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I. INTRODUCTION

This report describes the Thiokol Chemical Corporation, Reaction Motors
Division, approach to design, development, quality assurance testing, and
delivery of the NASA Apollo manned spacecraft powerplant and attitude control
systems. The design study 1s being conducted for the Missile and Space Vehicle
Department of General Electric Company. The phase '1s being conducted'' 1s
used purposely, because this report reflects the results of considerable work
conducted during the last year on many aspects of spacecraft powerplants and
indicates a determination to continue and expand the Divisions's activities in
this field. '

Thiokol-RMD firmly believes that the single most important element in
the operation of manned spacecraft 1s man himself. The rigorous application
of manned ratings and manned safety concepts to the design of the propulsion
system 1s not merely a desirable appendage to the program but actually must
constitute a basic philosophy guiding overall and detail system design at every
stage 1n the effort.

The Thiokol-RMD XLR99 engine currently 1n use 1n the X-15 research air-
craft 1s the latest product in a line of RMD man-rated rocket engines, amply
testifying to RMD's ability to translate a keen awareness-of manned rating
concepts i1nto a practical system. The same well developed skills and proce-
dures used in the design of the XLR99 have been employed to establish the
system design and approaches described for the Apollo application. Table I
shows a history of RMD rocket powered aircraft flights.

For the Apollo application, the manned rating concepts established for
manned rocket-craft-operating within the earth's atmosphere.have been ex- _
tended to cover operations in space. To the concept of insuring integrity of
the combustion chamber has been added the requirement for propulsion avé.il'a-
bility. This 1s expressed in the following statement of propulsion system re-
qurements for flight safety in space.

Even with powerplant spacecraft system reliabilities approaching 100%, '
malfunctions may occur in the powerplant, in the powerplant propellant and
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control system or possibly in its environmental control system. Under such
conditions, the powerplant must present no hazard to the spacecraft with which
1t 1s intimately associated and must remain operable or be capable of becom-
ing operable within the limitations of on-board repair capability. In the per-
formance of certain missions, (for instance, lunar landing) propulsive effort
must be insured positively at all times; this may require redundancy or use

of alternate propulsion devices. ‘ .

An additional major propulsion system factor in the area of flight safety
1in space 1s propellant availability. It 1s essential that a propellant manage-
ment system be incorporated in the spacecraft so that adequate AV capability
will be assured at all times for a safe return to earth, This item 1s considered
beyond the scope of the propulsion system study except insofar as propellant
supply or flowrate indicators are to be incorporated into the propulsion system
or as an emergency interconnection capability of propellant tanks of the several
systems 1s 1ncorporated into the propulsion system design.

The consequences of incorporating manned safe features into the propul-
sion system will be discussed in detail in the following sections. It is inter-
esting to note that providing manned safe features will directly contribute to
increased reliability of operation of the spacecraft,

The broad purpose of the current study 1s to conduct analytical and design
work necessary to develop a propulsion system concept. This system concept,
1n turn, 1s consistent with the limits established by the General Electric Com-
pany's Statement of Work 730-A-12 and subsequent requirements, In general,
the study should provide a basis for defining realistic powerplant requirements
and capabilities for the Apollo mission. More specifically, the following goals
were established:

e 1963 propulsion system design

e 1966 propulsion system design
s Vehicle capabilities
e Suggested vehicle changes and resulting performance 1mprovementé

e Areas for frutful future work

¢ Establishment of preliminary specifications for manned spacécraft
rocket powerplants.

TR 3808A
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For the past year Thiokol-RMD has been studying spacecraft propulsion -
the effect on payloads of changing the propellant combinations and of varying
the chamber pressure, area ratio, and other system parameters. We have
developed and tested a series of flight weight, radiation cooled, bipropellant
attitude control rockets, ranging in thrust from 0.5 to 10 lb using the earth
storable hypergol bipropellant combination N,Oy/MMH and N,0,/UDMH. We
have continued the development of vortex thrust chamber i1njectors over the
thrust range from 30 to 10, 000 lb also using earth storable hypergols. We
have completed a series of technical reports on spacecraft powerplants (in-
cluding analytical and experimental data) which has culminated in the award
of the Surveyor spacecraft vernier propulsion system development work to’;
the Reaction Motors Division. The main retro rocket development work for
the Surveyor has been awarded to the Thiokol-Elkton Division. This joint
award 1s a direct outgrowth of the close and continuing relationship both in
studies and presentations of the liquid and solid divisions of the Thiokol Chemai-
cal Corporation.

The background of analytical and experimental work described above 1m-
plies a growing awareness of the problems associated with space propulsion
and a competency to participate in development programs. The personnel
and the technology developed in these efforts have been utilized in the present
study and will continue to participate in future work.

In setting the requirements for the Apollo on-board propulsion system
study, the General Electric Company requested Thiokol-RMD to perform a
detailed design study for either a pressurized hydrogen-oxygen system or a
pressurized storable system. The design parameters further specified a
16, 000 1b vehicle for 1963 and a 15, 000 1b vehicle for 1966, anticipating that
the propulsion system for the latter vehicle would reflect possible weight
savings and performance increases available with an additional three years
of research and development.

A pressurized storable pro‘pella.nt system approach has been chosen by
Thiokol-RMD. Table II summarizes the design features of the system.

TR 3808A
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TABLE I
DESIGN FEATURES, ON-BOARD PROPULSION SYSTEMS

On-Board
Propulsion Thrust Pressurization
System Propellants Thrust Chambers System
1963 N,0,/ MMH 24K 4 at 6K Helium Gas
(stored as gas)
1966 OF ,/MMH 24K 2 at 6K-12K Helium Gas

(stored as hqulé )

The unique feature of this proposal 1s the upgrading of vehicle performance
(payload, AV) possible through the substitution of oxygen bifluoride (OF,) for
nitrogen tetroxide (N,O;). The technology needed to design and develop a
helium gas pressurized N,Oy/MMH system 1s currently known at Thiokol-RMD.
This proposed 1963 system will meet the requirements of an Apollo circum-
lunar mission, 1.e., it will supply adequate AV to provide for in-space abort
of the mission.

The three year period available for research in storage and combustion
of OF, prior to engine system development testing promises every success
in this area. The resulting 1966 powerplant will, we feel sure, meet the re-
quirements of the Apollo lunar orbiting maission.

Thiokol-RMD has selected the OF ,/MMH propellant combination in pre-
ference to oxygen hydrogen because its performance (vehicle-wise) is superior,
its storability and handling 1s simplified, and because 1t'is hypergolic, thereby
eliminating the requirement for an 1gnition system, simplifying the engine, and
improving reliability. OF, i1s considered superior to F, because 1t offers the
same payload and hypergolicity advantages without the compatibility disadvantages.

For the spacecraft attitude control system and re-entry vehicle roll con-
trol system, Thiokol-RMD has selected the use of the earth storable hypergolic
propellant combination N,O4/MMH, As noted pre\}ipusly, this propellant com-
bination has been exhaustively tested by RMD over a range of thrust of 0.5 to.
500 1b and (using the very similar N,O,/UDMH combination) the 1300 and 10, 000
1b thrust levels. Testing has covered both pulsing operation and throttling sea
level and high altitude firings, radiation, and regenerative cooling. The ines-
capable conclusion 1s that N,Oy/MMH: (or UDMH for nonregeneratively cooled

TR 3808A
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designs) provides an 1deal 'control rocket' propellant combination. It 1s
anticipated that only a relatively straightforward development program wall
be required for these two systems. The Thiokol-RMD program for develop-
ment of the Surveyor spacecraft vernier rocket system will provide much

of the detail system and component technology required for these two Apollo
spacecraft systems.

TR 3808A
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II. MANNED SAFETY AND RELIABILITY

A. MANNED SAFETY IN SPACE

Man's well-being in space depends on numerous factors involving his
care, feeding, and housing. But, overshadowing these essentials is controlled
mobility (AV capability) which provides the means for reaching his destination
and his return.

It is of paramount importance that the means for achieving this AV capa-
bility (on-board propulsion) be of such a nature as to positively insure man's
safety 1n space flight at all times.

1. Dafferences between Rocket Powered Aircraft and Spacecraft Safety

Until the present time, man's flight has taken place within the protective
blanket of the earth's atmosphere. His positive assurance of safety in flight
required only that his on-board propulsion shut down noncatastrophically in
case of malfunction. Safe return to earth was available by simple gliding or,
in extreme cases, by parachuting.

The requirement for aircraft rocket safety, which automatically insures
flight safety, was set forth in MIL-E-5149, a general specification for air-
craft rockets. This specification states that under any single condition of
ma lfunction of the rocket powerplant, or 1n certain cases of malfunction of
the powerplant propellant supply, the powerplant will shut down or react in
a safe manner without creating a hazard to the aircraft.

" It follows that runout or 16ss of propellants in an aircraft mission1s — — - —
equivalent to a safe rocket shutdown, and flight safety will continue to be
maintained by gliding to earth,

However, in the case of spacecraft operations, the availability of propel-
lants and a propulsion system to utilize them to provide the AV requirements
for guidance, propulsion, and retropropulsion efforts are generally mandatory.

TR 3808A
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For example, for a manned landing on airless planetary bodies such as
the moon, failure of a powerplant or runout of propellants during the landing
maneuver would be disastrous. An inherently safe system requires:

(1) assurance that fuel 1s adequate prior to commaitting the vehicle
to the landing

(2) powerplant redundancy.
The lunar takeoff for return to earth requires similar provisions.

As another case, consider re-entry into the earth's atmosphere. To
insure survival, a relatively tight re-entry corridor must be reached - this
will necessitate operation of guidance rockets. Failure of these rockets 1s :
likely to result in disaster. i

As a final case, consider more extensive space operations. Assume a
single malfunction has occurred involving the loss of propellant through an
incompletely closed propellant valve. The consequence of this loss may be
inadequate propellant for guidance or propulsion. Either situation could
prove disastrous. The remedy in this simple case 1s to have a tank valve
in series with the thrust chamber prop valve to insure positive shutoff. Also,
a provision for a signal to indicate valve malfunction should be provided, in-
dicating need for a repair operation. As another related instance, consider
an improperly operating mixture ratio control resulting in excessive fuel
consumption during some main propulsive effort. The propellant remaining
may be 1inadequate for safe completion of the balance of the mission, unless
mission abort were carried out immediately. The remedy here 1s simple -

a propellant loading or consumption indicator system which signals inadequate
supply for the mission completion.,

There are two important points to be recognized 1n this space flight safety
area. First, even with powerplant spacecraft system reliabilities approaching
100%, malfunctions may occur in the powerplant, in the powerplant propellant
and control system, or possibly in its environmental control system. Under
such conditions, the powerplant must present no hazard to the spacecraft with
which 1t 1s 1intimately associated and must remain operable or be capable of
becoming operable within the limitations of on-board repair capability. In
the performance of certain missions, (for instance, lunar landing) propulsive
effort must be insured positively at all times; this may require redundancy or
use of alternate propulsion devices. Second, propellant availability must be

TR 3808A
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monitored continuously to insure adequate AV capacity for safe return to
earth or space base, Any plan for estimating propellant requirements for
flight safety must allow for the variation of trip time with AV since the con-
sumption of food and other vital necessities may be a controlling factor in
establishing the maximum allowable trip time.

It may be seen from the foregoing discussion that flight safety in space
(from the viewpoint of propulsion) may be divided into two. major areas, on-
board propulsion safety and redundancy, and propellant management.

a. On-Board Propulsion Safety and Redundancy

It 1s apparent that on-board propulsion safety requires a safe shutdown
or a safe reaction (preferably continued operation) in the event of a mal-
function in the propellant plant, its supply, or control system. For space
applications, a safe shutdown may be defined as one that does not cause hazard
to the spacecraft, or one that does not eliminate the possibility of in-space
repair of the system.

In i1ts XLR99 powerplant for the X-15 rocket plane, Thiokol-RMD has pro-
vided a propulsion system which has clearly demonstrated its safe reaction
(usually a harmless shutdown) under numerous types of single malfunctions
or propellant supply malfunctions. Indeed, the XLR99 1s sufficiently flexible
to permit attempts at restart following manual reset of the electric-circuitry
after such nonrecurring malfunctions as a sticking relay.

The broad philosophy behind the XLR99, which 1s applicable generally to
restartable engines employing nonhypergols, 1s to prevent by practical means
the accumulation of quantities of propellants in any zone of the engine sufficient
to damage the engine under conditions of deflagration burning. To accomplish
this, an in-series igniter system, a purge system, and redundancy of certain
components were provided in the engine system design. It was possible to

—assure, -even-on paper, that the engine system would be_safe,

For hypergolic propellants, the engine system may be simplified. Hyper-
gols generally provide chemical safety because their reactivity is sufficiently
high to preclude the accumulative destructive quantities of unburned propel-
lants 1n the combustion chamber., Nevertheless, in larger size engines the
possibility of 1njector passageway cross contamination exists, and provision
must be made to eliminate this possibility by bleed gas, purge, or face shut-
off valves.

TR 3808A
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Where pressurized engines are used, the possibilities for malfunction
are reduced as compared to the turborockets, 1.e., the reliability may be
somewhat greater. However, safety considerations (1.e., what happens
when something does go wrong) are still of sigmificance.

The application of powerplant redundancy may take several forms:
(1) Common feed system - redundant chambers
(2) Redundant feed system - common chambers
(3) Redundant feed system - redundant chambers

Generally, redundancy implies carrying along extra components which
means extra weight. Alternately, redundancy may, for example, take the
form of three chambers used at 100% of design rating for the design mission;
but if one fails, the other two operate at 150% of design as an emergency
rating.

Redundancy may also take the form of an alternate powerplant, say a
solid rocket, which provides an emergency AV capacity sufficient to place
the spacecraft i1n an emergency or life saving orbat.

b. Propellant Management

Associated with the accomplishment of any space mission - no matter
how simple or complex - 1s an overall AV requirement. This AV require-
ment 1s composed of individual increments covering midcourse correction,
retro propulsion, re-entry guidance, etc. The actual mission AV will de-
pend to a large extent on the particular launch date, trip time, and thrust
levels employed for orbit change. Generally, shorter trip times require
higher AV, as do launches at other than selected optimum times.

At the start of any maission 1t 1s reasonable to assume that sufficient pro-
pellants will be available to provide the basic AV capability for the design
mission plus a reserve allowance. If all goes well, the reserve will still be
available when the mission 1s complete. The problem that concerns us here
1s what happens 1f all does not go well.

As previously discussed, under conceivable conditions of malfunction,
propellant consumption during guidance rocket or prime propulsion rocket

_— 10 ——
TR 3808A
Vol 1




THhiokolf e CHEMICAL CORPORATION —

REACTION MOTORS DIVISION

firing may be greater than intended. Where cryogenic propellants are em-
ployed, malfunction of the thermal-controlsystem (whether it be vehicle
orientation control or tank surface absorptivity-emissivity ratio control)
will result 1in excessive propellant loss due to boil-off. No matter what the
cause 1s, malfunction sensing devices are required to warn of the propellant
loss. In addition, on-board facilities must be available to plot a strategy

for a safe return to earth or space base, considering the remaining AV capa-
bility of the vehicle. This AV capability assessment will automatically ac-
count for continual drain on the propellant supply 1f the malfunction condition
cannot be corrected.

Nothing i1n the foregoing considerations should be construed as advocating
abandonment of lifeboat concepts which will provide the ultimate escape capa-
bility., However, the cost and complexity of projected manned space missions
warrants serious consideration of building into spacecraft propulsion (and
the spacecraft in general for that matter) features which enhance the proba-
bility of completing the mission or an alternate mission in spite of malfunc-
tion. An example of this, i1n the aircraft field which was previously discussed,
1s the Thiokol-RMD XL.R99 engine which will permat restart attempts after
malfunction shutdowns thereby giving the pilot a second chance (actually up
to four additional chances) to fire the engine and salvage the mission.

2. Achieving Manned Safety in Space

The Reaction Motors Division of Thiokol Chemical Corporation has de-
veloped and fabricated rocket engine systems for manned application over
the past fifteen years and has developed philosophies, techniques, and methods
of approach to achieve manned safety in rocket engine systems which have be-
come basic criteria for the industry,

Thiokol-RMD rocket engines have powered the Bell X-1, Bell X-1A,
Douglas 558 series, Republic XF-91, and the North American X-15, In each
- case-manned. safety was a primary design requrement, The outstanding record
of these engines 1s given in Table I. It 1s interesting to note that the rehabxl—l—l{yi
of these engine systems far surpasses the reliabilities of the current ballistic
missile system rocket engines. Impressive 1s the fact that there has never
‘been a loss of vehicle or human life from any engine malfunction. This
clearly indicates the effectiveness of the philosophies, techniques, and methods
of Thiokol-RMD in the field of manned safety.

11
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The achievement of manned safety requires extensive study and analysis
(and 1mplementation of the results) of two fundamental areas of hazards in
rocket engine systems: chemaical safety (critical quantity) and system mal-
function safety.

a. Chemacal Safety

Propellant accumulation or entrapment 1s a major deterrent to manned
safety 1n rocket engine systems. An engine system must be designed to
prevent combustible propellants from accumulating anywhere within the
system under all operating or malfunction conditions. In addition, a certain
"critical quantity' of propellants must never be allowed to accumulate within
a combustion device prior to ignition. A ''critical quantity'' i1s that amount
of propellant which if ignited and burned (deflagration basis) would produce
a rupturing pressure peak. To achieve chemical safety, considerable study
and investigation must be undertaken. Such items as i1gnition delay, propel-
lant feed times, and injector volumes must be analyzed and design corrections
made accordingly.

For the Apollo systems, chemical safety will be achieved through the
use of hypergolic propellants and injector face shutoff valves which would
eliminate the need for special 1gnition and purge systems.

b. Safety Under System Malfunction Conditions

Any rocket engine system designed for manned application must undergo
a malfunction analysis. A malfunction analysis 1s a methodical and syste-
matic determination of all potential hazardous conditions that might occur
under any conceivable type of system malfunction.

In a malfunction analysis each individual component of the engine system,
in turn, 1s assumed to fail in the energized and de-energized position during
each operational phase of the engine system (including transients) and the
resulting response of the engine system analyzed. Any potential hazards to
the other systems, the vehicle, or the crew are eliminated by system design
changes.

To guarantee that the safety requirements of the engine system and mis-
sion have been met, applicable malfunction tests will be established. The
tests will be designed to demonstrate operational characteristics when sub-
jected to the assumed conditions of malfunction. Testing 1s concentrated on
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conditions of malfunction which represent potential hazards, or depend upon
series operation of other components for detection of the potential hazard, and
those which imitiate safety circuit action. In the case where multiple malfunc-
tions represent potential hazards, the probability of the occurrence of such
multiple malfunctions 1s analyzed. If the probability of occurrence 1s signi-
ficant, then such multiple malfunction conditions will be eliminated from the
engine system and vehicle.

A sample malfunction analysis as applied to several components selected
from the re-entry roll control pressurization package 1s included as Appendix C.

B. RELIABILITY

Reliability of a propulsion system 1is defined as the probability that there
will be no failure of any component or combination of components to operate
within design performance limits (at the time required and for the length of
time required under the environmental conditions associated with 1ts use)
which would ultimately reflect in the failure of the propulsion unit to perform
within i1ts performance limaits.,

With reliabiality defined as a probability, 1t 1s possible to obtain values
representative of component, subsystem, and propulsion system reliability
by following statistical theory in determining the tests that should be made
and the method of analyzing data, and by observing the fundamental require-
ments of quality control and quality assurance. These values can never be
stated with certainty, but only with a probability, i.e., a degree of assurance
that any given standard of reliability has been achieved.

Based on actual flight test data (394 flights with five aircraft types) the
rocket engine system for manned aircraft developed by this contractor have
demonstrated a reliability of greater than 95% at a 95% confidence level. We
therefore predict a reliability for the Apollo spacecraft propulsion system de-
scribed i1n this report greater than this value.

A reliabality program should not be thought of as a separate and remote
effort within the development program, but should be considered an intimate
part of the development program. Achieving reliability objectives requires
an integrated effort of everyone concerned in the various phases of the de-
velopment program, from early design to flight testing.
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II1I. SUMMARY OF PROPUL'SION SYSTEM REQUIREMENTS
The propulsion system design requirements established by the General
Electric Company's MSVD are given below:
A. VEHICLE WEIGHT

Gross Vehicle Weight, 1b 15,715 (1963)
(after separation from booster) 14,715 (1966)

B. ATTITUDE CONTROL (Overall Vehicle)

Total Impulse, lb-sec 60, 000

Maximum Number of Starts 3, 000

Maximum Single Impulse, lb-sec 200 o
Unit Thrust, 1b 3

Number of Units 12

Location of Units above numbers calculated on

the basis of 9 foot lever arms,

C. ROLL CONTROL (Re-Entry Vehicle)

Total Impulse, lb-sec 7,000
Maximum Number of Starts 500
Maximum Single Impulse, lb-sec 100
Unit Thrust, 1b 18
Number of Units 4
Location of Units above numbers calculated on

, the basis of 3 foot lever arms. ‘
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D. PROPULSION DESIGN PARAMETER

Number of Thrust Chambers 4

Gimbal Angle 159 (any direction)
Fuel Tank Compartments 2%

Oxidizer Tank Compartments 4%

(may be separate spheres)

Propellant Reserve 10% by weight
Residual Propellant (outage) 5%

Bo11-Off Allowance

a. Assuming non-vented pressurized
tanks 0%

b. Assuming a pumped system as required

E. MID-COURSE CORRECTION (Outbound)

Outbound AV, ft/sec 250
Minimum g 0.25
Maximum g . 1.5
Number of Starts (maximum), 5

e o s et e e e e = m em e R e m v e 4 o s em e e e e e e e e e e e e e e e e e e o e

* The effect of the additional valves required for tank compartmenting should
be considered. The basic question 1s whether the additional complexity
reduces the reliability level to the point where 1t may be better to risk a
tank puncture.
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F. ENTERING LUNAR ORBIT

Required AV, ft/sec 3,500
Minmimum g 0.25
Maximum g 1.5
Number of Starts 2%%

G. LEAVING LUNAR ORBIT

Required AV, ft/sec 3,500

Minimum g 0.33

Maximum g 2 (approximately)
Number of Starts (maximum) 2

H. MID-COURSE CORRECTION (Inbound)

Inbound AV, ft/sec 250

Minimum g 0.5 (approximately)
Maximum g 3 (approximately)
Number of Starts (maximum) 5

1. GENERAL
Mission Duration 14 days

Space Available on Apollo Vehicle
for Propulsion See Figure 1.

**% It may be necessary to obtain small values of AV after the second firing.
Data are.requested for the thrust duration available by operating off of
tank pressure, ”

— 16 — TR 3808A
LONRDENTFTAE . Vol

DEFERSE OF PO e e MJG usc
TR I . A " FR0BY. LAW

p.&a-vu-d\

ON-0 v 0 . 3 LIS
- e oz e e & ATt e e mr e bttt ...:.._3- RO A




L1

I 10A

v808¢ YL

STA STA STA.
214067 298 067 401 003
|

25°

DA

SPACE NOT AVAILABLE —
~ SOLAR COLLECTOR

N

12000 DIA.

é\
AN

Figure ll Space Available on Apollo for Propulsion
{
|

216 00 DIA.

NOISIAIQ SHOLON NOLLOVIY

NOILVHOJdHOD IVIIWNIHD




Thcokol o CHEMICAL CORPORATION —

REACTION MOTORS DIVISION

IV. RE-ENTRY ROLL CONTROL AND
MAIN ATTITUDE CONTROL

A. DESCRIPTION OF SYSTEMS

The proposed re-entry roll control and main attitude control systems use
bipropellant control rockets of a configuration currently under development at
Thiokol~-RMD, The storable hypergolic propellants are supplied to the control
rockets by pressurizing the propellant tanks with helium, The.pressurization
package components are basically an extension of the system now being de-
veloped at Thiokol-RMD for the NASA Surveyor spacecraft vernier powerplant
system. These proposed systems combine reliable hypergolic space ignmition
with current state of the art technology.

1. Main Attitude Control System

The main attitude control system consists of a pressurizing gas source,
pressure regulating stage, propellant tanks, and twelve thrust chamber and
propellant valve assemblies. (Refer ahead to Figure 4.) The twelve thrust
chambers are mounted to produce six pairs to provide pitch, yaw, and roll
control of the spacecraft,

Pressurizing gas for the attitude control system 1s taken off downstream
of the main helium regulating stage, regulated again to the required tank pres-
sure, and supplied to the attitude control propellant tanks. Two parallel pres-
surizing circuits are used to provide redundancy. The two tanks are fabricated
from titanium and contain Teflon bladders to insure positive expulsion of the
propellants, The twelve thrust chambers themselves provide redundancy since
attitude control can be maintained despite the failure of several chambers.
These thrust chambers are arranged i1n four groups of three chambers each.
(Refer ahead to Figures 8 and 9.)

The 1963 system will use cold stored helium gas as a ﬁressurant source.
The 1966 system will be improved by the utilization of stored liquid. helium which
1s converted on demand 1in a heat exchanger to the gas. This system offers a
considerable savings in weight without introducing an unduly complex control
system. The weight savings of the 1966 liquid helium storage system over
that of the 1963 gaseous helium storage system is greater than 100 1b.*

- A m M B e e e TR R M R e dm e T e A e m W em S e N e en e SR MR R e MR SR M e e e e M G e = e

* It should be remembered that this system supplies pressurant for both the
main on-board propulsion and main attitude control systems.
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Performance of the 1966 main attitude control system 1s further improved
by replacing the N,0, with OF,. This results 1n an overall weight savings of
54 1b of propellant.

2. Re-Entry Roll Control System

The re-entry roll control system 1s a separate, self-contained unit con-
sisting of a helium pressurizing gas storage sphere, pressure regulating stage,
propellant tanks, and eight thrust chamber and propellant valve assemblies.
(See Figure 2.) The eight thrust chambers are mounted to provide four pairs
of thrust umts for roll control.

One system 1s used in both the 1963 and 1966 propulsion systems, with
N,0,/MMH as propellants. The stored helium gas 1s supplied to the propel-
lant tanks through two parallel, redundant pressure regulating circuits., The
propellant tanks are small titanium spheres containing Teflon bladders for
positive expulsion. Eight thrust chambers are provided, mounted in four pairs
to insure complete redundancy in case of chamber failures, Because of the
location of the propellant tanks within the manned re-entry capsule and the
negligible weight savings to be realized, 1t was decided not to upgrade the 1966
roll control system to OF,.

SYSTEM PARAMETERS AND WEIGHTS

Main Attitude Control System 1963 System 1966 System
Propellants N,O,/MMH OF ,/MMH
Pressurization System Helium Gas Helium Gas
(stored as gas) (stored as liquid)

Vacuum Specific
Impulse {minimum) 310 sec 374 sec
Operating Temp Limats 20-80F 20-80F

- =~ Oxidizer-to Fuel Ratio-{bw) -— 24 __ ___ R _ 25
Area Ratio 100 100
Pressurant Storage Pressure 3000 psia 3000 psia and

500 psia
Propellant Tank Pressure 150 psia 150 psia
Chamber Pressure 40 psi1a 40 psia
Total Propellant Weight 390 1b 336 1b
19
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SYSTEM PARAMETERS AND WEIGHTS (cont)

Main Attaitude Control System 1963 System 1966 System

Usable Propellant for -
Attaitude Control 193.6 1b 160 51b
Velocity Increment Reserve¥* 170.0 1b 150 01b
10% Reserve 19 41b 16.01b

Total l.oaded System Wt*#* 424 1b 368 1b

Re-Entry Roll Control System 1963 and 1966 Systems

Propellants N,O,/MMH -

Pressurization System Cold Stored Helium Gas

Vacuum Specific Impulse {minimum) 310 sec

Operating Temp Lamits - 20-80F

Oxidizer to Fuel Ratio (bw) 2 4

Area Ratio 100

Pressurant Storage Pressure 3000 psia

Propellant Tank Pressure 150 psia

Chamber Pressure _ 40 psia

Total Propellant Weight 25 41b

Usable Propellant for
Roll Control 22 61b
10% Reserve 2.31b

Total Loaded System Weight 66 8 1b

A detailed weight summary of all of the systems 18 given in Appendix A

* This reserve 1s provided to permut a final velocity increment of 250 ft/sec on the inbound flight should
all the main propellants be used up Cross-mamifolding 1s provided to operate one of the 6K chambers
from the attitude control propellant tankage Refer to Figure 4

#% Since the main on-board propulsion system and attitude control system have a common helium source,
the weights of these items are not included here

B. SYSTEM SCHEMATICS AND SEQUENCE OF OPERATIONS

Figures 2 and 3 present the fluud and electrical schematic drawings of
the re-entry roll control system. The pressure budget 1s given in Table III.
The sequence of operation can be found in the Model Specification, Appendix B,

20
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CHI-CH4] ROLL CONTROL THRUST CHAMBER
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Figure 3. Re-Entry Roll Control System Electrical Schematic (Dwg 52213)
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TABLE III

(1963)

Description 'Pressure

(psia)
'Helium-Storage— -~ - . ___ -...3000-2900 _ _

Pressurizing Valve Exit 2900-2800
Regulator Exit 180
Propellant Tank Check Valve Inlet 170°
Propellant Tank 150
Prop Valve Inlet 140
Chamber 40
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Figures 4 and 5 arefluid and electrical schematic drawings of the main
propulsion system for 1963 and show the main attitude control system. This
system 1s linked to the main on-board propulsion system through the main
helium regulators and pressure relief valves and helium storage bottles. The
sequence of operation can be found in the Model Specification, Appendix B,
The pressure budget 1s given in Table IV,

C. THRUST CHAMBER DESIGNS ,

The thrust chamber designs proposed for both the 3 1b thrust main and
18 1b thrust re-entry roll control rockets are radiation cooled umts utilizing
conical spray injector nozzles similar to the types used i1n current Thiokol-
RMD pulse rocket programs. Figure 6 1llustrates the design and shows the
mounting of a group of three of the main attitude control rockets. Faigure 7
shows the design of the re-entry roll control rocket. Both engines have a
nozzle area ratio of 100 and a design chamber pressure of 40 psia. Calcu-
lated design and performance data are given in Table V. DBoth the 3 1b and
18 1b thrust chambers will be capable of pulsed or steady state operation.

Heat transfer calculations indicate that complete radiation cooling of
both the 3 1b and 18 1b thrust control rocket chambers 1s feasible in space.
The maximum equilibrium wall temperature will be approximately 3000F in
the throat. The heat transfer coefficient decreases with an increase in dia-
meter and since both the chamber and exit cone have diameters greater than
the throat, they will stabilize at a lower temperature. Considering two di-
mensional heat transfer, heat will be conducted axially in the wall thus re-
ducing the local hot area 1in the throat.

A molybdenum-titanium alloy was selected for the chamber and injector
body material because of i1ts good high temperature characteristics and its
compatibility with the propellants. To protect the ''gas side' surfaces from
oxidation, a coating of aluminum oxide will be applied to the internal surfaces.
Rokide A was selected for this application because 1ts coefficient of thermal
expansion 1s close to that of the molybdenum alloy, therefore lessening the
possibility of the Rokide cracking and stripping from the walls. Thiokol-RMD
has had considerable experience 1n advancing the technology of flame sprayed
ceramic coatings and has used aluminum oxide coatings on rocket engines
from the small (1/2 1b) micro-rockets to the large (50K) XLR99 rocket engine.
Because of our advances in the state of the art and our development of new
and unique equipment for flame spraying, we can design for aluminum oxide
protective coatings with complete confidence. The exterior surfaces are
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ITEM DESCRIPTION
CHI-CHA |MAIN THRUST CHAMBER, GIMBALED
ICHS-CHIB|ATTITUDE CONTROL THRUST CHAMBER [
Ul-U4 | MAIN PROP VALVE, PNEU. OPERATED
US-U28 | ATTITUDE CONTL. PROP VALVE SOLENOID OPERATED
uz9 MAIN PROPELLANT TANK SHUTOFF VALVE, PNEU OPERATED
U30,U31 | ATTITUDE CONTROL SYS SHUTOFF VALVE, SOLENOID OPER,
U32 | CROSS FEED PROPELLANT VALVE PNEU OPERATED
U33 Ud0 [ MAIN CHAMBER MALF SHUTOFF VALVE DUAL SOUIB OPER
U4 HELIUM FILL VALVE, DUAL SQUIB OPERATED
u42 PRESSURIZING VALVE,DUAL SOUIB QPERATED
U43 U44 | MAIN HE_REGULATOR MALF SHUTOFF VALVE PNEU.OPER
ud4s MAIN HELIUM PRESSURE RELIEF VALVE
U46 U47 | ATTITUDE CONTL HE REGULATOR MALF VALVE, PNEU OPER
u4s ATTITUDE CONTL PRESSURE RELIEF VALVE
U49 | MAIN PROP SHUTOFF & CROSSFEED VALVE PILOT VALVE,SOL OPER
US0-U33 | MAIN PROP VALVE PILOT VALVE SOLENOID OPERATED
U85-U62 | MAIN THRUST CHAMBER GIMBAL VALVE SERVO OPERATED
CKI-CK4 | CHECK VALVE,SINGLE
CK5-CK8 [ CHECK VALVE, QUAD
BDI-BD4 | ATTITUDE CONTL PROPELLANT TANK BURST DISC
BD5-BDg | MAIN PROPELLANT TANK BURST DISC
FIF2 | ATTITUDE CONTL PROPELLANT FILTER
FAF4 | MAIN PROPELLANT FILTER
Pt P2 | MAIN PROPELLANT TANK FILL PLUG
P3.P4 | ATTITUDE CONTL PROPELLANT TANK FILL PLUG
PS5 HELIUM FILL PLUG
us4 MAIN FUEL MANIFOLD RELIEF VALVE
UB3-U66| SERVO FEED VALVE SOLENOID OPERATED
RG!-RG4 | HELIUM PRESSURE REGULATOR
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Figure 5. Main Propulsion System Electrical Schematic, 1963 (Dwg 52215)
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TABLE IV

PRESSURE BUDGET (1963) MAIN PROPULSION SYSTEM

Pressure
Station* Description sia
1 Helium Storage ) 3000-540
2 Pressurizing Valve Exat } 2990-530
3 —Flrs: ét:g:e ﬁeg\;l;cg;;);lt T 431)? T
4 Second Stage Regulator Entrance ’ 420
5 Main Propellant Tanks 390
6 Main Propellant Tank Exit 380
7 Main Chamber Cooling Jacket Inlet 365
8 Main Chamber Cooling Jacket Exat 310
9 Fuel Prop Valve Inlet® I 300
10 Main Oxidizer Prop Valve Inlet 355
11 Chamber 200 -
12 Second Stage Regulator Exit 190
] © 13 " Attitude Control Tank Check Valve Entrance 180 — ~  ——  —=
14 Attitude Control Tank ’ 150
15 Attitude Control Prop Valve Inlet 140
16 Attitude Control Chamber ’ 40
* Stations refer to Figure 4.
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Vol 1




8¢

I 1A

v808¢ UL

MOUNTING PAD

4

& | L

2.

AN
N = =

(N

I )
£ @ g Lo

| l T-OFF
THRUST CHAMBER %/gt\%\'g D SHUT-0

PYROCHROME PAINT

Figure 6. Main Attitude Control Rockets (Group of Three) (Dwg 52098)

NOISIAIQ SHOLOWN NOILOVIN

NOILVHOdHOD TIVIINIHD Gr’m




62

I T0A

V808¢ HL

PYROCHROME PAINT

T

Figure 7.

530 DIA.

=THRUST CHAMBER

SHUT-OFF_ VALVE
(SOLENOID)

|
|

Re-Entry Roll Control Rocket (Dwg 52100)

NOISIAIQ SHOLONW NOLLOVIY

NOILVHOJHOD TVIINIHD °JOYOPYL, .




Thioke€o CHEMICAL CORPORATION —

REACTION MOTORS DIVISION

TABLE V

PERFORMANCE AND DESIGN DATA

Thrust, F
Chamber Pressure, P
Mixture Ratio, O/F

Expansion Area Ratio, Ae/At

Contraction Area Ratio, A./A¢

Specific Impulse, Lsp

Theoretical Characteristic
Velocity, C*

Thrust Coefficient, Cfvac
Avg Specific Heat Ratio
Total Flowrate, WT

Fuel Flowrate, \;Vf
Oxidizer Flowrate, Wox
Throat Diameter, D¢
Exit Diameter, Deg

Chamber Diameter, D

Chamber Temp, T,

Equilibrium Wall Temp, Ty

Characteristic Length, L*

Attitude Control System

Units Main Re-Entry
1b 3 18
psia 40 40
- 2.4 2.4
.- 100 100
30.8 14. 25
1bf sec 310 (man) 310 (man)
Tom
ft/sec 5500 5500
- 2.04 7 2.04
- 1.14 1.14
lb/sec 0.00967 0.0581
lb/sec 0.00284 0.0171
lb/sec 0.00683 0.041
in. 0.216 ' 0.53
in. 2.16 5.3
1n. 1.2 2.0 '
°F 3920 3920
(at 89% C*)  (at 89% C*)
°F 3000 (max) 3000 (max)
1n, 37 37
30 TR 3808A
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painted with a sodium silicate type paint containing a chromic oxide pigment
to provide a surface with high emissivity. A commercially available paint of
this type 1s Pyrochrome, manufactured by Preferred Utilities, Inc., New York
City. In the heat transfer calculations, a value of the product of shape factor
and emissivity of 1.0 was used. Since Pyrochrome paint 1s known to have an
emissivity of approximately 0.9 and the shape factor for the nozzle can be on
the order of 1.2 to 1.4, the design is conservative. The Pyrochrome paint
1s good for applications up to 4000F. The spray injection nozzles operate at
a pressure drop of approximately 50 psia of water at 0.0057 and 0.030 lb/sec
for the oxadizer and 0,0035 and 0.020 lb/sec for the fuel main and re-entry
nozzles, respectively. The conical spray angle 1s 45 degrees. These nozzles
will be AISI 300 series stainless steel. The nozzles will be fitted into the
outlet port of the solenoid valves to make an integral assembly with the in-
jector head. The oxidizer and fuel solenoid valves are the normally closed
coaxial type with response times of 3.5 to 5 milliseconds. This type of ar-
rangement was used successfully in the Thiokol-RMD Micro-Rocket Program
and has been demonstrated to be satisfactory for low flowrate applications.

The main attitude control rockets will be arranged in four groups of three
and attached to the missile as shown in Figure 8. Such an arrangement allows
for all the couples required for roll, pitch, and yaw control. Figure 9 indi-
cates the rocket combinations required for each maneuver. The letters cor-
respond to Figure 8. The grouping of three rockets to an assembly was se-
lected to allow for easy replacement of single or whole units to reduce the
cost of fabrication by providing i1dentical assemblies. The solenoad valves
will be protected from the near absolute zero temperatures of space by
electric heating pads or other electrical resistance devices.

The re-entry roll control rockets are arranged 1n four groups of two and
are attached to the command module at a six foot diameter (Figure 10), These
rockets are shielded from excessive aerodynamic heating during re-entry.

The solenoid valves will also be protected from the re-entry heating conditions.
“~~However, there is-sufficient exposure to permit radiation cooling. ___

D. RELATED EXPERIENCE

Thiokol Chemaical Corporation, Reaction Motors Division, has been en-
gaged 1n a company sponsored program to test and evaluate low thrust, bi-
propellant micro-pulse rockets with the following objectives in view: first,
to demonstrate the feasibility of a low thrust bipropellant pulse rocket; second,
to evaluate experimentally its response characteristics; and third, to uncover
problem areas to be investigated in subsequent test programs.

31 TR 3808A
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Figure 8. Main Attitude Control Rockets (Four Groups of Three)
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Faigure 9. Rocket Combinations Required for Roll, Pitch, and Yaw Control
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— were-slightly-low (approximately 4900-ft/sec). This.1s believed to be a.re-
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Thiokol-RMD work with the micro-pulse engines 1s discussed in detail
in reports TPR 89 and TPR 93. The following paragraphs present a brief
discussion of the engine designs and test work conducted.

Initial pulse testing was performed with an uncooled, bipropellant work-
horse engine of stainless steel construction housing a graphite liner which
delivered a nominal thrust of 3 1b at sea level. The injectors were 60 degree
spray nozzles of a type manufactured by the Delavan Corporation for o1l
burner applications and were mounted to produce a one-on-one 1mpinging
conical spray pattern. This design 1s illustrated in Figure 11. It 1s equipped
with solenoid actuated propellant control valves. Two storable, hypergolic
_propellant combinations were used: nitrogen tetroxide (NZO.,,) with unsym-

metrical dimethylhydrazine (UDMH), and N,0O4 with monomethylhydrazine
(MMH). A total of 240 pulsing runs were made at various duty cycles with
pulse durations ranging from 2 seconds down to 8 milliseconds. Cycling
rates up to 22.5 pulses per second were achieved. The first 85 runs were
made with N;O4 and UDMH, the remainder with N,O4 and MMH. Of the 155
runs with the latter combination, 133 were at sea level ambient pressure
and 22 at simulated altitudes from 53, 000 ft to 104, 000 ft,

Subsequent tests were also conducted with low thrust (1/2 1b) micro-
rockets made of pure molybdenum utilizing N,Oy/MMH, This chamber was
designed for operation at extremely low chamber pressure, approximately
7 psia, with injection pressure drops of 1 to 3 psia. In the series of tests
conducted two problems became apparent. Ignition was unreliable and per-
formance was particularly low. Careful review of test data indicated these
faults probably resulted from partial gasification of liquid propellants in the
injection system under the simulated attitude conditions of 90, 000 ft.

Testing was then conducted on the medium chamber pressure unit illus-
trated in Figure 12. This unit was also fabricated from pure molybdenum.
Performance of this unit was generally satisfactory. The C* values obtained
sult of operation in these tests at other than optimum mixture ratios for this
propellant combination. Ignition was reliable at simulated altitudes of 90, 000
ft. The pulse wave form was generally satisfactory with a rise time of ap-
proximately 28 milliseconds. The key problem area associated with the 1/2
1b micro-rocket was that of injector clogging. Chamber testing and injector
flow calibrations were often interrupted due to clogging of the spray nozzles,
even when exceptional caution was taken with filtration.
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To overcome this difficulty the medium chamber pressure unit was
equipped with the Thiokol-RMD self-cleaning spray nozzles for injectors.
Performance, altitude ignmition, pulse wave form, and overall system re-
Lhability were satisfactorily demonstrated. Filters were not installed in the
system during this testing and no difficulty was encountered with injector
clogging; therefore, 1t 1s concluded that the self-cleaning feature was satis-
factorily demonstrated.

A test program was also conducted to successfully operate 1n a vacuum
a flight type 10 1b thrust, radiation cooled unit at 50% pulse duty cycle for
30 minutes and also for three ten-second steady state firings. These objec-
tives were successfully met with the design configuration shown in Figure 13
consisting of a 75% molybdenum 25% tungsten chamber with a graphite nozzle.
Propellants were N,Os/MMH. A trace of a typical firing 1s shown in Figure 14,

This preliminary program has established the feasibility of the Thiokol-
RMD bipropellant pulse rocket beyond any doubt. Reliable, safe, rapid
pulsing was accomplished. The effects on pulse response of such parameters
as control valve design, thrust chamber L*, chamber pressure, and altitude
environment were evaluated.

Thiokol-RMD 1s conducting a test program to study the propellant com-
bination monomethylhydrazine-oxygen difluoride (MMH-OF,) at low pressure
(15 psia) in a 5 1b thrust, radiation cooled, attitude control rocket. Figure
15 1s a photograph of this control rocket and Figure 16 1s a sketch which in-
dicates two types of injection schemes. One 1s a radial injector and the other
1s an inclined forward injector. An aft inclined injector (similar to Figure
11) was considered for this design but was rejected because the solenoid
valves would be in ''view' of the chamber and would overheat due to the greater
amount of thermal radiaton from this chamber. This change i1n injector design
was necessary because the 5 1lb OF, chamber 1s designed to operate at an
equilibrium temperature of 3000F whereas the micro-pulse engines were de-
signed for only a 2000F equilibrium wall temperature. The chamber 1s fabri-

cated from molybdenum.
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V. MAIN ON-BOARD PROPULSION

A DESCRIPTION OF SYSTEMS

The main on-board propulsion systems proposed by Thiokol-RMD are
helium pressurized propellant feed systems utilizing storable hypergolic
propellants. The 1njectors are of a configuration currently under development

on several programs at Thiokol-RMD. Other key design features (for example,

the cooled, ceramic throat insert and the ablative chamber linings) are under
active development or are incorporated in production engines. These designs

are discussed 1n detail in a subsequent section.

The 1963 system will utilize cold stored helium gas to pressurize positive
expulsion propellant tanks. Expulsion will be by flexible bladders. The

storable hypergolic propellant combination chosen for this system is N;O,/MMH.

Gimbaling of the thrust chambers will be achieved by servo operated hydraulic
supply valves utilizing the pressurized fuel supply as the hydraulic fluid. The
design of this system 1s based on the parameters established by the General

Electric Company. A layout of the system 1s shown in Figure 17, which shows

the propulsion system supported by a conical structure. This cone carries
the basic structural weight and transmaits the thrust loads to the vehicle. It
further acts as a flameshield and as a meteorite shield against meteoritic

particles entering from the rear of the propulsion module.

An important

advantage of this powerplant 1s 1ts relatively compact arrangement. A re-
duction 1n the length of the propulsion module of 54 inches 1s possible. At
52 1b/ft, this provides a weight savings of 234 pounds.* Detailed discussions
of the various components 1n this system will appear i1n subsequent sections.

A summary of the vehicle perfgr;nance with this powerplant follows.

* The 234 pounds represents weight saved i1n the basic vehicle structure which

would represent an increase in useful payload.
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Main On-Board Propulsion System, 1963
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Initial Vehicle Propellant AV Payload and Structure
Weight, 1b . Reserve ft/sec Weight, 1b%'T
15,715 10% 7500 5544
15,715 5% 7500 5942
15,000 10% 5600 6861
15,000 5% 5600 7181

The 1966 system will be upgraded in performance by the substitution of
OF; for the N;O4 and a pressurizing system utilizing helium gas stored as a
liquid. These two items result in a sharp decrease in powerplant loaded
weight, providing for increased payloads. The liquid helium 1s converted to
gas i1n a heat exchanger wrapped around the main propellant manmifolds. Ex-
pulsion will be by flexible bladders, probably Teflon or a metallic design in
the case of the OF,. Gimbaling, propellant injection, and other features are
essentially similar to the earlier system except that it 1s planned to use two
chambers rather than four. These chambers will have nozzle extensions of
molybdenum which will be radiation cooled. Stepped thrust will be utilized
to provide the 6K and 24K flexibility, 1.e., each chamber will operate at 6K
or 12K. A layout of the system 1s shown 1n Figure 18.

Prior to operation (at separation from the booster) the aft conical struc-
ture would be removed from the vehicle to permit the chambers to radiate
heat into space and to provide the required angle for gimbaling.

A summary of the vehicle performance with this powerplant 1s given
below.

Imtial Vehicle ~ Pr opellant "~ =~ ~AV — — Payload and-Structure- -
Weight, 1b Reserve ft/sec Weight, 1b*
14,715 10% 7500 6381
14,715 5% 7500 6705

e e s e ew e dm - e e am e = . T e e Mm MR MR m em e R em MR M e e TR AR PR e M am wt Mm mm e e e e e TP MR S e En e SR em e e e R e e e e e e -

*The payload and structure weight 1s the difference between the loaded powerplant
weight (including all main propellants, attitude and re-entry roll control propel-
lants, and all helium gas) and the 1nitial vehicle weight.

TThis does not include the 234 1b weight savings possible as a result of shortening

the propulsion module.
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SYSTEM PARAMETERS AND WEIGHTS

Item 1963 System 1966 System

'Propellants . N0,/ MMH - OF,/MMH .

Pressurization System Helium Gas Helium Gas
(stored as a gas) (stored as a liquid)

®Operating Temperature
Limats 20-80F 20-80F

Oxidizer to Fuel Ratio

(bw) 2.1 2.5 .
Vacuum Specific Impulse
(minimum) 319 sec 403 sec

Area Ratio 40 100

Pressurant Storage -
Pressure 3000 psia 500 psia (liquid)
3000 psia (gaseous)

Propellant Tank Pressure 390 psia 390 psia
Chamber Pressure 200 psia 200 psia
Total Propellant Weight 8931 1b 7127 1b

Usable Propellant for:

——— —Velocity Increments* 79601 . _  62901b
'10% Reserve 796 1b 629 1b
'Total Loaded System Weight** 10,171 1b 8334 1b ,

-----------------------------------------------------------------------

* A velocity increment of 7250 ft/sec was used to calculate required propellant
weirghts. A further increment of 250 ft/sec 1s provided for in the main attitude
control propellant supply.

** These figures include helium supply and tankage for the main attitude control
and re-entry roll control systems. The weight of the structure to support the
propulsion system and tie 1t into the vehicle skin is not included since this
originally was a part of the vehicle.

47
TR 3808A

- - ~ Voll




Prhcokofo CHEMICAL CORPORATION —

REACTION MOTORS DIVISION

" A detailed weight summary of all of the propulsion systems 1s given
in Appendix A.

An alternate to the 1963 system 1s presented in Figure 19, This sys-
tem employs four fixed 6K thrust chambers, having molybdenum radiation
cooled nozzle extensions with an area ratio of 100. Prior to operation (at
separation from the booster) the aft conical structure would be removed from
the vehicle to permit radiation from the nozzle extensions outward into space.
The main attitude control rockets would be relocated but, functionally, this
system and the re-entry roll controll system would remain the same.

This alternate system 1s designed to provide space abort capability
only. Utilizing the N,0,/MMH propellant combination-1t would provide a
simple, reliable powerplant based on current Thiokol-RMD technology that
could readily be developed for circumlunar flight by 1963.

A summary of the vehicle performance with this powerplant 1s given
below.

Initial Vehicle Propellant AV Payload and Structure
Weight, 1b Reserve ft/sec Weight, 1b*
15,715 10% 5600 7416
15,715 5% 5600 7737
15,000 10% 5600 7020
15,000 5% 5600 7327

An alternate to the 1966 system 1s shown in Figure 20. This system
employs a reverse flow nozzle fed by eight individual combustors. A dis-
cussion of the thrust chamber concept 1s given in Part E, Thrust Chamber
Design, of this section. This alternate system utilizes OF,;/MMH and a hy-
brid chemical gas generation system for pressurizing the propellant tanks.
The increased payload capability over that of the 1963 system results from
the large savings 1n propellant weight resulting from the increased per-
formance of OF,;/MMH and the reduction in system weight resulting from

* The payload and structure weight 1s the difference between the loaded power-

plant weight (1ncluding all main propellants, attitude and roll control propellants,

and helium gas) and the inmtial vehicle weight.
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the more efficient pressurizing system. It 1s recognized that the development
of the pressurizing system must be carried out under the applied research
program during the first year of the 1966 program However, the system
offers a weight savings of more than 100 pounds over the helium gas (stored
as gas) pressurization system and 1s competitive with the liquid helium
storage system. The wide experience in solid fuels and oxidizers and hybrid
propulsion systems of Thiokol Chemical Corporation will be utilized here.

A third important advantage of this alternate system 1s its extreme
compactness Referring to Figure 20, a shortening of the ten foot diameter
cylhindrical skin of the propulsion module of some 80 inches 1s possible. At
52 1b/ft, this means an additional weight savings of 350 1b, and a means of
shortening the overall vehicle length by almost seven feet.

A summary of the vehicle performance with this powerplant 1s given
below.

Initial Vehicle Propellant AV Payload and Structure
Weight, 1b Reserve ft/sec Weight, 1b*
14,715 10% 7500 6347
14,715 5% 7500 6662

Figure 21 1llustrates a second advanced nozzle concept applied to the
1966 system, a radial outflow nozzle. Although a preliminary estimate of
the weight of this system indicates that 1t wi1ll be heavier than the other two
1966 systems, 1t offers the following advantages-

Compact design - a reduction 1n vehicle length of 118 inches,
resulting in a reduction i1n vehicle structural weight of well
—==_--__.over 500 pounds.

Higher performance - illustrated i1s a design with an area ratio

of 100 Combustion research and detail design promise to reduce

weight and permit an increase 1n area ratio.
* The payload and structure weight 1s the difference between the loaded power-
plant weight (including all main propellants, attitude and roll control propellants,
and propellant tank pressurant weights) and the imitial vehicle weight. It does
not 1nclude the 350 1b weight savings possible as a result of shortening the
structure.
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Figure 21. Lunar Powerplant, Radial Chambers Installation (Dwg 52273)
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It should be remembered that these two advanced nozzle concepts are
preliminary in nature. They stand to benefit from the experience gained
during several years of applied research and development.

B SYSTEM SCHEMATICS AND SEQUENCE OF OPERATIONS

Figures 4 and 5 present the fluid and electrical schematic drawings of
the 1963 main on-board propulsion system. The pressure budget 1s given
in Table IV and the sequence of operation 1s outlined 1n the Model Specifica-
tion, Appendix B.

Figures 22 and 23 present the fluid und electrical schematic drawings
of the 1966 main on-board propulsion system. The sequence of operation 1s
given separately in Appendix D.

C. PROPELLANT SELECTION |

"An analysis was performed covering a number of earth storable and
cryogenic propellant combinations for a typical Apollo mission. The varia-
tion 1n payload and vehicle structure weight as,a function of velocity incre-
ment 1s shown 1in Figures 24 and 25. Figure 25 1llustrates the division of
the propellant systems into three performance groups: earth storable hyper-
gols, cryogenics and BN systems, and the fluorinated oxidizers.

The earth storable hypergols offer hypergolic ignition, less complex
handling requirements, and an advanced state of development. To employ
the increased payload capacity of the other propellant groups requires low
temperature propellant storage and development of techniques for handling
and, in some cases, ignition.

Of particular interest in Figure 24 1s the high performance of N,O4/MMH
.__in the earth storable hypergols group, and OF,/MMH in the fluorinated oxi-

dizers groups. A propulsion system developed for N,O;/MMH ¢an be upgraded—— —

considerably in performance by the substitution of OF, for the N,O4

At optimum O/F, both propellant combinations have about the same
bulk densities. Also, both oxidizers are compatible with several common
tankage materials. For the case of a fixed velocity increment, the reduced
propellant weight of the OF,/MMH system could be directly loaded 1n a tank-

age system designed for N;O4/MMH with only a small penalty in excess tank
weight 1nvolved.
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ITEM DESCRIPTION
CHI CH2 | MAIN THRUST CHAMBER GIMBALED
CH3-CHI4 | ATTITUDE CONTROL THRUST CHAMBER
Ul U2 | 15T STAGE MAIN PROP VALVE, PNEU OPERATED
U3 U4 | 2ND STAGE MAIN PROP VALVE, PNEU OPERATED
U5-U28 | ATTITUDE CONTROL PROP VALVE, SCLENOID OPERATED
u29 MAIN PROPELLANT TANK SHUTOFF VALVE, PNEU OPERATED
U30,U31 [ ATTITUDE CONTROL SYSTEM SHUTOFF VALVE, SOL OPERATED
uaz2 CROSSFEED PROPELLANT VALVE SOLENOID OPERATED

. U33,U34 [1ST STAGE AN PROP VALVE PILOT VALVE SOL OPERATED
U35,U36 | 2ND STAGE MAIN PROP VALVE PILOT VALVE 50L OPERATED
U37-U40 | MAIN CHAMBER MALF SHUTOFF VALVE SQUIB_OPERATED

i uat MAIN PROP_TANK SHUTOFF VALVE 8 CROSSOVER VALVE PILOT VALVE|
U42-U45 | MAIN CHAMBER GIMBAL VALVE , SERVO OPERATED
U46 U47 | SERVO FEED VALVE, SOLENOID OPERATED'
U48 WAIN FUEL MANIFOLD RELIEF VALVE
u49 GASEOUS HELIUM FILL VALVE BUAL SQUIB OPERATED '
uso PRESSURIZING VALVE DUAL SQUIB OPERATED
USI1-uS6 | HELIUM REGULATOR MALF SHUTOFF VALVE PNEU OPER
u57 HELIUM SUPPLY VALVE, DUAL SQUIB OPERATED
U58-U6!1 | HELIUM PRESSURE RELIEF VALVE
RGI-RG6 | PRESSURIZING GAS REGULATOR
CKI-CKB | CHECK VALVE, SINGLE
CK7-CKI1| CHECK VALVE, QUAD

) BD!-BD4 [ MAIN PROPELLANT TANK BURST DISC
BDS5-BDB | ATTITUDE CONT'L. PROPELLANT TANK BURST DISC
FI-F4 PROPELLANT FILTER
PI-P6 FILL PLUGS

Main On-Board Propulsion System Schematic, 1966
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Figure 23. Main On-Board Propulsion System Electrical Schematic, 1966
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Figure 24. Weight vs Velocity Increment (Apollo)
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The use of the nitrogen tetroxide system would permit early testing
and flight of the vehicle, taking full advantage of technology which exists now
at Thiokol-RMD The change to OF, at a later date would permit realization
of the very high payload capabilities of the fluorinated oxidizers.

For missions 1nvolving extended periods of time in space, the effects of
boil-oif losses on the performance of cryogenic systems -are large. To mini-
mize these losses, particularly with the liquid hydrogen systems, considera-
tion must be given to tank insulation, vehicle orientation, and outer surface
absorptivity and emissivity characteristics.

Satisfactory storage of the earth storable hypergols can be achieved by
selection of tank surface finishes alone. The entire vehicle (command,
mission, and propulsion module) will be maintained at substantially the same
temperature. Under these conditions the storage of OF, can.be achieved
with a minimum of insulation weight; for example, for the Apollo system,
only about five pounds 1s required.

A study was made of four candidate propellant systems for Apollo.
In each case the propellant, tankage, and insulation weights were carefully
calculated to provide a valid comiparison. With these data the payload and
vehicle structure weights were determined after calculating the powerplant
weights. The results are shown in Figure 26. The payload capability of OF,/
MMH 15 competitive with O;/H, and F,/NH,. If the weight savings from
shortening the vehicle 1s considered, a payload advantage of 300 pounds
occurs over that of O;/H;. This figure 1llustrates the advantages of the
OF,/MMH system.

Competitive payload

Hypergolic ignition - increased reliability in space
Improved space storability

Simplified handling characteristics

Growth potential - payload increase of NZO4/MMH 1s 13%.

D. DESIGN TRADE-QOFFS

The principal trade-offs considered to date were chamber pressure and
area ratio. Several studies on optimum chamber pressure have been com-
pleted recently at Thiokol-RMD. These studies have shown that, for pres-
surized engine systems, the optimum chamber pressure falls between 100
and 200 psi1a. The cryogenic systems optimize at the lower end of the scale,
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the storable hypergols at the higher chamber pressures. The results of
one of these studies are shown in Figure 27

This study was done for a 10,000 1b thrust exo-atmospheric pressurized
engine. The area ratio was held constant at 40. Propellants were pentaborane/
hydrazine. The minimum loaded powerplant weight occurs at or just below
200 psi1a chamber pressure. On the basis of these studies the chamber pressure
for the Apollo vehicle was chosen initially as 200 psia.

An area ratio trade-off was performed for the 1963 Apollo system. The
study was made for a vehicle weight of 15,715 pounds and a velocity increment
of 7500 ft/sec. Figure 28 shows that maximum payload occurs at an area
ratio between 50 and 60. However, the gain in payload beyond 40 1s small.
This latter value was chosen as representing the maximum payload while re-
ducing development costs and design complexity.

The optimum area ratio 1s smaller than anticipated, originally, 1t was
planned to operate at an area ratio of 100. The reason for this 1s the fact
that only one thrust chamber out of four operates during a normal mission.
The performance gain in going to a higher area ratio 1s, therefore, enjoyed
by only one chamber The weight penalty of the larger nozzle, however, 1s
paid by all four. The net result of this 1s an optimum area ratio somewhat
lower, near 50.

The overall vehicle performance for the two principal propulsion sys-
tems 1s given in Figure 29. For several initial gross loaded weights, the
variation in payload and structural weight as a function of velocity increment
1s presented. These curves represent minimum vehicle performance. All
of the dry weights and propellants associated with the main attitude and re-
entry roll control systems (1ncluding mounting brackets, etc.) are included
in the loaded powerplant weight. No allowance has been made for increase
1in payload as a result of reduction of vehicle length  This figure graphically
1llustrates the payload improvement possible through upgrading the 1963 system.
The OF,/MMH system provides a 26% increase 1n payload and structural
weight when compared on a constant vehicle weight basis.

E. THRUST CHAMBER DESIGN

The design of the main on-board propulsion system for the 1963 version
of the Apollo vehicle embodies concepts which are well established in the
background of the Reaction Motors Division of the Thiokol Chemical Corporation.
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Certain of these features are unique to Thiokol and have been developed and
brought to a high state of perfection by the efforts of our engineering people

1. Injector

The thrust chamber, shown in Figure 30, one of the four of the system,
incorporates a liquid propellant injection concept which originated within
Thiokol-RMD and upon which we have been working for the past five years.
This 1njector 1s known as the Vortex type.

Vortex injectors for rocket engines have been extensively studied and
tested at Thiokol-RMD under the sponsorship of the Corporation, NASA, the
U.S. Air Force, and the U.S. Army. In the vortex system, one propellant
1s 1in)ected tangentially through the periphery of the combustion chamber,
inducing vortex flow. The other propellant 1s injected radially and 1s en-
trained by the swirling flow while undergoing the physical and chemacal |
processes leading to 1ignition and subsequent combustion. The vortex flow |
causes velocity, and the pressure gradient along the axis of the vortex gives
rise to recirculation of the flow and induces turbulent mixing of incoming
propellants and hot combustion products.

Complicated 1njectors are not necessary in vortex combustion chambers.
The velocity gradients and hot gas recirculation serve most of the function
of breaking up, vaporizing, and mixing propellants. This injector type has
proven itself to be simple, reliable, and capable of developing high per-
formance with the propellants proposed for this application. This type of
injector has been operated at thrust levels up to 10, 000 1b at Thiokol-RMD
with performances above 97% of theoretical characteristic velocity

A summary of these performance data for vortex combustion chambers
1s given,in Table VI. Figures 31 and 32 show the vortex injector and thrust
chamber for the 1300 1b thrust umit The vortex injector and thrust chamber
assembly for the 10, 000 1b thrust umit are shown in Figures 33 and 34.

An i1nteresting feature of this injector i1s that the heat transfer rates
to the cooling jacket are less than those which could normally be expected
under similar operating conditions with the conventional impinging stream
injector
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Vortex Injector, 1300 lb Thrust Unit

Figure 31,
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(2036-5)

Vortex Injector, 10,000 lb Thrust Unit

Figure 33.
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TABLE VI

PERFORMANCE DATA SUMMARY
FOR VORTEX COMBUSTION CHAMBERS

Propellants Nom Chamber Exp Percent of
Oxadizer Fuel Thrust _Press _ _Cx _Theo C* _
1b psia ft/sec
N0, MMH 400 300 5400 96
N,O, UDMH 1300 400 5560 98
N,O,4 UDMH 10,000 400 5370 95

* Shifting Equilibrium

It 15 theoretically feasible for a vortex system to operate without provision

for regenerative cooling, the Thiokol-RMD vortex igniters in the XLR99 en-
gine 1s one example. Flame does not extend to the wall in vortex combustion
since the wall 1s protected by a sheath of relatively cool, unburned propellants.
Lowered heat transfer rates are always attractive in a rocket engine especially
1n a2 low pressure application with the problem of reduced saturation tempera-
tures and the associated restrictions upon the ability of the coolant to absorb
heat.

To 1nsure safe reliable operation where numerable restarts are
required, the vortex injector for this manned rocket application utilizes face
shutoff valves. These valves terminate propellant injection immediately on
the upstream entrance of the injection orifices of both the fuel and the oxidizer.
This 1s 1llustrated i1n the enlarged sectional view in Figure 30. The face
shutoff valves are basically simple flexible plastic boots which are forced against
the i1nlets of the propellant injection orifices by helium gas pressure. This
principle has been successfully employed in a commercial flow control (Flex-
Flo) valve. Through close control of the injected propellant quantities, 1t is
possible to use the concept of chemical safety to insure that destructive mal-
function conditions do not exist. Chemaical safety means that under no cir-
cumstances shall there be 1n the chamber a quantity of propellants greater
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than that which can safely be combusted 1n a deflagration process without de-
struction of the chamber. With the face shutoff valves this criterion can be
adhered to quite easily.

Testing at Thiokol-RMD has established that the combustion of vortex
1injector engines 1s stable. Further, 1t has been shown both analytically and
experimentally that longitudinal shock waves and detonation fronts are readily
attenuated in a swirling gas with radial velocity gradients. This 1s significant
especially where high relhiability 1s required to insure safe performance.

Vortex combustion has shown 1itself capable of operating reliably and stably
over a relatively wide range of mixture ratios. Thiokol-RMD igniter experience
with lox/NH;, as well as extensive tests with hypergols, have supported this.

Recirculation of hot gases in the vortex combustion chamber promotes
flame stabilization and complete burning of the fuel in a comparatively small
volume. Theoretically, the available stay time 1n a vortex chamber 1s un-
usually long, even within a small physical volume, since the fuel can rotate
1n the vortex under controlled burning conditions for as long as necessary to
complete combustion.

2. Combustion Chamber Design

+ The barrel of the thrust chamber, as well as a small portion of the
nozzle expansion section, 18 cooled regeneratively with the fuel, monomethyl-
hydrazine. Beyond an area ratio of 12. 6 an uncooled expansion nozzle 1s used.
The cylindrical barrel is constructed from two concentric shells between
which a helical coolant passage 1s formed by wrapping a sheet metal strip
about the inner shell. This practice 1s well developed at Thiokol-RMD and
requires no additional development work.

Heat transfer analysis indicates that the 6000 1b thrust chamber can be
cooled with monomethylhydrazine to an area ratio of 12. 6, without excessive

e |
e

bulk rise oFf high coolant velocities; at-the combustion-chamber pressure of
200 psaa.

The summary of the heat transfer for the cooled portion is shown 1n
Table VII.
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TABLE VII

HEAT TRANSFER SUMMARY
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Station Heat Flux Bulk Temp Wall Temp Velocity Cooling Cooling
Btu/sec-in® (Inlet 120 F) Twg °F ft/sec Safety Press Drop
Margin ps1
Chamber 2.30 325 690 40 1.20 51
Throat 2.00 201 3300% 22 1.74
Exat .50 120 540 10 5.0 0
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To obtain the required velocities, a helical passage 1s necessary. ©On
the barrel, the height of the passage 1s 0 10 in. and the helix angle 1s varied
to increase the velocity from. 22 ft/sec to 40 ft/sec at the injector end. From
the nozzle exit manifold to the throat section the velocity 1s increased from
10 ft/sec to 22 ft/sec. The passage height 1s kept constant at 0. 10 in. The
pressure drop for this helical passage 1s 51 psi1. ’

- A significant feature of this design 1s the use of a.cooled ceramic throat
insert 1n place of either a.fully uncooled throat or a fully regenerative cooled
throat. This design, which has been successfully employed in our engines
for a number of years, utilizes a ceramic with high thermal conductivity,
high melting point, and good thermal shock resistance. Data at elevated
temperatures (3000-3500F) and reduced pressures (10-° atm) indicate that
decomposition of this material in space will not present a problem. By the
use of this design approach in the throat i1t 1s possible to minimize any
problems of throat burnout which often accompany 1nitial chamber develop-
ment.

High reliability can be anticipated since it has been demonstrated 1n
our YLR48 engine program that ceramic throat life, both in time and cycles
of operation, can exceed the requirements of this program. In the YLR48
engine program, which employed a much higher chamber pressure (600 psia)
than 1s planned here, firings on the order of 15 times were common without
nozzle deterioration. Through this approach a satisfactory design of the
main on-board propulsion chamber can be assured with a high degree of
reliability.

3. Nozzle

The nozzle extension consists of a plastic, ablatively cooled extension
section which covers the area ratio range of 12.6 to 40:1. Trade-off studies
(Part D) indicated that, in this installation, optimum payload would be

"~ obtained-inthe-range-of area ratiofrom 40-to 50:1.- This: extension is_formed _
from a Thiokol developed material (Ablatalite) which was specifically en-
gineered to meet the requirements for uncooled nozzle extensions and un-
cooled combustion chambers. Radiation cooling of the extensions was con-
sidered. However, for this application (considering the close proximity of
the extensions to each other and to the surrounding structure) it was decided
that the radiant heat interchange between the nozzles would cause excessive
surface temperatures. 'In addition, the nozzles are shrouded by-the outer
structure and therefore cannot ''see'' space to permit efficient radiation of
heat away from the hardware. ‘
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Ablatalite, in «contrast to typical materials developed by non-rocket
engine manufacturers, 1s designed and engineered to fulfill the requirements
of a rocket engine. This material has features which make 1t very attractive
for use 1n such an application. The use of ablation type materials in restart-
able rocket engine applications has often been avoided, partly because of the
difficulty arising from the gross deterioration of the material after shutdown
due to a buildup of a thick char layer. This char layer 1s removed upon the
start of a subsequent firing cycle, thus requiring additional material allow-
ances and imposing weight penalties on the design. The char layer results
from the heat soak from molten ablative material developed during the prior
firing. The heat content of this layer 1s transmitted by the high conductivity
of the conventional plastic materials into the backup layers. This heat soak
results 1in the gross charring after shutdown. Ablatalite has a very low
thermal conductivity, approximately one half that of corresponding materials
currently used in nozzle construction. The thermal conductivity of Ablatalite
along with Durez, Haveg, and Taylor nylon phenolic 1s shown on Figure 35.
Because of the low thermal conductivity of Ablatalite, the charring 1s insig-
nificant compared to those of other represented materials. An Ablatalite
liner tested 1in a thrust chamber at 500 psia chamber pressure at Thiokol-
RMD lost less than 0.002 1n. /sec 1n 27 sec of operation 1n a thrust chamber
employing a vortex injector with nitrogen tetroxide/hydrazine propellants.

A thin adherent char layer approximately 0.030 inch thick was produced.

In this test the char level of the Ablatalite was approximately 1/32 of an inch
whereas with a quartz-phenolic or Refrasil phenolic, the char layer may
build up to approximately 3/16 of an inch.

The results of additional tests to substantiate the selection of Ablatalite
for the nozzle extension are shown in Figure 36 on which are plotted tempera-
tures measured at the back surface of samples of Durez, Haveg, Taylor
phenolics, and Ablatalite. These samples were 3/8 of an inch thick. An
oxyacetylene torch was applied, providing a temperature of 5000 F at the
opposite face. The back surface temperature as a function of time was
measured and 1t 1s obvious that the Ablatalite heats up at a much lower rate
than any of the other materials. This 1s significant in this particular appli-
cation, not only from the aspect of the char buildup, but because the nozzle
itself could radiate to the surrounding structure if it reached excessive
temperatures. Any large amount of thermal radiation from the nozzle to the
surrounding skin and structure will lead to deterioration of these components.

Tests to stmulate space conditions were made with samples of Ablatalite
and compared to results from similar tests with other plastics. In these tests
the samples were subjected to high vacuum conditions (3.8 x 1072 mm of Hg).
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In comparison to the laminated plastics, the Ablatalite gassed-off at a lower
rate. Tests were conducted with unheated samples and with samples heated
on the surface-to rocket operating conditions. (See Figures 37 and 38.) The
surface of the Ablatalite after the hot tests was merely blackened, but did not
crack.

. A series of restart firings have been made on a small Ablatalite lined -
attitude-control size rocket. These tests were run at approximately stoichio-
metric mixture ratio with ethylene-air. Fifteen restarts were made. The
run duration after imitial checkout runs (5 to 24 sec) was 30 seconds each for
15 runs. The char layer was moderate and there was no apparent loss of
thickness. The injector was a vortex type.

The design of the thrust chambers for the 1966 system also features
vortex injection and a cooled ceramic throat insert. These chambers, of
which there are two, are rated at 12, 000 1b thrust each, at 200 psia chamber
pressure. An expansion area ratio of 100:1 1s used. In this installation,
the requirement for gimbaling necessitates that the combustion chamber
penetrate the present vehicle envelope when extended.

Therefore, the design of the vehicle structure in the vicinity of the
propulsion unit must be coordinated with the engine design at an early date
to achieve maximum efficiency of the overall umt. It 1s our recommendation
that unnecessary structure in the vicinity of the powerplant nozzles be jetti-
soned soon after separation from the S-4 stage. This will enable the unimpaired
radiation.to space of the nozzle heat.

Further, the effect of jet flaring upon the structure will be eliminated
as well as any possible contamination of the solar collector which might re-
sult from deposition of vaporized structural material upon the comparatively
cool collector. Contamination of space in the vicinity of the vehicle due to
high .metallic ion concentration may also exist if the structure exposed to the
‘jet is niot jettisoned prior-to-firing.= These factors are especially significant
when one considers the fact that the combustion temperature of oxygen
difluoride and monomethylhydrazine 1s quite high, 6100F.

A face shutoff vortex injector is again employed. In this design, how-
ever, the injector provides two-thrust level capability which enables operation
of the chamber at either 6000 or 12,000 1b. The capability of the vortex
injector to operate efficiently over a broad range 1s shown in Figure 39. A
decrease 1n characteristic velocity of only 2% has been demonstrated
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over the required 2/1 thrust range. The cylindrical portion of the chamber
contains an ablative liner which in turn 1s protected by the introduction of a
small quantity of helium as a film coolant. The i1njection of helium serves
to locally dilute the combustion products and hence lower the temperature
at the ablation surface. Helium has been selected as the film coolant since,
because of its low molecular weight, 1its addition as a film coolant does not
detract from performance. Actually, the performance 1s enhanced as can
be seen from the table below. In addition, the availability of liquid helium
from the pressurizing system makes 1t a logical choice.

EFFECT OF HELIUM ADDITION UPON PERFORMANGE (OF,,/MMH)

% Helium Space Specific Impulse
at O/F 2.5
0 425
2 428.5
5 ' 431
10 429

The throat in this design 1s similar to that of the N,Oy/MMH design 1n
that 1t 1s a cooled ceramic. The high combustion temperature and the limited
cooling ability of the fuel dictated that only the throat insert be regeneratively
cooled. Dependent upon the severity of throat conditions, it may be necessary
to supplement the regenerative cooling with a small amount of helium 1njection
at the nozzle entrance.

The nozzle expansion section 1s radiation cooled. Molybdenum has been
selected as the material since 1t 1s designed to operate at stabilized tempera-
tures 1n excess of 2500F. The selection of this material 1s_based upon_our
test experience with attitude control rockets and a recently completed design
for a large molybdenum nozzle extension for the XLR99 engine for the X-15
aircraft. The experience gained in its fabrication will be directly applicable
to this program.

Consideration of packaging and mission requirements for the 1966
Apollo led to the evolution of the unique advanced propulsion device concept
shown 1n Figure 20. This basic propulsion device consists of eight conventional
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can-combustors located around the periphery of a conical-like, reverse

flow supersonic expansion cone. Thrust i1s derived from the action that 1s
basic to the well known plug nozzle. However, the basic plug nozzle concept
using a full annular throat encounters design problems in fabricating and
cooling a thin annular throat at large diameters. This problem 1s aggravated
in high area ratio (100:1 1n this case) applications since the circumference

of the annulus 1increases with area ratio and the height must then decrease
(since throat area 1s constant). The localized combustion gas injection ap-
proach to the high area ratio plug type nozzle becomes mandatory. In add:-
tion, the cost and time of development of individual combustors is obviously
reduced, which represents appreciable savings i1n the development of relatively
large propulsion devices.

The plug nozzle concept 1s generally characterized by some internal
supersonic expansion 1n an annular passage from Mach 1.0 to some inter-
mediate Mach number followed by an external expansion to the design Mach
number which 1s developed on the plug surface. This latter external ex-
pansion is derived directly from flow direction change. In diameter limited
applications, considerations of the final flow direction change available dictates
the amount of internal supersonic expansion required. Consideration of the
thrust requirements and available envelope for the Apollo vehicle revealed
the feasibility in this case of employing full external expansion (no internal
expansion).

Consideration was given to using a radial outflow nozzle of the same
diameter as the reverse flow design. An estimation of weights for conical
surfaces showed the radial outflow nozzle to be heavier than the reverse flow
nozzle at the same performance level. This was due to an increase in sur-
face area for the outflow nozzle over the reverse flow nozzle. Figure 40
shows net decrease of payload versus area ratio for the radial outflow nozzle
as compared to the reverse flow nozzle (zero line) and both at the same equiva-
lent thickness. The radial outflow nozzle offers certain packaging advantages
which may permait decreases in supporting structural weight and thus provide
a net advantage. This concept requires further analysais.

The design requirements for the propulsion system shown in Figure 20
were selected as follows:
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Thrust - 24,000 1b (for emergency abort)
6000 1b (for lunar orbait) |

Chamber pressure - 200 psia |
Expansion Ratio (E) - 100:1
Propellants - OF,;/MMH
O/F - 2.5

Y -1.10

These requirements dictated a flow direction change of 114 degrees for
full external expansion from Mach 1.0 to the design Mach number (E = 100:1).
This angle 1s the basis for orientation of the individual combustors. The
combustors are inclined inward and forward at 66 degrees to the vehicle axis.
The final exit.flow direction after turning 1s co-axial with this axis providing
axial thrust. It has been experimentally demonstrated that both localized
combustion gas injection 1n the plug type nozzle and full external expansion
with turning angles greater than 90 degrees 1s feasible. However, available
data are limited to nozzles with relatively narrow spacing between individual
throats.

Published information also exists which demonstrates the feasibility
of obtaining thrust vector orientation (relative to the physical nozzle axis)
by throttling individual combustors located around the periphery of a plug
nozzle. This approach was chosen since it was readily adaptable to the
necessary individual combustor requirement. Table VIII shows the throttling
requirements and other considerations which led to the choice of eight com-
bustors for the Apollo application. System studies are required to determine
the trade-off between the number of combustors, redundancy, control re-
quirements, and system weights to optimize the design.

.

Table VIII shows the combustor thrust rating as a function of the number
of combustors. The breakdown of multiples of four combustors was chosen
on the basis that suitable throttling of four equally spaced (circumferentially)
combustors could provide thrust vector orientation in any desired longitudinal
plane. The table shows the operating chamber pressure required for a nominal
thrust of 6000 1b with all chambers rated at 200 psia. Available data show
that for an effective thrust vector angle of 5 degrees, a chamber pressure
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SUMMARY OF EFFECT OF NUMBER OF COMBUSTORS ON SYSTEM REQUIREMENTS

AND CHARACTERISTICS
[

|

i

Number of Combustors! 4 8 8
Rated Chamber Pressuj’re, psia 200 200 200
Combustor Thrust Rating 6000 3000 3000

Number of Combustors Firing
for Thrust Vector Orientation 4 4 8
: (4 off)

Required Chamber Préssure
for 6000 1b Nominal Thrust,

psia “; 50 100 50
Maximum and Minimum 75 150 75
Chamber Pressure Li%nits

for Thrust Vector Orientation 25 50 25
While' Maintaining 6000 1b (12. 5%) (25%) (12. 5%)
Nominal Thrust, psia/ (Rated) (Rated) (Rated)

Redundant Systems Ax"ryaila,ble
for Nominal Thrust Require-
ments 1 None One None

D em e e e - . -

Note: Thrust Requir?ments - 24,000 1b (Max Rating) Emergency Abort

‘ 6000 1b' Nominal

16
200

1500

(12 off)

200
300
100

(50%)
(Rated)

16
200

1500

(8 off)

100
150
50

(25%)
(Rated)

16
200

1500

16

50
75
25

(12.5%)
(Rated)
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variation (1ncrease on one side and decrease on the opposite side) of about

t 50% would be required. This criterion was applied and a set of maximum
and minimum chamber pressures required during nominal operation was de-
veloped as shown. Those systems shown in Table VIII that provided no system
redundancy were immediately eliminated from further consideration from a
reliability standpoint. Since the pressurization system would only allow a
.maximum chamber pressure of 200 psia, a 16-combustor design with 12 com-
bustors off during nominal operation was impossible due to a 300 psia chamber
pressure requirement for thrust vector orientation. Also, since either an

8- or l6-combustor design with both systems using one-half of the combustors
during nominal operation had the same throttling requirements and provided
the same redundancy characteristic, the simpler (less plumbing and valving)
8-combustor design was chosen.

The basic concept of the plug nozzle involves the employment of an
‘isentropic plug contour. In this case, uniform and axial exhaust flow is de-
veloped. These 1sentropic plugs are quite long. The usual approach to this
problem has been to discontinue the 1sentropic contour when 1t is at some
suitable angle to the axis of the nozzle and substitute a simple conical surface
of that half-angle. This results in a shorter and lighter plug nozzle. The
resulting exhaust flow pattern distortion results in a nozzle performance loss
which'a limited amount of published data indicates is about 3% for a 40 degree
half-angle cone. This approach was felt to be quite justified in the advanced
Apollo vehicle design especially in view of the fact that an extremely long
1sentropic plug would be required for a 100:1 area ratio nozzle.

By employing individual throats, with wide spacing between throats, flow
turning and expansion can not only occur in the axial plane but circumferentially
also. Streamlines from two adjacent combustors may conceivably be directed
at each other 1initially. However, they must turn and flow axially in a mixing
zone formed by the two individual expanding jets. The effect on performance
with wide spacing between throats 1s not known at this time. Hovs':ever, 1t 1s
reasonable to assume that any losses incurred could be minimized by suitable
special contouring approaches in the expansion cone regions near the com-
bustors. Such contouring requirements are undefinable at present.

4. Space Ignition

Both altitude and temperature effects on hypergolic ignition have been
demonstrated 1n the laboratory. The result of these effects 1s that the i1gnition
delay increases with decreasing ambient pressure and propellant temperature.

—_— 86 ——
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In some cases, a pressure has been demonstrated below which hypergolic
igmition does not occur. It 1s reasonable to assume that, for any hypergolic
propellant system, a pressure-temperature boundary could be established
beyond which ignition will not occur.

Thiokol-RMD has conducted tests 1n the laboratory to determine an
ignition parameter for low pressure ignition of non-hypergolic propellants.
The tests were made with propane-air and propane-O; propellants. Ignition
was attained at pressures as low as 1 mm Hg abs.

The experiments have been conducted i1n a large bell jar in which pres-
sures of a few microns Hg abs are attainable. Inside the bell jar 1s a sealed
igniter with a volume approximately 1/300 of the jar. This 1s secured to a
platform mounted on the base plate. In all runs to date,” an approximately
stoichiometric mixture of propane and oxygen has been'loaded into the 1gniter.
This loading has been achieved by the method of partial pressures. The
total pressure in the igniter has been varied from one atmosphere to one
quarter of an atmosphere. Upon ignition of the igniter mixture by a spark,
the sealing diaphragm bursts and a flame jet enters the bell jar.

The bell jar contains the propellant combination to be studied at the
desired test pressure. To date, approximately stoichiometric propane-air
and propane-oxygen mixtures have been used. '

Visual observations are made to determine whether the outer mixture
1ignites as a result of the flame jetting from the 1gniter orifice hole. This
method has been adequate for most of these initial tests. However, under
some operating conditions, i.e., at imitial igniter pressures of one-half
atmosphere rather than one-fourth atmosphere, the visual method is less
certain. At the higher igniter pressure, the mass of fuel in the bell jar 1s
only approximately twice that in the igniter for a typical run with propane-air
as the test mixture. As a consequence, the intensity of the jetting flame tends
to overshadow any-flame due-to-combustion_of the test mixture. However,
the latter flame seems to'linger for a brief instant after the former has ex-
pended itself. The brevity of this time differential for such runs renders
results of the visual observations somewhat uncertain.

At initial igniter pressures of one quarter atmosphere, the visible jetting
flame confines itself to a.vertical path in the center of the bell jar-unless igni-
tion and combustion of the test mixture occurs. In this case, the entire volume
of the bell jar is briefly lighted and the flame due to the test mixture lingers
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significantly longer than the jetting flame. Visual observations in such
cases are quite unquestionable.

Critical pressures were obtained for propane-air and propane-oxygen
mixtures for certain conditions in the test apparatus. Critical pressure 1s
defined as that pressure below which 1gnition of the test mixture under the
test conditions does not occur. Two sigmificant facts have been obtained in
the limited program to date. The first is that the diameter of the igniter
. flame jet has a marked effect on the critical pressure. Increasing the jet
diameter decreases significantly the critical pressure. The second is that
the critical pressure appears independent, or very nearly so, of the initial
igniter pressure and therefore of the mass flow in the jet (see Figure 41).

From these tests, 1t can be concluded that the igniter hole diameter
may be considered a dominant ignition parameter.

However, a literature search of the performance of actual rocket
engine systems at very high simulated altitudes discloses the absence of
any effects on hypergolic ignition delay as a result of decreased pressure
or (within the areas studied) temperature. The conclusion reached by agencies
who have conducted tests 1s that there is no discernible increase in ignition
delay between sea level and high altitude conditions for rocket engine systems
operating with conventional design chamber pressures. Figure 42 1llustrates
the range of test conditions covered. Figure 43 shows the earth's atmospheric
pressure variation with altitude. -

The apparent difference between test results obtained with laboratory
type ignition delay measuring equipment and those obtained from rocket en-
gines can be explained by the effect of the combustion chamber volume and
throat in concentrating the propellants and increasing the local pressure
within the combustion chamber. In the typical laboratory ignition delay measure-
ment, the reactants are introduced into a relatively large evacuated container
and diffuse away from the area of impingement or mixing. The density of
the mixture of reactants remains low and as the concentration of reactants
decreases, the reaction rate decreases. As a result, hypergolic systems take
longer and longer to accumulate the heat required to initiate combustion.

In a thrust chamber, however, the typical hypergolic, storable,
volatile oxidizer such as N;O4 or OF, rapidly vaporizes and pressurizes the
combustion chamber, increasing the concentration of its vapors to the point
where 1gnition occurs rapidly and smoothly when fuel 1s injected.
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The Reaction Motors Division of Thiokol Chemical Corporation has
recently completed three programs investigating high altitude ignition. One
involved testing a small 115 1lb thrust drone engine using hypergolic propel-
lants. Starting tests were completed at a simulated altitude of 60, 000 ft.

The second program involved i1gnition and operating tests with the XLR99
turborocket engine for the X-15 aircraft. These tests were made at various
simulated altitudes up to 70, 000 ft and were conducted at the AEDC facilities
at Tullahoma, Tennessee. The third program was the testing of micro-pulse
rocket engines and successful 1ignition was attained at altitudes up to 104, 000
ft. The 104,000 ft 1s the maximum altitude attainable with the test equipment
and not the limit of i1gnition for the hypergolic propellants used 1n the tests.

Aerojet has found (Aerojet-General Corporation Report No. 0106-01-9a)
that for an ultra low pressure engine with a pressure feed system, a certain
concentration (or pressure) of N,O4 1s required in the thrust chamber to in-
sure ignition. At pressures below this value (0.6 psia), ignition 1s marginal.
At N;O4 chamber pressures just above this value, ignition 1s reliable and
smooth; however, the i1gnition delays are very long when compared to sea
level data (200 to 400 msec as compared to 10 msec). The large chamber
volume and throat diameter (relative to the oxidizer flowrate) can reduce the
concentration of reactants below that required for reliable 1gnmition

Ignition may be accomplished at very high altitudes by pressurizing the
thrust chamber to near sea level conditions with an inert gas bleed prior to
the 1gnition transient. This system has been studied for flight use, and the
amount of gas required for large engines 1s surprisingly low*. In a low pres-
sure system, the hardware 1s correspondingly light in weight.

It is apparent then that low pressure and low temperature hypergolic
1gnition 1s dependent upon injection pattern and propellant flowrates. In the
case of very low chamber pressures or flowrates, these conditions may very
well determine whether or not there 1s ignition.

* Symposium Proceedings, 1-2 December 1959, Simulated Altitude Testing of
Rockets and Missile Components, Arnold Engineering Development Center,

Air Research and Development Command, USAF: '"Problems Requiring Tests of
Liquid Propellant Rocket Engines at Simulated Altitudes'', Lee F. Webster,
Engine Test Facility. '"Experimental and Theoretical Investigations into Ignition
of Hypergolic Propellant Rockets at High ‘Altitudes’, Boorady and Rossman,

Bell Aircraft Corporation. ''Design Concepts and Simulated Altitude Testing of
the X-15 Aircraft Rocket Engine'’, Gwozdz and Sjoberg, Reaction Motors Divi-
sion, Thiokol Chemical Corporation.
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F. DESCRIPTION OF COMPONENTS
1. Shutoff.Valves

There are many different types of shutoff valves that can be used, such
as solenoid, pneumatic, hydraulic, and squb., At the present time it 1s
planned to use squib valves in the pressurizing system. Typical of this
type 1s the helium bottle fill and pressurizing valve, which will be incorpo-
rated in one body to match a successful design that we have used 1n the
past. This valve 1s currently designed to control the fill and release of
nitrogen pressurization gas in a 6000 psi system. Procurement s covered
by Thiokol-RMD Specification 20232. Figure 44 shows the installation and
specification control drawing for this valve. For the application in question,
consideration will be given to eliminating the gage shown on the figure.
High vacuum and radiation tests will be conducted to insure that the O-ring
seals and epoxy squb filler currently employed will not deteriorate in these
environments. This valve has fired 28 times without malfunction during a
current missile flight evaluation program.

2. Regulators

These components are usually tailored to fit the particular mission in
question. The major considerations in design are the range of flow capacity
required, allowable droop, and range of inlet to outlet pressure ratio,
These major considerations can, at times, be handled by series and/or
parallel arrangements. These components can be made versatile by pro-
viding for the ability to adjust downstream pressure. Also, if made in two
stages, the second stage could be two units that would automatically com-
pensate for temperature variations in a bipropellant rocket system, thus
keeping O/F ratio within acceptable limits.

The type regulator planned for the re-entry roll control system 1s shown
regulation system reducing N; pressure from a nominal 6000 psi1 maximum
to approximately 200 psi. Procurement 1s currently covered by Thiokol-
RMD Specification 20211, High vacuum and radiation tests will be required
to insure that O-ring seals will not deteriorate. The types of regulators
under consideration for use in the main propulsion system are shown on

Figure 46. These latter three units were all designed and developed at
Thiokol-RMD.
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(081-43)
Atlas Regulator.

(081-59)
Thor Regulator.

(081-87)

Figure 46. Types of Thiokol-RMD Regulators
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3. Check Valves

These components are primarily used to prevent back flow. In most
cases they are included for reasons of safety and, since they are simple in
construction . are extremely reliable, Where human safety 1s concerned, 1t
has been found that quadruple check valves replacing a single check valve
provides an extremely safe and reliable component. This scheme affords
series and parallel redundancy. Units of thas type have been made that are
not appreciably larger than a single check valve. Figure 47 shows the in-
stallation and specification control drawing for a typical check valve. Pro-
curement of these valves i1s covered by Thiokol-RMD Specification 20232,

4, Relief Valves

Relief valves in pressurizing systems are usually built into the pressure
regulators, but can, of course, be made as separate units. They are strictly
a safety feature to avoid overpressurization. If they are called upon to
operate, the mission could be lost due to excessive loss of pressurant;
therefore, immediate preventive steps are required. For example, a com-
plete shutdown could be signalled, followed by an attempt to start again, or,
if the mission 1s manned, repairs could possibly be made. In the case of
the main propulsion system, the normal function of the fuel manifold relief
valve 1s to operate after shutdown of any main thrust chamber to vent off
cooling jacket boiloff. Figure 48 shows a typical fuel relief valve suitable for
this application. Of particular concern in the operation of the relief valve
(or any component containing sliding metal parts) which 1s vented to space is
the possiblity of cold welding of metal parts so that the relief (or other func-
tion) is not performed. In this connection Thiokol-RMD will determine the
practicality of using controlled vaporization of seal materials, or deliberately
installed nonmetallic materials, to effect a continuous gassing off in the re-
gion of sliding parts, thereby eliminating concern over cold welding.

5. Burst Disc Valves .

These components are used to insure a hermetic seal of propellant
tankage. They are, of course, one shot items and consist of a metal disc
which 1s ruptured by the fluid sealed at the appropriate time. These discs
are extremely reliable and a wide range of burst pressures can be provided.
In special cases the discs can be ruptured by a lancing type device that
could be pressure or squib actuated.
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Figure 48.

Fuel Tank Relief Valve

(Dwg 304885)
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6. Valve Sealing and Allowable Leakage

All propellant tanks are hermetically sealed. The helium bottles are
also hermetically sealed prior to arm since the helium pressurizing squibs
at the tank exits have a hermetic seal built into them and the bodies of these
valves will be welded to the helium bottles. The helium fill squib valves
incorporate a metal to metal drive fit for shutoff. A welded plug arrange-
ment will be considered as a hermetic seal backup.

The leakage problem 1s thus restricted to those periods after an engine
system 1s armed. For the main engine system and main attitude control
systems, the period after the systems are armed 1s essentially 14 days.

For the re-entry roll control system, the period 1s approximately 30 minutes,
The most critical area for leakage centers on the propellant valves for the
main attitude control thrust chambers. Here the armed period of 14 days

1s 1nvolved and there 1s a total of 24 propellant valves. A portion of the
propellant reserve allowed for this system will be taken as the allowable

' leakage for all the valves. The probability that all valves will leak the
maximum amount for 14 days 1s an unlikely event. The same maximum al-
lowable leakage rate will be assigned to the propellant valves in the re-entry
roll control system. The leakage rates for the main thrust chamber propel-
lant valves have been established using the data from the valves used in the
X-15 powerplant.

Table IX presents a listing of the propellant valves and the amount of
maximum allowable leakage assigned to each. For the components 1n the
helium pressurization system, allowable leakage rates consistent with the
practices developed for the X-15 powerplant were established. An external
leakage rate of ten cubic centimeters per minute of helium, at standard tem-
perature and pressure, will be allowed for each component i1n the helium
systems.

7. Tankage

The design of all the tankage on the powerplants being discussed has
been predicated on design criteria compatible with the manned safety aspect
of the program. The factors used are very close to those used for the design
of the highly successful man-rated X-15 powerplant.

Two types of tanks were designed. One of these types was designed to
contain propellants and the other to hold high pressure helium. They are
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TABLE IX

MAX ALLOWABLE LEAKAGE RATES

Max Allowable
Leakage Rate
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| Figure cc/min of Number of
Valve ( Desipnation Number Working Fluid Valves

Main Attitude | V6, V8, V10, V12, 4 0.012 12
Control fuel | V14, V16, V18, V20,
propellant valves | V22, V24, V26, V28

!
Main Attitude . V5, V7, V9, V11, 4 0.018 12
Coiitrol oxidizer ' V13, V15, V17, V19,
propellant valves . V21, V23, V25, V27
Re-entry Roll - V6, V8, V10, V12, 2 0.012 8
Control fuel - V14, V16, V18, V20
propellant valves |
Re-entry Roll v7, V9, V11, V13, 2 0.018 8
Control oxidizer V15, V17, V19, V21
propellant valves
Main Propulsion [ V1l - V4 4 0.2 4
fuel portion of !
propellant valve
Main Propulsion J V1l - V4 4 0.2 4

oxidizer portion of
propellant valve
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shown in Figures 49 and 50. The material selected was a titanium of the
meta-stable beta type. This material 1s compatible with the N,0O4 and MMH
being used for the earlier system and 1s also compatible with the OF, and
MMH for the later version.

The wall thicknesses of the tanks have been chosen on the basis of the
strength levels of the material and not upon considerations of fabrication.
These thicknesses may not seem compatible with present state of the art
techniques, but it 1s believed that with the progress now being made in this
area, the extremely thin walls will be completely feasible. As an example
of this, companies such as the Budd Company are doing extensive work in
the fabrication of large diameter thin-walled tanks. They have recently
delivered three tanks to NASA-Goddard Division., These tanks are spherical
in shape, 36 inches in diameter, and are fabricated from 0.026-0.022 inch
cold worked stainless steel. They have also fabricated a five-inch diameter
tank of the same material with a thickness of 0.0055-0.0045 1nches.

Careful consideration has been given to the method of mounting the thin-
walled, large diameter propellant tanks. These tanks are held to the sup-
porting structure by means of a skirt which 1s welded to the periphery of the
shell. The tank must be thickened at the juncture of the skirt and the tank
wall so that the loads may be spread evenly about the circumference.

Due to the high diameter-to-thickness ratio, the diameter of the tanks
will grow under the influence of pressurization. As an example, the main
oxidizer tank 1s 48.5 inches i1n diameter and 1s 0,035 inch thick. The cal-
culated radial growth of this tank 1s 0.146 inches. Thus another reason
for thickening the tank at the juncture of i1ts wall with the supporting skirt
18 to prevent excessive radial loads on the skirt. The thickened skirt section
1s slowly tapered to the necessary vessel thickness to minimize the effects
of the discontinuity stresses.

The typical tank shown in Figure 49 also reflects the necessary design
requirements for a positive expulsion bladder. There 1s a wide neck at one
end which 1s necessary for the insertion of the bladder. Bladder require-
ments also necessitate that there be no sharp edges on the inside of the tank.
As a result all of the welds are of the butt type and all radi1 are extremely
generous. There 1s a boss at the opposite end of the necked flange to sup-
port the breather tube and to provide an inlet for the pressurizing gas. A
small bleeder tube 1s placed i1n through the breather tube so that the ullage
can be controlled to bring the filled capacity to 100% if this 1s necessary.
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The paramount criterion of the Apollo program will be the safe return
of the flight crews to earth. To achieve this craterion, reliability must
play a major roll in the preliminary design. However, 1t 1s impossible to
achieve "absolute'' reliability; therefore, to eliminate or reduce the proba-
bility of conditions which may represent hazards to the flight crews, re-
dundancy becomes a useful tool.

Component and subsystem redundancy must be utilized discreetly. De-
tailed system studies and trade-off analyses are required to efficiently
utilize redundancy. In the case of tankage for the propellants and pressuri-
zation supplies, the types of failure which could result in the loss of propel-
lants or helium must be analyzed.

Tankage failures could be caused by excessive pressure levels and
weld failures from excessive environmental conditions brought about by
other vehicle-imposed malfunctions. However, in the case of excessive
pressure levels, failure modes can be eliminated by proper design techniques
of the pressure feed system. This has been accomplished in all Apollo feed
systems through the utilization of redundancy and the study of malfunction
conditions. Therefore, excessive pressure levels should not be encountered
in the propellant or helium tankage under single malfunction conditions. In
addition, the tankage design incorporates ultimate safety factors which pre-
clude failure of tankage if pressure levels 50% above design pressure are
actually experienced. Therefore, tankage failure due to excessive pressure
levels 1s extremely remote. The case of weld failures or defective material
can be eliminated by adequate quality control procedures, inspection, and
acceptance test procedures. Again this type of tankage failure is practically
nonexistent.

If redundant or compartmented tankage was incorporated into the system
the probability of weld failures or defective materials would increase there-
by increasing the probability of expending leakage propellants., In addition,
redundant or compartmented tankage requires additional valving and as- _

sociated piping which in turn increases the probability of leakage or unavail-
ability of supply. To offset this additional complexity, redundancy of valving,
etc. may be required, which in turn increases probability of leakage and
burdens the system with additional weight., This weight may be more ef-
fectively utilized for shielding purposes against meteorites,
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Thiokol-RMD believes that shielding represents a more feasible method
of preventing propellant loss from meteorite penetration than redundancy or
compartmented tankage. The probability of meteorite penetration can be
made extremely low by proper shielding. An analysis will be performed to
determine the trade-off between loss of propellants and/or helium as a
function of meteorite penetration and the reliability of redundant or compart-
mented tankage. Table X indicates the order of magnitude of propellant and
helium loss due to meteorite penetration of tankage. These data also show
the remote probability of such a failure occurring.

In the Apollo program the helium supply tankage 1s made of titanium
which 1s 0.140 inch thick. The propellant tanks are 0.040 inch thick. Such
thicknesses eliminate the possibility of penetration of meteorites which have
a reasonable probability of occurring. For example, the titanium helium
sphere_could be prerced by a meteorite particle having a diameter of 0.110
inch. However, if one looks at the probability of this occurring 1n a 24 hour
period he would find that the probability of occurrence is one in two million.
This probability value 1s based on a 9. 58 foot diameter sphere, which ap-
proximates the surface area being utilized for the helium spheres in the
Apollo system. The propellant tankage which 1s 0.040 inch thick will al-
low meteorite particles exceeding 0.035 inch to penetrate the tank. The
probability of this occurring 1s one in fifty thousand. Therefore, the proba-
bility of meteorite penetration i1s extremely remote. One must also consider
that the tankage 1s within the vehicle shell. Any particles which penetrate
the outer shell will lose considerable kinetic energy and, therefore, have
a lower probability of penetrating the tankage within the vehicle. Thus,
the probabilities of encountering meteorite penetration are even less than
indicated. Table X indicates particle size, the probability of occurrence,
loss rate, and the time to expend the propellants or helium if a penetration
did occur. However, the particle size of 0.0315 inch and 0.00362 inch will
not pierce either the propellant tank or the helium tank. Therefore, the as-
sociated propellant expenditure times are fictitious. The first particle size
in the table (0,362 inch diameter) will pierce either one of the tanks. How-
ever, the probability of occurrence (one in a hundred million) 1s so remote
that 1t would be senseless to protect for this size particle penetration.

8. ILanes

The design considerations presented above in regard to redundancy wall
also apply to lines and fittings. In the Apollo system, Thiokol-RMD will
unitize components wherever possible thereby eliminating as many fittings
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TABLE X

LLOSS OF HELIUM AND PROPELLANTS DUE TO METEORITE PENETRATION

|

Propellant Particle Size Probability of Loss Rate Time to Expend
‘Diameter ° Occurence 1n (1b/sec) Full Tank
! (Inches) 24 Hours (Hours)
! (9.85 ft Sphere)
Fuel . 0.362 1.2x 1078 6.03 0.1295
' 0.0315 2.0x 10-5 0. 0457 17.05
0.00362 1.2 x 1072 0.000603 1295
!
Oxaidaizer ‘ 0.362 1.2 x 10-8 7.78 0.211 -
0.0315 2.0x 10°> 0. 0592 27.8
}, 0.00362 1.2 x 1072 0.000778 2110
l
Helium 10,362 1.2 x 1078 Variable 0.00728
0.0315 2.0x 1072 Variable 0.963
0.00362 1.2x 1072 Variable 7.28
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and lines as feasible. A typical unitized body will be used i1n the pressuri-
zation feed system. The parallel regulators, sensing valves, check valves,
and relief valve would be integrated into one body with drilled passages.

In this manner lines and fittings are minimized thereby reducing the proba-
bility of leakage.

Another method which has been successfully utilized on particular
systems 1s the elimination of all fittings by welding. This, of course, limaits
interchangeability and field servicing but may be advantageous on an over-
all basais.

G. SYSTEM DESIGN ASPECTS

Several areas which bear on the overall system design were i1nvesti-
gated separately and the results are reported here. These areas are:

* Meteoroid impact
e Space environmental effects
e Temperature control of propulsion module
e Multiple engine trade-off
e Information display
1. Meteoroid Impact
The hazards of, and the protection required for, meteoroid impact
upon the propulsion system of the Apollo Vehicle were investigated. Both
the determination of meteoroid distribution and the mechanics of meteoroid
penetration are in early states of the art. However, sufficient information
1s available to design meteoroid shielding to insure that no penetrations of
critical components of the Apollo propulsion system would occur during
the entire mission with a probability of 0.9999.
Once a space vehicle has passed through the earth's protective envelope
of air, radiation and meteoroid protection must provide sufficient attenuation

so that unacceptable levels of structural, component, and personnel damage
do not occur.
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This discussion concerns only the meteoroid protection required for
the propulsion system of the Apollo Vehicle,

The two basic problems involved are: (1) the determination of the
distribution of meteoroids with regard to the type, size, weight, and velocaty,
and (2) the determination of the construction necessary to insure no pene-
tration of critical structures (e.g., propellant and pressurizing tanks)
within a chosen level of probability.

Both of these areas are in a relatively early state of the art and future
changes of order of magnitude 1n the solutions are not inconceivable. How-
ever, progress has been so rapid in the past couple of years that it may be
anticipated that by the time that the Apollo vehicle design-is finalized,
sufficient data will be available to accurately assess and, 1f necessary, to
modify the design chosen on the basis of present day knowledge.

By choosing a level of probability of no penetration of critical structure
of 0.9999 we risk the possibility that the true level of probability may be
only 0.999 (or perhaps 0.9999 ) due to the uncertainties of the current
state of the art,

- This level of 0.999 1s still high enough to warrant designs based on
current information since there is only a possibility that the true reliability
will be as low as 0.999 and modifications may still be made to the design,
if necessary, to raise the reliability back up to 0.9999.

a. Meteoroid Distribution

The three terms, meteor, meteorite, and meteoroid, which are often
confused, are defined below to ensure proper interpretation of the discussion.

Meteoroid: A solid particle, in a solar orbit (and relatively small
compared to asteroids or comets)

v

Meteor: A meteoroid, passing through the earth's atmosphere
and heated to incandescence so that it is visible

Meteorite: The intact portion of a meteoroid which has landed on
the earth's surface
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Variations of these definitions occur in the literature so that in one
case the term meteor might be used to include meteoroids while in another
case the term might be restricted to the sensible phenomena associated
with a meteor's passage. However, for the purposes of this discussion,
the terms will be used as defined. )

b. Composition of Meteoroids
The first natural assumption was that the composition of meteoroids

was the same as that of meteorites. Meteorites can be divided into three
general classes of composition as follows (Ref 1):

Composition Approximate Specific Gravity
Iron-nickle 7.8 ,
Stone-iron o 4.7to 6.2
Stone 3.5

However, current research indicates that the vast majority of meteoroids
consist of the 1ces of gases (comet debris) with specific gravities on the
order of 0.05 (Ref 2) which 1s vastly lower than those tabulated above. It
1s obvious that such meteoroids would not survive the heating of atmos-
pheric passage and thus are not represented on earth.

c. Dastribution of Meteoroids

It 1s believed that meteoroids are concentrated in the plane of the
ecliptic (the plane of the earth's orbit) and the flux data given below are
for that region. Since the Apollo mission will be within that area, the data
should be applicable.

Figure 51 shows the latest best guess for meteor flux (Ref 2). There
are many earlier assumed distributions and undoubtedly there will be later,
more accurate distributions. The one shown 1s based on photographic
techniques from ground-based stations and by various measuring devices
carried in rockets and satellites.
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The predominant feature of Figure 51 1s that the meteoroid flux varies
inversely with mass. The observations on which Figure 51 1s based were
all made in the vicinity of the earth where some shielding might be expected
due to the earth itself. Accordingly, the flux density should be approximately
double away from the earth. _

d. Probability of Impact
The main propellant tanks of the Apollo vehicle propulsion system con-
sist of two oxidizer tanks, 44.5 inches in diameter, and two fuel tanks,

48. 5 inches 1n diameter.

The total surface area of these tanks 1s given by:

Area = A = 2m(44.5)% + 2n(48.5)% = 27, 220 square inches
A = M = 17.55 square meters
1,550

However, this figure should be reduced because of the shielding of
portions of each tank by adjacent tanks. On the other hand, lines, valves,
engines, and secondary tanks have not been included.

The net effective area will be assumed as 15 square meters, or A =
15 square meters. The time for the flight 1s 14 days or t = 14(24)(3600) =
1.243 x 106 seconds. The desired probability of no puncture 1s 0.9999 which
means that 0.0001 punctures are allowable per flight or N = 0.0001. To en-
sure this, a meteoroid of mass m which i1s just sufficient to cause puncture
must not 1impact more than x times per second per square meter.

It 1s obvious that

N _ 0.0001
A, 15(1.243 x 10%)

X =

= 0.535x 1011

From Figure 51, m = 0. 22 grams for the earth's vicinity.

However, for the Apollo mission, ¢should be doubled since the earth's
shielding effect would not apply. Therefore, equivalent x = 1/2 (0.535 x
10-11) = 0,2675x 107",

From Figure 51, m = 0.41 grams.
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e. Meteoroid Velocity (Ref 2) A

All available data agree that the velocity range of metéors 1s from 11
to 72 km/sec. These two limits have physical significance in that the lower
limit:is the:escape velocity 'from the earth while the upper limit 1s the maxa-
mum velocity a particle may have and still be a member of the solar system.
To date, no meteoroid, whose motion has been accurately determained, has
come from outside the solar system.

For a meteoroid in the 0.41 gram rapge, the average velocity 1s 28
km/sec. Thus, protection must be provided agamst a '0. 4] gram meteoroid
whose velocity 1s 28 km/sec,

f. Meteoroid Penetration Theory and Calculations

i .

The currently accepted best guess for the mechanics of meteoroid pene-
tration of shielding 1s a theory proposed by R. L. Bjork of the Rand Corpo-
ration (Ref 2). He neglects the strengths of the materials involved because
the kinetic energies of the particles are far adbove those’values. Instead he
considers that the materials act as fluads. His results agree well with the
highest velocity tests made to date: ' It should be noted that those tests
were madeé at velocities substantlally below the lowest meteoroid: velocity
of 11 km/sec. ' ' ‘

.
s - N i 4

His results are as follows:

For aluminum impacting on aluminum, p = 1.09 (mv) 1/3 -

' i
\

- For iron-1impacting on iron, p = 0.606 (mv) 1/3

. !

where p = depth of penetration in a semi-infinite solid, cm-

——= _= = -- m_= meteoroad mass, grams

and Vv = impact velocity, km/sec
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For titamum shielding, the equation would be approximately
=0.8(mv) 1/3

(by interpolating between the equations for aluminum and iron)

for m = 0.41 gm
v = 28 km/sec

1 1/3

p=0.8 (0.41)(28_)__' B o 11.5] /

I

0.8 (2.26) = 1.8 cm
The required thickness to prevent penetration i1s gaven by t=1.5p

For our case t=1.5(1.8) = 2.7 cm

7
2.54

This thickness of 1.06 inches represents the required thickness of a
set of tanks which are otherwise unprotected against meteoroid impact.
However, in the case of the Apollo, an outer skin, of sandwich construction
protects the tanks. This allows a substantial reduction in wall thickness as
shown below.

o

converting to inches: t = = 1.06 inches

It has been estimated that a single meteoroid shield reduces the chance
of puncture by a factor of from 10 to 100 (Ref 3). If this 1s accepted then
a double shield (the sandwich construction outer wall) should reduce the
chance of puncture by a factor of from 100 to 10,000. If 1000 1s chosen as
a mean value between these limits, then the value N becomes:

N = 0.0001 (1000) = 0.1 .

The equivalent x becomes:

(0.1)
(15)(1.243 x 106)

x=1/2 N/Ay = 1/2 = 0.2675x 10°8
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From Figure 51, m = 0.00077 gm oo

p=0.8 |—_(-o.00077)(2§| 13 . 9.8 E.oznﬂ 1/3
p=0.8 0.2785 = 0.2225 cm
t=1.5p=0.334 cm
in inches: 02° 35344 = 0.132 inches

This 1s greater than the present tank thickness. Instead of increasing
the tank thickness to the above amount, 1t may require less weight to double
the shielding of the sandwich material by inserting two additional walls. The
four walls would be separated by three layers of honeycomb material with
the overall thickness being 1/2 inch.. Design trade-offs of this type will
be the subjects of early, coordinated studies with the General Electric
Company MSVD.

This construction should decrease the probability of puncture again by
a factor of 1000 so that

x=0.2675x 10"8 x 103 = 0.2675 x 10-5

From Figure 51, m = 1.54 x 1076 gm

0.8 [1.54;;10-6) (28—_)| 153 _ 9.8 E3.lx10'ﬂ 1/3

p =
p=0.8 (3.5x10-2)=0.028 cm
t=1.5(0.028) = 0.042 cm
in inches. 0.042
—_—— - - — = ——=-U, h — —_— - = - -
t > 54 0.0165 inches

which 1s less than the tank wall thickness.

g. Conclusions

It 15 feasible to design meteoroid shielding for the Apollo propulsion
system to insure no penetrations of critical components during the entire
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mission with a probability of 0,9999. The actual probability may'vary from
this because of the early state of the art, but modifications may be made, if
necessary, by the time the vehicle design 1s finalized. The shielding does
involve a weight penalty but it 1s a small fraction of the weight of the entire
propulsion system.

2. Space Environmental Effects
a. Radiation Effects .

A study was made to investigate the effect of space radiation upon the
propulsion system hardware and upon the propellants. The following conclu-
sions reached may be modified as more experimental data become available
but 1t 1s believed that they are reasonably accurate:

(1) The structural materials selected for this design will not suffer
appreciable damage due to space radiation.

(2) It is felt that the propellants will not deteriorate significantly
during the mission involved.

(3) The effect of radiation fields on the corrosivity and shock sensa-
tivity of the propellants will have to be investigated i1n detail,

(4) Radiation can affect plastics. Each plastic used will have to be
investigated in detail. Plastics such as Teflon which are known
to be easily affected by radiation will be avoided in favor of more
resistant materials.

(5) The effectiveness of the basic structure as a radiation shield
should be i1nvestigated.

In general, the effects of radiation depend only on dose and are indepen-
dent of dose rate. Theoretically, very high dose rates should produce different
effects, but this has not yet been demonstrated experimentally, and 1t i1s un-
likely that spaceships will encounter such high fluxes., Moreover, the amount
of damage 1s proportional to the energy absorbed regardless of the type of
radiation.

Among the changes which are generally produced i1n metals by radiation are
. lncrease 1n electrical resistance, in thermal resistance, in hardness, and in
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tensile strength. It appears that after exposure to radiations metals and alloys
have higher yield strengths, lower percentage elongations, and somewhat
higher ductile-brittle transition temperatures.

On the whole, the effects are'less marked on hardened metal than in the
annealed condition. The effects of radiation are generally smaller at elevated
temperatures (Ref 5). '

Elastomeric materials are particularly suitable for sealing metal surfaces.
to prevent passage of liquids or gases. They are employed in the form of gas-
kets and sealants. Their use 1s due primarily to good ''spring back'’ and poor
permeability to gases and liquids. These properties need to be retained after
irradiation. Fluoro-rubber elastomers exhibit the highest known heat stability
combined with excellent retention of their properties at elevated temperatures.
Unfortunately, they are the poorest performers i1n a radiation.-environment.
They lose their desirable physical properties at comparatively low radiation
dosage and also liberate corrosive products that attack the metal surfaces
touching them. They should ble avoided where high radiation fluxes are present.

Among the materials used where the requirement 1s good resiliency, tear
resistance, low coefficient of friction, temperature stability, and compatibality
with the system fluid are Teflon, Kel-F, and Viton A. Teflon, although superior
in non-nuclear applications, i1s one of the poorest materials for radiation re- '
sistance. Kel-F, followed by Viton A, offers the best replacement for Teflon
(Ref 7). Table XI gives the properties for some fluorocarbon elastomers

*

after irradiation. Vo

Carbides subjected to high radiation are found to change i1n dimensions and
properties. Graphite also changes in dimensions and 1n physical properties
after radiation exposure. In general, thereis an 1fnprovement in the mechanical
properties of graphite after exposure (Ref 6). -

The ablative materials and inserts used will be selected so as to insure a '
minimum of change as a result of exposure to radiation, These materials must’ ]
be tested under realistic conditions.

Table XII gives a general idea of the tolerances of certain materials to
integrated doses of radiation. The wide ranges represented here (from 102
roentgens for photo film to 109 roentgens for polystyrene insulator) 1s an in-
dication that radiation does not affect each property to the same degree. The
values given represent thresholds to damage or incipient loss of the critical
physical property.
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TABLE XI ’

(Ref 6)

EFFECT OF IRRADIATION ON PROPERTIES OF
FLUOROCARBON ELASTOMERS

Inmtial Properties and Change After Irradiation
Hardness Elongation | Tensile Strength
Dose Shore | Change Change Change
Material roentgens A % % % Ps. %
Viton A-7 88 - 250 2270
1.040 x 108 12.5 -94 6.8
Viton A-8 79 180 2285
1.040 x 108 22.8 -88.9 -1.0
Viton A-9 78 165 1810
1,040 x 108 24.4 -84.7 46.3
Viton A-10 gl 77 140 1765
1.040 x 10 23.4 -85.7 12.4
Viton A-11 79 125 2095
1.040 x 108 24.1 -80.3 27.9
Kel-F 5500 62 550 1810
1.040 x 102 -- 0 el 901 feeee | o442
5.25 x 10 -- 0 e | -8.2 |---- 19.6
2.27 x107 | -- 3.2 | === | -41.8 |---- |-28.8
5.73 x 107 | -- 16,1 | === | -73.6 |---= |-24.9
10.4 x10°| -- 25.8 | -==| -80.0 |----= [-13.9
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TABLE XII
(Refs 4 and 6)

TOLERANCE LEVEL OF SPACE VEHICLE PAYLOAD COMPONENTS

Inl egrated Tolerance

Material (Roentgens}
Photo Film | 102
Man . 4x 102
Teflon 2 x 104
Optical Glass 10°
I. R. Devices 106
Semi-Conductors ‘ 106
Lucite 100
Rubber 107
Typical Lubricant 107
Vacuum Tubes 107
Polystyrene Insulator 109

Of the propellants being considered for application in the Apollo vehicle,
none has been examined 1n any detail,

While MMH 1tself has not been investigated, experiments have been per-
formed at the Missiles and Space Division of Lockheed Aircraft Corp. using
a 50/50 mixture of hydrazine and unsymmetrical dimethylhydrazine. They
monitored the effect of Co®0 radiation by measuring the rate of pressure rise
1n closed systems. At total integrated dosages of 10° rads (1.2 x 106 roentgens)
they find approximately 3.5 x 10-° moles of gas produced per mole of fuel ir-
radiated.

1
119 TR 3808A

Vol 1




Triokofo CHEMICAL CORPORATION —

REACTION MOTORS DIVISION

While detailed i1rradiation experiments of the other propellants have not
yet been reported, 1t 1s reasonable to expect that the degree of decomposition
will be of an equivalent order of magnitude. Such small concentrations will
have no noticeable effect on the energy value of the propellants; however, it
1s possible that certain deleterious properties of the propellants such as cor-
rossitivity and shock sensitivity may be substantially enhanced by the radiation
fields. For example, when Freon-11 (CCl;F) 1s irradiated, the 1ons which
result are not compatible with stainless steel. Such effects may be anticipated
with other fluorine contaiming propellants and must be investigated (Ref 4).

For a one year orbit of a satellite at altétudes between 500 and 3000 males
(the inner Van Allen belt) approximately 10° roentgens will be experienced
(Ref 4). This 1s beyond the threshold of damage for certain materials but it
1s practically negligible in regard to propellant damage. By ratioing the
Apollo mission duration of two weeks to the foregoing radiation value of 106
roentgens, 1t 1s found that the vehicle will experience 3.8 x 104 roentgens ‘
during 1ts mission. This 1s a conservative figure since the peak radiation level
which will be experienced will occur within the Van Allen belts (not considering
solar flares). Occasionally solar flares increase the flux density by about 100 ‘
times the average, dropping to about 10 timesthe average after six hours. Ap-
proximately 2 to 6 solar flares occur per year.

The effects of radiation environments on materials appear to be concen-
trated in the unshielded surfaces. This results 1in highly localized dose rates,
which may cause surface degradation. The type and manner of this degradation
1S 1n many cases uncertain and there 1s only limited information available on
radiation damage 1n a vacuum environment (Ref 8).

b. High Vacuum Effects
The effects of high vacuum on materials were studied. The following con-
clusions were reached which may be modified as a result of continuing study

and experimental work.

(1) The metals chosen for this application will not suffer damage due
to sublimation during the Apollo mission, :

(2) The cross-linked plastics chosen for this application will be satis-
factory in high vacuum for a mission of the Apollo type.
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(3) Gas permeation through the metals chosen will not be a problem for-
a maission of the Apollo type. . )

l
i

(4) Self-welding of metals will be avoided by proper selectlon of materials
and by the use of dry film lubricants. - .

(5) All lubricated surfaces will be sealed against the high vacuum or
dry film lubricants will be used. s

There are two important effects on solid materials which occur in a high
vacuum. First, sublimation and evaporation are enhanced by the absence of
an atmosphere 1n that molecules leaving the surface of a material do not make
collisions that return them to the surface. Therefore, 1f a spacecraft 1s high
enough, any molecule that leaves the surface can be assumed not to return.

The second effect 1s the partial or complete removal of the surface film
of gas which covers all material in the sea level atmosphere. As a result of
prolonged exposure to the vacuum of space, the character of the gas layer on
spacecraft parts will change from the sea level condition.

It 1s expected that neither of the above effects will result 1in significant
changes to the metals for the Apollo mission,

The effects of high vacuum on plastics are complex because of the variety
of ingredients 1n the plastics. A general rule that will be followed will be the
avoidance of plasticized plastics and the use of cross-linked plastics. All
plastics used wall be subjected to detailed testing under high vacuum conditions.

There are mechanical, chemical, and even electrostatic mechanisms in-
volved in ordinary function and wear. The multiplicity of phenomena 1s one

of the reasons for the conflicting data available,.
Lo

In general, an oxide or other barrier must be present to prevent seizure

and surface damage. Under normal conditions, a film of lubricating fluid
assists 1n creating a barrier.

Condations of high vacuum prevent the use of ordinary fluid application.
It 1s true, however, that for short missions'under vacuum conditions of 10~
or 108 mm of Hg certain special low vapor pressure greases or fluids may
be suitable for short periods of time. ..
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Certain solid film lubricants appear promising for missions of the Apollo
type. Intensive investigation of many types of lubricants would be conducted
to insure optimum selection.

3. Temperature Control of Propulsion Module

The temperature environment experienced by the final stage propulsion
and attitude control system are (1) aerodynamic heating during boost, (2)
direct solar heating or radiation from the solar cells and collector during the
cislunar flight, (3) alternate heating and cooling during the 3 to 7 days of
lunar orbit, (4) intermittent heating during firing of the thrust chamber, and
(5) possible heating from the adjacent control compartment.
stage 1n the design of the vehicle sufficient information 1s available to estimate

the effects of items (1), (2), and (4).

At the present

Engine components must be in reada-

ness for start-up at any time between the end of booster firing and re-entry.
Propellant loss due to boil-off (of cryogenics) or freezing (of storables) 1s
to be eliminated or minimized by the use of insulation and skin surface finishes.

a. Aerodynamic Heating

During the first stage booster firing (0 to 207, 000 feet) heating of the
vehicle skin 1s mainly aerodynamic, combined with radiation from the earth

and sun, and cooling by radiation from the skin.

under aerodynamaic and solar heating 1is:

SLn

where ha

H

€

QL. w4 ™

hy (T, - T,) - €TT, + 0L

aerodynamic heat transfer coefficient
recovery temperature

instantaneous wall temperature

emissivity of skin

Stefan-Boltzmann constant

effective absorptivity of skin to solar radiation

intensity of solar radiation at any time.
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The heat input represented by the term (XSIS 1s dependent upon atmospheric
conditions, vehicle attitude, and time of launch. For a point on the skin re-
ceiving direct and reflected radiation from the earth, O(sIs may be replaced
by a term Cxele, in which O(e 1s the absorptivity to earth radiation due to the
earth's direct radiation and 1ts reflective radiation, or albedo.

By assuming quasi-steady heat input during a time interval At, the
change 1n wall temperature may be computed numerically by

ATy, =q-2t (2)

mcpmX

in which a = 1/2 (al - '<'12) = average heat flux in time 1interval At and mePmX =
thermal capacity of the wall.

To estirnate skin heating for possible heat input to the propulsion compart-
ment, equations (1) and (2) were numerically integrated for a 0.010 inch
aluminum skin perfectly insulated on the cool side and having an ermssivity of
0.5, neglecting radiation input. The maximum skin temperature of 620F 1s
reached near the end of the first stage booster firing, based on a typical Saturn
escape trajectory. Skin temperature 1s plotted on Figure 52. Convective heat
transfer 1s almost negligible at the end of 127 seconds. The maximum skin
temperature 1s not considered excessive and the total input to the skin repre-
sents only a few degrees of temperature rise in the interior metal parts and
propellants. Because of its location downstream of the stagnation point, tem-
perature control of the tankage compartment during boost should be no problem.

-b. Temperature Control During Cislunar Flight and Moon Orbait

As mentioned above, the radiation input from the earth to a body near the
__earth depends on the body shape, attitude, cloud cover, etc. Data concerning
the variation of earth radiation with altitude have been gathered during the de= —
velopment of the earth satellites. The amount of earth reflection has been
taken as between 30% and 38% of the solar output (555 Btu/fté hr), at satellite
altitudes for estimating the skin temperatures of earth satellites, Above about
50,000 feet, direct solar radiation has reached its maximum value. Figure 53
shows the direct solar radiation as a function of altitude. Above 200, 000 feet,
convective heat transfer 1s almost negligible. The vehicle will start to ap-
proach a solar equilibrium temperature which 1s dependent upon the solar ab-
sorptivity and the emissivity of the vehicle skin, and the emitting and absorbing
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areas. The equilibrium temperature for an inert, perfectly conducting body
under solar radiation 1s:

1/4
1 0¢A .
T =_9<;_‘11

e Ag
= absorbing area
= emitting area
absorptivity of skin to solar radiation

= emissivity of skin at the equilibrium temperature
= 444 Btu/ft2 hr 1n the vicinity of the earth.

= om Qm:b sz:1>
1

A wide range of surface solar absorptivity to emissivity 1s available, all
the way from (X /€ = 0.15 for some highly reflective paints to 10 for 1deally
polished metals. Figure 54 shows the estimated solar equilibrium temperature
of the tank compartment as a function of this ratio for two assumed attitudes of
the vehicle with respect to the sun. Any desired value of effective O /€ from
0.15 to 10 can be obtained by using a surface alternately striped with painted
and polished surfaces. The allowable compartment temperature variation for
reliable utilization of propellants and operation of moving parts 1s much wider
than has previously been obtained i1n the payload compartments of earth satellites.
For example, an optimum compartment temperature range for the proposed 1963
propellant combination would be between 20F and 150F, which can be achieved
with an (/€ ratio of between 1 and 3. The lower limit of 20F 1s fixed by the
freezing point of N;O4 (12F). This limit can be lowered by adding NO to the N,Oj.
For example, 6% by weight of NO lowers the freezing point of the mixture to OF;
10% by weight reduces the freezing point to -10F There 1s an ample margin
1n the design of the surface fimsh to allow for changes due to temperature and
erosion effects. In the payload compartments of earth satellites, temperature
variation has been kept down to a maximum difference of 36F For the 1966
propellants, compartment temperatures may vary between -63F and 150F, a
range which 1s easily obtained under conditions of solar input equilibrium. Here
the -63F lower limit 1s fixed by the freezing point of the MMH. The OF, will be
1in an 1nsulated tank and will be independent of compartment temperatures. In
practice the upper lirmit of 150F will probably be reduced by considerations other
than propellant storage, e.g., O/F variations

If the compartment 1s shielded from direct solar radiation, either by a ra-
diation shield or by the surface of a solar collector, the temperature of the
shiled, the surface emissivities, and the geometric view factors between the
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two surfaces will determine the compartment skin temperature at any time.
In this case, the emissivity of the portions of the compartment skin receiving

heat from the shield may be made as close to 1.0 as possible and the emissivity

of the portions radiating into space as low as possible so that the desired range
of compartment temperatures 1s achieved. Some of 'the surface characteristics
available with present materials are given in the table below:

Surface Emiassivaty Solar Absorptivity

(€) (X0 K/e
Polished Aluminum 0.04 - 0.204 5.1
Electrolytic Nickel 0.04 0.28 7.0
410 Stainless, Sandblasted 0.578 0.775 1.34
White Aluminum Oxide Paint 0.98 0.16 0.163
White Lead Carbonate Paint 0.89 0.12 0.135
Rokide A --- --- 0.3

The largest temperature fluctuations in the vehicle will occur during the
orbiting of the moon. The surface of the moon 1s estimated to be about 200F
on the side facing the sun and -250F on the dark side. While on the sunlit side
of the moon, temperatures will be similar to those estimated for the cislunar
flight, However, while passing the unlighted side of the moon, the vehcle will
lose heat by radiation to space and to the cold surface of the moon. The 1963
system 1s required to make only one pass around the moon. Firing of the 6K
rockets before eﬁtering the circum orbit will result in some heat being trans-
ferred through the flameshield into the propulsion compartment, which will
help to keep the small lines and valves from reaching temperatures lower than
20F in the period of approximately one hour spent on the dark side of the moon.
The metal parts also have heat sink capacity, which, combined with local in-
sulation (less than 10 1b), can be used for this one hour period. Because of
the large total heat capacity of the propellants, it 1s relatively easy to insulate
them for a 14 day period for a range of environmental temperatures. This 1s
1llustrated by Figure 55, in which tank insulation weights required to prevent
freezing or boiling of the fluids are shown for various propellants and com-
partment temperatures. For a given constant compartment temperature, the
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intersection with the freezing point curve shows the weight of insulation re-
quired to prevent the particular propellant from freezing with the compartment
maintained at that temperature for 14 days. Similarly, the intersection of a
constant compartment temperature line and a boiling point curve for a parti-
cular propellant shows the weight of insulation required to prevent boiling for
14 days. In each case the propellant weight was that required for a 7500 ft/sec
AV Apollo mission. The propellants were assurmed to be loaded at 80F (or
their atmospheric boiling point, whichever was lower) and their temperature
rise restricted to reach a temperature corresponding to a vapor pressure of
150 psia at the end of the 14 day period.

At this time, detailed information needed to define the compartment tem-
peratures during the 3 to 7 days of lunar orbit has not been available. The
temperature variation in the compartment 1s dependent upon the amount of
radiation received from the sun or solar collector, amount of heat radiated
into space, and whether or not the compartment skin 1s used for heat rejection
from other compartments. As mentioned above, protection of the propellant
tankage 1s not so much a problem as keeping propellant carrying lines and
valves in readiness for firing. The minimum desired temperature for such
parts 1s -63F.

c. Tank Insulation

As shown i1n Figure 55, the insulation requirements for the two proposed
propellant combinations compared to that required for liquid hydrogen are
nominal over a wide range of compartment temperatures. Although insulations
of higher conductivaity could be used with storable propellants without a large
welght penalty, comparison i1s made with cryogenics on the basis of superin-
sulations. These insulations are actually radiation shielding, composed of
layers of highly reflective foil with Fiberglas mat or paper between layers.
The conductivities (at vacuum conditions) are given below, along with weight

data.

Type of Insulation k, Btu/hr £t2 OF /it density, 1b-£t3
Linde SI-4 ( 2.5x 1072 4.7
Linde SI-12 8 x 10-5 | 3

The above conductivities are at conditions of 0.1 micron Hg abs and cold surface
temperatures of 10Q0R to 200R, and hot side temperatures of about 520R., Thermal
conductivity increases, at pressures exceeding 0.1 micron of mercury, and also
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with hot-side temperature. The maximum allowable operating temperature
of these insulations 1s quite high, about 1000F. When designing insulating
jackets for the cryogenics, (LH, and LQ}), the effect of conduction losses
through tank supporting structure or spacers in double-wall tanks 1s much
more significant than in the insulation of the storables. This 1s because of
the very low total heat transfer which 1s allowable in storing cryogenics.

In the comparison made in Figure 55, an effective insulation conductivity
has been used to account for conduction through supports.

d. Heating from Thrust Chambers

Jet boundaries under space conditions have been estimated for the maid-
course propulsion chamber. On Figure 56, the boundary at 200 psia (maxa-
mum ) chamber pressure 1s shown impinging on the compartment skin with
the thrust chamber 1n 1ts extreme deflected position. At the other extreme
(thrust chamber axis parallel to vehicle axis), the jet will not impinge on
the compartment wall. Thermal protection of the vehicle skin can be 1n
the form of a low conductivity ablating material such as 1s used in the nozzle,
or by using a high temperature material, such as molybdenum, and radiation-
cooling. The former approach i1s probably more suited to the design as shown
because of the location of the small attitude control rockets. However, ra-
diation cooling whenever possible 1s attractive from the weilght standpoint.

Base heating rates, under conditions in which heat transfer 1s by ra-
diation only, are normally in the order of 5 or 19 Btu/ftz sec. Heating rates
of this order of magmtude can result in temperature changes of uninsulated
components 1n the compartment of several hundred degrees Fahrenheit over
the maximum firing times of 118 seconds. A more detailed study of the
base design and temperature conditions over the compartment skin is re-
quired to determine how much insulation 1s required to avoid overheating
of components near the flameshield.

nozzles when all four nozzles are firing simultaneously. The interaction
of the four jets can create a region of backflow and high base pressure in
which the local convective heat transfer rate can be several times the
rate with only three jets operating. The degree of base heating depends
upon how effective the surrounding structure 1s as a shroud. Experiments
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Figure 56. Jet Flaring in Space at 200 ps1 P,
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on four-nozzle configurations* have shown that this local peak i1n heat flux
can be alleviated with a properly designed shroud. No adequate analysis.
exists for base heating combined with jet interaction. For the Apollo
vehicle the design of an effective shroud will require an experimental pro-
gram conducted at sumulated high altitudes.

.

The location of the attitude control nozzles in the 1963 system pre-
sents a double problem. Protection of the skin, the chambers, and the
propellant lines from the impinging jets of the. 6K chambers 1s required.
Temperature control of the propellant lines and the valves during the
nonfiring periods (which can be as long as 7 days) 1s difficult because of
the thermal 1solation of these parts from the tankage compartment. Re-
locating the small attitude control nozzles closer to the tankage would
alleviate these problems. If this 1s not possible, a means of intermat-
tently heating the valves and lines will be required to eliminate the pos-
sibility of i1cing during the moon orbat.
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® AEDC TN 60-63, "An Evaluation of the Base Heating and Performance
of a Missile Model Having Four Rocket Exhausts and a Single Base
Shroud", LeRoy Barnes, J. R. Parker (Confidential), Arnold
Engineering Development Center, April 1960.
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4 Multiple Engine Trade-off

In a complex system the reliability of components, subsystems, and
systems plays a major roll in the evolution of the overall system. If reliability
1s low, the probability of multiple malfunctions becomes significant, which of
course increases the risks encountered by the flight crews. Therefore, to
achieve safety, high reliability 1s an absolute necessity in complex systems:
Figure 57 demonstrates the importance of reliability and its influence on
multiple malfunctions. In this figure, the probability of the number of mal-
functions as a function of component reliability and complexity 1s presented.
When the probability of multiple malfunctions 1s significant, then redundancy
becomes a useful tool in their reduction. ,

In the Apollo program, where safety and relhiability are paramount, the
case of engine redundancy can represent an important element 1n the achieve-
ment of both safety and relability. Specifically, the 1963 main propulsion
system 1ncorporates four engines. This affords redundancy in performing
orbital change requirements, but results in weight and overall performance
penalties If two engines were utilized with step thrust capabilities, 1t would
be possible to perform both orbital and abort requirements. The use of two
engines would result in a weight saving and performance gain. However, the
safety and reliability aspects of four engines versus two engines must be i
considered in detail to determine what penalty 1n safety one may expect to
pay for the use of two engines.

There are two functions required from the main midcourse propulsion
system, orbital change and abort. Each function must be considered separ-
ately for the case of four engines and two engines.

a. Orbital Change

To accomplish an orbital change with four engines, any one of the four
engines 1s required to function, therefore the probability of performing an
orbital change can be expressed as follows:

R, = 1-(1-Ry)*

where R, 1s the reliability of a single engine.

If one assumes a reliability of 90% for each engine for 1llustrative purposes
only, we find that the probability of performing the orbital change function
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1s 99 99%. It can be seen that a quadruple malfunction 1s required before
the orbital change function 1s destroyed.

With two engines, each engine 1s designed for step-thrust operation,
that 1s, the engine 1s capable of 6000 or 12,000 1b thrust. This added re-
quirement 1increases the engine complexity thereby reducing reliability.
For 1llustrative purposes only, assume the engine reliability for the two
engine configuration to be 89%. Therefore, the probability of performing
the orbital change 1s:

R, = 1-(1-R,)

or 98.79%. In comparison, the four engine configuration offers greater
safety and reliability 1n performing the orbit change function. '

b. Emergency Escape (Abort)

With four engines, the case of the abort function will depend directly
upon the thrust level required or the number of engines required to function
to achieve a safe abort. The mathematical expression for the four engine

configuration can be given as follows:

R, +4r3q + 6R,%q% + 4R,q° + % = 1

where
R14 = the probability of no malfunction or reliability of firing all
four engines.

4R13q = probability of a single malfunction

2.2 _
6R;"q” = probability of a double malfunction
4R1q3 = probability of a triple malfunction
qt = probability of a2 quadruple malfunction

If one assumes a rehability of 90% for each engine then the following table
applies:
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Number of Term Thrust Probability Probability of
Malfunctions Level! of Obtaining Specified
(1b) Occurrence Thrust or More
(%) (Cumulative

Probability %)
0 R,* 24,000 65. 61 65. 61
1 4R,3q 18, 000 29.16 94.77
2 6R,2q2 12, 000 4.86 99. 63
3 4R,q> 6,000 0.36 99.99
4 q* 0 0.0001 100. 00

The mathematical expression for the two engine configuration can be
given as follows:

R,%2 + 2Ryq + q° = 1

where
Rlz = the probability of no malfunctions or reliability of firing
two engines.
2R,q = probability of a single malfunction
q2 = probability of a double malfunction

If one assumes a reliability of 89% for each engine, the following table applies:

“Number of "Term  Thrust = Probability “Probability of= = — —-—
Malfunctions Level of Obtaining Specified
(1b) Occurrence Thrust or More
(%) (Cumulative
Probability %)
0 R,% 24,000 79.21 79.21
1 2R,%q 12,000 19.58 98. 79
2 Q% 0 1.21 100. 00
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From the above charts and Figure 58 it can be seen that.the level of thrust
required to attain a successful abort will dictate which configuration would
be more applicable to the abort function. If 24,000 1b of thrust were abso-
lutely required, then the two engine configuration represents a better ap-
proach, however, once malfunctions are considered, the four engine system
represents greater safety and reliability than that achieved with the two engine
configuration. From an overall safety and reliability aspect it 1s more realistic
to choose the four engine configuration. Safety cannot be compromised to
achieve performance and weight gains. However, with increasing basic engine
reliability (e.g. 95%) the differences between the two and four engine systems -
become relatively insignificant, permitting performance and weight considera-
tion to play a larger role in determining the final approach. Since we have
predicted an engine reliability of greater than 95% (Section II), the latter
considerations may well prevaul.

5. Information Display

Presentation of information to the pilot must satisfy three requirements.
First, the pilot needs information which allows him to make normal decisions
in which his judgment 1s a2 necessary part. Second, he needs information to
maintain his psychological assurance of proper performance. Last, he needs
information to evaluate an emergency situation and make a fast, accurate
decision.

The optimum system 1n manned space flight 1s a well-integrated com-
bination of man and machine which uses each to maximum capability to insure
manned safety and complete the mission successfully.

Therefore, the above requirements must be defined by analyzing first
the man-machine functions to determine which can be performed most effectively
by the man and which by the machine. This 1s done by listing the controls
which will be required to fulfill the mission of the system, evaluating each to
decide on the most logical and expeditious manner of actuation, assigning
certain controls to the pilot, and then establishing the data necessary to enable
him to make the proper decision.

The decision of assigning controls to the man or to the machine depends
on whether the task requires human intelligence, and whether 1t is within the
scope of pilot capabilities of acquisition, response, actuation time, resolution,
accuracy, and mental availability. If the pilot 1s physically incapable of per-
forming a task, or if he 1s not available, then the function must be delegated

'
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to the machine, or the pilot must be dualized, that 1s, a copilot must be
utilized. Similarly, 1f automatic equipment 1s unable to handle a function, or

1f 1t 1s performing another function when needed, then the task must be assigned
to the pilot or duplicate equipment must be provided.

When the pilot controlled functions have been established, the parameters
to be measured and monitored must be selected. This 15 accomplished by
synthesizing the system equation and examining each variable to determine
1its amplitude and range. Then the variable must be investigated to decide
whether direct measurement or computation from other variables will provide
the simplest, most reliable operation. Next, all possible methods for
measuring the desired variables must be investigated and judged. Thus, the
data for pilot presentation are established.

In addition, the system must be analyzed to find the effect of a single
malfunction of each component 1n the system (one at a time), determine if
and what corrective action 1s required, and present information to the pilot
to enable him to make the necessary correction.

Several modes of information presentation must be considered: binary
(on-off indicator), analogue (meter or gauge), digital (counter), and display
panel (cathode ray tube). The selection depends on the type of information
required: whether it 1s quantitative or qualitative, what accuracy, amplitudes,
rate of change, response, etc. are demanded. When the selections are made
they must be "human engineered' into a display which satisfies the three
original requirements with maximum simplicity and a negligible chance of
error.

Figure 59 illustrates the engine instrumentation system which embodies
the above philosophy. Four types of visual display indications are presented
as inputs to the pilot (decision maker). Two pilot outputs are possible:
changing the stored program to continue automatic control at a new level, or
manual operation of those controls necessary either to restore normal system
functioning or to abort the flight safely.

The mission of the system under discussion 1s to complete a round trip,
lunar orbiting, manned space flight To accomplish this mission, there are
several functions which must be performed by the man-machine combination.
The mission has been divided into phases and the functions common to each
phase grouped, so that they could be analyzed in a logical, sequential pattern.
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Figure 59. Block Diagram-Rocket Engine Instrumentation
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Each function imposes certain requirements which must be communicated
to the pilot. This 1s done with a display. The display must present the infor-
mation needed by the pilot to evaluate the system operation and to take correc-
tive action if necessary. It 1s achieved-by analyzing each requirement on the.
basis of the display methods available--binary, analogue, digital, and panel--
and selecting the method into which the reqﬁurement logically falls, or which
1s judged to be the simplest, most effective presentation.

The enclosed chart (Table XIII) lists the phases of operation, the func-
tions common to each, the requirements for each function, and the method
of display selected. The following discussion amplifies the material presented
on the chart.

During the prelaunch phase, the only information required by the passen-
gers 1s a warnming of the impending launch so that they will be prepared for the
acceleration to which they will be subjected. The requirement 1s similar
whether a normal launch 1s to occur or an abort firing 1s signaled. Voice
communication will exist between passengers and ground control. A normal
countdown will proceed, subject to interruption by the pilot 1f 1t appears to be
justified. Should an abort firing be imitiated, both a visual and an auditory
signal will be flashed to each man so that each has the earliest possible warn-
1ing of this unscheduled event.

The pilot's station will be the master display station. However, for
critical operations such as prelaunch and launch, where immedate action 1s
mandatory, triplicate displays must be provided to give adequate information
to all. For example, if a manual abort 1s necessitated by a booster failure
during the high acceleration launch phase, the pilot may be unavailable
physically or mentally. Therefore, the other passengers are given the i1n-
formation and controls to perform this function.

In a normal launch phase, the pilot monitors the attitude control system
by means of a bearing deviation indicator (BDI) type cathode ray tube (CRT)
which 1s designed to present pitch, yaw, and roll simultaneously, referenced
to an artificial horizon. Three counters supply identical information in
digital form. Position and velocity are indicated on a plan position indicator
(PPI) type CRT, which places the earth at the center of the screen with con-
centric circles as a distance scale, and contains two moving pips. One pip
represents vehicle position and the other pip 1s the reference position. As
long as the two pips coincide, the programmed position and velocity are being
maintained. Counters provide more accurate numerical information on both

-

142 TR 3808A

Vol I




Phase

Phciokol. CHEMICAL CORPORATION —

REACTION MOTORS DIVISION

TABLE XIi '

INFORMATION DISPLAY CHART

Function

Type of Information
Presented to Pilot

Display

} Prelaunch a Prepare to launch Warning Dig:tal (auditory)
b Fire abort rockets (1f Warping Binary (light plus horn)
required)
2 Launch a Fire booster Warmng Binary (light)
b Control attitude ' Monitoring Digital (counters)
Panel {BDI scope)
¢ Fire abort rockets (af Warning Binary (light plus horn)
required)
d Attain escape velocity Monttoring Analogue (gauge)
Panel (PPl scope)
Binary {light}
e Jettioon abort rockets Monitoring Binary (hights)
f Shut down booster Monitoring Binary (light)
g8 Fire separation rockets Monitoring Binary (lights)
3 Midcourse a Control attitude Attitude Digital (counters)
Monitoring
Panel {BDI scope}
Propellant Analogue {gauge)
Monitoring
b Control position Position Digital (counters)
Monttoring
Panel (BDI scope plus range
scope)
Propellant Analogue (gauge)
Monitoring
Engine Binary (hights)
Monitoring
c Abort (if required) Monitoring Binary (light plus horn)
d Advaace to next phase Momtoring Binary (light)
4 Lunary orbit a Control attitude Same as 3 Same as 3
injection b Control position Position Digital (counters)
Momitoring
Panel (PP1 scope}
Propellant Analogue (gauge)
Monitoring
Engine Binary (Lights)
Monitoring
¢ Abort (if required) Same as 3 Same as 3
d Advance to next phase Same as 3 Same as 3 ,
5 Lunar orbit a Control attitude Same as 4 Same as 4
b Control position Same as 4 Same as 4
¢ Abort {if required} Same as 4 Same as 4
d  Advance to next phase Same as 4 Same as 4
6 Lunar disorbit a Control attitude Same as 4 Same as 4
b Control position Same as 4 Same as 4
¢ Abort (if required) Same as 4 Same as 4
d  Advance to next phase Same as 4 Same as 4
7  Mudcourse a Control attitude Same as 3 Same as )
return b Control position Same as 3 Same as 3
¢ Abort (1f required) Same as 3 Same as 3
d Advance to next phase Same as 3 Same as 3 .
8 Re-entry a Control attitude Attitude Digital {counters)
Monitoring
' Panel (BDI scope)
Propellant Analogue (gauge)
Monitoring !
b Control position Position Digital (counters)
Monitoring
Panel (PPI scope)
Propellant Analogue {gauge)
Monitoring
¢ Separate main propulsion Monitoring Binary (lights)
d Separate nose Monitoring Binary (lights}
e Control capsule roll Monitoring Digital {counters)
Panel {BDI scope)
{ Operate decelerator Monitoring Binary (lights)
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predicted and actual distance and velocity. Lights are included to indicate
that booster cutoff velocity has been reached, that the booster has been shut
down, and that the abort rocket jettisoning and separation rocket firing should
be initiated and have been completed.

The same attitude control display 1s utilized during the midcourse phase
and all the following phases. A dual pointer gauge furnishes data on attitude
control propellant supply versus the amount required to complete the mission.
A similar gauge 1ndicates the status of propellants for the main propulsion
engines.

The position control display for the midcourse and midcourse return
phases consists of two CRT presentations. One scope indicates predicted and
actual distances between earth and moon by means of two pips on a narrow
rectangular raster, suitably calibrated, with earth and moon at the extremes
The second scope 1s a BDI type which supplies bearing information relative
to the predicted course line. Counters are again provided to give parallel
information to that on each scope. A light signals the termination of the phase.
Other lights indicate malfunction of one of the propulsion engines, and an
auxiliary light panel locates the source of trouble so that remedial action may
be taken 1f possible.

The same display information 1s utilized for the lunar orbit (injection,
orbiting, and disorbiting) phases except that the rectangular position scope
15 replaced by a PPI scope as used during the launch phase. In this instance
the moon 1s at the center of the scope, and concentric rings indicate orbital
distances from 1t. Two pips show predicted and actual positions.

The final phase 1s re-entry. Attitude and position control displays are
the same as for the lunar phases except that on the PPI scope the earthas at
the center. Light indicators signal the time at which to separate the main
propulsion engines and the completion of this operation. Another pair of lights
furnishes similar information on nose separation, and a third pair indicates
the operation of the decelerating mechanism. After separation the attitude
control includes roll only. This 1s presented on the BDI scope used before
separation.

The primary function of the pilot throughout the mission 1s that of
monttoring. He acts as the brain behind the brain. The mechanical brain
or computer receives the stored program outputs and the measured and cal-
culated parameter outputs and translates these into signals which are usable
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by the control system in maintaining the intended system performance. The
pilot, by utilizing the display presented to him, evaluates the performance
of the computer, exercises his judgment to decide whether action on his part
1s required, and, if so, assumes control over those portions of the system

which he deems necessary.

The abort signal 1s an analysis by the computer that the mission cannot
be completed as intended and that 1t has been aborted or should be aborted
by the pilot. However, with the exception of certain critical conditions where
abort must be initiated suddenly (such as booster malfunction during the pre-
launch phase), the pilot should be able to interpret his display so that he an-
ticipates the abort signal. Thus, he may initiate the abort 1n advance of the
computer or take corrective action which eliminates the need to abort.
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VI. DEVELOPMENT PROGRAM

A. PROGRAM SCHEDULE, 1963 SYSTEM

Phase I - Design and Development

Component design and development will run for 12 months. At the be-
ginning of this phase, final designs of the thrust chambers, attitude and roll
control chambers, and thrust chamber propellant valves will be prepared.
These designs will take advantage of the N,O,/MMH firings of the vortex in-
Jectors and the IR and D bipropellant pulse rocket testing, as well as experi-
ence gained on the Surveyor vernier powerplant program and other related
programs currently underway. Designs for the propellant tanks and pres-
surizing gas storage tanks will be prepared in accordance with the installa-
tion and capacity requirements established by the design parameters and by
consideration of meteorite penetration resistance and thermal control. Pro-
pellant tanks expulsion bladders will be procured from the Joclin Company
or another qualified bladder manufacturer. Pressurization system compo-
nents will be ordered using existing specifications, or modified specifications,
where appropriate. The basic program 1s shown in Figure 60.

1. Thrust Chamber

Individual thrust chamber testing will commence at the start of the fourth
month of the program. Sea level firings of the 6K chambers without nozzle
extension will be performed to confirm performance (C*), stability, heat
transfer, and durability. The equivalent of 40 runs, averaging 100 seconds
duration, will be accomplished. An additional 20 runs, averaging 100 seconds,
will"be made so that at least-two thrust chambers-achieve a_total of.over 500 _
seconds operating time to demonstrate adequate 11ft. An additional 40 runs
will be accomplished with the exhaust nozzle extension added to check space
performance, durability of extension under ablation cooling conditions, and
durability of extension-chamber joint. High altitude exhaust for the nozzle
will be provided. Multiple starts and their effect on the ablation liner wall
be checked. At least two thrust chambers will be started a minimum of 14
times under very high altitude conditions and will achieve a total of over 500
seconds operating time each to demonstrate adequate i1gnition and liner life.
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The 3 1b and 18 lb attitude control rockets will be tested for a total of
100, 000 cycles averaging one second each. All testing will be done under
high altitude simulation with flight type solenoid valves. Runs of up to 60 !
seconds duration on the 3 lb rockets will be made to establish durability.
Testing 1n the clusters of three (both individually and with more than one
unit firing) will be carried out to insure adequate radiation cooling with no
cross-effects on adjacent chambers and valves.

2. Gas Storage Tanks

Gas storage tanks will be proof and burst tested to insure adequate
strength and quality control. Loss of pressurization gas under high vacuum
will be‘determined. Propellant tank and bladder assemblies will be checked
for uniformity and completeness of expulsion at design pressure-level and
with a variety of attitudes. The effect of propellant sloshing and simulated
chamber vibration on expulsion and bladder life will be investigated. The
cycle life of the bladders expelling actual propellants will be established.
The effect of simulated space radiation on the bladder expulsion capability,
flexibility, and permeability will be investigated. The effect of the thermal
environment on propellant storage w111 be established.

l

3. Components

Testing of the propellant solenoid valves, helium fill valve, regulators,
relief valves, and other pneumatic and squib operated components waill com-
mence during the third month of the program. During initial testing of the
propellant solenoid valves emphasis will be placed on:

a. Actuation reliability of the valves over the anticipated temperature
range

b. Leaktightness of the valve when its environment and downstream
- - --- -.= =-port-are.exposed to very high vacuum and propellant pressure
1s maintained at the valve inlet.

c. Effect of space radiation on valve seals and other parts.

Testing and development of the valves will be continued as required to
insure reliable leaktightness under the anticipated mission conditions., For
this purpose leaktightness will be defined as leakage having a negligible effect
upon AV during the 14 day trip time. Simulated missions will be made with

4
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the valves stored for 14 days in high vacuum, sealing propellants and
periodically actuating according to a simulated flight plan.

The pressurization system components will be checked for operational
characteristics with helium where the data are not available, e.g., leakage,
pressure drop, and other effects. The effect of extended exposure to high
vacuum and space radiation will be established. Simulated missions will
be made.

4. System Design and Development

System design and development will begin during the fourth month and
run for some 15 months. During this phase, system design and functional
studies will be carried out in close liaison with the General Electric Company
MSVD to interchange information and insure optimum configurations. This
portion of the program 1s designed to insure that assembly of the entire
system will not result in unsuspected system difficulties. Imitial testing wall
be made of the complete system installations. A total of 20 tests 1s planned
to begin in the tenth month. Some tests will be at each of the 20F and 80F
temperature extremes. During all of these runs, high altitude exhaust con-
ditions will be provided for the 6K chambers. During some of these runs an
actual thrust-time maission profile will be simulated with the tanks and com-
ponents exposed to a high vacuum environment. . At least two of these 20 tests
will be at the full 24K thrust value. The tests waill be of progressively in-
creasing complexity and will be designed to integrate all of the components
into the system and to provide for changes i1n design as the need arises.

Prior to the PFRT phase, a series of complete system tests will be made
to provide assurance that the flight configurations will function reliably and
satisfy the model specification. The testing will feature environmental, mal-
function, and altitude testing. A total of 50 tests 1s planned for this portion
‘of the systems development test program. Forty tests will be conducted at
Thiokol-RMD. These tests will be made first at the 20F and 80F tempera-
ture extremes. High altitude exhaust conditions will be used to insure full
flow 1n the nozzle. Simulated thrust-time, high vacuum space environment
for the tankage and components, and gimbaling programs will be followed.
During some of these tests the full 24K thrust will be generated.
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The remaining ten tests will be conducted i1n the Tullahoma hagh altitude
test facilities. The three propulsion systems will be mounted as in the space-
craft and Tullahoma tunnel pressure set to simulate the highest possible al-
titude. Checkout runs will be made to investigate ignition, component leakage,
and the problems, if any, resulting from base recirculation of exhaust gases.
The 14 day mission will be simulated as closely as deemed practical at the
Tullahoma facility. ‘Runs will then be made simulating the actual mission as
closely as possible. At least two tests will be made at the full 24K thrust.

"All of the runs will be made under carefully controlled conditions. Ser-
vicing of the powerplants will be required between runs. Complete data will
be taken and reviewed, and maintenance and test malfunction records will be
kept. Every effort will be made to prepare the basic systems for the exacting
jobs ahead - PFRT and actual flight missions.

Phase II - PFRT

The PFRT program will cover some 15 months, beginning during the
ninth month and ending in the 24th month. The testing program will occupy
the last six months of this period. The PFRT will be a carefully conducted
testing program completed 1n accordance with a PFRT test program report
to be approved beforehand. It 1s anticipated that approximately 200 tests
will be needed to complete the entire program, which i1s aimed at establish-
ing the reliability and safety aspects of the propulsion systems. The testing
will include environmental, vibration, malfunction, and altitude testing.

The largest single group of tests (between 80 and 100) will be used to demon-
strate malfunction safety. Various malfunctions will be simulated and the
reaction of the powerplant determined. These tests will measure the effec-
tiveness of the malfunction studies. Penalty runs will be conducted when
necessary and additional malfunction runs made as the need becomes evident.

Altitude tests will be run at the 6K and 24K level at'the Tullahoma facali-
ties. The longest practical mission simulation will be made, and thrust,

glmbahng, and attitude control programs included. . It'1s ‘planned to conduct
10 tests at Tullahoma. i

The remaining tests will be scheduled and conducted to demonstrate com-
pliance with the model specification and other applicable specifications. ‘They
will include propulsion system tests and component tests. In all cases they
will be conducted 1n accordance with written specifications covering requlre-
ments, servicing (af necessary), inspection, etc.
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Phase III - Delivery

Powerplant deliveries will commence during the 25th month of the pro-
gram. Delivery of ten complete propulsion systems will be made over a
period of two and one half years in accordance with the schedule of Figure 60.
Following a complete inspection of all parts (including pressure checks and
flow checks, as required), the propulsion system will be assembled to simu-
late vehicle installation and then acceptance tested in a manner agreed upon
with the General Electric Company. An acceptance test should include a
short 10 second run with one 6K chamber, followed by a two hour shutdown
period with the system propellant tanks pressurized, the complete system
exposed to simulated space vacuum environment, and the main attitude control
system cycling periodically. The test will then conclude with 10 seconds of
operation at full 24K thrust. The gimbaling system shall be checked for opera-
tion and the re-entry roll control system cycled to insure proper functioning.
This testing will be conducted with simulated high altitude exhaust to insure
full flow 1n the nozzles.

Following completion of the acceptance test, the propulsion systems wall
be drained, serviced as required for flight operation, and shipped dry to a
point to be determined. During the course of the development program, con-
sideration will be given to the requirements of a prelaunch checkout for elec-
trical and pneumatic equipment. A schedule of spare parts to be supplied.
will be established during this phase.

B. PROGRAM SCHEDULE, 1966 SYSTEM

Phase I - Applied Research, Design and Development

Prior to imtiation of formal design and development, and concurrent with
development of the 1963 system, applied research in performance, system
requirements, and materials will be conducted. At the beginming of this phase,
100 1b thrust chambers will be designed based on the experience gained in
current Thiokol-RMD IR and D programs utilizing vortex injectors and OF ,/MMH.
Basic programs studying performance (C*), stability, and cooling will be con-
ducted. Based on these data the program will be increased to 500 1b thrust
and finally to 6K thrust levels, broadening in scope to encompass regenerative
and ablative cooling of the chamber and throat insert, film cooling of the throat
insert with liquid helium and fuel, radiation cooling of nozzle extensions, and
other aspects of combustion research. Materials research will parallel this
effort. Material compatibility, metallic and nonmetallic, and material choice
as related to specific designs will be studied. The basic program 1s shown in
Figure 61 .
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Pressurization system investigations will follow two paths, (1) a liquad
helium system utilizing a heat exchanger, and (2) a hybrid chemical gas
generation system producing an oxidizer-rich and a fuel-rich gas for pres-
surizing the respective main propellant tanks. Two checkpoints in this
program are anticipated. At the end of six months the liquid helium program
will be reviewed with a view towards incorporating it in the 1963 system 1in
place of the stored gas system. At the end of 12 months the liquid helium
and the hybrid systems will be compared with a view towards choosing be-
tween them for the 1966 system. As a part of the pressurization system
studies, positive expulsion of the OF, will be investigated. Both nonmetallic
and metallic bladders will be tested, as well as other devices.

Component design and development will run for 24 months. At the be-
ginning of this phase final designs of the thrust chambers, attitude control
chamber, and thrust chamber propellant valves will be prepared. These
designs will be based on the OF ,/MMH basic data generated during the first
year of the program. Designs for the pressurizing gas storage tanks wall
be prepared in accordance with the installation and capacity requirements
established by the design parameters and by consideration of meteorite pene-
tration resistance and thermal control. It is anticipated that the main pro-
pellant tanks and expulsion bladders developed for the 1963 system can be
used here. Consideration will be given to thermal control relative to ex-
tended storage on space of OF,. If other propellant acquisition means are to
be employed, the tank designs will be modified accordingly. Pressurization
system components will be ordered using existing specifications developed
under the 1963 system program and based on the pressurization system
found to be most promising during the research phase.

1. Thrust Chamber

Individual thrust chamber testing will commence at the start of the 24th
month of the program. Sea level firings of the 12K chambers without nozzle
extension will be performed to confirm performance (C*), stability, heat
transfer, durability, and step-thrust capability. The equivalent of 40 runs,
averaging 100 seconds duration, will be accomplished. An additional 20 runs,
averaging 100 seconds, will be made so that at least two thrust chambers
achieve a total of over 500 seconds operating time at the 6K level to demon-
strate adequate life. At least two chambers will be operated for over 120
seconds continuous running at the 12K level. An additional 40 runs will be
accomplished with the exhaust nozzle extension added to check space per-
formance and durability of extension under radiation cooling conditions. High
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altitude exhaust for the nozzle will be provided. Multiple starts and thear
effect on the extension will be checked. At least two thrust chambers will
be started a mimimum of 14 times under very high altitude conditions and
will achieve a total of over 500 seconds operating time at the 6K level each
to demonstrate adequate ignition and chamber life.

The 3 1b attitude control rockets will be tested for a total of 100, 000
cycles averaging one second each, All testing will be done under high alti-
tude simulation with flight type solenoid valves. Runs of up to 60 seconds
duration on the 3 lb rockets will be made to establish durability. Testing
in the clusters of three (both individually and with more than one unit firing)
will be carried out to insure adequate radiation cooling with no cross-effects
on adjacent chambers and valves.

2. Storage Tanks

Gas and liquid helium storage tanks will be proof and burst tested to in-
sure adequate strength and quality control. Loss of pressurization gas under
high-vacuum will be determined. Liquid helium vaporization losses under
simulated flaght conditions will be established. Tank and bladder assemblies
will be checked for umiformity and completeness of expulsion at design pres-
sure level and with a variety of attitudes. The effect of propellant sloshing
and simulated chamber vibration on expulsion and bladder life will. be in-
vestigated. The cycle life of the bladders expelling actual propellants will
be established. The effect of simulated space radiation on the bladder ex-
pulsion capabality, flexibility, and permeability will be completely investigated.

3. Components

Testing of the propellant solenoid valves, helium fill valve, regulators,
relief valves, and other pneumatic and squib operated components will com-
mence during the 18th month of the program. During imitial testing of the
propellant solenoid valves emphasis will be placed on:

a. Actuation reliability of the valves over the anticipated temperature
range

b. Leaktightness of the valve when 1ts environment and downstream
port are exposed to very high vacuum and propellant pressure

1s maintained at the valve inlet

c. Effect of space radiation on valve seals and other parts.
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It 15 anticipated that a considerable amount of effort from the 1963 pro-
gram will be applicable here. Testing and development of the valves wall
be continued as required to insure reliable leaktightness under the antici-
pated mission conditions. For this purpose leaktightness will be defined as
leakage having a negligible effect upon AV during the 14 day trip time. Simu-
lated missions will be made with the valves stored for 14 days in high vacuum,
sealing propellants and periodically actuating according to a simulated flight
plan.

The pressurization system components will be checked for operational
characteristics with gaseous and liquid helium where the data are not avail-
able, e.g., leakage, pressure drop, and other effects. The effect of extended
exposure to high vacuum and space radiation will be established. -Simulated
missions will be made.

4, System Design and Development

System design and development will begin during the 24th month and run
for some 24 months. During this phase, system design and functional studies
will be carried out in close liaison with the General Electric Company MSVD
to interchange information and insure optimum configurations. This portion
of the program 1s designed to insure that assembly of the entire system waill
not result in unsuspected system difficulties. Imtial testing will be made of
the complete system installations. A total of 20 tests 1s planned to begin in
the 36th month. Some tests will be at each of the 20F and 80F temperature
extremes. During all of these runs, high altitude exhaust conditions will be
provided for the 12K chambers. During some of these runs an actual thrust-
time mission profile will be simulated with the tanks and components exposed
to a high vacuum environment. At least two of these 20 tests will be at the
full 24K thrust value. The tests will be of progressively increasing com-
plexity and will be designed to integrate all of the components i1nto the system
and to provide for changes i1n design as the need arises.

Prior to the PFRT phase a series of complete system tests will be made
to provide assurance that the flight configurations will function reliably and
satisfy the model specification. The testing will feature environmental, mal-"
function, and altitude testing. A total of 50 tests 1s planned for this phase.
Forty tests will be conducted at Thiockol-RMD. These tests will be made
first at the 20F and 80F temperature extremes. High altitude exhaust con-
ditions will be used to insure full flow i1n the nozzle. Simulated thrust-time,
high vacuum space environment for the tankage and components, and gimbaling
programs will be followed. During some of these tests the full 24K thrust will
be generated.
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The remaining ten tests will be conducted in the Tullahoma high altitude
test facilities. The three propulsion systems will be mounted as in the space-
craft and the Tullahoma tunnel pressure set to simulate the highest possible
altitude. Checkout runs will be made to investigate ignition, component
leakage, and the problems, 1if any, resulting from base recirculation of ex-
haust gases. The 14 day mission will be simulated as closely as deemed
practical at the Tullahoma facility. Runs will then be made simulating the
actual mission as closely as possible. At least two tests will be made at
the full 24K thrust.

All of the runs will be made under carefully controlled conditions,
Servicing of the powerplants will be required between runs. Complete data
will be taken and reviewed and maintenance and test malfunction records
will be kept. Every effort will be made to prepare the basic systems for
the exacting jobs ahead - PFRT and actual flaight missions.

Phase II - PFRT

The PFRT program will cover some 15 months, beginning during the
45th month and ending i1n the 60th month., The testing program will occupy
the last nine months of this period. The PFRT will be a carefully conducted
testing program completed in accordance with a PFRT test program report
to be approved beforehand. It 1is anticipated that approximately 200 tests
will be needed to complete the entire program, which 1s aimed at establishing
the reliability and safety aspects of the propulsion systems. The testing will
include environmental, vibration, malfunction, and altitude testing. The
largest single group of tests (between 80 and 100) will be used to demonstrate
malfunction safety. Various malfunctions will be simulated and the reaction
of the powerplant determined. These tests will measure the effectiveness of
the malfunction studies. Penalty runs will be conducted when necessary and
additional malfunction runs made as the need becomes evident.

Altitude tests will be run at the 6K and 24K level at the Tullahoma facili-
ties. :;T;he_fo_ﬁgeét i)?lai}:itlcal- mission simulation will be made, and thrust,
gimbaling, and attitude control programs included. It is planned to conduct
10 tests at Tullahoma.

The remaining tests will be scheduled and conducted to demonstrate com-
pliance with the model specification and other applicable specifications. They
will include propulsion system tests and component tests. In all cases they
will be conducted in accordance with written specifications covering require-
ments, servicing (1f necessary), inspection, etc.:
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_Phase IIl - Delivery

Powerplant deliveries will commence during the 60th month of the pro-
gram. Delivery of ten complete propulsion systems will be made over a
period of two and one half years in.accordance with the schedule of Figure 61,
Following a complete inspection of all parts (including pressure checks and
flow checks, as required), the propulsion system will be assembled to simu-
late vehicle installation and then acceptance tested in a manner agreed upon
with the General Electric Company. An acceptance test should include a
short 10 second run with one 6K chamber, followed by a two hour shutdown
period with the system propellant tanks pressurized, the complete system
exposed to simulated space vacuum environment, and the main attitude control
system cycling periodically. The test should then conclude with 10 seconds
of operation at full 24K thrust. The gimbaling system shall be checked for
operation and the re-entry roll control system cycled to insure proper func-
tioning. This testing will be conducted with simulated high altitude exhaust
to insure full flow in the nozzles.

Following completion of the acceptance test, the propulsion systems wall
be drained, serviced as required for flight operation, and shipped dry to a
point to be determined. During the course of the development program, con-
sideration will be given to the requirements of a prelaunch checkout for J
electrical and pneumatic equipment. A schedule of spare parts to be supplied
will be established during this phase.

C. TEST FACILITIES

Three areas 1n the proposed development program merit special con-
sideration and discussion. They are: (1) high altitude exhaust simulation
to insure full flow in the nozzle, (2) very high vacuum to permit simulation
of exposure of components to space pressure, and (3) facilities for the test
1irradiation of fluids and components.

1. High Altitude Exhaust Simulation

During the course of the main attitude control and re-entry roll control
development program it will be necessary to insure full flow i1n the nozzles.
Further, 1t 1s required that the entire main attitude and re-entry roll control
systems be subjected to as low a pressure as 1s practicable for extended
periods of time to simulate the space mission environment. A system to
provide this capacity 1s currently under development for the NASA Surveyor
vernier powerplant system development program at Thiokol-RMD, and wall
be available for use on the Apollo program.

158

TR 3808A
Vol 1




FThickof: CHEMICAL CORPORATION —

REACTION MOTORS DIVISION

The altitiide test apparatus will have the capacity to start and run at
high altitudes. Altitude simulation for the applicable rocket will require a
contoured rocket exhaust diffuser discharging into a jet ejector. Commonly,
steam 1s employed to power the ejector; however, Thiokol-RMD has developed
an '"'nstant steam'' system based on peroxide decomposition products reacted
with gaseous hydrogen to provide steam at a much lower cost in installation
and operation than an equivalent, conventional steam generating system

The Hyprox Evactor system proposed for the altitude testing phase ot
this program consists of an altitude chamber, rocket exhaust diffusers, ex-
haust cooler, first and second stage ejectors, a Hyprox combustor to supply
ejector drive system, and controls. Figure 62 portrays a typical system.

The altitude chamber, approximately 8 ft in diameter and 20 ft long,
houses the engine system and rocket exhaust diffusers. Each diffuser 1s
essentially a duct consisting of gently converging entrance and exit cones
separated by a short cylindrical throat section. The ducts are water cooled
over their entire length.

The cooler section, immediately downstream of the diffusers, mani-
folds the engine exhaust gases, and reduces temperature from the expected
value of approximately 5000F to 1200F. This reduces the otherwise severe
service conditions of the first and second stage steam ejectors located im-
mediately downstream of the cooler, and thereby permits the use of con-
ventional steam ejector designs and materials for these stages. Also, the
use of smaller units 1s permitted because of the increased density of gases
being handled. The cooling operation 1s accomplished by means of water
injection into the exhaust gas stream.

The first and second stage e)ectors are coaxial with, and immediately
downstream of, the exhaust cooler. Both function as conventional steam
ejectors, the driving steam being generated in the Hyprox combustor and
introduced axially at the entrance of each ejector through conventional super-
“sonic steam nozzles, ——=—" -— — —— == - - S —

The Hyprox combustor 1s the source of the driving steam for the first
and second stage ejectors. The combustor consists of a single assembly
with four major areas: a peroxide injection and decomposition chamber, a
hydrogen gas preheating and injection section, a hydrogen combustion chamber,
and a water injection section.
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The introduction of gaseous hydrogen increases the steam generating
quantity by burning the available oxygen in the decomposed peroxide, while
the water injector cools the products of combustion and. also increases the
quantity of steam generated. The dry, saturated steam leaves the-combus-
tor and enters the drive gas inlets of the first and second stage ejectors -
through an uncooled pipeline. -

The controls and instrumentation required to operate the Hyprox Evactor
system are simple, consisting of commercially available, remotely operated
valves and regulators. These control the fluids supplied to the Hyprox com-
bustor and the cooling water supplied to the diffusers and exhaust cooler.
Low response pressure monitoring instrumentation 1s required to monitor
altitude chamber pressure levels. -

The described system provides a high degree of operational flexibility.
Specifically, 1t permits engine start at the desired altitude, and maintains
the desired altitude during single or multiple engine operation, during restart,
during thrust termination, and over a wide range of engine throttling.

Prior to start, the desired altitude 1s obtained by operation of the first
and second stage ejection. This will establish a 100, 000 ft altitude pressure
equivalent in the altitude chamber. This altitude 1s maintained by these
ejectors during engine start until the engine exhaust flow 1s sufficient to f1ll
the rocket exhaust diffuser. At this point, the rocket exhaust diffuser and
second state ejector handle the increased exhaust gas flow and maintain the
desired altitude. During this period, the first stage ejector serves merely
as a duct with i1ts driving steam providing enough energy to offset duct losses
which would be incurred if the steam were shut off.

The sequence of operation 1s reversed on shutdown. Thus, the desired
altitude 1s always maintained throughout the system, providing for an im-
mediate altitude restart.

" Thiokol-RMD plans to conduct development testing of the on-board pro-
pulsion system at the 6K and 24K levels in a system which will provide space
environment simulation for the entire system and multiple diffusers to main-
tain a low back pressure on the thrust chamber nozzles during operation.
During the quality assurance and PFRT programs, a series of tests to finally
demonstrate nozzle performance and cooling, high altitude ignition, and simu-
lated space operation of all of the propulsion systems will be conducted 1in the
Tullahoma high altitude test facilities.
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2. Space Vacuum Simulation

The simulation of the very low pressure of space will be accomplished
by use of special bell jars exhausted by diffusion pumps. Two jars ap-
proximately 1 cu ft and 5 cu ft are available for use 1n this program. They
have a vacuum capability of 10-7 mm Hg, providing therefore a capacity and
altitude simulation considered entirely adequate for testing components.

3. Radiation Testing

Thiokol-RMD plans to use the radiation test facilities of Brookhaven or
Lawrence Radiation Labs for component and propellant irradiation. Con-
sideration will be given to the exposure of propellant-containing containers
to high energy proton bombardment 1n a proton synchrotron to simulate
the effect of cosmic rays in the BEV range.
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WEIGHT SUMMARY
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APPENDIX A

WEIGHT SUMMARY
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System 1963% 1966* 1963 Alternate ** 1966 Alternate - *
Reverse Flow
Main On-Board Propulsion |
Thrust Chambers (4) 204.0 1b (2) 390.01b (4) 378.2 1b (8) 222.21b
Fuel Tanks 98.0 56.0 78.0 83.2
Oxidizer Tanks 123.0 130.0 98.0 136.3
Helium Tanks 177.3 67.0 139.0 _———- ‘
Valves and Controls, Maisc. 109.3 85.6 104.9 362.6
Dry Weight 711.6 1b 728.6 1b 798.11b 804.3 1b
Helium Weight 37.0 43.0 29.0 ---
Propellant Weight 8931.0 1b 7127.01b 7153.01b 7127.01b
Main Attitude Control
Thrust Chambers (12) 12.01b 12.01b 12.01b 12.0 1b
Fuel Tank 4.6 3.6 3.6 3.6
Ox1dizer Tank 7.3 6.6 5.8 6.6
Valves and Controls, Misc. 10.7 10.2 10.7 10.2
Dry Weight 34.6 1b 32.41b 32.11b 32.41b
Propellant Weight 390.0 1b 336.01b 220.01b 336.0 1b
Re-Entry Roll Control
Thrust Chambers (8) 16,7 1b 16.7 1b 16.7 1b 16.7 1b
Fuel Tank 0.5 0.5 0.5 0.5
---=Ox1dizer_Tank - - _ . 0.8 ~ 0.8 o 0.8 0.8
Valves and Controls, Misc. 23.4 23.4 23.4 T T T TTT 2374 ——— —— - o=
Dry Weight 41.4 1b 41.41b 41.4 1b 41.4 1b
Propellant Weight 25.4 1b 25.4 1b 25.4 1b 25.4 1b
Total Loaded System Weight 10,171.0 1b 8333.8 1b 8299.0 1b 8366.5 1b {
NOTES
*  W_=15,7151b; AV = 7500 ft/sec
*% AV = 5600 ft/sec (circumlunar mission only)
TR 3808A
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APPENDIX B

MODEL SPECIFICATION NO. 15108
PROPULSION SYSTEM, LIQUID PROPELLANT

Manned Vehicle Main On-Board Propulsion
Attitude Control and
Re-Entry Roll Control Systems
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MODEL SPECIFICATION FOR TD-281 PROPULSION SYSTEM

1. SCOPE

1.1 This specification covers the requirements for the General Electric
Company Apollo Main On-board Propulsion and Control Rockst Svstems.

1.2 Classification. The Model TD-281 Main On-board Propulsion and
Control System consists of three subsystems, all designed to operate and be
capable of restart under the conditions of cislunar and lunar space.

a. Subsystem A: Main On-board Propulsion.

The main on-board propulsion subsystem contains four (4) six
thousand (6000) pound thrust chambers, with regeneratively cooled chamber
and throat inserts and ablation cooled nozzle extensions. These chambers mav
be fired singly or in combination, The tankage, two spheres for each pro-
pellant, 1s pressurized with helium to 390 psia and utilizes positive expulsion
to deliver N,O4 and MMH to the thrust chambers. The thrust chamber will
attain an Isp of 319 seconds operating at a Pch of 200 psia with an O/F of 2:1
and an expansion ratio of Ae/At = 40. Each chamber can be independently
actuated through a gimbal angle of 15° in any direction. The engine operation
and mode will be 1nmitiated and controlled by the pilot.

b. Subsystem B: Main Attitude Control,

The main attitude control subsystem contains 12 (twelve) 3 (three)
pound thrust radiation cooled thrust chambers., These chambers will operate
at a P.} of 40 psia to obtain a minimum Ig, of 310 seconds with an O/F ratio
of 2.4 and an expansion ratio of Ae/At = 100,

The positive e;:—p11151oh tankage pressurized to 150 psia with helium—— —
from the same tanks used for the main on-board propulsion system will also
provide adequate N,0O4 and MMH to the 7000 pound thrust chambers to produce

a 250 ft/sec velocity increment. The main attitude control subsystem will be
pilot controlled. . -

c. Subsystem C: Re-Entry Roll Control.

The re-entry roll control subsystem contains eight (8) eighteen (18)
pound thrust radiation cooled thrust chambers. These chambers will operate
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at a P_yj of 40 psia to obtain a minmimum Isp of 310 seconds with an O/ ratio
of 2.4 and an expansion ratio Ag/A; = 100, The positive expulsion tankage
pressurized to 150 psia with helium-will provide N,O4 and MMH to the thrust
chambers. This subsystem 1s to be independently mounted on the re-entry
vehicle and will be pilot controlled.

2. APPLICABLE DOCUMENTS

2.1 The following specifications form a part of this specification except
as modified herein.

Specifications.
Military: to be supplied later
Reaction Motors Division® to be supplied later

2.2 Precedence of Specifications. The precedence of specifications
shall be as follows in the case of conflict between requirements of different
specification.. B
a. Contract requirements
b. This specification
c. Other specifications

2.3 Defimitions. For the purpose of this specification, Thiokol Chem:-
cal Corporation, Reaction Motors Division, shall be referred to as the con-
tractor.

3. REQUIREMENTS

3.1 Mockup. For new types or models of propulsion systems, a full
scale mockup shall be prepared for examination and approval as soon as the
contractor has established the installation features of the engine. Any
changes required by the using service shall be subject to negotiation,
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- 3.2 Propulsion System Changes. The using service shall be notified of
changes affecting the installation made after approval of the mockup. After
the mockup has.been approved, the installation drawings shall be forwarded
to the using service for approval. The mockup shall be kept current with ap-
proved changes, at least through the first production contract, unless other-
wise authorized.

3.3 Performance Characteristics. The ratings and curves shown are
based on the terms and standard conditions defined herein.

3.3.1 Propulsion System Operating Regimes.

3.3.1.1 Pressure and Temperatures. The maximum ambient pressure
at which the engines shall start, operate, and stop shall be 0.5 psia. The
propulsion system shall be capable of satisfactory operation at the tempera-
ture extremes of 20°F and 80°F, :

3.3.1.1.1 Static Exposure. The propulsion system shall be capable of
satisfactory operation after static exposure for 8 hours at a minimum ambient
temperature of 80°F when supplied with propellants at a minmimum tempera-
ture of 80°F or 10°F below the respective boiling points of the propellants,
whichever 1s lower; and after static exposure for 24 hours at a maximum
ambient temperature of +20°F, followed by exposure for at least 48 hours at
a maximum temperature of +20°F when supplied with propellants at +20°F or
10°F above their respective freezing points, whichever i1s higher.

3.3.1.2 Attitudes. The rocket engines shall perform satisfactorily in
all attitudes under the loading conditions specified 1n paragraph 3. 4. 2.

3.3.2 Ratings. The performance ratings shall be as listed in Table BI.
These data are based on the use of specified propellants and fluids under
specified conditions (per paragraph 3. 3.8) with an exhaust nozzle having an
expansion ratio of 40:1 for the main on-board propulsion system and 100:1
for the main attitude and re-entry roll control systems.

3.3.3 Thrust Chambers. Performance parameters are given an Table B2.
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3.3.4 Starting.

3.3.4.1. Main On-Board Propulsion System Starting. Figures Bl and
B2 present the fluid and electrical schematics of the main on-board propul -
sion system.

The following sequences are involved with starting the system:
a. Pre-Arm.

Prior to "arming' the system, the option exists to cycle open all the
solenoid operated attitude control propellant valves (U5-U28). This can be
done through the spacecraft controls and would perform the function of clear-
ing the lines from the propellant tanks to the individual thrust chambers when
vented to a vacuum atmosphere.

b. Arm.

The system 1s "armed' by closing the arm switch (S1). This allows
current to fire open the dual squib operated pressurizing valve (U42). The
squib portion of this valve 1s dualized to increase its reliability. Once the
valve (U42) 1s opened, high pressure helium 1s allowed to flow from the
storage bottles. After the helium leaves the storage bottles 1t branches into
two parallel paths. Each path contains i1dentical pressure regulators (RGl
and RG2). The regulators are sized so that each can handle the maximum
flowrate capacity requirement of the engine system. Downstream of each
regulator 1s a spring loaded helium pressure operated regulator malfunction
valve (U43 and U44). The function of these valves 1s to shut off helium flow

_1n the applicable branch in the event of a regulator failure in the wide open

position to prevent full helium bottle pressure from pressurizing propellant
tankage. A check valve (CKl and CK2) 1s located downstream of each mal-
function valve (U43 and U44) so that an abnormally high pressure in one
branch will not feed back into the other branch. After leaving these check
valves (CKl and CK2) the pressurizing helium in the two branches 1s joined
by a common line 1n which 1s located a relief valve (U45). This relief valve
(U45) 1s sized to compensate for regulator lockup leakage and possible pres-
sure pulses.
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c. Control Gas.

Pressurized heliuim gas 1s taken from the common line and 1s distri-
buted to five (5) solenoid operated pilot valves (U49 - U53) to be utilized as
control gas for operating pneumatic actuated valves.

d. Main Propulsion Tankage Pressurization.

Pressurized helium gas 1s taken from the common line and 1s sent
to the main propulsion tankage system. In the main propulsion tankage system
there are two tanks for each propellant. Each pair of tanks, for similar pro-
pellant, 1s mamifolded together both at the inlet and exit portions. Each pair
of main propellant tanks is fitted with burst disc valves (BD5 - BD8) at both
the inlet and exit ports. These burst disc valves (BD5-BD8) afford a her-
metic seal of the propellant tankage until propellants are required. When the
pressurizing gas reaches the inlet port burst disc valves (BD5 and BD7) this
pressure will rupture the discs allowing the pressurizing gas to enter all
maain propellant tankage. Once the gas enters the tanks it pushes against the
positive expulsion bladders in each tank and forces the propellant out of the
exit ports of each tank. The fluid pressure of the propellants will build up
rapidly and will rupture the tank exit burst disc valves (BD6é and BD8). Quad-
ruple check valves (CK7 and CK8) are located at the entrance of both propel-
lant tanks to preclude the possibility of any backflow or intermixing of pro-
pellants.

After the tank exit burst disc valves (BD6 and BD8) have been rup-
tured propellants are allowed to flow from the tanks to the main propellant
manifolds. From the manifolds the propellants branch out to each individual
main thrust chamber (CH1 - CH4) and the flow will be stopped at the indi-
vidual main propellant valves (Ul - U4) and the entire main thrust system
will be pressurized. In this process the regeneratively cooled portions of
the thrust chambers (CHI1 - CH4) will be filled with fuel as the main propel-
lant valves (Ul - U4) are located downstream of the cooling jackets. Filters
(F3 and F4) are located 1n the propellant lines leading to the propellant mani-
folds to remove any foreign particles that may exist that could possibly clog
the thrust chamber injectors. -
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ITEM DESCRIPTION
CHi-CH4 |MAIN THRUST CHAMBER, GIMBALED
ICH5-CHIBJATTITUDE CONTROL THRUST CHAMBER
Ut-Ud | MAIN PROP VALVE, PNEU. OPERATED
US5-U28 | ATTITUDE CONTI. PROP VALVE SOLENOID OPERATED
u29 MAIN PROPELLANT TANK SHUTOFF VALVE PNEYU OPERATED
U30 U3} | ATTITUDE CONTROL SYS. SHUTOFF VALVE SOLENQID OPER.
ud2 CROSS FEED PROPELLANT VALVE PNEU OPERATED
U33 U40 {MAIN CHAMBER MALF SHUTOFF VALVE DUAL SQUIB OPER
uai HEUIUM FILL VALVE DUAL SQUIB OPERATED
ua2 PRESSURIZING VALVE DUAL SQUIB OPERATED
U432 44 | MAIN HE REGULATOR MALF SHUTOFF VALVE PNEU OPER
u4d MAIN HELIUM PRESSURE RELIEF VALVE
U46 U47 | ATTITUDE CONTL HE REGULATOR MALF VALVE PNEU OPER
U48 ATTITUDE CONTL PRESSURE RELIEF VALVE
U49 | MAIN PROP SHUTQFF § CROSSFEED VALVE PItOT VALVE,SOL OPER
US0-US3 | MAIN PROP VALVE PILOT VALVE SOLENOID OPERATED
U55-U62 | MAIN THRUST CHAMBER GIMBAL VALVE SERVO OPERATED
CKI-CKA | CHECK VALVE SINGLE
CK5-CK8 | CHECK VALVE QUAD
BDI-8D4 | ATTITUDE CONTL PROPELLANT TANK BURST DISC
BD5-BD8 | MAIN PROPELLANT TANK BURST DISC
FIF2 | ATTITUDE CONTL PROPELLANT FILTER
FAF4 | MAIN PROPELLANT FILTER
Pl P2 MAIN PROPELLANT TANK FitL PLUG
P3P4 | ATTITUDE CONTL PROPELLANT TANK FiLL PLUG
P5 HELIUM FILL PLUG
us4 MAIN FUELMANIFOLD RELIEF VALVE
U63-U66| SERVO FEED VALVE, SOLENOID OPERATED
RGI-RG4 | HELIUM PRESSURE REGULATOR
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e. Fire.

. Once the system has been armed any one or any combaination of the
four main thrust chambers (CHI - CH4) can be fired upon command from the
vehicle controls. When a particular thrust chamber 1s required to fire, the
vehicle control system will energize the appropriate solenoid operated servo
fluid valve (U63 - U66) and 1ts corresponding solenoid operated main propel-
lant valve pilot valve (U50 -U53). Operating the servo fluid valve (U63 - U66)
will allow pressurized fuel to be available to the corresponding servo operated
main thrust chamber gimbal valve (U55-U62). The gimbal valves (US55 -
U62) receiving information from the spacecraft controls, along with data from
the chamber position feedback potentiometer, will provide pressurized fuel
to the thrust chamber gimbal actuators in such a way as to position the thrust
vector through the instantaneous center of gravaity.

While this 1s occurring, the main propellant valve pilot valve (U50 -
U53) has opened and allowed control gas (helium) to enter the actuating piston
of the pneumatic operated main propellant valve (Ul - U4). The control gas
will force the main propellant valve (Ul - U4) to the open position and both
propellants will enter the combustion chamber (CH1 - CH4). Ignition will
occur upon contact of the two hypergolic propellants.

3.3.4.2 Main Attitude Control System Starting. Figures Bl and B2 de-
scribing the main propulsion system also show the fluid and electrical
schematics of the main attitude control system.

The two systems are linked through the helium storage bottles, pressure
regulators, and relief valves. Consequently the pre-arm and arm phases
~are the same.

a. Attitude Control Tankage Pressurization.

The attitude control propellant tankage 1s pressurized to approxi-
mately one half the level of the pressure in the main propellant tankage.
Another stage of pressure regulation is required. Pressurizing helium gas
1s taken from the common line and is directed into two parallel paths. Each
path contains identical pressure regulators (RG3 and RG4). The regulators
are sized so that each can handle the maximum flowrate capacity of the at-
titude control engine system and one main thrust chamber.

TR 3808A
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Thus 1n the event of a failure such that either of the regulators (RG3
or RG4) does not allow any flow when required, the other will take over the
entire function.  Downstream of each regulator is a spring loaded helium
pressure operated regulator malfunction valve (U46 and U47),

b. Fire.

Once the system has been armed, any one or any combination of at-
titude control thrust chambers (CH5 - CH16) can be fired upon command from
the vehicle controls. Both the oxidizer and fuel solenoid valves for a specific
thrust chamber are actuated by a common signal. Ignition will occur upon
contact of the two propellants due to their hypergolicity.

3.3.4.3 Re-Entry Roll Control System Starting. Figures B3 and B4
show the fluid and electrical schematics of the re-entry roll control system.
The following sequences are involved with starting the system.

a. Pre-Arm.

Prior to "arming'' the system, the option exists to cycle open all
the solenoid operated propellant valves (U6 -U21). This can be accomplished
through the spacecraft controls once the power switch (S1) has been closed
and would perform the function of clearing the lines from the propellant tanks
to the individual thrust chambers when vented to a vacuum atmosphere,

b. Arm.

The system 1s '"armed'' by depressing the momentary contact arm
switch (S1). This allows current to fire open the dual squib operated pres-
surizing valve (U2). The squib position of this valve 1s dualized to increase
1ts reliability. Once the valve (U2) 1s opened, high pressure helium 1s al-
lowed to flow from the storage bottle. After the helium leaves the storage
bottle, 1t branches into two parallel paths. Each path contains identical
pressure regulators (RGl and RG2). The regulators are sized so that each
can handle the maximum flowrate capacity requirement of the engine system.
Downstream of each regulator 1s a spring loaded helium pressure operated
regulator malfunction valve (U3 and U4). The function of these valves 1s to
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stop helium flow through a regulator which fails in the open position and pre-
vent excessive helium flow into the propellant tanks. A check valve (CKl and
CK2) is located downstream of each malfunction valve (U3 and U4) so that an
abnormally high pressure in one branch will not feed back into the other
branch. After leaving these check valves (CKl and CK2) the pressurizing
helium in the two parallel branches 1s joined by a common line i1n which 1s
located a relief valve (U5). This relief valve (U5) 1s sized to compensate
for regulator lockup leakage and possible pressure pulses. The common link
permats flow from either pressure regulator to supply both the oxidizer and
fuel tank 1n case one regulator malfunctions,

c. Fire,

Once the system has been armed, any one or any combination of
thrust chambers can be fired upon command from the vehicle controls. Both
the oxidizer and fuel solenoid valves for a specific thrust chamber are ac-
tuated by a common signal. Ignition occurs upon contact of the two propel-
lants due to their hypergolicity,

3.3.5 Shutdown.

3.3.5.1 Main On-Board Propulsion Systemn Shutdown. Once the required
velocity correction has been obtained the vehicle controls will signal the thrust
chamber (CHI - CH4) 1n operation to shut down by discontinuing power to the
appropriate main propellant valve pilot valve (U50 - U53) and servo fluid valve
(U63 -Ub6). Discontinuing power to the main propellant valve p:lot valve
(U50 - U53) will allow 1t to return to its normal position, under a spring load,
and the control gas will be shut off and the actuating piston of the main pro-
pellant valve (Ul - U4) will have 1ts pressurizing gas vented to atmosphere by

“means of appropriate porting in the pilot valve (U50 - U53) Once the pres-
surizing gas is vented, the main propellant valve (Ul - U4) will close under
the action of 1its spring loading. With the flow of propellants discontinued,
the main thrust chamber (CHI1 - CH4) will cease operation.

In the event that a main thrust chamber (CHI - CH4) does not discontinue
operation when required, erroneous velocity correction and loss of propellant
will occur as well as presenting a hazardous condition. To eliminate this
condition, the following safety circuitry has been incorporated.
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Whenever a thrust chamber 1s fired a slow release timer 1s energized.
Energizing this timer will cause 1ts four (4) normally closed contacts (KI1)
to open. Each.one of these normally open contacts 1s wired in an i1ndividual
series circuit which includes a main propellant valve limit switch (LSI - L.S4)
and two squib operated main chamber malfunction shutoff valves (U33 - U40)
which are wired in parallel. One each of the four limit switches ( LS1 - LS4)
1s located physically on each of the main propellant valve actuators (Ul - U4)
so that when the valve (Ul - U4) 1s 1n the fully closed position the limit swatch
(LS1 - LS4) 1s held open. At any time that the valve (Ul - U4) 1s off its seat
the limit switch (LS1 - LS4) 1s 1n 1ts closed position. The squib operated
shutoff valves (U33 - U40) are installed one each in the propellant lines lead-
ing to each main thrust chamber (CHIl - CH4). They are normally open, so
that once they are actuated, the thrust chamber i1n question will no longer be
operable. Three thrust chambers remain, ensuring that the system 1s still
safe.

Thus when the vehicle controls signal an operating thrust chamber to
shut down, power will be discontinued to the main propellant valve malfunction
timer (K1). This will start the timer on 1its count (2 -4 seconds). When
this count has been completed, the timer contacts (K1) will return to their
normally closed positions. If the particular main propellant valve (Ul - U4)
in question has not returned to its fully closed position, then the correspond-
ing limit switch (LS1 - L.S4) will remain 1n the closed position and a circuit
will be completed through the normally closed Kl contacts. This completed
circuit will fire the appropriate pair of squib operated main chamber mal-
function shutoff valves (U33 - U40) which will stop propellant flow to the main
thrust chamber (CH1 - CH4) in question.

Located in the main fuel manifold 1s a relief valve (U54) that 1s sized to
handle excess fuel vapor pressure resulting from residual main thrust
chamber (CHI - CH4) heat on shutdown.

An additional requirement imposed on the entire system 1s that provision
shall be made for operating any of the main thrust chambers on propellants
stored in the attitude control propellant tankage. This was accomplished by
the inclusion of the pneumatically operated cross feed propellant valve (U32).
When this feature 1s required, the solenoid operated main propellant shutoff
and cross feed valve pilot valve (U49) 1s energized by the vehicle controls
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allowing control gas (helium) to enter the actuating piston of the pneumatic-
ally operated cross feed propellant valve (U32). This will force this valve
to the open position and allow propellant tanks to the main thrust chamber
propellant manifolds. At this point any of the main thrust chambers (CHI -
CH4) can be fired, as described previously. Concurrent with the vave action
above, the pilot valve (U49) also allows control gas (helium) to enter the
actuating piston of the pneumatically operated main propellant tank shutoff
valve (U29). This will force this valve to the closed position thus precluding
the possiblity of any type of flow 1in either direction during the cross feed
operation of one of the main thrust chambers (CHIl - CH4). The system 1s
returned to normal by deactuating the pilot valve (49) which shuts off the
control gas (helium) and vents to atmosphere the pressurizing gases in the
actuating cylinders of the two propellant valves (U29 and U32).

3.3.5.2 Main Attitude Control Shutdown. The chambers can be fired
for long durations or they can be pulsed 10-15 cycles per second. Fixed OfF
control orifices are shown in each propellant line, These orifices will be
part of the propellant valves and will be sized during or just prior to accept-
ance tests,

In the event that any of the attitude control propellant valves (U5 ~U28)
stick 1n the open position, propellant will be lost through this open valve,
The fact that propellant 1s being expended when no thrust chamber 1s required
to be fired will be sensed by the vehicle's propellant management system.
Once the malfunction has been detected, the vehicle controls will signal the
appropriate solenoid operated, bistable, attitude control system shutoff valve
(U30-U31) to close. Thus no propellant will be lost through a malfunctioned
open attitude control thrust chamber propellant valve (U5 - U28) during ex-
tended periods of shutdown. The action of the bistable (dual solenoid) valve

(U30 and U31)‘1é such that when the appropriate solenoid 1s energized, the
normally open valve actuates closed and 1s held in the closed position by a
detent, In this way, power to the actuating solenoid can be removed during
the expected long periods of attitude control thrust chamber shutdown. When
the attitude control system 1s required to operate, the vehicle controls will
energize the other solenoid on the bistable valve which will remove the detent
and allow the valve to return to its normally open position under the-action of
a spring.
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3.3.5.3 Re-Entry and Roll Control Shutdown. The chambers can be
fired for long durations or they can be pulsed 10 - 15 cycles per second. Fixed
O/F control orifices are shown in eachpropellant line. These orifices will
be part of the propellant valves and will be sized during or just prior to ac-
ceptance tests.

3.3.6 Malfunction. The propulsion system shall, under any single or
critical multiple malfunction within the system or its associated propellant
and environmental control systems, present no hazard to the spacecraft and
flight crew and must remain operable or be capable of becoming operable
within the limitations of on-board repair capability, redundancy, or the use
of alternate propulsion devices. The term '‘operable' is defined to mean the
ability to conclude the mission in a safe manner.

3.3.7 External Power.

3.3.7.1 Valves and Solenoids. The maximum power required (during
emergency abort) 1s 780 watts.

3.3.7.2 Heating. A maximum of 2000 Btu/hour will be required for
heating the propulsion system compartment during periods of lunar orbuit.

3.3.8 Propellants and Fluids.

3.3.8.1 Propellants,
a. Oxidizer: N,O4 - Nitrogen Tetroxide
b. Fuel. MMH - Monomethylhydrazine

3.3.8.2 Pressurizing Gas: Helium Gas, Welding Grade. Welding grade
helium shall be o1l free and have a maximum dewpoint of -70°F. Helium
purity shall be greater than 99.9 percent.

3.3.8.3 Lubricants: None required.

3.3.8.4 Other Fluads: None required.
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3.3.8.5 Leakage of Rocket Engine Fluids: Table B3 presents a listing
of the propellant valves and the amount of maximum allowable leakage as-
signed to each. This leakage produces a negligible velocity increment.
Vented gas will not apply any torque or other force to the spacecraft.

3.3.9 Control.

3.3.9.1 Accuracy. The control shall be such that the rocket engine will
operate within the limats specified 1n paragraph 3. 3.2 entitled '"Ratings."

3.3.9.1.1 Mixture Ratio. The maxture ratio shall be controlled within
safe operating limits at set points and during thrust increase and decrease.
Mixture ratio limits at set points specified in Table Bl.

3.3.9.2 Thrust.

3.3.9.2.1 Change Rate. There shall be no rate limitations on selection
of set performance point(s) regardless of means used to effect the changes.

3.3.9.2.2 Increase, Time intervals in the starting sequence, between
starting and selected set performance point{s), and between selected set
performance points shall be as follows:

Starting and Shutdown Transients

Thrust Thrust, Signal '"On" Signal "Off"
Chamber 1b to 90% Thrust to 5% Thrust

Main On-Board

Propulsion 6000 . _ 250 msec _ _ 250 msec _ . ___ _
Main Attitude
Control 3 20-25 msec 25-30 msec
Re-Entry Roll
Control 18 20-25 msec 25-30 msec
3.4 Environmental and Load Factors.
TR 3808A
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TABLE B3

MAXIMUM ALLOWABLE LEAKAGE RATE

Valve

Designation

Figure
Number

Max Allowable
Leakage Rate

cc/Min of

Working Flud

Number of
Va.lv:es

Main Attitude
Control fuel
propellant valves

Main Attitude
Control oxidizer
propellant valves

Re-Entry Roll
Control fuel
propellant valves

Re-Entry Roll
Control oxidizer
propellant valves

Main Propulsion
fuel portion of

propellant valve

Main Propulsion

oxidizer portion of

propellant valve
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An external leakage rate of ten (10) cubic centimeters per minute of helium at
standard temperature and pressure will be allowed for each component i1n the helium system.

Note.

vé6, V8, V10,

V12, V14, V16,
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3.4.1 Environmental Conditions.

3.4.1.1 . Temperature. -The propilsion system dry hardware shall suf-
fer no detrimental effects after exposure to a temperature range of -65°F to
160°F for a period of one year. The fully loaded propulsion system shall
suffer no detrimental effects after exposure to a temperature range of 20°F
to 80°F for a period of 30 days.

3.4.1.2 Humadity. The propulsion system shall suffer no detrimental
effects from exposure to an atmosphere having 95 percent relative humadity
throughout the temperature range of 20°F to 80°F for 24 hours.

3.4.1.3 Transportation. The propulsion system dry hardware in-
stalled on the spacecraft structural frame shall be capable of transportation
in any attitude while contained in an appropriate shipping container (con-
tainer to be furnished by The General Electric Company) by rail, truck, or
air.

3,4.1.4 Vibration. The fully loaded propulsion system 1installed on the
spacecraft structural frame shall not suffer any detrimental effects and shall
operate satisfactorily after exposure to the following flight vibrations:
to be specified.

3.4.1.5 Radiation. The propulsion system shall not suffer any detri-
mental effects from exposure to the following (during 14 days of spacecraft

cislunar and lunar travel):

a. Cosmic Rays
Solar Flares ; )
c. Trapped Radiation of the Van Allen Belts
(1) Inner belt
. (2) Outer belt
d. Electromagnetic Radiation. solar ultraviolet, x-rays, infrared,
and visible. B

‘o

The i1ntensity of these radiations shall be specified in future revasions of
this specification. -
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MODEL SPECIFICATION FOR TD-281 PROPULSION SYSTEM

SPEC. 15108

3.4.2 Flight Loading Conditions. The rocket engine and its supports
shall withstand, without permanent deformation or failure, the largest forces
resulting from all critical combinations of load factors and rotational ac-
celerations specified on or within the limits defined by paragraphs 3.4.2.1
and 3.4.2.2. For design purposes, the ultimate strength shall provide for
a mimimum of 1.5 times the forces resulting from the loading conditions.

3.4.2.1 Boost Phase. Plus 7 1/2 g longitudinal and t3 g side loading.

3.4,2.2 Mid-Course Corrections and Lunar Orbit and Disorbit. Zero
to 5 g longitudinal.

3.4.2.3 Re-Entry Phase. Not applicable.
3.4.2.4 Space Abort Conditions. 5 g longitudinal.

3.5 Drawings and Data. The following Thiokol Chemical Corporation,
Reaction Motors Division drawings and data form a part of this specification.

3.5.1 The following table lists the applicable drawings:

Drawing Number
Main On-board Attitude Re-Entry
Propulsion Control Roll Control

Installation 52210 , 52210 52210
Propellant

System 52214 52214 52212
Electrical

System 52215 52215 52213
Control

System )

3.5.2 Not applicable.

TR 3808A
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MODEL SPECIFICATION FOR TD-281 PROPULSION SYSTEM

3.5.3 System Weights. The weights for each system 1s tabulated below.

Main On-board Propulsion

Thrust Chambers (4) 204.0 1b
"Fuel Tanks—— - 98.0
Oxadizer Tanks 123.0
Helium Tanks 177.3
Valves and Controls, Maisc. - 109.3
Dry Weight 711.6 1b
Helium Weight 37.0
Propellant Weight 8,931.01b

Main Attitude Control

Thrust Chambers (12) 12.0 1b
Fuel Tank 4.6
Oxadizer Tank 7.3
Valves and Controls, Misc. 10.7
Dry Weight 34.6 1b
Propellant Weight 390.0 1b

Re-Entry Roll Control

Thrust Chambers (8) ‘ - o 16.7 1b
Fuel Tank 0.5
Oxidizer Tank ) 0.8
Valves and Controls, Maisc. 23.4

Dry Weight 41.41b

Propellant Weight 25.41b

Total Loaded System Weight 10, 171.01b

TR 3808A
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MODEL SPECIFICATION FOR TD-281 PROPULSION SYSTEM

3.5.4 Envelope Dimensions. The envelope dimensions of the propulsion
system shall be those shown on Thiokol Chemical Corporation, Reaction
Motors Division Drawing Number 52210.

3.6 Components and Systems.

3.6.1 Electrical System,

3.6.1.1 Electrical Power. All components using electrical power from
the vehicle power system shall comply with the requirements of specification

MIL-E-7894 except that an input voltage of 24 - 28 volts DC 1s required.

3.6.2 Igmtion System. Ignition results from contact of the hypergolic
propellants.

3.6.3 Lubrication System. Not applicable.

3.6.4 Tanks. Tankage data are tabulated in Table B4.

3.7 Fabrication.

3.7.1 Materials.

3.7.1.1 Quality. Materials used i1n the manufacture of military rocket
engines shall be of high quality, suitable for the purpose and shall conform to
applicable specifications in accordance with ANA Bulletin No. 343.

3.7.2 Processes.

3.7.2.1 Quality. The use of nongovernmental specifications shall not
constitute waiver of Government inspection.

3.7.2.2 Workmanship. The workmanship and finish shall be of suffi-
ciently high grade to insure satisfactory operation, reliability, and durabality
consistent with the service life and application of the rocket engine.

TR 3808A
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TABLE B4

TANKAGE DATA

- No. -of— - _. - - Capacity. = .
System Tanks Fluid (each) Pressure
Main On-board 2 Oxidizer 31.75 ft° : 390 psia
Propulsion
2 Fuel 26.8 ft> 390 psia
3 Helium 5.67 it 3000 psia
1 Oxidizer 3,04 ft3 150 psia
Main Attitude 1 Fuel 2.11 ft3 150 psia
Control
The same helium tank 1s used for both the main
vehicle propulsion system and the main attitude
control system
Re-Entry 1 O.iadizer 370 1in. 3 150 psia
Roll Control
1 Fuel 247 1n. 3 150 psia
3
1 Helium 42.4 1n. 3000 psia

3.7.2.3 Protective Treatment. With the exception of working surfaces
and drive pad faces, all parts shall be corrosion resistant or suitably pro-
tected,

3.7.3 Standards.

3.7.3.1 Parts. AN, JAN, or MIL Standard parts shall be used wherever
they are suitable for the purpose, and shall be identified by their Standard part
numbers., The use of nonstandard parts will be acceptable only when standard
parts have been determined to be unsuitable.

TR 3808A
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MODEL SPECIFICATION FOR TD-281 PROPULSION SYSTEM

3.7.3.2 Design. MS and AN Design Standards shall be used wherever
applicable.

3.7.3.3 Threads. Conventional straight screw threads shall conform to
the requirements of Specification MIL-S-7742, Tapered pipe threads may be
employed only for permanently installed fittings or plugs.

3.7.4 Parts Last. The parts list for the rocket engine which successfully
completes the Qualification tests shall constitute the approved parts list for
subsequent engines of the same model. Changes to the approved rocket engine
parts list shall be governed by the requirements specified 1n paragraph 3.7.5
entitled '"Changes i1n Design. "

3.7.5 Changes 1n Design. Changes made i1n the design or materials of
parts listed in an approved rocket engine parts list shall be approved in ac-
cordance with the provisions of ANA Bulletin No. 391,

3.7.5.1 Class I Changes. Class I changes affect contract requirements
covering weight, performance, cost, interchangeability, or affect durability
of either parts or the complete rocket engine.

3.7.5.2 Class II Changes. All other changes are classified as Class II
changes.

3.7.5.3 Approval of Changes. Approval of changes does not relieve the
contractor of full responsibility for the results of such changes on rocket
engine characteristics.

3.8 Identification. Equipment, assemblies, and parts shall be suitably
marked and i1dentified.

3.8.1 Connections. The rocket engine shall be permanently marked to
indicate all connections shown on the installation drawing for instrumentation,
propellant, and other fluid connections. All fluid lines shall be marked i1n
accordance with Drawing AND10375.

TR 3808A
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MODEL SPECIFICATION FOR TD-281 PROPULSION SYSTEM

4, QUALITY ASSURANCE PROVISIONS

4.1 Classification of Tests. The testing of the systems described herein
shall be classified as follows:

a. Preliminary Flight Rating Tests., —— — - —

The purpose of these tests 1s to demonstrate the suitability of the
Model TD-281 Propulsion System for 1ts intended function.

b. Acceptance Tests.

These tests provide the criteria for acceptance by the purchaser
for those TD-281 Propulsion Systems which are manufactured for delivery
and flight use.

4,2 Tests and Methods.

4.2.1 Preliminary Flight Rating Tests. A PFRT Specification shall
be prepared for approval by The General Electric Company prior to com-
mencing these tests.

4.2.2 Acceptance Tests. An Acceptance Test Specification shall be
prepared for approval by The General Electric Company prior to commencing
these tests.

TR 3808A
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APPENDIX C

SAMPLE MALFUNCTION ANALYSIS

Malfunction analyses are performed on rocket engine systems for all
manned vehicles. When preparing such an analysis for a manned craft
traveling in the earth's atmosphere, a basic criterion must be followed.
This criterion 1s that under any single condition of malfunction the engine(s)
will continue running in a safe manner or the engine(s) will shut down safely.
For a vehicle traveling 1n space, this criterion must be altered radically,
For a vehicle designed to travel in the earth's atmosphere, an engine that
shuts down safely, and 1s not restartable, i1s not a problem insofar as
human life 1s concerned. Of course, the mission, all or part, has been
lost, but the pilot need only glide his craft back to earth for a safe landing.
Now for a spacecraft, if an engine shuts down due to a malfunction, the
pilot cannot glide back to earth for a landing. Thus one of the following al-
ternatives must be provided: ‘

(1) Once the engine shuts down, 1t must be restartable and must
run safely.

(2) Redundancy must be provided on the thrust chamber level so
that the failed chamber will be replaced by another.

(3) Redundancy and detection units must be provided on the component
level to lock out or bypass a malfunctioned component.

(47) Repair 1n space must be p0551ble and the necessary equipment

“provided. . - —_— . = I _

It 1s felt that the final approach will not be any one of the above 1tems,
but a combination of any or all of them.

On the forms that follow, a sample of a single malfunction analysis 1s
shown. Several components in the re-entry roll control system were se-
lected at random to provide a feel for the type of detailed single malfunction
analysis that would be performed on all the systems down to the last contact
point.

TR 3808A
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Several ground rules had to be established concerning the single mal-
function analysis. They are as follows:

(1)

(2)

(4)

(5)

As this 1s only a sample preliminary malfunction analysis, only
single conditions of malfunction were considered. A more detailed
analysis, made at a later date, would be more comprehensive,

Listed in the first column, under the title of component, is the
reference print number that should be consulted to more clearly
follow this analysis. Also listed in the column 1s the component
designation and name.

If an ""H" appears in the last column to the right, then a protective
measure does not exist and provision must be made for eliminating
the hazard.

It 1s assumed that once a malfunction occurs, 1t remains in the
system. Thus a component that malfunctions intermittently 1s not
considered. '

It was assumed that 1f roll control was not available when required,
then this constituted a hazard. Actually, 1t may be that the relative
time when a malfunction occurs for a particular flight plan wall
determine whether a failure 1s hazardous or not.

On the sheets that follow, item 6 results in an "H'" (Hazard to personnel)
in the last column. This indicates how a malfunction analysis picks up po-
tentially bad conditions. At this point it 1s the responsibility of the proper
people to take corrective action. A possible solution 1s indicated on the
malfunction sheet.

cz TR 3808A
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RE-ENTRY |
ATTITUDE *LEGEND '
SINGLE MALFUNCTION ANALYSIS: &5 i~ Az 1o psoNEL
' SYSTEM N - NOT HAZARDOUS
REFERENCE NO, )
COMPONENT TYPE OF FAILURE RESULTING CONDITION *1, EXISTING PROTECTIVE MEASURE REMA.RKS *L
1. 52212 (U2) Dual Squib Inoperative - Closed Pressurizing Helium Gas will not be available to the H | The squib valve 1s an extremely rehable device, N
Operated Pressurizing Position propellant tanks. Roll control will not be available but 1n order to increase 1ts reliability dual squibs
Valve will be used w th two fuse wires i1n each. !
]
Actuates Prematurely The entire system will be pressurized prematurely N ] The squibs will be shielded so that stray signals N
will not fire them Also the arm switch (52) 52213
will not supply current until the power switch (S1)
e — - 52213 1s actuated. Still; if-the malfunction-does —
occur, propellants will not be lost as the propellant
valves (U6-U21]) 52212 will stop flow, '
]
2 52212 (RGI1) helium Inoperative (Jammed Pressurizing gas will not be available to expell propellan Parallel r ith N
Pregsure Regulator Closed) from the tankage. Decaying or no thrust will be regulator (RG2) 52212, This regulator has the
available from the roll chambers capacity to handle the entire maximum flow rate
demand.

Inoperative - Open Full helium bottle pressure will be allowed to enter the H | A pressure Operated regulator malfunction valve N
propellant tankage. This tankage is not designed to (U3) has been included in the system. This valve
handle pressure af thas mﬁghlf“dP i1s spring loaded and 1s designed to remain Qpen at

the nominal regulated pressure level. At some
increment above this nominal pressure the valve
(U3) will close and prevent excessive pressure
from reaching the propellant tankage. The parallel
regulator system will now handle the flow require-
ments, !

i

3. 52212 (RG2) Helium Inoperative {(Jammed Pressurizing gas will not be avilable to expell pro- H |See 2.1 Substitute (RGl for (RG2) | N
Pressure Regulator Closed) pellants from the tankage. Decaying or no thrust will ‘
be available from the roll chambers.

!

Inoperative - Open Full helium bottle pressure will be allowed to enter the |H See 2.2 Substitute (U4) for (U3) ' N
propellant tankage. This tankage 1s not designed to
handle pressure of this magnitude.

i

2 r Inoperative - Jammed in This condition will not affect the system under normal N _ | The helium relief valve (U5) 52212 w 11 not allow N
Operated Regulator Mal- the Normally Open operation _The only time this valve 1s required to excessive pressure to reach the propellant !
function Valve. Position operate 1s during a malfunction{wide open)of the tankage as 1t will vent 1

regulator (RGl) 52212. Thus i1f both the regulator and -} _ -|. - - —— = .- [ N J—

the valve (U3) fail at the same time this constitutes a 7
dual malfunction and 1s not covered in this analysis i
|

Inoperative - Jammed 1in See 2.1 H | This valve 1s designed to actuate only during a mal-] N

the closed or Actuated

function ppen)of the regulator (RGl)} 52212, Thus

Position

if 1t sticks in the actuated position this constitutes

a dual malfunction. however in the event the dual

redundancy of the pressurizang system will handle

the flow requirements :

|

TR 3808A
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RE-ENTRY
‘ ATTITUDE *LEGEND
SINGLE MALFUNCTION ANALYSIS : conrzor H - HAZARD TO PERSONNEL
SYSTEM N - NO ARDOUS
REFERENCE NO. ' T HAZ
COMPONENT TYPE OF FAILURE [1 RESULTING CONDITION *L, EXISTING PROTECTIVE MEASURE REMARKS | *L
f
5. 52212 (U4) Pressure 1 _Inoperative - Jammed in See 4,1 Substitute (RG2) & (U4) for (RG1) & (113) N |See 4,1 N
Operated Regulator the Normally Open }
Malfunction Valve Position )
]
2. Inoperative - Jammed 1n See 2.1 ! H [ See 4.2 Substitute (RG2) for (RGI)
the Closed or Actuated {
Position :
|

b. 52Z121Ub-521) Solenoid |1 Inoperative - Stuck in the

Operated Propellant Closed Position
Valves.

If any one of these valves fails to opep when required the | H Four (4) roll control thrust chanb ers are required [ N
particular chamber in question will not develop thrust. for proper operation. Complete redundancy has
The 1mpropex amount of roll control thrust plus some been provided on the thrust chamber level. Thus
vehicle translation will be produced. af ymproper roll control 1s heing obtained the four (4
: other chambers can be placed in operation as

] provided to afford correction
If any one of these valves fails in the open position any H

time after the systemn 15 armed the associated pr opellant

2. Inoperative - Stuck in the
Open Position

No protective measure exists for this malfunction H

will be lost overboard and the total impulse requ rement

The question arises as to whether the system w1l
for_roll 'edntrol will not be met.

be armed for a period long enough so that the failed
valve will lose enough propellants to cause a hazard

Of course the answer to this 1s not known at this

time so the condition must be termed hazardous.

Remarks A protective measure must be provided. N
A method wonld be to install normally
closed solenoid valves in each propellant

! line just downstream of the Iilfers

} (F1 & F2) 52212. When roll control 1s

: required, these additional valves will be
cycled open.

|
!
{
!
[
i

b e e —{--
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APPENDIX D

SEQUENCE OF OPERATION, 1966 SYSTEM

The following discussion 1s based on Figures D1 and D2, which present
the fluid and electrical schematic drawings, respectively, of the 1966 main
on-board propulsion system.

A. GROUND SERVICE

. .The prlopellé.nt tanks and the helium bottles can be loaded just prior to
launch or the fuel tank and the gaseous helium bottle, which are storable,
can be loaded prior to launch operations when the spacecraft 1s in a subassembly
stage. The gaseous helium bottle 1s filled through the dual squib operated
helium fill valve-(V49) When the helium bottle 1s filled to the correct pres-
sure, the valve (V49) 1s fired closed and a fill plug (P6) 1s then installed 1n
the fill port of the valve to afford greater confidence against leakage from the
fill port. The liquid helium bottle 1s filled through 1ts fill port and when the
bottle has been filled with liquid helium the bottle 1s sealed by installing the
fill plug (P5). The attitude control portion of the system contains one fuel
tank and one oxidizer tank. The main propulsion portion of the system con-
tains two fuel tanks, which are manifolded together, and two oxidizer tanks
manifolded together. As the dual tankage for each propellant 1s connected,
only one fill port 1s required for each. The oxidizer and fuel tanks are filled
through their respective f1ll ports and once the proper amounts of propellants
have been placed in the tanks, the tanks are sealed by installing the fill plugs
(P1-P4)

Prior to arming the system the solenoid operated attitude control propellant
valves (V5-V28) can be cycled open through the spacecraft controls to clear the
propellant lines when vented to a vacuum atmosphere. This procedure also
would check for proper valve operation with the aid of valve Iimit switches which
could be incorporated if desired A defective component could then be electr:-
cally locked out of the system The twelve attitude control thrust chambers
(CH3-CH14) are operated 1n pairs to produce a couple. As many as four of

1
A R e e —— e e hm— . Mr e e e i e e S s tr———— e,
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ITEM

CESCRIPTION

CHI CH2

MAIN THRUST CHAMBER GIMBALED

- CH3-CH4

ATTITUDE CONTROL THRUST CHAMBER

uruz

15T STAGE MAIN PROP VALVE PNEU OPERATED

U3 ua

2ND STAGE MAIN PROP VALVE, PNEU OPERATED

us-u28

ATTITUDE CONTROL PROP VALVE, SOLENOID OPERATED

u29

MAIN PROPELLANT TANK SHUTOFF VALVE,PNEU OPERATED

u30.u3|

ATTITUDE CONTROL SYSTEM SHUTOFF VALVE, SOL OPERATED

CROSSFEED PROPELLANT VALVE SOLENOID OPERATED

u33.u34

15T STAGE IMAIN PROP VALVE PILOT VALVE SOL OPERATE D

U35,U36

2ND STAGE MAIN PROP VALVE PILOYT VALVE SOL OPERATED

U37-u40

MAIN CHAMBER MALF SHUTOFF VALVE SQUIB OPERATED

Udi

MAIN PROP TANK SHUTOFF VALVE 8 CROSSOVER VALVE PILOT VALVE|

uq2-u4s

MAIN CHAMBER GiIMBAL VALVE, SERVO OPERATED

- fuas uar

SERVO FEED VALVE SOLENO!D OPERATED

u4s

MAIN FUEL MANIFOLD RELIEF VALVE

u4s

GASEOQUS HELIUM FILL VALVE, DUAL SQUIB OPERATED

PRESSURIZING VALVE DUAL SQUIS OPERATED

U5I-usS6

HELIUM REGULATOR MALF SHUTQFF VALVE PNEU OPER

us?

HELIUM SUPPLY VALVE DUAL SQUIB OPERATED

USe-us!

HELIUM PRESSURE RELIEF VALVE

RGI-RG6

PRESSURIZING GAS REGULATOR

CKI-CK&

CHECK VALVE,SINGLE

CK7-CKII

CHECK VALVE, QUAD

BD1-8D4

MAIN PROPELLANT TANK BURST DisC

[8D5-BD8

ATTITUDE CONTL. PROPELLANT TANK BURST DISC

FI-Fq

PROPELLANT FILTER

PI-P6

FILL PLUGS

D2

Main On-Board Propulsion System Schematic,' 1966
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Figure D2. Main On-Board Propulsion System Electrical Schematic, 1966 !
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these thrust chambers could become inoperative and attitude control would
st11]l be obtainable, but translation of the vehicle would be involved. In this
respect, redundancy 1s provided for the attitude control system.

C ARM

The system 1s armed by closing the arm switch (S1) which energizes the
electrical control switches and fires open the dual squib pressurizing valves
(V50 and V57). The squib portion of this valve 1s dualized to increase 1its
reliability. Upon opening of these valves, helium gas flows from the gaseous
helium bottle to the liquid helium bottle. = The helium gas pressure 1s regulated
by parallel pressure regulators (RGl and RG2) each of which 1s sized to handle
the maximum flowrate requirement of the engine system. In the event of a
regulator failure, the other regulator will maintain proper pressure. Down-
stream .of each regulator 1s a spring loaded helium pressure operated regulator
malfunction valve (V51 and V52). The function of these valves 1s to shut off
helium flow in the applicable branch in event of a regulator failure which would
result 1n overpressurization of the liquid helium tank. A check valve (CKl,
CK2) 1s located downstream of each malfunction valve to prevent feedback of
high pressure in one branch into the other branch. After leaving these check
valves the two branches are joined by a common line 1n which 1s located a
relief valve (V58) which 1s sized to compensate for regulator lockup leakage,
possible pressure pulses, and expansion due to heat transfer into the liquid
helium bottle.

Helium gas flow into the liquid helium bottle will result 1n _hé-?;ungﬂof the
liquid helium. As the liquid helium temperature passes through the critical
temperature the liquid helium will be vaporized. The gas mass and tempera-
ture 1n the liquid helium bottle will continue to increase until the bottle pres-
sure reaches the regulated helium pressure. Simultaneously, helium flows
from.the liquid helium bottle through quadruple check valve (CK7) to the fuel
line heat exchanger where 1t 1s heated nearly to the fuel temperature. The
check valve (CK7) prevents relatively hot helium gas flow from the heat
exchanger back to the liquid helium bottle which would result in excessive
helium consumption. A relief valve (V59) 1s provided between the check
valve and the heat exchanger to relieve the helium pressure buildup between
firings.

From the heat exchanger the helium flows to the main propulsion tanks
‘Pressure regulators

D4
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1. Main Propulsion Tankage Pressurization

The helium flows from the heat exchanger to the main propulsion tankage
pressure regulators (RG 5 and RG6) These regulators and associated mal-
function valves (V55, V56), check valves (CK5, CK6), and relief valve (V61)
provide the same malfunction protection, pressure regulation and relief
features as the regulator system described previously for the liquid helium
pressurizing system.

Pressure regulated helium gas flows from the pressure regulating sys-
tem to the main propulsion tankage system. In the main propulsion tankage
system there are two tanks for each propellant. Each pair of tanks, for the
same propellant, 1s manifolded together at both the inlet and exit lines. Each
pair of main propellant tanks 1s fitted with burst disc valves (BD1-BD4) at
both the inlet and exit ports. These burst disc valves afford a hermetic seal
of the propellant tankage until propellants are required. When the pressurizing
gas reaches the inlet port burst disc valves (BD1 and BD3), this pressure will
rupture the discs allowing the pressurizing gas to enter all main propellant
tankage. Once the gas enters the tanks it pushes against the positive expulsion
bladders in each tank and forces the propellant out of the exit ports of each tank.
The fluid pressure of the propellants will build up rapidly and will rupture the
tank exit burst disc valves (BD2 and BD4). Quadruple check valves (CK10 -
and CKl1l) are located at the entrance of both propellant tanks to preclude the
possibility of any propellant backflow and intermixing. After the tank exit burst
disc valves (BD2 and BD4) have been ruptured, propellants are allowed to
flow from the tanks to the main propellant manifolds. From the manifolds
the propellants branch out to each individual main thrust chamber (CHIl and
CH2) and the flow will be stopped at the individual main propellant valves (V1-
V4) and the entire main thrust system will be pressurized. In this process
the regeneratively cooled portions of the thrust chambers (CH1, CH2) will be
filled with fuel as the main propellant valves (V1-V4) are located downstream
of the cooling jackets. Filters (Fl and F2) are located in the propellant lines
_leading to the propellant manifolds to remove any foreign particles that may

exist that could possibly clog the thrust chamber injectors. T
2. Control Gas

Pressurized helium gas 1s extracted from the main prépulsmn tankage
pressure regulating system discharge line and 1s distributed to five solenoid

operated pilot valves (V33-V36, V41) to be utilized as control gas for operating
pneumatic actuated valves (V1-V4, V29, V32),
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3. Attitude Control Tankage Pressurization

The attitude control propellant tankage 1s pressurized to approximately
 one half of the level of the pressure 1n the main propellant tankage. Thus,
another stage of pressure regulation 1s required. The helium flows from the
main propulsion tankage pressure regulating system discharge line to the
attitude control tankage pressure regulators (RG3, RG4). These regulators
and associated malfunction valves (V53, V54), check valves (CK3, CK4) and
relief valve (V60) provide the same malfunction protection, pressure regulation
and relief features as the regulator system described previously for the liquid
helium pressurizing system. From the common discharge line of the pressure
regulating system, the pressurizing gas branches to each attitude control pro-
pellant tank. Each attitude control propellant tank 1s fitted with burst disc
valves (BD5-BD8) at both the 1nlét and exit ports. These burst disc valves
(BD5-BD8) afford a hermetic seal of the attitude control propellant tankage
until propellants are required. When the pressurizing gas reaches the inlet
port burst disc valves (BD5 and BD7) 1ts pressure will rupture the discs allow-
ing the pressurizing gas to enter both tanks. Once the gas enters the tanks 1t
pushes against the positive expulsion bladders in each tank and forces the
propellant out of the exit ports of each tank. The fluid pressure of the pro-
pellants will build up rapidly and will rupture the tank exit burst disc valves
(BD6 and BD8). Quadruple check valves (CK8 and CK9) are located at the
entrance of both attitude control propellant tanks to preclude the possibility

of any propellant backflow and intermixing. After the tank exit burst disc
valves (BD6 and BD8) have been ruptured, propellants are allowed to flow
from the tanks to the propellant manifolds. From the mamfolds the propel-
lants branch out to each 1ndividual thrust chamber (CH3-CH14) and the flow
wi1ll be stopped at the individual propellant valves (V5-V28) and the entire
system will be pressurized. Filters (F3 and F4) are located in the propellant
lines leading to the attitude control propellant manifolds to remove any foreign
particles that may exist that could possibly clog the thrust chamber i1njectors.

D. FIRE
1. Attitude Control System

Once the system has been armed, any one or any combination of attitude
control thrust chambers (CH3-CH14) can be fired upon command from the
vehicle controls. Both propellant valves on the chamber required to fire, will
open and the propellants will enter the combustion chamber. Igmtion will occur
upon contact of the two hypergolic propellants. The chambers can be fired for
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long durations or they can be pulsed 10-15 cycles per second. Fixed O/F .
control orifices are shown in each propellant line These orifices will be
part of the propellant valves and will be sized during or just prior to accep-
tance tests.

In the event that any of the altitude control propellant valves (V5-V28)
sticks 1n the open position, propellant will be lost through this open valve.
The fact that propellant is being expended when no thrust chamber 1s required
to be fired will be sensed by the vehicle's propellant management system.
Once the malfunction has been detected, the vehicle controls wall signal the
appropriate solenoid operated, bistable, attitude control system shutoff valve
(V30-V31) to close. Thus no propellant will be lost through a malfunctioned
open attitude control thrust chamber propellant valve (V5-V28) during ex-
tended periods of shutdown. The action of the bistable (dual solenoid) valve
(V30 and V31) is such that when the appropriate solenoid 1s energized, the
normally open valve 1s actuated closed and held in the closed position by a -
detent. In this way power to the actuating solenoid can be removed during
the expected long periods of attitude control thrust chamber shutdown. When
the attitude control system 1s required to operate, the vehicle controls will
energize the other solenoid on the bistable valve which will remove the detent
and allow the valve to return to its normally open position under the action of
a spring. The above procedure will repeat on any subsequent shutdown-start
cycle.

?

2. Main Propulsion System

With the system armed, either or both of the first stages of the two main
thrust chambers can be fired upon command from the vehicle controls. When
a particular thrust chamber first stage 1s required to fire; the control system
will energize the appropriate solenoid operated gimbal servo feed valve (V46,
V47) and 1ts corresponding solenoid operated first stage propellant valve pilot
valve (V33, V34).: Operating the servo feed valve (V46, V47) will allow pres-

___surized fuel to be available to the corresponding servo operated main thrust

chamber gimbal valve (V42-V45). The gimbal valves (V42-V45) regerving —
information from the spacecraft controls, along with data from the chamber
position feedback potentiometer, will provide pressurized fuel to the thrust
chamber gimbal actuators in such'a way as to position the thrust vector through
the instantaneous center of gravity. While .this 1s occurring the first stage
propellant valve pilot valve (V33, V34) has opened and allowed control gas
(helium) to enter the actuating piston of the pneumatic operated first stage
propellant valve (V1, V2). The control gas will force the propellant valve
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(V1, V2) to the open position and both propellants will enter the combustion
chamber (CH1, CH2). Ignition will occur upon contact of the two hypergolic
propellants. Waith the thrust chamber first stage in operation, the thrust
chamber second stage can be fired upon command from the vehicle controls.
When a particular thrust chamber second stage 1s required to fire, the con-
trol system will energize the appropriate solenoid operated second stagé
propellant valve pilot valve (V35, V36). The second stage propellant valve
pilot valve opens and allows control gas to enter the actuating piston of the
pneumatic actuated second stage propellant valve (V3, V4). The control gas
will force the second stage propellant valve open and both propellants will
enter the thrust chamber and ignite. Fixed O/F control orifices are shown

1in each propellant line. These orifices will be part of the propellant valves
and will be sized during or just prior to acceptance tests., Once the required
vehicle velocity correction has been obtained the vehicle controls will signal
the thrust chamber (CH1, CH2) in operation to shut down by discontinuing power
to the appropriate propellant valve pilot valve (V33, V36) and servo fluid-valve
(V46, V47). Discontinuing power to the propellant valve pilot valve (V33-V36)
will allow 1t to return to its normal position, under a spring load, and the
control gas will be shut off and the actuating piston of the propellant valve
(V1-V4) will have 1ts pressurizing gas vented to atmosphere by means of
appropriate porting in the pilot valve (V33-V36). Once the pressurizing gas 1s
vented, the propellant valve (V1-V4) will close under the action of its spring
loading. With the flow of propellants discontinued, the main thrust chamber
(CH1, CH2) will cease operation.

In the event that a main thrust chamber stage does not discontinue to
operate when required, erroneous velocity correction and loss of propellant
will occur as well as a hazardous condition. To eliminate this condition, the
following safety circuitry has been incorporated.

Whenever a thrust chamber 1s fired, a slow release timer 1s energized.
Energizing this timer will cause 1ts two normally closed contacts (K1) to open.
Propellant valve limit switches (LS1-LS4) are located physically on each of
the propellant valve actuators so that when the valve 1s in the fully closed pos:i-
tion, the limit switch 1s held open. The limit switches are wired to the Kl
contacts so that 1f the Kl timer 1s not energized and a propellant valve 1s not
fully closed, squib operated shutoff valves (V37-V40) will be fired, and close
off the propellant flow to the applicable thrust chamber. This thrust chamber
will thereafter be inoperable.
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Thus when the vehicle controls signal an operating thrust chamber to

shut down, power will be discontinued to the main propellant valve malfunction
timer (K1). This will start the timer on its count (2-4 seconds). When this
count has been completed, the timer contacts (K1) will return to their normally
closed positions. If the particular propellant valve (V1-V4) in question has not
returned to its fully closed position, then the corresponding limit switch (LS1-
1.S4) w1ll remain 1n the closed position and a circuit will be completed through
the normally closed K1 contacts. This completed circuit will fire the appro-
priate pair of squib operated main chamber malfunction shutoff valves (V37-
V40) which will stop propellant flow to the main thrust chamber (CH1, CH2)

1n question.

Located 1n the main fuel manifold 1s a relief valve (V48) that 1s si1zed to
handle excess fuel vapor pressure resulting from the residual main thrust
chamber (CH1-CH2) heat on shutdown.

An additional requirement imposed on the entire system was that provision
shall be made for operating the main thrust chambers on propellants stored in
the attitude control propellant tankage. This was accomplished by the inclusion
of the pneumatically operated cross-feed propellant valve (V32). When this
feature 1s required, the solenoid operated main propellant shutoff and cross-
feed valve pilot valve (V41) 1s energized by the vehicle controls allowing control
gas (helium) to enter the actuating piston of the pneumatic operated cross-feed
propellant valve (V32). This will force this valve to the open position and
allow propellant flow to the main thrust chamber propellant manifolds. At this
time either or both of the main thrust chambers (CH1, CH2) can be fired, as
described previously. Concurrent with the valve action above, the pilot valve
(V41) also allows control gas (helium) to enter the actuating piston of the pneu-
matically operated main propellant tank shutoff valve (V29). This will force
this valve to the closed position thus precluding the possibility of any type of
flow 1n either direction during the cross-feed operation of one of the main
thrust chambers (CH1, CH2). The system 1s returned to normal by deactuating
the pilot-valve (V41)-which shuts off the-control gas_(helium) and vents to_at-
mosphere the pressurizing gases 1n the actuating cylinders of the two propellant
valves (V29 and V32).
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APPENDIX E

RELIABILITY ORGANIZATION AND METHODS

A. RELIABILITY ORGANIZATION

The Thiokol Chemaical Corporation, Reaction Motors Division reilablhty
engineering section is functionally aligned to apply the specialized talents and
techniques of the reliability concept in an efficient mmanner. A functional or-
ganization chart 1s given in Table El which shows the four basic areas of re-
lhability control 1. e., vendor, design engineering, manufacturing, and develop-
ment testing, and gives a broad definition of the functional elements of control.
The organization i1s '1in line' with the Chief Engineer who 1s directly responsible
for the conduct of the program.

Activities are coordinated with the requirements of the program by the
reliability engineering section which insures that adequate emphasis 1s placed
on reliability requirements in the detail design, the product specifications,
and the development test specifications. In addition, the group assures that
the testing program does define design capabilities, that corrective action, if
needed, 1s prompt and that reliability growth rate 1s adequate to meet the re-
lhability goals relative to development schedule.

1. Reliability Experience at Thiokol-RMD

Thiokol-RMD has been active 1n statistical reliability analysis, studies,
programs, and demonstration for over six years. Several of the programs
and demonstrations are given below:

a. XLR99 Rocket Engine Program

The XILR99 rocket engine system 1s dramatic evidence of the effectiveness
of the procedures and philosophies outlined above. The XLR99 engine system
fulfills the extremely complex requirements of manned rated safety together
with high reliability and at the same time provides wide range throttling, un-
limited restartability, and an idle capability which are all under the direct
control of the human pilot. This engine 1s presently operational in the X-15
aerospacecraft,
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TABLE E1

RELIABILITY ENGINEERING SECTION FUNCTIONAL CHART

Reliability Engineering
Section

I

|

Reliability Control
Vendor

Reliability Control
Design Engineering

Vendor Reliability
Review

Vendor Quality
Review

Associate Contractor

Liaison

Design and Specification
Review

Engineering Procedure
Review

Environmental Activities
Analysis

Reliability Analysis and
Production

Indoctrination and

Training

Reliability Control
Procedures

Reliability Control
Development Testing

Reliability Control
Manufacturing

Reliability Analysis
and Evaluation

Reliabality Test
Planning

Reliability Records
and Reports

Field Test Liaison

Quality and Inspection
Standards Review

Process Control
Review

Quality Test
Specifications Review

Acceptance Specification
Review

Statistical Quality

Control Standards
Review

Material Review

Reliability and Quality
Audit

NOISIAIG SHOLONR NOULDVIY

NOILVHOJHOD TYIINIHD O




Phcokoo CHEMICAL CORPORATION — .

REACTION MOTORS DIVISION

Although reliability was not a contractual requirement, reliability disci-
plines were applied‘throughout the program with the result that the engine
system demonstrated 98.5 actual experienced reliability in a special demon-
stration following PFRT (after a 3-year development program) and has cur-
rently demonstrated 100% actual experienced mission reliability. In all tests
to date, engine safety has been 100%. This record 1s shown below 1in the
following table,

. A Posteriora

No. of ‘Actual Experienced Reliability at 90%
Runs Reliabilaty Confidence Level
Post PFRT ; . )
Demonstration 68 98. 5% *94, 4%
Field Operation*%* 300+ 97.0% *95. 0%
Mission 5 100% *74, 0%
Combined o
Overall 373 97.8% 95. 5%
* Statistical interpretation: From the results experienced in the limited

numbers of tests involved, there 1s a 90% probability that the true
reliability 1s greater than the reliability shown.

*% Counts all engine runs made in the field (EAFB). Includes training
runs, checkout runs, and flight operations with various crews and.
pilots.

b. Titan Nose Cone

In this program Thiokol-RMD developed the Attitude Control System
(ACS) for the nose cone. Reliability was a primary contractual.obligation.
The requirements were 99. 9% at a 95% confidence level,
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In this program, special statistical techniques were developed to demon-
strate system, subsystem, and component reliabilities. Sample size, test
programs, and testing techniques were developed to attain maximum infor-
mation at a minimum cost consistent with the stringent reliability require-
ments.

Special test-to-failure techniques were utilized at the component level,
while subsystem and system levels were reliability tested utilizing the basic
theory and principles of sequential analysis. The reliability test program
and techniques were approved and adopted by the procuring activity.

c. Corvus Program

In this program a complete rocket engine system was developed for the
Corvus massile system. Thiokol-RMD was one of the first companies to
perform under contractual obligation a '"Reliability Monitoring Program, "
and developed methods of reporting system and subsystem reliability, failure
mode analysis, and reliability predicting techniques. All testing in develop-
ment, PFRT, and acceptance was continually monitored for reliability purposes.
Maximum utilization of test data was obtained to determine system reliability.
Reliability progress was reported to the procuring activity in monthly relia-
bility analysis reports. With this method of extracting maximum data from
every test accomplished, design deficiencies were discovered in the program
and corrective action followed. Reliability could be determine without entering
a costly reliability demonstration program.

B. RELIABILITY METHODS
1. Definitions

To avoid confusion 1n discussions of reliability 1t 1s useful to distinguish
between general types of reliability numbers.

Reliability Goals: These values result from the apportionment of the
customer reliability goal for the system into reliability goals for components
and subsystems. These numbers represent requirements that must be met
by components and subsystems if the system goal 1s to be achieved. They do
not represent predictions or estimates of the reliability that can be, or have
been, achieved by the equipment.
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Reliabilaty Fstamates: These values, empirically derived from a specific

set of test results, represent the best estlma.tes of currently achieved system
reliability,

True Reliability: The true reliability 1s that value of successfailure
probability that would be observed if an infinite number of samples were
tested. It cannot be measured but 1s a statistical parameter of importance
in discussing reliabilaty.

Calculated Reliability: System reliability may be calculated by using an
appropriate mathematical combinator of the reliabilities of the lower level
parts that make up the system. When system reliability 1s determained this
way, the resulting number 1s a calculated reliability. Reliability predictions
and estimates can both be calculated values in this sense.

0

2. Reliability Concepts

It 15 1mportant that the concept of inherent reliability and the degradation
effects of manufacturing, handling and use be understood.

Inherent Reliability: This 1s the reliability which has been designed into a
component, subsystem, or system. It 1s strictly a paper reliability value based
upon malfunction analysis and failure mode analysis of the individual parts of
the component. It 1s the reliability given to the product by the design and 1s
sometimes referred to as design reliability prediction.

Manufactured Reliability. This definition of reliability implies the relia-
bility of the manufactured product, i.e., the product cannot be fabricated
exactly to the original design since there are inherent variances 1n any manu-
facturing process which tend to alter the inherent reliability of the product.
These variances coupled with the basic material variances result in the relia-
bility of the manufactured product.

. Use Reliability: This definition of reliability 1s influenced by the freld

use a product may receive during 1its lafe cycle. Such factors as capability

of operating and maintenance personnel; operating and maintenance procedures;
aux111ary and support equipment; effects of shipping, storage, and handling all
affect the reliabilaity of the product. The resulting reliability as a function of
field use 1s designated as '"Use Reliabilaty'',
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Operational Reliability: This definition 1s the basic reliability value 1in-
fluencing the customer. It 1s the actual reliability received from the product,
taking into account the inherent reliability, manufactured reliability, and use
reliability. Operational reliability can be defined as follows:

Ry = (RI) (RM) (Ry) Ry = Operational Rehability

Ry Inherent Reliability

Ry = Manufactured Reliability

1l

Ry Use Reliability

It 1s clear from the foregoing that the first step 1n achieving reliability
1s adequate design for the environment anticipated during the life cycle of the
system.

3. Desigming for Reliability

Experience has shown that highly complex equipment can be reliable only
through the implementation of sound engineering practices coupled with a
thorough, integrated test and product program.

The Thiokol-RMD approach to reliability 1s based on the premase that
reliability 1s a parameter which can be quantitatively specified, estimated,
assessed, and measured at predesignated points of a system's life cycle.

It 1s also based upon the premise that reliability can be controlled throughout
the phases of design, development, manufacture, and use. While reliabality
1s stated in terms of probability and measured by statistical methods, 1t 1s
basically achieved and improved 1n a product by good engineering practices .
and technical ability founded on a thorough understanding of the sciences in-
volved. Thus the inherent reliability of a system 1s determained by the validity
of the basic design. The degree of reliability actually realized also reflects
the care, skill, and control exercised in the systems manufacture and the
degree to which it 1s properly employed and maintained.

The inherent or design reliability of a product 1s established and determined
by 1ts basic design. The design engineer and reliability engineer are responsible
for achieving reliability in their equipment. Therefore, maximum reliability
effort should be applied in the design phase of any product. During this design
phase the reliability engineer offers specialized assistance to the designer to
fulfall the responsibility of reliable products.
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It must be remembered that manufacture and use cannot improve relhia-
bility, only degrade the inherent reliability. For this reason the inherent
reliability given to a product by the designer must be extremely high. Re-
member also that reliabiality cannot be tested into a product, it must be de-
signed with 1t. Testing 1s essential, however, to determane the level of re-
liability and to insure the quality of the parts contributing to it. Therefore,
the reliability problem reduces to a maximum effort applied to a product
during the design phase. In keeping with this philosophy the following summary

of procedures should be followed i1n an effort to achieve high inherent reliability.

a. Prior to Design

(1) Establish a complete system schematic indicating the components
required to perform the overall system function.

(2) Establish the overall reliability requirements of the system at a
specified confidence level.

(3) Reduce the system schematic to a functional block diagram in
which each block represents a system component.

(4) 1In each component block specify the component type with operating
parameters such as pressure levels, flowrates, temperature limats,
time, etc. Be complete and detailed during this phase as the com-
ponent block serves as a useful tool to the designer and specification
engineer; 1t spells out the component requirements to fulfill system
requirements.

(5) In each component block specify a predicted reliability based upon
past performance of the component type under similar environments.
Reduce all components to series operation striving to maintain in-
dependence of the components. Then utilizing the product rule

—— - ___ calculate the system reliability and compare to specified reliability

requirements. This procedure 1s fairly easy to apply and wall =

yield the following information:

e A measure of design adequacy relative to reliability

e Estimation of the degree of redundancy required to achieve a
specific reliability.
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Indication of area in which design changes would be most bene-
ficial or necessary.

Basis for comparing two or more designs.

(6) If the calculated reliability 1s below the specified reliability, deter-
mine the amount of redundancy required by adding parallel compo-
nents. The parallel components can be either of the following:

Concurrent Elements: In concurrent elements all parallel ele-
ments are operating throughout the entire time period and the
reliability of each remains constant,

The reliability of n such items 1s expressed as follows:

R=1-(1-Ry) (1-Rp)-=-=-=-=-=-=-=----(1-Rp)

If all n elements are 1dentical then

R=1-(1-Rp)"
When n =2

2
R = 2R, - R,

Time-Sequenced elements: In time-sequenced elements the
second does not begin to operate until the first has failed, the
third does not operate until the second has failed, and so on.

It 1s assumed that the component failure probability 1s essentially
zero when the component 1s not operating. For n elements which
have the same failure rate \, the overall reliability is:

n-1
(At)?

o 1l
.

ol
n
o
]
>
o+
iMoo

t 1s the entire operating period for the group. If only two such
components have the common reliability R;, the formula reduces
to the following approximation:

R =R; (1 - In Ry)
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In the foregoing discussion of parallel components, the relia-
bality of malfunction detection and switching devices has been
assumed to be unity. Modifications must be made if this as-
sumption does not hold.

(7) Once the calculated reliability approaches the specified value, the
components which comprise the system can enter the design phase.

(8) System analysis continues into the Malfunction Analysis Phase. In
this phase each component of the system 1in turn 1s assumed to fail
in the actuated and deactuated position. The influence on system
operation 1s analyzed. Any conditions which result in potential
hazards to the vehicle or human on board must be eliminated. Other
malfunction conditions which prevent desired system operation are
tabulated. )

(9) Present to each designer the method in which his component 1s in-
tegrated into the overall system. Explain to him the influence on
system performance 1f his equipment fails,

(10) Write a complete detailed specification for each component including

packaging, handling, transportation, and storage requirements.
Utilize the component block diagram as a guide, section (4) above.

(11) Minimize the number of components through proper design techniques;

utilize systems and combine functions wherever possible. Strive for
reduction of individual component complexity, for simplicity of design.

b. During Design

(1) Establish realistic design and performance specifications for the
production design; coordinate closely with Production Engineering

on their capabilities of meeting the designers requirements.
(2) Designitems which can be made; redesign and modify to achieve
reliabality within capabilities of production techniques.

(3) Utilizing the results of the malfunction analysis performed in sec-
tion a (8) above, list the types of malfunctions which prevent de-
sired system operation for each component. Then design the 1indi-
vidual component to eliminate each type failure.
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(4) Perform "Reliability Design Reviews' as the design of each compo-
nent progresses.

Analyze every possible mode of failure within each component,
l.e., clearance, jamming, leakage, etc.

Determine what modes of failure will cause the entire compo-
nent to fail and the consequent influence upon system operation.

Through redesign eliminate as many failure modes as possible.
(5) Specify all acceptance and approval criteria for each component.

(6) Perform a reliability prediction analysis on each component. In
this analysis all possible causes of component failure are tabulated.
The probability of occurrence of each failure 1s estimated by several
qualified people based on past experience. Then the probability of
component failure 1f the individual failure occurs 1s estimated.
Then by utilizing the following formula an estimated component re-
liability can be achieved.

1 =n |
R, = (1 -P &fl} P i(F/f} ) |
1 =1 : ‘
R, = Component Overall Reliability
1 =n
™ = Product of n Terms
i=1
£, =1 th - Cause of Failure of the Component Type

———
n

P ifl ‘ Probability of Occurrence of f;
P {F/flz

The above pred1;:t10n phase serves the following:

Probability of Component Failure 1f £, Occurs.

e Makes known the possible causes of component failure; makes
designer and others aware of the types of failure which are
possible.
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e Creates an atmosphere to eliminate failure modes.

e Gives an indication of how design phase 1s progressing com-
pared to i1nitial predicted reliability and specified reliability,

¢ Points to components requiring additional design and redesign
effort.

c. Completion of Design ,

(1) Upon completion of each component design, perform a complete
design review. The design review 1s accomplished by Relia-
bility Engineering in which the complete design 1s analyzed from
the detailed specification to insure all requirements are con-
sistent with design. Failure mode analysis 1s again accomplished.
Consultation between design engineering and reliability engineering
eliminates as many modes of failure as feasible through proper
design techmiques,

(2) Production Engineering reviews all drawings to insure that the
design 1s within their capabilities.

4. Reliability Control in Manufacturing

The validity of reliability evaluations 1s dependent on an assumption that
the future quantities of components and systems consistently represent the
design. This assumption requires that reproducible manufacturing methods
and equipment are utilized together with effective process controls.

The control function which assures that such controls are implemented
1s Quality Engineering.

——-- —The primary objective of Quality Engineering 1s to assure that the inherent
reliability of the design 1s maintained during the manufacture, handhng, storage,
and use of the system. Included in the function are process and acceptance 1n-
spection control, laboratory test control, and statistical quality control activities.
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The functions are accomplished by establishing and enforcing procedures
covering:

e Statistical Control of processes

. Correction or removal of all parts, materials, etc.
which are outside usable limats

o Quality evaluations and audait.

These activities are monitored by the reliability engineering group which
1s responsible for the control specifications utilized.
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APPENDIX F

OXYGEN DIFLUORIDE (OF,) BULK TEMPERATURE
AS A FUNCTION OF MISSION TIME FOR A
HOT GAS PRESSURIZATION SYSTEM
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APPENDIX F

OXYGEN DIFLUORIDE (OF,;) BULK TEMPERATURE AS A FUNCTION OF
MISSION TIME FOR A HOT GAS PRESSURIZATION SYSTEM

The temperature of the OF; stored in the two OF, tanks was calculated
as a function of mission time. The tanks were assumed to be perfectly i1n-
sulated so that there was minimum heat loss to the environment. The heat
input from the hot pressurizing gases was then transferred to the OF, remain-
1ng 1n the tank. The final temperature was the equilibrium temperature be-
tween the pressurizing gases (assumed 1njected at 700F) and the liquid OF,
This was done for the thrust chamber operating profile shown in Table F1
The heat capacity of the bladder separating the gases from the OF, was
negelected. The inmitial OF; temperature was assumed to be that of 1ts
saturation temperature at 1 atm (230R). Figure Fl shows that the final
OF, temperature 1s below 1ts saturation temperature at 400 ps1 (500R),
assuming a 10% oxidizer reserve in the tanks.

The above calculation model assumed that enough time between firings
was available so that equilibrium was reached between the gas and the hiquid
OF,. In the transient heating period, because of the effect of zero grawvity,
the heat transferred from the gas to the liquid would be by conduction.
Temperature gradients then would exist in the liquid. When the interface
temperature of the liquid (gas-bladder-liquid) reaches 1its saturation tem-
perature, local vapor formation occurs. This vapor boundary will act as an
insulation layer, and the time to reach equilibrium conditions would be in-
creased. Radiation to space from the outside of the tank surface will then
lower the pressurizing gas temperature, and the final temperature of the

OF, vapor formed by boiling at the surface will tend to move the flexible
bladder ocutward and form a larger vapor pocket.
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TABLE F1

THRUST CHAMBER OPERATING PROFILE -
APOLLO VEHICLE
1966 SYSTEM

Elapsed Time to Start Duration at 6K
of Firing, hours Thrust, seconds

Zero (projection into
escape orbit)

0.5 4
21.5 4
42.5 4
63.5 4
83.5 4
84 118
86 118

251 ‘ ’ 86
252 86
252.5 2
273.5 2
294.5 2
315.5 2
335.5 2
336 Re-entry
F2
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OF, Bulk Temperature as a Function of Operation Profile

|

Figure F1.
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