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SECTION V
TASK 1.2 - COMPONENT DEVELOPMENT

A. PREBVRNER INJECTOR

1. Intreduction

(C) The preburner injector uses pump-fed propellants that are metered

at a maxiwnum mixture ratio of 1.24 at an engine mixture ratio of 7 and
100% engine thrust. These propellants are burned in the transition case
duct. The hot gases are divided and flowed through the oxidizer and

fuel pump turbines prior to being discharged into the main burner chamber
through the main burner injector. This propellant flow is illustrated

in Figure 320. Because the preburnerx gases are used to drive the fuel and
oxidizer pump turbines, the design goal temperature profile was 150°R
peak~to-average to permit operating the pump turbines at the maximum
allowable average temperature. The preburner injector design was based on
the requirements to provide stable and efficient combustion with this
temperature profile over the 20% to 100% operating range.

(U} Figure 320. Propellant Flow Schematic FD 25389

2. Summary, Conclusions and Recommendations

(U) The design of the preburner injector for the XLR129~P-1 demonstrator
engine was completed. A dual-orifice tangential-entry oxidizer, fixed
area fuel injector was selected. Selection of this injecteor concept was
based un test results obtained under the supporting data and analysis
subtask discussed in Section IV, Paragraph A.
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3. Design Analysis

(U) The design of the preburner injector was based on the data obtained
during testing under the supporting data and analysis subtask and during
Phase I (Contract AF04(611)-11401). Design studies were conducted on
fabrication techniques that would simplify the fabrication and part re-
placement for the demonstrator engine injector. A removable metering sec-
tion of the oxidizer element was evaluated as a method for easy matching of
the oxidizer flow to the fuel flow at each element location. A removable
oxidizer plate between the primary and secondary oxidizer cavities showed
potential in aiding fabrication techniques. Two methods of attachment

were evaluated., Figure 321 illustrates i one-piece oxidizer element that
uses a nut to carry the oxidizer plate pressure loads. Figure 322 illus-
trates a two-plece design that has a removable cap nut to facilitate oxi-
dizer plate removal. The cap nut has the secondary weciering slot machined
in it. Because this method would have an axial as well as radial mismutch
between the oxidizer element and cap nut, discontinuity tests were conducted
to evaluate the effect of this mismatch. These tests indicated that minor
mismatch does not adversely affect the stability of the gas core or cone
angle, Both configurations required removable seals between the secondary
and primary cavities in 253 locations to prevent leakage around the threads.
A positive seal would be difficult to attain., A cost analysis of the two
configurations indicated both would be more expensive than the one-piece
element injector design. Because of the reduced cost and simplicity of
design, it was decided to incorporate the brazed one-piece element design
in the demonstrator engine preburner injector.

) Oxidizer Element
Senl 5 5 Nut

Primary Oridizer Oxidizer Plate
Cavity

Injector Main
Housing

(U) Figure 321. HNut Retained One-Piece Oxidizer FD 25382
Element
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Soal

Primery Oxidiser
Cavity

Injector Main
Housing

Ozxidizer Element

(U) Figure 322. Cap Nut Retained Two-Piece FD 25383
Oxidizer Element

(U) Investment casting and diffusion bonding techniques were discussed

with vendors as a possible method of fabricating the preburner injector.
The oxidizer elements could be cast as an integral part of the oxidizer
plate, thereby, providing a diffusion bond joint. However, controlling

the element radial location tolerance and the possible collapsing of the
orifice holes during casting shrinkage would require extensive development.
The csustic contaminates used in removing casting cores necessitate
extensive cleaning to eliminate oxidizer incempatibility after the cleaning
cycle. This technique was dropped from consideration.

(U) Vendor experience in investment casting the support ribs to the
Rigimesh faceplate is limited. Sample castings have completely filled the
pores in the Rigimesnh material. Extensive development with investment
pour temperatures may result in an acceptable method, however, the present
state=of-the-art does not include integral casting of ribs to Rigimesh.

As a result of the development required, investment casting was not

used in the demonstrater engine preburner injector.

(U) Design studies were conducted in an effort to obtain a removable
porous faceplate. One method used a porous faceplate supported by a
grating-type ribbed section sghown in Figure 323, It was necessary, how-
ever, to increase the fuel flow cavity area, which increased t'.2 overall
height of the injector as well as the weight. To reduce the weight of

the support system, & honeycomb was considered that had a porous faceplate
with a perforated plate on the upstream side. This method required
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thicker honeycomb, for the reguired cell zize, thon can be producos wiin
present tonoling. This method has the same disadvantages as tnc

ribbed section suppecrts. The design study indicoted that this fype [otee
plate support was inferior to the sunport used for the suppocting «io

v ow
o
st

and analysis faceplate in which tangs on the facep were b Lo
oxidizer elements. Experimentation revealed rthaz "e faceplate o X
supporting data and analy could be uabrazvd woonoo.
damaging the oxldizer elements. A new facepliate could be readily oo
to the injector with no £ lat ;

oreseeable problems. Because the faceplat: onn
successfully unbrazed, the brazed support was used in the preburnecs injoc

desien.

4.

Higimesh —

Sectinn A-A

(U) Figure 323. Faceplate Support Grating Concept  FD 25384

(U) Local burning on the injector faceplate in the area where the
oxidizer elements are brazed to thwe three tangs was observad during o .
with the supporting data and analysis preburner injector. This burning
7as appar:ntly caused by the phenomena of fuel flow separation around
the tangs and the flow-remaining separated past the faceplate. This
creates a low static pressure downstream of the tang and oxidizer is
drawn across the faceplate in this areu causing faceplate burning. A
desigrn stucy indicated that for a taang width of 6.040 inch, a fuel siot
tang recess of 0.155 to 0.165 inch is required to eliminate the low
nressure condition by allowing the flow to rejoin prior to reaching &

T

combustion chamber.

() The revised tang recess resulted in a reduction of
validate the ability of the reoduced area braze joini to
pressure load of the faceplate, samples of the oxidize
braze were fabricated and feonted. The worst condition
completely brazed and the other two only partiscliv br
in shear with a load of 338 pounds. The
pouunds au the outer element.

() & transition case with an integral preburner injector fuel manifold
was analvezed to determine the feasibility of a reduction of size and
woluht.  The design studied is illustrated in Figure 324. 1ls design was




CONFIDENTIAL

be required if the tuel manifold was designed as an integral part of

the transition case. The demonstrator engine preburner injector was
designed as a separate removable part independent of the tranaition case,
which will permit the {aner liner to be removed from the injector side of
the transition case.

Preburner Oxidizer
Valve Housing

Oxidizer

Ozidiser Primary Supply

Preburner

(U) Figure 324. Transition Case Concept With FD 25385
Integral Injector Fuel Manifold

4, Iniector Design

(U) The XLR129-P~]1 demonstrator engine preburmner injector design is a
dualeorifice, tangential=entry oxidizer and fixed area fuel concept. Data
accumuiated during Phase I (Contract AFV4(H11)-11401), the supporting

ﬁ data and analysis task, and analytical design investigations were used

as the basis for this design. A cross section of the demonstrator engine
preburner injector is shown in Figurc 325,
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(C) The preburner injector incorporates 253 oxidizer elements arranged

in a hexagonul pattern as shown in Figuvre 326, The oxidizer elements

are 0.124«inch inside diameter and have flow entrics machined tafgentially
to the tube ID. The secondary entry is a rectangular slot 0.167 in. by
0.020 in. and the primary entry is a 0.015-inch disweter hole. Both
clockwise and counterclockwise rotation induced by the tangential entry
are used. The location of the counterclockwise rotating elements is also
shown in Figure 326. The element has an Ag/A. vatio of 0.555 and L/D of
17.3. Each element has an integral collar that rests against the injector
main housing for axial positioning prior tc brazing the elements to the
oxidizer plate.
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(U) Figure 326. Preburnar Injector Face Pattern FD 25387A

(C) An analytical investigation of the combustion instability encountered
at the 20% thrust level during the supporting data and analysis tests
indicated tnat the large secondary oxidizer volume contributed significantly
to this instability. The secondary oxidizer volume, which includes all the
volume downstream of the shutoff at the preburner oxidizer valve and
upstream of the orifices on the oxidizer elements, is 27.11 ind for the
demonstrator engine preburner injector. This is 53.5% of the calculated
voluine of the supporting data and analysis injector. The primary oxidizer
volume is 7.74 ind, which is 70,5% of the calculated volume of the
supporting data and analysis injector. This Teduction of the primary

and secondary oxidizer volumes will relieve the combustion instability that
existed during the supporting data and analysis tests by decreasing the
time constant of these cavities.
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(C) The secondary oxidizer flow is supplied from the preburner oxidizer
valve through threc holes in the preburner oxidizer valve housing as

shown in Figure 327, The predicted pressurc loss is 200 psi at the 100/
mixture ratio of 7 flow conditions. The primary oxidizer flow is suppiicd
from the preburner oxidizer valve through six drilled passages in the
preburuner oxidizer valve housing and the outside diameter of the injector 4
main housing as shown in Figure 325. By routing the prii ary flow rvadially
inward, a more uniform pressure will be maintained in the primary mani-
fold. A pressure tap {3 incorporated in the injector main housing to
permit measuring the primary cavity pressure during test., A pressure tap F
is incorporated in the preburner oxidizer valve housing to permit meas- :
uring the secondary cavity pressure.

(U) Figure 327. Secondary Oxidizer Flow FD 25388
Passages

(U) Fuel flow is suppilied to the preburner injector through one inlet into
the fuel manifold and is routed around the injector in a2 2.84«inch dizmeter
manifold. The fuel is uniformly distributed from this manifold into the
fuel cavity through 28 passages. Instrumentation bosses were included in
the ifuel manifold to measure the fuel manifold pressure and temperatuvre.
The fuel manifold inlet flange is designed for 0.002-inch flapge defectron
at the seal location with maxirum applied pressure loads and a 5000 in.-~

1b external bending moment. The external bending nooment was assumed to
account {or plumbing loads.

(C) The porous preburner injector faceplate is fabricated from Rigimesh.

The porosity is 40 scfm/ftZ of air with a AF of 2 psi at ambient tempera-
ture., The Rigimesh faceplate contains the fixed area fuel annuli, which are
centered circumferentially to each oxidizer eiement by three tangs.

The fuel annuli provide a fuel injection area of 4.53 in? that creates a
200 psi fuel pressure drop. The faceplate support is provided by brazing
the positioning tangs to the oxidizer elements. At the outer circumference
of the injector faceplate, a spring seal is provided to prewvent fuel
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leakage. This seal accounts for 0.003~inch axial deflection because of
axial shrinkage of the oxidizer nozzle relative to the main housing when
the oxidizer lead signal is initiated. The seal is also capable of
allowing a maximum radial shrinkage of 0.011 inch because of instantaneous
fuel cocling uf the porous faceplate relative to the main housing.

(C) An analysis was conducted to determine if a thermal low cycle fatigue
(LCF) life problem could exist in the preburner injector Rigimesh face-
plate. This analysis showed that no plastic strain existed for the worst
case and, therefore, the Rigimeshi is not limited in thermal low cycle
fatigue life. In addition to the investigation of the actual worst

case possible, it was assumed that a thermal gradient was imposed on the
Rigimesh that created plastic strain. It was determined that the allowable
temperature gradient was 880 degrees for 300 cycles plastic strain life
within the temperature range of 130°R to 1460°R.

(U) The preburmer igniter is installed in the transition case just down-
stream of the preburmer injector face. Design of the preburner igniter

has not been initiated pending development of an analytical start transient
model. Prior to initiation of the hardware design it is necessary to
determine the igniter transient mixture ratio, which will set the required
propellant flov rate for preburner ignition as well as the coolant flow

. rate required to ensure hardware durability. The igniter propellant flow
rate is the information required to determine the physical size of the

igniter.

() To permit the design of the transition case without the igniter design,
it was assumed that the preburner ignit~r shape would be basically as
shown in Figure 328. Provisions are allowed in the transition case design

to permit iasertinn of the preburner igniter,

—— Igniter Housing Locking Ring
Preburner Case

Ring Sea) Igniter Housing
o Paton Ring Ses!
(U) Figure 328. XLK129-P-1 Preburner Igniter FD 25414
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B. MAIN BURNER INJECTOR
1. Introduction

(U) A design study was conducted on the main burner injector to select
the best design concept for the demonstrstor engine. To ease fabri-
cation difficulties and improve repairability, prime coneideration

was glven to a multipiece injector design, It was proposed thac the
injector be built from pie-shaped segments or from individuval spraybars
brazed or welded into an oxidizer manifold. It was also proposed that
an investment cast injector, with the oxidizer injection elements
simultaneously diffusion bonded in place, be considered. Consideration
was given to fuel faceplate support structure, structure-to-Rigimesh
attachment, and faceplate assembly retention, A main burner igniter
design study was conducted to analyze various concepts for integrating
the main burner igniter into the engine transition case and main burner
injector., This study included methods of adapting the igniter fabri-
cated during FThase I (Contract AFC4(611)-11401) as well as new concepts
that could reduce the complexity of the igniter system.’

~ 2, Summary, Conclusions, and Recommend#tions

(U) 1. Design concepts using the single tapered tube spraybar
with an increased flow area are superior in most respects
to all other concepts, particularly in weight. This is
the concept selected for the demonstrator engine main
burner injector.

(U) 2, It was concluded that a straight single tube spraybar,
which could either be cast or machined from a forging,
is desirable. This type of spraybar is slightly heavier
than an aagled type of single tube spraybar design. A
typical design is shown in Figure 329,

(U) 3. Casting the main burner injector in one single piece is
presently beyond the state-of-the-art.

(U) 4. Diffusion bonding the oxidizer injector elements into
the cast spraybars is not impractical; however, con-
siderable development would be required.

(U) 5. Pie-shaped segmented construction has the disadvantage
of weld shrinkage during assembly that can affect the
location 6f the elerients.

(U) 6. Diffusion bonding, during the casting process, of the
Rigimesh face support structure is not impractical but
development of the process is required.

(U) 7. A one-piece, thick, self-supporting Rigimesh faceplate
could be designed if material properties were known.
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(U) 8. A fue) faceplate structure to transmit prescure load to the
chamber shell during operation is desirable. Retention during
asgemhbly can be accomplished with simple non-load-carrying

retainers.

(U) 9. The existing Phase 1 (Contract AF04(611)-11401) igniter
hardware cannot be used in the demonatrator engine
transition case and injector without modification. The
most desirable location to mount the ignitexr is above the
ring connecting the main sphere to the lower sphere. Ex-~
ternally mounted igniter chambers reduce the complexity
of the propellant supply probe and spark igniter.

«_,;%

Spraybar

Faceplate
Support

2 S B WSRO TP R i Tt T s

i

K
g
-
&
A

Manifold

(U) Figure 329, Typical Main Burner ' FD 25360
Injector Cross Section
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{U) Two mathbda of arranging the radial oxidizer manifold area inside
the spraybar were studied. OGne method, shown in Figures 330 through
336, has the radial manifold area composed of numerous small passages

 stacked axially on top of one another inside the spraybar. The small

radial passages are interconnected through internal crossover passages.
The stacked radial manifold concept creates a spraybar that is thick
in the axial direction but thin in the injector circumferentisl direction,

“The distance between the thin spraybars allow enough flow area for the

hot gases from the preburner. For the hot gas (fuel) flow area to

- increaat, it requires that the spraybar radial area be made up of smaller

diameter, more numerous flow passages, which creates a thicker injector
in the axial direction. A thicker injector rapidly increases the weight.
The second method of arranging the radial oxidizei manifold inside the -
spraybar, shown in Figures 337 through 340, consists of forming the
total radial flow area required for one spraybar into a single hole.

‘The single hole is tapered to reduce the flow &rea as the radial oxvgen

flow rate decreases becau:.e of oxyger: being discharged ‘through oxidizer
elements further upstream. Tapering the radial supply hole allows the
outside of the spraybar to be tapered, which increases hot gas flow

area and reduces weight of the spraybar. The single hole spraybars

can be staggered in two axial planes in the injector housing, which
allows a further increase in hot gas flow area around and between the
spraybars. The single hole staggered spraybar injector assembly forms
the thinnest injector in the axial direction, and therefore, the lightest

weight.

Section CC

(U) Figure 330. Main Burner Injector FD 25361
Concept No. 1
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SR = R

Cap

Aiternativ
Cap Design

(U) Figure 331. Main Burner Injector Concept FD 25362
No. 2

Rectangular
Broached Slot

(U) Figure 332. Mein Burner Injector Concept FD 25363
No. 3

S i Bl VRS L L L

< Wi

W e SO R




T T T T P T

(U) Figure 333. Main Burner Injector Concept FD 25364
No. 4

e

Saction Through Manifold
180 Degroes From Inlet

Waild Optional

Manifold May Bs
Cast In One Piece

(U) Figure 334. Main Burner Injector Concept FD 25305
No. 5
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Meanifold May Be Cast
in One Piece

(U) Figure 335. Main Burner Injector Concept FD 25366
No. 6

N |

(U) Figure 336. Main Burner Injector Concept FD 25371
No. 11
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Section CC

Stapgered
Spraybars

Section AA

Section BB

(U) Figure 337. Main Burner Irnjector Concept FD 25367
No. 7

Altornstive Sonnd
Brase Joiat Conotant

Weld

(U) Figure 333, Main Burner Injector Concept FD 25369
No. 9
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(U) Figure 339, Main Burner Injector Concept FD 25370
Ne. 10

Spark Plug Access

(U) Figure 340. Main Burner Injector Concept FD 25375
No. 15

() Fabrication by casting and machining were considered for the individual
spraybers. The cast configurations shown in Figures 334 and 335 have a
dog-legged vadial flew passage which allows the flow passage to be per-
pendicular cn the engine axis at the bolt flange section. This allows

the injector to have the smallest axial thickness possible for any par-
ticular radizl flow area arrangement. The machined fabrication method
restricts the radial flow passages to straight cuts, as opposed to

angled passages, or Lo assembling at an angle one or more straight cuts.
The machined configurations shown in Figures 330 through 333, 336, 337,
340, and 341 are all applicable to casting techniques but the cast config-
urations shown in Figures 334, 335, and 339 are not capable of being
machined. Figure 333 shows a basic cast design in views M, D, and F

with the other views rhowing ideas of how to attain the angled radial

flow passage and still machine the spraybar.

{U) Three methods of making an injector assembly were considered. One
by casting the injectors in one piece ox dn the second, by casting large
pie-shgped segments and welding the segments together. Both of these

326
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schemes are shown in figure 335, Although casting the injectoyr osnembly

is within ¢he state-cf-the-art, it s not without probleome of core removal,
core positioning, and tooling., It was concluded in discussion with ¢ast-
ing vendors that the limited number of injectors presencly to be purchased,
it would be uneconomical to attempt fabrication of an injector assembly

by casting at this point. The third methnd of forming an injector asgambly
is by brazing or welding individual cast or machined spravbars into a maln
injector housing. These schemes are prescuted in Figures 328 chrough 334,
336, 337, 339, and 340. Because of weld shrinkage problems, fhe wclded
assembiies do not appesr as attractive as the brazed assemblievs. Frow

a braze standpoint it is better to braze a rvound joint than an oblong
joint. All single tube spraybers form round joints and all stacked.

hole spraybars form oblong joints.

(U) Figure 341, Main Burner Injector Concept FD 25374
No. 14

(U) Two methods of attaching the oxidizer elements into the spraybars
were considered. The first methed was to support the elements in the
core used for forming the vadial flow area in a cast spraybar and- sub-
sequently form a diffusion bond between the elemrnt and spraybar during
the casting process. Some work has been done cn this type bonding by
casting veadors, but it is presently considered outside the state-of-
the-art. The second method of attaching the elements in the spraybar

is with a furnace braze joint. This method was used on the Phase I (Con-
tract AF04(6113-11401) injector assemblies, and is adaptable to either

a cast or machined spraybar.

() Several methods of transwitting the fuel faceplate load into the
main burner chamber shell are shown in Figure 342. This scheme eliminates

the need for 48 bolts and a bolt head retainer, used to transmit the
faceplate load back into the injector housing in the Phase I (Con-
tract AF04(611)~11401) design.
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(U} Figure 342, Main Burner Injector Concept FD 25373

3. Description of Design Concepts

(U): A typical main burner irjector design is shown in Figure 329. The
design concepts studied are discussed in the following paragraphs.

é. Concept No. 1

(U) This concept, which is shown in Figure 330, represents a stacked

supply tube spraybar design with staggered supply hole depths. An

- alternative spraybar, with full length supply holes, was also considered.

The faceplate support ring is similar to the design tested during Phase I

 (Contract AF04(611)-11401), except that the seal support ring is trapped

between the faceplate support and main burner chamber instead of being
bolted to the faceplate support. This injector concept has individual
spraybars that are inserted and brazed in slots in the crossover manifold.
Oxidizer is supplied from the wraparound outer oxidizer manifold through
the crossover manifold to the spraybars. The major part of the injector
structure and weight is the crossover manifold, which is 2 one-piece
casting or machined forging. The tie bolts are located between the
oxidizer supply holes in the crossover manifold., The straight-side,
constant-diameter, stacked supply tube spraybars used in this concept
are more suitable for machining from a forging rather than final form
casting., Casting this spraybar design would present core support and
subsequent core removal problems that would not be present in the single

tube design.
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b. Concept No. 2

(U) This configuration is shown in Figure 331. ‘The spraybars for this
concept are inserted in an axial direction instead of a radial direction, B
The axial direction of spraybar assembly permits an individual spraybar :
to be removed from the assembly for repair purpcosss. The radial direc- 5
tion of spraybar assembly requires that long and medium spraybar be

removed in order to remove a short spraybar for repair. An alternative

spraybar concept is shown that has a cap on the spraybar.

c. Coancept No. 3

(U) Concept No. 3 is showr in Figure 332, This concept has the brazo
slot for the spraybar extending with constant geometry through the
entire crossover manifold, which permits the slot to be breoached.
Broaching allows lower cost close tolerance control for braze fits

at the braze slot.

d. Concept No. &

(U) This concept, which is shown in Figure 333, has the spraybars welded
in place instead of brazed. Welding permits the machined spraybars to
be angled, which reduces the flange-to-flange thickness of the crossover
manifold. This idea eliminates the need for machining hraze slots in
the crossover manifold housing. Because the spraybar would be in com-
pletely finished form with oxidizer elements brazed in place at the

time the weld joint would be made, positioning of the spraybar to allow
for weld shrinkage becomes crxitical. .

e. Concept Ne. 5

(U) This concept, which is shown in Figure 334, represents a multipiece
design in which both the spraybars and the manifold are cast. The spray-
bar stacked supply holes are tapered to allow more hot gas flow area.

The spraybars are angled to reduce the flange-to~flange thickness., The
combination of these features create the lightest stacked tube design.
This design is not suitable for wachining frem a forging because of the
angled spraybar and the tapered stacked tube. This concept has a

tapered constant velocity manifold.

f. Concept No. 6

(U) This concept, which is shown in Figure 335, represents a cast injector,
which could be cast in one piece or in pie-shaped segments. Casting the
entire injector has all the advantages of concept No. 5 plus the advantage
of eliminating a braze joint between the spraybar and manifold. But the
disadvantages of casting include (1) positioning of a large number of

cores to form the flow passages, (2) subsequent removal of the cores,

and (3) cleaning the core removal solution from the part to comply with

the 102 clean requirement.




g. Concept No. 7

(U) This concept, which is shown in Figure 337, has a single supply tube
spraybar design., The spraybars sre staggered to increase hot gas flow
area. The capered spraybars combined with staggered crossover supply
holes provides the highest possible hot gas flow area. The single
supply tube is kept straight in this concept to allow the spraybar to
be manufactured by conventional wmachining techniques.

h. Concept No. 8

(U) This concept, which is shown in Figur~ 343, illustrates a faceplate
support system in which the support bolts ave secured to a free ring
rather than directly to the spraybars. With this arrangement, the free
ring can expand with the faceplate as the temperature increases. The
bending moment that would result if the bolt was restrained by the cold
spraybars is thereby, eliminated. This concept simplifies the spraybar
construction because the support pad is less ccmplex and the apraybar

céan be flat sided.

Faceplate
Support

(U) Figure 343. Main Burner Injector Coucept FD 25368
No, 8

i. Concept No. 9

(U) This concept, which is shown in Figure 338, offers several variations
on the single tube tapered spraybar design of conecept No., 7. 1In this
design concept the spraybar oxidizer flow area has been increased in
order to meet XLR129-F-1 demonstrator engine cycle pressure loss require-
ments. A one-piece cast design was also considered as shown in View M,
The configurations, represented in Views E, F, G, H, J and K, employ tie
multipiece concept. View E shows & design where the transition from the
slotted hole in the crossover manifold to the round hole in the spraybar
is made in the spraybar. View F shows a design where the transition is
made smoothly with no area change. In View G, the transition is made




with abrupt changes in arca. This concept {8 suitable for either casting
or machining from a forging. Vicws J, K, H, and E show alternative
methods for manufacture of a machined spraybar.

J» Concept No. 10

(U) This coucept, which is shown in Figure 339, is a variation on con-
cept No. 9 where the tip inside dismeter of the spraybar hss been

increased te reduce the oxidizer radial pressure loss in the spraybar,
The increased tip diameter produces the waximum oxidizer internal flow
area at a sacrifice to the hot gas flow arca between radial spraybars.

k. Concept No, il

{U) This concept, which is shown in Figure 336, is a variation on con-
cept No. 2 where the spraybar inlet oxidizer flow arca has been increased
to comply with the demonstrator engine cycle pressure loss requirements,
To obtain the oxidizer flow area required by the cycle, two extra radial
supply passages had to be added. This scheme can be compared directly
with concept No. 1 except for the increased flow area requirement.

1. <Concept No. 12

(U) This concept, which is shown in Figure 344, shows a fuel faceplate de-

sign similar to the design tested during Phase I (Contract AFD4(611)«11401),

except that th» rib support structure is fabricated from sheet stock
instead of being machined in one piece.

(U) Figure 344, Main Burner Injector Concept FD 25372
No., 12

m. Concept No., 13

(U) These concepts, which are shown in Figure 342, offer a number of
methods for retaining the faceplate seal support ring during assembly
and disassembly. The type retainers shown consist of either screws,
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dowels, tablock, or a press fit. In any case, the retailner ia not a

load carrying member but it merely retains the faceplate in pogsition
during assewbly. The load of the faceplate is tranamitted into the

main chamber case at the outside diameter through the support ring and
into the spraybar near the center through bolts as shown in concept No. 8.
Transmitting the load intc the maln chamber case eliminates the set of
bolts that attached the faceplate to the inje.tor housing as was done

in Phase 1.

n, Concept No. 14

{U) This concept, which is shown in Figure 343, has a one-piece soiid
Rigimesh faceplate and support.

o. Concept No, 15

(U) This concept, which is shown in Figure 340, offers still another
variation on concept No. #. In this design, the spraybars have been
straightened to allow the spraybar to be fabricated by conventional
machining. Also, the spraybars are arranged so that the injection
elements in any one bar are of equal length. View A shows a variation
on this design with provisions for access for the main chamber igniter
spark plug and the propellant supply lines threough the oxidizer manifold.

(U) In this study, two alternative materials were considered for use in

the injector designs. Inconel 718 (AMS 5663) was chesen as representative
of a good castable high strength material, while stainless steel (AMS 5646)
was chosen as representative of a lower strength, less expensive, easier
machined, and more ductile material. ‘

4, Design Considerations

(U) Some design considerations reached in a conference with representatives
from casting vendors are provided in the following list.

1., Casting of the main burner injector in one piece is presently
bevond the state-of-the-art because of the complexity of
supporting the cores and subsequent cove removal.

2, Diffusion bonding of the oxidizer injection elements into
the cast spraybars is not impfactlc&;, but some develop-

ment would be reguired.

3. Porosity in the casting should be expected internally
between the injection elements. [I'xternally, the spraybar

would be ieak free.

4. Care muct be taken iu the design of the parts to ensure
adequate access for leaching out the core material.

The caustic solution used for leaching out the core would
be difficult to remove.
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Core support could be accomplished through the oxidizex
injection element holes.

Casting the Rigimesh face support directly into the
Rigimesh to focrm a bond and thereby avoid a weld joint
{is possible, but this requires additional devalopment

work.

(U) The following design conéiderationa were made with process planning
and fabrication as major factors:

1.

2,

The injection elemrnts ahould be brazed beforc assewblv
to permit the spraybars to be indivlidually flow checked.

The injection elements can be bent into position at assembly,
thus allowing for some deviation from the true position

of the elements.

The spraybar attachment braze slots for the stacked tube
designs will be difficult to machine. The slots should
be made as shallow as possible to facilitate manufacture.

An axially slotted braze connectionfis_easier to machine
than & radially slotted Lraze connection; however, a ‘
through broach design is more desirable than either of

these methods.

If the injection element holes are cast out of true
position, it will be difficult to relocate their center
by machining becsuse of tool drift, however, the holes
could be eloxed on center. Core support, through the

‘1n1ection element holes, should be held to a minimum or

eliminated by supporting from the other side of the
spraybar, so that the element holes can be machined
on true position.

Time would be required to develop the technique required

 for making the weld required in concept No. 4 without

excessive distortion.

A round spraybar braze joint, like that required for
concepts No. 7, 9, 10, and 15, is the easiest shape to

braze.

Concept No. 12 is not a satisfactory design, because of
weld distortion problems and because of the cost involved
in making weld fixtures.

(U) A weight study was made of the representative injector concepts.

A summary of these weights is shown in Table XXVII, For the purposes
of weight comparieon, the spraybar wall thicknesses were assumed to

be 0.050 inch, which is a manufacturing limit. The inlet manifold wall
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thickness was calculated from the formuia S = Pr/t where 5 = 83% of

the 0.2% yield, and P = 1.2 (maximum cycle presvvre). ALl cast designs
were assumed to have a tapered manifiold, while all machined designs

were assumed to have a constant cross section manifold,

(U) Early in the study, the injector schemes were based on the reguircamonts
established during Phase I (Contract AFQ04{A11)-11401) IE wos o ar
fer comparison purposes, all designs would use the bolf vircle diamcter
established during Phase I (Contract AF04(611)-11401). Tne oxidizer spray-
bar inlet area was held the same as on an carlier cast .:-.2ctor study.

The resultant confipuration weight, pres<ure drop, and other parameiors
were then determined as shown in Table XXVII. The oxidizer pressurc <rops
in concepts No. 1, 3, and 7, are based on the pressurc drop requiremencs
zotablished during Phase 1 (Contract AT04(611)-11401). Later :in the study,
the demonstrator engine requirements became available and, based on thesc
requirements, a nev oxidizer spraybar inlet area wasg determined., Cocn-
cepts No. 9, 10, 1%, and 15 veflect this change. Concept No. 11 was sized
to obtain this oxidizer flow areca and at the zame time maintain the hot gas
flow area established during Phase I {(Cortract AF04(611)-11401) or grcatér.

(C) (U) Table XXVIL. Injoctor Sclection Criteria

Concept Weight (1b) Oxidizer Flow Fuel Fiow(Z2) Oxidizer
SST - Inconel 718 Arca (ing) Area (in%) 4P (psi)

(AMS 5646) (AMS 5663)

1 134-56 9.08 se.0 1253
5 96-76 9.08 67.0 1253
7 92-72 9,08 74.0 1253
g (1) YA 14.37 71.5 585
10 65-45 - 14,37 71.8 983
11 156-118 (.37 56.0 985
15 70-50 14.37 71.8 95

(1) Vic'w,S "E”, ”F”, and IIHH

(2) Hot gas flow area around spraybars.

5, TPecformance Considerations

(U) A study was also made to show the cffect of various parameters on
injector performance. The parameters that were considevred to be influ-
ential were oxidizer droplet size, number of injection elements, oxidizer
injeetnt pressuire drop, pressuvce loss in a tapered spraybar, cffect of
spraybar size ou fuel injector pressure drop, and contraction ratio.

(UY Table XXVIII shows the magnitude of various influential parameters
for the engine cvcele. This table in conjunction with the figures ex-
plained holow car he used to determine tire change in injector performance
caused by changes in intluential parameters.
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(C)(U) Table XXVIII. Cycle Values of Influential Parameters

Total Cycle Oxidizer Injecter Pressure Drop (psia) 985 psia

Oxidizer Element Pressure Drop (psia) 871 psia

Number -~f Oxidizer Injection Elements 1080

Total Cycle Fuel injector Pressure Drop (psia) 120 psia

‘Fuel Injector Slot Pressure Drop (psia) 96 psia
7.680 inches

Throat Diameter (inch)

Contraction Ratio . 3

(U) Figure 345 shows the Sauter mean diameter of the injected liquid
oxygen as a functiorn of the pressure drop across the element. Note
thet the pressure drop across the element is the total cycle injector
pressure drop, excluding losses in the supply manifold and spraybar
passages. The pressure drop across the elements is 871 psid at 100%
thrust and a mixture ratio of 7, which produces a mean drop size of 20

‘microns.

(U) The effect of the number of oxidizer injection elements on combustion
efficiency for lines of fuel injection pressure drop is shown in Figure
346, The fuel pressure drop used is the drop across the fuel slot and
does not include the pressure loss experienced while passing around the
spraybars. The mgin burner injector is expected to have approximately
1080 elements, with a fuel injector pressure drop of 96 psia. The
increase in combustion efficiency, which is attained by increasing the
fuel pressure drop, shows that decreasing the pressure loss around the

spraybars is desirable.

(U) Figure 347 shows the effect of oxidizer injection element pressure
drop on combustion efficiency.

(U) The pressure loss inside a long single tube tapered spraybar of
concept No. 15 is shown in Figure 348 as a function of station numbers
associated with the element location. The elements are numbered so

that the element closest to the chamber wall is number one. Note that
the sharp Iincrease in pressure loss occurs toward the chamber center
line. This is the point where the blockage created by the element pro-
truding into the tapering spraybar flow passage becomes a significant
portion of the passage area, Lines of spraybar tip inside diameter show
the increasing pressurc loss down a spraybar as the inside diameter is
decreased. The tapered spraybar has a flow grad:i-nt associated with

the pressure gradiert inside the spwvayhar osut tue gradient cccurs at

a position in the chamber where .humber area at that radius is also
making a rapid change. Cc.usequently, the oxidizer weight flow per unit
chguber area is not »ignificantly affected by the spraybar flow gradient.
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(U) Figure 348. Pressure Loss Inside a Long DFC 68803
Single Tube Tapered Spraybar

- {(U) The spraybar tip diameter has astrong influence on the available
o ] fuel flow area around the spraybar. Figure 349 shows fuel flow area as
a function of spraybar tip diameter. The fuel pressure loss in passing
] through the fuel flow area is shown in Figure 350, This pressure loss
g is subtracted from the total cycle fuel pressure drop to obtain the
pressure drop across the fuel slot. By using Figures 346 and 330, a
trade can be made between the fuel slot pressure drop and the oxidizer
spraybar radial pressure drop.

(C) The current phase throat size is larger than the Phase I (Con-
- tract AF04(611)-11401) threcat size. If the current phase chamber diameter
e d were held the same as Phase I (Contract AF04(611)-11401), the contraction
' ratio would decrease from ¢éc = 3 in Phase I (Contract AF04(611)-11401) to
€c = 2.69 in the current program. Figure 351 shows the influence of con-
traction ratio on combustion efficiency.

6. Main Burner Igniter

a (U) 4 design study was conducted to determine various concepts of mounting
the main burner igniter on the transition case and main burner injector.
The investigation included an adaptation of existing hardware in addition
to new concepts to reduce the complexity of the igniter systems. The
geometry of the coplanar transition case and the single tube tapered
spraybar injector prevents the use of existing components. The existing
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propellant supply manifold and spark plug are too short for mounkting them
on the transition case, and the igniter housing is too long for mounting
it on the injector. Six alternative locations to provide main burner
ignition were fuvestigated for this design study and are divided into two
major classes.

{U) Concepts No. 1, 3, 4, and 6 are basically patterned after the previous
design. The igniter is centrally located in the main burner injector
with the propellant supply and spark plug extending from the center out-
board to the exterior of the engine, These concepts do not reduce the
_size or complexity of the ignition system but they are considered to be
within the current state-of-the-art,

(U) Concepts No. 2 and 5 incorporate propellant supply and spark igniter
features that are external to the maln engine, which requires only one
local boss for the igniter housing. These concepts significantly reduce
the complexity of the ignition system because the propellant supply would
consist of simple fittings, and the spark plug could be a standard auto-
motive type.

HOT-GAS FLOW AR:A - in°
L3

30

0.24 0.28 0.92 0.36 0.60 O0.h4 0.4
» ' S?KA\'RAR TIP DIAMETER - tn. »
(U) Figure 349. Hot Gas Flow Area vs Spray- DFC 68804

bar Tip Diameter
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a, Concept No. 1

(U) This concept, which is shown in Figure 352, represents an igniter
that is mounted in the cectsyr of the injdctor. The propellant supply
and spark plug entex the igniter through local bosses that are integcal
with the transition case injector flenge,

(U) This approach necessitates the removal of a main attaching bolt at
each boss location, Strugturally, this compromisns the transition case
flange and sphers interdection point and is considered undesirable.
This design also creates an extremely long propeliant supply probe and
igniter because the mount flange has to extend beyond the oxidizer
manifold.

b. Concept No, 2

. (¥) This concept, which is shown in Figure 353, represents an igniter

that is located in the center ¢f the injector, but with the propellant
supply and spark plug mounted externally to the main engine. The igniter
is made an integral part of the transition case and requires only one
local boss on the case flange for mounting.

Injoctor-Streight Tube Variation

(U) Figure 352. Main Burner Iguitcr FD 25619
Concept No. 1
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Variation

Propsilani Supply

(U) Figure 353, Main Burner Igniter FD 25620

Concept No. 2

(U) The increased chamber length coupled with turning the flame requires
cocling requirements above concept No. 1. In addition, the flame tem-
perature drop may require an increase in propellant flow rate because of
the higher heat removal requirement of this configuration.

(U} In this concept, either propellant could be used to cool the chamber.
The main advantage of using the oxidizer as a coolant is the igniter
would ignite its own cocolant at the injector face. This would establish
a stoichiometric flame temperature to ignite the main injector flow under
all flight conditions. Using the oxidizer as a coolant, the igniter
flame temperature may be reduced well below the material limits of the
liner before the bend and still have suificient energy to ignite the

oxidizer coolant in the main injector.

(U) Mounting the igniter on the lower transitlon case sphere requires

the removal of one injector flange bolt, The same concept could be

used with the mount point on the main sphere similar to the mount arrange-
ment shown in concept No. 3. When mounted on the main sphere, the igniter
assembly can be removed and therefore does not become an integral part of

the transition case.
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c. Cencept No, 3

(U) This conflguration, which is shown in Figure 354, offers a variation
on concept No. 1 in which the propellant supply and spark plug access to
the igniter are through the main sphere of the transition case, This
concept incorporates local spherical segments attached to the maln
sphere. This location does not necessitate the romoval of main atcach-
ing bolts.

Igniter (Same o
Phaise | Except Length

Propeilant Supply
(Same as Phase ]
Except Langth

N
s;m Plng mau i /.) =Injector -
N Straight Tube
Langth) g . Vui‘n.t;‘l!on

e
A

‘\‘ ‘--
1 Propellant T
& Supply (Ref)
AE‘:: {Rotatad)
Pluu l Roforl to /
Contract AFO4 e
{611 -11401
(U) Figure 354. Main Burner Igniter FD 25621A

Concept No. 3

d. Concept No. 4

(U) This configuration, which is shown in Figure 355, offers still
another variation on concept No. 1 in which access to the igniter is
made downstream of the connector ring. This location requires the
removal of a flange bolt at the spark plug and propellant supply probe
locations.

(U) This concept adapts the existing hardware with as little rework as
possible., Even though the basic shape of ihe threce major pieces of the
igniter ig the same asg Phase I (Contract AF04(611)-11401), all three
pieces require extended lengths. The required length extensions are
shown labeled as AL in Figure 35S5.
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(U) Figure 355. Main Burner Igniter . FD 256224
Concept No. 4

e, Concept No. 5

(U) This concept, which is shown in Figure 356, is a variation on
concept No, 2 that incorporates a straight, removable igniter chamber
not centrally located. This igniter location compromises the main
burner injector and the face plate support structure symmetry. The
injector oxidizer mass flow distribution would be affected, but this
appears to be reconcilable with a more detailed investigation. The
structural capability of the support structure would not be adversely
affected by this location.

f. Concept No. 6

(U) This concept, which is shown in Figure 357, shows the mounting of the

spark plug through the injector with a centrally located igniter., The
injector faceplate suppcrt bolt is compromised and would require a new
concept in attachment, This location appears to be impractical.

(U) It is concluded that the existing igniter hardware cannot be used

in the current program transition case and injector withcut modification.

The most desirable location to mount the igniter is above the ring
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connecting the main sphere to the lower sphere, The externally mounted
igniter chambers reduce the complexity of the propellant supply probe and
spark i{pniter. For these reasons, the concept No. 2 main burner igniter
is recommended.

Mulhnlu

Shm&r

Modifiod Long: Bar
Short Bar

(U) Figure 356. Main Burner Igniter Concept No, 5 FD 25623

(U)‘Figure 357. Main Burner Igniter Concept No. 6 FD 25609
345/346
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C. NQ2ZLES
1. Introduction

(C) The nozzle assembly for the XLR129-P-1 demonstrator engine will
cousist of two fixed sections that form the primary nozzle and & trans-
lating ligh*weight section as the two-position nozzle. The primary
nozzle attachus to the main burner chamber at an area ratio of 5.3 and
extends to an area ratio of 35, The two-position nezzle extends from
an area ratio of 35 to an area racic of 75. The current XLR129-P-1
demonstrator engine nozzle assembly is illustrated in Figure 358. The
objective ¢f this subtask is to devign and fabricnte the primary nozzle,

the two-pcsition nozzle, and the two-position nozule translating mechanism.

2. Summary, Conclusions, and Recommendations

(U) 1. A design study indicates that the primary regeneratively
cooled nozzle is mechanically feasible. The recommended
primary nozzle design has a single pass heat excl.anger at
the iulet end and a double pass heat exchanger at the
e.it end.

(U) 2, The two-pusition nozzle coolant passages are desigred to
pass the coolant at a rate that keeps the inner skin of
the nozzle at a temperature as high as possible in the
axial direction to absorb maximum energy in the flow
stream, The skin temperature is limited in the inlet
region to avoid low cycle fatigue over the required life
»f the engine. - \

{(U) 3. The outer skin of the two-position nozzle will have a high
circumferential thermal gradient because of the corrugated
flow passages and the fin-cooled weld flats. The thermal
stresses imposed on the outer skin by the gradient will be
taken out in hoop tension.

(U) 4. The outer skin of the two-position nozzle will be smocth; &and
this has three advantages. The stiffening bands can have
an uninterrupted bonding surface, the outer skin thickness
is based on strength requirements and not thermal require-
ments, and the corrugation canrot be constricted by thermal
expansion,

347

CONFIGENTIAL




CONFIDENTIAL

VELEGT DUd

ut 9ez'ee

SL

Alquassy 91z20N 2ul8uyg IolvIIsuowdg | -d-6¢1HTX -96g san

Ja8uByoxs] J83H
Afddng uopendsusl],

—

— "ul 9g¥'v6

mmﬂ.u

r3fueyoxy 168
Ajddng Jawingald




CGNFIDENTIAL

3. Design Description
a. Primary Nnzzle

() The primary nozzle consists of two heat exchangers: a double pass
sranspiration-supply heat exchanger and a single pass preburner-supply
heat exchanger. The locations of the two heat ¢xchangers have been
reversed from that of previous studies. Bv having @ double pass at the
exit end and single pass at the smali end, these advaniages were obtained.

!'. The we skt was reduced 93 pounds with no increase in pres-
sure dr.p within the manifolds o cooling tubes.

N

All manifolds are forward of the two-position nczzle jack-
screw ring pear making possible larger diametev rcupply
lines.

3. The large diameter full {low heat 2»xchanger manifolds are
movad in and forward, providing attachment flanges nearer
the manifold and making plumbing considerably easier. The
nozzle construction is simplified because long supply lines
are not permanently attached to the manifolds.

4. The manifolds are much closer to the three tramsiating
mechanism jackscrew mounts; this disperses the three loads
evenly into the nozzle case in a much gtorrer distance and
results in a lighter-weight case.

5. A turnaround cap, which is the lightest weight turnaround,
is possible on the large end of the small t:bes, res:iiing
in a lighter nozzle, whereas on the previous desiyns it
was impractical to use.

(€) The primary nozzle configuration shown in Figure 359 is a possible
manifolding arrangement. The twe regeneratively cocled sections of the
primary nozzle will be fabricated using techaiques similar to those used
on the RL10 rocket engine nozzle. The preburner-supply heat exchanger
extends from an area ratio of 5.3 to approximately 18 a1 . the transpira-
tion-supply heat exchanger exrends from 18 to 35. This concept weighs
approximately 315 pounds. A detailed stress analysis will refine the
nozzle case thickness, influencing the weight. The inertial lcading of
the jackscrew supports, which is an impact load at three points on the
nozzle case, is unknown because the time required tc stop the transla-
ting nozzle has not been dciined. Assuming a 17,000-pound load on each
support, evenly distributed into the nozzle cas., the case thickness was
calculated to be approximately 0.065 inch. Case scctions that cre re-
anired to withstand only the internal pressure would be 0.015-inch thick.
These calculations assume that the cooiing tubes carry none of the case
loads.

(U) The material selected for the rnozzle cooling tubes is Inconel 625
(AMS 5599). This material can be formed into tapered tubes and easily
brazed, although repair brazing is more difficult than with stainless
steel (AMS 5h46). At eleveted temperatures Inconel 625 (AMS 5599) has
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an uitimate strength and 0.2% yield strength that is 2.8 times greater
than stainless steel (AMS 5646). To keep the materials compatible,

the nuzele skirt and manifolds are also of Inconel 625 (AMS 5599). The
nozzle cooling tubes were sized by analytical consideration of tempera-
tures and fatigue cycle life vequirements,

(U) The suggested manufacturing limitations for the Inconel 625 (AMS 5599)
tubes are as fo'lows:

.

Minimum ID 0.060 1inch

. Minimum tube wall thickness = 0.010 inch

Minimum bend radius = 2 times tube OD

. Dousle tapered tubes are possible but are more expensive.

LN -
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Exit Manifold
(Transpication Supply Heat Exchanger)

(U) Figure 359. Primary Nozzle FD 25419A
b. Two-Positicu Nozzle

(U) Tne two-pousiliuvi nozzle, shown in Figure 360, is a dump-cooled nozzle,
The coolant enters tbe coolant passages through a manifoid at the forward
end and flows through longitudinal skin passages. The passages are

formed sheet metal convolutions that are flared invo individual nozzle
shapes at the exits. The convolution cross sections are circular arc
~egri.ts, and the number of convolutions is constant for the entire nozzle

length. The ronvolutions form the inner skin of the nozzle and are seam-
welded to the inside surface of the outer skin, which is a smooth singte
sheet. Vee-shape! viop bands are brazed directly to the outer surface of

the outer skin.

(C) The selected shape of the bands transwits maximum stiffness tu the
nozzle. The coolant passage convolution cross sections are designed to
accommodate the required conlant pressure and inner wall temperature of
145C°F. The passages are sized to allow a coolant flowrate that prevents
the ‘naer wall temperature from exceeding 1450°F. The two-position
nozzle is dzsigned to withstand a maximum axial lcad of 10 G 4+ thrust
pressure load at minimum mixture ratio and 1007 thrust, and a maximum
transverse luad of 6 g + 2000-pound load encountecred because of asymmetric
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flow in the nozzle. For test firing at simulated altitudes, the nozzle
will be in the fully extended position. The hoop bands can be fltted
with lugs that attach to the radial suspension cables supporting the
nozzle to provide a stabilization against facility induced side loads,

Nossle-Shaped Exit

Hoop Ben. L»———%;-—-

Translating
Moeachaniam

(U) Figure 260. Two-Position Nozzle FD 254204

(U) The material selected for the inner and outer skin is Inconel 625

(AMS 5599), which exhibits good low cycle fatigue properties at elevated
temperatures. The Inconel 625 (AMS 5599) also retains a high rate of duc-
tility atv cryogenic temperatures and requires no heat treating after bend-
ing or forming. The nozzle coolant passages are designed to pass the
coolant at a rate that keeps the inner skin of the nozzle at a temperature
as high as possible in the axial direction to absorb as much energy in the
coolant as possible. The skin temparature is limited in the inlet region
to avoid low cycle fatigue over the required life of the engine. The
outer skin will have a high circumferential thermal gradient because of
the corrugated inner skin., The thermal stresses imposed on the outer skin
by the gradient will be taken in hoop and axial tension. An abrupt change
in nozzle contour is encountered at the intersection of the cylindrical
portion under the inlet manifold and the true contour,

(U) Bending the corrugations to conform to this contour change may tend
tc constrict the passage flow areas. A heat transfer analysis shows that
constriction will accelerate the coolant flow, chereby increasing the
cooling effect in that areca. The passage constriction can be held tc a
minimum by die forming. The exits of the coolant passages are flared on
the inner skin to form a nozzle-shape contour. The flaring may be incor-
porated during the die stumping on the skin panels or con individual pas-
sageways after assembly. Area ratios of constricticon and expansion are
selected to allow the coolant flow to exit at a predetermined Mach number
and pressure. This will derive a thrust and performance increment from
the coolant.

(U) A shock wave resulting from the crimped convolution rnozzle during
firing is not ancicipated. The pradicted thickness of the boundary layer
will be sufficient * /o o shcek wave. 1In the hardware design, *the
two-position nozzte . autour wi'l! be drawn to coincide with coordinate
points based on room t mperature dimensions. Three advantages arc realized
in selecting the outer skin to be smooth. The stiffening bands can have
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an uninterrupted bonding surface; the outer skin thickness 1is based on
strength requirements and not thermal requirements; and the corrugations
cannot be constricred by thermal expunsion.

(1) Coolant Inlet Manitold

(U) The corlant inlet manifold is situated at the forward end of the
nozzle. Th~ base of the manifold is brazed to the outer surface of the
outer skin ani directly over the ares where the coolant passage convolu-
tions begin. Inlet holes for the coolaut lead through the base of the
manifold and outer skin into the passage convolutions. There is one inlet
lole for each coolant passage convolution. The basc of the manifold also
serves as the forward flange of the nozzle to which the transiating mech-
anism attachment brackets are bolted. The manifold is a constant diameter
manifold but flares to a larger diameter in the immediate vicinity ot the
manifold inlet flange. The neck of the inlet flange has twice the flow
areas of the constant diameter porticn of the manifold. The coolaat inlet
manifold materfal size was based on a margin in excess of 1.2 times the
operating pressure. The stre-ses considered are noop stress resulting
from the coolant pressure aud bending stresses on the inlet flange.

(U) The material selected for the manifold is Inconel 625 (AMS 5599). The
manifold pressure is low and the small hoop stress on the manifold torus
wall will permit the usge of minimum commercial sheet thicknesses. The
mating flanges for the attachement brackets are local in location rather
than a continuous circumferential flange. This design results in a sub-
stantial weight saving, and it redu.2s clearance problems during nozzle
retraction. The coolaat exit hcles in the base of the manifold allow the
coolant to impinge directly onto c¢he inner wall surfaces of the nozzle
passage convolutions, increasing the cooling ability of the coolant flow.
The coolant manifold is situated at the beginning of the nnzzle coolant
passages and directly over and forward of the regenerative nozzle turn-
around manifsld to allow maximum cooling in the vicinity of the nozzle
seal. For simplicity of fabrication and nonstringent flow requirements,
the coolant manifold selected is a constant diameter. The low flow rate
allows the manifold to serve as a plenum chamber tor the nozzle coolant
passages. The stress imposed on the inlet flange and neck is based on a
bending moment estimate of 425 in.-lb resulting 7r~om the friction of a
sliding joint coolant supply line. This concept is necessary to supply
the nozzle with coolant during translation.

(2) Nozzle Seal

(U) The nozzle seal consists of two concentric, thin, conical sections

that are riveted to a supnort ring located the outer surface of the
regenerative nozzie, The support ring is positioned near th» turnaround
mennifold of the regenerative nozzle. The two concentric conical sections
are tangent to each other over their respective inner and outer surfaces
and are divided into a series of cverlapping fingers that act as a flexible
circumferential sezl against the outer surface of the two-position rozzle
as shown in Figure 360. The width and thickness of the fingers may be
varied in design concepts to suit alternative stress and deflection ranges.

352

COFIDERTIAL

{This pogs is Unclossified)




i
N
mmfﬂ I‘

(U) A possible material selection for the nozzle seal is Inconel 718 (AMS 5596)
sheet. This material was used successfully in previously designed jet
engine iuner skin seals. The ability to seal efficiently with a minimum
amount of leakage depends on the overlapping upper and lower fingers
remaining in contact over thelr eantire irncerface surfaces during bending.
This contact can be maintained by allowing the aft edge of the fingers

to remain unrestrained. The upper and lower fingers will assume a sliding
contact and have the advantage of taking radial and axial nozzle joint
mismatch. The fingers shown in Figure 360 can deflect approximately

0.15 inch at the ends and remein stressed below 85% of the 0.27% yield
strength of the material at 200°F. This is the estimated temperature

in the vicinity, and is low enough for the material to retain its elasti-
city. The support ring to which the seals are riveted is made of

Inconel 600 (AMS 5665) and is not subjected to high loading.

c. Translating Mechanism
(1) General

(U) The translating mechanism, shown in Figure 361, is capable of transia-
ting the secondary nozzle in 4 to 5 scconds. The drive system consists

of three jackscrews and guide tracks. The screws are synchronized and
driven by an externally toothed ring gear that serves as the outer race

of the primary nczzlz-mounted bali bearing. The ring gear is driven by

an electrchydraulic drive package at 1500 rpm through a 1:1 offset gear-
box. The drive gear and jackscrew drive gears are of the same pitch
diameter so that the jackscrews turn at the same speed as the motor.

The ball nut of each jackscrew is attached to a two-position nozzle bracket.

(U) Figure 361. Tranglating Mechanism FD 25421
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(2) Bracket Attachment

(U') Each bracket is a fan-shaped structure in which the wide end is flanged
and bolted to the nozzle flange. The narrvow end is formed with a lug that
is gimbaled to the jackscrew translating nut. The attachment brackets
support the nozzle by cantilevering from the jackscrews. The brackets

are stressed below the 85% of 0.2% yield strength at room temperature;

the load stresses taken into consideration are buckling, shear, and bending
from maximum thrust, acceleration, and start transient loads. The bending
and shear stresces trom the transverse nozzle loads were also considered.

{U) The material selected for the brackets is Inconel 718 (AMS 5663;., If
the brackets are to be of welded construction, then the heat-treatable
Inconei 718 (AMS 5662) version will be used. Inconei 718 has tha highest
0.27% yield strength of all the nickel alloys. A second choice of mate-
rial is titanium (AMS 4966), which is available in bar and forgings and
exhibits good weldability., Titanium (AMS 4966) exhibits about two-~
thirds the strength of Inconel 718 (AMS 5663), but somewhat over half the
density, A weight reduction might result if the thinnest possible In-
conel 718 (AMS 5663) design were compared with the maximum requirements
of the titanium sections.

(U) The brackets are shaped in a curved main panel or web with a gusset

or fiange running the entire length on both sides. These side gussets

join the bolting flange at the end of the bracket; thus, the bracket

resembles a tapered box that resists buckling and bending loads. The

bending loads can occur in an infinite number of directions because of

the gimbaling and transverse spike loads that may be imposed on the nozzle.
The bracket is designed on the basis of a cantilevered beam with an end

load and end moment. The bracket attachment bolts were sized by determining
the total tensile loads imposed by the moments from all of the thrust,

impact, and transverse loads applied simultaneously. Calculations indicate
that extra ribs across the bracket wep are unnecessary and a weight saving
can be realized over the design used in the Phase I (Contract AF04(611)~-11401)
attachment brackets. The nozzle used in the Phase I (Contract AFQ4(611)-114010
tests was a test rig uncooled nozzle and was considerably heavier than the

dump-cooled design.
(3) Jackscrew and Side Deflection Effects

(U) The size of the jackscrews root diameter is based on critical speed,
(the smallest diameter giving an acceptable critical speed), but the screw
lead is a function of actuation :ime required and available motor drive
speed. As shown in Table XXIX, an actuation time of 2 seconds causes a
considerable weight increase because of the increase in horsepower and
torque requirements, A translation time of 4.3 seconds requires a smaller
screw lead and less horsepower.

(U) Side deflection of the nozzle is a critical factor under translation
for the following reasons:

1. Provision of a definite envelope for installation of con-
trol and plumhing packages must be provided
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2. Large deflections would interfere with ball nut operation

3. Coaxial translation is required to minimize erratic flow
attachment.

(U) A cowmparison of side deflection effects on supported and unsupported
jackscrews is presented in Tables XXX and XXX1. This comparison indicates
that the track-supported jackscrew is best on a weight versus deflection
basis. Material reccmmended for the track and support hardware is nickel
hase alloy, such as Inconel 718 {(AMS 5546). The track also provides con-
venient mounting for position-indicating devices (not stown).

(U) Table XXIX. XLR129-P~1 Jackscrew
Actuation Time Comparison

1500-1000 SRT Screw (Saginaw Part No.)

Torque Required* = 2010 in.-1b
1500 rpm = .2 sec for 50 in,
Critical Speed = 2055 rpm for 1.48 sec for
50 in.
Horsepower = 22.4 reguired
Screw Lead = 1.0600 in./rev
Transfer G/B Tooth
Width 1.750
New Motor Required | 20% approximate weight increase

27.9 hp at 1510 rpm
2400 in.-1b stall torque

1500-0473 SRT (Saginaw Part No.:

Torque Required* = 1302 in.-1b

1500 rpm = 4.3 sec for 50 in.

Critical Speed = 1860 rpm for 3.4 sec for
50 in.

Horsepower = 12.25 required

Screw Lead = 0.473 in./rev

Transfer G/B Tooth

Width 1.250

Present Moog Motor 14.1 hp at 1550 rpm

Acceptable 1600 in.=-1b stall torque

*Based on sea level stati:. retraction a® 1007 {low
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(U) Table XXX.
Supported vs Unsupported

XLR129-P-1 Jackscrew Compariscn,

Track Supported Unsupported Screw

Comparison 1.140 Root  Root Diameter Licrew ™ Defls‘ ow ™

Parameters Diameter 1.140 SO ed Defi oM 4
Screw Leyack an €litrack 40

screw screw

Deflection,

in, 0.020 1.70 C.150 0.020

Weight, 1b 38 24 76 162

Welight/in, 0.695 0.4457 1.390 2.960

Root Diameter,

in. 1,140 1.140 2.0644 3.420

Hole Diameter,

in. | 0.500 0.500 0 0

L .., in® 0.890 0.0796 0.890 6.750

bending

Assumptions:

1. Each jackscrew supports one-ihird of total nozzle load.

2, P=0.288 1b/in> (density)

3. w #-—-[/2 —

K
_L ol
Y= 48 EI
4. E = 30 x 10°
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(U) Table XXXI. XLR129-P-1 Jackscrew Comparison,
Supported vs Unsupported

Track Supperted Unsupported Jackscrews

Comparison 1.140 Root Root Diameter Is ow DeflFcrew =

Parameters Diameter 1.140 cr d £ ° d
Terack am Deflpyack an
screw screw

Defléction, .

in. 0.020 0.758 0.068 0.020

Weight, 1b 38 24 76 105

1b/in. 0.695 0.4457 1.390 2.029

Root Diameter,

in. 1,140 1.140 2.0644 2,800

Hole Diameter,

in, 0.500 0.500 0 0

in% 0.890 0.0796 0.890 3.03

Ibending,

Assumptions:

1. Each jackscrew supperts one-third of total nozzle load.

2. P = 0.288 1b/in>

y t—-l/z'——«4

>
AN\\\\V

~0.00932 wf?
- EI
4, E = 30 x 10%
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(U) Two track shapes are analyzed on a weight versus deflection basis and,
as Tabie XXXII1 indicates, the hexagonal cross section has a weight advan-
tage over the circular cross section. Fabrication of the circular cross
section would be easier, however.

(U) Table XXXII. XLR129-P-1 Translatiou Mechanism Guide Comparison

Hexagon Circle Circle Circle
Neflection®*, in. 0.0206 0,292 0.0385 0.020
Weight, 1b/Track 12,250 11.970 13.400 15.260
I, in® 0.890 0.890 0.890 0.890
Iy, in? 0. 0295 0.00217 0.0295 0.172
Assumptions:

1,

2. Deflection = Total bending of T, cross section + local bending
of Iy cross section,

3, Curved beam analysis * for '"Circle" cross section

—~—H a, = |76 VR3 + 1/2 HR3 + MoRZ}/E1
Vg = Radius
4. E =30 x 108
*Based on unsupported ends
358
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(U) The center track support is the means of limiting side deflection to
a minimum and strengthening the track against lcads that would tend to
open or unfold it. Stiffeners are also welded to the track to minimize
this effect. The center support and upper support, which are not shown
on the layout because of lack of definition of surrounding hardware, are
of the pinned-truss type and have ample provisions for adjustment,

(U) Ball nut to tramslating nozzle attach point is accomplished by the
us2 of a gimbal or universal joint in place of a spherical ball joint.
The gimbal has more load carrying capability than the spherical joint,
especially in the axial direction. Control of tolerances to minimize
looseness is attained by controlling the fits on the gimbal assemblies.
Inconel 718 (AMS 5662) is also recoumended for use in the gimbal.

(U) Because an '"off-the shelf" ball nut could present a problem in locking
the threaded gimbal inner ring to the ball nut, an alternative ball nut
with the gimbal inner ring integral with the ball nut housing is also
being evaluated. This design eliminates carrying the jackscrew torque
through the lock washer if the ball nut jams on the jackscrew.

(U) The transfer gearbox and drive motor mount are design-limited by
translation envelope, motor horsepower, and stall torque. The transfer
gear pitch diameter is defined by the translaticn envelope, therefore
requiring a wide face width to meet power requirements. The mounting
bracket material is Inconel X (AMS 5598).

(U) The 3-piece ring gear ball bearing retainer also serves as the lower
mount for the jackscrew track and final travel stop for the nozzle. A
J-piece protective titanium alloy cover is also furnished for the ring

gear.
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D. MAIN BURNFR CHAMBER

1. Introduction

(U) The main burner thrust chamber design is based on the copper wafer
cooled thrust chamber demonstrated during Phase 1 (Contract AF04(611)-11401).

{(U) A study of the cooled wafér liner was conducted to provide a chambev
liner that is not radially pressure loaded in the cylindrical portion
and to reduce the bolt c¢ircle diameter of the main injector attachment
flange for reduced weight. A number of main burrer chamber liner con-
fitgurations were studied for the most advantageous configuration.

The selection of the best design will be based on the following con-
siderations: heat transfer and pressure drop, structural and mechanical
integrity, and weight,

2, Summary, Conclusions, and Recommendations

(U) Structures and heat transfer studies of cotceptusl configurations
are in process. The final selection will be made after completion of
. these studies. ‘

€) Preliminary studies indicate that either a 32wtube or 96-tube design
for providing coolant to the wafer Liners coolant zones appears .to be
“the most advantageous configuration. This is the configuration being
analyzed in complete detail.

3, Aﬁdleis

. (U) A design analysls of the Phase I (Contract AF04(611)-11401) main
" burner econled thrust chamber -configuraticn is in progiess for Lmpcuved

" “mechanical integrity and reduced weight. Figure 362 shows two schemes

in the cylindrical portion, Figure 363 shows three schemes in che throat
region, and Figure 364 shows two schemes in the diverging section.

(C) The 32-tube design shown as scheme 1 of Figure 362 provides for
. coolant distribution through tubes brazed into the copper liner with
each tube supplying three orifices. All orifices can be changed by
removing the liner and removing the plug permitting access to the orifice.
The alternative orifice design provides for orifice replacement by
unscrewing the orifice. t eliminates the plug and reduces the outside
diameter of the liner, the case and the injector mounting flange by
0.200 inch. The two orifice schemes are shown in Figure 365.

(C) The 96-tube design shown in Figure 366 is an extension of the 32-tubce
design providing coolant flow to each zone at eight points. The orifices
are accessible from the rear end after removing the regenerative skirt,
This design permits the same 0.200~inch reduction in injiector flange bolt
circle diameter. In addition, the radial thickness of the heat exchanger
is increased trom the 32-tube design.
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(U) Figure 366. 96-Tube Design ‘ FDC 25682

(U) Manifolding in the throat region may be accomplished by flowing high-
pressure coolant to an annulus at the outside of the copper threoat. From
this high-pressure aanulus the coolant is supplied to zones 13 through 18
through eight orifices per zone and throuvgh eight orifices to a plenum
area for zones 19 through 24 as shown in Figure 367.

(U) Another alternative, as shown in Figure 368, shows that zones 13
through 18 can be supplied from the passages drilled in the case and
orifices in the case with internal manifolding to eight points in each
zone. This approach is similar to Phase I (Contract AF-4(611)-11401)
except for the location of the orifices. This does reduce the radial
inward load on the chamber liner at the throat,
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(Scheme 1)

THIS PAGK CONTAINS nuum MATTER COVERED BY A MECRECY y
ORDER WITHh A MODIFYING **SECURITY REQUIREMENTS PERMIY'"
1SBUED BY U.8. COMNMIBRIONER OF PATLNTS.




-__-‘___1
~ T
Crfices for Zones
\ 19 Through 24 Plenum 8 Required
13 Through 18 48 Raquired
conneenk
(U) Figure 368. Alternative Throat Region FDC 25684

Manifolding (Scheme 2)

(U) A third alternative manifolding scheme, which is shown in Figur: 369,
involves venting most c¢f the area outside of the chamber liner at the.
throat to the pressure at the liner separation plane. This scheme could
also be manifolded internally for zones 13 through 18 as shown in Fig-
ure 369, This eliminates the high-pressure inward load on zone 13,

This scheme also involves external manifolds for the diverging section
of the liner, as shown in Figure 369, thus permitting a reduction in
copper thnickness because excess material is unnecessary for internal
passages as in Phase I (Contract AF04(611) 11401) hardware.

|m||||||||||ﬂll|||||| i
llllnluummum..m.

48 Equally
Spaced

6 Required

\lﬂﬁﬂlmnmuuumu
G Both Ends N‘\"j -

(AMS 5671) ————" guze

Alternative View

(U) Figure 269, Alternative Throdat Region FDC 25685A
Manifolding (Scheme 3)
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(C) From the heat transfer data produced by a preliwrinary analysis, all
the ahove discussed schemes are workahle with acceptable manifold losses,
either as described or with a reasonable variation ¢f the concept. Heat
exchanger thicknesses vary, however. The various approaches discuased

veprensent the following percentage of Phase I (Contract AF049611)-11401)
heat exchanger thickness:

Scheme Fhase I
(Contract AF04(611)-11401)

Thickness, %
Cylindrical Selection

32-Tube Design (main orifice) 45.5

32-Tube - Small Orifice Design 45.5
(alternative orifice)

96-Tube Design 86.5

At Exit or Diverging Cone
Phase I (Jontract AF04(611)-11401)

Liner (Baseline) 100
Internal Manifold 32-

or 96-Tube 45.5
External Manifold 32- or 96-Tube 86.5

(U) In all cases, the configurations shown are not lcaded by transpiration
coolaut supply pressure across the liner from OD to ID as in the Phase 1
(Contract AF04(611)~11401) hardware. This reduces the structural require-
ments of the liner by eliminating the coolunt differential pressure and
allows running the liner at higher average copper temperatures. Reducing
the heat exchanger thickness increases average copper liner temperature
but not the ID wall temperature. This is shown in the preliminary curves

provided as I'igures 370 through 372,

() The 96-tube chambér scheme offers advantagres in allowing the removal
of orifices without requiring disassembly of the outer case and chamber
liner. 1In addition, the 96-tube scheme provides the possibility of
additional structural support by permitting welding of the stainless
steel tubes to the stainless steel end plates.

(C) The comparison provided in Table XXXIII of the Phase I (Con-

tract AF04(611)-11401) and the discussed schemes show the design with an
externally manifolded exit cone to be the lightest in weight. This is
tvue for both the 32 and 96~tube chambers.
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(U) Figure 372, Wall Temperature DFC 68984

Variations for Exit
Section

Comparison of Phase I (Contract AFC4(611)-11401)
and Current Design Schemes

(U) Table XKXIII.

Chamber Liner Case and Case Totzl
(1b) Support (1lb) (1b) (1b)

Fhase I (Con- 350.5 129.0 542.5

tract AF04(611)-11401)
32-Tube Design 319.0 - 131.0 450.0
32-Tube Design¥ 300.5 - 128.6 429.1
96-Tube Design¥ 300.5 - 128.5 429.1
32 or 96-Tube Design* and 300.5 173.0 - 473.5

Phase I (Con-

tract AF04(611)-11401)

Type (2 piece case)
32 or 96-Tube Design* and 288.5 - 150.0 418.5

External Manifolded Exit
Cone

*Case Bolt Circle Reduced by 0.200 in. Diameter
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E. TRANSITION CASE

1. Introduction

{U) The transition case is that component of the engine that acts as the
mouniting structure for three major engine components; namely, the pre-
burner, oxidizer pump, and fuel pump. It is a preasure vessel that ducts
the fuel-rich gases from the preburner through the fuel and oxidizer pump
turbines and to the main burner injector. The transition case is
designed to split the gas flow to provide adequate gas flow into each

of the turbines; the fuel turbine requiring approximately twice the

flow needed to drive the oxidizer turbine. A design analysis was
initiated to determine the basic design approach for the transition

case, gas flow ducts, and coolant liners. The design analysis of the
transition case was substantiated by sub-scale transition case model
tests that assisted in the evaluation of the sclected design.

2. Summary, Conclusions, and Recommendations N
(U) A design concept of intersecting segmentad spheres is being proposed
for the transition case configuration. . Because a sphere is inherently

‘a4 more efficient pressure vessel than a cylinder or cone, this concept
will provide the following advantages: " : :

1. Lighter construction because a thinner shell is required to
resist pressure; the material is loaded in tension, not bendirng.

2, Easier construction because intersecting spheres provide
c¢ircular intersections, where stiffening is required,
instead of elliptical intersections for cylinders and
cones, where even more stiffening would be required,

.3, A decreased bending stress at the flanges and other bound-
ariex because of the radial load component.

(U) Five iptersecting sphere configurations were studied initially;
namely, three co-planar component designs and two canted component
designs. Hand calculations and computer programs were conducted on each
of thess designs to <atermine if they could perform under the predicted
pressures and stresses, Two of these designs; namely, one canted version
end one co-planar version were selected for further study and model
testing. In addition, a truncated spherical model was selected that
simulated construction and load conditions anticipated for the inner

duct center body.

(U) The truncated spherical model was tested under pressure until the
proportional limit of the material was reached at local areas. A

review of these data indicates good correlation between the test re-
sults and the predicted results., The predicted stresses for a compliete
sphere (Pr/2t) are less by a factor of 2 than those for a cylinder
(Pr/t). Test results verify the theoretical tensile stress relationship.
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(U) A model, which simulated the intersectiorn of the basic¢ sphare and a
sphere segment for the co-planar component design, was tested. The
results of these tests show. thut the loads required to reach the pro- i
portional limit of each model was generally higher than predicted §
bacause of the blaxial stress field. Theve were inatancea where applied :
loady were limited to lower values than predicted, becausc of bending

concentrations around the ring and shell intersoytlons resulting from

weld mismatch,

() A thrust structure model, repregenting the canted component design
was also tested. These tests indizated that the load in the shell is : i
lower than the predicted value, and tha! the rings take a greater portion
of the load than the shell because the loss was distributed along the
stiffeat path, which was the intersection of the thrust pad and the

three component rings.

(U) Studies were conducted on the ihterhal‘duvts Jf the trausition case
that showed the co-planar concépt was lighter than the canted concept,
and that the ducts shnuld be cooled

fU) It was conclufod that Eor the overall degiz=, *" | .planac transition 777 X )

case offers the bist Solutivhns ‘régarding the inrer duct design, cool!ng,
thrugt ioad handling, asgembly, and manufactaring.

3., DPesign Analysis - : ‘ ; ‘ ,  Q ‘ 5

(U) The design apprecach for the transition case, which is ch;efly a
pressure vessel, was to minimize or eliminate d1scont1nuity stresses

by endeavoring to take all the loads in membrane. Because the three

major engine components, the preburner, oxidizer pump, and fuel pump,

are mounted to a common duct, the method of intersecting these major
components defines ‘the engine package. Because the ideal pressure

vessel is a sphere, the concepi of intersecting segments of spheres

was the basis for this design instead of intersecting cylinders or cones.
At the intersections, & ring is provided to take the combined radial loads
imposed by the two intersecting spheres. The cross-sectional area of the
ring 1s sized to match the radial growth of the spheres to limit the
stress to that of membrane. Theoretically, the ring area would have to

be applied on the intersecting line only (a line area), which is impossitle.
Therefore, there is some stress discontinuity, but this cam be handled

by faring the shell into the ring. The thrust load is taken in membrane
in the center sphere by intersecting it with an inverted cone containing
the gimbal. An effort is made to make the pressure area term enclosed

by the intersection circle equal to the thrust load.

(U) The flanges are designed such that the shell (tangential membrane)
load passes through the centroid of the flange cross-sectional area.
This load path will minimize or eliminate flange twist and pry-up,
thereby ensuring better sealing and lower bolt load requirements.
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() The

| advantages:

1.

degign approach as ocutlined abuve would provide the following

Lighter structurc

a. Thinner shell to resis* pressure
Stress = Pr/t (Cylinder) '
Stross = Pr/3t (Yphere) = 1/2 offcylinder ntress

b, ‘Digcontinuity stresses minimized or eliminated

Easier construction because intersecting spheres provldo
circular intersections, where stitfening is required,
rather than elliptical intersections created by .nter-
secting cylinders and cones where even more stiffening
would bu 1equired ‘

‘»sts bandtng SLtess at flanges and cther bOHuungb,

beeause of the vadial -load ¢biiponént provideéd By the
phere membrane. This component also causes the Ilange}

T tO URTOW. ‘ o

(U) The

- Design Pressure .

More reliable and pcbdictable gtructure because. of pure

. membrane condition«.

Jdesign‘crnteria used were as fbllows'

1. 2x (Operating pressute)
(to account for overspeed

, y conditlon}
Inertia Loads - = 10g mduneuver loads + gyroscopic
o moments .
Combined Acceleration \ = 10g’s axial with 23’ 8 transverse

6. Sg s axial with 3g's transverse
3g's axial with 6g's transverse:

Cace Temperature = 60°R
Material ‘ = Inconel 718 (AM3 5663)
85% of 0.2% yield

3

Allowable Combined Stress Limit

(U) The center sphere is sized by combining pressure, inertia, and thrust
loads and limiting stress to 85% of 0.2% yield. The compunent spheres
are sized to grow at the same ratc as the center sphere under pressure.
Spheres under equal pretsure will grow at the same rate at their inter-
section in the intersection plane if stress is constant. That is,

s oeil.2
°1 7 26, 2t, 2

o g i o+

R




The componedn sphereo arve rhen checked for a combined stress found by
superimposing the axial blow off because of compononc pressures, with
the pressure stress,

(U) The two basi¢ transition case configurations that were selected
for study were the canted conffguration and the co-planar configuration.
These two configurations are shown In Figure 373, It can be secen chat
the canted componeni configuration has Lhe components entering the
transition case at an angle, and the co-planar configuration has the
components entering perpandiculaily, &li tn the same plane. Engine
- models wire made for the purpone of 9tudyinh the engine packaging
aspects of these two transitxon cage' configurations, Fipures 374 and
375 show some of the various engine models made with the canted and
co-planar trancition cases. These engine models showed that insofar
as plumbing was concerned the engine packaging envelope was {mproved;

howaver,  the improvement was not significant.  ITioa. tha',uuuy,»avnmua&ww;w~

. testing.program evolvéd that included a truncated sphere model, an:
‘intersecting sphere model, and a canted model., These three basic

‘model types are shown sahematxcmlly tn Figure 376.

(V) Comparison of the co“planar and canted verstons show that either wers
- prime candidates for selection. For example, the canted version was
attractive because of the weight savinge; specifically, 263 1b versus 286
1b for the- cc-planar as shown in Table XXXIV. The co-planar configuration
was attractive because of the ease of fabrication, and the elimination

~ of a high internal ‘duct thrust load inherent in the canted component
“design. ‘

'

r . ~ s i ™ ‘ ~~ — e -
Co-planar 15 deg Canted
(ﬁ) Figure 373. Candidate Transition Case Con~ FD 27632

figurations

N




e

asen :owummnmna
IeuB[d~0D Y3TH Apnig ‘
£9/67 ad Juswadureily 2uouodwol *GLE =andig (q)

"L n -

2se) uoiy

-1suei] pajue) yaty Apnig

[ATAY AR |

oL 3 -

Juswaduriay Jusuoduon

%1€ 2an31g (n)

373




AT g B AR R FETRT A I S A i T S 2 o IR LR RS TR A A R RGN

‘Type Test

o Pressure, no Thrust

® Thrust, no Pressure

¢ Combinad Pressure and Thrust

* Combined Preasure, Thrust
and Component Loads

Cuanted Thrust
Mode!

» Thrust Load Only

o Pressure Test of Open
Ended Sphere

(U). Figure 376, Structural Model Téét‘Program FD 24310A

(U) Table XXXIV. 250K Transition Case Weight Breakdown

' 15 degree Canted Co-Plénar

Dome Shell | o ‘ o 25 33

lnjector Ring~ ‘ y 49 | - 49

" Fuvel Pump Ring’ | 58 64

Preburner Ring ‘ 46 k 46

Oxidizer Ring ‘ 78 ‘ 78

Gimbal \ 7 o 16
Total 263 1b . 286 1b

(U) Design studies wece also conducted on the internal ducts of the
transition case, particularly with respect to the effects that the

canted and co-planar concepts would have upon the internal ducts.

Figure 377 shows a side view of the canted spherical internal duct
configuration. In this view, the hot gases are flowing down into

the main burner injector, which would be at the bottom of the figure,.
Figure 378 shows a top view of the co-planar internal duct configuracion.
In this view, the hot gases are flowing toward the main injector in

the center and perpendicularly into the figure. One of the problems
encountered with the canted internal ducts was that very large axial
loads were induced on the lower center duct towards the main burner
injector. For example, a 1l5-degree canted internal duct produced a
55,800 1b load, and a 27-degree canted internal duct produced a 95,000-1b
load. These axial loads were caused by the differences in areas between
the upper and lower portinns of the ducts; the lower portions having
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more area, and thercefore, greater pressure loads, This large axial
load was one of the disadvanrages of the canted transition case confip-
uration. leat transfcr studlies were also made rogarding cooled and
uncoalod internal ducts. Tabvle XHXV summarizes the results of zhese
stucics, which shows that the cooiod internal -ducts ara definie
Lightor than wuncooled or inculated a

i
i aucts, Therefore, zhe dinner
foubled wall iiners and having hvdrogen cooed

will be cooled by using d
pass through the passages ol the double wall.

N
ccted, and the final desiy

=4

o

{U) The co-planar confivuration was se
inttiated,

Nowas

4. dodel Testing
a. General

(1) The purpose of the model test propram was to provide a comparison

of the measured and calculated stresses and stress distributions in the
shell structure.  Three differeat type models were tested; namely, a

CUY cruncated sphoce as oshiown in Piloure 379, (2) an intersecting spherve,
2 co-planar design, as shown in Figure 380, and (3) a canted ring modcl
as shown in Figure 281, The testing of all models was completed. The

1 4

stractural tests conducted on the models is ¢hown in

stress-coat was used on all the models to locate the areas of
tensile stress., Strain gagze roscittes were then applied to

mode Ls according to the stress-coat patterns. Rosettes were located
and oriented to allow separvation of membrane and bending stressces,
Dial indicators were also used to measure the overall deflection of

the wadel.  In addition, the intersecting sphere model had cap and base

[Mancze bolts instrunented with uniaxial strain gages te calibrate and
ceasure the assombly load, and to <determine the increascd belt load

and bDending caused by combined test loading.

)

(Y Pressure tests were conducted with the truncated sphere model, and
thrust teats were conducted on the canted ring model. The intcrsecti

splhicre madel had tests with individual and combined loads of presswu:

thrust, and shear.

(i sdosphere wmodel, shown in Figuve 379, was the [irsc
Lo ted in the program.  This model was designed for o pressur

tost to evaluate the strese distribution,
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UNCLASSIFIED

(U) Table XXXV. Cooled Duct vs Uncooled Duct Weight Study

Material Temperature Design Limit Duct Weight
(°R) (psi) (1b)
IN 100 (AMS 5397) 2200 20,000 125
Cast Uninsulated LCF Unacceptable
Waspaloy (AMS 5544) 2050 25,000 130
Insulated 1% Creep
Waspaloy (AMS 5544) 1100 85,000 70
Cooled 85% 0.2% Yield
Inconel 713 (AMS 5596 1100 106,000 60
Cooled 857 0.2% Yield

(U) Figure 379. Truncated Sphere Model FD 78157

77




(U) Figure 380. Intersecting Sphere Model FE 79390

(U) Figure 381, Canted Ring Modecl FE 79193
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UNCLASSIFIED

(U) The truncated spherc model was fabricated of stainless steel (AMS 5647).
This model was essential a sphere with a hole in each end, which was
pressurized by a cylinder iuserted through the holes in order to deter-
mine the stress distribution and the deflections of this pressure vessel.
This model was also an attempt to simulate the load conditions antici-
pated for the inner duct center body as indicated in Figure 378. Stress-
coat was applied to locate the areas of maximum tensile stress under
internal hydraulie pressure as shown in Figure 382. Fourteen twa-gage
strain gage rosettes were used according to stress-coat patterns and
oriented to allow separation of membrane and bending stresses as shown

in Figure 379. Six dial indicators were located to meas.re the c¢verall
deflection of model. Internal pressure was hydraulically appliecd in
increments up to 400 psig where strain plots indicated the proeportional

limit,

(U) Figure 382. Truncated Sphere Model FE 78833
Stress=-Coat Test

(U) The test results of tne strain gage rosette arc shown in table XXXVI.
The strain gage rosette locations are shown in Figure 383. The corre-
lation of theoretical spherical membrane stresses and actual strecses

is shown in Figure 384. The major portion of the loop stress falls well
below that for a cylinder (Pr/t). If a cylinder had been used here
instead of a truncated sphere, the hoop stress would have been Pr/t,

and the meridian stress would have been zero. Therefore, the induced
blow-off load caused by the configuracion lcwers the hoop stress thereby
increasing the meridian stress. This is an advantage as can be seen in
a completely closed sphere where the hoop and meridian stresses both
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cqual Pr/2t, as shown in Figure 385, are cxactiy haif the hoop stross in a
ne test, which was limited te the propovtiona

local areas than vi

L T T
cylinder, T Timit of i

saerial, indicated higher elastic stresses
N

stress indicated by o unlaxial pull test ot v vessel wmaterial.  Treves
fore, the advantage of inducing biaxial stvess is twofold, tirst, it
St -0 .

cduces tie hoop stress, and second the yvice

4

{1 a biaxial stress {icld is higher than the

(V) Table X¥XVI. Truncat »d Sphere Stroess
(4C0 psig Internal “ressure)

Strain Gage Dircctional Stress (psi) viembrane
Rosette No. Hoop Axial toop

2,100 5300
2,000 3000 22,500 £ 400 41

3 25,000 8300
25,0

30 4700 25,000 £ 0 500 & Iaeh

5 21,700 10,100
' 0100 21,800

7300

14,500 '8

(]

g

9200

al

3600

, 400 9200 21,060 £ 400 9200 = O

L 25,300 9500
1 24,400 4600 24,900 *
' 22,900 5500
14 22,000 2500 20,450 %

wn
(o}
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7100 = 2500
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U
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Matching Deflection
Eliminates Bending

(U)f Figure 385, Wall Thickness Is Reduced FD 23200
[T Sint Spherical Presgure Vessel - o

!

Intersecbing Qpherea Madel Tests

- (U) The intersecting spaeres models, one of which is shown being tested
in Figure 386, had tests conducted with individual and combined loads
' of pressure, bhrusc, atid shear's “These loads were increased in increments

to the point wherg strain plots indicated that the proporttonal Timit
of the model had vccurred locally. The test results show that the loads

‘requirad to reach the proportional 1limit of each model wag generally
. higher than predicted because of the biaxial stress field. Limitations

in loads, because of bending concentratiocns around the ring and shell
1nrersections, resulted from weld mismatch. As a result of the test

b‘ program, the design approach of the intersecting spheres concept was

modified to decrease the weight and to increase the strength.

(V) A Pressure/Thrust/Shear Model, as shown in Figure 380, consisted of
two intersecting srtheres with a stiffening ring at the intersection.
The ring was sized to grow at the same rate as the two spheres. One
sphere was 9.00-inch in diameter with a 0.125-inch thick wall, and the
other sphere was 13.00-inch in diameter with a 0.180~inch thick wall.
An inverted cone was provided in the larger sphere to take a punch

or thrust load simulating the gimbal thruet load of the engine. A
mount shear bracket was also provided to be attached to the smalil
sphere flange. This provided & means to simulate the shear moment g
loads imposed on the transition case by the components.

(U) Prior to testing, the model was stress~-coated. A typical stress-
coat after test is shown in Figure 387, which shows the areas of highest
stress concentration under the given conditions. This, in turn, indicated

X s it i o didakiaians




where the strain gages should be applied. The test model described above
was tested as follows:

1. Pressure and thrust compined

2. Thrust

3. Pressure ’
4 Shear load cn small sphere

5. Combination of shear, thrust, and pressure

~

This order was followed to reduce the risk of rupture between tests.
(1) Pressure-and Thrust Combined Test

(U) When performing the first toest, the thrust-to-pressure ratio was kept
at 19.6>. That is, for 1 psi pressure, the thrust was 19.63 1b ('hrust =
19.65 P). This ratio results from the area of the thrust cone and srv
intersection. A =WY1.2 = ﬂ(Z.S)Z = 19.65. This ratio was maintain
until the strain gages indicated the propertional limit of the material
had been reached.

(U} The precdicted pressure and thrust was:

Pressure (psi) Thrust (lb)

Proportional limit (approximately 24,000) 975 19,200
0.27 vield 1220 24,000
Burst - 75,000 psi 3050 60,000

The predicted maximum stress point on the sheil was 1.5 to 2.0 inches
down from the center of the stiffening rirng at the thrust cone.

(2) Thrust Test

(U) The thrust in tais test was anpiied gradually until the strain gages
indicated the proportional limit had been reached. The maximum stress
points wrre expected at the cone ring and at the mount ring because oi
the houndary conditions causing bending in addition to the membrane
loads.  The predicted maximum thrust was:

Proportional limit (approximately 2&,000 psi) 24,000 1b
Buckling load 27.500

The buckling load was below the 0.27 yield value, which would be 30,000
b, It was determined by the empirical fori la

.‘_’L.; =V0.152 (A +74.9) - 2.88
£t
where 4
. b
b

= ¢ sin ¢ (angle at leoad point)
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o : ‘(O) Figure 386. Testing Intersecting Spheres FE 79366
el = Model

(U) Figure 387. Typizal Stress-Coat After Test FE 79416
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(3) Pressure Test

{U) The pressure was applied gradually until the proportional limit was
reached. The maximum stress was expected in the cone near the’ stiffening
ring. A secondary maximum stress point was expected in the spherical
shell near the cone ring and near the mount ring becauag of bending at
these boundaries. The predicted maximum pressure was: -

Proportional limit (approximately 24,000 psi) 300 psi

0.2% yield (30,000 pst) \“375-psi
Burst (75,000 psi) ‘ : - 562 psi

Calculations also indicated a high bending stress in ‘the cone near the
stlffening ring. ‘

(4) Shear load on Small Sphere Test

(U) Shear was applied gradually by means of tﬁe bracket provided until
the strain gages indicated the proportional limit had been reached.

“Care Was exercised to observe any indication of buckling on the ctompression

side of the small sphere as well as on the large sphere., The literature
does not contain much information regarding the buckling of spherical
shells, which makes analytical predictions dtfficult in this area.

The predicted maximum shear was:

Shear

. (1b)
Proportional limit (approximately 24 000 psi) . ‘S,SOQ,K:v
0 27, yield (30,000 psi) o ' : 7,250
Ultimate (75,000 psi) ‘ . 18,000

Strain gages were placed around the shells near‘the‘Stiffening ring at

 the intersection of the two spheres and around the 1arger shell at the

mount ring.
(5) Combination Shear, Thrust, and Pressure

(U) This test was conducted to check super-position of stresses calculated
for the preceding cases. The maximum predicted pressure and shear were

Presgure Ihrust Shear

(psi) (1b) (1b)

- Proportional limit 362 7,100 357
0.2% Yield 450 8,850 460

" Burst 1,130 2,210 1,145

o TR R 2 e TN 0

o AR PSR

R T

R P CIN

N

gy

ot e st




I AL A o S A e el

(6) Tekt Ra:ulta

(V) Hsnd caleul&tiunn ‘were made using actual load conditionl imponed on
the model. A comparison of the actual stresses and the calculated
utresses is ghown in Table XXXVII, The tests were stopped when

strain gage plots became nonlinear, fndicating that the proportional
limit had been reached at.soms. particular point, It should be noted

~ that the limiting stress occurred at boundary planes (shell and ring

intersections) and at weld joints. The test data and hand calculutions_
agreed very closely in regions removed from the ‘boundary planes. A

very high stress was mossured at the weld jointa, which inspection by . ' -

probe-graph showed to have a mismatch of from 50 to 100% of material
thickress. These high stresses are made up of membrane and bending .
stresses. It can be shown that mismatch at joints induces a bending
moment proportional to the membrane load and cffset, which in turn, -
fnduces an additional membrane in both hoop and meridian directions

as well as an additional moment in the hoop direction, ‘The induced
membrane stress by bending might be as~high as 3 to 4 times greater
than the bending stress that induced 1t. This induced membrane is ,
a function’ of the ‘méridian angle -and. oundary conditions as well as the

‘moment, and is a result of lataral and mevidian testraint of ‘an ‘element
"in a shell of revolution. Upon first examinafion of test: dsta, it was
‘:thought that the stiffening ring at the interseccion of the two spheres'

was 1mproper1y sized. Theoreticnlly there should have been little or

no moment at this plane.  For purposes of proving this. point, the
stiffening ring was first considered infinitely stiff and a moment was..

calculated. . The moment calculated from the test data was approximately .‘
6 times greater-' ‘Next a moment was’ calculaced using the mismatch offset

directly, which is somewhat ‘conservative. This moment compared with

. the one indicated by strain gage. It should be noted that the. predicted
-proportional limits were considerably higher on the model than those

measured by uniaxial ‘pull tests of the shell material. The ‘higher
proportional limit is caused by tne combinarion loading, which induces
material interaction. It has been shown in tests that when a bar is
subjected to combined tensile and bending loads that the proportional.
limit is increased by a minimum of 1.3 times the uniaxial value. It
was also substantiated that there is an increased allowable of 1.25
times the uniaxial data for a biaxially loaded element where the loads
have a ratio of 2 to 1 to each other. As noted above, the model tests

substantiate these facts. At the flange rings, the geometry is such

that flange twist is minimized. Shell membrane loads have been aitmed

at ring centroids to achieve‘this however, some twist did exist because
of the difference of shell and ring hoop deflection causing a bending
moment in this area. This induced moment will be counteracted in the
final design by aiming the shell membrane load off center of the

- centroid to just compensate for the moment, thereby, achieving a no

twist flange ring and lowered bolt requirement.

(U) It was concluded that the limiting loads at which the proportional
limit was reached was higher than predicted loads because of the
biaxial stress fleld and interaction allowable stress factors. These
factors will be considered in choosing an allowable stress from the
uniaxial data for the final design of the inner ducts and transition
case. Considerable effort will be exercised to limit the bending at
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boundaries so that all of the shell membrane may be worked at a higher
~ streas level. Welds mismatch control is especially important, as
~indicated by the tests, and should be held to 5% material thickness
maximum. The weld bead height is alsc important, but it appears Chut
its influence in these tests was minnr and may be held to weld
specifications dimensions.

(U) Weid mismatch appeéfs'to hnve‘overﬁhadowed,all other stresses
because it imposes such high bending stresses, which in turn, induce
additional membrane stresses in both the hoop and meridian directions.

(U) ‘Additional design studies showed that the canted ring transition case ‘ e
design was potentially the lightest design because the thrust load may Co 3 I
be taken as shear between rings and shell allowing a thinner shell and . ‘ %
‘potentially lighter rings. In the co-planar deaigu the rings are
directly proportional to the shell thickness, which is not the case

‘in the canted design. However, it was concluded that for the overall
design, the co-~planar transition case offers the begt solutions regard -
ing the inner duct design, cooling, thrust load handling, aasembly, !

and manufacturing. ‘ : : , Ch

S

== S Cint -‘4

d, Canted Rihg Mbdel Tests

(U) The canced ring (thrust) model ‘shown “in Figure 381 was designed ‘
in an effort to make the transition case more compact and to improve. o o
the engine packaging envelope. The stiffener rings were placed in.a R
plane 120 degrees apart to simulate component spncing and the canting
forward of 27 degrees. The thrust load was designed to be transferred
by shearing into the stiffening rings through a sheet metel shell.

The fabtication material was stainless steel.‘ :

(U) Stress-coat was used to locaCe the areas of maximum tensile stress
under the thrust load. The high stress areas, as shown in Figure 388,
occur as designed near the stiffness rings. Fifty one two-gage and nine
three-gage rosetteés were applied to the model as shown in Figure 389, The
location of the strain gages are shown in Figures 390 and 391. 4ll ro-
settes were located and oriented to allow separation of a membrane and the
bending stresses. The thrust loads were applied in increments up to
40,000 1b where strain plots indicated the proportional limits.

B S kS e i i S e
R e T

(U) The test results are shown in Figures 392 through 397. Comparing
the actual hoop and meridian stresses with the theoretical (shell only) ;
stresses, Figure 392 shows that the load in the shell is lower than that i
predicted by theory. This indicates that the rings take a greater F
portion of the load than the shell, and that the load did not act in

‘a pure shell fashion. A plot of the meridian stresses arcund the cir-
cumference of the shell at the base (hoop divection), which is shown in
Figure 393, indicates a load concentration peaking at the ring center
lines. At the thrust ring at the top of the model, the stress concen-
trations are high at the ring center lines indicating that 2 great portion
of the thrust load goes into the stiffening rings and is taken as shear

in the shell. 1If the load had been taken out in shell fashion, the

stress at the gimbal ring would have been uniform.
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(U) Figure 388. High Stress Areas on Canted FD 25766
o ‘Ring Model

(U) Figure 389, Canted Ring Model Strain FE 80259
Gage Installations

389




(U) Figure 390.

(U) Figure 391.

Strain Gage Locations

Strain Gage Locations
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Odd Numbers Qutside
Even Numbers Inside
Consecutive Odd-even
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CONFIDENTIAL

F. FUEL TURBOPUMP

1. Introduction

(C) The demonutrator engine requires that the fuel turbopump deliver
liquid hydrogen at a flow rate of 99.3 Ib/sec at a pressure of 5654 psia
at its desigs point (mixture ratio of 5). The two-stage turbine must
deliver approximately 49,872 horsepower to the pump and must operate at
a minimum inlet temperature of 1986°R and at a maximum inlet temperature
of 2292°R at 100% thrust. In addition, the fuel pump must demonstrate
satisfactory starting capabilitv zod stable operation over the engine
operating range of 20 to 100% thrust and mixture ratio of 5 to 7. The
turbopump to be tested will be a lightweighr compact arrangement with

a design weight goal of 355 1b, and with a sufficient safety factor

to assure confident operativon without undue design refinement or test
failures. Life will be based on a 10-hour time between overhaul,

100 reuses, 300 starivs, and 600 seconds maximum run duvation.

2. Design Concept

() The preliminary design configuration for the fuel turbopump is shown

in Figure 398. This conceptual design incorgorates the following features:

1. integral high-speed axial-flow inducer

2. ‘'Iwo-stage pump with centrifugal impellers, axial entry
and double discharge

3. Double acting hydrostatic thrust balance piston

4. Full-admission, axial-flow, two-stage, pressure-compounded
turbine with c¢ooled disks and unconled aivfoils

5. Two antifriction roller bearings.

{U) The design criteria for the fuel turbupump was the same as useC for
the design of the 350K Breadboard Liquid Hydrogen Pump that was tested
successfully on Contract NAS8~11427. The initial design effort has been
to evolve & conceptual rotor design that would satisfy critical speed and
burst margin requirements, and be compatible with the engine envelope and
hydraulic requirements. The conceptual rotor assembly has been designed
and preliminary analysis indicates that, with the compact arrangement
illustrated in Figure 398, design requirements will be met. Addjtional
refinements to be incorporated during the final detail design should
reduce the envelope and improve the fabrication of this tuirbopump.

(C) The fuel turbopump bearings used in the conuzeptual pump design are

55 x 96.5 x 2. mm vroller bearings. Phase I (Contract AF04(611)-11401)
studies 1odicated that & roller bearing would savisfy the 10-hour design
life requirement at the estimated radial loading of 1700 ib and DN value
of 2.64 x 108, Preliminary bearing tests indicated that excessive roller
end wear was a potential proolem. Bearing tests have been zonducted
during this report period and several bearings have demonstrated a life
in excess of 12.6 hours and with negligible roller end wear. These tests

are discussed in detail in Section IV.
197
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(UY A compact fuc! pump arrangement is required to satisfy critical speed,
engine envelope, and weight consideratiens, The i{nterstage disphragm
between the two impellers 18 a deflection limited ares and the use of \
Inconel 718 (AMS 56635 with ics high strength and modulus of elasticity
allows a narrow spacing in this arca. The use of this material for the
main housing also allows the interstage plumbing between the two impellers
to be welded as an integral part of the housings. This eliminates four
flanges and the associuwted bolts, sweals, and potential leak paths.

(U) A turbine disk and blade root cooling arrangement being considered
for the fuel punp is fundamentally different thaa thar utilized in the
350K fuel turbopump design., The 350K scheme used front and rear side
plates on both disks to subject the disks and blade roots to a "cold"
hydrogen enviroament. 7o sccomplish this, it was necessary to pressurvize
the turbine inlet buliet cavity with coolant, Becsuse the coolant was at
a relatively high density, considerable ccolant leakage into the main gas
path (ahead of the lst-stage blade) was unavoidable and an undesirable
forward thrust on the rctor was inherent. This radial leakage of cold
hydrogen into the primary fiow path also results in a turbine aerodynamic
performance penalty.

(U) The proposed turbine cooling schewe, shown {n Figure 399, avoids

these problems by subjecting the disks and blade roots to a lower pressure
(and bigher temparatuce) coolant, The radial inflow at the blade root
also reduces the aszrodynamic performance penalty caused by radial outflow
of cooling gas, The coolant is a mixture of main flowpath gas and 2nd-
stage pump discharge fuel. This arraungement reduces thz penalty tco the
cycle and iwmproves mechanical design of the turbine. A predetermined
amount of flowpath gas is allowed tc bleed intc the seal chamber (seal
location A) ahead of the lst-stage blade where it is cooled, by the
meteved additicn of fuel, to a temperature that is desirahle for disk

and blade attachment covolant, This coolant mixture then flows through

the Jabyrinth seal inside the lst-stage blade platform cto surround the
disk and blada roots. Natural circulation of this coolant around both
stages c¢an be achieved with a proper balance between cuolant flow and seal
clearances at the various jocatiens., The goal of this design is tov main-
tair. adequate ccolant pressures at all locations along the flowpath inner
wall to ensure outward flow of roolaat and praclude inflow of hot flowpath
gas. The seals shown .at longtion ¥ arc not an essential part of the coolang
scheme hut were introduced to benefit rotur thrust balance by lowering the
pressure inside the bullet., With thése swvals, the bullet vressure may be
vented to a lowexr pressure area, reducing the goac load acting forward on
the lst-stage turbinge disk, o ‘

(U) Detail design work has begun to deiine the high-.speed inducer, lst-
stage impeller, 2nd-stage impeller, thrust piston set, ist- and 2nd-stage
turbine blades, lst-stage turbine vanes, snd the main fuel pump housing.
Based on the prelimicary parts designs. vendor guotes will be requested

to determine tha _arts requiving the longest fabricatioa lead time.
Febricacior information associated with thz preliminary designs will also
be requasied to provide the designers with anticipated fabrication problems
that will be evaluated hefore any design 1is finaiized. BRased on the fabh-
rication lead time for each of the parus, design and detailing effort will
be planned to assure that the long lead time parts ave availecble for testing
in sccordance with the development scheduie.
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(U) Figure 399. Preliminary XLR129-P-1 Fuel FDC 25674
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G. OXIDIZER TURROPUMP
1. Introduction

o) The demenstratnr engine vequires that the oxidizer turbopump deliver
liquid oxygen at a maximum rlow rate oi 548 lb/sec with a prassure rise

of 4603 psid at its design point {(mixture ratio of 7) and a maximum pres-
sure rise of H785 psid at a mixture ratie of 3. This pressure rise is
reduced to 5737 psid at & mixiure ratic of 5 py recirculation of approxi-
mately 207 of the oxidizer {low ptack to th2 pump iriet. The turbine must
operate at a minimum inlet temperature of 1986°R and a maximum inlet tem-
perature of 2292°R at 100% thrust, Preliminavy analysis indicates that

the turbopump mnst be capable of operating a. a maximum speed of 25,925 rpm.
In addition, the turbopump must demunstrate sastisfactery starting and stable
operation over the engine operating range of 20 to 100% thrust and mixture
ratio of 5 to 7. The turbopump to he tested will be lightweight and com-
pact with a design goal of 280 1lb with a safety factor sufficiently high

to assume confident operation without undue design refinement or testinyg
failurcs. Life will be based on a 10-hour time between overhaul and

100 reuses (300 starts).

2. Design Concept

(U) A design configuretion for the oxidizer turbopump, based cn preliminary
design studies, is shown in Figure 400. This design inccrporates tie
following features:

1. Irtegral high-speed, axial-flow inducer

2. Single~scage shrouded impelier with axial entry and double
discharge

3. Single-acting hydrostatic thrust balance piston

4, VFull-admission, axial-flow, two-staga, pressure-compounded
turbine with cooled disks and uncooled airfoils

5. Two antifriction ball bearings.
(U) Iritial effort has been directed to define hardware with expected
long procurement time. Delivery of the antif-iction ball bearings is

expected to be approximately 40 weeks. Therefore, studies to define the
bearings are being performed at the earliest date.
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(C) Table MXXVIII lists the calculated front and rear bearing loads for

the liquid oxygen turbopump preliminary design. Three sets of vehicle

load conditions are shown. Estimated hydraulic leading, as well as loading
caused by vehicle maneuvers, gyroloading caused by engine gimbal motion,

and loading caused by dynamic unbalance are included. An unbalance of

0.01 oz-in. was assumed. This value of unbalance is higher than the

0.005 oz-in. experienced with the 350K liquid oxygen pump on Con-

tract NAS8-20549, but was used to provide for unknowns that may bde reduced
when experience is accumulated on this turbopump. The loads are taken in
planes perpendicular and parallel to the vehicle axis. The vehicle loading,
mancuver loading, and gyroloading were summed vectorially. The hydrauli
loading and dynamic unbalance loading were then added to this vector to
provide the maximum radial loading of the bearings. This vector summation
for the case resulting in the greatest radial load is shown in Figure 40i.
The maximum resultant radial load for the three cases studied was 1433 1b
on the front bearing. This lcad is quite severe and can be obtained only
when all loads are considered to be present at the same time and in an
additive direction. :

(C) The selection of a ball bearing is based on a requirement for 106 hours
life at 26,000 rpm with the maximum resultant radial lead applied. Expe-
rience has shown that load capacity curves may be generated by the standard
AFBMA method for oil lubricated bearings, if the life predictiocns are
divided by 2 for bearings operating in liquid oxygen. Therefore 20-hour
life curves for varying radial and axial loads were generated to predict
10-hour life capability in liquid oxygen.

(U) The maximum load capacity was sacrificed in all bearing designs analyzod
$0 as to minimize heat generation and provide necessary skid margin. These
two items are considered of primary importance in liquid oxygen applica-
tions and cryogenics in gencral. The load capacity of the bearings is
further reduced by removing some elements to provide for standard cryogenic
cage design and larger than standard ball pocket clearance. Thesc modi-
fications are considered to be necessary to allow for thermals and ball
excursion.

(C) The bearings analyzed were of a split inner race, angular contact type
of the same general design as used in other PWA-FRDC cryogenic turhopumps.
Life curves for various candidate bearings are prescnted in Figurce 401.
Bearing A does not provide the desired life with 1433 1b radial load. It
is desirable to maintain the thrust load the samc as or higher than the
radial locad to ensure full rolling of the elements with no skidding.
Therefore hearing B of Figure 402 would not provide sufficient life at

the required radial and axial loads. Bearing C represents the maximum
possiblc ball diameter for a 55 x 110 mm bezilnyg witiiout compromising

the strength of the races.




(C)(U) Table XXXVIXL,

CONHDENTIAL

Bearing Load Summary

-

Frent Bearing

Rear Bearing

Relation to Vehicle Axis
Vehiclm‘huadingl
Venicele Luadingz

Vehicle Loading?
Cimbaling Loads®

Vehicle Pitch GyroloadsS
Vehicle Roll Gyroloads®
Total Vehicle Loadsl
Resultanc!
Total Vehicle Loads?
Resultant?

Total Vehicle Loads’
Resultant3
Hydraulic Loading7
Unbalance Loading8

Total Loads (1b)

L T N P R R

“Pitch 10 deg/szc
Roll 15 deg/sec
2% AP Static
0.01 oz-in,

xR ~N O

Acceleration 30 rad/sec

80Q
120
240
191
55

326

366

486

400
260
120
64
83
547
637
407
547
267
555
785
il

1433L 1343213513

10 g Axial and 2 g Transverse
6.5 g Axial and 3 g Transverse

3 g Axial and 6 g Transverse

2

, Velocity 30 deg/sec

39
64
108
177
55
271
330
295
367
340
373
1523
it
5541 5312

H3
280

5373
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(U) Bearings D and E of Figure 402 show increased life but are excessively
large and cause severe comproise to the pump envelope requirements. Theseo
bearings also show an ind¢res&se in the minimum thrust load to prevent
skidding. Increasing the bearing inmmer d{zmcter results in increased
predicred life., However, a bearing of & mm ID increased the DN value

above the liquid oxygen experience level and requires higher thrust loads
to prevent skidding. Using the life predictions a bearing will be selected
for complete system analysis. The system analysis will determine contact
angle, curvature, pocket clearance and internal cleasrance. In analyzing
the system, loads speed, deflection, preload, prelvad spring rate, and
bearing geometry are mathematically analyzed as a combined system. The
results of the analysis provide informatiou on position and velocity of
cach element in the bearing.

(0) Becausc the radial loads are higher than usually used in ball bearing
selection a duplexing of ball bearings would theoretically increase the
radial load capacity. In practice, however, it is difficult to assure that
both units are carrying load. The requirement for ocutside diameter

sliding clearances plus misalignment on the shaft and manufacturing tol-
erances could cause one bearing to accept greater load. thereby causing

the life characteristics to approach those of a single ball bearing.

This technique may be considered, however, based on the results of the
system analysis.

(C) The liquid hydrogen cooled rear bearing and liquid oxygen cooled

front bearing are separated by a low leakage seal package. Because the
seal leakage is vented vverboard, this leakage must be minimized, in a
high performance engine. The factors governing the leakage rate are seal
differential pressure and seal clearance. Because of the excessive seaal
velocity (approximately 400 ft/sec) a rubbing seal of zerc clearance is
prohibitive with respect to life requirements. Experienceg indicates that
wedr rates on rubbing seals at velocities less than 400 ft/sec are a
number of magnitudes higher than would be acceptable for a 10-hour life
seal, To provide the minimum seal clearance, a limited wear, close
clearance seal is being considered as shown in Figure 403. This seal is
preloaded with a wave washer to provide contact with the rub face. During
the first few seconds of operation approximately 0.002 inch of seal face
is removed until the recessed portion of the seal contacts a stop. This
provides the minimum noncontact gap for leakage. This gap is maintained
by mounting the seal package stationary parts in an extens on of the rear
bearing carrier which follows shaft movement as the axial shaft loads vary.

(U) The differential pressuve across the seal is minimized by venting

the high pressure fuel and oxidizer cavities to the respective fuel and
oxidizer turbopump inlets. This provides the lowest reference pressure
in the engine and returns the greater portion of the bearing coolant flow
to the engine.
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Return o Oxidiser 1aurt Cas
Pump Iulet EmTply
A/'ﬁ.l /7~ Bearing
/ Oxidiser Overbonrd / S&ntov‘
e Ovv:::rd Vent peturn to
Fuel Pump Inlet
- Thruat
Liftoff Seu) rD\ Spring
.m rel ) }.hl ot J
)| .

Misimum Clesrance Seals ~/ l I
Minimum Clesrance Ses! Stops -~/ Bearing Load Line =/

(U) Figure 403. Oxidizer Pump Seal Package FD 25625

(U) An inert gas block of higher pressure is provided between the oxidizer
and fuel overboard vent cavities. The labyrinth seal on each side of the
inert gas block maintains the higher block pressure and reduces gas cousump-

tion.

(U) A pressure actuated liftoff seal is provided in the liquid oxygen
section upstream of the minimum clearance seal to further minimize leakage

overboard Curing perlods when the shaft is not rotating., This seal is
actuated immediately prior to pump rotation to eliminate rubbing contact.
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H. FUEL LOW-SPEED INDUCER
1. Introduction

(C) The demonstrator engine rogquives thet the fuel low-speed inducer
deliver hydrogen to the inlec of the fuel turtopump at conditions that
ave not detrimental ta opevation of the fuel turbopump, The inducer must
be cupa&ble uf operating at a minimum NPSH of 60 ft over a hydrogen iniet
tempevature range from 1l atmosphere bolling tempervature to 45°R,  The
inducer will be designed with a suction specific speed of 45,800 and a
maximum pressure rise of 109 psid. The low-speed inducer will be light-
weight and compact with a design goal of 90 1b and be capable of stable
operation over the engine operating range, It will heve a safety factor
sufficiently high to assure confident operation without undue design
refinement or testing failure. Life will be based on a 10-hour time
between overhaul and 100 reuses (300 starts).

2. Design Concept

(U) A preliminary conceptual design of the fuel low-speed inducer has
been completed, but detailed analysis of the components has not yet begun,
The fuel low-speed inducer fabrication and testing is scheduled after the
main fueil turbopump test program and the design effort has been primarily
in that area to date. The preliminary design of the fuel low-speed
inducer is shown in Figure 404, This conceptual design incorporates the
following features:

1. Helical axial flow inducer

2. Single acting, hydrostatic thrust “alance piston

3. Two-stage, axial-flow, partial-admission impulse turbine
4, Two antifriction ball bearings.

(C) In this design, the fuel inducer operates at a speed of approximately
19,800 rpm. The inducer will be a helical design, as axial flow is
required by the high suction specific speed. It is a three-bladed 12.400-
inch diameter aluminum (AMS 4130) inducer, designed assuming 80% of
inducer pressure rise occurs across the first complete blade. Aluminum
(AMS 4130) has a weight advantage over iInconel 718 (AMS 5663) or other
materials for this inducer, because only the lst-stage blade is highly
stressed. This may be improved by decreasing blade thickness uniformly

as it progresses along the shaft axis. The inducer discharge and turbine

housing collects the flow uniformly and maintains a constant flow velocity.

The high pressure in the turbine area favors the use of titanium with its
high strength-to-weight ratio. The low expansion coefficient is also
compatible with the bearing material.
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(U Incorporation of 2 single acting thrust bolance piston was required
because analysis o) the preliminary ruel inducer roror indicated that the
range of the unbalanced pressure loads was ‘0o high to be carvied by a
thrust bearing. This was caused by the ncwer takeoff requirements, thruct
and mixture ratio variaticns. The direction and magnitude of the thrust
loads wes varied by changing the turbine labyrinth seal diameter to
arrive at the best conceptual design. Frur thrust balaace schemes (Fig-
ures 495 through 408) were coasidered. All thrust piston areas were
sized for a maximun differential pressura equal to 807 of the availsble
pressure deap.  The minimum pistrn axial clearance wae set at 0,001 ueh
for the liquid piston design supplied from fuel pump discharge. This

wag increased to 0.002 inch for the turbine gas piston dasigrn because of
the difficulty in coutrolling deflection of the turbine aisk. The extra
flow required to drive the nlucer in the power takeoff mode is bypassed
around the turbine during normal cycle operation.

(1) Tn scheme A the smallest cycle penalty was achievid by venting the
piston discharge pressure to fuel pump interstage; howaver, the turbine
seal leakage was prolibitive. ‘

(U) Schemes B and C used turbine inlet gas to supply the piston; however,
the total flow for the piston and labyrinth seal excreded the amount avail-
able for power takeoff. These schemes would also require additional con-
trols to maintain correct inducer speed and flow to the main chamber due

tc the varying flow to the piston as thrust fluctuates.

(U) In scheme D, the turbine seal diameter was minimized to reduce the
leakage bypass flow to an acceptable value. A detailed comparison with
scheme B was then made as to piston supply flow and stabi..ty of the gas
vs quasi-liquid scheme. Scheme D was found to be more stable in the low
thrust range.

(U) Figure 404 is a refinement of scheme D, which had no prohibitive dis-
advantage, and impused the least cycle penalty. The suction performance

of the main fuel turbopump is very sensitive to warm gas introdi ed ahead

of the high-speed inducer. A vent in front of the forward bearing re-
circulates most of the bearing coolant to the fuel high-speed inducer
discharge where pump operation is least affected. Because cof the pr .. iminary
nature of the turbine design and ensuing cycle revisions, nc attempt was

made to provide thrust wargin in the piston ac this time, although suf-
ficent envelope is available to providc this margin with a minimum of

effort by increasing the piston diametr~.

(U) Power to drive the inducer will bhe p»ovided by & two-stage partial
admission axial flow impulse turbine. Th: two-stage turbine is similar

to a provan RL10 design using a brazable .luminum (AMS 4127). The turblne
is designed with excess power to provide powoer takecff capability. The
power takeoff provision is by means of an nternal spline coupliing licated
on the turbine end of the fuel inducer. Thr feasibility of using bevel
gears and driving the fuel low-speed inducer with the fuel pump turbine
was investigated. This was considered imprac: ‘cal due to the largas pitch
line velocity required (37,700 Et/nin) and pre.. . requirements [r

flow meter between the inducer and main pump.
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\U) Figure 405. Preliminary Fucl lLow-Spaed ¥D 25675
Inducer Liquid Thirust Piston’ >
(Schama  A)

Thrust Piston
Supply From
Turbine inlet -

Piston

(U) Figure 406. Preiiminary ue! Low-Speed FD 25676
Inducer s;as Thrust Piston
(Scheme B)
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— — (",‘._.
L Thrust Piston

@ Thrust Piston Flow
®  Labyrinth Sea' Flow
@ Turbine Flow

(U) Figure 407. Preliminary Fuel Low-Speed
Indiicer Gas Thrust Piston
(Szheme C)

Thrust Piston
Supply From Fuel

To Fuel Fump Pump Discharge

Ioterstage

Turbine Seal—)

(U) Figure 308, ¥reliminar/s Fuel Low-Speed FD 25678
Inducer Licuid Thrust Piston
(Schame D)
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(U) Because of the power takeoff feature provided ca this shaft, an over-
board leakage results, This may be held tc a winimum by means ot & guided
ring seal on the turbine end of the shaft. This seal desian has been pre-
viously evaluated experimentally and based on these results ic is calcu-
lated that the overboard leakage cculd be maintaired at approximately

0.15 1b/sec with this arrangement,

(U) A jiftoff seal is incerporated to prevent liquid hydrogen from flowing
into the turbine during the intervals between eungine opzration, 7The lift-
off seal pachiage 1s common to the main fuel and oxidizer pumps.

(U) The votor assembly of the fuel inducer is supported on 55 » 90 mm ball
bearis \s, Becsuse a thrust balance piston was necessary, the bear.ng axial
load was held to only the spring force. Operational experience was accumu-
lated on these bearings during testing of the 350K oxidizer and {uel punps.
During the final design cf this component, the same bearings that are
qualified for the liquid oxygen turbopump may bhe incorporated to provide
commenality.
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I, OXIDIZER LOW.-SPEED INDUCER
1. Intredaction

(€) The demonstrator engine requires thet the oxidizer low-speed ivducer
deliver oxygen to the inlet of the oxidizer turbopump at conditions that
are not devrimental to operation of the oxidizer turbopumps., The inducer
must be capable of operating at a wminimum NPSH of 16 {t over an oxygen
inlet temperature range frowm i atmosphera boiling temperatuvre te 180°R,
The inducer will be designed with a suction specific speced of 46,000 and
a maximum pressure rise of 253 psid. The low-speed inducer will be
lightweight and compact with a design goal of 125 1b and be cgpable of
stable operativh over the engine operating ravge. The low-speed inducer
will have a safety facter sufficienviy high to a2ssure confideni operation
without undue desipn vefinement or testing failure. Life will be based
on a 10-hour time be tween overhau! ana 100 reuses (300 staves),

2. Design Concept

(C) A pretininary design of the oxidizer low-speed inducer is shown in
Figure 409, v othis desipgn, the oxidizer inducer operates at a speed of
516 rpm,  The shaft assembly is located radially by ball begarings that
are preloaded axially on the onter races to prevent ball skidding., The
fnducer bearings will operate weil below the limiting bearing DN levels.,
The DN value for this preliminary design is 0.2 x 106 mm-rpn.

{C) The inducer, having a very high suction specific speed requirement
of 40,000 supgests an axial flow as opposed to centrifugal or mixed Fflow.
A complete hydraulic anaiysis of the inducer has not yet been performed
but it is anticipaced that a helical axial flow inducer wiil be incor-
rorated.

(U) A thrust balance piston is required. The radial inflow turbine uoing
a partial reaction device with a large rotor differential pressure as
compared to othoer dosigns considered provides the least unbalance. The
required thrust balance piston flow rate is cstimated at 8.0 lb/sec.

(C) Power to drive the oxidizer inducer will he provided by a variable
admission hydresulic turbine using liquid oxygen in the main chambor
oxidizer line. The preliminary drive turbine selectea ic =2 singlc-stage,
radial inflcow design. Bccause the working fluid is a liquid, the pres-
sure drop through a fixed area turbine wceuld vary as a {unction of the
fiow rate squared. Therefore, a fixed-area turbine sized at minimum
thrust (20% of rated thrust) will require excessive pressure doop at
max imum thrner, Similarlyv, a turbine sized atr maximum thrust will have
such a small pressure drop at the minimum flow condit.on that it cannot
provide e¢nough power to drive the inducer, A variable-area turbine is
an ideal approacli ¢o provide variable pressure drop to meet the power
requirements of the inducer over the encire operating range of engine.
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() Variable inict gurde vanes applicd to the radial inflow turbine pro-
vides maxinum controllability and leakage is minimized because it is a
full admission device and because the vanes operate between two parallel
surfaces. This configuration is shown in Figure 409, A partial admission
rotating sloeve or varviable bypass arca arce also candidates for control of
turbine power, The rvotating sleeve confipguration requires dividing the
radial inflow arca into sections that can be partially closed or opened

to control power, A variable hypass may be feasible if turbine efficiency
is high over the operating range. These schewes will be evaluated during
the final detail design,

(U) Mechanically, the pump designed consists basically of aluminum

{(AMS 4130) housings, inducer, and turbine rotor with an inconel 718

(AMS 5663) shaft, thrust balance piston, and housing, and control mech-
anism. The inducer can be made of KOL-T6 aluminum with just under the
25% maximum allowable bleckage. The potential of rubbing similar mate-
rials (i.e., aluminum on aluminum) should be minimal because with the
svaked pump there will be no thermal transient and because the rotational
growth will be so small, This will represent a /3 to 1/2 inducer weight
savings as compared to an inconel 718 {(AMS 5653) inducer because much of
the inducer is machining limited. Alumiaum (AMS 4150) housings represent
minimum weight but in the hardwarce desiuan Inconel 718 (AMS 5663) will be
considered. A preliminary analysis was made on thc rear coverplate using
the splierical design approvach of the transition cises. Using Inconel 718
(AMS 5663), it appecared therc would be a slight weight advantage but this
will require considerable analysis. The inducer discharge horn ana the
turbine inlet horn are located to facilitate plumbing and to wminimize
pump length,

(1) An aluminum (AMS 4130) turbine rotor was chosen for weight considera-
tions because the stress level due to rotation and pressure will be small.
The Inconel 718 (AMS 5663) sbhaft is stress limited and the Incenel 718
(AMS 5663 thrust balance piston and housing are deflection limited.

(U) The contrul mechanism and supports are steel. The front support plate
is subjected to turkine stator AP and acts as the rear bearing support
isolating the aluminum thermal deflection from the bearing. The rear
control support plate acts to maintain the impeller running clearance by
isolating the rear coverplate pressure deflections from the impeller.
Making this plate of Inconel 718 (AMS 5663) gives a dissimilar rub mate-
rial to the aluminum (AMS 4130) impeiler.

4177418
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1. Introduction

(U) The XLRLZ9+P-1 high pr@:surw rockur gngine uses a utagﬁd condustion
eycle in which most of the fuel ts brrned with a portiea of rlie oxygen
in a pveburner tu provide turbopump power hefore combustion with the re-
majinder of the oxygen id the main >ugner chambers A propellant {low
schematic illustrating the principal flow paths and functional compunent
arrangement of this engine is shown in Figure 419,

(1) Hydrogen enters st the englne-dwiven fuel low-spred inducer where
sutficient prqsﬁuwe vrisg is prodyced to %at'ﬁ‘v the main fuel puwmp NPSH
requirements, The low-speed inducer is used to wminimize vehicle NPSH
(i.e,, tank pre ssure) re qutrcmeqf~ Tand al]ow high-speed main propellant
pump operation at high tvronpumm 0£f1c\ongy, “Mydrogen is pumped to the
system opevating pressuré by the main fuel pd4mp. - The priascipal hydrogen
flow path frem the pump ie cthrough the preburrer supply b:iat exchanger,
and then into the preburner chamber through tke preburrer injector. The
remainder of the nvdrogen ilows‘tn‘mugh the transpiration supply heat
exchanger and (hen thrcugh low-ppeed fuel faducer drive tuvbine priov to
being pascscd into the maln chawber as transpiration coolant. A small
amount of bydrogen is bled off at the main fuel pump inrerstage to pro-
vide coolant for the two-position nozzle. This couolant flows to the
nozzle through a regulating orifice and a shuveofi valve that is provided
to stop the flow when the two-pogition rmozale is in the retracted position.

(U) Oxygen enters at the oxidizer low-speed inducer where enough pressure
rise is produced to satisfy the muin oxidizer pump NPSH requircments,

The oxygen is then pumped to system operating pressure levels by the main
oxidizer pump. Pump discharge fiow is split betweer the preburnev and

the main combustion chamber. The principal oxidizer flow passes chrough
and becomes the working fluid for che oxidizer low-speed inducer turbine
before being injected into the main buvier chamber, The remainder, a
smaller scheduled portion of the oxygen, is ducted to the preburncr where
it is burned with the hydrogen. The resulting combustion products spiit
through parallel duct: passing through the two main pump turhines,

arranged in parallel. Th» encrgy required to drive the main pumps is
extracted from these combuition products, which then exhaust from the
turbines and wmix in 2 common passage of the transition case. These gases
then pass through the main buraer injector and into the main burner chamber
where they mix and burn with the principal oxidizer flow. These combustion
gascs are then expanded through the bell nozzle to provide thrust.
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CORHDENTIAL

(U) Analysis of the XLR129-P-1 rocket engine cycle has establisbed thag
the following five contirol points ave required for satisfactory steady-
stafte operation:

1. Preburner fuel valve

Z. Oxidizer pressure iimic valve

3. TFtreburner oxidizer valve

4, Main chamber oxidizer valve

5. Oxidizer low-speed inducer control.

{(U) It is recommendzd that valve designs for these locations be comploted
for incorporation int» the demonstrator engine.

a. Preburner Fuel Valve
(1) Introduction

(U) The preburner fuel valve is located downstream of the fuel pump in
the line to the preburper supply heat exchanger, The function of this
valve is to regulate the hydrogen flow to the preburner, and split off
transpiration coolant flow for the main chamber. Because this control
regulates hydrogen flow, it has a major influence on pump discharge
pressure. chamber mixture ratio, and available turbine power. It has
only a minor influence on thrust, because fuel flow is a small part of
total propellant weight flow. Because the fuel valve influences pump
discharge pressure, it affects low-speed inducer drive power (i.e., wmain
fuel pump NPSH) as well as tramspiration coo.ing flow. Further, the fuel
valve provides pressure loss to aid fuel system stability and provides
the main fuel flow shutoff function.

{2) Conclusions and Recommendations

(U) The valve selection study cempleted foc this control point require-
ment resulted in selection vf a butterfly type valve for this application.
Completion of the selected valve design, parts procurement and testing
are recommended for the next period.

b. Oxidizer Pressure Limit Valve

(1) Introduction

() The oxidizer pressure limit valve limits pump discharee pressure to
6000 psia. When excess oxidizer pump drive horsepower is available (at
high thrust and low mixture ratio cond’tions), the valve opens and regu-

lates oxidizer pump recirculation flow to absorb the excess power and thus
limit pump discharge pressure.
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{2) Conclusions and Recommendations

(U) A vecirculation valve for the oxidizer turboepump will be required to
Pimit the oxidizer turbopomp discharge pressure, Completion of a design
gselection study and a wvalve design for the demonstrator engine are rec-
ommended,

. Preburner Oxidizer Valve
(1) Introduction

(G} The preburner oxidizer valve regulates the flow split to the primary
and secondary owidizer elements of rhe preburner injector during engine
operation, The resultanc variation in primary and secondary {low split
controls the velocity of the oxidizer encering the preburner and cnsures
stable and efficient preburnar combustion, This valve has a major influ-
enee on available main turbine power and engine thrust, but only a miner
influence on overall engine mixture ratio.

{U) The preburner oxidizer valve also shuts off the oxidizer flow to the
preburner wher the engine is not operating.

{s) Cunclusions and Recommendations

(U) A translating sleeve valve with rig tested lip type shaft seals,
pressure balanced beryllium cooper piston rings bearing on a precision

chrome~coated housing, and a face type TFE Teflon shutoff seal is being
designed for the demonstrator engine.

(U) It is recommended that the valve design be completed and parts be
procured for demonstrator engine testing.

d. Main Chamber Oxidizer Valve
(1) Introduction

(U) The main chamber oxidizer valve is located in the oxidizer supply
line to th¢ main chamber. Because this control regulates the main burner
flow, which is a major portion of the total propellant flow, it has a
strong influence on both engine mixture ratio and thrust. The main
chamber oxidizer valve was designed and fabtricated during Phase 1 (Con-
tract AF04(611)~11401).

(U) The valve is a butterfly type and incorporates a shutoff seal for

the oxidizer flow to the main burner injector. To accommodate this shut-
OfI reature, a canted shalt with integral disk was selecled s0 tnat an
uninterrupted disk sealing surface would be provided.

(2) Conclusions and Recommendat ions
(U) Shaft lip scal and shutoff scal develcepment resulted in satisfactory

designs. The designs are recommended for incorporation in the demonstrator
engine design.
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e. Oxidizer Low=-Speed Inducer Control
{1) lnrroduction

(U} The oxidizer low-speed inducer centrel schedules the nozzle (aduission)
avea of the oxidizer low-speed inducer turbine. Modulation of this con~
tvol aifects available main oxidizer pump NPSH because the turbine nozzle
velocity determines turbine power and, therefore, oxidizer low-speed in-
ducer pressure rise, Because this control is in series with the main
chamber oxidizer valve it also has a strorg effect on engine mixture

ratio and thrust.

(2) Conclusions and Recommendations

(U) No specific design requirements will be available until the low-
speed inducer turbine design concept is firm. Design and procurement
will be recommended at that time.

2. Preburner Fuel Valve
a. Valve Type Selection

(U) The preburner fuel valve regulates tHé fuel flow to the preburner
injector and provides a positive shutoff seal. A port downstream of the
shutoff seal and upstream of the regulated flow area is required for
transpiration coolant supply for the main burner chamber.

(C) The preburner fuel valve design selection study requirements speci-
fied a maximum effective area of 5.34 in?2 and a turndown ratio of 14.8
to 1. Inlet and exit line sizes were based on 200 ft/sec mwaximum fuel
velocity.

(U) The objective of the selection study was to evaluate various valve
types and select one for use in this engine application. The evaluation
included dafinition of the actuation power r-quirements, weight and
packeging studies and general performance characteristics. The various
candidates are discussed iIn the following paragraphs. As a result of
this selection study, the butterfly valve candidate was selected for the
preburner fuel valve.

(1) Translating Sleeve Valve Candidates

(U) The four translating sleeve valve candidates are illustrated in Fig-
ure 411 through 414, Parametric curves for sizing these valves are
srevided in Figore ATE An whicrh value diametrr ig nlotted as a function
of stroke for various ratios of maximum port width to valve circumference.
Experience and minimum envelope requirements dictated the peint selection
shown,

() The sleeve valve candidates illustrated in Figures 411 and 412 have
enly one shutoff seal. These candidates also have a relatively lonyg clear-
ance path with labyriuth type scal between the sleeve and the housing that
is intended to eliminate the requirement for a piston ring sccondary seal,
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(U) The sleeve valve candidates illustrated in Figures 413 and 414 have
two shutoff seals. The second seal shuts off the transpiration chamber
coolant flow as well as the secondary leak path around the sleeve. This
configuration requires a flexible housing member that deflects and permits
both seals to attain adequate sealing pressure. The preburner oxidizer
valve program has shown that the face type seal is durable and has low

leakage.

(U) The axial flow forces acting on the slceve valve candidates are shown
in Figures 416 through 419. A comparison plot of the maximum force
curves for these valves is shown in Figure 420,
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(2) Pintle Valve Candidate

(U) The pintle valve candidate i{s {llustrated in Figure 421. The valve

is similar in construction to the slecve type valve candidate except a
contoured pintle is utilized for flow control instead of a sleeve and
contoured ports. The inlet port is 90 degrees from the axis of the valve,
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The pintle valve candidate alsc has two shutot! scals] one lor primary
fuel flow and one for transpiration coolant flow. The piatle valve
candidate parametric sizing is shown {n Figurc 422, The point seleccted
provides the shortest stroke compatible with a reasonable orifice diam-
eter and pintle contour angle. The axial dynamic force acting on the
pintle as a function of engine thrust is shown in Figure 423.

(U) Operational and mechanical problems previously experienced with
respect to force reversals, parts concentricities, and contamination
sensitivity also apply to this application.

{(3) Inverted Pintle Valve Candidatc

(U) The inverted pintle valve candidate is illustrated in Figure 424,
The inverted pintlc is similac to the pintle valve candidate except

the housing is contoured to produce the effective arca versus stroke
relationship. This causes the area with a variable pressure profile to
be on the housing inst:ad of on the mcving part. Two shutoff seals are
also required for this candidate.

(U) The throat sizing is illustrated in Figure 4!5 and the parametric

valve sizing curves are illustrated in Figure 426. The points selected
allow reasonable package size and low parasitic losses.

J '
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{(U) Figure 421. Pintle Valve Candidate FD 25350
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(4) Butterfly Valve Candidate

(U) The butterfly valve candidate is illustrated in Figure 42/. The
trailing edge of this butterfly valve, instead of being streamlined,

is rather broad and shaped to cause the flow coefficient to remain

low on the trailing ecdge, as it normally dnes for the leading edge,
over the entire stroke., The throat sizing point illustrated in Fig-
urc 428 was seclected to provide optimum percentage area characteristics
with reasonable area margin,

(U) The flow velocity across the face of the disk is lower than for a
standard disk shape, resulting in low dynamic torque as shown in Fig-
ure 429. The design also allows a spherical zone on the disk, offset
from Lhe shaft centerline, that may be used as the sealing . 'rface.

This eliminates the nccessity for an inclined shaft and the resulting

unbalanced thrust luad.
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(U) The configuration shown allows an angular travel of 18 degrees from
the shutcff position to the position where the trailing edge starts
regulating, This travel deadband provides a convenient location to tap
off transpiration chamber coolant flow upstream of the regulated area.
Figures 430 and 431 show effective area versus stroke and percent error
characteristics for this valve with a cylindrical flow path. The hous-
ing contour may be modified as shown im Figure 427 to optimize the per-

centage error characteristics.
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(5) Comparison Summary

(U) Valve and associated system weights for all of the candidates are
provided in Table XXXIX, which also includes the power required for
each of the candidates. The rating for both were made in the same
manner. = The dynamic power value is based on the maximum force required
for each candidate. The total power includes that required for shaft
lip seals and piston ring secondary seals if applicable. The ratings
for valve weight are based on the total installation vequirements and
include the attaching flanges shown shaded in Figure 432,

1. Internal Sleeve Valve
‘ (Qut Flow)

Candidate No. 1 Candidates No. 26 2. Esternal Sleeve Valve

Double Exit 3. Internal Sieeve Valve
{Fixed Ports)

4. Internal Sleeve Valve
(Movable Ports)

5. Pintle Valve
6. Inverted Pintle Valve
7. Butterfly Valve

Candidates No. 2-6 Candidate No. 7
Double Inlet J
(U) Figure 432, Preburner Fuel Valve Installation FD 25359
Schematic
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(U) Table XXXIX. Weight and Power

)
>
Pl ol
w ]
&~ oo~
Y o [ g [ 3 © 7]
>3 > > P D M - Y
@ Q N ¢ O ] -
-8 -y a™ 5 3
o o
0 W 0 o n K n o Y]
"B e d e D e =
© - [ ] [ € O ‘80 Y4
[~] e o> = o> [ & ¥
(VT " o N O -y 4 w
Q> 3 v > [V o> o v
2 X ces € 53 B 5
- > (4] - S - Ru B ed 5
Valve Weight (1b) 52.9 54,7 52,9 52.9 47.0 51.2 33.3
Valve and Associated
Flange Weight (1b)¥* 92.5 100.9 99.1 99.1 23,2 97.4 69.5

Single Inlet

Valve and Asacciated
Flange Weight (1b)+ 2.5 8.1 79.3 79.3 73.4 77.6 69.5
Double Inlet

Horsepower ** Dynamic 43,0 22,4 23,1 17.9 16.6 27.4 5.6
Unbalanced haf
Actuator Rod Shafc 2,2 2.2 2.2 2.2 2.2 2.2 5.9
\ Seal
Piston . 3.2 3.2 3.6 0.4

Dynamié Includes Ring , .
Pressure on Rod Total 45.2 24.6  28.5 23.3 22,4 30.0 6.5

Dynamic 10.0 0.6 1.1 1.1 17.0 0.0 5.6

Horsepower ** Shaft
Pressure ‘ - Seal 4.0 4.0 4.0 4.0 4.0 4,0 0.9
Balanced
Actuator Rod P;ston 3.2 3.2 3.6 2.6
Ring

Total 14.0 4.6 8.3 8.3 24.6 6.6 6.5

*This weight includes flanges shown shaded in Figure 432.
#*Horsepower is based on an arbitrarily selected frequency of 10 cycles
per second because the actual requircd frequency has not been determined.

437




INEN A el s s e | e o
: (I SRR e e ST s

! n
. .
[, " . \
¢
| m
L N N
i
. .
1 . "

{U) The relative values of the raelection criteris are shown in the

£irst column of Tables XL, XLI, and XLII. The highest rated candidate o
received the greatost number of points. The ratings in Table XL. consider ®
single pipe inlets and unbrlanced actuation shafts as shown in the valve

The butterfly valve received the highest number of points in each rating.
The external sleceve valve received the next highest number of points for
two of the three ratings.

configuration sketches, 'Those in Table XLI assume that the actuator ‘g
shaft has been fully balanced by adéition of opposing pressure areas. *
Table XLII shows the added advantage gained chrough the use c¢f two inlet 5
lines for those valve types that would benefit from such an arrangement. %

e

KU)) Table XL. Valve Rating Based on Single Inlets and
Unbalanced Actuation Shafts
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‘Reliability %0 70 70 50 50 50 50 .70
Low Farasite . 70 50 35 35 35 40 40 70 :
Pressure Loss : ‘ ‘ S 2
No. of Dynemic \ - .
Sonio Boord, 65 65 65 65 65 65 65 65
Packaging 60 60 45 45 45 45 45 55
Percent Error . C .
Characteristics 60 60. 60 60 60 33 33 60
Manufacturing S5 45 40 35 35 30 30 55 |
Ease .
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! (V) Table XLI. Valve Rating Based on Single Inlets and ‘,ss‘
‘,’ Balanced Actuation Shafts [
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Development Req'd. ‘ _ :
Actustor Power 95 31 95 53 53 18 66 67 b
Reliability | 90 65 65 45 45 45 55 70 i
Low Parasite 70 50 35 35 35 40 40 70 o
Pressure Loss ‘ bl
#
No. of Dynamic
: Seals Req'd. 65 50 S0 S0 S0 50 so‘ 65 !
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Percent Error B
Charecteristics 60 60 60 60 60 55 55 60 :
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(U) Table XLIX, Valve Rating Based on Double Inlets
(where applicable) and Balanced Actua-
tion Shafts
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Weight 100 75 86 88 88 95 90 100
(Valve and Flanges)
Shutoff Seal
Development Req'd. 100 100 100 80 80 80 80 50
Actuator Power 95 31 25 53 53 18 66 67
Reliability 90 65 65 45 45 45 55 70
Low Parasite
Pressure Loss ‘ 70 50 35 35 35 40 40 70
No. of Dynamic ‘
Seals Req'd. 65 50 50 50 50 50 50‘ 65
Packaging 60 60 45 45 45 45 45 55
Percent Errov
Characteristics 60 60 60 60 60 55 55 60
Manufacturing 55 40 35 30 30 25 25. 55
Ease
Flexibility 50 40 40 40 40 50 S0 35
Complexity 45 35 35 30 30 25 30 45
Total Points 750 606 646 556 556 528 586 672
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3. Oxidizer Pressure Limit Valve

a. Introduction ?
(U) A recirculation valve for the oxidizer turbopump will be required

to limit the oxidizer turbopump discharge pressure. The valve will only
be required to operate near maximum thrust and minimum mixture ratio. A

scheduled valve position as a function of thrust and mixture ratio is the
plananed control mode.

b, Analysis

(U) The cycle analysis has defined the valve area schedule, however, no :
design effort on the valve has been started.

4. Preburner Oxidizer Valve

a. Introduction

SR ) TR E

(U) A valve is required to control the oxidizer flow to the preburner
injector. The valve must (1) providc a positive shutoff to the total
preburner oxidizer flow, (2) provide primary flow for starting, and (3)
modulate the secondary flow over the operating range. Most of the design

' features of the preburner oxidizer valve now being designed have been

;! evaluated in test rigs or during the flow divider valve test program that

] was conducted during Phase I (Contract AF04(611)-11401). Lip seals,
which were evaluated during the supporting date and analysis program
phase, will be used to seal the translating shaft and balance piston.
Pressure balanced piston ring designs were tested under the supporting
data and analysis subtask., These piston ring designs effectively re-
duced wear and actuation force; however, it was desired to optimize the
piston ring design to minimize the actuation force requirements. A
piston ring redesign and actuation force test were cunducted in support
of the preburner oxidizer valve design.

e
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b. Conclusions and Recommendations e

(U) The balanced piston rings as tested will provide acceptable actuator
loads for the preburner oxidizer valve.

c. Analysis

(U) The preburner oxidizer valve, which is nearing the layout completion
stage is shown in Figure 433. Basic design features differing from the
preburner oxidizer valve tested during Phase I (Contract AF04(611)-11401)
include incorporating; the preburner dome cover as the valve housing,
replaceable trim orifices in the primary flow passages, shaft lip seals,
balanced piston rings, improved lower piston ring retainer and reduced

overall length,.

R RTEE ety E L

L i

(U) Design layouts for water flow and cryogenic preasure test blocks are
aiso in process. A revised facility type actuator layout has been com-
pleted and is shown in Figure 434,
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(U) Figure 433, Preburner Oxidizer Valve Layout FD 25595

L

( i ]
Actustor - -
Suppert Structure

L.. Prebumer Dotae Cover
Tapered Shime

(U) Figure 434. Preburner Oxidizer Valve FD 25596
Actuator Layout

(U) A piston ring design analysis task was initiated to reduce the valve
actuation drag load that was experienced during the tests that were con-
ducted under the supporting data and analysis subtask. The rig and the
valve had two piston rings each: an upper ring attached to the housing
and a lower ring attached to the sleeve. Figure 435 compares the four
upper rings that were analyzed in this design study and Figure 436 com-
pares the lower rings. All rings were made of Berylco 25, either AMS 4650

or AMS 4532,

(C) Two sets of duta were available from previous rig tests. At a pres-
sure differential of 2000 psi, the unbalanced rings had a drag of 1480-1b
opening and 4560-1b closing, Under the same conditions, the balanced
rings had a drag of 755-1b opening and 1890-1b closing. The difference

442
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between the opening and closing drag loads and the wear pattarns on the
previously tested piston rings indicated that the rings were twisting and
that the corners were possibly digging into the sliding suriaces. These
conditions would, therefore, cause the friction factor to vary.

ITOYIm it

Diameoter Diamster Diameter|

A

Diameter

NJN’"J W
Unbalunced Balanced Now Design Tost

(U) Figure 435. Upper Piston Rings Analyzed FD 25597
N ;&
SLS 8115 8][5

Dismeter]

Jo
_ J"""‘"NA S

Unbelanced Balanced New Design Teoat

(U) Figure 436, Lower Piston Rings Analyzed FD 25598

(U) The unbalanced and balanced rings were analyzed to determine if thc
drag loads experienced could be found analytically. Ten different load-
ing cases could be found for each ring when they were allowed to twist.
Of these, only three of each could be solved and they gave scattered
results, none of which were usable, The unsolvable cases were redundant
or impossible loadings. The lower ring solutions even indicated the
ring should twist opposite to the direction the wear indicated. The
analytical solution for an absolute value of drag was abandoned at this

puint,
443

. - i B e i ol Ml st bt rh e s




CONFISERTIAL

(U) The next method of analysis was to use the data of the two previous
tests to estimate the changes in loading required to reduce the drag
sufficiently. The percentage changes of several quantities were found

between the halanced a4 unbalanced rings as shown in Table XLIII. “he
new ring required a reduction of 88% in drag (H,) over the unbalanced
ring. Ceomparing this to the balanced ring change, the perceniage changes

ot

required in the nther properties were found. This determined the design
criteria for the new rinz loads.

, N
(U) The radial load per inch of circunmference because of pressure
unbalance (GR) was cho:sen because it is a calculable number and iz chauge
should be proportionately related to the change in drag. The resdial leacd
per inch of circumference because of wall reaction (FR) used was found
with an appropriate value for the radial load per inch of circumizrence
due to friction forces (HR) derived from a friction coefficient of 0.25.
Tie change in Fyp should also be nroportionate to changes in drag. The
unit »ressure was also aporoximate because it is derived from Frs however,
it couid contribute to drag as well as leakage. It was kept as high as
possible to prevent leakasze but low enough to reduce drag.

(U) Table XLILL. Percentage Change from Unbalanced Ring

Quantity Balanced Required For Actual
New Ring New Ring

Combined Upper and Lower Hy Open -49.07%
-3e. 07 -
Close -58.5%
Combined Upper and Lower Gp ~42 . 0% -63.27 -78.0
Combined Upper and Lower Fp -55.0% -82.77 -82.3%
Average Upper and Lower UP -48.27% -72.5% -76.067%

(U) The results for the unbalanced ring show that the closing drag was
reduced more than any of the other quantities. The only explanation
found is that the balanced ring had smaller moments because of pressure
and friction and thus had less tendency to twist,

(U) Besides the restrictions put on Gp, Frp, and unit precture on the
rubbing surface of the ring (UP), the new rings were designed sc that
the pressure moment per inch of circumference due to pressure unbalance
(MG) were negligible. The moment of inertia was increased to reduce the
ability to twist. 1In the new designs the upper ring was 6.1 times
stiffer than the balanced ring and the lower ring 4.2 times stiffer.

The moment caused by friction was decreased about 35%. The combination
of the reduced moments and increased stiffness was expected to provide
an 887 reduction in twist of the rings.

{0y Other results from the new designs are shown in the last column of
able XLITITI and the first column of Table XLIV. If it can be assumed
thiat the percentage change methed is a good analysis, then the piston

seee 03T B Toecs than 400 1bh in sither divection. Decause ma

taken out e the ring, it can be assumed to remn

L4




flat against the rubbing surface. The drag may be estimated using the
drag torrmmlas shown in Figure 437, A definition of all terms used is
provided in Table XLV. With a coefficient of friction of 0,35 and a
pressure differential of 2000 psi, the total drag will be 250 1b using
Gk, and 150 1b using Fp. The UP wlll be 331 psi on the upper ring and
2§9 psi on the lower rinmg. The UP on the balanced rings were (upper)
752 psi and (lower) 560 psi.

(U) Table XLIV. Compérison of New and Tested Piston Ringé

New Test ‘ Scale Factor
Combined Gg 0.0450 P 0.0525 »p 1.168
Combined Fp 0.0274 P 0.0320 P 1.168
UP Upper “ 0ﬂ1655 P - N.1625 P
Lower 0.1145 P 0.1025 P
Average Circumference 7.85 - 10.65 ‘ 1.358 ;
' . ) . : . . . i

‘Opan waome e CloBe
High == ) m——

Preesure F

FR=GRr~ HR

Fr FA <4
, ‘ Hy =g Fg Fr
Hp Gy | f Fp [HRI= M G4
P () [P F G =3
H UP = 2R R
R
GR
Hy Drag=2 % rp(l"n upper + Fp lower)
= 2 Wr (Hy upper + H, lower)
G
Approximations: Ha =HOR
HR = Ga
(U) Figure 437. Nomenclature Explanation FD 25599
and Definition
i
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(U) Table XLV. Nomenclature dDefinltion

) 4 Differential Pressure Across Ring

Gy Axial Load Per Inch of Circumference Because of Pressure Unbalancé
CR Radial Load Per Inch of Circumference Because of Pressure Unbalance
Hy Axial Load Per Inch of Cirecumference Because of Friction Forces

Hp Radial Load Per Inch of Circumference Because of Friction Forces
Fa ‘Axial Load Per Inch of Circumference Because¢ of Wall Reaction

Fr Radial Load Per Inch of Circumference Because of Wall Reaction

Mg Moment Per Inch of Circumference Because of Pressure Unbalance

My Moment Per Inch of Circumference Because of Friction Forces

x Average Radius of Rubbing Surfaces of Both Rings »

[ | Coefficient of Friction

[1) 4 Unit Pressure on Rubbing Surface of Ring

Ap Rubbing Area Per Inch of Circumference

(U) The balancing grooves on the lower ring wefe designed so that a mini-
mum amount of leakage would occur through the grooves and into the metering
port of the valve. This leakage is kept below 5% of the total flow.

{U) The test rings were designed with the same twisting characteristics
as the new design so that twisting would not have to be scaled. By
scaling up the ring, the Gy and Fp terms were 16.8% too high. The cir-
cumference of the test ring was also 35.8% higher than the new design.
Becauze of the scaling, the measured drag from the test rings had to be
multiplied by 0.63 to obtain the estimated drag of the new rings and the
measured leakage had to be multiplied by 0.74 to obtain a leakage esti-
mate.

d. Piston Ring Actuation Force Tests

(U) This test program was conducted to evaluate the actuator force re-
quirements for balanced piston rings. These piston rings were scaled
from the design planned for the preburner oxidizer valve. The valve
sleeve was nickel plated to provide a 0.0115-inch clearance between the
heousing and sleeve. The sleeve was then precision chrome coated 0.001-
inch thick with no subsequent machining.

(C) The upper ring was pressure balanced to a unit bearing load of 325 psi

at 2000 psi AP, and the lower ring was pressure balanced to a unit bearing

load of 205 psi at 2000 psi AP. The rig shown mounted in the test block

in Figure 438 was subjected to 200 cycles at LNy temperatures. A schematic
of the valve installation in B-22 test stand is shown in Figure 439.

{C) The valve was cycled 50 cycles at a frequeacy of three Hertz at a
AP of 1000, 15060, 1750, and 2000 psi for a total of 200 cycles. Strain
gage force weasurements were used to indicate piston ring drag.
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(U) Figure 438. Balanced Piston King Test Rig PE 68532

Baiance Piston Shuto!f Seal ‘
Leaksge (BPSL) Leskage (SSI;\
LN
P &‘}2: i« Piston Ring
Primary Shaft vy al Leskage Temp
Seal Leskage |Contrel 1 (CD) ri Flow- (PRLT)
(PSSL) 0-100G peig meter
Control 2 (C2) Panel
0-1000 prig ‘
Hydraulic Pressure In
(KPID) Piston Ring
0-2000 Secondery Vent Leakage (PRL)
peig Le: sage (888L)
Pr;rbnrner Oxidizer= n’d::l%)l:_.;;“ Out
alve peig
0-1000 ) Purge Secondary
peig O GN2 g Discharge

_? peig Vaive (8DV)
LN r*/ -

Test Adapter <} 1
Dolly —— // L /
0.750 in. Line -

ZLKj Catch Tark - Primary Dischorge Vaive (PDV)

Actuator -

(U) Figure 439, Valve Installation Schematice FD 221518
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(U) The comparison of thie pretest and post-test coandition isg provided by
Figures 440 and 441.

(U) The force versus inlet pressure is shown in Figure 442. As shown,
the forces recorded on the oscillograph compared favorably with the pre-
dicted values. Very little wear of the piston rings or moving surfaces %

was noted.

Fdraen S

(U) The redesigned secondary piston rings were found suitable for use in
the preburner oxidizer valve. Asa shown in Figure 443, the force loading
was close to the predicted results and gave a dectdedly advantageous
reduction in force loading.

i wE B

5. Main Chamber Oxidizer Valve
a. Introduction : . ‘ ok

"~ (Y) The main chamber oridizer valve regulateo und gshuts uff the main I
burner oxidizer flow. The basic valve is a canted shaft butterfly type i

di
design accomplished during Phase I (Contract AF04(611) -11601) . ‘ %
: ‘ 3
(U) Two builds (Rig F-33466-11 and Rig F-35106-8) oi the main chamber L
oxidizer valve weré tested under the component developm@nt subtask. The -l
~ primary objectives of these tests were to endurance test the hoop and cam- o ¥
actuated shutoff seals at cryogenic and ambien; ‘temperatures. ‘Secondary . §‘
objectives were to hydrostatic leak check the seals at 1300 psid, perform 5
oo

valve position versus effective area water flow c«libratious, ‘and Lest the
seals at high flow conditions.\

Post-Test L X T

(U) Figure 440. Lower Secnrndary Pistcn Ring In- FD 25500 %
vide Diameter Pre~ and Post-Test ;
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Post-Tast .
‘ hanbe
(U) Figure 441. Upper Secondary Piston Ring FD 25601 '
‘ ‘ Qutside Diameter Pre- and
Pogt-Test : o
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'b. Conclusions” and Recbmmendntidns

(U) The hoop-type nhutoft seal providcd the most conaintanu reuuitn, mnt
all of the test goals, and was still serviceable at the end of the tnnt,
although the seal element was dumnsad during the vater flow test.

~the hoop seal, but.
 was scvereiy damﬁged during the water flow test.

(U) The cam-actusted shutoff seal minimum 1eakage was lesu than that of
the, muxtﬂum leakage was greater and the seal elemont

{(U) Tt is recommended that the silver plated hoop seal be 1ncorporated
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. _‘]jd‘ ‘(b ig F-33666-11 of thema

‘cq\‘Hardwarq Descr&ption -

R

W Rls F-33466-11  ‘.‘ IR

\.,

A shu:otf seal consmsttng of a si1v¢r plated hoop with

0. 010~1nch tight! ﬁin on: the disk.

Improved silver plating

s'and more access area for cleahing inside the hoop was

- ‘incorporgced.

\ ing thm seal to apprngim&tely 250° F and cooling the disk
thhre 443 ‘shows &' cross secuion view of the seal

in M.

;as. 1nstalled.

nnd #igute #&5 is & cuoseup of the seal element.

An integral :haft and butterfly Inconel 718 (PWA 1010)
spherical eesl sutface chrome plated with, an 18 micro-ftnish

‘Revised ‘shaft lip seal destsn (Figure &46)

“
B

Shaft lip ‘seals ‘of laminated Kapton F (three xayers) aud
FEP Teflon (one: layer hext to’ shaft) Total thickness

y uas O 019 tnch,

Tufram thrust bearing and 3tlver p?ated thrust washers.

5‘;“: ‘ (2) R;g F- 35106 8

fﬂ S B

20

An‘FEP Teflon seal element contracted against the disk sur-

face by & cam-actuated tapered slip ring. The assembly
also included a 0.C10-inch thick Inconel X (AMS 5667) seal.
'Figure 447 shows s cross section view of the seal

support.

and Figure 448 shows the layout of the seal assembly.

The disk was chrome plated Inconel 718 (PWA 1010) with a
spherical seal surface and a 9.5 micro-finish. The shaft
actuating lug was modified from the original configuration

- 450
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{o th: main chamber oxldtaex valve design for the demonstﬁator ehgina.»

tn chambuu oxldizer valve hsed & :otaty hy-
drqulic\nervuactuatok and 1ncorporated ehe folldwing fﬁatures. ‘

The' saﬁl wag: installed on the' disk by heat-

Figure 4446 shows: an\overall view of the seal.

(U) Rig F -35106-8 of the main chamber oxidlzer valve used a cam-autuated
- shutoff seal and incorporated the following features:
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to return the drive cam to the open position during the
first few degrees of valve opening.

3. Revised shaft lip eeal design (Figure 446)

4, Shafe 1ip seals of laminated Kapton (three layers) and
FEP Teflon (one layer next to shaft). Total thickness

was 0.019 inch.

5. Rotary hydraulic servoactuator.

-

N
\
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~(U) Figure 443. Main Chauwber Oxidizer Valve = FD 25572

'Shutoff deal Cross Section
Rig P-33466-11

of f Seal Overall View Rig F-33466-11
451

(U) Figure 444, Hain.ChAmber Oxidizer Valve Shut- Ft 80066
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(U) Figure 445. Main Chamber Oxidizer Valve
Shutoff Seal Element
Rig F-33466-11

FE 80067

Secondary Shaft Lip Seal
Primary Shaft Lip Seal ;

(U) Figure 446, Revised Shaft Lip Seal
Desgign ,

FD 24852




2 A e et

.
H
.
¥

(U) Figure 447. Cam-Actuated Shutoff Seal . FD 24991

Ve

(U) Figure 448, Cam~Actuated Seal Pa:-ts - FE 80250
Layout

d. Teating

(1) Rig F-33466-11

(C) The valve was installed and tested on B-22 stand. No mechanical
m&lfunctions were observed during the tests. Ambient temperature shutoff
seal leakage was undetectable prior to cycling the valve at 50 psid GNj.
The torque required to open the valve at liquid Argon temperatures prior
to cycling was approximately 400 in.~-lo.

433
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(C) The first 25% of the required shutoff cycles were performed with

the valve submerged in liquid Avgon. The valve was then alilowed to warm
to ambient temperature and the remaining 75% of the programmed shutoff
cycles were completed at ambient temperature. The valve was again sub-
merged in liquid Argon and an additional 100 shutoff cycles were com-
pleted. All cycles were performed at one cycle per second and with

50 paid nitrogen pressure across the closed valve disk seal. Shutoff
seal leakage measurements at 50 psid were taken periodically during the

test.

(C) Shutoff seal leakage during the endurance test is shown in Figure 449.

Steble disk seal leakage during the cryogenic testing was observed
approximately 15 minutes after the valve was closed. Figure 450 shows
typical indicated leakage decay due to boilioff in the discharge housing.
The cryogenic leakage values shown in Figure 449 were recorded at least
15 minutes after the valve was closed. Disk seal leakage versus shaft
position is shown in Figure 451. Post-test leakage at liquid Argon

' temperatures at 50 psid GNp is shown in Figure 452.

(C) Post-test ambient disk seal leakage at 50 psid GNp was 0.03 sccs

with the valve at zero degrees. Inspection revealed that the hoop seal
wear area was approximately 0.100-inch wide as shown in Figure 453. The
disk seal surface was in good condition as shown in Figure 454.

(U) Moisture was found in the inlet housing and on the upstream side of
the disk at teardown. No moisture was found elsewhere in the valve.
The origin of this contamination was not determined.

(C) The valve was then delivered to the B-21 water flow test stand for
hydrostatic leak check and water calibration., A shutoff seal test at
1300-psid water pressure resulted in no visible leakage prior to the water
flow calibration. The water calibration results are shown in Figure 455.
Post-teet shutoff seal leakage at ambient temperature and 1300-psid water

preesure was 0.3 sccs.

(C) Teardown inspection revealed that ambient temperature shutoff seal
leakage was undetectable at 50 psid GNo. The hoop sealing surface was

in good comdition, with some minor scratches in the contact area (Fig-
ure 456). The seal fit on the disk measured 0.005-inch tight. The seal
elouwiat bad failed for approximately 0.75 inch along the upstream-lip-
weld (Figure 457). Seal surface roughness at this point (Figure 458)
indicated possible flow cavitation damage. This area and a similar rough
area on the seal surface approximately 120 degrees from this point indi-
cated that the valve was at the open position when this occurred. The
index of cavitation (Pin - Pout)/(Pin ~ Pyapor) at 20-degree shaft angle
and 1450 psid, and several additional points during the water calibration,
was greater than 0.90. The general index of incipient cavitation for a
butterfly vaive is G.37. Engine operating conditions are less than the
inciptent cavitation index of 0.37.

(U) The shatt seal surface was in excellent condition as shown in Fig-
ure 459. All other parts were in excellent condition as shown in

Figure 460.
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(U) Figure 453,

(U) ¥Figure 454,

Hoop Seal Wear,
Rig F-33466-11

Dink Seal Post-Test
Condition, Rig F=-33466-11
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: ~ (U) Figure 455. Water Calibration Results DFC 68888
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(U) Figure 456, Hoop Seal Suvface Condition,
Post~Test, Rig F~33466-11
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(U) Figure 457, Hoop Seal Elen‘rent‘l“;ailute ‘ FE 80771
- Rig F-33466-11 ‘ :

(U) Figure 458, Possible Cavitation Damage FE 80978
to Hoop Seal, Rig F-33466-11

460

(This pege is Unclassified)




(U) Figure 459, Post-Test, Shaft Seel Surface  FE 80772
| Rig F-33466-11 ‘

(U) Figure 460. Post-Test Teardown of Main FE 80773
Chamber Oxidizer Valve ‘
Rig F-33466-11
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‘\ (c) The valvw waa inwh&klﬂd and tw»tqd on tha He22 ntand. " The. ambimnt
disk agal ldakage. pﬁion £0. cycling the valve at 50 pstd, GNy was unde tect-
able with Zﬁﬂwtn.~1b tquuw uppliad to. the ahlft in the\nloatd ditectionﬂ

“J(C) The ﬁit:t Rﬁ% of the, yrdgrnmmtd ahutuff cycles were perturmnd with
the . valwe: aubmurgo& fn: x&qntd Argon, The valve was then allised to warm
to ambtant Cempers ture -nﬂ tha remeining 75% of the programmed shutoff.
aynlca ward conplated &t amblant tempernturea. The valve vas ngatn sub~

’f;;mNzgod in. liquid Augan and 100 shutoff cycles ware completed. All cyc;aa‘
. were. pnrformﬁd &t one cytim per sacond and with 50 psid nitrogen #reﬂlulﬁ

"across the closed valve shutnff seal. shutaﬁf saal leckug« m&&aurementa
at 50 putd wnra taken partodiually duwing the ‘test.

N

‘ '(U) SMutotf ueal leakaga dqring thw nmduwancc test is chowu in r&gmre &&l.

M@%ﬁ&@ﬁggm

A T GO e

TR R S B

‘Stnble dtsk seal leakage during the. cryogenic testing was observed appruk£~‘\"

. mately 15 ininutes after tha valve was closed. Pigure 462 shows typical

o {idicated qukagu decay due to, boil off {n the discharge hpusing. Céyo~

‘3x»with the’ va1Ve tt reto aagﬁ'

. genic ‘leakage shown in Figure éﬁlw wnl measured lpprouim&tuly IS\Minutaa
aftat the valva was closed.‘ Co ‘ % '

\
ot \v

x;(c) Bisk seul lnakaga \f'nx"ﬁawlb;v“1
L test ldakage' at 11qu1 L]
Figure &6‘4. R

fj‘(C) Pcstntest nmhfe.” isknutal lmqkage at 50 psid GNz was. 0 008 sccs

aft sesl surface were in excellent con
snid. &66, respectivelv. -
: AW

heldiak angle with the valve in che closed

’?nyst¢a1 mwaauremwnt mﬁ

"\‘posicion indicated the disk fube one degree from full closed.

Eadie+ S O S

< U) Post-twat visuﬁl 1mspaclion was completed, photographs taken, and
the valve wes delivared tq B-ZI tent stand for hydrostatic leak check
and water callbratxon‘ RN

{Cy A shutoft seal leakmge test at 1300 psid water pressure indicated
13-sccs leakage prior to water flow calibration. The water calibration
results are shown 1n ?1gur& 467. Post-test shutoff seal leakage was

: greater thad 80 snca at 25wpaid water pressure,‘

(v) Poatutemt‘ epaction erealed seal damage as shown in Figure 468, An
enlarged view of the damaged seal area is shown in Figure 469. The 10-
‘micron f£iltey: ‘ust upstream of the velve inlet was inspected and no

’ deterinration waSs toundw ‘All seal damage was on the portion of the seal
that is duwnsrream 0f the disk edge as shown in Figure 470.

(%)) The appta:nnce uf the seal element indicates flow cavitation at the

‘ butterfly disk @s the cause of the seal damage. The index of cavitation
S (P - Pgut)/(Pln ~ Pyapor) at all flow points of 1000 psid or more was
‘greater then 0,85, Engine operating conditions produce less than the
general index of 1ncip1ent cavitation for a butterfly valve of 0.37.
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(U) Figure 466. Seal Post-Test Condition FE 80694
Rig F-35106-8
466
{This poge is Unclossified)
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(U) Figure 467, Water Calibration Resulte
‘ Rig F-35106-8

DFC 68918
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(U) Figure 468. Seal Element Damage Aftex FE 80828
Water Calibraticn
Rig F~-35106-8
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(U) Figure 469. Damaged Seal Element FE 80846
ig F-35106-8

Flow
4_
./\-—
Seal Damage O-curred
in this Section Only
(U) Figure 470. Location of Seal Damage Area FD 25708

(U) Inspection of the seal support revealed cracks as shown in Figure 471.
All =zlots on the damage side of the seal were cracked, but no cracks were
apparent on the other side. The shaft seal surface was in good condition
(Figure &72) but the driven cam was cracked adjacent to the lug contact
point 2as shown in Figure 473. Figure 474 shows the post-test layout.

6. Vent Valves
Introaaction

{U) The demonstrator engine requires fuel and oxidizer vent valves tor
engin~ conditioning prior to start and/or pump discharge bieed during
shutdown. A common valve design is satisfactory for the three required
iacations (preburner dome veut, oxidizer pump discharge, and fuel pump
Tt vent valve selection study was conducted to evaluaste valve
would satisfy the vent valve requirements and to seloct




the most suitable design. Ball waive, blade valve, and poppet valve,

which are shown in figures 473, <76, ard 477, design candidates wers
evaluated. ‘ Co

b. Conclusions and Recommendatfbns

(U) Fased on a point system, the ball valve design shown in Figure 475
recelved the highost rating frem all evaluators. On this basis the

ball valve type of design was selected for the fuel and oxidizer vent
valves, A degign layout is iw process for this valve design requirement.

(U) Figure 471, Support Area Crack FE 80842
Rig F-35106-8

(U) Figure 472, Shaft Szal Surface FE 80851
nig F-35106-8
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(U) Figure 473. Crack in Cam Drive FE 80981
‘ Rig F~35106-8

!
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(U) Figure 474, Post-Test Parts Layout FE 80899

Rig F-35106-8

470

UMCLASSIFIED




TV —————

S
——

{U) Figure 475. Ball Valve Sketch " FD 25603
i‘
f iy
N
: %‘
e r—‘.m
(U) Figure 476. Blade Valve Sketch FD 27667

c¢. Analysis

(U) The basic requirements for this valve were:
1. A positive shutoff seal
2. Two-position actuation (off-on)

3. Normally closed position requiring actuation pressure
to remain open

4, A minimum effective area of 0.75 sq. in.

471
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(U) Figure 477. Poppet Valve Sketch FD 27668

(U) ‘A preliminary investigation revealed three valve types capable of
fulfilling these requiraments. These valve candidates; a poppet valve,
‘a ball valve and ' a blade valve, were then subjected to a detailed study
to determine their relative rank with respect to seal development re-
quirements, weight, reliability, contamination tolerance and other
selection criteria as shown in Table XLVI,

(U) At the conclusion of the study, a point rating system was established
with a point weighting scale established as shown on Table XLVI. This
weighting scale was established by averaging four independently selected
scales, two from Design Engineering and two from Project Engineering.

(U) After the weighting scale was established, each valve type was
agsigned a number of points for each selection critevion. The valve

type mest satisfactorily meeting the vequirements of each criterion was
assigned the maxiwum number of points for thar crxteriwu, e other typoes
recelving proportionately legs ‘ : ‘

(U) The ball valve offers an excellent cumbina:ion of the ﬁollowing
features: « ‘

1. Light Weight

2. Compact size - excellent p#ckaging

3. Small seal diameters for both static and dynaﬁic éeals .
4. Small size actuator |

5. Resistance to dynamic seal contamination due to seal wiping
action
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(U) Table XLVI. Relative Development Rinktﬁﬁ

i\

Selection Criteria . Weighting Pactor Poppet - Ballf‘ lnlﬁde : . i W‘jm“
: ~ (Maxisum Number  Valve = Valve Valve R
of Foints) g ‘ ; L
| 75 85 w0
Weight (Valve and High 90 ‘ 75 85 90
Pressure Flanges) 75 ‘85 90 I
100 50 30
Shutoff Seal Development 100 - 100 G700 700
Required . 50 R 80
| 1 o561 .
Actuator Velume 50 1 50 14 '
10 50 15
o " ‘v“ iy
14 50 34 .
Actuator Leakage Circumference 50 U .50 B I
‘ ‘ \ ‘15 '50 35
| 85 . 60 75
Reliability 85 8 - .70 50
| S 20 50 40
Packaging 50 ¢ 30 50 '50
- o - . 50 35 40
| | | 4o 60 60
Ability to Combine with 60 30 . 60 .60
‘Ad jacent Components ‘ 40 60 66
37 5% 55
High Pressure Seal Diameter 55 A 37 55 55
35 5% 55
45 25 35
Manufacturing Ease 435 45 40 40
36 14 45
‘ 35 15 25
Complexity 35 35 20 20
35 7 25
30 70 50
Contamination Tolerance 70 30 50 40
_ 21 56 35
492 570 508
Total Points Possible 690 492 600 523
432 599 551
473

T




7. Nozzle Coclant Valve
a, Introduction

k(u} Coolant for thn‘trhnalacins ﬁoialc ﬁnat be iupplicd during transiation
and while the nozzle is in the extended position. A shutoff valve, con-
trol orifice and feed mechanism ig required.

. b, Analysiy

(U) Cycle analysis has defined the coolant flow requirements for the
nosgle and & design selection study for the teed mechanism confignration

RO ‘ is in process; however,no design effort on the valve and control ortfica
R S + has been atartcd. : ‘

) | 8. Hellum System

L a. Introduction

o (U) Helium will be used on the XLR129-P-1 engine for injector purges, v

R oxidizer turbopump, helium dam seal, vent valve actuation, and lifvoff

R seal actuation. A study is in process to define the optimum system
opet&ting pressure and to aatablioh the solenoid design requiteméncs. B

A
i

b.; An&lysia

‘§ H‘ l“ . (¢t Optimization of the heltum system pressure wtll consider $ystem -
v weight, and helfum consumption. In addition, any structural limitatidns
of the system that may limtt operatins pressure will be constdeted.

'{U) -The preliminary. pneumntic system Flow ts ehoWg fm Figure A78. An  ‘ t 
installation drawing of the system is beLng prepnred to dafine line i
lengths, system weight, and system volume.

Solencid Velve G
Main Shutoff Solenoid E
Onidiser - Vaive
Liftoff Seal

g
%
oo i i,

Fusl Turbepump Liltoff Seel
Solwnoid Valve

Puel Vent
Valve

(U) Figure 478. Pneumatic System Flow FD 25604A
474
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(V) The helium systom includes a master solenotd to limit systom leckege
during coast, thrae vent valve solenoids, s liftoff seal and helium dam
seal solenoid, and two prmburnar injtctor purge solenoids. ‘

9. Static Seal Rig Demign

a. Intrpduction

(U) A computer program for analysis of flange dieflecticn and stress was
develpoped under the supporting date phase of this contrast, This program
was used to analyze and optimize bolted flange coupling designs suitable
to test static seals for the XLR129-P-1 engine. »

b, Summary

(U) A study was made to select che lightest waight high-pressure fluid
coupling from four typical flanged configurations. A concurrent study

was made of commercial seals available for use at high pressures and
cryogenic temperatures. Six seals capable of tolerating up to 0,002- fnch
total deflection were chosen as candidates for testing. A static seal test
rig layout using & cautilevered flamge coupling with progressive seai gland
rework .to allow testing of each of the six seal candidates was completed

Q‘and xnleaaeﬂ for detailing. Flanye schemes to compensate for axial de-
\ fteutiun, and seal schemes capable of tolerating relatively large flange

deflections were also studied. Contact with the Battelle Memorial In-

"I, stitute was established, and a large (6-inch) aluminum coupling design

for the “Babbin" geal vas receivad and analyzed

& Caucluaton& and Recommendations y

(U) A Einite element ana]ysis showed that che cancilevered f]ange type
couyling with 0,002-inch deflection is the most desirable configuration
foy & static seal rig from the standpoints of envelope and weight, Six
face-type static seals were found to have deflection and sealing capa-

kbxlil:y to meet the engine design guals according to the manufacturers.

(U) A finite element analysis of the Battelle Memorial Institute coupling
design for the use of the AFRPL "Bobbin' seal indicated that it had moderate
deflection at the seal, and was excessively bulky and heavy

(U) It is recommended that six face~type seals be tested in the 0.002-inch
deflection cantilevered flange seal rig. A seal rig capable of meeting
the engine weight and envelope requirements should be designed for the

AFRPL Bobbin scal

d. Deamgn Analysis

(C) The four basic types of bolted flanges chosen for investigation (Fig-
ure 479) were analyzed using the finite element technique. All were sized
to provide zero deflection at the seal on a 5.00-inch inside diameter In-
conel 718 (PWA 1010) fluid coupling under 7000 psia fluid pressure. This
represented the maximum conditions of fluid pressure and fluid line inside

475
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diameter foraseesn for the XLR129-P«1, Inconel 718 (PWA 1010) was chosen
as the flange material bacause of its high streagth-to-weight ratio, Lte
ductility at cryogenic temperature,. nnd its compatibility with other major
rocket engite components.

Wit Bt
y Losd. w ‘
BRI ek
o0 waid -8 der 100 ‘.,1“. |
210 ~re ol
e [N

(U) Figure 479. Static Seal Rig Zero | FD 257714
Deflection Flanges

(U) The variables that affect flange weight for any given seal deflection
3 ‘ are: bolt circle diameter, flange thickness, bolt load, seal point
diameter, taper height, taper length, and webs between bolt holes.

Flange thickness, bolt circle diameter, and required bolt load have the
largest influence on flange weight and the study concentrated on these
factors. All of the factors except flange thickness and total bolt load
were held constant during the analysis.

o i

(U) The minimum bolt circle diameter was determined by minimum wrench
clearance and was used for all but the loose-ring design where the bolt
circle was limited by other geometric considerations such a& minimum
bearing surface and a taper height consistent with the other flange types.
A bolt load of 15,000 1lb/bolt was used throughout the analysis while the
maximum permissiblie bolt load was 17,750 1b/bolt. The difference wae used
as an allowance for bolt bending.
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(U) Stresses in the flange designs for zero deflection are not limiting
and the size of the flanges shown in Figure 479 result from the deflection
requirement. The rings for the locse-ring flange design are stress
limited, however, and congtitute about 50% of the flange weight. A
trade-off study of bolt load versus flange thickness was made for the
loose-ring but the flange weight was hardly affected by decreasing the
bolt load. The loose-ring configuration shown in Figure 479 represents
the smallest envelope size to provide for zero deflection,

(U) The flange w.ights shown in Figure 479 account for all of the weight
outboard of a straight tube of 0.15-inch wall for a complete flange
connection (two halves) including the weight of nuts and bolts. As indi-
cated, a1l of the flanges have essentially the same weight, because for
zero deflection the rotation of the flange hub must be approximately

zero and the type of flange was found to have very little effect on the
required hudb size for 2zero rotation. .

(U) The size and weight of these couplings was considered to be prohibitive

for engine application, so a limited deflection (0.002 inch) analysis was , -
initiated to take advantage of the claimed deflection capability of com~

mercial seals, The flanges were then revised to produce a 0.002 inch

deflection at the seal gland for the operating conditions specified above.

(U) A weight and size comparison for four couplings with total axial
deflection at the seal point of 0.002 inch is shown in Figure 480. The
cantilever flange proves to be the lightest while the undercut flange is
the heaviest, The flat face flange was dropped from consideration because
it was judged to have no advantage over the undercut flange. The dis-
ance from the theoretical pivot point to the sealing point was found to

be a major influence on the flange size because very little bending occurs
in the flange. \ ‘

(U) An effort was then made to further reduce the flange weight by moving
the pivet point as close to the sealing point as possible. This was
accomplished on the cantilever flange Ly moving the bearing surface
inboard of the seal cavity. The resultant additional weight reduction
was 1 1b over the "conventional” cantiiever flange as shown in Fig-

ure 480.

(U) Figure 481 shows the variation of weight of cantilever, undercut,
and loose-ring flange couplings with increasing axial deflection. The
cantilever flange s.ows the sharpest decline in weight of the three
types as the allowable deflection is increased.

(U) The trade-off between the number of bolts and ribs on the backface
of the flange was also considered. It was found that for a standard
cantilever flange with seal point deflection of less than 0.0013 inch,
it was more economical from a weight standpcint to use more bolts and
no ribs as shown in Figure 48l. Ribs are shown to be more beneficial
above a 0.0013-inch deflection because the stiffness of the ribs and
flange hubs are more nearly equal.
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%30 Bolts (19 Required)
Cantilever  Assembly Load = 15,000 |b/Bo't
16,63 1o Spotface 13 Plages

- 008 j—
‘1 - 0020

Pivot Poiat
Bearing Surface

Wehe -

gt

% <20 Bolts 110 Required)
Undercut  Asyambly La*d = 5,690 tb/Bolk
23.89 Ib Jpotface 13 2laves

e

/ 0.020 )
] —_ 6.88 Diameier
s e T ‘
.’»..80 Diameter
1]
NUUREY -
%.20 Boits o 1Y G ‘1.
Lose Ry py Hoq\d:d\ = o -
2047 1b 15,000 1b/Bolt - i
___ 0
- 037 ’-w-
Ziantilever Q0.
(Bevring Svrfuce
Tnbon,d of Seal) Pivot Faint
14.67 b
e
o Bearing Surfuce
- (U) Figure 480. Static Seal Rig 0.002 Deflec- FD 25772

tion Flanges

{U) The ''conventional" cantilever flange design was chosen for the °
initial seal test rig design as shown in Figure 482. The rig may be
"subsequently reworked to the lightexr configuration as shown in Figure 483.

() A major portion of the work accomplished involved a study of the
types of commercial seals available and applicable to the test ig size
and sealing environment. The static seale investigated were d.vided
into two general classifications:

1. Face Seals - Those seals having sealing surfaces that are
perpendicular to the bore of the joint and whose initial
seating stress is obtained b axial compression or deforma-
tion of the seal as the join* is assembled,

2. Radial Seals - Those seals hav ng sealing surfaces that
are parallel to the bore of the joint and whose initial
seating stress is obtained by a radial compression or
deformation of the seal as the joint is assembled.

(U) A number of other cryogenic seals were investigated. Many were

rejected on the basis of excessive physical size or other obvious defi-
ciencies.
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(U) Figure 482. Five-Inch Static Seal Rig FD 25.07A
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(U) Figure 483. Seal Gland Rework Static T 257064

Seal Test Rig

(U) Six face-type seals were selerted for detailed investigation and

will be used in testing {(Table XLVII, Group A). Seven other face seals
and five radial seals (Table XLVII, Groups B and C) were invest gated

for consideration contingent on the performance of those in Group A. Of
the seal candidates selected, all of the face type are pressur? encrgized
and all of the radial types are, or tend to be, pressure energ.zed. A
seal is said to be pressure energized when the force caused by the pres-
sure of the contained fluid tends to increase the seal seating stress.

(U) For comparison purposes, both the face and radial scals were divided
into three subgroups as foliows:

. Low deflection capability - 0.000 to J.003 inch
<. Intermediate deflection capa-~ility - 0.003 to 0.010 inch

3. Higi deflection capability - above 0.010 inch.
(U) The seul deflection capability is the ability of the seal to adjust

to the distortion or dimensional changes of flange faces upon which the
scal seats without an excessive loss of scaling contact stress. This
deflection capability can be considered o be in both the axial and

radial directions. However, because of the assumed deflection characteris-
tics of the joint flanges, the radial deflecction characteristics become
less significant than the axial deflaction.

() The face seals were generally found to fall within the 0.000 to

0.010 inch (Groups A and B of Table XLVII). The radial type scals may

of fer higher axial deflection possibilities but posc other problems.
among which ave size and fit up problems. At the tire of this report the
Battelle bobbin seal had not yet been optimized in ITnconel 718 for this
apnplication.
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(W) The flange deflection compensation study ahowed that xeveral schemes
are feasible for flange deflecticns up to 0,020 inch, However, this
deflection capability usually comes at the expense of a larger seal
envelope and/or addicional fabrication or maintenan-e problems,

(U} The three types of deflection compensation schemes slown in Figure 484
were analyzed. The deflection compensation cépabilities were determined
not only for those that could be contained in the small face seal envelope
bot also for the general case of larger envelopes. Figures 485 and 486 show
deflection capability versus leg length and Figures 487 and 488 show the
requived maximm thickness versus leg longth for the straight and tapered
canti{levered beams, respeciively, for three ranges aof senl loads. Fig-
ure 489 stiows type selectioca curves for straight and tapered beams ‘versus
leg length for the same range of required seal preloads. Note that Fig-
ure 48% is based upon equal waximum. leg thicknesses. Figure 490 shows

the deflection canability versus leg length for the flexihle face seal
support scheme.

e. Hardware Description

(V) The design of the seal rig flanges represents the results of flange
trade~off studies for minimum weight {langes to meet the required leakage
goals.

(U) The static seal rig shown in Figpure 482 consists of a cylindrical
pressure vessel approximately 20.0-inches long with a 5.00-inch inside
diameter made in halves and joined together centrally with a flange
having the cauntilevered configuraticon. The pressure vessel, flanges and
tie bolts are made of Inconel 718 (PWA 1010) matecrial. Provisions were
supplied to attach the vessel to a pressure source and to provide access
for instrumertation., The vessel is surrounded by a cylindrical can that
is sealed at both ends vo act as a collector for measuving seal leakage
rates. A scheme for reworking the seal gland to provide Lhe proper gland
configuration for each of the Croup A seals to be tested was included.
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Commercial
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(U) Figu-e 484. Scatic Seal Rig Deflection FD 24773
Compensation Schemes
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o SECTION VI |
TASK 1.3 - ENGINE INTEGRATION AND DEMONSTRATION
A. INTRODUCTION ° |
(U) The XLR129-P-1 is a high‘pressure, reusable, oxygen/hydrogen rocket
engine with a twp-pos4:imn exhaust neoizle. The objectives of this tack , ‘
are to design, fabripate, .and demonstrata the performancy and m&chanical o N
integrity of a 250,000 pouud thrust engine using the staged—momhuation ‘ -

bell-nozzle concept. The design and demonsrra\xou\chat&creristicv of
the demonstrator engine are shown in Table XLVIII

B. SUMMARY, CONLLUSIONS AND RECQMMENDATIONQ

) The design requirements for the XLR129-P-1 engine are. presented in
Table XIIX. This teble 1s based on cycle No. 6, which mekts the demon-
strator engiune characteristics as defined in Table XLVIYI. This cycle

wiil be the basis sor the des;gn of the XLR129 P-1 engine.

C. CYCLE ANAL’YSIS‘ o ‘ ! o
(U) The object of this aqalytica& study was to establish an engine cycle
to meet. the demonstrator engine characteristics as defined by Table XLVIII.
To assure that hardware designs would incorporate only thuse technologiea
that could reasonably be demonstrdted within the scope of the prograk,
demcnstrated component perfarmance for the major components was used ‘to
develop the engine cycle. Test data from the current program, Phase I

and related high pressure engine uonmonﬂnt programs were used to define

the component performance. . o
(Uj Starting with the basic cycle as prqposed at the beginning of the
current program, six iterations were required to optimize the engine cycle.
These iterations were dictated by engine operating limits, component hard-
ware designs, desived operating characteristics, and engine envelope
and/or packaging consideraticns., This sixth iteration (Cycle No. €) is
being used as the basis for the design of the XLR129-P-1 engine. Minor
changes to this cycle will occur as the desigh of the engine preoceeds

and as components are developed. Major changes are not anticipated.
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(C)Y(U) Table XLVIII. XLR129-P=-1l Engine Characteristics

Item/Condition

Requirement

Nominal Thrust

Minimum Delivered Specific
Impulse Efficiency

Throttling Range

Overall Mixture Ratioc Range
Rated Chamber Pressure

Engine Weight
(with 75:1 nozzle)

Expsneion Ratieo

Durability

Single Continuous Run
Duration

Engine Starts

Thrust Vector Contiol

Control Capability

Propellant Conditioans

Environmen:al Conditions

Engine/Vehicle

250,000 1b Vacuum Thrust with Area Ratio of 166.1
244,000 1b Vacuum Thrust with Area Ratio of 75:1
209,000 1b Sea Level Thrust withh Area Ratio of 35:1

96% of Theoretical Shifting Ig at Nominal Thrust;
94% of Theoretical Shifting Ig during Throttliing

Continuous from L00% to 20% of Nominal Thruwst Over
the Mixture Ratio Range

Engine Operation from 5,6:1 to 7.0:1
2740 psia

3520 1b (With Flight type Actuators and Engine
C>mmand Un:t)

3380 1b (Less Flight-type Actuators and Engine
Command Unit)

Two Position Booster-type Nozzle with Area Ratilos
of 35:1 and 75:1

10 Hours Between Overhauls, 100 Reuses, 300 Starts,
300 Thermal Cycles, 10,000 Valve Cycles

Capability from 10 Seconds to 600 Seconds

Multiple Restart at Sea Level or Altitude

Amplitude: +7 Deg;
Rate: 30 Deg/Sec;
Acceleration: 30 Rad/’Sec2

+3% Accuracy in Thrust and Mixture Ratio at
Nominal Thrust

Excursions from Extreme to Extreme in Thrust and
Aixture Ratio Within 5 Sec

L0y: 16 ft NPSH from 1 Atmosphere Boiling Tempera-
ture to 180°R

LHpz: 60 ft NPSH from 1 Atmosphere Boiling Tempera-
ture to 450R

Sea Level to Vacuum Conditioas

Combiued Acceleration: 10 g's Axial with 2 g's
Transveirse, 6.5 g's Axlal with 3 g's Transverse,
3 g's Axial with 6 3's Transverse

No External to Engine except Normal Electrical Power
and 1500 psia Helium from the Vehicle
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D. XLR129-P-1 ENGINE DESCRIPTION

(V') The staged-combustion, high-pressure demonstrator engine with a two-
pesition bell-nozzle is a 250,000~1b thrust, throttleable, high-performance
propulsion system. The operating envelope of thrust and mixture ratio

is shown in Figure 491. The engine arrangement and a propellant {low
schematic illustrating the principal flow paths are presented in Fig-

ure 492.

(U} Hydrogen and oxygen enter at the engine-~driven low-speed inducers.
The low-speed inducers minimize vehicle tank pressure requirements while
maintaining high-speed main propellant pumps for high turbopump efficien~
cies. The low~speed fuel inducer is a single shaft unit wicth a high
suction specific speed axial-flow inducer ariven by a parctial-admission,
two-stage, hydrogen turbine. The low-speed oxidizer inducer is also a
single shaft unit with a high specific speed axilal-{low inducer driven

by a partial admission, single-stage liquid oxygen turbine.

! T
Turhine Inlet

Temperatu re-7

1 : t

Fuet Turbopump l

o

THRUST - %
3

bl |

5 6
MIXTURE RATIO - r

(U) Figure 491, Operating Range for FDC 25101
XLR129-P-1 Engine

493




Oxidizer Low-Speed Inducer Preburner Supply Hear (13 Msin Burner Chamber

Oxidizer Pump ngev 19 Primary (Regenerativei
Preburner @T;:;’pgﬁ:“ Supply ® grml;p Noazzie '
o t Exchenger
DUxidizer Lom-Speed Inducer G Puel Low Speed Inducer {3 Two-Position Neazle
" . Turbine
5) Main Burner Injector .
l? uel Low-Speed Inducer (@) Fuel Pump Turbine
@) Fuet Pump (D Onidizer Pump Turbine
(U) Figure 492. XLR129-P-1 Engine Propellant FD 193%52F

Flow Schematic

(U) The main fuel turbopump is a single shaft unit with two back-te-back
centrifugal pump stages driven by a two-stage, pressure-compounded tur-
bine. A double-~acting thrust balance piston is provided between the pump
and turbine.

(U) The oxidizer turbopump is a single shaft unit with a single, centrif-
ugal pump stage driven by a two-stage, pressure~compounded turbine. A
single~acting thrust balance piston i3 provided between the pump and tur-
bine.

(C) The preburner injector consists of dual-orifice tangential slot
swirler oxidizer injection elements with concentric fixed-area fuel injec-
tion. A preburner liquid oxygen valve is incorporated at the rear of the
{njector assembly to vary the total oxidizer flow rate to adjust enginec
pover level and to adjust the relative flow of the primary and secondary
elements. The preburner combustion chamber is an integral part of the
transition case, which contains the turbine drive gas ducts and a cooled
outershell. The main turbopumps are mounted to the transition case with
a plug~in arrangement of the turbines for maintainability.

(C) The main burner injector consists of fixed-area, tangential slot
swirler oxidizer injection elements arranged in radial spraybars. The
fuel side (preburner combustion products after expansion through the
turbine) is a fixed area design that directs fuel-rich gas flow through
slot areas around the oxidfzer injection elements and a2 porous facepiate
to provide cooling. The combustion chamber wall is composed of a hydro-
gen cooled liner extending from the injector face through the throat
region to an area ratio of about 5. The liner is composed of grooved
copper wafers creating a porous tramspiration cecoling chamber liner.
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(U) The nozzle, which attaches immediately downstream of the throat, is
composed of two fixed regeneratively cooled sections and a retractable,
low-pressure, dump-cooled section.

(U) The main fuel flow, which is pumped to system operating pressure

levels by the main fuel pump, 1s ducted to cool the regeneratively cooled
sections of the nozzle. The forward section is cooled with the majorfty

of the fuel flow from the pump in a single pass heat exchanger. This

flow exits from the nozzle and {s ducted to the preburner. The regenera-
tively cooled rear section of the fixed nozzle is cooled with the remainder
of the fuel flow in a two~pass heat exchanger. This flow is subsequently
used as the working fluid to power the fuel low-speed inducer drive tur-
bine and is then used to cocl the porous main chamber walls,

{(U) A small amount of fuel is ducted from the fuel pump interstage to
covi the retractable nozzle skirt. This fuel is heated to high tempera-
ture in the skirt and expelled overboard through small nozzles at the
nozzle exit plane. A valve is provided to shut off the flow when the
secondary nozzle is retracted.

(U) After being pumped to system operating pressure, the oxidizer is
divided betwcon the preburner and the main chamber. The smaller portion
of the flow is supplied to the preburner and is burned with the fuel.
The resulting combustion products provide the wourking fluid for the main
turbines, which are arranged in parallel, The turbine exhaust gases are
rejoined and directed to the rain burner injector.

(U) The main burmer oxidizer flow provides the oxidizer low-speed inducer
turbine working fluid and uses the available pressure drop between the
main oxidizer pump discharge pressure and the main chamber pressure for
the turbine power. The oxidizer flow 1is then injected into the main
burner chamber and 1s mixed and burned with the fuel-rich turbine exhaust
gases. The resulting combustion gas is then expanded through the bell-
nozzle.

(L) The primary engine controls are located in the liquid oxygen supply
lines to the preburner and the main chamber and in the liquid hydrogen
supply line tv the preburner.

E. XLR126-P-1 ENGINE ARRANGEMENT STUDY

I. Introduction

(U) The objective of this study was co determine the arrangement and
effect of a spherical transftion case on the overall engine configuration.
The transition case serves as the engine center body for mounting the
preburner and turbo-machinery. An arrangement was studied in which the
main turbopumps and preburner were rotated upward and toward the engine
centerline. This design was referred to as the canted design. A second
arrangement was studied in which the main turbopumps and preburner are
perpendicular to the engine centerline and in the same plane. This
design was referred to as the coplanar design.
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2. Suamary, Conclusions and Recommendations

(U) Either the canted or coplanar designs can be reasonably packaged and
no significant advantage is obtained from one design over the other.
Selection of the transition case design should, therefore, be based on
component structural requirements.

3. Design Description

(U) The ground rules governing the design layouts shown in Figures 493
and 494 were:

Engine diemeter and length were not restricted.

The rear skirt must move forward so that its rear was flush
with the rear of the primary nozzle.

The location of the inlets wae optional.
Single preburner and separate turbines were used.
Three evenly~-spaced jackscrews were used.

(U) Figure 493 with the canted case design does not represent an optimized
design, but one which is a starting point for noting advantages, problem
areas, etc. The items listed below summarize the more significant cbser-
vations:

1. The engine low-speed inducers were moved forward with two
major effects: the engine tends to become longer and the
inlets are forward of the gimbal pad. Further study and/or
use of banjo fittings might allow the low-speed inducers to
g0 rearward.

The jackscrew supports or brackets on the rear translating
skirt may have interference problems, especially if they
are widened to overcome the moment problem at the base of
th~ brackst. This problem would te relieved by not having
the skirt come so far forward.

The cant angles on the transition case shown in Figure 493
are 20 degrees.

At station A.R. 11.75 there are four manifolds. With or
without a mechanical joint, this area requires additiomal
study to determine construction versus heat transfer con-
siderations.

Line sizes were bagsed on a design study of the Phase 1
{Contract AF04(61i)~11401) mockup. Additional line size
optimization appears warranted for new engine configurations.

The layout does not show or make provision for the supports
of the Iow-speed inducers or the jackscrew front bearings.
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(U) In general, the canted design appears to produce the lowest transition
case weight and a small r engine diametrical envelope, excluding the
nozzle diameter. However, an increased engine length will also result
with thfis configuration.

(U} Figure 494 represents the engine configuration with the coplanar
transition case., The more significant observations for this configura-
tion are:

1. A reduction in the size of the transition case as shown in
Figure 494 is required to meet the desired diametrical
envelope.

2. The coplanar arrangement of the main components produces
the shortest engine length.

3. The routing of large high pressure plumbing is reasonable,
This engine arrangement appears to produce the most compact configuraticn.

F. XLR129-P-1 ENGINE PLUMBING STUDY

1. Introduction

(U) The objiectives of the engine plumbing study were to compare the
cycle sheet flow head loss with the calculated flow head loss based e¢n

a mockup plumbing configuration, determine if the mockup plumbing con-
figuration can be fabricated into real hardware and derive ground rules
required to govern material selection and fabrication, and make a fabri-
cation feasibility study to define the configuration problem areas prior
to initiating the major engine component design.

2. Summary, Conclusions and Recommendations

(U) The calculated head loss values used in the engine cycle balance are
representative of the engine plumbing system.

(U) The mater.al that appears most desirable for use in the plumbing
lines is Inconel 716 (AM3 5589) because of its high strength and elonga-
tion. The usec of castings for the plumbing lines is a possibility, how-
ever, castings generally bave a lower fatigue and yield strength than
wrought alloys, along with lower elongations. The use of bent tubes for
the plumbing lines is another possiblity. All of the vendors contacted
have had extensive experien:e in similar lower pressure aerospace
plumbing.

3. Design Analysis
a. Head loss Calculation

(U) The engine cycle sheet plumbing pressure drops were calculated based

on an engine mockup constructed in Phase I (Contract AFO4(611)-11401). The
MTow head loss calculations in the lincs were based on the inside diameters
government by Inconel 718 (AMS 5589) wall thickness requirements. The cal-
culated head loss numbers were within the Iimitations of the engine cycle.
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b, Material Selection

(U) Material selection must be a compromise that considers minimum weigai,
maximum strength and ease of fabrication. Table L compares relative liuv

weights using several material selections. Flange weight is not included,
Three of the materials proved to be undesirable because of the high tel nit
and -~ large wall thickness requirements. These materials were Inconci

(AMS 5599), stainless steel (AMS 5654 and AMS 5735C).

(U) Table L. Plumbing Weight Summary N
Material Line Weight, 'h
Inconel 718 (AMS 5589) 72
lnconel 625 {(AMS 5599) 161
Stainless Steel (AMS 5735G) 105
Stainless Steel (AMS 5654) 282
Al10 Titanium (AMS 4910) 57
6061 Aluminum (AMS 4082) 89

(U) A line with a large wall thickness displays the following disadvantages:

1. end forming is difficult.

[=2]

2. Proper weld joints are difficult to make where thick walls
must be joined.

3. Heavy walls increase line stiffness that may impose high
assembly stresses on the flanges of mating components.

The Inconel 718 (AMS 5589) line affords a relatively thin wall and a low
overall wcizht. Some disadvantages in fabrication with Inconel 718
(AiS 5589) must be considered in spite of Che light weight advantage:

1. 1Inconel 718 (AMS 5589) must be heat treated to gain any
increase in tensile strength.

2. Heat treating can reduce the ductility to half the original
amount.

3. Unequal wall thinning along the circumference of a bend may
be a problem.

(U) At crvogenic temperatures Inconel 718 (AMS 55£9) would be preferable
to Inconel A25 (AMS 5599) provided that Inconel 718 (AMS 5389 is not
subjected to severe fabrication bends. Inconel 625 (AMS 5599) requires
n~ icat treating and after bending only stress relieving is nccessary.
Tior ductility is preserved by the non-requirement of heat treating.

Incuncl 718 {AMS 5589) exhibits a higher yield st cagth than Inconel 525
(AMS 5599), although Inconel 625 (AMS 5569 can be obtained in the c¢old
roited candition with an elevated yield strength near that of Ilnconel 718

(A¥3 5589), Tne cold rolled Inconel 625 (AMS 5599} is limited in




armality and any welding wili remove the cold work strength properties at
the weld joint. Weld fabricated bends of Inconel 718 (AMS 5589) scems
to be the logical choice of the nickel alloys,

(U) The second materlal choice based on light weight advantage is A-110
titanium (AMS 4910). Titanium should be limited to the fuel side of the
plumbing because the nxidizer compatibility is questionable. A-110 cvitantium
is weldable. Impact strength and elongation at cryogenic temperatures are
not completely defined and behavior of the metal is not fully predictable,

(U) Stainless steel (AMS 5654) has ideal properties at cryogenic tempera-
tures and is used extensively on the RLI0O rocket engine. For the high
presaure applications of this rocket engine, however, stainless steel
(AMS 5654) is not a practical choice because of the required heavy wall
thickness of the lines.

(UY Stainless steel (AMS 5735G) will allow a line wall thickness near that
of A-110 titanium (AMS 4910). Stainless steel (AMS 5735G) has the advan-
tage of an elongation capability that increases with decreasing tempera-
ture. Although weight and elongation factors look favorable, the weld-
ability of stainless steel (AMS 5735G) is very poor, and it is not recom-
mended for we'ding.

(U) Aluminum (AMS 4082) is applicable on the low pressure side of the
oxidizer and fuel plumbing. The yield strength of the aluminum (AMS 4082)
allows for a minimum commercial wall thiciness to be employed. The combina-
tion of a think wall with a low density material makes aluminum (AMS 4082)

a good choice. Aluminum has good weldability, machining, and forming
properties. For high pressure plumbing, the aluminum is impractical be-
cause the heavy wall requirements in the lines wrnuld present fabrication
problems, '

(U) Waspaloy has strength properties similar to Inconel 718 (AMS 5589),
but the formability is much lower.

c. FalLrication Considerations
(1) Fabrication of Bends from Half Sections

{U) Bends can be made by welding two half sections together where the
turning radius of the bend is in the joining plane of the two se-"ioms.
Dies to stamp out the half sections can be produced ecounomically frem
asteel, The turning radius of the half section and the cutside diameter
of the tube cross section can be held to a ratio of 1 te 1 for tubes
ranging from 2-inch OD and up. Maintaining a 1 to 1 ratio of r/0D for
tubes with an OD less than 2 inch is difficult. This difficulty arises
because the wall thickness relative to the OD becomes proportionately
larger as the OD of the tube becomes smaller. Fabrication of half
sections for bends with a tube OD less than 2-inch and a relatively smal!l
turning radius can be accomplished by lathe turning two semi-toroidal
sections from heavy plate. The semi-toroidal sections can be cut into
required bend segment angle and joined by welding. This method is
economically feasible where only a few parts are required.
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(2) Castings

(U) Cantings generally have lower fatigue and yield strengths along with
lower elongstions than wrought alloys. The fatigve strength of a casting
can be increased by shot peening. This puts a residual compressive
strens in the outer fibers that incresses the tensile strength of the
casting. Investment casting of the bend half-sections is another method
of fabrication where the tube OD is less than 2 inches and the turning
radius relatively smail. This choice is governed by the number of parts
required. Economic feasibility may not be applicable for less than 5 or
10 parts. A good material choice for the investment casting method is
cast Inconel 718 (AMS 5383). This case allov has a 0.2% yield strength
of 110,000 psi and good elongation. A disadvantage of using Inconel 718
(AMS 5383) is that the desired properties of nickel cast alloys are hard
to control and the porosity may be the only quality the casting vendor is
willing to guarantee. The minimum wall thicknesses on investment cast-
ings can range from 0.030 to 0.080 inch, which is ¥ §uitable size re~ —-
quirement limit on most of the lines.

{(3) Tubeés

(U) Several tube vendors were contacted in the course of this study.to
ensure that the proposed engine plumbing would not be fabrication limited.
Comments from interviews with the vendor representatives are included
below.

(U) The most desirable method of fabricating a tube consisting of several
bends is by direct bending provided that all of the limiting conditions
are favorable. A bend location is preferable near the end of the tube.
The unbent tube will have its end cut on an angle in the plane of the
proposed bend. The angled cut will be pulled square with respect to the
tube centerlime during bending. This caused by the fibers along the
inside of the bend being pushed back and the fibers along the outside of
the bend being pulled forward. The free end is unrestrained and wall
thinping will be held to a nminimum.

(U) 1If the tube consists of several bends rather close together, the
bends will present difficulties because of the restraint on the inner

and outer fibers by the previous bend. Excessive wall thinning of the
outside of the bend may result if the bend angle is too severe. A mate-
rial like Inconel 718 (AMS 5589) must be bent in multiple stages per bend,
consiasting of alternate partial bending, removal from the die and aneal-
ing. The Inconel 718 (AMS 5589) has a tendency to work harden to a high
degree, therefore, annealing during bending must be accomplished.

(U) The out-of-roundness of the tube cross section at the bend is held

to a minimum because the die is reinstulled at each continuation stage

in the bending after annealing., The diametrical reduction for a 4-inch 1D
tube aay be 0.020 inch. This diametrical reduction decreases as the tube

ID decreases. The Inconel 718 (AMS 5589) has the highest rate of elonga-

tion if it is bent in the annealed condition spec. (1975°F). Because the

tube applicaticn is cryogenic, notch sensitivity will not be a problem.
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APPENDIX

A. GENERAL

(U} The roiler bearings that will be used in the XLR129 fuel pump have

two unique features,

.

2.

(U) The

The outer race is thin and is mounted go that it can flex
under roller load, as shown in Figure 495.

There fs a tight or negative fit between inner race,
rollers, and ocuter race.

interaction »f the parameters that affect the h»nring lcads

cre complex. Thurelcic,.-a cvmpurer program was written to provide

answers

to the following questions:

Where is the assembly (room temperature) negative intermal
fit absorbed? ‘

How does the roller load change as the envi ronment changes
(temperature, rpm) ?

What is the effect of an external bearing load on 1ndiv1duz'
roller loads ?

{(¥) This appendix is organized as follows:

1.
2.
3.
4.
5.

The effects considered in analyzing the bearing
The nomenc lature used in the program

The formulation or equations used in the program
A compilation of the program

A sample case.

XLR12>-P-1 Bearing

(U) Figure 495. Fuel Pump Bearing Concept FD 25497
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1. Effects Cunsidered in Analyzing the Bearing

(U) The effects that were considered in analyzing the bearing are as

follows:

1.

Outer Race

a. Thermal growth - 84
b. Hoop growth and axial crowning (Figure 496) - &g
c. Race chording because load is local from each rolics
rather than uniform (Figure 497) - éj¢o
d. Hertz deflection (roller and outer race) (Figure 498) - &)}
e. Growth caused by axial loading - 837. T
Roller
a. Thermal growth -~ 87
b. Deflection from load - &g
c. Change in load inner to outer race bhecause of rpm.

Inner Race

a.

b.

c.
d.
e.

f.

Thermal growth - &,

Pace diameter change caused by differing coefficients of
expansion of the shaft and inner race. (Shrink fit is
assumed.) - 81y

Hoop growth from load -‘52
Bending growch or chording - §3
Hertz deflection (roller and fnner race) - §,

Inner race deflection from rpm - §5.

Variation in load along roller axis because roller is offset
on outer race (Figure 499) Note Py and Pj).

Redistribution of roller loads because of externally applied
radial load (Figure 500).

(V) Figure 496. Growth from Hoop and Crowming FD 25501
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(U) Figure 497. Chording FD 25537

NoLosd on Roller Defisction from Relier Lasd
(U) Figure 498. Hertz Deflection FD 25538

(U0) Figure 499. Symmetrical Loading Kotation FD 25539




() Figure 500. Unsymmetrical Loading Notation FD 25540

2. The Nomenclature Used in the Program (See Figures 499 and 500.)

) l’iguré 501 gshows the placement and sequence of the program input
parameters. The following i3 a list of the nomenclature used:

l'

CIRERSEIIS

Input Notations

HOC

NOPT

- Number of cases in fixed po‘im:, one card precedes each
group of csses.

1 in fixed point uses §j9
2 omits $1, which calculates change in outer race
diameter due to axial pinch of carrier om race.

Shaft inside radius (can be 0) - inches.
Shaft outside radius - finches.

Inner race fnside radius - inches.

- Inner race outside radius - inches.
Outer rxace inside radius - inches.
= Quter race outside rsdius - inches.
Roller dismeter -~ inches.

Outer race length - finches.

Roller crowm length {(flat) - inches.

Offset of center of roller relative to the center of
the outer race - inches.

]
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FIT - Radial negative intcrnal clearance (bul,, tight fit) - inches,

T, - Shaft temperature - °F.

T, - Inner race temperature -~ F.

ag - Shaft coefficient of thermal expansion - inches/inch/°F.

o4, - Inner race coefficient of thermal expansion - inches/inch/°F.
EE - Modulus of elasticity - pounds/inch2.

T, - Roiler temperature - °F.

ag. Outer race coefficient of thermal expansion - inches/inch/°F.
Tor - Outer race temperature - “F.

P Axial pinch load on outer race - pounds.

H - Roller length ~ inches.

Pl (gucss) - Guess at load from internmal fit - pounds,
P - Side lcad on bearing - pounds.

6
Al’7 (guess) - Cuess at load redistribution from side load - pounds.

c -~ Crown height - inches.

XK - Number of rollers

13 - Poisson’'s ratio

b ir - Inner race width - inches.

p - Inner race and roller weight density -~ pounds/ inch3.

rpm - Shaft speed - revolutions/minute.

ap - Roller coefficient of thermal expansion - inches/ inch/°F.
Output Notations

P} - Roller to outer race load with no side load, pounds.

Py - Roller to inner race load with no side load, pounds,

P - Roller to race load at one end of crown - pounds/inch
of circumference.

P - Roller to race load at other end of crown - pounds/inch
of circumference.

CF - Centrifugal force of 1 roller, pounds .

DEL - Loss in fit shaft to inner race because of thermals - inches.
By - Roller to outer race circumferential contact width - inches.
B, -~ Roller to inner race circumferential contact width - inches.
Cage rpm - Cage rpm assuming no slippage of rollers to race.

D; - Imner race thcrmal deflection - inches.

Dy - Im;er race hoop deflection ~ no side load - inches.

D3 - lomer race bending deflection - no side load - inches.
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Hertz deflection inner race and roller - no side load - inches.
Inner race rpm deflection - fnches.

Roller deflection from load - no side load -~ inches.
Roller deflection from thermals - inches.

Outer race thermals - inches.

Quter race hoop and crowning - inches.

Outer race bending - inches.

Hertz deflection, outer race to roller - inches,

Outer Tace Poisson deflection from axiel load - inches,
Inner race contact width, most loaded roller - inches.
Cuter vace contact width, most loaded roller - inches.
Inner :ace contact width, least loaded roller - inches.
Quter race contact width, least loaded roller - inches.
Roller tv outer race load on loaded side - pounds.
Roller to outer race load on unloaded side - pounds.

Roller to inner race load on unloaded side - pounds.

« Roller to inner race load on loaded side - pounds.

Change in outer race to roller load on loaded side - pounds.

Change in outer race to roller load on unloaded side -
pounds,

Outer race hoop and crowning deflection loaded side - inches.
Roller deflection from load on loaded side -~ inches.

Inner race Hertz deflection, loaded side - inches.

Outer race Hertz deflection, loaded side - inches.

Outer race hoop and crowning deflection, unloaded side -
inches,

Rolier deflection from load on unloaded side - inches.
Inner race Hertz deflection, unloaded side -~ inchus.
Outer race Hertz deflection, unloaded side ~ inches.
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3. Formulation or Equations Used to Analyze the Bearing
a. Outer Race Deflection Terms
(1) Tanermal Growth

58 = -RS oor (Tor-7o) (1)

(2) Hoop Growth from Radial Load and Axial Crowning
(Figures 4956 and 500)
Note that the deflection under P, is the same as that under P

3 4
2¥R (P, + P,) = XN P, (2)
1
A= = 3)
R;(R, - R

2
P, ARy 1 ) )
8y = EE(R, - R,)\SLahZAORL-3inZ ORL (Cosh™Aatcos™Aa)

(Sinh Ab Cosh Ab-sin Ab cos Ab)+

(Cosh2 Ab+cosz Ab) (Sinh Aa Cosh Aa-sin Aa cos Aa)] +

P, ARZ .
BE(R, - K,) \SinhZAORL - sinZA0RL 2 Cosh Aa cos Aa

Sinh AORL cos Ae Cosh Af - sin AORL Cosh Ae cos Af) +
(Cosh Aa sin Aa + Sinh Aa cos Aa) ISinthRL (sin Ae Cosh Af -

cos Ae Sinh Af) + sin AORL (Sinh Ae cos Af -

Cosh Ae sin Af)l I “)
also:
2
P4 ARS i , :
‘9 - EE(R6 - RS) Sinh? AORL - sin2 AOKL (Cosh™ Ae + cos™ ae)

(Sinh Mf Cosh Af - sin Af cos Af) + (Cosh® Af +

cos2 Af) (Sinh Ae Cosh Ae - sin Ae cos Aeﬂ +

2 Cosh Af cos Af (SinhAORL

2
P, ARS 1
53(36 - RS) SinhZ AORL - sinZ AORL
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cos Ab Cosh Aa - sin AORL Cosh Ab cos Aa) +{Cosh Af sin Af +
Sinh Af cos Af) lSinh AORL (sin Ab Cosh Xa - cos Ab

Sinh Aa) + sin AORL (Sinh Ab cos Aa - Cosh Ab sin Aa)l (5)

Local Growth Because the Thin Race Chords Between Rollers (Figure 497)

poo 1% R 2.12 ©)
10 Y
2EE ORL (R6 RS) xN3.135

Hertz Deflection (Contact Deflection) Outer Race to
Roller (Figure 498)

7 P10.9

FFO'S

Radial Growth Due to Axial Loading

)

12 EEw2 RS(R6 - RS)

611 = 4,36 x 10

5

Roller Deflection Terms
Thermal Growth

67 = - DIA ay (TD - 70)

Deflection Under Load
P. + P
s oo i th)
6 FF EE

Inner to Outer Race Load Variation Caused by rpm

0 R, 2
P1 = P2 + 386 | TP™ -R:_-I-_.I_{;) 0.1045

2 4

(‘4 +DIA)[Fm1A2 + (H - FF) (gil:q_ - C)Z]

*Roller Bearing Analysis, T. A. Harris, 1966
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(23

()

(%)

(3

(6)

C.

Inner Race BDeflection Terms
Thermal Growth

- - (4] - b
613 R& ir(Tir 70)

Growth From Change of Fit Between Race and Shaft Because of
Thermal Expansion Ceefficient Differences

o e = 0 - oycr, - (- ) - o)
Ky )

5 =t ,
ib R; (R,2 _ 2
22 2 + L
A
2 2
(Ra B Rz)
Hoop Growth From Load
2
XNP R, + R2
5, = 2 1 CRT
2 7 EE 2WORL R2 . R2
4 1
Bending Growth or Chording Between Rollers
3
R 2,12
- ) 3.1
3 EEB, (R, - R )3 XNj 3
ir 4 1
Hertz Deflection (Contact Deflection) Inner Race to Roller
0.9
7 B

5, = 4.36 x 107" ———
4 FF().b

Growth From rpm of Shaft and Racu

R:B P ‘ 2 2‘2 .
5 = (.4 rpm2 ¥ I+ M | 4L _Lx3M
5 EE 3ob 60 g Rz 3+ M

Load Variaction Along Roller Axis Because of Roller Offset on
Outer Race (Defined in the Equation in Section 3.1b)

Redistribution of Roller Loads Because of Externally Applied
Radial Lecad (Figure 500)

The load per roller changes to a sinusoidal distribution:

+ 2(!’1 +AP7 cos g)cos )%g

(12)

(13}

(15)

(16)

(17)




+ Py - Qg+ 20 - AFy cos §§5 + (P, - dPs COs %g)

cos %ﬁ + 2(P1 - APE cos %‘) COB %etc cearenm- O CO8 ¥

2
Py = Py + AP,

PB = Pl - A‘Pa

The in:rease in outer to inner cace spacing on the side of the
bearing being unloaded equals the decrease in spacing on the loaded

side.
P; Py ;0.9
-l il k g pmd «7
P 59 + F, By + 4.36 x 1G o8t 4.36 x 10
(P7 - P +;Pz)0‘9
Fr0.8 -84 - b1y g - g
Pg Fg P30'9
= §g + == 86 + 4.36 x 1077
Py "9 7 By FF0.8

4.

(Pg -~ Py + Py)0.9
FF0.8

+ 4.36 x 1077

Program Compilation
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3. Sample Jase

{L) This sample case is for a bearing with scainiess steel (AMS 3640)
rellers and races, a 0.0039 iach pegative diametral intermal clearance
LD = 1,00, single crown rollers, and a 1700 1b radial load. The progras
input and output are shown for this case and the data are plctred in
igure 302.
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fabricated, and testcd that produced 2 uniform temperat: e profile suitable for use in the en-
gine. Under the roller bearing durabiliry tects, four bearing configurations surpassed the test
duration goal «t the design operating conditions. Under the pump inle¢ evaluation, an el*-w
type of inlet with turning vanes was selecred for hoth the fucl and oxidizer turbopumps . Underv
the nozzle fabrication investigation, it was concluded that the internal corrugates type of
construction was best for the two-position nozzle. Uader the controls component tests, ooth
# hoop shutoff seal and & cam-actuated shutoff seal have proven to de poteatially feasitle
types of seals for use in the main chemder oxidizer valve, which is a butterfly valve. Also,
pressuce balance confipurations of piston rings used in the preburner oxidizer valve have
demonstrated acceptable wear leakage and sctuator force characteristics. Under the Component
Developnnent Task, designs have been initisted for rhe preburner injecior, main burner injector,
main burner chamber, norzles, transition case, fuel torbopump, oxidizer turbopump, fuel low-
spevd inducer, oxidizer low-speed inducer, and the contrel components.  The demonstrator engine
design has also been started.
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