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PATENT SECRECY NOTICE

Material in this publication relating to)

LAMINATED CHAMBER COOLING MY3ANS AND A SLOT
"TiUBiE INJECTOR CONCEPT

reveals subject matter contained in C. S. I Wtent Application Serial
No. 319,047 and 723,954 entitled "High Pressure Rocket and Cooling
Means" and "Slot Tube Swirler Injectoi ,' re- spuctively, which have.been"
placed undo r Secreccy Orders issued be the Comts sioner n? Patents.
These Secruecy Orders have been mod i fied by a SECURITY PnQtiREMENMfS
PE RM IT.

A Secrecy Order prohibi ts publ ication or disctlosure of uTe inven-tion,
or any maveriaI in formation with respect thereto, it is separate one
discinct, and has nothing to do wi. th the classification of Goverrnment
contracts.

By statute, violation of a S'-recy Order is punishable by a fine
not to excced S10,000 and/or impri son•enint for oet more than two Nears.

A SECURLI'Y REQUEREMENTS P'ERMIIT authorizes disclosure of the invention
or any materijal information with respect thereto, to the extent set forth
by the scu i[ty requiremen ts o f the Gove•rnmreent contract which imposes the
h ighest securi-ty classificati,,ion on the subject tuatter of the appli.catLon,
exceu t t' '-po rt is prohibited.

Disc i•sure of these inventions or any v i ol information with respect
thereto is probhibited extcept be wri-tten consent of t02 Commission•Oen , f
Patents or as authorized by the permits.

The foregoing does not in any way lessen respnonsibility for the
security of tCi su:Ibject matter as imposed by any Government coLtract
or the provisions of the existing laws relating to espionage and national
security.
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SECTION V

TASK 1.2 - COMPONENT DEVELOPMENT

A. PREBURNER INJECTOR

1. Introduction

(C) The preburner injector uses pump-fed propellants that are metered
at a maximum 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 preburner 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.

Low-Speed Iduer Oxidizr Turbopu• p

TwoPiiti lsn

(U) Figure 320. Propellant Flow Schematic FD 25389

2. Summary, Conclusions and Recommendations

(U) The design of the preb,:rnor injector for the XLR129-P-1 demonstrator

area fuel. injector was •elected. Selection of this injector concept was

subtark discussed in Section IV, Paragraph A.
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CONFIENTIAL

3. Design Analysis

(U) The design of the preburner injectot 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 a one-piece oxidizer element that
uses a nut to carry the oxidizer plate pressure loads. Fieure 322 illus-
trates a two-piece design that has a removable cap nut to facilitate oxi-
dizer plate removal. The cap nut has the secondary i=i.Lring slot machined
in it. Because this method would have an axial as well as radial mismatch
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.

Oxidiser Element

Primary Oxidizr Oxidizer Plate

Housin~g

(U) Figure 321. Nut Retained One-Piece Oxidizer FD 25382
Element
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ULASSIFIED
.--- Cap Nut

Primary Oxidiser - Oxidizer Plate

Injector Main

Housing•

Oxidizer 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 caustic contaminates used in removing casting cores necessitate
extensive cleaning to eliminate oxidizer incompatibility 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 Rigimesh 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 demonstrator 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 shown in Figure 323. It was necessary, how-
ever, to increase the fuel flow cavity area, which increased the overall

height of the injector as well as the weight. To reduce the weight of
the support system, a 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 required cell sAze., thin can he pru',w.u Aý:I.

present tooling. This method has the same disadv-ncages as t , -
ribbed section supports. The design study indiccted that this lypo CIL�

plate support was inferior to the support used c.r the suppoctin, ,,

and analysis faceelate in whih tangs on th- faceplate were brr:n i-3P

oxidizer elements. Experimentation revealed ohan: "n f~n cc, p - :
supporting data and lysi -ireburner injector could be unIbroaz u
damaging the oxidizer elements. A new facepn',te could be readily

to the injector with no foreseeable problems. Because the fnceplvtý o I--

successfully unbrazed, the brazed support was used in the preburn.- lnjccao}:

design.

Su'poert (-a:

A L]L7'- r- -7A!

0 150U in.
}idgimesh -

Sectian A-A

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

(U) Local burning on the injector faceplate in the area where the
oxidizer elemnts are brazed to th three tangs was observ2d during z.
with the supporting data and analysis preburner injector. This burnicc;
was appar.intly 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 area causing faceplate burning. A

design study indicated that for a tang width of 0.040 inch, a fuel slot
tang recess of 0.155 to 0.165 inch is required to eliminate the low
pres.sure condition by allowing the flow to rejoin prior to reachiot, "z-

combustion chamber.

(U) The revised tang recess resulted in a reduction "f braze arep. To

valido.. the ability of the reduced area braze joint to carry, the diffure.,
pressure load of the faceplate, samples of An.- oxidizer element to Rii:':u:
braze were fabricated and tented. The worst condition tested was one to,,
completely brazed and the other two only partially Or, •d. This bra.,-
A;.m]e failed in shear with a load of 338 pounds. The calculated

,,-A,: OJS 2,,,,3 pounds a L the outer element.

(U) . transition case with an integral preburner injector fuel manifold
was ,na 1-''d to determine the feasibility of a reduction of size ano
wojyt-, Tha design studied is illustrated in Figure 324. This design wawe
ý..yry•n• • unsatisfactory bacause of the i -n-"it to install the tvan-

. i_1 c,- l, ; - from t'he tnjec -nr sicy. Comoin. mach':min.< wouo- 'nc



CONFIDMAL
be required if the fuel manifold was designed as an integral part of
the transition care. The demonstrator engine preburner injector was
designed as a separate removable part irJependent of the transition case,
which will permit the inner liner to be removed from the injector side of
the transition case.

Preburner Oxidizer Oxidizer Primary Supply OxidizerValve Housing-• Secondar

Preburner

Transition

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

4. Injector Design

(U) The XLR129-P-1 demonstrator engine preburner injector design is a
dual-orifice, tangential-entry oxidizer and fixed area fuel concept. Data
accUimUiated during Phase I (Contract AF04(611)-l1401), the supporting
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 Fiiure 325.
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(C) The preburner injector incorporates 253 oxidizer elements arranged
in a hexagonal pattern as shown in Figure 326, The oxidizer elements
are 0.124-inch inside diameter and have flow entries 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 diameter 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 A5/A ratio of 0.555 and L/D oi
17.3. Each element has an integral collar that rests against the injector
main housing ior axial positioning prior to brazing the elements to the
oxidizer plate.

C 0 C" 0 0 IN C

0 0/ ". .. 0 Q t 0.0

0 U, 00 0

- -" " j- - - R--i-

0 000" + 0 " " 000

* 00 ?"" Clockwise Rcotatien

(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 triat the large secondary oxidizer volume contributed significantly
to this instability. The secondary oxidizer volume, which includes all the
volume downstream of Che shutoff at the preburner oxidizer valve and
upstream of the orifices on the oxidizer elements, is 27.11 in for the
demonstrator engioe preburner injector. This is 53.5% of the calculated
volumne of the supporting data and analysis injector. The primary oxidizer
volume is 7.74 in , which is 70.5% of the calculated volume of the
qupporting data and analysis injector. This reduction 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.

315
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(C) The secondary oxidizer flow is supplied from the preburner oxidizer
valve through three holes in the preburner oxidizer valve housing as
shown in Figure 327. The predicted pressure loss i.s 200 psi at the 1004,
mixture ratio of 7 flow conditions. The primary oxidizer flow Is supplied
from the preburner oxidizer valve through six drilled passages in the
preburuer oxidizer valve housing and the outside diameter of the injector
main housing as shown in Figure 325. By routing the prii ary flow radially
inward, a more uniform pressure will be maintained in the primary mani-
fold. A pressure tap is incorporated in the injector main housing to
permit measuring the primary cavity pressure during test. A pressure tap
is incorporated in the preburner oxidizer valve housing to permit meas-
uring the secondary cavity pressure.

A •----.- ~Valv HwainS-•

0 4!
Al

(U) Figure 327. Secondary Oxidizer Flow FD 25388
Pas sages

(U) Fuel flow is supplied to the preburner injector through one inlht into
the fuel manifoid and is routed arounid the injector in a 2.84-inch diameter
manifold. The fuel Its uniformly distributed from this manifold into the
fuel cavity through 28 passagej.. Instrumentation bosses were included in
the fuel manifold to measure the fuel manifold pressure and temperature.
The fuel manifold inlet flange is designed fore 0.002-inch f).avge defection
at the seal location with maxitvum applied pressure loads and a 5000 in.-
lb external bending moment. The exterial bending woment was assumed to
account for plumbing loads.

(C) The porous preburner injectof faceplate is fabricated from Rigimesh.
The porosity is 40 scfm/ft2 of air with a 4F of 2 psi at ambient tempera-

ture. The Rigiresh faceplate contains the fixed area fuel annuli, which are
centered circumferentially to eacl- oxidizer eiement by three tangs.
The fuel annult 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 prevent fuel I
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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 cooling 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 Rigitesh face-
plate. This analysis showed that no plastic strain existed for the worst
case and, therefore, the Rigimesh 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
Rigtmesh 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 0 R.

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

(U) 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 insertion of the preburner igniter.

Ignter Housing Locking Rimg,co

Prebumne Phu

Cue

Ignte Plus Housing
** Cov Doesol Dom==

0-Ring Seal
Ozidise In

O'Bings s"bHuing S.

(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 demonstrator engine. To ease fabri-
cation difficulties and improve repairability, prime consideration
was given to a multipiece injector design. It was proposed thac the
injector be built from pie-shaped segments or from individual sproybars
brazed or welded into an oxidiner 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 adaptinR the ianiter fabri-
cated during rhase I (Contract AF04(611)-11401) as well as new concepts
that could reduce the complexity of the igniter system.'

2. Summary, Conclusions, and Recommendations

(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 angled type of single tube spraybar design. A
typical design in 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 of the elements.

(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 fefaeltstutrtotasi rs;rladto the

(U) 9. The existing Phase I (Contract AFO4(611)-11401) igniter

hardware cannot be used in the demonstrator engine
transition case and injector without modification. TheI
most desirable location to mount the igniter 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.

Oxidiser

Faceplate Fucepla

Manfodmainif

(U'sFigue 32. TyicalMainBurnrB FD2536

Injector Crons Section

320



K

(U) Two methods of arranging the radial oxidizer manifold area inside
the spraybar were studied. One method, shown in Figures 330 through
336, has the radial manifold area composed of numerous small passages
stacked axially on top of ane another inside the spraybar. The small
radial passages are interconnected through internal crossover passages.
Thf'mtacked radial manifold concept creates a spraybar that is thick
in the axial direction but thin in the injector circumferential direction.
The diatance between the thin spraybars allow enough flow area for the
hot gases from the preburner. For the hot gas (fuel) flow area to
increias', 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 area as the radial oxygen
flow rate decreases becau:e of oxygerý being discharged -through oxidizer
elemento 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.

Sctfim AA

S ecio r C

(U) Figure 330. Main Burner Injector FD 25361
Concept No. 1
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Cap

Aiterms"tv2
Cap Dewsig

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

Bras, In Place (" "
Pr. to Makin$
B-olt Holes '

lRectangular
Broached Slot

(U) Figure 332. Main Burner Injector Concept FD 25363
No. 3
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S! 1

BMW Weld

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

slotb it Not
Practta tor
Cast

Section Thmouh Manifold
VW0 Dopeas Fvom Inlet

Wtid Optional

Manifold May Be
Cast In OnQ Piefe

(U) Figure 334. Main Burner Injector Concept FD 253G5
No. 5
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Weld Optional.

S�nMafoiW May Be Cast
-.- in On*o PiePeS leirmo BUM Weld

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

(U) Figure 336. Main Burner Injector Concept FD 25371
No. 11
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Sctfiom AA
B A

S4ct!On BB

(U) Figure 337. Ma in Burner Injector Concept FD 25367
No. 7

C sttc CC1

viewr A*Ma VimA

Alumsaiv. Rmid D H...
B~MW JOWUI CuwiStcn '

Cc Rwiftý ASmatveie

Vtview D( Maddew

Altraftive Wetd '\WW-dW* RA-1401t xti~
Cmn~guntlot for s~ikile Joita
modtifed 8pisyk~r eofu a~twM0a

(U) Figure 338. Main Burner Injector Concept FD 25369
No. 9
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(U) Figure 339. Main Burner Injector Concept FD 25370
No. 10

Spark Plug Acae.

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

(U) Fabrication by casting and machining were considered for the individual
spraybars. The cast configurations shown in Figures 334 and 335 have a

dog-legged radial flew passage which allows the flow passage to be per-

pendicular Lo the engine axis at the bolt flange section. This allows
the injector to have the smallest axial thickness possible for any par-
ticular radial flow area arrangement. The machined fabrication method
restricts the radial flow passages to straight cuts, as opposed to

angled passages, or to assembling at an angle one or more straight cuts.

The machined configurations shown in Figures 330 through 333, 336, 337,
340, and 341 are aUl 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 Ehowing ideas of how to attain the angled radial

flow passage and still machine the 3praybar.

(U) Three methods of making aa injector assembly were considered. One
by casting the injector in one piece or .in the second, by casting large
pie-shaped segments and welding the segments together. Both of these
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schemes are shown io figure 335. Although casting the ýnJecto. o:r webly
is within the state*-of-the-arL, it is not without problome ot core r,;-moval.,
core positioning, and tooling. It was conclvded in diwecussion with tast-
ing vendors that the limited number of injectors presencly to be pu~rcFhased,
it would be uneconomical to attempt fabricacion of an inject;or assembly
by casting at this point. The third method of formiqg an injector assombly
is by brazing or welding individual cast or maehined sproybars into a mabl
injector housing. These. schemes are prescntitd in iguires 328 through 334,
336, 337, 339, and 340. Because of weld shrinkage problems, the weldet
assomblies do not appear as attractive as the braxed assenjblies. From
a brae standpoint it is better to braze o round Joint than an oblong
joint. All, single tube spraybers form round joints and all scnckod.
hole spriybars form oblong joints.

Beam Weld

AA

A

Scction AA

(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 method was to support the elements in the
core used for forming the radial flow area in a cast spraybar and-sub-
sequently form a diffusion bond between the elemnnt and spraybar during
the casting process. Some work has been done on this type bonding by
casting vendors, 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(611)-11401) injector assemblies, and is adaptable to either
a cast or machined spraybar.

(U) Several methods of transmitting 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
No. 13 A

3. Description of Design Concepts

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

a. 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)-I1401), 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

W, 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 a one-piece
casting or machined forging. The tie bolts are located between the
oxidizer supply boles 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 4
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 Ftgure 331. The "praybars for this
concept are inserted in an axial direction instead of a radial direction.
The axial direction of spraybar assembly permits an individual spraybar
to be removed from the assembly for repair purposes. The radial direc-
tion of apraybar 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. Concept No. 3

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

d. Concept No. 4

(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 braze slots in
the crossover manifold housiag. 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 critical.

e. Concept No. 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 machining from 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 L02 clean requirement.
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g. Concept No. 7

(U) This concept, which is shown in Figure 337, has a single supply tube
spraybor design. The spraybars are staggered to increase hot gas flow
area. The tapered 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 machining techniques.

h. Concept No. 8

(U) This concept, which is shown in Figur, 343, illustrates a faceplate
support system in which the support bolts are 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 inc:eases. 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 complex and the srraybar
can be flat sided.

FW Ring

Fceplate

Support

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

Ai. Concept No. 9

(U) This concept, which is shown in Figure 338, offers several variations
on the single tube tapered spraybar design of concept No. 7. In this
design concept the spraybar oxidizer flow area has been increased in
order to meet XLR129-P-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 r'ie
multipiece concept. View E shows a 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
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with abrupt changes in area. This concept to suitable for either casting
or machining from a forging. Views .1, 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 diameter of the spraybar has been
Increased to reduce the oxidizer radial pressure loss in the spraybar.
The increased tip diameter produces the maximum oxidizer internal flow
area at a sacrifice to the hot gas flow area between radial 6praybars.

k. Concept No. 11

(U) This concept, which is shown in Figure 336, is a variation on con-
cept No. 2 where the spraybar inlet oxidizer flow area 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
'ith 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 AFO4(611)-11401),
except that th' rib support structure is fabricated from sheet stock
instead of being machined in one piece.

Blectron lectron eeamWeld

Section AAW ee io A Aý 
" M n A

Aftunadve Weld

(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. tn any case, the retainer is not a

load carrying member but it merely retains the faceplate in position
during assembly. The load of the faceplate is transmitted into the

V •main chamber ease at the outside diameter through the support ring *nd
into the spraybar near the center through bolts as shown in concept No. 8.
Transmitting the load into the main chamber case eliminates the set of
bolts that attached the faceplate to the injes-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 solid

Rigimesh faceplate and support.

o. Concept No. 15

(U) This concept, which is shown in Figure 340, offers still another
variation on concept No. 9. 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 through the oxidizer manifold.

(U) In this study, two alternative materials were considered for use in
the injector designs. Inconel 718 (AMS 5663) was chosen as representative
of a good castable high strength material, while stainless steel (AMS 5646) Al

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
beyond the state-of-the-art because of the complaity of
supporting Lhe cores and subsequent core removal.

2. Diffusion bonding of the oxidizer injection elements into
the cast spraybars is not impractical, but some develop-
ment would be required.

3. Porosity in the casting should be expected internally
between the injection elements. Fxternally, the spraybar
would be leak free.

4, Care murt be taken tit the design of the parts to ensure
adequate access for leaching out the core material.

5. The caustic solution used for leaching out the core would
be difficult to remove.
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6. Core support could be accomplished through the oxidizer

injection element holes.

7. Casting the Rigimesh face support directly into the
R,18imeah to form a bond and thereby avoid a weld joint

i, possible, but this requires additional development
work.

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

1. The injection elem-nts should be brazed beforc assveibl,,
to permit the spraybars to be indivLduwlly flow checked'.

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

3. 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.

4. An axially slotted braze connection is easier to machine
than a radially slotted braze connection; however, a
through broach design is more desirable than either of
these methods.

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

6. Time would be required to develop the technique required
for making the weld required in concept No. 4 without
excessive distortion.

7. A round sprsybar braze joint, like that required for
conceptseNo. 7, 9, 10, and 15, ie the easiest shape to
braze,

8. 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 comparison, 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 formula S = Pr/t where S = 85% of
Lhe 0.2% yield, and P = 1.2 (maximum cycle pres-rere). All cast degn
were assumed to have a tapered maeifold, while all machined designs
were assumed to have a constant cross section nmanifold.

(U) Early in the study, the injector schemes were based on the r 'mt:

established during Phase I (Contract AFOA(61i)-II401) it was (<',ci V
for comparison purposes, all designs would use the bolt :.rcLe diameter
established during Phase I (Contract AF04(611)-11401). Ise oxid7cy spray-
bar inlet area was held the same as on an earlier cast . i;-ctor stud,.
The resultant configuration weight, presqure drop, and other paramotýý-,

were then determined as shown in Table XXVII. The oxidizer pressure . ',
in concepts No. i, 5, and 7, are based on the pressure drop requiroelmes
established during Phase I (Contract AF04(611)-11401). Later in the study,
the demonstrator engine oequirements became available and, based on these
requirements, a h<ew oxidizer spraybar inlet area was determined. Cen-

cepts No. 9, 10, 11, and 15 reflect this change. Concept No. 11 was sizce
to obtain this oxidzer flow area and at the same time maintain the hot gas
flow area established during Phase I (Contract AF04(611)-l1 4 01) or greae:.

(C) (U) Table XXVII. In jector 7cloction Criteria

Concept Weight (lb) Oxidizer Flow Fuel Fl,,( 2 ) Oxidizer
SST - Inconel 718 Area (in?) Area (iYn?) 6P (ysi)

(AMS 5646) (AMS 5663)

1 134-96 9.08 5R.0 1253

5 96-76 9.08 67.0 1253

7 92-72 9.08 74.0 1253
9 (l) 64-44 14.37 71.8 983

10 65-45 14.37 71.8 983

ii 156-118 tý.37 56.0 985

15 70-50 14.37 71.8 tou

(I) Views "E", "F", and "H"

(2) Hot gas flow area around spraybars.

5. Pecformance Considerations

(U) A study was also made to show the effect of various parameters on

injector performance. The parameters that were consideied to be infl.u-

e•tiai were omidizer droplet size, number of injection elements, oxidizcr

injeet-r presswre drop, pressure loss in a tapered spraybar, effoct of

spraybar size on fuel injector pressure drop, and contraction ratio.

(U) Table X shI!I shows the magnitude.- of various influential parameters
for- the enýyine cycle. This table in conjunction with the figures Cx-
plained h _ _ _ cap he used to determine the change in injector perfor.i,-enceý

caused by changes in iniluential parameters.
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(C)(U) Table XXVIII. Cycle Values of Influential Parameters

Total Cycle Oxidizer Injector Pressure Drop (psia) 985 psia

Oxidizer Element Pressure Drop (psia) 871 psia I
Number if Oxidizer Injection Elements 1080

Total Cycle Fuel injector Pressure Drop (psia) 120 psia

Fuel Injector Slot Pressure Drop (psia) 96 psia

Throat Diameter (inch) 7.680 inches

Contraction Ratio 3

(U) Figure 345 shows the Sauter mean diameter of the injected liquid
oxygen as a functiorG of the pressure drop across the element. Note
that 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 ps~d at 100%7
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 main 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 increase in pressure loss occurs toward the chamber center
line. This is the point where the blockage created by the element pro-
truding into the taperiag spraybar flow passage becomes a significant
portion of the passage area. Lines of spraybar tip inside diameter show
the increasing pressure loss down a spraybar as the inside diameter is
decreased. The tapered spraybar has a flow gra a .sociated with
the pressure gradient inside the sp•rrytar jut Lie gradient occurs at
a position in the chamber where b.amber area at that radliuýi is also
making a rapid change Cc.4sequently, the oxidizer weight flow per unit
.chattber area is not significantly affected by the spraybar flow gradient.
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(U) Figure 348, Pressute Loss Inside a Long DFC 68803
Single Tube Tapered Spraybar

(U) The spraybar tip diameter has a strong influence on the available
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
is subtracted from the total cycle fuel pressure drop to obtain the
pressure drop across the fuel slot. By using Figures 346 and 350, 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) throat size. If the current phase chamber diameter
were held the same as Phase I (Contract AF04(611)-11401), the contraction
ratio would decrease from tc - 3 in Phase I (Contract AF04(611)-11401) to
fc = 2.69 in the current program. Figure 351 shows the influence of con-
traction ratio on combustion efficiency.

6. Main Burner Igniter

(U) A design study jas conducted to determine various concepts of mounting
the main burner igniter on the transition case and main burner injector.
The investigation included ah 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 preventl the use of existing components. The existing
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propellant supply manifold and spark plug are too short for mounting 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 investigated for this design study and are divided into two
1major 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
sLze 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 main 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,

;0
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(U) Figure 349. Hot Gas Flow Area vs Spray- DFC 68804
bar Tip Diameter
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a. Concept No. I,

(U) This concept, which is shown in Figure 3,2, represents an igniter
that is mc.inted in the centar of the .nj ctor. The propellant supply
and spark plug enter the igniter through local bosses that are inteScal
with the transition case injector, flan•rs,

(U) This approach necessitates the removal of a main attaching bolt at
each boss location. Struptura~ly, this compromises the transition case
flange and 8phere int~eriection point and is considered undesirable.
This design also creates an extremely long propellant supply probe and
igniter because the mount flange has to extend beyond the oxidizer
manifold.

b. Concept No. 2

(U) This concept, which is shown in Figure 353, represents an igniter
that is located in the center of 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.

I-_ I5,uak Phg

IWWri~SMW. 'abe Vmwiaw

(U) Figure 352. Main Burner Ignitor FD 25619
Concept No. 1
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(U) Figure 353. Main Burner Igniter FD 25620
Concept No. 2

(U) The increased chamber length coupled with turning the flame requires
cooling 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
wo'Ild ignite its own coolant 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 sufficient energy to ignite the
oxidizer coolant in the main injector.

(U) Mounting the igniter on the lower transition 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. Concept No. 3

(U) This configuration, which is shown in Figure 354, offers a variation
on concept No, I in which the propellant supply and spark plug access to
the ignitor are through the main sphere of the transition case. This
concept incorporates local spherical segments attached to the ;naIn
sphere. This location does not necessitate the ramoval of main attach-
ing bolts.

Ignitor (Some as
Phase I Except Length

Propellant Supply
(same a. Phase IEfPt IAnsth

Phase I RIas to4*oc
Io trct S ht Tube

S(Rotated) ,

(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. I 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 hardwaie with as little rework as
possible. Even though the basic shape of Lhe three major pieces of the
igfniter is the seine as Phase I (Contract AF04(611)-11401), all three
pieces require extended lengths. The required length extensions are
shown labeled as 4L in Figure 355.
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(U) Figure 355. Main Burner Igniter FD 25622A

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 without 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 igniter. For these reasons, the concept No. 2 main burner igniter
is recommended.

mwaft Lof If

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

(U) Figure 357. Main Burner Igniter Concept No. 6 FD 25609
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C. NOZZLES

1. Introduction

(C) The a~ozzle assembly for the XLRl29-P-l demonstrator engine will
cousist of two fixed sections that form the primary nozzle and a trans-
lating lightweight section as the two-position nozzle. The primary
nozzl' attach,•s to the main burner chamber at an area ratio of 5.3 and
extends to an area ratio of 35. The two-position nozzle extends from
an area ratio of 35 to an area razio of 75. The current XLRI29-P-1
demonstrator engine nozzle assembly is illustrated in Figure 358. The
objective cf this subtask is to deqign and fabricte the primary nozzle,
the two-position nozzle, and the two-position nozzle translating mechanism.

2. Sumntary, Conclusions, and Recommendations

(U) 1. A design study indicates that the primary -iegeneratively
cooled nozzle is mechanically feasible. The recommended
primary nozzle design has a single pass heat excl"anger at
the inXet end and a double pass heat exchanger at the
e.,. i t end.

(U) 2. The two-position 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 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 smoothý, 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 cannot be constricted by thermal
expansion.
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3. Design Description

a. Primary Nozzle

(U') The primary nozzle consists of two heat exchangers: a double pass
transpiration-supply heat exchanger and a sing]-. pass preburner-supply
heat exchanger. The locations of the two heat :.xchangt}rs have been
reversed from that of previous studies. Byr having a double pass at the
exit end and single pass at the small end, these advantages were obtained.

1. The we ;ht was reduced 93 pounds with no increase in pres-
sure dr.p within the manifolds or cooling tubes.

2. All manifolds are forward of -he two-position nozzle Jack-
screw ring gear making possible larger diameter rupply
lines.

3. The large diameter full flow heat e.xchanger manifolds are
Anov'ed 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 translating
mechanism jackscrew mounts; this disperses the three loads
evenly into the nozzle case in a much s*•;--r distance and
results in a lLghter-weight case.

5. A turnaround cap, which is the lightest weight turnaround,
is possible on the large end of the small tu:bes, re.-'.•ig
in a lighter nozzle, whereas on the previous desi,-ys tC
was impractical to use.

(C) The primary nozzle configuration shown in Figure 359 is a possible
manifolding arrangement. The two regeneratively cooled sections of the
primary nozzle will be fabricated using techniques similar to those used
on the RL.O rocket engine nozzle. The preburner-supply heat exchanger
extends from an area ratio of 5.3 to aFproximately 18 ai, the ttanspira-
tioIL-supply heat exchanger exteŽnds from 18 to 35. This 2oncept weighs
approximately 315 pounds. A detailed stress ;!nalysis will refine the
nozzle casc thickness, influencing the weight. The inertial loading of
the jackscrew supports, which is an impact load at three points on the
nozzle case, is unknowr 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 approxi.mately 0.065 inch. Case sections that c.re re-
1,,ired to withstand only the interna] pressure would be 0.015-inch thick.

These calculations assume that the cooling tubes carry none of the case
loads.

(U) The material selected for the nozzle 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 5646). At eleveted temperatures Inconel 625 (AMS 5599) has
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all Ultimlate Strength slnd 0.2' yield strength that is 2.8 t~imes greater
titan stainless steel (AMS 5646). To keop the materials compatible,
the nozzle skirt and manifolds arN also of Inconel 625 (AMS 5599). The
nozzle cooling tubes were sized by ainalytical consideration of tempera-
tures and fatigue cycle life requirements.

(U) The suggested maniufacturing limitations for the inconel 625 (AMS 5599)
tu~bes are as follows:

1. Minimum ID = 0.060 inch
2. Minimum tube wall thickness = 0.010 inch
3. Nininmum bend radiuis -2 times tube OD
4. Douile tapered tubes are possible but are more expensive.

iv m Supp y (rbnrSplHsat Erchaii, Ha xcfnhr-r_, ,

laol. Manifoldt Turnaround Cap
MTbF~iplimtion Supply Heat Exchanger)-

Fl.it ManifodI
(Transpiration Supply Heal Exchanel )

(U) Figure 359. Primary Nozzle FD 25419A

b. Two-Positioit Nozzle

(U) Tne two-pubi~iuii nozzle, shown in Figure 360, is a dump-cooled nozzle.
The coolant enters the coolant: passages through a manifold at the forward
end and flows through longitudinal skin passages. The passages are
formed sheet ritetal convolutions that are flared into individual nozzlc
shapes at the exits. The convolution cross sections are circular are
.er;-% and the number of convolutions is cons tant for the entire nozzle
length. 'The -onvolutions form the inner skin of thc! nozzle and are seam-
welded to the ufiesurface Of the outer skin, which is a smooth single
sheet. Vee-shape .' oi,- bands are brazed directly to the outer surfare of
the outer skin.

(C) The selected shape of the bands transmits maximaum stiffness t, the
nozzle. The coolant passage convolution cross sections are designsd to
acconrriodate the required coolant pressure~ and inner wall temper~ture of
1450 "F. The passages are sizezd to allow a coolant flowrate that prevents
the !_noer w~all temperature from exceeding 1450"F. The two-position
nozzle i& designed to withstand a maximum axial lead of 10 G + thrust
pressure load at minimum mixture ratio and 1007. thrust, and a maximum
transverse load of 6 g + 2000-pound load encountered because of asymmetric
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flow in the nozzle. For test firing at simulated altitudes, the nozzle
will bL in the fully extended position. The hoop bands can be fitted
with Wugs that attach to the radial suspension cables suppo'ting the
nozzle to provide a stabilization against facility induced side loads,

Nasal. Seal

Nosut)"haped Exi

Tranu slting .................

()MechanismHop n

Inlet Manifold

(U) Figure 360. Two-Position Nozzle FD 25420A

(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 at 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 kecps 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 bkln temporature is limited in the inlet region
to avoid low cycle fatigue ove.r the required life of the engine. The
outer skin will have a high citcumferentia). 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
to constrict the passage flow areas. A heat transfer analysis shows that
constriction will accelerate the coolant flow, chereby increasing the
cooling effect in that area. The passage constriction can be held to- 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 stamping on the skin panels or cn individual pas-
sageways after assembly. Area ratios of constriction 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 reculting from the crimped convolution nozzle during

firing is not ancicipatod. The predicted thickness of the boundary layer
will be sufficient U p, shick wave. In the hardware design, the
two-posiLion niozzle . Ltour wi' ' be drawn to coincide with coordinate
points based on room t. inperature dimensions. Three advantages are 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 is based on
strength requirements and not thermal requirements; and the corrugations
cannot be constricted by thermal expansion.

(1) Coolant Inlet Maniiold

(U) The coolant inlet manifold is sitoated at the forward end of the
nozzle. Th,. base of the manifold is brazed to the outer surface of the
outer skin ai.- directly over the area where the coolant passage convolu-.
tions begin. Inlet holes for the coolatit lead through the base of the
manifold and outer skin into the passage convolutions. There is one inlet
hole for each coolant passage convolution. The base 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 or the
manifold inlet flange. The neck of the inlet flange has twice the flow
area of the constant diameter portion of the manifold. The coolant inlet
manifold material size was based on a margin in excess of 1.2 times the
operating pressure. The stre-ses considered are hoop stress resulting
from the coolant pressure adtk bending stresses on the inlet flange.

(U) The material. selected for the manifold is Inconel 625 (AMS 5599). The
manifold prestiure is low and the small hoop stress on the manifold torus
wall will permit the, usc, of minimum commercial sheet thicknespes. The
mating flanges for the attachement brackets are local iW 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 coolanit exit holes in the base of the manifold allow the
coolant to impinge directly onto i-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 nozzle coolant
passages and directly over and forward of the regenerative nozzle turn-
around manifold to allow maximum cooling in the vicinity of the nozzle
seal. For simplicity of fabrication and noaLstringent flow requirements,
the coolant manifold selected is a constant diameter. The low flow rate
allows the manifold to serve as a plenum chamber for 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 F-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 arc riveted to a support ring located the outer surface of the
regenerative nozzie. The sli)port ring is positioned near th? turnaround
manifold 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 overlapping fingers that act as a flexible

circumferential seal 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.
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(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 inner 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 their entire interface surfaces during bending.
This contact can be maintained by allowing the aft edge of the fingers
to remain unrestrainel. 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 remain stressed below 85% of the 0.2% 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 Ls 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 seconds. 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 nozzle:-mounted ball bearing. The ring gear is driven by
an electrohydraulic 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. Translating 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 narrow end is formed with a lug that
is gimbaled to the jackscrew translating nut. The attachment brackets
support the nozzle by cant ilevering from the jackscrL•s. 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 streases irom 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 tOe heat-treatable
Inconei 718 (AMS 5662) version will be used. Inconei 718 has the highest
0.2'% 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 weu are unnecessary and a weight saving
can be realized over the design used in the Phase I (Contract AFO4(61)-11401)
attachment brackets. The nozzle used in the Phase I (Contract AF04(611)-11401)
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 jackscred root diameter is based on critical speed,
(the smallest diameter giving an acceptable critical speed), but the screw
lead is a function of actuation time required arid 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:

I. Provision of a definite envelope for in3tallation of con-
trol and plumbing packages must be provided
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2. Large deflections would interfere with ball nut operatlon

3. Coaxial translation is required to minimize erratic flow
at tachmet.

(U) A comparison of side deflection effects on supported and unsupported

jackscrews is presented in Tables XXX and XXXI. This comparison indicates
that the track,-supported jackscrew is best on a weight verous deflection
basis. Material recommended for the track and support hardware is nickel
base alloy, such as Inconel 718 (AMS 5596). The track also provides con-
venient mounting for position-indicating devices (not shown).

(U) Table XXIX. XLRI29-P-1 Jackscrew
Actuation Time Comparison

1500-1000 SRT Screw (Saginaw Part No.)

Torque Required = 2010 in.-lb

1500 rpm = 2 sec ior 50 in.

Critical Speed 2055 rpm for 1.48 sec for
50 in.

Horsepower - 22.4 tequired

Screw Lead -- 1.000 in./rev

Transfer G/B Tooth

Width 1.750

New Motor Required 20% approximate weight increase
27.9 lip at 1610 rpm
2400 in.-lb stall torque

1500-0473 SRT (Saginaw Part No.

Torque Required = 1302 in.-lb

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 Metor 14.1 hp at 1550 rpm

Acceptable 1600 in.-lb stall torque

*Based on sea level stati retraoti.on a'- IOW" II w
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(U) Table XXX. XLRI29-P-1 Jackscrew Comparisoo,
Supported vs Unsupported

Track Supported Unsupported Screw

Comparison 1.140 Root Root Diameter I s Defl s
Parameters Diameter 1.140 screw screw

Screw Itrack and Defitrack and
screw screw

Deflection,

in. 0.020 1.70 0.150 0.020

Weight, lb 38 24 76 162

Weight/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

41 bending, in. 0.890 0.0796 0.890 6.750

Assumptions:

I. Each jackscrew supports one-Lhird of total nozzle load.

2. P= 0.288 lb/in. (density)

. A

1 WI 3

48 EI

4. E 30 x 106
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(U) Table XXXI. XLR129-P-1 Jackscrew Comparison,

Supported vs Unsupported

Track Supported Unsupported Jackscrews

Comparison 1.140 Root Root Diameter I = Defl =

Parameters Diameter 1.140 s crew screw
t rack and Defltrack and

screw screw

Deflection,
.n. 0.020 0.758 0.068 0.020

Weight, lb 38 24 76 105

lb/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

Ibending, in. 0.890 0.0796 0.890 3.03

Assumptions:

1. Each jackscrew supports one-third of total nozzle load.
32. P -- 0.288 lb/in .

3. Wý / -v

0.00932 W?
Y= EI

4. E = 30 x 106
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(U) Two track .ýhapes are analyzed on a weight versus deflection basis and,
as Table XXXII 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. XLRI29-P-1 Translation Mechanism Guide Comparison

Hexagon Circle Circle Circle

neflection*, in. 0.020 0.292 0.0385 0.020

Weight, lb/Track 12.250 11.970 13.400 15.260

Ix, in.A 0.890 0.890 0.890 0.890

Iy, in. 0.0295 0.00217 0.0295 0.172

Assumptions: I
y

Ix

" 1200 lb

2. Deflection = Total bending of Tx cross section + local bendiag
of Iy cross section.

3. Curved beam analysis ': for "Circle" cross section

H. Ay= 17r/4 VR3 + 1/2 HR3 + MoR2I/El

R = Radius

4. E = 30 x 106

*Based on unsupported ends
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(U) The center track support is the means of limiting side deflection to
a minimum and strengthening the track against loads 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 transiating nozzle attach point is accomplished by the
use 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 reconmmended 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 rirg 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 translatien 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
3-piece protective titanium alloy cover is also furnished for the ring
gear.
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D. MAIN BURNER CHAMBER

1. Introduction

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

(U) A study of the cooled wafer liner was conducted to provide a chamber
liner that is not radially pressure loaded in the cylindrical portion
and to reduce the bolt circle diameter of the main injector attachment
flange foi- reduced weight. A number of main burner chamber liner con-
figurations 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 conceptual configurations
are in process. The final selection will be made after completion of
these btudies,

(C) Preliminary studies indicate that either a 32-tube or 96-tube design
for providing coolant to the wafer liners coolant zones appears to be
the most advantdgeous configuration. This is the configuration being
analyzed in complete detail.

3. Analysis

(U) A design analysis of the Phase, I (Contract AF04(611)-11401) main
.......bur, e.nled.rtust chamber. -confrigurati.n is in p~gia for improved

mechanical integrity and reduced weight. Figure 362 shows two schemes
in the cylindrical portion, Figure 363 shows three schemes in the 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. It 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-tube
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 injector flange bolt
circle diameter. In addition, the radial thickness of the heat exchanger
is increased from the 32-tube design.
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(U) Figure 366. 96-Tube Design FDC 2568?

(U) Manifolding in the throat region may be accomplished by flowing high-
pressure coolant to an annulus at the outside of the copper threa~t. From
this high-presszure aninulus the coolant is supplied to zones 13 through 18
through eight orifices per zone and through 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.

10 ,112,131415. 16.1 181g3W 21 n 3 24

0.320 He& cko

(U) Figure 367. Throat Region Manifolding FL)C 25683
(Scheme 1)
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13 rhrough 18 48 Required

(U) Figure 368. Alternative Throat Region FDC 25684
Manifolding (Scl-eme 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 prersure 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 thickness because excess material is unnecessary for internal
passages as in Phase I (Contract AF04(611)-11401) hardware.
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(U) Figure 369. AlLe.rnative Throat. Region FDC 25685A
Manifolding (Scheme 3)
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(C) From the heat transfer data produced by a preliwrinary analysia, all
the above discussed schemes are workable with acceptable manifold losses,
either as described or with a reasonable variation cf the concept. Heat
exchanger thicknesses vary, however. The various approaches discussed
represent the following percentage of Phase I (Contract AF049611)-11401)
heat exchanger thickness:

Scheme Phase 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 (Zontract 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 loaded by transpiration
coolaLlt supply pressure across the liner from OD to ID as in tt.e Phase I
(Contract AF04(611)-11401) hardware. This reduces the structural require-
ments of the liner by eliminating the coolnt 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 rigures 370 through 372.

(C) The 96-tube chamber scheme offers advantages in allowing the removal
of orifices wfthout requiring disassembly of the outer case and chamber
liner. In 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 scbemes show the design with an
externally manifolded exit cone to be the lighte't in weight. This is
true for both the 32 and 96-tube chambers.
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(U) Figure 372. Wall Temperature DFC 68984
Variations for Exit
Section

(U) Table XXXIII. Comparioori of Phase I (Contract AF04(611)-11401)
and Current Design Schemes

Chamber Liner Case and Case Total
(lb) Support (lb) (lb) (lb)

Phase I (Con- 350.5 129.0 542.5
tract AF04(611)- lL01)

32-rube Design 319.0 - 131.0 450.0

32-Tube Design* 300.5 - 128.6 429.1

96-Tube Design* 300.5 - 128.6 429.1

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 - 130.0 418.5
External Manifolded ExiA
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
mounting structure for three major engine components; namely, the pre-
burner, oxidizer pump, and fuel pump. It is a pressure 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 tile
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

(U) A design concept of intersecting segmented spheres is being proposed
for the transition case configuration. Because a sphere is inherently
a more efficient pressure vessel than a cylinder or cone, this concept
will provide the following advantages:

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

2. Easier construction because intersecting spheres provide
circular 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-
arieE because of the radial load component.

(U) Five intersecting 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 these eaiwns to ditermine if they could perform under the predicted
pressures and stresses, Two of these designs; namely, one canted version
and 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 complete
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 intersectior. of the basle sph!ra and a
sphere segment for the co-planar compon,3nt design., was tested. The
results of these tests shcw thut the loads reqtdired to reech the pro-
portional limit of each model was generally higlher than predicted
because of the biaxial stress field. There vpre'instances where applied
loads were limited to lower values thun predicted, because of bending
concentrations around the ring and shell interseptions resulting from
weld mismatch.

(U) A thrust structure model, representing the canted component design
was also tested. These tests indi.ated that the load in the shell is
lower than the predicted value, and that the rings take a greater portion
of the load than the shell because the load was distributed along the
stiffest path, which was the intersection of the thrust pad and the
three component rngs.

(U) Stuadies were conducted on the internal ducts if the transition case
that showed the co-planar concept wa3 lighter than the canLed concept,
and that the ducts should be cooled.

f (U T) It %4•..eoncluA4,d that for the' overall dt s-. "' . l•,ar transitioH
case offers the"Liis solutin" regarding the inr.er duct design, cooling,

"thrust Load handling, 4ssembly, and manufactaring.

3. Design Analysts

(U) The design approach for the transition case, which is chiefly a
pressure vessel, was to minimize or eliminate discontinuity 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 concepL of intersecting segments of spheres
was the basis for this design instead of intersecting cylinders or cones.
At the intersections, a ring is provided to take the combined radial loads
imposed by the two intersecting spheres. The cross-sectional area of the
ring is 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 impossible.
Therefore, there is some stress discontinui'ty, but this can 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 desi gncd 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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(U) The design approach as outlined abhAo would provide the following
advantages:

1. LiUghter structure

a. Thinner shell to resis' pressure

Stress = Pr/t (Cylinder)

Stress - Pr/?t, (sphere) - 1/2 of. cylinder atress

b, Disconttnuity stresses minimized or eliminated

2. Easier construction because intersecting spheres provide
circular intersections, where stitfening is required,
rather than elliptical intersections created by knter-
secting cylinder3 and cones where ever more stiffening
would be required

3. L6ess bending stress at flanges and other b
becaus ,, , diel ,-load Pbmponefit prov yd6y the
sphere membrane. This component also causes the flange
to grow.

4. More reliable and pecdictable structure because of pure
membrane conditions.

(U) The design criteria used were as follows:
.Design Presure = 1.2X (operating pressure)

(to account for overspeed.
condi tion>

Inertia Loads log mnieuver lbads + gyroscopic
momen ts

Combined Acceleration = lOg's axial with 2g's transverse

6.5g's axial with 3g's transverse
3g's axial rith 6g's trAnsverse

Case Temperattire = 60R

Hsterial Inconel 719 (AN3 566j)

Allowable Combined Stress Limit 85% of 0.2% yield

(U) The center sphere is sized by combining pressure, inertia, and thrust
loads and limiting stress to 85% of 0.2% yield. The component spheres
are sized to grow at the same rate 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. 1hat is,

Pr] Pr2

= 2tI 2t 2  2
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The component spherea are then checked for a combined stress fouind by
superimposing the axial blow off, bez-ause oi component pressures, with
the presso.re stress.

(U) The two basic tranvition case configurations that were aelected
for study were the canced conrfguration and the co-planar confi)guration,
These two cOY~ff~g'rations iace shown in Figrire 373. It can be seen chat
the canted componený configuration han Lhe components entering the
transition cease at an',angle, and the co-planar configuration has the
components enterrirg, perp,ý-ndfcula~iy, W' ini the saine plane. Engine
modeth l~tore made for the purpotw ef 46jdyi:ng the engine -packaging
aspects Of~ thfese two transit~pon~ cage cc~nf Igurat iona. Fi~tires 374 and
375 shkow some of thd varjous engine model., made with the casnted and
co-planar tranri'tion cases. These engine models showed that insofar
as plumbing was concernedI the engine packaging envelope was lmprovt~d;
however,'the improvement was not significant. S'
tcst*,Lug,,program evolved that included a t7runcated sphere model', an
intersecting sphere model,, and a cant.ed model. Thcse thr e basic
modell types are shown schematically inl Figure 376;

(U) Compa'ripon of'the co pl'anar and canted versions show that either wort:.
prime candidlatee for selection. For example, the canted version was
-attractive because of. the weight savings; specifically, 263 lb versus 286

lbfor the ce-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.

Co-planar 15 dog Canted

(U) Figure 373. Candidate Transition Case Con- FD 27632
figurations
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Sm ED

Type 'rTot
* Pressure, no Thrust
a Thrust. no Proosure

Spheres P Comblned Pressure and Thrust

* Combined Pressure, Thrust
and Component Leads

Coated Thrust y

* Thrust Load Only

Truncated
Pressure Pressure Test of OpenEnded Sphere

(U) Figure 376. Structural Model Test Program VD 24310A

(U) Table XXXIV. 250K Transition Case Weight Breakdown 2

15 degree Canted Co-Planar

Dlome Shell 25 33

Injector Ring 49 49 S'

Fuel Pump Ring 58 64

Preburner Ring 46 46

Oxidizer Ring 78 78

Gimbal 7 16

Total 263 lb 286 lb

(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 configuration.
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 15-degree canted internal duct produced a
55,800 lb load, and a 27-degree canted internal duct produced a 95,000-lb
load. These axial loads were caused by the differences in areas between
the upper and lower portions of the ducts; the lower portions having

374

mm. ft



more ,area, and therefore, grcater pressure loads. This large axial

load( was ouc of the disadvanrages of the can ted transi aion case con Hy-

UraLionn. ,eat transfer studfes wore also made regarding cooled and

u"Cooe d internal ducts. Table XXXV simmeri zes the rc;sults of :
smtuci,'s, wiLich shows that the ccodl internal duect ar.n defn

I Ccc than uonoole -o.r insulated dOtCs. Tinere orc, :he C 10- , ',ul

wil.! be eooled by using doubled wall in -s andi 1100 _ng hydro,_en

pass through the psssages of the doublc wail.

(U) The co-p1 nar confieurati ,n was selected, and the final dcsi4n vwa:e
I n t t 1 2' :d

4. Mode] Testing

01. General

(U) The purpose of the model test propram was to provide a comparisun

ot tue measured and calculated stresses and stress distributions in the

sLe!! 1-structuire. Three, dOffereat type models were tested; namely, a
( 1) Crunna s;ph.. :e an. seown in I.i,.,.ur:e 379, (2) au in ters:ecting, spher ,

a co-p 1 anar d'-s,',n, as shown in Figure 380, and (3) a canted ring model

as show.n in Figure 381.. Tihe testing of all models was completed. T ue•
C nor: type of stCc:;tural tests conducted on tile models is shown in

I" g.ure '314L.

(U) A streos-coat was used on at] the models to locate the areas oL

:-oh:u. tenlsile stress. Strain gage rosettes wre'- thee, applied to

models accordi:ng to the stress-coaL patterns. Rosettes were located

and! orLented tLo allow separation of membrane and bending stresses,
D)ia indiceators were also used to measure the overall deflection of
"!he :odei. in addition, the intersecting, sphlere model had cap and base

l- _n 1 bou1-s instruviented wftil uniaxial strain gages to calibrate and

asuve LO, as;sembly load, and to determine the increased bolt load
,:M.d I' M Pd1- caus;ed by comb Ned test loadilng.

(IW) Pr•CL• • reC tests were conducted withl the truncated sphere model., and

tyusv cF st were conducted on the canted ringo model. The intersecting
npi,-u mo.del had tests w Lr individual and come.ned loads of pressorc,

dlti. , aneL !'!)laln.

o 0;-un:: ICCI Sphe•,re M.odel Tests

(I" ' jab15IC- s. iphere mri del, shown ill Figure 379, was the f!i sL

el, , . Lf :--WS d in the program. This model was desIgned for v pnressu:,

Lo. e:aliiee the stresy distrit.uLion.

3756



ý'N.9 Out~r Casee

Gu b I P d

/ -Pint,,n Ring S-:.

•c rCoLiner

lnjeetor

( U Egr e 3 77. Caýnted Spherical Internal FD 2z;.311IL
Duct Conf ig-Uratim)

Tufl~ei

P , rb.-

(U FIOr 38 CoPlna ner,- Duc FD hanr 6

ICo n f igu a -to



ELASSIFI
(U) Table XXXV. Cooled Duct vs Uncooled Duct Weighit Study

Material Temperature Design limit Duct Weight
("R) (psi) (lb)

IN 100 (AMS 5397) 2200 20,000 125
Cast Uninsulated LCF Unacceptable

Waspaloy (AMS 5544) 2050 25,00013
Insulated 1% Creep13

Waspaloy (AIlS 5544) 1100 85,000 70
Cooled 85% 0.2%~ Yield

Inconel 71~3 (AMS 5.596 1100 106,000 6
Cooled 85% 0.2% Yield 6

(U) Figure 379. Truncated Sphere Model FD 78157
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(U) Figure 380. Intersecting Sphere Model FE 79390

(U) Figure 381. Canted Ring Modtil FE. 79193
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FLASIED
(U),The truncated sphere model was fabricated of stainless steel (AMS 5647).
This model. was essenttial a sphere with a hole ia each end, which was
pressurized by a cylinder inserted through the holes in order to deter-
mine the stress distribution and the deflections of this pressui'e 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 hydraulic pressure as shown in Figure 382. Fourteen Lwo-gage
strain gage rosettes were used according to strecs-coat patternT Cnd
oriented to allow separation of membrane and bending stresses as Thown
in Figure 379. Six diai indicators were located to meaE,4re the cverall
deflection of model. Internal pressure was hydraulically 7pplie(' in
increments up to 400 psig where strain plots indicated the proportional

limit.

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

(U) The Lest results of the strain gage rosette are shown in table XXXVI.
The strain gage rosette locations are shown in Figure 383. The corre-

lation of theoretical spherical membrane stresses and actual strefses
is shown in Figure 384. The major portion of the hoop s;tress falls well

below that for a cylinder (Pr/t). If a cylinder had been used here
instead of a truncated spherc, the hoop stress would have been Pr/t,
and the meridiar stress would have been zero. Therefore, the induced
blow-off load caused by the configuration lowers 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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equal 2ri2t, as shown in Figure 385, arc exactly half the hoop stro- in; a

cylinP,:-. TPhe test, which was limited LC tlhe proportional I i t of 15'.

indicated hiyher elastci' stresses ~ atrw!:ean Lhi :1,ý

stress W nicated by a unLaxial pull tWL of 'i vessel material. a h ze-

Core, the advantage of inducing biaxia] stresq is tw tfold, f rsui. K

r[dLuces t to hoop strLe ss, and SeIOc ld thLe yi point :or the ..... .

in a bia> a! stress QuI,1d is higher than thW _Mxia all,.ab]1.

(U) Table XXXVI. Truncated Sphere Stres:;r Data

(400 ps g Internal M:5ssure)

Strain Gale Directional Stress (psi) M:2 Orace 1: PeCIp,. t : S

Rosette No. Hloop Axial ieop Mal

22 , 100 5300

2 2,,00 3000 22 500 ± 400 4 150 o: io)

3 25,000 8300

25,000 4700 25,<00 t 0 0500 I

21,700 10,100

(I 21,900 9100 21, 0Q) 100 9'00M 50

lS,700 7300

15,00 1.50C ' 35n . 350 10,900 -t 30

20,600 9200

10 21,400 9200 21,000 ± 400 9200 t 0

11 25,300 9500

i2 21,400 QUOo 24,900 t 500 7100 ± 24-, 00

22,900 5500

14 22,000 2500 22,450 t 050 4200 t 10W

(q)

0:1

2K.L



Axia

I''

5.0w

3811



Matching Deflection
Eliminates Deriding

(U) Figure 385. Wall Thickness Is Reduced FD) 23200

in'Sphlerical Pressure Vessel,

C. 1atersecting Spheresl4odel Tents

()The intearsecting sp~iares swodel~s, one of whtch is shown being tested
in, Figure,386, had tests coniucteO wi~th individual ýand combined loads
of, pressure., thrust, and shearl. These 16ads were increased in increments
to the point where strain plots indicated that the proportioiial' litnit
of the model' had- occurred locally., The test results show, that ,the loadsi
required to reach the proportional lim~it of each model. was generally
higher'thAn predicted because of the biaxial stress field. Limitati~ons
in loads, because of bending concentrations around the ring and shell
intersections, resulted from weld mismatch. As a result of the test
program, the design, approach of the int~ersecting spheres concept was
modified to decrease the weight and to increase the strength.

(U) A Pressure/Thrust/Shear Model, as shown in Figure 380, consisted of
two intersecting sphieres with'a stiffening ring at the intersection.
The ring was sized to grow at the same rate aý6 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 siarulating the gimbal thrust toad of the engine,. A
mount shear bracket was also provided to be attached to the small
sphere flange. This provided a means to simulate the shear moment g
loads imposed on the transition case by the components.

(b) Prior to testing, the model wa3 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
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where the straiii gages should be applied. The test model described above
was tested as follows:

I. Pressure and thrust conInined

2. Thrust

3. Pressure

4. Shear load on small sphere

5. Combination of shear, thrust, and pressure

-This order was followed to reduce the risk o4 rupture between tests.

(1) Pressure and Thrust Combined Test

(U) When performing the first tost, the thrust-to-pressure ratio was kept
at 19.65. That is, for 1 psi pressure, the thrust was 19.65 lb (Thrust
19.65 P). This ratio resuIts from the area of the thrust cone aii sr
intersecti.on. A = 7rY].2 = 7r(2.5)2 = 19.65. This ratio was maintai:
unt i the strain gages indicated the proportinnal limit of the mite;-;-1
had been reached.

(U) The predicted pressure and thrust was:

Pressure (psi) Thrust (ib)

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

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

(2) Thrust Test

(U) The thrust in this test was applied gradually until the strain gages
indicated the proportional limit had been reached. The maximum stress
points w..vre expected at the cone ring and at the mount ring because of
the >,o-.,cary conditions causing bending in addition to the membrane
t....',. The predicted maximum thrust was:

Proportional limit (approximately 24,000 psi) 24,000 lb
Buckling load 27.500

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

-- .r52 - X + 74. 9)- 2.88

b4
2 2

- c, s-in (angle at load point)

3IS3



'UT) Figure 386. Testing Intersecting Spheres FE 79366
* Model
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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 because of bending at
these boundaries. The predicted maximum pressure was:

Proportional limit (approximately 24,000 psi) 300 psi

0.2% yield (30,000 psi) 375 psi 4

Burst (75,000 psi) 562 psi

Calculations also indicated a high bending stress in the cone near the

stiffening ring.

(4) Shear Load on Small Sphere Test

(U) Shear was applied gradually by means of the bracket provided until
the strain gages indicated the proportional limit had been reached.
Care was, ekercLsed to observe any indicateion of buckli-ng-on the compressaon
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 difficult in this area.
The predicted maximum shear was:

Shear
(lb) •

Proportional limit (approximately 24,000 psi) 5,800

0.2% yield (30,000 psi) 7,250

Ultimate (75,000 psi) 18,000

Strain gages were placed around the shells near the stiffening ring at
the inLersection of the two spheres and around the larger 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

P • I~r•.•She&r•

(psi) (lb) (lb)

Proportional limit 362 7,100 357

0.2% Yield 450 8,850 460

Burst 1,130 2,210 1,145
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(6) Test Results

(U) Hand calculations were made using actual load conditions imposed on
the model. A comparison of the actual stresses and the calculated
stresses is shown in TAble XXXVII. The tests were stopped when
attain gage plots became nonlinear, indicating that the proportional
limit had been reached at some particular point. It should be noted
that the limiting ctress occurred at boundary planes (shell and ring
intersections) and at weld joints. The test data and hand calculations,
agreed very closely in regions removed from the boundary planes. A
very high stre6s was measured at tha weld joints, which inspection by
probe-graph showed to have a mismatch of from 50 to 100X of material,
thickness. 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 offset, which in turn,
induces an additional membrane in both hoop and meridian direction$
as well as an additional moment in the hoop dfrgticon. The induced
membrane stress by bending might be awlhigh as 3 to 4 times greater
than the bending stress-that i4 uced it.ý This induced membrane is
a function-of the teridian angle and. 1'undary conditions as well as the
moment, .md'is a result of, lateral and mewidian restraint of an element
in a shell of revolution. Upon first examination of test data, it wasx
thought that the stiffening ring at the intersection of 'the two spheres
was Iimproperly sized. Theoretically 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 calculated 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 the combination 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 untaxial 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 mtinimized. Shell membrane loads have been aimed
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 field 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
stress 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 also important, but it appears atht
its influence in these tests was minor and may be held to weld I
specifications dimensions.

(U) Weld mismatch appears to have overshadowed all other stresses

because it imposes such high bending stresses, which In turn, induce
additional membrane stresses in both the hoop and meridian diiections.

(U) Additional design studies showed that the canted ring transition case
design was potentially the lightest design because the thrust load may
be taken as shear between rings and shell allowinS a thinner shell and
potentially lighter rings. In the co-planar design 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 be$t solutions regard-
ing the inner duct design, cooling, thrust load handiling, assembly,'
and manufacturing.

d. Canted Ring Model Tests

(U) The canted ring (thrust) model shown in Figure 381 was designed
in an effort to make the transition case more compact and to improve
the engine packaging envelope. The stiffener rings were placed in a
plane 120 degrees apart to simulate component spacing and the canting
forward of 27 degrees. The thrust load was designed to be transferred
by shearing into the stiffening rings through a sheet metal shell.
The fabrication material was stainless steel.

(U) Stress-coat was used to locate 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 rosettes were applied to the model as shown in Figure 389. The
location of the strain gages are shown in Figures 390 and 391. All 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 lb where strain plots indicated the proportional limits.

(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
predicted by theory. This indicates that tiie rings take a greater
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 around the cir-
cumference of the shell at the base (hoop direction), 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 a great portion
of the thrust load goes into the stiffening rings and is taKen as shear
in the shell. If 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
Ring Model

(U) Figure 389. Can~ted Ring Model Strain FE 80259
Gage Installations

389



Odd Numbes outside
Even Ni~mbers Insidt,
Consecutive Odd-even
Numbers Are Back.,To

339



00

~~oi I



r4.

u•

Na

-. , /

U,.

j A

iudI lam

I 4

C,2

/ w

SI"



KLSM0E

C,)

393

UNCLN24



a'

� //
/fri 771I�L. 117'�'

�jc
2' --

/

- '. U

0' .,.�.. _____ _____ �9 .9'
- I g -. C�

'7-

-V. 43)

4' - 14

CV � 4.4
V.-, *��-=k. 447
- N

41'

-,-4

2

-44--.

-- 44-

433
.7 -44-.-

-- 44

w
714

->44--.- 0'4

--- 44

-'- 2
� 4'. 14 �<4 t' S 4: cc .., � -

'44 1 44 .1 414 - - .. - . -
V V C V" .7 0 414 CV . 4 C W S

�Z)

394

I



kc,
La)

IsdI

I'

395

lual A "I



IICAVOIFED

C,4

$.

- -4

01 r /

396,

u~cLA&mvnwCm



pmptw~i NOR Bazm&uu~ VwmK

F. VIYEL TURBOPUMP

1. Lntroduction. ..... ......... ... 397
2. Dee#sign Concept .. .. .. ....... 397



CONF'ONUIT
F. FUEL TURBOPUMP

1. Introduction

(C) The demonstrator 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 desigi point (mixtuie ratio of 5). The two-stage turbine must
deliver approximnately 49,872 horsepower to the puwp and must operate at
a minimum inlet temperature of 1986"R and at a maximum inlet temperature
of 2292*R at i00% thrust. In addition, the fuel pump must demonstrate
satisfactory starting capability Sdd stable operation over the engine
operating range of 20 to 1007. thrust and mixture ratio of 5 to 7. The
turbopump to be tested will be a lightweight compact arrangement with
a design weight goal of 355 Ib, and with a sufficient safety factor
to assure confident operation without undue design refinement or test
failures. Life will be based on a 10-hour time between overhaul,
100 reuses, 300 stares, and 600 seconds maximum run duration.

2. Design Concept

(U) The preliminary design configuration for the fuel turbopump is shown
in Figure 398. This conceptual design incorporates the following features:

I. integral high-speed axial-flow inducer

2. Two-stage pump with centrifugal impellers, axial entry
and double discharge

3. Double acting hydrostatic thrust balance piaton

4. Full-admission, axial-flow, two-stage, pressure-compounded

turbine with cooled disks and uncooled airfoils

5. Two antifriction roller bearings.

(U) The design criteria for the fuel turbupump was the same as used 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 a conceptual rotor design that would satisfy critical speed and
burst nargin 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 oe met. Additional
refinements to be incorporated during the final detail design should
reduce the envelope and improve the fabrication of this tcrbopump.

(C) The fuel turbopimp bearings ujed in the conceptual pump design are
55 x 96,5 x 2• nmn roller bearings. Phase I (Contract AF04(611)-11401)
studies i;diicated that a roller bearing would saLisfy the 10-hour design
l~ie requirement at the estimated radial loading of 1700 lb and DN value
of 2.64 x 106. Preliminary bearing tests indicated that excessive roller
end wear was a potential problem. Bearing tests have been conducted
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.
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(Ui) A compact fuc1. ptimp arrangement is required to satisfy critical speed,
eingine sen vlope * and weight consideraic' ns. The tnteers tage diaiphragm
betwecn thQ two impellers, is a deflection limited area and the 'Use. of
Ttiýonel 718 (AXS, 5663) with its high strongth and mod'jus of elasticity
allows a narrow spAcing in this area. The use of this material for the
main housin~g alSO allOW3 the interstage plumbing between the two impellers
to 'be welded an inte~gral p~art of the housings. This eliminates four
flan~ges azid the associate bol ts, KLeati, end potential leak paths.

(U) A turbine dirik and blade root cool in1 airrangement being considered
for the fuel pump is fundatn'enta'lly *iifferent than that utilized in the

350K futý' turboptvrp de.~ign. The 35ýTh' Scheme Lsed front and rear side
pla~tes on both disks to subject the disks and blade roots to a "cold"
hydrogen. environment. To inccouiup1ih this, it was necessary to pressuvize
the turbine Inlet bullet eavity with coolant. Because the coolant was at
a relAtively high density, considerable coolant leakage into the main gas
pathi (ahead of the lst-s'tage blade) wasu unavotdable and an undesirable
fOrward thrust on the r( tor was inherent, This rAdial leakage of cold
hydrogen into the primary filow path also results in a turbine aerodynamic
perfotmance penalty.

(U) The pro-posed turbine cooling, scheme, shown in Figure 399, avoids
these problems by subjectin,', t~e 'disks and blade roots to a lower pressure
(and higher temnorature) coolAnt. The radial inflow at the blade -root
also reduces the a~er-odynamic performance penalty caused by radial outflow
oi coo~ling gas, The coolant is a mixture of mai.n fflowpath gas and 2nd-
stage pumpi elis charge fual. This arrangement reduces th2e penalty to the
cycie and imiproves mechanical design of the turbine. A predetermined
amount of flowpath gas is allowed to b~eed into the seal chamber (seal
location A) ahead of the 1st-stage blade where it is cooled, by the
metered addition of fuel, to a temperatura that is desirahle for disk
and blade attachment coolant. This coolant mixture ti-en flows thrcugh
the labyrinth seal inside the 1st-stage blade platform to surround the
disk and blade roots. Natural circulation of this cool&-nt aroond both
stages can be. achieved with a proper baý.ance between coolant flow and seal
clearances a- the various ;ocations. The-, goal 'o': chis design. is to main-
tain adequatu coolant pressu.res at allI locations along the fiowpath I~nner
wail to ensui~e outward flow nf -ooli.at ý%nd pr'!clude inflow of hot flowpath
gas. The seals shown at location F arc- not ani essential part of the coolant
scheme hut were introduced to benefit. rotor thrust balance by lowerit-g the
pressure iniide tite bullet.ý With these seals, the bullet pres sure may be
vented to a lower pressure area, reducing the gar, lzad acting forward on
the Ist- stage turbi ne disk.

(U) Detail design work~ has begun to define the high-s'peed inducer-, lst-
stage impeller, 2nd-.stage impeller, tLhrust piston set, Ist- and 2nJ-stage
turbine& blades, 1st-stage turbine vanes, Lind tha main fuel piýnmp l'cusinig.
Based ont the, pr,ý!iylnary parts desigins. vendor quotes wi.ll be requested
to determin~e the *att.i rtqui~rlng the longest. fabrication lead time.
.'alricacior information associat.,d w~ith tha prelixii~inary designs will also
be requ~esotz;d to provide the designers with anticipated fabrication problems
th at will be evaluated before any design is finaiized. Based on the fah-
ricat:.ioni lead time for eacti of the parcs, de.sign an~d detailinig eifort will
be planned to assure tbat the long l-ead timie parts ave availcble for testing
itt accordance with the development scheduie.
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CONFiOENTIAL

Cont First-- A Conlant Regulating

Outlet E B Ist-Stag Disk AftS• Seal
C 2nd-Stage Dink Fore

Seat
D 2nd-Stage Disk Aft

Seal
E lnterstage Seal
F Thr•st Balance Seal

Tu~rbine _b,•

Fool Pump Hot Gas
aid~ltage Coolant Inlet

Coolant Supply Coolant Mixing Chamber View A

v•Turthile Discharge

(U) Figpxre 399. Preliminary XLRI29-P-l Fuel FDC 25674
Turbine Coolant and Seal
Arrangement
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CONFRIDNIAL
G. OXIDIZER TURBOPUMP

1. Introduction

V') c demonstrator engine requires; that the o xidizer turbopump deliver
liquid oxygen at a maxinmui flow rate o0 548 lb/sec with a pre.sure rise
of 4ý03 psid at its dc.;,gn point (mixture ratio of 7) and a maximum Pres-
sure rise of 6785 psid at a mixture ratio of 5. Ihis pressm: e rise Ls3
reduced to 5737 psid nit 4 mix.'ure ratio of 5 ny rer'irculation of approxi-
mately 20% of the oxidizer flow back to the pump inlet. The turbine must
operate at a min'mum ,nlet temperature of 19860R and a maximum inlet tem-
perature of 2292OR at 100% thrust, Preliminai.y analysis indicates thaf
the turbopump m•ist be capiAble of operating aL a maximum speed of 25,925 rpm.
In .addition, the turbopump must demorinsrate sctisfactery starting and 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 lightweight and com-
pact with a design goal of 280 Ib wit:h a safety factor sufficiently higWh
to assume confident operation without undue design refinement or testing
failures. Life will be based on a 10-hour time between overhaul and
100 reuses (300 starts).

2. Design Concept

(U) A design configurntion for the oxidizer turbopunip, bascd cn preliminary
design studies, is shown in Figure 400. This design incorporates tne
following features:

1. Integral Figh-speed, axial-.flow inducer

2. Single-stage shrouded impeller with axial entry and double
discharge

3. Single-acting hydrostatic thrust balance piston
4. Full-admission, axial-flow, two-stage, pressure-compoinded

turbine with cooled disks and unzooled airfoils

5. Two antifriction ball bearings.

(U) I, itial effort has been direc ted to ctefire hardware with expected
1,)ng procurement time. Delivery of the antifziction ball bearings is
.•(pected to be approximately 40 weeks. Therefore, studies to define the

bearings are being performed at the earliest date.

401
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CONFIDENTIAL
(C) Table LXXVIII 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 loading, as well as 'oadinor

caused by vehicle maneuvers, gyroloading caused by engine gimbal mnotion_
and loading caused by dynamic unbalance are included. An unbalance cf

0.01 oz-in. was assumed. This value of unbalance is higher thaI, 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 be reduced

when experience is accumulated on this turbopump. The loads are taken in

planes perpendicular and parallel to the vehicle axis. The vehicle loading,

maneuver loading, and gyroloading were summed vectorially. The hydraulic

loading and dynamic unbalance loading were then added to this vector Lo

provide the maximum radial loading of the bearings. This vector sumnmatio'

for the case resulting in the greatest radial load is shown in Figure 401.

The maximum resultant radial load for the three cases studied was 1433 lb

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 10 hours

life at 26,000 rpm with the maximum resultant radial load applied. Expe-

rience has shown that load capacity curves may be generated by the standard

AFBMA method for oil lubricated bearings, if the life predictions Qre

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 analvzu
so 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 general. 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. These 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 turbopumps.

Life curves for various candidate bearings are presented in Figure 401.

Bearing A does not provide the desired life with 1433 lb radial load. It

is desirable to maintain the thrust load the same as or higher than the

radial load to ensure full rolling of the elements with no skidding.

Therefore bearing B of Figure 402 would not provide sufficient life at

the requiLed radial and axial loads. Bearing C represents the maximum

possible ball diameter for a 55 x 110 ilmm beai,-Lg wiLiWout compromising
the strength of the races.
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(C)(U) Table XXXVIM,[ Bearin.g Load Sunmary

Frcnt Bearing Rear Bearing

Relation to Veh icle Ax is
Veh ic Ic Loadingi 80 400 39 M8;

Vehicle Loading 2  120 260 64 117

Vehicle Loading' 240 120 108 54

Gimbaling LoadsO 1.91 64 1.77 17

Vehicl.e Pitch Gyroloads 5  55 - 55

Vehicle Roll Gyroloads 6  - 83 -

Total Vehicle Loads 1  326 547 271 280

Resu l tanr, 637 390

Total Vehicle Loads2 366 407 296 21.7

Resultant 2  547 367

Total Vehicle Loads 3  486 267 340 154

Resultant 3  555 373

Hydraulic Loading 7  785 153

Unbalance Loading 8  11 i.

Total Loads (Ib) 14331 1343213513 55A1 5312 5373

110 g Axial and 2 g Transverse

26.5 g Axial and 3 g Transverse
33 g Axial and 6 g Transverse

4 Acceleration 30 rad/sec2, Veloci.ty 30 deg/sec

5Pitch 10 deg/sec

6Roll 1.5 deg/sec

72% AP Static

80.01 oz-in.

404

CONFIDENTIAL



00

P4 m f

LI-tiC~

f4
iP OO II)t U vCll. u 1, ~j"

40
-* - , ,FA AL



(U) Bearings D and E of Figure 402 show increased life but are excessively
large And cause seveLe compromeise to the pump envelope requirements. Theat
bearings also show an in¢vrease in the minimum thrust load to prevent
skidding. Increasing the bearing inner d!.... ter results in Increased
predicted life, However, a bearing of 6 imm 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 uystem artaiysis. The system analysis will determine contact
angle, curvature, pocket clearance and internal clearance, In analyzing
the system, loads speed, deflection, preload,.preload spring rate, and
bearing geometry are mathematically analyzed as a combined system. The
results of the analysis provide information on position and velocity of
each element in the bearing.

(U) Because the radial loads are higher than usually used in ball bearing

selection a duplexing of ball bearings would theoretically increase the

radial loed capacity, In practice, however, it is difficult to assure that

both units are carrying load. The requirement for outside 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 overboard, 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 seal
velocity (approximately 400 ft/sec) a rubbing seal of zero clearance is
prohibitive with respect to life requirements. Experiencp indicates that
wear 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 seat 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 ulich follows shaft movement as the axial shaft loads vary.

(U) The differential pressure 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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Retur~n to Oxidlaa laort OAS
Pump InIlet Elu %l

- - /-,- Ileavins

Olidietr Overboard Carrier
Overboard Vast Rutonsion

i ° l'bruat

Liftoff 1eal Spring

Minim=m Clearance Seal Stop* " 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 euring periods when the shaft is not rotating. This seal is
actuated innmediately prior to pump rotation to eliminate rubbing contact.

407/408

UCULASSIFIED



H. FUEL LOW-SPEED INDUCEIL

i. Introouctioa .. . ........ 409

2. Do.sIgn oncept .. ... ..... 409



H. FUEL LOW-SPEED INDUCER

I. Introduc tion

(C) The deonott:ator engina require3 thot the fuel low-speed inducer
de.iver hydrogen to the inlec of the fuel turthopump at conditions that.:
a'e not detrimental to operation of the fuel turbopump. The inducer must
be c.,tpable of. operating at a minimum NPSH of 60 ft over a hydrogen inlet
temperature range from L atmosphere boiling tentperature to 45 0 R. The
inducer will be designei with a suction specific spied of 46,800 and a
maximum pressure rise of 1.09 psid. The low-speed inducer will be light.
weight and compact with a dcsign goal of 90 lb and be capable of stable
operation over the engi.ne operating range. It will have a safety factcr
sufficiently high to assure confident operation without undue design
refinement or testing failure. Life will be based on a l0-houi time
between overhaul and 100 reuses (300 starts).

2. D£s gn 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 fuel 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 balance 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 desLgn, 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 inconel 718 (AMS 5663) or other
materials for this inducer, because only the Ist-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 matetial.
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(U) Incorporation ofi a single acting thrust bilancýL pi~ston was 'required
because artaly1slL o. the preLiminary itiel indov.er rot-or indicated that th.h
range of the unbalanced pressure loads was oo high to be carried by a
thrust bearing. This was caused by the power takcoff requirements, thruý:t
and mnixture ratio: veriatic:ýns. The direct ~on and magnitude of the thrust
loads was varied by changin.,;, the turbine labyrinth seal diameter to
arrive at the best conceptual design. F-ur thrust balaace schemies (Fig.-
ures 405 through 408) were considered. All, thrust piston areas were
sized for a maximum eiffere-ntial pressure equal to 80'7. of the available
presaurc drc-p. The mini~mumi pist:. n axial clearance was set at 0.001I ifloh
for the liquid pj:3ton deslign supplied froýýi fuel pump dischar,ýýe. 'thi s
was increased to 0.002 inch11 for the turbino gas piston design because of
the difficulty in corntrollinp, deflection of the. turbine2 cisK. Th-e extra
flow required to drive the n-'nucer in the power takeoff m-rode is:- bypassed
aroundc tho. turbine during normal cyclIe operation.

(U) *tn scheme A thý! sronýilest cycle penalty was a~che'p!d by venting the
piston discharge pressure to fuel pump interstagi; how.!ver, the turbine
seal leakage was prohibitive.

(U) Schemes B and C used turbine inlet gas to supply the piston; however,
the total flow far the piston and labyrinth seal exe.-eded the amount avail-
able for power takeoff. These schemes would also require additional con.-
trols to maintain cc'rrec'.' inducer speed and flow to the main cham'.ber due
to the varying flow to the piston as thrust fluctuates.

(U) In scheme D, the turbine seal diameter ,ýas minimize'f t~o reduce the
leakage bypass flow to an act~eptable value. A dera4iled comparison with
scheme B was then made as to pis ton supply flow and stahL &.ty of the gas
v s quasi-liquid scheme. Scheme D was found to be more stable -in the low
thrust range.

(U) Figure 40t4 is a refinement of scheme D, which had rno prohibitive dis-,
advantage, and imposed the least cycle penalty. The. suction performance
of the main fuel turbopump is very sensitive to warm gas introdit ed ahead

ot 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 vihere pump operation is least affected. Because of the p1 ,iminary
nature of the turbine design and ensuing cycle revisions, no0 attempt- was

made to provide thrust margin in the pi.ston a,- this timte, althoujh suf-
ficent envelope is available to provid( thir, margin with a minimum of
effort by increasing the piston diameter

(U) Power to drive the inducer will be w~ovided by a two-stage partial

admission axial flow impulge turbine. Tl-aý two-stage turbine is similar
to a provnýn RL10 design using a brazable iluminumn (AIMS 4127). The turba
is designed with excess power to provide j~ow'ýr takec~ff capability. The
power takeoff provision is by means of an nternal spline coupling 1hcatced
on the turbine end of the fuel inducer. Thr feasibility of using bevel
gears and driving the fuel low-speed inducer uiith the fuel inump turbine
wa3 investigated. This wits considered imprac ' cal due to the large pitch
liIne velocity required (37,700 ft/nmin) and pre-. requireatents LCr

flow meter between the in~lucer and main pump.
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%bhrust Piston Supply

Flo F~d Pump

To Fuel Pump

-U) Figure 405. Preliminary Fuel Low-Speed J'D 25675
Induccr Liquid Thrust Piston
(Scheani A)

'Thrust Piston
Supply From
Turbine Inlet -

.... • _kA ...Th-rust

Pi~ston

(U) Figure 406. Preiiminary "ue! Low-Speed Fl) 2'i676
Inducer ýas Thrust Piston
(Scheme B)
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~i ~ Turbine Inlet -

Thrust niton

SThruot Piston Flow

(9 Labyrinth Sea! Flow

0 Turbine Flew

(U) Figure 407. Preliminary Fuel Low-Speed A') 25677
Ind icer Gas Thrust Piston
(Scheme C)

Thrust Piston
Supply From FuelTo Fuel Pump Pump Discharge

loteretage

Z- Thut Pio. _V.
Turbine Seal----

(U) Figure +08. 1'leliminar 7 Fuel Low-Speed FD 25678
Inducer Lictuid Thrust Piston
(Schein..! D)
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N(U) Because of the power takeoff feaLur2 provide, oa this ihaft, an over-
board leakage results. This ,nay bo hcld to a inimum by mnicaus ot L, gSuided
ring seal on th, turbine ond of the shaft. This seal desi?,•, has beer, pr.-.
viousty evaluated experimentally and based on those results it, is calcu-
lated that the overboard leakage could be maintai nc., at appro)rimat'olv
0.15 lb/sec with this arrpngement,

(U) A liftoff seal. is incorporated to prevent li.quid hydrogen from flowing
into the turbine during the intervals between en'gine op,.,.ratiovl. 11, lift-
off ,seal pacl.age is common to the main fuel and oxidizer pumps.

(U) The rotor asosmbi.y of the fuel inducer is suppoited on 55 >: 90 romn ball
beari.ý ,s Because a thrust halance piston was necessary, the bea-'ing axial
load wais held to only the spring force. Operational ezperiencc was accumu-
lated on these bearings during test ng of the 350K oxidizer and 'Lie I puLmIps.
During the final design of this componeat, the same bearings that are
qua~iified for the liquid oxygen turbopupip may be incorporated I-o prcwide
c olmon a I i ty.
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1, OXIDIZE•R LOW-SPEED INIDUCER

1. introdiuction

(C) The demonstrator origine requ ires theft' .h• oxi~dizer ow-speed inducer
del iver oxygen to the inlet of the ox idi.zer t:uirbopump at conditions that
are not. detr iimental to operatiot, of the oxidiZer thrbo.xnpM1,. The inducer
must: be capable of op,,O ratting, at 0 mm iniimum NPSI-I of 16 ft over an oxygen
inlet temperaturce range from i atzmsphlere boiling temperat,,lre tot 180'R,
'fhch Lnducer wil) be designicd with a suction specific s peed of 4G• 000 a-,3d
a maximum pressure rise of 253 psid. Tite low-speed inducer will be
lightweight and compact wi'th a design goal of 125 lb and be :.apabLe of
stable opcra ti•i over LhU enNgine oel-at:ing ratnge. Vic low--speed inducer
wi I I have a safety facter sftfficienerLy high to assu ro confident: operation
without undue design refi: ciment or tEes tng fai. lure. Life will. be based
on a 10-hon r tirnt I, twe.n overhau, arei 100 re us es (.300 starts).

2. Design Concept

(C) A prel ii.fmary design of the oxidizer low-speed inducer is shown in
lig,,ro 409. It, this design, the oxidizer indncer operates at a speed of
,Iý 10 rpm. Thc shaft asserubly is located radially by ball bo•arings that

:11,-C pro loadod axi.al ly ,'n the o ter- races to prevent ball skidding. The
iiidui.mr beari ngs will operate weI l below the limiting bearing DN levels.
"tIhei DN value for this preliminary design is 0.2 x 106 mM-.-rpm.

(C) The inducer, having a very high suction specific sp,!ed requirmraent
of 40,000 su),gests:i an axial flow as opposed to centrifugal or mixed flow.
A complete hydiaulic anaiysis of the inducer has not yet beer. performed
but it is anticipaLed that a hclicel axial flow inducer wi.i.l be incor-
o'rated.

(U) A tirist baLance piston is required. The radial inflow turbine d ing
a partial reaction device with a large rotor differential pressure as
compared to othr d-signs considered provides the least unbalance. The
required thrust balance piston flow rate is -,stimated at 8.0 lb/sec.

(C) Powee to drive the oxidizer inducer will be provided bh a variable
admis3ion hydraulic turbine using liquid oxygen in the main chamber
oxidizer line. The preliminary drive turbine seiectea is a single-stage,
radial inflow design. Because the working fluid is a liquid, the pr(os--
sure drop through a fixed area turlblne would vary as a function ot the
flow rate squared. Therefore, a fixed-area turbine sized at minimum
thrust (20% of rated thrust) wiil require excessive pressure deop at
n1'rovir'ir thrbi -t. Similarly. a t-irbine sized ar maxinmurn thrust wil l ho e
such a small pressure drop at the minimum flow condit Ion that it cannot
provide enough power to drive time inducer. A variable-area turbine is
in ideal approacii :,o provide variable pressure drop to meet the power
requirements of the inducer over the entire operating range of engine.
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(U) Variahle inilet guide vanes applied to the radial iniflo, ttirbi.ie pro-
vides maxiiuaim conttrollability and leakage is minimized because it is a
ful I admission device and because the vanes operate between two parallel
surfaces . This conif iguration is shown in Figure 409. A partial admission
rotating sleeve or variable bypass area are also candidates for control of
turbhinc power. Tl~e rotating sleeve configuration requires dividing the
radial inflow a-ea into sections that can he partially closed or opened
to control power. A variable hypass may bo feasible if turbine Officiency
is hi gih over the operating range. [heIso sc: homes w ill be eOVlIu at:ed during
the final detail design.

(U) Mechanical ly, the pump designed conisists basically of ,ilumi nuil
(AMS 41.30) housings, inducer, and turbine rotor with an ;ncone1 718
(AMS 5663) shaft:, thrust balance pistor, and housing., and control mech-
an isnis. The indurer can be made of KO[-To aluminum with jus-;t tinder the
25'?, maximum al lowable blockage. The potential of rubbing similar mate-
rials (i.e. , aluminum on aluminum) should be imin imaIl because with the
soaked pump there will be no thernIal transient and because the rotational
growth will be so small. This will represent a 1/3 to 1/2 inducer wei.ght
savings as compared to an inconel 718 (AMS 56b"3) inducer because much of
the inducer is machining limited. Alurainum (ANS 4150) housings represent
mi nimum weight but in the hardware desirgn Inconel 718 (AMS 5663) will be
considered. A preliminary analysis was made en t:hc rear coverplate using
the ;plerical design approach of the transit ion cases. Using Inconel ?18
(AMS 5663), it appeared there would be a slight weight advantage but this
will require considerable analy, is. The inducer- discharge horn and the
turbine inlet horn are located to facilitate plumbing and to minimize
puInp length.

(U1) An aluminum (AMS 4130) turb ine rotor was chosen for weight considera-
tions because the stress level due to rotation and pressure will be sinall,
The lInoiel 718 (AIS 5663) sl~aft is stress limited and the incocenel 718
(ADIS 5663) thrust balance piston and housing are deflection limited.

(U) The control mechanism anid supports are steel. The front support plaý,c
is subjected to turbine stator 6? and acts as tCe rear bearing support-
isolating the alunminum thermal deflection from the hearing. The rear
control support plate acts to maintain the impeller running clearance by
isolating the rear coverplate pressure deflections from the impel 1er.
Making this plate of Inconel 718 (AMS 5663) gives a dissimilar rub mate-
rial to the aluminum (AMS 4130) impei ler.
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J. CONTROIL SYSTIUM

I. lntro~luc t ion

(I,') The XLR1.94'-l high, prerssror rocket. engine un4es a ,otagi:!d contiustioný
cycle ill whC mo'st of the fuel Ls bytrrled with a pott iou of rhQ oxype
in g prehurneir to provide turbopotmp power be ýor ooiibis t-ion wi th the rv -
mainder of the oxygen in Oihe. main, )urnf..r chambe_ A propell ant fiovu
schemiatic ii inst rating the princ ipal flow 1,aths and .functiornia co.;ponerlt
arrangennent oif this engine is shown in Vigtire 410.,

(U) fild rog(en ene O~t th% n~n -dr ~ven fuel. low-spfve,,d inducer where

sul fi~cient Pressure riso! is~ prodiiced to sa a.i.,v thce maint fuel pump NPSH
r :ýq tc ~re mon ts ,The 'ow-,ipoed ind..cer is used to ml.nirmizio vehic.e, NPSII
GI .e. , tank pressure) requ~irement±s and allows high-speed tnain ~rpropellaxit
pump operation at hligh vurbopuwp(q effic~iveicy, Hydrogen is pumped( to the
Oystil, operating pressure' by the, mai~n l1paimp. The prti.) ~icpal, hydrogen
flow path f torn the pump is chroug'Oth prCe 1 ~urii(. supply, b~at exchanger,
andl then into thLI pr~urrner cth-amber th~rough thc preburrner in.ie~ctor. The
rcnwainderý of the nyd rogen flows tiýriough the transpiration supply heat
exc:hanger anl &beon throug'n low-ýzpeed iue~l induce.r drive turbine prior to
being pasqeo into the tnain chaw~ber as traspiration coolant. A small
amount oý h~ydrogen is bled off at tile moin fuel- p'urnp irtr~erstage to pro-
vide c~oolant for the two-posic-ion nozzla. This couolant flows to the
nozzle through a 'regulating orifice and a shucoft valve that is provided
to stop the flow when the two-position rnoz,'2Je is in the rettsc~ced position.

(U) Oxygen enters at thle oxidizer low-speed inidcter where enough press;ure
rise is produced to satisfy the main oxidizer pum~p NPSH requirurnents.
The o>xygen is then pumrped to system opec~ating pressure levels by the main
oxidizer p-.ump. Pump discharge flow is split between thle preburnev and
thle main combustion chAmber. The principal oxidizer flow passes chrough
and becomes the working fluid for the oxidizer low-speed inducer turbine
before being injected into the main buri-,e.r chamber. The remainder, a
smaller scheduled portion of the oxygen, is ducted to the preburner whecre
it is burned w,.ith tho hydr-ogen. The resulting combustion products spi t
through parallel duct,' passing through the two main pump turbines,
arranged in parallel. Thl energy requirod -,o drive the main pumps is
extracted from, these combu~ti-on products, whichi then exhaust from the
Lurbines and inux in ;i common passage of the transition case. These Pascm
then pass through the main but aer inje~ctor and into thle main burner i-hambel
where they mix and burn with the. principal oxidizer flow. These comnbusti on
gase~s are then expanded through the bell no,..,zle to provide thru~st.
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CONFIDENTiAL
(U) Analysis of the XLRl29-P-I ruckei engine cyecle has establist e0 th a
the following iive control points are required for satisfactrx;y steady-
stare operition:

1. Preburner fue] valve

2. Oxidizer pressure limit valve

3. F'rebuiner oxidizer valve

4 . Main chamber oxidizer valve

5. Oxidizer low-speed inducer control.

(U) It is reconynende2d that valve designs for these locations be completed

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 t-e preburner 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 hydrogeni 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., main

fite) pump NPSH) as well as transpiration 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 completed foi this control point require-

ment resulted in selection of a butterfly type valve for this application.

Completion of the selected valve design, parts procurement and testing

are recommnended for the next period.

b. Oxidizer Pressure Limit Valve

(1) Introduction

(C) The oxidizer pressure limit valvc. limits DUmp discharee pressure to
6000 psia. Whcn excess oxidizer pump drive horsepower is available (at

high thrust and low mixture ratio conditions), 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) Cc, lus ions and Recommendt.ions

(U) A recirculation valve for the oxidizer turbopomp wiill be requited to
limit tChe oxidizer turbop.mp discharge pressure. Completion of a design
,tielection study and a valve design for Ohe d,.onstr'atr engine are rec-
omme nd ed,

C . Preburner Oxidizer Valve

(In) lntroduc.tion

(U} T .?reburner o.:.idi.zer valve regulates the flow split to the primary
a, nd secoadary oxidi.,-er clements of the preburner injector during engine
operati .m. The resltanc variation in primary and secondary flow split
controls the velocity of the oxidizer encering the preburner and ensures
sta.,ble a•nd efficient preburn,?r combustion. This valve has a major influ-
r.n.e on available main turbine powcr and engine thrust, but only a minor
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.

(2) Coaciusions 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 hou;ding, 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 tht 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 fabricated du!:ing Phase I (Coui-
tract AF04(6i1)-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 feature, a canted bilatl_ wiLh iulLegLda dibK WaJ beiecLed su tilaL all
uninterrupted disk sealing surface would be provided.

(2) Conclusions and Reconimnei'-t ions

(U) Shaft lip seal and shutoff seal development resulted in satisfactory
designs. The designs are recommended for incorporation in the demonstrator
engine design.
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e. Oxidizer Low-Speed IMducer Control

(1) Incroduction

(U) The oxidizer low-speed inducer control schedules the nozzle (admission)
area of the oxidizer low speed inducer turbine. Modulation of tbis con-
trol aifects available m3in 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 stror.g 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 tl1b fuel flow to the preburner
injector anid 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? and a turndown ratio of 14.8
to 1. Inlet and exit line sizes were based on 200 ft/sec maximum 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 definirion of the actuation power r-quirementE, weight and
packaging studies and general performance characteristics. The various
candidates are discussed iii the following paragriphs. 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
prm,'ided in rf,7 /1 c ;n w.l, irh W) r di inipl-nr iq nrct-t-rd 4i; fiiorti on
of stroke for various ratios of maximum port width to valve circumference.
Experience and minimum envelope requirements dictated the point selection
shown.

(U) The sleeve valve candidates ill.ustrated in Figures 411 and 4.12 have
only one shutoff seal. These candidates also have a relatively long clear-
ance path with labyrinith type seal between the sleeve and the housing that
is intended to elimifate the requirement for a piston ring secondary seal.
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(U) Figure 413. Internal Sleeve Valve FD 25348
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(U) Figure 414. Internal Sleeve Valve (Movable FD 25349
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(U) Figure 415. Sleeve Valve Diameter DF 68372
vs Stroke

(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-. Tids
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 sleeve 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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(U) Figure 420. Dynamic Force Comparison DF 68637
of Sleeve Valve Ca-ndidates

(2) Pintle Valve Candidate

(U) The pintle valve candidate is illustrated in Figure 421. The valve
is similar in :onstruction .to the sleeve 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 al.4o has two shutoff seals; one for primary

fticl flow and one for transpiration coolant flow, The p1 ntle valve

candidate parametric sizing Is shown In Figure 422. The point selected
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 enigine 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 Candidate

(U) The inverted pintle valve candidate is illustrated in Figure 424.

The inverted pintle is similac to the pintle valve candidate except
the housing is contoured to produce the effective area versus stroke
relationship. This causes the area with a variable pressure profile to
be on the housing instead of on the mcving part. Two shutoff seals are

also required for this candidate.

(U) The throat sizing is illustrated in Figure 425 and the parametric
valve sizing curves are illustrated in Figure 426. The points selected
allow reasonable package size and low parasitic losses.

"ImnlnipfritloI Cooline

(U) Figure 421. Pintle Valve Candidate FD 25350
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', Figure 426. lParametric Sizing for DF 6P380
Inver ted Pintle

(4) Butterfly Valve Candidate

(U) The butterfly valve candidate is illustrated in Figure 42i. The

trailing edge of this butterfly valve, instead of being streamlined,u
is rather broad and shaped to cause tlne flow coefficient to remain m
low on the trailing edge, as it normally does for the leading edge, I
over the entire stroke. The throat siztng pot illustrated in: Fig-

ure 428 was selected to provide optimum percentage area characteristics.
with reasonable area margin.

(U) The flow velocity ac;ross the face of the disk is lower than for a

standard disk shape, resulting in low dynamic torque as sh~own in Fig-
ure 429. The design also allows a spheri.cal zone on the disk, offset
from Lhe shaft centerline, tat may be used as the sealing -,straace.
This elrbminates the necessity for an inclined shaft and the resulting
unbalanced thrusta load.
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(U) Figure 427. Butterfly Valve Candidate FD 25352A
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(U) Figure 428. Angular Position vs Throat DF 68381
Diameter (Butterfly Valve)
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(U) Figure 429. Dynamic Torque vs Thrust DF 68382
(Butterfly Valve)

(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 in Figure 427 to optimize the per-
centage error characteristics.
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(U) Figure 430. Effective Area vs Angular DF 68383

Position (Butterfly Valve)
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(U) Figure 431. Area Error vs Angular DF 68384

Position (Butterfly Valve)

(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 requirements and
include the attaching flanges shown shaded in Figure 432.

Valve Valve

Candidate

1. Internal Sleeve Valve
(Out Flow)

Candidate No. 1 Candidte No. 2-6 2. External Sleeve Valve
Double Exit 3 Internal Sleeve Valve

~tied Ports)

4. Internal Sleeve Valve

ValveValve(Movable PoiUt)& I'lntlo Valve

6. Inverted Pintic Volve
7. Butterfly Valve

Candidsteo No. 2-4 Candidate No. 7
Double Inlet

(U) Figure 432. Preburner Fuel Valve Installation FD 25359
Schematic
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(U) Table XXXIX. Woight and Power

> 1A

-' | -- ,

Valve~~~ We1h (0b 59 547 5.9 5, 47. 512 3.

4j CA EU(nx cn

0 U. 4E Ow 4.

Vacv Mn AssocOate

> C >~ 0 O.JP 5
$4 1 14) 0-8 IV~ $4 4

>i~ 4, > 4j~ > (U A
AJ 0-4 41 &A V4 %.e- CZ'. ýO >

0E C COU C 0-E
> ~ 15 -4' > 1- on4

Valve Weight (lb) 52.9 54.7 52.9 52.9 47.0 51.2 33.3

Valve and Associated
Flange Weight (lb)* 92.5 100.9 99.1 99.1 93.2 97.4 69.5
Single Inlet

Valve and Associated
Flange Weight (lb)* 92.5 81.1 79.3 79.3 73.4 77.6 69.5
Double Inlet

Horsepower n Dynamic 43.0 22.4 23.1 17.9 16.6 27.4 5.6
UnbalancedActuator Rod Shaft 212 2.2 2.2 2.2 2.2 2.2 5.9

Seal

Piston 3.2 3.2 3.6 0.4

Dynamic 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

Horiepower Shaft 4.0 4.0 4 .0 4.0 4.0 4.0 0.9
Pressure Seal
Balanced
Actuator Rod Rin 3.2 3.2 3.6 2.6

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 required frequency has not been determined.
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(U) The relative values of the relection criteria are shown in the
first column of 'Tables XL, XLI, and XLII. The highest rated candidate
received the greatest number of points. The ratings in Table XL consider
single pipe inlets and unbaianced actuation shafts as shown in the valve
configuration sketches. Those in Table XLI assume that the actuator
shaft has been fully balanced by addition of opposing pressure areas.
Table XLJI shays the added advantage gained through the use cf two inlet
lines for those valve types that would benefit from such an arrangement.
The butterfly valve received the highest number of points in each rating.
The external sleeve valve received the next highest number of points for -a
two of the three ratings.

(U) Table XL. Valve Rating Based on Single Inlets and
Unbalanced Actuation Shafts

0

' .0 0-4 W 4

0• •c

[/1~~~ 0) 4) ~ iI •.

0... U |,

0 5 70 0 70 71 100
0 0S400 0~

(V•ve ndFlanges)

1htf Sa 00 100 100 80 80 80 80 50
l~vlo~ntReq d

95 14 25 22 28 28 20 95

Reliabilgty 90 70 70 50 50 50 50 70

Low arasite0 5

Pressure Loss70 5 35 3 35 4 40 0

SN.of Dyfnamic 65 65 65 65 65 65 65 65
Seais Seq'd.

Packaging 60 60 45 45 45 45 45 55

Percent Error 60 60 60 60 60 55 55 60

Characteris tics

Manufacturing 55 45 40 35 35 30 30 55

Ease

Flexibility 50 40 40 40 40 50 50 35
Complexity 45 40 40 35 35 30 35 45

ChTotal Points 790 619 589 537 543 548 541 700

.55 4438Ease~''",



(U) Table XLI. Valve Rating Based on Single Inlets and
Balanced Actuation Shafts

NegI0 75 9 70 70 7 07 I0'

a ~ '4 '.4 '.4

(Vlv Ind alatos
Shtf el0 IO0 00 8 80 0 80 50'

&o 0 5 0 5 03 40 4 0 0Os)

P~.'4 -4 g~ V4 4 "

0Seaas e d U4

P W5 &J4 4J -5 >
Selection Criteria a as X C

Weight 100 75 69 70 70 75 71 100
(Valve and Flanges)

Shutoff Seal
Development Req'd. 100 100 100 80 80 80 80 50

Actuator Power 95 31 95 53 53 18 66 67

Reliability 90 65 65 45 45 45 55 70

Low Parasite
Prespuex Loss70 50 35 35 35 40 40 70

No. of Dynamic 65 50 50 50 50 50 50 65
Seals Req'd.

Packaging 60 60 45 45 45 45 45 55

Percent Error
Caatr tis60 60 60 60 60 55 55 60

M ufcuig55 40 35 30 30 25, 25 55
Ease

Flexibility 50 40 40 40 40 50 50 35

Complexity 45 35 35 30 30 25 30 45

Total Points 790 606 629 538 53S 508 567 672
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(U) Table XLII. Valve Rating Based on Double inlets
(where applicable) and Balanced Actua-
tion Shafts

c :b $J4 a> U ) >

c ra W 49

U . ,,, , , --Weigt I0 75 06 88 C8 9 9

-4 .- 4 -4.O 01

U V4

z~ h tD "4
SePcio Crtei > 4)

r.. 0 r

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 95 53 53 18 66 67

Reliability 90 65 65 45 45 45 55 70

Low Parasite 70 50 35 35 35 40 40 70
Pressure Loss

No. of Dynamic 65 50 50 50 50 50 50 65
Seals Req'd.

Packaging 60 60 45 45 45 45 45 55

Percent Error 60 60 60 60 60 55 55 60
Characteristics

Manufactursne 55 40 35 30 30 25 25. 55
Ease

Flexibility 50 40 40 40 40 50 50 35

Complexity 45 35 35 30 30 25 30 45

Total Points 790 606 646 556 556 528 586 672
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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
planned 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

(U) A valve is required to control the oxidizer flow to the preburner
injector. The valve must (1) provide 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 data 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 c.nducted in support
of the preburner oxidizer valve design.

b. Conclusions and Recommendations

(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)-1l401)
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.

(U) Design layouts for water flow and cryogenic pressure test blocks are
also in process. A revised facility type actuator layout has been com-
pleted and is shown in Figure 434.

441

(phis pat is Unclessiflod)



CORN AL

shah ftl 5.ipodk

Ph~aw Dot" Cow.

h"ls Pm L

(U) Figure 433. Preburner Oxidizer Valve Layout FD 25595

(U) Figure 434. Preburner Oxid 4 zer 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 AM$ 4532.

(C) Two sets of data were available from previous rig tests. At a pres-
sure differential of 2000 psi, the unbalanced rings had a drag of 1480-lb
opening and 4560-lb closing. Under the same conditions, the balanced
rings had a drag of 755-lb opening and 1890-lb closing. The difference
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between the opening and closing drag loads and the wear pattarns on the
previously terted piston rings indicated that the rings were twisting and
that the cornera were possibly digging into the sliding sur::aces. These
conditions would, therefore, cause the friction factor to viay.

Disiter -- Dim3.402

T2-

Unbelanes BalaieW Now Dsign Tet

(U) Figure 435. Upper Piston Rings Analyzed FD 25597

i.Dim

Unbilaneed Balanced New Desi•n Test

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

(U) The unbalanced and balanced rings were analyzed to determine if the
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
point.
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(U) The next method of analysis was to use the data of the two pre'nonun
tests to estimate the changes in loading required to reduce the drag
sufficiently. The percentage changes of several quantities were found
between the balanced aid unbalanced rings as shown in Table XLIII. /::
new ring required a reduction of 88K in drag (HA) ovcr the unbatanced
ring. Comparing this to the balanced ring change, the perce:::age cnn:ygeS
required in the other properties were found. This determined tlhe design
criteria for the new ring loads.

(U) The radial load per inch of circumference because of pressure
unbalance (GR) was chosen because it is a calculable number and le:. cI!aeo'
should be proportionately related to the change in drag. The rrdial loa.d
per inch of circumference because of wall reaction (FR) used was found
with an appropriate value for the radial load per inch of circumf.?rence
de to friction forces (HR) derived from a friction coefficient of 0.25.
The change in FR should also be oroportionate to changes in drag. The
unit .-ressure was also aporoximate because it is derived from FR• howcev2r,
it could contribute to drag as well as leakage. It was kept as high as
possible to prevent leakage but low enough to reduce drag.

(U) Table XLIII. Percentage Change from Unbalanced Ring

Quantity Balanced Required For Actual
New Ring New Ring

Combined Upper and Lower HA Open -49.0%
-3•. 07 --

Close -58.5%

Combined Upper and Lower GR -42.07 -63.2"' -7.0-:

Combined Upper and Lower FR -55.0% -82.71 -82.37,

Average Upper and Lower UP -48.217 -72.:) -76.6%

(U) The results for the unbalanced ring show that the closing drag was
reduced more thln 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 GR, FR, and unit pressure on t-he
rubbing surface of the ring (UP), the new rings were designed so that
the pressure moment per inch of circumference due to pressure unbalan,-e
(MC) were negligible. The moment of inertia was increased to reduce the
ability to twist. In 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 comb-nation
of the reduced moments and increased stiffness was expected to provide
an 88,'1 reduction in twist of the rings.

(C) Other results from the new designs are shown in the last column of
2 bhe XLIII and the first column of Table XLV. If it can be assumed

i,;n. lhe percentage change methcod is a ,ood analysis, then the pist-,
" .... <, -,vnn• r~than AO0 ]b n •:ther d 2ecet ion. idoea:: e me::o

oKut c: 4' t r ISSn111as 0(3 to reo cIL



flat against the robbing surface. The drag may be estimated using the
drag formulas shown in Figure 437. A definition of all terms used is
provided I.n Table XLV. With a coefficient of friction of 0.35 and a
pressure differential of 2000 psi, the total drag will be 250 lb using
GR, and 150 lb using FR. The UP will be 331 psi on the upper ring and
229 psi on the, lower ring. The UP on the balanced rings were (upper)
752 psi and (lower) 560 psi.

(U) Table XLIV. Comparison of New and Tested Piston Rings

New Test Scale Factor

Combined GR 0.0450 P 0.0525 P 1.168

Combined FR 0.0274 P 0.0320 P 1.168

UP Upper 0.1655 P 0.1625 P

Lower 0.1145 P 0.1025 P

Average Circumference 7.85 10.65 1.358

FR

High

SHR
Hlp

FA= GA± H A

FR FR GR- HR FA S 3
HA j FR FR

HA GA FA JHpj a2A GA 3

IGtUP 
-F RG6RS

GR"1

HR Drag = 2 V r 14(PR upper + FR lower)

=2 V r (HA upper + HA lower)

Approximations: kJA =#GR
HR -AGA

(U) Figure 437. Nomenclature Explanation FD 25599
and Definition
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(U) Table XLV. Nomenclature Definition

P Differential Pressure Across Ring

GA Axial Load Per Inch of Circumference Because of Pressure Unbalance

C Radial Load Per Inch of Circumference Because of Pressure UnbalanceR
HA Axial Load Per Inch of Circumference Because of Friction Forces

HR Radial Load Per Inch of Circumference Because of Friction Forces
R Axial Load Per inch of Circumference Because of Wall Reaction

Radial Load Per Inch of Circumference Because of Wall Reaction

NC Moment Per Inch of Circumference Because of Pressure Unbalance

MH Moment Per Inch of Circumference Because of Friction Forces

r Avernge Radius of Rubbing Surfaces of Both Rings

Coefficient of Friction

UP Unit Pressure on Rubbing Surface of Ring

AR Rubbing Area Per Inch of Circamference

(U) The balancing grooves on the lower ring were 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 nOL have to be scaled. By
scaling up the ring, the GR and FR terms were 16.8% too high. The cir-
cumference of the test ring was also 35.8% higher than the new design.
Becau3e 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
housing 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 4P, 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 IN2 temperatt'res. 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
,%P of 1000, 1500, 1750, and 2000 psi for a total of 200 cycles. Strain
gage force measurements were used to indicate piston ring drag.
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(U) Figure 438 Balanced Piston Ring Test Rig FE 68532

Balance Piaton SJmntaff seal

11-22 Piston King
Primry Saft-seatRigLeakage Temp

goalL"KasConrol (C) Fow-(PRLT)

Hydraulic Pressure InI
Actutor (HPiston Ring

0-4c Secondary Vent Lanka#e (PIL)
~'I Le~ge(M8L)

Hydraulic Preeourt Out 31-30-. 27.27

0-100Purge pol Secondary
Pai 9cP P Discharge

Test Adapter

Dolly
0.750 in. Line

Lid2 Catch Tack LPrimary Diacherge Volvo (PDV)

(U) Figure 439. Valve Installation Schematic FD 22151B
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(U) The comparison of t'.e pretest and post-test condition is 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.

(U) The redesigned secondary piston rings were found suitable for use in i

the preburner oxidizer valve. As shown in Figure 443, the force loading

was close to the predicted results and gave a decidedly advantageous
reduction in force loading.

5. Miain Chamber Oxidizer Valve

a. Introduction

(U) The main chamber otidizer vilve regulates and shuts off the main

burner oxidizer flow. The basic valve is a canted shaft butterfly type

design accomplished during Phase I (Contract AF04(611) 11401).

(U) Two builds (RiS F-33466-11 and Rig F-35106-8) oi the main chamber

oxidizer valve were tested under the component development subtask. The
primary objectives of these tests were to endurance test the hoop and cam-

actuated shutoff seals at cryoeenic and ambicat temperatures. Secondary

objectives were to hydrostatic leak check the seals at 1300 psid, perform

valve position versus effective area water flow c4ibratiovis, and Lest 'the

seals at high flow conditions.

plate IQ

I

PostTet N WVSI

(U N Figure 440. Lower Secondary Pistcn Ring In- FD 25600

ride Diameter Pre- and Post-Test
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A Pretest "u.,.

Post-Tast

(U) Figure 441. Upper Secondary Piston Ring FD 25601
Outside Diameter Pre- and
Post-Test

0 7 p.i n,']

OF,

20 00.

0

(U) Figure 442. Actuation Force vs In' ,t DF 68893
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b Conclusions-and Recommendations

(U) The hoop-type shutoff seal provided the most conopiatent results, met'
a ILl of ilie test 'goals, and Vas still serviceable at the end'of the teat,
althougb the se~l element wasn damaged duaring the water flow test.

(U) The cam-actuated, shutoff seal mtnimum leakage was less, 1tha ,n that of
the hoop seal, bd't, the, mAxiti~um leakAge was greater and the seal element
was seoverely damMqed during the waer f low test.

(U) It is recommnended that the silver plated hoop seal be incorporated
in thit main, chamber oxidize; valve design tot the 4em'onstinator engine.

c.flrdware ,ýDescripftion

0.l) RIg F-33466-4l

'() ij F,33446-11' If t m incamber o'xidizer Valve "asd a ,rataty hy-
dr~ulic ajervoactuatoi and incorporated ýhe following fiaturab:

'.A shur4,,of f seal1 consist1, of a silver plated hoop with
P.'010 -inch tght',t o the disk. s~poe il.ver plating
'And more ac.epssarea for cleaning inside the hoop was
"incorporoie4 Thseol was instilled on t he', disk, by heat-'

igthe elt'apoxmtl 250F and cooling the disk
in 10" Figure 443 7%shlow's , a croasssectton viow of the seal

asitst~ed Fg 'e444 ihow' a'W ove'ral 11iew of the-seal,
and 1&girp, 44ýý i ýacosrtup of ̀ the, seal element. 4

2.An in tegral Is"haft and' butterf ly Incoie 1 7,18 (NA 1010)
spherical easufcchmeplated vei th an 18 mtcro-finish.

;3. ',Revised 'shaf t ''Iip seal design (Figure 446).

4. Shf lpsasolminated Uapton F (three, layers and

FR'Teln(one layer n~ext to'shaf t)., Total thicLns
Va*. 0~.019 inch.

.5. Tufram thrust bearing and,31lver ýplated thrust washers.

(2)Rig F-35106-8

(U) Rig F-35106-8 of the main chamber oxidizer valve used a cam-actuated
shutoff seal and'incorporated the following features:

1. An FEP TeflIon seal element contracted against the disk sur-
face by a cam- atu 'ted tapered slip ring. Ilie assembly
also incluiled a 0.010-inch thick Xnconel X (AM4S 5667) seal.
support. Figure 447 shows a cross section view of the seal
and Figure 448 shows the layout of thýe seal assembly.

2. The disk was chrome plated Inconel 718 (PWA 1010) with a
spherical seal surface and a 9.5 micro-finish. The shaft
actuating lup was modified from the original configuration
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to return the drive cain to the open position during the

first few degrees of valve opening.

3. Revised shaft lip seal design (rigure 446)

4. Shaft lip seals of laminated Kapton (three layers) and
FE)? Teflon (one layer next to shaft). Total thickness
*as 0.019 inch.

5. Rotary hydraulic servoactuator.

(U) Figure 443. Miain Vhamber Oxidizer Valve FD 25572
Shiutoff 8eal. Cross Section
Rij,g W-33466-'ll

(Uý) Figure 44". Main Chamber Oxidizer Valve Shur- Fe~ 80066
off Seal. overall View Rig F-33466-11
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(U) Figure 445. Main Chamber Oxidizer Valve FE 80067
Shutoff Seal Element
Rig F-33466-11

(U) Figure 446. Revised Shaft Lip Seal FD 24852
Design
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(U) Figure 447. Camn-Actuated Shutoff Seal FD 24991

(U) Figure 448. Cam-Actuated Seal Parts FE 80250

Layout

d. Testing

(1) Rig F-33466-11

(C) The valve was installed and tested on B-22 stand. No mechanical
malfunctions were observed during the tests. Ambient temperature shutoff
seal leakage was un'detectable prior to cycling the valve at 50 paid GN2.
The torque required to open the valve at liquid Argon temperatures prior
to cycling was approximastely 400 in;- Lb.
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(C) The first 25% of the required shutoff cycles were performed with

the valve submerged in liquid Argon. The valve was then allowed 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
tea t.

(C) Shutoff seal leakage during the endurance test is shown in Figure 449.
Stable 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 boiloff in the discharge housing.
The cryogenic leakage values shown in Figure 449 were recorded at least
15 minutes after the valve was closed. Disk sea] leakage versus shaft
position is shown in Figure 451. Post-test leakage at liquid Argon
temperatures at 50 paid GN2 is shown in Figure 452.

(C) Post-test ambient disk seal leakage at 50 paid GN2 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-paid water pressure resulted in no visible leakage prior to the water
flow calibration. The water calibration results are shown in Figure 455.
Post-test shutoff seal leakage at ambient temperature and 1300-psid water
pressure was 0,3 sccs.

(C) Teardown inspection revealed that ambient temperature shutoff seal
leakage was undetectable at 50 psid GN9. The hoop sealing surface was
in good condition, with some minor scratches in the contact area (Fig-
ure 456). The seal fit on the disk measured 0.005-inch tight. The seal
IaL" had 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 - Pvapor) at 20-degree shaft angle
and 1450 paid, and several additional points during the water calibration,
was greater than 0.90. The general index of incipient cavitation for a
butterfly valve is 0.37. Engine operating conditions are less than the
incipient 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 450. Seali Leakage vs Time,, DEC 68891
Ri- F-33466-11
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(U) Figure 453. Hoop Seal Wear, FE 80567
Rig F-33466-11

(U) Figure 454. Di'sk Seal Post-Test FE 80566
CondLltion, Rig F-33466-11
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()Figure 455. Water Calibration Resuilts DFC 68888
Rig F-~33466-11

(U) Figure 456. Ho~op Seal Surface Condition, FE 80770
Post-Test, Rig F-33466-11l
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(U) Figure 457. Hoop Seal Element Failure FE 80771
Rig F-33466-11

(U) Figure 458. Possible Cavitation Damage FE 80978

to Hoop Seal, Rig F-33466-11
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(U)Fiur 49. os-Tst SaftSR ufae F 07

Rig F-346JONI,

*0000

"*y9

(U)~~~~~~~~ ~ Fiue49 otTsSaf elSrae F 07

(U) Figure 460. Post-Test Teardown of Main FE 80773
Chamber Oxidizer Valve
Rig F-33466-11lN

461

(This pago is Uncdas~ifi~d)



(2 R5'-15061- 8

(C),,Th. va 4% w*aa Ansta~,Ii4 and tevto4 on tha,' Z.22 stand. The, aiiibiont
d4.sk ,01* 1liakage pd~or ycipthe val ve at 50 paidGN2 Vas und*`.ecVt.
able 4kth 7*Wtft.-'.1 41 appled, to, the shafti in ýth e dcos.4 directiop6.

(C) The, fiirs 2%, 4hap r~pe hutoff cycles were peii'ormod with
the val1ve eubatarge4 Jp. liq4ad Argon, Th* valve vas thenv alli~w& to v'arm
to sivtent temoeroturf a4ý4 tho r VVinSn, 75% '*f the prog~ra~umd shutoff,
C ycles 44ro opwptusttid a amin~lttteaveraturea. The valve ,wse a gain sub-
Mdrood'-n ý liquid" togon aný4 100 ohotof E cyolý 10 4re coiV leteod. A I 'CYC te
were. p , ,ortrm#d otone" 4,yt a pij ýacoud and wi~th 50 paid nitt'ooen Orvssur4
across "the clsaid valve a~uiift~ veal.. Shutoff seal leakageo ftisurementi
at ,50 paid woe4prod~al urin the 'test.

(U)' Shutoff seal leikagp dqr~iki thm p~urouce test is shown in ~IN gre 44 1.
%Stab te disk seal leskage drib$ ih#, c~ryo~intc testing was obse'rved''Approkci-
10A at~ly 1.5 mOiute. after the ale c'd Pigure 462'shows typical
Lu~iaoed esoktgasdecay Oiik to, boil off tn the discharge hpusiox. C*Yo-gehic 'leakage shoWhn in igure "t", was asured approximatell5muts ,

aftier 'the vslvo8 wigs closed.

(C) Dik eal' eake vpr*u a ;tapglp is shown inFgre 463., Post-
tetle~g a l~4 rto", Ipratura, and 40 paid G02 is 'shown in,

igeture 44

(C) "Post-ts ar*en tk 0 lkg at 50 paid GN2,was 6.008 sccs
with the' va lie , z: o4e\s.lapts revealed that both ,the cam,_

* tuatej seal lemýi* 'ar 4*4oe 1 sa surface were' In excellent con-
4iton S shoWA'inlr P~ure 46 *d66' respectivOely.

6,.

(U )ttsia1,msue~an 's'tjfst.diskL angle with the valve in the closed,
positioni indhcat it theds ~e one degree from full closed.

(U) Post-test'vs~ inspe'et.)bn was comipleted, photographs taken, and
the Valve wvZ deliveredý t,0 D-21. test stand for hydrostatic leak check
and water c~Al'brat ion",

(C) A shutoff seal leakAge test at 1300 psid water pressure indicated
13-sece leak4 topr*o to wator flow calibration. The water calibration
resul~ts are shown n ir 467. Post-test shutoff seal'leakage was
greater thaen 80, 66cac at 25-paid water pressure.

(U) Post-test inepection revealed seal dampage as shown in Figure 468. An
enlarged view' o,''the damaged seal area is shown in Figure 469. The 10-
micron filter 'Just 'upstiteam of the valve inlet was inspected and no
deteriorartiory was foiuw'd All seal damage was on the portion of the seal

that to downitream of the disk edge as shown in Figure 470.

T~ Te appeairance of the seal element indicates flow cavitation at the
butterfly'dirk as the cause of the seal damage. The index of cavitation
(Pin -out)/(Pin -Pvapor) at all flow points of 1000 paid or more was
&re*,,atrzthan'O.85. Engine operating conditions produce less than the
Sener,4 index of incipient cavitation for a butterfly valve of 0.37.
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(U) Figure 465. Shutoff Seal Wear Rig F-35106-8 FE 80692

(U) Figure 466. Seal Post-Test Condition FE 80694
Rig F-35106-8
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(U) Figure 469. Damaged Seal Element FE 80846
.1ig F-35106-8

Flow -.

k Seal Damage Ocun-ed
in this Se-tion 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 Clots 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 472) but the driven cam was cracked adjacent to the lug contact
point as shown in Figure 473. Figure 474 shows the post-test layout.

6. Vent Valves

lntro6-ic tion

(U) The d-inonstrator engine requires fuel and oxidizer vent valves toi
engin- conditioning prior to start and/or pump discharge bleed during
:dutd,. A common valve design is satisfactory for the three required
-1caif-ons (prebrrner domen vent, uxidizer pump dis'charge, and fuel pump

C. A vent 'mlw selection sturv was conducted to evaluate v rlve

,-•.id(:{atc; thct woul d satisfy the vent valve requirements and to select
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tile most suitable design. Ba1,1 alve, blade valve, and poppet valve,
which are Phown in figures 47.5,' 4`6 aid 477, design (.andidates wereý
evaluated.

b. Conclusiona and Recottviendatif) ts

(U) E~ased on a point system, thles ball valve design shuwn in Figure 475
received the highost rating froin all evaluators. On this basis the
ball valve, type of design was selected foi- tile fuel and oxidizer vont
valves. A design layout is in process f~or this valve design requirement.

(U1) Figure 471. Su~-port Area Crack FE 80842
Rig F-35106-8

(U) Figure 472. Shaft Saal Surface FE~ 80851
vig F-35106-8
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(U) Figure 473. Crack in Cam Drive FE 80981
Rig F-35106-8

o -

(U) Figure 474. Post-Test Parts Layout FE 80899
Rig F-35106-8
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(U) Figure 475. Ball Valve Sketch FD 25603

(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. Norm:ally closed position requiring actuation pressure
to remain open

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

(U) Figure 477. Poppet Valve Sketch FD 27668

(U) A preliminary investigation revealed three valve types capable of
fulfilling these requirements. 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
assigned a number of points for each selection criterion. The valve
type moat satisfactorily meeting the ieqviremenYts of ,e'ch criterion was
assigned the maximum number of point. for that c"tteri•, 1e other typ,.
receiving proportionately less.

(U) The ball valve offers an excellent cumbina-ion of the following
features:

1. Light Weight

2. Compact size - excellent packaging

3. Small seal diameters for both static and dynamic seals

4. Small size actuator

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

Sfiection Criteria Weighting factor PNppot B l lade i
(Kaxxw Nwuber Valve Valve Valveo

of Fotn6ts)

75 85 4s
Weight (Valve and High 90 75 85 90

Pressure Flanges) 75 085 90''

1O050 30 '•
Siutoft Seal Development" 100 100 So70 70'

Required 50 100 80

11 50 14
Actuator Volume 50 ll 50 14

10 50 15

14- 50 34
Actuator Leakage Circumference 50 14 50 34

15 50 35 -

85 60 75

Reliability 85 85 70 50
:65 85 65

20 50 40
Packaging 50 30 50 50

50 35 '40 7.

40 60 60
Ability to Combine with 60 30 60 60

Adjacent Components 40 60 60 Y

37 55 55
High Pressure Seal Diameter 55 37 55 55

35 5, 55

45 25 35
Manufacturing Ease 45 45 40 40

36 14 45

35 15 25
Complexity 35 35 20 20

35 7 25

30 70 50
Contamination Tolerance 70 30 30 40

21 56 35

492 570 508
Total Points Possible 690 492 600 523

432 599 551
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7. Niozzle Coolant Valve
a. Introduction

(U) Coolant for the tastignozzle must be supplied durting translation
and while the nozzle is n'h extended position. A shutoff valve, con-
trol orifice and food mechanism is required.

~.Analysis

(U) Cycle analysis has defined the coolant flow requirements for the
noxxle and a design selection study for the foed mechanism configoration
is in process; however, no design'effort on the valve and control orifice
has been started,

a. Helium System3

a. Introduction

(U) Helium will be used on the XLR129-P-I. engine for injector. purges,
oxidizec turbopump, helium dam seal, vent valve'actuation) atid liftoff
sool actuation. A stuidy is in process to define the optimum, system
operating pressure and to establish the solenoid design requiremkrnts.

b.Analysis

(U) Opti'mization of the heliuai system pres sure,:,i1. consi4er, $ystem
weight, And helium consumption. In addition, a ý tructural limitattons
of the system that may limit operating pressure will be considered.

(U) The preliminary pneumatic system f-low is-~e"" f-,P -Figure 47.An
installation drawing of the system, is bd6'g prepared to define line
lengths, system weight, and system volume.

Helium &Aupy Inlet
Slemeld Valve

8ole0oM valve

oxkuwr ttMww " Shutoff Solenoid
MUM aw 0WIAWValve

8MM&ONrr IPrime* PWg.

ValenwVav

(U) Fgure 78. Peuma ic Systemw Floalve 50
Mr~a Ciambe 474v
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(U) The helium system includes a waster solenoid to limit' aystem leakage
during coast, three vent valve solanoids, a liftoff seal and helium dam
seal solenoid, and two preburner injector purge solenoids.

9. Static Seal Rig Desigr"

a. Introduct.ion

(U) A computer prograN for *nulysie of flange deflecttdn and stress was 2
developed undtr th. supporting data phase of thib contract. This program
was used to analyse anti optimize bolted flange coupling designs suitable
to test static seals &ctr the XLRI29-P-1 engine.

b. Summary

(U) A study was made to select tzhe lightest weight high-pressure fluid
coupling from four typical flanged configurations. A concurrent study
was made of commercial seals available for nse at htgh pressures and
cryogenic temperatures. Six seals capable of tolerating up to O.002-inuh
total deflection were chosen as candidates for testing. A static seal test
rig layout using A cautilevered flange coupling with progressive seai gland
rework to allow testing of each of the six seal candidates was completed
and released for detailing. Flange schemes to compensate for axial de-
,flection, and seal schemes capable of tolerating relatively large flange
deflection& were also studied. Contact with the Battelle Memorial In-
stitute was established, and a• arge (6-tnch) aluminum coupling design
for the "Bobbin" seal was received and analyzed.

i:. Conclusions and Recomnendations

(U) A finite element analysis showed that the cantilevered flange type
coUp~lhg with 0.02-inch deflection is the most desirable configuration
for a static ýal rig from the, standpoints of envelope and weight. Six
face-type static seals were found to have deflection and sealing capa-
bility to meet the engine design goals 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 seal.

d. Design 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 fltid pressure and fluid line inside
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diameter foraseen for the XLRI29-P-1. Inconel 718 (PWA 1010) was chosen
as the flange mterial bec.s~ve of its high strenrith-to-wetght ratio, its
ductility at cryogenic temperature, and its compatibility with other major
rocket engine components.

&ON Idt

eettii c

oito

7347

II/M

(U) The variables that affect flange weight for any given seal deflection
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.

(U) The minimum bolt circle diameter was determined by minimum wrench
clearance und was used for all but the loose-ring design where the bolt
circle was limited by other geometric considerations such as minimum
bearing surface and a taper height consistent with the other flange types.
A bolt load of 15,000 lb/bolt was used throughout the analysis while the
maximum permissible bolt load was 17,750 lb/bolt. The difference wee 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 loose-ring flange design are stress
limited, however, and constitute 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 represants
the smallect envelope size to provide for zero deflection.

(U) The flange w.ghts 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, all 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 hub size for zero rotation.

(U) The size and weight of these ,ouplings was considered to be prohibitive
for engiue 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 pivot point as close to the sealing point as possible. This was
accomplished on the cantilever flange by moving the bearing surface
inboard of the seal cavity. The resultant additional weight reduction
was 1 lb over the "conventional" cantilever 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 snows 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 standpoint to use more bolts and
no ribs as shown in Figure 481. 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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(U) Figure 480. Static Seal Rig 0.002 Deflec- FD 25772
tior 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 lighter configuration as shown in Figure 483.

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

I. Face Seals - Those seals having sealing surfaces tbat 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 joint is assembled.

2. Radial Seals - Those seals hav ng sealing surfaces that
are parallel to the bore of thL joint and whose initial
seating stress is obtained by a radial compression or
deformation of the seal as the 4oint is acsembled.

(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 481. Static Seal Rig Flange DF 68991
Weight vs Seal Point
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(U) Figure 482. Five-Inch Static Seal Rig FD 25007A
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Spacer

f- ii
0.750 .720
0.760, 0 .-

(U) Figure 483. Seal Gland Rework Static F) 25706;.

Seal Test Rig

(U) Six face-type seals were selertpd fnr detailed investigation and
will be used in testing (Table XLVII, Group A). Seven other face seals

and five radial seals (Table XLVII, Groops 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_ energized

and all of the radial types are, or tend to be, pressure enerozed. A

seal is said to be press<ire 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 follows:

1. Low deflection capability - 0.000 to 0.003 inch

2.. Intermediate deflection cap4,ility - 0.003 to 0.010 inch

3. Higi, deflection capability - above 0.010 inch.

(U) The seal deflection capability is the ability of the seal to adjust

to the distortion or dimensional changes of flange faces upon which the

seal seats without an excessive loss of sealing contact stress. This

deflection capability can be considered .;o be in both the axial and

radial directions. However, because of the asr-jmed deflection characteris-

tics of the joint flanges, the radial deflcctioo characteristics become

,;ss significant than the axial ýefl2ction.

(U) 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 sua], may
offoer higher axial deflection possibilities but pose other probleiis.

among which are size and fit up problems. At the tire of this rcpoTrt the

Tittelle bobbin seal had not yet been optimized in Inconel 718 for this

app]ication.
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(U) ThC flange dcef lc t ion competisa aon study ahowed tIint. ,•iveral schomes
are feasible for flange deflectic, ns up to 0.020 inch. llowevev', this

deflectLon capability usually comes at the Oxpense of a lairger seat
envelope and/ot. addi ton1al fabrication ot mainternan,"e problems.

(U) The three types of deflection compensation schemes sl~own In Figurc 484
were analyzed. The deflection compensation cApabilities were determined
not only for th;ose that could be contained in the smal. face seal eiieelope
b'it also for the general case of larger, envelopes. Figures 485 and 486 show
deflection capabillity versus leg length and Figures 487 and 48'8 show the
required maximum thickness versus leg ]ength for thkR straight and tapered
cantilevered beams, respectively, for three ranges of seil loads. Fig-
ure 489 shows type selection curves for straight and tapered beams 'versus
leg length for the same range of required seal preloads. Note that Fig-
uzre 489 is based upon equal i'axinumleg thicknesses. Figure 490 shows
!:he deflection capability versus leg length for the flexible face seal
support scheme.

e. Hardware Description

(U) The design of the seal rig flanges represents the results of flange
trade-off studies for minimum wei.ght fla;nges to meet the required leakage
goals.

(U) The static seal rig shown in Figure 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 cantilevered configuration. The pressure vessel, flanges and
tie bolts are made of inconel 718 (PWA 1010) iraterial. Provisions were
supplied to attach the vesseel to a pressure source and to provide access
for instrumentation. The vessel is surrounded by a cylindrical can that
is seailed at- both ends to act as a collector for neasur-iný, seal leakage
rates. A scheme for reworking the seal gland to provide .le proper gland
configuration for each of the Group A seals to be tested was included.

Flexibh.• Sea n i Str. Oght Leg Ck I/CommerciaSel

Seal

Weld-

Flexible Seal Face, Support

Flexib!e Seal Face, Tapered Leg

(U) Figu-e 484. Suattc Seal Rig Deflection FD 24773
Comnpensatii n Schemes
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SECTION VI
TASK 1.3 - SHOINE INTEGRATION AND D,%\MOISTRATION

A. INTRODUCTION

(U) The XLR129-P-l is a high pressure, re!jsable, oxygetihydrogen rocket
engine with a two-posul.tion exhaust noazle. fIhe objectives of this tack
are to design, fabricate, ,and demonstrqtte tho performanc•.: and mechanical
integrity of a 250,000 pound thruat engine using the staged-coombtustion
bell-nozzle concept. The desi.gn and demonstrat,,.ou chazacteristics of
the demonstrator engine are shown in Table XLVIII.

B. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

(U) The design requirements for the XLRl29-P-l engine 4are presented in
Table XLIX. This table is based on cycle No. 6, which meets the dewn-
strator engine nharacteristics as defined in Table XLVIII. This cycle
will be the basis for the design of the kLR129-P-I engine.

C. CYCLE ANALYSIS

(U) The object of this analytica4 study was to establish an engine cycle
to meet the demonstrator engive characteristics as defined by Table XLVIII.
To assure that hardware designs would incorporate only those technologlea
that could reasonably be demonstrated within the scope of the prograiq,
demonstrated component performance for tne major components was used to
develop the engine cycle. Test data from the current program, Phase I
and related high pressure engine component programs were used to define
the component performance.

(U) Starting with the basic cycle as proposed 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 bard.
ware designs, desired operating characteristics, and engine envelope
and/or packaging consid~eraticns. This sixth iteration (Cycle No, 6) is
being used as the basis for the design of the XLRI29-P-l engine. Minor
changes to this cycle will occur as the design of the engine proceeds
and as components are developed. Major changes are not anticipated.
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(C)(U) Table XLVIII. XLRl20-P-l Engine Characteristics

Item/Condition Requirement

Nominal Thrust 250,000 lb Vacuum Thrust with Area Ratio of 166.1
244,000 lb Vacuum Thrust with Area Ratio of 75:1
209,000 lb Sea Level Thrust, withi &rea Ratio of 35:1

Minimum Delivered Specific 96% of Theoretic.il Shifting Is at Nominal Thrust;
Impulse Efficiency 94% of Theoretical. Shifting Is during Throttling

Tarottling Range Continuous from 100% to 207. oi Nominal ThruRt Over

the Mixture Ratio Range

Overall Mixture Ratio Range Engine Operation from 5.0:1 to 7.0:1

Rated Chamber Pressure 2740 psia

Engine Weight 3520 lb (With Flight type Actuators and Engine
(with 75:1 nozzle) Cimmand Unit)

3380 lb (Leas Flight-type Actuators and Engine
Command Unit)

Expansion Ratio Two Position Booster-type Nozzle with Area Ratios
of 35:1 and 75:1

Durability 10 Hours Between Overhauls, 100 Reuses, 300 Starts',
300 Thermal Cycles, 10,000 Valve Cycles

Single Continuous Run Capability from 10 Seconds to 600 Seconds

Duration

Engine Starts Multiple Restart at Sea Level or Altitude

Thrust Vector Contiol Amplitude: +7 Deg;
Rate: 30 Deg/Sec;
Acceleration: 30 Rad/Seo 2

Control Capability +3% Accuracy in Thrust and Mixture Ratio at
Nominal Thrust

Excursions from Extreme to Extreme in Thrust and
;ixture Ratio Within 5 Sec

Propellant Conditions L0 2 : 16 ft NPSH from 1 Atmosphere Boiling Tempera-
ture to 180°R

LH2 : 60 ft NPSH from 1 Atmosphere Boiling Tempera-
ture to 45OR

Environmen:al Conditions Sea Level to Vacuum Conditions
Cuobined A(AleraLion: 10 g'a Axial Vith 2 g's

Transverse, 6.5 g's Axial with 3 g's Transverse,
3 g's Axial with 6 g's Transverse

Engine/Vehicle No External to Engine except Normal Electrical Power
and 1500 psia Helium from the Vehicle
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D. XLR129-P-I ENGINE DESCRIPTION

(U) The staged-combustion, high-pressure demonstrator engine with a two-
pcsition bell-nozzle is a 250,000-lb thrust, throttleable, high-performance
propulsion system. The operating envelope of thrust and mixture ratio
is shown inr Figure 491. The engine arrangmcnt and a propellant flow
schematic illustrating the principal flow paths are presented in Fig-
tire 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 with a high
suction specific speed axial-flow inducer criven by a partial-admission,
two-stage, hydrogen turbine. The low-speed oxidizer inducer is also a
single shaft unit with a high specific speed axial-flow inducer driven
by a partial admission, single-stage liquid oxygen turbine.

140
Turbine Inlet

Teprature7

Fuel "rurixpuni,
Sped

ifm

E-I

2 0 .... . ........

5 A6 8
MIXTURE RATIO - r

(U) Figure 491. Operating Range for FDC 25101
XLR129-P--1 Engine
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(U) Figure 492. XLR129-P-1 Engine Propellant FD 19362F
Flow Schematic

(U) The main fuel turbopump is a single shaft unit with two back-to-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 is 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
injector assembly to vary the total oxidizer flow rate to adjust engine
power 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 oxidizer injection elements and a porous facepiate
to provide cooling. The combustion chamber wall is composeo 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 transpiration cooling chamber liter.

494

L ! -



(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, is ducted to cool the regeneratively cooled
sections of the nozzle. The forward section is cooled with the majority
of the fuel flow from the pump in a single pass heat exchanger. This
flow exits from the nozzle and is 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 cool the porous main chamber walls,

(U) A qmall amount of fuel is ducted from the fuel pump Interstage to
cuui cite tetractable 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 betv:!,n 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 working 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 burner 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 is then injected into the main
burner chamber and is mixed and burned with the fuel-rich turbine exhaust
gases. The resulting combustion gas is then expanded through the bell-
nozzle.

(U) The primary engine controls are located in the liquid oxygen supply
line3 to the preburner and the main chamber and in the liquid hydrogen
supply line tu the preburner.

E. XLR129-P-1 ENGINE ARRANGEMENT STUDY

I. Introduction

(U) The objective of this study was co determine the arrangement and
effect of a spherical trans 4 tion 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. Sumary, Conclusions and Recomm.ndations

(U) Either the canted or coplanar designs can be reasonably packaged and
no significant a0vantage 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:

1. Engine diameter and length were not restricted.

2. The rear skirt must move forward so that its rear was flush
with the rear of the primary nozzle.

3. The location of the inlets was optional.

4. Single preburner and separate turbines were used.

5. 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 suamarize the more significant obser-
vations:

I. 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
go rearward.

2. 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- bracket. Th,, problem would be xelieved by n#ot havine
the skirt come so far forward.

3. The cant angles on the transition case shown in Figure 493
are 20 degrees.

4. At station A.R. 11.75 there are four manifolds. Wit~h or
without a mechanical joint, this area requires additional
study to determine construction versus heat transfer con-
siderations.

5. Line sizes were based on a design study of the Phase I
(ConLract AF04(611)-11401) mockup. Additional line size
optimization appears warranted for new engine configurations.

6. The layout does not show or make provision for the supports

of the low-speed inducers or the jackscrew front bearings.
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(U) In general, the canted design appearq 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 thfI~ 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 c.ase 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. TheŽ routing of large high pressure plumbing is reasonable.

This engine arrangement appears to produce the most compact configuransiin.

F. XLRl29-P-1 ENGINE PLUMBING STUDY

1. Introduction

(U) The objectives of the engine plumbing study were to compare the
cycle sheet flow head loss with the calculated flow head loss based on
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 heal loss values used in the engine cycle balance are
representative of the engine plumbing system.

(u) The matersn al that appears most desirable for use in the p lumbing
lines is inconel 71S (AM; 5589) because of its nigh strength and elonga-
tion. The usct of castings for the plumbing lines is a possibility, how-
ever, castings general ly I ave a lower fatigue and yield strength than
wrought alloys, along with lower elongations. The use of bent tubes for
the plumbing lines is anoter possiblity. All of the vendors contacted
have had extensive experienae in similar lower pressure aerospace
pl unb ing.

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 AFp4(ble)-11401). The
flow head ioss Calculations in ome lines were based on the inside diameters
government by Inconel 718 (AMnS 89) wall thickness requiremests. The cal-
culated head loss numbers were within the I 1mitations of the engine cycle.
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UCI.ASSIFIED
b. Material Selection

(U) Material selection must be a compromise that considers minimum weigh•I,
maximum strength and ease of fabrication. Tabls L compares relative

weights using several material selections. Flange weight is not include-•.

Three of the materials proved to be undesirable because of the high •.ei~:

and large wall thickness requirements. These materials were Inconeol 2i

(AMS 5599), stainless steel (AMS 5654 and AMS 5735G).

(U) Table L. Plumbing Weight Summary

Material Line Weight, ýh

Inconel 718 (AMS 5589) 72

inconel 625 (AMS 5599) 161

Stainless 3teel (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 displzys the following disadvantages:

1. Bend forming is difficult.

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 ztresses on the flanges of mating components.

The Inconel 718 (AMS 5589) line affords a relatively thin wall and a low

overall wright. Some disadvantages in fabrication with inconel 718

(AiS 5589; ren.st be considered in spite of the light weight adw.ntage:

1. Inconel 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 cryogenic temperatures Inconel 718 (AMS 55F9) would be preferable

to locOnQ] 625 (AMS 5599) provided that Inconel 718 (AMS 5589 is not

subjected to oevere fabrication bends. Inconel 625 (ATIS 5599) requires

n- cit ý-rreating and after bending only stress relievine is necessary.

ductilit-y is preserved by the non-requirement of heat treating.

ni,,' I /718 (ANIS 5589) exhibits a higher yield 5; :aigth than Inconci r25

.)599), although Inconel 625 (AMS 5599i can be obtained in the cold
•oi -d .:dit Ln with an elevated yield strength near that of Inconel 718

SA': 65&). The cold rolled Inconel 625 (AMS 5599) is limited in
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.irmality and any welding wil 1 remove the cold work strength properties nt
tbe weld joint. Weld fabricated bends of Inconel 718 (AMS 5589) seems
to be the logical choice of the nickel alloys.

(U) The second material choice based on light .:eight advantage is A-lf0
titanium (AMS 4910). Titanium should be limited to the fuel side of the
plumbing because the oxidizer compatibility is questionable. A-110 Litantium
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 RLIO rocket engine. For the high
pressure applications of this rocket engine, however, stainless steel
ýAMS 5654) is not a practical choice because of the required heavy wall
thickness of the lines.

(UN Stainless steel (AMS 5735G) will allow a line wall thickness near that
of A-l10 titanium (AMS 4910). Stainles' steel (AIS 5735G) has the advan-
tage of an elongation capability that increases with decreasing tempera-
ture. Although weight and elongation factors look favorablc, the we-ld-
ability of stainless steel (AMlS 5735G) is very poor, and it is not recom-
mended for wel.dtng.

(U) Aluminum (AMS 4082) is applicable on the low pressure side of the
oxidizer and fuel plumbing. The yield strength of the aluminum (ANS 4082)
allows for a minimum commercial wall thickness to be employed. The combina-
tion of a think wall with a low density rnaterial 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 wnuld present fabrication
problems.

(U) Waspaloy has strength properties similar to Inconel 718 (AQS 5589),
but the formability is much lower.

c. Fab.rication Considerations

(1) Fabrication of Bends from Half Sections

(U) Bends can be made by welding two half sections together where Zhe

turning radius of the bend is in the joining plane of the two ser'.ioas.

Dies to stamp out the half sections can be produced economically frcm

steel. The turning radius of the half section and the outside diameter

of the tube cross section can be held to a ratio of 1 to 1 for tubes

ranging from 2-inch OD and up. Maintaining a 1 to I ratio of r/OD 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 small
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) Castings generally have lower fatigue and yield strengths along with
lower elongations than wrought alloys. The fatigue strength of a casting
can be increased by shot peening. This puts a residual compressive
stress in the outer fibers that increases 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 small. This choice is governed by the number of parts
required. Economic feasibility may rot 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 alloy has a 0.2X 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
welling to guarantee. The minimum wall thicknesses on investment cast-
ings can range from 0.030 to 0.080 inch, which is W-9uttable size re-..
quirement limit on most of the lines.

(3) Tubes

(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 centerline 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
thinning will be held to a minimum.

(U) If 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 (AIS 5589) must be bent in multiple stages per bend,
consisting of alternate partial bending, removal from the die and aneal-
ing. The Inconel 710 (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 reinstalled at each continuation stage
in the bending after annealing. The diametrical reduction for a 4-inch ID
tube -3ay be 0.020 inch. This diametrical reduction decreases as the tube
ID decreases. The Inconel 718 (AlS 5589) has the highest rate of elonga-
tion if it Is bent in the annealed condition spec. (1975°F). Because the
tube application is cryogenic, notch sensitivity will not be a problem.
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APPENDIX

A. GENERAL

(U) The roller bearings that will be used in the XLR129 fuel pump have
two unique features.

1. The outer race is thin and is mounted so that it can flex

under roller load, as shown in Figure 495.

2. There is a tight or negative fit between inner race,
rollers, and outer race.

(U) The interaction of the parameters that affect thp hP•ring load%
=r- zacplex. 4,om ipucer program was wrttten: to provide
answers to the following questions:

I. Where is the assembly (roon temperature) negative internal
fit absorbed?

2. How does the roller load change as the environment changes

(temperature, rpm)?

3. What is the effect of an external bearing load on individuil
roller loads ?

(U) This appendix is organized as follows:

1. The effects considered in analyzing the bearing
2. The nomenclature used in the program
3. The formulation or equations used in the program
4. A compilation of the program
5. A sample case.

Hammng-~

OAW is. IA,-

Sbaft

(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 - 68

b. Hoop growth and axial crowiing (Figure 496) - 69

c. Race chording because load is local from each roli&,
rather than uniform (Figure 497) - I1o

d. Hertz deflection (roller and outer race) (Figure 498) - 1i1

e. Growth caused by axial loading - $12"

2. Roller

a. Thermal growth - 67

b. Deflection from load - 66

c. Change in load inner to outer race because of rpm.

3. Inner Race

a. Thermal growth - 6 1a

b. Pace diameter change caused by differing coefficients of
expansion of the shaft and inner race. (Shrink fit is
assumed.) - 61b

c. Hoop growth from load - 62

d. Bending growth or chording - 63

e. Hertz dcf1ection (roller and inner race) - 64,

f. Inner race deflection from rpm - 65.

4. Variation in load along roller axis because roller is; offset
on outer race (Figure 499) Note P3 and P4).

•. Redistribution of roller loads because of externally applied
radial load (Figure 500).

Omeer Rawe- 71__

if
) i e9 o r olow GMWi 11

()Figure 496. Growth from Hoop and Crowning FD) 25501



(U) Figure 497. Chording FD 25537

OubWILO

(U) Figre49. Het Dugidas.-'Wl FDs 25538

(U) igur 49. Hetz ef~eLi~ ED 553

almw a

(U) Figure 499. Symmerical Loading Notation FD 25539
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(U) Figure 500. Unsymmetrical Loading Notation FD 25540

2. The Nomenclature Used in the Program (See Figures 499 and 500.)

(U) Figure 501 shows the placement and sequence of the program input
parameters. The following Is a list of the nomenclature used:

1. Input Notations

NOC - Number of cases in fixed point, one card precedes each
group of cases.

lOFT - I in fixed point uses 612
2 omits &12, which calculates change in outer race
diameter due to axial pinch of carrier on race.

R, - Shaft inside radius (can be 0) - inches.

R2  - Shaft outside radius - inches.

R3 - Inner race inside radius - inches.

R - Inner race outside radius - inches.

.15 - Outer race inside radius - inches.

2 - Outer race owtside radius - inches.

DIA - Roller diameter - inches.

OIL - Outer race length - inches.

FF - loller crown length (flat) - inches.

G - Offset of center of roller relative to the center of
the outer race - inches.
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FIT - Radial negative internal clearance (bult., tight fir) - inches.

Ts - Shaft temperature -
0F.

Tir - Inner race temperature - OF.

as - Shaft coefficient of thermal expansion - inches/inch/oF.

air - Inner race coefficient of thermal expansion - inches/inch/oF.

EE - MWdulus of elasticity - pounds/inch 2 .

TD - Roier temperatire - OF.

&or - Outer race coefficient of thermal expansion - inches/inch/*F.

T - Outer race temperature - OF.or

P 5  - Axial pinch load on outer race - pounds.

H - Roller length - inches.

PI (guess) - Guess at load from internal fit - pounds.

P6 - Side lead on bearing - pounds.

AP 7 (guess) - Cuesb at load redistribution from side load - pounds.

C - Crown height - inches.

XN - Number of rollers

At - Poisson's ratio

b - Inner race width - itiches. 3

P - Inner race and roller weight densizy - pounds/inch

rpm - Shaft speed - revolutions/minute.

aD - Roller coefficient of thermal expansion - inches/inch/*F.

2. Output Notations

P 1  - Roller to outer race load with no side load, pounds.

P2 - Roller to inner race load with no side load, pounds.

P3 - Roller to race load at one end of crown - pounds/inch

of circumference.

P4 - Roller to race load at other end of crown - pounds/inch

of circumference.

C1 - Centrifugal force of I roller, pounds.

DEL - Loss in fit shaft to inner race because of thermals - inches.

B - Roller to outer race circumferential contact width - inches.

92 Roller to inner race circumferential contact width - inches.

Cage rpm - Cage rpm assuming no slippage of rollers to race.

D1 - Inner race thczmai deflection - inches.

D2  - Inner race hoop deflection - no side load - inches.

D3 - Inner race bending deflection - no side load - inches.
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D4 - Hertz deflection inner race and roller - no side load - inches.

D5  - Inner race rpm deflection - inches.

D6 - Roller deflection from load - no side load - inches.

07 - Roller deflection from thermals - inches.

D8 - Outer race thermals - inches.

D9  - Outer race hoop and crowning - inches.

D0 - Outer race bending - inches.

D - Hertz deflection, outer race to roller - inches.

D - Outer race Poisson deflection from axial load - inches.
B2 - Inner race contact width, most loaded roller inches.

B7 - Outer race contact width, most loaded roller - inches.

B19 - Inner ace contact width, least loaded roller - inches.

B8 - Outer race contact width, least loaded roller - inches.
7B7 - Ronner lac onteracteidh l easto loaded roller - ionchs.

P8 - Roller to outer race load on unloaded side - pounds.

P9 - Roller to inner race load on unloaded side - pounds.

P 0 - Roller to inner race load on loaded side - pounds.

DP7 - Cholge in outer race to roller load on loaded side - pounds.

DP 8 - Change in outer race to roller load on unloaded side-
pounds.

A1I - Outer race hoop and crowning deflection losded side -inches.A2 - Roller deflection from load on loaded side -- inches.
A3 - Inner race Hertz deflection, loaded side - inches.

A4 - OutCh age i errrtz deflection, loaded side - ipnches.

BI - Outer race hoop and croning deflection, unloaded side
"8 oinches.

B 2 - Roliter deflection from load on unloaded side - inches.

B 3 - Inner race Hertz deflection, unloaded side - inches.

A 4 - Outer race Hertz deflection, unloaded side - inches.

. : ~510 •
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3. Formulation or Equations Used to Analyze the Bearing

a. Outer Race Deflection Terms

(1) Thermal Growth

8 "R5 or (Tor-70) (1)

(2) Hoop Growth from Radial Load and Axial Crowning
(Figures 496 and 500)
Note that the deflection under P3 is the same as that under P4

2WR 5 (P 3 + P4 ) = XN P 1  (2)

( R P 6 -R 5l

P h R 2 r

6 = E(R R5 )(Sinh2ORL-sin2AOR CoshAa+cos 2a)

(Sinh hb Cosh hb-sin Ab cos Ab)+

(Cosh Ab2b+os2 Ab) (Sinh Xa Cosh ha-sin Aa cos +a) +
SP/ AR2 1 •

4 5R*'

EE(R 6 - R5 ) Sinh2ORL _- sin2k -) 2 Cosh Aa cos Aa

1Sinh AORL cos Ae Cosh Af - sin XORL Cosh he cos Xf) +

(Cosh ha sin Aa + Sinh Aa cos ha) ISinhXORL (sin he Cosh Af-

cos he Sinh Af) + sin hORL (Sinh Ae cos Af -

Cosh he sin Af)j (4)

also:

P h R2

59 (Sinh2 AORL - sin2  AORL (Cosh he + Cos2 Ae)
EE(R 6 - R5)

22
S~(Sinh Af Cash Af - Bin Af cos Af) + (Cosh2 Af +

cos Af) (Sinh Ae Cosh Ae - sin Ae cos he +

2 2

3EE(R26 -R) 5 inh2 \ORL - sin2 AORL) 2 Cash Af cos Af (SinhAORL
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cos ).b Cosh Xa - sin XORL Cosh xb cos Aa) +(Cosh Xf sin Xf +

Sinh Af cos Nf) ISinh XORL (sin Ab Cosh Xa - cos Ab

Sinh Aa) + sin XORI. (Sinh Xb cos Xa -. Cosh Xb sin Aa)Ij (5)

(3) Local Growth Because the Thin Race Chords Between Rollers (Figure 497)

3P 1 (R 5 + R 6  X;(62)12

6 10=2EE ORL (R 6 - R5 3 1 35)

(4) Hertz Deflection (Contact Deflection) Outer Race to
Roller (Figure 498)

P 0.9
611= 4,36 x 1 0 -7P * (7)

FF 0 . 8

(5) Radial Growth Due to Axial Loading

6 P [ PRS - (R 6  R R5 )](8

12 EEv2 R5 (R 6 - R5 ) (8)

b. Roller Deflection Terms

(1) Thermal Growth

67 -DIA aD (TD - 70) (9)

(2) Deflection Under Lo)ad

(Pl + P2) (C

1 2 (0)O
6 FF EE

(3) Inner to Outer Race Load Variation Caused by rpm

F R1 2
P =p +O-rpm 0.1045
1 2 386 rpm + R 5) j

1+ T4 + (H - FF) (11)

*Roller Bearing Analysis, T. A. Harris, 1966
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c. Inner Pace Deflection Terms

(1) Thermal Growth

la 4 ir (Tir - 70) (12)

(2) Growth From Change of Fit Between Race and Shaft Because of
Thermal Expansion Coefficient Differences

6(T. 70) - a(T -70)(R~ 2 . R2)(R~ 2 2=i Ir r - s (s 21 4 2

21R2 (R2 R2)
R 4 - 1

R2

22_4 2) (13)

(3) Hoop Growth From Load

XNP IR 2 + R.

a XP2 R1 R4 + AA)(14)
2 EE2WRL 2R 2~M

(4) Bending Growth or Chording Between Rollers

3P 2 R4 3X '.:."1 )23 4.1 (15)

EEB ir (R 4 -RI)3 R35

(5) Hertz Deflection (Contact Deflection) Inner Race to Roller

6, 4.36 x 10- 7 2 (16)

(6) Growth FIrom rpm of Shaft and Rac,:

S R4 P ( _ R+A* EE ••----- 11 +2 - (1I
5EF lv,/ 6) 8/ R 2 3+MA

4

d. Load Variation Along Roller Axis Becatise of Roller Offset on
Outer Race (Defined in the Equation in Section 3. lh)

v. Redistribution of Roller Loads Because of Externally Applied
Radial Load (Figure 500)

the load per eoller changes to a sinusoidal distribution,

P6 " +l &"7 + 2 P1 + AP7 Cos 2 cK s CO

* 2 Ar vs 4

(P] + AP7 cos " c xN

* F + 7 P etc---------- to cos 2
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+ P, W8+ 20'l - AF11' ifs ) +- 2(Pj -P CuSS )

Co Pcos etc - to cos -(8

P7 - .4. AP (19)

P8 -P 1  AP~ (20)

The in:rease in outer to inner race spacing oni the side of the
bearing being unlo~aded equals the decrease~ in spacing on the loaded
s ide.

F69 +- + 4 4.36 x 1(j- +- 4.36 x 1-

(P7 -Pi +.P2) 0'9

FF 0-
8  6 4 - 611- 66 19

PS69 +I -3 
6 6 +4.36 x 10-7 80.

P1 P FF0 -8

+ 4.36 x 0- (P8 - P + P2 ) 0 -9  (21)
FFO-8
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13. ABSTRACT

The objective of this program is to '4emonstraru the peformance and mechanical irizeo~rit\
of a 250,000-lb thrust reusable oxygen/hydr-ogen rocket engi.'.e designated the XLR]29-4..l. The
program, which is sponsored by the Air Force Eockrt Ptopý,lsion Laboraterv, is being a~coi-
plished at Pratt & Whitney Aircraft and consists of desigti, analysis, fabrication, and test o'f
all the engine components and the complete demonsorator engine. This efforz is the second
phase of thie Air Force Cryogenic Rocket Engine Advanced DLovelopment Progranr., Project 2 iof
Program Element 6:,4,8F. Lturing the, first year, ezperitmental evaluation was canducted in itto
areas of a fixed fuel area preburner injector, hydrogen cooled ro-ller bearings. compact ;,umr
inlets, lightweight nozzle fabrication techniques, and selected control valves. Unier the
fixed fuel atea preburner injector, evaluation, a new full-s,...le pieburner ii.lector was designed.
fabricited, and testo,d that producAd a uniform temperati re profile suitable for use in the 'en-
gine. Under the roller bearing durability tests, four bearing configurations surpa-,ssed the test
duration goal at the de3ign operating conditions. Under the pump inlec eval-az ion, an eI''w
type of inlet with turning vanes was selected for hota' the fuel and oxidizer tiurbopumps. Under
the nozzle fabrication irtveistigattor, it was conclkided that the internal corrugated type of
construction was best for the two-position nozzle. Under the controls component teits, ~oth
a hoop shutoff seat and a can-actuated shutoff seal have proven to Ibe potenitially feasible
types of seals for use. in the main chaimer oxidizer valve, which is a butzerfl>. valv'e. Aiso,
pressure balance ctinfigurations of piston rings usitd in the preburner oxidizer valve have
demo~nstrated acceptable wear loakage and actuator 40orce characteristics. Vnder the Cinonent
Develo3pient Task, designs h~ave been inttiated for rhe preburner injeczzor, main burner tnjectr,
.,Ain burner chamber, nozzles, transition case, fuel oirb.3pump, oxilizertrbupfelc-
speed inducer, oridizer lotw-speed inducer, and the ccntrol cozpmenents. The dem~onstrat~or engine
deziign has Also been star-ted.
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