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CORFDERTIAL

Report 1C830-Q-u
FOREWORD

(u) This is the fourth written progress report submitted under the ARES Program,
Contract AF 04{611)-10832. It provides a summary of major accomplishments and dis-
cusses the technical aspects of the program. The period covered by this report is
1 April through 30 June 1966. The progrem structure number is G340960L; the project
number is 662A.

{u) This program is under the direction of Mr. R. Beichel, Manager of the
Advanced Storable Engine Program Division, Liquid Rocket Operations, Aerojet-General
Corporation, Sacrmaento, California.

(u) The program is sponsored by the Air Force Rocket Propulsion Laboratory,
Research and Technology Division, Eawards Air Force Base, California, under the direc-
tion of C. W. Hawk/RPRZ,

(u) Publication of this report does not constitute Air Force approval of the
report's findings or conclusions. 1% is published only for the exchange and stimuia-
tion of ideas.

Clark W. Hawk
Program Manager

i3
(This page is Unclassified)
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Report 10830-Q-k
UNCLASSIFIED ABSTRACT

(u) The objective of the ARES (Advanced Rocket Engine, Storable) Progran is
to demonstrate the engineering practicality and the performance characteristics of
an advanced storable propellant modular engine embodying high chamber pressure and
the staged-combustion cycle.

(u) This fourth quarterly report describes the technical accomplishments of
the reporting veriod. Generally, the pericd was characterized as one in which many
analyses and designs were completed, fabrication of many components was conmpleted,

1 and testing was accelerated. The most noteworthy accemplishment was the successful hot
firing of two different modular injectors using the intensifier test systenm.
.
1
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I.
INTRODUCTION
(u) The principal objective of the ARES (Advanced Rocket Engine-Storable)

Progran is to demonstrate the esngineering practicality and performance characteris-
tics of a high-chamber-pressure staged- cambustion engine module.

(u) The modular engine is a highly integrated assembly in which the turbopump
assembly housing combines the fuel and oxidizer pumps, the turbine, the engine con-
trols, and the primary ccmbustor chember into a single assembly. Turbine exhaust is

1 ducted directly into the secondary combustion chamber, where additional fuel is added.
The resultant combustion products are exhausted through a ccoled 20:1 arsze-ratio nozzle.
Tarust from the rocket nozzle is transmitted through the turbopump assembly housing to
the vehicle frame.

(¢c) The engine is designed to produce 100,000 ib of thrust at sea level and
operates at & secondary combuction chamber pressure of 2800 psia using N20L and
AeroZIRE 5C as propellantz. The engine module is designed for ready use either as
g single unit, in parallei-saxis clusters, or in forced-deflection or plug-nozile
propulsion systems.

{¢c) The modular engine uses a staged-combustion cycle in which all the oxidizer
and 19% of the fuel are injected into the primury combustor at U775 psia to produce a
turbine working fluid at approximately 1240°F. This fluid passes ttrough the turbize,
! vhich operates at a pressure ratio of about 1.5, at a mixture retio of il.5, and

passes through the secondary combustor injector where additional fuel is added to

produce a mixture ratio of 2.1 in the thrust chamber. The resultant combustior prod-

ucts cxhaust through the nozzle producing thrust..

(u) Engine control is achieved “hrough the use of eyelid valves (located at
pump suction) wherein the segment of a ball is rotated out of the flow stream and
adnits propellant to the engine. For the development engine, auxiliary fuel control
valves are installed to govern fuel admittance to the primery and secondary combustion
. chamber: during transient ani steady-state operation. All valves are powered indepen-
i deatly 4o achieve the flexibility desired during the program.

S i ieiace

Cn il

{¢) The secondary combustor uses a flameholder injector consisting of a series
M of radial vanes from which fuel iz injected into the oxidizer-rich turbine exhaust

i stresn. The resulting mixture burns in the thrust chamber and is exhausted through
the nozzle. Tvwo conling systems are under consideration for the modular engine.
R These employ regenerative and transpirstion cooling. The regeneratively cooled system
uses & considerable number of thin wafers that sre chemically milled to produce the
b desired pressure-~drop pattern required to control the ccolant flow.

(u) Phuze I of the tvo-phase program is devoted principally to the develop-
'y meat of individusl componznts such as cooled combustion chambers, injectors, turbo-
pwap housinge, bearings and seals, suction valves, and engine fuel controls.
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1, Introduction (cont.)

The Phase II program is devoted to performance improvement of the thrust-chamber compo-
nents, development of the turbopump system, and the integration of turbopump, thrust
chamber, ard controls into an engine rodule.

{u) This report, covering activity during the fourth qusrter of the program,
is orgsnized into four groups of sections. The first group, Sections III and Iv,
covers the combustion system development e fort. Sections V through X cover the
turbopump design and developwent tasks. Jontrols are reported in Sections XI through
XIII. The rcmaining sections, XIV through XIX, cover the activity asscciated with
the propulsion system as well as a series of related anslytical activities.
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II.

SUMARY

(u} Major mileposts in the thrust chamber, turbomump, and controls areas vere
met during the fourth quarter of the ARES program. The primary combustor was com-
pleted and testing initiated, a secondary combustor injector was relected, a number
of requirements for propellant-lubricated tests were met successfully, suction valves
and fuel-control valves were successfully tested, and the aerodynamics test program
at FluiDyne Corporation was completed. Considerable effort was devoted to accelerating
the completion of critical components required to support the test progran.

(v) A najor primary-combustor milepost was met with the conversion of Test
Stand #-3, the instsllation of the workhorse primary combustor, and the completion
of the first six tests, four of which are reported in Section I1I. During Test 3,
the primary combustor liner was dsmaged, and oscillations of 600 cps were observed
throughout the combustion and hydraulic circuits during Tests 2, 3, and 4. The
cause of the anomalies was identified correctly, as verified by the elimination of
these oscillations in Tests 5 and 6, in which the oxidizer injector AP wss increased
and straightening venes were added in the cembustion zone.

(¢} The Mark-125 injector has been selected for use throughout the remainder
of Phase-I testing becsuse of its demonstrated superior performance over that of the
Rake injector. With a demonstrated performance of 93.5% of theoretical specific

impulse, the Mark-125 injector should be adequate for demonstrating Phase-I perfor-
rance goals.

(u) Eleven secondary combustor tests were conducted, Fifteen tests, including
five tests conducted in the last week of March, sre summarized ¢n Section IV. MNark~-125
injectors experienced erosion damage due to fuel leakage on three unrelated occasions.

(u) The transpiration-cooled combustion chamber was completed and will be

tested in July. Three regeneratively cooled carbustion chambers are being assembled,
the first of vwhich is scheduled for completion in mid-July.

(u) The advanced-TPA housing was pressure-tested and exceesded 100% of proof
pressur2 for a short time in one of the tests. A revised pressurization sys.em is
being obtained to allow testing over durations specified by the Work Statement.

(u) Fedrication of the inline TPA housing was completed, and the housing will
be tested in the near future.

{u) Excellent results vere obtained in the bearing test program. Bail and
roller bearings were demonstrated successfully (1) at 31,250 rpm in K304 and
AeroZINE 50 and (2) at 40,000 rpm in NoOL. Cage problems caused failures during the

fuel-lubricated 40,000-rpm tests, and nev cages were therefore ordered. Testing will
resume late in July.
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11, Summery {(cont.)

{u) Turbopump wear-ring development testing was delayed beccuse of utilization
of the test heads for bearing and seal testing in preference to wear-ring testing. A
nev turbopump housing was received, and six tests ‘rere conducted with wvater as a
vorking fluid. Of the three tests reported, one was nonrotating with stepped laby-
rinths and two were rotating tests using straight labyrinths. The flow before and
after rubbing on one of the tests was essentially the ssme, and no damage to the hard-
ware ocecurred.

(u) Twelve tests of the hydrostatic combustion seal are reported. The test
series culminated with twc successful cold-rotating tests of 8i- and 78-sec duration,
respectively.,

{u) Eleven segment tests were conducted on the two-dimensional tester to
evaluate a2 0.001-in.~wide slot. This narrov slot closed because of thermal expansion
during preburner operatjon, calling attention to the possibility of difficulties
during the hot rotating testing of the hydrostatic combustion seal,

(u) The design of the hydrostatic combustion seal was modified to incorporate
a tvo-ply bellows of revised configuration. This revised design strengthens the
resistance to external pressure by a factor of eight,

(u) Testing of the experimental suction valves has been conducted satisfac-
torily. Design of a prototype version was completed and fabrication has been injti-
ated. A satisfactory technique for electron-beam-velding of the storage seal has
been developed.

(u) Testing of the primary and secondary fuel-control valves was completed.
Modular configurations of these valves have been designed and are being fabricated.
The primary combustor fuel-control valve will begin testing in July; the secondary
valve is being tested, and results will be reported after conclusion of this effort.

{u) All analyticel and testing efforts to date continue to validate the
feasibility of the ARES advanced engine concept.
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PRIMARY COMBUSTOR ASSEMBLY

A.  GEXERAL

(u) A major milepost in the primary combustor assembly progrem was met
this quarter: fabrication of the workhorse primery combustor housing was completed
and the primary combustor test program was initiated. Four tests have been nade to date.

{u) Detailed discussions of the design and fabrication effort for the
primary combustor assembly are given in Section ITI, B, below, and a detailed discus-
sion of the test progran is presented in Section III,C.

b

B.  PRIMARY COMBUSTOR ASSEMBLY~~DECIGX AND FASRICATION
1. Summary

{u) The design and fabrication activities on the primery cocbis-
tor progran were continued. Principal design activities involved (1) redesiga of the
primary injector orifices to increase pressure drop, {2) redesign of the liner for
increased stiffness and incorporation of gas-flow-distridution vanes, (3) completion
of detailed turbulator designs for the primary ccciustor, and (L) compietion of the
injector layout for the Nod-3 turbopurp assembly {three-walled housing). Principal
fabrication activity included completion and build-up of the first prirmery courbustor
workhorse housing assembly, hydrotesting the assembly to proof comnditions, flow-
testing the housing both with and without injectors, and delivery of %' corpleted
assembly to the test area. In addition, the primary combustor turbulators were com-
pleted, liner stiffeners and distribution vanes were completed, and substantial febri-
caticn progress was pade toward compietion of the r .ond primary combustor housirng.

(u) Primary combustor testing was initiated, and four successive
tests heve bveen performed. The description snd results of these tests are presented
in Section I1I,C.

2. Injectors

{(u) Flow tests were perforned on each of the three primary ccabustor
injectors. 1Twvwe of the three injectors, the full-flov and the quadlet, yislded {low
resistances in the oxidizer circuit considerably different from calculated design
values, but the pentad injector offered flov resistances {for both the fuel snd the
oxidizer) in reasonable agrer-ent vith the calculated design values.

{u) Investigations of the pressure-drop discrepancies detected for
the full-flov and the quadlet injzctors revesled that the ocutzide supplier had fur-
nished Aerojet-General vith face material (Rigimesh) of wrong porosity for the full-
flov injector, which resulted in an extremely hig. pressure-drop. In the gquadlet
desigi., the pressure drop was found to have been caused by an orifice sizing error
in combination with the selection of a discharge coefficient that was too low.
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I1I, B, Primary Combustor Assembly--Design and Febrication {cont.)

* {u) The following paragraphs present additional information on each
of the injector designs.

{u) Proof, leak, fiow, and pattern check tests were performed on
the pentad injector. Pressure drops of 230 psi in the oxidizer circuit and of 408 psi
in the fuel circuit were measured; the nominal design pressure~drop values for allt
injectors are 300 and 400 psi, respectively, for the two circuits. No modifications
of this injector are ¢urrently plapned because the meesured pressure drops agree
reasonably well with the planned values.

(u) The rirst flow test of the full-flow injector showea that the
pressure drop of the oxidizer circuit exceeded the design caleunlations by 2230 psi.
It was found that the porous face material was T5% denser than called for by the
design. In an attempt to increase the effective flow areg, an acid mixture of water,
hydrochloric acid, nitric acid, znd ferritic chloride waz flowed through the porous
injector face to chemically etch--out some of the obstructing material. This operation
reduced the pressure drop to 1141 psi. Based on subscale experiments and on the
etching attempt on this injector, it was determined that the etching coperation was not
sufficiently predictable. It was therefore decided to remove the injector face and to
repleze the porous material with material of proper porosity. A sample of the new
porous material has been received, ‘and flow-testing confirmed that the material has
the proper porosity. Installation of the new porous material will be completed early
in July 1966. The flow test of the fuei circuit on the full-flow injector showad a
measured pressure drop of W4k psi, which is considered satisfactory.

(u) The first flow test of the guadlet injector yielded the follow-
ing pressure-drop data: 602 and 63 psi for the fuel and oxidizer circuits, respec-
tively. An error in tube sgizing combined with the selection of an assumed discherge-
coefficient value which was too low caused the very low pressure-drop in the oxidizer
cireult. However, the pressure drop in the fuel circuit, although high, is considered
satisfactory.

(u) A flow test was performed on saaples of the porous face material
from which the quadlet injector is made to dstermine the flow rate through the actual
porous face materiasl under steady-state conditions. The measured flow rate was 80§ of
the calculated design value, vwhich is considered satisfactory.

{u) After the initial hot~firing tests were complcved, the quadlet
injector was returied to the shop for rework. Tubes of 0.180-in. ID were welded
inside of the existing 0.2i2-in. ID oxidizer tubes. The revised configuration showed
2 measured pressure drop of 264 psi, whick is satisfactory. .

(u) A leyout was completed of e nev injector designed to fit the
Mod-B three-walled TPA housing. This injector can be made from the Mod-A injector
by machining metal from the turbine stator interface and from the backside of the
injector fuel manifcld. Matching grooves, machined into the housing snd injector
body, provide a positive locking method for the injector by the use of a retaining
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III, B, Primary Combustor Assembly--Design and Fabrication (cont.)

ring. In mddition to its restraining function, the retaining ring alsc acts as a
seal because it replaces the second expanding N20h~sealing ring used in the Mod-A
design.

3. Workhorse Primary Combustor Housing (WPCH)

. (u) As reported in the previous quarterly report, the first WPCH
(sM-1) cracked severely and bad to be scrapped. This caused considerable delay and
corrective action was therefore immediately instituted for Housing SN-2 to prevent a
recurrence. Accelerated schedules were implemented to regain the lost time as fast
as possible. The fabrication and assembly of WPCH SN-2 was subsequently completed
successfully. The assembly was proof-, leak-, and flow-tested and the finished unit
was delivered to the test area, installed on the test stand, and successfully test-
fired in four successive tests. A discussion of these t:sts is presented in
Section I11,C,

L. {u) Inspection of the test records and of the test hardware showed

i evidence of high-amplitude pressure oscillations. Following the initial test series,
? the housing was therefore disassembled and returned to the machine shop for v.rious
machining operations including the installation of high-fregquency (Photocon) instru-
mentation ports. These ports will provide means for asccurately recording the pressure
; oscillations in the primary combustor during the next test series.

i

. (u) The WPCH was then used for hydrotesting the reworked injectors.
§ At the end of this reporting period, the reworked quadlet injector was assembled into
: the reworked housing and the entire assembly was returned to Test Stand H-3 for

i installation.

3 (u) WPCH SN-3 is being fabricated using the same heat treatments
; and welding procedures as for WPCH SN-2. Joining of the insert to the outer housing,
final-machining, and hydrotesting are scheduled to be completed by mid-July.

4, Other Primary Combustor Components

{(u) The chamber liner of WPCH SN-2 was slightly damaged during the
initial test series. To prevent a recurrence, a reinforcing band of 0.063-in.-thick
by 1.60-in.-wide sheet metal was TIG tack-welded around the OD of the liner. This
band should prevent further cracking of the slotted elements. Five vanes were also
welded inside the liner. These vanes are designed to prevent tangential pressure
oscillations.

T
}»
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III, Primary Combustor Assembly (cont.)

C. DEVEIOPMENT TESTING

1. Summary

(1) The development program for the primary combustor was initi-
ated, and four tests vere conducted. Prior to testing, detailed steady-state and
transient analyses were performed to determine both the proper engine sequences and
the operating balance point. The transient analysis indicated that oxidizer-
manifold £ill time is critical for obtaining the correct start transient; it wvas
therefore decided to perform a cold-flow test of the oxidizer circuit only,
before initiating the hot firing tests. Furthermcre, the first hot-firing test
series was designed to verify start-transient operation only, by ending each suc-
cessive test later during the start transient, at times indicated as significant by
the transient computer program. This step~wise approach also provided maximm pro-
tection for the limited and expensive hardware prior to committing the combustor
to full-duration testing.

(¢) In accordance with the test plan, the first test was an oxi-
dizer flov test only; the three other tests were start-transient hot firings.
Maximum chamber pressure attsined was 3450 psia, and minimum mixture ratio during
the start transient was about 22. Nominal steady-state conditions for this series
of tests would be a pressure of U775 psia snd a mixture ratio of 14.0.

(u) Examinaticn of test records revealed persistent feed-system-
coupled oscillations of azbout 500 to TOO cps. A detailed investigation to determine
the exact aature of the oscililations, their cause, and the reqiired modifications
to prevent a recurrence, ig being performed. Since this test series was performed
during the closing week of this quarter, no cor.iusions have yet been drawn.

(u) The anslytical effort performed in preparation for primary
combustor testing is described in Paragraph I11I,C,2, below. A description of the
engine test system is given in Paragraph IIX,C,3, whereas a detajled discussion of
eech test is prevented in Paragraph III,C,h.

2., Anslysis
a, Stesdy-State Analysis

{u) 4 series of steady-state computer runs were made to
determine the effect of parsmeter variations on the balsnce point of the modular
primary combustoir. The parameters varied were: throat area, oxidizer system
resistance, fuel system resistance, oxidizer intensifier pressure, and fuel inten-
sifier pressure,

(u) In operat’om, nominal balance is obtained first, snd then
the paremeters are varied one st & time in series., The combustor readjusts itself to
th~ nev opersting conditions by verying its chamber pressure and mixture ratio. The
neminal valus for any percweLer ié restored st the time a new parameter wynristion is
begun.
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11X, C, Development Testing (cont.)

(u) The mixture ratio for the first stesdy~state duration
test vas to be 1k,0 and the pressure U775 psig. PFigure III-1 shovs a mixture-
ratic shift from 14.07 to 13.57 with & 10% increase in throst area, snd e chamber-
pressure decreass from L775 to U66L psig with the same throat growth. There is
little change in chamber pressure with throat growth due to the edility of the
intensitiers to maintain their pressure at the required increase in propellant flow
rate.

(u) A change in oxidizer system rezistance from +20 to -20%
results ir & minimum mixture ratio of 12.6, as a maximum pressure of 4823 psia, and
at opposite ends of the range, as ncted in Pigure III-2. Since the design mixture
ratio ls 11.5 end the proef pressure iz 7200 psig, both of the sbove extremes sxe
considered safe.

(u) A similar change in fuel-system resistance results in a
mixture-ratio range of 15 to 12.85 and in a pressure renge of k708 tc 4852 psia.
From Figure III-3 it is noted that the extremes of mixture ratio and pressure occur
simitanecusly at -20% fael resistance. The hardwvare should be cspable of with-
standing this extreme without difficulty.

(u) A 40O-psi decrease in oxidizer intensifier pressure would
result in & mixture rstio of about 11.0. However, FPigurse IXI-.k indicates this would
occur at less than 4775 psig and is unlikely to happen since all intensifier data
indicate an overshoot rather than an undershoot of set pressure. The ccol gas at a
mixture ratio of 17, vhich is attendant to an oxidizer overpressure of L0O psig,
reduces the possibility of damege at the overpressure of 4847 psia.

(u} Pigure III-5 demonstrates that & LOO-psig ovarpressure of
the fuel intensifier vould simultaneously decrease the mixture ratic and increase the
pressure to levels belov and above those desired, respectively. Experience with the
fuel intensifier has demonsirated close control of fuel pressurs. In addition, the
period of maximm overpressure of fuel occurs simuitaneocusly with a like excursicn
of oxidizer intensifier pressure on start. The result would be a higher pressure,
but st o higher mixture ratio and at a lowver temperature than the nominel conditions.

b. Transient Analysis

(u) The method of mnalyzing the system transients of Test
Stand H-3 was similar to that used on the gector engine of Test Stand H-2. An analyti~
cal model of the system was constructsd. The same snalyticel theories end techniques
that vere used successfully on Test Stand H-2 vere used on the mcdular prizary analysis.
The vaterhammer wave equations descridbing the cystem were soived continuously by the
method of characteristics on a digital computer.

(u} The design of the primsry combustor and its installation
on the test stand were studied in detail to determine problem sreas affecting the
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III, C, Development Teating (cont.)

stsrt and shutdown transients. Special attention was directed toward propeliant
phasing and purging during these two phases. The oversll goal of this program was
nixture-ratio control during transient operations. On the basis of this study, it
vas concluded that a cold-flow test of the oxidizer eircuit should be performed to
ascertein the fill characteristics of the complex manifolding.

(u) The analyticsl model vas used to determine valve sesquencing,
the preset pressures for the propellant intensifier, the time of ramp initiation, and
the feed-pressure ramp-rise rate for the start and the valve sequence on shutdown.
Because of the complexity of the oxidizer manifold, the oxidizer col*-flow Tes:
1.2-04.WAG-0C1 was used to verify the time required to fill the wmanifold. 'The model
predicted a time of 0.290 gec, whereas test dasta showed a time of 0.255 gsec. There-
fore, confidence in the predicted propellant phasing was esteblished.

(u) The analytical model predicted & high chamber-pressure
spike at ignition (i.e., about 1800 psia) and chamber-pressure oscillations of
250 milligsec caused by chamber combustion coupled with the waterhammer ia the feed
system. The model predicted these chamber-pressure oscillations would dsmpen out
by ¥S-1 + 1.0 sec. To verify these predictions, it was decided to conduct two short-
duration tests: one of a 0.90-sec duration to check out the ignition characteristics
of the primary, eand one of l.l-sec duration to determine if the feed-system oscilla-
tions would dsmpen out.

3. Engine Description

{u) The modular primary combustor, as instslled on Test Stand H-3,
consists of the workhorse primary housing, the quadlet injector, the reverse-flow
comlxistion chamber, the turbine-simulator nozzle assembly, the secondary combustor
diffuser section, end the hurnoff stack essesbly. A schematic draving of the test
setup is presented in Figure III-6. The burnoff stack assembly is used to burn off
oxidizer-rich gases produced by the primery combustor.

(u) The propellant-distridution system recelves.high-pressure pro-
1lant from the intensifiers on the second level to Test Stand H-3 through 3- and
-in.-dia SCH-XX pipe. The oxidizer flows through a flowmeter and & 2-1/2-in.-dia
bell valve into the hardware, vhersas the fuel flows through a flovmeter and a
l-in.-dia bell valve into the hardware. There is a blanked-off 3-in. tap for future
use to supply secondary combistor fuel.

(u) .Tests 1.2-04-WAG-001 through -003 were performed with the
combustion~chamber liner in plsce. Test 1.2-04-WAG-0OL was performed without this
linar to determine 1f the liner had any effect on chuamber-pressure oscillations.

{u} The feed line pressures vere monitored with doth static and
dynamic travriucers. Combustion-chamber performance was neasured with three Taber
transducers and five high-reaponse thermocouples. Exhaust gases were monitored
vith one Taber pressure trsnsducer and three high-response thermocouples.
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I1I, C, Development Tasting (cont.)

{u) Flush-mounved photocon pressure transducers will be used for
the next primary combustor tests,

k. Tests
a. Test 1.2-Ch-WAG-001
{1} Purpose

{u) This test was a cold oxidizer-flow test for the pur.
pose of obtaining information required to verify or modify the analytical trensient
model snd the firing sequence of hot testing. The questions to be ansvered by this
test were: {a) When does the oxidizer manifold £ill with liquid? (b) Does the
combustion chumber £ill with 1iquid oxidizer? (c) What is the fuel manifold pressure
during fuel rili? (4) Do the intensifiers provide the desired pressure rise retest
(e) What electrical-mechanicsl sequence delsys are present? end (f) Does the durn-
o?f steck ignite and eliminate excess oxidizer?

{2) Attempted

(¢) A full engine firing sequence was sttempted, vith
the fuel-valve discharge nd the fuel-injector manifold bdlanked-off. Excessive pres-
sure drop across the injector face was eliminated by limiting the upper pressure
setting for the oxiiizer intensifier to 2500 psi. The dead-headed condition of the
fuel intensifier was considered to be equivalent to flow conditions since the piston
displacement due to cowpressibility was very nearly equal to the test coenditiom.

(3) Ovtained
(u) A duration of 1.7 sec with oxidizer flowv only.
(k) Discussion
(s) Test Hardvare
(u) ALl hardvare was undameged.
(b} Test

{u) The oxidizer menifold filled 35 millisec earlier
than estimated; 200 millisec lster the combustion chamber filled with liquid oxidizer
producing a fuel wenifold pressure of 30 psis. A nitrogen purge in the fuel manifold
vill be used during hot firing to prevent eantry of oxidizer during fuel fill. ALl
electromechanical sequence delays were close to estimetes. The burnoff stack worked
well, although stack ignitior was lster than desired due to the long filling time of
the RP-1 circuit. Subseguent testins would initiate £i1liag 0.5 sec eariier.
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III, C, Development Testing {cont.)

(e) The oxidizer intensifier created the required
rise rate up to & préssure of 2500 psia. The fuel intensifier pressure did not rise
until 0.100 gsec after the expected ramp initistion and then rose at = rate limited
by the flow capacity of the 2-in.-dia valve. The ramp rise was clearly out of con-
trol since the fuel-system Gllaaﬁ.cv-control valve vas fully open until steady state.

(u) Several tests were subcequently made in vhich
fuel-jntensifier control-valve operation, ullages, and amplifier gaing were varied
to obtain a satisfactory fuel-pressure rise rate prior to the first hot firing.

b, Test 1.2-04-WAG-002

(1) Purpese

(u) This short-duration test was performed tc determine
the fuel-manifold and ignition characteristics of the quadlet injector.

(2) Attempted

{u) A 0.9-sec-duration test with full prizary combustor
firing sequence.

(3) Obtained

(c) The test, of 0.917T-sec duration, vas performed on
8 June 1966 to a maximum chamber pressure of 2053 psia and a mixture ratio of about
30.

(k) Discussion
(a) Test Hardwars

{u) The test hardware showed some minor chamber-
liner heat marks, but vas otherwise capable of refiring.

(b) Test

{u) At FS-1, both valves were signaled open. The
oxidizer valve and the fuel valve opened in O.b and 0.9 sec, respectively. The oxi-
dizer intensifier pressure began its ramp at 0.69 sec and continued upwsrd until
1.00 sec vhen its rise rate began tc decrease, Preasure appeared to be follevwing
its programed rise rate.

(u) The fuel intensifier began its pressure rise
ramp at 0.70 sec and continued to rise virtually lineerly until 1.0 sec vhen its
rise rate began to decrease.
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11X, C, Development Testing {cont.)

(u) Ignition began at 0.777 sec; chamber pressure
rose in sccordance with the high initial fuel flow rate, then rapidly decreasad ss
fuel flov decressed in response to the resistance offered by chamber pressure. Both
pressure and flows then increased with the intensifier ramps until 1.071 sec when
closing of the fuel valve began tc reduce fuel veight flow. Shutdown was normal.

(u) The oscillograph traces indicated s 600-cps
cycle oscillation on all chamber- and feed-system pressure traces. This was attridb-
uted to vaterhammer in the feed system caused by the ignition spike and by the off-
design cperating conditions. Preparations were therefore made to increase the
duration of Test 1.2-0L-WAG-003 to 1.1 sec.

(u) A performmnce plot for this test is presented
in Pigure 111-7T.

Ce Te’t 1 . 2-&—“‘“03

(1) Purpose

{u) The purpose of this test was to provide sufficient
duration to determine if the feed-system induced chamber-pressure oscillations,

" predicted by the transient computer program, would dampen out.

(2) Actempted

{u) The test vas performed on 9 June 1966 with an
intended duration of 1.1 sec and an intended chsmber pressure of 2500 psia.

(3) Obtained

{u) Test duration wvas 1.115 sec, with the intensifiers
providing excellent preassure ramps.

(4) Discussion
(a) Test Hardvare

(u) The combustion~chember liner wus dsmaged, es
shown in Pigure I1I-8, but the remainder of the hardvare was in good condition, as
illuatrated in Pigure III-9:

(b) Teat

(u) The oscillograph traces exhibited the same
600~cps oscillations as in the prewious test, vith no sige of any decrease in ampli-
tude or change in frequency. Tvo microsystem transducers installed on the propel.
lant fasd linex wielded the followine data:
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IIX, C, Development Testing (cont.)

(e Peak-to-Peak
Transducer Time, sec Frequency, cps Amplitude, psi
PLD-F(N) 0.973 580 60

1.115 640 130
1.125 640 160
1.178 640 195
Fol-F(K) 0.973 600 55
1.115 620 110
1.125 660 150
1.178 630 305

(¢) Maximum chamber pressure vas 3380 psia, and
the winimum mixture ratic vas about 23.

(u) Performance plots for this test are presented
in Pigure III-10.

d. Test 1.2-0k~-WAG-004
(1) Purpose
(u) This test wvas made to obtain additionel firing
data at higher pressure and tempsrature for determining if the 600-cps oscilla-
tions wvould continue without the chamber liner and at a lover aixture ratio.
(2) Attempted

(u) This test vas to be a l.2-sec-duration test of the
quadlet injector ané workhorse primary combdustor, without the chamber liner.

(3) Obtained

{u) The test, conducted on 1k June 1966, had a duration
of 1.211 sec. Intensifier operatica snd sequencing vere as programed.

{4} Discussion
(&) Test Hardwere

{u} The test hardvare was undameged and capabdle
of refiring.
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111, C, Development Testing {cont.)

(b) Test

(u} The oscillograph traces sgain exhidited oscil~
lstions with the same frequency on all chamber and feed-system parsmeters. Toward
the end of this extended-duration test, a trend toward s higher frequency was noted,
vhich is attriduted to the higher gas temperature caused by the lower mixture ratio
attained.

(u) High-frequency tape data vere analyzed to deter-
mine the exsct frequencies and their amplitudes. These data are summarized in the
following tovulation:

Peak-to-Peak

Transducer Time, sec Frequency, cps Amplitude, psi
PID-F(M) 0.618 k50 15

0 L) 973 0 ——

1.115 630 250

l.211 680 215

1.261 1k80 120
PoD-F{N) 0.618 350 80

0.973 0 ——

1.115 630 320

1.211 680 %00

1.261 TLO 160

(¢) Maximum chamber pressure was 3450 peis and
ainisum mixture ratio wvas about 22.

(u} A performance plot for this test iz shown in
Figure IIX-11.
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Iv.
SECONDARY COMBUSTOR ASSEMBLY

A. GENERAL

(u) The secondary combustor progran vas continued, with emphasis on
injector development teating, fadbrication of cocoled thrust chambers, and design
support for the fabrication and test programs.

(¢) Fifteen secondary injector evaluation tests were performed, in
vhich the Mark 125 snd the Rake injectors wers evaluated. Results of this testing
lod to the selection of the Mark 125 injector for the ARES evgine. The performance
level demonstrated with this injector was 93.5% theoretical of specific impulse which,
vhen coupled vith a cocled chamber, is sufficiently high to meet the Phase<l perfor-
nance requirement. The Reke injector, also successful but somevhat lower in perfor-
mance, haz been relegated to back-up status.

(\l) Febrication of the cocled thrust chambers continued. The first of
two wmpiution-cooha chambers vas completed and nov aweits testing early in July.
Three regeneratively cooled chanbers are being assembled, the first of which is
scheduled for completion of 15 July 1966.

(u) All design and fadbrication activity of secondary comdustor components
is discussed in ht.d.l in Ssction IV,B, belov. A detailed discussion of the test
program is.given in Section 1V,C.

B. SECONDARY COMBUSTOR ASSEMBLY, DESIGN AND FABRICATION
1. Sumwary
(v) The secondary injectors have been redesigned and reworked

‘ suuhtly as & vesult of experience gained in hot firing tests. A special stress

anelysis is currently {n progress. to define the effects of temperature and vidration
on the Mark 125 injector vanss because thermal and vibration-induced stresses may
contridute to fusl hnkqo fros the vanes. A formal stress aialysis was completed
ahd & final report published for both- injector configurations. Ablative liners have
been replaced in the uncooled chambers after test firings if required. PFabricstion
is currently im progress for the two-dimensionsl nozsle chamber.

{u) PFadrication of cooled chambers was continued on a maximum
lavel of sffort. A major fabrication event occurred in the closing weeks of this

‘reporting period vhen the first transpiration-cooled chamber was completed. Work

is currently continuing on transpiration-cooled Chember SN-2.
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1V, B, Secondary Combustor Assembly, Design and Fabrication (cont.)

(u) Progress on regeneratively cooled chamders has been substantial,
Three regeneratively cooled chaxbers are currently in fabrication at Aerojet-General.
The first chamber, SN-1, should be available by 15 July 1966. Outside vendors are
presently at work on tube sets for Chambers SN-U through SN-=10. The required metal

parts for these additional chambers are prerently being fadbricated at Aerojet-General,
Sacramento,

2. Uncoocled Combustion Chamber Components

a. Injectors
(1) Mark-125 Injector

(u) PFabrication and testing of the Mark-125 injector
continued, A description of testing and a discussion of test results are presented
in Section 1IV,U.

(u) Leakage has occurred in numerous tube-to-vane braze
Joints and in several vane-to-manifold weld joints of the Mark-125 injectors SN-1
and SN~2. The thermal and vibration loads are bdeing calculated and injector-fabrication
procedures examined to locate the possidle cause of the lsekage.

(u) The vance in Injectors SN-1 and SN-2 that had been
eroded by fuel leakage were replaced by using part of the vane set intended for
Injector SN-3. A fourth set of vanes is T0% complete; fabrication of a fifth set
will begin in July. Iacluding the fifth set of vanes, there are nov enough vanesz
for a total of four Mark-125 injector assemblies plus 20 spare vanes.

(u) Injector SN-1 is now available for testing.
Injector SN-2 is currently scheduled for completion early in July, whereas Injectors
SN-3 and SN~k are scheduled for completion late in July and mid-August, respectively.

(2) Fuel-Swirl Rake Injector

(1) Preformance of the Fuel-Swirl Rake injector has been
found to be less than that of the Mark-125 injector in identical chiambers under
idential test conditions (see Section IV,C,2,3). Therefore, the Rake injector has
been relegated to back-up status and will not be tested again unless difficulties
arise during continued testing of tho Mark-125 configuration. .

(u) The injection elements of Rake Injector SN-l were
destroyed in s recent test firing when the mixture ratio in the primary combustor
shifted to an ofd-design velue. A new set of fuel elements has been received and
could be installed into Injector SN-1 if so desired, However, such an installation
is not planned at this time, and the body of thie injector will be used, rather, for
assembly of a Mark-125 injector. Rake Injector SN-2 is available and is in storage.

Papge 1V-2
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IV, B, Secondary Combustor Assembly, Design and Fabrication (cont.)

{u) A design effort is currently in progress to incor-
porate performance-improvement features in the Rake injectors. The design, vhen
completed, will not be fabricated unless a d-cision is made to re-activate this
injector concept.

(3) Injector Stress Analysis

(u) A final report presenting the stress snalysis of the
secondary injector was completed and issued. The report concludes that (e) the
primary strezses are lov and give relatively high margins of safety, (b) the stresses
induced by thermal gradients sre pesk stresses, (c) the combined primary and pesk
stresses vill withstand at least 55 cycles of operation and will not fail by a
brittle-type failure because of the large elongation that Type 37 stainless steel
can withetand, and (d) either design will maintain its structural integrity during
$5 cyclss of normal operation.

b, Ablastive-Lined Combuation Chemder

(u) The characteristic lengths (L*) of ablatively lined
combustion chambers are nov designated nominally 20-, 35«, and 50-in.-L*. These
values more closely correspond to the actusl L%s than the originelly designated
30-, k0=, and 50-in.-L* values.
¢ (u) Fedbrication of adlative liners during this reporting
period consisted of replacing the liners as required after test firings.

¢. Tvo-Dimensional Nozzle

(u) PFive guotations from suppliers for the fabrication of
the tvo-dimensional nosile were received. Pour were "no bid,"” and the fifth vas
considered too high. It vas therafore decided to fabricate the metal parts at
Aercjet-CGeaeral, Sacramento, and to purchase the liners. The half-sngle of the
contoureé divergent noxsle was changed to 23° 22'. This change, which will reduce
fhbric:xion cost, has & negligidble effect on aerodynamic and heat-transfer charac-
teristics.

(u) A purchase order for the divergent-nozzle liner has been
placed, and delivery is expected early in July 1966. Machining of the throat contour
using templates has begun and fabrication of the metal parts is in progress.

3. Cooled Cambustion Chambers

&, ARES Regeneratively Cooled Combustion Chambers

(u) The engineering, procurement, and fadbrication efforts cn
regeneratively cooled combusticn cheabers were continued. Combustion chambers SN-1,
=2, and -3 are being fabricated at Sacramento, vith chamber SN<1 nearing completioa.
The current status of each of the ithree chambers is reported in the following

paragraphs.
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1V, B, Sezondary Combustor Assembly, Design and Fabrication (cont.)
(1) Regeneratively Cooled Combustion Chember SN-1

(u) Fadrication of combustion chember SN-1 is progressing
satisfactorily. Major mileposts accomplished during this reporting period included:
receipt of first tude gset at Aerojet-General; successful lay-up and dbrazing of the
chamber; attachment of all metal parts to the forward end of the chamber; explosive
wvelding of the tubes to the flange; and initistion of final machining on the forward
flange assembly. The following work remsins to be done: completion of leak checks
(injtiated during this quarter); spplicstion of the glass wrap; high-pressure proof,
leak, and flow testing; final-machining of the forwvard flange; ané application of a
thermal~barrier coating. This chamber should be aveilsble for hot firing on
15 July 1966.

(2} Regeneratively Cooled Combustion Chamber SN-2

{(u) Three furnace-braze cycles were performed on
regenaratively cooled combustion chamber SN-2. Some leakage was noted to occur
after the third braze cycle and after chamber aging at the tube-~to-tube braze joints
in the aft section of the chamber. These leaks are currently being repaired by
menual brazing, A leak check will be performed to ensure that all leaks have been
eliminated. The remaining work oh the chamber includes. attachment of the forward
flange and remaining metal parts; explosive v lding; interim machining; leak checking;
epplication of the glass wrap; proof-, leak-, and flow~testing; final flange machining;
and application of the thermal-barrier coating. The chamber should be completed
during the firat week in August 1966,

(3) Regeneratively Cooled Combustion Chamber SN-3

(v) Lay-up of this chamber began in the closing weeks
of this reporting period. Preparstions are being mede for the first chember~brazing
cvcle. This chember, a capillary tube design, differs from chambers SN-1 and SN-2
by having two film-coolant injection stations instead of one. An edditional braze
cycle vill be required to secure the capillary tubes in the valleys betwean adjacent

regeneratively cooled chamber tubes. The planned completion date for this chamber
is 1 September 1966.

(4) Regeneratively Cooled Combustion Chamber SN-k
through 8N-10

(u) At the end of May 1966, & large quantity of Inconel-
718 tudbing was delivered from the mill to the tude-forming vendor., This tubing will
te used for chambers SN-I through SN-10. Processing of tue tubing was promptly
initiate! st the vendor's plant, Fabrication of the smsll-diameter tubes (nominel
0D, 0.480 in.; raminal wall thicknesses, 0.015 in.) is being accomplished in a
multiple~stege tapering operstion with in<process annealing., Initir tube gets
Jrom this lot will be counleted early in August 1966,

Page IV-k
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1V, B, Secondary Combustor Assembly, Design and Fabrication (cont.)

(u) fTovering of the 0.778-in.~O0D (nominal) tubing pre-
sented no problems. Tapering was accomplished in a single operation.

(u) The tube turn-sround manifold was revised during
this reporting period in the original design utilized on chambers SN-1, -2, and -3;
the right-hand and the left-hand tube subassemdlivs were joined by TIiG.-welding,
folloved by fitting and electron-!- m-welding an end cap (turn-around assembly) to
the tube assembly., Difficulty F oeen experienced in making this joint leak-tight
(TIG welds have cracks); and the ..rength of this joint becomes marginal when
subjected to chamber operating pressures. To alleviate this condition, the original
end cap was replaced by machined fittings that are brazed into the tube subasasemblies
and then brazed together to form the completed tube assembly. Structursl analysis
of this joint indicates a gocd margin of safety is preszent even when, the design is
subjected tc the proof pressures for the modular engine. Chamber SKLL will be the
first chamber to incorporate this design change. Completion dates for the machined
fittings are compatible with the tube delivery schedule for this chamber.

(5) Other Items Related to the Regeneratively Cooled Chamber

(u) Fabrication of all chamber-layup and machining

tooling wai completed. Two complete mandrel assemblies are now available for chamber

buildup. Tooling designed during the previous reporting period for proof-, lesak-, and
i flowv-testing the chambers was fabricated, One complete set of proof-, lesk-, and

flow-test tooling is aveiladble for use. All tooling required for application of the
i thermal-barrier coating to the chamber was completed. Modifications to the coating

machine have been made and checked out. The coating facility is currently awaiting

receipt of the first chamber assemdly.

] (u) An internal final report on the strese enelysis of

! the regeneratively cooled chamber was issued. This report summarizes, snd discusses
) in detail, all structursl-snalysis efforts undertaken on the ARES regeneratively

& cooled chamder,

(u) rabrication of chamber metal parts is continuing
st Aerojet~General, Sacramento, and will be completed well in sdvance of the chnnbeg
tube sets. Metal parts are currently on order for ell chambers through chamber SN-G.

b, Transpiration-Cooled Combustion Chamsber

{u) Febrication of the iranspiration-cooled chambers remsined
on & Task-Force basis, culminating in completion of the first chambder at the end of
this reporting period,

(1) Laborstory teste, performed during the previous reporting
period, fetermined that the best method of joining the flow-control wesher to the
flov-diffusicn washer was by spot-welding and thet joining theee washers into
unitized compartments could be best achieved by TIG-welding the outer periphery with
' the washer stack compressed between two copper plates.
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1V, B, Secondary Combustor Assembly, Design and Fsbrication (cont.)

(u) The most difficult remaining task; i.e., that of obiaining
a satisfactory compartment contour, had yet to be demonstrated. Therefore, an
experimental prototype compartment compesed of rejected washers was fsbricated to
demonstrate the unitizing and machining operations to be performed on each compariment.
To determina the effect of machining the contour, the compartment was vatesr-flow
tested befors and after machining the inside dimmeter. Hydraulic Labdoratory data
revesled that pressure-drop-versus-flov-rate values vere not affected by xachining.

{u) By the end of April, all 0,001~ and 0.010-in.-thick
vashers had arrived from the vendors. Six compartments.composed of these waghars
. vere completed up to the point of machining the inside contour. Contour-machining
% of these compartments was initiated during the first veek of May.

. (¢) Concurrently, several sample instrumentation washers were
3 machined., The object was to obtain a satisfactory 0.0)12-in.-wide by 0.014-1in,.~deep
: radial groove in & 0.020-in.~thick flow-diffusion vasher into vhich a thermocouple

£ vould be brazed. The best thermocouple grooves were obtained by electric-discharge

< machining. A purchidse order for the fabrication of six grooves in each of 12 washers
. wag let during the middle of May. Upon completion of these grooves, the washers were
3 shipped to a brazing vendor where the first washer was used to determine the proper

ﬁ agount of braze reguirsd per thermocouple. Upon receipt of the completed instrumen- .

tation vashers, it was noted that five of the eleven washers were slightiy warped.

Although this warpage is undesiradle, it 414 not appear to have affected the assemdly
or the cold-flow Adsta.

{u} Delivery of the 0,020-in.-thick flow-diffusion weshers
continued to be a problem, The die¢ used in punching-out the washers produced '
unacceptadle, eccentric parts. Extensive coordination with the vendor resolved the
problem, and all washers were available by the end of May.

{(u) By the end of May, the first compartments became ..
aveilable for flov evaluation. As discussed in the previous quarterly report, the
best fluid for flow-evaluating the compartments is trichloroethylene, a degreasing
fluid vhich is readily available., At T7°F, the rluid hes a specific gravity of 1.46
and & viscosity of 9.55 (as compared to 1.43 and 0,393, respectively, for X ou).
Thus, the Components Evaluation Leboratory in Test-Area A prepared a flciligy for
] flowing the compartments with trichloroethylene. Compartment 8 was the firat
., availabie for test evaluation. - The compartment wvas flowed at inlet pressurec of
3 500 to 3000 psi at 500-psi increments. Initial data appeared questionsble because

an increase in back pressure would increass the flov rate for a given pressure drop.
It vas deterained that the flow fixture separates from the washer stack as much as
0.001 in. at & back pressure of 600 psi. Data at 100-psi back prassure appeared to
correlats well., All remaining compartments were flowed as they became available,
at a back pressure of 100 ps.. Ssversl retauiners ware remachined &s a result of these
flow tests to ensure proper sesting of the washer stack. Flow data were very close

to predicted velues, in mozt instances being slightly higher but never leas than the
value predicted,
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IV, B, Secondary Combustor Assembly, Design and Fabrication (cont.)

(u) All compartments were completed and individually flow-
tested by mid-June. Final assembly of the chamber was accomplished during one
shift. Assembly was accomplished by placing the aft flange on the sssembly fixture
first., Compertment 12 was then carefully lowered into the flange recess. The
retainer for Compartment 11, to which the instrumentation washer had been spot-
velded, was next placed on the aft flange. Washer Compartment 11 was then care-
fully lowered into its retainer. This procedure was continued until all compart-
ments and retainers had been assembled,

(u) The chamber compartments were compressed in the assembly
fixture, until sll parts bottomed out, by means of & S5-in.-dia solid shaft, which
is secured at the forward end by 16 bolts and runs up the c. .r of the chamber.

{u) Twelve circumferential seal welds were then made to
Join the outer retainers and the forward and aft flanges into one unitized chamber.
Although care was exercised in making the 1/8-in. circumferential TIG welds, it
appeared that the epoxy used in sealing the thermocouple wircs into the steel
retainer had been scorched.

() Proof-testing of the chamber with trichloroethylene
verified this conclusion. Some seepage was obtained which, although minor, was
considered a safety hazard, Before sttempting to seal the thermocouple exit ports,
it vas decided to reflow the chamber compartments in the assembled condition to
confirm the flow parameters established during the individual compartment tests,

(u) The resultant flow date were exceptionally satisfactory.
Whereas some compartments flowed somewhat higher than predicted in individual com-
partment flow tests, the flow data for the assembled compartments were somewhat
lower, more closely approximating the predicted values., Compartment 1 is the only
compartment whose fiow characteristics were less {about 5%) than predicted.

{u) Varic:s methods of sealing the thermocouple leaks were
considered, TIG-welding closed the leaks, but this most expedient and positive
method was considered unsatisfactory because it would destroy the thermocouple.
The most promising method appeared to be to apply & thinned epoxy compound to the
leaking thermocouple port while a vecuum was produced inside of the chambers.
This method proved to be successful.

(u) AL compartment retainers, forwvard end arft flanges,
studa, nuts, and seals are currently available for the second chamber. About
1900 weshers have already been received, and the remainder is expected to be
available during the first half of July.

{u) Several modifications on the second chamber are being
considered as a result of experience gsined in fabricating the first chamber.
The most important modification will be & redesign of the retainer-instrumentation
ports to eliminate any chance of leakage.
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1V, B, Secondary Combustor Assembly, Design and Febrication (cont.)

{u} The ID contour of the first two compertments is being
modified to increase the performance potential of the secondary injector., This
modification eliminastes the need of a separate outer periphery shroud, currently
being evaluated. A change order for the washers of the firat 4wo compartments has
teen issued.

{u) Additional drazing experiments will bs conducted on
sanple washers to elimirate a recurrence of warping..

{u) Although the washers must still be handled and fabricated

with care, aimost all problems in febriceting the first chamber have been resolved.
The chamber is scheduled for completion early in August,
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Report 10830-Q-4
IV, Secondary Combustor Assembly

C. DEVELOPMENT TESTING

1. Summary

(u) This phase of the sector-engine test program was conducted
to obtain performance date for the two prospective injector concepts. Both the
Rake and the Mark-125 injector’ were tested in 2 secondary combustor configuration
identical to that of the ARFS’modular hardware. The data indicated that she per-
formance of the Mark~125 injector is 1.4% higher than that of the Rake injector,
and the Mark~125 injector will therefore be used on all subsequent testing,

(u) PFifteen tests were conducted, of which eleven were successful.
The Rake and the Mark~125 injectors were tested four and seven times, respectively,
in chambers with L* ranging from 19.T to 46,8 in. A cumulative summary of all
testing is shown in Figure IV-1,

(c) The single most significant accompiishment was the attain-
ment of 93.5% engine Iy with the Mark-125 injector. This performance, when
adjusted for predicted film~-cooclant losses, will meet Phase-I contract commit-
mentg, Other significant accomplishments included:

a. The demonstration of 91.1% I8 with the Rake injector.
b. Evaluation of variations in L¥ on engine performance.

¢, Evaluation of mixture-ratio distribution effects on engine
performances

d. Evaluation of ablative-nozzle friction effects.

e, Evaluation of combustion losses with both the Reke and the
secondary injector.

(u) Testing during this cuarter revealed a performance degrada-
tion, which is directly attributable to the physical confipuration of the modular
injector and of the chamber. The andlyses and hardware modifications required
for a successful solution of this problem are discussed in detail in Section
Iv,C,2,b, belov. The modifications are now being desipgned for incorporation in
the ARES modular engine.

(u) Another problem, resolved in this quarter, was that of incone
gsistent flow data. The uncerteinties es to the reliability of flow data were
eliminated by a series of intensifier weter-flow tests in a precisely controlled
environment. The resulting data established a flov-rate sccuracy of + 0.6%, This
testing is discussed in Section 1IV,C,2,e.
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1V, C, Development Testing (cont.)

{u) Preparations for testing the transpiration cooled chamber
are 75% completed. This series will constitute the next phase of hot testing.
Testing of film-cooled, ablative~lined, instrurmentcd hardware will follow, immedi~-
ately followed by testing of regencratively cocled chambers.,

(u) Detailed discussions of each test are prescnted in Section
1v,C,3. The analysis performed in support of engine testing, together with the
interpretation of performance data, is presented in Section IV,C,2,

2. Analysis

&,  Summary

{(u) Pour arcas were nnalyzed in detail: (1) injector per-
formance, (2) test support using the transient engine model, (3) test support
using the steady-state engine model, and (4) the engine flow-measurement systems.

(u) The performance analysis centered on three topics:
mixture-ratio-distribution (MRD) losses, combustion losses, and nozzle friction
effects. Testing revealed that MRD losses exceeding 18 sec in Ig wore being
generated by both the Rake and the Mark 125 injectors. Detailed examination of
injector and chamber configurations revealed that primary oxidizer gas was escap-
ing through an annulus and remained unreacted, The MRD loss was eliminated by
installing a steel ring about the injector, forcing the primary gas to mix and
burn with the secondary fuel. Continued testing further defined the performance
loss incurred by the relatively rough ablative nozzle. Combustion-loss analysis
indicated that the performance of the Mark 125 injector is 1.4% higher than that
of the Rake injector in a comparable configuration.

(u) Steady-state and transient engine analyses were used to
support engine testing. 1In addition, parsmetric studies are being conducted to
define engine system requirements for the fortheoming cooled testing.

(u) A detailed investization of the engine flow-measurement
systems resolved the problem of inconaistent flow data. The investipations estab-
lished that the tape system is best, with the rotor-meter system being nearly as
accurate. Tke potentiometric and orifice systems appear to be relatively inaccur-
ate and, at this time, will be used for back-up data cnly (see Section IV,C,2,.e).

b. Performance Analysis

(u) The first 15 ARES modular-confipguration tests were con-
ducted between 25 March and 30 June 1966, Two secordary injector configurations
ware tested: the Mark 125 and the Rake injectors., Performance analyses of the
11 valid modular-conf'iguration tests are summarized in Figure IV.l.

(u) The design of the ARES Mark-125 secondary injector was
besed upon results of the Mark-125 ICP injecter. The importance of upiformly dis-
tridbuting the injected secondary fuel was recognized from ICP test results.

Psge IV-10
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1V, C, Development Testing (cont.)

Initial test results with both the ARES Mark-125 and the Rake secondary injectors
yielded lower performance values than had been anticipated on the basis of pro-
Jected ICP performance data. Tests 1.2-11-WAM-002 through =005 were made with
Configurations A and D of Figure IV-2, Closer examination of the secondary
injecctor-chamber interface configuration indicated the possibility that oxidizer-
rich gases from the primary combustor were being diverted into the annulus pro-
vided by the diverging chamber and not combusting with the secondary fuel, thus
resulting in s mixture-ratio-distribution (MRD) loss. This was confirmed by
instnlling a stecl ring in the chamber gap during Tests 1.2-11-WAN-007, -C08, and
-010, a8 shown in Configuration B of Figure IV-2, Although performance was
increas2d by the ring, it was not increased by as much as had been cxpected.
Further inspection indicated a O.l-in. tolerance gap between the secoendary injec-
tor vanes and the chember through which oxidizer-rich geses from the primary com-
bustor were flowing. When a steel shroud was installed to f£ill the gap, as shown
in Configurations C, E, and F of Figure IV-2, performance was improved further.
For purposes of comparative analysis, zero mixture-ratio-distribution loss was
assumed for the secondary injectors vhen tested in the last three confipgurations.
With this assumption, there is a MRD loss of 10.3 and of 18.9 sec, respectively,
if the Mark-125 injector is tested with only the chamber ring or tested with
neither the ring nor the shroud. The Rake ‘njector has a MRD loss of only T.5 sec
when tested without the ring and the shroud. The MRD loss with the Rake injector
is believed to be lower because the swirl-fuel injector of this denipn permitted
some fuel to burn with the oxidizer-rich gases in the outer chamber annulus and
thus to reduce the MRD loss. In this analysis, the MRD losses for the injector
configurations tested with a shroud were taken to be zero, based on the agssumpticn
of an even oxidizer-rich gas distribution at the secondary injector.

(u) Combustion-loss analyses of these tests indicate that
the performance of the Mark-125 secondary injector is about 1.4% hipher than that
of the Rake injcctor in a comparable L® ARES chamber. Further, it appears that the
performance of the modular Mark-125 injector (9.5 in. dia) is almost 1% lower than
that of the ICP configuration (8.5 in. dia). Combustion loss data vs L% are shown
in Figure IV-3 for the threc secondary injector configurations. The test data were
corrected to represent the combustion loss at a nozzle area ratic of 20, i.e.,
that of the ARES modular configuration. ’

(u) When repeat firings are made with a given ablative
nozzle, the nozzle wall becomes progressively rougher, which causes a corregpotid«
ing increase in nozzle friction loss. The performance data in Fipure IV~ reflect
the adjustment made in nozzle friction loss to account for the varying deprees of
nozzle surface rcughneas.

e¢. Steady-State Analysis

(u} The steady-state omputer program was used to study the
ef cct on the balance condition of a series of variations in f1im-coolant manifold

Page 1V-1l

UNCLASSIFIED




e

UNCLASSIFIED

Report 10830-Q-4
IV, ¢, Development Testing (cont.)

resistance for both ablative and regeneratively cooled chambers, These studies
included pump-fed and intensifier-fed systems. Pending the receipt of water-flow
resistance data, theise studies will be completed and giscusased in the next report.

(u) The ateady-state program was also used for reducing the
test duta and for predicting engine-balance conditions during tests on the sector
engine,

d. Trensient Analysis

(u) The verified anslytical model of the ARES TCA H-2 test
synten was used to determine the controls requirements for testing during this
quarter., Some valve times were changed to optimize the transients. The opening
time. on the SCFV was shortenad to decreasz the time delay between ignition of the
primary and the se~ondary combustors, whereas the ciosing time of the PCOV was
ghortened to decrease the amount of oxidizer lsg on shutdown. The ramp-pressure
rize rates were increased over a series of five %tests to provide faster start
transients.

{u) A prohlem waa encountered during the start transient
between primary and secondary ignition: The oxidizer-rich primary gas was pres-
surizing the secondary chamber sufficiently to force the gas into the secondary
fuel menifold prior to its filiing. A prassure spike on the fuel-injector pres-
sure indicated some burning in the fuel manifoid. This problem was solved by
isolating the fuel from the oxidizer gas with a Np gas purge, which is automatic-
ally terminsted by a check valve st 450 psig. :

(u) The control gequence for the fiim-cooled test series
vas developed, 7Axcept for the film-ccolant valve, the scquence is the same as
that for the uncooled tests,

e. Flow=Rate Calivration

(u) Engine testing during this and the praceding quarter
revealed large uncertainties in flow memaurement. The intensifier-confipured
engine has four means of flow messurement: rotor meters and delts orifices in the
engine lines, a linear tape system, and a potentiomeier gystem messuring intensi-
tier piston travel., The discrepancies between these measurement sysiems were
found to be &s high as US. Becsuse these discrepsncies affect performance evalua-
tion, tests vere made with precisely calidrated flow to resolve the uncertainties,

(u) The calibration objectivaz were two-fuld: (1) to verify
the dimenzional accuracy of the intensifiers, and (2) to determine how well the
poeition of the picton is measured by the potentiometric and tape systems, {ali-
brations were made at 1000 and 5000 psig using water as the working fluid., Flow
was measured with tvo standard meters in series, vhereas intensifier piston posi-
tion was measured with a highly accurate break-wire system.
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IV, C, Development Testing (cont.}

(u) The intensifier volumes calculated by the break-wire
system were compared to those found by flow measurement, Differcnces of only
40,01 and -0,0UT% were found for the oxidizer and fuel intensifiers, respectively.
This excellent correlation confirmed the intensifier dimensions, and the intensi-
fisrs can therefore be conzidercd as secondary standards when used with the
break-wire system,

(u) Initial analysis of the tape system revealad some data
loss cauned by electrical noise of the system. This condition was also apparent
in hot teating. The noise problem was eliminated by increasing system voltage,
Sufficienv tape data were salvaged for comparison with the break-wire reference
system and indicated little differcnce betwsen oxidizer and fuel intensifier
operation. Both intensifier tape systems were compared, yielding au output 0.17%
lower than the breek-wire indications, with a l0-deviation of +0.22% about thc mean.
Therefore, the measured flow should be increased 0.17% to odbtain valid flow rates,
The flow uncertainty, at incruvased flow, would be +0,66%.

{(u) In contrast to the tope system, the potentiometer sys-
tem is biased by sct-up prior to testing. Review of the data indicated a +0,457%
oxidizer bias and a -0,187% fuel intensifier bias. The lo repeatability about
the bias point was +0.166 and +0.082% for the oxidizer and fuel intensifiers,
respectively. It must be emphusizcd that the biae error is not cousistent and is
dependent only on pretest setup. If a means of eliminating or ensuring a constant
blus is used, the potentiometric system becomes highly accurate., The error as a
function of piston travel, without bias or witl constant bias, is listed below:

Distance, in. 30 _Error, %
18 0.696
36 0.h92
5 0.402
72 0.348

(u) With the information generated by the calidration tests,
the hot=test flow data were rc-analyzed using the flow tape as a standard. The
enjine flowmeters were found to be accurate within :}.OX. Flow through the ori-
fices appearvd to be 3% high on the fuel side und +2« on the oxidizer side.

(u) Future performance calculutions will be bascd on tape
fluvs as & Iirst source and on meter flows as a second source, Orifice and
potentiometric data will be used as back-up data only. Currently, work is being
directed toward eliminating the random potentiometer bias and, whzi conpleted,
this measurcment system will offer another excellent means of ohtalning flow
information.
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IV, C, Development Testing (cont.)

3. Modular Secondary Injector Evaluation

a. Sunmary

{u) Fifteen tests were conducted, 11 of which produced
valid performance data. Two injector concepts, the Rake and the Mark-125 injec~
tor, were tested. The Rake injector was fired four times in chambers with charac-
teristic lengths (L*) ranging from 19.7 to %6.5 in. The Mark-125 injector was
fired sucecessfully scven times in chambers with L* ranging from 20,0 to 46.8 in.
The four invalid tests included two tests which were terminated due to start
molfunctions; one test was terminated due to an intensifier malfunction, and the
data from the other test werc considered compromiscd because the exit liner had
been cjected.

(u) Engine system operation, in general, was smooth and
stable, with no temperature excursions., The intensifiers continued to perform
reliably and well (except in one test). Control difficulties in earlier testing
were completely eliminated, and startup and shutdown trunsients were as predicted.

(c) Sipnificant accomplishments in this quarter included:

(1) nRemonstration of over 917 Ig with both the Rake and
the Mark-125% inJectors (see Figure IV-l for a complete tabulation of performance).

(2) Fvaluation of L* effects on engine performance.

(3) Eveluation of injector-chamber MRD effects on engine
performance,

(%) Continucd evaluation of the ablative~-nozzle friction
characteristies.

(5) Fvaluation of inherent injector combustion losses, from
which it waos established that the performance of the Mark-125 injector was higher
than that of the Rake Injector.

(¢) Testing revealed that lower-than-expected performance
could be attributed to an adverse mixture-ratic distribution. The adverse distri-
bution was caused by a gap between the injector and the chamber through which
primary oxidizer gas could escape. The resulting distribution produced a fuel-
rich core surrounded by oxidizer-rich gas (see Section V,C,2,e for a complete
discussion), This condition was rectified by plugging the gap with a shroud and
& ring. The variocus shroud-ring modifications are shown in Figure IV-2, This
solution successfully increased Mark-125 injector performance from 85.6 to 93.5%
of theorctical 18. .

(¢) T attainment of 93.5% I; is noteworthy because this
e zine would meet the Phase-I commitment when fired in the cooled configuration,
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IV, C, Development Testing (cont.)

with coolant losses aa predicted by ICP testing. The Rske injJector, although
demonstrating 91.1% I, produced 2,4% Iy less than the Mark-125 injector in a
comparable chamber configuration. The test program will therefore be continued
vith the Mark-125 secondary injector. )

b. Engine Description

(v) T+ ARFS-confipuration sector enpine remained essen-
tially unchanged. A complete description of the engine system was given in the
third gquarterly report.

c. Tests
(1) Test 1.2~11-WAM-001
(a) Purpose

(u) The major objective of this test was to
evaluate the performance of an ARES medular secnndary injector in a chamber-
injector configuration identicsl to that of the regeneratively film-cooled engine
(see Figure IV-2, Configuration A). Engine mixture ratio was to be 2.5 to permit
a comparison with previously generated Integrated Components Program (ICP) date.
In addition, the testing was to demonstrate the mechanical integrity of the engine
systen,

(b} Attempted
{¢) The Mod-li primary injector, the Mark-125
secondary injector (see Figure IV-4), an ablative L46.8-in. L* cylindrical secondary
chamber, an ablative expansion nozzle with an area ratioc of 13, and a modular

secondary-to-primary adapter section were used in this test. High-pressure pro-

pellants were provided by intensifiers., Scheduled duration was 2 sec at a chamber
pressure of 2800 psia.

(c) Obtained

{u) Testing was prematurely terminated at FS-l
+0.903 sec by an erroneous fiow signal.

{d) Discussion
1 Hardware

(u) Ko hardware damage was sustained; all
components were suitable for retesting.
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IV, C, Development Testing (econt.)

2 Test
: {v) Examination of test records disclosed thet
8 seccadary fuel-flow-sensing device was operating erratically. This signal indi-
cated ¢ higher-than-safe fuel flow, which resulted in premature engine shutdown.
This device was subsequently removed from the melfunction circuit.
(2) Test,1.2-11-WAM-002
{a) Purpose

{u) The objectives were identical to those of

. — Y.
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Test 1.2-~11-WAM~001.

A

(b} Attempted

(u) The repeat test on 26 March. 1966 was to be
performed with the hardware and at the engine conditions of Test 1.2-11-WAM-00).,

[

(c) Obtained

{¢c) The engine performed successfully for 1.909 sec.
In tpejké,Séin.-L* chamber, the engine delivered a specific impulse of 270.2 lbf-sec/ltm
at a chamber pressure of 2848 psia for a stesdy-state duration of 0.30 sec.

(d) Discussion

-

1 Hardware

{u) No damege was sustained, and z11 compo-
nents were suitadle for retesting.

2 Test

«m

(u) Engine operation was completely satis-
factory; startup and shutdown were smooth and stable; no temperature excurs:ons were
noted, and steady-stete engine operation was as predicted.

(3) Test 1.2-11-WAM-003
(a) Purpose
{u) The objectives of this test were %o evaluate

the'performance And mechanical integrity of the Mark-125 secondary injectovr at ihe
ARES desipgn poipt.
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IV, ¢, Developuout Testing (cont.)

{b) Attempted

(¢} The test was to be performed with the hardware
used in Teat 1.8-11.WAM-001. The latended chamber pressure end the secondary mix-
turz ral.o were 2800 peia and 2.20, respectively.

(¢) Obtained

{c) sSatisfactory operation was again obtained on
29 Maroh 1966 for the prescribed Curation of 2,313 sec. Specific impuise in the
46.8~in. L% chamber was &73.1 lbof-sec/lbm at s chambzr pressure of 2811 psia for a
steady~state duration oi 0,66 sec. .

(4) Discussion I

3 Test Hardware

o

Ay

{u} Ko demege was sustained, and 2}l compo-
nents wore suitable for retesting.

2 Test

-n

‘4) Analysis ¢! the test records ladicated
excell:ut engine cperciion., The conticl systa ¢)» -ied as predicted, Injector
performance was lover than indicated vy vrevicus ICP experience. The lower per-
Tormance was attributed to an adverse mixture-ratio distribution across the injector
faze cue to a gap about the periphery of the fuel elements {see Figure IV-2,
Contigiration A).

{4} Test 1.2.11-WAM-00L

(a) Purpuse

{u) The onyactive of this test was to evaluete the
performance of the Rake injector in a nominel! LS-in.-L* ARES cooled TCA configuration.

(b) Attempted
fa) The Rake secondery injector (Figure IV-2,

Configuration D) was vsed. Engine balance was at the ARES design poini. The
remaining hardware wes unchanged.
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IV, C, Development Teasting {cont.)

(c) Obtained

{¢) 'The test was conducted satisfactorily on
30 March 1966 for a total durution of 2,026 sec. Specific impulse in the 46.6-in.-L*
chamber was 285.9 lbf-ceeflbm ab a chamber pressure ox 2850 psia for a steady-
state duration of 0.37 sec.

(d) Discussion
1  Test Hardware

(u) No major damage was noted. Only the tips
of the fuel elements on the Rake inlector exhibited minor random erosion; however,
the hardware was suitable for retesting.

2  Test

(u) Engine operation was as predicted; shut-
down, steady-state, and control functions operated normslly. Performaance, although
higher than in previocus Mark-125 tests, was still below that required by regenera-~
tively film-cooled or-=rativn. Low-firequency, high~englitude sseillations ccourring
durin  the low leveis ol the sturt tre..cient, sitenu ica at “«lf tie cuamber pres-
sure wnd alss peared at stendy state.

(5) ‘rest 1.2-11-WAM-005
(a) Parpose
) {u) The objectives of this test werc identical to
those of Teat 1.2-11-WAM-001; in addition the test was made to establish a second
verfamance-data point at a longer duration for the Rake injector.

(b) Attempted

(u) Again, the balance point and the hardware con-
figuration remain unchanged, Steady-state duration was scheduled to be 0.5 sec.

{(c) Obtainea

{¢) Tne test was completed on 30 March 1966; total
engine running time was 2,309 sec. Again, engine operation was normal; specific
impulse in the 46.1-in.-L¥ chamber was 285.0 lbf-sec/lbm at a chamber pressure of
2820 paia. Stesdy-stste duration was 0.65 sec,
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IV, C, Development Testing (cont.)

(d) Discussion
1 Test Hardware

(u) No major damage was noted. Again, the
tips of the fuel elements eroded slightly, but the remeining hardvare was suitudle
7ur refiving.

2 Test

(u} All engine functions werc as predicted.
Low~frequency, high-amplitude oscillations were sgain present and attenuated upon
approaching steady-state operation. Performance was nearly identical to that in
Test -004--still lower than required.

(u) Performance analysis indicated a loss in
specific impu.se as high as 18 lbf-sec/lbm, csused by an adverse MRD attributed to
a gep between the injector and the chamber which allowed primary gae to escape
radially from the injector. This phenomenon and the analysis are explained in
Section IV,C,2. The effects of the ges were eliminated by installing a ring about
the injector (see Figure IV-2, Configuration B).

{v) Disassembly of the engine revesled large
distortions in the injector-adapter seal. This condition was corrected by replac-
ing the Parker V-suvel with an cmni-seal.

{6) Test 1.2-11-WAM-006
{a) Purpose

(u) The test objective was to evaluate the perform-
an~e of the Hake injector with the injector-chamber gap removed.

{(b) Attempted
(u) The test was conducted st the same balance point
as in Test-005. The only hardvare change was the addition of the performance ring to
£i11 the 0,5-in.-wide gap between the chamber and the injector.
(c) Obtained

{u) The test was conducted on 1 April 1966, with a
totel engine running time of 1.728 sec. The test was lerminated when e maltunction
sensing device indicated that the fuel-intonsifier pressure was greater than the
oxiditer preasure.
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Report 10830-Q-h
IV, €, Development Testing (cont.)

(d) Discussion
1 Hardware

(u) Posttest inspection revealed severe
erosion of the primary comdbustor chamber, turbulator section, Rake injector, and
perfornance ri .g.

2  Test .

(u) Data analysis re ealed that the shutdown
was caused by the remature failure of & h-in.-dia burst diaphragm located in the
oxidizer-intensifi. -~ gas-supply system. The dlaphragm is a safety device that
protects the intensifier from large overpressures.

{u) Venting the oxidizer intensifier rapidly
reduced both oxidizer flow and pressure, decreasing chamber pressure and increasing
primaxy fuel flow, which shifted primary-combustor mixture ratio from oxidizer-rich,
through stoichiometric, to fuel-rich. The shift resulted in very hot geses, which
ultimately attacked and destroyed the hardware.

(u) Future failures of this type will be pre-
vented by installing seven i-1/2-in.-dia diaphragms in parallel, thus allowing a
more gradual mixture-ratio shift in the event of a random diaphragm failure. The
diaphragms were sized to permit a compensation for flow reductions, caused by fail-
ure of one diaphragm, by action of the 2- or U-in. flow-control valves without sub-
Jecting the engine to mixture.ratio excursions.

(T) Test 1.2-L1-WAM-00T

(a) Purpose

(u) The test objectives were to evaluate the per-
formence of the Mark-125 secondary injector with the performance ring installed.

(v) Attempted
(u) Test conditions were identiecal to those of

Test -006 except that the Mark-125 secondary injector and the performance ring were
uged,
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IV, C, Development Testing (cont.)

e
»

(c) Obtained

34 | (c) Testing 1. a 43.2-in.-L* chamber was completed on

. 19 April 1966. Total engine running time was 2.010 sec. Operation was as predicted.
The engine generated a specific impulse of 282.4 1bf.sec/lbm at u chamber pressure

of 2854 psia for a steady-state duration of 0.48 sec. .

TR
PRSU——

(d) Discussion
{ I 1  Test Hardware

(1) No damage was noted. The hurdware wes
suitable for retesting.

o ——

2  Test

X (u) All engine functions were ar predicted. A

. specific impulse efficicncy gain of 4% was recorded and was attributed to the addition
of the performance ring. This performance increase was not yet high enuvugh for the
operation of & regeneratively film-cooled chamter.

(8) Test 1.2-11-WAM-008

' % (a) Parpose
(1) The major objective was to evaluate the Mark-125
! injector-performance ring (see Figure IV-5) in a chamber of reduced L*. A second
: objective was to establish the friction loss of an ablative nozzle with a steel exit
section.
p | (b) Attempted

C e {u) The engine balance point remained unchsnged.

{ Substitution of the steel exit section zad a 35.0-in.-L*® chamber constituted the

only hardware changes.

(c) Obtained

gy

(c) Testing was completed om 20 April 1966. Total
engine running time was 2.011 sec. Again, the engine operated successfully, gener-
ating e specific impulse of 286 lbf-sec/lbm at s chamber pressure of 2891 psia
over & steady-state duration of 0.37 sec.

s B g R =
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Iv, ¢, Development Testing (cont.)

{d) Discussion
1 Hardware
(u) No damage was noted. The engine was suit-

able ior retesting. The ablative expansion nozzle exhibited slight roughening just
downstreas of the throat.

2 Test
(u) A1l engine functions were as predicted.

Performance was improved 0.90%. Sufficient data were obtained to establish the
friction loss of the ablative nozzle.

(9) Test 1.2-11-WAM-009
(a) Purpose

{u) This test was a continuation of the Mark-125
injector-evaluation test in a chamber of reduced L¥.

(p) Attempted
{(u)} The test was conducted at the ARFS-engine

bulance point. The secondary chamber had a characteristic length of 20 in. and
was equipped with an ablative nozzle,

{c) Obtained

(u) Testing was terminated at FS-1 +0.41 sec due
{o an "open" condition of the first-motion oxidizer-valve microswitch.

(@) Discussion
i Hardvare

(u} ¥o damage resulted from the premature
shutdown.

2 Test

(u) Posttest examination revealed setisfac-
tory microswitch operation. The "open" condition was the result of & Lroken tlec-
trical connector. The connection wes repaired and the engine set up for a Trepeat

firing.
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Report 10830-Q~k

IV, C, Development Testing {cont.)

(10) Test 1.2-11-WAM-010
(a) Purpose
(u) The test was a repeat of Test.009.
(b) Attempted

{u) The engine balance point and the hardware vere
identical to those of Test.009.

(c) Obdtained

(c) Testing was completed on 20 April 1966 with the
engine cperating satisfactorily. The engine ran 2.009 sec, generating & specific

. impulse of 278.8 lbf-sec/lbm at a chamber pressure of 2841 psia. Steady-state dura-

tion was 0.k% sec.
(@) Discussion
g_ Test Hardware

{u) No damage was noted. The engine was suit-
able for retesting. Nozzle roughening was minimal.

2  Test

{u) Engine operation was as predicted. The
specific impulse attained in the 20,.0-in.-L¥* chambeyr was 7.3 1bf-sec/lbm lower than
the 35-in.-L* chamber, indicating the characteristic relationship between combustion
loss and stay time.

(u) At this point, testing was suspended to
permit a careful anslysis of all performance data. It was noted that sgreement
between the four flow-measurement systems was poor. A flow-calibration investiga-
tion, described in Section IV,C,2, was therefore conducted to define and correct
this condition. The information gained made & precise determination of performance
possible, The detailed performsnce analysis (see Section IV,C,2) indicated that
performance could be increased snother 3 lbf-sec/lbm by removing a tolerance gap
betweesn the injector and the performance ring.

{u) Although the performance ring completely
£ilied the 1/2-in.-wide chamber step, primary gas still bypassed the secondary
injector, resulting in a mixture-ratic-distribution less. The gas escaped through a
0.102-in.-wide gap between the injector blades and the ring (see Figure IV-2,
Configuration-B). The gap vas plugged by welding a cylindricsl shroud to the injec~
tor biades; the shroud extended 1 in. below the injector face, reteining the primary
gos within the fuel elements {Figure IV-2, Configuration-C),
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1V, €, Development Testing (cont.)

(11) Test 1.2-11-WAM-011
{a) Purpose

(u) The objective was to ascertain the effect of
the performance ring-shroud combination on injector perfcrmance.

(b) Attempted

{(u) The Mark-125 injector and the performance ring-
shroud combination were fired in the 35-in.-L* chamber at ARES-engine bslance condi-
tions. This configuration is shown as Configuration-C in Figure IV-2. A steel
nozzle-exit section was used in this test.

(c) Obtained

(c¢) Testing was completed on 2 May 1966, with the
engine running successfully for 2.003 sec. The engine gererated a specific impulse
of 295.5 1bf-sec/1bm at a chamber pressure of 2828 psia for s steady-state duration
of 0.52 sec,

{a) Discussion
1 Test Hardware

(u) The injector exhibited erosion on two of
the fuel vares at the manifold attachment point. The erosion is attributed to fuel
leaksge at the weld causing high-temperaxure combustion. The performance ring was
eroded back to the meeting point of ring and shroud.

2 Test

(z) Engine operation was as predicted. Per-
formence was significantly improved, confirming that performance loxs was due te
adverse MR distribution. Based on predicted film-coolant losses, this engine would
meet-the Phase-I contract commitment when fired in the cooled configuration,
assuming that coolext losses are commensurate with those developed during the ICP
" residual-hardvare test series.

(12) Test 1.2-11.WAM-012
(s} Purpone
(u) Tast objectives were to eveluate the perform~

gnce of the Reke injector and of thc performance ring-shroud combination ir a short
L* chamber.
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IV, C, Development Testing (cont.)
(b) Attempted
{u) The Reke injector was tested at ARES-engine
balance conditions in a 19.7-in.-L* ablative chember with & steel norzle. This
assembly is shown as Configuration-E in Figures IV-2 and IV-6,
(c) Obtained
(c} Testing was completed on 3 May 1966, with the
engine running successfully for 2.002 sec. The engine generated a specific impulse
of 2681.9 lbf-sec/lbm at a chamber pressure of 2820 psia for a stesdy-state duration
of 0.k9 sec.
(&) Discussion
1 “Test Hardvare
(u) Again, slight erosion was present on the
tips of the fuel elements, but the injector was suitabie for retesting. The perform-
ance ring showed slight ercsion on the trailing edge.
2 | Test
(u) Engine operation vas as predicted. The
combination of Reke injector and short L® chamber produced a specific impulse
efficiency k.5 less than the Mark-125 injector in a similar chamber.
(13) Test 1.2-11~WAN-013
{a) Purpose

{u) The test objective wes to determine the per-
formance of the Rake injector in & k2.1-in.-L* chamber.

(b) Attempted
(u) The engine balance point was identical to that

of the previcus test; all other conditions were identical except that a k2.1-in,.-L*¥
chamber wes used.

(¢} Obtained
(¢c) The engine was fired successfully on 3 May 1966
and operated for 2.006 mec. This hardwsre combination generated a specific impulse

of a&g'&l 1bf-sec/1bm at & chamber pressure of 2771 psia for a steedv-state duration
of 0.60 sec,
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IV, C, Development Testing (cont.)
(d} Discussion
1  Hsrdware

(u) No damage was noted.
2  Test

{u) The specific impulse efficiency attained with
the Rake injector was 2.4¥ lower than that attained with the Mark~125 in a compar-

able configuration {Test 1.2-11-WAM~01l). This test therefore established the
superiority of the Mark-125 injector.

(1k) Test 1.2-11-WAM-01k

{a) Purpose

{u) The objective was to fire the Mark.125 injector
in a U0-in.~-L* chamber.

() Attempted

(u) The engine balance point remsined unchanged;
the-only hardware change was the use of & shorter chamber.

(c) Cbtained

(w) The engine vas fired on 11 May 1966 end ran for
2.010 sec. Performance dats were compromised because the 1iner ‘of the steel exit
wne ‘was ejected late in the start transient.

(d) Discussion

1  Test Hardware

{u) The liner-supporting structure vas com-
pletely destroyed, but. the liner Bustained only rinor dsmage and vas subsequently

red. Seven vanes of thie Mark-125 injector were daxuggd by mel-lube leakage
-and subsequent combustion (see Figure IV-T).

2  Test

{u) Separstion of the liner from the nozzie
shell was precipitated by a veak silicon-based adhesive bonding agent (RTV 60).

W poor bond ensbled hot. exhaust gas to leak behind the Iiner, to further wesken
the bond, and %o create a large umbslsnced presswre which ultimately expelled the

liner. MFuture assemblies will be welded circumferentially to preclude similsr
feilures.
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IV, C, Development Testing {cont.)

{u) The fuel-tube leeksge was corrected by
modifying the injector-sssembly procecures.

. (15) Test 1.2-11-WAM-015
{a) Purpose

(u} The dbjective of the test was to evaluate the
Mark-125 injector with a modified shroud in-s 42.0-in.~L* chm‘ber.

(t) Attempted

{u) The test was condueted, at ARES ‘engine design

conditions, with the 42,0~in,-L¥ chanber and an stlative .exit-cone section. The injec-

tor .skhroud contigurstion WAS 88 shwn in rigure V-2,
(¢) Obtained

(¢) Testing was completed on 13 June 1966, with the
engine operating for 2,00 sec. The .engine generated & #pecitic mpulae of 291.1 1bs-
séc/lba at a chamber preasura of, . 2660 peia. ‘Steady-state ‘duration was 0.77 sec.

,(d)A:Dig¢usgion
1 Herduare -

(2} Tiree Mark-125- injector blades were
¢roded. The shroud at the: 1ocation of the dnaged hlodes VA bm'ned back to the
i'uector t‘a.ce (Pigure IV-8) Bsn'ning m attributed 1o 1gcal igni’cion on the face

TSl T o ST TRED ONOTN T, L e T T,

2 Test

{u) Al engine functions vere as predicted.
§pecitic impulae erﬁe:loncy. slthough ‘nigh, vas 0.90% lower than in Teat 13, which
was made with a conpara‘ble chaabor conﬁgur..tion. The 1ower performance is tento-
:lvely ucrfbed to the dmced in;iector and shiroud and to the resulting interaction
with the gu ut:reao In addition, both chaaber .and exit section were very rough,
vhich alo degra&ed engine perromnce.

k. Transpiration-Cooling Evalustion
8  Summary

(1) Preparations for testing of transpiration-cooled hard-
ware are sbout 75§ completed, with mejor esphasis being placed on test-system con-
tiguration design, transient operation, and test philosophy. A conservative
‘spprosch is folloved in procuaing both the tutwayateu plan and the operating

/-Mnmnn On o 2N E m seam Bt

%S Fi2ld & maximum of u¥mi-iransler and perforrnuce data. The activities
laad:!.ng to the compietion of these objectives sre smumrized in the following
paragraphs’.
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IV, C, Development Testing (cont.)

{(u) During the initial test phase, the high-pressure inten-
sifier systems will supply both the oxidizer ( 0, ) and the fuel (AeroZINE 50) to
the primary and secondary combustors. The firs est gseries will be of short dura-
tion and will be designed to display chamber integrity and system (engine and
chamber) balance, and to demonstrate the transpiration-cooled concept. Test 1 will
be conducted at & secondary injector mixture ratio of about 2.5 vhile flowing a
maximum amount of film coolant through the chamber. Test 2 will be made at the
design mixture ratio for the secondary injector with maximm film-coclant flow for
the same test duration as in Test 1. Test 3 will be identical to Test 2, except
thet its duvation will be extended. The remeinder of the series will be devoted to
optimizing the charber-coolant fluw rate. Thermal equilibrium of the transpiration-
cooled chamber is not expected to be achieved dur:lng this first series of tests.

{u) Pollowing the initiel short-duration chamber checkout and
balunce tests, the ICP breadboard pumping aystem (Contract AP O4(611)-8548) willibe
installed to replace the intensifier propellant-feed system. The gsecond test series,
designed to demonstrate the performance of the transpiration-cooled chamber, will be
for aduraticns exceeding 5 sec.

b. Engine Description

{(u) The intensifiers and the pumping system supply propellants
to the engine in an almost identical manner. The oxidizer is routed from either the
pump - dilcharge or the intemiﬁer discharge through a,esyaten-balmee or:lrice into
the" :ccondu'y injector adapter, through a ‘control valve, and into the primary com-
'bmtor injector ‘vhére it is burned vith about 20% of. the total fuel flow. The
ozidiser-rich gas- is then fed into thé secondary ‘combustor imjector vhere it cop-
bines with the: reuining fuel. Coolant flow for the cooled chamber is directed. trom
upstrem ot the control oritice in the -madn oxidizer ‘teed :ystu through a rotar,y
fioimeter -and through a flov-control valve into & distribution- manifold vhich, in
tirn; feeds the individual segments of the chamber. The flov of the oxidizer film
coolunt to the caoled chanbar is conirolled by orifices located in the -distribution-
mani fold discharge lines (see Figures IV.9, ~10 and -11).

¢. Test Preparation

{u) A pretest analysis of testing the trantpiration-cocled
thrust chamber is presently being conducted. The analysis will finvestigate three
areas: startup and shutdown transients, steady-staie cperation, and test philosophy

{u) The ltartup and shutdown transients are being designed to
eusure that (1) the £ilm coolant (N,0,) does not react with the main stream,
(2) sutficient 2ilm coolant is presgn prior to ignition, and (3) injector mixture-
ratio excursion does not occur during the transients. Particular emphssis is being

placed ox the type snd on the sequencing of the purges for exhausting the propellant
mnifolds during shutdown.
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IV, C, Development Testing {cont.)

(u) All hydraulic characteristics of the thrust chamber havs:
been determined iy laboratory tests to enswe close coolant flew control during
Ky stesdy~state operation. Individual flow factors have been obtained for each mani-
F f0ld arm, and the flow versus pressure~drop values have been plotted for the indi-
5 3+ vidual sections of laminar-flow platelets. The sizes required for the first test-
balunce orifices in each chamber section are presently being determined. Afier
the first tests, the actuel chamber-pressure profile will be defined to permi% the
fabricetion of orifices for any required section flow rate. Rapid turn-around dur-
ing testing and coolant flow control within 0.5 1b/sec will then be ent ired for
fiows ranging from 25 to N0 1lb/sec. !
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] Mark-125 AR Secondary Injector wath Pertormance Ring tu)
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injector Erosion after Test 1.2-11-WAM-015 (u)
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v,

ADVANCED TPA (T-ENGINE)

A.  GENERAL

(u) The three-wall'd B-design TPA was finalized, and detail drawings
of the fuel and oxidizer housings were completed. Quotations received for the
B-design fuel and oxidizer housing indicated that cests were too high for Phase-II

production. Therefore, various changes will be incorporated into a revised C-design.

Detail dravings of long-lead-time items for the pumps and the turbine (e.g.,
inducers, impeller:, turbine rotor shaft, and turbine stator) are being prepared
to obtain advanced quotations and delivery dates for Phase-II test planning.
Additionul heat-transfer and siress analyses pertaining to the fuel housing and
turbine rotor shaft were completed.

(u) Test results on the A-housing are very promising, and axisl
bearing~housing dicplacements agree well with predicted values. Test results on
the oxidizer-lubricated bearings werc completely satisfactory, but those for the
ruelolubricated bearings indicated that further refinements of the bearing-cage
design are necessary. Wear-ring tests to date in wa&er vere satisfactory;
vear-ring attactments of various designs performed successfully at pressure
differences of 240G y8i across the lahyrinth. Successful cold-flov rotating seal

tests were.glso conducted after: test—tacility problema had been resolved.

B. Aﬁvﬁﬂcﬁb* TPA ‘DESIGHN

(u) Final stress and dzsplacement studies for the B-housing con-
fisurution\at -maxinum engine operating pressure and temperature were completed.
Under these cond‘tions. high thermal stresses: exist -at the vall of the fuel-
punp housing that is exposed to the turbine exhaust gases. These high thermal
stressés caure unatceptable axiel displacements of the housing. balence~-piston
1ands. The radial face of the fuel-puip housing wall will therefore be cooled
regeneratively vith oxiaizer thet is _presently used to cool the conisal bearing-
housing portiou of the fuel punp. All other axial dnd radial displacements of the

- éxidizer end fuel housing are sutisfhctory. TPA buildup dimensions and critical

¢learances for: the impelier wearsrings, the turbine stator piston rings, the
turbine rotor- tip, the primary combustor piston rings, and the balance-piston
BApS are preaented in Figures V-1 and V-2,

(u) Normalized axial-thrust forces for off-design TPA operstion are
currently being calculated for esch naaor furbopump casponent {e.g., fuel pump,
oxridizer pump, and turbine) These normalized~thrust forces will be incorporated
into the engize steady-atute and trnnsiont computer model to establish allowabdle
TPA sxial-thrust off-design operating capebilities for Fhase-II development
tQ.tin& .
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Report 10830-Q-4
V, B, Advancea TPA Desiga (cont.) H

(u) Small sample filters {of 2, 5, 10, and 17 average micron filtering
size) for the bearing coolant were ordered and vilJ. be flow-tested in water to
determine presgure drop versus flow rate and filtering size.

o

(u) Test of the intensifier-fed primary combustor will be conducted
after water tests of components have been completed in Phase-II and will evaluate
the performance and mechanical integrity of the turbopump. Initially, the tests
will be made at reduced speed and subsequently at design speed. A layout of the
TPA test fixture iz shown in Figure V-3,

C.  PUMP DESIGN

(u) The hydraulic design of the advanced TPA pumps was revieved on
27 April 1966 by an Aerojet-Genersl consultant, Professor A. J. Acosta,
California Institute of Technology. Dr. Acosta sgreed with the overall hydraulic
degign and felt that the predicted performance of the pumps should te obtained
readily.

(w) The ARES pumps (for both the T-engine and the inline engine)
are designed for supercavitation ai e suction specific speed of about 30,000.
Thig value was selected because of inducer-vane stress limitations. The boost
putps will supply NPSH values that will allow normal operstion at suction
$ specific speeds of 15,000 to 18,000, This design margin was provided to eliminate
ST poasible -operational dit‘ficultics such as pressure oscillations, head-bias shifts,
& and’ cavitation damage. The boost pumpe will glsc permit the ergine to be used s
without redesign, in ‘many different applications including those with very low
NPSH values,

: (u) Mizsile-application studies have shown that KPSH values of

] 60 to 195t would. be availa‘ble for typical missions. For normal operating
congitions, at suctich specific speed of about 17,000, the T-engine pumps
require a NPSH of 381 £t for the oxidizer and of 355 £t for the fuel, whereas '
F the inline turbopump requires 329 £t for the oxidizer and 260 ft for the fuel.
s Thege requirmeuts are well above the 195-ft maximum available unless tank
" pressures are increased at the expense of air-frame weight. These studies .
thevefore clearly indicate that boost pumps are required for almost all

applicationc .

(u) The main-stage impeller discharge coefficients of 0.15 for the
» wdcu:er end of 0,12 for the fuel are typical design values for commercial

PURDS “and also agree with those: for the Aerojet-General +high-efficiency Titan-II
& pu'&ps. The diffuser designs- ‘are elsc based on past performance data for Aerojet-
2 Genersl pumps and follow commercial design practice. Since the throat srea of
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Report 10830-Q~k
V, G, Pump Design {cont.)

the diffuser controls the shape of the hesd-flow curve for a given impeller-
discharge angle and flow coefficient, the aree was sized in accordance with the
enmpirical curve shown in Figure V-k, which also indicates design values for

other Aerojet-GCeneral diffuser-type pumps. In the oxidizer pump, additional
diffusion cccurs in the discharge-turning vanes downstrcam of the diffusers, and
the rluid enters the cylindrical section of the oxidizer housing with no whirl.

The volute sections of the first- and second-stage fuel pumps are constant-velocity
designs and were selected over constant-ares designs to minimize pump redial loads.
Finalized pimp design parameters snd dimensions are presented in Figure V-5,

(u) DPetailed drawings of the pump inducers and impellers are nearing
completion. These long-lead-time items will be submitted to vendors for advanced
guotation early in July. %he designs of the inducers are straightforward, and
these components will be machined from forginga. However, the impellersz are con-
siderably rore complex (Figures V-6 and -T), and several methods of fsbrication
vill therefore be investigated ie.g., electrochemical milling, investment-casting,
and three-dimensiona) machining plus braring or velding on the shrouds).

D. TURBIRE

(u) Tooling for the highly twisted turbine rotor blade and matching
stator was completed, and fabrication of the air-test model is scheduled for com-
pletion on 15 July 1966.

(u) Detail drawings of the long-lead-time turbine rotor and stator
are almost complete. Several fabrication methods (e.g., three-dimensional
machinins of the blades plus electiron-beam welding of the rotor-shaft assembly,
and investment casting of the entire rotor-shaft assembly, Figure V-2) are being
considered in order to evaluate cost and to estimate delivery dates.

-
E.  SHAFT g
(u) A stresz analysis of the integral turbine-rotor shaft, which
considered both & shallow and a deep slot between the turbine rotor and the
rotating ring of the hydrostatic seal, vas completed. Figures V-9 and V-10 show
the tangential stress distribution for the two configurations during steady-state
operation. Figure V-11 shows the stresses for the short-slot design, 0.2 sec
after the turbine is exposed to maximum gas temperatures. The low stress of
50,000 pei for both slots indicates that slot depth is not critical and that
stress concentrations are lov. The highest stress occurs at the rim of the

rotor dise after 0.2 sec of operation and is about equal to the stress conditions
presented esrlier in Report 10830-Q-3.
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Vv, E, Shaft (cont.)

(w) The rotational distortion of 0.00465 rad on the rotating face
of the hydrostatic combustion seal during steady state operation (Figures V-9
and V-10) exceeds the acceptable limit of about 0.0005 rad. Methods of reducing
this seal~face distortion, caused by thermel gradients in the turbine-rotor, are
being investigated.

F.  AXIAL THRUST /ND BEARING DESIGN

1. Axial-Thrust Baliance

(u) Several methods were investigated to predict TPA axial thrust
on the engine computer model at off-design operating conditions and also account for
hardware and/or performance tolerances. The following method, considered to be
the most flexible, was selected: The normalized thrust at design and off-design
operating conditions will be determined separately for the pumps, the turbine,
and the balance piston and these values will be fed into the engine ccmputer
model in a manner similar to that used for the pump normelized head-versus-flow
characteristics.

2. Bearing Design and Development

(u) The testing of NpOh-lubricated bearings that met advanced-
TPA requirements was completed. ODatisfactory operation of both aligned and
miseligned roller bearings wvas achieved. Detailed discussions and results of
these tests are presented in Section VIII.
G. SEALS

(u) A complete discussion of the seal development effort is given
in Section X.

B.  TURBOPUMP HOUSING

(v) A complete discussion of the housing analysis and development
effort is given in Section VII.

I. BOOST PUMP
{u) The hydraulic design of the boost pumps was also reviewed by

Dr. Acosta who agreed that the selected mixed-flow design is preferred over the
exisl-flow concept for the specific speeds of the pumps,

Page V-l
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V, 1, Boost Pump (cont.)

=

{u) The mixed-flow design is essentially the same as that described
in Report 10830-Q-3 except that the speed of the fuel pump was increesed to its
original value of 8000 rpm. This chenge was made because the available fuel-
turbine inlet pressure was reduced by about 150 psi duve to higher line losses
and as a result, the optimum efficiency of both the oxidizer and the fuel
turbines occurs when both operate at 8000 rpm.

{u) The impeller vane configurations have been finalized, and vane
coordinates are Leing generated on a computer program. The combined stress st
the root of the impeller blade is 25,200 and 15,600 psi for the oxidizer impeller
and the fuel impeller, respectively, at the 120% overspeed condition. The allow-
able stress for forged Al-TOT5 is 38,000 psi, which is sufficient.

(u)} The fres-body pressure distributions for the oxidizer impeller
and the turbine rotor are shown in Figure V-12; the resulting axial thrust is
600 1b in the direction of pump suction. However, gince the impeller backvane
snd turbine-disc pressure gradients are not precisely known, the maximum axial
thrust assumed for bzaring design purpeses is 1000 1b. ;

(v) The hydraulic design of the boost-pump turbines was coupleted;
preliminary calculations show that the strese of the shrouded reotor blade is
42,000 pei. The allowable design stress for AM-355 steel under :iock loading
caused by the partial-admission nozzle appears to be adeguate, but blade stresses
of existing Aerojet-General partisl-sdmission turdbines and other references will
be reviewved to confirm that these stress lim” ., under shock loading are safe.

(u) The critical-speed investigation for two bearing configuraticns
wvas completed. The critical speed for the duplex-mounted ball bearing, described
in Report 10830-Q-3, iz 20,000 rmpm--well above the coperating speed. The ball
bearing nearest the turbdine must carry a radial load of 1000 1b, in additicn to
sharing an equal thrust load. Since the radisl load can exceed the thrust load
(& condition which is not recommended), the duplex-mounted ball bearing was
replaced vwith a roller bearing and a ball dearing. The ball bearing for this
design is located on the shaft side where a rauial losd of 285 1b occura, whereas
the roller bearing is located on the shaft side exposed to a radisl load of 1000 1b.
The critical speed for this design is 40,000 rpm; the predicted life at this value
and at 110% of critical speed for the roller and for the thrust bearing with pro-
pellant lubrication is conservatively estimated at 150 and 28 hr, respectively.

(u) Test-fixture layouts for water tests of the hoost pump and of
the hydrsulic turbine sre shown in Figure V-13. Initially, the boost-pump impeller

and the hydraulic turbine will be tested sejarately, but subsequent tests with o
bootstrap-fed system will evaluate boost-pump performance es e unit.
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VELOCITY RATIO FACTOR

1.00
3 g ARES 2ND STG FUEL
H o~ A
O .90
% o
v 9 ARES IST STG FUEL
f: Iy <
4 O .80
3 x ©
| o 0
- 5 ARES OXN
i Q
3 ;j
3 > .70 o
§
RC3 = C3/C}
3 .60
] 10 15 20
ABSOLUTE VELOCITY DISCHARGE ANGLE C), DEGREES
:
C3 = DIFFUSER THROAT VELOCITY OR'YOLUTE VELOCITY FOR
# VANELESS DIFFUSER DESIGNS
Ch = ABSOLUTE FLUID VELOCITY IMPELLER DISCHARGE
p O NERVA 48 VANE B, = 900
< NERVA 24 VANE Bj = 90°
O NERVA 48 VANE By = 90°
0 NERVA 18 VANE B; = 900
| 0] BB FUEL By = 90°
g { BB OXID B, = 90°
O WP By = 90°
§ ® GRAND COULEE MODEL PUMP B, = 247

Pump Diffuser Velocity Ratio
Figure V-4
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B X

S Oxidizer 1st Fuel 2nd Fuel
i Speed - RPM 40,000 40,000 40,000
t Flow - GPM, Impeller (Diffuser) 1579 (1420) 1170 (960) 177 {168)
i : {’ Head Rise - f3 9650 9280 6040
E g il Impeller - Discharge Vane Angle - Degrees 28 28 22.5
&N Impeller Vane Height - in. 324 .34k -091
? - - No. of Impeller Vanes 9 3 'l T
% ; No. of Diffuser Vanes 8 8 - |
Imp. Base Circle Ratio 1.08 1.06 1.05
A i Impeller Discharge Flow Coefficient .15 12 .09
. Diff. Inlet Angle (high pressure side) - Deg.  14.55 5.6 » "
L Diff. Throat Area - in2 AT3 .099 . :
% - Dift. Inlet Port Width - in. .360 .315 .120 ;
g Diff. Exit Port Width ~ in. .360 .315 .120
i - Impellier Discharge Diameter - Iin. k.79 L .48 3.6L
§ - Impeller Discharge Absolute Fluid Angle - Deg. 15.2 11.1 8.4
¢ ; e Impeller Discharge Relative Fluid Angle - Deg. 18.6 17.1 13.0
- Absolute Fluid Angle at Base Circle - Deg. 9.34% 6.75 4.99
X Incidence to Diffuser Vene Angle Ratio .36 .21 -
e Diffuser Velocity Ratio, Inket 2,46 1.96 - .
f - Qutlet
% ﬁ Volute Velocity - f't/sec - 200 362
; - Discharge Velocity - fi/sec 50 134 145
o Heed Coefficient s g -4
? Efficiency h 66 57
% Mainstage Pump Design Parameters (u)

MR o

TR A RIS A AR S KOTNCTIICHE RN RSSO 4 e LAY 1 a9 a3,y | BEC K 3
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Figure V.5
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OPRER.

CONDITION

SPEED
TIME =

= 40,000 KPM
2 SECONDS

GAS TEMP = 1500°F

NOTE:
STRESS

IN Ksi

B-Design Turbine Rotor-~-Tangential Stresses at 0,2 sec of Transient

S

Figure V-11
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vI.
INLINE (BACKUP) TURBOPUMP

A. GENERAL

(u) The irline, or backup, turbopump of conventional configuration is
being designed for the ARES program and will be used if critical aspects of the

‘advanced ‘turbopump are not adequately proven. The vasic objective of design

conlerntim in the backup turbopump, together with other considerations discussed

:in detail in the first quarterly report, resulted in the selection of a configu-

ration with the shaft parallel to the line of thrust. This turbopump, consesquently
deligmted the "inline design," has a nominal operating speed 'of 30,000 rpm, Design
rutures incl\xde noderate be&ring DN values; self-acting uial-thrust balance; lowe
prmoure, mbient-tenperature, purged dynamic shaft seals; conventional housings;

-hydraul:lcally balanced twin-discharge volutes; ancl an end-mounted axial~flow

turbine which continu the high-temperature elemerits to the thrust-chember end
of the 'I’PA. AlY vork ‘on this TPA configuration to date indicates acceptable
acccnpluhmnt of techniical and cost objectives,

(u) ?abxicl.tion cf the structural test housing was completed, the
hydrotest fixture: hu ‘besn received, Aud -structural testing will be initiated

fea.r.‘g ‘in-the- noxt reporting period, A ‘tinal stress anslysis of the housing was
- féil“plcted. Analytical results-indicate that sll stresses snd deflections are low,
.sixggnting the poui'bility -of futire veight reduction.

- (u) The feuibility of the bearing designs selected for the inline
'I’PA hu been: dmnatro.ted by: appropriate- tests in NoOL and ‘AeroZINE 50 at high

speed (31,250 pn) and at higher loads than anticipated. These tests, which
.utitry ‘the work - stutelunt cbjectives, vere acconplished without incident.

(u) “The : mlytictl design of the pumps, the turbine, the bearings,

’the uall, and the uiu-thrunt-balwce system is nearing completicn, including
;ﬁnal rcviniant to this oyaton. Reoults from sn analysis of the axisl-thrust

\Thia, to‘g*ethcr v:lth tuult: of & refined hydraulic<loss analysis of the housing,
-made it desirable to reviu the profile geometries of the pump impellers., This

ettort 13 under way. *The basic deaign work on the inline TPA will be completed

uu soon as thil work. is acconplilheﬂ.

B, - TPA DESIGN
7 1. onf stion Reﬂnemnta

(n} Continued analysis of the various axisl-thrust-balance
system: concepts resulted in the selection of & contiguration which uses the
ﬁrlt-at;gc fuel .‘ulpﬁncr as the primary thrust-balancing element, This choice
rtquirod ninor ch: nges in fuel housing geometry, revised impeller contours in
all pumps as discuased in pearagraph VI,C below, and a modified mounting of the fuel~
end roller bearing. These revisions have been inccrporated on & completed master
dimensionsl leyout of the oversll turbopump assembly and are shown in Figure VI-l,

Page VI-1
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VY, B, TPA Demign {cont.)

2. Performance Refinements

(u) Results of a computer anslysis to determine the effects of
varying flow recirculation during thrust-balance~system operation show that a
significant effect on engine operation occurs when the second-stage fuel pump is
used to belance thrust. Figures VI-2 and VI-3 illultratc the. .effects on various
cycle parsmeters of first- and. gecond-stage bclnncins, .respectively. The analysis
led to the selection of the first-ltuge fuel pump as a thrust balancer.

{u) The overall changes of the revised design will be correlated
and ‘a final computer run: of- the ARES engine cycle, using the inline TPA, will be
made to utablish the cngine specifications with this turbopump,

C. PUMP DESIGR

1, Otidizer m'

(u) The oxidiger-pump discharge housing has an annular channel,
vhich discharges. into 52 drilled ‘holes matching the 52 down-flow tubes of the
thruut -chanber. Anslysia showed that the fluid would enter the drilled holes at
8 Very. sbu'p angle with- attcndmt high hyduulic losses \mlen additional turning
of. ihe flov to the. ncridicml direction is providod. Accordingly, a second sét
of ditmsing guide nnu vas. designcd to providc the extra turning and to reduce
the vcloc:lty of’ the rluid bcforc it cnterl the drilled passeges, These vanes can
Ve mhinod on thc dcnc ‘oft thc ‘housing: closure, vhich is a separate part, thus
nin:tnising tabricution ccuplcxity.

(u) The selected thmat-balmce system requires that the oxidizer
impeller be inherently and hydnul:lcclly balauccd. 'rhcrctore, it was decided to
roplcce the backvanes. with - labyrinth. This eliminates backyane losses dut
increases recirculated ficw, As a result of the higher throughflov, the exit
port had to be videned slightly and s maximum impeller diameter (6 in,) nad to
be- used to miuttin the'desired head rise. Analysis of the revised impeller is
uml_er way.

. 2, !irnt-’Stge MI Pump

(u) As with the oxidizer impeller, recirculsted flow in the first-
stuge fuel nponcr is incremsed by the nev thrust-balance configuration., Shroud
.prorilu and vane gccmtry are being modified in a siniln.r mahner to meet the
revised requirements. No change in diftuser or volute gecmetry is snticiputed.

3. Second-Stage Fuel Pump

(au) The recirculated flow of the second-stage fuel impeller is
reduced by the nev thrust-bsiance systom. To neintain a remsonably high flow
coefficient, appropriate for & H-Q curve vith a steep slope, the width of the
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VI, C, Pump Design (cont.)

exit port on this impeller must be reduced. In addition, the impellier will be
open~faced and will use backvanes to minimize its effect on shaft axial thrust,
Revised design work has dbeor initiated,

D, TURBINE DESIGN

(u) The turbine design is essentially complete. Tasks remeining
include reviev of the design snalyeis, operating-iife predictions at elevated
temperaturs, and preparation of the design report.

E. POWER TRANSMISSION

1, Critical Speed

(u) A further critical-speed analysis on the inline TPA has
been completed in which revised impeller weights and bearing stiffnesses were
used. The new values correspond to those of the chosen axial-thrust«balance
system. Results indicate that.critical spced was slightly increased by the
changes: the tirst critical speed ‘is predicted to fall in the range of 40,000
to 42,000 rpm. Since this exceeds operational speed by more than 30%, the result
is acceptable.

‘ 2. Be igs

(u) The work statement stipulates thet UOmm roller besrings and
tanden thruut bearings be tested in No0L and AeroZINE 50 at 31,250 rpm or at & DN
value of 1,250 ooo. Both objectivu vere achieved during the first tests attempted.
No anomalies were encountered. Results are described in detail in Section VIII,

(u) The K 0y -cooled roller bearing at the turline end of the
inline TPA would have a diweter of hSm or a DN value of 1,350,000 at a TPA
speed of 10.000 rpn. This la.rger shaft diameter is required to carry the full
shatt tox'que. Since 4Omm bearings have also been demonstrated at shaft speeds of

40,000 rpm or & DN value of 1,600,000 (see Section VIII), the feasibility of

the h5men bearing is adequately demomtnted. Thus, no difficuliy is anticipated
with the larger bearing, the design of vhich has been completed.

(u) The feasibility of the AeroZINE 50-cooled 4Cmm roller
bearing and tandem thrust-dall bearings was Jdemonstrated on the first test vithe
out aifficulty at 32,000 rpm or a DX value of 1,280,000, as described in Section VIII.
The final inline TPA design would utilize 35em AeroZIRE 50=cooled bearings., ¥ith
the thrust balancer and vith syrmetrical pump diacharge, the loads would be lower
than the demonstrated values.

Page VI-3
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VI, E, Powver Transmission (cont.)

3. Axial Thrust Balance

{u) The axial thrust-balance system has been revised, and its
related effects on various components have been discussed in preceding sections.
The arrangement of the revised system is shown in Figure VI-l and should be come
pared to Figure VII-1l of the third quarterly report, AFRPL~TR-66-82,

(1) In the revised design, each rotor element is essentially
balanced hydraulically, producing very little, if any, axial force. However,
the first-atage fuel impeller is responsive to axial position, as desired, and
produces a righting force if shifted from its neutrsl position. Maximum restoring
force is on the order of 30,000 1b, ™~

(u) & predominant factor in selecting the first-stage fuel
impeller instead of the second-stage impeller for thrust balancing was the
relative effect of the two methods on engine cycle parameters caused by the
variation in flow recirculation relative to rotor position. Figures VI-k and
VI=5 shov first- and second-stage balance-system recirculation flow rates as'a
function of axial position. Because the second-stsge impeller, feeding the pri-
nary combustor, has a H-Q curve with a steep slope, the recirculation variation
showa in FPigure VI.5 caused a substantial shift in primery combustor mixture
ratio and, hence, large variations in other parameters shown in Figure VI-3,

(u) Use of the first-stage impeller substantially reduced the H-Q
shift caused by recirculation. Also, since the first stage feeds the secondary
injector, ditcharge-prelsure variations have less pronounced effects on engine
pnxlneteru. Althoush there will be some variation in inlet pressure to the
socond-stage fuel impelier, these vnriatione will be small in comperison to the
total primary combustor inlet pressure and, as shown in Figure VI-k, oversll
effects will be minor,

(u) S8tadility of the selected thrust balancer is expected to be
scceptable because of the relatively high stiffness c¢f the sygiem, {llustrated in
Figure VI=6, and becauge of the dash-pot damping inherent in the design.

k, Dynsmic Shaft Sesl

(u) The basic spproach followed in the design of the dynamic
snsft seel for the inline turbopump has been to sdopt a conventional rudbing-
contect, face-riding pair of seals with an inert-fluid purge between the seals.
However, an eavelope of sdequate size was provided to allow other types of seals
(e.g., the hydrostatic design) to be ussd if improved reliability is demonstrated
bty such concepts. To determine their relisbility, both concepts should be tested
in Phase II.

-
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VI, E, Pover Transmission {cont.)

(u) The selected design is an off-the-shelf seal illustrated in
Figure VI-T., This configuration will provide a seal even if AF is reversed, thus
minimizing the hazards associated with loss or depletion of the inert fluid. A
small slinger is machined integral with the oxidizer running ring to reduce the
oxidizer pressure at the seal face to approximately the pressure of the fuel.
Thus, both seals will operate at the same AP (purge pressure minus propellant
pressure). In addition, the slinger permits the use of oxidizer as the purge-
system pressurant at inlet presgure vhich simplifies the system,

(1) The alternative hydrostatic seal, illustrated in Figure VI-8,
has an operating flow rate of 0.05 lb/sec for each seal. This higher seal flow
reate requires more purge fluid and a larger purge tank then the basic rubdbing-
contact seal, The weight for this system, assuming 3-min engzine operation, would
be 20 1b higher than that of +r2 basic seal system,

(u) As indicated in Figure VIT=1ll of the third quarterly report,
it is pianned to use an integrated purge-and-suction valve. The design of this
valve has been discussed with a potential vendor, who recommended that en integrated
hydraulic actuation system be used which will permit positive, controllable
sequencing of the purge fiuid and of the main propellant valves, Since such a
system would obviously increase engine startup and shutdown reliability, its use
is planned for the inline TPA., The main propellant valves selected for the inline
TPA are of the shearable butterfly type. The purge valve cen be readily integrated;
the bazic design has already bdeen flight-qualified. Opening and closing sequerices
of the main propellant valves will conform to the existing curves established for
the ARES engine. Purge flow will lead propellant flov Ly an experimentally estab-
lished time, and will lag main-propellant cutoff sufficiently to permit the system
to be emptied of propelisnt reeiduals.

-~

F. INLINE HOUSING FABRICATION

{u) The inline housing, Figure VI-9, was received on 22 June 1966,
Some fabrication problems were encountered: The electron-discharge machining of
the diffuser vanes in the ozidigzer and fuel housings was performed in series
instead of in parallel as originally planned. This caused a delay of about two
weeks. Also, welding of the 34T stainless-steel sheet-metal stampings to the forged
Inconel T18' internal ring caused excessive distortion of the sheet-metal stampings.
The stampings were therefore removed and replaced, using improved welding techniques.
During final welding of the thrse main sectfons (Figure VI-10), the distortion due
to welding was difficuit to controil. Improved tooling would be desirabdble in
future fadbrication,

(u) The inline housing has been shipped io the Structural Test Labora-
tory for instrumentation and testing. The weight of the structural test housing
as fabriceted was 1Th 1b.
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Rubbing Contact Seal for Inline TPA

Figure V1.7
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VII.
TPA HOUSING DEVELOFMENT

A,  GENERAL

{u) The objective of this effort is the development of housings that
will withstand the required fluid and gas pressures, tranamit the fluids and gases
from station to station with minimum pressure drops, provide a stable base for the
rotating components, and tranamit the thrust load developed by the thrust chamber
to the missilas frane.

(u) The testing of Housing A-1 (plug-welded rib-to-shell Joints) is
nearly completed. The stress-coat test, the test to design pressure without thrust
load, and the test to 50% of design thrust without internal pressure were completed
with excellent results. Preliminary results from proof testing to 1.4l timea the
design pressure and thrust appear to be satisfactory. However, some test-system
modifications are required to provide more stable pressures at proof conditions.

(u) The design of Housing-B was completed and quotations have been
received., Some revisions will be required to reduce the cost of these housings.

B. HOUBING A-1 TESTING

(u} Housing A-1 was received on 31 March 1956 and immediately shipped
to the Structural Test Laboratory for instrumentation and testing,

(1) Leak-testing of the instrumented housing (with internal strain
gages in place) revealed a leakage area of 0,007 sq in. between the oxidizer=-pump
discharge passage and the oxidizer return passage. Leakage apparently occurred at
an internal joint nround the nircumference of the thrust-chamber flange connection
where & shrink fit was relied upon to seal the joint. The leakage srea would allow
15 gal/min of oxidizer flow to bypass the thrust-chamber coclant tubes, which would
be entirely acceptable for an operational turbopump. However, the flow capacity
of the structural-test system permits a leakage rate of only 0.01 gai/min, which
made it impossible to maintein the required pressure differential between the two
preszure zones. Therefore, various means of sceling the leakage were investigated.

(u) The outside of the housing was stress-coated and the housing
tested to ascertein the severity of the setup problems and to determine the need
for additional external strain gages. The oxidizer discharge passage was pressur-
ized tc the same value as the return passage. Ihg results were highly satisfac-
tory, with stresses at predicted levels within % when teated to 36% of proof
conditions. The internal strain gagzes wvere funatigning properly and shoved a
linesr rise ia strain. The test results for the stress-coated housing are shown
in Figure VII-1 and are summarized in Figure VII-2.

{u) After the stress-coat test, the unit was cleaned and = coating of
goft rubber-like material (RTV-11) applied to the surface of the oxidizer-pump
discharge passage. This material sealed the leak, and the unit wes again set-up
for test. However, since the internal strain gages had been lost during cleaning,
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VII, B, Housing A~l Testing (cont.)

it wvas decided to perform the pressure-only and the thrust-only tests without
internal strain gages in an attempt to determine if any setup or structural
irregularities existed. The housing was set-up as shown in Figure VII-3, instru-
mented with defiection indicators (Figurc VII-U) and strain gages (Figure VII.5),
and tested to T0% of proof pressure. On completicn of the pressure test, the
thrust-load test was made without internal pressurization. The test data showed
that the stresses and deflections at a thrust load of 50,000 1b were satisfactory.
During testing to TO% of pruwof uressure, the oxidizer bearing housing moved
0.020T7 in. toward the fuel housing {(predicted deflection, 0.0078 in. outward) and
the fuel housing deflected cutward 0.034T in. (predicted: 0.0098 in.). An exami~
nation of the test data indicated that the pressure in the oxidizer discharge
Eassage (Zone 1) and in the oxidizer return pessage (Zone 2) had equalized above
0% of proof pressure at Zone-l pressure. This higher pressure in Zone 2 increased
the differentisl pressure scross the primary combustor, which increased the load
transmitted through the connecting support shells to the fuel housing and, con-
sequently, produced excessive deflectionms.

(u) To check the data, a second test to 40% of proof pressure was made
with an additional deflection transaucer on the oxidizer flange and visual indica-
tors on deflection-transducer rod (Rod 48, Figure VII-4) for the fuel end and
deflection transducer (Rod 44, Figure VII-4) for the cxidizer end. This test indi-
cated that the oxidizer-dome end-flange was expanding outward 0.007 in. and that
the oxidizer bearing housing was expanding toward the fuel housing 0.0115 in. A
third test to 60% of proof pressure was performed at rapid pressurization to deter-
mine if pressure equalization was due to the rate of pressurization. Equalizaticn
occurred again at gbout 40% of proof pressure., Since pressure equalization occurred
&t about the same bearing deflection in each test, it was suspected that the seal
between the oxidizer bearing-housing flange and the oxidizer housing had failed
because of flange rotation.

(u) A 1000-psi leak check wes performed between Zones 1 and 2. No
leakage occurred in the aforementioned coating, but test results indicated that the
bearing-housing seal was leaking. The unit was therefore disassembled (except for
the bearing housing) and examined, but no damage was detected. -

(u) A spare bearing housing was subsequently assembled in a loading
fixture and tested twice at an axial mechanical load of 50,000 lb, with bolts torqued
to design value and twice the design value, respectively. The deflection pattern
remained relatively unchanged.

(1) An axial mechanical load was applied to the oxidizer-bearing
housing before the bearing housing was removed from the oxidizer housing. The
deflections, measured on the outside flange, on the inner shell flange, and on the
oxidizer~bearing housing (Figure VII-6) showed that the outer well and the internsl
ribs were separating 0.0085 in.

(u) Housing A-)l was returned for repeir. Further investigation
revealed that the ribs between shelis on the oxidizer-dome end under the oxidizer-
end flange were not properly attached. Originally. the weld Jjoint hetween th

-~
vvvvvvvvv il VLT

outer wall and the internal ribs had been made by electron-beam welding. However,
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VII, B, Housing A-1 Testing {cont.)

separated from the internal ribs. The procedure followed during repeir of the
housing 1a shown in Figure VII-T7. After the plug-welded slots were machined in

the outer shell over the ribs, an examinstion of the rib surface revesled very poor
penetrstion ‘of the electron-beam weld. This weld was subsequently repaired by TIG
welding end by‘peening after each puss to stress-relieve the weld area. During
this operation,’the housing was immersed in water to within 2 in. of the weld area
to prevent weld distortion. The weld was built-up 0.125 in. above the surface to
equalir s the - hending moment of incctia caused by yleld-strength differences between
the aged parent material and-‘the as-welded material. The housing was not re-aged
becausg ©of /the rubber material in the outer psssage and because of possible effects
on findl-machined dimedsions.

(u) Repair was completed on 2 June 1966 and the housing was returned
to the structural test facility. The unit was set-up and tested at 1000 psi in
Zone 1 to ensure that the rubber coating in Zone 1 had not been damaged during
repuair operations. No leakage occurred in 10 min.

{u) The housing vwas now reinstrumented and set-up for further testing.
The first of these tests on 1T June 1966 was a repeat of the test to TOX of proof
presaure, followed by a retest at 50% of design thrust load with no internal pres-
suré, The proof<pressure dete indicated average deflections of 0.0018 in, for the
oxidizer—end bearing, of 0.0077 in. for the oxidizer-dome flange, and of 0.0242 in.
for the fuél-end bearing. The pressure in Zores 3 and 2 had again equalized.

(u) Visual pressure gages were installed for the four internal pres-
sure zones, and a leak rate was determined by pressurizing to 30 and kU¥ of proof
pressure in all zones and then increasing Zone-~1 pressure to 1000 psi over Zone 2
pressure. Zone 2 was bled to keep the pressure uniform, and the oil discharge was
measured over a S5-min interval. The leakage rate varied from 0,46 to 0.68 cu in,/
min, Since these leaksge rates were small in comparison. to the 40-cu~in. capacity
of the pressurizing cylinder, the test to TOX of proof pressure was completed using
the bleed system to maintain the proper pressure in Zone 2. The results of this
test vere excellent. The oxidizer dome end moved 0.005 in. Bearihig-span deflec~
tions are shown in Figure VII-8. The maximum stress occurred at the point predicted
by photoelastic testing (Location 27, Figure VII~5) and vas 84,500 psi versus
70,500 psi predicted at TO% of proof pressure.

(u) The next phase of testing was to apply 100% of proof prezsure
(1.41 times design pressure) combined with 1.h times the design thrust. This test
proceeded very weil until the pressuree reached 103.5% in Zone 1, 97.5% in Zone 2,
103,5% in Zone 3, 96.5% in Zone L, and 102.5% in Zone 5. However, during an
attempt to adjuet the. pressure 1evels the Zone-2 pressure beiame Gifficult %o cone-
trol and overshot the 100% proof pressure by 4% in Zone 1, i 5% in Zore 2, by 6.5%
4n Zone 3, and by 5% in Zone 5. The pressure in Zone & 2% low. Th: ualt was
ixmediately dapresnurized. The fuel-end deflection xeadinga remained st 0,017 in,
atter depressurization. :
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VII, B, Heusing A-l Testing (cont.)

{v:i This phenomenci may have been due Lo two cruses, trancduser slip-
F2xe or fuei~housing yielding. Tha simulated thaft in the housing is highly stressed
&t 10C¥ prool pres.uza., The extessicaster rods pass through the end of the shafi
to the fuel roller-bearing leocations. Tue extensiometer rods are spriang-loaded Uo
maintain contact end 50 counteract the internsl pressura losd on the rod ends, ax
100% of proof preusure, the spring-load differential is reduced. .nG a torquing move-
ment of onc Gegree in the shaft-end due to stress would 1ift the reds frewm their
sockets, Thiz would chunge tha zero pcint of the exiensiometers. Three G,350-in.~deap
hicles were therefore drilled ir the fuel housing to hold the ertensiometer rods irn
place to prevent the rods from moving out of tae sozkets. Examination of ths duta
further indicated that some lccal yislding may heve occurred in the fael housing
after exczeding 100% of proof pressuve,

(uj The deflecticn data are shown ir Figure VII-9. ha Zone-1 zai
Zons-l pressurizing cylinders bottomed out during the test. 2o alieviate thiz
probler two boosters were atiechad 4o Zone-i, snd the Zonu-§ pressurs was supnile
directly from vue putp suiply. The difficulty in pressvre control wrs attriuted
to the £7.°% that the pressarizing cylin.crs btotirmed owt,

(u) The unit was then pressurized to TO% of proof pressure and proof
thrust. However, at TO% of proof pressure, the pressures in Zones-l and 2 became
uncontrollable and the unit was therefore depressurized. Examination reveaied that
the O-rings used at the thrust.chamber flange had failed. These O-rings are being

‘replaced with om.iseals used in TCA teating, and testing will continue after further

modification tc¢ the pressurizing erstem.
C. HOUSING A-2 FARRICATION .

u) Fatrication of Housing A-2 was in the final stages when the inter-
channel le&kage in dousing A-1 was discovered. A leak check of Housing A~2 revealed
leakage between the oxidiver discharge passage and the oxidizer return passage at
the P-juncture. A ésries of teste were made to locate and identify the leakage
sreas, The tests indicated that the leakage was confined to two areaz at the
T-juncture. An electron-beum weld was attempted over & 30° arc in each of these
areas but vas unsuccezsful.. The unit was then takex to a 2,000,000 ev betatyron in
& Los Angeles hospital for X-ray exsminatisn. An Aercsat-cenerel team of welding

-and NDT personnel) direcu.:d the examination snd interpreted the findings. The

X-rays revealed a 0,03C in.-wide separstion between the outer zhell and the midcle
shell at the TaJunctnre.

(u) The T-geciiv. of the housing wes machired off and s 0.375~in.~deep "
g;roovc vas milled cut between ti.w passage holes to the-middle shell as shown in
- Figure.: :VII-=10. The surfuce 6f %he middle shell was acid~etched which revaslied wveiy

poor psteiration of the weld, ‘The scveration of walls {*igure V1I-11) varicd from
0.003 t00.015 in. The subvendor's *a»hniquoc, velding schedule, and procesaing
sequences -vere ‘¢closely examined, which evealed that the sabvendor ‘had ignored ihe
sdvice of A@roaet-ceneral's welding persunnel, had kept very poor recorlg, B RY. Y
applied dubious>techﬂiquec, and had perf:.1ed poorly despite previcusiy demon-

*atrated hizh-qunlity vovkmanship.
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VIiI, C, Housing A-2 Fabrication {cont.)

(u) The groove between the holes was subsequently TIG-welded to ensure
positive separation of the passages. In sdditicn, fifteen 0.375-in.~dia plug welds
vere made on the pad surface, inside of the inmer hole circle, to ensure that the
outer shell and the middle she’l were joined. Frior to welding on *the T-flange, a
leak che'k was made on the cylindrical portion of the housing and no .. kage between
passages could be fcund.

(u) Since material was readily avsilable the T-flange was changed as
shown in Figure VII-12., The partial-flange ring was electron-beam-welded to the
inner shell and the inner shell was welded to the cylindrical portion. The outside
of the inner shell and the inside of the outer shell were machined to match. The
outside shell was welded in plsce and the remaining portion of the thrust-chamber
flenge vas electron-beam-welded to the outer shell and to the inner portion of the
flange. Electron-beam welds were then made circumferentially around the T-section,
1 in. apart, to join the two cylinders. The 32-1/l-in.-dia passage holes in each
shell were then dri2i24d to meet the passage holes in the cylinder.

(u) In additic., the oxidizer end flange was plug-welded tc the
internal ribs in a msnner similar to the repair procedure for Housing A-l. Since
Housing A-2 had not been final-machined, a portion of the oxidizer flange was
removed to reduce the depth of the plug welds, -as shown in Figure VII-13. After
this prepar. .on for plug welding, the top of the ribs revealed insufficient pene-
tration of the electron-beam weld. The plug welds were made by TIG-welding and
were peened after each pass. After welding and machining, a new ring was sttached
by electron-beam-welding, as shown in Figure VII~1l4., -The finel welding operation
vas completed satisfactorily, and the housing has teen sent to the heat-treatment
vendor for solution-snnealing prior to¢ final rough machining. Delivery of the
housing is expected in July.

D. HOUSING-B DESIGN

(u) The oxidizer housing for the Housing-B turbopump was completed and
detailad drawings were releas~d in mid-May. The three-waliled welded-rib design
inciudes all the instrumentation holes, refined oxidizer diffuser wvsnes, refined
ocidizer flow passages, and has fine-machined surfaces required for an operaxlonaJ
turbopurp. The oxidizer-bearing housing is an integral part of the unit, und the
T-szetion is a s0lid forging welded to the main cylindrical portion and has drilled
oxidizer pussages. The axidiser boosi~pump-turbine supply manifold is an integral
pnrt of the oxidiver dcme end,

‘‘‘‘‘

\u) The fuel hauaing for ‘thé Houding<B turbopump'was also-completed,
and detailed dravings were relemsed late in May. The housing is fabricated from
Inconel-718 forgings and is electron-beam welded at the major joints. The housing
includes fuzl-diffuser venes, valve interfaces, instrumentation holes, fuel reed
lines, and has fine-machined surfaces required for an operaticnal turbopump. It
also inciudes an attachment for the combustion seal and provisions for cooling the
internal fuce of the housing from hot turbine exhaust gas.
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VII, D, Housing-B Design {cont.)

(u) The Housing~B assembly is shown in Figure VII-15. The thrust force
acting on the primary combustor, caused by the differential pressure between the
discharge areas of the primary combustor and the turbine, is retained with a shear-
lock ring. The expansioa joint between the primary combustor and the fuel housing
is a multiconvolution multiply Inconel bellows.

(u) Forgings for oxidizer-housing of the Housing-B turbopump were made
late in May, and some of them have been shipped. The forgings had been due late in
April, but were delayed because the forging vendor experienced some difficulty in
procuring material.

(u) Quotations for the oxidizer and fuel housing were received.
Prices are =zxi.emely high because of the specisl fabrication techniques required
for shori-lead-time production, because only one unit is required, and becsuse of
the high risk involved. Fabrication of the fuel and oxidizer housings for the
B-design turbopump was deferred pending results of Housing A-1 testing. If
Housing A-1 does not meet Work Statement requirements, fabrication orders will
be placed immediately for a simplified version of Housing-B. Housing-C design is
being prepared for Phase-II production to reduce cost and to incorporate modifica-
tions to the oxidizer-flow passages as indicated by model testing. This design
will consider casting, die-forging, explosive-forming, and other fabricetion %{ech-
niques to reduce housing costs. Costs are expected to be reduced significantly
because nore fabrication lead time is available, because more tooling can be justi-
fied for a lsrger number of housings, and because the design can be simplified on
the basis of information available from flow tests and from structural tests.
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VIII.

TURBOFUMP BEARING DEVELOPMENT

A.  GENERAL

(u) The ARES turbopump bearing development program consists of three
phases: Phase I, 25,000-rpm N50) lubricated bearing tests to develop cage designs;
Phase II, 4O OOO-rpm N 0 and AeroZINE 50 lubricated bearing teats to demonstrate
operation st the desigg requirement of the T-engine (advanced) turbopumps; and
Phase III, 31,250-rpm N 0, and AeroZINE 50 lubricated bearing tests to demonstrate
operation at the design rgquirements of the inline (backup) turbopump. In addition
to the normal load and speed requirements, the operatiun of misaligned roller
bearings is veing:demonstrated during the 40,000-rpm tests.

(u) Testing at 25,000 rpm was completed successfully, as reported in the
second quarterly report,® ‘but tester and facility problems caused delays in both
the 140,000~ an. 31,250-rpm test series. These problems have been solved, and
demcnstration of the following Work -Statement cbjectives -was completed in this
quu.rter.

1. O lubricated roller bearing st 31,250 rpm
2. ~N20 lubricsted.roller bearing at.40,000 rpm (aligned)
. nzo ‘lubrieated roller bearing at 40,000 rpm (misaligned)
k. NG lubricsted ball bearings at 31,250 rpm
5¢ NZO lubricated ball bearings at hO ;000. rpm.
6.  ABYOZINE 50 iubricated roller bearing-at 31,250 rpm
T. AeroZINE 50 lubricated ‘ball bearings ‘at 31,250 rpm

(u) The. rmining objective is to demonstmte the- AeroZINE 50"
lubricuted bearings st I&O/OOO rpm. -Although one succeutul test ‘has 'been conducted
ror -over saven: minutu, some vear existed on the roner ‘bea.ring in this test and
two bur:lng cages falled in- subsequent tests. 'l'he hardwa.re ig being modified and
testing vill resume early in the:next qusrter. “The AeroZINE 50 1ubrica.ted ball

_ "bearings weére 1n ucellent condition after the seven-minute ‘test.,

B, fBEARING ~DISIGN

(u) 'Ihe Rulon=P Anner-race-riding rollér-bearing cages, modified as

’discnssg‘d 4n the thira. quarterly report¥ (removul of aluminum roller-retention
B at:lckout and thc riveting of the -aluminum shroud through each web), were uged in

the N4 0 ‘teste, The alternative cages for bsll and for roller bearings -of the
outer-racw"iding thin-line design, which have been proven during 25,000-rpm

_tuting, were received, however, because of the smaller size :(series 108 versus

210) and because of the large number of rolling elements (15 rollers and 14 balls)
these cages vere tlinly. An outer-race<riding ball-bearing cage consisting of

» glus-»ﬁlled Teflon molded around a stainless-steel "hslo" ring was also received,

TReport TR-08-1, 15 Januery 1966
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VIII, B, Bee»ing Design (cont.)
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(u) The through-flow area of both of these outer-race designs is much ’
greater and, therefore, much more desirable than the shrouded-inner-race design.
Figures VIII-1 and VIII-2 show the ball-and the roller-cage designs both seporately
and installed in bearings so es to illustrate the comparative flow areas.

{(u) The tirst two 40,000-rpm AeroZINE 50 lubricated bearing tests were
conducted with bearings cssembled with onter-race cages: the molded-Teflon "halo"
design in the ball bearings and the thin-line design (as used in the 25,000-rpm
tests) in the roller bearing. Both performed very well in the first test (Test 8),
but the ball-bearing cages Tailed in the second test (Test 9).

(u) An eligning-type roller bearing incorporating rollers and sn outer
s race, made from K-5-H carbide and an itiner racé-made from LiOC steel, operated
: ‘successfully for over seven mimites at required speed and loads, but exhibited
wear in the load zone of the X-5-H outer race. :

(u) The testing at 40,000 rpm of AeroZINE 50 lubricated, bearings ,
(ﬁ(_i:‘gcussei in detail in Paragraph VIII,E) vas temporarily siuspended for s complete
‘analysis of the testing problems. It was concluded that the thin-line outer-
race-riding roller-bearing cege could be improved by eliminsting twe roller pockets.
This Will increass the web thickness by 50% and still allow the larger through-fiow
dres uot available in the shrouded-inner-race design. A thorough analysis revealed
‘that critical speed:vguld not be.decreased siguificantly: by reducing the number:
of rollers. from 15 to 13. )

C. - BEARING. TESTING AT 40,000 RPM in ¥,0, ‘

(u) Work-Statement cbjectives were accomplished in two significant
‘tests conducted .on the saime bearings. One test (Test SA) was made with the roller
beiring eligned and the other (Test 6B) with the roller bearing:misaligned
(gee Pigure VIII~3), ‘This misslignment is equivalent to s.radial displacement of
0016 1n. of the bearing bores of the advanced-turbopump housing, which is tvice

the mixizim expected. displacement.,

) (u) In addition to:thése two teste, three test attempts were made
which did not generate significant data because of difficulties encountered in the
test systems. Figure VIIIZU tebulates steady-state-deta points for all five N 50,
tests. Pigures VIII-5-and VIII<6 are plots of significant paremeters versus tf:
Por' the: stgnificant tests (Tests Sh.and €B). Figire VIII-T tebulates pretest
‘and ‘posttest ‘inspection heasurements of critical bearing dimensions.

: (u) ‘The ffiner race, the outer race, and the rolling elements were wade
from 4LOC steel for dboth the ball and the roller beerings. The ball and the roller
cages were similar inner-ring-riding designs of Rulon-P shrouded on the outside
diameter with aluminum. Figures VIII-1 and VIII-2 show these designs and alter-
native outer-race-riding designs.

Page VIII-2
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VIII, C, Bearing Testing at 40,000 rpm in N0, (cont.)

13
E]

All five tests are driefly discussed below.

(u) During Twst 4 (the first test of this reporting period) a tester
thrust-bearing disc failed at 38,000 rpm after e duration of 18 sec. This
thrust~bearing disc failed in a classical burst pattern with brittle~type behavior.
The test bearings were not damsged. A complete analysis of the tester failures
was conducted end is reported briefly in Paragraph VIII,F, below.

(u) A new tester, vith a re&esigned thrust-bearing disc of AM=350
material, was assembled and installed for Teat 5A. The test bearings from Test b
ver: reinstalled for this and all subsequent 40,000~rpm N, tesis. The roller
bearing ves installed in the aligned position. Test dura%:l n yas 297 sec, of
vhich 269 sec was at speeds of 38,900 to 40,000 rpm (see Figure VIII-5).
Miaimum and mxim axial loads were 1170 and 29050 1b. The redisl load for the
entire dura.tian ves over 500 1b. The test was terminated prematurely during the
radial~load increase to 870 1b due to a loss of the turbine speed signal. The
bearings were removed, examined, and found to be in excellent condition.

{(u) The same bearings were reinstalled for the next test. The roller
bearing was installed in a misaligned position (see Figure VIII-3). Test 5B was
& l-sec-dm'ation test attempt, vhich was terminated at 39,300 rpm when a safety
»diaphup ‘burst ia. the .gas=-supply line to the tester drive turbine failed. Test 6A
‘VES 8.2 gc-dur&tion test attempt terminated at 27,600 rpm due %o & false over-~
~aspeecl siml ‘caused. by an- inatr\ment ma.lﬁmction.

-

_ Aw) The significant pameters for-Test 6B are plotted in Figure VIII-6.
Test: duration vas. 350 :8ec, of which 522 sec vas at speeds of 38,900 to 40,000 rpm.
Minimi -ang ‘maximin-axial loads. were 1450- and 2500 1b. Minimum and wimm radial
loads vg;-e 500 -and- 1000, 1b The radial peak ‘Joad“of '1000:'1b- was applisd twice
during this test. The 'i)eu-ings vere in very good condition after these tests, as
«shovm in !'igure VIII-B. Afr- l‘orce representatives revieved ’che data. and exemined
the bearings. Test B combined with Test SA completed the Phase-I Work-Statement

:roquirmnts for. h0,000-rpm l! Oh lubricated vearings.

D. BEARIRG TESTING AT 31 ‘250 RPM IN R'Oa‘

- () Upon completion of the 40,000-rpm N lubrico.ted bearing tests,
‘& -nev get of béarings Wwas " installed Lor the 31 250-:& lubricated bearing
tut series. The bnll-‘bur:lng set -vas of- the “sane- twdeﬁ ioa.d—uharing design as
that Used in the h0,000-rpn test series. The roller bearing was the zame except
that the outer race did not incorporate the self-aligning feature since self-
aligrd.ng is not required in the inline 1PA. Work Statement requirements were
‘satisfactorily met in a single test. Figure VIII-h tabulates steady-state data
pointe, vhereas Figure VIII-9 is: a plot of significant parameters versus time for
this test. Figure VIII-10 exhibits the excellent posttest condition of these
bearings. The locsl ‘Air Force representative inspected the bearings and the data
‘and expressed satisfaction with the results.
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VIII, D, Bearing Testing at 31,250 rpm in*H,0), {cont.)

(u) The duration of Test T was L35 sec, of which 413 sec was at &
speed of 31,250 tc 32,000 rpm. Minimum and maximum axial load were 1770 and 4200 lb.
The axial load was greater than 2200 1b for 6.17 min and was more than k200 ib
for 29 sec of the {est duration. The radial load was greater than 500 1lb during
the entire test duration, and was between 980 and 985 lb for 33 szc.

E. BEARING TESTING AT 40,000 RPM IN AEROZINE 50

(u) Upon completion of the bearing testing with N,0, as a lubricant,
the tester was cleaned, reassembled, and installed for Aerozmﬁ Qo lubricated
bearing testing. Three tests (Tests 8, 9, and 11) were conducted. Figure VIII-11
tabulates steady state data points for these tests (Test 10 is reported in

: Parsgraph VIII,F). Three separate and different types of bearing problems occurred,
g and the 40,000 Tpm AeroZINE 50 fubricated bearing testing was therefore temporarily
- suspended on 23 May 1966. Testing is scheduled to resume in mid-July when improved
E bearing designs are available.

(u) - The first AeroZINE 50 lubricated bearing test (Test 8) was completed
satisfactorili full duration of 450 sec was obtained, with about 429 sec of
operation at 40,300 rpm. Minigum and maximum axial loads were 1820 and 2690 1b.,
vwhereas: minimum and . maximum redia.’ loa,ds vere 500 and 1110 1b. Upen disassembly
—a.nd inapeetion, it vas found that vear had occurred in the loaded zone of the
roller-bearing outer ‘race (see Figur 2 VIII-lz) This bea.ring\wu of the -self-
aligning design: “with: nisdignnex;f; A4 accordance with Figure VIII-3. 'I'he rellem
and the outer raée were:made from K-5<H (tungsten-titanium’ carbide), vhereas tne
inner-rice material :was 4UOC steel. The roller-bearing cage vas Of the outer-race-
r:lding thin-l:lne design, made of 25% ‘glass-~fiiled Teflon supported by 8 mchined
= sluminum containment ring (see Figure VIII-2j. The ball-bearing tandem load-

; lha.ring set incorporated K-5-H balls in LLOC races. The ball cages vere both of
the "halo"-design of 25% glass<filled Teflon molded around a ‘stainless-steel ring
) locatéd at. the pitch~circle diameter.

s .
S

BT SR TN s
. AR
L

- {u) Measurementa of the K-5-H race and of roller wear were taken.

Figure ‘VIII-13 shovs these postiest profilometer traces compered ‘to 2 new
K~5-H roller aid to a new LLOC roller. The X-5-K rollers vere of poor qualitys
irregular cruvning and eccentricity contributed partly to the outer-race wear,
K-S-ii material is moat difficult to grind, and best results would be obtained
e - it di.mond wheels were used, However, the vendor could not justify the expense
Sy of thele 'uheels for such-a-small develoxment order. K-5-H had been selected for

1 the. outer race and for the rollers beceuse of the excellent results obtained in

four-ball vear tests conducted under Comtract AF O4(612)-8548 (Reference, Report
i AFRPL-TR-65-150, Volume III).

Tt ;{ha:&,.‘-y,ﬂ-q

(u) It was concluded that a finer grain material with a minimm of
cobalt biader probably would be iess prone tc wear. Stress does not sppear to
be the primary cause of the wear since the bearings with K~5-H bdalls operated
successfully at high stresses. Further testing with improved rollers will be
necessary to determine the cause. Although the durstion specified by t & Vork
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VIII, E, Bearing Testing at 40,000 rpm in AeroZINE 50 (cont.)

Statement vas not obtained, it should be noted that the bearings operated successfully
for more than seven times the duration required in Phase II engine testing.

{u) Test 9 was conducted with {ball and roller) bearings of L4OC
steel for hoth the rolling elements and ¢he races, The roller beering was of the
aligning type. The test was terminated prematurely, after 267 sec of operation
at sbout 40,700 rpm, vhen the ball beering cages failed. These cages were of the
special molded Teflon "halo" design which had previously operated successfully in
Test 8. The failure was attributed to excessive AeroZINE 50 flow (12 gal/min) and to
higher friction of the LLOC material. Based on calculations and previous test experi-
ence, & flov of 3 to 5 gal/min would have been sufficient. However, the tester and the
test installation could not meet the lower flow requirements (for an acceptable
pressure) and are therefore being modified. The failure caused considerable
damege to all test bearing components (aee Figure VIII-i4}. Loads during this test
vere similar to those of Test &.

(1) A roller bearing fsiled during the start transient:of Test 11
at 10,500 rpm. ‘'This failure vas attributed to 2 combination of a slightly cocked
inner ruce, excessive AeroZINE 50 flow, and a thin-profile cage of relatively
flimsy design. The cage, of a deaign different from that used during successful
"2°h testing, had 15 roller pockets eand was guided on the outer race.

(u) Cages of the same thin-profile design; but with 13 pockets which
should significantly improve the strength of the cages, are presently on order and
are -due in nid-July « These units vill more nearly duplics e the bearing cages used
in the successful %0-mm bearing testing at 25,000 rpm. C:iticd-apeed checks of the
sdvsnced turbopury indicated that critical apeed would decrease only inaignificantly
it tvo rollers were eliminated. Hoavy, shrouded, inner-race-riding cages with
increased pocket. clearance and flow slots at the Iinne: bore have also beer ordered.
As soon is these cages are mnilablc, testing at 40,000 rpm ¥ith AeroZINE 57 as-a
lubricant will be resumed. Provisions are being ude to redice the bearing-tester
propellmt flows to b gal/min. Several other vearing desigrs with ~evised roller-
guiding surfeéces and revised clesrances have also been ordered for future teating,

F. BEARING TESTING AT 31,250 RPM IN AEROZINE 50

(u) No problems were encountered in the AeroZINE 50 lubricated bearing.

testing at 31 250 rpm, and Work Statement Requirements were met in a single test

(Test 10). Figure VIII-11 tabulates steady-state data pointe, Figure VIII-1S5 is
a plot of significant parameters versus time, and Figure VIII-T compares pre e
and posttest critical inapection measurements. Pigure VIII-16 illustrates the
excellent posttést appearance of these bearings. Durstion at 32,000 rpm was

418 sec. The minisum axial load was 2700 1b, and an axial load of k60O 1b was .
maintained for 20 sec. A minimun radial load of 600 1b vas maintained during the

test, and a peak redial load of 1115 1b was kept for 18 sec.
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VIII, Turbopump Bearing Daveicpaent (cont.)

G. HYDROSTATIC THRUST-BFARING DISC FAILURE INVESTIGATION

(u) An oil-lubricated testei thrust-absorbing hydrostatic bearing
disc of 440C material fialed or Bearing Test U, This failure was similar to that
reported in the third quarterly report,® even through the thrust-bearing disc had
been retempered to a Rockwell hardness of R,40 (to improve ductility), the keyway
radii had been enlarged to 0.030 in., and the new disc had been reinspected to
ensure it hed no cracks. Further analysis and investigation led to the concluszion
that both failures can be explained by notch-~disc burst theory: They will occur
if the Charpy V-notch energy of the materisl is low ana high stress concentrations
exist, This theory, supported by extensive tzsting reported to the ASTM Task
Force on brittle failure, would predict that notched dises, such as these discs
of LUOC steel with Charpy V-noi~h energy readings of 2 to 3 ft-1b, would fail
when the average tangential struss in the disc is equal to about 10 to 20% of the

ultimate tensile stress (Figure VIII-17). Based upon this theory, the thrust-bearing

discs made from AM-350 and AM-355 steel, with Charpy V-notch energy loads of about
1T ft-1b, will vithstand over 60,000 rpm without failure. An AM-350 thrust-bearing
disc of new design was installed after Test h and performed satisfactorily on all
subsequent tests.

*

T Teport TR-60<52, 15 April 1966
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The illustrated angular misalignment is equal
to a shaft centerline deflection of .016 inches
with ARES turbopump bearing span of 10.35 inches
!
' Installation of Misaligned Roler Bearing for Test 1,2-03-WAW-006B

Figure v111-3
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Load Propell:
Axial Radial Flow Tem
DN
Speed Np
Run Duration® Data Point®* Np xm Fa FR QP
Date No. Sec Sec RPM 10= _1_,1_,‘ E‘.'.’. EE;".
47 00k 2 2 38,700 1.55 2760 $65 8.75
§a22 005A 270 35 39,600 1.55 1170 525 9.6
245 39,100 1.56 2955 S4a 8.55
297 39,000 1.56 2350 880 8.2
ha22 0058 b § 1 39,300 1.57 835 551 9.6
4.26  006A 1 1 27,600 1.1 1503 572 9.5
4=27 0C06B 520 120 39,890 1.59 1810 560 9.0
340 39,435 1.58 2550 520 3.45
420 38,993 1.56 1840 1020 8.3
h-28 007 410 35 32,212 1.29 2320 560 9.0
145 31,913 1.28 4200 500 9.2
200 31,575 1,26 2650 1010 8.6

*Duration at full apeed

**From turbine start
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Rise of
Outer Race Temperature

Ball Ball Ball

Bearing Bearing Bearing
QP ATp ATTB-1  ATIB-2  ATTB-3
GPM _°F ¥ *F *F Remarks
8.75 11 22 22 32 Thrust disc failure
9.6 9 21 3 3?
8.55 22 22 22 L)

o2 22.6 22 2 13§ Speed proba malfunction
[9.6 ? 17.5 18.% . Burst diasphrags in GNp line broke,
. terainating test, turdine inlet air.
0 5 - - - C e Falae CST due to instrumentation malf.
9.0 2k.1 23.9 23.9 33
8.45 26 28.6 28 39
3.3 26 29 28 4 No.mal atart & shutdown, all
, objectives met
9.0 12 10.8 13 20
9.2 13 13.2 15.5 17
8.6 13.2 15.5 15,8 2h.1 Normal gtart & shutdown, all
- objectives net
h
Tabulation of Steady-State Deta Points of N204 Bearing Tests
i
3
Figure VIII-4
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. 4500

- 1000

- 3000

- 1000

Turbine Speed, rpm x 107!

N~

Axial Load, lbs

N,0, Flow Rate: 8.8 gpm

Bearing Temperature Rise
Tandem Ball Set: 20.”°F
20.7°F

Roller: 38,2°F

N Radial Load, lbs /

500

3 8 ./‘ |4 i 1 H 1 . \:&
30 d 150 180 210 2ho 270 360

Duration, sec

ARES Ball and Roller Test 1.2-03~WAW~003SA

Figure ViII-5
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TURBINF SYTED, RV % L0

1,0, FLO4 RAFE: J-8.3 P
reaRI% 7 TRMIERATURF RISh
TANDLM BALL SEj: 9°F

iAS
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DURATION, SEC
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h9: 5ca

ARES Ball and Roller Test 1.2-03-WAW-006B

Figure VIII-6
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Q05A

00es

010

TEST

008k &
0063

010

PARY NO,
1121348 @O

1121349
1121350
1121348 @

11213%0

PARY NO,
1121347
1121347

121247 ®
1121347

SERIAL
NO,

ROOS5

RCOS
ROOB
ROC1

RE14

SERIAL
NO,

RO20
RO18

RO16
RO24

SHAFT FIT

-’ma

.omoa
-.0002
-,0003

=,0003%

SHAFT FIT
-,00016
= 0003

~.m03
=, 0003

HOUSING FIT

".0003

".0002
+.0002
-.0003

+,0003

BALL BEARING CRITiCAL DIMENSIONS

HOUSING FIT
+,00018
+, 0001

+,0004
+:0001%

7/H 1121349 & 1121248 INCORPORATE THE ALIGNING FEATURE
INNER RACE RIDING CAGE & OUTER RACE RIDING CAQE
EXCESSIVE XTAR ON OUTER RACE & ROLLERS, NO POST iNSPECTION
Ke5<H ROLLERS & OUTER RACE
KeSeH BALLS

R

CACE Q&EARANC?

POCKET
AXIAL RADIA L
.010 «020
010 .020
.010 020
«010 «040
+010 +020

CAGE CLEARANCES

POCKET DIAVETRAL
.015 .015 IRR
.015 +015 IRR
.015 .010 ORR
.015 .015 IRR
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: CAGE_CLEARANCES

POCKET PRETEST POST TEST
TOTAL RADIAL PLAY ROLLER ROLLER
AXTAL RADIA L DI AMETRAL PRE POST ENG PLAY END WEAR
NONE
.010 «020 .020 IRR @ :gg:g/ «001 (LIGHT BURNISH)
- 010 .020 ,020 IRR . 0015 <0015 <0018
. .010 <020 ,020 1RR 00114 0014 0007 NoNE
: 010 +040 050 ORR @  ,0018 ® 0014 NONE
»010 +020 T ,020 IRR 00135 .00138 0008 0013
EARING CRITICAL OfMENS! ONS
TOTAL PLAY
CAGE CLEARANCES
: AX1AL RADIAL
POCKET DIAVETRAL PRE POSY PRE POST
015 015 (RR .0113 +0108 .0033 ,0033
+015 2015 IRR +0101 0101 . 0028 .0028
,015 .010 ORR +0102 +0102 +0028 0028
.015 0015 IRR .0103 ,0103 +0028 0029

CAE Sy v ey 4

Tabulation of Ball and Roller Bearing Critical Dimensions

Figure VII1.7
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DURATION, SEC

ARES Ball and Roller Bearing Test 1,2-03-WAW-007

Figure VI1I-9
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4000
3500 |
TURBINE SPEED, RPM X ml
"
k-
..2300 AXIAL LOAD, LBS )
N,0, FLOW RATE: 9-7 GPM
24 00 BEARING TEMPERATURE RISE
TANDEM BALL SET: 19.1°F
21, 5°F
1400
RADIAL LOAD, L23
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ARES Tandem Ball and Roller Bearings from Nzo4

Figure VIII.10
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»
SPEED . 31,250 RPM
DURATION. 412 asc, Gmin. 53 sec. 3
‘ L2430 DRATIN
AXIAL, NOMINAL :  2200+ibs 384 3ec. .
PEAK: 4200 s 29 sec.
- RADIAL, NOMINAL: 300 lbe 368 %k
PEAK: 945 ibs 45 sac.

Test 1,2-03-WAW-007
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. Load —bropellant
f‘/ Axial  Radial Flow oD,

Run Duration® Dats Pointe®* :g..d :T. Fa F o) T
E:&:_ ﬁgi Sec Sec RPM 10° 23 Eg E§§ A
] 5«13 008 kso 0 - 0 197C 554 15.2
3 70 40,300  1.61 2800 552 1h.2
: 100 40,k00  1.62 600 552 13.9
‘ 180 40,300 .61 2060 115 13.6
kb0 40,300  1.61 1860 550 13.5
] 513 009 267 ) o 1940 551 4.8 14
: 8s 40,700  1.63 1960 548 13.7 14
107 40,800  1.63 2790 548 13.7 10
200 41,200  1.6% 2010 118 13.4 14
265 40,600  1.62 1690 560 8.1 14
5-20 010 ns 0 ° 0 2760 596 15,5 14
60 32,800 1,31 2790 595 1,2 14
100 32,600 1.30 2840 1117 14,1 9{
190 32,800 1.3 4690 605 1h.1 9,
k15 32,200 1.29 2970 600 1h.1 1&
521 011 - 11 16,500  .k2 2030 595 13.7 -

*Duration at full RPX

..Prol turdine start

1%




~ g g

TTTETRT IIEpTYT

UNCLASSIFIED

Report 10830-Q-4

Rige of

Propeilant Cuter Race Temperature
1ow snp. Rise. Ball Ba1? Bail
Bearing Bearing Bearing

e A% A AT Ay Remarka
15.2 b ° 0 e Lube pump on, turbine not yat turning
k.2 17.6 12.4 12.3 17.9 Steady state
3.9 18.6 13.3 13:5 17.9 Axial Load Peak
13.6 18.9 13.6 13.0 17.9 Radial load peak
13.6 19,2 13,.1- 13.3 19,1 Steady state prior to schidu%td shutdowa
4.8 1.1 o] 0 0 Lube puap on, turbine not yet turning
13.7 10.3 24,5 T 25.1 30.2 Steady state
13.7 10.5 25.2 25.8 30,7 Axial load peak
13k 1C.1 26.2 28.7 34.6 Radial load peak
8.1 10.5 33,1 32,8 51.6 Deta prior to manual shutdown due
: to abnormal temperature rise in
5 bearings
é596 15.5 1.2 ] Q -] Lube pump on, turbine not yet turaing
E?95 k.2 10,2 ? 5.3 8.1 Steady atate
1117 14,1 9.6 6.3 Sl 10,4 Axial load pesk
605 4.1 9.7 6.0 ol 9.4 Radial load pesk
£600 1401 10.1 2.6 1.3 5.8 Data prior ta scheduled shutdown
2595 13,7 - [ 1 B Roller bearing cag failure
] (nismligned, installation)
;
F
3
Tabulation of Steady-State Data Points of AeroZINE 50 Bearing Tests
: Figure VIII-11
i UNCLASSIFIED ‘;z&
sy -




A . - .
PN 3
R

Posttest 1,2-03-WAW-008

UNCLASSIFIED
Report 10830-Q-4
Figure Vili-12
UNCLASSIFIED

K-5-H Outer Race Wear,

A

5

R

s

o
s

[
5

oA G it Lo R B

L1y e Lo o b

Y
worry " s Lo g AT

.y . . . ! o . v g TR s G A K oy o T e N o e b el
e s a0 kit B LR Bl AR S R D M e RS
. g . 2 i 2o . LIRS o . Py TR




23
5

1

UNCLASSIFIED

Report 10§30-Q-4

"Ts

a s, be
e

!

S
b
?
&

ROLLER PROFILE

e crown —\

0601

i NEW 440C
b ROLLER PROFILE
-
% v - v v A . o
. 3. ! CROWN —fe N\
: ATTEMPT
i e
L} NEW K-5-H
“-
ROLLER PROFILE
—

1
\
|

OUTER RACE PROFILE

K-5-H, POST TEST 008

3 : T
i TR o S i

% e pisine
= oﬂ“ ru’*

Figure VIII-13

UNCLASSIFIED

' - 0008 .0015
oy R ;
- L} Y S
g : K]
3 ? NO SCALE K-5-H, POST TEST 008
N

K-5-H Race and Roller Wear Measurements and Comparison to New K-5-«H and 4400 Rollers




UNCLASSIFIED

Report 10830-Q-4

_.)’I‘"

>
o
e

19

%

O oo,
P, v 0w

LAl

2 Ball Bearing Cage Faiiure, Posttest 1,2-03-WAW-009

Figure ViII-i4

UNCLASSIFIED

TV A




P fyome) ey e

ol el

UNCLASSIFIED

Report 10830-Q-4

f\-\m

/*—\Avyu_ FRELN el W o2 0 T \ ;
B A

y R
ALTRT TOAL,  r

AeHu FLOW RAalk:

e GIM

pLARDNS TEAFFIATRE RISE

TARDES BAIY OFL: ¢°F
W0
RO fikr O
4//r’“*~\\\A“:TKMLLQM5 TR
41/,4
. I
- 'y 'y 1 4 . £/ It 1
20 [ TR B+ X Lo 1A 220 NS T 020

LUBATION, GEC

ARES Ball and Roller Bearing Test 1.2-03-WAW 010

Figure VIII-15

UNCLASSIFIED




o 1

)

.

a9

T

T

UNCLASSIFIED

Report 10830-Q-4

SPEED. 31,250

AXIAL, NOMINAL .
PEAK.

RADIAL., NOMINAL:
PEAK:

YT
L

R

DURATION. 418 ssc, € min. 56sec,

4040
2890 Ibe
4630 Ibs

800 b
118 lbs

DURATION
398 sec.
20 sec.

403 sec.
{5 sec.

ARES Tandem Bail and Reller Bearings from AeroZINE 50 Test 1,2-03-WAW-010

Figure VIII-16
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IX.

TURBOPUMP WEAR-RING DEVELOPMENT

A, CGENERAL
1. Objectives

(u) The objectives of the ARES turbopump wearering program are to
design and develop wear rings that will (1) satisfactorily limit pump internal leake
age and (2) operate safely and reliably with intermittent rubbing in both Np0O) and
AeroZINE 50. The results of the wear-ring program will be applicable to both the
advanced (T-housing) and the backup (inline) turbopump wear-ring designe as well as
to other close~running components such asg shaft ladbyrinths, axial thrust compensators,
inducers, and boost pumps.

2. Approsch

(u) Two approaches are being taken in solving the wear-ring seal-
ing and explosion-hazard problems, The first approach is to sllow intermittent
rubbing of the impeller wear-ring on inert, compatible inserts; straight labyrinth
seals incorporating these features are to be tested., The results are applicable ter
stepped labyrinth seals as well,

(1) The second approach is to allow low-speed transient rubbing,
but to prevent high-speed contact by maintaining & fluid film between the impeller
running surface and the gezl itself. Tests will be conducted on axial and radial
hydrostatic seals based on this concept., Experience with seals and bearings, obtained
in Contracts AP Ok(611)-Th39, AF 04(611)-8548, and AF O4(611)-10784, indicate that
this second approach is feasible, Analyses and designs of the four concepts to he
tested were presented in Report TR-66.1,

3., Summary of Results

{u) Testing was delayed because of bearing rework after failure of
a water-lubricated bearing during the first rotating test (see Report TR-66-82), Two
succesaive failures of the hydrostatic thrust collar on the tester during the bearing
test program (the first described in Report TR-66-82 and the second in Section VIII
of this report) further delayed the resumption of wear-ring testing when the original
wesr-ring tester was converted into a bearing tester. A new tester was fabricated,
and testing was resumed on 9 June 1966. TFour tests utilizing stepped and straight
labyrinthe were conducted {two static flow checks and two rotating tests); the initial
test in this series was reported previously., Wear-ring rubbing by test-heat displace-
ment intc the rotating lavyrinth has been accomplished successfully. Another watera
lubricated bearing failed during Tert 3, This failure was found to be caused by the
loss of water flow through the bearing at high speed. After the pressure differential
across the bearing had been adjusted, the rotating rubbing test {Test 4) was conducted
at 29,400 rpm with no difficulties,

Page IX~-1
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IX, Turbopump Wear-Ring Development (cont.)
B. DESIGHN

(v) In the design of the straight-labyrinth seals to withstand rudb-
bing, much consideration has been given to the retention of the plastic inserts
gt high pressures and during rubbing. The following retention mechenlsms are
being evaluated.

1. Dovetall Insert

{u) This concept is illustrated in Figure IX-1, which also
shows the essentisl components of the wear-ring test head, The plastic insert
is sandwiched between a two-piece flange. The axial compression on the insert
is established by the thickness of the Teflon shim end the torque on the
bolts. The flange has pressure reliefs connecting the insert 0D to the down-
stream side of the labyrinth to preclude forcing the insert out of the flange,
This concept provides good presaure retention but regquires several parts, Its
main disadvantage is a wide axizl clamp on the upstream gide of the labyrinth,
vhich rsquires loceting the lebyrinth teeth axially away from the impeller proper
or reducing the number of teeth (and increasing the leakage). This concept hes
been tested successfully in water at 2500 psi,

2. Reinforced Dovetall Insert

{u) Az a backup to the dovetail insert in the event of excessive
pressure distortions, a reinforced dovetail concept has heen fabricated (Figure IX-2)
in which the Teflion insert is molded to a perforated steel ring and then machined
to shape. The insert is then placed into the main flange, followed by the retaining
ring. A thin 1lip of the main flange is then rolled over the retaining ring while
an axial force is maintained on the assembly. This axial force ensures a tight
lock-up of the parts and, in addition, deforms the perforated ring where it con-
tacts the flange and retsining ring, providing a metsl-to-metal sesl against
leakage between the parts. This concept has the same disadvantage as the dovetail
ingert.

3. Knurled Insert

(v} This simple design (Figure IX-3) has straight knurling on
the ID of the fleange which retains the plastic insert. However, it was found that
the plastic insert would not deform sufficiently to fill the valleys between the
crests of the knurls: <the overall leakage rate of the labyrinth would therefore
be excessive. Although the basic problem of excess leakage might be overcome by
a better combination of knurl depth and flange/insert interference, and/or by
using souwe type of compatible filler material in the knurled area, suck an

e e SPPEOROHNOVLA-1n¥OLVe time-consuming development that did not seem worthwile,
Instead, the knurled flanges were reworked to accept pressure-relisved inserts.

Page 1X-2
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IX, B, Design {cont.)

L.,  Fressurs-Relieved Insert

(1) This concept (Figure IX-i) consists of driiling a series of
radial holes to connect the OD and the ID of the insert, A set of eight equally
apaced holes are drilled in each of three planes, and each set of holes is cennectad
by & circumferential groove. In this way the pressure gradients on the outside and
inside of the insert are equalized and there is less tendency for the insexrt to be
forced out under pressure.

5. Felt-Metal Insert

(u) This insert (Figure IX-5) consists of small nickel fibers
that are sintered together to produce a material with a density controllable from
10 to 80% of that of & 201id nickel insert. A density of 20% has been chosen for
the vater screening tests. XNor vater testing, the insert iz simply bonded to the
flange with epoxy, but for use in propellants, the insert would be brazed to the
flange. The material deforms when contacted end therefore has been used in high-
speed turbocompressors as a labyrinth-szleeve materisl.

6. Shell-Reinforced Insert

(u) This concept (Figure IX6) involves molding Teflon about a
spun, perforated metal shell. The shell incresses the strength of the part, whercas
the perforations ensure a better adherence of the Teflon to the metal ghell. This
insert does not rely on en interference fit with the fiange and thus shouid not be
greatly affected by any time-rate changes in the Teflon properties, It is easy to
sssemble and replace.

(u) In the lest quarterly report it was pointed out that impeller
distortions significa:tly affect the operation of the hydrostatic wear rings. Any
movement of the impeller that produces a diverging or converging flow path will
change the overall flow of the seal, the scal stiffness, and the running clearance.
Since the flow rates are low in comparison with other wear-ring types, any changes
in flov rate are not in themseives too important. Changes to seal stiffness, snd
clearsnces are, hovever, very importsnt, as shown in Figure IX-T for the hydrostatic
face seal, Figure IX-T7 shovws how the axial stiffnees and the average minning clear-
ance of each land vary with the amount of coning of the seal feces. Data for two
different seals are plotied., The only difference betwsen the two seals is that one
seal has a total face width of 0.150 in., wherzes the other hus & width of 0,300 in.
Both sesls have the same balance diametsr (3,50k in.) and the same nominal running
clearance (0.001 in. for zero face distortion). The 0.300-in.~wide face aeal is
the seal presently fabricated for water testing. From Pigure IX~T it can be seen
that, for incressing divergence of the flow path [positive a), the sxial stiffness
increases,but the aversge running clearsnce across each land decreases. Thus, even
though the ssal stiffness is incressing, it appears that at some alpha the cuter
land (ti) will contact the running surfece. For the case of & convergant flow puth,
or negative a, the sesl stiffness reaches a value where the ssal response is inade-
quate to follow shaft movements and the seal is thus made inopersble. jience, it is
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UNCLASSIFIED




UNCLASSIFIED

Report 10830-Q-l

wr e, oWy SR

IX, B, Design (cont.)

seen that limits exist to the amount of distortion that can be withstood by the seal,
By comparing the dsta in Figure IX-~T for the two aeals, it iz seen thet contact with
the running surface occurs st larger distortions for narrower face widthe., The
narrover seal will aiso respond better to impeller wobdble due to the fact that its
mass can be reduced by about a factor of four (if its width is reduced to 1/2, thexn
its length can also be reduced by 1/2), while seal stiffness decreases by only a

factor of two (Figure IX-7); thus the response rate, which is propertional to %g

might be/4/2 a 1.4 times that of the 0.300-in.-vide seal. It iz therefore concluded
that, as an aid in accommodating the impeller distortions, the face seal should de
reduced in size., A size reduction of 50% is possidly a lower limit for ease in
febrication, If the water teats of the present wemr ring with a face wigth of

0.300 in., are completed satisfactorily., additional sesls of narrower width will be
ordered.

et

C.  FABRICATION

4 {u) All test hardware is now available for testing. Efforts to bond
the Hystl resin to the stainless steel flange have not been successful; this con-
1 cept therefore will not be tested,

: b. TESTING
1. Setup

{u) A deseription of the basic test setup haz bsen given in

Report TR-66-82, Teating to date has required only one additional parameter to be
nonitored; i.e., inboard flow to determine the flcw reguirements for the water-
lubricated roller bearing. Briefly, the basic test setup sllowas the preasures cn
. each side of the wear rings to bde monitored, In addition, the inflow, Qi, end the
1 outboard {low, Q3, are measured (see FPigure IX-1). The inboard flow, Qz, is
: simply Q1-Q3. The inboard flow exits from the test hesd through two pathe; since

the path past the water-iubricated roller bearing is subseguently "contominated"

3 by & GNz purge, the other exit line is now monitored to yisld, Q3, i.e., the

- inboard flow that does not pass through the bearing. 7The bearing flow then is
: U432

; 2, Test Results

(u) The second water test was sonducted on © March 1966 te
deteraine the leskoge rate of the stepped labyrinth vhen run at close axial clear-
ances; this test simulates an extreme condition that would da expe-’enced during
startup and shutdown of the turbopump. The resulis of this test, given in
Flgure IX-8, when compared with the results of Teat 1 show that little change in
flow ocours even though the axisl clearance has been reduced from 0.050 %o 2.022
saéd 0.032 in. on the sutboard snd inboard labyrinths, respectively. This means
that little loss cccurs from the bend or step proper, and that essentiaily all
the loss iz due to the primary restriction; i.e., the latyrinth teeth,

dae Lol AR
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IX, D, Testing (cont.)

{u) Test 3 was conducted on 13 June 1966, Six-teeth straight
laedyrinths of 0.050-in. pitch were used. The inserts were made from Vespel SP-l
{outboard) and from TEC Fluorfil BF3 (inboard); both inserts wers dovetail-rstained
. (Figure IX-1). Vespel SP-1 is & DuPont tradename for parts fabricated from sn aro-
! matic polyimide resin, It is stronger than Teflon, has good friction and wear prop-
A erties, and has been used for gears, hall-bearing separators, and sleeve bearings.

3 : The Fluofil BPF3 compound consists of Teflon with & proprietary fill msterisl of

- Thermech Engineering Corp. (15% fiber glass and 10% metsilic oxide). Preliminary

L compatibility testing shows it to be compatible with both N204 and AeroZINE 50. The

3 ) test was condusted by increasing pressure to 2,500 psi, then increasing speed. At

i & speed of 27,000 rpm one of the radial loading tearings reached a temperature of

t 2T§°Eland the tester was therefore shut down. Shaft-speed decay was normal until
8 gpeed of 10,000 rpm was reached, at which point the shaft seized. Disassemdly of

: the tester revealed that the cage of the water-lubricated bearing had failed. In

: addition, the inner race spun on the ghaft, Subsequent analysis of pressure and
flov dats (Figure IX-8) indicated the presence of large centrifugal pressure gre-

i o dients that reduced the bearing flow to zero at about 15,000 rpm.

secarn

(u) Test 4 waz conducted on 21 June 1966 with the same test pieces
as Test 3. The inboerd seal pressure was approximately doudbled over that of Test 3
to incresse the flow through the bearing and %o reduce the effect of the centrifugal

SIS pressure gradient. Speed was increased to 15,000 rpm then reduced to zero, and the
‘ bearing flow was determined to be about 6 gal/min. The same procedurs was followed
f st 25,000 rfm and the bearing flow was found to be about 3 gal/min. Speed was then

C increased to 29,400 and the test head was misaligned radially 0.007 in. to
) induce rubhing (cutboard and inboard radial clearances were 0,0045 and 0,005 in.,
§ respectively). Both flows and downstream pressures vere mementarily affected by
oy the rubbing dut returned to normal after the rubbing ceased. Approximately two
E seconds after misalignment, the tast head was realigned, and adbout six seconde
\ later the test was terdinated. Examination of the plastic inserts showed them to
k be in good condition (Figures IX-9 and -10). No demage was observed except where
rubbing hed occurred. The water-lubricated bearing cen be partislly examined with-
- out disassembly of the tester and was found to de in good condition. Preliminary
- data, presented in Figure IX-8, are being snalyzed. These preliminary data permit
the computation of the flowa to be expected in the turbopump if this particular
labyrinth design is used (Figurs XI-11). Comparing the predicted oxidizer pump
. lesksge of 143.7 gal/min with the previously estimated leskage of 121 gal/min
2 (Ret Pigure VI-T, Report TR-66-82) shows a difference of 19%. The total fuel-
e s pusp leakage with the thrust balencer near the null position has been estimated
-, previously to be 143 gsl/min {Ref Figure VI-12, Report TR~66-82); the value of
- 5L, 4 gel/min of Pigure IX-1l correlates within 8%,

Laliiied i

wona

{u) The estimated oxidizer-pump leskage of 121 gel/min is for
& labyrinth design with saven teeth, instead of six as in the test hardware. This
explsins most of the difference in oxidizer leakages. The rest of this difference,
and the difference between the estimated fuel-pump leskage and the test-data-
correlated leskage {143 versus 154.4 gal/min), can probabiy be explained by »
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IX, D, Testing (cont.)

deviation from the flow coefficient originally assumed for the leakage calculs-
tions. No ebsolute flow coefficient value was known during the labyrinth design.
and-analysis pericd. The assumed coefficient deviated by less than 10% from the
neasured test data. It may be concluded from this correlation that the leaksge
expected with this ladyrinth design will not aignificantly change the pump effi-
cliencies used in the cycle analyzis (Ref Figure VI-T of Report TR-66-82).

(u) Concept-screening testing in the Hydrolab is expected to
be complated late in July, at vhich time teating in Aerc2INE 50 will be initiated.
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Reinforced Dovetail Insert for Impeller Wear Rings

Figure 1X-2
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Figure X3
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FELT-METAL INSERT &

Felt-Metal Insert for Impeller Wear Ring

Figure IX-S
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Face-Seal Stiffness and Clearance vs Impeller Angular Deflections




a

1
3

rest Fir Py

NO, PSL PS¢

1 1 2840 63
H

2 2355 8

3 2444 89,7

2444 845

2444 79,3

2444 30.7

4 2475 150

2460 120

] 2525 143

2450 120

2450 142

2475 90

2375 178

2500 90

2475 150

PRy

Py
PSt

53

ah

0
i@, 000
14, 860
27,320

15,00%
0

25, 320
0
29,400
29,280
29, 640

0

le
GPM
94,6

09, ¢

87.0
8G. 4
a4,

73.5

82,5

78,9
82.5
7.4
82.%

95. 8
66,9
78.0

Gy
GPM

55.2

b3.6

44,5
4h.4
45,8
7.1

10. 8

38. 1
40, 5
35,8
40.3
38.1
29,0
34,1
41.5

UNCLASSIFIED

Report 10830-Q-4

. BEARING

QWi piow,

GPM  GPM GPM REMARKS _

39.4  NA  NA STEPPED LABYRINTHS: OUT-
BOARD AND INPOSRD AXIAL
CLEARANCE, 0.050 IN, OUT-
DOARD DIAMETRAL CLEAR-
ANCE 0,020 IN. Z2ERO~SPEED
TEST, O, NOT MONITORED,
INBQARIF DIAMETRAL CLLAR-
ANCE, 0,011 IN,

3.4 333 2.1 SAME AS TEST !, EXCEPT THAT
DUTBOARD AX!AL CLEARANCE
IS ¢.002 ¥N. AND INBOARD AXIAL
CLEARANCE 15 2,012 IN,

42.5 37,7 4.8 STRAIGHT LABYRINTHS, SIX-

40.0 37,7 2.3 TEETH/LABYIINTH, 0. 05¢-iN,

38,2 I35 0.3 PITCH; DOVETAIL RETAINED

36.5  37.9  -1.1 INSERTS, ¥ESPEL 5P-! OUT-
BOARD, TEC FLUORFIL BF3
INBOARD; CUTSOARD DIAMETRAL
CLEARAMCE, 6.069 [N, : INBOARD
DIAMETRAL CLEARMARCE,
£, 519 IN.; NEGATIVE BEARING
FLOWS ARE DUE TO GN., CON-
TAMINATING Q, AND/OK DATA-
REDUCTION ERGIORS,

M.7  35.9 5.8 5AME AS TEST ! EXCEPT P,
AND P, ARE INCREASED TG
MAINTAIN HIGHER BEARING
FLOWS AT SPEED.

39,6 34,5 5.4

2.2 30 T2

3.6 33,0 2.6

2.2 1B, 6.9

13,3 3% L2 3 SEC PRIOR TO MISALIGNMENT,

g8 Al.e 1.2 DURING MISALIGNMENT,

2.8 8.2 -1t £.5 SEC 4FTER MISALIGNMENT.

6.5 30,2 6.3

Tabulation of Steady-State Hydrostatic Test Data Points

Eigure 1X-8
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X.

TPA_SEAL DEVELOPMENT

A.  GENERAL

1. Background

(¢) The ARES T-engine will require a rctating shaft seal between
the fuel punp end the czidizer-rich gas. This sealing will be accomplished by
either (a) a hydrostetic seal in which fuel acts as the operating fluid, with out-
flov entering and combusting in the oxidizer-riech turbine exhaust gas, or (b) a
hydroastatic seal in which an inert purge fluid is introduced to separate the fuel
from the oxidizer,

(u) Previcus work completed on Contract AF OW(611)-1078k, "Hydro-
static Combustion Seal Feasibility Demonstration Program," included the design of a
hydrostatic combustion seal and test equipment, feasibility demonstrations of the
seal vhile rotating in water, and combustion tests of a thin, representative cross-
section of the seal (ap tests). This work was satisfactorily completed and is
deseribed in Final Report AFRPL~TR-66-T9.

2. Objectives

(u) The Phase-I portion of the ARES program requires a 60-sec
demonstration of both & hydrostatic combustion sesl and a purge seal while

operating at 40,000 rpm under temperatures and pressures simulating those expected
in the ARES engine,

3. Test Progrom

(u) The following test series have been plenned to attain the
program objectives:

a. Additional 2D tests, in which combustion is further
examined with the modified cross-sectidn of the seal developed on Air Force
Contract AF OL(611)-10784, but with a clearance of 0.001 in.

b. Preburner checkout, completed during the previous
quarter,

¢. Cold rotating tests to 40,000 rpm, wherein the seal-
fuel flows and the tester operating characteristics ere evaluated while using fuel
only, without combustion.

Page Y-l
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X, A, Ceneral (cont.)

d. Hot rotating combustion tests, in which the combustion-
sea)l objective is to be reached.

¢, Purge-seal tests, which will evaluate operation, while
cold, hot, static, and rotating. These tests will culminate in the demonstration

of the purge-~seal program objective,

b, Summery of Work Completed

{u) Work during this quarter included:
a, Completion of the 2D test program.
b, Completion of the cold-rotating hydrostatic-seal tests,

¢. Design, febrication, and testing of a modified hydro-
static combustion-seal bellows,

d., Selection of & purge fluid and the design of pressur-
izing equipment for purge-seal testing.

B. HYDROSTATIC COMBUSTION SEAL
1. 2D Tests

(u) The 2D test geries, campleted during this quarter, vere an
extension to the tests conducted under Contract AF OW(611)-1078h,

a, Description of Hardware

(u) The tester {described in detail in Report AFRPL-
TR-66~79, Figure I1I-1) was designed to produce oxidizer-rich gas at conditions
=~imulating the ARIS cngine, excepl that facility limitations restricted the
operating pressure to 1000 psi. Combustion in the scal test zone was observed
by closed-circuit television and photographed throurh a quartz wirndow in the side
of the tester,

(u) The test segment {Figure X-1) duplicstcod the cross
section of the hydrostatic combustion senl at the point of fuel introducticn.
Temperatures were monitored at a point 0.1 in. below the gurface and 0,1 in.
upstream of the fuel inlet, and alsc at two points along the downstream ramp.
Formation of a 0,001-in.~thick slot was successfully accomplished by fabricating
ihe seal in two parts, using a 0,001-in.-thick shim to separate the parts at the
required .ap, The parts were gold-brazed in a vacuum furnace.

Page X-2
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X, B, liydrostatic Combustion Scel (cont.)

b. Description of Tests

{(u) The tester was installed in accordance with the
flow diagram shown in Figure IV-23 of Report AFRPL-TR~-66-T9. A total of 11
seal-gegment tests were attempted during eight firiugs. A summary of these
tests is shown in Figure X-2. During the first three firings, two segments
were tested simultaneously but, because of technical difficulties with the
bottom segments, it was decided that more expeditious testing could be accom-
plished by eliminating the bottom segments in the later tests. Two segmenis
vere tested for total durations of 8.3 and 40,5 sec, respectively. No dumage
occurred to any test hardware, as evidenced by Figure X-3,

{(u) An inert purge fluid was initially used for filling
the fuel-segment tubing to reduce the possibility of interpropellant contamination.
Because of the time required to expel this fluid &t the close clearances, it vas
necessary to extend the duration of the tests. A significant development during
the last three teats was the introduction of fuel to the segment before the pre-
burner was activated, During the engine startup trasnsient, fuel at low pressure
mey lesk fram the seal prior {o precombustor ignition, which poses the possibility
of damage to hardware during this time. However, the 2D test results show that
there will te no hardvare damage if the fuel and oxidizer flows to the seal precede
combustur ignition.

¢. Test Results

(u} During 2D testing, the flow of fuel to the test
aegment was t0 be representative of the reduced seal flow rate. This resulted
in a lower fuel flow rate through a smaller slot than had been accamplished
during the 2D tests on Contract AF 04(611)-10784. Examination of test data
ravealed that the seal-segment fuel-circuit pressure-~drop increased markedly
within about 1.5 sec after stable preburner combustion had been attained,
reducing fuel flow to about one-third of the nominal value. The added restric-
tion was not permanent, end cccurred only during preburner operation. ¥Figure Kb
presents plots of pertinent data from Test 30, in which a typical flow restric-
tion developed., An examination of possibdle causes led to the conclusion that
this flow restriction had been caused by surface thermal expansicn. This condi-
tion will be less aggraveated on the hydrostatic seal since this seal can auto-
matically adjust its average clearance,

. (u) Temperatures 0.1 in. balow the surface of the
upstream half of the segment rose steadily during all tests, but surface temper-

atures along the downsiream ramp were less than 200°F. These dats are plotted
in Figure X-5,
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X, B, Hydrostatic Combustion Seal {cont.)

(u) The 2D test program led to the following cbservations:

8. 1% is not neccessary to reduce fuel flow to the
lowest possible value to protect downstream hardware.

b. Mixture ratios in the range of 10 to 20!l
appear tc be acceptable.

¢. Average axial sesl operating clearances of
about 0.001 in. appear to be pracéicel. If the initial seal operating clearance
is reduced to lesser valiues, the seal distortion due to temperature of the
rotating portion mey cause rubbing. If the initial seal clearance is increased
to more than 0.0015 in.,, the fuel flow rate will be excessive.

d. Additionsl oxidizer cooling and shielding of
the rotating ring should be investigated. Such investigaticns are presently
under way.

2. Cold Rotating Tests in AeroZINE 50

{u) A total of 12 tests were attempted to complete the cold
rotating testing. The objectives of these tests were:

a. Determinacion of fuel fill time at €0 psi.

b. Determination of the drive-turbine gas pressure
necessary to rotate the tester at 40,000 rpm.

¢, Tester component evaluation.

d. Determination of tester acceleraticn and deceleration
rates,

e,. Determination of fuel flow from the seel at operating
speed for two axial clearances and two seal-to~gas operating pressure differentials.

f. Test installation checkout and evaluation.
{u) The tester shown in Figure X-6 was used for the cold test

series, The same teater will be used for hot tests, except that the internal
shielding and the velocity-contrel equipment were removed for the cold tests.

Page X~k
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X, B, Hydrostatic Combustion Seal (cont.) ;

(u) The test seal is shown in Figure X-7. Essentially the same
geel will se used in hot testing. For hot testing, a burnoff shield will be '
added and i . rotating face will be designed for upstream oxidizer admission. !

TR p i

b
P v ay e

e gy
A -

(u) The tester was installed in accordance with I.gure X-8.
Pertinent test data from the hydrostatic seal testing are tabulated in Figure X-9.

o

&
worar o

(u) Two nonrotating tests were conducted to establish fuel flow
retes and £ill times. Thege tests were made during the third quarter, and are
describved in the last quarterly report.

MR ST S
LY

- .
vy
. Y

(4) The first cold-rotating test attempt failed when a bearing
s thermocouple was forced from its housing at 3000 psi. The AeroZINE 50 escaping ,
-l to the atnoaphere through this opening ignited and destroyed exterisr instrumenta- X
: tion wiring. During shutdown, the seal bellows was subjected to externsl over- :
pressure and consequently collapsed. A malfunction during the next test caused
overpressurization of the chamber and, during shutdown, & bellows was again
destroyed by & pressure reversal.

(c) The test head was removed for the next three tests while &
techniqus was developed which would prevent a pressure reversal on the bellows.
The following pressurizing procedure was finally developed:

8. Seal fuel-supply pressure was set at 200 psi.

b. Chamber gas pressurization was initiated by opening a
valve, and the computer which controlled the fuel-intensifier pressure immediatcly
increased seal-fuel pressure to 500 psi.

¢. The computer, responding to the ~hamdber pressure,
increased the intensifier pressure at a ratio of 51:31 until chamber pressure
reached 3100 psi and séal supply pressure rea.aed 5600 psi.

G He YOI A
A VR A P SR

d. Shutdowm was likewise controlled in the reverse order.

(u) Five attempts were then made with a rotating sesl. All
attempts were aborted because of various system malfunctions. Partial success
was obtained on Tests-00T and- 010B where shutdown cccurred before the desired
_rotation was reached. Damage to the test seal occurred in Teatﬁooe when the
‘valve that internally. pressurized the seal failed to open. The lack of internsl
pressure caused the seal to contact the rotating face for 4 sec at 28,000 rpm.
The seal fsces consequently welded together, caueing an abrupt loss 1n speed.
During disassembly, the rotating face had to bé cut from the seal face as shown
in Figure X-10.

CERBE 3.
e e ven
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X, B; Sirostatic Combusticn Sexl (cont,)

(u) The first successful rotating test (Test 011) achileved &
total rotating~time of 84 sec, 60 sec of which were at a speed above 38,000 rpm.
All test perameters were met except apeed, vhich was 2-1/2% low. Seal external
flow was 0.27 lb/sec, which resulted in an-operc.ing clearance of 0.00076 in.
Data fiom this test are plotted in Figure X~11. To reduce fuel flovw to a
minimum, this seal was designed for a pocket-to-chamber pressure of 200 psi
instead of the original 500 psi. One 0.025-in. orifice wss used in each seal
pocket. Axial runout of the rotating face was 0.0004 in. This is the closest
clearsance and the least fuel flow that will be considered for the hydrostatic
combustion seal. The seal was installed with 0.019 in. axial compression--
the expected installed compression in the ARES engine. There was no damage to the
test hardwere and no evidence of seal-face contact, as evidenced by the excellent
condition of the seal shown in Figure X-12.

(u)} Turbine power was insufficient to reach the desired speed

of 40,000 rpm. The highest speed was 39,400 rpm and sverage speed about 39,000 rpm,

The turbine nozzle diameters were therefore increased from 0.269 to 0.300 in. to
inecrease gas flow for the last test of the series. The seal used for a poeket-to-
chamber differential pressure of 500 psi was inctalled for the final test of the
series, and two 0.930~in.-dia orifices were used for each seal pocket. This was
done to increasse seal-face clearance to C,001 in, in anticipetion of warpage that
might occur in future kot ‘esis. Axial runout of the rotating facz was 0.0005 in.
Bellows campression was 0.(20 in,

(1) The provodiire Tollowed in Test-012 was identiczl to that of
Test ;011. A1l objectives were met; seal fuel flow was .43 lb/sec and speed was
Lo, 000 rpm. Total rotating time was 78 gec, with a duration of 63 séc at

h0,000 rpa. Surtac@ -velocity wae about 600 ft/sec and the presgsure on the installed

face vas 19.5 psi, The test results arc plotted in Figure X~-13. There wes no
evidence ‘of seal contact and no-d.mage, as evidenced by the excelient posttest

_ appedraace .o the hardware (Figure X-1k)-.

(u) The following ccnclusions mey e reached from the cold
rotating tests: .

2. Seal operation a% fuel flows to combustion from .0.27 up
to 0.43 1b/sec hes been demonstrated. This zovers the expectad range of operating
clearances and AP,

b. Axial wobble of 0,000« in. at operating speeds can te
accommodated with an average clearance of 0.00076 .¢.

&
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" X, B, Hydrostutic Combustion Seal (cont.)

¢, The tester ccuponents have been checked-out at specified
operating speeds and pressures for the desired duration of 60-sec tests,

d. Fill times, turtine gas pressures, acceleration and
decesleration rates, and pressure drops have been established.

3. Hot Rotating Tests

(u) Various components were modifi d in preparation for the hot
rotating tests,

(1) The seal was redesigned to optimize heat transfer to the
burnoff shield downstream of the seai y providing an annulus approximately 0.018 in.
thick below the shield surface (Figure X-15). Oxidizer, flowing in this annulus at & velocity of
50 ft/sec will improve the cooling at that point.

(u) The original rotating face was designed to be screwed unto

the shaft to prevent interpropellant leakage. This made it impossible to lock the

ring to the shaft, Additionally, it was impossible to attain the desired inter-

ference fit to offset expansion caused by centrifugal force. The rotating face

was therefore redesigned (Figure X-15) so that the face is shrunk on the shaft

and held by a nut, which is locked to the shaft with a key. A cover plete
.+ retains the key and also seels agsinst leskege. As e farther precaution against leaxage,
! . the interlor is filled with RTV potting compound during assembly.

‘ (v) & circulation ring (Figure X-15) has been designed to fit within
the seal test chamber and serves to improve gas circulation within the test head.

. (u) Computer studies of seal-tester performance during combustion
o indicated the possibility of pressure instability between the preburner and the test
| housing. To prevent flow reversal, the preburner will operate at a pressure about
1000 pei higher than that in the test housing. This will be accomplished by
installing six nozzles in the gan-diffuser flange at ihe junction of the preburner

. and the test housing.

L, Special Problems .

i (u) The connection between the bellows and the seal hes been
redesigned to increase the reliability of the bellows in case of pressure reversal.
Instead of being welded along the cpnosing faces of tae seal components, the
bellows attachment point has been moved to the inside circumfererce of the seal
and the riange (Figure X-16). This will fecilitate weld inspeciion and will

" increase the resistance to externsl pressurization by zbout L00%. The new bellows
{, design vas tested in cold rotating Test 012.
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X, B, Hydrostatic Combustion Seal (cont.) ;,L

(u) The strength of the bellows will be further increased by fabri- -
cating the bellows from twe 0.006-in.-thick plies of Inconel 7i8 (Figure X-16),
thus providing redundant protection fram bellows failure., For normel operation, the
redesigned bellows will further increase :“ssistance both to 2xternal and internel
pressures by 100%., The net rasult of the two-ply Yellows will therefore result in
an eight-rold improvement in resistance to pressure reversal.

b. Effect of Low Internal Pressure

(¢) Because the seal faces contacted and welded to-
gether during Test-008, the effect of low internal seal-cavity pressure on seal
clesrance w&s inveetigated to determine an allowable tolerance on the internal
seal pressure. The plots shown in Figure X-17 indicate that reducing the internal
pressure (P3) tends to reduce the seal clearsnce. In Figure X-1T, the clearance
(t) is computed excluding the effect of seal distortion, and + min is computed
taking into account the distortion caused by a reduced P3.. In cold rotating
Test ;008, a velve malfunction resulted in e P3 cf only 170 psi instead of 2800
to 3100 psi as intended. From Figure X~17, the minimum clearance corresponding
to a P3 of 170 pei is 0.0000k in. This extremely close clearance resulted in the
: rubbing and welding together of the seal faces during Test-008 at a shaft speed
W of 28,000 rpm.

(u) Figure X-i8 is a plot of several seal parameters
celculated from the theoretical TPA start transient. The plot indicates that the
pressure differsntial between seal pocket (Pp) and inner cavity (P3) does not
exceed T00 psi during the start transient. During the start transient, the seal
wvill th;refore not be subjected to the conditions that caused the faflure during
Test-008.

¢

C. PURGE SEAL

{u) The purge seal is being designed as an alternative to the hydro-
static combustion seal.

(u) Febrication of all tester and sesl parts is nearing campletion.
The purge fluid selected, is duPont PR-1L43AB, an inert meterial that meets the
viscosity requiremente of the purge seal.

(1) The pressurizing system will simulate anticipated ARES engine
conditionc. The fuel will pressurize one end of a vertical cylinder and a
tloating pistor will pressurize the purge fluid on a 1:1 ratio. PFebrication of
thiis pressure vessel has started.
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Gas
Fle
M N
. > N
g:;:;nt Representative Full-Scale-Seal Tst,g. ;iip.
Type and o
Test Serial No. Fuel, Oxidizer, N204 Seg;ent Di:g::g: 75 1°°* TS.;"
A=50 Upstr. Downstr. Sec ¥
24 A3, #1 - 1.7% 3¢50 - 1.7 273 122
25 " - 0089 }c 71 - 106 220 121
26 " - 0493 2,22 - 1.6 246 160
27 A3, # 0.093 1.82 2.96 51.5 3.0 hob 145
c.218¢ 18.3¢ 1,5°
28 A"} ‘3 0.06“.. 1.78 2.21 6?¢3.‘ 8.5" 200 150
200 | A3, #3 g:ggg:. 1.82 2,07 ig:g:. R 220 145
L ]
298 | A-3, #3 g:ggﬁ:. 1.82 2,32 :;2:2:. ;:g.. 360 170
[

*condition after preburner start bafore inscreass in fuel gap resistance.
*ogondition after fuel geap registun~> adjusied to a higher stable level,
sesgaxinun reached nt end of test « tharmal stesdy stite not reached,
ssesopgxisun reached duriang thermal eiaaly state,

2D Test Summary

Bigure X-2
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Remarks

753 Preburner Geas Conditions
. 1; [ ]
Seg. Temp Temp.
TS 20e¢e TS 30s9e Press,,| (Av), Velocity
°F *F psia p ft/sec
122 152 1000 1150 300 No apparent fuel flow at
121 151 995 | 1150 300 segnent.
160 200 990 1150 300
145 169 995 1150 300 Intermittent fuel flow
150 190 980 1130 300
148 150 980 1130 300 Segment fired and visually noted
approv, 2.5 sec prior to pre~
burner start. Procedure previous
1720 210 970 1130 300 to thess tests was to lag segment
start after preburner
170 215 920 1130 200
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XI.

SUCTION VALVES

A.  GENERAL

(u) The purpose of the suction valves is to control the admission
of fuel and oxidizer from the propellant tanks to the main pump inlets of the engine
module. The valves provide a positive, long-term, welded, shear-disc storage seal
and & seccndary seal to effect a positive shutoff of the propellant efter initisl
activation. The constructicn of the valves provides a straight-through uninter-
rupted flov passage in the fully open position, which permits a close-coupled
installation st the main pump inlets.

B. DESIGE

(u) The suction-valve gate is & segmented ball, vhich lifts from the
seat and rotates completely out of the flow passage when fully open. The action
of the gate (i.e., to 1ift from the seat and then to rotate out of the flow path)
is controlled by the interaction of two cams--one rotating, the other stationary.
The cam design permits closure ~nd positive shutoff of the valve at reasonsbly
high inlet pressures with a minimum opersting torque. Additionally, the initial
linear lifting action upon rpening provides the mdotion required to shear the long--
tern storage seal.

(v) The Gesign concept has been effectively proven by testing of
two experimental valves.

(u) A prototype design (FPigure XI-1), which approaches flight-
weight and envelope requirements, has also been completed and four units are
in fabrication. .

(u) The design of a satisfactory method of welding the shear dise
in place to ensure long-term storage capability has been completed, and an
electron-bomm-velding tecimique to accaaplish the installation has been
developed,

(u) Stetic and dynamic stress analyses were made to ensurs the
functional end structural capability of the valve, and the integrity of the
ansiyses has been demonstrated by initial: testing on experimental units.

C.  FABRICATION AND TFSTING

(u} Two experimental valves vere completed early in Msy and have
been subjected to axtensive development testing.

Pags XI<l
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XI, C, Fadrication and Testing (cont.)

(u) Proof-pressure testing demonstrated the structural integrity
of the housing vith the valve open and with the gate in the shut-off position.

(u) External leakage requirements were met. However, internal
leakage testing indicated a ne?d to provide additional support for the lip-type
secondary seal. A design changs has teen made and new seal-support rings have
been fadbricated and arc being tested. This nev design haz also been incor-
porsted in the prototype valve.

(u) Plov testing demonstrated that the predicted flow churacteristics
are being met except that the flow factor (K,) in the fully open position was 133
rather than 120 as predicted, indicating smoother-than-anticipated flow conditions
through the valve.

(u) Responss tests were made st opening and closing rates faster
than 0.300 sec, and endurance cycling tests were made against inlet pressures
excesding 300 psi. No degradation or excossive wear was noted when the valve
vas disasgembled and examined.

{t Padbrication of the four prototype suction valves is expected to
be completed bty mid-July, and testing of these units is scheduled to begin
immedistely thereafter. After proof-pressure and functional teating of the
secondary seal, the shear-disc seal assemblies vill be welded into the valves.
Demonstration of the completed valves to meet contractual requirements is
scheduled for late August and sarly September 1966,

Page XI-2
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XII.

FUEL-CONTROL VALVES

A.  GENERAL

(u) The purpcse of the primary and secondary carbustor fuel-control
valves (PCFCV and SCFCV, respectively) is to control the fuel flow to these
combustors during all phases of module operation. The digital computer analysis
of module performance indicated the necessity for closely coordinating the
operation of the PCFCV and the SCFCV, particularly during module startup and
shutdown, A reliability study, made to determine the need for actually inter-
locking the two fuel-contrcl valves, led to the conclusion that an interlock
wvas not warranted during engine develomment if residusl components are used
during Phase-II module testing. Based on this analysis and in the interest of
maintaining maximum control flexibility during the development testing phase,
the valves will be servocontrolled with individual position-feedback. The
control signals will be subordinated to time and TPA speed during startup and
shutdown, with provision for manual signal override to effect simultaneous
shutdown of both valves in an emergency.

B. PRIMARY COMBUSTOR FUEL-CONTROL VALVE (PCFCV)

1. Design

{u) Figure XII-1l shows the configuration of the PCFCV as it
will be installed in the module, A development test valve having an identical
configuration at the control ports and simulating the module inlet and outlet
port configuration has been designed and is scheduled for testing in July. Testing
sonducted on the PCFCV for the high-feed-pressure intensifier tests demonstrated
that the control-orifice inlets should be chamfered if the range of cesign flow

factor (Ky) is to be met. This change has been incorporated in the development
test valve,

2. Febrication and Testing

(u) A1l fabrication on the PCFCV is complete unless future
testing indicates the need for modifications to obtain the desired control and
flov characteristics.

(u) Testing of the PCFCV intended for the intensifier tests of
the primery combustor was completed. A Ky control range from 0,01 to 1.25 was
atteined, vhich vill meet all requirements for these combustor tests. The desir-
able Ky control range for the module PCFCV is froam 0.01 to 1.40, and it is
anticipated that this range will be attained with the development test valve.

Paze XII-l
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XII, Fuel-Control Valves (cont.)

C.  SECONDARY COMBUSTOR FUEL-CONTROL VALVE (SCFCV)

1. Design

(u) Figure XII-2 shows the configuration of the SCFCV as it
will be installed in the module. A development test valve (Figure XII-3) has been
designed to duplicate the control ports and to simulate closely the configuration
of the module inlet and outlet portg, An aidditional SCFCV has beeca designed for
high-pressure intensifier testing of the secondary combustor. Both SCFCV config~
urations incorporate the design modifications developed during PCFCV testing to
obtain a maximum K, conirol range.

2. Febrication and Testing
(u) Fabricaticn of both SCFCV configurations was completed, and

testing has been completed on the develomment configuration. The control capability
of the valve was within + 3% over the full design range.

Page XII=2
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XIiI,

SUCTION LINES AND AUXILIARY SYSTEMS

A. GENERAL

le Mein-Pump Suction and Boost-Pump Suction and Feed Lines

(u) The suction lines provide the connection from the boost-pump
outle. toc the suction-valve inlet. These lines are subjected to a relatively low
pressure {150 and 350 psi for the fuel and oxidizer, respectively). Conversely,
the boost-pump feed lines provide high-pressure propellants from the main-pump first-
stage discharge to the boogt~pump fluid-drive turbine inlets. These oxidizer~ and
fuel-turbine feed lines operate at mein-pump first-stage discharge pressures.

2. Servo-Control System

{u) The servo-coutrol system is intended to provide a flexible
and reiiable control for the primary and secondary fuel valves. Avallable
electro-hydraulic servo actuators will be used to operate the fuel-control valves,
vhich have position-feedback to close the minor loop.

B. DESIGN
1. Suction and Feed Lines

(u) The preliminary design analysis for sizing the suction and
feed lines has been completed. The sizing vas based on line lengths of 6 ft and
on the module differential-pressure allocations shown in Figure XIV-2. Tentative
interfaces for the suction and feed lines heve been established.

2. Servocontrol System

(u) An all-solid-state control system has been designed to
sequence and provide closed-loop position comtrol to the primary and secondary
fuel velves. The solid-state approach was selected because it offers the
highest flexibility of any system proposed.

(u) This high degree of flexibility is obtained through the use
of basic modules, which can be interconnected from a patch panel for a given
sequence., If a different sequence is desired, only the patch cords need be changed.
Flexibility is also increased by the ability to change sequence times and rates
electronically, without any other modification.

(u) The basic medules utilized in the control system consist
of a NOR gate, NAND gate, flip-flop, timer, integrator, and amplifier.
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XIII, B, Design {cont.)

(u) The existing electrohydraulic servoactuators, which have
been integrated with the PCFCV and SCFCV, are an integral part of the control
system. FPositional accuracy of each control valve is expected to be well within
1.0% of steady-stege operating position. Additionally, the actuators have built-
in fail-safe devices, which will close the fuel valves in the event that either
electric or hydraulic control power is lost.

C.  FABRICATION AND TESTING (SERVOCONTROL SYSTEM)

(u) The preliminary circuits for the modules have been fabricated,
and are presently under intensive tests. The servo amplifier for the position-
control loop has been deazigned, and initial units have been fabricated. Initisl
testing demonstrated a variable-voltage gein from 1 to 100v,which will meet all
anticipated demands for either the PCFCV or the SCFCV.

(u) Tvo control units have been fabricated for use in Phase-I
development testing and have been integrated with the electrohydraulic servo-
actuators. The servocontrol units with the integrated servoactuators and
respective fuel-control valves will be calibrated in July so that a precise fuel-
valve operating Ky value can be remotely preselected and obtained at a2 predetermined
valve opening rate.
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XIv.

PROPULSION SYSTEM

A. GENERAL

(u) The propulsion-system effort is directed toward expediting and
coordinating the design of major camponents to meet the Work Statement odbjective
of demonstrating the engineering practicality and the performance of the entire
engine module. The Phase-I design effort will ensure thet components designed
for testing are compatible with the engine modules for both single and clustered
module applications. The module can be used either in conventional clusters
or autonamous units or arranged to discharge through s common plug or forced~
deflection type nozzle. A 20-module forced-deflection nozzle propulsion system
has been defined for establishing the overall envelope requirements for the module.

B. SUMMARY
(1) The follovwing tasks were performed:

1. The design pressure schedule was revised.

2. The pressure-drop sllocations for the propellexnt passages
wvere revised slightly.

3. The operating point ¢f the engine module was updated.

4. The steady-state mathematical model of the module assemdbly
vas updated.

5. A design reviev end an evaluation study were initiated on
the flow distribution and pressure drops in the oxidizer
Tlov passeges.

6. An operating envelope was defined for the Work Statement
specification.

T. Module influsnce coefficients were computed.

8. A tolerance study vas initiated to determine the effect on
engine performance of anticipated component varistions.

9. The net restoring torgue of the turbine was computed.

10. The effort of determining ard documenting the interfaces
between major components was continued.

11, A test-instrumentation study was made,

12. Drawvings of the internel and external views of the main
engine assenbly weres updated.

13. A draving was made of the external view of the engine
assembly showing the interface locstions.

1k, Drawings vere preparsd showing external and internal views
of the overall module arrangeasnt and the test srrangement,
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XIV, Propulsion System {cont.)

C. MCDULE ASSEMBLY (ADVAKCED TPA CONFIGURATION)

(u) The design pressure schedule was required as shown in Figure XIV-1l
t0 include hydraulic turbine inlet pressures.

{w) The pressure drops that are allocated to the module propeliant
and gas passages vere revised slightly and are presented in Figure XIV-2,

(u) The operating point of the engine module was adjusted to include
the effects of propellant density variations and the latest adjustments of pump
performance and passage pressura drops. An operating-peint summary is shown in
FMgure XIV-3,

(u) Anslysis continued on module operation including the following:
{1) the steady-state mathematical model was updated, (2) a design review and
evalustion study was mede on the flow distridbution and pressure drops in the
oxidizer circuit, (3) & Work Ststement operating envelope was defined for the
module and its major cmfonents, and preliminary module ccmponent operating
limits were spacified, (4) influence coefficients were cumputed to determine
engine module sensitivity of engine operating parameters to variations in com-
ponent perforuance and variations in propellant inlet conditions, (5) a tolerance
study veas initiated to determine the effect on engine performance of anticipated
component variations and ‘to further define engine component operating limits,
and (6) the net restoring torque of the turbine, in the spectrum of the engine
module steady-state operating region, was computed and found to be satisfactory.

{u) The determination of interfaces between major components was
continued. Detailed drawings of the following interfaces were sutmitted for
engineering approval:

1. Main propellant suction lines to main suction valves.

2. Boost-pump discharge flanges to main suction lines.

3. Thrust pad and handling pads on engine assembly.

4. Primary combuster fuel valve to fuel housing.

5. Secondary combustor fuel valve to secondary combustor
injector.

6. Fuel pump outlet to fuel coupling.

7. Fuel coupling to secondsry combustor injector.

(v) Drawings of the internal and external views of the main engine
assembly were updated and a draving wes msde of the external view of the engine

assembly showing the interface lccations between the major components and the
overall dimensions of the assembly. This external view is shown in Figure XIV-k,
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XIV, C, Module Assembly (Advanced TPA Configuration)

(u) A test instrumentation study was made for the module testing, and
a preliminary test-instrumentation requirements list and drawing were prepared
showing the test-instrumentation locations and types required for the engine
module test program. The study was made to determine component design requirements.

(u) The overall module arrangement with the engine assembly inter-
connected with the boost pumps and propeilant lines was documented with internal
snd external view drawings. In addition, a preliminary drawing’'was made of the
test arrangement including the interconnections of the controls with the test
stand as well as purge and drain provisions. Thris drawing, which also shows
the overall module arrangement as well as the test arrangement, is presented in
Figure XIV-5,

Page XIVa3

UNCLASSIFIED




S

L

vy

o —v sy

CONFIDENTIAL

Report 10330-Q-4

v r——— T PV T T

Thia prescure schedule is based on (1) allocated flow-passage, Kw.
values to determine AP, (2) minimum allocated turbopunp efficienciss,

and (3) targst module performance.

These pressure values define target

operating requirements for Fhase-I deaign purposes, and will remain in
effect unless an inocrease in module operating pressures becomes incompst-
ible with existing design mergins of safety.

Looation

Boost Pump Inlet
Boost Pump Discharge
Mein Pump Inlet

Main Pump Discharge

Boost Pump Turbine Inlet

2nd Stage Fuel Puxp Inlet
2nd Stage Puel Pumsp Discharge
Cooling Jacket Inlet

Mlm Cooling Manifold
Cooling Jacket Exit

FC Injector Inlet

PC Injector Face

Turbine Inlet

Purbine Bxit ?lldc;, Static
Turbine Exit (Blade), Total
SC Injector Inlst

80 Injector Mce
SC Chamber (P,)

Total pressure uniess othervise indioated
*corresponds to minimum NPSH per work statement

Pressure, psu*
Liquid Liquid
Oxidisexr Hot Gas Fuel
Ly d *4
36.6 75 19.5 75
310 340 170 225
255 295 135 190
6025 3750
5600 3440
3400
5765
5900
5900
5125
5000 5100
4700
L4575
3050
3100
3010 3200
2885
2600
CONFIDENTIAL

ARBS Module Pressure Schedule, Advanced Turbopump Configuration {(u)

Bigure XIV-}
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Flow Factor seference AP, Flow and
Spece Grave (used to os-

Ku e tablish min.allocated K,)
tinimum Allocated
Hydraulic Passages: Kw aP, psi ¥,1b/sec  $.G.
Oxid. Suctior Line 34 51,5 291.8 1.433
Oxid. Suction Valve 150 3.5 291.8 1.433
Oxid. Outer Housing Passage 18.6 125 24kg,2 1.0433
(Pump to Cooling Jacket)
Oxid. Cooling Jacket 6.9 175 21742 1.282
Oxid. Inner Housing Passage 17.2 125 217.2 1,282
(Cooling Jacket to PC Injector)
Oxid P.C. Injector 10.9 300 213.3 1,282
Oxid. Pump Disch. to Hyd. Turb. Port 2.50 170 39 1.433
Oxid. Hyd. Turb. Line & Check Valve 2.30 200 39 1,433
Oxid. Hyd. Turb. Orif. (Nominal) 4439 55 39 1.433
Puel Suction Line 20.6 34.8 115.2 9
Fuel Suction Valve 110 1.2 115.2 9
Puel S.C. Valve and Passage 7.01 146 80.3 .9
(valve full open)
Fuel S.C. Manifold and Injector 4,16 415 80.3 o9
Puel Stage 2 Suction Passage - 350 23.8 +9
Fuel P.C. Valve and Passage 1.19 2N 18.6 9
(valve wide open)
Fuel P.C. Line to Injector 2,77 50 18,6 .9
Fuel P.C, Injector 0.98 &00 18.6 .9
Puel Pump Disch. to Hyd. Turb. Port 1.54 120 16 9
fuel YLyd, Turb., Line & Check Valve 1,51 12% 16 o9
Fuel Hyd., Turb, Orif., (Nominal) 2,09 65 16 9
Gas Passages:
P.C. Injector Face to Turbine Inlet 2,02%* 125 231.9 106",
Turbine 2xit to 5.C. Injector 3,01 90 239.6  70.7,
S.Cs Gaa Injector 2,60™ 125 239.6 6842
S.C. Injector Face to“}&enum P j/Pc = 1,03 85 - -

Pe/
'Spec. grave. of gaa = fgas = —w. ”For gas passages, Flow Factor Kg is used

air +0308 instead of K,, where effective Kg includes
heat addition losses.
NOTESs
1, AP, flow, and specific gravity values are for reference only. For latest predicted pressures
and flows, see ARES Module Operating Point,
2. Pressure drop alone does not establish a firm reguirement for a pussage since pressure will
vary with minor changes in flow, and to a lesser degree with density. wherever prectical,
the X flow fuctor should be used in place of AP as design criteria, since the measured X of
a given piece of hardware will not change with operating conditions.
CORFIDENTIAL

ARES Module Flow-Passage Design Requirements (u)

Figure XIv.2
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Parameter _Symbol
Module Assembly
Thrust F
Specific Impulse (Sea Level) I,
Mixture Ratio, Module M.R.
Total Weight Flow W@
Oxidizer Weight Flow Yos
Fuel Weight Flow ""rs
Oxidizer Suction Total Pressure POSBP
Fuel Suction Total Pressure PFSBP
Oxidizer Net Positive Suction Head, Minismum NPSHOSBP
Fuel Net Positive Suction Head, Minimun NPSH?SBP
Secondary Combustor
Chamber Pressure, Plenum Pc
Mixture Ratio, Injector M.R.sc
Oxidizer Film Cooling Flow (1) g’orc
Primary Combustor & Turbine
Mixture Ratic M.R.?c
Turbine Iniet Total Pressure PTIT
Turbine Inlet Total Temperature P@IT
Shaft Speed HT
Main Pumps
Total Discharge Pressure, Oxidizer FGDM
Total Discharge Preasure, Fuel Firat Stage I%Tu-l
Total Discharge Pressure, Mel Second Stage !}m“_z
Boost Pumps
Total Discharge Pressure; Oxidizer PbDBP
Total Discharge Fresaure, Fuel PfDBP

Summary of ARES Module Operating Point (u)

Figure XIV.3

CONFIDENTIAL

Dnits Value
b 100,000
sec 285

bl 20“'07
1b/sec  350.9
1b/sec  247.9
1b/sec  103.0
psia 36.6
paia 19.9
b2 30
£t 43
psia 2,800

- 2,20
1b/sec  21.3

- 11. 56
peia b623
°F 1215
Ipm 40,038
psia 6075
psia 3789
paia 5879
psia 312
peia 179
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ARES Engine Module, Bxternal View (u)

Figure X1v-4
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Xv.

ENGINE ANALYTICAL MODELS

A.  GENERAL

(u) The engine anelytical models include an engine module steady-state
model, a module start and shutdown transient model, a burnoff-seal-tester start and
shutdown transient model, and a low-fraquency-stability model of the engine module.
The steady-state model is currently operational. The engine module start-transient
model has been completed and checked-out and is being used to obtain & revised
engine start and shutdown sequence, The burnoff-seal-tester model has heen com-
pleted, checked-out, and used to obtain a tester system start transient incluaing
manifold £ill times. The results are being used in planning of valve sequencing
snd intengifier ramping for the hot tests. The burnoff-seal tester shutdown
transient analysis will be completed in July. Checkout has continued on the low-
frequency-stability model. The transfer-function program was completed dut the
technical results obtained appear to be in error and further effort will be
required to ensure correct results,

B. START AKD SHUTDOWN TRANSIENTS

(u) Programing and checkout of the combustion chember-turbopump sub-
routine was completed, Preliminary results indicate that the engine would operate
at mixture ratios (MR) from 25 to 150 or higher during the low-speed portion of
the start transient. This required that the gas properties for mixture ratios up
to 150 be determined on a basis other than that of extrapolating the data avail-
able at a mixture ratio of 25. This was done by esssuming that at MR = 25
(partial equilibrium), the enthalpy is determined by reacting 2 1b of oxidizer
and 1 1b of fuel, and by diiuting this mixture with another 23 1b of oxidizer.
The reduction in enthalpy per pound of mixture, caused by the addition of more
oxidizer, wvas then used in conjunction with a temperature entropy diagram with
constant enthalpy lines at & pressure of 1L.7 psia to determine the temperatures
for the higher mixture ratios. The ges constant at high mixture ratios was
determined by using the specific volume read from a P, V, T diasgram at 14.7 peis
in the equation of state. Further analytical investigation and test-data veri-

fication will be initiated if the cngine start transient continues to indicate
this requirement.

{u) The results of the stert transient prior to ignition show that the
oxidizer pump and the second-stage fuel pump operate at high Q/H valuas where the
Pmp acts as 8 turbine (i.e., positive flov, with suction pressure higher than
discharge pressure). This occurs vhile the oxidizer is filling the manifold
dowvnstream of the pump. The pump head and torque curves vere revised to have
hesd-torque relationships as indicated in Figure 13.1 of Centrifugzal and Axial
Flov Pumps, by A, J., Stephenoff, New York, John Wiley & Sons, 1557. A rerun of
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XV, B, Start and Shutdown Transients (cont.)

the transient using the extended pump curves indicated that head losses through
the punmps were higher than on previous transients; therefore, the oxidizer mani-
fold filling time was extended from 1.2 to about 2.6 sec at & tank pressure of
60 psia. Further references are being sought to cbtain & better definition of
the pump performance curve at high Q/N values. It {s interesting to note that
the pumps and the turbine uccelerate to 600 rpm due to torque preoduced by the
oxidizer head loss during manifold filling.

(u) An approach to obtaining the shutdown transient prior to obtaining
the startup transient was initiated. This involved minor programing changes to
the main subroutine to input and store past time values. An approximation to the
engine steady-state point with only the major flow rates included was run on the
wvteady-state balance program and the results wvere then input into the transient
program, This system is now working, and s steady-state point has been achieved
with the transient program., Shutdown transients are being investigated. This
procedure was beneficial because it reveeled progreming and logic errors which
cthervise would not have been evident until the start transient reached steady
state, In the future, this procedure will be adopted as & standard checkout
technique.

C. BURNOFF SEAL TESTER TRARSIENT

(u) The startup sequence of the combustion-seal tester has been
simulated on the IBM 7094 digital computer. Pressures and flow rates in the
sesl as well as seal clearances have been obtained for the entire start transient
from initial valve opening to steady state.

{(u) Conditions in the seal were calculated by using steady-state
equations. Flows in the propellant lines were computed by means of the water-
hamer equations. The combustion process in the preburner and in the turbopump
housing was simulated with the instantaneous mixing model described in previous
reports. Also included in the simulation was a line- and manifold-filling model.

(u) The valves vere sequenced in such a way that the oxidizer entered
the combustors 0.2 sec earlier than the fuel. The liquid in the intensifiers was
kept at 60 psi until after ignition. Then the liquid pressures were raised to
their final values in 0.7 sec, with the oxidizer pressure rise initiated 0.05
sec sooner than that of the fuel. This sequence of operation gave a satisfactory
start transient.
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XV, Engine Anslytical Models (cont.)

D.  LOW-FREQUENCY-STABILITY ANALYSIS

(u) Checkout of the low-frequency engine module model was continued.
Several ‘ogic and progreming errors have been corrected in the program for matrix
derivation of transfer functions. The results obtained stili do not appear techni-
cally correct, and the model equations as well as the program are therefore being
rechecked,

(u) The subroutine for calculating and plotting the frequency response
functions (Bode plots) haz been campleted and is operational in the program for
matrix derivation of transfer functions. Programing the real-time-response sub-
routine and plotter was completed. The subroutine is being checked-out sepsrately
prior to integration in the main program.

(u) The checkout of the system equations for the engine model is being
facilitated by use of an existing program for ithe solution of large systems of
simulteneous linear equations. When the derivatives are set to zero in the
module differential equations, a system of linear algebraic equations results that
can be solved for the steady-state gains or influence coefficients of the engine.
The system gains obtained by this approach must agree with the gains obtained by
the transfer-function program, thereby providing a cross-check on the results.

(u) In summary, the system equations for the low-frequency model are
complete, the program for matrix derivation of transfer functicns is complete, the
frequency rssponse subroutine is complete, and the transient response subroutine
is programed and being checked ocut. Preliminary results indicate some technical
problems either as a result of errors in the system equations or errors in the
transfer-function program. Present efforts are being directed toward isolating
and correcting these errors.
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XVI.
NOZZLE AERODYNAMICS

A.  SUMMARY

(u) All experimental cold-flow testing in the subscale nozzle program
was completed by the subcontractor (FluiDyne Engineering Corporation) on 12 May 1960,
These data have been prepared for presentastion and inspection in the order in which
the program objectives are enumerated in the Program Plan*, Discussion has been
limited to ccmments of & qualitative nature because the data are not final. The
FluiDyne tinal report is expected to be released in August. Preliminery results,
in general, were as predicted with the exception of those from the ARES prototype
model where sea-level performance was considerably lower than anticipated.

(u) Warm-flow testing in the subscale nozzle program was completed
on 10 June 1966. Reduced data are expected to be available by 15 July 1966, and
their analysis will begin immediately thereafter.

B,  .OLD-FLOW PROGRAM

1. ARES Prototype Model Performance

(1) Results from experimental testing of Cold-Flow Model 2, the
ARES prototype psrformance-simulation model, are presented in Figure XVI-1. These
results include data obtained both with and without ambient base bleed as well as
predicted performance data based upon results from previous cold-flow programs.#®
Three features are immediately spparent upon inspection of this graph. First, ambient
bleed increases sea-level performance about 2-1/2%--an amount that appears consistent
with the bleed-passage ares ratios and performance improvements of previous programs
(see Report AFRPL-TR-65-150). Second, the performance differential extends well
beyond design conditions, a fact alsc reflected in former programs. And third, the
difference between predicted and actual results, especially at sea level, is substan-
tial, amounting tc about 3%. No explanstion can be advanced for this deviation and
none will be sought until the final data have been received; however, even these data
are not expected to radically slter the results. Thus, the error is undoubtedly in
the prediction procedure, and a review of the technigque outlined in Report AFRPL~-TR=-
66-824%% 15 indicated.

®  ARES Program Plan, Revision I (u), Aerojet-General Corporation Report 10830-PP,
February 19 Confidentigl).

%% Integrated Components Program -~ Phese I, Final Report (u), Technical Report
RPL-TDR-64=99, prepared by Asrojet-Ceneral Corporation for the United States
Air Force, 20 January 1965 (Confidential) and, Integrated Components Progrem,

Finsl Report, Technical Report AFRPL-TR-65-150, prepared by Aerojet-General
Corporation for the United States Air Force, September 1965 (Confidential).

®4% Advanced Rocket Engine--Storsble (u), Quarterly Technical Report AFRPL-TR-66-82,
prepared by Aerojet-Cemeral Corporation for the United States Air Force,
April 1966 (Confidential).
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XVI, B, Cold-Flow Program (cont.)

2. Prospective Noxzles for ARES Application

{u) Two types of external expansion norzles, i.e., plug and forced-
deflection nozzles, are dbeing considered for ARFS application. Within this droad
classification, both contoured-wedge and Delaval internal-expansion sections (IES)
may be used. Therefore, possible prototype nozzles in each of these configurations
vere designed, and cold-flow performance-simulation models were duilt for three: a
Delaval IES forced-deflection configuration, a contoured-wedge IFS forced-deflection
configuration, and a contoured-wedge IES plug-nozzle model. Results from experimental
testing of these models are presented in Figure XVI-2., The chosen ARES prototype
nozzle, a Delaval IES forced-deflection configuration, exhibits the best design
performance, vhereas the contoured-wedge plug nozzle, with 13% of isentropic length,
out performs the cthers at sea level (no btase bleed). The lower design performance
of the contoured-wedge forced-deflection norzzle is probably caused by the greater
base area required to fit this nozzle into the available envelope.

3. IFS Area-Ratio Variation

(u) The postulation, for plug nozzles, that the aerodynamically
optimum IES area ratio will result ir maximum performance at the particular pressure
ratio under consideration led to an investigation of similar effects in forced-
deflection norzles., Cold-Flow Model 3 was designed with a sea-level optimum area
ratio (9.7), and its performance is compared with that of the ARES prototype model
in Figure XVI-3, Scra-level performsnce of Model 3 is indeed higher, although the
exact source of this improvement cannot be derived from the graph. However, design
performance was degraded by an almost equal smount, &nd further analysis is required
before a definite statement can be made as to whether these effects have bLeen caused
by IES area-ratio variation or by related side effects.

k, Skirt Contour Variations
a, Module-to-Skirt Merging Study

(u) Difficulty in mstching aerodynamically designed forced-
deflection noszzle skirts to Delaval internal-expansion sections necessiteted a review
of techniques for merging or joining these two nozzle components. In particular a
sharp or abrupt compression corner at the IES exit into the skirt would be convenient
from a fabrication viewpoint. Testing of two models having & smooth and an abrupt
Juncture, respectively, shows that this proposed solution to the problem will result
in no messurable performance degradation (Figure XVI-k},
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XVl, B, Cold-Flow Program (cont.)

b. Shortered-Skirt Study

(u) Among the techniques considered for improving payload
performance is thet of reducing nozzle weight without proportionately reducing
performance, Since the skirt contour of a forced-deflection nozzle with Delaval IES
usually is very approximate, aerodynamically speaking, an arbitrary decrease in skirt
length and weight may not seriously affect novzle performance. The skirt of Model 2b,
therefore, was arvitrarily shortened about 18%, equivalent to a theoretical 1% reduction
in design performance, and the results of its testing wvere compared to that of Model 2a
(Pigure XVI-4). 1Inspection of this graph reveals that sea-level performance is
unaffected by the change in skirt length, reflecting the significance of IES area
retic on this performance paraxeter, However, design performance did indeed drop,
but not in the amount predicted, indiceting that the noszle skirt could probably be
shortened by almost 25% before design performance would suffer ss much as a 1% decline.

Se cmt"mlﬁ 8t g‘

{(u) Mention was made, in the preceeding section, of the approxima.-
tion in forced-deflection nozzle-skirt design vhen Delavel IES are enployed. A
further azres of uncertainty surrounds the selection of module cant-sngle, & paremeter
clearly defined only vhen expansion is purely externsl and the throat is annular. It
is current practice to set this angle at the Prandtl-Meyer turning angle for the
equivelent annular IES ayes ratio, that is,

Oei = % * Ve = Vei
Cold-Flow Model 2a was designed in this manner, but in Models 2¢ and 2¢ the cant
angle vas arbitrarily reduced and increased five degrees, respectively. Results
(Pigure XVI-5) indicate that performance might be improved slightly if the cant
angle vere reduced, but that performance is definitely impared if the module cant
angle is increxged. These results vers expected and tend to verify the predictions
mede by Dz. G.V.R. Reo in a review of the program plan. (Dr, Reo is a consultant
to the Aerojat-General Corporation.)

6. Forced Bsse Bleed

(u) Review of ambient base-bleed data from previous programs indicates
that the model bleed flow passages have been choked at the lower pressure ratiocs,
usually up to those arcund 300, above the point of minimum Pyp/Pg. Data also indicates
thet the secondery wveight-flov ratio, in these instances, varies downwvard from &
paximum at sea level to sbout 3 or 4 at a pressure ratio of 250, depending upon
bleed-passage size. An attempt to simulate flight total pressures along a typical
trajectory, for the forced bleed portion of this program, 4id not significantly
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XVI, B, Cold-Flow Program {cont.)

increase these bleed flow ratios since vehicle velocities were relatively low and
total pressure losser, if any, were small. Thus, secondary weight-flow ratios of 1,
3, and 5%, vere selected, regardless of the bleed-flow total pressure, to bracket
available ambient base-bleed data. Results were not expected to vary greatly from
those experienced with ambient bleed, as confirmed by Figure XVI-6. As expected,
performance improvement at a pressure ratic of 1000 is lower than at 250, and
further analysis of the similarity of the data at the 5% bdleed flow ratio will
probably confirm that the wake was closed at both pressure ratios.

T. Module Failure

(u) Previous module failure testing (Figure IV-37, Report AFRPL-TR-
£5-150) has fairly well established the performance of an eight-module forced-
deflection noxzle when one or two modules fail. By increasing the number of modules
from 8 to 20, the effect of module failure should be minimized, even when the
medules are adjecent. Figure XVI-T verifies this; in fact, sea-level performance
(thrust efficiency) degradation is now only about 1% instesd of more than 5% encoun-
tered with an eight-module configuration. Design performance losses are also smaller,
reflecting the smaller increase in overall ares ratio vhen only 1 or 2 of 20 modules
fail. A% the same time, thrust-vector misaligmment remained under one degree
(Figure XVI-8)--a standard established during previous testing (Figure IV-38,

Report AFRPL-TR-65-150).

8. ine Throttli

(u) Engine throttling by module shutdown was shcwn to be an
efficient method of thrust-level countrol during previous testing (Figure IV-39,
Report AFRPL-TR-65-150) ia that the vacuum thrust coefficient was relatively un-
affected by throttling, at least to a throttle ratio of 0.5. Extensicn of these
results, during this program, to a throttle ratio of 0.8 indicates that the previous
conclusions are still valid, that iz, the vacuum thrust coefficient is not signifi-
cantly altered vhen as many as 16 of 20 modules are shut down (usee Figura XVI-9).

C.  WARM-FLOW PROGRAM

(u) The warm-fiow part of the subscale noszle program vas completed on
10 June 1966, with the two-dimensional visual portion finished earlier, om 21 May .
Shadovgraphs and Schlieren photogrephs of the flow are available, dut no guantitative
data have yet been received, primarily because the volume of data snd the extensive
reduction procedure required more time to present them in usable form. Reduced data
are axpected to be available about 15 July 1966,
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XVII.
AIR-FLOW MODEL TESTING

A.  GENERAL

(u) A simplified cold flovw model of the primary combustor was
constructed and tested to obtain qualitative data for the effects on flow dis-
tridbution of turbulators and large-radius centerbodies. These tests revealed &
significant 2ffect of turbulator positioning and also showed that large-radius
centerbodies are effective in eliminating flow separstion at the turbine nozzle
inlet,

(u) Teating at the Monterey Naval Postgraduate School of the turbine
inlet passage modei was completed, and the final report is being prepared. Fab-
rication of the liquid-oxidizer-passage models was completed and testing has
begun. Prelimirary deta for the cxidirzer-pazsage model are included in this
report. Installation of the oxidizer return passsge was started and testing will
begin in July. Febrication of the turbine exhaust model was completed, and fab-
rication of the Mod--I and Mod-II ARES turdbine models is on schedule.

B,  PRIMARY COMBUSTOR STUDIES

{u) Previous studies of the primery combustor flow field indicated
the presence of an sdverse pressure gradient in the direction of flow along the
inner wall (see Report TR~65-189). Thess results vere obtained using a conducting
graphits paper to construct an electrical anealog of the flow field. The assump-
tions of potentiel flowv and no flov ~éparation are inherent in the analogy. How-
ever, the presence of an adverse pressure gradient is indicative of the possidle
existence of e region of flow separation.

(¢) The initial results have been extended to include two large-radius
centerbody configurations. The two large-redius centerdodies, in addition to the
basic configuration, are illustrated in Figure XVIII-1. The potentisl flow
dynamic pressure profiles obtained for doth the inner and cuter walls of the pri-
mary combustor are shown in Pigure XVII-2. In a potential flow field, the total
pressurs of the flow is a coastant and the static pressure at any peint in the
flov field is the total pressure minus the dynamic pressure. Therefore, a higher
dynsmic prassure corresponds to lower static pressure. The peak dyramic pressure
which occurs at the tip of the inner wall corresponds to the minimum static pres-
sure and, ss the flow contisues around the 180° bend, the dynamic pressure
decreases, resulting in an sdverse pressure gradient. The lavge-radius center-
bodies are effective in reducing the sdverse pressure gradient and, hence, the
prodability of flow separations and flov distortions.

(u) A simple sir-flov model was constructed to check the potential

flov results and to further investigate the flow-field effects when turbulence-
producing devices (turbulators) are placed in the primary combustor. The model
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XVII, B, Primary Combustor Studies (cont.)

vas & full-scale ten-degree vedge section of the primary combustor. The ten-
degree wedge vas telected to provide a nearly two-dimensional configuration,

vhich facilitated visual flov studies and yet provided a flow field of sufficient
thickneas not to be significantly distorted by the viscous effects from the
bounding radial plates. The model was constructed of wood with a removable 5/8-a
in.~thick lucite windov as one radial plate. The other radisl plate vas lacquered
vhite to provide a contrasting background. The Mach number of flow wes regulated
by & sonic nozzle discharging to atmosphere. The mcdel was tested at 30 psia

wvith sabient-temperature air.

(u) Lsmp-black and oil-streak photography wes used for flow visuali-
tation. This technique consists of spraying fine droplets of an oil-and-lemp-
black mixture uniformly over the vhite redisl plate. The model, with the stresk
plate horizontal, is then flowed with sir. The resulting oil and lump-black
streaks are recorded photographically. The streaks are not s ''picture" of the
main flov strocmlines, but ere a "picture" of the flow streamlines in the bound-
ary layer on the rsdial plete. The boundary leysr streamlines are distorted from
those in the main stresm due to viscous effacts. The boundary layer flow loses &
large portion of its momentum to the plate through friction and, therefore, has &
greater tendency to flow in the direction of maximum pressure gradient. Although
the streak technique cannot de used to indicate the exact flow streamlines (except
in the case of one-dimensionsl flow with favorsble pressure gradient), the streak
plstes can be used to identify gross flow distortions, regions of flow separation,
regions of sdverse presaurs gradient, and relstive flow velocities.

{u) The basic model was constructed in the configuration of the pri-
mary combustor, and modeling clay wvas used to simnlate large-readius centerbodies
and turbulators. Figure XVII-3 shows the resulting streak photographs obtained for
three large-radius centerbodies. The basic primary comdustor streak plate is shown
in Pigure XVII-k. The first two large-radius centerbodies, shown in Figure XVII-3,
are similar to those assumed in the electrical snalog work. The third centerbody
is siniiar to that tested at the Mor.arsy Naval Postgraduate School and was
tested at Sacramento for comparison of results, The streak plate of the basic
primery combduator, Figure XVIi-k, shows the high velocities present at the tip of
the centerbody and the region of flow separation just downstreas of the turn. The
streaks are at a large angle to the outer vall after the turn, and it must de
renendered that this is not the true flow direction. The angularity of the
streaks is due to the large pressure difference radially from the cuter to the
ipner wall. Tufts have been used to confirm that the true flow direction is very
nearly parallel to the outer wall at this point. The streak plates for the large-
radius centerbodies, L, wnd L3, clearly show some improvement . the flow, i.e.,
elimination of the regions of“flow separation and less distortion of streaks due
to pressure difference across the channel. The thiyd centerbody, I,, elininates
the region of fiow separation but clearly produces higher velocities than neces-
sary at the minimum cross-section of the flow which would result in incressed total
presaure losses.
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XViI, B, Primary Combustor Studies (cont.)

(u) Figure XVII-4 show the results of an investigation conducted to
determine the effect of turbulator positioning, in addition to the dasic primery
comtustor flov effects. It is interesting to note thet the B-configuration
produces a flow field similar to that obtained with & large-radius centerbody.
The region of flcw separation does not exist and the stresks are very nearly
parallel to the channel valls at the turbine inlet. The B-configuration produces
extensive regions of flow separation with attendant high velocities. The
C-configuration would produce the most violent tuibulence, as expected.

(u) Figure XVII-S shows the retest results of the final turbulator
design. In addition, esch turbulator was tested separately to simulate the effect
of staggered btlades, vhich more nearly corresponds to the actual design. The
individual blede tests show mixed results with respect to effect on flow around
the 180-degree bend. It is clearly evident that significant flows in the circum-
ferential direction would be present in the actual combustor.

C. FLUID DYNAMIC TESTING (TPA)

(u) Mcdel tests with air vers completed on the turbine inlet passage.
Testing vas conducted on a full-scale model installed as shown in Figure XVII-6,
The Plexiglas test section can be seen on the right side of the model with
traversing Pitot probes installed in three locations.

(u) The initial design tested, as specified by turbopump snd primary
combustor drawings, produced severe flow separations ahead of the turbine nostles.
Flow separation proved to be independent of the centerbody position or of the
relative distance between the outer contour of the primary comdustor passage and
the centerbody.

(u) On the besis of flow visualization studies, an improved center-
body was design and tested. The resulting flow channel can deflect the flow from
the primary injector to the turbine inlet by 180° without flow separation and
gives nearly uniform turbine inlet conditicns.

(x) The loss in total pressure (APQ) of the modified passage is

expressed by
4P, "r\/'l—‘; 2
Pt Pt g
° . °

Flov rate, lbm/sec
= Totel inlet pressure, psia

where: w

o L.
]

o © Totsl inlet temperature, °R
= Ges constant, ft-1b/lbe-°R
s 32.2 ft/sec?

| -3
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XV1I, C, Fluid Dynamic Test (TPA) {cont.)

{u) A perforated plate, simulating the primary injector, did not
affect the flow conditions szhead of the turbine nozzles,

(u) Fabrication of all the components for the liquid-oxidizer passage
models was completed. The Oxidizer Discharge Passage Mcdel (a) is shown disaa-
gembled in Figure XVII-7, prior to installation of the guide vanes, The Oxidizer
Return Passage Model (o) is shown disassembled in Figure XVII-7, also prior to
installation of the guide vanes,

(u) Preliminary testing of Model (a) was completed and data were
provided on the passage pressure drops and outlet flow distribution to the thrust-
chamber cooling tubes, Typical flow-distribution results are shown in Figure
XViI-8 as & function of the 52 holes which simulate the cooling-tube entrance.

(u) Installation of the Cxidizer Return Passage Model (b) was sterted,
and testing will de conducted during the next reporting pericd. Following these
tests, the two models will be assembled and the complete liquid-oxidizer circuit
tested. These tests will provide-the primary injector outlet as well as measure-
ments of the flow distributicn in the thrust-chember cooling tubes and from the
primary injector.

(u) Yabrication of the Turbine Exhaust Pascage Model (i) was com-
pleted. Testing of this model will be conducted following preliminary testing of
the liquid oxidizer passage models now in process,

{u) Fabrication of all components for Mod-I and Mod-II ARES turbines
is proceeding on schedule,

(u) Design of the Pump Inlet Housing Model (1) for the beck-up TPA
vas delayed by fabrication and testing priorities on the other models.
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OXIDIZER DISCHARGE PASSAGE MODEL (o) WITHOUT VANES ~ EXPLCDED VIEW

OXIDIZER RETURN PASSAGE MODEL (b) WITHOUT VANES ~ EXPLODED VIEW

Oxidizer Passage Modeis

Figure XV11.7
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XVIII.

HEAT-TRANSFER ANALYSIS

A.  GENERAL

{u) The objectives of the heat-transfer effort are to provide the
necessary analysis for the design of both the regereratively and the transpiration-
cooled thrust chambers and other engine components, including analyses of test datu
to aid in the design of such chambers. The development of a satisfactory thermal
barrier, optimization of film-coeling for the ARES environment, and special
thermal analysis to support component desirng are also part of this effort.

(v) The accomrlishrments of the heat-transfor effort durine tiis
reporting perind are itemized below.

1. Two additions have been made to the "Regeneratively and
Film Cooled Thrust Chamber” computer program: (a) the capadility of analyzing
pressure drop in tubes of varicus absolute roughnesses and (b) the capatility of
evaluating the effect of film cooling carryover in tweo-poin*t injecticrn chambers,

2. The utilization of capillary tubes in tre regeneratively
cooled chamber has been re-evalusted to consider the effect of heat addition and
the true absolute roughness,

3. A series of heated tube tests to deternmine the bturnout-heat-
flux characteristics of high-pressuce {up to 6000 psia) N0 in small tubes
(0.019 in. ID) has been completed.

L, The analytical effort pertainins to the desirn and first
test of the transpiration-cooled chamber and has bee: completed.

5. The second phase ol the thermal-barrier investigation ineluding
experimental evaluation of braze bonding, techniques of plasma-process improvement,
and sprayed Hastelloy-X has been completed.

6. Support of the component design efforts continued, including
heat-transfer analysis of the advanced TPA housing and stator and hydraulic analysis
of the primary combustor fuel circuait.

B. ARES THRUST CHAMBERS

. Repeneratively Cooled Chambers

a, Computer Program Modification

{u} Two modifications have been incorporated in the
"Regeneratively and Film Cooled Thrust Chamber” computer program. ‘The first modifi-
cation wvas made to facilitate the evaluation of multiple-point film-coolant injection
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XVIII, B, ARES Thrust Chamber {cont.)

by providing a means of approximating the coolant carryover effect dewnstream of

the second film-coolant injection port. It is anticipated that this could be
accomplished in a two-step procedure, Initielly, only the first injection peint

would be considered to establish the temperature of the NgOy film, which, subseguently,
heats the coolant injected from the second injection point. These temperatures would
then be input in a second computer run as the mainsiream gas temperatures, The heat-
transfer coefficient at the interface between the two NoOy streams would be calcu~
lated internally using the Colburn equation:

_ 0.027K 0.8 0.4
hg = == (Re) (Pr)
wvhere:

hg = Heat-transfer coefficient between N50O) layers
K

Conductivity of N20y at average iemperature of layers

D = Chamber diameter

Re = Reynolds Number of N0y from first injection point
Pr = Prandtl Number of N0y from first injection point

This modification to the program necessitated the inclugion of the following
options:

(1) Inputing the msinstream temperature at each station
or calculating & recovery temperature based on the
gas stagnation temperature and local velocity.

(2) Calculating the gas-gide heat-transfer coefficient
for a film-cooled case based on NoO4 properties
or mainstream gas properties,

The above modification to the computer progrem is currently being checked out to
determine the hest means of utilizing this capabdbility.

(u) The second modification to the computer program consists
of a refinement to the method of calculating the pressure drop due to friction in
the coolant tubes. Previously, the pressure drop in the tubes was calculater
based on & constant relative roughness (e¢/D) in the tubes of 0,00001. With the
modification, the absclute roughness (c¢) is input and held constant throughout
the tubes. The relative roughness is calculated for each tube-length increment
based on the local tube hydraulic diameter. The corresponding friction factor, £ ,
is then caleulated based on the empirical relation:
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XVIII, B, ARES Thrust Chambers (cont.)

h e/D + 106/Re)1/3]

§ = 0.0055 [1 + (2 x 10

where:

§ = Friction factor

€ = /[bsgolute roughness of tube

D = Hydrgulic diameter of tube

Re = Reynolds Number
The above equation is an algebraic representation of the Moody diagrem.*

.

(u) The equation for pressure drop between stations remains
unchanged:

2

=_.;oALV

AP %

vhere:
AP = Pregsure drop between rstations
$§ = Frietion factor
AL = Distance between stations
V = Velocity mid-way between stations
D = Hydraulic diemeter mid-way between stations
p = Fluid density mid-way between stations
g = Gravitations constant
b, Capillary Tube Studies
(u) The abmolute roughness of two modified ICP capillary
tubes was investigated experimentally. The tubes (PN 1129150-5 and -7) had uniform
irside diameters of 0.04b4 and 0,055 in., respectively. Each had a uniform wall

thickness of 0.004 in. and a length of 9 in. These tubes were flcw-tested with
wvater in the hydraulics laboratory.

¥1.°F. Moody, "PFriction Factors for Pipe Flow," Trans. ASME, November, 19kk,
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XVIII, B, ARES Thrust Chambers (cont.)

(u) 7The flow-test data consisted of inlet and outlet pressures
and flov rates for two test conditions: (1) a constant inlet pressure of 2800 psias
with varying back pressure (400 to 2300 peia); and (2) varying inlet pressure
(2C00 to 2800 psia) with a constant back pressure of 300 psia. These data were
used to evaluate the friction factors and corresponding absclute roughnesses for
the. two tubes.

(u) The evaluation revealed absolute roughness values of
about 90u for the 0.0Lh-in,-dia tube and of 200 to 300p for the 0.055-in.-dia tube,
Thege values correspond to a friction-factor variation of about 0.023 to 0.032 in
the present capillary tube design. Utilizing the new computer-program capability
describved above, the resulte of the capillary tube study presented in Report
TR-66-82 (third querterly report) were reviewed. The increased pressure drop
which could be anticipated in the selected 0,0U5-in.-ID capillary tubes indicated
that a larger tube might be a better selection., As a result, a 0.055-in.-ID tube
vith a nozzle exit diameter of 0,035 in, was evaluated for use in the first capilisry
tube chamber (SN 3). Enough tubes of this configuration for one chamber are available
from the ICP program. This larger tube satisfies the criteris estabiished earlier
for the 0,045-in.-ID tube, i.e., & capability range which encompnsses the high flow
rates desired for initial tests &3 well as the flow rate associated with the total
allowable flow for Phase I. Additionally, the nozzle exit provides the high injection
velocities desired for increasing filmecooling effectiveness,

(u) The effects of heat eddition to the uncoated capillary
tubes of both sizes were evaluated. The fluid bulk temperature is increased sub-
stantially by heat addition over the 8 in. of heated length. As a result, the film
coolant required from these tubes to cool the convergent portion of the chamber of
the throat is increased from those values previously reported., A minimum film-
coolant flow rate of 2u,7 lb/sec is required from heated 0.0L5-in,-ID tubes as
compared with 13.8 1b/sec for unheated tubes. The minimum required from the heated
0.055-in.~ID tubes is 20.5 lb/sec. The effect of film cooling carryover from the
rirst injection station is not considerad in these numbers. The capability of
. enelyzing the effect is nov available in the computer program used for these
analyses, and the finel predicted requirements wili take this effect into account.

(u) The maximum flow rate availsble through the 0,055-in.-ID
tubes is 25 1lb/sec compered to the conservative requirement of 20.5 1b/sec, whereas
the maximum available through the 0.045-in.-ID tubes is 22 lb/sec compared to the
conservative requirement of 2t.7 1b/sec. This situation led to the selection of
the 0.055-in.-ID capillary tube for use in the first capillary tu%e chamber.

(u) The additional consideration of the heat addition to the
capillary tubes and the effect of the resulting outlet velccity and temperature did
not change the selection of & point 8 in, axially downstream of the injector face
as the location for the second point of film-coolant injection.
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XVIII, B, ARES Thrust Chambers (cont.)

c. Heated-Tube Tests

(u) Heat-transfer tests were conducted to determine experi-

mentally the heat-transfer characteristics of nitrogen tetroxide (N2°h) in very
small tubes at ARES combustion-chambter conditions. Test data have not yet been
analyzed and therefore will be included in a future report. These teasts will
provide information as tc the feasibility of self-cooling capillary tubes and/or
¢ microflow liner, The effects of small tube diameter, high velocities, high
pressures, and high bulk temperatures on the burnout heat flux of Naoh will be
determined.

(u) A previous investigation® evaluated the burnout heat

flux of supercritical N0, using 0.13-t0-0.k0-in,.-ID tubes at velocities of 11 to
180 f£t/sec, pressures of 1700 to 2000 psia, and bulk temperatures of 100 to 285°F,
Certain prospective ARES chamber designs include very small tubes (ID as small as
0,019 in. for the microflow liner) in which velocities to 600 ft/sec, pressures to
5000 psie, and bulk temperatures to 500°F are expected. Estimation of the burnout
heat flux at these conditions from the existing data is difficult., Therefore, a
series of six tests was conducted to evaluate the relative effects of these
conditions.

(u) The test sections were straight, 304 stainless-steel

tubes of circular cross section and constant flow area. Each had arn inside diametar
of 0,019 in. and & wall thickness of 0,006 in.

(u) The first test was essentially a repeat of the flow

conditions at which burnout was observed previously in a 0,13-in,-ID tube (Test
D-110-LC-3, reported in the refarence®*)., The results of this test should indicate
the effect of the small tube diameter.

(u) Subsequent tests simulated flow conditions expected in

the proposed ARES microflov-liner chamber. Thege conditions correspond to total
weight flows up to 30 lb/sec for film-cooling the convergent portion of the chamber
downsiream of the microfiow liner.

(u) Details of the test setup, individual test conditions,

and rezults will bde documented at the completion of data analysis.

-
L]

W. R. Thompson, E. L. Gerry, end J. F. Harkee, An Experimentel Study of the Heat
Transfer Characteristics of Nitrogen Tetroxide at Supercritical Pressures,

Technicel Memorandum 183-6U~39, Aercjet-General Corporation, Azusa, Califorania,
12 June 1964

*# Ibid
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XVIII, B, ARES Thrust Chamber (cont.)

2. Transpirstion-Cooled Chamber

s, Comparison of the Boundary Layer Mixing Model with
the Hatch and Papell Film Cooling Model

(u) The approach made in determining the gas-sids convective
boundary conditions was to consider each individual platelet as a distinctly
separate film-cooling entity. This meuns that each platelet would be affected
externally only by the fluid which had passed through the platelet on the upstream
side, and that film-coolant carryover from adjscent upstream platelets would not dbe
considered., This approach is adnittedly unrealistic, but was necessary to keep the
hand calcuiations within reascn.

(v) The currently accepted film-cooling model utilized is
that developed by Hatch and Papell®, It evolved from a very simple model which

. basically consists of an adiabatic flat plate on which it was asaumed that the

coolant film exiets as & discrete leyer, that the temperature profile in the coclant
£ilm does not change rapidly in the flow direction, that the temperature gradient
through the coolant is small, and that conditiona ars uniformly normal to the flow
dirsction. It can be readily ssen that few, if any, of these restrictions are met
for the conditions assumad in the ARES analysis. First, the chamber surface is
exposed to a very severe pressure gradient and is not at all adiabatic from the
standpoint of an individual pletelet regardless of how small the energy loss from
the mainstream to the individual platelets is relative to the total snergy existing
within the mainstream. Furthermore, when this model is ussd, the temperature does
change rapidly in the flow dirsction over an individual platelet and the temperature
difference in the flov direction is equivelent to that normal to the flowv direction.
The extent to which this model is forced can be appreciated wvhen: one considers that
on the average the boundary laysr momentum and the thermal thicknesses are of the
same order of megnitude as the width of an individual platelet,

{u) The heat-transfer coefficients between the mainstream and
the coolant were taken from the ARES regensratively cooled chamber analysis for which
heat-transfer coefficient factors, or Barts factora, were applied ranging from 1.5
within the cylindrical portion of the chember, varying with chazber diameter to a
factor of 1.0 at the throat section and through the divergent section. These
heat transfer coefficients do not take into account the thermodynsmic propertiss
associated vith the mass addition of the N 0, into the mainstresm. The heat-transfer
coefficients assumed to eaxist batwsen the coolant and the wall are the same as those
assuned betvesn the hot gas stream and the coolant stream, exept that no hest-transfer
coafficient factors are applied. Pigure XVIII-1 shows in schemetic form the relation.-
ships of tha hot-gas convective exchange with the plstelet,

¥JE. Hatch and 8. 8. Fapell, Use of s Theoretical Flow Model to Corrslate data

for Fila Cooli or Heat an Adiabatic Wall ential Indection of Gases of
Different ies, D-130, Nov. 19%9
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XVIII, B, ARES Thrust Chamber (cont.)

(u) PFigure XVIII-2 shows results typical of the Hatch and
Papell film-cooling model. The first group of curves indicates the differences
in the effective film temperature for a constant initial film temperature and verious
Bartz factors. The second group of curves shows the difference in the effective film
temperature predicted for & constant Bartz factor of 1.5 and various initial film
temperatures, Since the one-dimensionsl conduction model requires a constant film-
temperature input. as one of the thermal-toundary conditions, the "Beta Curves" sre
integrated over the platelet surface for an average effective film tempersture.
Modifrications to the existing film-cooling program to provide a direct printout
of the average effective film temperatures are being made.

{u) Since the Hatch and Papell film cooling model is fuuda-
mentelly an empirically adjusted control-volume snergy-balance approach, it was
decided to utilize an approsch waich would take into account the physical charac-
toristics of the boundary layer and parsdoxically neglect the coolant carryover
from vpstream adjacent platelets. The anslysis chosen was that advanced by Stollery
and 71 Xhwrav® pnodified by LaBots®¥ to extend the range of Reynold's number for
vaich 1% could be appiied.

(u) This boundary-layer mixing model, as it will be
referred to, considers the mess profile of the boundary layer and differentiates
as Lo its composition, The total masas of the injected coolant is us:.med to remain
within the boundary layur, and the difference btetween this quantity and that pre-
dicted for the entire boundary layer iz assumed to be entrained from the mainstream
flov., The analysis further assumes that the temperature of this resultant mixture
is ottained by means of in uns:gy balance between the injected ccolant and the
entrained mainatream gas required to satisfy a mass baiance cn the boundary layer.
The effect of pressure gradient is not considered in this snalysis, tut can be
included when the hictory of the entire boundary layer iz to be considered.

(u) Stollery and El Ehwany assume that the mass-velocity
pover law holds to the 1/7 power %o give the relationship:

/T
;%: . ({-)1 (Eq 1)

The mass flow rate in the doundary layer 1is:

Ry = o Pudy (B 2)

¥ 7. L. Stollery azd A. A. N. £l Ehwvany "A Note on the Use of a Boundary-Layer
Model for Corrclaxi Film Cooling Data", Int. Jounr. of Heat Mass Tranafer,

% R, J. Lnnat:. "Bounﬂnry Layer Mixing Analysis," unpublished Correspondence,
Department 9648, LRO, Aerojet~Genersl Corporation.
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XVIII, B, ARES Thrust Chamber (cont.)

substituting (Eq 1) into (Eq 2) and integrating,

§
My, ® B P ¥

LaBots nov solves for the boupdary-layer thickness in a more general manner so as to
avoid the restrictions imposed by the relationship used by Stollery and El Ehwany:

namely, § = 0,37 X Re:l/s, and the 1/7 power velocity law.

(u) LaBotz follows Schlichting's development* of the
velecity distribution as & function of the Blasius law of friction which is applicable
to both the fully developed turbulent flow in a pipe and the turbulent flow slong a
flat plate, From this basic law, generalized relationships between the friction
velocity and other flow parameters sre developed. Then, the wall shear stress is
related to the growth of the bounday-layer-momentum thicknesz and subtsequently, the
ratio of momentum thickness to boundary-layer thickness for a flat plate with &
generalized profile iz developed. After some substitution and rearranging, LaBotz
arrives at a generalized expression for the boundary-layer thickness

- (9:.1
2n_ 2_ n¥3
n+l a+l n+l
sa 3 |25 Pube
{(n+3)(ne2) u,

where n is an exponent in the dimengionless velocity profile and is a function of
the Reynold's number referenced to the chamber diameter. C, is a function of n
and is given on Page S07 of Schlichting®. X is the distance downstream of the
codlant injection slot.

(u) LaBotz's form of the boundary layer mass relation-
ship is now

L]

My '{:'i"- u, 6 [ (n)) and

(a1,

2n 2_ 1 T ne3 !
R - y b, | BT J

v .n_ ,n43 r Lol

Mpp ™ € (o ua) 5oy X (n+3)(n¢2) ( u, )

where C is a constant (0.82) eaployed to bring the results more in line with experi-
mental dats,

¥ H. Bchlinchting Boundery Layer Theory, McGraw Hill, Fourth Edition, New York,
1960, p. 506,
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(u) The analysis now considers that the mass within the
boundary layer which is entrained from the mainstream is:

M, = ﬂbb - ﬂc

Furthermore, an energy balance on a emsll section of the boundary layer yields:

(T, B C_) 7 (&b -N)

Fi ¢ 'pe 0 L (-]
T = A
F ﬂc cpc+(ﬂm-ﬁc)c

(u) T, can be plotted as a function of the distance along
the platelet in a manner simglar to that of Hatch and Papell. Figure XVIII-2 shows
a comparison of the bonndary-layer mixing model with the Hatch and Papell model for
similar conditions. It can be seen that the integrated average of the boundary-
layer mixing model compares guite well with the Hatch and Papell model employing

a8 1.5 Barte factor, which is the deaign value., However, in the throat region, a
difference of some 15% is predicted, with the boundary-layer mixing model indicating
the higher wall temperatures for a given coolant flow rate.

C
P2 . ¢ (x)

(u) It is inappropriste to consider whether the boundary-
layer mixiag model is nmore realistic than the Hatch and Papell film-cooling medel
in predicting the wvall temperatures that will occur for & given flow rate since
neither analysis includes the effect of coclant carryover. It is believed that if
the total boundary-layer history, including carryover, were considered, the boundary-
layer mixing model would provide the most realistic approach to the problem solution.
Some treatment of the effort of coolant carryover similar to that which is advanced
by Sellers® would be s good first approach to the problem., Ultimately, s compre-
hensive boundary-layer analysis is required which will consider the total boundary-
layer history of mess transport and chemical reaction., The other and perhaps more
expedient approack is to cbtain valid duts and empirically determine correlative
relationships between the mass transfer to the boundary layer and the resultant
wall temperatures. hopefully, valid data in conjunction with mcre reslistic aydro-
drynamic, thermal, and chemical resctive models will provide the best solution to
the heat-transfer analysis of this advanced cooling concept.

k. Radial Well~Temparature Distriduiion
(1) 0.021=ia., Plate.ets

(u) Pigure XVIII-3 shows the radial well-temperature
digtribution calculated using the advanced thermal model shown in Figure XVIII-1

r“w.w '
J. P, Sellers, Jr. "Gaseous Film Cooling with Multiple Ingpection Stations,'
AIAA Journsl, Vol I, No. 9, Sapt. 1963
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XVIII, B, ARES Thrust Chamber {cont.)

for 0.021-in. platelets located within the cylindricel chamber section operating
with coolant flow rates which establish surface temperatures of 1500 and 1830°F.

The plot gives the metal temperature as a function of the distance into the platelet
from the hot gas side. It can be seen that the thermsl influence zone is a scant
0.250 in, into the platelet from the Lot gas side, which weans that there ia a very
short time available for the internal coc'ant heat exchenge to take place, This
delineates the need for a material of high conductivity to obtain a less steep
temparature profile and, as a result, to extend more deeply intc the platelets

for greater thermal effectiveness.

(2) 0,011-in. Platelets

(u) Figure XVIII-k shows the radial temperature distri-
buticns for three arbitrary surface temperatures of 1900, 1500, and 1100°F for
0.011-in, platelets located within the throat region. The thermel influence zone
is ouly about 0.150 in., for all three surface~temperature conditions. The ccolant
flov rates and temperature risea within the platelets in the throat region reflect
the very short thermal influence zone available for energy transfer,

(3) Readial Temperature Distribution of 0.021-in.
Instrumented Platelet Located in the Throst Region

(u) Figure XVIII-L alsc shows the radial temperature
distribution within a 0.021-in. platelet located ai the throat with a maximu~ flow
metering platelet indexed at the Number 1 location, experiencing the same effective
gas-recovery taemperature as the adjacent C,0ll~in. platelets cperating at & surface
teaperature of 1900°F. The corresponding surface temperature of the 0,021-iu.
plateiet would be 2175°F. It can be seen that there is a substantial longitudi.
temperature gradient (over 150°F) between the 0.0ll-in, and the 0,021-in. platelex. .
This means thst the instrumented platelet will record temperatures in e.cess of
these the (.0ll-in. platelieta should be experiencing, dut lower than that which
would exist in the 0,021-in. platelet if it were thermally isolatad from the
cooler 0,01l-in. plateleta., The actual deviation in recorded temperature within
the 0.021-in. pletelet from the adjacent 0.0ll~in. plateiets must be determined
by & more comprehensive analysis which would allow both radial and longitudinal
conductior effects.

¢. Hydraulic Analysis

(u) The nydraulic anslysis described in the previous quarterly
report is summarized in Figures XVIII.5, -6, and -7, which show pressure drop as &
function of No0y coolant flow rate for sach of the twelve compartments.

(u) Figures XVIII-5 through 7 also indicate, for each indi-
vidual flovecontrol compartment, the point at which the transition from laainar to
turbulent flov can be expected to begin. These transition points are given for

%h the primary and secondary metering passages and are indicative of the flow
regime existing in the Number-l index position for all compsrtments with the excep-
tion of Compariment 9, for which the transition point ia for flow conditions within
platelets oriented in the Number-2 index position.
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XVIII, B, ARES Thrust Chamber {cont.)

d. Tri-Chlcroethylene Flowv Requirements for Reynold's Number
Simjlerity with N30), Flow

() sBecause the prototype chamber will be flowv tested with
trichloroethylene as the working fluid, it is desirable to know the normalirzing
flov relationships between %he two fluids., Since the transition from laminar to
turbulent flow will probabtly be reached during the firat firing it is desirable
to know &t vhat nominal Reyanold's number the tranaitory flow occurs. This can
be done if the Reynold's number range anticipated with ”2% is duplicated with
tri-chloroethylene., For Reynold's number simiiarity

e [m%y ] Naok i [m%] 02HCL3

Since the fluid flow pessages are ideatical in both cases, Reynold's number
similarity requires that:

Ye_ner
L et
2743 u ¥, 2

Figure XVIII-8 gives the trichloroethylene flow rates required to duwplicate the

Reynold's number range that vill be characteristic of the predicted N0, flow
ratss. i

(u) For an equal pressure drop the relative flow rates are

found to be
2 2
2 o “L-‘-’ﬂ%— (£Re) - 3',; A3B)_ (tRe)
8P 233 50 8.? oa3p .
2% 4 CoHCL,

since the gecmetry and the geometry-related factors are constant,

'u} . (u) -
[ nao,‘ -] 2!1 .13
and

N - (-9 . (E) . W
N 0 C.HCL
2% ¥.0, CHCL, 25CLy

is the weight flov relationship for equal pressure drop for the two fluids,
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XVIII, B, ARES Thrust Chamber (coat.)
e. Thermocouple Locations
(1) Radial Locations

(u) Based upon the platelet radizl temperature distri-
butions it was decided to locate the thermocouple junctions at the hot geas surface,
0.010 and 0.050 in. below the hot gas surface. There will be a total of 72 thermo-
couples of which ST will be surface junctions, tea will be 0.010 in. below the
surface, and five will be 0.050 in. below tre surface. For any given test, L0
of the 72 thermocouples will be recording data due to aveiladility of test area
ingtrumentation channels.

(2) Axial Locations

(u) With respect to the chamber rxial location, special
0.021-in. platelets with six thermocouples, oriented in multiples of 60° intervals
peripherally, separate each flow-control compartment. One exception to the 60°
peripheral orientation is made for the instrumented platelet separating compart-
ments 2 and 3. The reasonl for this anomaly is to obtain midpoint snd onpoint
spacing of the thermocouples with regpect to the injector fuel discharge pattern
for either s 1l2-sector or a 32-sector injector configuration. The thermocouples
vill be nominally located opposite a central flow grcove of a flow sector except
for specific dual-point groove-land installations.

C. THERMAL BARRIER DEVELOPMENT

1. Summary and Conclusions
a. Recommended Liner

{c) The thermal barrier recommonded for the first ARES
chamber is 8 tungsten cermct of the following composition and thickness in the
as-sprayed condition: )

lecation Thickness, in. Composition
Primer Layer 0.005 95W~5 Nicoro 80
Thermsl Barrier 0.020 g2w-12 Zr02-3 Nicoro 80 -~ 3 Si
Topcout 0.005 Si

b. iicoro-8C Subatitution

(c) The substitution of 3% Nicoro 80 (82 Au-16 Cu-~2 Bi} for
3% copper previously used was found to provide equivalent cxidstion resistance and

will resist corrosion attack between test firinge from residusl N,0) absorbed into
the liner,
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XVIII, C, Thermal Barrier Development (cont.)
¢. Braze PBonding

(¢) Braze bLonding of the tungsten cermet thermal barriers in
Inconel 718 ‘ms accomplished in a braze treatment of 2 hr in vacuum at 1750°F, as
illustrated in Figures XVIII-O and -10. An excellent bond is achieved by diffusion
of the goid through the pores of the liner into the surface of the Inconel 718,
An additional layer of liner, which is desiliconized, was found necessary for pre-
venting embrittlemeat of the bond zoue during the draze cycle, Unfortunately, the
Inconel 718 cannot be sged prior to brase-bonding the liner and, in the composi-
tions studied, the aging treaiment of 8 Lr at 1350°F, furnsce-cooling to 1200°F,
and 20 hr total time, caused embrittlement of the bond zone between primer layer
and the thermal barrier. Consequently, at this time, btraze bonding is not recom-
mended for ARES Inconel 718 chambers. It is believed that braze bonding on

stainless-steel or Hastalloy-X chambers will be practical with some additional
development .,

d. Hastelloy X

(¢) Sprayed lastelloy X wvas found to possess insufficient
bond strength to Inconel 718 for use in the ARES chamber. Braze-bonding of
Hastelloy X to Inconel T18 resulted in some improvement, but not enough to recom-
mend its use, The primer coat contained 95% Hastelloy X and 5% Nicore 80. It is
nov beljeved that & primer coat of 95 MO-5 Kicoro 80 or 95W-5 Nicoro 80 would
result in a better bond since the gold alloy is lnsoluble in the molybdenum and
tungsten and would diffuse preferentially to the Inconel-T1U bond zone as it does
vith the tungsten cermet liners. As it was, the gold diffused into the hastelloy X
matrix without concentrating at the Ii .onel T18 bond zone.

e. Topcoat Improvement

(c) The uraze-bond cycle of 2 hr at 1750°F did not cause
significant diffusion of the silicon topcoat into the thermal barrier, and a
hoped-for improvement in oxidatioan protection from this treatment failed to occur.
Torch-fusing of the silicone Lopcoat either with or without a furnace-~braze cycle
did not improve these properties. A topcoat composed of TO Si-30(Au-5Si eutectic)
also did not significantly improve oxidation protectiorn in as-sprayed, braze-
bonded, torch-fused, or torch-fused and brasze-bonded zonditions. Further studies
of topcoat improvesent are recommended as the best wvay to gain oxidation resistance.

f. Plaama-Process Improvement

(u) Experiments were conducted with the objective of increas-
ing the strength of the deposit by raising the impingement velocity of the particles,
Various powder-feed port-injection methods were investigated, which fed the powder
into the plasma at angles close to the direction of the flame rather than at the
conventional right sngle. The idea was to raise the initial velccity of the parti-
cles. Also, a tungsten nozzle shroud wvas used to restrict the expanmsion of the
plasma to raise impingement velocities and to reduce overspray. The near-parallel
injection hed & secondary purpose of sliminating deposit duildup on the tungsten
nosile by eiming the powder down the center line.
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XVIII, C, Thermal Barrier Development (cont.)

{u) Powder buildup on the tungsten nozzle was a major
problem which was not solved, The most promising means for eliminating the
buildup would consist of using a water-cooled feed port of sufficient miniaturi-
zation and cooling to fleed powder elong the center line of the fleme. In bend
tests, the strongest coating was obtained by spraying the powder through & water-
cooled feed tube at an impingement angle of 16°, from a distance of about 0,150 in,
from the center line of the flame, However, the deposition efficiency with this

arrangement was toc low. At this time, right-angle powder injection is recommended
for regeneratively cooled Chumber SN-1,

(u) A means was devised for continuously cleaning part of
the overspray contamination, The device consists of a copper tube bent into a
1.5~in. ID ring, mounted 1/2 in, from the chamber surface and drilled with a series
of holes pointed at the coating at & 45° angle away from the flame, Argon gas
at 100 psig continuously blows loose powder and dust from the region of the fleme.

Bend teets showed some strength improvement and this technique is therefore recom-
mended for the fabrication of ARES chamber.

2. Discussion

(1) A series of three-tube thermal shock tests and a series of
bend tests were completed to late in the quarter to be iancluded in this report,
These recent tesis are significant and were summarized in Parsgraph 1, above,
However, it is felt that a complete discussion of earlier results at this time
would be lacking in meaning and continuity, Therefore, a very brief summary of
the earlier work is shown in Figures XVIII-9, 10, -11, and =12,

(w) Complete documentation of the thermal-barrier development
work for the past quarter will be included in the next querterly report,

D, COMPONENT DESIGN SUPPORT

1. Advanced TPA

(u) An analysiz was conducted to predict the temperature
distribution in s portion of the B-design “wousing adjacent to the stator blades.
Isothermal plots are presented in Figures AVIII-13 and 14 for 20-sec firing
duration and thermal steady-state conditions, respectlvely,

(u) The boundary conditions used in the analysis of the stator
ere ghown schematically in Figure XVIII-15, The heat-transfer coefficient in the
curved annulus {upper left in Figure XVIII-15) was caiculated on the basis of an
N0y flow rate of 39.3 gal/min., The discrete holes shown by & dotted line in the
figure, leading “rom the curved annulus to the shaft, were ignored for this
analysis due to their localized cooling effect.
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XYIII, D, Component Design Support (cont.)

(u) The calculation of the heat-transfer coefficient between the
housing and the liquid NoOy flowing along the shaft and based on a velocity equal
to half the tangential velocity of the shaft, However, in the plenum inboard of
the nozzle stator, the heat-transfer coafficient was assumed to vary over a wide
range, There is considerable uncertainty regerding the velocity of the fluid in
this area due to the relatively large annular gap and also due to the effect of
the stationary bolt heeds protruding iato the plenum. Therefore, the most conser-
vetive conditione, that of free convection, were assumed for the outboard wall of
the plenum, as indicated in the figure., As the fluids approach the restricted
door area adjacent to the turdbine hub, it was sssumed to again accelerate to a
velocity equal to one-half the tangential velocity of the shaft.

(u) The calculation of the heat-trensfer coefficient between the
liner and the housing was bagsed on & gas velocity of 1 ft/sec., This is believed
to be conservative because no continuous flov path exists behind the liner. The
temperature in this area was assumed equal to the stsgnation temperature of the
gas, i.e., 1507 -F,

{u) The heat-transfer coefficient on the stator hub was calculated
in an identical manner as for the rotor hub. That is, a single composite heat-
transfer coefficieat was calculated to represent both conduction and convection to
the stator hub. Details of the analysit are reported in Section XIX,E,2 of the pre-
vious quarterly report.

(z) 7The convective heat-transfer goefficient betwsen the gas
and the stator hub was calculated to be 5000 Btu/ft<-hr °R. The conductive
coefficient, representing heﬁt transferred between the dlades and the hub, was
calculated to be 3650 Btu/ft“-hr-°R. A single composite coefficient, representing
both convection to the hudb and conduction through the blades to the hud, vas
calculated to be 4525 Btu/ft2-hr-°R using the area weighting technique describded
in the previous guarterly report.

(u) The average rscovery temperature on the blades and on the
hub was attuned at 1L81°F based on a stagnation temperature of 1500°F,

(u) The temperature distributions were obtained using the
thermal-analyzer computer programs. The interfaciasl thermal resistance between
edjacent parts have been ignored for this analysis. The presence of the dolt and
of the bolt hole was ignored, i.e, & section betwesan bolt holes wes analyzed.

(u) The statzr wvas composed of a number of parts made from
different materisls, The materiale are identified on the schematic disgram of

Figure XVIII-15, and the corresponding physical properties which were used in the
thermal analysis are tabulated below:

Page XVIII=-15
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XVIII, D, Component Design Support (cont.)

Thermal Specifie Density,

Conductivity, Ilieat, 3
Material Btu/ft~hr.°F Btu/1b-°R 1b/in,
Udimet 100 12.0 0.105 0.286
Inconel 718 9,0 0.1k 0.296
Hastelloy 12.0 0,10 0.297
Porous Metal (Primarily Ni) 0.79 0,008 0,161
Teflon 0.1% 0.25 0.776

(u) The results of the transient anelysis of the stator indicated
that the stator hub, with a relatively amall mass, reaches stead-state temperature
very quickly. In contrast, the adjacent thicker section of the housing has not yet
reached steady-state temperature afier 20 sec. The latter area is heated primarily
by convection from the hot gas between the housing and the flow liner. The heat~
tranafer coefficient on this surface, based on an assumed gas velocity of 1 r¥/sec,
is therefore the controlling factor affecting the {emperature in the housing.

(u) As stated previously, there was some uncertainty about the
flov velocity along the liquid side of the arm connecting the hud with the main
portion of the housing; therefore, a very consarvative heat-transfer ccefficient was
used along this surface, The results of the anslysis of the stator show that very
little heat is conducted along the connector arm from the hub to the housing.

This clearly indicated that the assumed flow conditions in the Ny0p plenum will
not materielly affect the temperature distribution in the vicinity of the bolt
holes in the housing.

(4u) The thermal gradient in the stator hub is minimized by a
loweconductivity porous-metal strip on the inboard side of the hub, However, the
porocus metal does not extend around the corner to protect the end surface of the
hub, Thermal stresses may be significant in this localized area because the

temperature on the exposed surface of the hudb is as low as 100°F compared to
1L0C°F &t 0.3 in.

2. Primary Combustor Fusl Circuit Pressure Drop

{u) An analysis was conducted tc determine the circumferential
variation in mazs flow in the primary fuel injector due to pressure variations
in the fuel msnifold. The results of the anclysis are presented in Figure XVIII-16
and are based on a nominal pressure drop across the injector of 400 psig.

(u) The fuel enters an annular manifold through a 3ingle pipe
and then passes through the injector into the combustion chamber. The mass flow

of fuel entering the chamber varies directly with the pressure in the manifold
sccording to the following relationship:

Page XVIII1-16
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XVIII, D, Component Design Support {cont.)

Y -4
Wwe V2g pa (PM - Pc)

vhere: W = Local mass flov rate of fuel
g = Gravitational constant

= Density of fuel

A = Ares of injection port
Pc » Pressure in primary combustion chamber
| Pa = Local pressure in fuel manifold

(u) The pressure in the manifold varies circumfsrentially around
the manifold due to differences in fluid velocity and also due to friction in the
manifold. The fuel mass flov iumediately opposite the inlet pipe in the manifold
is considerably higher (5%) than the muss flow rate at adjacent locations since
; the former will be exposed to the total pressure in the pipe. Adjacent stations

in the manifold will see & lssser pressure due to the loss in pressure associated
vith the 90° turn at the mouth of the feed pipse.

{u) Ignoring the local high mass flov at the pipe inlet, which
would probably affect only one sst of injector holes, the maximum variation in
mase flov rate is 2%, as may be seen from Figure XVIII-16.
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COMPARTMENT N20, c,uel”
NUMBER MIN, MAX. MIN.— MAX.
1 0.60 1.83 0.82  2.52
2 1.42 4.28 1.95  5.89
3 1.42 4.28 1.95  5.89
4 111 3.10 1.52  4.26
5 2.06 3.10 2.83 4.26
6 2.24 3.73 3.08 5,12
7 1,37 2.28 1.88  3.13
8 0.65 1.28 .89  1.76
9 0.69 1,28 0.95 1,76
10 0.95 1.99 .30 2.74
1 .11 3.79 1.52  5.20
12 1.19 3,90 1.63  5.36
.- . .
We,Hel, - ¥n,0, (-——%2%3-3-) = 1.373 \FJN204
294

FOR REYNOLDS NUMBER SIMILARITY AT 70°F

Trichlorcethylene Estimated Flow-Rate Ranges (1b/sec) for Reynolds
Number Similarity

Figure XVI1I-8
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As sprayed 95W-5 gold alloy on stainless steel 400X Iodine Etch

Rraze horved two hours at 1730°F in vacuum L0Y Todine Etch

Braze Bonding Microstructure (u)

Figure XVIII-10
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COMPOSITION* THICKNESS, MILS

A ¢ p E o s

SPECIMEN

__No,
i [} 5 -- 1% .- t
2 5 v - 1T - 9
3 5 5 - -- 7
4 5 - 5 .- 13 7
5 5 - 5 -~ o 8
b 6 - A .. 14 7
7 5 - 19 -- -- 6
8 3 20 -- - 9
9 5 - 19 - -- 6
19 B L -- 7
1 - - 20 .- . 6
12 - -- 20 .- .- 7
13 .- - - 19 .- v
14 - . .. - 20 7
i5 -- - .- -~ e 7
16 .- - - e 20 )

*COMPOSITION KEY

= 95W - 5 NICORO 80

: BAW - 12 ZrOA- 1 Cu

B5W - 12 7:'03 - 3 NICORO 80

H2W - 12 ZrOz = 3Cu-3%

82W - 12 2’.1-(.)2 - 3 NICORO 80 - 3 Si
Si SILICON

o m o>

CONFIDENTIAL

Composition of Braze Bond Test Specimens (u)

Figure XVill-11
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REGRESSION RATE

ﬁ
l SPECIMEN RESULTS OF NO. TEST MILS/SEC x 10°
| NUMBER COMPOSITION HEAT TREAT HEAT TREAT  CYCLES (1) TMU3 T
g 1 ACFSi NONE 32 50 50
| 2 t H SOUND 43 .6 0
} 3 " vAcuum SOUND 60 8.3 0
| 4 ADGSi NONE 15 14 0
| 5 2 H PARTING . - .
ii 6 “ vAcuum SOUND 45 8.9 0
7 ADS: NONE 15 30 0
8 - H PARTING . . .
9 X VACUUM SOUND 15 ool 6of3?
10 DS NONE 15 23 0
i " H PARTING . . )
12 " VACUUM SOUND i5 47 47
13 Fsi NONE 4 1 1
14 GS NONE 45 10 0
15 - H PARTING . . .
16 " vAcuum PARTING . - .
(1) 3500°F SURFACE TEMPERATURE (&} NOT VALID, TEMP, (3) TOPCOAT LOST IN
OXIDIZING PLASMA GASES EXCESSIVE IN FIRST TEST CYCLE,
20 SEC, HEATING CYCLES. TESTING,

Braze Bonding Test Results (u)

i Figure XVIII-12

CONFIDENTIAL




— T e T
J— — - -

. UNCLASSIFIED

Report 10830-Q-4

T = 481}

1000V,

e H
1100 l‘i'ﬁGO"l'
12¢07F

Advanced TPA B-Design Stator, Time = 20 sec

Figure XVIIl-13

UNCLASSIFIED




UNCLASSIFIED

Report 10830-Q-4

T o= 14RIVE

N2O4

[

Advanced TPA B-Design Stator Steady State

Figure XVI11-14
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XIX.
RELIABILITY

A. MODES-OP-FAILURE ANALYSIS (MOFA)

(u) An evaluation of methods for interlocking the two fuel-control
valves waz completad. The conclusions were:

1. No interlocks are nceded in a minimum-cost test program using

only residual hardware. A simple valve-malfunction shutdown system is, howvever,
varranted.

2. To minimize the risk of losing new hardware, an interlock device
should be considered. A mechanical interlock would be desirable and would offer
s smmall advantage over a comparsble electrical system.

(u) Work was continued to evaluate module failures that could secur
during tha startup and shutdown transients. The principal modes have been listed.

B, DESIGN REVIEW

(u) An investigetion was conducted to determine the compatidility of
DuPont PR-1L43 AB fluid with space readiation environments if used for ARES purge
seals. Based on information currently available, this fluid will withstend redi-
stion encountered during extended spece missions without the formation of insolu-
ble solids or sludge. Some reduction in viscosity (less than 8%) can be expected,
and some volatile products may de formed.

(u) A representative of ithe ARES Reliability Group has assumed the
ion of secretary of the Design Review Committee. A review vas held on design

this capacity.

1 oy "Boditications for the 2D nossle with the representative from Relisbility ecting in

C. TEST-PLAN REVIEW
“‘(u) Test plans for the primary combustor and combustion seal have
be¢n reviowed, The reviev consisted of comparing expected tast dats with test
objectives and investigating the test safety msasures deviced for preserving the
test hardware.

D. TET-DATA REVIEW i
(u) A test program vas conducted to evaluate explosive welding as &
meatnod of joining the up-flov cooling tubes to the thrust chamber flange. The
test results indicated that this Joining procsss vill yield reliable, lesk-proof

Joints. A report ves issued descriding in detall the development of the proceas
for this particular application.

Page XIX-1°

UNCLASSIFIED




UNCLASSIFIED
Report 10830-Q-h

XIX, Reliability (cent.)
E.  MAIRTAINABILITY ANALYSIS

{u) A preliminary report on ARES mainteinability is in preparation.
The report will bte distributed to all affected design groups for commente.

P.  RELIABILITY PREDICTION

{u} Nalfucction data from TITAN and Integrated Components programs
vers accumulated to estedlish probabilities of occurrence for similar malfunctions
in ARES componrents.

(u) Work hat also started to determine the perfcrmance reliadility
of the ARES module. This performance reliadility quantitatively measures the
probability of meeting the performance goals called-out iu the Work Statement.

The initial objective of this analyticel work is to determine vhether wmodule
performance requirements can be satisfied allowing for performance variadility of
major module components, using fuel-control valve balancing only. Preliminary
work conaisted of revieving quantiative effects (dimensional and nondimensional)
of a number of indepandent design variables ot key performance parameters. Review
of these influence coefficients revaaled those independent design parameters vhose
varietions 208t significently influence performsnce variability.

Page XIX=2
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