 
its operation is illustrated in Figure 8-26 . As a star sets or rises , its 
apparent position is shifted by atmospheric refraction, which effect can be 
used for indirectly determining the Earth's location. A sample star 
setting as measured by the HF.A0-2 is shown in Figure 8-27 . If precise 
atmvspheric models are used, the ultimate potential of SANS shows promise 
of autonomocs navigation, even with a 1 arc second star tracker, of around 
one-tenth of a mile . Such accuracy would not likely be achieved in 2 
typical spaceplane mission because to get the levels of ~ccuracy shown in 
Figure 8-28 requires smoothing and averaging over several orbits . Even for 
a partial orbit, performance of a mile or so achieved autonomously should 
be regarded as quite acceptable. 

8.4 . 3 Re-Entry Navigution 

Re-Entry navigation performance was no t investigated in detail 
because re-entry corrider and window tolerances had not been established. 
However, in preparation for such an investigation, re-entry error 
sensitivities were investigated. Re-entry from GEO geometry and associated 
orbital paramf.ters are illustr ated in Figure 8- 29 . 

A significant finding from this re-entry analysis is the critical 
sensitivity of the perige~ altitude t~ the velocity error after de-orbit 
burn. It is unlikel y that the veloci t y error can be held to one foot per 
sec ond al~hough it is likely the re-entry altitude tol~rance derived will 
be around+ 10,000 feet. Therefore, position updates with associated t r im 
burns can be expected to be performed during the transfer orbit. 
Considerable study needs to be done in this area i n validati~g backup 
navigation concept s as suitable for re-entry since they would have larger 
associated initial velocity er~ors . A likely scenario is to fly an 
acceleration profile after initial re-entry whic h would no t depend on 
knowledge of the actual altitude. tHnd tunnel tests for varying altitudes 
should provide the data needed to generate ~tored acceleration Vs re-e~try 

time profiles which would yield safe re-ent ries. The ste~ring law utilized 
would be simply to pitch up if the longitudinal acceleration were greater 
than nominal and pitch down if less than nominal . 

8.4.4 Synergistic Plane Change 

While it was intended to evaluate t he navigati r,n accuracy needed 
while dipping in and out of the upper atmosphere in order to use 
aer odynamic lift to make plane changes, lack of aerodynamic data precluded 
this . Sever al observations are useful guides . 

In the ideal limit, as a first approximation, the 6V achieved in a 
plane change is ~qual to the L/D time the velocity loss. In the practical 
case additional velocity loss due to nonlifting drag entering and departi,g 
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FIGURE 8-29 - RE-ENTRY GEOMETRY FROM GEO AND ASSOCIATED 
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the atmosphere prior to and af t e r the plane change must be consider~d. It 
would be expected th~ t at the higher altitudes, drag would be encountered 
where effective lift would no t -.!Xist. Therefore, ev<>.luating the 
syne-gistic plane change and what best navigation s trategy to employ with 
it requires simulation with real is tic parameters. 

8.4.5 Aerv Surface Power 

Since the power used by the aerosurface during re-entry strongly 
effects the Spaceplane power requirements and they in turn, many of the 
other Spaceplane systems ~ncluding weight ant V performance, it was 
essential to evaluate the aerosurface power needs even tho\l~h accurate 
hinge moment data and angular rates were not available. 

Based on tentative maximum hinge moment torques of 1500 ft-lbs and 
0 

possible aerosurface angular rates of 150 /sec , a total peak power 
reflecte~ back t~ the p~wer source, after allowing for 65 percent motor 
efficiency , was calculated at 42.KW, assu111i>1g all surfat•es were driven at 
once. This established the power density requirements for the aerosLrface 
drive power source which was se~~cted at 270 VDC, a standard voltage . 

Based on knowledge of similar sys tems it wa~ obvious t hat th~ 
average power would be significantly lower . Again, lccking power time 
history data for spa~eplane, it was assumed that the shuttle power time 
hiutory might be r eason tbly close , and so it was used. The inboard eleven 
was cho:)en as repre•Jenta~;.:.·!e, at le3st as to ratios of peak power to 
average power , and this data is shown in Figure 8-30 for a nominal 
re-entry. This tiute history gives hinge moment loaGs, aerosurface angular 
rates; and instant3neous horsepower. Note that the horsepower tr~ce is 
mosLly around zero. 

This horsepower time history was analyzed for the full re-entry 
period as to percentage ti1ue at various horsepower levels, which <lata i @ 
presentel in the chart of Figure 8-31. For a 25 H.P, drive it can be seen 
that only two percent . f the tim~ did the horsepower exceed one horsepower. 

Scaled down to space plane needs, this .,..~··lld i ndicate a need for 
only 2.0 KW for a 1/2 hour period, or !.00 KW-hrs total. Because of the 
uncertainties in the assumptions of the Spaceplane hinge moment and angular 
rates , a saf-: t :r factor of 3 was used, sizing the aerosurf ace energy 
requirements at 2.1 KW-hrs. 

No additional energy was determined to be required for a 
synergistic plan~ change and subsequer.t re-entry because the power system 
selected has th~ capability to recharge the aerosurface batteries between 
the synergis t i c plane c!.ange maneuver and the final re-entry. 

8.4.6 Rendez'ITous and Altimeter Radar Power 

Ca l culations s howed that the rendez~ous radar required 2 lCW pea!: 
power at 2Sdb margin in order to d..!tect a 1M l.a r g.at in an un~ided mode c.t 
i O N.H. A coherent , low pulse rate millimeter wave radar w~s .ssumerl with 
a a1sh ~iz~ of 6 inches. 
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FI GURE 8-30- SHUTTLE INBOARD ELEVON HINGE MOMENT, 
ANGULAR RATE, AND HORSEPOWER DURING A 
NOMINAL RE-ENTRY. 
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In ~he radar altimeter mode, allowing for 20 db of atmospheric 
auenuation and 10 db for ground r eflection at 100 miles (assumes beam 
pointed straight down), the same power of 2 KW peak was requi r ed with a 25 
db margin. Considerable amount of this margin or a reduced altitude range 
could result if an auxiliary antenna were used during re-entry approach 
that had less gain and wasn't pointed straight down due to limitation of 
siting in the aft area of the spaceplane. 
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8.5 AVI ONICS SYSTEH PHYSICAL CHARACTERISTICS 

~·!eight., size, power , and form factor c'a t.a were genera ted for each 
component. of the Avionics System for use in vehicl e layouts by Hamilton 
Standard. Also any special installation considerations such as viewing 
were identified. These are covered in detail in the vehicle layout 
section, but summari zed here for refe rence use . 

8.5.1 Speci ~ l Installation R~quirements 

A few of the avionics subsystems as noted below re~uire particular 
a ttention regarding their integration into the vehicle. 

8.5.1.1 IHU / Stellar Tracker 

The two IMU' s and the stellar tracker need t.:o be ri~idly m.ounted 
together and are so shown in Figure 8-32 representing one l ayout 

0 arrangement. The mounting planes of the two lMU' ::; are approximately 70 
apart to provide the needed skew angle ~etween them. The stellar tracker 
~hown is the Ball Bros. tracker that replaces the originally baselined slit 
detector sensor . An access door along the field of view of the stellar 
tracker is required to provide star v·l cwing. 

8 . 5. 1 . 2 Gimballed Rendezvous Sensors 

Also shown in Figure 8-32 are the gimballed rendezvous sensors 
positioned so that with the nose retracted and folded back that as much of 
the forward hemosphere as possible can be viewed wi ·hout any interferences. 

8.5.1.3 Horizon Sensors 

The two horizon senso·cs which are approximately 2 inches in 
diameter need an unobstructed view downward during the re-entry mode. 
Since viewing through the vehicle thermal protection system !s not 
practical they may need to be mounted on a retractable arm in tne rear are 
of the vehicle . 

8. 5.1 . 4 Homentum Wheels 

lne only restriction on the momentum wheels is that each should be 
mounted with its torque axis along one of the principal vehicles axes, 
roll , pitch, and yaw. 

8.5.1.5 · ~ tennas 

The TIC and GPS antennas are probably of t11e wh:i,p type and could 
be mounted in the rear area for protection during re- entry. Retraction may 
be required when a ttached to a lower stage vehicle in order to stay within 
the allowed spaceplane envelope. 

The ;,mtenna for the millimeter x·adar in the altimeter mode when 
the nose is iu place would probably have to be mounted in the r~ar, and 
likely should be fastened t o the same retractable arm as the h(,rizo n 
sensors. This antenna would be a small dish for direction gain, but would 
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FIGURE B·32 · CROSS SEC1 ION o, SPACEPLANE SHOWING ONE 

POSSIBLE INSTALLJTION OF THE IMU•s, STELLAR 
TRACKER, AND GIMBALLED RENDEZVOUS SENSORS 
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not be gimballed; the spacecraft would be oriented such that this dish 
would face downward when an altimeter reading was desired. 

8.5.2 Avionics System Estimated Weight , Size and Power Usage 

The avionics system estimated weight , size and power by subsystem , 
as well as totals a r e shown in Table 8-7. These val ueu need to be 
confirmed during the next study phase when requirements are more specific . 
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Table t3-V II 

AVIONICS SYSTEM ESTIMATED WEIGHT, 
SIZE , AND POWER USAuE 

Compone11 t:_s_ 
Waigllt 
- 1 bs 

2 Laser Gyro IMU' s 16 
1 Redund~rt Celestial Sensor & Shield 8 

* 1 Set AHosurface Actuators & Control 5o 7r; 

2 Hnri zon Sensors 

3 Reaction Whee 1 s 

1 Redundant Computer Assemply 

1 Redundant Control Electronics 

6 

30 

40 

30 

1 Redundant Command/1M Data Link & Ant. 23.2 

1 Redundant GIS Receiver & Ant. 30 

1 Redundant C ock 5 

1 Viewing Sensor, Radar 

1 Viewing Sight, Nav. & 

Ranger, & Laser 40 
Si t11ati on 20 

Display 

1 Data Entry and Controls 

1 Earth Location Oispl~ 

t Local Vert. Att. Display 

1 Aux. Power System 

TOTALS 

·· · ····-·- .. - ---

12 

6 

f) 

225 

572.2 lbs 

Volu~~ 
- ft -- -

.34 

.55 
1.25 

.05 
.30 

.60 

.50 

• 25 

.386 

.05 

1.00 

.32 

.20 
. 086 

. 086 

2.71 

8.678 ft
3 

Aver. 28V 
Power-Watts 

(24 Hrs) 

30 

2 
10 

5 

15 

45 
40 

25 
25 

5 

25 
25 

5 

5 

5 
0 

267 Watts 

Aerosurface Controls also use 2.1 KW of 270 Volt Power Ourin'j the 1/2 Hr • 

Re-Entry 
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8.6 CRITICAL TASKS RECOMMENDED FOR NEXT PHASE 

0 

0 

0 

0 

Task l -Avionics Systems Requirements: 

With a proper design reference ~ission and its 
variations as an input, a top avionics syG- cm 
performance and funLtional specification will be 
generated wl'ttch will establish the operating modes, 
functions, mission rluration, probability of mission 
success, etc. for tl•e Spaceplane Avion!:::3 System . 
Critical interfaces to the Avionics System ani 
in~tiali~ation will be defined. 

Task 2 - Avionics Subsystem Requirements : 

The Avionics Syste~ will be partitioned into 
appropriate subsystems for whir.h individual 
performanc~ and func~ional s~ecifications will be 
generated . This will establish detailed modes and 
f uncti ons, budget power weigh,: and volume, and 
specify other critical characteris t ics such as 
MTIIF . 

Currently identified suhsys tems are: 

Power 
Inertial Referenr.e and Navigation 
Celestial Sensor 
Hor izon Se1sor 
GPS NavigatJ.on 
"l'racking Telemetry and Co~and 
Radar Altimeter 
Momentum Controls 
RE'action Jet Controls 
Aerosurface Electrtc Drives 
Rendezvous Sensors 
Displays and Controls 
Processors and Input/Output 

Task 3 - Baseline Definition: 

The existing baseline Avionics Sys tem will be 
reviewed and updated as appropriate with regard to 
specific subsystem hardware . Functional diagrams 
as well as latest size, weight, installation and 
interface data will be provided. 

Task 4 -Supporting Studies: 

In order to properly accomplish Tasks 1, 2 and 3 
above which are to be considered the pr imary 
outputs of the design study the following 
supporting studies must be accomplished. ( It is 
assumed that rendezvous simulation to help 
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es t ablish the requirements of t he rendezvo11s 
sensors subsystem will be accomplished by Lin Com 
in a timely manner and Honeywel~ involvement will 
be limited to coordination with Lin Com . ) 

o Task 4.1 -Navigation Performance Analysis : 

0 

0 

Navigation performance analyses for critical 
mission phases will be performed. These include: 

Boos t from shuttle, airlaunch and booster 
deployment. 
Rendezvous 
Normal r e-entry 
Synergestic plane cha~~e with second re-entry . 

Re-entry windows, corridors a nd pr ofiles will need 
to be supplied to Honeywell in a timely manner. 
Prior to that tim.e the minimum hea ting prnfile used 
on Shuttle w:Ul be assumed. 

Task 4.2 - Pointing Accuracy and Control Stability: 

With mission payload pointing accuracy and control 
stability requirements furnished to Honeywell, a 
control analysis will be performed to insure the 
adequacy of the momentuo control sys t em , with 
particular attention to wheel sizing. The effects 
of pilot motion and fuel slosh if any will be 
included. 

Task 4.3 -General Control Analysis: 

For normal control in space , not including 
rendezvous or precision payload pointing, when 
control is by reaction jets, an analysis will be 
performed to determine control characteistics, such 
as limit cycling , that will effect operation of 
s uch devices as the celestial sensor and horizon 
sensor . 

o Task 4.4 - Optimization of Power Generation and 
Storage: 

Further s tudy ( probably subcontract) of the power 
generat ion subsystem will be accompli.shed to 
conftrm the characterist i cs of t he assumed load 
level ing system. Efficiencies, life, size, and 
weight of the assumed mono-propellant prime-mover 
needs to be confirmed. r.attery cype selection also 
needs to be confirmed for the avionics battery and 
the aerosurface power battery. 
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o Task 4.5 - Aerosurface Power Requirements: 

From re-entry and synergistic place change hinge 
moment time his t ory data to be supplied to 
Honeywell , peak and average po•Je r .-~qui red to drive 
the aerosurfaces will be determined . 

o Task 4.6 - Processor Architec ture: 

0 

A trade-off will be made on the Processor 
architecture particularly with regard to usJ. ng DoD 
standa rds such as 1750A and implementatio11 of 
flight software in higher orde r languages. 

Task 4.7 I/0 Configuration: 

A trade-off will be made to establish an optimum 
t/0 system to interfacP. the various £ubsys~ems . 
he D1ain trade-off will be be t:l• ~en a subsystem 

dedicated I/O versus a universal bus system 
allowing more flexibility such as the milltary 
standard 1553B. 

o Task 4 . 8 -Han machine Interface: 

0 

A man machine interface trade-off will be made to 
establish which functions should be automatized and 
which others can be performed by the pilot with a 
goal in view of achieving as much simplification as 
possible without burdening him. Display/Control 
functions will be coordinated with Hamilton 
St~ndard. 

1'ask. !. • 9 - Redundancy Management: 

In consort with the other systems of the 
Spaceplane, a redundancy management philosophy will 
be established . Generally, time critical safety 
critical functions will be reconfigured 
automatically , with other functions relying on 
pilot actions. 
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8 . 7 HONEYWELL CAPABILITIES APPLICABLE TO SPACEPLANE 

The Honeywell Aerospace and Def~nse Group has a divers e and wide 
ranging s pec trum of capabilities which ha.ve the potential to make a 
valuable contributi on in bringing Spaceplane into being . P ·.e Spacc:plan~ 
appl icable capabi lities are located in four operations of the Group a s 
depic ted in Figure 8-33. 

Hone~~ell has a broad spectrum of current ongoing programs closely 
r e lated to the needs of the spaceplane. The programs are illustrated in 
figures 8-34 and 8-35. 

On the Space Shut t l~ we have both the Flight Control Sys tem and 
the Main Engine Controllers. Honeywell has had more experience t han any 
other company on boost guidance systems as currently represented by Centaur 
and Agena. On the DMSP-Block SO, Honeywell has orbital injection as well 
as on orbit attitude determination responsibility. On the P80-l , 
Honeywell, in aadition to complete orbit injection, on orbit attitude 
determination and control, is involved in Shuttle deployment of t he 
vehic~~ . The recent work on Centaur in Shuttle will add to this 
exper ience. 

The Dormant Inertial Navigation System represents the gui.dance 
respons i bility for a re-entry vehicle P.nd at the same time provides 
Honeywell experience in applyin? l8ser Gyros i n space. The 
El ectros t a tically Supported Gyr o system Honeywell has been applying for a 
d ecade i n the area of Prec i s ion A/ C Navigation provides a valuable 
l:>ackground in initialization for aircraft l aunched missions. Honeywel.l' s 
Hom J..ng Overlay Experi.ment program provides a wealtlt of capability i.ncluding 
long wave infrared sensing , laser ranging , precision pointiug, intercept 
5ui d ance and on-board data processing. The Forward Acquisition System 
prog ram will further Honeywell' s capabilities ~n on-board data processi.ng. 

~~ r esulting systems capabilities that Honeywell has available 
applicaol~ to tac kling the Spaceplane prog•am are shown in Table 8-8. 
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AVI ON ICS DIV. NORTH 

INERTIAL SYSTEMS 
COMPONENTS 
LASER GYROS 
TEST EQUIPMENT 
DISPLAYS 
RADAR 

MICROELECTRONICS 
IMAGE PROCESSING 
LASER TECHNOLOGY 
COI'Y'IUNICATIONS 
VOICE RECOGNITION 
FliER OPTICS 

FIGURE 8- .33 

AEROSPACE & DEFENSE GROUP 

MULTI-FACETED 
&ROAD 

SPECTUM 
TEAM 

CAPAJILJTJES 
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AVIONICS DIV. SOUTH 
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SPACE SHUTTLE 

FLIGHT CONTROL SYSTEM 
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DMSP - BLOCK 50 

-. 

ORBITAL INJECTION 
ON-ORBIT PRECISION 
ATTITUDE DETERMINAT[ON 
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FIGURE 8-34 

FOUR CURP:NT RELATED PROGRAMS 

CENTAUR AND AGENA LAUNCH VEH T CL£S 

~ GROUND
lAUNCHED 
PRECISION 
INERTIAL 
GU !DANCE 
SYSTH'S 

PB0-1 SATELLITE 
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Table &-VIII 
RESULTING APPLICABLE SYSTE?t CAPABILITI~S 

Inertial Guidanc~ : 

ContNl: 

Intercept /Rendezvous : 

Systems Engineering and Integration 

Software Management 

Real Time Redundance l~anagement 

Nuclear & Radiation Hardening 
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