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FOREWORD

this final report describes the Air Force X1LIR129-P-1 Reusable Rocket
Engine Program conducted during the period 6 November 1967 to 15 August 1970,
and is submitted in accordancc with the requirement of Contract F04611-68-C-0002

This cffort was the sccond phase of the Air Ferce Cryogeaic Rocket Engine
Advaneed D clopmeal Program, Project 2 of thc Program Licmeni 634085,

~
This publication was prepared by the Pratt & Whitney Aircraft Florida
Rescarch and Development Center as report PWA FR-3832,

This Technical Report has been reviewed and is approved

Rcbert E. Probst
Ciptain, USAF

I'rogram Manager
Air Force Rocket Propulsion Laboratory
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SECTION V
COMPONENT DEVELOPMENT

A, PRFBURNER INJECTOR AND IGNITION SYSTEM

1. Introduction

Tut prébuincs i an uxygen~hydrogen comhnstor that provides hot gases

to drive the oxidizer and fuel pump turbines, Liquid oxygen and gaseous hydrogen
are punaped to the preburner injector in varying mixture ratios and flowrates de-
pending on the engine operating point. These propellants are ignited by a spark
augmented torch igniter and burned in the transition case duct. Hot gases re-
sulting from this combustion are divided and flow through the oxidizer and fuel
pump turbines before being discharged through the fuel side of the main burner
, injector into the main burner chamber. Because hot preburner gases are used
to drive the fuel and oxidizer pump turbines, the design temperature profile is
150°R peak-to-average to permit operating the turbines at the maximum allow-
able average temperature.”

The preburner ignition system is composed of a hydrogen cooled, contin-
uous burning, oxygen-hydrogen torch. Double spark plug igniters are provided
for the torch, and each has a separate exciter box for system redundancy. The
spark plugs ignite the torch, which ignites thc picburner propellant mixture.

Fuel and oxidizer flow to the torch from tapoffs in the supply line down-

stream of the preburner fuel and oxidizer valves. Before ignition, the propellants
entering the chamber are gaseous. After ignition and turbopump startup, the pro-
pellants entering the chamber are liquid. Two orifices in series on the oxidizer
side of the igniter decreases the steady-state mixture ratio. The effect of resis-
tance in a double orifice is additive in the liquid phase and is nonadditive in the
gaseous phase. This reduces the liquid phase oxidizer flowrate.

2. Summary, Conclusions, and Recommendations

A fixed fuel, dual tangential oxidizer preburner injector was designed and
detailed and two preburner injectors were fabricated during the program, A de-
tailed description of the design task is |-esented in the Demonstrator Engine
Design Report AFRPL-TR-70-6.

Fourteen firings were made with the first preburner injector. The initial
six tests displayed unacceptable temperature profiles and suffered damage to the
uncooled combustion liner. Tests seven through fourteen demonstrated accept-
able temperature profiles and only minor erosion and heat discoloration of the
combustion liner was evident.

Eight firings were made with the second preburner injector. The second
injector performed satisfactorily and no modifications were necessary.

As a result of hot firing on the first injector, the following modifications
were made to both injectors:

1. A positive seal, replacing a sliding sheet metal seal, was
instailed between the injector faceplate and housing.
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2 Thermal relief slots were provided on the downstream injec-

e

tor housing inboard of the bolt circle.

3. Outer elemeut oxygen flow was directed inward toward the
combusticn chamber axis to reduce the combustion liner heat
load.

4, Procedures were developed to ensure that no oxidizer injection

clement primary hole blockage was present either in fabri-
cation or calibration,

De A compartmented transpiration-cooled, inner comabustion liner
section was incorporaied in ile upper 2 1in, of the original un-
cooled liner,

The general couclusions that can be made from the prebucner rig tests are:

1. The temperature profile is acceptable for driving the fuel pump
turbine,

2. A transpiration-cooled liner is necessary in the high enexrgy
release zone of the preburner chamber,

3. The addition of the transpiration cooled section of the pre-
burner liner will allow operation of the preburner at any cycle
condition above 209 thrust. The preburner liner tempera-
tures show a decrease in operating level as thrust is in-
creased even at high average combustion temperatures. The
preburner can be operated at 20% thrust, mixture ratio of 5
with no distress to the liner, It is expected that incressing
the cooling flow will «llow satisfactory operation a: 20%
thrust, mixture ratio of 6 and 20% thrust, mixture ratio of 7
conditions,

Beceause the temperature profile was satisfactory and the preburner liner
was adequate above 20% thrust it was decided to run the preburner injector in
the hot gas system test rig.

A torch igniter for the preburner was designed and detailed, and two pre-
burner igniters were fabricated.

The first torch igniter was bench fired 23 times far a hot time totaling
688.9 sec, The igniter bench firing qurlified the igniter for use in the hot gas
system rig and hot turbine fuel pump rig. The first igniter performed satis-
factorily in both of these rigs,

The secoixl torch igniter was vench fired five times for 161.4 sec of hot
time, The bench tests qualified the second igniter for use in the hot firing
rigs. As a result of the preburner testing it is recommended that a method of
supporting the injector faceplate, other than tangs integral in the Rigimesh, be
studied,  This is in an effort to eliminate the slight {nce erosion that occurs
adjacent to the tangs, In addition, the faceplate porosity could be increased to
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provide margin against face erosion. It is also recommended tkat the outer row
of the hexagonal pattern of injection elemeats be revised to eliminate the six
corner patterns near the wall that appears to cause local liner wall distress.

3. Hardware Description
a, (General

Figure 251 is a iocation drawing of the preburner injector and ignition
system. Figuve 352 is a cross section of the fixed fuel dispersion orca pie-

burner injector anu 15 keyed to the following description of the preburner injec-
tor.

Figure 351, 29 Reusable Rocket Engine, FD 31414A
'« uarner Injector and Igniter
ocation
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Figure 352. Demonstrator Engine Preburner Injector FD 25976A

Fuel is supplied to the circular fuel manifold (1) by the fuel system. The
fuel then flows through the fead holes (2) into the manifolding {3 behind the face-
plate Rigimesh (4) and is metered into the combustion chamber throuch annuli
(5 around each oxidizer element of which there are 253. A spring seal (6) is
used between the faceplate and the nreburner injector housing (7) to minimize
tuel flow hetween the loose fitting faceplute and the housing, The oxidizer is
supplied from tke preburner oxidizoer valve, which controls and meters the total
oxidizer flow to primary (%) and secondary (9) flow passages in the oxidizer valve
hcusing (10).  T'wo oxidizer flows, primarv and secondary, arc used to maintain
a didference of at least 6', above chamber pressure at all engine cycle points
for stable combustion. The series of flow passages (8 and 9) deliver oxidizer to
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the primary (11) and secondary (12) supply manifolds. Oxidizer is transferred
to the combustion chamber through individual oxidizer eld ments (13). Each cle-
ment has tlow entries machined tangentially to the tube ID; circular holes for the
primary {low (14) and rectangular slots for the secondary flow (15}, DBeci <o
clement lengih is governed by the heighte of the fuel cavity (3), primary oxidizer
(11) and secondary oxidizer (12) manifolds, these heights are kept t¢c a minimum,
consistent with low distribution losses,

b. Injector Housing

The preburner injector housing is fabricated of Inconel 718 (AMS 5663).
This housing has 28 equaily spaced slots on a 6,03 in. radius, to allow gaseous
hydrogen to flow from the fuel manifold to the fuel munifolding behind the face-
plate. Primary oxidizer flow enters the primary oxidizwer manifold through six
equally spaced ports in the preburner injector housing, Two additional ports
have keen provided to house a Kistler probe for measuring primary oxidizer
dyvanmic prescsure, and a static pressure probe. The primary oxidizer volume
is 7.74 in3 Secondarv oxidizer flow enters the secondary oxidizer manifold
directly froia the preburner oxidizer vaive., The secordary oxidizer volume,
which includes all the volume downstream of the yreburner oxidizer valve shutofl
and upsiream of the orifices on the cxidizer elements, is 27.11 in3 There are
twenty-eight t, 1-in, diameter holes provided in the injector housing to supply
fuel as coolant Lo the transition case preburner duct inner flow liner.

C. Oxidizer Elements ’ .
Ay

The preburner injector incorporates 253 oxidizer elements arranged in a
hexagonal pattern as shown in figure 353. The oxidizer elemnents have a
0.124-in, ID and have flow entries machined tangential to tne tube ID. The
primary entry is a 0,015-in, diameter hole and the secondary entry is a rectangu-
lar slot 0. 167 by 0,020 inch. Counterclockwise rotation, as viewec frcm up-
stream, is induced by tangential entry elements. The eleinent ha= an Ag/A,
ratio of 0,555 and an L/D ratio of 17.3. Each element is fabricated of AISI 547
stainless steel (AMS 5571) and has an integral collar resting against the injector
main housing for axial nositioning prior to brazing the elements to ihe oxidizer
plaie and the injector housing with gold-nickel braze.

d. i‘aceplate

Thae perous preburner injector faceplate is fabricated from woven and
sintered wire mesh. The porosity will allow airflow at a volume of 40 sefm/ft2
at a pressure differential of 2 p3i discharging to atmospheric pressure., The
Rigimesh fazeplate contains the fixed area fuel annuli, which are centered ci-
cumferential to each oxidizer element by three tangs. Fuel annuli provide ¢
fuel injection area of 4. 53 in that creates a 200-psid fuel pressure drop at an
engine mixture ratio ¢f 7 at 100% thrust. The faceplate is held in place by
copper brazing the positioning tangs to the oxidizer elements, The tangs are
0.040 in. wide and are recessed 0. 155 te 0.165 in, to prevent fuel flow separation
occurring around the tangs continuing past the faceplate.

A spring seal is provided at the outer cicumference of the injector face-
plate to prevent fuel leakage. The seal is fabricated from Inconei 718 (AMS 5596)
uand absorbs a 0.003-in. deflection caused by axial shrinkage of the oxidizer
nozzle clement relative to the main housing when crvogenic oxidizer flow is
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initiated, The seal also allows @ maximum radial shrinkage of 0,011 in. caused
by liquid hydrogen fuel cooling of the porous faceplate.
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Figure 353. Preburner Injector Face Pattern I'D 25387A

Fuel enters o plenum in the cover through the fuel inlet fitting, located on
the side of the cover., Fuel is injected inte the chamber through an orifice con-
centrically formed around the oxidizet element. The oxidizer 1s injected into the
chamber through the oxidizer element fitting, located concentric to the axial
centerline of the cover assembly.

e. Preburner Torch

The prehurner torch assembly consists of a cover, chamber, sleeve and
other detail parts shown in figure 354.
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Figure 354, DPreburner Torch Assembly FD 31814
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The cover, with the attached chamber, bolts to a spherical branch of the
transition case that aligns the discharging combustion products azcross the
center of the preburner chamber., The cover is fabricated from Inconel 718
(AMS 5662) and contains two spark igniter tubes, an oxidizer element, and a
fuel inlet fitting. A removable crifice plug is instalied in the oxidizer fitting.
Each spark igniter tube houses a spark plug .gniter attached to the cover hy a

lockwired nut,

The cylindrical chamber section is fabricated from copper (AMS 4500),
and is brazed to a hemispherical cap welded to the base of the spark igniter
tubes shown in figu.e 355. The spark igniter tubes are brazed to the inside
of the cover assembly. A copper (AMS 4500) piston ring carrier fabricated
of Inconel X-750 (AMS 5667) is brazed to the chamber at the nozzle end to
ensure a piston ring seal fakricated of Inconel X-750 (AMS 5667). The piston
ring bears circumferentially on the internal wall of the igniter sleeve to permit
axial and transverse thermal growth of the chamber,

Locking Ring
90.deg
Section Notches
Only Brazed Avea
L

Spark /— Chamber Wall
'l#nli’t:r / /,7,.y IR 2 ,
ul Z, — Siecve
7 — A
Locking j
Ring ——3 / I Piston Ring
Cover %
Transition
— R Coae

Chamber Wall
Piston Ring Carrvier [_

i

L Sieene Z £ piston Ring O-Ring 4

Figure 355, Preburner Torch Assembly Mounting ¥D 31815
and Sealiry

The igniver sleeve is fabricated from Inconel 718 (AMS 5663) and forms
the cater structural liner for the chamber. It also provides an annular passage
for coolant flow. The sleeve is threaded into the preburner flow duct. It is
wrqued to 350 lb-in. plus any slight additional rotation required to align the
locking ring slot with a locking ring notch in the transition case. The locking
ring prevents loosening of the sleeve, The threaded end of the sleeve houses
a seal that is loaded by the applied torque on the threads. The cavity formed
Letween the seal and tirreads is pressurized ti.rough a passage from the liner
coolant supply. Pressurization of the cavity causes leckage of coolant into the
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combustion chamber thus keeping combustion products from leaking outward
through the threads. A forward piston ring seal, fabricated from Inconel X-750
(AMS 5667), bearing circumferentially against the transition case flange, permits
axial and transverse thermal growth of the sle.:ve.

Fuel enter< a plenum in the cover through the fue! inlet fitting, located
on the side of the cover. Fuel is injected into the chamber through an orifice
concentrically formed around the oxidizer element. Qxidizer is injected into
the chamber through the oxidizer element fitting, which is located concentricaily
to the axial centerline of the cover assembly.

Fuel coolant also flows through a series of orifices that reduce fue! pres-
sure on the outside of the chamber wall to the approximate internal pressure of
the chamber. These orifices are located circumferentially at the rear of the
chamber. The orifices redistribute the fuel flow evenly cver the outside diameter
of the chanmiber, and fuel exits at the preburner flow duct. A seal cavity pres-
surization passage in the sleeve wall transfers pressure to the vicirity of the
inside diameter of the O-ring at the base of the thread=. 'ILis pressure ensures
that leakage past the threads will be fuel rather than combustion products.

f. Electrical

Refer to Section VI Controls System for discussion of the electrical
ignition system.

4. Fabrication

Table XXXI portrays the materials purchase timetable,

Table XXXI. Preburner Injector Materials Purchase Timetable
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a. Injector Housinrg

Two preburner injector housings were fabricated by a vendor. The major
parts of the housing are the wraparound manifold outer halves, inlet horn, inlet
transition, and the housing body, shown assembled in figure 356, Each of

these subassemblies was machined from Inconel 718 forgings in solution condition
and welded.

Figure 356, Injector Housing Fabricated by Vendor FE 86397

The integrity of the welds was assured by X-ray after the root weld pass.
On the first injector housing two small areas of weld porosity were found by
X-~ray of the root pass. These spots were routed out, welded, and re~-X-rayed.
The second X-ray revealed the welds to be good. The housing vendor also
fabricated the divider piate and fuel faceplate to ensure alignment of each hole
and avoid any problem in assembly around the element.

Both injectors were finish machined after welding and solution heat treated.
The overboard seal grooves, between the injector housing and preburner oxidizer
valve, were machined to accept Parker 8814 V-seals.

b. Oxidizer Elements

Two vendors fabricated the oxidizer elements in two steps. The first
step consisted of fabricating the element blank, including everything but the
tangential slots, from seamless AISI 347 stainless steel tubing drawn to the
correct inside diameter. The AISI 347 tubing was cut into lengths sufficient
for one clement, Then, the top of the element was rolled closed, The outside
features were machined and the hole remaining in the end of the element was
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sealed with copper braze, thus forming the element blank. A typical element
blank is shown in figure 357, The element Llanks were shipped for P&WA's
inspection where dimensional checks are made. Approximately 10% of the
element blanks were rejected because of dimensional deviations. The blanks
were X-raved tc check wall thickness and the condition of the braze thickness
at the upstream end, and approximately 12% of the remaining blanks were then
rejected. Figure 358 shows a typical X-ray of the elenient blank,

Figure 357. Element Blank FE 96149

Blanks X-Ray Inspected tor Wall Thinning and Excessive Braze Metai

Figure 358. Blanks X-ray Inspected For FD 38363
Wall Thinning




To obtain 1353 finished elements required to make the individual oxidizer-
to-fuel match discussed later in this section, it was necessary to manufacture

1718 element blanks.

The element blanks were taken by another vendor who machined the
primary and secondary tangential entries by the electric discharge machining
process (EDM). As the EDM vendor turned out finished elements, they were
individually water flowed at P&WA to determine if the element effective area
was satisfactory. Figure 359 shows the results of the water flow after
approximately 450 elements had been accumulated. The elements. labeled
original on the chart, had a secondary element population average falling
12 to 13% above target. All elcments to this point had physical dimensions

shown in figure 360,

120
M Original
10830 Revised

g

NUMBER OF ELEMENTS
8
ERSRRERRRENEREERNEN!
BRAREARNRESSRNNENARENAR

0
+34  +45 +56 +67 +78 +88 +910 +1011 +11-12 +12-13 +13-14 +1415 <1516

SECONDARY AREA DEVIATION . %

Figure 359. Preburner Injector Element FD 29189
Secondary Flow Area Deviations

To bring the secondary element effective area closer to that desired, the
physical dimensions of the secondary slot were reduced to those shown in fig-
ure 361.

Water flow of the oxidizer elements that incorporated the primary and
secondary slot size change show the primary A  is on target and the secondary
Acd 1s 7% high. No further correction was made to the secondary slot sizes,

Figure 362 shows the flowrate of the elements after all finished elements
had been received and flowed. The flowrate shown is dual flow, that is, both
primary and secondary. The flow split for the dual flow is set at 137 indicating
primary flow is 137 of total flow. The flow split of 137 is approximately equivalent
to the flow split at 1009 thrust and 2 mixture ratio of 7, where the average combus-
tion temperature is the highest,
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NUMBER OF ELEMENTS

180

WATER FLOWRATE, gpm

Figure 362. Element Flowrate Distribution FD 38366A

c. Faceplate

Two fuel faceplates were made from 12 x 64 weave N-155 Rigimesh,
Porosity was 34.9 versus 40 scfm/ft2 as design target. The material was
delivered in sheets to blueprint thickness to the primary machine vendor where
it was machined into a disk hefore orifices were drilled and counterbored by
the tape controlled machine. The tangs were then electric discharge machined
referencing the previously positioned holes. Figure 363 {llustrates the first plate,

Upon delivery, the plates were dimensionally inspected and then water
flowed to determine the individual fuel hole Acd distribution for matching with
the oxidizer elements, Both plates had a normal digtribution curve of effective
area with a narrow range (8.9%) total band, see flgure 364, but the total
A, from summation of individual fuel hole A4 ; was 18.5% lower than
the target of 3.69 in, 2
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Figure 363. Faceplate Initial Build

FE 86335
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Figure 364. Normal Distribution Curve of Effective
Area With A Narrow Range (8.97)
Total Band
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Because the fucl hole size was dimensionally correct and thus could not
explain why the summation of individual hole Apq's was low, it was decided to
calibrate the fuel faceplates on GN2. The effective area obtained from GNgp
fiows was 25% higher than water flow 2¢d for both plates. From the above
information it was concluded:

1. GNg Apgq more closely approximates GHy A.gq than HoO Agg

2. The difference between Ayd from GN2 vs Agd from water
ior the new plate is accountable to sharp leading edges on
both plates

3. The A.q for both plates will be very near design target.
Therefore, no modifications were made to either plate.
d. Injector Assembly

Before assembly of the injectors was begun, an element selection for
both assemblies was made on the basis of a mixture ratio computed from water
flows of the oxidizer elements and the faceplate orifices. Individual fuel locations
were matched with an oxidizer element to within 0. 69% of constant mixture ratio
as limited by the lowes. measurable flow increment. Proper braze fits for each
joint at each location were verified from inspection records. The originally
planned fabrication sequence is shown in table XXXII. Figure 365 shows the
four braze joints of the injector assembly numbered in the order of the braze
cycle. Fabrication of the second injector was postpened pending successful
brazing on the first assembly. The element-to-housing braze of the first
injector was run in hydrogen at 2385-2395°R for 10 minutes. Sixty of the 253
joints were void of braze because the braze material crept up the tube and
plugged the primary slots. Foriunately, these tubes were removable by hand,
It was thought that lack of contact between the braze wire and nousing counter-
bore promoted preferential wetting of the element. For the rchraze, new constant
mixture ratio elements were selected and fitted into the housing througl the double
loop braze wires that were firmly snapped in the housing counierbores. As an
added precaution, heat shields were placed over the elements to prevent a radia-
tion temperature gradient between the elements and the housing during the braze
cycle. No change was made to the cycle. Inspection of the rebrazz revealed
four braze voids similar to those in the first hraze cycle. A second rebraze
using the same corrective action was made and resulted in all good joints.

Table XXXII. First Preburner Injector

Braze Joint Braze Alloy Melt Temperatures, Heat Cyc! @
Location Alloy °R Temperatures, °R

Solidus Liquidus

Element to Housing PWA-698 2195 2210 2385-2395
Gold-nickel

Element to Divider PWA-698 2195 2210 2260-2270

Plate Gold-nickel
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Table XXXII, First Preburner Injector (Continued)

P

Element to Housing PWA-698 2195 1750 2240-~2250

Seal Gold-nickel

Element to Rigimesh PWA-707 1880 2100 2180-2190
Silver

Precipitation Heat 1785 for 8 Hours

Treat 1610 for 8 Hours

@ Zlement to Divider Plate

\\\\\\\\\\\\

Elemenc to
Housing

Figure 365, Four Braze Joints of the Injector FD 31519A
Assembly

The divider plate was then installed over the elements with a press tool
that contacted the plate at various points to equally distribute the load. Measure-
ments were taken to ensure the plate was fully seated. Braze rings were loosely
fitted around each element and a 1/16 in. diameter braze wire was tack welded
to the plate-housing interface for the braze made at 2260 to 2270°R for 10 minutes
in GHy. All braze joints were good after one cycle,

The third braze was for the element-to-housing joint on the fuel cavity
side. This joint, designed to guarantee an oxidizer-to-fuel seal, was accomplished
using braze wires loosely fitting around each element and run in GHy at 2240 to
2250° R for ten minutes.

Post-brazc inspection revealed 20 of the fillets were incomplete and many
appared porous. It was conciuded that gas, trapped by the first element-to-housing
braze, was created causing the porous condition.

A helium leak check of the element-to-housing joint, which the first and
third braze operations formed, showed no leak at 50 psig. Because the leak
check was successful and adequate fillews on the oxidizer side of this joint had
been formed, no attempt was made to correct the low quality fillets on the fuel
side of the joint. A helium leak check of the element-to-divider plate joint re-
vealed helium leaks in five locations. These leaks were believed to originate
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under the plastic cap that sealed the secondary slot during the leak check and
not from the braze joint itself. However, if the leak was from the braze joint,
it would leak from primary to secondary, and would not be of sufficient quantity
to affect the flow spiit.

A chech of the grain structure of the first injector prior to the Rigimesh
face braze revealed varying amounts of eta phase in the Inconel 718 structure.
The injector was returned through a 2210°R heat treatment for two hours in an
effort to place the eta phase back into solution. The maximum heat treat tem-
perature was limited to 2210°R because the gold-nickel brazed material used
to braze the elements in place has an initial liquidus temperature of approximately
2210°R. 1! would be uadesirable to hold the part for two hours at a temperature
ahove the initial melting temperature of the braze material. The cooldown from
the heat treat temperature of 2210°R was mcdified to accomplish a 40°F/minute
or greater. Rapid heating and cooling rates in the 1960° to 2160° R range, where
etz phase it expected to form, were achieved by hot loading into a hot oven and
extra cocling fans, and hydrogen purge.

A check of the injector grain structure as seen in figure 366 ufter the
2210°R heat treatruent showed no change in the condition of the eta phase present
batore heat treat. Because of the limitation on maximum heat treat temperature
imposed by the braze joint, no further solution heat treating to eliminate the eta
phase was performed.

r

FAM 33104 1000X FAM 33322 < 000X

Batore After

Figure 366. (Injector Grain Structure) Microstructure FD 3f372
of Injector Housing Before and After
Solution Heat Treatmesit

In preparation for the faceplate braze, the silver plated fuel seal was tack
welded to the hrusing to the depth for adequate seal preload befcre the faceplate
was pressed over the tubes. Braze material for the tang-to-element joints was
anplied as horseshoe shaped wires over the tangs., The braze cyvele (2185°R for
10 minvtes) was combined with the precipitation heat treat eycle to reduce setup
time, Post-braze inspection showed 67 voids, which was considered acedc nable,
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revealed a satisfactory precipitation of the strengthening gamma prime phase
as seen in figure 367. The amount of eta phase had increased a small amount

An inspection of the injector grain st icture by the Materials Laboratory
in one of the three forgings that form the injector assembly,
!
!

1000X FAM 33524

Figure 367. Microstructure of Injector Housing After FD 38373
Faceplate Brasze and Precipitation Heat
Treat

The first injecior had the elements cut to the propaer length using the elox
prucess. This completed all the machining required for the injector. Proof
pressure tests were then conducted on the injector at an ambient temperature
to 1.2 times the maximuin operating pressure reduced by ratio of yield strength
at ambient temperature to yield strength at operating temperature,

The injector was then water flowed to check the effective flow area, The
water flow of the oxidizer side of the injector showed the cverall secondary Acd
to be 3. 87 above target and the primary A¢q to be 10.7% below target. Both
were considered acceptable, i

The overali fuel A, was 177 1ower than expected ¢n water flow. The
Acd +3.05 in?) across the faceplate was 15.9% lower than was expected from the
individual fuel hole water flows, The fucl side of rhe injecior was also flowed '
on gaseous nitrogen for correlation with water flow data, As had been expected,
the comhbination inlet, manifold, and cross-over ho'e Ay was 67 higher and the
fuel fnceplate Ay was 18,59 higher with gaseous nitrogen than with wate., The
paseous nitrogen flow verified the low fuel plate A,q obtained with the water flows.

A closer inspection of fuel flow area revealed an accumulation of braze
miteral in the fuel siot as shown in figure 368, This braze accumulation was
_ expected to be the cause of the low fuel plate A,g4. A hand held broach type tool
3 was used on the injector fuel slots to remove the excess braze material without
" removing any material froin the fuel slot it,elf, Burrs created by the removal
of braze material were removed in an acid solution.
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Figure 368. Braze Material in Fuel Slota FE 87393

A visual inspection of the first injector was made after the braze material
had been remcved with a hand held broach tool and chemical deburr. The inspec-
tion revealed that some braze blockage in the fuel flow area still e¢xisted, The
fuel side of the injector was water flowed to determine the effectiveness of the
mechanical braze removal process. The fuel Acq was only 67 higher than
before, which was unacceptable.

To remedy the braze blockage, the braze was completely etched away in
a nitric acid bath, The faceplate was removed and visual inspection of the parts
did not -eveal any braze remaining in the fuel flow area.

The faceplate was returned to the injector and mechanically held in place
by a tool supporting the face ot the outer edge. A water flow of the injector
showed a fuel Agg (2.95 in2) only 2.7% lower than the summation of the individual
fuel hole calibration and was considercd to be the more accurate buaseline flow for
water. A gaseous nitrogen calibration of the first injector with the face held on
by the teol showed the face A | to be 157 higher than the same test using water
as a calibration fluid, o

Conclusions obiained from injector flow tests were:

1. Gaseous nitrogen produced an aaq 257 higher thin the Ay
obtained with water when the fuci holes were individually
flowed
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2. Gaseous nitrogen produced an Asq 15% higher than the A g
obtained with water when the injector assembly was flowed
with the face clamped on

3. The water A.q's of the fuel face, when individually flowed,
agree with the injector assembly water A5 when the face
is clamped on

4. The water CD on the present injector was much lower than the ob-
served hot firing CD from the Supporting Data and Analysis (SDA)
injector testing.

5. The waier and hot firing CD's on the Supporting Data and Analysis
(SDA) injector were relatively high (above 0. 8).

Table XXXIII lists the various A,q combinaticns that could develop and
their effect on fuel pressure drop. Because it was expected that hydrogen would
act more like nitrogen, combination 3 was judged to be most probable. It was
decided to rebraze the faceplate without any area changes and to modify fabrica-
tion procedures to eliminate braze blockage. Because of this question, it was
decided to further postpone fabrication of the second injector until the first
injector was hot fired and the true face A q determined.

In preparation for the braze cycle, the injector was solution heat treated
at 2210°R for one hour. A microanalysis of the housing after the solution cycle,
as seen in figure 369, showed the housings to be in the best solution condition
since microanalysis began. The percentage of eta phase, over-aging and lack
of recrystallization was reduced significantly.

Two actions were taken to eliminate the braze blockage, First, during
the next tfaceplate braze cycle, the braze '"horseshoes”" were chemically etched
from 0,020 in, diameter to 0,010 in, diameter, reducing the braze material by
a factor of four. Ceramic spacers were made to position the horseshoes at the
tang-to-tube joint, The injector was brazed at 2185°R for 10 min and precipita-
tion heat treated by the same combination cycle previously used. Inspection of
the faceplate showed the completed braze to be unacceptable. Approximately
137 of the braze joints were void, or partially void of braze material. Approx-
imately 437 of the fuel holes had visually discernible braze material blockage.
The braze material had not satisfactorily wet the mating hardware, and in some
cases, the braze appeared not to have properly melted.

This situation led to melt and alloy testing of the PWA 707 braze wire uscd
for the brazes, It was shown there was no difference in chemical compositivn
for the 0,010 in, diameter and 0, 020 in, diameter wires and that the material
had significantly better wetting characteristics at temperatures above 2210 °R.

It was then decided to combine the solution heat treat for one hour at 2210°R with
the braze at 2245°R for 10 min in an attempt to melt and properly run the braze
material, The injector was furnace brazed again with the combined cycle,
Visual inspection of the braze joints after braze cycle showed the braze joint to
be good, There was no discernibie braze blockage in the fuel flow area and only
three braze voids existed,

The injector was flow calibrated on water. The fuel faceplate Ayg and
overall fuel Ay was the same as the Aed's obtained when the faceplate was

clamped on with no braze at faceplate joint, The oxidizer primary and secondary
Acd's were the same as when originally calibrated,
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Figure 369. Microstructure of Injector Housing After FD 38374
Final Sclution Heat Treatment Before
Rebraze of Faceplate

The injector was precipitation heat treated and a microanalysis was made.
The microstructure remained acceptable and the injector was then ready for rig
testing.

After six hot firings on the No. 1 injector as described in the test section,
it was decided to start the assembly of the second injector, taking additional
steps to ensure that no braze blockage of the primary holes occurred, In prep-
aration for continuing the injector assembly, injector housing was solution heat
treated at 2360°R for one hour. Heating and cooldown rates of 40°F/minute or
greater were used for this solution cycle,

All process changes developed during fabrication of the first assembly
were incorporated, plus two new changes 1) using chromium chloride stop-off
material around the primary slots and 2) electron-beam welding of the divider
plate to the housing. Both of these changes were incorporated to prevent braze
blockage of the primary slots., Table XXXIV summarizes processes originally
planned for fabrication of the second injector. 7The first three gold-nickel braze
joints, element-to-housing, element-to-divider plate, and element-to-housing
seal were made without problem according to the original schedule, Gas flows
of the individual primary slots showed that nonc had become plugged with braze
material and during the braze cycles, and helium leak checks of elemen.-to-
housing joints showed all to be leak free,

Before the fuel faceplate was assembled for brazing. two medifications
were made ‘o the housing. The thermal relief slots as put in the first injector
were incorporated and the housing was machined to accept a posiive-type face-
plate seal designed to withstand greater manifold injection pressures than the
seitl used in the first injector. Figure 370 shows a cross section of the new
seal configuration.
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Table XXXIV. Original Fabrication Sequence

Braze Joint Braze Alloy Melt Heat Cycle
Location Alloy Temperature, °F Temperature, °R

Solidus Liquidus

Element to Housing PWA 698 2185 2210 2285 - 2245
Gold-nickel
Element to Divider PWA 698 2195 2210 2260 - 2270
Plate Gold-nickel
Element to Housing PWA 698 2195 2210 2340 - 2350
Seal Gold-nickel
Solution Heat Treat - - -- - - 2210 for 1 hr
Element io Rigimesh PWA 707 1880 2100 2240 - 2250
Silver
Precipitation Heat -~ - - -- 1785 for 8 hr
Treat 1610 for 8 hr

jector, i.e,, 0,010\yn. diameter braze wires, ceramic holders, solution-heat
treated at 2210°R for one hour, brazed at 2245°R for 10 mir, and then precipita-
tion heat treated, Inspection revealed accumulation of braze material at many
locations, 165 voids or non-brazed joints, and traces of contamination on the
face. It was later determined that grinding fluid that had scaked into the ceramic
holders caused the contamination which was probably responsible ror many of the
braze voids.

The facepm::e was done as the last successful cycle of the firs: in-

It was then decided to clean the injector by using GHo at 2245°R for one
hour. Inspection showed only 75 voids remaining, but inost of the blockage and
all of the contamination had been cleaned 2way.

Because 75 voids would jeopardize the strength of the plate, it was decided
to rebraze the injector just as the tirst cycle, including precipitation, except that
verified clean ceramic holders would be used. Post-braze inspection revealed
there were still 42 voids, none of which were newly created,

Brcause of such limited success with these brazes, furthker investigations
were made to check the wetability of the silver braze material to N-155 Rigimesh,
During the time required to prepare these braze samples, the iajector was taken
to an outside vendor for electron-beam welding of the divider plate and fuel plate
seal to the housing and Rigimesh. The vendor also ran samples to investigate
electron-beam welding of the braze voids which proved unsatisfactory because
the joint could not be uniformly heated,
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Figure 370. Cross Section of the New Seal Configu- FD 40252
ration

——

Evaluation of the braze samples and further study of the braze technique
led to the following conclusions and recommendations:

1. A diameter of 0, 020 in, does not wet as completely as 0,010 in,
diameter wire

2. Wetting of the 0,010 in, diameter wire was good except for
slight film of contamination

3. High temperature silver flux would remove contamination
already present at the braze voids
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4, Abrasive cleaning of the 0,010 in, wire would remove any
surface film and contamination

i ‘:&(.ﬁg-‘;{g.fi?iﬁﬂ%f?:{ﬁ;,ﬂé‘?;ﬁ??&!{f!ﬁﬂ%

5, Use of ceramics was not advisable because of the possibility
of contamination,

The injector was then successfully rebrazed at 2245°R for one hour using
abrasively cleaned 0, 010 in. diameter wires that were secured without ceramic
holders, at the end of this braze cycle no braze voids existed, and the fuel flow
area was free of braze blockage. After braze acceptability was determined, the
injector was precipitation heat treated.

At this time evaluation of hot run data indicated a need to reduce the heat
flux on the chamber wall, Another FRDC combustion rig program (NASA )
P showed that scarfed oxidizer elements would reduce the heat flux to the chamber
. walls by 50%.

The scarfed injector face pattern was concentric ring design, and the outer
row, which composed 42% of the elements, was scarfed at a 45 deg angle. The
second row which contained 28% of the elements was scarfed at a 22-1/2 deg
angle.

A scarfed element is made by cutting the element exit at an angle to the
element axis, The scarfed element does two things that contribute to reducing
heat flux on the chamber wall:

1. Shifts the injected cone axis away from the chamber wall,

2, Changes the mass distribution from the element so that le:s
mass is injected adjacent to the chamber wall,

It was therefore decided to scarf the elements of the second preburner in-
jector through the three outer rows, The third row of injector was chosen as
the stopping point because the hot firing data indicated a fall-off in combustion
temperature in line with the third row of clements. Thus scarfing the outer three
rows of elements should shift oxidizer mass into the low temperature region.

The outer three rows of elements contain 507 of the total elements in the
second injector. The cuter row was scarfed at a 45 deg angle, the second row
at 33-3/4 deg and the third row at 22-1/2 deg as shown in figure 371.

The injector flange and O-ring grooves were then remachined w cor -ect
warpage experienced during the several heat cycles,

The final operation was a proof pressure test planned to 5450 psior 1,2
times maximum operating pressure ratioed by strength differences from temper-
. ature. A proof factor of only 1. 035 was achieved because outer fiber stresses in
' in the inlet horn had locally reached 183, 000 psi, the proportional limit, and
local yielding was not felt advisable at this time, The injector was then through
fabrication and ready for inspection and rig use,
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Figure 371.
Elements Scarfed on Second Injector

e, Preburner Torch Igniter

The cover, piston ring, and sleeve were machined from Inconel 718.
The chamber was made from a copper alloy AMS 9550. The chamber and spark

exciter were all brazed to the housing .

9. Testing
a. Test Set-Up

Figure 372 shows a cross section of the preburner injector test rig con-
sisting of the Bill-of-Material preburner oxidizer control valve and injector,
and adapted Phase I combustion chamber assembly,

Major components of the preburner injector test rig are fastened by high
strength studs and bolts., Previously, studs were loaded by hydraulic rams
while strain was monitored by strain gages. Because uhis method was expensive
and time consuming, it was decided to develop a simpler method.

Tests were conducted to determine the accaracy of angle-of-turn, torque,
and bolt elongation measurement methods. The firgst series of tests was made
on a 250K Phase I dome, preburner injector, and combustion chamber fastened
by 18 1-in. diameter PWA 1010 studs that were all strain gaged. The second
test series was made on a 250K Phase I combustion chamber and backpressure
simulator ioined by forty-eight 5/8 in. dlameter studs, 24 of which were strain
gaged, The accuracy of each loading method was determined from maximum
to minimum load deviations among the strain gaged studs,
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The tests were accomplished by first torquing the nuts untii the seal was
just compressed and when any additional turning would result in bolt strain,
From this point, the nuts were loaded through incremental angles of turn. The
angle~of-turn was measured by a pointer attached to the loading wrench that
moved across a protractor positioned around the stud, At each angle-of-turn
level, nut torque, bolt deflection, and stud strain were recorded.

Figure 373 shows the total lcad deviation obtained by angle-of-turn is 20%
in the range of interest. Figure 374 shows that elongation deviation at all average
stress levels is greater than actual load deviations shown in figure 373. Finally,
figure 375 shows large torque deviations, as high as 90%, at ail stress levels.

It was concluded that (1) torque loading was too inaccurate, (2) elongation
measurement was not as accurate as angle-of-turn measurement and (3) angle-
of-turn loading was sufficient where total load deviations within 20% were ac-

ceptable.

As a result of the trial angle -of-turn tests, it was decided to use the angle-
of-turn method to load all bolts holding major components on the preburner rig.
Initial calibrations with strain gages were used to determine the angle-of-turn
required for the various bolts used in the rig. Table XXXV lists the angle-of-
turn required to ioad the bolts for the preburner rig.

The preburner oxidizer control valve, a redecigned, lightweight version of
the Phase I test item, is bolted to the injector by Bill-of-Material studs which
are loaded by angle-of-turn methods. High strength Inconel adapters between
the Bill-of-Material flanges and mild steel facility propellant lines are required
to keep bending loads within limits.
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Table XXXV. Bolt Loading Requirements for Preburner Rig

Desired Ang.e-of-
Bolt Load Torque Turn
Location (bg) (Iby) (deg)
Injector -Oxidizer
Valve-Adapter 22,000 500 180
4 in, Adapter-Combustion
Chamber 69,000 500 95
Combustion Chamber-
Backpressure Simulator 29,600 500 250
Injector-Fue!
Inlet Adapter 14, 350 500 75

Another Inconel adapter was required for the fuel inlet flange of the injector.
The studs attaching the preburner oxidizer valve and injector are threaded into
the 4 in. Inconel spacer adapting the injcctor to the existing Phase I combustion

chamber.

Principal components of the combustion chamber assembly are (1) the 4 in,
spacer previously mentioned, (2) the chamber shell, (3) the exhaust back pressure
simulator, (4) chamber shell coolant liner, (5) uncooled combustion liner simu-
lating those in the Biil-of-Material preburner duct, and (6) temperature rakes
in the 11 in. and 15 in. planes from the injector face. Combustion instrumentation
is located in the spacer section, duplicating positions used for Phase I and SDA

testing.
b. Instrumentation

Table XXXVI lists typical instrumentation for both the test rig and facility.
Locations of rig instrumentaiion including rake thermocouples are shown in fig-
ure 376.

For rig protection, several parameters are monitored for critical opera-
tional levels by advance o abort comparator circuits, Excessive combustion
temperature is monitored by advance and abort circuits on characteristically
hot rake thermycouples and skin thermocouples on both combustion liners,

Low combut<iion temperature advance eircuits are similarly linked to the rakes
and igniter temperature probe. I'urge protection to the oxidizer secondary
during primary only operation is assured by an advance level for minimum
helium venturi upstream pressure. Structural iategrity for the valve and injecter
is maintained by advance circuits for excessive differential pressure between

the dome and the injoctor secondary cavity and for excessive differential pres-
sure between Jhe injestor fuel manifold cavity and the combustion chamber,

High response Kistler transducers, to monitor injection and combustion

stabnlicv, are used in the oxidizer dome, secondary, and primary cavities,
in the fuel manifold, and in the combustion chamber,
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c. Test Plan

Objectives of the original preburner injector test program were to conduct
tests and perform the analyses of these tests to evaluate temperaiure profile,
combustion stability, combustion efficiency, engine start evaluation, and dura-
bility. Seven tests were planned to achieve the above objiectives and are outlined
in table X3CIVIIL,

£ Table X¥XVI. Preburner Instrumentation

I. Pressure . @ § o \
28z 22 ¢ 22
Description S; S e g £ B8
“— 3 wt O f_ﬁ = %]
A.  Oxidizer zZe6 AvL Bu ok
Preburner Flowmeter Upstrcam 1 1 1 1
Pump Simulator Upstream 1 1
Pump Simulator Downstream 1 1 1
Dome Cooldown Vent Orifice Upstream 1 1 1
Doiile Vent Orifice Differential 1 1 1
Ereburner Filter Differential 1 1
Domvu Inlet Pressure 1 1
Dome-Chamber Differential 1 1
Injector Primary 1 1 1 1
Injector Primary Differential 2 2 1
; Injector Secondary 1 1 1 1
’ Injector Secondary Differential 2 2
B, Fuel
-as Bottle Discharge 1 1
Preburner Liquid Flowmeter Upstream 1 1
Preburner Gas Flowmeter Upstream 1 1
Pump Simulator Upstream 1 1
Premixer Liquid Inlet 1 1
, Premixer Gas Inlet 1 1
6-in, Mixer Liquid Inlet 2 2
~ 6-in, Mixer Gas Inlet 1 1
. 6-in, Mixer Discharge 1 1
- 4 Fump Simulator Upstream 1 1
' Mixer Vent Upstream 1 1 1
Mixer Veat Differential 1 1
Filter Upstream i 1
j Filter Differential 1 1
9 Injector Manifold 2 2 1 1
; Injector Differential 1 1 1 1
C. Combustion
Combustion Chamber 6 6 1 1
Torch Igniter Chamber 1 1
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Table XXXVI. Preburner Instrumentation (Continued)

] &4
2]
I.  Pressure X Bg-g a2 Suw
SE§ £EE =% 12
Degscription =’E 3 BES § O
28 B35 #8 8h
D. Miscellaneous
Igniter Fuel Supply 1 1 1
Downstream Cooling Liner Orifice
Differential 1 1
Downstream Cooling Liner Supply 1 1 1
Igniter Oxidizer Supply 1 1 1
Pressure Channels: 43 Power Supplies
43 Digital
10 Strip Chart
8 Oscillographs
II. Temperature o b § @ ,
wd FEE 2z 22
Description = § § o & g % E = g
[o] -t O
A.  Oxidizer ASE AOC 8L &b
Run Tank Discharge 1 1
Preburner Flowmeter Upstream 1 1
Pump Simulator Upstream 1 1 1
Preburuer Filter Inlet 2 2
Pump Simulator Vent Upstream 1 1
Dome Vent Upstream 1 1 1
B. Fuel
Liquid Tank Discharge 1 1
Preburner Liquid Flowmeter Upstream 1 1
Preburner Gas Flowmeter Downstream 1 1
Pump Simulator Upstream 1 1 1
6-in, Mixer Liquid Upstream 1 1
6-in, Mixer Gas Inlet 1 1
Mixture Discharge 1 1 1
Mixture Vent Orifice Upstream 1 1
Fuel Inlet Temperature 1 1
C. Combustion
Combustion Temperature Rakes 26 26 4 2
Igniter Combustion Probe ] 1 1 1
D. Internal
Combustion Chamber Cooling Liners 10 10 2
Igniter Liner 2 2 1
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Table XXXVI. Preburner Instrumentation ( Continued)

Temperature

Description

Points of
Measure-
Computer
Channels
Oscillo-
graphs

Ment
Digital
Strip
Charts

Nitrogen Jacket

Oxidizer Lines
Fuel Lines

Miscellzneous
Oxidizer Sampling System

Temperature Channels:
RSMT Channels:

CC Channels:

Strip Charts:
Oscillographs:

Miscellaneous

Points of
Measure-
Channels

Oscillo-
graphs

g
5
A

| .

2
A
v Fo
g8 A0
1
1
1
1
1
1
1
1
1

Flows

Oxidizer Volumetric, Coil No. 1 1
Oxidizer Volumetric, Coil No. 2 1
Oxidizer Volumetric Flow Counter 1
Liquid Hydrogen Volumetric, Coil No, 1 1
Liquid Hydrogen Volumetric, Coil No. 2 1
1
1
1
1

[

Liquid Hydrogen Volumetric Flow Counter
Gaseous Hydrogen Veolumetrie, Coil No.. 1
Gaseous Hydrogen Volumetric, Coil No. 2
Gaseous Hydrogen Volumetric Flow Counter

Thrust

Load Cell No, 1
Load Cell No. 2
TL.oad Cell No., 3
Master Load Cell

Position Indication

Rig Valves
Stand Valves

Voltages

Igniter Spark Indication
Igniter Spark Voliage

Start Sigual

Advance to Shutdown Signal




Table XXXVI. Preburner Instrumentation (Continued)

III, Miscellaneocus

Computer
Channels

Points of
Measure-
Strip

Digital
Charts

mwent

QOscillo-~

graphs

E. Combustion Stabiljty
Chamber Pressure Fiaquency

[ 2]

Measurement Channels: 44
Digital Channels: 40
Strip Charts 1
Oscillograph Channels: 24

(2]
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Fipure 376, Preburner Rig Instrumentation




@ Secondary Static Pressure
Primary Static Pressure
Dome Static Pressure
Secondary Kistler (2)
Primary Kistier
Secondary Temperature (4}
Secondary AP High

) .;j' Primary AP High
I
i @ Fuel Manifold Pressure
; ) Fuel Injector AP High
| Fue! Kistler
:‘j:) Fuel Manifold Temperature

Scrub Liner Temperature (3)

®

Chamber Kistler (2)
Chamber Pressure (3)
Pulse Guns (4)

{gniter Combustion Temperature
Igniter Barrel Temperature

Cooled Liner Temperature

Combustion Temperature {24)

® 08 6

Combustion Temperature (40)
Chamber Pressure
Chamber Kistler

FD 38370
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The first three preburner tests were planned to investigate the performance
and temperature profile ucross t! e thruttling range. These tests would incorporate
prcecedures developed during Phase I testing and during SDA Task to achieve
ignition and controlled transients to 20%, and throttling transients from
20 to 100% thrust. The test rig start sequence was to ignite and ramp to 20%
thrust at conditions equivalent to engine operation at a mixture ratio of 5 and
then to subsecuent level: using a schedule shown in figure 377.

lpitio: 5
7% Thrust

idie

Intermediate Thrust
100% Thrust

OO C]

THRUST - %
®
®

3
2 /)
=
0 10 20 30 40 50
TIME - sec
Figure 377. Test Sequence for Preburner Testing FD 21276D

The fourth test would be a demonstration of the ability to ignite the rig
with the predicted engine propellant flowrates,

The fifth test was to ignite with the propellant supply pressures at a level
that will allow a pressure rise during a transient to idle that simulates the engine
start trans.ent pressure rise. The fifth test would also shut down during oxidizer
purge flowrates that were planned for use in the engine,

The sixth and seventh test would be used to qualify the second preburner
injector for use with the transition case by demonstrating its temperature profile
and combustion stability.

d. Hot Firings

Twenty-two hot fire tests were made on five builds of preburner test rig
35131 and 36133 between 13 August 1969 and 14 February 1970, A test summary
is shown in table XXXVIII. Because of problems assoclated with chamber wall
burning and a poor temperature profile during the first six rig tests, the actual
tests deviated considerably from the original test plan, A description of the
objectives, results, and recommendations of each test {s presented in the follow-

ing section,




Table XXXVIII.

Preburner Test Results

3185

. Preburner Average Maximum
Chamber Percent Engine Combusticn Temperature
Pressure Thrust Mixtore Temperature Minus Average
. Build Run (psia) (%) Ratfo (°R) Temperature Comments
(*R)
Rig 35131 Using No. 1 Injector
1 1,01 669 20 5 1306 72 Burned through
672 20 6 1722 98 uncooled
673 20 T 2115 114 acrub liner
1247 35 5 1263 121 uncooled
2 2.01 693 20 5 1302 215 Uncooled acrub
691 20 6 1639 190 liner blued in
same 2rea as
build 1
2 3.01 691 20 5 1303 159 Uncooled liner
700 20 6 1702 4 blued area
704 20 7 209¢ 263 burned through
3 4.01 LOX flowmeter
Error caused
advanced at
+1,4 sec
3 3. 5.01 Liner thermo-
couple error
caused advance
A at +6, 7 sec
| 3 6.01 126 20 5 1430 539 Added transpira-
741 20 6 1827 621 tion-cooled liner
739 20 7 2287 611 and two new temper-
ature rakes in burned
area, Burned through
transpiration-cooled
liner in same area as
, builds 1 and 2.
K 4 7.01 701 20 5 1349 21p Full duration run of
3 2020 50 H 1402 190 52,9 sec
; 4 4,02 Advanced at +1,4 sec
due to high outer com-
bustion liner tempera-
ture
4 9,01 Advanced at +1,4 sec
due to high outer com-
bustion liner tempera-
ture
4 10. 02 694 20 5 1349 19 Fuel injector AP crror
caused advance at
+29, 1 sec
4 11,01 2032 50 5 1415 119 Full duration rur of
N 1985 50 8 1769 155 35,0 sec
1964 50 ki 2106 173
4 12,01 Outer liner temperature
error caused advance at
+16, 4 sec
4 13,01 3283 k¢ 5 592 150 Outer liner temperaiure
2982 % 7 2268 244 error caused adviance at
+25, @ sec
4 14,01 2067 5 7 2254 252 Overboard fucl leak
4276 100 [ 2050 200 caused advance at

30,5 sec

-




Table XXXVIII. Preburner Test Results (Continued)

Maximum
Preburner Average Temperature
Chamber Percent Engine Combustior Minus Average
Pressure Thrust Mixture Temperature Temperature Comments
Build Run (psia) (%) Ratio {*R) {*R)

Rig 35133 Using No. 2 Injector

1.01 T24.4 20
2071 50

1344 280 Full duration rur of
1427 155 28,34 sec, Liners are
in good vondition.

(2 R4

2,01 False low FHe purge
pressure advance at
17,53 sec which is prior
to reaching 20%,5, due to
sequencer patcLing evrror,

3.0 False high scrub liner
temperature advance at
6, 8 sec, whick is prior
to veaching 20%/5 due to
incorrect voltage level
setting on the comparator
circuit.

4,01 Low {gniter combustion
temgperature at J. 1 sec
prior to SSV up caused by
foreign material in igniter
GOX metering orifice,

1368 207 Full duration run of 44 sec.
1765 258 Liners in good condition,
2145 275 Small dime sized eroded
1429 203 area in rone one of the
1797 217 transpiiation liner,

2134 267

5.01 707, 2
708, 4
708, 4
2042
1998
1964

233y
PON- W R Y )

6,01 False high combustion
temperature advance at
23. 72 sec, which is prior
to reaching the flrst dxta
point csused by bad patch
pis connct in the controls
board, Liner stll in good
condition,

7.0t 2957 75 1 2190 252 Falar low combustion
temperature advance at
2ii, 4 sec, which is noar the
end of the 757 7 daw poini
caused by burned instrumen-
tation cable, Line s still in
good condition,

Manual advance at 2R, 2 see,
which is jus' prior lo reaching
100°7 ' data point, hecause of
atand fire.

-3
(5
™
<
[y
o

x

N 01 2964 3

Run 1, 01 of the preburner test rig was programed as run 1 of the original
test matrix., Test purposes were to evaluate temperature profile, combustion
stability, propellant temperature effects, and hardware durability at engine
mixture ratios of 5, 6, 7, aad thrust levels of 20, 35, and 0%, respectively.
Pulse guns were scheduled to fire at mixture ratios of 5 and 7 at 20 and 507,
thrust,

The run was automatically advanced at 33. 75 sec during set point at a mixture
ratio of 3 at 357 thrust,




e TS TR TR

There was no chugging Jduring the run as experienced during supperting
SDA task preburner testing. An 80 grain pulse charge was fired into the com-
bustion chamber at 20%, mixture ratio of 5. The p-ilse gun, programed at
20% mixture ratio of 7, failed to fire.

Three programed data points were taken at 20% thrust. After the rig was
ramped to 35%, mixture ratio of 5, an externz! fire burned through an instru-
mentation lead to an automatic advance circuit and shut down the rig.

A visual inspection of the rig after shutdown revealed burn damage to the
inner uncooled liner and the outer cooled liner, There was damage to the 4 in.-
spacer and chamber shell and could be extecnally observed. The injector face
was in good condition as shown in figure 378. The injector face had local dis-
colored spots, but no metal erosion cccurred. The rig was removed from
the test stand for further examination of the burned liners.

In this report, only the 15-in. plane temperature distribution plots will be
shown because 15 in, is more representative of the distance to the turbine first
rotor from the faceplate which is approximately 19.4 in. from the injector face,

Figure 378, Injector Face With Loeal Discoloved UE 88463
Spots
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Table XXXIX shows the radial distance from the chamber centerline to
each thermocouple by thermocouple position numbers.

Table XXXIX.

Radial Distance of All Rake Thermocouples
to Chamber Centerline

Thermocouple Radial Distance From Chamber Centerline
Pesition Rakes No, Rake No.
3, 4, 6 5

0.618 0,573
0. 844 0, 799
1. 070 1,925
1.296 1. 251
1,522 1,477
1. 748 1, 703
1.974 1,929
2. 200 2,155
9 2,426 2,381
10 2. 652

G = W o =

2,607

Note: Chamber radius is 2.821 in. at the plane of the thermocouples.

The conditions that were predicted and attained are shown in tables XL,
XLI, XLII, and XLIIl. The maximum-to-average temperaiure of 97.7°R

at 2111°R average temperature at the 15 in, planr is acceptable. It should be

pointed out that the majority of the liner damage, as will be discussed later, is

in a quadrant of the combustor near the 5 o'clock position as viewed through the
& nozzie not coverced by the two thermocouple rakes, The angular position of the
: two thermocouple rakes, viewed upstream through the nozzle, is shown in fig-
ure 379. The temperature distribution is satisfactory and is shown in figures
380 and 381.

o Table XI.. Predicted vs Actual Performance for 20° Thrust,
Epgine Mixture Ratio of 5, Rig 35131-1 Run 1,01

Predicted Test Results

Chamber pressure - psia 733,04 669, 0

Total oxidizer flow - 1h = 9. 59 9, 26

Oxtdizer primary flow - 1h sec 3,367 7

5, D

ixithzor

secondary ftow - T soe 4022 2,64



Table XL. Predicted vs Actual Performance for 20% Thrust,
Engine Mixture Ratio of 5, Rig 35131-1 Run 1,01

(Continued)

" Predicted Test Results
Total fuel flow - lb/sec 13,76 13.52
Injector Fuel Flow - 1b/sec 13.38 13.30
Upper coolant liner flow - 1b/sec 0.2506 0.11
Lower coolant liner flow - lb/sec 0.1832 0.12
Injector mixture ratio 0,716 0. 696
Overall mixture ratio 0, 697 0, 684
Combustion temperature - °R 1394 1333
Flow divider valve position - % 25.8 25.4
Oxidize r injector primary AP 310.5 NAV
Oxicizer injector secondary AP 4,17 NAV
Fuel injector AP
Oxidizer injector temperature - °R 200 190
Fuel injector temperature - °R 125. 4 138.3
Temperature profiie (11 in.) - °R 0 134
Temperature profile (15 in.) - °R 0 72
Average temperature (11 in,) - °R 1394 1353
Average temperature (15in.) -~ °R 1394 1306
Oxidizer primary/total flow split 0.5596 0. 60
Oxidizer primary injector And - int‘d 0. €550 NAV
Oxidizer secondary injector Aud - in? 0. 3509 NAV
Fuel injector A_q (Overall) in2 3.47 NAV

100 96. 8

N.* (Based on PC. wt) -~
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Table XL. Predicted vs Actual Performance for 20% Thrust,
Engine Mixture Ratio of 5, Rig 35131 Run 1,01

(Continued)
Predicted Test Results
7)C* {(Based on average temperature at
11in.) - % 100 99,1
" * (Based on average temperature at
15in.) - % 100 98.0

Table XLI. Predicted vs Actual Performance for 20% Thrust,
Engine Mixture Ratio of 6, Rig 35131-1 Run 1.01

Predicted Test Results

Chamber pressure - psia 719.2 672
Total oxidizer flow - 1b/zec 10. 42 10.36
Oxidizer primary flow - 1b/sec 5.674 7.38
Oxidizer secondary flow - 1b/sec 4.75 2. 98
Total fuel flow ~ lb/sec 11.30 11.23
Injector fuel flow - lb/sec 10,97 11.03
Upper cooclant liner flow - lb/sec 0.2058 0.09
Lower coclant liner flow - 1b/sec 0.1486 0.10
Injector mixture ratio 0. 950 0. 94
Overall mixture ratio 0. 9822 0. 92
Combustion temperature - °R 1796 1741
Flow divider valve position - % 25.8 25.3
Oxidizer injector primary AP 346.6 NAV
Oxidizer Injector secondary QP 5,42 NAV
Fuel injector AP NAV
Oxidizer injector temperature - °R 200 191
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Tuble XLI. Predicted vs Actual Performance for 20% Thrust,
Engine Mixture Ratio of 6, Rig 35131~-1 Run 1.01

(Continued)
Predicted Test Results
Fuel injector temperature - °R 147.5 160
Temperature profile (11 in,) - °R 0 171
Temperature profile (15 in.) - °R 0 98
Average temperature (11 in.) - °R 1796 1741
Average temperature (15 in.) - "R 1796 1722
Oxidizer primary/total flow split 0.5445 0. 598
Oxidizer primary injector A_y - in’ 0. 0550 NAV
Oxidizer secondary injector Apg - in2 0.36381 NAV
Fuel injector Acq (Overall) - in2 3.47 HAV
N.* (Based on P, wt) - % 100 95.0
* (Based on average temperature at

11in,) - % 100 98.5
".* (Based on average temperature at

15in.) - % 100 97.8

Table XLII. Predicted vs Actuai Performance for 20% Thrust,
Engine Mixture Ratic of 7, Rig 35131-1 Run 1.01

Predicted Test Results
Chamber pressure - psia 710.1 673
Total oxidizer flow - ib/sec 11,08 11.1
Oxidizer primary flow - lh/sec 5. 863 7. 89
Oxidizer secondary flow - 1b/sec 5.22 3.16
Total fuel flow - 1b/sec 9. 64 9. 49
Injector fuel flow - Ih/sec 9.3% 4. 33
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Table XLII. Predicted vs Actual Performance for 20% Thrust,
Engine Mixture Ratio of 7, Rig 35131-1 Run 1.01

( Continued)
Predicted Test Results

Upper coolant liner flow - lb/sec 0.1756 0.07
Loewer conlant liner flow - 1b/sec 0.1253 0.09
Injector mixture ratio 1.185 1.18
Overall mixture ratic 1,149 1.186
Combustion temperatuie - °R 2181 2142
Flow divider valve position - °9 25, 8 25, 2
Oxidizer injector primary AP 369.9 NAV
Oxidizer injector secondary AP 5,97 NAV
Fuel injector AP NAV
Oxidizer injector temperature - °R 200 191
Fuel injector temperature - °R 166. 5 176
Temperature profile (21 in.) - °R 0 206
Temperature profile (15 in.) - °R 0 114
Average temperature (11 in.) - °R 2181 2141
Average temperature (15 in.) - °R 2181 2115
Oxidizer primary/total flow split 0.5291 0.608
Oxidizer primary injector A g - in? 0. 0550 NAV
Oxidizer secondary injector A,q - in2 0. 3885 NAV
Fuel Injector Apd (Dverall) - in? 3.47 NAV
N.* (Based on P,, wt) - g 100 95.1
Ne* (Based on average temperature at

11in.) - % 100 98. 4
"7‘.“ {Based on average temperature at

15 in,) - 7 100 97.7




Table XLIII. Predicted vs Actual Performance for 357, Thrust,
Engine Mixture Ratio of 5, Rig 35131-1 Run 1.01

Predicted Test Results

Chamber pressure - psia 1348, 7 1247
Total oxidizer flow - lb/sec 18,28 17.5
Oxidizer primary f'ow - lb/sec 6. 287 7.17

| Oxidizer secondary flow - 1b/sec 11.23 16.29
Total fuel flow - 1b/sec 25.91 25.2
Injector fuel flow - lb/sec 25,10 24,8
Upper coolant liner flow - Ih/sec 0. 465 0.21
Lower coclant liner flow - 1b/sec 0.213 0. 22
Injector Mixture ratio 0.729 0.70
Overall mixture ratio
Combustion temperature - °R 1423, 9 1262
Flow divider valve position - % 38,2 36.3
Oxidizer injector primary AP 418, 2 NAV
Oxidizer {njector secondary AP 13.3 NAV
Fuel Injector AP NAV
Oxidizer injector temperature -~ °R 204.0 194
Fuel injector teruperature - °R 135.4 139
Temperature profile (11 in, ) - °R 0 158
Temperature poofile 156 in, ) - °R 0 121
Average temperature (11 in,) - °R 1423, 9 1262
Average tempersture 15 in,) - °R 1423.9 1263
Ox!dizer primary/total flow split 0,3581 0. 384
Oxidizer peimary injector Acd - inf2 0. 0550 NAV
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Table XLIII. Predicted vs Actual Performance for 35% Thrust,
Engine Mixture Ratio of 5, Rig 35131-1 Run 1.01

(Continued)
Predicted Test Results

Oxidizer secondary injector A,q - in2 0.5531 NAV
Fuel injector A 4 (Overall) - in? 3,47 NAV
Ne* (Based on P, wt) - % 100 96.3
N.* (Based on average temperature at

11in,) - % 100 96.2
Mc* (Based on average temperature at

15in.) - % 190 96.0
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Figure 379. Two Thermocouple Rakes, Viewed Up-
streaim Theough the Nezzle, Test 5,01

No. 4
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Rig 36131-1, Run 1.01, 1%-in. Rake
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Figure 380. Temperature Distribution, 20% Thrust FD 44041
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Rig 35131-1, Run 1.01, 15-in. Rake
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Figure 381, Temperature Distribution, 359 Thrust FD 44043
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It was determined irom the cuter combustion liner temperatures that liner
damnage was sustained just after the oxidizer flow was introduced into the second-
ary cavity of the injector. Figure 382 indicates that until oxidizer flow reached
the secondary cavity, the cooling liner temperature was lower than average com-
bustion temperature, but after secondary flow was started, cooling liner temper-
ature rapidly climbed above the average combustion temperature to app:oximately

the melt temperature,

i
2000 —-1 -t - /T—-
' i
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Figure 382. Oxidizer Flow Reached Secondary Cavity FD 33181
of the 'njector

Figure 333 shows that combustion noise was 4 psi peak-to-peak at 207
thrust and r = 5 before and after the 80 grain charge was fired through a 20, 000
psi burst disk into the combustion chamber. The pulse charge created an 86
psi and 60 psi overpressure at axial planes 2.7 in. and 18 in, from the injector.
Chamber pressure decreased to its normal noise level in 3 msec. Also ob-
served from the chamber prassure trace in figure 383, low frequency instability
was not encountered during che vun.
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Figure 383, Preburner Chamber Pressure During FD 31515A

Pulsing, Test 1.01

Disassembly of the rig revealed that burning propellants from the outer
injectiv: elements had impinged the inner uncooled liner. This action melted
a hole in the inner liner and molten metal was thrown against the outer cooled
liner. The holes provided a flowpath for burning propellants between the outer
cooled liner and chamber shell. Because of the shape of the liners, the flowpath
nad a static pressure differential of approximately 15 psid between the upstream
entrance and downstream discharge. Therefore, burning propellants continuously
were drawn through the holes in the lirer. The seal at the parting face, between
the 4 in. spacer and chamber shell, hecame hot and leaked burning nropellants
overboard, damaging an instrumentation cable, and causing rig shutdown.
Figure 384 shows the damage to the inner liner viewed from the injector face
cooling downstream. Note the damage occurred in a quadrant away from the
thermocouple rakes, which are visible.

Closer examination of the injector revealed small holes in the top of
eleven oxidizer clements where the tubes are rolled and sealed with copper
braze. It was beliceved this condition existed during run 1. 01 and could have
contributed to liner damage by injecting un: umni'/vd liquid oxvgen that reached the
chamberwall, It was believed that during the nitric acid ctch, which re-
moved the face plat: from the first injector .mxcmbl\ 0 cure the low fuel Ay
aused by excessive braze material, some form of »cid, cither fumes or liquid,
reached the braze at the end of the element and etched away the copper braze
scal, thus forming the holes that were discovered.

After review of the hot firing data, which indicate no combustion abnormality,
it was concluded that liner damage was caused by burning propellants striking the
liner walls.,  Therefore, oxvgen from the outer elements would be directed inward
by bending the tips of the clements, and the liner wildls would be further protected
by adding liner film cooling.
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TFigure 384, Preburner Scrub Liner After FD 33152A
Test 1.01

Teardown inspection also revealed a surface crack on the injector housing.
The crack was approximately 0,015 to 0,030 in. deep and 1.5 in. long. The
crack is on the 0,300 in, thick section of the injector housing where the injector
face spring seal is aitached. During the braze operation, the crack originated
in the tack weld that holds the injector faceplate seal in place, and propagated
outward into the parent material of the Inconel 718 housing.

After evaluation of performance data and the rig teardown results, the
following changes were made to the injector and the test rig:

(1) Injecior

The crack in the injector housing was routed out and inspected by zyglo
and a microscope to assure the old weld and braze were completely removed.
Cracks and holes in 72 element tops were sealed by a gold-niceer heliare torch
braze and 103 equally spaced 0,018 .-, diameter holes were electrical discharge
machined around the outer diameter of the Rigimesh fuel faceplate te provide
film coolant to the <crub liner, o give additional protection to the liner, the
ends of the outer row oxidizer clements were bent 10 to 15 deg towards the in-
jector center line to redirect LO. 2wav from the scerub liner, These modifica-
tions are shown in figure 353,
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Figure 385, Preburner Injector Fixed to FD 33178B
£revent Uncooled Liner Damage

The injector wes tested with water flowing on the iuel and oxid:zer sides
to observe the pattern created by the rework. The 108, 0.018 in. diameter
holes flowed water in small solid streams aud the flow was relatively uniform
irom hole to hole, It was noted that the face spring seal between the fuel
faceplate and the oxidizer housing leaked a significant amount in some circum-
ferential locations during water flow. Water flowing at 35 psid, tr2> maximuin
pressure where visual observations were made, revealed the seal was still §
leaking. Flow emanating from the tilted oxidizer elements was ohserved to be
undisturbed, excep: that the cone axis was shifted by the amount the element
was tilted, as observed in individual element water flow samples.

(2) Combustion Chamber Assembly

The 4 in. spacer had been eroded in one arez by leaking hot gas during
the rin, This area was routed out, rewelded, X-rayed, ancd ntachined to the
original configuration. The burned arca in the adapter was routed out, rewelded,
X-rayed, and then remachined to blueprint configuration. The combustion chamber
shell was replaced by another remainirg from Phase I tests,

To eliminate the negeative differential pressure existing between the ¢com-
bustion chamber and the chamber shell to coolant liner annulus, a pressure dam
for the first ? in. of the annulus was made by welding a spacer ring to the coolant
liner. The pressurized area was vented by 40 cqually spaced 0,067 in. Jdiamoter
Foles in the spacer ring. Figure 385 also detmils this configuraiion.

For additional protection from liner damage, skin thermocouples were
attached to the replacement scerub liner, These skin temperiatures were to be
monitored during subsequent hot firings.

The preburner rig was rebuilt with the modifications previously described
and mounted in £-8 {est stand for further hot firings.

Run 2. 01, the preburner rig was programed for mixture ratios of 5 and 6
at 20" thrust with a pulse gun to fire at the end of the mixtuve ratio ol 5 data
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points to demonstrate the temperature profile, combustion stability, durability
of the serub liner, The run was manually advanced after 22, 12 sec constituting
a full duration run,

A visual inspection of the rig after shutdown showed no damage to the
uncooled liner, There was some blueirg of the liner in the area arcund pulse
gun No. 2, but burning did not occur. The injector face appeared unchanged,
Maximum lincr temperature recorded during the second run was 940°R, During
run 1,01, the liner temperature at 20% thrust and a mixture ratio of 6 was over
2000°R. Because visual damage and liner temperature was acceptable, it was
decided te proceed with the next run.

Rui 3,01, similar to run 2.01, was designed to demonstrate temperature
profile, combustion stability, and hardware durability at mixture ratios of
5, 6, and 7 at the 20, 35, and 509 thrust levels. The run was automatically
advanced at 27,73 see, just after the 20% thrust and mixture ratio of 7 point,
by a high scrub liner temperature. An 80 grain pulse charge was fired at
20% thrust and mixture ratio of 5. Another pulse charge was programed to fire
at 20 thrust and mixture ratio of 7, but the pulse did not fire when the signal
was given, The pulse charge did firve just after the advance signal was triggered,
No instability was encountered before or after the pulse charges were fired.

Postrun visual inspection of the rig revealed damage to the ccrub liner,
The serub liner was burned through upstream of the No. 2 pulse gun creating a
hole approximately 0.5 in, diameter, DMetal erosion of approximately 0.5 in.
existed upstream of the hole. Another hole was burned through at 150 deg, viewed
upstream. There were two other areas of metal ¢rosion approximateiy 0.5 in.2,
one located at 90 deg and the other about 135 deg, There was no damage to other
parts, except the scrub liner, The injector face remained in good condition with
no metal ercsion occurring as shown in figure 386. The local discolored spots
appeared more distinet and more numerous. The rig was removed from the
test stand for further investigation of linci damage.

Figure 387 shows the temperature distribution exhibited during run 3.01,
The profile is acceptable in both the 11 and 15 in. plane as it was in run 1.01.
The predicted and attained conditions are the same as these previously shown
in tables NI., XLI, «ud XLII., At this point, the data still does not indicate the
cause of liner damage. The result= of the pulse gun firing were similar to that
described for run 1.01.

400




Figure 386. injector Face Showing Good Condition I'F 89765
Without Metal Frosion
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Inspection during rig disassembly revealed extrenme erosion of the scrub
liner, bluing of the lower convergent scrub liner, reappearance of the crack in
the injector housing, but no other rig damage,

In general, the patterns of burning scen on builds 1 and 2 scrub liners
were similar, as scen in figures 3838, 389, 390, and 391, These photographs
were taken with the build 1 serub liner setting on top of the build 2 liner for
comparison purposes, Fixes made to the injector after puild 1 did decrease
andl delay the wall burning « xperienced in the first run since wall burning did
not oceur until 207 thrust and a mixture ratio of 7. Because the wall burning
pattern was similar in builds 1 and 2, an asymmetrical flow pattern from the
injector was suspected,

The injector was water flowed to observe the flow patterns of the fuel and
oxidizer, Water flow on the fuel side of the injector showed lurge amounts of
seal leakage between the injector face and the injector housing at the face spring
seal, In general, no seal leakage was found in the areas where the liner was
burned or discolored. Areas where ihe seal leaked are shown in figure 392.
There is a weak correlation between the lack of seal leakage in the 5 o'clock area
and the fact that liners of runs 1. 01 and 1. 03 were badly burned in this area,

Ficure 388. Scrub Liner Burning Pattern, Top Dead KE 90242
Center View
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Figure 389.
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Scrub Liner Burning Pattern,
View

Scerub Liner Burning Pattern,
180 deg View
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Figure 391.

Leaking Seal
Configuration

Seal Leakage Found
During Water Flow
Indicated by

Scrub Liner Burning Pattern,

270 deg View
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Waier flow on the oxidizer side of the injector showed a tendeney for the
spray to travel towards the serub liner wall more at the ends of the hexagonal
patiern. Two of the six corners had a stronger tendency (o flow toward the
chamber wall than to the other corne.s, These two corners aligned with the
bhurned through hole and the metal eroded area on the serub liner wall. Twelve
elements displayed the tendency to spray towards the wall, The left side ot
figure 393 shows how the oxidizer elements are redirected,
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Figure 393. Injector Element Pattern Showing FD 34766A
12 Redirected Elements

Since the data did not indicate any problems with profile, it was concluded
that liner burning was caused by injected liquid oxygen impingement on the cham-
ber wall and this created heat flux magnitudes beyond the capability of the film
cooling incorporated in build 2, The water flow of the injector indicated the
oxidiz r source could be the twelve elements on the ends of the hexagonal face
pattern.

The following test rig repairs and modifications were made after study of
performance data. .oter flow tests, and rig inspection results:

a. Injector

Four thermal relief slots to prevent additional eracking were machined in
the injector housing fuel seal land, Orne of these slots was positioned to eliminate
the existing crack. Scction A-A of figure 394 shows the injector after machin-
ing the thermal relief slots. During rig running, just after start when cold fuel
is being introduced into the injector, the thin portion of the injector housing
where the crack, that originally starvted at a tack weld, c¢xists, cools off more
rapidly than the heavy section of the injector housing at the bolt circle, This
creates high hoop stress in the thin section which propagated the erack, The
addition of four thermal relief slots broke the hoop of the thin section, thus re-
lieving the stress.
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Section A-A

Fimirve 394, Injector Thermal Relief Slots

The fuel faceplate spring seal was remeved and replaced by a positive
seal, The positive seal is flexible sheet metal that is welded on one side to the
injector housing and on the other to the fuel faceplate, The flexibility of the seal
allows for both axial and radial thermal expansion of the faceplate relative to the
injector housing.

To correct the tendency of the oxidizer spray toward the wall, the 12 ele-
ment tips were tilted 12 to 15 deg toward the chamber centerline, similar to that
done to the outer row clements after builld 1, The 108 film coolant holes were
welded shut in favor of the new transpiration-cooled scrub liner. Figure 395
shows these injector and liner modifications.

b Combustion Chamber Assembly

A transpiration-cooled scrub liner, also shown in figure 395, was in-
corporated in build 3 of the test rig. ‘The transpiration system was fed by a line
tapped in the injector fuel inlet line. An orifice in the supply line was used for
flow measurement, A passage in the 1 in. spacer supplied the flow to the three
liner zones, Consistent with build 2, skir thermocouples were attached to the
scrub and coolant liners,

Two additional 10-point rakes were added at the 15 in, station making 2
total of four rakes cach spaced 90 deg to this plane. The rakes, located as
shown in figure 396 were added to obtain temperature profile data on the side
ol the rig experiencing most of the wail burn damage.
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Welded 108 Holes
Added Positive

Face Seal 1.9 in. Transpiration Liner

Figure 395, Modification Made to Preburner For Build 3 FD 38327
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The preburner rig was assembled with ihe modifications described, and
the rig was mounted in E-8 test stand for continued hot testing,

The objectives of the fourth preburner run, 4,01, were to demonstrate
durability of the new transpiration liner as well as temperature profile, com-~
hustion stability, and propellant temperature effects at engine mixture ratios of
3, 6, ard 7 at the 207 thrust level. The programed run duration was 32, 4 sec.

The {est was automatically advanced after 1.4 sec because of a high com-~
bustion temperature, This high temperature was causcd by an oxidizer flowrate
approximately three times higher than the required level, although the flowmeter
signal controlling the oxidizer flow indicated the required flowrate was being
delivered to the rig. The rig hardware remained in good condition after test 4,01,

The flowmeter was removed and disassembled for inspection. No mechan-
ical problem was found with the flowmeter parts, but the meter was rebuilt with
new bearings, No electrical deficiency was found, but all meter coils were re-~
placed, It was concluded that the meter had iced internally causing a faulty flow
signal,

The 5,01 test program was a repeat of the 4. 01 program. The run was
a-lvanced after 6, 7 sec because of a faulty indication of a high outer-coolcd liner
temperature. A post-run investigation revealed the thermocoiiple that triggered
the advance was intermittently ope.i. The faulty thermocouple was deleted from
the automatic advance for the next run. The rig hardware remained in good
condition after test 5.01. The injector face after run 5,01 appeared the same as
before, as shown in figure 397.

The 6,01 test program was a repeat of the 4, 01 progrzm, The run was
advanced after 32, 2 sec by a faulty high fuel injector differential pressure. The
advance occurred only 200 msec before the programed manual shutdown, and the
run was essentially complete., The faulty fuel injector differential pressure was
caused by i lagging chamber pressure signal to the low side of the measuring
transduccr.

Inspection of rig hardware after test 6,01 revealed damage to the trans-
piration-cooled Rigimesh liner in the same general area damaged after tests
1,01 and 3,01, The rig was removed from the test stand for investigation of
liner damage, Inspection after disassembly of the rig showed damage was con-
fincd to ihe transpiration-cooled liner section and the liner extension as shown
in figure 398, The remainder of the rig was in good condition. A post-run
6. 01 injector photograph is shown in figure 399,

The predicted and attained rig conditions were basically the same as pre-
viously shown in tables XLI, XLII, and XLII for run 1, 01, except the tem-
perature profile was worse because of high temperatures exhibited on new
rake No. 5, Temperature distribution at the 15 in, plane is shown in fig-
ures 400, and 101, Note that rake No. 5 indirates temperatures near the
chamber wall are near the melting temperature of the vall material even at the
15 in, planc. These data indicate that chamber wall damage is caused by poor
distribution of injected mixture causing high mixture ratios in the damaged arca
and not caused by injected oxygen impingement on the wall as had previously
been suspectoed,

408

//




Figure 3$7. Tujector FFace Condition After Run 5,01 KFE 92453
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icure 39S, Laner Damage Sustained During Test 6, 01 I 31763
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Figurce 399. Injecter shown Alter Run 6.01
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Figure 461, Fixed Area Preburner Temperature Profile, Run 6,01 DF 78954

Since the damage to the cooled liner caused by a high mixture ratio in
run 6,01 was generally the area damaged during runs 1,01 and 2,01, it is
suspected that the high mixture ratio is caused by maldistributed propellanis
from the injector. There are many possible causes for maldistributed pro-
pellants trom the injector, but the morce obvious possibilitics are considered:

1. AMaldistribution originating inside the injector because of
primary, sccondarv, or fucl manifolding

2, Maldistribution of the secondary flow originating inside the
preburner oxidizer valve

3, Variation of individual secondary Agg caused by primary and
secondary interaction

L, Variations in individual primary, sccondary or fuel A g

caused by assembly processes.,

At this point, an injector and oxidizer control valve cold flow program was
initiated. A total of 21 flow tests were made, but because of errors in flow tool-
ing, only scven tests proved significant, T ble XLIV lists each of these tests.

The first test was a nitrogen backflow test of the primaries to determine
il anyv were blocked,  The gas flowed into the element through o hypotube with a
rubber gasket to seal it the tube entrance,  Flow through secondary stots was
prevented by plastic shrunk over each tube end,  Gas is supplicd from storage
bottles and then passes throush a pressure regulator and flowrater before enter-
ing the Tow tool. Figure 102 illustrates the test setup,
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Figure 402, Element Test Set Up FD 38371

Results of the test showed that six elements had totally blocked primaries
and 83 were significantly blocked. Figure 403 shows the results of the mathe-
matical technique used to determine primary blockage., The number adjacent to
each location is the ratio of the normalized gas flows obtained during test No, 1
to the normalized water flows of individual elements before injector assembly.
Normalization [s simply a comparison of an individual flow to the average of all
similar individual flows or Wp x N/Wp. A ratio below 1.0 means the element
primary Acqd is a lower percentage of the total injector primary Acd for gas flows
as compared to preassembly water flows, thereby indicating blockage. Elements
with ratios below 0.92 were considered blocked and are shaded on figure 403 with

boundary lines drawn around the shaded elements. No conclusive correlation between
plugged or partially plugged primary holes and liner wall burning could be drawn.

Injector X~-rays later showed four small heavy areas of braze material
around the outer row of elements, Two of these areas are adjacent to plugged
eiements while the other two were near the partially plugged elements, Bore-
scope inspection of the element ID confirmed braze blockage in the primary holes
of the six plugged elements,

The second test was a joint water flow of the primary and secondary. The
objeetive of the test was to determine if a significant reduction of primary A4,
and therefore a lower tube internal pressure, would permit excessive secondary
flow. The entire primary circuit was continuousiy flowed, while each secondary
was separately flowed., A manifold to route water to the primary supply ports
was made, so there was access to the sccondary manifold cavity, All second-
arics except the one beirg flowed were sealed with plastic caps. For cach test,
total primary flowrate and individual element secondary AP were set at simulated
207 thrust simulation points, and the flowrate recorded for each secondary. Fig-

ure 404 shows the test setup,
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Elements Less Than 0.92 Are Considered Blocked
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Figure 404, Dual Water Flow Test Set Up FD 38259
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Figure 405 shows a comparison of the temperature profile computed
from the above dual flows to the actual profile scen during hot runs at the &
thrust level,  The dual flow combustion temperature for cach rake thermoco.
is con.puted from the aggregate mixture ratio of all the locations falling within
a 0.5 in. radius of the projection of the thermocouple on the injector face. 'The
mixture ratio is determined from the element oxidizer water flows in test 2 and
the fuel orifice preassembly water flows, The clement oxidizer {low is the sum
of the measured secondary flow and the primary flow computer as a percentage
of the total primary flow, Because there was only a weak correlation for rake
No, 4, plugged primaries via primary-to-secondary interaction effects apparently
did not cause propellant maldistribution.

The third test was a water flow of the oxidizer control valve and injector
to determine what cffect the valve has on flow distribution. Flows were collec.ed
from each clement by tooling that was fitted over the tube ends as shown in fig--
ure 406. Flow conditions were set by adjusting the total water flow into the
injector and the proper stroke of the contrel valve. For this test, the 20% thrust
flows and valve positions were set to investigate the level where wall burning and
poor profile had been cxperienced. Test 3 was performed for the sector of the
No. 5 temperature rake, the area of poor profile and most severe wall burning,
Flow results were used to predict a temperature profile for rake No, 5 using
analytical techniques discussed in test 2. The flat profile seen in figure 407
indicated the valve did not cause maldistribution of LOz and therefore was not
responsible for the actual profile or wall burning.
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The fourth test was o repeat of the third except that a 0,250 in. spacer was
installed between the injector and control valve as shown in figure 408, This
was done to investigate the effeet of inereased secondary cavity volume, minimized
in the B/M configuration,  Again, the results were used to prediet a temperature
profile for rake No. 5. [Iigure 409 shows this plot compared with similar
results from tests 2 and 3. It was concluded the spacer would not have value in
improving sceondary distribution and was evidenced by the slightly deteriorated
temperature prolile,

— Preburner Oxidizer Valve

Pigure tus. Preburner Injector and Oxidizer Control Valve With Spacer ') 35260
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Figure 409, Combustion Temperature DI 78972

The fifth test was a nitrogen flow test of the fuel injector and the E-8 fuel
inlet supply line for the effcet that plumbing had on fuel distribution, The injce-
tor was positioned in the test stand exactly as it was when mounted in the test
rig. Nitrogen flowed through the entire fuel inlet line at simulated GHo velocities,
thereby entering the injector at simulated run conditions,

A hand tool, positioncd over the fuel orifice discharge, was uscd to measure
static pressure at each location, thereby relating the flow distribution across the
face., Figure 410 shows the injector in the stand and the static pressure tool,

Pressures and flows at each loeation were compared to an average computed
from summation of all flows, With perfect distribution, the ratio for cach loca-
tion would be 1,0, The ratio for cach location is shown in figure 411, It can be
seen that ratios for sectors 1, 3, 4, 5, and 6 are generally less than 1,0, and
greater than one (2, 87) in sector 2. This shows that there would be excessive
fuel flow in this sector, contrary to the expected, when associated with poor pro-
file and wall burning. The elbow in the stand plumbing upstream of the inlet horn
raused packing of the fuel tlow on one side of the injector,

The fuel filter was close coupled to the fuel inlet horn for the sixth test
and is shown in figure 412, The [ifth test was repeated and results shown in
figure 413 indicate distribution had flattened., A ratio average near 1,0 was
obtained for cach sector,  Fuel filter pressure loss redistributed the fuel hefore
reaching the inlet, thereby improving distribution throughout the nmoinifold,

419




Pressure
Tool

Regimesh
Face

N

H20 . lanometer

= ]

Figure 110, Injector in Stand With Statie Pressure 13 373321
Tool

420




Section 6

1065 0:993 0994 0996 0.89 m
, Oo O 010 O 1) \\Hm
. 0.998 994 0994 0998 0995 0995 1.0 .
/ O\o © © o o O p 7\
0.908 09092 09898 0998 0992 0999 0696 0999 0998 11702 0980 0.995
0 \\O Q 0O o 0O P / O 0 \

0.998 0991 0996 1001 0996 0997 0586 1.0 1.0° 0990 0992 099
O O O \ 0o O (P O O g)/ O 0O
. 999 9 .
O O © O\ O 0|0 © ;D/O O

997 C.H95 0994 0.991 0594 0596 0996 0996 0988 0990 0991 0995 0.999
O 0 O O\0 O 0O @¢,0 O ©
09950996 0.995 0995 0993 0994 | 0995 0995 0986 0989 0991 0992 0997 0.999
O’G\OOO\OO O o O O o O
995 0.998-0999 0989 0992 0991 0994 0966 0939 0992 (0.995 0.998 0.999 0.984
0 O © O\N® @/0 o 0 o 0
- 0299 0994 0992- 0921 0993 |0999 0.

.992 - .99 986 0991 0994 0.999.099%4 1002 1.003
b\@\o&\o /06 o0 -0 0 O 0

50990 0.986 0991 0998 0993 0996 1.0
—O0—O0—O0—0—0C

1.004 1.005

0996 0995 0.993 0992 0992 0991 0994 0.99310995_0.999_1.003. 1.606 .1.007 _1.013_1.012__ 1.022

OOOOOOO/OO C O 0 0 00
0.992 0.993 €991 0993 0992 0992 0994 0996 0.996\0.999 0999 1.006 1.009 10171 1.614 1019 1027
OOOOOOO/O \OOOOO~OO
0995 0994 0992 0992 0991 0991 0397 0992 0986, 0.998 1.001 1009 1014 1015 1022 1.027
© 6 6 9 06 0/0 0|00 O 6.0 0 O o©
0992 0994 0991 0992 0992 0991 0993 0994 0.998, 1.006 1.608 1.012° 1017 1023 1.029
O 0 ¢ 9 O0/0 0 O\ © © & 9 ©
. 0992 0991 0992 0992 09%8 9.0 {1002 1003 1.013 015 1019 1027 1.034
‘0 0 0,0 8 0|0'8\6 6 0 00
0993 0990 0900 0991 0996 1.0 09% 0998 10\ 1015 1015 1014 103
o © O0/'0 O © T O ONO O O O

Sector 4 Sector 2

0.989 0.985 0./985 0985 0991 0.997 (1,003 1011 1014 1027 1.033 1045

© 0/0 o o 0|0 O 9\ 0 0o

1060 0991 1001 1013 1018 1.022 1022 1.042
0 60 O O 0O\ O

1003 1.001 (1025 1038
: o O

/

1.035
)

Sector 3

Figure 411, Ratio of Individual Pressure To FD 38261
Average Pressure For [uel Side
GNy Flow Without Close Mounted
Filter

421




Figure 412. Fuel Filter Close Coupled to Fuei

¥D 37332D
inlet Horn
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After flow tests were completed, the injector primaries were back-fiushed

with water at approximately 500 psid to remove trash accumulating during the
test series,

The seventh test determined the cleaning effect of the primary back flush,
Test 1, a nitrogen back flush of the primaries, was repeated,

Test resulis were again used to compute a ratio of test 7 gas flow Ayq to
the preassembly water flow A,q as described in test 1. The shaded areas in
figure 414 show locations that are considered blocked (ratios below 0. 2) and

it is apparent there was a significant reduction in the number of blocked pri-
maries when compared to test 1 resuits.
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Conciusions drawn from the injector flow program are:

1. There were blocked and partially blocked primaries which arc
unacceptable even though there was no correlation with the
hot firing combustion temperatures

2. The majority of the primaries were plugged with trash that
was removed by back flowing

3. Stand plumbing caused a maldistribution of fuel flow in the
injector

4. Installing the high loss ¢tand filter upstream of the injector
flattened the fuel maldistribution,

It was then decided to perform hot fire tests that would show the effects of
fuel temperature, flowrate, and flowsplit on combustion temperature profile,
Action taken to repair or modify the rig for build 4 was:

1. The six elements with blocked primaries were plugged by
welding shut the secondary slots and filling the tube with steel

rod and seal welded at the tube discharge as seen in fig-
ure 415

Fusible Alloy

Primary Orifices Plugged
With Braze Alloy

Figure 415, Six Elements With Blocked FD 37523
Primaries Plugged By Welding

The transpiration liner assembly was replaced by onc with
individual compartments within each zone. Each of the 18
compartments within cach zonce is suppliced by a zone orifice,
The external and zone orifices were resized so that most of
the pressure drop occurs across the zone orifices, thercby
reducing the drop across the Rigimesh, These modifications
were made in an effort to maintain coolant flow to a given
small compartment by a high pressurc drop in the compart-
ment supply orifice, The scheme forces a uniform distri-
bution of coolant flow regardless of local variations in cither
chamber heat flux or Rigimesh porosity
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3. The 12 point temperature rakes in the 11 in, plane were
omitted because four equally spaced rakes in the 15 in, plane
would become the standard for evaluating the profile

4. The facility fuel inlet filter was relocated to prevent maldistri-
bution of fuel in the injector.

The preburner rig was assembled with the described modifications and
mounted in E-8 test stand for continued hot firing.

Run 7, 01 of build 4 of the preburner test rig was programed for a mixture
ratio of 5 at both the 20 and 50% thrust levels. At the 20% level, flowsplit was
to be varied from the cycle value of 0,56 to 0.40 and fuel temperature was to be
raised from 125°R to 400°R. At 50% thrust, the LOg flowsplit was to be varied
from 0,10 to 0.40., Al excursions were planned to show profile effects as a
function of injection conditions,

Run 7, 01, conducted on January 31, 1970, was of full duration at 52,9 sec,
Inspection of the rig after run 7, 01 shows the combustion liner was blued to
varying degrees in 12 places, spaced fairly uniformly around the circumference,
Metal erosion was not evident in any area. In a number of places, the blueing
extended from the upstream edge of the liner through the second transpiration
cooling zone, with the third zone remaining clean and the hlueing beginning again
downstream of the transpiration section on the liner extension, The injector face
as well as a typically discolored area of the liner as seen through a mirror is
shown in figure 416. The data show that the maximum-to-average combustion
temperature at 20% and a mixture ratio of 5 was 215°R. The expected LOg flow-
split at 20% and a mixtur= ratio of 5 cycle condition where the 215°R profile
was measured was 38% instead of the programed 56%. This was caused by a
leak between the primary and secondary cavity downstream of the preburner
oxidizer valve, Because of this leak, no programed flowsplits were attained at
20% thrust and mixture ratio of 5.

The run 7, 01 flowsplit excursion at 209 thrust, mixture ratio of 5 ranged
from 29 to 387, showing only a weak correlation, indicating lower combustion
temperature profiles with lower flowsplits in this flowsplit range, as can be
seen from figure 417 and 418,

During the 20° thrust and mixture ratio of 5 cycle point and the LO9 flow~
split excursion, some of the combustion liner temperatures downstream of the
transpiration section were above the average combustion temperature by approxi-
mately 135°R. The hottest liner tempcrature reached 2200°R at the end of the
flowsplit excursions, Figure 419 shows the hottest liner temperature recorded
during the run as well as a baseline temperature. The baseline temperature is
taken from n thermocouple that remained intact throughout this build,

As fucl flow was increased ar 207 thrust and a mixture ratio of 5 to allow
a fuel temperature excursion from 125°R to 400°R, while maintaining a com-
bustion temperature no higher than 1350°R, the liner temperature rapidly fell to
below average combustion temperature, The maximum-to-average combustion
temperature was 133°R at 380°R fuel temperature,

426




‘.
x

Figure 416, Preburner Discolored Area, FE 95379
Run 7,01
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As the propellants were ramgped to the 509 thrust, mixture ratio of 5 condi-
tion, the combustion liner temperature, which had been higher than the average
combustion temperature at 209, thrust, mixture ratio of 5 cycle conditions, climbed
to 100°R above the 1400°R average combustion temperature,

During the ramp to 507, thrust, mixture ratio of 5, the Rosemont tempera-~
turc probe, by which the GHp valve controls fuel temperature, failed and the
resulting signal caused the G valve to close. Since the LHq valve is on total
flow control {summing LHo an(? GHgy flow) the total flow to the rig continued to
follow the program but the flow was all liquid hydrogen at 102°R, Therefore,
all 50% points were at this fuel temperature,

At 50% thrust, mixture ratio of 5 cycle conditions (fuel temperature of
102°R instead of 142°R and LO2 flowsplit of 23% rather than 26%), the maximum-
to-average combustion temperature spread was 190°R, The cycle predicted and
attained conditions at 50% thrust are shown in tables XXXXV and XXXXVI. The
LOo flowsplit was varied from 9% to 32%. During the flowsplit excursion at
50% thrust, mixture ratio of 5 the maximum-to-average temperature spread
changed as illustrated in figure 420,

Run 8, 02 was programed for 20% thrust and a mixture ratio of 5 with a
LO2 flowqpht excursion that would cause the injected flowsplit to range from 38%
to 56% and a reduction of LOg flow while at 20% thrust and mixture ratio of 5 to
lower the average combustion temperature to approximately 1000 °R, The reduc-
tion in LO, flow simulates the point attained on run 7,01 where fuel flow was in-
creased in preparation for increasing fuel temperature., Propellant flows were
scheduled bo be mcreased to 50 70 thrust and mixture ratios of 5, 6 and 7,
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Table XLV,

Predicted vs Actual Performance For 50% Thrust,

Engine Mixture Ratio of 5, Rig 35131-4, Run 7.0l

Rig No. 33151 Engine Cycle Test
Predicted Results
Chamber Pressure -~ psia 2,010,1 2020.
Total Oxidizer Flow - lb/sec 28,23 28.71
Oxidizer Primary Flow = lb/sec 7.293 7.48
Oxidizer Secondary Flow - 1b/sec 20,94 21.23
Total Fuel Flow - lb/sec 38.07 37.807
Injector Fuel Flow - 1lb/sec 36.97 36.461
Upper Coolant Liner Flow - 1lb/sec 0.690%%* 0.594
Lower Coolant Liner Flow - 1lb/sec 0.512%%% 0.386
Injector Mixture Ratio 0.763 0.787
Overall Mixture Ratio 0.742 0.759
Combustion Temperature - °R 1488. 1402,
Flow Divider Valve Position - 7% 48,2 48.4
Oxidizer Injector Primary AP 558.6 344.2%
Oxidizer Injector Secondary AP 35.0 47.5%
Fuel Injector AP (Plate) 110. 88.1
Oxidizer Injector Temperature - °R 208, 187.
Fuel Injectdér Temperature - °R 142.0 103, %%
Temperature Profile (11 in.) - °R 0.
Temperature Profile (15 in.) - °R 0. 190.
Average Temperature (11 in.) - °R 1488.
Average Temperature (15 in.) - °R 1488, 1402,
Oxidizer Primary/Total Flow Split
(Valve) 0.2583 0.2604%
Oxidizer Primary Injector A.4 - in? 0.0550 0.0731*
Oxidizer Secondary Injector Acq - in2 0.6309 0.5589*
Fuel Injector Acd (Overall) - inf 3, 1ok NAV
2.* (Based on Pg, WT) - 7 100. 99.3
Ne* (Based on Average Temperature at
11 in,) -~ % 100,
* (Based on Average Temperature at
15 in,) - % 100. 97.5
Transpiration Liner Flow - lb/sec 0,372%%% 0.366
Fuel Injector Acd (Plate) - in? 3, 3w 3.22

*Note:

secondary injector cavity,

**At the 507%

condition

There 18 an apparent leak of primary injector flow into the
Injector flow split is 0.21.
a malfunction in the facility control system

shut off the gaseous hydrogen flow driving fuel temperature down,

***Rig Cycle Predictions.
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Table XLVI, Predicted vs Actual Performance for 267, Thrust,
Engine Mixture Ratio of 5, Rig 35131-4 Run 10, 02

Rig Cycle
Predicted Test Results

Chamber Pressure ~ psia 708.7 694.
Total Oxidizer Flow ~ lb/sec 9.59 8.93
Oxidizer Primary Flow - lb/sec 5.367 4.49
Oxidizer Secondary Flow - 1lb/sec 4.22 4,44
Total Fuel Flow - 1b/sec 13.76 13.581
Injector Fuel Flow ~ 1lb/sec 13.38 13,36
Upper Coolant Liner Flow - lb/sec 0.2506 0.2085
Lower Coolant Liner Flow ~ lb/sec 0.1832 0.1310
Injector Mixture Ratio 0.716 0.663
Overall Mixture Ratio 0.697 0.647
Combustion Temperature - °R 1394, 1349,
Flow Divider Valve Position - 7% 25.8 26.0
Oxidizer Injector Primary AP 310.5 131.*
Oxidizer Injector Secondary AP 4,7 7.%
Fuel Injector AP (Plate) 35.56 37.
Oxidizer Injector Temperature - °R 200.0 188.2
Fuel Injectér Temperature - °R 125.4 128.3
Temperature Profile (11 in.) - °R 0. NAV
Temperature Profile (15 in.) - °R 0. 196,
Average Temperature (11 in.) - °R 1394, NAV
Average Temperature (15 in.) - °R 1394, 1348,
Oxidizer Primary/Total Flow Split 0.5596 0.5023*

(Valve) 0.0550 0.0711%*
Oxidizer Primary Injector A g4 - in2 0.3509 0.3046%
Oxidizer Secondary Injector A.4 - in% 3.1 NAV
Fuel Injector Acd (Overa}l) - in? 100. 103,
™ (Based on Pc, WT) - %

* ased on Average Temperatur
Lofirmtalis B Temperature ot 100. ey

* (Based on Average Temperature at

15 in,) - % 100. 102.
Transpiration Liner Flow - 1lb/sec 0.110 0.111
Fuel Injector Acd (Plate) - in? 3.3 3.14

*Note: There is an apparent leak of oxidizer flow from the primary
Injector flow spllit 1is 0.43.

injector cavity into the secondary cavity.

The LOg flow evcursion at 207 thrust and mixture ratio of 5 indicated the

effect of cycle flowsplits on temperature profile,

The programed reduction in

LOo flow at 20% thrust and mixture ratio of 5 was to show the effect of the decrease
of LO32 flow on liner temperatures while 50% thrust, mixture ratio of &, 6, and 7
levels would indicate the maximum-~to-average temperature at higher average com-

bustion temperatures,
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Run 8,02 was conducted on February 6, 1970, The run was automatically
advanced after 1.47 sec due to a high combustion liner temperature, Post-test
inspection of the rig revealed no damage,. It was concluded that LGg had  cumu-
lated behind the combustion liner during the preignition LOg2 lead and wa: ‘.urned
with transpiration coolant,

Run 9.01 was conducted on February 7, 1970 and was a programed repeat
of run 8.02, although n GHe purge of approximately 0.4 lb/sec was introduced
through the fuel side of the injector and through the transpiration and outer cooled
liners, or 4 sec before the start of the preignition LO9 lead in an effort to pre-
vent LO9 from accumulating behind the liner. Run 9.01 was automatically ad-
vanced after 1, 47 sec because of » high combustion liner temperature. Inspec-
tion of the rig after run 9. 01 revealed no damage,

Subsequent anzlysis of data from run 8,02 and 9.01 indicate the combustion
liner temperatures were dropping to LOg saturation temperatures during the pre-
run countcown, indicating a leak in the preburner oxidizer valve prior to the pre~
ignition LOg lead.

Run 10. 02 was scheduled as a repeat of 8.02 except the GH, purge to the
fuel line was initiated two minutes before the run to more adequately purge the
chamber of puddled LO2.

Run 10,02, conducted on Februa-y 8, 1970, was automatically advanced
after 29.1 sec, just before the end of the fuel ramp to 50% thrust and a mixture
ratio of 5, resulting from an erroneously high fuel injector AP signal.

During acceleration to 56% flowrates and after shutdown of run 16, 02, the
chamber pressure top furnishing the low side pressure to the fuel injector
differential pressure remained at the 20% chamber pressurc level indicating the
tap was plugged. Investigation of the pressure tap after shutdown revealed water
in the probe. Since the chamber pressure probe has cold (120°R) fuel circulating
around it, ice could have formed in the probe from water created in the combus-
tion process. Inspection of the rig after run 10. 02 did not reveal any damage to
rig hardware. Figure 421 shows a portion of the ii,cctor face and a typical
section of the liner as viewed through a mirror. The injector face had experienced
one small spot of metal erosion which is in the center of the darkened area seen in
the photograph.

For subsequent runs the low side of the fuel injector differential pressure
was furnished {from an igniter chamber pressure port which was not surrounded
with cold fuel., The igniter is turned off upon reaching 209 thrust, and therefore
is a good chamber pressure source that doe¢s not freeze,

The 20% thrust, mixture ratio ui 5 cycle point predicted and attainec con-
ditions are generally the same as those previously shown in iable VA-15 for run
10. 02, except the attained flowsplit was 4377, The LOg9 flowsplit excursion was
made across a range of 127 to 527, The excursion had no effect on either tem-
perature profile or distribution as can be seen from figure 422 and 423, Figure
422 also shows that the reduction of LOs flow to get 1098°R average combustion
temperature did ot affect profile. The combustion liner temperature did not
drop off when LO,, flow decreased averuage combustion temperature (shown
in figure 424) as it had in test 7,01 where average combustion temperature
was decreased by increasing fuel flow.




el

;
I A
¥
E R
; b
0 ]
4
i Figure 421. Portion of Injector Face and Typical TE 955%2 .
g Uiner Section Viewed Through Mirror 2
.
N -
Ry 531 teat 10,02 7
18+in, Raxe 0
"
4 Rake No. 3 Rave No, § :
, Fevesus Hinture Awg ~ Max Minus Temp Yalve f1a))
ot Threat ratie T.C. Avg Tawp Fuel Flew Split .
20 [ O 1369 Yeh Q28 0.30 (0.43) £
30 LY £3 s 104 136 0.3 {Q,08) b
10 s 161 0t 1Y % (8.0 L,
2000 N 5 &y 1370 203 125 0.6 (0.0) 1
20 5 ) 1164 216 125 001 (0.4 &
0 s & 1o e A N9 (0.62) =
20 s [@ T 19?1 0.1 (9,86 k-
L) 3
R .
&
aRN
) sﬂ
Qe Bd ﬁ @ 8 é o
° A
O P
© @ %88 8 ®6o0g 44 :
Lo o - ﬁ & 5
N -, 03 Q o 3 '
SR R, o Q -
s Yoo U O A O 0000 -
TN
i e e !
A I om ’ ! 0 . . [ 3 i L PO PR W JEE

Figure 422, Fixed Area Preburner Temperature

Profile, Test 10,02

434

DF 79863




LiTY nm ) o ™ae 1402
§3-1n, Make
' Ande B b ' Nake Do, §

: 1 Terkoud Hinpure hog, Yomp ~ Man Miams  Fuel 133 Valve (7a})

2908 Thrwax : . RARAs 02" " heg Bww Tems - ‘B Fiow Splic
' » s O 1 n 128 0.30 (0.43)
Lod 3 [N 1] 208 36 2.5 (0.46)
® s O pBa m 125 0.86 10.47)
i ] s A B o 125 6.61 (0.52)
30 5 [o 3 & ‘e s 0.33 (0,45)
] 5 O uvm 208 124 0.48 (0,42)
n 3 o 198 172  +e) 0,31 (0.43}

e :

884 g 88

w . "R
§
-

] ' 8 8
o] @ . @ 8 4 0 © ©0°
[o] '
; . » & ﬁn ¢l - u s o2 ™ [3 :xn: a oa a3 o6 O 08 O/ 10
Figure 423, Fixed area Preburner Temperature DF 79864

Profile, Test 10,02

In an effort to ensure getting the 50% thrust. mixture ratic of 5, 6, and 7
data points, the nexi test was programerd to omit a repeat of the 207 points and
ramp directly to 5097,

Run 11,01 was programed for cycle points at 507 thrust, mixturz ratio of
5, 6, and 7. The vamp to 530% thrust and mixture ratio of 5 was stopped at 2067
long enough to open the preburner oxidizer valve secondary port,

Run 11, 61, conducted on February 11, 1979, was a full duration run of
35 sec. Inspection of the rig after shuidown did not reveal any damage. Fig-
ure 425 shows the injector face. As can be =een in the photograph, the eroded
areas on the injector face do not constitute any probiem. Conditions attained on
test 11,01 are shown in tables XLVII, XLVIII, and XLIX. The conditions at-
tained are close to prediction except for the leak into the secondary cawvity
causing an incorrect flowsplit. The temperature profile is an acceptable 173°R
maximum-to-average temperature at 2106°R average. The temperature dis-
tribution retains the charactevistic shape as shown in figures 426 and 427.
Liner temperature during the mixture ratio excursion ai 6507 remained at or
near the average combustion temperature, wlso shown in figure 427.
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Figure 427. Fixed Area Preburner Temperature DF 79866
Profile, Run 11.01, Build 4

Based on the acceptable combustion temperature profile and distribution
at 2106°R average combustion temperature, and liner temperatures that show
the transpiration cooling combustion liner to be operating satisfactorily, it
was decided to program a run for 100% thrust and a mixture ratio of 7 where
the average combustion temperature is the highest in the cycle.

Run 12,01 was programed for 75/7, 100/6, and 100/7 cycle data points.
The preburner oxidizer valve was programed to open while the propellant
flow was near the 20% level, but still in transient to 75% thrust.

Run 12,01 conducted on February 13, 1970, was manually advanced after
16. 4 seconds because of two erroneous high outer combustion liner temperatures.
The run was advanced hefore opening the preburner oxidizer valve secondary
ports.
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Table XLVII. Predicted vs Actual Performance for
50% Thrust, Engine Mixture Ratio of 5,
Rig 35131-4, Run 11.01

Engine Cycle
Predicted Test Results

Chamber Pressure - psia

Total Oxidizer Flow - 1b/sec
Oxidizer Primary Flow - 1lb/sec
Oxidizer Secondary Flow - 1b/sec
Total Fuel Flow - 1b/sec

Injector Fuel Flow - 1b/sec

Upper Coolant Liner Flow - 1lb/sec
Lower Coolant Liner Flow - 1b/sec
Injector Mixture Ratio

Overall Mixture Ratio

Combustion Temperature - °R

Flow Divider Valve Position - PR
Oxidizer Injector Primary AP
Oxidizer Injector Secondary AP
Fuel Injector AP (Plate)

Oxidizer Injector Temperature - °R
Fuel Injector Temperature — °R
Temperature Profile (11 in.) °R
Temperature Profile (15 in.) ~ °R
Average Temeprature (11 in.) °R
Average Temperature (15 in.) °R

Oxidizer Primary/Total Flow Split §Va1ve)

Oxidizer Primary Injector Ag — ing

Oxidizer Secondary Injector g

Fuel Injector Acq (Overall) - in2

Nex (Based on Po, wt) = %

Ne* (Based on Average Temperature
at 11 in,) - 2

e

* (Based on Average Temperature
at 15 in,) - % ,

Rigimesh Liner Flow - 1b/sec

Fuel Injector A.q (Plate) - in?

cd = in

2010.1
28.23
7.293
20.94
38,07
36.97
0.690
0.512
0.763
0.742
1488.
48.2
558.6
35.0
110.
208,
142.0
0.0
0.0
1488.
1488,
0.2583
0.0550
0.6309
3.1%*
100.

100,

100.

0,372%*

3‘ 3**

203.2
28.34
7.16
21.18
38.07
36,64
0.672
0.370
0.766
0.745
1415,
48,1
347, %
45,6%
124,
190,
142,
NAV
119,
NAV
1415,
0.2526*
0.0697*
0.5689*
NAV
99,8

NAV

*Note: There is an apparent leak of oxidizer flow from the injector

primary cavity into the secondary cavity. (Injector F.S,

**Rig Cycle Predictions

= 0,22)




Table XLVIIL. Predicted vs Actual Performance for 50% Thrust,
Engine Mixture Ratio of 6, Rig 35131-4, Run 11.01

Engine Cycle Test
Predicted Results
Chamber Pressure -~ psia 1958.1 1985.
Total Oxidizer Flow - 1lb/sec 29,54 29,79
Oxidizer Primary Flow - lb/sec 7.470 7.29
Oxidizer Secondary Flow - 1lb/sec 22,07 22,50
Total Fuel Flow -~ 1lb/sec 31.58 31.49
Injector Fuel Flow - lb/sec 30.77 30.28
Upper Coolant Liner Flow - 1b/sec 0.573 0.583
Lower Coolant Liner Flow - 1b/sec 0.420 0.313
Injector Mixture Ratio 0.960 0.974
Overall Mixture Ratio 0.935 0.946
Combustion Temperature -~ °R 1827 1769.
Flow Divider Valve Position - % 48.2 48.0
Oxidizer Injector Primary AP 586.0 386%*
Oxidizer Injector Secondary P 38.5 49 ,3%
Fuel Injector AP (Plate) . 90.2 103.
Oxidizer Injector Temperature - °R 207. 190.
Fuel Injector Temperature - °R 163.3 166.
Temperature Profile (11 in.) - °R 0° NAV
Temperature Profile (15 in.) - °R 0° 155,
Average Temperature (11 in.) - °R 1827. NAV
Average Temperature (15 in.) - °R 1827. 1769.
Oxidizer Primary/Total Flow Split
Valve 0.2528 0.2445%
Oxidizer Primary Injector Ag - in? 0.0550 0.0672*
Oxidizer Secondary Injector - A.q -
in? 0.6347 0.5814%
Fuel Injector A.q (overall) - in? 3. 1%% NAV
N.* (based on P, WT) - % 100. 99,1
Nc* (based on average temperature
at 11 in.) - % 100. NAV
N.* (based on average temperature
at 15 in.) - % 100, 97.7
Rigimesh Liner Flow - lb/sec 0.308%* 0.306
Fuel Injector A.q (plate) - in? 3.3%x% 3.2

*Note: There is an apparent leak of oxidizer flow from the injector
primary cavity into the secondary cavity. (Injector preburner = 0,21)
**Rig Cvcle Predictions.
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Table X1.1X, Predicted vs Actual Performance for 50% Thrust,
Engine Mixture Ratio of 7, Rig 35131-4, Run 11.0.

Engine Cycle Test
Predicted Results
Chamber Pressure - psia 1915.2 1964,
Total Oxidizer Flow - 1lb/sec 30.60 30.76
Oxidizer Primary Flow - 1lb/sec 7.596 7.42
Oxidizer Secondary Flow ~ 1b/sec 23.00 23.34
Total Fuel Flow - 1b/sec 27.13 27.06
Injector Fuel Flow - lb/sec 26,40 36.04
Upper Coolant Liner Flow - 1b/sec 0.493 0.500
Lower Coolant Liner Flow - 1lb/sec 0.357 0.274
Injector Mixture Ratio 1.159 1.17
Overzll Mixture Ratio 1.128 1.137
Combustion Temperature - °R 2157, 2106.
Flow Divider Valve Position - % 48.2 48.0
Oxidizer Injector Primary AP 605.8 415,.%
Oxidizer Injector Secondary AP 41,3 53.0%
Fuel Injector 4P (Plate) 75,1%* 86.5
Oxidizer Injector Temperature - °R 207. 189.
Fuel Injector Temperature - °R 182.8 182.7
Temperature Profile (11 in.) - °R 0° NAV
Temperature Profile (15 in.,) -~ °R 0° 173.
Average Tempervature (1] in.) - °R 2157, NAV
Average Temperature (15 in.) - °R 2157, 2106,
Oxidizer Primary/Total Flow Split 0.2482 0.2413*
Oxidizer Prilmary Injector Ac - in? 0.0550 0.0661*
Oxidizer Secondary Injector 2cd -
in? 0.6380 0.5815%
Fuel Injector A (Overall) - in? 3.1%% NAV
* cd
c* (Based on Pg, WI) = % 100 99,7
o* (Based on Average Temperature
at 11 in.) - % 100 NAV
** (Based on Average Temperature
at 15 in.) - % 100 98.1
Rigimesh Liner Flow - 1lb/sec 0.264 0.250
Fuel Injector Acd (Plate) - in¢ 3. 3%% 3.1

*Notae: There is an apparent leak of cxidizer flow from the injector
primary cavity into the secondary cavity.
**Rig Cycle Predictions,
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Inspection of the rig after test 12.01 did not reveal any damage., Both
the high reading liner thermocouples on which the run was advanced, used
during the run could be seen through the nozzle throat. No indication of high
temperature was observed near these thermocouples, which were open after
the test. Therefore, it was concluded that the thermocouples opened during
the test giving an erroneously high temperature reading.

Run 13.01 was programed as a repeat of programed run 12.,01. Run 13,01,
made on February 13,1970, was automatically advanced after 25.0 seconds due
to an erroneous high outer combustion liner temperature. The advance occurrzd
‘during the 75% thrust, r = 7 data point. Control sysiem gains provided an unu-

. programed 300-millisecond data point at 76% thrust, r =5,

Inspection of the rig after run 13.01 did not reveal damage as viewed
through the nozzle or behind the inner and outer combustion liners as reviewed
by borescope inspection, through pulse gun ports. The liner thermocouple
that caused the automatic advance was found electrically open inside the rig.

It became obvious that liner thermocouples were not durable enough to use
outputs as advance sensing parameters. Therefore, run 14.01 was run with-
out liner temperature parameters.

The combustion liner temperature remained satisfactory at 75% thrust,
r =7 as can be seen in figure 428, The conditions attained on run 13.01 are
shown in tables L, LI, and LII. Two data points are shown at 75% thrust,
r = 7 because a shift in profile occurred during that data point. The temperature
distribution corresponding to the early part of the 76% thrust, r = 7 data point
is shown in figures 429 and 430. The temperature distribution after the profile
shift is shown in figures 431 and 432, Figures 433 and 434 are plots of tempera-
ture distribution every 100 milliseconds on run 13,01 between 75% thrust, r=5
and the end of the 75% thrust, r = 7 data peoint. It can be seen that at time 186.5
sec the shift in profile occurred. This is further illustrated by figure 435 which
is a plot of thermocouple No, 1 on rake 3. At time 186,5 sec the temperature
shifts upward by 250°R. The temperature distribution curve before 186.5 sec
is the same as all previous data points at any mixture ratio and thrust level.

The temperature profile 2t 75% thrust, r = 7 before time 186.5 sec was
189°R maximum-to-average at 2250°R. The temperature profile at 75% thrust,
r =7 after time 186.5 sec was 244°R at 2268°R average temperature. The
shift at time 186.5 sec is a permanent shift affecting the temperature profile
and distribution at all subsequent data points on run 13.01 and 14,01,

A cracked fuel faceplate seal, between the injector face and injector
housing, was discovered in run 14.01 post-test inspection, It was concluded
that the faceplate seal cracked at time 186.5 sec in run 13.01. The cracked
seal caused fuel leakage at the chamber outside diameter which robbed fuel
from the core causing high combustion temperatures toward the center of the
injector. The cracked seal was not found during rig inspection after run 13.01
and run 14,01 was apparently made with a cracked seal,
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Table L. Predicted vs Actual Performance for 75% Thrust, Engine

Mixture Ratio of 5, Rig 35131-4, Run 13.01

Engine Cycle

Test Results

Predicted
Chamber Pressure - psia 3281.0 3283
Total Oxidizer Flcw - lb/sec 50.20 50.07
Oxidizer Primary Flow - lb/sec 9.117 7.60
Oxidizer Secondary Flow - lb/sec 41.08 42,47
Total Fuel Flow - 1lb/sec 58.05 57.74
Injector Fuel Flow - lb/sec 56.356 55.64
Upper Coolant Liner Flow - lb/sec 1,053%* 0.990
Lower Coolant Liner Flow - lb/sec 0.791#%* 0.559
Injector Mixture Ratio 0.3891 0.891
Overall Mixture Ratio 0.865 0,867
Combustion Temperature - °R 1713 1692
Flow Divider Valve Positioa - % 63.8 64.3
Oxidizer Injector Primary AP 854.5 372.9%
Oxidizer Injector Secondary AP 113.3 134, 7%
Fuel Injector AP (Plate) 2147%% 252.3
Oxidizer Injector Temperature - °R 221 187
Fuel Injector Temperature - °R 159.8 186
Temperature Profile (11 in,) - °R 0 NAV
Temperature Profile (15 in.) - °R 0 150
Average Temperature (ll in.) - °R 1713 NAV
Average Temperature (15 in.) - °R 1713 1692
Oxidizer ’rimary/Total Flow Split §Valve) 0.1816 0.1516%
Uxidizer Primary Injector A.q - in% 0.0550 0.0713%
Oxidizer Secondary Injector Acq - in? 0.6810 0.6631%*
" Fuel Injector A.q (Over:ll) - in? 3. 1%* NAV

Nc* (Based on P., WI) - % 100 98.7
fc* (Based on Average Temperature at

11 in.) - % , 100 NAV
Nc* (Based on Average Temperature at

15 in.) - % 100 98.7
Rigimesh Liner Flow - lb/sec 0.575%% 0.552
Fuel Injector A 4 (Plate) - ing 3,.3%% 3.3

*Note: There is an apparent leak of oxidizer flow from the primary

cavity into the secondary cavity.

**Rig Cycle Predictions
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Table LI. Predicted vs Actual Performancc for 75% Thrust, Engine
Mixture Ratio of 7, Rig 35131-4, Runl3. 01, Before Pro-
file Shift
Engine Cycle Test Results
Predicted

Chamber Pressure ~ psia 3006.6 2993
Total Oxidizer Flow - lb/sec 49.29 49.46
Oxidizer Prirary Flow - lb/sec 7.283 7.26
Oxidizer Secondary Flow - lb/sec 42,07 #2.20
Total Fuel Flow - lb/sec 42.00 1.89
Injector Fuel Flow - 1lb/sec 40,91 40,40
Upper Coolant Liner Flow - lb/sec 0.762%* 0.701
Lower Coolant Liner Flow - lb/sec 0.560%* 0.422
Injector Mixture Ratio 1.205 1.213
Overall Mixture Ratio 1.174 1.181
Combustion Temperature - °R 2235 22,50
Flow Divider Valve Tosition - 7 63.8 64.3
Oxidizer Injector Primary AP 550.5 366.3*
Oxidizer Injector Secondary AP 114.0 137.4%
Fuel 1lnjector AP (Plate) 135%% 158.9
Oxidizer Injector Temperature - °R 211 185 [
Fuel Injecter Temperature - °R 190.4 205
Temperature Profile (11 in.) - °R 0 NAV
Temperature Profile (15 in.) - °R 0 189
Average Temperature (11 in.) - °R 2235 NAV
Average Temperature (15 in.) - °R 2235 2250
Oxidizer Primary/Total Flow Split (Valve) 0.1477 0.147%*
Oxidizer Primary injector A.q - in? 0.0550 0.0759*
Oxidizer Secondary Injector A q - in? 0.6975 0.6277*
Fuel Injector A.y (Overall) - in? 3. 1*%% NAV
e (Based on P, WT) - % 100 99.6
Nc* (Rased on Average Temperature at

11 in.) - % 100 NAV
Ylcx (Based on Average Temperature at

15 in.,) - % 100 99.4
Fuel Injector Acd (Plate) - in2 3, 3%% 3,2
Rigimesti Liner Flow - lb/sec 0,016%% 0.368

*Note: There is an apparent leak Of oxidizer flow from the primary
cavity into the secondary cavity (Injector Flow Split = 0,13)
*%*Rig Cycle Predictions
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Table LII, Predicted vs Actual Performance for 75% Thrust, Engine
Mixture Ratio of 7, Rig 35131~4, Run 13,01, After Pro-
file Shift

Engine Cycle Test Results
Predicted

Chumber Pressure - psia 3006.6 2982
Total Oxidizer Flow - 1b/sec 49.29 49.49
Oxidizer Primary Flow - lb/sec 7.283 7.12
Oxidizer Secondary Flow - 1b/sec 42,07 42,37
Total Fuel Flow - lb/sec 42,00 41,95
Injector Fuel Flow - 1b/sec 40,91 40,42
Upper Coolant Liner Flow - lb/sec 0.762%% 0.718
Lower Coolant Liner Flow - lb/sec 0.560%%* 0.428
Injector Mixture Ratio 1.205 1,213
Uverall Mixture Ratio 1.174 1.180
Combustion Temperature - °R 2235 2268
Flow Divider Valve Position - % 63.8 64.3
Oxidizer Injector Primary AP 550.°% 378.1%*
Oxidizer Injector Secondary AP 114.0 142.5%
Fuel Injector AP (Plate) 135%% 170.2
Oxidizer Injector Temperature - °R 211 186

» Fuel Injector Temperature = °R 190.4 201

4 Temperature Profile (11 in.) - °R 0 NAV

i Temperature Profile (15 in.) - °R 0 244
Average Temperature (11 in.) - °R 2235 NAV
Average Temperature (15 in.) - °R 2235 2268
Oxidizer Primary/Total Flow Split (Valve) 0.1477 0.1437%*
Oxidizer Primary Injector A.4q - in? 0.0550 0.0664%
Oxidizer Seconcary Injector A.4q = in? C.6975 0.6451%*
Fuel Injector A,y (Overall) - in? 3. 1% NAV
n.* (Rased on P, wt) - % 100 100.1
Nc* (Based on Average Temperature at

. 11 in.) - % 100 NAV

' N.* (Based on Average Temperature at

15 in.) - % 100 99.9

Rigimesh Liner Flow - lb/sec 0.416%* 0.383
Fuel Injector A 4 (Plate) - in? 3, 3% 3.1

S
.

“Note: There is an apparent leak of oxidizer flow from the primary
cavity into the secondary cavity (Injector flow split = 0.13)
wvRig cycle predictions
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Figure 435. Profile Shift of PCT 301, Run 13.01 DF 79873

Run 14.01 was programed as a repeat of programed run 12.01. Run 14.01,
made on February 14, 1970, was manually advanced during the 100% thrust,
r = 6 data point, at 30.5 sec due to fuel leaks on the test stand. Visual
inspection of the rig on the test stand revealed no damage. A post-run 14.01

injector face photograph is shown in figure 436 which reveals that the injector
face remained in good condition.

The conditions attained on run 14.01 are shown in tables LIII and LIV.
It can be seen that the temperature profile at 75% thrust, r = 7 was 318°R
maximum-to-average at an average temperature of 2260°R. Figure 437 and
438 show the temperature distribution. The shape of the distribution at 75%
thrust, r = 7 and 100% thrust, r = 6 on run 14.01 and the 75% thrust, r = 7
after time 186.5 sec on run 13.01 temperature distributions are like one another
but different than the typical shapes that have been exhibited on all other thrust
points on previous runs of build 4.

Motion pictures taken of run 14,01 revealed substantial fuel leaks emitt~
ing from the rig during the run, which lit off just at shutdown, causing an
overboard fire. Leak check of the rig failed to account for all of the leaks
observed earlier, hence the rig could not be run again. With obviously large
unaccounted for leaks, the rig was pulled from the iest stand for teardown

inspection.

Teardown inspection of the rig revealed the following:

1. The outer two rows of the fuel faceplate tang braze joints
were broken from approximately 3 to 7 o'clock allowing the
faceplate to bend toward the chamber approximately 0. 090 in.

2. The sheet metal seal between the fuel faceplatc and injector
housing was cracked in 3 places. One crack extended for
three-fourths the circumference. This explains why there
was a temperature distribution <hift during run 13.01.
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3. The preburner oxidizer valve leaked when closed due to seal
seat damage explaining the LO9 puddling behind the combus-
tion liner on prestart.

4, Five of eight scrub-liner support tabs shown in figure 439 were
cracked or broken,

To make a failure anaiysis of the faceplate braze joints, the failed
joints were masked with wax to protect the fracture faces at the tang joints
and the remaining sound joints were etched avay in an acid solution.

Visual examination was conducted on both the Rigimesh plate and the
injector oxidizer elements after faceplate removal. No information was gained
from the Rigimesh plate as the area was inaccessible to visual examination.
Visual and binocular examination of the braze joint location on the oxidizer ele-
ment was in general very difficult if not impossible due to the configuration of
the part. As there was this hinderance to direct observation, those areas which
appeared to show the most promise by visual examination were replicated with
plastic for easier access, These replicas of the areas of the failed joints were
examined both by light microscopy and electron microscopy. One condition ob-
served on all the samples was evidence of etching or corrosion, indicating that
the protective wax masking was not completely effective.

Figure 436, Injector Face Shown After Run 14,01 FE 95748
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Table LIII. Predicted vs Actual Performance for 75% Thrust, Engine
Mixture Ratio of 5, Rig 35131, Run 14, 01

Engine Cycle Test Results
Predicted

Chamber Pressure =- psia 3006.6 2967
Total Oxidizer Flow - 1lb/sec 49,29 49.37
Oxidizer Primary Flow - 1b/sec 7.283 3.62
Oxidizer Secondary Flow - 1lb/sec 42.07 45.75
Total Fuel Flow - lb/sec 42,00 42,01
Injector Fuel Flow - lb/sec 40,91 40,43
Upper Coolant Liner Flow - 1lb/sec 0.762* 0.714
Lower Coolant Liner Flow - lb/sec 0.560% 0.431
Injector Mixture Ratic 1.205 1.208
Overall Mixture Ratio 1.174 1.175
Combustion Temperature - °R 2235 2260
Flow Divider Valve Position - % 63.8 91.62
Oxidizer Injector Primary AP 550.5 152.6
Oxidizer Injector Secondary AP 114.0 147.8%
Fuel Injector AP (Plate) 135.0% 146.61
Oxidizer Injector Temperature - °R 211 191.4
Fuel Injector Temperature - °R 190.4 196.0
Temperature Profile (11 in.) - °R 0 NAV
Temperature Profile (15 in.) - °R 0 318
Average Temperature (11 in.) - °R 2235 NAV
Average Temperature (15 in.) - °R 2235 2260
Oxidizer Primary/Total Flow Split 0.1477 0.0732%
Oxidizer Primary Injector A,q - in? ) 0.0550 0.0530%
Oxidizer Secondary Injector Aoq - in? 0.6975 0.6822
Fuel Injector A.q4 (Overall) - in? 3.1% NAV
n.* (Based on P_, wt) = % 100 98.93
Ne* (Based on Average Temperature at

11 in.) - % 100 NAV
N.* (Based on Average Temperature at

15 in.) - % 100 100.0
Rigimesh Liner Flow - lb/sec 0.416%* 0.441
Fuel Injector A.4 (Plate) - in? 3.3% 3.312

Notes: 1. This run was possibly made with a broken injector fuel face
plate seal.

Thé flow divider valve was not in the correct position.
There was a leak out of the preburner chamber.

There was an apparent leak of oxidizer flow from primary to
secondary cavities (Injector flow split = 0,073)

*Rig cycle predictions,
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Table LIV. Predicted vs Actual Performance for 100% Thrust, Engine
Mixture Ratio of 6, Rig 35131, Run 14,01

Engine Cycle Test
Predicted Results

Chamber Pressure - psia 4367.2 4276
Total Oxidizer Flow ~ lb/sec 71.45 69.35
Oxidizer Primary Flow - lb/sec 7.483 4,50
Oxidizer Secondary Flow - 63.97 64.85
Total Fuel Flow ~ lb/sec 66,23 65.6
Injector Fuel Flow - lb/sec 64.23 63.1
Upper Coolant Liner Flow - lb/sec 1.201* 1.130
Lower Coolant Liner Flow =~ lb/sec 0.897* 0.662
Injector Mixture Ratio 1.112 1.087
Overall Mixture Ratio 1.079 1.057
Combustion Temperature - °R 2086 2054
Flow Divider Valve Position - % 85.5 100,7(2)
Oxidizer Injector Primary AP 571.4 265.6(4)
Oxidizer Injector Secondary AP 245,0 273.6(4)
Fuel Injector AP (Plate) 270.0 260, 3(1)
Oxidizer Injector Temperature - °R 220 182.3
Fuel Injector Temperature - °R 183.2 177.7
Temperature Profile (11 in.,) - °R 0 NAV
Temperature Profile (15 in.) - °R 0 259
Average Temperature (1l in,) - °R 2086 NAV
Average Temperature (15 in.) - °R 2086 2054
Oxidizer Primary/Total Flow Split , 0.1047 0.0648(4)
Oxidizer Primary Injector Acq - in. , 0.0550 0.050(4)
Oxidizer Secondary Injector Aed 5 in, 0.7184 0.7107(#)
Fuel Injector A.q (Overall) - in? 3.1% NAV
Ne* (Based on P, wt) - % 100 98.7(3)
Nex (Based on Average Temperature

at 11 in.) ~ % 100 NAV
Nex (Based on Average Temperature

at 15 in.,) - % 100 100,0
Rigimesh Liner Flow - lb/sec 0,695 0,695
Fuel Injector Agq (Plate) - in. 3.3% 3.35

Notes:

(1) This run was possibly made with a broken injector faceplate seal,.

(2) The flow divider valve was not in the correct position.

(3) There was a leak out of the preburner chamber.

(4) There was an apparent leak of oxidizer flow from primary to
secondary cavities (injector flow split = 0.068)

* Rig Cycle Predictions
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All of the replicas examined exhibited areas which appeared to be tensile
failures although these areas were not very clear. The failure dimples were
relatively equiaxed and not the elongated dimples which are associated with
shear failures. Two of the fracture faces exhibited areas which were relatively
flat and had some very faint traces suggestive of fatigue.

Although the evidence is not conclusive, there is a tendency to suspect
that fatigue was a factor in the separation of the Rigimesh to eiement joints,

The failure of the Rigimesh-to-oxidizer element joints occurred adjacent to
the location where the seal beiween the OD of the Rigimesh and injector had ex-
tensive fatigue cracking, as 2xplained in the following paragraph.

The fuel faceplate sheet metal seal was machined from the injector
assembiy and scctioned for failure analyses. It was found that the thres cracks
in the seal were fatiguv failures. The thickness in one of the three cracks was
0.012 in. undersized. The material thickness in the area of the other two
cracks was as required. It was determined that the material conformed to the
hardness and composition requirements.

Failure analysis of the scrub liner support tabs showed a fatigue failure
which progressed from both edges toward the center.

It is proballe that the fatigue failures experienced during the last vig
build were caused by the low frequency (600 Hz) combustion oscillations that
are experienced during a hot firing. The combustion oscillations are caused
by the presence of helium in the secondary oxygen injector cavity during the
acceleration to 20% thrust level. Subsequent preburner testing was made with
revised test procedures, as described later in this report, to shorten the
length of time when the oscillations are present,

The preburner rig was rebuilt as rig 35133, build 2 for further testing
with the second preburncr injector, a revised preburner liner that provides
support for the outer perimeter of the fuel faceplate, and an uncooied liner
vibration damper.

The second injector has a stronger faceplate seal and scarfed elements
as described in the fabrication section. To proof check the faceplate braze
joint and liner support system load carrying capability, the second injector
was water flowad, using the preburner liner support, to the equivalent of
745 psid faceplaic differential pressure. In addition, the elements of the
injector were¢ individually GNg flowed, as described on the cold flows of the
first injector after run 6.01, and no blocked elements were found. Figure
440 shows the revised liner faceplate support. The outer edge of the fuel
faceplate rests on the upper edge of the liner, which takes some of the load
off of the outer elements which were the highest loaded elements. The outer
element load is the limiting factor f » setting allowable operating faccplate
differential pressure. The liner faceplate support scheme allows approximately
109 psid higher differential pressure.

The modifications that strengthen the injector faceplate seal ard faceplate
attachrment lower the operating stress and thus increase the fatigue life.
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The uncooled liner vibration damper is shown in figure 440, The damp-~
ening scheme consists of supporting the liner at the downstream end with
a bolt and clevis at six locations, The bolt and clevis limits the liner movement
in the axial, radial, and circumferential directions while allowing axial growth.

The preburner rig was mounted on E-8 and eight tests were made. The
preburner rig with the second injector is designated as rig 35133, build 2,

Run 1.01 was programed for 20% thrust, r = 5 and 50% thrust, r = 5 data.
The 20% thrust, r = 5 and 50% thrust, r = 5 data points were chosen because
the preburner liner had previously sustained no damage at these levels, thus
the temperature profile could be evaluated prior to committing the rig to high
combustion temperatures. During start up of the rig while the fuel tank was
being pressurized at the st2ady-state 7% level, a GNg purge to the secondary
cavity was programed to replace the GHe purge. The GHe purge was returned
and the GNy purge closed for the acceleration to 20% thrust, r =5. The
GNj replacement purge was used in an effort to reduce or eliminate the 600 Hz
combustion frequency which is known to be caused by the GHe purge, thus re-
ducing the likelihood of fatigue failures to rig hardware.

Run 1.01 was a full duration run of 28.36 sec. The rig conditions and
temperature profiles attained on runs 1.01 through 8,01 are shown in the table

XXXVII.

Visual inspection of the rig after run i.01 showed no damage. There
were local blued spots on the liner extension downstream of the transpiration
section and minor metal erosion had occurred. Figures 441 and 442 show
the prerun injector face and 12 o'clock liner condition for comparison to post-
run 1,01 conditions as shown in figures 443 and 444. The injector face had
two areas where metal was eroded during run 1.01., These eroded metal spots
did not progress to any larger size in subsequent firings.

The data revealed that the 600 Hz combustion frequency was present with
the GHe purge, but at a lower amplitude than previously seen, and that the
600 Hz goes away when GN, is substituted for GHe.

The conditions that were predicted and attained for run 1.01 are shown
in table LV and table LVI. The temperature profile on the second injector
was acceptable and the profile was comparable to the first injector during
runs 7. 01 through 14,01, The temperature distribution for run 1. 01 is shown
in figures 445 and 446,

The inner combustion liner was instrumented with eight thermoco ples
placed every 45 deg in a plane 2.3 in. from the injector face. The hui.est
liner temperature on run 1.01 was at the top of the liner (12 o'clock pcsition)
and 1s shovn in figure 447. This liner temperature was 525 to 550°R hotter
than average combustion temperature at both 50% thrust, r = 5. The top liner
temperature was at {ts maximum at 50% thrust, r = 5 where combustion tem-
perature was the highest. It was decided to commit the rig to a run to 207
thrust, r = 7 since the automatic and manual liner temperature advances would
bz adequate indication to shut down the rig if liner distress developed.
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Figure 441. Injector Face Before Run 1.01 FE 96963

Figure 442. Liner Condition Before Run 1,01 FE 97119
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Figure 443. Injector Face After Run 1,01 FE 97210

Figure 444. Liner Condition After Run 1,01 FE 97201
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Table LV, Engine Thrust Level 207%, Engine Mixture
Ratio 5, Rig No. 35133, Run No. 1.01

Predicted Test

Engine Cycles Results
Chamber Pressure - psia 732.,4 724 .4
Total Oxidizer Flow - lb/sec 9.59% 0.947
Oxidizer Primary Flow - lb/sec 5.782% 5.69
Oxidizer Secondary Flow - lb/sec 3.808%* 3,77
Oxidizer Primary/Total Flow Split 0.6029* 0.602
Total Fuel Flow - lb/sec 13.38 13,82
Injector Fuel Flow - lb/sec 13.38 13.32
Upper Coolant Liner Flow - lb/sec NAV 0.2558%%
Lower Coolant Liner Flow - lb/sec NAV 0.1348%%%
Rigimesh Liner Flow - 1lb/sec NAV 0.111
injector Mixture Ratio 0.716 0.7046
Overall Mixture Ratie 0.716 0.6847
Oxidizer Injector Temperature - °R 200.0 188.6
Fuel Injector Temperature - °R 125.4 127.7
Temperature Profile - °K 0° 280.1
Average Temperature - 'R 1394 1344,
Oxidizer Injector Primary QP 274.5 127, 2%%
Oxidizer Injector Secondary AP 7.425% 13.06%*
Fuel Injector Plate 4P 9 25.0 32.70
Oxidizer Primary Injector A.q - in’ 0.63% 0.0920%*
Oxidizer Secondary Injector A,y - in% 0.2526%* 0.1903%x
Fuel Injector Overall A.q - in 3.48 2.6
Fuel Injector Plate A.q4 - in2 3.7 3.26
Flow Divider Valve Position = % 25.0% 25,6
n.* (Based on P., wt) - % 100 102.8

100 99,3

N.* (Based on Average Temperature) - %

Comments :

Rig Cycle Predictions

There is an apparent leak of oxidizer flow from primary to

secondary cavities, (injector flow split = 0.415)
Due to either a leak or faulty instrumentation,
Number given are based on percent-

could not be determined.

ages of total flows from previous runs.
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Table LVI. Engine Thrust Level 50%, Engine Mixture
Ratio 5, Rig No. 35133, Run No. 1.01

Predicted Test

Engine Cycles Results
Chamber Pressure - psia 2010 2071
Total Oxidizer Flow - 1lb/sec 28,23%* 28.30
Oxidizer Primarv Flow - lb/sec 7.856% 8.02
Oxidizer Secondary Flow - 1lb/sec 20,37* 20.28
Oxidizer Primary/Total Flow Split 0.2783* 0.283
Total Fuel Flow - lb/sec 36.97 38.21
Injector Fuel Flow - 1lb/sec 36.97 36.83
Upper Coolant Liner Flow - lb/sec NAV 0.7069%%%*
Lower Coolant Liner Flow - lb/sec NAV 0.3726% %%
Rigimesh Liner Flow - lb/sec NAV 0.306
Injector Mixture Ratio 0.763 0.7621
Overall Mixture Ratio 0.763 0.7406
Oxidizer Injector Temperature - °R 208.2% 190.1
Fuel Injector Temperature - °R 142,0% 144.5
Temperature Profile - °R 0° 155,
Average Temperature - °R 1488 1427,
Oxidizer Injector Primary AP 493 .,9% 308, 8%
Oxidizer Injector Secondary AP 38,00* 37, 1%
Fuel Injector Plate AP 2 89.6 120.9
Oxidizer Primary Injector Acq - in. 0.063 0.0822%%
Oxidizer Secondary Injector Ay - in2 0.5897 0.60124%
Fuel Injector Overall A 4 - 1n2 3.48 NAV s
Fuel Injector Plate Aq - in? 3.7 3.25
Flow Divider Valve Position - % 46.5 47.6
N.* (8ased on P., wt) - % 100. 100.6
N.* (Based on Average Temperature) - % 100, 98.5
Comments :

* Rig cycle predictions
** There is an apparent leak of oxidizer flow from primary to secondary
cavities. (Injector flow split = Q,215)
*%% The fuel injector high pressure data is not gSuod,
#%7%% Due to either a leak or feulty instrumentation, liner flows could not
be determined. Numbers given are based on percentages of total flows
from previous runs,
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Run 2.01 was programed for 20% thrust, r =5, 6, and 7 and 507 thrust,
r=25, 6, and 7. The GHe purge was as in run 1. 01 except a combined GHe and
GNg purge was used during the acceleration to 20% thrust, r =5. The attained
flowrate of GNg on rumn 1.01 vas lower than expected so it was not desirable to
run the transient from 7% to 20% with GNg only. It was decided to use both GNp
and GHe purges in the transient to assure adequate pressure, yet eliminate the
600 Hz combhustion frequency.

Run 2,01 was autematically advanced at 17.53 sec due to a sequencer
patching error., The cutomatic advance was triggered by lew GHe supply pres-
sure. The low GHe supply trigger circuit was programed to stop sampling
when the GHe supply valve was closed, but was erroneously patched to start
sampling when the GHe supply valve closed., Therefore, when the GHe valve
closed it caused the supply pressure to fall which triggered the run to advance,

Run 3.01 was a quick turniavound rerun of the 2,01 program with the low
GHe and GNg trigger circuits disarmed. Run 3.01 was automatically advanced
after 6.77 sec due to erroneous high scrub liner temperature advance. The
advance level was set at 1490°Rk instead of 2640°R as requested. The rig was
in good condition after the run.,

Review of the data from run 2. 01 and 3. 01 shows that the GNg purge is
warping the combustion temperature profile, causing the rakes that are away
from the GN2 entrance port to be hot. Siince this is undesirable, the GNg
purge during start was eiiminated.

Run 4.01 was a repeat attempt at the 2.01 run program without use of
the GNg purge. Run 4.01 was advanced 0, 10 sec before SSV up because of
low igniter combustion temperature. Disassembly of the igniter revealed a
plece of copper seal in the oxidizer supply orifice restricting oxidizer flow.

Run 5, 01 was a repeat of 4, 01. The run was full duration which is
44,01 sec. Inspection of the rig revealed 0,79 in, diameter sized high tempera-
ture eroded area in zone 1 of the Rigimesh sectivi: of the combustion liner at
about the 7 o'clock position., The Rigimesh liner however, was not burned
through, The uncooled liner extension had two metal eroded areas. One was
at the tip of the No. 3 pulse gua at about the 7 o'clock position aud the other
was at the end of the charnber pressure tan (PBCP10) at 5:30 o'ciock position,
The chamber pressure tap was melted closed. ./either of these two eroded
areas constituted a problem to further testing., F.gures 448 and 449 show the
injector face and the 12 o'clock liner position after run 5.61. Note that the
that the injector face conditlons remain the same as after run 1.01,

P 3O P10 read normally during the acceleration to 207 thrust. On the
acceluration to 507, PBCP10 did not respond to the chamber pressure change
indicating that the pressure tap was melted closed during tne 20°; condition. It
is presumed that all the liner damage was sustained when the chamber pressure
tap was melted and turther that the tap was melted after the 207 thrust, r - 5

level since ne damage was sustained at this point on run 1, 01.




Figure 448, Injector Face Condition After Run 5.01 T 97318

Figure 449, Liner Position (12 o'c¢lock) After fun I 97305
5,01
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The conditions that were predicted and attained for run 5.01 are shown
in tables LV through table LXII. Figures 450 through figure 453 show
the temperature distribution during run 5.01. It can be seen that there is a
slight improvement in profile and distribution with an increase in thrust level.

Table LVII, Engine Thrust Level 207 Engine Mixture
Ratio 5, Rig No., 35133, Run No. 5.01

Predicted Test

Engine Cycles Results
Chamber Pressure - psia 732.4 707.2
Total Oxidizer Flow - lb/sec 9.59% 9.30
Oxidizer Primary Flow - lb/sec 5.782% 5.48
Oxidizer Secondary Flow - lb/sec 3.808* 3.822
Oxidizer Primary/Total Flow Split 0.6029* 0.589
Total Fuel Flow - lb/sec 13.38 13.70
Injector Fuel Flow - lb/sec 13.38 13,22
Upper Coolant Liner Flow - lb/sec NAV 0.2426
Lower Coolant Liner Flow - 1lb/sec NAV 0.1292
Rigimesh Liner Flow - 1lb/sec NAV 0.103
Injector Mixture Ratio 0.716 0.6976
Overall Mixture Ratio 0.716 0.6787
Oxidizer Injector Temperature - °R 200.0% 187.4
Fuel Injector Temperature - °R 125.4% 127.4
Temperature Profile - °R 0° 207,

i Average Temperature - °R 1394, 1368
; Oxidizer Injector Primary QP 274 ,5% 125, 7%*

Oxidizer Injector Secondary AP 7.425% 32,9%%*
Fuel Injector Plate AP 25,0 35.11
Mxidizer Primary Iajector Ac4 - in? 0,63% 0.0888%*
xidizer Secondary Injector Acg - {n2 0,2526% 0,121+
tuel Injector Overall Acd - tng 3.48 2,31
Fuel Injector Plate Acg = in? 3.7 3,15
Flow Divider Valve Position = % 25,0% 26.0
N.* (Based on P., wt) - 7% 100, 101.9
N.* (Based on Average Temperature) - % 100 100.7

-—

¢ Rig cycle predictions
% There is an apparent leak of oxidizer flow from primary to
secondary cavities., (Injector flow split = 0,422)
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Table LV, Engine Thrusi Level 209 Engine Mixture

Ratio 6, Rig No. 35133, Run No. 5.01

Predicted Test

Engine Cycles Results
Chamber Pressure - psia 719,2 708.,4
Total Oxidizer Flow - lb/sec 10.42%* 10.27
Oxidizer Primary Flow - lb/sec 6,112%* 6.02
Oxidizer Secondary Flow - lb/sec 4,308%* 4,25
Oxidizer Primary/Total Flow Split 0.5866% 0.586
Total Fuel Flow - lb/sec 10.97 11.31
Injector Fuel Flow - 1lb/sec 10,97 10,90
Upper Coolant Liner Flow - lb/sec NAV 0.2090
Lower Coolant Liner Flow - lb/sec NAV 0.1102
Rigimesh Liner Flow - lb/sec NAV 0.084
Injector Mixture Ratio 0.950 0.9351
Overail Mixture Ratio 0.950 0.9087
Oxidizer Injector Temperature - °R 200.3* 189.6
Fuel Injector Temperature - °R 147,5% 147.3
Temperature Profile - °R 0° 258,
Average Temperature - °R 1795, 1765,
Oxidizer Injector Primary AP 306,47 155, 6%*
Oxidizer Injector Secondary AP 8.395% 383,0%%
Fuel Injector Plate AP 9 22.1 29.82
Oxidizer Primary Injector Acq - in. 0.063 0.088L%*
Oxidizer Secondary Injector A 4 - {n2 0.2686 0.126%
Fuel Injector Overall A.g - ing 3.48 2.42
Fuel Injector Plate A.q - in? 3.7 3.10
Flow Divider Valve Position = % 25,2 26.0
N.* (Based on P., wt) - % 100. 100.7
n.* (Based on Average Temperature) - % 100, 99,6

* Rig cycle predictions

*¥% There is an apparent leak of oxidizer flow from primary to

secondary cavities, (Injector flow split = 0,415)
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Table [LIX. Engine Thrust Level 207 Engine Mixture

Ratio 7, Rig No., 35133, RRun No. 5.01 q
Predicted Test

Engine Cycles Results
Chamber Fressure - psia 710.1 708.4
Total Oxidizer Flow - lb/sec 11,08%* 10,90
Oxidizer Primary Flow - lb/sec 6.316% 6.39
Oxidizer Secondary Flow - 1lb/sec 4,764 4,510
Oxidizer Primary/Total Flow Split 0.5701% 0.586
Total Fuel Flow - lb/sec 9.35 9,63
Injector Fuel Flow - lb/sec 9.35 9.28
Upper Coolant Liner Flow - lb/sec NAV 0.15833
Lower Coolant Liner Flow - 1lb/sec NAV 0.0963
Rigimesh Liner Flow - lb/sec NAV 0.0€5
Injector Mixture Ratio 1.185 1.166
Overall Mixture Ratio 1.185 1.132
Oxidizer Injector Temperature - °R 200, 1% 190.7
Fuel Injector Temperature - °R 166,5* 167.8
Temperature Profile - °R 0° 275.
Average Temperature - °R 2181, 2145,
Oxidizer Irjector Primary AP 327,0%* 178, 4%
Oxidizer Injector Secondary AP 9,092%* 39,2%%
Fuel Injector Plate AP 9 19.2 26,24
Oxidizer Primary Injector Acq - in. 0.063* 0.0874%%
Oxidizer Secondary Infjector A,y - in% 0.2853* 0.132#%
Fuel TInjector Overall A.q - in? 3.48 2,49
Fuel Injector Plate A.q - in? 3.7 3.04
Flow Divider Valve Position = 7 25.8 26,0
N.* (Based on P_, wt) - % 100, 100.7
N.* (Based on Average lemperature) - 7 100, 99.4

* Rig cycle prediclions

; ** There s an apparent leak of oxidizer flow from primary to
secondary cavities, (Injector Flow Split = 0,415)




Table LX. Engine Thrust Level 509 Engine Mixture
IRatio 5, Rlg No. 35133, Run No. 5,01

Predicted

Test

Engine Cycles Results
Chamber Pressure - psia 2010, 2042,
Total Oxidizer Flow - lb/sec 28.23* 28,08
Oxidizer Primary Flow - lb/sec 7.856% 7.72
Oxidizer Secondary Flow ~ lb/sec 20.37%* 20.36
Oxidizzr Primary/Total Flow Split 0.2783% 0.275
Total Fuel Flow - 1b/sec 36.97 17,93
Injector Fuel Flow - lb/sec 36,97 36,47
Upper Coolant Lingr Flow ~ 1b/ses NAV 0.7073
Lower Coolant Liner Flow - lb/sec NAV 0,3674
Rigimesh Liner Flow - lb/sec NAV 0.380
Injector Mixture Ratio 0.763 0.7405
Overall Mixture Ratio 0.763 188,2
Oxidizer Injector Temperature - °R 208,2* 144.3
Fuel Injector Temperature - °R 142,0% 144,3
Temperature Profile - °R 0° 203,
Average Temperature - °R 1488 1429,
Oxidizer Injector Primary 8P 493,9% 302, *
Oxidizer Injector Secondary AP 38.00* NAVY #edeke
Fuel Injector Plate AP 2 89.6 122.,9
Oxidizer Primary Injector Acq4 - in, 0.063%* 0,080
Oxidizer Secondary Injector Ag - {nZ 0.5897* NAV #eded
Fuel Injector Overall A.q - in 3.48 2,32
Fuel Injector Plate A.q - in? 3.7 3.21
Flow Divider Valve Position - % 46,5% 48,3
N.* (Based on P, wt) - % 100, 100.0
N.* (Based on Average Temperature) - % 100, 98,6

* Rig cycle predictions

#% There is an apparent leak of oxidizer flow from primary vo

secondary cavities,
*%% The downstream tap of secondary AP is bad.
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Table LXI, Engine Thrust Level 507 fngine Mixture

Ratio 6, Rig No, 35133, Run No. 5.01

Predicted Test
tngine Cycles Results

Chamber Pressure - psia 1958, 1948,
Total Oxidizer Flow = lb/sec 29,54 29.44
Oxidizer Primary Flow - lb/sec 8.047% 8,07
Oxidizer Secondary Flow - lb/sec 21,49% 21,38
Oxidizer Primary/Total Flow Split 0,2724% 0.274
Total Fuel Flow - lb/sec 30.77 31.41
Injector Fuel Flovw - lb/sec 30,77 30.22
Upper Coolant Liner Flow - lb/sec NAV 0.5836
Lower Coolant Liner Flow ~ lb/sec NAV 0,.3068
Rigimesh Liner Flow - 1b/sec NAV 0.295
Injector Mixture Ratio 0.960 0.964Y
Overall Mixture Ratio 2.960 0.9375
Oxidizer Injector Temperature -~ °R 207.4% 188.9
Fuel Injector Temperature - °R 163,3% 164.4
Temperature Profile - °R 0° 216.6
Average Temperature - °R 1827, 1797,
Oxidizer Injector Primary QP 518, 1+ 341.4%%
Oxidizer Injector “econdary AP 41,59% NAV #fese
Fuel Injector Plate AP 2 73.7 100.0
Oxidizer Primary Injector Acd - in, 0.063% 0,0786%*
Oxidizer Secondary Injector A4 - in% 0.5947% NAV Jedede
Fuel Infector Overall Agq - tns 3.48 2,45
Fuel Injector Plate A.q - in? 3.7 3,17
Flow Divider Valve Position = % 47, 1%* 48,3
N (Based on P, wt) - % 100. 99,7

100, 98.9

n.* (Based on Average Temperature) - %

* Rig cycle predictions

** There is an apparent leak of oxidizer flow from primary to

secondary cavities,

*#% The downstream tap of secondary AP is bad,
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Table LXII. Engine Thrust Level 507 Engine Mixture
Ratio 7, Rig No. 35133, Run No, 5.01

Predicted Test

Engine Cycles Results
Chamber Pressure - psia 1915, 1964,
Total Oxidizer Flow - lb/sec 30.60% 30.39
Oxidizer Primary Flow - lb/sec 8,182 8,32
Oxidizer Secondary Flow - 1b/sec 22,42% 22,075
Oxidizer Primary/Total Flow Split 0.2674% 0.274
Total Fuel Flow - lb/sec 26,40 26.90
Injector Fuel Flow - lb/sec 26.40 25.89
Upper Coolant Liner Flow - lb/sec NAV 0.5016
Lower Coolant Liner Flow - lb/sec WY 0.2647
Rigimesh Liner Flow - lb/sec NAV 0.241
Injector Mixture Ratio 1.759 1.163
Overall Mixture Ratio 1,159 1.130
Oxidizer Injector Temperature - 'R 206, 8% 188.5
Fuel Injector Temperature -~ °R 182, 8* 181.5
Temperature Profile - °R 0° 267.
Average Temperature - °R 2157, 2123,
Oxidizer Injector Primary AP 535.6% 370, 5%*
Oxidizer Injector Secondary AP 44,61 NAV#edcte
Fuel Injector Plate QP 2 64,2 94,72
Oxidizer Primary Injector A.4 - in, 0,063 0.,0778%*
Oxidizer Secondary Injector A 4 - in? 0.5989* NAV #edede
Fuel Injector Overall Agq - 1n 3.48 2,51
Fuel Injector Plate Acg - in? 3.7 3.13
Flow Divider Valve Position -% 47.,7% 48,2
N (Based on P., wt) - 100, 99,9
ﬂ % (Based on Average Temperature) - % 100 99.2

* Rig cycle predictions
#¥% There is an apparent leak of oxidizer flow from primary to
secondary cavities,
#*%% The downstream tap of secondary AP is bad.
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TEMPERATURE - OR (Hundreds)

Figure 450,
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The data from run 5.01 showed that the liner temperature located at
12 o’clock was again the highest one. At 207 thrust, r = 7 this liner tempera-
ture was at its hottest level of 2400°R which is 350° R ahove average combustion
temperature, At 507 thrust, r = 7 the 12 o'clock liner temperature was 2093°R
and still was the hottest one. A plot of the 12 o'clock liner temperature is
shown in figure 454.

Run 6.01 was programed for 759 thrust, r =7, 1009 thrust, r = 6, and
10077 thrust, r = 7. The run was nutomatically advanced after 23.72 sec by
high combustion temperature which is before reaching the first data point. The
high combustion temperature was false even though the advance system
functioned properly. The high temperature advance circuit had a faulty patch
pin connection that caused a variable resistance in the trigger circuit which
indicated a false high temperature signal.

Inspection of the rig after run 6.01 revealed no problems,

The program for run 7.01 was a repeat of run 6,01, The run was automatic-
ally advanced at 26. 37 sec because of low combustion temperature which is just
after the 75% thrust, r = 7 data point, The indication of low combustion tem-
perature was false because the sensing thermocouple opened up during the run
and caused a signal that looked like low combustion temperature. The rig
remained in good condition after run 7.01.,

The conditions that were predicted and attained are shown in table LXIII
and the temperature distribution is shown in figures 405 and 456. Again, there
is a slight improvement in temperature profile with increasing thrust level.

The hot combustion liner temperature in run 7.01 was again at 12 o'clock
as shown in figure 457. The maximum temperature is 1670°R at 75% thrust,
r = 7T which is 520°2 helow average combustion temperature. The hottest
liner temperature is decreasing with increasing thrust level.

Run 8.01 was a repeat of the programed 6.01 run., Run 8,01 was manually
advanced at 28,24 sec, which is on the ramp to 1009 thrust, r =6, after the
75"/ thrust, r = 7 data point, because of a stand fire,

Inspection of the rig revealed a crack in the lower cooled chamber liner
at the downstream end of the liner. The transpiration liner and injector face
remained in good condjtion.

The rig was pulled from the test stand and delivered to the assembiy floor
for teardown. Figures 458 and 459 show the injector face and liner conditions
after teardown,

Teardown inspection of the rig revealed that the Rigimesh portion of the
transpiration liner was bowed inward, as well as the cracked lower cooled

liner.

The conditions that were predicted and attained are shown in table LXIV,
Figures 460 and 461 show the temperature distribution during run 8.01, The
hot combustion liner temperature during run 8,01 was again at 12 o'clock as
shown in figure 462.
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Table LXIIl. Engine Thrust Level 75% Engine Mixture
Ratio 7, Rig No. 35133, Run No. 7.01

Predicted Test

Engine Cycles Results
Chamber pressure - psia 3007. 2957,
Total oxidizer flow = 1lb/sec 49,29* 49,30
Oxidizer primary flow - lb/sec 7.843% 8.33
Oxidizer secondary flow - lb/sec 41,45% 40,97
Oxidizer primary/total flow split 0.1591% 0.169
Total fuel flow - lb/sec 40,91 42.0¢
Injector fuel flow - lb/sec 40.91 40.53
Upper coolant liner flow - lb/sec NAV 0.7780
Lower coolant liner flow - lb/sec NAV 0.4101
Rigimesh liner flow - 1b/sec NAV 0.336
Injector mixture ratio 1.205 1,206
Overall mixture ratio 1,205 1.172
Oxidizer injector temperature -~ °R 211,27 190.1
Fuel injector temperature - °R 190.4* 193.3
Temperature profile - °R 0° 252,
Average temperature - °R 2235, 2190.
Oxidizer injector primary - AP 486,7%* 376,3%%*
Oxidizer injector secondary - AP 116.5% 120, 6%*
Fuel injector plate - AP 112.0 151.7
Oxidizer primary injector A.4 - in? 0.063% 0,0769%*
Oxidizer secondary injector Acgd - in2 0.6813* 0,6687%%
Fuel injector overall A,y - in? 3.48 NAV i
Fuel injector plate A¢d - in2 3.7 3.25
Flow divider valve position - % 63.9 64,3
Nex (Based on Po, wt) - % 100, 98.8
Mc* (Based on average temperature) - % 100. 98.6

* Rig cycle predictions
*% There is an apparent leak of oxidizer flow from primary to
secondary cavities. (Injector flow split = 0.1350)

#%% Horn pressure used for overall fuel injector Acq is bad. Due to
either a leak or faulty instrumentation liner flows could not be
determined. Numbers given are based on percentages of total
flows from previous runs.
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Figure 458,

Figure 459.

Injector Face Condition After Teardown

Liner Condition After Teardown
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Table LXIV. Engine Thrust Level 759 Engine Mixture
Ratio 7, Rig No. 35133, Run No. 8,01

Predicted Test
Engine Cycles Results

Chamber Pressure - psia 3007. 2964.
Total Oxidizer Flow - lb/sec 49,29% 48,89
Oxidizer Primary Flow - lb/sec 7.843% 8.37
Oxidizer Secondary Flow - lb/sec 41,45% 40.53
Oxidizer Primary/Total Flow Split 0.1591* 0.171
Total Fuel Flow - lb/sec 40.91 42.38
Injector Fuel Flow - 1b/sec 40.91 40,84
Upper Coolant Liner Flow - lb/sec NAV 0, 7840% %%
Lower Coolant Liner Flow - lb/sec NAV 0.4132%%%%
Rigimesh Liner Flow - lb/sec NAV 0.339
Injector Mixture Ratio 1.205 1,187
Overall Mixture Ratio 1.205 1.154
Oxidizer Injector Temperature - °R 211.2%* 191.2
Fuel Injector Temperature - °R 190.4% 196.3
Temperature Profile - °R 0° 258,
Average Temperature - °R 2235, 2203.
Oxidizer Injector Primary AP 436,7% 364 ,8%%*
Oxidizer Injector Secondary AP 116.5* 119, 7%*
Fuel Injector Plate 4P n 112.0 155.1
Oxidizer Primary Injector Acq - in? 0.063* 0.0785%*
Oxidizer Secondary Injector A,y - in2 0.6813* 0,6650%%*
Fuel Injector Overall A.g4 - 1ni 3.48 NAV #5ce
Fuel Injector Plate A.q - in? 3.7 3.26
Flow Divider Valve Position = % 63,9% 64.2
N.* (Based on P., wt) - 7% 100, 99.3
n.* (Based on Average Temperature) - 7% 100, 99.4

* Rig cycle predictions
**% There is an apprent leak of oxidizer flow from primary to
secondary cavities. (Injector flow split = 0.135)
*#% Horn Pressure used for overall fuel injector A 4 is bad.
*%f% Due to either a leak or faulty instrumentation, liner flows
could not be determined. Numbers given are based on percentages
of total flows from previous runs,
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Failure analysis by zyglo and binocular examination revealed that the
lower cooled chamber liner which was fabricated from Hastellov X Material
(AMS 5536) failed circumferentially oply thc liner/ring weld in three locations
approximately 16 in., 1-1/%1in.,, and 1/2 in. in length. In two locations the
eracks branched out axially through the liner and the weld (figure 463). Frac-
ture through the 1-1/4 i{n. circumferential crack revealed fatigue progressing

" from numerous origins en the ID and OD surfaces of the skirt (figure 464).

Microexamination of a section through the 1/2 tn, long circumierential
indication revealed a single, transgranular crack progressing through the liner
side heat affected zone of the liner/ring weld (figure 465). The grain size
was ASTM 5-7, AMS 5536 requires ASTM 4 or finer. The structure appeared
normal for welded and stress relieved AMS 5536.

Spectrographic analysis identified the material as being similar to re-
quired AMS 5536, The hardness across the liner, heat affected zone, and weld
was BB 95-98 (converted). Thickness of the liner in the vicinity of the weld
was 0,042 to 0,044 in, ; drawing requires 0,045 in, minimum,

It is concluded that the circumferential cracking in three locations was due
to fatigue which progressed from numerous origins on both the ID and OD sur-
faces of the liner., Material conformed to composition requirements,

It is probable that the fatigue cracking experienced was caused by low
frequency (600 Hz) combustion oscillations that are experienced during a hot
firing as explained previously in this report.

The bulged Rigimesh transpiration liner was sectioned, and examination
of the section revealed that the electron beam had locally missed the land, as
shown in figure 466 during fabrication when the Rigimesh transpiration
liner was electron heam welded to the Rigimesh support. The electron beam
weld serves not only as a structural means of preventing the Rigimesh transpi-
ration liner from collapsing, but also provides a seal hetween coolant zones.
Thus, when the Rigimesh liner bulged, the fuel coolant became maldistributed
axiaily (zone to zone) and circumferentially causing over cooling in some areas
and overheating in others. The result was local hot spots on the Rigimesh liner,
in addition to the bulging.

The general conclusions that can be made from the preburner rig tests are:

1. The temperature profile is acceptable for driving the fuel pump
turbine,

2. The addition of the transpiration cooled section of the preburner
liner will allow operation of the preburner at any cycle condition
above 20% thrust. The preburner liner temperatures show a de-
crease in operating level as thrust is increased even at high average
combustion temperatures. The preburner can be operated at 207
thrust, r = 5 with no distress to the liner, It is expected that in-
creasing the cooling flow will allow sat{sfactory operation at 20,
thrust, r = 6 and 20%{ thrust, r 7 conditions,
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Figure 463, View of Large End of Liner Showing FAL 18260
Large Circumferential Crack Along
Ring Weld and Crack Branched Out
Through Weld and Liner
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Figure 466. BSection of Transpiration Liner Showing FE 99694
Where Electron Beam Missed the Land

Since the temperature profile is satisfactory and the preburner liner is
adequate above 20% thrust it was decided to run the preburner injector in the
hot gas system test rig.

e. Preburner Torch Igniter Testing
1) Test Setup

Two new preburner torch igniter agssemblies, which were designed for use
in the transition case during hot gas system tests, werc mounted in B-7 test stand
as shown in figure 467. In addition to the bill-of~material igniter assemblies,
other hardware included a phase I spark plug and exciter, a new 110v, 400Hz
spark plug and exciter, and a test stand adapter which simulated the igniter
housing on the transition case. This adapter permitted the igniter to be hot
fired with the same cooling flow path used with the igniter as installed in the
transition case for hot gas system testing. Also, an annular flame enclosure
which simulated a transition case preburner duct scrub liner was mounted in
series with the igniter discharge to determine the effects of direct igniter
torch impingement on the transition case preburner duct scrub liner.

The igniter rig instrumenatation is shown in figure 468, These parameters
were incorporated to monitor possible hardware distress, determine ccoling
characteristics, and to provide sufficient data for performance evaluation.

Data recording consisted of strip charts, oscillograph, and digital print out.
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(2)  Hot Firings

The igniter assemblies were hot fired as separate rigs prior to being
installed in the transition case to define operational characteristics and to pro-
vide a reliable torch ignition system for the transition case during hot gas sys-
tem and hot turbine fuel pump testing. Twenty~-three successful firings were
made on the No. 1 igniter with hot time totaling 688.9 sec.

Figure 469 shows a typical igniter firing. The No. 2 igniter was fired five
times accumulating 161. 4 sec hot time, Significant parameters from successful
tests or both igniters are shown in table LXV. The first 20 tests were made
using the spark plug and exciter from phase I testing. The remaining tests
were made with the No, 1 113v 400 Hz spark plug and the exciter ignited the
rig satisfactorily during use.

Figure 469. Typical Ignit.r Firing FE 98738-4

The first series of hot firings, test 1,02 through 10.02, on the No., 1
igniter assembly were programed to determine the fuel flow split; i.e., Wy
Coolant/Wyg total, and to verify purge, propellant, and spark on-off timing
sequences based on phase I igniter operation,

A mixture ratio of 1 producing an average combustion temperature of
2300°R was programed for test 1,02, This combustion temperature was low
enough to prevent hardware distress even if the coolant flow was found tu be
much lower thun the design target. Mixture ratio of the tests was increased,
test by test to ensure the igniter assembly could be operated at a target design
mixture ratio of 2 without hordware distress,
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Mixture ratio was controlled by regulating fuel and gaseous oxygen up-
siream pressures as set flowing through the rig before ignition, Purge and
propellant valve and spark timing sequences were controlled by a programed
digital sequencer.

From the beginning of the test series, problems with plugging the orifice
on the gaseous oxygen supply caused the actual mixture ratio to be lower than
target. In addition, plugging of the fuel coolant flow orifices, which causes low
mixture ratio, was experienced. Tests 1,02 through 9.01 experienced gaseous
oxygen orifice plugging and some degree of fuel coolant orifice plugging, causing
the combustion temperature to be lower than target.

In those tests experiencing partial plugging of the gaseous oxygen external
orifice, mixture ratio was determined from combustion temperature as gaseous
oxygen flow could not be calculated, igniter fuel flow split was calculated in
later testing. Igniter barrel temperautre, Tgl or T3 was found to be a linear
function of combustion temperature and the igniter barrel temperature was used -
in determining average combustion temperature in tests, in which the combustion
temperature probe was overscaled or otherwise inoperative,

The approximate design mixture ratio was reached on run 11,01, A
visual inspection of the rig made after each test revealed no hardware distress.
Runs 12, 01 through 14.01 were made to show the durability of the igniter with
flowrates 20% above and below the design flowrates.

Runs 15.01 and 16. 01 were made with the igniter discharge directed at a
simulated transition case preburner duct scrub liner at a design distance of 9
in. and a shorter-than-design distance of 4.5 in. respectively, at approximate
design flows. Runs 17,01 through 19.01 were a repeat of tests 15,01 and 16, 01
except flows were 20% higher than design flows. These tests demonstrated
direct impingement of the igniter discharge on the simulated lines caused no
distress of the liner at the design or higher than design propellant flowrates.

Runs 20.01 and 21, 01 were made to determine the lower mixture ratio
limit for sustained combustion once the igniter was lit and running. The igniter
flamed out at approximately 2200°R. The fact that the igniter would not continue
burning down to the combustion temperature levels experienced in run 2,01 and
the subsequent runs 28,03 and 29.01 on the No. 2 igniter were not investigated
or explained.

Run 24.01 was made to show durability of the igniter at combustion temper-
atures higher than design, The igniter was run at a combustion temperature of
4230°R for 31 sec, and inspection of the igniter after this test did not indicate

any cistress,

The No. 1 igniter was disassembled and flushed after run 24.01 because
the changing coolant flow split showed the fuel coolant slots were becoming
progressively more plugged. To correct this problem, the facility lines were
thoroughly blowndown, and all lines, valves, and fllters were cleaned, After
cleaning the No. 1 igniter, runs 25.01, 26.01, and 27.01 were made to deter-
mine if the fuel coolant slot blockage had been removed. The flow split had
returned to the original level of 83% of the total fuel flow going through the cool-~
aut metering orifices. The No. 1 igniter was dismounted and inspected with no
problem areas noted.
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The No. 2 igniter was mounted, checked, and fired up to design flowrates
during runs 28, 01 through 32.01, The No, 2 igniter was dismounted and inspected.
No indications of hardware distress or other problems were noted. These tests
concluded the test work done on the preburner igniters.

6. Facilities
a. E-8 Test Stand

This test stand was provided by United Aircraft Corporation to support
the Phase I full scale preburner and staged combustion test programs, and a
plot plan is shown In figure 470. The addition of this large capacity pressurized
facility to the existing FRDC facilities has allowed testing of 250,000 1b thrust
preburners at pressures in excess of 5000 psi. The facility consists of a 2400
gallon, 6600 psi hydrogen tank, and a 900 gallon, 6600 psi oxygen tank, These
liquid run tanks are pressurized with gaseous hydrogen and gaseous nitrogen,
supplied from seven 9000 psi cylinders with a total storage volume of 4185
cu ft. The facility includes twin 10,000 psi hydrogen gas compressors and
10, 000 psi nitrogen vaporizer pumps for charging the tank pressurization
bottles. The liquid and gas capacity enables testing the 250,000 1b thrust pre-
burner, at design operating pressure, for 7 sec, and staged~combustion tests
for 15 sec, The thrust measurement system is sized for 350,000 Ib thrust and will
allow accurate thrust measurement with a precision error of less than + 1% over
a 10 to 1 thrust rangs. A liquid-gas mixer {s provided to supply hydrogen to
the rig at any temperature between that of liquid hydrogen and room temperature
to simulate engine operating conditions. In addition, separate hydrogen systems
are available for chamber and nozzle coolants. Control of propellants to the test
rig is accomplished by using 23 electrohydraulic commercial control valves in
the gas and liquid systems., These control valves, many of which are in parallel,
allow a pressure flow control range of 450 to 1.

The facility control system is based around an analog computer, allowing
for closed loop control of the electrohydraulic servovalves plus associated
mathematical computation and nonlinear function generation. Figures 471 and
472 show the E-8 control consoles and analog computer, The computer system
consists of the following components:

200 coefficient potentiometers

160 Philbrick dc operational amplifiers

20 EAI multipliers

26 variable diode function generators

26 voltage comparators

1 NLS digital voltmeter

1 NLS digital printer

1 NLS digital frequency counter
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Figure 470. E-8 Test Stand Plot Plan FD 21139
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Figure 471. E-8 Control Console FC 14114
. Figure 472. E-8 Analog Computer FC 13694
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24 Astrodata differential amplifiers

1 Vidar voltage-to-frequency converter
1 Wavitek function generator

§ Vidar frequency-to-voltage converters
1 hp dual trace oscilloscope

Test program evente are controlled by an electronic digital sequencer.
This unit converts a constant frequency pulse train into time controlled switch
operations according to a predetermined program sequence. These switches
can be operated in series, parallel, cascade, and time delayed sequence. Event
timing can be scheduled in 1 msec intervals on any one of 60 relay channels
between the time limits of + 999,999 sec. In conjunction with the analog computer,
the sequencer provides for prefiring and post-firing vaive operation, initiation,
and shutdown of test, and timing of controlled parametric changes during the
test. The sequencer is programed to interrogate, in conjunction with voltage
comparators, certain parameters at specific time interval, thus providing a
go-no-go indication for the test to proceed, advance to a preprogramed con-
trolled shutdown, or abort., During the test program this engine parameter
interrogation system has proved invaluable in the protection of rig hardware from
damage due to program error, controller, or valve malfunction,

Control system input as well as data recording Is handled through a 200
channel digital data system with a sampling rate of 6666 samples per sec.
(Sce figure 473). The transmission and signal conditioning system has the
capacity to handle the following:

Pressures (individual power supplies) 72 channels
Thrust 12 channels
Resistance temperature bulbs 24 channels
Flow and rpm 12 channels
Flow multipliers 15 channels
Thermocouples, C-A 48 channels
Thermocouples, C-C 48 channels
Vibrations 18 channels
Dynamic pressures 6 channels

The data are preseated using:
Strip charts 28 channels

Oscillograph 36 channels




Analog tape 24 channels
Digital recording 200 channels

Oscillograph (control parameters) 18 channels

In addition there are nine high speed camera locations and closed circuit
TV for test monitoring.

Figure 473, 300-Channel Digital Data FC 12357
System

The 250,000 b thrust preburner is tested to optimize the temperature
profile and Investigate the effect changes in fuel inlet temperature and momentum
ratio have on the temperature profile. The control configuration used for pre-
burner testing is shown In figure 474. In this configuration, the operating level
of the preburner (s determined by power level, which schedules the oxidizer and
fuel flowrates.

Power level also schedules the desired valves of preburner liquid oxygen
and hydrogen flows.

The measured valves of these flows are fed to the contrcl system and are
then compared with the desired levels, which are functions of the power level.

The preburner starting sequence is accomplished by diverting the required

fuel and oxidizer flows from a preset overboard condition to the injector and
allowing them to stabilize. Preburner combustion pressure is 7% at this point
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and the axidizer valves are on flow control and the fuel valves are on position
control. The liquld fuel valves are then switched to total flow control, On total
flow control the flow signal from the liquid and gasecus hydrogen flow meters are
summed. The gaseous hydrogen valves are on temperature control; sensing the
temperature at the mixer exit., Preburner flows are ramped to the desired
equivalent thrust level and combustion temperature.

Figure 474, Preburner Rig Control ¥D 21136C
System

Test conditions, other than those scheduled by power level, are programed
in and out of the control by the digital sequencer to set starting flows, provide
automatic changes of flow level, and provide automatic excursions Iin test con-
ditions to acquire performance data.

b. Injector Calibration B-21 Test Stand

Injector calibrations were obtained through the use of the closed loop
water blowdown facility B-21 stand. The water flow loop consists of a 2100
gallon run tank, which when filled is pressurized to the required level from 2
5000 psi nitrogen source. The tank is capable of supplying 1500 psi water to
the inlet of the test item at flowrates from 1% to 100% of the equivalent 250K
malin oxygen flowrate. The water passes through electrohydraulic control valves
that will set the preprogramed flow versus pressure ramp to the test item. A
20 channel analog computer is used for this purpose. The water through the
test section flows into a catch tank to recover the working fluid, The recovered
water is then pumped back to the run tank for reuse. The internal surface of the
flow system is stainless steel, and demineralized water allows for the test com~-
ponent to be maictained in a LOg clean condition. Turbine flowmeters are used
for low measurement, and data are recorded on strip charts and on an 18 channel
oscillograph, A minimum test duration of 30 sec is attainable with this eystem
when operating at the maximum flowrate.
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B. :I‘BANS!TION CASE
1. Introduction

The transition case serves as the mounting structure for three major engine
components; the preburner, oxidizer pump, and fuel pump. It contains internal
ducting that routes preburner discharge gases through the fuel and oxidizer pump
turbines and to the main burner injector. A machined boss for installing the pre-
burper igniter is located on the preburner sphere. With incorporation of the pre-
burper injector and turbepump components, the transition case is a self-contained
powerhead, capable of supplying the main burner chamber and nozzle with the high
Sressure propellant necessary to produce the design thrust. Figure 475 shows the
transition case locaticn and figure 476 shows how the components are attached or
plugged {n the transition case. It also serves as the primary combustion stage
for the staged combustion cycle. The gimbal spherical ball sea socket and re-
tainer 18 incorporated in the upper end of the outer case so the outer case also
serves as a structural member that transmits thrust from the main burner to
the gimbal ball,

The design analysis of the transition case was substantiated by subscale
transition case model tests that assisted in the evaluation of the selected design.
Following the model testing and consideration of five intersecting sphere con-
figurations, a design concept of coplanar intersecting spheres was selected for
the transition case. A detalied description of the mode] testing and design studies
is presented in the Demonstrator Engine Design Report, AFRPL-TR-70-5. A
lightweight, high strepgth materials requirement placed upon the outer case
fabrication material predicated selection of Inconel 718. Rings were forgings,
and the shell was hydroformed flat plates. The case cooling liners and pre-
burner discharge gas flow ducts (although not an integral part of the outer case
structure) including a centerbody where the flow split resuited, were essential
elements of the overall concept. The internal ducting of the transition case
splits the hot, fuel rich gases from the preburnei' to provide adequate gas flow
into each turbine, the fuel turbine requiring approximately twice that required
to drive the oxidizer turbine. Cooling liners betwecon the outer case and the hot
gas flowpath keep the outer case temperature below 540°R.

The gimbal thrust ball, an assemBly external to the transitior case, pro-
vides for engine attachment to the vehicle while permitting engine gimbaling in
the pitch and yaw axes.

2. Summary Conclusions and Recomraendations

The coplanar lesign was selected over the canted components version
after completing design studies and model testing, The coplanar design was
selected because it offered the best solutions regarding the inner duct desigr,
cooling, thrust Joad handling, assembly and manufacturing problems.

Inconel 718 ring forgings were used to provide a high strength assembly
in the high stress areas. These were welded to the main sphere and later
finish machined. The main sphere was composed of two Inconel 718 hydroformed
welded Lemispheres.
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Figure 475. XLR129 Reusable Rocket Engine FD 31415
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Hand welding methods were used in the fabrication of the transition case.
A study of welded specimens was conducted showing that hand welding was
superior to machine welding when cost, quality and consistency were considered.

The porous cooling liner that routes the coolant to the outer case was in-
stalled in subassembly sections in the outer case. The liners were fab-
ricated by a vendor and were formed to the case contour. Because the coclant
flowrates, after forming, proved from tests to Le unpredictable, the flow was
tailored by a flame spraying process. Studies show the flow can be tailored as
required and the pure nickel spray bonding is permanent under extreme condi-
tions. The gimbal ball uses a uniball joint to distribute thrust and side loads
into the transition case. This eliminates the need for a standard cross pin
universal joint and provides a simpler, lighter and more stable joint.

The centerbody, a sphere intersected by three cylindrical rings, prevides
the shortest possible plumbing for the intersection of the fuel, oxidizer and pre-
burner duct, and provides the sealing surfaces for the piston rings that are in-
stalled as part of the individual duct assemblies. The outer shell of the center-
body is a porous liner that protects the structure of the centerbody from the hot
turbine exhaust gages. The centerbody is supported by the transition case at¢
the gimbal support cone through a threaded joint. Coolant supply to the center-
body from the transition case fiows through this threaded joint, cooling the
gimbal area before entering the centerbody.

For the initial preburner-transition case testing, turnaround caps that
closely simulate the fuel and oxidizer turbines were planned. Where possible,
actual turbine parts were designed into the cap assemblies. These ducts and
the preburner duct that plugs into the centerbody form the plug-in concept.

The preburner duct serves as a combustion chamber and discharges com-
bustior products into the centerbody. The duct design considerations used in-
clude cycle life, strength and weight. Inconel 625 material, offering goed cycle
life, was selected for the internal detail of the liner. Because the duct assembly
is also a structural duct, Inconel 718 was selected for the outer duct detail.
Coolant passages are formed when the two details are joined and oven brazed.
The coolant flows the iength of the duct discharging into the gas flow stream
through the centerbody liners.

The transition case details were successfully proof pressure tested to
120% of their hot run stresses and recommended for testing with the preburner
injector. Section VII describes these tests.

3. Hardware Descrlption.

The transition case assembly, illustrated in figure 477, is composed of
the outer case, cooling liner, preburner flow duct, and centerbody.

a. Outer Case

The preburner injector, oxidizer pump, fuel pump, and main burner
injector are flange mounted to a common duct, and the method of intersecting
these flanged components defines the engine package. The outer case is the
mounting structure for these components and in operation contains combustion
products. The outer case and cooling liner are illustrated in figure 478,
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To minimize weight and maintain a compact engine package, a spherical
vessel was selected as the basic case building block and is intersected by four
flanged, spherical segments.

The cverall case envelope was determined by the area of the main burner
injector proportioned to the area of the ring at the lower sphere ring inter-
section. The individual components determined the overall size of the compo-
nent spheres. Shell material thickness supported by a stiffening ring maintains
equal deflection at the intersection points; therefore, bending stresses occurring
at the point of highest stress in the case (the main burner injector flange-to-~
shell intersection) determined the shell thickness requirement of 0,185 in. The
thrust load is applied through the center sphere of the transition case by inter-
secting it with an inverted cone and gimbal. The outer case is designed for an
internal operating pressure of 4500 psi {including a safety factor of 1.5) and a
thrust load of 250,000 1b.

b. Cooling Liner

The cooling liner shields the outer case structure from the high tempera-
ture turbine exhaust gases as they flow from the turbines to the main burner
injector. The liner is hydrogen transpiration-cooled, and prevents the case
external skin from exceeding 540°R. The inside of the outer case preburner
segment has gold plating (0.0001 in.) that reduces preburner flow duct radiation
from increasing the temperature of the outer case structure in this area.

The liner takes the shape of the outer case and is assembled into the outer
case by welding together preformed spherical segments fabricated from sintered
wire mesh, creating a porous metal barrier between the outer case and turbine
exhaust products. Hydrogen passes through the liner forming an insulating
boundary.

Design studies indicate that a spherical Rigimesh liner that uniformly
follows the outer case contour is optimum for providing the best flow properties.
This will ensure there i3 no severe maldistribution of coolant caused by the
quantity or location of coolant supply points. The liner was set at a liner-to-
outer-shell proximity of 0.170 to 0.190 in. to minimize velume because the
volume behind the Rigimesh strongly affects liner pressure differential during
a transient. The selecied liner was designed for a 10 psi pressure differential
under design conditions, providing a Rigimesh liner differential pressure of
4 pei at minimum thrust and maximum mixture ratio conditions, Therefore, a
design point steady-state drop of less than 10 psi could lead to poor coolant dis-
tribution at off-design conditions., Stiffening rings fabricated from L-605
(AMS 5759) are installed at the mounting flanges for the mounting of the two pumps
and the main burner injector. The liner is 0.057 in. thick and has a porosity of
21 scfm ambient air at a 2 psid pressure. The liner is flame sprayed in local
areas a3 required to ensure the proper flowrate.

Coolant supply is obtained downstream of the transpiration supply heat

exchanger and is supplied to the transition case through the fuel and oxidizer
turbopump flanges. Coolant is supplied at 450°R and a flowrate of 1.2 lb/second.
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c. Gimbal Thrust Ball

The function of the gimbal thrust ball assembly, shown in figure 479, is
to provide for engine attachment to the vehicle while permitiing engine gimbaling
in the pitch and yaw axes, to distribute thrust and side loads uniformly into the
transition case, and to distribute the thrust load uniformly to the vehicle structure
through a cone intersecting the ball. Ball size was determined in terms of the
highest stress point at the intersection of the cone and sphere. The thickness
was kept uniform around the ball except at the torsion pin boss.

Nozzie Support

Assembly
Transition Case

Theust Ball

Ciamp and Retaining

Eighteen 0.02493 in. Ring Asssmbly
Equally Spaced Holes {2 Sections)
Figure 479, Gimbal Thrust Ball Assembly FD 31020A

Bearing stresses and pin shear stresses are minimized by using a uniball
joint to distribute the thrust and side loads into the transition case. This elim-
inates the iieed for the standard cross pin universal joint, thereby affording a
simpler, lighter, more stable joint. The load thus distributed to the transitton
case is transmitted uniformly in shell fashion, thereby minimizing stress con-

centrations and bending.

A low friction, easily replaceable liner is used between the ball and
socket. The material is a composition of tefion, fiberglass, and epoxy, and
is bonded to the socket.

An antitorque pin used between the ball and socket resists torsion, enabling
the ball to rotate about the pin axis, but preventing axial twisting. A slot in the
ball permits the ball to rotate normally to the pin,
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d. Preburner Flow Duct

The preburner flow duct is composed of a cooled stiructural duct, a hot
gas scrub liner, and an outer heatshield. The preburner ilow duct is illustrated
in figure 480.

tnner Flow Duct Lincrj

/_Oumr Flow Duct Liner

Hot Gas Scrub Liner Piston
{% -

Orifice

Figure 480. Preburner Flow Duct FD 29138B

The small end of the preburner duct outer structural wall has a ring into
which two grooves are machined. These grooves are part of a three piece
piston ring seal design, which is shown in figure 481. The piston rings (AMS 5759)
are backed by a spring which provides ring set centering during the blind assembly
and provides positive, radial outward loap at starting. The rings have a small
radial wall dimension to allow pressure to more readily conform the ring to the
seal diameter. A three piece ring has proved better than a one or two piece
ring because of its bidirectional sealing capability. The area of contact is three
times larger than the gap area to ensure the seal dees not pivot. The piston
rings are loaded by the 1800 to 2000 psi differential pressure across them. The
maximum leakage calculated for the three ducts is approximately 0.1 lb/sec
at 1800°R and 1800 psid, assuming one ring per duct and a leakage gap of
0.001 in,

The hot gas scrub liner protects the structural duct by preventing hot com-
bustion gas from scrubbing directly against the cooled inner wall of the duct.
The first 2 in. of the liner utilizes a porous liner to provide film cooling in that
area of the combustion chamber considered most susceptible to burning damage.
In addition, film carryover cools downstream for a distance onto the uncooled
liner. This transpiration section {s a cylinder of sintered wire mesh, electron-
beam welded into a support member which has three coolant feed annuli. This
assembly is shrink fitted into the preburrer duct, with a tight fit at each end of
the porous material section to provide seals for a fuel supply manifold. Fig~
ure 482 shows details of the cooled liner assembly.
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Rings

N

(Spring Loaded)

Piston
) 7 - \\
£ 7 Y A\

\

Turbine Exhaust

_

Preburner
Flow Duct

~=— High Pressure
\

Centerbody

Figure 481, Preburner Flow Duct to Centerbody
Piston Ring Connection

Figure 482, Details of Cooled Liner Assembly
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The initial transpiration cooled liner design and the design interations
leading to the final design are covered in paragraph 4.b. The final design in-
cluded a porous liner with a porosity of 43 scfm at a pressure drop of 2 psi and
orfices of 0.028 in. (18 holes) and 0.0205 in. (36 holes) in diameter. Because
of continued erosion of the porous liner during the hot gas system rig (356139) hot
tests, the flowrate through the porous liner was increased for the hot turbine fuel
pump rig (35155) hot tests. A new cooled liner was fabricated with a perosity of
76 scfm and orifices of 0.042 in. (18 holes) and 0.034 in. (36 holes) in diameter.
Additicnally, after sectioning the cooled liner used in the hot gas system rig,
poor electron-beam weld penetration was apparent. To ensure a permanent
bord of the porous liner to the carrier, the electron-beam welds between coolant
zones were reinforced with heliarc plug welds 0.375 in. long by 0.045 in, wide.

The uncooled liner is a single piece that bayonet joints into the preburner
duct approximately 5 in. behind the igniter. This portion of the liner serves to
reduce the temperature gradient through the cooled duct, enhancing the low-cycle
fatigue life of the duct. This joint provides a metal-to-metal seal loaded by a
differential pressure, and is a minimum leakage seal allowing small amounts of
combustion products to aspirate behind the liner.

Material selected for the duct and liners are:
1. Cooled Duct - Inconel 718 and Inconel €25
2. Transpiration cooled liner
a. Porous material - L~605
b. Support - Inconel 718
c. Extension - Hastelloy X
3. Uncooled liner - Haynes 188.
Duct and liner cooling flow comes from 28 injector pilot holes into a mani-
fold. Eight metering plugs feed the manifold providing cooiing for the preburner
duct structure. The transpiration cooled liner fiow {8 controlled by the carrier

orifice sizes.

The rear section of the scrub liner has axial restrainer tangs that engage
slots in the inner duct liner as shown in figure 483.

The front end of the preburner flow duct is supported by the transition case
flange and preburner injector as shown in figure 484. A inetal ring seal on the
front of the duct prevents coolant from leaking into the combustion chamber.

The purpose of the outer heatshield is to prevent hot turbi.ie exhaust gases
from scrubbing the outside of the duct structural wall, adversely affecting low-
cycle fatigue life. Very small gaps at the front and rear ends of the heatshield
prevent gas flow behind the shield. The outer heatshield is held by shoulder
bolts through a slotted hole. The loose fit permits thermal flange and shield
growth independent of the duct. The rear of the shield grows outward against
the centerbody piston ring ramp at a high thrust and mixture ratio, and the froat

513




of the shi=ld grows outward against the transition case line-to~duct seal support.
The center flange has four holes for shutdown venting.

The centerbody, illustrated in figure 485, is composed of the structural
body, the outer porous cooling liner, and the inner liner assemblies. The
structural body is a sphere intersected by three cylindrical rings. These rings
are equally spaced around the equator of the sphere and are the sealing surfaces
for the piston rings installed as part of the individual duct assemblies.

An outer porous liner encloses the structural shell and ring assembly to
protect the assembly from hot turbine exhaust gases, This porous liner is
flame sprayed with pure nickel to tailor the flowrate as required.

The centerbody liner divides the preburner gas flow between the two turbo-
pumps and also prevents the preburner gas flow from scrubbing the inside struc-
tural walls.

The centerbody inner liner is cooled by the preburner duct coolant flow,
The coolant discharges from the preburner duct into the area between the cen.er-
body outer structure and the supporting segments. The coolant flows around
the entire inner spherical surface to the side opposite the preburner duct and
is discharged into the turbine inlet hot gas stream. A portion of the coolant
flow (1.2 Ib/sec) supplied to the transition case porous liner flows into tkis
cavity through sixteen 0.375 in. diameter holes in the gimbal thrust cone, cooling
the gimbal area. The coolant flows into the area between the outer porous liner
and the centerbody outer structure and discharges through the porous liner into
the turbine exhaust gases.

The estim.ated weight of the transition case was 277 1b, excluding the
gimbal and pump ducts., The actual weight is 304 1b.

Hot Gas Scrub Liner Rear Section

\» Section A-A
Inner Duct Liner

Figure 483. Connection of Front and Rear Section FD 23140A
of Hot Gas Scrub Liner
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515 L




&/

Heat Shield Section / , \‘

/
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=

Coolant Supply Holes —__ | 7/’— Thresded Segment

Figure 485, Transition Case Centerbody FD 29179

4. Fabrication
The component manufacturing timetable is shown in table LXVI which shows

the procurement and manufacturing time required for the principal subcomponents
of the transition case.
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Table LXVI. Component Manufacturing Tim

1969
MARCH APRIL MAY JUNE JULY AUGUST SEPTEMBER OCTOBER
5 1015 20 25 5 10 15 20 25 5 10 15 20 25 5 10 15 2025 5 10 15 2026 6 10 15 2026 5 10 15 20 25 5 101520 25 §

(114 Days) |

Main Case

Procure Ring Forgings

(63 Days)
Machine Ring Forgings

(84 Days)
Procure Shell Sheat
Stock

{55 Days)

Form Shell O

Fabricate Main Case
Assembly

Pressure Test Main Case

Procure Cooling Liner in
Main Case

Assemble Cooling Liner
in Main

Preburner Flow Duct

Procure Duct Raw {110 Daysj

Material

Fabricate Duct

Center Body

Procure Raw Material

Fabricate Structural and
Porous Case

P ton e e —————

S 10 ¥6 20 26 6 10 18 028 5 10 16 20 25 6 10 16 2026 S 10 18 20 28 S 10 15 20 2% 8 10 6 20 28 $ 10 16 20 28




nent Manufacturing Timetable

1969 1970
SEPTEMBER OCTOBER NOVEMBER CECEMBER JANUARY FEBRUARY MARCH APRIL MAY
510 1520 25 5 16152025 5 10 152025 5 10 15 20 25 5 10 15 20 25 5 10 15 2025 6 10 16 2025 5 10 15 20 25 & 10 15 Eﬁ.
T
(63 Days)
184 Days)
™
{198 Days)
{16 Days)
{110 Days)
(178 Days)
{112 Days)
250 Days)
(89 Days)
o'y
8 10152025 5 10 15 20 256 B 1D 15 20 25 b 10 18 20 25 5 10 15 20 25 6 10 18 20 286 5 10 5 0 26 S 10 156 20 26 § 10 1%

FD 44882
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a. Outer Case

The outer case is a weldment consisting of a major sphere, fabricated
by hydroforming Inconel 718 plate, to which are welded four flanged spherical
segments and one pancake segment machined from cylindrical forgings.

To verify the weld efficiency used in the case design, a weld tensile
strength test program was conducted. The material used was heat treated
Inconel 718. The welds were patterned after the transition case welds, which
included both butt and T-intersecting welds. Both manual and machine welding
methods were utilized in fabricating specimens.

Machine welding methods are superior to manual welding primarily be-
cause of weldment uniformity. However, when close control was exercised in
the manual welding method, the results were equal to those of the automatic
welds. Because of high tooling cost for the machine welding method, the manual
method was selected. The results obtained, which are shown in tables LXVII
and LXVIII for machine and manual welds respectively, showed that when the
weld tolerance closely conformed to the limits specified in the layout, the ultimate
tensile strength met or exceeded 180, 000 psi.

For correlation, specimens were run that were out of the layout specified
range for mismatch and bead height. No appreciable reduction of tensile strength
was noted as a result. The maximum deviations were a mismatch of 0,070 and
a bead height of 0.070. The blueprint mismatch tolerance is +0.005 and the
bead height tolerance is 0.010-0.030. The lowest ultimate tensile strength
recorded on any specimen was 169, 000 psi. Severe conditions were noted when
the cross sectional area was abruptly changed, when variations such as sudden
increase or decrease of weld bead were encountered. All specimens were in-
spected by X-ray and zyglo techniques before testing to ensure that cracks or
voids were not present. These were manually repaired when detected. Tensile
strengths of the repaired specimens were within acceptable limits and were not
measurably affected as a result of the repair.

All forgings to be used for outer case fabrication were inspected before
machining by X-ray, sonic and zyglo techniques, to ensure that the material
was free from detrimental flaws. In addition, all Inconel 718 used had spot
metallegraphic examination performed to ensure the NiC3 strengthening con-
stituent had not precipitated during forging to the undesirable eta phase, elimina-
ting it as the strengthening gamma prime phase.

Upon receipt of the hydroformed hemispheres to be used for the major
sphere, it was determined that explosive forming would be required to bring
the sphere within the required dimensions. A die was fabricated and the shells
formed. The hemispheres were trimmed, scarfed for welding, and hand welded
using heliarc welding and Inconel 718 rod. Figure 486 shows the fixtured sphere
before welding. .

Upon completion of the major sphere, the five semifinished forgings were
individually welded to the sphere. Figure 487 shows the sphere fixture with two
of the component segments welded and the other component segmerts before
welding.
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Figure 486, Sphere Welding Fixture FE 89598
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After completion of welding the oxidizer pump, fuel pump, gimbal socket,
preburner, and main chamber segments, the weld bead areas were X-ray in-
spected. Evaluation of X-rays revealed several spots of porosity in the welds
ranging up to 0,040 in. diameter. Repair was initiated by drilling into the
porous spots and rewelding. This process was continued until all welds were accept-
able. During the weld process, each weld rod was cleaned before use by vapor
degreasing in trickloroethylene. However, it was theorized because of the

number of porosity spots, that oxidation still may have existed on the weld rod

after cleaning. Before welding the second transition case, all weld rods were
cleaned by immersing in a 70% nitric acid, 10% hydrofluoric, and 20% water

solution. Welds of the second transition case showed improvement in lack of
porosity when compared to the initial weldments.,

Following welding, the unfinrished flanged segments were finished machined,
except for approximately 0.100 in. excess material on the flange face to allow a
stress relief margin. This operation was later accomplished on a tracing vertical
turret lathe. The case was then solution heat treated in a hydrogen atmosphere at
2360°R for one hour followed by aging at 1860°R for 8 hr and an additional 8 hr
at 1560°R. The finished flange dimensions were cut and bolt holes were com-
pleted in the flanges. Figure 488 shows the case during bolt hole drilling and
figure 489 shows the case in the mockup stage with the preburner injector and
fuel pump housing installed. Following fabrication, the case was successfully
proof pressure/thrust tested under conditions exceeding normal test levels.
Figure 490 shows the case during testing, with stress coat to indicate areas of
high stress.

Figure 488, ‘Transition Case Bolt Hole Drflling FE 95740
Fixture

524




Figure 489. Transition Mockup Assembly Showing FE 96289
Preburner Injector and Fuel Pump
Installation

R

Figure 490. Hydrostatic Proof Test of the FE 96989
Transition Case
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The pressure test included a complete stress coating of the assembly so
that the highest stress areas could be pinpointed. The stress coating was then
washed from the assembly and strain gages were applied to the areas of highest
stress. Strain gages applied for the test included 42 two-gage rosettes at various
outer locations that were matched by 42 two-gage rosettes on the shell inside
diameter. Additionally, 4 two-gage rosettes external and 1 three-gage rosette
internal were also included. Figures 491 through 498 show the locations of the

strain gages.

The transition case was then placed in a 350 ton hydraulic press as shown
in figure 499. Pressure/thrust tests were conducted to 120% of the design level
for both normal engine operating conditions and normal pressure/low thrust
conditions that duplicated the preburner tests described in Section VIII. To
simulate the preburner conditions, the case was loaded in 15% increments to a
maximum level of 3600 psig and 48,000 1b. During the first cycle, strain data
was recorded at each increment. For the second cycle, the case was loaded
in 30% increments up to the same maximum level recording highest strains only
at each increment.

Figure 491. Advanced Propulsion XLR129 FMDL 14837-3
Preburner Quter Case Showing
Locations of Strain Gage Rosettes
No. 1 through No, 10, Strain
Gage Rosette No. 47 Located "n-
side Case. (2147902 S/N 1)
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Figure 494, Advanced Propulsion XLR129
Preburner Outer Case Showing
Locations cf Sirain Gage Rosettes
No. 20 through 24, 37, 38, 39, and
42, (2147902 S/N 1)

P, A,

Figure 495, Advanced Propulsion XLR129
Preburner Outer Case Showing
Locations of Strain Gage Rosettes
No. 19, 25, 26, and 27
(21474902 8 N 1y

SuUy

FMDL 14837-6

FMDI 14837-17




Figurc 496. Advanced Propulsion XLR129 FMDL 14837-8
Preburner Quter Case Showing
Locations of Strain Gage Rosettes

X No. 26, 27, and 23. (2147902 S/N 1)

B aaain dutwes PLaNGE

Figure 497, Advanced Propulsion XLLR12Y FAMDL, 14837-9

Preburner Quter Case Showing
Locations of Strain Gage Rosettes
No. 34, 35, and 36 (2147902 & N 1)
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Figure 498,

Ficurce 499,

Advanced Propulsion XLR129
Preburner Outer Case Showing
Locations of Strain Gage Rosettes
No. 45 and 46. (2147902 S/N 1)

FMDL 14837-10C

a‘ Y
B S S

Transition Case Showing Setup for
Experimental stress Analysis and
Internal Pressurce - Thrust Proof
Test
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A maximum tensile biaxial strain of 19,550 uin./in. (approximately 2%) with
0.7% offset occurred at strain gage location 18 under combined 3600 psig internal
pressure and 48,000 lb thrust load. This is equivalent to a uniaxial strain of
11, 900 uin. /in. Biaxial yield strain was approximately 7700 uin. (biaxial stress
of 273,400 psi) which is equivalent to uniaxial yield strain of 4500 sin. (uniaxial
stress of 135,000 psi). Strain and stress data are listed in table LXIX. Biaxial
and equivalent uniaxial strain data for strain gage number 18 are plotted in fig-
ure 500. Biaxial strain data for strain gage number 20A are plotted in figure 501.

To simulate the engine conditions, the case was loaded in 15% increments
to a maximum level of 3150 psig and 262,500 1b (105%) recording strain data at
each increment. For the second cycle, the case was loaded in 30% increments
to a maximum level of 3600 psig and 300,000 1b, Only the highest strains were
recorded at each increment except at the 120% level where all strain data were
recorded. :

A maximum tensile biaxial strain of 15,250 4in./in. with 0.34% offset
occurred at strain gage location 16 under combined 3150 psig internal pressure
and 262,500 lb thrust load. This is equivalent to a uniaxial strain of 9190 iin. /in.
Biaxial yield strain was approximately 8200 Min. (biaxial stress of 288,700 psi)
which is equivalent to uniaxial yield strain of 5000 uin. (uniaxial stress of
141,500 psi). Strain and stress data are listed in table LXX. Biaxial and equiva-
lent uniaxial strain data for strain gage number 16 are plotted in figure 502.
Biaxial strain data for strain gage number 20A are plotted in figure 501.

The high tensile biaxial strains of 15,250 and 19,550 uin./in. at strain gage
locations 16 and 18 were caused by combined P/A and bending at the intersecting
weld between the case shell and the oxidizer sphere. The bending resulted from
a mismatch between the oxidizer ring and the main sphere. This mismatch
occurred because the rirgs were machined symmetrical while the main sphere
was 0.040 in. out of round and had a thickness variation resulting from the
forming operation. A uigh stress point was also seen at a local weld area of
the igniter boss, adjacent to the preburner sphere flange.

A post-test zyglo inspection showed the case to be free of surface devia-
tions.

Following the proof pressure test, the preburner sphere area of the assembly
was gold coated :o reduce radiation effects from the preburner duct. Instrumenta-
tion to monitor conditions in the cavity between the outer case and porous cooling
liner were applied to the case as shown in figure 503.

b, Cooling Liner

The porous cooling liner that routes the coolant to the outer case was in-
stalled in the outer case iIn sections, Liners were fabricated and formed to the
outer case contour by outside vendors. Because the porosity of the liner was
proved to be locally unpredictable (porosity varied from 73 scfm to 167 scfm)
after forming, the flow was tailored Ly flame spraying nickel over local areas
to reduce porosity. This process allowed the liner porosity to be controlled to
within 1107 of the desired value.
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XLR129 Transition Case Under Combined iaternal Pressure
ond Thrust Loads (Praburner I"hgi_o)l Rceette 18 Cq
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Figure 500, Strain Gage Data, Gage No. 18 FD 45724

Transition XLR 129 Case Under Combined Internal
Presiure and Thrust Loads. Rosette 20A
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Figure 501, Biaxial Strain Data, Gage No. 20A FD 45726
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XLR129 Transition Case Undor ‘Zombined Internal Pressure
and Thrust Loads (Engine Ratio) Rosette 16 Cy
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Figure 502, Strain Gage Data, Gage No. 16

Figure 503, Outer Case and Porous Cooling Liner
Instrumentation
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The outer case cooling liner was fubricated from [,-605 sintered woven
wire matrix, 0,057 in, thick with a targeted porosity of 21 sefm, 'The liner
was designed to conform to the outer case shape and is spaced u distance of
0. 170 to 0,190 in, from the outer case. ‘The liner was fubricated in core-like
segments and preformed.  After the proof pressure check of the outer case,
the liner was welded into the ease, igure 504 shows the cooling liner details
and subassemblies.  Figure 505 shows the cooling liner after installation into
the teansition case.

c. Thrust Gimb:l

The thrust gimbal ball arrangement uses a uniball joint to distribute
thrust and side loads into the transition case. This eliminates the need for a
standard cross pin universal joint, thus providing a simpler, lighter, more stable
joint,

The assembly consists of a hollow thrust ball machined from an Inconel 718
forging (AMS 5663), which is intersected by an integrally machined flanged cone,
The thrust ball is mated to the outer case socket and held in place by a bolted
two-picce clamped retaining ring, fabricated of Inconel 718 (AMS 5662). A low
friction liner, composed of Tefion, fiberglass, and epoxy, was applied and
hiaked to the ball. ‘Two hall assemblies have been fabricated, and one is shown
in figure 506.

Figure 504, Formed Case Cooling Liner Segments FE 97227
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I'igure 505. Transition Case With Cooling Liner FE 97599

Figure 506. Gimbal Ball Fi 96107
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d. Preburner Flow Ducet

I'he subassembly that completes the preburner duct is a hydrogen trans-
piration cooled liner composed of a 2 in, cylindrical porous section, which is
electron-beam welded into 4 manifold and support member. The support
member (Inconel 718) has three feed annuli to support coolant to the porous
liner,

An uncooled liner (Haynes 188) is located immediately downstream of the
transpiration cooled section, This is a single piece liner that bayonet-joins
into the preburner duct approximately 5 in, behind the igniter. This joint pro-
vides a metal-to-metal seal, and is loaded by differential pressure.

The uncooled liner is a weldment assembly consisting of the upstream
liner detail, bayonet-joint detail, and downstream liner detail, The upstream
and downstream liners were fabricated from sheet stock whick was rolled and
spun to the correct contour. The bayonet-joint was machined from a Haynes 188
ring.

The preburner duct serves as a combustion chamber th.. discharges com~
bustion piroducts to the centerbody. The duct design consideration included
cycle life, strength, and weight., Inconel 625 (AMS 5599 and AMS 5666) material,
which offers good cycle life, was selected for the internal detafl of the liner.
fne auct assembly is also a structural duct, and Inconel 718 (AMS 5662) was
selected for the outer duct detail. Coolant passages are formed when thece two
details are oven-brazed. ‘The coolant flows the length of the duct, and discharges
into the gas flow stream through centerbody liners. Botk ducts are fabricated
from forgings.

The inner liner contains 60 longitudinal coolant passages approximately
0.260 in, wide x 0,060 in, deep, contour-miiled into the outer surface. DBefore
mating the inner and outer duct to form the major »ncrtion of the preburner duct,
each duct was silver flashed (AMS 2666) to provide braze material, After
assembly of the inpr ' t0 ¢ho outer duct, which is a tight f1, the asscinbiy
wis oven brazed. lutb ...ur were milled in the inner duct formed cooling
passages. The inner and outer ducts are shown before brazing in figure 507, Be-
cause the braze is loaded in compression, it is not critical as far as strength and
coverage are concerned. Flow checks indicated the slots to be unobstructed, and
braze coverage, where desired, exceeded 90, Figure 508 shows the brazed
assembly,

c. Centerbody

The centerbody provides the shortest possible plumbing for the inter-
section of the fuel, oxidizer and preburner ducts, The centerbody, is a sphere
intersected by three cvlindrical rings. It provides the sealing surfaces for the
piston rings that are installed as part of the individual duet assemblies. The
centerbodyv is functionally divided into two sections; the outer structural sphere,
and the internal hot flow duet.
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Figure 507, Preburner Combustor Duct and Inncr

Coolant Liner

Figure 508, Preburner Combustor Duct Brazed
Assembly
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The outer structural sphere is an Inconel 718 weldment similar to the
outer transition case except for smaller size. This sphere is also formed by
welding two hydroformed hemispheres. Three equally spaced holes are then
muachined into the sphere and a cylindrical ring welded into each port. 'The
cylindrical rings are machined from ring forgings. They provide the sealing
surfaces for the piston rings, which are installed as part of the individual duct
assemblies. The rings also serve to strengthen the shell at the location of the
three holes. A taper is machined at the outside edge of each cylindrical ring
to form a diverging section to provide 2 iead in ramp for the piston rings.

To provide good corrosive and oxidation resistance, the internal hot flow
duct sections of the centerbody are fahricated of 0,040 in. thick L-605, a cobalt
base material.

There are two separate sets of liners that compose the liner sections; an
inner and an intermediate, The function of the inner liner sections is to divide
the preburner gas flow hetween the two turbopumps and to prevent the hot pre~
burner gases from scrubbing the inside structucal walls of the centerbody. The
intermediate liner is incorporated as a radiation shield to protect the cooler
surfaces of the centerbody from the hot liners. These liners control the coolant
that is discharged from the preburner duct and provide holes to discharge the
coolant back into the preburner gas stream.,

The liner details are manufactured by spinning. The intermediate liner
is in three sections, one each of which is placed through one of the openings in
the centerbody. ‘T'he inside end of each section is mitered to allow the three
adjacent segments to intersect at a simple butt joint. Each section incorporates
a support segment at the outer diameter that serves for mechanically attaching
the section to the centerbody. The inner heatshield (a y~scction that is inserted
first) is aligned when all three intermediate sections are {nstalled.

The outermost shell is a porous liner similar to the outer case cooling
liner. Its purpose is to protect the structure of the centerbody from the hot
turbine exhaust gases. The centerbody is supported by the transition case at
the gimbal support cone through a threaded joint. Coolunt supplied to the center-
body from the transition case flows through this threaded joint, cocling the area
of the gimbal before entering the centerbody. A spherical volume is provided
hetween the cooling liner and structure to allow coolart flow to circulate and
discharge into the flow stream. Similar to the transition outer case porous
cooling liner, the coolant liner flow is tailored by flame~spraying to allow the
designed flow rate and pressure differential. The structural sphere and rings
are composed of Inconel 718, The outer porous liner is made of N-155 wire,
Subassembly of the structural segment and cooling liner details are shown in
figure 509. A complete centerbody assembly is shown in figure 510, installed
in the outer case.

For the initial preburner /transition case testing, turnaround caps simulating
the fuel and oxidizer turbines shown in figure 511 were used rather than fuel
turbines., Where possible, actual turbine parts were used in the design and fab-
rication. These ducts, and the preburner duct that plugs into the centerbody
complete the plug-in concept. Figures 512 and 513 slow the simulator assemblies
installed in the outer case and centerbody as viewed tarough the main burner port.
I'ivure 514 shows the completed fuel simulator, and figure 515 shows the com-
pleted oxidizer simulator,
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Figure 509,

Centerbody and FFormad Outer Liners

FE 93696

Figure 510,

ransition Carve Witn Cente L]y
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Figure 512. Transition Case Assembly Viewed FE 98040
Through Main Injector Flange

Figure 513, Turbine Ducts Viewed Through the FE 98041
Main Injector Flange




Figure 514. Fuel Turbopump Duct and Turbine FE 97979
Simulator Assembly

Figure 515, Oxidizer Turbopump Duct and Turbine FE 97983
Simulaior Assembly
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The first preburner/transition case/turbine simulator assembly, designated
F-35139 build 1, was completed and the rig was delivered to the -8 test stand
on 2 May 1970. Figure 516 shows the assembly mounted in the test stand prior
to its initial test. Section VII describes the preburner/transition case testing.

Figure 516. Transition Case Mounted In E-8 Test FE 97733
Stand Before Test

. MAIN BURNER INJECTOR
1. Introduction

The main burner injector introduces and atomizes liquid oxygen with hot,
fuel rich, preburncr combustion ana turbine discharge products so that cfficient
and stable combustion is achieved over the full operating range of thrust and
mixture ratios. Turbinc discharge gases flow around injector elements and
spraybars intc the Rigimesh injector faceplate. Part of these gases flows through
the Rigimesh faceplate for cooling; however, the major portion of the gascs flows
through openings machined in the raceplate around the oxidizer elements. The
main burner ignition system consists of a hydrogen cooled, continuous burning,
oxygen-hydrogen torch. Double sparkplug igniters are provided having separate
exciter boxes for system redundancy. The spark igniters ignite the torch, which
ignites the main burner chamber propellant mixture.
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2, Summary, Conclusions, and Recommendations

Design of the main burner igniter was completed, and it was concluded that
to develop a durable, lightweight, easily fabricated injector design, as compared
to the Phase | main burner injector, the following concepts must be pursued:

1, Individual tapered tube spraybars offer the lightest weight
element manifold having an increased hot gas flow area com-
pared to other concepts

2. Individual spraybars are adaptable to a cast fabrication tech-
nique, but until actual temperature measurements are obtained
during hot tests, spraybars will be fabricated by machine
fabricating wrought material for increased ductility and longer
life

3. A one-piece, self supporting Rigimesh faceplate will eliminate
thermal incompatibility of the injector with the supporting
structure, and reduce the limitation on life,

A detailed description of the design task is presented in the Demonstrator Engine
Design Report AFRPL-TR-70-6,

Finish machined spraybars were fabricated for two assemblies. Final
fabrication of the mair burner injector was terminated because of progiam re-
direction,

3. Hardware Description

The main burner injector, shown in figures 517 and 518 consists of four
major components: (1) the oxidizer manifold and housing, (2) the spraybar-type
internal manifolds, (3) the oxidizer injection elements, and (4) the porous {ace-
plate,

a. Oxidizer Manifold and Housing

The main injector housing consists of the oxidizer inlet hom, the oxidizer
manilold, and the crossover passages to the spraybars. Liquid oxygen enters
the main burner injector from the single inlet horn into the wraparound manifold
(figure 519). The injector housing forms the crossover passages to the spraybars,

and contains the injector spraybars, which contain the individual oxidizer elements.

The configuration of the inlet flange is based on design criteria believed to
yield optimum proportions for flange deflection, sealing requirements, and
current bolt technology. Flange dimensions are consistent with the analytical
method established for flange and seal design during this program.

The oxidizer inlet horn has a 3 in. ID and has a 90 deg turn., It intersects
the wraparound manifold, which has a constant 2.5 in. ID., The flange, inlet horn,
and manifold are fabricated from Inconel 718 (AMS 5662).

The injector housing is fabricated of Inconel 718 (AMS 5662). It is attached
to the engine between the main burner chamber outer pressure shell forward
flange and the transition case with forty-eight 9/16 in. diameter bolts fabricated
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of Inconel 718 (AMS 5662). Slots, connecting the wraparound manifold and spray-
bars then passing between bolt holes, form the oxidizer spraybar crossover manj-
fold, as shown in figure 520.

b. Spraybar Internal Manifolds
Forty~-eight individually machined spraybars (figure 521) are brazed to the

oxidizer housing and are individually supported at the outside diameter, thus
permitting free thermal growth,

Figure 517. Main Burner Injector and Torch FDC 31493A
Location
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The spraybars are arranged in three configurations: 12 long spraybars
equally spaced around the circumference; 12 medium spraybars equally spaced
between the long spraybars; and 24 short spraybars equally spaced between the
medium and long spraybars. This overall arrangement provides the maximum
number of spraybars consistent with such mechanical considerations as main
bolt hole spacing and spraybar wall thickness and results in good oxidizer element
density and uniform radial flow distribution. The tapered spraybars have respec-
tive inlet diameters of 0. 735, 0,655, and 0.525 in, ID for the long, medium and
short ervaybars, All bars have a tip ID of 0,265 in. Spraybars are axially offset,
as previously shown in figure 519, to minimize the hot gas pressure ioss in the
flowpath between spraybars. The fuel hot gas flow area is 82.6 ing The spray-
bar material is Inconel 625 (AMS 5666B), selected because of its ability to with-
stand high thermal gradients, and it exhibits good low-cycle fatigue life.

c, Oxidizer Injector Elements

Self atomizing injection elements, shown in figure 522, are spaced closely
along the spraybars, resuiting in fine oxidizer atomization and good distribution.
There are 996 oxidizer elements, each having a 0.1166 in. ID. The elements
have flow ports machined tangential to the tube ID, which causes the flow to leave
the element in a hollow cone swirl and enter the main burner chamber. Oxidizer
element A.q is controlled to uniformly inject the oxidizer mass flow across the
face, and divide flow into three classes that form seven groups across the face,
Element Aqq is controlled by sizing of the slot area. To prevent the spray cone
from impinging on the chamber wall, the outer elements are cut at a 45 deg angle,
as previously shown in figure 520. Adjacent elements are counter swirled for
uniformity of injection pattern.

Porous Injector
Faceplate (Figimesh)

!
4

Spraybar —~: A\ ) o
Tangential Siot %» 3 Oxidizer Injectiun

\ Element
b | |
Liguid Oxygen Tapered

™~ Munifolding Holes

T e

( =N
ey % £y |

({c))/g»y’@ﬁé |
i e

~ ’

NSextion AA

Figure 522, Main Burner Injector Spraybar FD 20688C
Cross Section
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d. Porous Faceplate

The fuel faceplate mounts between the injector and the main chamber, and
forms the fuel injection side of the injector assembly. To meet low cycle fatigue
life requirements, a self supporting Rigimesh face was sclected for design
(figure 519). Rigimesh is a sintered, woven wire matrix forming a porous struc-
ture. The design has 44 layers of L-605, plain dutch weave wire rolled to al in.
thickness. The Rigimesh wi!l admit air flow at approximately 320 scfm at 2 psid.
At this thickness, the working stress is predicted to be 657, of the material yield
strength.

The fuel faceplate directs approximately 92% of the hot, fuel rich, preburner
combustion gases through slots surrounding the oxygen injection elemente, The
slot width is shaped to supply an amount of fuel at a given location consistent with
the classed oxidizer flow, and create a uniform mixture ratio. The radial slots
in the faceplate permit differential radial thermal growth between the hot faceplate
and the lower temperature spraybars. The radial layout of both spraybar and fuel
slot is in line with radial thermal growth, thus reducing misalignment of the
elements inside the fuel slots. The incorporation of a1 in. thick Rigimesh face-
plate renders the slot gap seals used in Phase I ineffective in the new design.

The fuel will be redistributed in the 1 in. length while crossing from the upstream
to the discharge edges of the faceplate.

e, Main Burner Torch Igniter

The main burner torch assembly consists of a cover and chamber assembly
shown in figure 523.

The cover, with attached chamber, bolts to the mounting flange on the pres-
sure shell of the main burrer chamber perpendicular to the main burner axis.
In addition, two offset dowel pins, shown in figure 524, position the cover when
it is bolted to the mounting flange and ersure assembly in the correct position.
The cover is fabricated from Inconel 718 (AMS 5662) and contains two spark
igniter tubes, an oxidizer element and a fuel fitting. Removable orifice plugs
are also contained in these fittings. Each spark igniter tube houses a spark
igniter plug attached to the cover by a lockwired nut, The cylindrical section of
the chamber is fabricated from copper (AMS 4500), and is braze% directly to the
bottom of the cover. The chamber has a throat size of 0.0952 in® A stainless
stecl (AMS 5646) piston ring is a carrier for an Inconel Y-750 (AMS 5667) piston
ring seal with circumferential bearing on the internal wall of the main chamber
flange. This permits {gniter chamber axial and transverse thermal growth, and
is brazed to the chamber at the nozzle end. Propellants are distributed (fig-
ure 524) in the same manncer as preburner torch propellants; however, cooling
passage dimensions and arrangement differ,

4. Fabrication
a. Housing

The main burner injector housing and wraparound manifold are fabricated
from Inconel 718 (AMS 5662) wrought forgings. The housing is machined to finish

dimensions and spraybars are brazed in position. After brazed joint Inspection,
the manifold closure is welded to the housing using Inconel 718 weld rod.
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Figure 523, Main Burner Torch Assembly FD 31817
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Table LXX! presents the procurement and manufacturing iime required
for the maii, burner injector.

Table ILXXI. Component Manufacturing Timetable

Lead Time
Component (weeks)
Housing - Ring Forging 16
Manifold -~ Ring Forging 8
Inlet Flange - Bar Forging 13
Inlet Elbow - Bar Forging 6

b. Spraybar

One typical main burner injector spraybar was fabricated and tested to
substiantiate the design and to obtain the following experimental data and fabrica-
tion experience:

1. Machining of the spraybar
2, Braze technique of the injection element to the spraybar
3. Braze technique of the spraybar to the housing

4. Pressure loss through the spraybar as determined by water
flow test

5. Natural frequency of the assembly.

Material selected for the test spraybar was Inconel 718 (AMC 5662)., Injec-
tion elemcnt material was type 347 stainless steel because TD nickel tubing was
not available within wne time allowed for fabrication.

The spraybar vas contour milled, and the flow passage step drilled and
taper reamed. The injection elements were water flowed for A,q determination
and gold-nickel brazed into the spraybar. X-ray revealed approximately two-
thirds of the joints had little or no Liraze penetration. All joints had a large
braze fillet formed at the contact point of the element shoulder and spraybar
body. It was concluded that if gold-nickel braze were used, it would be necessary
to fabricate additional test spraybars to establish a fit that would allow braze
penetration without molten braze running through the joini aind plugging the element
entry slots. The spraybar was then silver brazed into a simulated housing. The
silver was plated in the joint area and did not depend on flowing to pcnetrate.

The braze joint was satisfactory, having over 90% internal coverage and a con-
tinuous fillet on both sides, Figure 521 shows the finished test spraybar.

The test spraybar assembly was water flowed to determine pressure loss
coefficients inside the spraybar. As shown in figure 525 the mathematical pre-
diction of pressure losses inside the spraybar needs only minor adjustment to
coincide with test data. The test spraybar was then removed from the flow block
and installed on a shaker table to determine the natural frequency of the injection
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element and support platform combination. Results indicate a natural frequency
of 313 Hz. This is not in the range of the combustion system noise and, therefore,
will not present a problem,

Element 0D = 0.131 ia.
Element Spacing = 0.168 in.
Tip Diamecer = 0.274 in,
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Figure 525, Comparison of Predicted and Actual DF 70088
Flow Data

(1) Copper Braze Test Program

When Inconel 625 (AMS 5666B) was sclected as the spraybar material for
the main burner injector, copper braze, according to AMS 2671, was considered
as a braze candidate because it was used successfully on the Phase I injector,
Copper braze can be plated, and does not depend on flow to obtain a good joint.
in the element spraybar assembly, the bruze material must not run completcly
through the joint and out onto the tangential feed slots in the elements. Plated
copper braze material can be stopped from runrning into the tangential feed slots
by plating with nickel just below the copper.

Three copper braze test spraybars were fabricated using existing Phase I
main injector TD nickel-oxidizer elements. Details and braze information are

(9]
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shown in table LXXII. The first copper braze spraybar was made in accordance
with the Phase I main injector copper braze cycle and element configuration indi-
cated on table LXXII. The other two spraybars were changed based on the resuiis
of the first. Comments on the three brazed test spraybars are listed below:

(a) Braze No. 1

1. X-ray inspection erroneously indicated the braze joint was
void of braze material; therefore, the inspection was not
acceptable. The density of copper is almost identical to
Inconel 625 and TD nickel so the braze was not discernible
by X-ray.

2, Microscopic examination by the Materials Development Labo-
ratory revealed good bonding between the copper plated on the
oxidizer element before braze, and the TD nickel oxidizer
elements. In some cases, the bond between the copper braze
material and the simulated spraybar was not sufficient for
sealing and strength, There appeared to be an oxide film,
possibly an improperly cleaned part, on the spraybar hole
interface which would have prevented proper bonding. In
some places, braze material did not flow C, 060 to 0. 040 in,
below the shoulder as prescribed (see table LXXII),

3. Pry testing of two randomly sclected elements was performed
which a chisel and a hammer, Onc element was easily pried
from the platform, indicating an inadequate bond. Inspection
of this element and the vacated hole indicated approximately
20 to 30% bonding. Reasonable force was applied in an attempt
to pry the second element loose. The bond was assumed good
because the element did not loosen.

4, Fillets around cach element were continuous and had approxi-
mately a 0,025 in. minimum radius. Also, bridging of braze
material between each element to 0.060 in. above the bottom
of the element shoulder was observed.

From the above test observations it was concluded that a poorly bonded
element was caused by improperly cleaned surfaces. In ihe second braze test,
each hole was individuaily cleaned with a swob using PMC 9015, A decision was
also made to extend the copper plate to the top of the element shoulder and elimi-
nate the added machining cost of the undercut step diameters in the plated areas.
The braze material exterior coverage was changed as shown in table LXXII to
displace some of the copper braze that caused bridging between clemenis., X-ray
indicated all braze joints were void of braze, and microscopic examination re-
vealed good bonding on some elements.  The feasibility of using X-ray as a
means of determining braze joint quality was also investigated on the next test
spraybar.
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(b) Braze No. 2

To verify apparent discrepancies in the first X-ray analysis, spraybar
No. 2 was assembled and X-rayed several times prior to brazing. The X-ray
procedure was recorded so it could be duplicated after brazing.

1. After brazing, spraybar No. 2 was X-rayed several times to
duplicate X~rays made of the assembled part prior to brazing.
Comparison of both sets of X-rays indicated no apparent differ-
ences between X-rays bofore and after brazing. Microscopic
examination revealed the brazed joint did contain copper braze
material, but did not contain noticeable voids. X-ray analysis
of these parts in the brazed condition is not warranted; there-
fore, X-raying of succeeding braze samples was discontinued.

2. Microscopic examination revealed very good bonding between
the elements and the simulated spraybar. The braze coverage
was estimated to be between 90 and 100%.

3. Pry testing of two elements selected at random revealed that
neither element was easily removed from the test spraybar.
Examination of these elements and the vacated holes indicated
the bond was very good. '

4, Fillets around each element were continuous and had an approx-
imate 0.025 in. minimum radius. Bridging between elements
also occurred, but was slightly reduced (approximately 0. 035 in.
above the bottom of the shoulder) compared to braze No. 1.

(c) Braze No. 3

Spraybar No. 3 was constructed with a pressurization manifold on the up -
stream side of the element which simulated the spraybar oxidizer manifold.
When the manifold is pressurized the element is loaded in the same way it would
be in the injector. Results were as follows:

1. The spraybar was successfully hydrostatically pressure tested
to 1500 psig, simulating the injection pressure (hold time was
5 minutes), The spraybar was also submerged in water and
successfuily pressure tested to 1500 psig using GHe (hold time
was 5 minutes), This pressure, 1500 psig, is approximately
65% greater than operating pressure. No leaks were detected.

2. Microscopic examination revealed good bonding between the
elements and the simulated spraybar, but not as good as
brazed spraybar No. 2, because braze coverage was approxi-
mately 10% less. The brazed coverage was estimated to be
between 80 and 90%.

3. Pry testing of two elemeits selected at random revealed that
neither element was easily renioved from the test spraybar,
Examination of a dislodged element and the vacated hole re-
vealed a small discontinuous area in the exposed surface,
revealing the absence of bonding in this arca. The estimated
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80 to 90% coverage revealed by microscopic examination was
verified.

4, Fillets around each element were continuous and had approxi-
mately a 0. 025 in. minimum radius. Bridging also occurred
between elements the same as in brazing spraybar No. 2.

It was concluded that copper braze, when used as shown in table LXXII
(spraybars 2 and 3) qualifies as an acceptable method of joining the injection
elements to the spraybars to provide a reliable, leak free joint.

(2) Silver Braze Test Program

A braze test progran. was also conducted to substantiate the spraybar~to-
housing joint. Silver brazing per procedure PWA 85 was the only candidate
braze considered on this particular braze cycle. The lower braze temperature
required by silver provides a considerable margin of safety in preventing a remelt
of the first braze cycle. Silver braze material, like copper, has an advantage
over braze alloys because silver braze material can be plated directly on either
or both of the parts to be joined. This advantage ensures braze coverage to any
desirable depth by plating braze mater:al to the dimensions desired. Such a
joint is the spraybar-to-injector housing joint, which requires absolute sealing
in addition to reliable strength.

A total of five silver brazed spraybar assemblies were fabricated. Each
assembly consisted of two pieces. One piece simulated the spraybar, while the
other simulated the injector housing into which a spraybar was to be brazed.
Electrolytic nickel plating was used in all pieces. The spraybar pieces were
then silver plated. In the bill-of-materials hardware, the spraybar enters the
injector housing at an 11 deg angle below the horizontal plane of the injector.
This angle was simulated in the brazing of the spraybar assemblies. Complete
fabrication details of the samples are listed in table LXXIII, Changes in fabri-
cation are alsc noted and reasons are given below.

(a) Braze No. 1

1. X-ray inspection revealed the absence of detectable voids in
the braze joint (X-ray personnel estimate a 0. 002 in. void
would be clearly detectable).

2, Microscopic examination of a secticned sample revealed good
bonding in the braze joint. There was also good penetration
of braze material from the circular braze loop into the joint
at the shoulder interface. This 2xamination revealed several
minute voids in the braze joint. The voids appeared isolated
and discontinuous. The fact that the voids were not continuous
was substantiated by the X-ray inspection. It was estimated
that total braze coverage was at least 90%.

3. The fillet around the shoulder was continuous and varied in
size from top to bottom as installed in the braze fixture. The
fillet was leaner at the bottom vertical centerline because of
11 deg clockwise rotation. It was noted that a small continucus
fillet was formed at the base of the spraybar Inside the housing
joint.
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Minute voids in the braze joint were assumed to have been caused by fabri-
cation of the parts. As noted in table LXXII, these parts were totally nickel
plated per AMS 2404 (electroless). This process was in the development stage
and several plating and stripping operations were required to obtain a good bond
between the nickel and parent materials, and to meet blueprint dimensions,
Repeating these operations resulted in pitting the surfaces of the simulated spray-
bar. It was assumed the pitted condition of the simulated spraybar had led to
voids detected in the braze joint. Based on this, new simulated spraybars were
fabricated in the same manner as spraybar No. 1,

(b) Braze No. 2

Two errors occurred in the fabrication of this spraybar assembly. The
spraybar had no nickel or silver plating on the larger diameter or on the inside
face of the shoulder. When brazed, the silver braze material from the circular
braze loop did not wet on the simulated spraybar, but spread on the exterior
surface of the simulated injector housing. In addition, the sample was not prop-
erly installed in the braze fixture designed to hold the part in the 11 deg clock-
wise rotation during brazing. During brazing the part rotated back to an upright
position,

As a result of these errors, no examination was made of this assembly
because information regarding a fillet around the shoulder and penetration into
the joint was considered invalid for this investigation.

(c) Braze No. 3

The simulated spraybar for this assembly was erroneously fabricated with-
out nickel or silver plating on the large diameter and inside face of the shoulder.
The sample was tack welded in the fixture and brazed in the same way as spray-
bar No. 1.

The results of the shoulder fillet and joint penetration were identical to
that of spraybar No, 2

Microscopic examination revealed approximately 80 to 90% braze coverage
in the joint. It was also noted that small voids, like those obtained in spraybar
No. 1, were not present, and bonding appeared to be good.

Pry testing, with a hammer and chisel, was also performed to determine
the strength quality of the joint, After several attempts, it was found that the

parts could not be separated.

Because the results of brazed spraybar assemblies No. 2 and 3 were in-
complete, two additional assemblies were fabricated. As can be seen in
table LXXII, two additional spraybar assemblies were fabricated with severai
changes. The changes are described below:

1. The simulated spraybar for assemblies No. 4 and 5 was fabri-
cated in the same basic configuration spraybar assemblies as
No. 1, 2, and 3. The previous assemblies required pressing
the parts together. It is believed the pressing action scraped
and marred the plated parts. To reduce this damage and allow
casier assembly, the base of the spraybar was chamfered.
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The chamfer provided a guide for inserting the piece in the
simulated injector housing, and it reduced the sharpness of the
leading edge. The base of the cap of the spraybar was also
chamfered. This allowed the circular loop of braze wire to
seat in the chamfered area. This was intended to promote
capillary action at the cap and housing interface.

2, To aid in assembly, the simulated injector housing received
chamfers at both ends of the inside diameter. Both ends were
chamfered so the simulated spraybar could be inserted from
either end to avoid possible errors in assembly. The chamfer
ensured the spraybar was seated flat and it provided a volume
for an additional /illet that added to the sealing capabilitv,

3. To increase the braze fit, the clearance between mating parts
was increased. From the 0, 0001 to 0,001 in. allowable differ-
ence in diameters of the simulated injector housing and spray-
bar of the first three assemblies, the allowable difference was
increased to 0.0004 to 0,002 in. The increased difference
served to aid in assembly while remaining within allowable
clearances for silver brazing.

(d) Braze No. 4

1. X-ray inspection did not reveal any detectable voids in the brazed
joint. Braze coverage was greater than 90%.

2, Microscopic examination revealed 100% bonding in the braze
joint. There was full penetration from the braze loop into the
joint at the shoulder interface and the inner fillet was filled
with braze material. Voids were not visible under microscope.

3. The fillet around the shoulder was continuous. As in assembly
No. 1, the amount of fillet material varied from top to bottom.

Assembly No. 4 was used to verify the changes made from the previous
test spraybar assemblies. The added chamfers made assembly easler and
reduced the damage to the plated surface. The ircreased clearance between
the mating parts also made assembly easier, and the braze coverage remalned
complete.

(e} Braze No. 5

The X-ray and microscopic examination revealed the same results as those
obtained in No. 4. X-ray did not reveal any voids, and examination by the
Materials Development Laboratory rated the braze coverage at 100%. All fillets
were completely filied and continuous and the only variation was caused by gravity
flow. This variation was slight,

Assembly No. 5§ underwent a pressure test designed to simulate the operating
conditions in the injector. After brazing, a manifold was welded to the back side
of the simulated housing plece. The sample then underwent two pressure tests,
The pressure load was against the basge of the simulated spraybar and approxi-
mately 656% greater than the operating AP. The first test was a hydrostatic test

669




at 1500 psig for 5 minutes, and the second was the same conditions, but with
gaseous helium as the pressurizing medium, Neither test revealed signs of leaks
or failure.

It was concluded that to obtain complete braze coverage achieved in samples
No. 4 and 5, the following braze procedure used on these assemblies should be
followed.

1. Silver braze is acceptable as a braze medium in the second
braze cycle; however, nickel plating of all braze surfaces is a
prerequisite for silver brazing

2, The 0.0004 to 0.002 in. variation in diameters of mating parts
allows ease in assembling while providing good braze coverage

3. The chamfer on the leading edge of the hole in the injector
housing guides the spraybar into the hole and provides an addi-
tional fillet for strength and sealing

4, Chamfers on the edges of the spraybar base also serve to guide
the piece into the injector housing while reducing the possibility
of damage to the plated surfaces. Chamfers also provide a
seat for the braze material to form fillets.

Because of different coefficients of thermal expansion associated with two
different metals, Inconel 718 housing and Inconel 625 spraybar, and the bulk tem-
perature differential between the two created during operatfon, the silver braze
joint experiences a tensile force of 13,000 lb, A test program was run to verify
the braze joint could withstand the expected tensile stresses.

Nine test plates were fabricated simulating the spraybar and housing con-
figuration. Plates of Inconel 718, shown in figure 526, received a hole identical
to that specified for the injector housing to accept the medium spraybar, Disks
of Inconel 625 were cut to the identical outside diameter for the medium spraybar.
All plates and disks were nickel plated and then braze material was applied to the
disks by silver plating according to blueprint specifications for the spraybar
detail, The disks were placed in the holes of the plates, and brazed in a manner
simulating the injector braze cycle.

No extra silver wire material had been placed adjacent to the braze joint
on the test sample, as will be done on the injector, because a fillet was not
desired on the test samples. This differed from the injector specifications be-
cause uniform braze thicknesses and flat surfaces were necessary for test
specimens to accurately determine the stressed area. The result of this dele-
tion was the creation of voids hecause of 1ack of braze material in the joint. This
was repaired by an addition of braze wire and a second similar braze cycle. This
repair created an end result that was representative of the braze in the injector.

Each brazed specimen was machined to the typical tensile specimen con-
figuration shown in figure 527. 7Two brazed regions remained in the gage section
of each specimen. The region was not more than 45 deg of the braze joint. The
arc wars kept small to create mainly tensile forces and nearly eliminate shear
forces on the joint when the specimen was located in lension. In the first serles
of tests, two cqual braze sections received identical stress loads and only the
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weaker section failed. Thus, with each data point obtained, there was a second
point of equal or greater strength.
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The first tests were made to determine the ultimate tensile strength of the
hraze joint at room temperature and 1060°R. Two specimens were run at room
temperature, and each tested at two joints. The lowest ultimate tensile strength
of four braze joints was 54, 800 lIb. At 1060°R, the lowest ultimate tensile
strength of four specimens was 36, 820 Ib, which is nearly three times the ex-
pected stress load.

Tensile specimens were created from each tested braze joint. The remain-
ing joints had undergone stress loads that had failed their sister jcints, and the
ultimate tensile strength of the remaining joints was high. The specimens were
tested at 760°R and 1260°R. Figure 528 shows a plot of ali data from the tensile

specimens,

The qualified specimens were used to examine the effect of cyclic loading.
The spraybar-to-housing braze joint must withstand 13, 000 b tensile load for
300 cycles. Three specimens were tested repeatedly at various stress loads of
23, 30, and 33 K psi while at 1060°R. A fourth specimen . was run at 23 K psi,
but at 1260°R, The loads were cycled until the braze joint failed in fatigue. The
test data shown in figure 529 shcews the design point is well within the safe region.

The use of silver braze to joir. Inconel 625 to Inconel 718 provides a strong
joint. This joint withstood expected stress of a one time extreme stress load
and repetitive stress loads present in actual operation,

50 v
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Bill-of-material spraybars were placed on order and the following
quantities received:

Long Spraybars 28
Medium Spraybars 28
Short Spraybars 54

C. Injection Elements

Consistent with Phase I main burner injection element experience, TD
nickel was chosen for high strength and high thermal conductivity as the element
material. Raw tubing was procured from which the finished elements would be
fabricaced.

d. Porous Faceplate

To substantiate the main burner injector faceplate design, experimental
data on thick Rigimesh were required. A test program was define.! and sample
18 in. x 18 in. x 1 in., thick plates were ordered fram Aircraft Porous Media.
The plate consisted of 44 layers of L-605 plain dutch weave wire. The target
flowrate of this Rigimesh is approximately 350 scfm ot 2 psid. A total of four
pleces of Rigimesh is necessary for complete property evaluation. The material
properties that are needed are shown {n table LXXIV, The first sheet of Rigimesh
vould be used to nromplete the minimum tests shown in the chart. The infermacion
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from the minimum tests as well as the fiowrate through the test sample allows an
carly judgment on the predicted strength and flowrate of the Rigimesh prior to
fabricating the remaining three Rigimesh pieces. If either flowrate or strength
werce too low, the remaining pieces of Rigimesh could be changed by increasing
or decreasing the number of layers of wire, Increasing the number of layers
increases the strength while decreasing the flowrate.

Table LXXIV. Rigimesh Material Property Program

Property Temperature Minimum Complete
and/or Test Test
Diection
Tensile Perpendicular weave 1 3
45 deg weave 1 3
Parallei weave i 3
1760°R - 4
2060°R 1 4
4 17

Tensile will obtain 0.2% yield strength, ultiniaie, and modulus.
Sample size 13-1/4 x 2-1/4 x 1 in,

Compression Room Temperature
2060°R

NIHH
o o

Compression will obtain 0.2% yield strength and modulus. Sample
size 5x1-1/4x 1 in.

10 hr Stress 2060°R 1 4
Rupture

Sample size 13-1/4 x 2-1/4 x 1 in,

Flex Bending 1760°R 1 4
Sample size 6-1/4 x 1-1/2 x 1 in,

Shear 1760°R 1 4
Sample size 2-1/4 x 2-1/4 x 1 in.

Total minimum test 9 pieces

Total complete test 37 pieces

To expedite evaluation of the 1 in, thick Rigimesh, the first sample was
ordered using N-155 material instead of L-605 because the N-155 was on hand.
The first plate was received and air flow tested to determine if porosity was
uniform. The data indicated that flow varied from 204 to 264 schin at 2 psid.
This level showed uniformity that was acceptable, but density was higher than
requested.
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Visual examination of the Rigimesh (N-155) revealed numerous cracks on
one side of the Rigimesh plate. The cracks were irregular in shape, size and
direction. The opposite face of the plate has fewer cracks and generally were
confined to the edges of the plate. The cracks are as deep as 3/32 in., which
crosses approximately four layers of wire. X-ray of the Rigimesh (N-155) plate
indicates the cracks are on the outer surfaces only, with no hidden cracks inside
the plate. One surface of the plate had some areas near the edge of the plate that
lacked porosity. This lack of porosity was caused by incipient melting during
the sintering process.

Ncither of t..e two conditions described appear insurmountable. The rolling
process must be adjusted to avoid outer layer cracking and the sintering time and
temperature process must be corrected to avoid incipient melting.

The Rigimesh (N-155) plate will not be used for material property testing.
The plate was returned to the vendor and further work was terminated because
of the program redirection.

e. Main Burner Torch Igniter

Fabrication of the main burner torch igniter was withheld because of the
program redirection.

D. MAIN BURNER CHAMBER
1. Introduction

Main burner thrust chamber design is based on the copper wafer transpiration
cooled thrust chamber demonstrated during Phase I (Contract AF04(611)-11401).

A design study of the transpiration cooled wafer liner was conducted to
provide an outer case and chamber liner that would meet the weight limitations
of Phase II and eliminate the radial pressure load on the combustion chamber
inherent in the Phase I design. A number of main burner chamber liner config-
urations were studied and the selection of the best design was based on the criteria
of heat transfer and pressure drop, structural and mechanical integrity, and
weight,

The selected design included internal coolant passages in the cylindrical
section that eliminated the buckling load present in the Phase I design.

The incorporation of this internally cooled design, nermitting a reduction
in liner wall thickness, reduced the outer shell-to-injection flange bolt circle
diameter. This resulted in a reduction of Phase I hardware weight to meet the
Phase II contractual weight requirements.

2, Summary, Conclusions, and Recommendations

The design of the main burner chamber was compieted, procurement of
raw material {nitiated and fabrication started on the long lead time items,

Structural and heat transfer studies indicated a cylindrical copper chamber
in the forward section, externally manifolded for cooling, would solve the buckling
problems of Phase I and reduce weight because of a smaller bolt circle. It was
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determined that a liner having metering orifices axially installed, and accessible
from the rear of the cylindrical liner, was more desirable than one having orifices
installed radially. Removal and replacement of the radial orifices necessary
during flow optimization, would require prior removal of other engine and rig
hardware. The axially attached orifice scheme selected consisted of 95 orifices.
Each orifice discharged into a coolant tube brazed internally to the liner. Welding
these tubes to the chamber endplate provided additional structural support to

the stackup. Further refinements in the heat transfer study indicated that a

60 orifice axial design was sufficient to produce equal coolant distribution in the
chamber and was selected for the final design.

A weight reduction, compared to Phase I hardware, resulted because the
heat exchanger wall thickness was reduced from that used in Phase I. This was
possible because the radial pressure loading of th.a coppei chamber coolant was
eliminated.

Design considerations of the throat and rear sections were basically
uachanged from Phase I hardware because Phase I incorporated internally
cooled manifold passages in the throat and rear sections. Major changes were
the number of coolant zones and the heat exchanger wall thickness. The coolant
zones, numbering 24 in Phase [, were increased to 28 in Phase II to permit
more selective cooling in local areas. For detailed information refer to mechan~
ical description section of the Design Milestone Report AFRPL-TR-70-6.

Because of the difficulty in etching sa