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Report 10484-FR, Volume II

FOREWORD

This report 1s submitted im partial compliance with the requirements of
Contract 9-10484 as Volume IT of the program final report It's purpose 1s to
provide guidelines for the design of extendable nozzles for space engines

All work under the subject contract was performed for the National
Aeronautics and Space Admainistration's Manned Spacecraft Center, Houston, Texas,
by the Aerojet Liguid Rocket Company The program was under the direction of
Dr N E Van Huff, program manager, B C Schindler, project manager, and
E Schmauderer, project engineer The NASA project engineer for the program is

Mr G Hubbard
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I INTRODUCTION

A  SCOPE

This report 1s intended as a guide for the design of extendable -
retractable nozzles for space engines The informatiron presented is based on
the experiences of Aerojet Liquid Rocket Company and the industry, and detailed
investigation and analysis conducted on this program, Contract NAS 9-10484
Optimized techniques of nozzle translation, alignment, sealing and cooling as well
as nozzle performance and thermal design data are presented for use 1n the design

of a deployable nozzle

The engine operating conditions specified by the contract statement
of work, established the use limits of the data presented an this document

They are as follows

Chamber Pressure (Pc) 300 psia to 800 psia

Thrust (F) 5,000 1t to 20,000 1b
Nozzle Expansion Ratio (g) 501 to 300 1

In addition to establishing the design use limits, the specified
engilne operating conditions were used 1n conjunction with information derived
from the program studies to establish operating conditions for a deployable
nozzle engine system These operating conditions are presented in Section IIX
Design objectives and requirements, conforming to the engine system operating
conditions, were formulated to assist in the definition of optimized translation,

alignment, sealing and cooling techniques

The design objectives and requirements best satisfying the specified
engine system operating conditions are presented in Section ITII  Section IV
and V present the recommended design approach and techniques for nozzle cooling,

sealing, alignment and translation

Page 1
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I,A, Scope (cont )

Nozzle thermal and performance design data are presented in Section
IV. Thas data can be used to predict nozzle length and weight vs delavered
performance as well as nozzle cooling requirements for various nozzle extensions
attachment area ratios and overall area ratios Section IV, F, identifies
the design and use limitations of the recommended radiation cooled nozzle

extension concept

Section VI, identifies the supporting design analyses required to

accomplish the successful design of an extendable - retractable nozzle system.

Obviously, the design of a deployable nozzle system for a specific
engine was not completely covered in this program. However the material
presented includes the basic data and information necessary to the design of a
successful system  Specific supporting data, analyses and documentation
pertainang to the information presented in this volume 1s compiled in Volume I
of thas report (Tradeoff Studies, Sectaion IXI, B, and Technical Analysis,
Section III, C)

B REQUIREMENT FOR USE

The most obvious application of an extendable - retractable nozzle
extension 1s to enhance the performance of a space engine by increasing the
expansion ratic of the exhaust nozzle without increasing vehicle length A
second application is to vary engine area ratio as 1ts pressure environment
changes, 1 e. altitude compensation  Although the latter concept was not
addressed in deta:xl since the program requirement was limited to space
operating engines, much of the data presented 1is applicable A need for botﬁé
high expansion ratio and reduced vehicle length 1s required to justify the use
of a2 movable nozzle extension, since the weight of the translation system and
nozzle attachment joint would otherwise penalize system performance The fixed

geometry axially translating nozzle extension satisfied both performance and

Page 2
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I,A, Scope (cont )

geometry requirements provided that the movable nozzle extension maximum

drameter can be accommodated within the vehicle's diametral dimensions.

The extendable - retractable technique of packaging not only
minumizes vehicle interstage length and weaght, but 1s suited to systems which
must remove the nozzle extension from aerodynamic surfaces such as would occur
as a spacecraft's re-entry into the earth's atmosphere The nozzle extension
can be deployed, the engine fired for a desired duration and then the mozzle

retracted and stowed until required for additaonal pericds of thrusting
C.  INFLUENCE OF DEPLOYABLE NOZZLE DESIGN ON TOTAL SYSTEM

Of major concern to the vehicle system's analyst i1s the weight of
the tlotal engine system with respect to delivered performance Of thas, the
nozzle extension and translation system accounts for approximately 25% of the
total engine weight depending upon the specific engine design and configuration
On a high pressure, gimballed, pump fed engine, the extendable nozzle system 1s
a smaller portion of the total engine weight than on a low chamber pressure fed
engine The requirement of the extendable - retractable engine nozzle design 1s
to provide the most performance for the least engine weight Systems analysis
1s necessary to trade the influence of interstage weight and engine weight and

area ratic for missaion optimization.
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11. OPERATING CONDITIONS — DEFLOYABLE NOZZLE ENGINE SYSTEM

This section of the design guide adentifies the operating conditions of
the L0,/LH,

The conditions presented are for the most part specific with respect to operation,

extendable ~ retractable nozzle engine system under consideration

although there are areas whach would require definition before a desagn could be

finalized. The assumed engine and system operating conditions are as follows

Propellants: LOZ/LH2
Chamber Pressure (Pc) 300 to 800 psia

Thrust (F) 5K to 20K

Nozzle Expansion Ratio (g); From 50 1 to 300 1

Environment Space (sea level fire testing 1s assumed mnecessary)

Nozzle Operation The nozzle a1s deployed prior to engine firing and
may be retracted following engine firing or prior to
vehicle re-entry.

Nozzle Gamballing The nozzle will not be gimballed during the process

of nozzle deployment or retraction

Nozzle Coolang. Radiatiom 1s the preferred method

Nozzle-Chamber Interface Cooling, As requared.

Supplemental Nozzle Coolant (1) Hot Gas

(2) Propellants

Nozzle Extension Attachment Area Ratio  Between 100 1 and 180 1

Nozzle Weight. Mipimum

"G" Loads* (1) During engine operation — to be determined

(2) Engine not operating (main stage operations only) - to
be determined

Structure It 1s assumed that the nozzle extension and adjacent sealing

interfaces are round following ainatial fabracation but,
because of service requirements, parts may not be round
following repeated engime operation The seal designg will
be interchangeable and the ability to compensate for out-of-
roundness or local discontinuity will be built into the seal

or sealing interface design.
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IT, Operating Conditions (cont )

Temperature and pressure enviromient of the nozzle seal

Temperature

Sealing {(prior to engine start)- To be determined
Sealing (Engine ON)
Cooled. Turbine Exhaust* <1000°R
Propellants:* < 700°R
Uncooled, <2500°R

Prior to Sealing  Awbient, vacuum and earth

Pressure

During Engine Operatiomn, <10 psia

Prior to and Following Engine Operation Vacuum and earth ambient
Engine Service Life Reusable

Seal Service Life Same as engine service life

Acceptable Seal Leakage. To be determaned

Power Supply - Nozzle Deployment Actuators

Actuators 28V Electrical
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IIT DESIGN OBJECTIVES AND REQUIREMENTS

A GENERAL

The extendable -~ retractable nozzle engine design must provide a
system for space operation that is (1) compatable with the propellants L02/LH2
and thear products of combustion, (2) light in weight, (3) reliable, (4) capable
of extended duration operation, and (4) capable of recycling It must also
be remembered that additional objectives such as system reliability, simplicity,
ease of development and fabrication and mainimum cost must go hand in hand waith

the above
B. OBJECTIVES AND REQUIREMENTS

The studies conducted on this program have resulted in the identi-
facation of specific design objectives and requirements as well as optimum
configurations for nozzle cooling, sealing and translation as outlined above
These are as follows.

¢ Upon a system or engine failure, the rocket engine and mozzle

translation system shall be incapable of automatically retracting
the nozzle extension to the stowed and locked position without an

external command signal

o A single point failure of the nozzle extension deployment and
retracting mechanism shall not prevent the nozzle from translation

and locking
© The deployment system should have a minimum number of supporting
mechanical devices and/or moving components for increased

reliabality

o The extreme operating enviromment should not cause translation,

aligoment or nozzle sealing problems
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IIT,B, Objectives and Requirements (cont )

¢ Expansion of the nozzle or chamber due to heat soak from engine

firing will not affect the translation system

e The mechanical power drive system should be designed for redundancy

to assure nozzle translation in the case of component failure

® The nozzle extension should be of a radiation cooled design for 1t
provides the simplest cooling method, 1s laightest in weight,
higher 1n reliability, and easier to develop and fabracate than the

tube bundle or transpiration cooling concepts

® The nozzle translation system should be electric motor driven
Electric motors have demonstrated, (1) operational reliability in
space applications, (2) best repeatability because of fewer

critical parts, and (3) exhibat constant force at every positilon

¢ The nozzle extension gulde and support system should be used only
for the guide and support of the nozzle extension as it translates
from 1ts stowed to extended position It should not be used to
accomplish final alignment of the nozzle extension to the combustion

chamber

e Metal parts which slide or roll on each other should be made of
insoluble pairs and/or lubricated with a solid bonded dry lubricant
to prevent cold welding in the space emnvironment Space lubricants

are commercially available

e The nozzle translation system should incorporate the power drive
mechanism, guides and support rails, and locking features into one
simple mechanism for increased reliability, ease of development, and

low wexight
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111,B, Objectives and Requirements {cont )

- & The nozzle translation system should be self-supporting and
should not use turbane exhaust to drive the nozzle deployment
actuators The use of this power media creates critical nozzle
deployment and engine starting seguence problems and requires
control systems (valves, timers and plumbing) which increase

system weight and decrease reliability

o The nozzle should be designed for a minimum discontinuity at the
interface between the fixed portion of the nozzle and the movable
extension The nozzle contour should be as continuous as possible,
and rapid divergent or convergent steps eliminated since the steps
create undesireable heat loads and pessible loss 1n nozzle perform-
ance (ISp(del))

® In selection of the nozzle extension attachment area ratiro,
consideration must be given to the thexrmal loads at the attachment
station as well as engine length reduction If the attachment
area ratio 18 in a hagh heat flux region consideration should be
gaven to supplimental cooling of the extension attachment joant

area

¢ The interface joint should use a gasket face seal to eliminate the
problems of clearance, compression, and seal interface concentricity

associated with a piston or diametral seal

o The seal should be elastomeric to provide good sealing character—
istics and be located in a cool or supplimentary cooled region
Leakage rates of the specific seal design must be evaluated by

testing
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ITI,B, Objectives and Requirements (cont )

® Radiation effects on organics and polymers should be considered

when choosing materials for seal designs

o MNozzle alignment should be repeatable and unaffected by mating
parts concentricity, and the extreme operating temperature

environment
e If a coolant source, such as turbine exhaust gas, 1s available
at no penalty to the engine or system, 1t may be used to

supplimentally cool the nozzle joint and extension

¢ Neozzle alignment technique should be repeatable and independant

from the power transmission system
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iv NOZZLE DESIGN

A. GENERAL

TFor extended steady state duration and cyclic operation, a means
of cocling 1s requared for the movable nozzle extension  Several techniques
of nozzle cooling were evaluated duraing the program studzes, but the concept
best satisfying the study requirements of samplacity, relirability, laight weight,
and ease of fabrication and development was the concept of radiation cooling
This resulted in the selection of radiation cooling for the nozzle extension
design shown in Figure 1  The concept shown i1ncludes two major areas of design
the interface between fixed and movable portions of the nozzle extension which
includes sealing, possible supplemental cooling, and alignment, and the nozzle

extension 1tself

B EXTENSION ATTACHMENT JOINT DESIGN

1 General

The attachment joant 1s considered to be that area bounded by
the forward end of the movable extension and the aft edge of the fixed portion
of the nozzle. This 1s based on the fact that when the nozzle 1s extended the
two parts overlap to provide adequate sealing and support The nozzle and
interface designs are interrelated and the anfluence of each must be considered
1n the design of the other The major factors affecting the joint design are
(1) 1ts location, (2) the local heat loads, (3) the availabality of secondary

coolant, (4) sealing, and (5) nozzle alignment and support

There 1s an additional factor which 1s not necessarily related
to the previous five This has to do with minimizing the flow discontinuities
as the exhaust bases move from the fixed to the movable nozzle It 1s assumed
that the fixed portion extending from the combustion chamber to the attachment

area 1s regeneratively cooled and 1s of a tube bundle or slot configuration
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IV,B, Extension Attachment Joint Design (cont )

Nozzle thermal analyszs has established that the heat load at
the point of reattachment of the main stream flow resulting from discontinuities
at the nozzle extension joint can be approximately three times that for a smooth
wall This flow phenomena 1s shown in Figure 2a and discussed in Section IV, D,

2 (attachment region heating)

2 Joint Selection

As previously stated, the primary concern of the nozzle designer
1s to provide the maximum performance with minimum system weight Studies of
nozzle performance conclude that the closer to the throat that the extendable

nozzle 1s attached, the lighter the complete nozzle assembly

In selecting the attachment area ratio, the designer must
concern himself wath the requairement that (1) the extension moves forward
around the thrust chamber and other engine components on some system of guides
and supports, (2) that the specific thermal conditions may tend to make the
attachment station move aft contrary to length considerations, and (3) that the
interface wall discontinuity between the fixed portion of the nozzle and the
movable nozzle extension be a minimum Joint location will be the result of a
tradeoff of delivered performance (ISP), nozzle weight, and the operating

thermal limitations of the nozzle material and coolant system selected

3 Joint Coocling

The attachment region will require some form of cooling
Conduction of heat to cooled parts of the fixed nozzle or the use of supplementary
film cooling s the preferred arrangement Since the area to be cooled is
relatively small and operates at low fluxes and the cooling system can be a part

of the fixed nozzle, a variety of film cooling techniques are attractive (Figures
1l and 3)
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IV,B, Extension Attachment Joint Design (cont )

The nozzle wall 1s discontinuous at the joint between the fixed
and extendable parts of the nozzle  The magnitude of the discontinuaty of the
wall will depend upon the particular design and, thus, so will the required
cooling Generally, the wall discontinuity will be such that a cavity in the
nozzle wall i1s present and a zone of separated flow exists within the cavity
The simplest cooling system for the cavity and attachment point 1s to film cool
using erther propellant or gas generator effluent  This type cooling system
selection will depend on the availabilaty of a suztable coolant  The three
different joint components which benefit most from supplemental cooling are the
seal, the trailing edge of the fixed nozzle, and the moving extension The inter-
face design should be integrated that the codant 1s effective i1n each area

{Fagure 1)

Nonmetallic seals have an operational temperature lamit at
which they either lose sealing capability or incurr a decrease in use life
Seal cocling 1s effected by directing the coolant on the seal or by conduction

to adjacent surfaces which are conductively cooled

The design of the trairling edge of the fixed nozzle presents a
problem in that although 1t 1s desirable to have thais tip machined to a minimum
thickness to minimrze flow discontinuities the very thin sections provide poor
conductive paths If film cooling i1s not used, the designer must determine how
thin the tip may be to be conductively cooled and yet present a minimum flow
discontinuity This discontinuity, an turn, affects the heat flux to the nozzle
extension at the point of reattachment of the flow If film coclant i1s available,
it may be utilized to cool the nozzle trailing edge and by proper injection in,
around, or through the tip area (Figures 4 through 10), <cool the nozzle

extension forward end

L
In any particular case the vehicle mission requirements and
engine design constraints need to be congidered in selection of a cooling system
It may be necessary to parametrically examine several systems in order to obtain

an optlimum system
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IV, B, Extension Attachment Joint Design (cont )

4 Joint Sealing

The following engine operating requirements i1mpose constraints
on the selection and desaign of a joint seal (1) joint sealing 1s not required
during nozzle translation, (2) the nozzle extension and adjacent sealing inter-—
faces may not round followaing repeated ‘engine operation, and (3) positive sealing

must be accomplished under conditions of engine operation

Several techniques of joint sealing were investigated and the
technique which most satisfied the deszign constraints found to be the elastomeric
face seal This concept 1s shown i1n Figure 1  The seal 15 located in an area well
removed from the heat input to the extension, and seals not only from the mouting
Ting to the flange brazed to the tube bundle but also seals the extension to the
mounting ring as well A positive seal 1s assured by serrations machined in the
surfaces of all parts that contact the seal The amount of gasket "crush" is
controlled between extension and mount ring by interlocking lips The maximum

operating temperature for am elastomeric seal 1s approximately 700°F

Seal replacement 1s accomplished by fully retracting the
extension and then unbolting the extension from the mounting ring  The seal 1s
then cut and removed The new seal 1s stretched over the fixed portion of the
nozzle, i1nserted ain the flange, and the bolts replaced On small diameters, 1t
may be necessary to split the seal on the blas and to reseal on assembly with a

silicone rubber adhesive

This sealing technique 1s both positive and insensitive to
machining tolerances It does require that the translation system lock or hold

the seal i1n compression during extend and engine firing modes

Radial and face seal inflatable elastomeric and metallic concepts
are recommended as alternates 1f engine operating conditions and heat loads are

restrictive to the proposed concept
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IV, B, Extension Attachment Joint Design: (cont )

The inflatable sealing techniques (Figures 11 and 12) were
ruled out as a pramary concept If turbine exhaust gas, assuming low temperature
and low pressure products are available 1s used as the pressurant, only the
short period of time between turbo pump start and engine fire would only be
available to accomplish successful interface sealing This might not be a
preblem due to the time needed to heat and expand the seal In addzitaion, the
metal seal would be unable to follow irregular surfaces on the interface and
hence would not be leak tight  The inflatable concepts, whether they use turbine
exhaust or some other pressurant, would require plumbing and controls for the

pressurant supply

5 Nozzle Alignment

Nozzle alignment 1s concerned with the linear and angular
masmatch of a theoretical centerline defined by the nozzle throat and injector
end of the thrust chamber and a szmilar centerline through centroids of the

throat and the nozzle exit plane

Misalignment tolerances are usually held very close, perhaps
on the order of 0 25° or less This 1s because the engine i1s usually mounted in
the vehicle using the thrust chamber centerline as the mounting guide, generally
placing it 1n parallel with the vehicle and thrust centerline  For single
nozzle vehicles these centerlines are coincident It can readily be seen that,
for a fixed, single nozzle application, any misalignment built into the nozzle
now represents a moment arm of the resultant thrust vector about the vehicle
center of gravity Similarly, over—tolerance thrust misalignment in a multi-
engined application might result in vehicle turning moments or thrust losses

which are undesirable
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IV, B, Extension Attachment Joint Design (cont )

If the engine i1s not fixed, but gimballed, the small amounts of
misalignment present in most engines can be corrected for by a slight movement
of the gimbal actuators This action in turn reduces total gimbal movement in
that direction by a like amount

For an extendable nozzle, 1t can be assumed that the misalign-—
ment present in the fixed portion of the engine 1s small and can be held to
conventional tolerances by conventional methods  This 1s not true of the
extendable exit cone or moving portion, however This section, supported by
some sort of guides and moved in to position by an actuation system, must be
designed to reduce misalignment between 1t and the fixed portion of the nozzle
It 1s true that 1f the extendable nozzle engine is gimballed, this misalignment
can be corrected by slight gimbal movement It must be remembered, however, that
the misalignment of the extendable nozzle occurs within the divergent portion
of the nozzle iteself, at the joint attach line and probably at a fairly high
area ratio A severe misaligmment at this point can result in a loss of perform-

ance

In any case, it i1s important to keep misalignment between fixed
and moving portions of an extendable nozzle to a minimum, probably meeting a
total tolerance for the fixed and movable sectzons on the order of that allowed

for conventional nozzles

The considerations for nozzle extension alignment design are
(1) aligmment should be repeatable and little affected by initial or subsequent
lack of matang part concentricity, (2) accomplished so that i1t 1s unaffected by
the extreme temperature differentials expected from both the space environment ’
and engine operation, and (3) independant from other systems for systenm
simplicity and reliability  The recommended technique satisfying these require-

ments 1s shown in Figure 1
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iV,B, Extension Attachment Joint Design {cont )

Alignment 1s accomplished by the use of springs located in the
two {langes brazed to the tube bundle fixed portion of the nozzle The springs
push radially ocutward with a uniform force which is sufficient to keep the
extension centered about the tube bundle under normal engine loads The force
1s not so great, however, as to create frictional forces which might tend to
prevent extension or retraction To help reduce frrction, the use of a dry
powder lubricant such as Microseal 200-1 1s recommended on the inner diameter of

the extension in the areas of spring contact and possibly on the springs

This system aligns the extension to the tube bundle That is
not to say that the tube bundle flanges are perfectly circular or concentric,
but assuming that they are turned to specified tolerances and subjected to
uniform thermal loads, the deviation from machining dimension tolerances should
be minimal The springs will insure that the centerline of the fixed nozzle exit
plane and that of the extension coincide without alignment being required from
the translation system other than that necessary to guide the extemsion untal
1t engages the springs  Angular offset of the two centerlines 1s prevented by
using the compression gasket surfaces for alignment This requires that both flanges

be normal to the nozzle axas

The nozzle guide and support system 1s designed "loose' enough
so as to allow the interfacing springs surfaces to accomplish final aligmment
at the end of nozzle travel The metal spring 1s designed to give slightly
during seating and alignment so that the lack of exact concentricity of parts
w1ll not be a problem Finally, even though both the fixed and moving parts
should be heated or cooled together in an i1deal situation, the cylindrical springs
have the ability to compensate for differential temperatures between the mating
surfaces, allowing the parts to seat at slightly different longitudinal and radial

position
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IV, B, Extension Attachment Joint Desagn (cont )

A section of the spring 1s also shown in Figure 1 It 1s
fabricated from a flat strip, the serations or slots cut in 1t, the curvature
1mparted to the slit section and then the final bend made as shown  The strap
can now be bent around and placed in the groove of the tube bundle flange as

showm Pins or screws can be used to secure the spring ends

6 Materaials Selection

Selection of materials for nozzle construction 1s dictated by
the strength requirements and the operational enviromment as well as the usual
criteria for materials used in a lizquad rocket engine nozzle  These are
compatibilaity with the propellant combustion gas environment, fabrication and

quality control of the hardware, and the capabaility of surviving cyclic operation

The designer must satrsfy himself that the materials selected
for use 1n the extension are compatible with the exhaust products of L02/LH2
If they are not, he must determine the resulting rates of corrosion or grain
boundary layer contamination and see 1f the anticipated mission duration can
st11l be met without failure He must also consader the cyelic effects of
heating and cooling on the material and insure if the cyclic life requared for

the extension 1s met or exceeded

7 Coatings

, If the combustion products are corresive to the selected
material, the extension can be protected by the application of one of several
commercially available coatings that either eliminate or substantially delay the
onset of corrosion These coatings are generally silicides or aluminides and

as pointed out i1n the thermal analysis, enhance the emissivity characterastics
of the radiation cooled nozzle extension Alchough coating types and techmiques
were examined, detailed investigation was considered unmecessary due to general

availability of data
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IV,B, Extension Attachment Joint Design (cont )
8 Loads
Once steady state temperatures throughout the extension have
been determined for the selected extension, type and material, the loads acting
upon the extension must then be determined te see 1f the stress levels of the

materzal have been exceeded (see Section VI, supporting design analysis)

Generally, the loads acting upon the extension that must be

considered in any analysis are

a Hocp loads due to ainternal pressure

b Ax1al (thrust) loads due to internal pressure
c Ax1al loads on the vehicle due to thrust

d Lateral lcads due to maneuvering or gimballing
e Thermal loads due to expansion and restraint

These loads must be summed to determine the total load imposed
on the extension This summation represents the axial, shear, and bending loads

which must be carried through the attachment end of the nozzle extension

Once the loads on the extension have been determined, the
designer, working with an imposed factor of safety, must satisfy himself that the
initial design 1s adequate to handle the imposed loads and temperatures If not,
the design 1s modified until thermal and force loads can be safely handled As
an alternatave, secondary cooling (discussed in Sections IV, B, 2, and D, 3,

(a)) may be used to lower equilibrium temperatures

c SUGGESTED EXTENSION DESIGN APPROACH

The following represents a recommended procedure for design of a

nozzle extension
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1 Gather input data

Operating chamber pressure (Pc) - from vehicle systems analyst

ot o

Throat diameter (Dt) — from wvehicle systems analyst

(o]

Propellant properties ~ from vehicle systems analyst

u

Mixture ratio and mass flow (Wo/ﬁf) - from wvehicle systems
analyst

Overall expansion ratic (e} - from performance analysis
Inner contour (L/Lmln) - from performance analysis

¥umber of firing cycles - from vehicles systems analyst
Longest firing duration - from vehicles systems analyst
Total firing duration - from vehicles systems analyst
Nozzle enviromment - from vehicles systems analyst

Thrust chamber diameter (inches) - from performance analysis

Overall chamber length (inches) — from performance analysis

2 H ® 4L B 6 Fow

Nozzle length (inches) - from performance analysis

2 Determane the nozzle wall heat flux for a continuous wall as a
function of chamber pressure and thrust Ref  Nozzle Thermal Design, Sectzon
b, 1

3 Establigh the nozzle attachment point  As previously stated,
the nozzle designer must provide maximum performance (Isp) at the selected
operating chamber pressure for minimum system weight  The use of Section IV, E
(Nozzle Performance Analysis) of this report waill assist in definming this
selectrion The mozzle performance analysis shows that this 1s accomplished by
choosing the attachment area ratio to be as small as possible while still
operating withan the thermal limits of the material selected for the nozzle

extension
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4 Determine the new local heat transfer coefficient at the
attachment point The thermal analysas states, the rule of thunb an determining
the heat load resultaing from flow interruption by the interface discontinuity,
1s that the heat transfer coefficient 1s that of a smooth wall multiplied by a

factor of three

5 Select extension material considering strength and corrosion
attack of exhaust products at elevated temperatures A columbium alloy such
as C-103 1s recommended The C-103 material used on the Apollo SPS nozzle

extension operates at temperatures in excess of 2000°F

6 Make initial extension design  Using columbium, experience dictates
u
0 030 to O 040 1n wall thickness at the attachment area, which may be thinned

toward the exit

7 Conduct heat transfer analysis to determine equilibrium
temperatures through nozzle extension and attachment interface  The attachment
interface contains the seal  Maximum steady state operating temperature for the

proposed seal material 1s approximately 600 to 700°F

8 Conduct thermal stress analysis to determimne predicted stress
levels throughout nozzle as a function of thermal expansion, internal pressures,

and anticipated accelerations

9 If using a preselected margin of safety, acceptable stress
levels at operating temperatures are exceeded in any region of the extension
(usually 1in the attachment region), repeat Steps 3 through 8 until a satisfactory
design 1s obtained or consider the use of supplimentary cooliang 1f the low area

ratio of attachment 1s still required to meet performance and weight goals
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10 If the corrosive effects of the exhaust products on the
extension material at elevated temperatures are considered excessive based on
the firing durations expected, select either a silicide (preferred) or aluminide
coating to be applaed to the extension ID (This provides added insurance for

any extension design to be fired more than once )

11  Determine 1f fatigue presents a problem for either the coating
or base material life as a function of the required number of firing cycles
Preventive maintenance (inspection and recoating may be necessary if the number

of cycles 1s high

12 Electron beam weldments are recommended for fabrication of

radiation cooled extensions

D NOZZLE THERMAL DESIGN

1 Smooth Wall Heat Transfer

The thermal design of an extendable nozzle requires that the
heat flux to nozzle wall be established for both the smooth wall portions and
at “the discontinuity caused by the joint for attachment of the extendable portion
Lo the fixed part of the nozzle The heat flux to the smooth wall portions
of the nozzle can be established with good reliabality using existing film
coefficrent correlations The accuracy of these methods has been verified in

the course of development of many liquad propellant rocket engines

The heat flux 1n the attachment region must be estimated using
the limited amount of experimental data which exasls for supersonic flow over
cavities These data have been references to the smooth wall heat transfer as
a means of correlation Thus, the smooth wall heat transfer coefficient also 1s
used 1n establishing the heat transfer to the joint or cavity flow regions of the

extendable nozzle
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Heat transfer from the hot exhaust gas to the nozzle wall
occurs mainly by convection  The nozzle wall usually 1s at some temperature
below the mainstream gas temperature, which results in a temperature differential
across the nozzle wall boundary layer Thas temperature gradient produces a
transfer of heat from the hot gas to the nozzle wall In addition, the high
temperature exhaust gas will radiate heat to the nozzle wall Gas radiation is
not as well understood as simple convection, but 2t 1s known to be a second-order

effect for LOZ/LH propellants and usually may be neglected in design calculations

2
The convective heat transfer rate per unit area, Qc’ from the
combustion gases to the nozzle wall is predicted using the familiar Newton's
Law equation
= - T

Q. hg (T Wg)
In this equation, h_1s the hot gas fi1lm coefficient and Tr 1s the gas recovery
temperature  The chamber wall temperature, ng will depend on the method of

>
cooling the wall, the wall thermal properties, and other factors

The recovery temperature 1s calculated using Equation Z which 1s
applicable only to the turbulent flow in the exhaust region of thrust chambers
1/

=2
T n [TS + PrS

3
. (T, - )]

chamber

* theo
The combustion efficiency, also known as the c¢? efficiency, 18 calculated as the
square root of the ratio of engine c* to theoretical c¥* The stagnation
temperature or flame temperature, To, is the theoretical combustion temperature
of propellants at the combustion chamber pressure and injector mixture ratio chosen
for engine operation To 1s obtained from thermochemacal calculations, which

anclude the effect of pressure and temperature on the equilibrium chemical
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composition-of the gases The gas stream static temperature, Ts’ usually 1s
calculated assuming 1sentropic gas flow with shifting chemical equilibrium
The Prandtl number (Pr) 1s relatively insensitive to pressure and temperature

and may be evaluated at local conditions

The hot gas film coefficient (hg) 1s calculated for use 1n the
smooth contour region of extendable nozzles by use of the simplified form
Bartz equation (Eq¢ 3) with a modafication to account for two-dimensional gas
flow effects in the expansion region of the nozzle
02 c

T
08 2-D
n o= 2RR By (o0 (IR0 (Eq 3)
& 1 Pr £
c
and
Tf =05 (Tr + TW)

In Equation 3, the two-dimensional mass velocity, (pv)z_D, has been substituted
for the one-dimensional mass velocity employed by Bartz  This modaification
results in hg prediction and convective heat flux that is as much as 30% higher
than predictions using the one-dimensronal Bartz equation  The temperature
ratro accounts for the gas density gradient in the thermal boundary layer  The
wmproved correlation obtained by inclusion of the two-dimensional mass velocity

term in Equation 3 has been well substantiated by rocket engine test data

The Bartz film coefficient correlation has been used to prepare
a parametric plot of the smooth wall film coefficient for the range of
parameters of interest in design Range of parameters for which the parametric
data have been prepared are propellants LOZ/LHZ’ MR - 6 0, chamber pressure 200
to 800 psia, area ratio 50 to 300, and thrust 5K to 20K 1b
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The film coefficient s obtained from Figure 13 using the values
I
of area ratio, chamber pressure, and thrust for a particular case The factor
(F/Pc)0 1, which appears 1n the ordinate, 1s a scale factor to account for
the variation of nozzle size  The correlation has been found to be most accurate
= + 2
f = @+ T2,

which s defined as the arithmetic mean temperature between the free-stream

when the gas properties are evaluated at the film temperature, T

recovery temperature, T _, and the wall temperature, TW In order to accomplish

t
this correction, the film coefficient for bulk conditions, obtained from Figure
13, 1s multiplied by the ratic of the DB factor for the film temperature to the

DB factor for bulk conditions The DB factor is defined by the following equation

02
DB = 0 026 p * &y 8
g6 )
Pr
which contains the fluid property terms from Equation 3 that are a functiom of
temperature The recovery temperature 1s calculated using Equation 2 with TS
determined from Figures 14 and 15 The DB factors corresponding to film and

bulk temperatures are obtained from Figure 16

2 Attachment Region Heataing

The joint between the fixed and extendable portions of the nozzle
results in a discontinuity in the nozzle wall contour The discontinuity waill
cause some disturbance of the boundary layer flow and 1f the size of the
discontinuity 1s much larger than the boundary layer thickness the main flow
w1ll be affected also Small dascontinuities which affect only the boundary
layer will have a relatively small effect on the heat transfer, but will result
an increased heat flux over that for a smooth wall Large discontinuities wall
cause boundary layer flow separation at the upstream edge of the discontinuity
followed by reattachment of the flow near the downstream edge (Figure 2) A
region of separated flow will exast within the cavity of the wall discontinuity

The heat transfer is reduced in the separated flow regiom, but at the poant of
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flow reattachment the heat transfer i1s increased by a factor from 1 te 3 times
the flux for a smooth wall The extendable nozzle wall discontinuity 1s most

nearly like the open cavity shown on Figures 2a and 17

At the present time, insufficient data exist to accurately
define the maximum heat transfer coefficient which will occur within a cavity
of the extendable nozzle type for am arbitrary configuration and Mach number
However, 1t 1s conservatively estimated to be 3 0 times the heat transfer

coefficient for a smooth wall (see Figure 18)

The heat flux within the separated flow region is also of
interest, since some cooling may be required in the joint region of the cavity
as well as at the point of maxamum heat flux  Generally, the heat transfer
coefficient withan the separated flow region of the cavity 1s less than the heat
transfer for a smooth surface A value for the heat transfer coefficient between
0 6 and 0 8 that of the smooth wall value 1s reported in References 1 and 2
Here again, because of imadequate data, it 1s necessary to choose the higher value

for design purposes

The i1ncreased heat flux at the extendable nozzle joint over
that for a smooth wall affects the selection of the area ratio at which a
radiation cooled extension can be attached A radiation cooled nozzle extension
15 limited, usually, by the temperature and heat flux at the attachment point
Therefore, with a cavity at the attachment point, the limiting attachment area
ratio increases to a point at which the smooth wall heat flux is 1/3 the
maximum for radiation cooling This effect can be reduced or eliminated through

the use of supplemental film cooling to reduce the maximum heat £lux

3 Radiation Equilibrium Wall Temperature

The most desirable nozzle extension cooling system 1s the radiation

cooling concept This technique is completely passive and results in a mechanically
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simple system  However, materials selection becomes very important since the
nozzle 1s required to operate at high temperature i1n a corrosive atmosphere

A list of several high temperature metals i1s shown in Table I

The equilibrium wall temperature of a radiation cooled nozzle
wall 1s established by equilibration of the heat flux to the nozzle wall due to
convection and the heat flux from the wall due to radiation In the analysis of
this process, the temperature drop across the nozzle wall can be ignored because
of the relatively low heat flux and the high conductivaty of the metal wall
The axial conduction along the nozzle wall i1s also neglected because of the small

temperature gradient along the wall

The nozzle wall temperature 1s calculated by a heat balance on

the wall The radiant heat flux from a umit area element of the nozzle wall 1sg

given by
=z E:J(T4~T4)

Qrad apr “wi W 1 {(Eg 35)
where

F = Surface view factor

g = 3.306 x 10.-5 Btu/sec-1in 2-°R Stefan Boltzman constant

Tw = Wall temperature

T1 = Temperature of surface to which energy is being radiated

It can be shown that energy radiated between any element of the
nozzle and any other element may be neglected compared to the energy radiated to
space Samplafication of the above expression and assuming a view factor of
unity for radiation from the outer surface yields an expression for the energy

radiation to space

4

Qraq = (Fo + 1o Cw Ty (Eq 6)

where Fo = View factor from znner surface to space
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i
The view factor from the inner surface to space 1s a function of the nozzle

geometry and 1s shown plotted in Figure 19 as a function of the nozzle area ratio

for three overall nozzle area ratios !

At equilibrium, the radiant heat flux 1s equal to the convective

heat flux to the nozzle wall.

qconv - hg (Tt - Tw) = qrad = (Fo + 1o Ew Tw (Eq )
oY
_ 4
T -7 (F +1)T & T
xr W O W w
T = o (Eq 8)

w g

The equilibrium wall temperature, T 18 shown plotted in Figure 20 as a function

of the right-hand side of Equation 8 and for three values of the recovery temperature.

a. Film Gooling
{1) General

Failm coolaing 1s a form of mass transfer cooling in which
the coolant is introduced on the surface to be cooled through discrete slots or
holes Either a gas or a liquid may be used as a film coolant The coolant is
injected 1n such a manner that a protective layer i1s formed between the surface to
be cooled and the hot gas stream. As the f1lm coolant flows along the wall, 1t 1s
both heated by the hot gas stream and dispersed by turbulent mixing with the high
velocity nozzle flow The mixing process continues until all of the film coolant 1s
dispersed homogeneously in the high temperature nozzle gas  Additional coolant
must be supplied at intervals in order to provide continuous cooling, 1f required
Because of the relatively large mass of coolant that is required, rocket systems
suffer a penalty in specific impulse when film cooling 1s used as a primarv cooling
system Therefore, film cooling usually 1s employed as a supplement to some other

primary means of cooling such as a regenerative or radiation cooled system
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The primary applications of film cooling for the
extendable nozzle are as supplemental cooling schemes for the joint region and

possibly a short section of the extendable portion of the nozzle

Although either a gas or a liquid film coolant could be
used, the use of a liquid has a number of difficulties which reduce 1ts attractive-
ness relative to gaseous coolants. These include. (1) coolant injection orifices
must be very small in order to obtain umiform distribution of the coolant over the
surfaces to be cooled, (2) the performance loss with liquid £ilm cooling 1in the
supersonic nozzle will be significantly greater than with gaseous film cooling,
and (3) analytical methods for predicting liquid £ilm cooling effectiveness 1n
the supersonic nozzle are nonexistent. These problems are encountered to a lesser
degree when a gaseous film coolant 1s employed

r

(2) Analysis

Early subsonic film cooling analyses were generally
based on the model of Hatch and Papell (Ref 3) and Papell (Ref 4) In order to
apply this model to a rocket nozzle geometry, 1t was necessary to modify the model

slightly to account for variations in the nozzle gas mass flow

A limited amount of experimental data for film cooling
in a supersonic air stream was obtained from air turbine nozzle experiments con-
ducted at the General Electric Co (Ref 5 and 6) Recently, Goldstein, et al ,
experimentally investigated film cooling injection from a rearward facing step into
a supersonic air stream (Ref 7 and 8) Zakkay, et al (Ref 9), has conducted
experiments similar to those of Goldsteln but using supersonic coolant injection
velocities. The air film cooling data of Reference 7 were correlated using the

following equation.

T
)zzT =(§ ), for 15 5<% < 39 (Eq 10)
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where g

T 0 27
X o, ,1 Eq 11
& @ @ (Eq 11)

Film cooled length

Coolant slot height

Mainstream gas stagnation temperature

Coolant supply temperature

Ratio of coolant to mainstream mass velocity

HOR o+« oM K
i

wa Adrabatic wall temperature

and

)Z=1050r35'5155

The ratio of the coolant injection velocity to main-
stream velocity does not appear explicitly in Equation 10 but 1s contained in the
parameter M aund, 1n contrast to the subsonic data, Equation 10 predicts a continuous
1ncrease in effectiveness with increased coolant injection velocity 1f the density
1s held faxed This result probably 1s due to the fact that test data only exist
for velocity ratios less than umity and, thus, the behavior at higher values 1s
unknown A similar trend has been noted in subsonic veloecity, since this varia-
tron had not been included in the model More effectiveness 18 observed for velocity

ratios slightly greater than one

No data exist which show the effect of injection angle
on the film cooling efifectiveness for supersonic film cooling, however, some reduc~
tion 1n effectiveness 1s to be expected with increasing injection angle 1n a manner

similar to the subsonic case

Although the existing correlations for supersonic film
cooling data do not apply to a situation as complex as the £low at the joint
between the fixed and extendable portions of the mozzle, 1t 1s possible to draw

certain conclusions with respect to the design of a film cooling system (1) the
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static pressure of the coolant at the point of injection should match ox be
slightly greater than the static pressure of the main nozzle flow at the injection
point {(this will assure minimum dristurbance of main flow which will reduce the

rate of mixing between the two streams and will result in minimum performance
degradation due to disturbance of the main nozzle flow), (2) the coolant should be
injected at the highest possible velocity, up to a velocity equal to that of the
main flow, consistent with matching of static pressures, and (3} the coolant should
be 1njected 1n a direction as nearly parallel to the mainstream as possible in

order to reduce interaction losses

The correlation given by Equations 10 and 1lcan be used
to estimate the film ceooling effectiveness 1f an effective slot height, h, 1s used,
1.e , the equivalent annular slot height for the coolant exit. The predicted
effectiveness parameter defines the local adiabatic wall recovery temperature, TWa,
which should be used i1n Newton's cooling law, 1.e., '

q=h(F , - T) (Eq 12)

W

where h 1s the convective film coefficient without film cooling The heat flux,
q, which 1s predicted in this manner, should be regarded as an optimistic estimate
since the specific nature of the coolant injection geometry 1s not considered due

to znsufficient data.
b. Prediction of Nozzle Heat Flux - Film Cooled

The methods whach have been discussed for prediction of
smooth wall convective film coefficient, separation - reattachment region heating,
and fi1lm coolant effects on the heat transfer must be combined in order to obtain
an estimate for the expected heat flux in the attachment region and the nozzle

extension of the extendable nozzle. The smooth wall convective film coefficient
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1s the basis for the method The peak heat transfer coefficient at the point of
flow reattachment 1s obtained as an amplification to the smooth wall wvalue
Because of limited data, a conservative estimate for the amplification factor

should be used. A value equal to 3.0 1s recommended

- The effect of film cooling on the nozzle wall heat flux 1s
predicted by means of the film cooling effectiveness parameter, , which 1s used
to determine the adiabatic wall temperature. The effectiveness parameter 1s estab-
lashed from existing correlations and i1s a function of length from the coolant
1njection point. At each axial station, the local adiabatic wall temperature 1s
established and, when combined with the estimate for the convective film coeffi-

crent, can be used to estimate the heat flux using Newton's cooling law

qg=h (3.0) (T, - T)

where h = Smooth wall convective f£1lm coefficient
3.0 = Amplification factor for reattachment point
Twa = Adiabatic wall temperature
T, = Cooled wall temperature
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E. NOZZLE PERFORMANCE ANALYSIS
1. General

The performance analysis presents the data necessary to optimize
a L02/LH2 rocket engine extendable ~ retractable radiation/film cooled nozzle extens

szon for space applications.

Nozzle optimization requires that the relationship between nozzle
weight, length, delivered specific impulse, attachment area ratio, and exit area
ratio be known  The program studies evaluated and identified these relationships
They are presented in this section of the report as parametric design data intended
for use by the design engineer during the preliminary design phase of a L02/LH2

space engline

The data presented are in the form of delivered specific 1mpulse
(Figures 21 through 26) and nozzle weight (Figures 27 through 30) as a function of
overall area ratio. These data are also presented in the form of tradeoff ratio as
a function of overall area ratio (Figures 31 through 36), tradeoff ratio is defined
as AW/AISP, where W 1s nozzle weirght. The parametric '"tradeoff ratio! 1s a con-
venient link between specific vehicle mission characteristics and optimum engine
design In this form, AW/AJSP can be used to determine an optimum nozzle length

once a mission analysis has been conducted to define tradeoff ratio

The absolute magnitudes of the specific impulse and weight values
presented in this study are, of course, subject to the state assumptions {Section '
TII,E,2). A complete summary of delivered performance values may be found in
Tables II and ITI. 1In addaition, these tables include the performance losses asso-
crated with each configuration considered The specific impulse for a given engine
system which deviates from the assumed system may then be calculated by modifying

the various losses as needed.
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The nozzle weights, as presented, may also be modified to reflect
structural characteristics which are different from those assumed in the preparation
of these data TFor this purpose, nozzle surface areas as a function of distance

from the throat are included in Table IV.

The primary influences on both nozzle performance and weight are due
to nozzle overall area ratio and length Nozzle performance increases with length
and overall area ratio, however, at very high area ratios, a unit increase 1n specific
impulse with area ratio is accomplished by a large increase in nozzle weight  Thus,
there 1s an optimum length and area ratio beyond which the i1ncrease in weight more

than offsets the small increase in nozzle performance

In addition to the primary nozzle design parameters of length and
area ratio, several other parameters also impact the nozzle optimization  The attach-~
ment area ratioc has a small effect on delivered specific impulse but a significant
effect on nozzle weight Considering only nozzle weight and performance effects, 1t
1s desirable to have a small attachment area ratio due to the weight savings associated

with the low weight per unit area of the extension
2 Data Base

In order to examine the effects of i1ncorporating an extendable
nozzle extension into the design of an otherwise conventional rocket engine, the
analysis conducted definming the above parametric relatrionships considered different
overall nozzle expansion ratios and attachment ratios (expansion ratio at extendable
nozzle interface to fixed nozzle) for a typical LOZ/LHZ engine having the following

range of operating parameters.
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P. = 300 psia to 800 psia
F 5K to 20K

€ =501 to 300:1

Minimum attachment € = 80-1

Range of attachment Gl = 100:1, 140-+1 and 180.1

Two thrust chamber designs corresponding to
F/Pc ratios of 10 and 20

To accomplash this task, a midpoint or base case design was formu-
lated This design 1s shown in Figure 37. The characteristics of operation and the
basic values of weight and performance for the design were identified as necessary
so they could be used throughout the operating range of interest The operating

characteristics for the midpoint design were as follows-

(1) Gas generator cycle
(2) G02/GH2 propellants at the injector
(3) Injector mixXture ratio = 6 27

(4) Nozzle 1s regeneratively cooled to the extension
attachment point

(5) Turbine exhaust gas used for nozzle coolant:

MR =1
w =0 311
T = 860CR

The secondary gas coolant properties and engine operating conditions

are summarized in Table V.

Nozzle weights were calculated based on nozzle surface areas and
estimated weights per unit area. Two different nozzle cooling modes were considered
in calculating both nozzle performance and weight. The thrust chamber from the
injector to the attachment point was assumed to be regeneratively cooled and weigh

0.0204 1b/1n.2. The retractable nozzle extension was assumed to be cooled using
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tutbine exhaust gases by radiation/film cooling The estimate of weight for the
radiation cooled section was (0 0096 lb/:.n.2 In the case of radiation/film cooling,
the turbine exhaust gases were assumed to be 1njected i1nto the main flow at the

attachment point

3 Determination of Optimum Nozzle

a General

The tradeoff ratio curves are intended for use 1n nozzle
optimization To aid in understanding how these curves and all other data included
may be used in designing an optimum rocket nozzle, a few sample techniques are

presented
b Determination of Optimum Nozzle Curves

To determine absolute nozzle lengths, the tradeoff ratio versus
area curve (Figures 31 through 36) can be plotted as a tradeoff ratio versus length
curve with lines of constant overall area ratio. These relationships are deprcted
in Figure 38 for the example case of P, = 1000 psia and throat radius equal to
1.28 1n. The lengths were determined by multiplying the length ratio value for a
particular area ratio from Table IV by the value for throat radius. A plot of
delivered specifaic impulse versus length was constructed for constant overall area
ratio from the delivered specific impulse curves of Figures 21 through 26  This
curve 1s shown in Figure 39 TFigures 38 and 29 were combined to form the plot of
area ratio versus length of Figure 40 Lines of constant tradeoff ratio (AW/AISP)
and lines of constant performance (Isp) are shown on this plot  This curve 1s then
used to determine the area ratio and length of the optimum nozzle for a given system

tradeoff ratio. It should be pointed out that the delivered specific impulse data

show that, in general, increasing the nozzle length beyond approximately one and one
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half times the Rao minimum length would not benefit overall vehicle performance
That 1s, the small increase 1n performance with increased nozzle length would be

more than offset by the increased nozzle weight.
C. Sample Use Problem

Following the completzon of the vehicle systems analyses, the
engine designer will receive from the systems analyst engine design information
pertinent to the vehicle's performance requirements. For a sample problem, the
assumptron will be made that the vehicle performance requirements dictate the follow-

1ng engine design parameters-

Chamber pressure (Pc) = 1000 psia
Tradeoff ratio (Aw/arsp) =4
Nozzle length (max) = 55 in (packaging considerations)

Throat radius (Rt) = 1 28 1in

Knowing the above conditions of engine operation, the engine
designer, through the procedure as outlined above, establishes the curves as dis-
played in Figures 38, 39, and 40. Figure 40, being required to establish nozzle

expansion ratio, delivered I__, nozzle length in inches, and length ratio L/L »
sp & i)

in
1s the end objective.

This curve (Figure 40) in conjunction with use of Figure 29
1s all that i1s required to optimize the nozzle configuration, satisfying the vehicle

design requirements of the nozzle

Knowing tradeoff ratio Qﬁwhﬁlsp), the designer establishes,

through the use of Figure 40, the following engilne design parameters
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Delivered performance (Is ) = 456 sec
Expansion ratio (€) = 214
Nozzle length = 51 2 in

L/LM (Rao contour length ratio) = 1 062

Knowing that the expansion ratio (€) 1s 214 and that the
contour length ratio (L/LM) = 1 062, the engine designer can establish, through the

use of Figure 29, the nozzle extension attachment area ratio and weight

They are
as follows-

Nozzle attachment area ratio (él) = 100

Nozzle weight = 53 1b

The nozzle attachment area ratio can be given to the thermal

analyst to establish 1f the heat loads at the attachment interface exceed the nozzle

material limits  The nozzle designer can use the estimated nozzle weight to design

the translation system
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F. LIMITATION OF RADIATION COOLING CONCEPT

Radiation cooling, as with all cocling concepts, has inherent design

and use problems. They are materials and '"wiew factor!.

The maximum heat flux for which radiation cooling can be used 1s deter-
mided by the temperature limit of the wall material The upper design and use limit
for radiation materials currently in use 1s about 2500°F GColumbium (CG-103), one
of the sugpgested materials for use, 1s subject to corrosion attack by the water
vapors present in the products of combustion of L02/LH2 rocket engines However,
the rate of attack 1s small (60 Mg/cmzlhr) and can be delayed by coatings as were
used on the Apollo skirt. The problem associated with coatings used in protecting
radiation extensions is that the coating may be subject to flaking following thermal
cycling. A thousand cycle capability 1s considered a possibility, but required
cyclic use life must be verified by test. Other materials, based upon their use
history and well~-known physical and mechanical properties, considered as possible

candidates for use in the extension design are tantalum and titanium.

The radiation concept 1s restricted 1f adjacent structures prevent
radiation of the energy to space (view factor) or if the nozzles must be clustered
together so that a significant amount of ainter-engine heat flux occurs and local
hot spots result. This problem restricts use of the surrounding enviromment to
materials and components that are not temperature sensitlve or operationally limited
by the increased temperature environment A thermal analysis and component evalua-
tion as to temperature sensitivity 1s required to verify use. In cases where radra~
tion cooling appears marginal because of high heat flux, 1t 1s possible to reduce
the maximum heat f£lux to tolerable limits by supplementally film cooling the nozzle

exXxtension.
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v TRANSLATION SYSTEM DESIGN

Al GENERAL

The tradeoff studies have 1dentified the optimum translation system
as that system which incorporates into one simple design for simplicity, reliability,
and light weight, the feature of nozzle power drive, guide, support, power trans-
mission, and locking A system that satisfies these requirements 1s shown 1n
Figures 41 and 42 The power transmission system incorporates the features of

nozzle guide, support, and locking.

The proposed concept includes two major areas of design  selection of
a power drive system (actuator) and design of a power transmission system for nozzle
deployment and locking.

B. DESIGN CONSIDERATICONS

1 Power Drive System

The design or selection of an actuator 1s, at best, a tradeoff
among 1nterrelated factors which include (1) power requirements and source,
(2) speed, (3) operating characteristics and their repeatability under any load con-
ditions, (4) enviromment, (5) reversability, (6) length of stroke desired, and

(7) limitation of envelope size and weirght

Based upon the evaluation of hydraulic and pneumatic cylinders and
torque motors, bellows and diaphragms, and electrical motor drives, the electric
motor drive concept was considered best to satisfy the design requirements of sim-~
plicity, historical background, werght, reliability, ease of development, a minimum
of envirommental and system design problems, and to require a minimum of supporting

systems such as valves, lines and controls
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V, B, Design Considerations (cont.)

2. Power Transmission System

The technique of incorporating the features of mnozzle translation,
locking, and guide and supporting into one simple design has not only provided
system simplicity and a reduction in weight, but has increased reliability by the
reduction in numbers of components and provided for ease of design, fabricatiom,

and development

The proposed system satisfies the nozzle gurde and support design
requirements in that the system provides guide and support to the nozzle extension
at any point ain travel from its retracted to extended position and holds the exten-
sion in 1ts proper relation to the fixed portion of the nozzle It must be
remembered that this system does not provide for nozzle fimal alignment with respect
to engine centerline Final aligmment has been provided for in design of the nozzle-

chamber i1nterface.

This technique satisfies the requirements of nozzle locking,

which are as follows: B

e The locking device must be designed fail safe. That 1f power 1s
lost or winterrupted, the ability to translate the nozzle extension
1s not impaired.

e Locking will not be affected by environmental conditions (space and
earth).

e Devices will be located 1n a cool zone and unaffected by heat soak-
back from engine operation, eliminating possible binding due to
thermal expansion of the nozzle extension

o Nozzle lock and unlock shall be upon command That the locking
mechanism cannot possibly unlock until signaled to do so

o The same locking device should be used for locking the nozzle 1in
the extended or stowed position, eliminating the need for two of
the same or possibly different devices or techniques
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V, B, Design Consideratiomns (cont )
The only other concern 1s the cold welding which takes place in
the vacuum of space between certain metal pairrs  This problem can be aleviated
through the use of select soluble metal couples, such as copper/molybdenum or silver/

nickel, or lubricants developed for space use

3 Space Lubricants

Several different types of lubricants currently are avarlable which
have been developed and found suitable for elevated temperature operation in the
space vacuum as well as standard conditions. These lubricants are required 1in at
least two specific areas of the deployable nozzle system  The first i1s the inter-
face between the threaded lugs and shaft (Figure 22), and second 1s the interface
between the movable nozzle extension and alignment springs (Figures 1 and 22) on the

fixed nozzle which accomplish final aligmment.

The types of lubricants now available, which are most suited to
this rubbing or sliding type of friction, are the so~called bonded solid films and

the dry powder lubricants which are usually sprayed on the metal surface

The most promising solid bonded and dry powder lubricants available
make use of molybdenum disulfide (Mbsz) erther alone or i1n combination with other
constituents The bonding agent for the solid bonded type can be a resin or polyi-
mide or boric oxide (B203) The dry powder types are applied by several methods

with impingement plating being the most popular

The solid bonded types which have undergone extensive testing under

2-Sb03-

polyimide (MIL-MIR-2) Both exhibit good wear life and low friction coefficients

different environmental conditions are (1) PbS-MoSZ-PZO3 and (2) MoS

from -100°F to 1000°F at standard and vacuum conditions In general, friction

decreases and wear life increases at higher temperatures and reduced atmosphere
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Cne of the better dry powder lubricants which has successfully been
used 1n the Apollo and other space programs is Microseal 200-1 (MIL~L-8937), manu-
factured by the Microseal Corporation. This compound uses MoS, as 1its lubricating

solid and 1s applied by an impingement plating process proprietary to Microseal

Both the solid and dry powder lubricants are applied or deposited
to depths ranging from 0.0001 to 0 001 in , depending on the usage and the material
to which the lubricant 1s being applied Surface preparation of the material is
usually very exacting with very smooth, treated surfaces required for good adhesion

or dispersion.

C. SELECTED APPROACH -~ TRANSLATION SYSTEM DESIGN

1. Description

The selected concept considered as best filling the requirements
and conclusions discussed in the previous section 1s shown i1n Figures 21 and 22
It conststs of three (for system stability) tubular steel jack screws which are
driven by electric motors The three jack screws are located 1200 apart as shown

in Figure 21.

Twenty-elLght volt motors are used which have integral spur reduc-
tion gear sets. The mounting flange 1s also integral with the housing. The motor
15 mounted to the engine structure by means of an elastomeric, flexible load cell

type of device similar to those used to mount engines 1in aircraft or automobiles

The hollow steel screw 1s mounted i1n an elastomeric-supported plain
sleeve bearing located 1n the flange brazed to the tube bundle fixed section of the
nozzle as shown in Figure 22. The other end of the threaded shaft 1s rigidly con-
nected to the motor gearbox output shaft, the result being that the shaft 1s simply
supported at both ends. The hollow tube can also be used to pipe a secondary

coolant to the attachment joint reglon
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The moving extension 1s attached to and supported by the mounting
ring which has integral threaded lugs or nuts which the threaded shafts pass through

The extension 1s therefore guided, supported, and translated by the threaded shaft

In order to maintain shaft synchronrzation during operation and to
provide redundancy in case of a single motor failure, each shaft has incorporated

on 1t a pulley for use with a timing belt which passes around all the shafts,

This represents the basic translation system

2 System Redundancy

The tradeoff studies recommended that a redundant system be added
which would retract the extenston in the case of a complete power failure Looking
at the problem realistically, however, 1t 1s difficult to imagine a situatilon 1in
which total craft power 1s lost and the urgency of the situation 1s not far greater
than that of retracting a nozzle extenston  Additionally, since the circuitry for
englne control because of the location, 1t 1s difficult to imagine an accrdental
occurrence disrupting power to the drive motors without disrupting engine operation--
a far greater emergency than an extended nozzle The situation seems to then con-

cern 1tself with assuring reliable operation as long as power is avairlable

It 1s likely that all of the mechanical components can be designed
to function reliably and the problem, therefore, 1s concerned with an electrical
~‘failure (say, an open circult) 1n the windings or coils of one of the motors This
failure mode 1s protected against by giving any two motors the capability of
retracting the system, merely rotating the third motor armature and shaft by means

of the synchronizing belt

3 System Loads

Assuming that the extension 1s translated only during nonfiring
périods, what then are the loads that the translation system must withstand and

overcome by the motor and jackscrew?
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V, C, Selected Approach - Translation System Design (cont.)

The frrst load consideration 1s the friction forces due to turning
the shaft in the support nuts and the bearings and/or bushings Assuming that the
shafting has been designed structurally capable of supporting the extension against
external acceleration loads, these loads merely increase the resistance torgue due
to friction If the threaded shaft 1is made of steel and the ring mount and nuts of
titantum and the surface of the threaded shaft 1s treated with a dry powder lubra-
cant such as described in Section V,B,3, the friction loads can be reduced to a

small value

Recent work in which molybdenum disulfide was placed in the matrix
of a pressed and sintered refractory metal has proven to provide an excellent lubri-

cated bushing or wear resistant material.

It 1s possible that threaded inserts made of these materials could
be placed i1n the mounting ring lug to ride the threaded shafts and that the ends of

the shafts could be supported 1n plain bushings of the same material

It can be appreciated that the largest loads, friction or otherwise,
which must be overcome are probably those associrated with the vehicle setting on the
earth during system checkout--and then primarily 1f the nozzle happens to be in a
vertical position. It 1s unlikely that, when the nozzle 1s being deployed in space,
there will be any '"g" loads to be overcome and, therefore, the system may have to

be designed for the "worst' case of deployment which 1s on earth

The force available with the system 1s high For instance, a
1/5 HP motor with a 53 1 spur gear reduction delivers about 5 lb-in of torque at
500 rpm continuously at 28 VDC. If a threaded shaft having a 1-12 UNF thread 1is
attached to 1t, each motor and shaft can move about 200 1b at a speed of about

40 in./minute, mneglecting system friction
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V, G, Selected Approach - Translation System Design (cont )

For the jackscrew design 1llustrated, the diameter 1s 1 in and
there are 12 threads to the i1nch Then for one revolution, the axial motion of the
lead 1s 1/12 of an inch or 0.0833 1in., having ridden up a ramp 1 in or 3 1416 in
and length

| - 7 3 1416 » ! N

The tan of (3 = 0 0833/3 1416 = 0 0265 and therefore # = 1 50 = jackscrew lead angle

With a jackscrew, any load translated forms a resisting torque to
the rotation of the screw through friction which i1s proportional to the load acting
along the thread or ramp For a load, W, and a coefficient of friction, £, the

friction force along the ramp or thread shown above 1is
F=foxcosﬁ=fox0.99965§fo

This friction force i1s located on a 1/2 i1n radius and therefore the friction torque
1s WE/2 1lb-~in

The torque available 1n the electric motor for the system 1llustrated
was 5 lb-in and £ for the molybdenum disulfide impregnated refractory metal sintered
bearings suggested for use 1s O 05 i1n vacuum or air, at room temperature or up to
2200°F, Therefore, the weight or load that omne jackscrew can move 1s just less than

the weight found by the equations

Friction torque = Motor torque

g; = Motor torque

motor torque x 2 5 x 2
£ T 005

W= Ib

200 1b
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V, G, Selected Approach = Translation System Design (cont )
Therefore, the three jackscrew translation system proposed would

be capable of lifting slightly less than 600 ib  This 1s for the "worst case' ground

checkout since translation 1n space would be for essentially a no-load condition

The final question 1s whether or not the jackscrew system 1s capable
of holding the extension in place against thrust loads without keeping the motor
energized If the i1nertia of the system 1s neglected, we are really asking 1f the

load will siide back down the ramp or thread, causing the jackscrew to rotate

It was shown above that the tangent of the equivalent ramp angle
for the 1-12 UNF jackscrew 1llustrated was tan 8= 0 0265 By definition, the coef-
ficirent of friction 1s defined as the tangent of an angle for which a load wall just

slide down a ramp.

Since tan-1 0.0265 or 1 52 15 less than tarf"1 0.05 or 3°, the load
cannot slide and 1t can be seen that the 1-12 UNF jackscrew with a coefficient of
friction of 0.05 can support or hold by friction against any load up to the point

where the jackscrew farls.

It can readily be seen that, 1n space, 1f no "g" loads are present,
one motor of a three system could readily rotate all three shafts and move the
largest extension within the lamits of this program It 1s only in a gravity field

that motor size to accomplish tramslation becomes an important criterion
It xs assumed that a motor should be selected which 1s suitable

for wvacuum operation as regards bearings, arcing, etc If arcing of brushes 1s a

severe problem, the use of synchronous AC motors should be i1nvestaigated
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V, C, Selected Approach - Translation System Design (cont )

4. Locking

The system 1s self-locking, that 1s, there 1s enough friction
present 1n the system to prevent firing loads acting upon the extension in an axial
direction to rotate the shafts, gears, armatures, etc Travel 1s controlled in

each direction by limit switches which open the motor circuit

Mounting each end of each shaft in an elastomeric holders allows
a pretension to be put on the timing belt and also allows the nozzle some radial

movement as 1t centers around the alignment springs and expands thermally

There 1s no size limitation to the approach so long as the shafting
and bushings can support the extension and the motors can move 1t in at least a

vertical mode on the ground for checkout purposes and maintenance

It should be remembered that the extension 1s best supported near
the ends of the shaft, that i1s, in the retracted or extended position In the
center of travel, especially in a 'g" field, the nozzle weight can be allowed to sag
or cause a slight deflection in the shafting as long as binding does not occur.

This 15 allowed because of the flexible end supports. If sagging or deflection of
the shafting 1s not desirable for any reason, the threaded shaft can be cut and then
spliced together through a supported bushing whose outer diameter 1s less than the
minmimum thread diameter The nut or lug on the mounting ring can then be slotted

to allow 1t to pass by the intermedrate support
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VI. SUPPORTING DESIGN ANALYSIS

A, STRUCTURAL ANALYSIS

Experience in the analysis of thrust chamber components has shown that,
while pressure diastribution 1s an i1mportant design consideration, operation tempera-

tures and temperature gradients pose the most severe structural problems

Finite element analysis computer programs presently used in structural

analysis can assist and can readily handle these thermal and pressure design problem

The mechanical characteristics of the materials employed are most
important for stress analysis. Metals are generally well covered by the standard
references as MIL-HDBK-5, Aerospace Structural Materials Handbook", and supplier

data sheets.

The finite element method of analysis i1s applied to the determination of
displacements and stresses within plane or axisymmetric with linear or nonlinear
material properties. The continuous body 1s replaced by a system of elements of
triangular or other cross section Since the elements are of arbitrary shapes and
material properties, the procedure may be applied to structures comprised of many

materials and configurations.

In the finmite element approximation, the continuous structure 1s replaced
by a system of elements which are interconnected at joints or nodal points Equi-
librium equations, in terms of unknown displacements of the nodal point, are developed

at each joint. Solution of this set of equations constitutes solution of the system
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VI, Supporting Design Analysis {cont.)

B. THERMAL DESIGN MODEL

Necessary design information includes specification of the temperatures
of all parts of the system. This information affects the selection of materials,
sealing methods and the geometry of the part  The temperature distribution within
each part of the system is determined by means of a thermal model The degree of
complexity of the thermal model can vary greatly, depending on the detail with
which 1t 1s necessary to predict temperatures and thermal gradients Possible
models range from simple one-dimensional energy balances to three-dimensional
transient models i1n which conduction, convection, and radiation are considered
Usually the development of a complete thermal model i1s an evolutionary process which
takes place as the nozzle system proceeds from conceptual design, to detail design,
and finally to development The analytical model 1s tuned by using empirical methods
to bring the thermal model into close agreement with experimental data Once
developed, the thermal model can be used to predict the effect of varying duty

cycles and engine-~vehicle envirorment changes in the system thermal performance

Page 49



Material
Tungsten
Tantalum
Molybdenum
Columbium
Rhodium
Hafnium
Zirconium
Thorium
Vanadium
Titanium
Palladium

Martensitic
Stainless

Ferritic
Stainless

Carbon Steel
Cast Stainless
Cobalt

Nickel
Alloys

Beryllium

Units

Report 10484-FR, Volume II

HIGH TEMPERATURE METALS

Melting Thermal Oxidation Thermal Specific  Specific

Point Expansion Resastance Conductivity Heat Gravity Price
6170 22 Fair 96 6 0 034 19 4 12 5
5425 - Good 31.5 0 036 16 6 55
4750 - Poor 84.5 0 065 10 2 20
4620 - Good 42 0 074 10 8 45
3571 - Poor 50 0 059 12 4 2700
3400 34 Poor - 0 035 13 120
3355 36 Poor 96 . . -
3180 6.1 Poor 21 4 0 03 11 5 -
3110 -— Poor - 0 12 6 & 39
3040 71 Poor 9 8 0 13 & 73 3
2829 65 Good 41 0 058 12 450
2800 6.5 Good - 0 11 7.75 -
2790 7.9 Good i51 0 12 775 05
2775 - Good -— 0 11 7 83 0 06
2750 10 4 Good 14 5 0 14 7 99 -
2723 - - - - 8 86 -
2635 9.2 Good - - - 2
2341 6.4 Poor 87 0 45 -— 70
oF °F x 100 - T T ToooF - ¥/

Table 1
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RAO NOZZLE CONTOURS

AREA RATIO = 80, MINIMUM LENGTH

R/Rt Z/Rt Surfa.ce*
Area, in
1. 0000 . 00000 . 00000
1. 2138 . 61802 T 3548
1. 2690 68877 8 5044
1 3558 80046 10 420
1, 4484 . 92026 12 610
1 5480 1. 0501 15 138
1 6585 1 1925 18 093
1 7769 1 3493 21 562
1. 9054 1 5233 25 666
2 0479 1 7185 30 572
2.2037 1. 9379 36 460
2 3756 2.1864 43 579
2.5665 2 4698 52 264
2 7784 2. 7952 62.942
3.2321 3 5331 89,719
3 5423 4, 0718 111 39
3 9823 4. 8869 147 24
4. 4115 5 7450 188. 69
4 7865 6. 5492 230. 69
5. 0688 7.1906 266.23
5.2807 7 6936 295 30
5. 6019 8.4934 343 58
5.9260 9 3497 397.90
6 1193 9. 8859 433 24
6 4607 10. 881 501. 37
6 7200 11 682 558. 48
6. 9155 12. 314 604 93
7 2120 13.322 681 33
7 5107 14 403 T66 32
7 7149 15 184 829 60
7.8938 15.899 888 8¢
8 2089 17.234 1002.5
8 4448 18.304 1096. 4
8.7994 20 045 1254 1
8.9435 20. 810 1325 2
2

* TFor Rt = 1.28 inches, Surface Area is Proportional to Rep
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RAO NOZZLE CONTOURS (cont )

AREA RATIO = 80, 125% MINIMUM LENGTH

R/Rt Z/Rt Surface *
Area, AN
1 0000 00000 00000
1 1632 . 54756 6 2935
1.1868 58358 4 Bl4s
1 2529 . 68392 8 3239
1 3237 79031 10 017
1 3995 . 90435 11 938
1 4817 1 0277 14 135
1 5711 1 1622 16 673
1 6687 1 3103 19 632
1 7765 1 4747 23 113
1 8948 1 6581 27 238
2 0257 1 8641 32 164
2 1709 2 0969 38 089
2 3322 2 3618 45 277
2 5122 2 6655 54 078
2 9003 3 3523 76 039
3 1666 3.8528 93 739
3 5464 4. 6092 122 98
3 9192 5 4056 156.76
4 2466 6.1524 191 03
4 4937 6 7480 220 04
4 6799 7. 2156 243 80
4 9629 T 9597 283 31
5 2496 8 7574 327 86
5 4211 9 2573 356 89
5 7248 10 186 412 96
5 9561 i0 935 460 05
6. 1311 11 526 498 44
6 3972 12. 470 561 69
6 6658 13 484 632 20
6 8501 14 217 684 81
7 0118 14. 889 734 11
7 2975 16. 145 828 97
7 5120 17.153 907 53
7 8356 18 795 1039 8
8 1560 20 591 1189 9
8 3433 21.733 1288 2
8 5054 22 788 1380 7
8 6459 23 757 1467 2
8 8874 25, 562 1631 6
8 9432 26 011 1673 1

2
* For Ry = 1.28 inches, Surface Area is Proportionsl to RT
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Report 10484-FR, Volume IT

RAO NOZZLE CONTOURS (cont )
ARTA RATIO = 80, 150% MINIMUM LENG1H

* 2
R/Rt Z/Rt Surface Area , in
L 0000 00000 . 00000
1 1414 51257 8039
1 1833 . 58242 7788
1 2428 68037 8 2101
1 3066 78435 9 8ll2
1 3754 89561 11 617
1 4500 10158 13.674
1 5311 1 1469 16. 040
1 6201 1 2910 13.786
1 7181 1 4506 22 004
1 8264 1 6287 25 804
1 9461 1 8284 30 324
2 0788 2.0537 35 741
2 2264 2 3096 42,287
2 3910 Z 6025 50 271
Z 7463 3.2636 70 105
2 9905 3 7444 86 026
3 3387 4 4698 iz, 24
3 6812 5 2330 142 45
3 9818 5.9476 173 G3
4 2091 6.5177 198 90
4 3802 6.9649 220 07
4 6407 7 6765 255 26
4 9049 8 4393 294 91
5 0629 8 9173 320 74
5 3429 9 8056 370 63
5 5562 10 521 412 52
5 7179 11 087 446 67
5 9634 11 990 502 92
6 2117 12 959 565 64
6 3820 13 661 612 44
6 5318 14 304 656 32
6 7960 15 505 740 70
6 9946 16. 470 810 59
7 2945 18. 041 928 26
7 5917 19,759 106l 9
7 7655 20.852 1149 3
7 9160 21 861 1231 6
8 0464 22 187 1308 5
8 2708 24,513 1454 7
8 4344 25 898 1574 6
8 6713 28 145 1773 5
8 8917 30 578 1994 4
8 9432 31 213 2052 9
* For Ry, = 1.28 inches, Surface Area is Proportional to RTQ
Table IV
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RAO NOZZLE CONTOURS (Cont )
AREA RATIO = 140, MINIMUM LENGTH

R/Rt Z/Rt Surface
Area , in
1 0000 00000 00000
1 2350 64407 7 7780
12733 68986 8 5506
1 3681 80379 10 571
1 4694 92620 12 897
1 5784 1 0591 15 599
1 6968 1 2048 18 767
1 8262 1 3661 22 520
19712 1 5464 27 015
2 1324 1 7492 32 435
2 3061 19775 38 981
2 4984 2.2368 46 957
2 7127 Z 5336 56 763
2 9518 2 8758 68 923
3 4689 3 6572 99 848
3 8257 4, 2316 125 22
4 3369 5 1065 167 76
4 8411 6 0344 217 63
5 2865 6 9099 268 &
5 6245 7 6114 312 54
5 8794 8.1633 348 53
6 2692 9 0449 408 80
6 6662 9. 9930 477 23
6 9048 10 589 522 07
7 3292 1. 699 609 13
7 6542 12 596 682 68
7.9014 13 306 742 90
8.2788 14 442 842 55
8. 6627 15 664 954 27
8 9277 16 550 1038 0O
9 1616 17. 363 1116 8
9 5772 18. 886 1269 0
9.8921 20 111 1395 8
10 372 22.112 1610 4
10 855 24,307 1855 9
11 140 25 706 2017 7
1. 390 27. 001 2170 6
11 609 28.193 2314 0
11. 832 29. 476 247] 2
# For RT = 1.28 inches, Surface Area is Proportional to RT2
Table IV
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RAQO NOZZLE CONTQURS {(Cont )

AREA RAIIO = 140, 125% MINIMUM LENGTH

~

3 [
R/Rt z/Rt Surface Area ,in

1 0000 00000 00000
11793 57134 6 6394
1 188) 58395 6 8267
1 2595 68600 8§ 3961
1 3359 . 79435 10 167
1 4183 91067 12 188
1 5076 1 0367 14 514
1 6052 11745 17 218
1 7121 1 3266 20 392
1 8300 1 4956 24 149
1 9605 1 6848 28 634
2 1055 1 8981 34 030
2 2669 2.1399 40 571
2 4472 2 4161 48 571
2 6495 2.17339 58 452
3 0893 ° 3 4576 83 450
3 3947 3 9889 103 90
3 8343 4.7971 138 12
4 271 5. 6547 178 26
4 6585 6. 4638 219 49
4 9539 7 1129 254 77
5 1778 7. 6242 283 88
5 5207 8. 4413 332 67
5 8713 9 3212 388 21
6 0829 9 8751 424 69
6 4601 10 908 495 67
6 7501 11 743 555 80
6 9710 12, 406 665 13
7 3095 13 466 686 96
7 6552 14. 610 778 99
7 8944 15. 441 848 15
8, 1060 16.203 913 34
5 4833 17 633 1039 6
8 7701 18 786 1145 1
9 2091 20.671 1324 3
9 6520 22 743 1530 0
9 9153 24.067 1665 ¢
10 146 25 293 1794 7
10 349 26,422 1915 7
10. 704 28.534 2147 7
10. 968 30.235 2339 8
11 360 33 012 2662 1
11 740 36 041 3025 1
1L 832 36 847 3123 5

¥ For RT = 1.28 inches, Surface Area ig Proportional to R.I.'d

| Table IV
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RAO NOZZLE CONTOURS (GCont )

AREA RATIO = 180, MINIMUM LENGTH

R/Rt Z/Rt Surface®
Area, in

1, 0000 00000 . 00000
1 2454 65623 7 9825
1 2748 . 69020 8.5663
1 3736 . 80517 10 639
1 4791 92880 13 032
1 5928 1 0631 15. 820
1 7162 1. 2105 19 099
1 8513 1,3738 22,993
2 0001 1 5563 27 660
2 1644 1. 7618 33 298
2.3545 1, 9959 40. 207
2. 5606 2 2616 48 648
2 7864 2. 5652 59, 035
3 0386 2.9156 71 957
3 5859 3.7178 105 00
3.9646 4 3090 132.26
4.5089 5. 2115 178 18
5 0488 6.1720 232 35
5.5273 7.0802 288 20
5. 8916 7.809%6 336 11
6.1673 8 3843 375 66
6 5900 9. 3039 442 10
7. 0216 10 294 517 79
T.2820 10. 918 567 55
7.7464 12 082 664 45
8.1033 13 023 746 58
8 3754 13 770 813 98
8.7923 14. 965 925 85
9 2181 16,254 1051 7
9 5128 17,190 1146 3
9. 7737 18 050 1235 4
10. 239 19 662 1408 3
10 593 20. 960 1552 6
11.137 23 085 1797 9
11. 686 25.420 2079 6
i2. 015 26.912 2265 9
12 300 28.293 okh2,5
12,553 29.565 2608 5
12 996 31 946 2926 9
13,328 33 866 3190 9
13, 417 34, 411 3267 ©

* Tar RT = 1.28 inches, Surface Area is Proportional to RT2

Tablg 1V
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R/Rt

1 00600
1 1569
1 1861

1 2506
1 3199
1 3947
1. 4760
1 5649
1 6626
1 7704
1 8898
2 0224
2 17G2
2 3355
2 5208
2 9741
3 2045
3 6082
4 0095
4 3659
4 6376
1 5458
5 1596
5 1828
5 6779
& 0261
& 2938
6 4981
{.&112
7T 13L

7 3527
7 SB8T
7 8986
& 1617
& 5724
8 9842
g 2291
9 4442
g 6330
9 9435
10 210

10 577
10 932
11 168

11 370

11 540

11 684

11 832

Report 10484~FR, Volume I1

RAQ NOZZLE CONTQURS (Cont )

AREA RATIO = 140, 150% MINIMUM LENGTH

Z/Rt

00n00

53771

58336

68307

78903
90264
1 0256
11599
1 3079
1 4722
1 6559
1 8626
Z2 0966
2.3034
2 6699
3 3661
3.8762
4 6510
5 4718
6 2457
&.8669
T 3547
8 1352
8 9757
9 5047
10 491
1 289
11 922
12 936
14 029
14 gz2
15 552
16 S19
18 021
19 825
21 808
23 015
24 248
25 329
27 350
28 979
31 636
34 534
36 694
38 708
40 573
42 287
44 Z12

% For Rp = 1.28 inches, Surface Area is Proportional to RTE

Table IV
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Surface Area

00000
6 1533
6 8071
8 2946
9 9717
11 872
14 050
16 57!
19 516
22 987
27.115
32 060
38 032
45 309
54 261
76 796
95 153
125 78
141 59
198 32
229 70
255 5%
298 93
348 26
380 65
443 67
497 01
540 8%
6l3 &1
695 2a
736 67
Bl4 56
926 83
1020 6
1179 9
1362 9
1483 9
1598 5
1706 3
1912 v
2083 9
2370 9
2692 0
2941 3
3176 1
3397 0
3602 6
3836 2

*,ina



Report 10484-FR, Volume II
RAO WOZZLE CONTOURS (Cont )

AREA RATIO = 180, 125% MINIMUM LENGTH

R/R, Z/R, Surface
Area, in
1 0000 00000 00000
1 1864 58146 6 7901
1 1882 58399 6 8283
1 2620 68676 8 4240
1 3410 79595 10 230
1 4263 91323 12 295
1 5188 1 0404 14 679
1 6199 11796 17 458
1 7310 1 3334 20 728
1 8537 1 5045 24 612
1 9897 1 6963 29 263
2 1409 1 9127 34 875
2 3096 2 1584 41 702
2 4983 2 4394 50 077
2 7106 2 7635 60 442
3 1742 3 5035 86 894
3 4974 4 0485 108. 65
3 9647 4 8799 145 27
4 4313 5 7651 188 50
4 8471 6 6028 233 15
5 1652 7 2762 271 53
5 4069 7 8074 303 29
5 7783 8 6580 356 72
& 1595 9 5760 417 79
6 3901 10 155 458 02
6 8028 1L 236 536 59
7 1209 12 11 603 37
7 3642 12 807 658 32
7 7381 13 922 749 75
8 1214 15 127 852 95
8 3876 16 003 930 75
8 6237 16 808 1004 ,2
8. 0464 18 321 1T 1
9 3690 19. 542 1266.8
g 8657 21 543 1470 9
10 370 23 747 1706 L
10 672 25 157 1862,6
10 938 26. 464 2011.0
11 172 27 670 2150.8
11 585 29 982 2419,7
11. 894 . 31 751 2643.1
12 359 34.732 3019.7
1z 813 37 991 3kk6.0
13 120 40 429 3774 0
13 383 42 705 Lo8o T
13 417 43 014 k129 5

* For Ry = 1.28 inches, Surface Area is Proportional to Rra

Table IV
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Report 10484-FR, Volume II
RAO NOZZLE CONTOURS (Cont )

AREA RATIO = 180, 150% MINIMUM LENGTH

*
Rth Z/Rt Surface »p
Areay in
1 0000 00000 00000
1 1637 54830 6 3040
11870 8363 6 8157
1 2537 68409 § 3305
1 3254 79088 10 038
1 1629 90548 11 98l
1 4872 1 0296 14 213
1 5794 1 1653 16 802
1 6809 1 3149 19 836
17930 1 1812 23 422
1 9175 1 6674 27 699
2 0561 1 8772 32 540
2 2100 Z.1150 39 QA7
2 3838 2 3864 46 &79
2 5784 2 6989 56 081
3 0057 3 4107 79 &89
3 3093 3 9337 99 394
3 7295 4 7304 132 13
24,1582 5 5772 170 65
4 5405 6 3718 210 37
4 8333 7 0211 24~ 47
5 0558 7 5284 272 67
5 3979 8 3405 320 07
5 7492 9 2167 374 23
5 9418 9 7689 409 9]
6 328 10 go01 479 56
6 6367 il 637 538 77
6 8616 iz 301 587 49
7 2075 13 366 668 58
7 5622 14 517 760 11
7 8037 15 353 829 13
8 0276 16 123 894 33
8 4146 i7 569 1021 2
8 7191 18 736 1127 4
9.1805 20 650 1308 8
9 6298 22 758 1518 2
9 93(7 24 108 - 1657 1
10 178 25 359 1769 1
10 397 26 513 1913 6
10 782 28 675 2152 9
1 o7 30 421 2351 9
11 335 33 274 2687 3
11 930 36 393 3067 0
12 215 38 725 3339 1
12 465 40 903 3637 5
12 676 42 924 3900 5
12 857 44 784 4146 2
13 162 48 262 4613 7
13.377 31 053 4996 0
13 417 51 615 5073 8

2
* For Rp = 1.28 inches, Surface Area is Proportional to Ry

Table IV
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Report 10484-FR, Volume II

RAO NOZZLE CONTOURS (Cont )

AREA RATIO = 240, MINIMUM LENGTH

Surface *
R/Rt Z/Rt Area, 1112
1 0000 . 00000 00000
1 2593 67183 8. 2515
1 2761 69049 8 5801
1 3803 80680 10 723
1 4917 93200 13 206
1 6116 1 0682 16.112
1 7419 1 2178 19 542
1 8845 1 3838 23.631
2. 0416 1 5695 28 547
2.2156 1 7788 34 507
2 4092 2 0166 41 792
2 6254 2 2885 50 765
2 8655 2.6014 6l 896
3 1607 2.9698 76 093
3 7455 3 8002 112. 05
4 1514 4 4132 141 85
4 7361 5 3504 192 28
5 3181 6. 3502 252 06
5 8357 7 2975 313 96
6. 2312 8 0598 367 26
6 5314 8. 6614 411 40
6 9925 9 6253 485 74
7. 4654 10. 666 570 77
7 7516 11 322 626,82
8.2631 12,548 736 28
8 6579 13 542 829 39
8 9597 14, 331 906 00
9. 4237 15 596 1033.5
9.8992 16 963 1177 4
10,230 17,957 1285 9
10 523 18 871 1388 4
i1 049 20. 587 1587 7
11 450 21 972 1754 7
12. 069 24 243 2039 6
12 700 26.744 2368 4
13.078 28 344 2586 6
13 412 29, 828 2793, 9
13 706 31 197 2989 3
14 226 33 761 3365 5
14, 617 35,832 3678 4
15 207 39 220 4206 2
15. 492 40 995 4490 4
*¥ For Rp = 1.28 inches, Surface Area is Proportional to Pgre
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Report 10484-FR, Volume II

RAC NOZZLE CONTOURS {Cont.)

AREA RATIO = 240, 125% MIKIMUM LENGTH

R/R Z/R Surface ¥®
t —-t AI"EE 3 11'12
1 0070 LO0C00 00000
1 1946 59080 6 9619
1.264¢ L8754 8.4532
1.3467 . {9766 10 299
1.4353 91603 12 L15
1.5315 1 Gihs 4 8er
1 6367 1 1753 17 733
1 7520 1 3409 21 117
1.8807 1.518h 25 148
2 0205 1.7030 29 o032
2.181h 19290 35 852
2 3546 21702 L3 ora
2 5,75 2 Lisg 51 (%8
2.784 2 7970 2,030
3.2{24 3 5559 g3 o861
3 6159 L.23165 11,30
b 1370 L. o751 153,584
k6186 5 8oz 2¢0 83
5.0680 & 1623 2.9 67
5.4130 T W&t s 292,55
5.0750 8.01072 326 853
6 0813 & o08g 385 0y
6 4390 9 6713 h53.9¢
6 7525 10 k2 k93 89
T.2077 11,627 566 92
T 560 12 540 662 05
T7.8304 13.275 Teh 05
8 2L71 1 b Bof €n
8.6760 15 732 el gk
8.9750 16,632 1033 T
g 2Lag 17 518 1117.5
g9 7191 19 128 1231 7
10 085 20,430 k10 6
10 653 22.569 1655 8
11 234 24,530 1925 T
11 583 25,4145 2112 2
11 892 27.850 2286 1
12,166 29 148 2450.3
12,651 31..582 27674
13.047 33 551 3032 0
13 513 36 776 3479 9
1h 121 50.312 3950 0
14 kg8 12,963 4384 3
1,821 45 ki3 k761 B
15 102 kT 751 5119.8
15 345 k9.8719 5455.5
15 ko1 51.237 5672 3

2
* For Ry = 1.28 inches, Swface Area is Proportional to RT
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R/Rt

1.0000
1.1716
1.1877
1.8569
1 3314
1 4120
1 hgot
1 5958
1 7017
1 8189
1 9491
2 05k3
2.25%T
2 4390
2 6:‘5]}15-
3 wob9
3.L108
3 8o
3306
L.7a3e
5.0607
5.3027
3 677G
& 080T
€294

dro

Report 10484-FR, Volume II

RAQ NO7ZLE CONTOURS (Cnnt )
AREA RATIO = 250, 150% MINIMUM LENGTH

25 320
25 &6h
£7.925
30 236
32.120
35.208
38,504
51 132
k3 505
Ls 11k
7.750
51..565
sh.636
59 65
61 k83

2
% Wer ®. = 1 28 inches, Surface Area 15 Proportional to Ram

Table IV
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Surfece ¥

Aresn ,

00000
6 4751
6 8227
B 3665
10 111
1z 102
1% 396
17 055
20 202
23 g22
28 373
33 7ho
Lo P67
48 275
58 206
83 517
104 Lo
139 65
181 !
225,
262

+

o
;> \c‘: [N}

€

=

A%y
oot =1
= 00—t L
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Report 10484-FR, Volume II

RAO NOZZLE CONTOURS (Cont )

AREA RATIO = 280, MINIMUM LENGTH

R/R Z/Rt Surface#*
t \ Area, in
1.,0000 +00000 .00000
1.2697 .68310 8.4510
1,2766 .69059 8.5853
1.3850 .8ords 10 780
1.5003 93421 13.33%
1.6255 1.0718 16 323
1.7630 1 2230 19 8716
1 9094 1.3909 24 115
2.0729 1.5790 29 22k
2.2539 17913 35.433
2 hrs3 2.0325 L3 038
2.6797 2.3085 52.h2o
2,9548 2 6773 6. 12h
3 188y 2 4320 18.5L9
3 853h 3 8532 117 16
2okl L 4ooo 146 98
4.0048 5 k521 202 64
5.5102 64768 206 o5
6.049% T byt 332 25
6 Look B 2290 384,07
6 7159 § 8l.eo L35 17
7 2580 9 8343 35 55
7.753) 10 903 606 L
8 0530 11,577 650 b
8.%502 12 837 763 67
9.0052 13 859 833,51
9.3230 v 671 965 13
0.8123 15 o7k 1102 8
10 3i5 17 353 1257 |
10 565 18,508 137% 6
10 976 10,351 1485.1
13.53% 21 123 100 4
11,961 22 55l if21 0
12.622 24,903 2189 T
13 297 27 %93 2546 T
13 T3 29 152 27841
1L obe 30,692 3005 9
1 380 32 112 3223 ©
14942 34777 3533 ¢
15.367 36.930 T 3675.3
16 010 Lo ks ksss.2
16,607 bk 320 5213.6
16.733 ki 881 5310.8

¥ Yor RT = 1 28 inches, Surface Area is Proportional to P\re

Table IV
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* For Ry

R/Rt

1.0000
11995
1 2661
1 3498
1 kol
1 5388
1 EJLG?}
1 7650
1 8953
2 ghel
2 2049

3)
3
65,5
2

+
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= 1 28 inches, Su.f=ce Ares 28 Proporticnal Lo Py

Report 10484-FR, Volume IL

RAQ NOZZLE CONTOURS (Cont )

AREA RATIO = 280, 125% MINIMUM LENGTH

z/Rt

60000
.59928
63794
. {9360
91759
1 ¢L68
11885
1 3bs2
1 5200
1 7163
1 9383
1910
L8u8
8161
505,
1550
0255
Gl37
8531,
5704
1365
L0503
038
15 5
11851
12 e
13 538
M TEs
10072
NGRS
1 g
15 553
20 941
23 148
25 508
o7 17l
28 o2
20 082
42 516
3h 568
3T 932
k1 €25
LY 357
46 g3
bg L1
51 6h1
55 827
54 107
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Surface *

Area , in

. 00000
7 0613
8 hebo
10 337
12 b3l
b 975
17 893
21 343
25 L6,
30 118
36 k32
L3 795
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Report 10484~FR, Volume II
RAO NOZZLE CONTOURS (Cont )

AREA RATIO = 280, 150% MINIMIY LENGTH

R/R Z/r Surface *
/ t t Arean, 1n2
1 0000 00000 . 00000
1 1761 .56669 6.5708
1 1880 58392 6.8255
1 2586 £8567 B 3854
1.3347 79391 10 151
1 1170 91019 12,169
1 5057 1 0363 14 b9
1 6050 1 17kk 17 212
1 8333 1 ho5h 2k.203
1953 1 6873 28 152
2 118 1 9023 3% 2kg
2 25625 2 1h6T7 ho gks
2 L6905 2 L26, kg 178
2 6517 2 TheY 59 L1
3 ibsg 3 1886 85 532
3¢es b 306 107 #5
3 gLe L.8703 13 95
i hesn 5 7636 187 &
L 8570 6 €121 233 09
5 1382 T 246k 272 39
LN T 8316 305 07
s 03y 8 7955 350 35
6. P35k 8,673 423 93
G tany 10 2L Lag o
€ Qoo s 11 346 skG 12
[ 8600 12 2.2 615 L6
757, 12 543 611 o
T o5t W L2 775-76
8 3562 15 398 886 81
& 850 16 31k 971 10
8 91kt 17 158 1051 ©
g 3561 13 (48 1207 @
9 1207 20 035 1335 0
10 215 22 152 1505 2
10 8¢5 2k ko2 1828 6
1 2l5 25 996 200k 5
11 558 27.392 2112 5
1l 33 28 654 2331 L
12 329 31 108 2039 1
12 698 33.071 2896 4
13 296 36 291 3333 4
13 632 3% 02T 3432 ¢
W a2 L2 481, kazo 2
1,561 bl 955 Lsor 1
1% 836 L7.279 hokk 8
15 112 L9 Mk '552’{12 2
15 5,2 420 22

35 81 22_&9 37 5
16 333 61 925 7315 &
16 733 67 320 8236.1

¥ For Bp = 1 28 inmches, Surfsce Ares is Pruportionsl to RTE
Table IV
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SECONDARY GAS COOLANT PROPERTIES AND ENGINE
AND GAS GENERATOR OPERATING CONDITIONS

SECONDARY GAS_COOLANT PROPERTIES

TO = 860°R

* = 4735 ft/sec

r =140

o, —_ 2

A* =2 407 1n

P . fe*) (w)
0, turbine (A%) (q.)

ENGINE AwD GAS GLCHERATOR OPERATING COMDITIONS

PC Mass Flow Rates
(psia) (1bm/sec)
Gas
Thrust Generator
Chamber {ombustor
Rt =1 28 1n 300 6 71 0 028
500 11 1 0 0778
1,000 22 (09 0 371
Rt =781 1in 300 13 42 0 056
500 22 27 0 1566
1,000 44 18 0 622

Table VI
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Mounting
Ring

-
& |
-

Silicon
Rubber Gasket

Secondary Coolant
Inlet

Alignment Spring
Clips

A-286 Tube Bundle
11/2 Pass Fixed Section

EXTENSION ALIGNMENT SPRINGS

C-103
Extension

=

Minmum .5
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TIP COOLING BY INJECTING SECONDARY COOLANT THROUGH
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PROPELLANT INJECTED THROUGH RIGID MESH
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PROPELLANT INJECTED THROUGH PLATELETS

II sumiop “¥Yi~%8%0T 310de

bl



'—l
i
[=]

H

®

I_l
(=]

A o
RN
Rz gl \\\\\\\\\\“\\ A - . -

V/////////////////////////

PROPELLANT INJECTED THROUGH BI-DIRECTIONAL ORIFICES

II sunfop “¥Yi-48%01 ITodeoy



1T =an8ig

Extension
Being Deployed

Pressure Port —» I

Fixed Nozzle Portion
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Extension
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Elastomeric Seal Inflated

INFLATABLE ELASTOMERIC SEAL CONCEPT
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Reversible 28 Volt DC

Electric Motor with

Integral Reduction Gear

and Mounting Toothea Pulley for
Flat Elastomeric
Synchronizing Belt

Threaded —_
Shaft

Elastomeric Motor
Mount

RECOMMENDED EXTENSION TRANSLATION SYSTEM

See Close-up
Following Figure
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Threaded Lug Nut Welded
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