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The mechanical design of the 36,000 horsepower, 4,000 rpm
Curtis turbine for the M-l Engine Oxidizer Turbopump is described.
Unusual design features include an inlet manifold which is integral
with the backplate of the adjacent centrifugal pump, and the light-
weight hollow blade stator and rotor designs principally made
possible by electron-beam welding fabrication techniques. Inconel
718 alloy is used almost exclusively, The technology used in
fabricating the unitized turbine inlet manifold and pump backplate
assembly is also discussed.
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I. SUMMARY

This report describes the mechanical design of a flight-weight 36,000
horsepower 4,000 rpm, two-row Curtis turbine for the M-1 engine oxidizer turbopump.
The primary design criterion was minimum weight for all turbine components, both
stationary and rotating. This criterion was satisfied by incorporating design
features utilizing electron--beam weld techniques. A significant weight reduction
feature is provided by the design of the inlet manifold assembly which is unusual
in that it is structurally integrated with the backplate of the adjacent centrifu-
gal pump. The weight of the rotor assembly was minimized by applying thin conical
discs. The stationary turbine nozzles and the moving blades are of hollow, sheet
metal construction and are attached to their respective assemblies by means of
electron-beam welding. Inconel 718, a nickel-chromium alloy, is used exclusively
for all major components. One set of components was successfully fabricated and
the technology used in fabricating the structurally integrated turbine inlet
manifold and pump backplate assembly is delineated. Unfortunately, for reasons of
directed early program terminations, there was no opportunity for development and
testing.

IT1. INTRODUCTION

The subject turbine was designed by the Aerojet-General Corporation under
contract to the National Aeronautics and Space Administration for the oxidizer
turbopump of the M-1 Engine. To provide brief background information, the
function of this machine, its application, and the preceding development are
presented.

Two separate turbopump assemblies are used in the M-1 rocket engine; one
for pumping liquid hydrogen and one for pumping liquid oxygen to the respective
injector manifolds of the thrust chamber. Each turbopump has its own direct-drive
turbine. The turbine drive gas is supplied by a gas generator. This gas initially
drives the liquid hydrogen pump turbine, then it is further expanded to feed the
liquid oxygen turbopump turbine (see Figure No. 1).

Initial development and testing of the liquid oxygen turbopump began by
using a "workhorse" type of turbopump configuration (Model I) powered by a
one-stage impulse turbine. This previously-designed turbine was well-suited for
turbopump testing, but was not sized in accordance with the engine system balance
parameters. Consequently, for thig phase of the program, the turbine drive gas
conditions were not restricted to those specified for the engine system, but were
adjusted to meet the speed and power reguirements for pump testing.

The next planned program phase was to power the same pump with a flight-
weight turbine design that would be sized aerodynamically to the exact turbine
drive gas conditions specified for the M-1 Engine system. For this, a two-row
Curtis stage turbine was selected and this report describes the mechanical and
structural design of this turbine configuration for use in the M-1 Engine
Configuration Liquid Oxygen Turbopump (see Figure No. 2).

Page 1



IIi. TECHNTICAL DISCUSSION

The design of a turbine, including those design solutions that are unconw. .
ventional within turbine technology, is discussed herein. Specific features are
the mechanical configuration of the rotor assembly, weld-fabricated hollow turbine
blades and nozzles, and an inlet manifold which is structurally integrated with the
backplate of the adjacent centrifugal pump. These features are significant because
they were made possible by the use of a then new high strength material, Inconel 718,
and the application of the recently developed electron-beam welding technology.
Design solutions were generated Trom the specified requirements relating to the
application of this turbine in the oxidizer turbopump of the M-1 Rocket Engine.

The discussion is covered in two parts: In Part A, the requirements and
specifications are summarized and in Part B, the design solutions are described
and compared with alternative practicés.

A, DESIGN REQUIREMENTS AND SPECIFICATION

1. Aerodynamic

A two-row Curtis stage turbine was selected and an aerodynamic
design analys1s(l) was made based upon a study of the engine ‘system balance. By
means of this analysis, the following aerodynamic design parameters were
established:

SPEEA v v 4 e e s e e e e e e e e e e e s o 3,635 rOM
HOTSEPOWET « o o o o o o o o o v o o v v o o . 26,800

Efficiency, Inlet Total to Exit Static . . . . 53%

Work Split of Stages, First Stage . . . . .v.‘=2/3
Second Stage . . . . . . 1/3

Mean Diameter . + . & ¢ ¢ o o o o o s o s o« o 33.00~-in.

Blade/Jet Speed Ratio, U/C, . . . . . . . . . 0.133

Pressure Ratio, Inlet Total to
Exit Static . o v v v o 4 o o . .. . o 1067

Gas Inlet Total Pressure
(at Nozzle Tnlet) v « o « v o o o« « « . o 200 psia

(1) Beer, R., Aerodynamic Design and Estimated Performance
of a Two~Stage Curtis Turbine for the Liquid Oxygen
Turbopump of the M-l Engine, NASA CR 5L76L, 19 November 1965.
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Gas Inlet Total Temperature

(at Nozzle Inlet) . +» + « « « = o o « « o 1190°R
Gas Outlet Static Pressure . . « « « « o « » » 120 psia
Gas Outlet Total Temperature . . « o . o « » . 1099.5°R
Gas Flow RBte . « v o o o o o o « o « « « « . 115 Ib/sec

The turbine drive gas is the combustion product of oxygen and
m
hydrogen at a mixture ratio, — = 0.8, having a molecular weight, M = 3.66.

The aerodynamic calculations for turbine blading resulted in
the following:

Inlet Rotor Reversing Rotor
Nozzle lst Row Vanes 2nd Row
Number of Blades 43 98 97 ol
.2 .
Blade Throat Area, in. 111.5 11,5 18k.5 227.5

The blade layout is delineated in Figure No. 3 and an axial
crosg-section for the blading of the stators and rotors is shown in Figure No. L,
establishing the geometry necessary to meet the calculated aerodynamic requirements.
The velocity triangles at the Mean Diameter are presented in the vector diagram,
Figure No. 5.

An important feature of the selected blade profile is a blunt
leading edge, as compared to the thin leading edge of classical impulse blading.
A blade with a blunt leading edge can be manufactured from sheet metal by simple
forming. The blunt blade profile is efficient over a large variance in incidence
angle, a feature which is also of benefit in achieving good off-design performance.
Another reason for the selection of this profile was the consideration of a fast
start transient and operation in the combustion products of hydrogen and oxygen.
Under these conditions, extreme heat transfer rates to the blades have caused
cracking of sharp leading edges. The blade profile is identical for both rotors
and for the reversing row, which simplifies tooling and manufacture of the hardware.
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The temperatures shown are gas temperatures; therefore, the actual
metal temperature of the respective parts exposed to the gas are subject to the heat
transfer conditions existing and design values must be determined accordingly.

Other general mechanical design specifications include:
& Leakage, Purges, Drains

(1) No leakage allowed at external joints for Flight Model
Units.

(2) The design must provide for monitoring of any leakage
past primary static seals into the intervening cavity of dual seal joints. Steps
must be initiated to eliminate any leakage detected during development. Leakage
must be collected and disposed of into a non-hazardous area during tests.

(3) Decontemination and drying purges must be provided to
remove all air and moisture from the turbopump prior to the admission of propellant
for the chill-down cycle.,

b. Separable Flange Seals

M-1 leskage criteria requires an inner and outer seal with a
vented cavity between the two seals at each external joint. This sealing arrange-
ment is required at all separable joints and assemblies in the hydrogen, oxygen,
and hot gas circuits where static seals are necessary. (During design the only
recommended seal design was the Conoseal¥* or seal welds with grind-off provisions
for disassembly).

c, Instrumentation Bosses
(1) All instrumentation bosses shall be brazed, welded, cast,
or Torged in place and shall conform to leakage requirements discussed in

Section III, A,2,a,(1) of this report.

(2) Instrumentation bosses shall have a threaded connection
per Specification AND 10050 for use with K seal MC 252, Teflon-coated.

d. Torquing
(1) Access ports with removable covérs must be provided in

the turbine exhaust manifold to allow measurement of breakawsay torque of the
rotating assembly.

¥Registered Trademark of the Aeroguip Corporation
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2. Mechanical

Established mechanical design parameters are:

Maximum Shaft Speed . o +« v v v o o o o + o . . 4,000 rpm
First Critical Speed, Minimum . . . . . . . . . 14,600 rpm
HOTSEPOWEL + v o o o o o+ o o v o o« o« o + « « . 35,828
Torque e« v« v« « . .k7,000 ft-10

Shaft Rotation (Viewed from Turbine

Toward Pump) . « « « « « « « « « « « . . . Counter Clockwise
Inlet Manifold Static Pressure . . . . . . . . 310 psia
Discharge Housing Static Pressure . . . ... . . 205 psia
Gas Inlet Temperature (Manifold) . . . . . . . 1050°F
Pump Interface Temperature . . . « « « . o . . =320°F

These values are somewhat larger than those calculated in the
aerodynamic analysis because the mechanical capability for some off-design operation
is to be built into the machine.

The pressures and temperatures between each blade row are:

Blade, Hub

Pressure, Static, psia
Temperature, Total, °R
Blade, Mean

Pressure, Static, psia
Temperature, Total, °R
Blade, Tip

Pressure, Static, psia

Temperature, Total, °R

Nozzle Rotor, First Row Reversing Vanes Rotor, Second Row

Outlet Outlet Outlet Outlet
115.5 119.2 115.0 115.0
1190 1133.8 1133.8 1102.5
126.8 126.8 124.8 120.0
1190 1133.0 1133.0 1100.9
136.0 132.2 132.2 12k b
1190 1132.4 1132.h 1100.3

Page 9



o1 o8eq

9 2an3tyg

PUMP HOUSING INTERFACE

INLET _MANIFOLD ASSEMBLY

GAS INLET FLANGE

PUMP BACK PLATE INLET NOZZLE
NSULATION FASTENCRS

INSULATION FASTENER NOZZLE BLOCK WELDMENT
MANIFOLD WELDMENT MEMBRANE.

CASING JOINT ASSEMBLY WELD

REVERSING ROW ASSEMBLY (STATOR)

il

PIN= AXIAL. RETENSION

SUPPORT QUNG

REVERSING ROW SEGMENT

TONGUE AND GROOVE JOINT
ADJUSTMENT SCREW ~AXIAL. POSITIONING

>

2

Tz

ST
AN A o
Sl

EXIT_MANIFOLD
GAS EXIT FLANGE
MANIFOLD WELDMENT
DEVELOPMENT ACCESS FLANGE

ROTOR ASSEMBLY

FIRST ROW WHEEL /
SECOND ROW WHLEL f
FASTENERS ‘|
LOCKING PLATE “
CENTER HLB QA
SOIINE CONNECTION

BOLT- ROTOR

Q 1
', -
PILOT ’-.-r‘ll

\

TURBOPUMP DRIVE SHAF T
ﬁ \

POWER TRANSMISSION INTERFACE.

Turbine and Turbopump Interface



(2) Consideration of the effect of thermal expansion or
contraction at operating temperature must be factored into fastener torque wvalues.

3. System Function and Interfaces

The interfaces of the turbine components with the turbopump
assembly (see Figure No. 6) are provided by the power transmission shaft for the
rotor elements and by the power transmission housing and the pump discharge housing
for the stationary parts.

The rotor interface to the power transmission shaft consists of a
splined connection transmitting the rotor torgue, and a tie-bolt assuring axial
retention of the rotor. The power transmission shaft forms a direct-drive
connection between the turbine rotor and the pump impeller.

The stationary interface is provided by the pump backplate, which
is an integral weldment with the turbine inlet manifold and is flange-connected to
the power transmission housing and the pump discharge housing. In turn, the inlet
manifold provides the connecting points of attachment for the turbine inlet nozzles,
the reversing vanes, and the turbine exhaust housing.

Two flange connected 11-1/2-in. diameter inlet lines form the
connection between the turbine inlet menifold and the engine. The Dual-Inlet
configuration provides favorable engine packaging. In like manner, dual exhaust
lines lead from the turbine exhausgt manifold to the exhaust chamber skirt cooling
manifold.

b, Structural and Weight

Structural adequacy must be provided in a minimum weight
configuration, a requirement based upon a target weight allowance of 3000 1b for
the complete oxidizer turbopump assembly. TIn view of this, weight reduction
discipline must be practiced in the design of every turbopump part, which is
especiaglly important for the large turbine components. The structural design
criteria are presented in Appendix A.

5. Material Properties

The material requirements for lightweight turbine components
operating in the environment of this turbopump are:

a. High strength at operating temperature to permit thin cross-~
sections and corresponding minimum weight.

b. Good elongation characteristics at operating temperatures up
to 1050°F to withstand thermal shock conditions without surface cracking.

c. Good properties at cryogenic temperature (-320°F)

Page 11



Stress (1000 psi)

Inconel 718

DESIGN PROPERTILES Tensile Properties

MATERIALS ENGINEERING DEPARTMENT, LRO
‘ Issue No, 1

MATERTAL: Inconel 718

Date: 1=22-65

Ultimate Tensile Stress, 0.2% Yield Stress, and Elongation vs Temperature

Also Stress for Rupture in 1 and 10 Hours

260 o e e e e e e e
Hr AR R A R
N Form: All
24025 Condition: Heat treated. Anneal
one hour at 1800°F for 8 hours,
followed by furnace cooling to
220 1150°F, holding at 1150°F until
a total aging time of 18 hours
has ilapsed. (For elevated-tem-
rerature service, stress-rupture
200 i | limited) ’ P
180 e )
: Fiu
sK~ 7
-1 ‘"ijlllgll
160f i i
: Fry TR
140 gizaass X
120 X
100
80
60 15
'ﬁ----g,___ T €. v
4o f 10
1} |
Rupture in 10 Hr
20 P 5
i - | Rupture in 1 Hr
G E} I ; : RN ERSaNNI R O AN N 0 I LI I O 4 o
-/ -2 0 2 L 6 8 10 12 14 16 18 20

Temperature (100°F)
Figure 7

Page 14

Elongation (%)



d. Good corrosion resistance.

e. Good machinability, metal forming qualities, and weldability,
which are needed for lightweight design and manufacturing techniques.

The Nickel-Chromium Alloy, Inconel 718, conforms closely to the
stated requirements and was selected for use on all major turbine components.
Depending upon the heat treat specification, Inconel 718 is classified in two
groups:

Group l: The 1800°F solution treatment and 1325/1150°F aging
cycle for stress rupture controlled parts where notch-ductility is important. It
is recommended for high temperature applications.

Group 2: The 1950°F solution treatment and lBSO/lEOOOF aging
cycle provides improved toughness at low temperatures and is recommended for
cryogenic service. It is also superior over Group 1 in its ability of ensuring
age-hardening response in large forgings having coarse-grained structure.

The principal material strength properties of Inconel 718 are
shown in Figures No. 7 and No. 8 for Groups 1 and 2 respectively. The elastic

properties are presented in Figure No. 9.

Details of the comprehensive material selection study and (2)
metallurgical data of the Inconel 718 chromium-nickel alloy are documented.

6.  Producibility

The mechanical and structural requirement of minimum weight
influences the component design philosophy toward manufacturing processes for
thin-wall parts made from high strength materials. This establishes configurations
that are fabricated by joining thin plates, formed sheet metal parts, stamping
and forgings, and making the best use of advanced fabrication technology, as well
as classic black-art shop techniques. Metal Joining by gas tungsten arc welding,
and especially by the more recently introduced electron-beam welding process, is
a chief factor in making possible minimum weight design configurations for the
respective turbine parts.

The fabrication history and fabrication techniques used in the
production of the inlet nozzle, the turbine rotor, and the reversing vane,
using Inconel 718 material and electron-beam welding processes, are presented in
a separate report 3).

(2) Inouye, F. T., Hunt, V., Jansen, G. R., and Frick, V., Summary of Experience
Using Inconel 718 on the M-1 Engine, Aerojet-General Report No. 8800-37,

30 December 1965.

(3) Beer, R., Fabrication Technology of Lightweight Turbine Components Using the
Electron-Beam Welding Procesgss to Fabricate Sheet Metal Blades and Join the
Blades to Disc or Support Structure, Aerojet-General Report No. 8800-49,

1 April 1966,
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DESIGN PROPERTIES
MATERIALS ENGINEERING DEPARTMENT, LRO

MATERIAL:

Inconel 718

Inconel 718

Tensile Properties

Issue No, 1

Date:

1-21-65

Stress (1000 psi)

Ultimate Tensile Stress, 0.2% Yield Stress, and Elongation

vs Temperature
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Gas tungsten arc welding was used primarily in the fabrication
of the turbine inlet manifold, which is also made from 718 material. The fabrica-
tion of this difficult composite weldment is described in Appendix D of this report.
B. DESIGN DESCRIPTION

1. Rotor Assembly

a. General Design Philosophy

The selection of the rotor configuration was principally
centered around the design criterion of minimum weight. Taking advantage of the
relatively iow tip speed, it was envisioned that the blade loads could be carried
by an individual rim for the first and second row, respectively. Structurally,
these rims were to function as "free rings." In this way, the turbine discs, which
join the bladed rims with a center hub, are not affected by turbine blade radial
forces and serve only for the transmission of the driving torque. This permits
thin wall construction, but a thin disc or membrane, although structurally sound
for steady-state loading, is very susceptible to disc vibration. This problem was
overcome by making the two membranes conical and arranging them to form a rigid
box section when they were mechanically-joined in the rotor assembly (see Figure
No. 10). This box section structure is formed by face contact of the circular
flanges at the major extremities of the two discs and adjoinment to the common
center hub by coupling lugs and a bolted connection. The rotor assembly center
hub connection to the power transmission shaft is assured by diametral pilots for
concentric alignment and squareness, splines for transmission of driving torque,
and a center bolt -for axial retention. Specific design features are discussed
in the following paragraphs.

b. Turbine Rotor Blading

The general concept described above requires rotor blades of
minimum mass to minimize centrifugal blade load and to conform to the over-all
design objective of minimizing component weight. This suggests a hollow structure
for the blades of the aerodynamic profile as in Figure No. 3, with 98 blades for
the first-row wheel, and 94 blades for the second-row wheel. Hollow blades were
formed from 0.063-in. thick Inconel 718 sheet, as illustrated in Figure No. 11,
and electron-beam welded to the disc and shroud of the first and second-row wheel,
respectively. Tigure No. 12 shows the weld joint design and was developed through
considerable application engineering effort for utilizing the recently-introduced
welding process. The calculated blade centrifugal stress is on the order of
16,000 psi and the blade bending stress is 11,000 psi. It is notable that the
blade profile is identical for the first and second row wheel. However, the
blades for the second wheel are longer, to accommodate the increase in volumetric
flow of the gas, and the blade positioning is adjusted to the difference in gas
exit angle between the first and second row.
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The above described design solution was analytically compared
with the more conventional solid blade construction and blade root attachment by
dove-tail, T-sglot, or fir-tree. BSolid blades are not only heavier but cause greater
root-stresses because of the correspondingly larger centrifugal force. Therefore,
they require a heavier rim for fastening the blades and a heavier disc profile
corresponding to the added radial stresses. Such a course, although more customary,
would have resulted in a rotor assembly that is approximately 250 1b heavier than °
the selected design. ' '

C. Turbine Wheel, First Row

The turbine wheel is a weldment consisting of a forged disc,
formed sheet metal blades, and the shroud. All parts of the weldment are of
Inconel 718 material. The disc shape is conical to provide structural stiffness
in a thin-wall member, and also to prevent buckling caused by thermal-gradient-
induced stresgses. The shroud is a rolled ring fabrication, which is segmented into
a pattern, as shown in Figure No. 13, which permits radial growth of the blades
but retains alignment and vibration dampening qualities. Connection to the center
hub is provided by coupling lugs; these are discussed in greater detail in Paragraph
ITT,B,1,e, of this report.

d. Turbine Wheel, Second Row

The mechanical design of this wheel is shown in Figure No. 1k,
Although this wheel is larger than the first row wheel, ‘the design principle;
material, and method of manufacture is identical.

e. Rotor Hub

The two turbine wheels are attached to a common center hub
which serves as the connection to the power transmission shaft. The design criterion
for the wheel-to-hub interface is a radially unrestrained joint, allowing the growth
of the rotor as a result of thermal and centrifugal effects while maintaining align-
ment concentricity. This is provided by means of a multi-lug, parallel face
coupling connection. Load-sharing for the probability of less than 100% lug contact
was carefully studied and sufficient safety margin was assured for a minimum of three
lugs in full contact. A nine lug coupling was incorporated into the final coupling
design for the wheel-to-hub joint. Concentric interface of this rotor hub with the
power transmission shaft is assured by cylindrical pilots; a 47 tooth involute spline
of 12/2l diametral pitch is used for torque transmission. The rotor hub design is
illustrated in Figure No. 15. This configuration is conventional in the turbo-
machinery field and selection for this application was based upon the operational
reliability experienced by Aerojet-General Corporation with similar applications.

f. Turbine Wheel Fasteners

The rotor assembly shown in Figure No. 10 has an arrangement
of nine equally-spaced bolt and nut joints securing the turbine wheels to the rotor
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hub. The bolts are of 3/8-in° nominal size with relieved shank for improved

impact fatigue strength properties. Clearance holeg in the wheels and in the

hub assure that the fastener is not affected by radial growth of the wheels relative
to the hub. Bolt torque values are controlled for uniform tightening, repeatable
safety margin, and maintenance of an unrestrained joint. A special locking plate
gsecures the bolt head and nut against rotation after torquing. The materials
include Inconel 718 for the bolts, 303 stainless steel for the nuts, and 321 stain-
less steel for the locking plates.

The fastener approach for this important joint was selected
with emphasis upon simplicity and reliability. It was carefully compared with
alternative solutions (i.e., the use of body-fitted bolts was initially intended,
but the idea was discarded to isolate the rotcor torque load, eliminate transverse
shear stresses, and assure an unrestrained joint). Bolt size was selected to
minimize the size of the holeg through the turbine wheels.

g. Stress Analysis Summary
(L) (5) Detailed stress and vibration analyses of this rotor were
made. The structural integrity of this rotor for an operational start and

shutdown life of 3200 cycles was substantiated.

2. Inlet Nozzle

a. General Design Philosophy

The selected configuration is a full-admissicn nozzle and
is designed for manufacture by electron-beam weld fabrication techniques using
Inconel 718 material throughout. TFlow passages are converging and produce subsonic
(Mach 0.80) nozzle exit flow. Forty-three blades are used in the nozzle block.
The blade profile is detailed in Figure No. 3. A rigid flange around the outer
shroud is used to bolt the nozzle block to the inlet manifold. The connection of
the inner shroud to the inlet manifold ig formed by a relatively thin (0.0LkO-in.)
membrane, which is an integral part of the nozzle weldment and secured to the
inlet manifold by bolting. The membrane serves as a flexible joint capable of
tolerating a thermal gradient as well as axial and radial tolerance accumulations.
It also provides the separator (seal) between the gas in the inlet manifold and
the cavity downstream of the inlet nozzle. Figure No. 6 shows the nozzle orienta-
tion and interface in the turbopump.

(L) Mod 1T Turkine Rotor, Aercjet-General Report No. SA-OTPA-242, 8 November 1965
(5) Chinn, T. and Severud, L. K., Analytical and FExperimental Vibration Analysis
of the Turbine Buckets for the M-1 Liguid Oxygen Turbopump, NASA CR-54830,
30 June 1966
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b. Nozzle Block Weldment

The design of the nozzle block is illustrated in Figure No. 16.
This configuration is a weldment consisting of the outer bolting flange, outer
shroud, vanes, inner shroud, membrane (seal cone), and inner bolting flange. All
parts of this composite weldment are made from Inconel 718 material and are joined
by electron-beam welding and brazing. The weld joint alone is sufficient to carry
all mechanical loads. The braze fillet around the profile is expected to serve as
a vibration dampener. The blades are hollow, sheet-metal-formed airfoils. The
fabrication technology for thig nozzle weldment is principally the same as that for
the rotor (wheel and blades).( )

Conceptwise, the rigid attachment of the unslotted nozzle
block to the manifold is a departure of usual design practice. The configuration
was analyzed for thermal gradients and insignificant temperature differences were
found to exist between the nozzle outer shroud and the support cone of the mani-
fold. Therefore, the design shown on Figure No. 16 was selected to minimize
leakage problems.

c. Stress Analysis Summary

A detailed stress analysis was made(7). It presents positive
margins of safety and proves the structural integrity of the design.

3. Reversing Row Assembly

a. General Design Philosophy

The reversing row (stator) concept, Figure No. 17, is designed
to minimize distortions caused by temperature gradients. This is done by cutting
the vane assembly into six segments. Within each segment, the blades are free to
grow radially inward while the outer and inner shrouds can grow tangentially and
axially. Figure No. 18 illustrates the arrangement selected. Axially, each
stator segment is held by two tongues engaged in annular grooves in the support
ring. Two pins secure each segment to the support ring and fix the direction in
which the nozzle segments are free to grow axially. In this arrangement, tangential
and axial flexibility (floatability) is provided to prevent thermal distortion during
operation.

b. Weldment -~ Stator Vanes

The profiles of the stationary vanes for the reversing row
is identical to the profile of the two rows of moving blades in the rotor. The

Beer, R., Aerojet-General Report No. 8800-49, op. cit.

(6)
(7) Mod II Nozzle, Aerojet-General Report No. SA-OTPA-2L43, 1 December 1965
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